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Fig. 5 Comparison of breakthrough curves of analytical solution and fractional numerical solution

4.1 RH5EHHNAREME R
PE— 2 A PR TR 5 3 6 T 52 I A a4

GBRCR . 5 IR 2 (RMSE) #1141 &
(R*) WA 5 o 1) T A5 480 A1 ) SO 3000 1 =2 1) %) fhd
UL RAERI A S A GE R 3 2,

R2 RIS S BN BEREILES RN

Tab. 2 Evaluation of simulation results of analytical solutions and fractional numerical solutions

_ . B Az Agsp Az
g5y PN FE bR — " "
AT i i i i SR
4 RMSE 0. 46 0. 44 0.71 0.56 1.06 1.03
) R? 0. 70 0.72 0.98 0. 99 0.54 0.81
RMSE 1.27 0.68 3. 48 2.70 1. 86 1. 46
4k
R 0. 68 0.72 0. 49 0. 65 0.54 0.75

MR PEAN SR bR KT » 20 B R i A5
FIMSR I I HRERZE /N AU U0 S g s A5 it
LU B BORATE » 20 KU B EL AR R B ADL I 23 iy
LUV 25 SO S S I S » I A W LI [ R
JROSTER T B R R BER R B NS M o 3 T
P A BRI e 58 AN ) RUBE B FLBRAE A o e
IR 2R 55 15 2 3 7 S AL S AR 24 Tl i
PHEF I M AR I B Rl HE ) R A - AR R L 4. 1%
G- TR RO RS T B i i B i
RS S5 4 T P Ao e L AR A i i i 1
U BT S B R T 1] 0 E B o 51 AR B
TV BB A% i R A S AR A 1) R B
AR IR ) A5 (R AR B R . 7EAR
WA TR A R O L SR T P A A
(6] 73 B G S 0 3 S 3] 2 A T & 1 N 1] 0 S K

e 512 « 4 & 57

o PRI S 200 IO S AN A 35+ L VRO T 1 5 O ol 14 i
BT o BREZWPRN R, NI o 1B P IE
[l F X TR v iy o BT s B LR HAT B s
PR
4.2 —gph = E T

MAELRLEE 5 (5 3k 2) F , 4L scR
AR L4l B 4 73 B RO AR AR AR
T AT . X B AT Ly LA DA g R
FEX I FOBURL 2 B KRR /oA B 2R 4
JROBUREHE AT 75 7K 0 B 788 Jo (A% A P Ji b e
A8 533K BRI o T S S e R e e T
PR 3 R LI H: 5 107 7 — 8 73 T U A /L Bt o T
TSN AT AL L SR EN A A BT X T e H T
JoE BRI RS AL - 1 RT3 S A RERLYE  SE A T T
VA i B P I



eRm. 5 ETHZHN S HOER SR EREEEN

I EE B SR R - SR T — A R 4 A
Jriz ¥ i A DL A i A [ 1 25 1] 2 B 5 4 8
TR T FORL 7~ 1R W) 32 3 B A9 B B R AE
M7 R TR v 1) 2 ] 3 5B S OB S B b
Y 6] PN SR 38 2l 10 B R SR s N 3L S
BB ERE TS X0 A TR 2 R K
1 P — ZE X - SR B FESEAT BN 35 B 1 AN TR Y
T v AR R A D DB 5T 2 8 A [R) AT
BLFT 283 B B AR AT AR 22 5 T 4 X U -0 O /2
TEVFE N R S — B KA RS AGE S y JF
(6] (8 AR AR A I 3 A0 A ) 22 S X DA 3 Al A
J i 2 R e e AT HE R A 0 . A Z4ERADL
SETIT R TA (Y Aoy AT A, T 5 AR 25 1AL T
Ap MRS . S5 5 A1 00 (BT 4] 5) 5 Agy
D R Pl FE SRR A A B AT) LA R B ORS00 s 22, K
Ui i R A J5 LB B DR %o T I 5 o ) BEL AR
FHZIN S Ay TN 3B A B R A ot AR A b Ao 32 i
A0 AR 49 S5 1 B S W / 5 THT Ao DN 650 iy 420 3
I I 1 R GNAT 5 b A1 5 A oA 2 o PR3 5 L 7K
T 5 52 A% A Jot o BN %) A 249 5 X 1 o as A A
FH 5075 4R AR AR AR 22« [R) I BiE ] 1 4
RS 5T X P X RS B ALV A A VA s R
AR E

YRR — AR T E AR BRI 25 e A
WA W B SR A BT AN TR] . v — A 1)
PEBATET 7T LI o S 5058 AR N5 1047 B Xy
VS BRI OB 53 B8 BEAR 22 57 o XA [ TR Y
0 RSN PRI S o A A R R
AR F) L AAE TR SR AR RS A R s ot
2 B R SSONE MR 3 BB 52 B 2 0 o 8 7K - T Y 2
KA IR RS RRIE 22 5 . R R0 B AU S
RAEAS I EASTRAR  (H AT DAL 44 BB TE S5 K
ST ORI 3 B 22 A B v SRS (T AL As LB
=) NG YRS R A AL bR R BCE T KT RSO
NIy a1 a2 5 B 7K It A o 2 80022 e T4
T Y B RLR B B R 5. A
A ARE AR TT ) 3 5 4 o SR RS0 1 HE B 12
A DL ORI A B S A R TT 1) 547 43 J2
B UL i BALL R HERA
5 & ®

MITE I R ) B L B o RV s
R LRI I SN o D) o 25 375 T 24 06 B P ) i
J5 VBT BE T B B U 2 | it Zke T - ELAE
FEMERG R ; B ORI T A s [R1 AR SR Bk » B )

25175 Hh £ VA BRI 8] 482 T 7 B R B B o

SISO LA RS 5 AR RN R B R B
SRR 8 i XA ) SRR 2 AR A W I 2
P B2 R A1 o R R AR ) R 3 2 PR B A i
U] A  [R)I J Bs o FT 3 /DN X R ORS T B
[ 25 6] 2 R ) AU g

e PN TR s Na k<3 U e A U i
— RN GE RIS SR B A0 E Oy 2 T IR
7 P IS S LA OR B A G2 07 1 4, JE RN
T2 1 2R P U BRI T R A e B R A ks
B s “ AT RRROBLAE Rt TAE S B A A5
A A S AR ] 92 580 3 AR B U el A 1 e st
AR A B — 2 RE RS SR A . DAL, —
YR T 15 de v] DLYRAME GEXT -9 /O R Gk
AT AR 24 SR A R g 9 R B . 4 KR
B i AE OO BE N TR B ok S SRR Tk L o
JRZ RO 22 5 KV T T R A0 P B R
e o

S 3k (References) ;

(1] #Ze, Ak, whiia 22, 55, B S #e K sh il F
W R LT . K B2 JR L 2021, 32(4) : 638-648,
(CAI Y,SHI T,YAO J L,et al. Advance in field moni-
toring research of hydrodynamic process of hyporheic
exchange in rivers [ J ]. Advances in Water Science,
2021,32(4) :638-648. (in Chinese)) DOI: 10. 14042/j.
cnki. 32, 1309. 2021. 04. 015.

[2] HESTER E T,CARDENAS M B, HAGGERTY R, et
al. The importance and challenge of hyporheic mixing
[J]. Water Resources Research, 2017, 53 (5): 3565-
3575. DOI: 10. 1002/2016 WR020005.

[3] TANG Q,KURSTZ W, SCHILLING O S, et al. The
influence of riverbed heterogeneity patterns on river-
aquifer exchange fluxes under different connection re-
gimes[ ] ]. Journal of Hydrology, 2017, 554 ; 383-396.
DOI: 10. 1016/j. jhydrol. 2017. 09. 031.

(4] WANG W, WANG Y,SUN Q,et al. Spatial variation
of saturated hydraulic conductivity of a loess slope in
the south Jingyang Plateau, China[ ] . Engineering Ge-
ology, 2018,236:70-78. DOI. 10. 1016/j. enggeo. 2017.
08. 002.

[5] WU G,SHU L, LU C,et al. The heterogeneity of 3D
vertical hydraulic conductivity in a streambed[ ] ]. Hy-
drology Research, 2016,47 (1).15-26. DOI: 10. 2166/
nh. 2015. 224,

[6] GHYSELS G,BENOIT S,AWOL H,et al. Character-

ization of meter-scale spatial variability of riverbed hy-

245 5m% - 513 -



%20% %3 BAE G AR CE IO

2022 % 6 A

7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

* 514 -

draulic conductivity in a lowland river (Aa River, Bel-
gium) [ J]. Journal of Hydrology, 2018, 559 1013-
1027. DOI: 10. 1016/j. jhydrol. 2018. 03. 002
REN X W,SANTAMARINA ] C. The hydraulic con-
ductivity of sediments: A pore size perspectivel J]. En-
gineering Geology, 2018, 233 48-54. DOI: 10. 1016/j.
enggeo. 2017. 11. 022.
LEUNG A K,FENG S, VITALI D, et al. Temperature
effects on the hydraulic properties of unsaturated sand
and their influences on water-vapor heat transport[ J].
Journal of Geotechnical and Geoenvironmental Engi-
neering, 2020, 146 (4). 06020003. DOI. 10. 1061/
(ASCE)GT. 1943-5606. 0002227.
ZHU Q,WEN Z,LIU H. Microbial effects on hydrau-
lic conductivity estimation by single-well injection tests
in a petroleum-contaminated aquifer[ J]. Journal of Hy-
drology, 2019, 573; 352-364. DOL. 10. 1016/j. jhydrol.
2019. 03. 031.
YIN S,SHAO Y.WU A, et al. The effect of ferrous ions
on hydraulic conductivity in fine tailings[ J ]. Engineer-
ing Geology,2019,260:105243. DOI. 10. 1016/j. eng-
geo. 2019, 105243
SINGH T,WU L,GOMEZ-VELEZ ] D, et al. Dynamic
hyporheic zones: Exploring the role of peak flow
events on bedform-induced hyporheic exchange[ ] ].
Water Resources Research, 2019, 55 (1) 218-235.
DOI:10. 1029/2018WR022993.
ADU ] T. Analytical solution of hyporheic exchange
in natural rivers with non-point source pollution loads
[J7]. Journal of Hydrology, 2021, 593: 125860. DOI:
10. 1016/, jhydrol. 2020. 125860
SHERMAN T,ROCHE K R,RICHTER D H,et al.
A dual domain stochastic Lagrangian model for pre-
dicting transport in open channels with hyporheic ex-
change[ J . Advances in Water Resources, 2019,125;
57-67. DOI:10. 1016/j. advwatres. 2019. 01. 007.
TATEISHI A A, RIBEIRO H V, LENZI E K. The
role of fractional time-derivative operators on anoma-
lous diffusion[ ] ]. Frontiers in Physics, 2017, 5; 52.
DO 10. 3389/ fphy. 2017. 00052
GAO F. General fractional calculus in non-singular pow-
er-law kernel applied to model anomalous diffusion
phenomena in heat transfer problems [ ]]. Thermal
Science, 2017,21(suppl. 1) :11-18. DOI: 10. 2298/TS-
CI170310194G.
MART S J C, TAMILSELVAN A. Numerical method
for a non-local boundary value problem with Caputo
fractional order[ J]. Journal of Applied Mathematics
Computing, 2021; 1-17. DOI. 10. 1007/s12190-021-

+ & 5%

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

01501-4.

ZHOU H C,LU C,GUO B Z, et al. Mittag-Leffler
stabilization for an unstable time-fractional anomalous
diffusion equation with boundary control matched dis-
turbance [ ] ]. International Journal of Robust and
Nonlinear Control,2019,29(13) : 4384-4401. DOI: 10.
1002/rnc. 4632.

JAJARMI A, BALEANU D. A new iterative method
for the numerical solution of high-order non-linear
fractional boundary value problems| ] ]. Frontiers in
Physics, 2020, 8 220. DOI: 10. 3389/ fphy. 2020. 00220.
NIKAN O, MACHADO J A T,GOLBABAI A. Nu-
merical solution of time-fractional fourth-order reac-
tion-diffusion model arising in composite environ-
ments[ ] ]. Applied Mathematical Modelling,2021,89:
819-836. DOI:; 10. 1016/j. apm., 2020, 07. 021.
SRINIVASA K, REZAZADEH H. Numerical solution
for the fractional-order one-dimensional telegraph
equation via wavelet technique[ J . International Journal
of Nonlinear Sciences Numerical Simulation, 2021, 22
(6):767-780. DOI:10. 1515/ijnsns-2019-0300.
BALEANU D, JLELI M, KUMAR S, et al. A frac-
tional derivative with two singular kernels and appli-
cation to a heat conduction problem[ ] ]. Advances in
Difference Equations, 2020, 2020 (1) 1-19. DOI; 10.
1186/s13662-020-02684-z.

ABOUELREGAL A E, AHMAD H A. Modified ther-
moelastic fractional heat conduction model with a sin-
gle-lag and two different fractional-orders[ J]. Journal
of Applied and Computational Mechanics,2021,7(3) .
1676-1686. DOI; 10. 22055/JACM. 2020. 33790. 2287.
CAI G,HAN B,ZHOU A, et al. Fractional-order boun-
ding surface model for unsaturated soils under cyclic
loading[ ] ]. Computers and Geotechnics, 2022, 141;
104529. DOI:; 10. 1016/j. compgeo. 2021. 104529.
MASCARENHAS P V S, CAVALCANTE A L B.
Stochastic foundation to solving transient unsaturated
flow problems using a fractional dispersion term[ J .
International Journal of Geomechanics, 2022,22(1) .
04021262. DOI: 10. 1061/ ASCE) GM. 1943-5622.
0002251.

GHAZAL M, BEHROUZ M. Modelling solute trans-
port in homogeneous and heterogeneous porous media
using spatial fractional advection-dispersion equation
[J]. Soil and Water Research, 2018, 13 (1) 18-28.
DOI:10. 17221/245/2016-SWR.

BOUZID I, MAIRE J, AHMED S 1, et al. Enhanced
remedial reagents delivery in unsaturated anisotropic

soils using surfactant foam[ J]. Chemosphere, 2018, 210



eRm. 5 ETHZHN S HOER SR EREEEN

977-986. DOI; 10. 1016/j. chemosphere, 2018, 07. 081. mation for the space-time fractional diffusion equation
[27] NIE S,SUN H G,ZHANG Y, et al. Vertical distribu- [J]. Numerical Mathematics A Journal of Chinese
tion of suspended sediment under steady flow: Exist- Universities, 2005, (S1) ; 223-228. (in Chinese)) DOI:
ing theories and fractional derivative model[ J]. Dis- CNKI; SUN.:GDSX. 0. 2005-S1-043.
crete Dynamics in Nature and Society, 2017, 2017. [31] Sz, mHEF, BIR. 480800 3 m- 1R a7 F2 89
DOI.:10. 1155/2017/5481531. BOUE R LT ] A b BT 24 4, 2009, 15 (4): 569-575.
[28] WANG M,SHU L C,ZHAO G,et al. Simulation of (ZHOU L Y,WU J C,XIA Y. Numerical solutions of
the riprap movement using the continuous-time ran- two-dimension fractional advection-dispersion equa-
dom walking method[ J]. Water, 2021, 13(19) ; 2669. tions[ J ]. Journal of Nanjing University: Natural Sci-
DOI.10. 3390/w13192669. ences,2009,15 (4):569-575. (in Chinese)) DOI. 10.
[29] LIU X T,SUN H G,ZANG Y,et al. A scale-depend- 3969/j. issn. 1006-7493. 2009. 04. 017.
ent finite difference approximation for time fractional [32] Jdfpqd, SR 0. 15 e 7 3t s A ot P /9 BEL A A 40
differential equation [ ] ]. Computational Mechanics, HLCl// EHEH PSR PEE SRS,
2019,63(3) :429-442. DOI. 10. 48550/ arXiv. 1711. 06450. 1998. (DU Z D,GUO Z M. Study on retardation effect
[30]  JFES8E . X A& HE. 23 [a]-iF[a] 23 B0 5 80y B 1) g 2 2% of contaminant transport in aquifer [ C]// National
A ERILT . B A A BB 2 4R, 2005 (S1) £ 223 Symposium on Radiation Protection. 1998. (in Chi-
228. (ZHUANG P H,LIU F W. An explicit approxi- nese))

Solute transport simulation in hyporheic zone based on time-space fractional order model
LU Chengpeng' , LIN Yuzhu' ,ZHANG Yong® , QIN Wei! , WU Chengcheng' . LIU Bo' . SHU Longcang'

(1. College of Hydrology and Water Resources , Hohai University, Nanjing 210098 ,China;

2. Department of Geological Sciences of University of Alabama , Tuscaloosa AL 35487 ,USA)
Abstract : hyporheic zone is a saturated sediment layer with the interaction between surface and groundwater in rivers. The river-
bed medium is highly inhomogeneous and the flow direction is complex. Solute diffusion is prone to exhibit abnormal diffusion
characteristics of trailing and non-Gaussian distribution. It is difficult to describe such diffusion characteristics by traditional
convection dispersion equation. Therefore, a space-time fractional derivative term is introduced in the hyporheic zone solute
transport model, and the applicability of the fractional derivative method in the hyporheic zone solute transport simulation is dis-
cussed from one-dimensional and two-dimensional perspectives, respectively.

The influence of fractional order on the physical meaning of solute transport and the sensitivity of fractional order to physi-
cal parameters of solute transport were discussed. A two-dimensional fractional-order derivative model was also established to
compare the simulation results of different dimensions to the fractional-order derivative method with field tracing experiments.

The physical significance of fractional order is analyzed and it is found that time-fractional order « reflects the lagging effect
of the solute transport process and makes the breakthrough curve have obvious trailing characteristics. Space fractional-order g
characterize the phenomenon of solute hyper-diffusion caused by inhomogeneity of media. The results of parameter sensitivity
analysis show that the fractional-order method is more sensitive to velocity and dispersion coefficient than the traditional convec-
tion-dispersion equation. It overcomes the defect that the traditional integer-order method can not accurately describe the strong
inhomogeneity in the hyporheic zone. Field tracing test shows that the traditional two-dimensional integer-order convection-dif-
fusion equation has shortcomings in characterizing the solute transport process due to strong inhomogeneity and multi-dimen-
sional flow in the hyporheic zone. The one-dimensional fractional derivative model can more accurately calculate the peak time of
solute concentration and describe the tailing phenomenon of the penetration curve when simulating the solute transport in the
hyporheic zone. Affected by parameter settings in different directions, the simulation results of the two-dimensional fractional-
order model are inferior to the one-dimensional fractional-order model. However, more point-level solute data can be observed on
the isometric plane by the two-dimensional fractional-order model and it would be more applicable without the difference of flow
and medium parameters caused by medium differences in the depth direction.

Although the applicability of one-dimensional and two-dimensional fractional derivative models differs in different scenari-
0s, the introduction of {ractional derivative improves the simulation effect of traditional convection-dispersion equations and is
suitable for special media with strong inhomogeneity and complex flow conditions, such as hyporheic zone.

Key words: time-space fractional-order model; hyporheic zone; solute transport;lag effect; inhomogeneous media
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