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Abstract: The study of groundwater pore-scale flow field characteristics is of great significance for the in-depth understanding of
groundwater seepage and solute transport. However, the effect of the microstructure of porous media with different particle size
characteristics on the pore-scale flow field is yet unclear. This paper constructs porous media with different particle size distribution
characteristics and swelling degrees of solid particles using an iterative rearrangement algorithm. On this basis, the effects of the
average particle size, particle size variance and solid particle swelling degrees on the characteristics of groundwater flow field are
investigated. The results show that under the condition of the same porosity of the porous media, the mean particle size and

particle size variance of solid grains have less influence on the flow field characteristics such as the heterogeneity and probability
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density distribution of flow velocity in porous media. However, in the same medium, when the expansion of solid particles causes

a reduction in porosity, a smaller change in average particle size can have a significant effect on the above flow field

characteristics. For example, when the expansion degree of solid particles increases, a slight increase in particle size will lead to a

large rise in the proportion of the dominant flow area and the stagnant region at the same time, a significant enhancement in the

heterogeneity of flow field, and a significant growth in the divergence degree of the flow velocity probability density distribution.

Key words: groundwater flow field characteristics; porous media; solid particle size; pore scale; numerical simulation;

hydrogeology.

0 515

T Z2 LA 5 Hb R K O 3 R A 9 F 5T R AR
G OGN 2 AR B S I 2 AL A T 45 A R 4 4k
AT, 45 9% AL B 45 A8 A8 Ak % M R K B 3 23 ) 43 A
TIE B4 52 W), 76 BIF 5 b 7K 75 Y 9 38 B e Ak A0 14T Ml
K BEURPE A v e Sy i (EUER AR, 20205 56 0% A,
2022; M HLAE,2022) . 1 H #2785 78 R TSR AL
(EASEADLFN XL 45 11 55 )y vk A 98 b R K Bl A AL
Bt R 25 K 25 5 6 1l K Bl 52 ) 18 AF 5 A X
b (Bijeljic ez al.,2013a). 3 1 /4 #F 5 2 B3 4 5t L BR
RUBE 55 ¥ 22 5, Q0 A 50 A 25 Bt B R T 44 500k R B
JBE AL B 3% G M AL Ll S AL R R RE 45 R R AR X 2
WY AR A B 2 (Dentz et al., 2004 ; Sanchez-
Vila and Carrera, 2004 ; # Wt 1E 45 , 2023 ) .Edery et al.
(2014) i B 3 S R AE 2 A St S 805 W 8 & 14
2 A s o 5 R, O DG AR 43 T RS T IS
R R 8 40 1 . D A6 AL RUEE Il T K ik R
25 [R] 43 A5 258 0 S 5 AE A OE J2 3k P RO b R KB
I A T (Lee er al.,2018) . Bk % (2020) F]
JFH AV 5L 8 280 R R0 A 1% e A1 52 36 TE BH T A A T
17 B FL AR B 43 JE 4 $0O2: 32 e 350 S )2 AR 4
M EEREEKZ — Aziz et al.(2020) &I AEA 6] 18
T8 4% 1 T AL B 28 6 R AH i 1) HE K SR R
83 5 Wk 2% 22 (2021) 3 T X TUE W 6% )2 SO0 FL B 25
FRFAE 1 5 0 RAE , & B0 0T 5 BRI rp FL B 25 4 1 i
R AL LS BE R R R G 2 LA
A SR L A /N B L ME 2 43 A e g T A T T AL BR
1) % 3 PR A K A% SRR Li ez al (2019, 2020) 38
o B A S G S B A S5 O R A% R /N RUREL 4 2
Xof A I 1 5 K RN S A 3 S AT 20 Y S
I, AW FE 22 LA 0T AR A2 43 A R R % L B R
HLR K S A B AR R E R AR
fiff T KB IR S N AENLIR (Li ez al.,2017).

i 4h LR WA 2 TR 5T 3R B 2 fL A AL R
RUBE 25 ¥ 25 5 56k bR K 0 5 1 52 ) O 4 2§ 8K

R K o B as % AT O WO [E O Bk A
2022 ) .Sharma et al. (2022) 7 WF 78 2 L4 & 1Y)
non-Fickian iz % B} , & 8 + 88 £ I ¥ 19 K ¥ 5]
PR A A B A R BE A LB R R A s i
i 3 8 4k & 5 2 non-Fickian iz £ 1 8 & W & ;
Bijeljic ez al. (2013b) i 3 X} Ho = 41 A [7] 4% 4 £ AL
P EREBAR, &R BH A A
Bl XK/ Hois #% 09 AR JE e R R A BCR B
AN F AR MR KB R B s B R AR 1 AR A
5 A D R R B 43 A DD AR OGP
DA 3t 3l DX Y bl s [a] 3 A1 5 2 i 4 1 32 2
FEAE , H 5 non-Fickian iz # B 4 §ij 27 17 A1 4 B2 L 42
A Y] K BE (Srzic et al., 2013; Rolle and Kitanidis,
2014 Jk 4R ANFER ,2018) . P 3 X2 T K i
I 4R R A SR AR AL S L I A T AR T
FE A 2 B RN (Werth ez al., 2006 ; 4% 8 45
2017) AE RGN T, T A4 o (8 95 5T 23 Bl =2 PRl
B, X2 RREEREMTEN RN Z —
(Willingham ez al.,2010). 5 Z 0 , A ¥ sh X 0] 2
T3 v IR AR T ST 45 U 1 DX, 12 DX Sk i RS R
DAY BCh £ i5 B B2 248 R U 3l X R 3G
2l Z2 LA TR 1R 7K 5 Y W B i B AR R R
9, T T B T is B 4 R L4 0 W 3 4 R (Winer
et al.,2014).Di Palma et al.(2017) i f #1 fU f7 78 &
7 BB NI AR B KA BT W T iE B
B, e PR 37 G R A0 T 1 G2 i IX 4 S 3O s
My E RS . K, AW SE A BT AL B 4
) 2 5 %3 0 AT S X RUAS G Bl XA R e k)
PRI T 7K B i s iz % I B 8
ST S R TR LN T A YA ol N NN i 2 N VT ST
TE R B AN ) I 22 AL A o AL B R BE 45 4 22 5 X
RSB R (A T N OR T 2 S 1§ A N
TALBR RO R T7 3 R ADESE T 2 AL A o [ 44
RS B ORE AR ORE AR T 25 R T A UKL I ik VR H
o BE T LB R RE B MR K U 3 R 1Y 5 e



57

5 FANAE < 2 FL A o [ A FTORE AR 42 17 i B 2 T A P X 3t K LBt R 378 30 R i ) 5% 1 2591

1 A JBR i e A o e ik Ak

1.1 TRMERE

A SCHE T i R A E HE R T A KA
JoT LB RUJRE 25 A AR . I ) ) AORE 2 78 A 48 %85 T 43
A7 1 26 A R T A O AURLRL AR K/ B A A Y T
KRB KA o HL A sk i AR ¥ i, ORI IR 2
A e BE Y S BV A TR B A R SRR 2 I
FRER IR AEWTIE Z LA 2 8O0 Ui 3 72 Ak 1Y 52
A, X DA ) B — A8 5 X 7 AR R R L I, AR
SR FH o R R A Jo S AR R AF 5T L B ORUBE b Y R
Y7254k (Yang et al.,1996) , 1l 55 BT UL M W8 25 1) A [A]
A T U B R AE R 25 5, HOHE S B 5 A T
1) 280 A, R BF 52 5 FEAE 25 S B AL O 4

o ek RN A iR AU o J R R R T AR R A
S i) AR EORL s T R SR B AR S KA
[ KL R A2 A % B 2 4T G BOIE 3 4 A
AR S H R ORIORE R A2 AR T B X B IE &S 4 A
e 5E (Molins er al., 2012) . B A& ¥y # i F2 0 °F .

(1) 78 ®F 58 IX 38k o4 i 2k A= IR T8 [ (R
ki, MR PG 45 52 B BCIE S A A B0k R AR A
% B oK BB 8 A UKL E R, BE LR E
NS I SV ) I A W = ) 0 N 5 W= SR V.|
T A, b ) LB EE Py

2
T
Pi=1-30 " (1)

Hodr S S A i XY T AR o Ry AR CSORL
B 2P AR 5 m o A A A RORE A £

()R MEREHRTEHERBAEES  E
B X BN oy I, A bR BN B R R S
WKL G, 88 5, % BURL ¥R & O, AT RS,
JFHR ARG ES A ES NS ELE FR
AT B EZEAHES . FPBN=E O R
( Hochstetler ez al., 2013 ; Hou et al., 2019 ) .

0,=0.+0,, (2)
" XT;i— X

0.)' - i.rz;l':ri + Ty dz’/e dik k:|’ (3)

O}Zi»vzzl|:ri+r/e_dilcyia,fk%:|’ (4)

dp=J(x;— 2. +(y;,— 3.0, (5)

Horva, i, o8 My J7 1) 9 B R 4 5 m o 5 8 Bl T
PRJORE G, B8 e B9 ORS00 A T A R
G WA 5 B B BOR G242 5 (2, y) F

60
50
40
E 30
20
10 =

0 10 20 30 40 50 60 70 80
x(mm)

T RE T AR HE A A A 1 22 LA A A O (0 Sy L Bt
A3 8 A T A ORE )

Fig.1 Porous media model constructed by iterative rear-
rangement algorithm (grey is the pore fraction, white
is the solid particle)
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Fig.2 Particle size probability density distribution of porous

media with different solid particle mean sizes
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Fig.4 The probability density distribution of particle size in
porous media with different solid particle sorting

degrees
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Fig.5 Probability density distribution of flow velocity in porous media with different mean particle sizes
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Table 1  The property parameters of flow field in porous media in which the mean particle sizes are different
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Fig.6 Flow field distribution of porous media with different solid expansion degrees, the average fluid flow velocity in all porous

mediais 1 m/d
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Fig.7 The probability density distribution of flow velocity in porous media with different swelling degrees of solid grains
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Table 2 Flow field property parameters in porous media with different solid grain swelling degrees
Jig2 Bk 2R EINES TH 42 R(mm) u, n/, ARG AWK R R AR R

T, n (m/d) (%) (%) CV, (%)
10 9.91 0.48 3.48 1.01

T,=0 0.508 0.740 1 9.92 0.49 3.48 1.02 7.21
0.1 9.90 0.48 3.48 1.01
10 11.13 0.78 4.89 1.07

T,=0.138 0.489 0.755 1 11.13 0.78 4.88 1.07 6.97
0.1 11.13 0.78 4.88 1.07
10 13.40 1.24 5.88 1.15

T,=0.197 0.469 0.770 1 13.34 1.24 5.88 1.15 6.69
0.1 13.33 1.24 5.89 1.15
10 16.90 1.85 6.77 1.25

T,=0.243 0.449 0.785 1 17.00 1.84 6.77 1.25 6.32
0.1 17.00 1.84 6.77 1.25
10 20.00 2.60 8.10 1.38

T5=0.285 0.427 0.800 1 20.03 2.60 8.09 1.38 5.84
0.1 20.03 2.60 8.09 1.38
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Fig.8 The local distribution of stagnant regions («,/#,<<0.01) in porous media with different solid particle expansion degrees
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Fig.9 Probability density distribution of flow velocity in porous media with different solid grain size variances
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Table 3 Variation function of fluid flow velocity in porous

media with different solid particle sorting degrees

EZ i Cv, cv, Ccv,
o1 =0.18 mm 1.069 0.978 0.610
04, =0.24 mm 1.079 0.984 0.623
045 =0.30 mm 1.043 0.957 0.591
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