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Fig. 1. Schematic of the experimental flume and porous bed which is used in data collection
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Fig. 3. Schematic of the interconnected cells for derivation of the analytical solution
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Fig. 4. Extracted BC curves at different depths of the porous bed
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Fig. 5. Experimental and simulated BC curves using the presented theoretical model
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Fig. 7. a) Values of the vertical dispersion coefficients versus sum of temporal parameters of the model, b) Pe number
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model, and d) central 2nd order moments versus sum of temporal parameters of the mode

YiYe



YAV B YV dxbo MY o Jl.u) A b)lo..m LY 0,93 ‘),.S)ml ul):..c L;u:.,\...e(e d:)uu

Gos ;0 50 Job (sddin S il (0 0l jaaie Lk ylw
Ul"'-“)*“*-'uﬁ)" OJ..JYT oD JLQ..." 65),..' 015"'94"0‘9"&5"‘)
Sllwgs (6,5 ojlail oauzen slo il 5Ls Jae o IS plL oS
C;‘LQ: d...BL: 5 L\.’ UT » °5>L° REIIKY M‘}‘?u A8l O9)° CA.C)..»
A abayl, 5l aS cawO B dine yl )l o Jsb lwgie ey g
QQ;GAML?M
2n®
B=—d
3(1-n) A
Logie ).‘ad 9 039 yww gllas Jxss Jladn QT Y

g |y (A) ol G5 o s )0 ol Zlas
D, =aB xu,, , +b )

sl o al, col,h @ 3sd Lals, 45 aS

sl el b (358 abl, colpe glAeul sl

Gieled - S o g el (s (g S5 398 (Slmlne
shaB  Jlais el 0a0,F atin a5 jsbiles b ool
A b Jade 5 esg VY L oply ol b sle il
Glp as 00,5 o,lil Wb pizen el ool aiwle /00 oY L
pokae SlMb 5l sl (o0 (V) alall) ) (Soidy o po e
(S Bty p duwlne (61 100 la 45005 eolatll L3 4y
S0 oolaiwl pos 4Y jo Jsb lawgie Copu 5l b paw 4Y
Syl 8l (oo porie nl e abaily cnl j3 0Ll 3 9 MT sl
ond jolate o (oo (ulul pr Lawgite [lad 5 oud dwlre ddie
5 bz e o DS Jsb alos aie )0 dbie ol ol
Gloel 1o o1 e 45 ol o 0, B 5 azls SIS 55 sy
ol ogn Slawbre adl (o0 ddie Jully plp g0 e b
VY Ges 50 LS Job jlade g 00,9] s |, sgolie a5
w08 dbre ddte all plp VIV Jodoete w5l s e (Sl
Ol 3o N5 59 45 dged 5 4l Ol o0 5 Il o
039 (o5 Soisy 5l b ool p > dee WSl s
e S eb e S ool 5l eslil b Wiy e &5
20l edle 05 (3l Jae Jidsie ja date ol g iy
o als 5 156 cos oa¥T Jlaml o Jsbicie js 5 aoe 3blie

RrSzsS 5 ead S5,5 jsliaS a4z oly b e ol a4 by
S YL 4 o gl [giaS 5 gl i pe 45liiS o Sadzs]
s oo L ) 655

A Eod) s Gos hlie )0 Cep polie @-A IS o
i 45 jabylan el o 000 )5 ey (Cilideo (slo alé
Gy a8l GalS Glox e e s Goe Gl L e
hite Sy Gl o 1y Ghiz J eV el s
o L3 (VAAA) S155l 5 ISl5) yaiory g cons] 00l Lt
Oyge 4 JolRe lofias )0 e pw 1B Wy, a5 Wil esged
sy oo 5 45 a5 ol i ol ek (cle azdly il o Sl
dil B e pll gyiian Glosl U oosls clloy a5 S50 0
21l (gl et s g b dmlg o0l LS g e b b talS
2 Jy il o ol Klid g% (S8l VY g )Y Gles!l jo ous
> Oyge ar ylien W) (nl e e (BLY I YL Glesl
5 IS vae polie jo SO ol b) cond 30 el 03505 jg5
GRIBIL a5 035 pasie g Soal 0ad e 5 ey Bee il
e d0e bl ansl ol 1o cdSG sae polie iy es
OP, :% all) ab g conl il & Gl Jae 55 Cos
Soidy co,D oy es dlolz o] 9 aS 005 e aul>
e 45 Cenl ol 00yt ol gl e ey o U
Gl o Sz ulpo cond @ b JE gl il
by Galidl 5 GG slasl azis )0 g 00,8 lay (il e
VY Ges oSS sae jlade a5 0o )5 cslice (puien .l 00500
A el lesl plo cond & gt (SaSTn sy e
airej o GBI glo ail B Sl Ty e 4 CS5 > L oS a0
O O P P O, [PV JCH FURCORPIN t TN PR CEL U OV
led oo oy jo g 05 (oo Jol> 398 sl el )l oS 5 5l aS

g b o 5 Ll ol o Blie jo e polae @-1 JSS po
ol Bl L a3 sl Ll culps polie a5 00 )5 (5,5 amis
b byl g polie 5 ol polie le 5 oad 038l ey
hos sbwl) jo e Jlil Lol fole (dhes co il 35
Sy o ) Jsb ey Sllag 8 Glea Wl (e g
o3 Ygano JSedicie s bl e o ayles sliy] sai¥T ae

P eSS Obz Gl (oo Jdd (el @ g 4y 0529 g0k

AARA



VAT LYV asio 0F e Jlo @ o)loud @F 0)93 ey sl lpos swign 4 s

1‘; om o ©Q=0.19 {Ifs), €0=25 {ge/l) :2 ool 2 o
0Q=0.19 {I/s), C0=45 {gr/1)
. 14 4Q=0.19 {I/s), C0=65 {gr/1) . 14
E 12 a = ©Q=0.19 {Ifs), C0=100 (gr/1} E i2 p&-e
ﬁ_ 12 §_ 12 ©Q=0.19 {I/s}, €0=25 {gr/I)
8 6 oo 4 i 2 6 p 0Q=0.18 {I/s), C0=45 {gr/I)
a a 4Q=0.19 {Ifs), €0=65 (gr/1)
2 - oa 2 &no ©Q=0.19 {Ifs}, €0=100 {gr/1)
0 0
0.001 0.0015 0.002 0.0025 0.003 0.0035 0 5 10 15
Velocity (m/s) Pe¢ Number

(a)

(b)

Sy G0 Jilio jo edSy sus wolio (D) « gy Gos Jilio 10 sy polide (@) A JSi
Fig. 8. a) Velocity values versus bed depths, b) Pe numbers versus bed depths

~ 0.0008 >
"E 0.0007 e
£ 0.0006 -
5 y = 0.3245x -0.0005
& 0.0005 R? 2079244
”
2 0.0004 PR
= , &
= 0.0003 &~ I
7 0.0002 o &
g™ {ﬁ»
% 0.0001
A . g"?"{
0.001 0.002 0.003 0.004

Velocity (m/s)

(a)

& 0.0004
'E 0.00035 /°/’o
= e
g 00003 y=0.1159x-0.0003 ¢ _~ o
2 0.00025 2= -
- R 0-828200
S 0.0002 It
£ 0.00015 &
£ %
£ 0.0001 —
[~
£ 0,00005 %o
0
0.002 0.003 0.004 0.005 0.006

Product of void scale and velocity (Bxu)

(b)

S iy b Jilie jo Ao yelyly 0 as o o o Juole (D) (Sl o b Jilie 5o s g wolio (@) A JSCi
Fig 9. a) Velocity magnitudes versus dispersion coefficients, b) Product of velocity and pore number versus dispersion
coefficient

sl oud osaline (6 e ()8 45 (Somie 93k 9 )0 e
Cowl 0355 35 e polie Slid oSoma bl o ools Jg
o a1 455, ol ioni 43 4053 L L3 oliie () JS5)
olie (Jsb alols Ligl3El L a5 wings 00,5 oLl s ailss,
Sl a5 a oanline Js VAl wles oo Joo o 0 Sgo wal o
wolaelar co o cnl jlade do ailBog) yws (19,0 (Hoe (Soridy
5 Ol 4 el ooy 505 (1Y) vga 10) S5l eSSl
hes bl @l ol Gl gmie a5 5,5 o)lal (g (o

e o i) 5

yyvy

Ailg (oo Sl o po 5 00gy S bame J2b 0 (g5l
55,5 lne e bl 3 s busie S il
ok Lawgie Ceop (JlSe jins 5 0l Blesl )3 il ogdle
39) % Slg (oo 5 LIS Jobo (a0 (sl
calpo o Flialie as) gl e )W ow)p ek @
ol boas ol saslie ¢ ol gl 5l ol slp N>
P 4 g Ablo (ralS Ky, Lo gimie Koz colpd e Ges
Sl S ogs a4 g5 o ke A b goue oS S5 Gy e
O e 4 jho b ply (Ko oo & G5 pl @ ple b

Bos 4 OS> b aS S g ce adly o0 a3 glo gmie JelS



YAV B YV dxbo MY o Jl.u) A b)l.e..m LY 0,93 ‘,..S)ml ul)a.c L;“’*\*@(" 4:)..“.3

1.4
1.2

0.8

CSK

0.6 <
0.4
0.2

¢ Q=0.19 I/s, C0=65 gr/I
0 Q=0.19 I/s, C0=45 gr/I

o
©
©
o
10 15 20
depth (cm)

S b (S 3l @Olan gl s o Jilio 53 (92 b 4 bgrpo polie Ve S
Fig. 10. Values of the Skewness coefficients versus bed depth for several BC curve

o rS A5 W3S (S A G 9 W3S (o) 00 gl A
wdls Bl sdiie (Job Caepr b s alall) oe (Soniy
a,1),Ty yol> Joo Gloj gl el ggome b oS bl
amle jslate 4 600 Olye 4 i UL ) e )10
et el Blas] 45 005 saline 5 wus S soliul LY Jsb

il oo dite el il VIV LS b o s

&=y

[1] H. Nagaoka and S. Ohgaki, Mass transfer mechanism in
a porous riverbed, Water resources research, 24, (1990)
417-425.

[2] Y. Shimizu, T. Tsujimoto and H. Nakagawa, Experiment
and macroscopic modelling of flow in highly permeable
porous medium under free-surface flow, Hydroscience
and hydraulic engineering, 8(1990), 69-78.

[3] D. C. McAvoy, P. Masscheleyn, C. Peng, S. W. Morrall,
A. B. Casilla, J. M. U. Lim, and E. G. Gregorio, Risk
assessment approach for untreated wastewater using the

QUALZ2E water quality model, Chemosphere, 52(2003),

G azi -F
S sy 0oVl o2 o JUiil il p2l> gy 5
S B ey 0,90 2ioles] Joe G 5l eoliiwl b s
0975 3l (sootie Joo G obml 5 333 (wyp sskiie @
Jeel b g LS5 oSl Jonsl s dolae coan¥T iae L]
Jolows 31aus )3 o cwed ml Ojgo a4 cawdVl (550 b ys
oats V1 35i5 033l Jlulids jolaie 4 0L olgie 4 o 3,18
Loy ool cliloy slaosls 5 ol solawl by dilzog, i o
QL‘,}—Q.E:.Lé sl e 4 Lo adsl sla 3 JUT 51 ey o K
A C‘)Z:"“" Sl daly Co ez 0 o 50,8 Slaslis
30,5 adsi Lo sl pmie e g gliml o] sl el
e yeol)l g 009 ous C‘)‘Z"”" alayly Collae S e =
cu] » 09)15 Qools uLm.; |) Al O )...' uu)‘).s ‘5‘»9& 6}.@]
Lol Loyl g oo 65 o3lail 5 s (9,0 hos Litl ol
nolie (235 18 SS90 gdie Ly Sy Lyl
u].laLu)‘joM C‘)M‘M‘LD‘)MMU[))} Ls..\.a...a Sy

Sl Joe gl sl yel)ly g 00V Gas (Forisy culo b

YIYA



YIVe U YV daxio NF - JL“’ A O)Lo..w HY 0)9 ‘)A.AS).:AI ul)o.c uw.\...e(c du).mJ

Resources Research, 43(2007), W01421.

[14] E. T. Hester, K. I. Young, and M. A. Widdowson, Mixing
of surface and groundwater induced by riverbed dunes:
Implications for hyporheic zone definitions and pollutant
reactions, Water Resources Research, 49(2013), 5221—
5237.

[15] 1. D. Chandler, I. Guymer, J. M. Pearson,and R. van
Egmond, Vertical variation of mixing within porous
sediment beds below turbulent flows, Water Resources
Research, 52(2016), 3493-3509.

[16] F. Boano, C. Camporeale, R. Revelli, and L. Ridolfi,
Sinuosity-driven hyporheic exchange in meandering
rivers, Geophysical Research Letters, 33(2006) (18), L18,
406.

[17] D. Tonina, and J. M. Buffington, Hyporheic exchange in
gravel bed rivers with pool-riffle morphology: Laboratory
experiments and three-dimensional modeling, Water
Resources Research, 43(1) (2007), W01, 421.

[18] A. Marion, A. I. Packman, M. Zaramella, and A.
Bottacin-Busolin, Hyporheic flows in stratified beds,
Water Resources Research, 44(9) (2008), W09,433.

[19] A. Bottacin-Busolin, and A. Marion, Combined role of
advective pumping and mechanical dispersion on time
scales of bed form—induced hyporheic exchange, Water
Resources Research, 46(8) (2010), W08,518.

[20] A. Marzadri, D. Tonina, A. Bellin, G. Vignoli, and
M. Tubino, Semianalytical analysis of hyporheic flow
induced by alternate bars, Water Resources Research,
46(7) (2010), W07,531.

[21] B. A. Kiel, and B. M. Cardenas, Lateral hyporheic
exchange throughout the Mississippi River network,
Nature Geoscience, 7(6) (2014), 413-417.

[22] X. Chen, M. B. Cardenas, and L. Chen, Hyporheic
Exchange Driven by Three-Dimensional Sandy Bed
Forms: Sensitivity to and Prediction from Bed Form
Geometry, Water Resources Research, 54(6) (2018),
4131-4149.

[23] J. J. Voermans, M. Ghisalberti, and G. N. Ivey, The
variation of flow and turbulence across the sediment—

water interface, Journal of Fluid Mechanics, 824 (2017),

Yiva

55-66.

[4] R. L. Runkel, One dimensional transport with inflow and
outflow (OTIS): A solute transport model for streams and
rivers, U.S. Geological Survey Rep., 98-4018, (1998), 73
pp-

[5] J. Chabokpour, A. Samadi, and M. Merikhi, Application
of method of temporal moments to the contaminant exit
breakthrough curves from rockfill media. Iran Journal
of Soil and Water research, 49(3) (2018):629-640. (In
Persian)

[6] F. Boano, J. W. Harvey, A. Marion, A. 1. Packman, R.
Revelli, L. Ridolfi, and A. Worman, Hyporheic flow
and transport processes: Mechanisms, models, and
biogeochemical implications, Reviews of Geophysics,
52, (2014) 603-679.

[7] J. S. Fries, Predicting interfacial diffusion coefficients
for fluxes across the sediment-water interface, Journal of
hydraulic engineering, 133 (2007), 267-272.

[8] A. Marion, M. Bellinello, I. Guymer, and A. I. Packman,
Effect of bed form geometry on penetration of nonreactive
solute into a streambed, Water Resources Research,
(2002), 38(10), 1209.

[9] A. 1. Packman, and M. Salehin, Relative roles of stream
flow and sedimentary conditions in controlling hyporheic
exchange, Hydrobiologia, (2003), 494, 291-297.

[10] A. I. Packman, M. Salehin and M. Zaramella, Hyporheic
exchange with gravel beds: basic hydrodynamic
interactions and induced advective flows, Journal of
hydraulic, (2004), 130, 647-656.

[1177J., Ren, and A. I. Packman, Stream-subsurface exchange
of zinc in the presence of silica and kaolinite colloids,
Environmental Science & Technology, 38 (2004), 6571—
6581.

[12] K. J. Rehg, A. 1. Packman, and J. Ren, Effects of
suspended sediment characteristics and bed sediment
transport on streambed clogging, Hydrological Processes,
19 (2005), 413-427.

[13] D. Tonina, and J. M. Buffington, Hyporheic exchange in
gravel bed rivers with pool-riffle morphology: Laboratory

experiments and three-dimensional modelling, Water



YAV B YV dxbo MY o Jl.u) A b)lo..m LY 0,93 ‘),.S)ml ul):..c L;u:.,\...e(e d:)uu

[27] J. Chabokpour, Application of Hybrid Cells in Series
Model in the Pollution Transport through Layered
Material. Pollution. 5(3) (2019):473-486.

[28] N. C. Ghosh, Study of solute transport in a river. PhD
thesis, I I T. Roorkee, India, (2001).

[29] N. C. Ghosh, G. C. Mishra and C. S. P. Ojha, a hybrid-
cells in-series model for solute transport in a river. J
Environmental Engineering, 13010 (2004), 1198-1209.

[30] N.C. Ghosh, G.C. Mishra, M. Kumarasamy, Hybrid-
cells-in-series model for solute transport in streams and
relation of its parameters with bulk flow characteristics,

Journal of Hydraulic Engineering, 134(2008):497-502.

413-437.

[24] Roche, K. R., A. Li, D. Bolster, G. J. Wagner, and A. 1.
Packman (2019), Effects of turbulent hyporheic mixing
on reach-scale transport, Water Resources Research,
0(ja), doi:10.1029/2018WR023421.

[25] T. Sherman, K. R. Roche, D. H. Richter, A. I. Packman,
and D. Bolster, A Dual Domain stochastic lagrangian
model for predicting transport in open channels with

Water Recourses,

hyporheic Advances

125(2019), 57-67.

exchange,

[26] A. Bottacin-Busolin, Non-Fickian dispersion in open-
channel flow over a porous bed, Water Resources
Research, 53(8) (2017), 7426-7456.

DOI: 10.22060/cee}.2020.17304.6521

J.Chabokpour, B. Dini, (2021). Estimation of the Penetration Depth of the Pollution in the
River Bed for Evaluation of the Self-Purification Characteristics of the Rivers by Developing a
Novel Theoretical Relationship. Amirkabir J. Civil Eng., 53(5): 2117-2130.

o2 glo | Alio ol &y diga

iy



