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Abstract

Introduction: Human activities everyday release a huge amount of domestic, industrial and
agricultural waste into water bodies and continuously change the ecosystem conditions in the
world. Considering the harmful effects of these pollutants entering water resources, study
about pollution transfer in streams and predicting the pollutant concentration at downstream
points seem to be important. For this purpose, the well-known classical advection-dispersion
equation (ADE) was presented as the first attempt for describing mass transfer and energy
transfer in physical systems. This equation is useful for channels with relatively prismatic and
uniform cross-sections.

Experimental studies carried out in rivers show that ADE is no longer applicable for natural
streams, especially mountain pool and riffle streams because of their irregular cross-sections.
Afterward, some more accurate models, referred dead zone models or transient storage
models, were suggested by several researchers for predicting solute concentration in natural
rivers and calibrated using tracer approach. Such models cause more realistic concentration-
time distributions which have lower picks and longer residence time. Solving such models, for
which in most cases the analytical solution doesn’t exist, needs numerical methods -methods
which usually deal with complexity and are time-consuming.

In this study, we have applied Network Simulation Method (NSM) —a powerful and efficient
computational method for simulating systems governed by differential equations based on the
electric circuit concepts and the analogy between the governing differential equations of
hydrodynamic and electrical phenomena— which according to the previous studies simulates
desirably the transport of mass in natural streams, to solve two transient storage models.

Methodology: The method consists of two phases of designing and simulating. In designing
phase, the system of differential equations corresponding to the prototype must be discretized
spatially over the studied domain and then, for each term of the discretized equations the
equivalent electrical devices are chosen. These electrical elements are connected based on the
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algebraic sign of the terms to satisfy Kirchhoff’s current low. Regarding the mathematical
models, in most studies, electric potential and electric current are equivalent to the value of
the unknown variable and its flux, respectively. The last step of designing the electro-
analogical model is the implementation of initial conditions and boundary conditions of
unknown variables using appropriate dependent and/or independent, voltage and/or current
sources. Simulating this equivalent electrical network is performed through an appropriate
electrical-computational circuit code, such as PSpice code. PSpice, which is a powerful circuit
analysis software, uses the Newton-Raphson iterative algorithm to solve this set of nonlinear
equations and performing the transient analysis.

Results and discussion: In this paper, NSM is firstly verified by simulating a transient storage
transport model developed by Bencala and Walters (1983) for unsteady conservative solute
transfer in pool and riffle streams. This model includes two equations for solute concentration
in the main channel and in the storage zone and involves one storage zone. The analytical
solution for this model has been presented in Laplace domain by Kazezyilmaz-Alhan (2008)
considering a hypothetical channel with a constant cross-sectional area, flow velocity, and
dispersion coefficient and for two types of upstream boundary conditions including a
continuous injection and a pulsating solute injection. The results of this verification were
desirable.

Then, the accuracy and efficiency of NSM were compared with Finite Volume Method (FVM)
—a widely used numerical method in computational fluid dynamics- through simulating an
unsteady reactive solute transport using a nested two-storage zone transport model developed
by Kerr et al. (2013). This model consists of three equations and involves two storage zones
including the surface and hyporheic storage zones interacting together. The results of
simulating a hypothetical solute transport problem with this nested model indicate a good
match between these two methods with near-zero error indices. The computational time
needed for NSM and FVM were 117 seconds and 505 seconds, respectively. So, NSM is much
faster. Furthermore, the implementation of boundary conditions in NSM is direct, easier and
more flexible.

Conclusion: Therefore, NSM is proposed as a precise and efficient alternative for numerical
methods in solving one-dimensional coupled differential equations of unsteady transport,
simultaneously and providing benchmarks without complex mathematical calculations.
Because of its analogical based concept, it can be used as a predicting and monitoring tool for
transport phenomena instead of using troublesome physical hydraulic models to perform the
water quality studies with less time, low expense and higher accuracy. Hence, in critical
conditions, including a sudden spill of a high-hazardous contaminant in a specified point of
the river or increasing the concentration of a chemical element to its maximum level, the
monitoring and controlling measures at different parts of the river can be carried out with an
acceptable accuracy and speed to improve the water quality.

Key Words: Mass transfer, Transient storage, Equivalent electrical circuits, Electro-analogical
model, Finite Volume Method, River.

Journal of Hydraulics
14 (3), 2019
34



oln! Sy yian o]
o)
S g ydud a9 pid e https://doi.org/10.30482/jhyd.2019.171573.1365

Iranian Hydraulic Association

(g Srab (Slyle dils09y 30 Jedmo JLII (&L
Jolke (SO g1 (Sl ylove 4l gy I oalainl b g0

90— 3095 56l 3901g0l (S Lo Jloue Toal3 gl e A o Ollias LugsT

Oyl el o ye oy olBils o o (gloojlus pwdige 09,5 ol (sloojles ats, (5 5SS -
Ol ol 18 (oye Sy olBls ol laojlu cwiige 09,5 sbiwl =Y

Ol OIS oy S 3 oKy (Sidg Sl - (poiiigen 00l sl Y

Lol LB ,15 Lol )15 SasT L olRils (60 )5 S5 58 05,5 oliwl -

*ayyoub@modares.ac.ir

www jhyd.ihair «SJs,ae 4, ooy $EE VTINLO/Y 5 nd ATV VTN il

aio) 0 b s plosl il oo Sladl laclad 51 il aS o mlie 45 (594,5 slooan¥T Lol slacs 35 51 4y ax g5 L ioaaSs
laJas joliie (s duy o S5 4 (65500 dedl o 5 Cupe sl patie slaphidl sl sl 4 laoao¥T ol clale o i
o 5 09 Sl I (s1ls 0,05 4 Lo Jae ol o &1 gnel slaasl ] 5 Jolone CBlE iy sl iy Ji
920 alis aly » a5 (NSM) (5 lae (s3luss g, Dlgie b (sdy) Gaios ol )0 g oo J> (509 slasdy, 5l ealiul L odee
oy od ok sla Jow J> 30 T 0,15 g oais B yme el (S STl g Sealindgyoun slaossdy p oSl sl i sloaloles
oo sileand Coles o g Jolee (Sl e Pk g (Sl aliase Joe glignl ol (o9, ool szl slapls el oud
doles 5l > g5ldoe LNSM Glel jo cllin oyl o ol (S8l slo o Judos 180s 5 G j0 cawlin 057 5l ooliiwl b (55l0e
(FVM) 5500 alox>| (g30s g, b duslie 10 T 1,15 5 285 oK1 g ool (miwiiomo )lo Lo Jo a5 cdge cuilagSs Jlas
LFVM g NSM g, 90 o o Jln 5,550 sbsS lagssladon zuls cavloas 8,915 55,095 Cdge cullagSs Jaw J> 5o
2 095 0,18 6 YL (6 pdBllasl g 00g ool NSM s (6510 bl (g5lwosls aSST Jl> .l yoo 40 ooy slas sla nsls
& NSM (ulnly il FVYM i 050 gloslone 0loj 5 5208 (s 9550 slalie sl NSM 5L 050 slslns (e e

Dl 0 ol.gr..w ATy ‘a|93 JL:L..J sledloles J> RN (_gL{bui}j) 6‘)’.’ l)lf PR YN Ls“)i‘b Q|9,;.c

504, woame plael is, ¢ SO Sl sl Jaw ool (S Sl sl o cdge cllagSS 0 > Jlal :dlf‘)"lg auls

5 asloas &l Jlas! glaoo]p i85 (s b gaus doddio —)
"(ADE) SedlS” ( SasSTp- olal> dolas oyl (5l b slooas VT 09,9 9 Comex (yiulj8l 4 axgi b o)yl
5 0SB o |y (SasSly g olulr anlp g0 oS s ool alw wile Sl glacls |
cble Glp 1) (w5 Llasse 5 Ol omje 5 65sliS peems sl lacle) o ool
woddy 4 Loy o Slo oz )0 L)k S (oo (i dadil3og, asle ol ple 4 yolas 5l oas gl Beewl S
Abbott and <Elder, 1959) ol ol eolamwl Jlau! Gols 5 oad als mle ol Ol ceas
s o, » (Socolofsky and Jirk, 2005 <Price, 1993 Sediss e ey hame a6 udlole>
ol & b slaalg) o Jolme JUil oy 5 i slwl, ,o (Chabokpour et al., 2017)
252l obe cepm b plaasl) olal oladilase =5b, b oe Jslxe slroan¥T ke s 5 S pote

! Advection-Dispersion Equation

Journal of Hydraulics
14 (3), 2019
35


https://doi.org/10.30482/jhyd.2019.101685.1253
mailto:ayyoub@modares.ac.ir

WWAA (ol Kon g lollac

e grasl glylo dils g, 50 Jelxo JU! g3Ldow

Sgzge alid (g lae 4Ll b Joloe Jll onusy (55le;b
slowa, S Lewslae
5o Oy orl o wdlee (oSl g (Solinng o
iy gladloles glac e G @ S Sl
Gt LasQT oS Joles b (Solnng e
S sl ypaie «Jol> (S8 2ok, Jue S

sl o

b wsdioe Jate oo @ gl S 0lbyz 056 )85
Sl b coles ol cans a4 SO Sl wlice Jow
Sewd 4 08 40 Jogme piie e o)l ailels
Serna et al., <Zueco and L6pez-Ochoa 2013) &1 o
(Caravaca et al., 2014 2014

oy ilask @lp oein plidre Lwg NSM
JUl e S JUl oo 0 T slagl > wiile  JUi
b 5 4 gy JUl g 55l JEl gz 5 ol o ppr
Gonzalez-Fernandez et al. (1995) Jlo ;lgic 4 .ol
Moya and Horno 4 Garcia-Hernandez et al. (1997)
ldloles e 1) 5,Le Janl g e Jobs oauay (1999)
sy Jolre (SO Sl sl lae 5l eolaznl b calises oS>
Sabb sl sasay Zueco and Campo (2006) .ais,S
Zuecoetal. (2010) 5 il onsay 28,5 oLl LS
S b b JUisil 5 Sxifagm bl ol
Del Cerro Velazquez et al. .ais,S° gjlwands ybg,
Balepe Jsl g5lwands sl ©)l8le 5 (2006)
Alhama et a5 )5 &3l,)l Joles o aSils 4l &)l >
Cov Jodie lae SO0 Jele Jlanl al. (2011)
Cdyep oy Canovas et al. (2015) « ow)ls L=
b SO o Oyl Jlesl 1 G506 (s jo b
S5l alels G L8, Bellveretal. (2017) ¢ oo
38,5 giludolee (gl 4l 5l eslawl L T,

L Joloe JESH (g3luads die) )0 Cpiny Oliiios
lo ot g lagels 5 (o) 2 sloc 4 pazia lois NSM
IR uojﬁ).ol.: ‘UL')} CA.C).MJ o> u.t‘)QASw‘ 099y
sofiev, 2002 ) cwl ouls bl jisy oagay L o

4 Finite Volume Method
5 Finite Element Method
6 Network Simulation Method

00ls yLid cditands (Lol aml 5T 5o )b > ey b das Lo
el ek 4 baslBog, ol jo cdale a5e5 a5 codl
s 0oV wile loj (o 58 g 0iS ood (59, ADE
Bencala et al., <Thome and Zevenbergen, 1985)
.(O’Connor et al., 2009 <1990
'EBge Ll sladae ol b aledae o) cnl
ool el @l eagay (pl S a8 asy gl (TS)
Sl ey iz b So blo B9 5k 4 loos
02 > 5 05 ploosd 5 (S slaan] b Oluis|
Lug oads &l sla Jow aiile ola o aiws L >
Bencala and Walters 4 Nordin and Troutman (1980)
dod g dilwd (1-S7) cilagS axU-SG (1983)
Loaslb o LB o 1) (Sid culgS sbhasl
s ST Jlo S oo S5 50 (S 5 sl TRy
Briggs et al. (2009) Choi et al. (2000) lowgs oals 45l
cuolagSs a>l-40 Bottacin-Busolin et al. (2011) ,
CilagSs sleasl gly a5 Lixe oy saiil o (2-SZ)
3l Jae ol as wilows BB pled xbaw g oxlaw
el )3 (Kfs slw » 09w
5 Tl sl 4 b g rlae Sl
ey slhazinl B sloe p Wisd oo (st Tei,0g8
eSlee Jolis olaylae da Jow (pl 51 S po (gl 00
5o aibe loy g cudlagSS ey Wle leg aw olej
(Kerretal., 2013) wiloass <oy 25 Jolora Jla!
Oliodezy JLSle & azgi b Cdge cllngS sla e
Sipe falypd )0 Ko wog (s > lils @pus 4
asle goae sl g, 5l eolawl b sdws jobo 4y 4 ¢ ol
JGsl 28,5 i o b allie ol jo gl oo J> *(FEM)
poge 599 2D 2l g (Brme il 3 Jolone
amlio 9 "(NSM) (5 lae aSs b (g3luand o9y @

! Transient Storage models
2 Competing
3 Nested

Journal of Hydraulics
14 (3), 2019

36



IWAA 5l o o le IF 090

Sy yuap

\A\—'\,
T :%{c_hangcs with
“\\,\tlyporheic Zone
—
@ =
Downstream
Transport
=
Main Channel (Advection
and
Dispersion)
L~ Exchange due to Lateral
Lateral Transient Storage Outflow
Inflow L
Storage
Zone
o

Schematic of the pollution exchange in the Fig. 1 (a)
stream in TS model (Trévisan and Periafiez, 2016), (b)
Conceptual diagram of TS model (Runkel, 1998)

Trévisan and ) aal 1 jo can¥T Jols 51 sled (@) ) JSCi
b 5 Lol anl sl _esgie Jow (b) o «(Peridiiez 2016
Cdge cblagSs Jaw 4o (Runkel, 1998) cdge cuilagsS

c(x,t=0)=c,(x,t=0)=0 3)
c(x=0,t)=c, (4-1)
C(Xzolt)ZCin(H(t_tl)_H(t_tZ)) (4-2)
X (x=L,)=0 5)
OX

oles H codigds s, oole coli cdalé Cin canlpl Jobo L
GuF okl 5 T ol i e gt g wlagse b
olid i i 4 (V=) o (V-F) Ll aiziie Ol 0ols
Sl osle golaiie 5 dtwg 52,5 S50 Slabyb osims
oo (o aidlos (ow)p 9)90 0 sVl o
ool b callio (ol o (olgiins o250l (gl ko a5t
obY has Jleel 51 g 00l b Jdow > 5l
Jobes Lailsy 051 s 4y 5 g008 slaig, b (wsSne

Ll 428 5 & g0 cyloj 058> 40

955 S5 50 9 Cdge CablagSs Juo Y Joo Y)Y
Ege CublagSs slaasl SIS LYY o)Sen 5 S

Ataieyan <{Meddah et al., 2015 «Alhama et al., 2011
o alate 4 5ET o wallie ool ,o (et al., 2016
of los Jo a5 1-SZ oo Sy ws e aSed b,
S oK1 Ded s o gy ol 3l eolaiwl b il 59250
ooy, b IS jeb g 0,las Lo > a5 2-SZ o
NSM Slewloxe (B9, 655 )15 2 b eenl > LB (g00e
549y 2 e 3 s 0sd e J> FVM (so0e i,

Dgd oo (bl ) onl o oloiin

RSN
balivs sloacs,d ccoin oob; sl Joo idu ol jo

gl oo g5 gl U (sl ookl )50 slabs)

oy sl -

Sadle-Yy Cdge iy Jow ) Juw —V-)-Y
(1AAY)

TS cuilsgS x-S Jow SO (VAAY) 5,1y 5 YIS
aiile) Cdge cuilagS slaasl ol slaaal T slp 1,

O b aasly Jolowe eole g (GliwnsS slaan! ]

w0, &l 3 &y
@:_9(@j+li(AD@)+ hj(clat —C)
ot A\ox) Aodx oX A '

+a(c—c,) (1)
dc, A B
E—a&(c ) ¥

5 ol anlyl o Jslne clalé (o5 a4 Cs 5 C o] o a8
2 b ghie phv coi i 4 A g Al a4l
D b,> R Q il =l &51"“ 4.@‘,31
2P P G o2 (20 Gt ook (ST 0o
A e oy o Jsbre clale Gl wanlyl sl ool
tcllgS sl Lol anlpl o cdale Jols co o
.(Bencala and Walters, 1983) aiil oo Cdluws X g yloj
oyl olpen 4 (3L, sladkal; ool costie Juo

ol 00 ool w_sLoa \ Jiw ) dJay)A
Kazezyilmaz-Alhan (2008) lawg Jow ol Ll >
Caws A gD U=Q/A b,> e pw o ol 2,80
0397 )% x5 iy 9 Adsl okt sl (e 5 o &

Journal of Hydraulics

37

14 (3), 2019



WAA (o) Ko g (yLillac

e grasl glylo dils g, 50 Jelxo JU! g3Ldow

e 5o Jelowe cale Sy 4 CH o9 Cs o) jo A
gl 55 AR g As (il g (e SSRGS
5AS‘A‘G7J4‘“))-’)9L57“E-‘W‘%1’ LngwL’é]a.u
oSS aml (Lol anl ol o Jlg; Kol cud 5 A
Al o cdale Jols oy as egsxla.wﬁ)'staw
Q.Bleol{J%,éangsLalulﬁB@@wl%is

(Kerretal., 2013) sl g0 cilagSS b g9 o
Joey; 90 Jolis a5 95,080 CudlagSS Joo cllie cpl o
L:LW‘OMOMUTLg‘JJLSLJm&U}SbjoOy
ol Cwd 4wl g oals J> FVM 4 NSM i oolacul

iloads anglie o gy 50 (pl 0 Sles b5l Hskaie

Jolxo (5 Sl 5l s A5 s (5 3ladira ~Y—Y
alas gloe p ( Sosl slajlae aSn b gsldos
clle Jiul 5 oSl el gleadsles o 39290
o ey 0l 18 (SO pSUl ol JEsl g Jolone
Sledolee LB o Bua alelw G@b) Joe 2 5l e
Aolres ;o 4 bagye (SO SU Jobeo o o wdliane
oS oAb (Jolas e o 35800 SNk
b Jolee slojlas olass cploly o)ls ooge w1, Jogome
Wi oo ooy |y wilol a5 Lewilyans glaatolas slows
(S)lae Sl cpl (b ys sl p5 g wales
slaobe 5 owyp 9y aly G gileanels
wlas 18,5 1o b olSST .ol ailelus S sl
slln)  Gae wble s o bl
2 (SO S wleln) alicse albel § ((Swlyog o
Ol SopSI Jolee booods aanS oVolae &)l
bt g b3 (S paie Loy ead (cmgiil
Sl @ azg b (5 ek 4 gdioe Joo ol
ConS 5 5 5y b Jolee oJpgme oS daaloles
9 390 48,5 Sl 0 (S0 Sl 0l b Jolas ¢ Jseame
ol lBr bly yo i Jolee (oSl Gl paie
Al o dishoe Jate [0S 4 g S oz
205 e oty il iy Lald 5 eyl Ll

wite glajas (Ahb a0 i Glgesy

2 Hyporheic Transient Storage

CuilagS 4l 5 (STS) ) xbaws culog S aml g0 &
!y oS Sglite byl 4 a5 L (HTS) T xbaws 5
I, (N2-SZ) ¢i,09 ciolagSs axlb-90 Jow @zl g0
@ vy GBS sl Jow ) jo 28,8 sl
anlpl 5 oo g 4l b bl o (s, & )50
ol 3 s cuihig3 i Lo 5 4,5 15 Lo
oo s iSly (nl 2 09l (Ya JS2) ol

B3l oo (pbg,y 1y Joe (ol alisa GBMLA sookie Joe

Main Channel

@

T
=35 o0 L

Lateral Inflow ExchEangc dueto | Lateral Outflow
Transient Storage |

[ L4

Surface Transient Storage
(STS)

l')kpenion\

Exchxngé Hue to '\
Transient Storage |

m.'"L

(0)

Fig. 2 (a) Schematic of the stream cross-section and (b)
conceptual diagram of the nested model (Kerr et al.,2013)

sosthe Joe 0) 5 anlpl (poye il ples @ F S0
3 J5dse 5 (b cdge ctlagSs 3blis g Lol anl
Kerretal., 2013) & ;0 ¢ cudlogss Jow

il @) 415 5 e ol s bgspe ool claala,
&x__Q& 12(

ac) q,
AD —j +qI_AL(CIat. -c)

ot Aodx A0 X

+a (CS —C)—ﬂ,C (6)
de, A _

dt =% A (C CS)+aH (CH Cs) AsCs @
L

a A, (€5 =Cu )= AuCy ®

! Surface Transient Storage

Journal of Hydraulics
14 (3), 2019

38



IWAA 5l o o le IF 090

Sy yuap

Cawd A (6> sraoles olKiws S il sl
2 ma 2y50 i polie @liws cpl > b g wl e
G095 4 bgye 05 g0 Cews @y Gloj 5 e o5 0
w5 Lzl g aig MATLAB I8l oy 45 Sgaome plxs|
DP9y ol 98 (KeSzr e )0 yiden Slogesss sl
& oS 4 Janl deslhias gledole J> )0

24 ax>l 0 Versteeg and Malalasekera (2007)
Slraule o o4, )15 4 Gl 5 5luainns o5l
e Slitie gl "QUICK) K55S g5 allia ()
ABles pgd e Sliiie sl TS e 55 5 Ul
30 CaeS polie 5l Gl Sliiie o 85 0 SSsS (595
g (Cawd iyl 0,5 S g CawdYl 0,5 9) Hgloe 0,5 dw
oolaial jslme 0,5 93 ;5 CueS polie 5l (535 50 (555!
40 g g diye ol lagl sl pliy 5 035 o
9y 0 4, 15 4 Sloj (giluatan o8l pgo
Sl goae (5l as canl ces (6931 game plxs]

ML‘SQ JS‘ M).o )| U] 6Lh> 9 009.5

s awlxo s yog, -F-Y

5 s J> b anglio ;o NSM slowlome 35 (e
YMAE) sl slas o Sile asli aculxe b FVM
3 Soy» sl FIMRE) s sl .Sl (a5 Lo
A 2l ps sleadal; luwe p laedile

1
MAE = HZ|CcaI. - Cobs.| (9)
i=1
MRE = li Ceat. ~ Cops. (10)
Nz Cobs.

cll lade Cyy 9 NSM L Slewlre il jlaie Cyy
Sl S 5 Jols clale L xsy] o a5 ol Slanlis
FVM 3g, LY Joo J> 5l Job> chale 5V Joo
olaws b ol cdale slaosls slaws Nl osds (03551

il s Sl slapls

4 Central
5 Mean Absolute Error
6 Mean Relative Error

s Horno Montijano (2002) slaa> o ;o S xSl
ol 00 431, Serna et al. (2014)

LSS Gla o oSl Jow o 2l al> o 5l
a8 aiile oSS Sl sl lae Slawlore oS G 5l eolanul
Jedos gl wiallys (,38le 5 as- PSpice l33le 5
L PSpice 558 oo (g lwands —canl (SO ST gl e
it S bz g gl e wka Sl ) ealizd
@ Slewbre 033k (al33l sl g WS (o0 S 05 2 50,
WS (oo st ) Slslons (Gloj pl5 5095 g dtsy ol
N RN Cwd 4 ol Ren (Il oy S o U
3550 aiels 5o T L5 5 Jseome eite (S 5 Sloj @93
wmaaly by Sl epl o wed oo Uas dxiuse
a5 sl Borland C++ Builder lee b 5YL alaw
0205 0500 s 50 s Jlasl gjlwesln g a8 s,
ol ,53 S Ly 51 51,8 (Glass jee (SO STl ailis
5 b e sloo,le giluil CollB g 0og o o
T8 3,90 53 it Ly slp o o |, plys slaasyT s
4 PSpice ;o Jolwo SO aSI slalae (gileacs
s 4zl 0 Tuinenga (1988)

Sguzo plxal (g, —¥-Y
5 Gpdlasl cle 4y a5 dgaze ploxxl go0e b,
Sealins 4 bgspe (la gy )0 1)l o pogie Solu
asd, 5 4 Gliize bwg '(CFD) o Jlw  Sleslxe
S kil gl o glp oy, wl
© Jsee sl prite lawgie polie a5 conl "(PDE)
009y 2l 655 4 50 A e dile S o> 0
oo (Fir heibas glbdsls > sl
slaolee 51 (o atals JSG 5 glojy (gilwdins
Redee RSl S8 plrl sy Sheslins
) oslizal b ilej 5 olSe (slagiie s b o

! Computational Fluid Dynamics

2 Partial Differential Equation

3 Quadratic Upstream Interpolation for Convective
Kinematics

Journal of Hydraulics

39

14 (3), 2019



WAA (o) Ko g (yLillac

e grasl glylo dils g, 50 Jelxo JU! g3Ldow

9 Jiew iy oo wiz la,ls ol () (S s
Gy 5y & atly (byr slegie bawgs 35 30
PSpice 33l 5 Ly o] jluie &b a5 Gy 5 G,

WA (6w ol iy a5 LB
bajye &jglome ;o &S oo S 6l T, lral> LS
)90 solme oo, S aS N g V) (sloo )57 cmy cils 13
Ol 03 e Jol 4 lagiie oyl ol sl
@b obosy ol eliud L)l sgzs gl

o] Cawd A g5 O yge

Q
i = A (—10c,s +7c, +3c,) (15)
Iy = 8% (2cys —8c, +3c, +3c,) (16)
J Nadv. — Q (CN _,—6¢y_, =3¢y +8CDS) (7)

8A
Syl g cawaVl o cdalé i3 4y Cpg g Cyg a5
2 dolan oo sl By ol ol ats ol
il oy Syee 4 (VH) B (VY) sloakal, sl

+Ji v, -J +Ji =0 (18)
—Jiex =0 (19)
hb bl Jolee Jlae 90 ploser (Kl 5 o paie
Cewloads ools Lzd ¥ S 0 ) Jow gl 0ads

J
J

+J,

i,tran. i,disp., in i,disp., out

s,i,tran.

Gi, ‘ Giz =0
04" & m, E Ci
O+ ¥ .
Tiadv. \l, Tiex. il itran.
°
Riel Ii,dnsp,,in Ri‘z T],dxsp.‘ou[
oA/, —> e VA e—
Viag Vi Vit
@)
Vai
Gs‘i Is,x.ex. Is,1,lmn‘
Csi=—
o 0

Fig. 3 Elementary equivalent circuits for the TS model in
(a) the stream channel, and (b) Transient storage zone

Joe sl o b sosbol S 2501 Jolao Sl ¥ S0
@) o Joloe cdale alaly (g lan Jow (TS Cdge oy

Sl wlice b Jow gjlwesly -Y

) Jia o> b VY

oo el 2 L (S psthaline Jos Akl
anlpl o (SasSly cuys 5 by chie gl 5 (00
Gt 5l ol Ol oo w2l g el
Sgaze ool Ghe, b (V) 5 (V) sleabolee JlSe
sloo S slaws N d=34, ..., N-1) pli L5ls o5 (s,
e 4 AX (G o5 5 (Sl

o, Q

AXE +8_A(C"2 —7c_, +3c,+3c,,;)
_2D(Ci—1/2_20i +Ci+1/2)+0{AX(Ci _CSi):O (11)
AX '
% aax B (6, -c,,)=0 (12)
dt A :
1000,8 SLSE 5 Sygeo 4 il e 4 by e Lo
Jiran. = & (13-1)
—g(c —7c,_,+3¢,+3c,,,) (13-2)
adv. = g \Mi-2 i-1 i i+1
Ji,disp., in — (ZD/AX)(Cnl/z -G ) (13-3)
J i disp., out — (ZD/AX) (Ci —Ciip ) (13-4)
‘]i,ex. = aAX (Ci - Cs,i ) (13_5)
dc.,
J.. =AX—= 14-1
s,i,tran. dt ( )
Js,i,ex. = (CIAXA/A\_,' )(ci —Cyi ) (14'2)
)L"’ W")S ] ‘]i,ex. 9 ‘]i.disp., out ¢ ‘]i,disp., in ¢ ‘]i,adv. ¢ ‘]i,tran.

T 9 SOy b lralr (Sl s
Do s skl sl 5 il sl L S,
e ble (Jobs e g (Slej st )b w4 Jgi

b e il 4l
sleakly ol L Jolbee SO puSIl glaaka)y e
cmlie SO Sl gle paie Q! gl ¢ Soelnng e

O3 Olr3y dalee JSG 4y azgi L diad (el

. ' dv

L.’ g_t;’Lmu)l:’ L' ‘) ‘]s‘i,tran. 9 ‘]i,tran. )L":’ ‘IC :CE
ool el 4 azg Lo (G =C =AX o8l
AV

Caoglie 90 L1y Jigi o 9 Jigipin DL < lp oy
0205 Gildolee Ry =R, =AX/2D 5,5 4 o>
Jolee G5 5 € slacdale clas oyl jo a5 098 oo alax>ds
b b Jobeo @) lodale ol Lo 5 (V) (S S L

Journal of Hydraulics
14 (3), 2019

40



IWAA 5l o o le IF 090

Sy yuap

Jsiexi = (O‘SAXA/'A& )(Ci —Cs;; ) (24-2)
Jsiexs = X (CH i ~Cs; ) (24-3)
J S,i,dec. — ASAXCS,i (24'4)

dc,
Ax#—aHAx%(cs'i ~Cyy; )+ A4 AXC,; =0 (25)

dc,,
J H.itran, — AX d_: (26_1)
Jhiex2 = (‘ZH AXA A, )(Cs,i —Cy,i ) (26-2)
I igee. = AnAXCyy (26-3)
9 J iex.2 ¢ J ilat. ¢ J i disp.,out ¢ J idisp.,in ¢ J iadv. ¢ J i tran.

gl ) Gley ped S eSS W T
4l (Jols )b (Sl )L ((SasSly (2955 5 60959
(ol anll o clale Jlg; Lo 5 b calagsS
CublagS 4>l (Jobs Lo ol anl T Jols )L Gl
(gl SIS 4l o cdile Jlg; LS g (x5
by et )L oS 4 T 9 hiexe Jhiwan 9
o edle Jlgy Lo g (e SBlagSs 4l (Jols le

il oo (b ) SIS 4l
lr e salme slao 55,90 )3 (V) B (10) slaalal,
SerSI Gl pare QB ws JEn 5 Jue
Lalie o Seobng i slos e 51 Sy 6l Jole
LV Syl e gl alis sl 5 ) o
odale (Lo L1 S asdl e g €H g Cs € slacdale
Jolae e du (sl gl 1S Gl 9B 285 plx]
25 Sose 4 (V) B (V) glaadal) glowe 2 oV Jow

Jivan T Jiaav. T Jidgisp.in — Jigisp, ot — Jiar. — Jiexo

+Ji4ee. =0 (27)
Jsiwan ~JIsiex:t ~Isiexs T Isicec. =0 (28)
iiwran = Jriexz ¥ Irigee. =0 (29)

50 bl Jolro o dws cpl loduz S8 5 b paie
g adel laylh (gilwooly .cuwloads cols las ¥ S

Dbl sr e (8w Slageogi b plp dlele (5550

3 Piece-Wise Linear
4 Voltage-Controlled Voltage Source

b ogdso padais bagysls adsl 5)L0 b alis adgl Loyl
s Coi g G (3 50 52 adsl 5,L5 oY) alaly 4y 4z g5
CewdYl (g5 0 by (Y-F) 5 (V-F) Loy, 04 salsg=>
e bl G50 by (B) abaly g (S, ) Jol g9
B 65,5 L i a5 il g (T orogd) g0 53
565 e 5 TPWL) glaly 515 e «(DC) ol 5Ll
39 it gilwesly LB T(VCVS) 5lly 4 atly
b Candimly s 0wl 5y ate 3y jlade >yl
25 S apgs A 3 FCde 6N Syl ool

Ayt
Vs = (V,\F2 -6V, +29V, )/24 (20)

Y Joo 2l -Y-¥
SL@iie g lodinns G5 (izren g 43,154, alis
O b ooV Jow b alin V Jaw 2l s SIS
5 Ol ghie mhw 5 (@9 039 ol (PR L eSS
Slodlslu diand IS Lol aal ] 15 ST, e s
Lo g (934, o ND) ol o8 sl (A) 5 (V) o)

o] Cawd Ay ) Gygo 4 SO, slaon] )

oc,  Q
AXE +8_A(C“2 —7c._, +3c,+3c,,)

B D (CH,2 -2¢, + Ci+1/2) _&AX (Cla[ —c, )
AX A '
—aAX(Cs; — € )+ AAXC, =0 (21)
oc,
Jiran. = AXEI (22-1)
‘]i,adv. = 82A(Ci-z —7C,+ 3Ci + 3Ci+1) (22-2)
Ji,disp., in = (ZD/AX)(CM/z -G ) (22-3)
J i disp., out — (ZD/AX) (Ci —Ciip ) (22-4)
‘]i,lat. = ql_;:'AX(Clat. -G ) (22-5)
Jiexa = AsAX (Cs,i -G ) (22-6)
J} gee. = AAXC, (22-7)

dc,, A
AX di' —O{SAXE(Ci _Cs,i)_aHAX(CHvi _Cs,i)

+AsAXCg; =0 (23)
dc,

Js i v = AX— 24-1

S,itran. dt ( )

! Dirichlet Boundary Condition
2 Neumann Boundary Condition

Journal of Hydraulics

14 (3), 2019



WWAA (ol Kon g lollac

e grasl glylo dils g, 50 Jelxo JU! g3Ldow

Ele EdR Sexrch Vew Broject Bun Component Dotobse Iooks Window Help |<None <] #

DE-B 0 (B33 @ Stordad | Addtonal| Wink2| Svstem | DataAccess | Data Corirols | dbEsord
PIT O -n k S AR S g 6 ST
=

Dmsy 102

aLm2re) 19

VICT Sxe3VIC25x)e3" CLmgn 10

q
£0 (mp/l) o
cosTS fmg) [0
COHTS (mg/ 10

Cintmgn) |

354108

b ICov Warming] M| < >

@ |

Chloride_all

FE @O M SEW

Chloride_alhan - pulse daf

Boowag

)l EmT

Fig. 5 The using software’s environment in NSM: (a)
Borland C# Builder, (b) OrCAD PSpice

@) NSM g, ,0 aid) IS 4y lo,l58le 5 Jasee & JSC&
(8 Lauly p,8 ¢ mugiasli y laoxe) Borland C# Builder
(SBlS 29,5 9 omgisS Lams) OCAD PSpice (D) 4

S g g b -F

) S Sl arliie Jio (o2 oo —)-F
o3lial L Y- 2o oad (b (S sl alise Joe
Kazezyilmaz-Alhan lwg ool &l Ll >
9 Awgey By eVl (g5 byl g0 sl (2008)
& USE bl e ok Jlke ad vcons b
Slaseie 4 Sl 40l pl S 5l 65 Fre glojl Jalis
GVl 50,5 Slaseie 5 o (Sasliogyhn 5 cwiin
@l 0oy Tedgoz cnl )3 cenlond cud Y gz o
S Ngy bl oo Slawlre GG o5 AX g lilxe
ol 30 by 95 (gl conls 5,5 oole Glwloes lale

el 00 03l Lis A 5 ¥ glaJSE 45w iy o0

3 ° ° . 0
Gig Gi,l Giz -
oF 1 oF 1 g ‘
iludec. llw,ad\t lli‘lmn. IL,Ial. TI::([;
- ) Iw,disp.,m | ]E.dtsp.,aut‘
Vian Vi Visin
@)
Isiexs Vi Tsidee
e ° °* -—
Gs,ij Gs‘.,| lIS.i.ex.l IS.i.lr:m Gs‘,‘]
+ F 1| ‘ |
Csi > I
° L 2 ]
o 0
Ch,i
IH i dec. IH,i,lran.
Ay
Vi,
© .
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Table 1 Model 1 parameters for the study reach

Geometric parameters

Hydrodynamic parameters

Injection parameters Simulation Parameters

L A

As Q D a Cin t1 t T AX
m (M) ) (m¥) (m¥) (Is) (mg/l) (h) (h) (h) (m)
400 1 1 0.01 0.2 2x10° 2 1 5 24 1
20
o NSM (x=50 m) 2.0
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16 A NSM (x=300 m)
—— Analytical 164
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Fig. 8 Temporal changes of finitely-injected solute
concentration, calculated by NSM and analytical
solution, presented at three cross sections based on model
1, in (a) main channel, (b) transient storage zone

Oy a0 Gy Jelme cdale Sloj yeess A S
31 ookl b oo dulone ) oo slow 2 o3b 5l jo b
() ol anl T (all) alasio aws .0 NSM 3 Ldow J>

Cdge CllagSS axl

Fig. 7 Temporal changes of continuously-injected solute
concentration, calculated by NSM and analytical
solution, presented at three cross sections based on model
1, in (a) main channel, (b) transient storage zone
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Table 2 Error indices of NSM results for model 1

Mean value in the

ggjﬁ:& Calculated x=50 m x=150 m x=250 m reach *
condition values MAE MRE MAE MRE MAE MRE MAE MRE
(mg/) (%) (mg/1) (%) (mg/1) (%) (mg/) (%0)
Continuous c 1.13e-3  7.29¢e-7 1.06e-3  8.66e-7  9.89e-4  1.05e-6  15le-3  9.8%-6
injection cs 8.92e-4  1.14e-6  7.64e-4 1.35e-6 6.37e-4  1.62e-6  9.13e-4  1.30e-5
Finite c 8.18e-6  2.92e-8  2.64e-5 1.02e-7  5.08e-5 2.17e-7  1.32e-4  6.13e-7
injection Cs 8.30e-5  4.00e-7 9.99-5 578e-7 1.13e-4 827e-7  1.66e-4  1.31e-6

* Mean values of error indices are calculated using the distribution of concentration in 8 stations (x=0, 50, 150, 200, 250, 300, 350, 400 m)
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Table 3 Model 2 parameters for the study reach

Geometric parameters

Hydrodynamic parameters

L A As AH Q D as OH A
(m) (m?) (m?) (m?) (m?3/s) (m?/s) (1/s) (1/s) (1/s)
400 0.55 0.44 0.30 0.02 2 100x10°® 20x10° 0
Hydrodynamic parameters Injection parameters Simulation parameters
As AH Qlat. Clat. Cin t 2 T AX
(1/s) (1/s) (m3/s.m) (mg/l) (mg/l) (h) (h) (h) (m)
104 107 106 0 2 1 5 20 1
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Fig. 9 Temporal changes of finitely injected solute concentration at upstream, calculated by NSM and FVM based on model
2, presented at three cross sections in (a) main channel, (b) surface transient zone, and (c) hyporheic transient zone
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Table 4 Error indices of NSM results for model 2

Eé’jﬁ;‘r”; Caloulated x=50 m x=150 m x=250 m Mea“rzglﬂejn the
condition | values MRE | MAE | MRE | MAE | MRE | MAE | MRE | MaE
(mg/1) (%) (mg/) (%) (mg/1) (%) (mg/l) (%)

N c 1.36e-8 | 2.93e-6 | 2.02e-8 | 2.97e-6 | 3.64e-8 | 3.63e-6 | 2.30e-7 | 153e5

m'jgg{fgn Cs 1.91e-8 | 2.83e-6 | 1.62e-8 | 163e-6 | 1127 | 7.69-6 | 7.55¢-7 | 3.70e-5

CH 191e-8 | 6.4le-7 | 1.25¢-8 | 2.84e-7 | 1.12e-7 | 174e-6 | 7.45¢-7 | 8.02e-6

* Mean values of error indices are calculated using the distribution of concentration in 8 stations (x=0, 50, 150, 200, 250, 300, 350, 400 m)
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