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Abstract

Introduction: The phenomenon of saltwater advance in coastal aquifers is a global problem.
Until now, most of the laboratory studies carried out regarding the advance of sea saltwater
have considered the beach boundary as vertical, while the penetration and advance of
saltwater from non-vertical beaches to coastal aquifers is a common phenomenon.
Laboratory models can simulate the phenomenon of saltwater advancing on sloping beaches.
This research expands the past research by building a 3D laboratory model and creating
sloping beach conditions. The main purpose of this research is to explore the phenomenon of
saltwater advance on a sloping beach in a laboratory and numerical 3D manner in
permanent and non-permanent conditions. An image processing technique was used to
analyze the images obtained from the progress of saltwater in the laboratory model.
Validation of laboratory results was done with SEAWAT model.

Methodology: In this research, a laboratory model of a three-dimensional flow tank was
built. The flow tank of this model included a central chamber containing the porous medium
of the aquifer and two side chambers on the right and left side of the central chamber to
adjust the saltwater and freshwater head. According to the purpose of this research, the grid
plate on the saltwater side was connected to the bottom of the tank by a hinge to create a
sloping beach. To create a porous medium, glass beads with a diameter of 1000 to 1200
microns and a specific weight of 2400 kg/m® were used (see Fig. 1). The experiments were
conducted in three stages. The permanent condition of the first stage was used as the initial
condition for the second stage of the experiment. In the second stage (advance stages), the
level of freshwater in the left lateral chamber decreased and in the third stage (recede stages),
the level of freshwater was returned to its original state. An image processing technique was
also used to identify the behavior of saltwater advance in the porous medium and calculate
the characteristics of the saltwater wedge. For all stages of the advance and recede
experiments of the saltwater wedge, images of the flow tank were automatically taken at
intervals of 60 seconds. The level curve with saltwater diluted by 50% was considered as the
boundary of the mixing zone of salt-freshwater and determined the characteristics of the
saltwater wedge. After obtaining the numerical value equivalent to saltwater with a
concentration of 50% (Eq. 2) and the modified pixel values of each model image (Eq. 1), the
contour of saltwater with a concentration of 50% was drawn in MATLAB software and the
position of the saltwater wedge was determined. SEAWAT finite difference model has been
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used to simulate the experiments performed in the laboratory model. The conceptual model
and boundary conditions used to simulate the numerical model are shown in Fig. 3.

Results and Discussion: In this research, three indicators of length, height, and area of the
saltwater wedge were considered as parameters representing the progress of the saltwater
wedge. Pictures of laboratory observations and numerical model results of saltwater wedge
advance and recede are shown in Figs. 4, 5, and 6. A good match between the laboratory
observations and the simulation results of the numerical model can be observed. The
reduction of the freshwater level at the beginning of the advanced stage of saltwater
decreased the interaction forces exerted by the freshwater on the saltwater wedge. As a
result, the wedge advanced into the laboratory model until reaching new equilibrium
conditions (Fig. 5). On the other hand, in the third stage, with the increase in freshwater
level, the interaction forces applied by the freshwater on the wedge increased and the wedge
was pushed back towards the sea (Fig. 6).

To analysis the behavior of the saltwater wedge in the advance and recede stages, the
relative displacement parameter of each index was used, which is a dimension less
parameter and allows comparison independent of the unit and the total size of the change
(Eq. 3). Fig. 8, shows that the toe length of wedge index reaches permanent conditions earlier
in the recede phase of the wedge compared to the advancing time. This phenomenon was
reported in experimental and numerical studies by Chang and Clement (2012), Lu and
Werner (2013), Robinson et al., (2015), and Rezapour et al., (2018). However, the wedge
height index reaches permanent conditions in both the advance and recede stages in an
almost equal period. The value of each index over time and the relative changes of each
index over time are displayed in a single Fig. 9. In the advancing stage, due to the decrease in
the height of freshwater, the pressure field of freshwater decreases. Therefore, the salty
waters are brought together. Due to the difference in density between saltwater and
freshwater, as the depth of the interface increases, its advance rate increases in permanent
conditions. As the rate of advance increases, the relative rate of advance decreases.
Therefore, the height of the wedge, as the highest point of the interface, starts to move with
the highest relative rate and reaches permanent conditions sooner. Accordingly, the toe
wedge has the lowest relative displacement rate with the greatest advance.

Conclusion: The present study proposes and presents a three-step hybrid method
(laboratory model, image processing, and numerical simulation) to analyze flow patterns
with variable density in porous media. The height of the wedge reaches permanent
conditions in both advance and recede stages in almost equal periods. But the toe length of
the wedge reaches permanent conditions much earlier in the recede stages than in the
advanced stages. During the intrusion of saltwater, the height of the wedge reaches a
permanent condition much earlier than the toe and area of the wedge, but during the recede
stages, all three indexes almost stop together. In addition to permanent conditions, the toe
length index is also a suitable representative for expressing the amount of saltwater entering
the coastal aquifer in transient conditions.

Keywords: Seawater, Physical Model, Image Processing Technique, SEAWAT.

Journal of Hydraulics
20(1),2025
2



Olp! Sy o (ol

Slgyiud 4 pld . g allio
VFoF Hle VA-Y Olds O o lels Ve Jlw i Hycraulc Assalaton https://doi.org/10.30482/jhyd.2023.405101.1655

Hlo gl 50 5ed OT (89 5 S3ue § (AU LT axdlia
Fts @'ﬂ)é}‘%&&

gl rwbe Mgy 1 fadllgil FOg0 ARy Moo (S 3 Cpumo

izt oSS T i 5 psle 05, el mlie (555 smils )
i g RIS T gdiges 5 pole 05,5 Lokl oY

A ol ¢yl pos wdigee 09,8 Sliwl -V

2 g (Gae olRlS (lyes et 09,8 JLobin] ¥

* akbarpour@birjand.ac.ir

Slalllas 5ls ol gblie (e ol mlie Co e 0 50 ool gl plsul jo 5o O S9i altne il o0
0 a0, S 1y 5o Ol (55 ey Altas el Caanibs (0 Jgome oy o o5 ol o s (28,5 00000 e iy
Slanlie b gy g29e 5 (2ilesl Joe Gyl 5l (b Jolaw ;0 b)o 158 Ol osS (555 (61,38 Sealind Gaios
oolaiwl B iolosl mlas o5l anis 6l SEAWAT (goue oS 3l aiods Judow « gl (o3l 5 SaST 5l oolannl b 280k
635 0310l o) 4 s 055 Crluna g £lis )| cazmty Jogb (sla pasls Ol d)08 Lalyd o jeh Ol g8 iy (w0 slp oS
o i 1 Lzl ol 068 asy Ol o 75 b SBgl iy 0 095 ol Ol i s 5 (A S WSl lis bl aials
O5=b ol paze plSia 50 (o ceul ol lssul @ oijsl poze j5d O pon (liae o sl (ormilio caled 05 aty J5b
L Loy ool o Stk g o Ll i, n (ool Ll 4 95 Colns 5 4ty (sla L 51 yims o 055 glis | s
Lol sy (oo (ool Ly 4 (5l Loy ol m 5 St 5 (5t Al 59 58 50 035 £li )| a3 (g g (oo igie ob
i Ly L3S Ll 55 (5 by con ol o s 5055 o (5 om0 amd 2550 Al yn 3 055 aimiy s L

ool 023 (5l e 5 iy o Gleend 50 98 Sl 05T (S9rta Oliee OlsFel et ol o
SEAWAT « g (5300 5 S5 ¢ Soud Jao b0 O 1y 8519 auds’

.(Chang and Clement, 2012; kuan et al., 2012)
ol lalis (il s 4 (dobe slaglszul 5l o)l
5 0y 2 e Sl dgy o o 5 (n e
Wilasd S 18 jeh O (sg by (2 yme o S0 laele
Gl 50 400 5O Ay Co i 0390l (Faal et al., 2021)
Sy > il Uyl et alez 5ol gl

doddo —)
Slalis (b slaglszal o 590 Ol (g5 pbam oy
slaglysul jo (Petalas et al., 2009) ol Sl
Lo b 4 Sedygiod ool Jpans sob o0 ol
Loyd Coom @ 0 ed sleel 0l o (0l o5 oo
y3— ol a5 bl 51 .(Bear and Cheng, 2010) 545 o
Sl Uzl wls 3 dole slaglsul &l jo by
Gt B2 L) jod T L (S JB2 L) (e

Sglas asle Lelse ay Wlgi oo o8 ol (55,8 2019)
Olstal (bl rey LSl a5 5 40385 olie

S byl Jols poe 5 (Seeliasg,aee slo S o L _
JJGA Ol.?u‘ u‘?.?b‘ G ) )5....4 g_)‘ )‘ 6‘095 9 Oﬁ....;sa

Journal of Hydraulics
20(1),2025
3



VFF oy o g 30 3

e 38 590 O (G 7y (s30 g (Bis Lo anlllas

Rezapour et al. (2018) .u55,5 bl g ow)yp 2l
99) 2B ialej] Joe G oy jed O (69 i sy
o 9 pg—al (0310 (8 g 5l eoliial L (s
, Mehdizadeh et al. (2018) .&los,S" o, » SUTRA
S 4 150 590 Ol (So ity Ol syt 4 Sk
2ol mhaw SSL s S, dolo of5T slaglgsol
gooe g 2 talol Jao Ly (Si5 5,0 9 Lyy0 50
aol o)l —iegh an Yu et al. (2019) .acsls
b glaglssel jo 550 ST og8 cutS 5 (69 pdn
Bz 50 Sl (aw 90) (aBisle;] Jow &b
byo of maw leg 5,135 31 Guo et al. (2019) 5,50
Clsortay 2y Sobo Glszl 5l (e ns o Sy s
Olye (9528 Joe <L L Rabbaniha et al. (2020)
5 gl amli po 1) as o5 (ayed 5 558 T 5t
Zohrabi Motlagh et al. .05s,5 o, p ;) gldl &
alS oo ol Sleus slesl 56 adss o (2021)
Mehdizadeh et al. 055, w39 5 2Kisle;]
Ol (egias 435 55 5,508 i )0 (2020)
ST slaplssel ;o 55 Ol o ptay 1l )0 (2 yes
Silwand go0e 5 (Su3d Jow lesluul LI, Jole
58,5

Watson et al. Schotting et al. (1997) IS ,5-b 4
& sleisle ﬂ L Flowers and Hunt (2007) 4 (2002)
Zhang et al. Goswami and Clement (2007) ¢ go—=
Rezapour et al. (2018) 4 Konz et al. (2008) (2002)
Mehdizadeh et al. (2018, 5 o 9o slaisle;l L
aw sla yiols;] L Rabbaniha et al., (2020) 42020)
2 555 ol gy a ol b (S50 Jolo 50) sam
ilod,S sy 0 1) S slalase

o)l iy 3 w0 QLS (e Sl 950
ain) 50 35 L ad plonl el iole;l sla obj)!
asd,S s o ol e dyo ed o (g ey
ody Sy lobe laplyzl 4 so5es yd ladolo

Sy sladale 51 Sy o gy 095 03l S (]
S s el ol bl 50 508 O (69,80 s
b sladas 5l Jdo Gaen 4 el (Sl g lgdo
sladele ol oy ar a5 ool ) S plsie 4 s30e
and Barlow) 545 oo oolaiw! wijls oo Lo o o0 4 1)
e o Jue 31 aids slbans jo .(Reichard, 2010
SEAWAT s SUTRA FEMWATER <FEFLOW
sloplssel 1o 58 O g5 ptn anlE (giluand sl
Goswami and Clement .cwl oo colaiul J>Lo
Rezapour et al. .Voss and Provost (2010) (2007)
3l 092> slo ow, » y0 Ketabchi et al. (2010) 4 (2018)
23,5 oolawl SUTRA (goue Jow

Abd-Elhamid and Javadi «Guo and Bennett (1998)
Mehdizadeh et Abdoulhalik et al. (2022) (2011)
¢ Vafaei and Abdolghasemi (2013) al. (2020)
©ode Joas 3l og > Sliadsy o Nasiri et al. (2020)
Dalai et al., (2020) -yizon .353,5 oolazwl SEAWAT
I, FEFLOW (sos< Jo Dalai and Dhar (2023)
Lin et al. lo gy FEMWATER Jo s g a0, LS4y
A 48§ 154 (1997)

Chang and Clement Goswami and Clement (2007)
Rezapour et al. (2018) Shen et al. (2015) (2012)
<Yu et al. (2019) Mehdizadeh et al. (2018, 2020)
Zohrabi 4 Rabbaniha et al. (2020) Guo et al. (2019)
slaglssel jo 508 Ol (69,40 Motlagh et al. (2021)
s sladolo b alSalesT slo s Lo |, oL
Goswami and Clement .a55,5 oL 5,l g oy <ol
Sl 5ley 51 (B0 ey ol el i 536 (2007)

L Slssul )0 50 ol 055 (g9, )3, 21, oz
Chang and .058,5 )y c0dd S 0o i
4 e 2B iulejl Jas &,k 5l Clement (2012)
Ol e 23U 0)lyo gl e J5S e
25— 2l og S C iS5l 5 g9ty 2 (i)
Sy bl lugs .36 Shen et al. (2015) .azzls
Sl gy 2 Loyd 2l o g 52 5l b Lo Sl
ol byl slls B iolej] Jao S yo !, Hei

Journal of Hydraulics

20(1),2025
4



\fe¥ )LQ-? Al G)LA.;:: AL 099

Sy yuap

3,8 Zone A) p s ol aa g (Zone C) o ol va
<l ot B 5l )l ppai Ll ol jslate 4,
L it i ) yse ol e 5 sl amivo 5
o=l eole Lo lgss ol sl ol Ve Culs
s O Suls 4 0551l (5518 slag g 5l (5
o555 alg) e laaliime 5 Sypp o o azsls
Sla biizme (e 5 5 0l 9955 sl @l 34
555 21515 eelat jsliie &) (izren WS s (il
)90 Sy Ll b olwl) (il slaakiiza ;0 (p et
YL o a5 013/, 05103l L 03l IS algd S, (s
4 0h ans Sl slealiame (B 50 oo sy
b 09 5 9 Gl O Pl S
S ks & o33 S5 Gtalel o o glosl b
el lealiiz 5 Jliie Lue 0 e 538 L
A e e o A Cles b (6518 Sitio Slras b
S35 fawy S loazio g e Jo ¥ b 255
ISt azmio 5l b2 jeee ed B ad oy )
ol slpalaio ay Jsdsce b s slaals 59,
o =iz ol Bos an a g LS (6,55l
amio oy ad gladolo o by e O (g
M Jolo obml jshie a5 O Cons St

Freshwater Reservoir

z

Gom A (2285 gim e o Jl cnl bl
1 a5 ol oty onady (2tlel Gubiie ;5 BD)
el 00,55 gyl Jolo byl i g0

3 it e AT Jie S Lo ol o
9 R 3l SeS L g e Jobe Lyl p8 olxl
slaglssul )0 55 Ol Gt ooy (gous Juo
WD gy oI g o3l Lyl o jlaes (Aol
959, 5l ot a8)S (lapgal Jolod g i jelate 4
B Gy 5 @B talojT Jae o 5o O (59,
el i Sl s eolaiwl pa—al hilo,m
s alowl SEAWAT Juto by ol8ityls]

L gy g 0lge -¥

P51 Jao 1Y

aw bz o35 Sl eliles] o (gaios onl o
5 rasilo PO gl e il VFe Jsb sl b som
Joe ol Gl ym o3P b asle yie e Fr o ye
Jolds o gl VY s 4 (535 0 alains S ol
sl jekaie 45 g Cewl (Zome B) ylgsl Joudseie lawsxe
1 ezl 10 Jsb 4 ole alaie g5 (550 by
e Sl 5 4 (655 e alhizme g ey oo

Saltwater Reservoir

= Mesh screen (Movable)

Zone C

Mesh screen (Fixed)
=
/ ‘ /
Zone A Zone B “.‘
!
g] &8
Valve
~rH Porous Media (Glass Beads)
——» ki L
1Sem 110 cen
-/

Overflow Outlet

e

Overflow Outlet

Fig. 1 Schematic image of the laboratory model
eEiole;l Jao S5 sles ) Sl

Journal of Hydraulics
20(1), 2025
5



VFF oy o g 30 3

e 38 590 O (G 7y (s30 g (Bis Lo anlllas

D oS e SS9 D)jge g WD B (655 e
Slap slacls daails ey ae s I cal b
3 Nand gl Jsdsn ol eails o wgese
Bl 1S & et o 51 e e o o
(G oD Joas o (oilr abiizms o O s g2
FagBle T8 515 59, (29,5 W 258 dlg) Lawgs
Ol o (il alaize 10 O 515 Cuioren 0 oudas
YVIE 515 9y e29% @38 s adg oy o0
A Joe e pplate ol Sl g e e il
Ceos il abizee (ol 5l e O atls bl
T/ 515 0 ae e eo Lol 30,5
b 9y0 5l Gl cadiioe (ol )3 (6 e Sl
20155 A Canly o adaime 5l g oS Hgue JSddsie
S e 399 00 ol (g e sl YY/F

ol 5l e <! B e P S VOWR S g
Lo o ol 3,5 coul) S (Sl alaizs o
sl 53 e Ol 3ol e 4 VL S
YVIE 5 5l ol olilos g o cowl) o 4 Ladoms
e 8 ) ) b 5 el
255 ol Gasfalar Ly asioe s abiioms ()l o
o5 LS b 5 T pymd a2l Bl S aliins
Ly ot JLET (55 aliions Jbie bagoms 55 155 ]
4 ol Il 0,5 oyt y3 ol 0 (plej ubdS
20 A8 VDSBS L el O 0gF ;L
Jol ad>50) 0,55 (9,—tn 0)lags Jmlsis Lo one
@l S50 4 e O 5l G (SS1-ile]
YA an jme sl T/ 5l cl) Caows atiasma 4o
095 w2800 ylanl & jsbjlen il alS pe le
Lolpd 4y 53, B 5 0,5 (59t 4 56T 0)bgo 55
pod al> o) e il aalsl T (69—t i Sl
e o L5 iala] p 3T ad> e 50 (SS2 iakes]
W28l Gl el F/0 4 slabad &)50 4 0L
a Sl 0,5 b0 Coom ar iS5 4 5leT 068 amis jo
Dl e yad ol 058 (59 g Sy oSl Ll 4,
(SS3_isloj pom al> 1)

Py 99 2 5l sl aand slaals 5l bawgie e
Loy e olon! (gl 0l Jate 35 &S 4 Yol lawgs
L5 Veee a8 oogamo 4o gladuds glaails 5l Jod=ie
= eSS Ve ogate (9 Lo (g See VY
Gow ol pl lascas sladls &8 15 oo agd) oS yie
2 Geis ol alBiole;l Jow 5l IS sles o soliaul

el ool SIY S
Sas o5 YO 0,5 Jo b e o] Jghoma s (pusls
Ble ) 5l el Cans 4 Saelsl O 2 S oLy
3 o ol 5l ed Ol ples ¢l 03 (She 5
oo ool )9_...: g_)] 65)_.“..) _\_.;‘)5 )‘ 6)‘Q)J).:5..4.:
PeShe Ve cble bged Sl ple S5y ol
a8 o0t Ly g oad adlal o O Joloro 4y 2
50 el sasel s 4 (K Hed ol Jolze cBeS
)QJMMU‘)QM‘;M Q;;,:;l_xsﬁqua
Chang and Clement Goswami and Clement (2007)
Rezapour et al. (2018) Oz et al. (2014) (2012)
4L 4 oddge Ly Mehdizadeh et al. (2018, 2020),
g oos K, ,9h g.j o> 2 el 0dl 4285
S5 ojll S e 0 Sol SV VE Jlizms 65l 5
ovgy o Jsdxin e ore  Sdgj0o cola e o
30 00l Lol gy dl b ¢ e 40 (6 S0 lul
Goswami and  sla —w,p alox 5| ode slogo
<o Oostrom et al.,, (1992) 4 Clement (2007)
3o S el 5 S oslal iz sla ool S

A 0 yel aiBs 40 e Ble YT 5lie 68 nSles

o lo3l alyd -¥-Y
IS bl o glasd slaals (ialeyl 5l 5l iy
alrdons 9,0 4y (g e ilw O sl 4y jo glil

Journal of Hydraulics

20(1),2025
6



\F-¥ )L@ Al o)Lo.& AL 099

Sy yuap

pgd o8

MATLAB ,l5-8l ¢ 5 o 1 pygad adgl Jodod 51 sy
S5 A a5l 00al Gty I pyguai a5 ol sanlice
U ot Dol 4 dB) o 5 (G) jw dR) 0,8 Lol
e S5 002 lalaie (o) b Ensl (B) o S5
& e MATLAB 581 o5 ) o yysai dods oSy
Jlosl b a5 ol osalie gl jow S5 @395 50 o
@39 sl jlade 59, (V) abal) ply (Solaos (5:Kls
L g (ol MATLAB Jl8le 5 30 poai 1o sla Sy
B e S5 goue slalade g atdly el s3g0>
2 ol p g JuSy

(1)

G _
Gj =
G G G G G G G G G
(Df 1541+ D15+ D gj_1+ Df 41+ D+ D1 +Df 1540+ Dfyj+Dfi15_1)
9

ol s Ky (g0 slojlads C,G] (V) aaly yo
Dfjj 51 Lo CumBgn ;5 adsl poal JuSy o o0l

g plS
Lsgr anids gledle )0 ouds sloul Glibss mls Ly
Rezapour Dalai and Dhar (2023) Dalai et al. (2020)
G—s5 | Robinson et al. (2015) set al. (2018)
Tl e a1y e 38y 0 ST L5l S
it 5 iy g yed ol LSl Aol 5, olsie
5 5 (ol 5 6l Jsb) j5 o 058 (slo s
clle vo (gul) jliee bshd i jslaie 4y 28,8
V0 Jobo olal au slads alhisme sae O o ol 055
sl Be By gyt gl Yo gld)l e Sile
2l sl g3l 38y g, Sl ool b ol asls
10 g /YO SO YO SO enis 58, slacdale Lol
sy, adhase o 0 gladud gladils ol en 4 g angs
atrase ol Caand jo glaind glod ladss 0l
s alaions pl aS ol IS sl 555k e 555

AV USS) 0ga 0090 o 3l oo aid S olo gl dor o

Ryl gojloy -¥-Y
2 s5=b 2T Gg iy 518, olulid lp Gados cnl o
5os ol os S Lo Sy alns 5 Jodscis s
ol Qb (b ol eslitul pgad bilon (B b,
S lye 4 pgal Ailon (B Gy, 3l ok plide
solawl ol iule;l sloJow ;o 5 pSejlasl sl g,
(Dalai et al., 2020; Dalai and Dhar, 2023; sles, S

Rezapour et al., 2018; Catania et al., 2008; Jaeger et
al.,2009; Oates and Harvey, 2006; Olsson and
Grathwohl, 2007; Werth et al., 2010; Zinn et al.,

.2010; Robinson et al., 2015

2 558 <l ez wil B el g bs ol p Gz opl o
L PENTAX Jlozms (owlSe (9o 5l (555 50 alaimee
Sl aS JuSu YYPAE + + » (p5ls5,) (6 oSS
o patie Slaey sLaalols )3 sl LS cobl3
don )0 ooy 3 5l )l psmal s oolii
O ygmods 4l £ Sy Aol U iole;l sloal> o
9 2B iale;] Joce 5l g0 alold .o ploul Sog5
sy 45 Wad mulals (gl S 4 (a0 sla eyl K00
il bl BB 55 a4 5 ol 055 (9, 4l
sl aiby) Jilxie bame ol aind slo GuSL eizren
JO EB) lie) (At Heb ol cdale b (sl
(F JSC5) wigd snalie ju3 (L) e 5 VAL -7 YO,
PEtolojl Jae (5,0 VB alold o g0 ol b
A5 o Gl (sl 35 al o 2,5 15
sloal> o 595 Ol 095 S5 g (59 a0l 5l e

s pldl 5

:Jol o8
gl Aol il oo o8 9 ol Jolme S5, 45 Ll
ol Iy SIS oy a4 y9h O 058 (59 4ol
S ()90 Lamwgs 0al a5 Gl gl (izmes
O 2l &8 Sl by (ol bz ) 8 pla iy
Pl ngbal alpls g Bas (S5ls 1 4555 5

Journal of Hydraulics

20(1),2025
7



VFoF 02 9 5303

e 38 590 O (G 7y (s30 g (Bis Lo anlllas

. 50%
Eoa< )Lx_u c>""

9] 91 Sl Cumdge jo Sy o
e e 25, L s yed Jolas

‘el P
Lo ol Jolas goae jlocio 048,9] cwoas 5l
2 Sy o0 ol sla laie 5 (C70%) 7. ke
N8l ey 50 ((CF)) Sloy adoyo o 50 Jas 5
cdy b yeo ol echale ol o2 goue MATLAB
SaaBye 13090 (oo a5 5l (g D ey O,

D aend 5o O 095 £lasf g

Gl Sy e ) (g00e i (o (V) adayl) Jlesel b
MATLAB J581 o5 5 70+ <8, Ly SLy soguome
el (CfiSO%) FeS 52 s ) ol (g0 lade
G5 oSl L (V) akaly 1l oS 0T s (i
L yei ol b ,blie (goas lade wads Mol slo lade

el Cavoas 10 23,
50% _ 1 vN YM (G50%
C30% = ﬁ21=12i=1ci,j 0 2

Jol ez 0 oSy Jled cos 3 4N gM YL abail, yo

s S5y S oo ol goas Jlade CFFO% L o

Fig. 2 Laboratory model with porous medium boxes with specific saltwater concentration
- )wu]—“]b - l“ 6&,“2;0])&4_,54;&“&)"&]“):9@"‘&&

al.,2017; Abdelgawad et al., 2018; Abdoulhalik
and Ahmed, 2017; Goswami and Clement,
.2007

& 5l SEAWAT o 5l oolal gl gudos ol o
Olye 4 g (SB19) loylS Lawly 45 GMS (513l 5
Sl iy T Joe aaiz I nom s SR

R 4..3)5 oy
olayl yogs Fae Judo 4y goae Juw aSl slal Gl o
F ol S eSS sae (Lo 3l glw A e o
o=l =l (Voss and Souza, 1987) el oo solaiul
oo gl g Jsb sbiwly jo el slaJshw olul alal,
5 00—d bl (AX=AZ=0.5cm) , s il +/0 ol
e il O Cwlbs L cansy A a5 Jae oe
saal ¥ s o goue Jos (g5lwands (gl oolaul

GO0 (gjlw amls — F-Y
LRSS ﬁl:;d‘ ‘_gl.:ed;.).La)‘] Glwdnds glp Buizd (pl jo
SEAWAT sga_me Jolis Jas 3l a8 iole;l Jos
ol ol adolas ¢ Jome ol 5o il 0o solii il
Harbaugh et ) MODFLOW |53l o 5 Jasgi  coe) )
53l ey Jawgs eao¥T Jlawl g s aoles 4 (al., 2000
4S5 0¢85 0 J> (Zheng and Wang, 1999) MT3DMS
35 0=l 095 (J=99) sezroiiz L Jow cal &g 5o
5 Ol S e G 4 S8z o5 by Alslee
g 00 oyl sladdolee SlSy> 05l 5 oo con VT clale
S8 sbez ol ol 50 Jo g ilodtnnS (S
TS N I P G I PS8 PR PR 2
Gilwa i ¢l SEAWAT Jos 3l .zl sledlw
(Koen and Pieter, ol sos ooliiwl ;90 o1 (595
2017; Antoifi and Ashraf, 2018; Noorabadi et

Journal of Hydraulics

20(1), 2025
8



\F-¥ )L@ Al o)Lo.& AL 099

Sy yuap

St g gl (3310 (o3 ) (il
Sebolen i soliiwl Biole;l slessnliv oas
Ao plosl > o a0 Lm&bﬂ A Gl i oS
Jsl ad> e 5T 50 (65,0 bl 36 (28,5 ool e
adsl byt plgie 4 Jol al> e (oodls Ll 5l e s
ool atdaime )8 o Ol 55 (pgd al> e )0 .0
ool e 8l YA/D 4 e 6le F4/0 5l o o
55 055 (59 alpo L (SS-3) pous Al o y5 5 2L
Y“/O )‘)_| L;..u ‘\)9_“> J5| u..:..aj L o)la.j\) u;)...w uT
6LQOA.QL~M.A )‘ @Lﬁfﬁ_.a; W) oola ClS /ﬁ sJM@JLMJ
Sl g 59t 5l soue Jome mls 5 aibej]
Ll 00 salo QL....; 4 9 o f 6LQJ1..: 5o )5....4 g_j o;
s lopgai o 70 cbale b jed O jl5ee s
G yg—al )5 5 (S oy s Ly go0e o sl
D49y g 4T YL e s el Slaslie
UAM \)))’ L l_| o..\_o] Cowd 4 fﬁ..m w)L))J LS‘S

w‘ AW
6LQOML~M.A Q’“_‘ 4\5 ..\_Q\)‘f‘o QLA.M) C)l_g A—AM)L‘LO
&5 soue Jas (iland mls 5 (2]
i gLl (gdae Jow s w20l 0929 9>
Slaaliive an Comad |y (p e 9 58 o S i 5

Aapd oo HLai by 5 (SO0 0 ohg 4 ‘Gmli:.,{Lo)'T

At =lsec gjlwand > o aw 12 gl Sl a5 jlads
Joe jo oads oolawl sl st 5l Slaodls al oo
2 2Byl slacanlin ¢jluas sl SEAWAT

©O3e Joe ds 00 00,lg (sld purie 5l (gl A Y Jou
Tablel Summary of the Numerical simulation

parameters
Input parameters value Unit
Domain length 110 cm
Domain height 42 cm
Domain width 40 cm
Hydraulic conductivity 33 cm/min
Longitudinal dispersivity 0.1 cm
Transversal dispersivity 0.01 cm
Freshwater density 998 Kg/m?
Saltwater density 1024 Kg/m?
Saltwater concentration 35 Kg/m?
Porosity 0.385 -
Saltwater level 374 cm

Freshwater level 40.5 and 39.5 cm

o g s -Y
ol 0 Colun g gl | o Jsb Lasli aw G ol o
A D Ll )9_w A_J] c; (59 s c_é).su 6L€bua>‘w;
Ol 055 (59, 5 9ty S8, Sl 5 43325 slate

No-flow BC
h=405em _g LLLL Ll /. Z Z
hy=39.5 cm — ac/dz=0 =0 ——<—— h,=374cm
Saltwater-side BC
Freshwater-flow BC p=p,gh,
p=psg h; C,=35kg/m’
C=0kg/m’ Concentration Isoline —,
z
X
q,=0 ac/oz=10 0‘.(.

No-flow BC

Fig. 3 Conceptual model and boundary conditions used to simulate the numerical model
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