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Abstract

Abstract

Efficient permeation of fluids in porous medium is an important scientific and
technological problem in engineering fields such as filtration, catalysis and material
purification. The physical essence of this process is the diffusion behavior in the-porous
medium of fluid particles. In this study, a spatial lattice model of the porous medium was
established, using the spatial correlation between fixed particles in the‘lattice to represent
the structure of the porous medium. The study examined three types of structures: a highly
correlated ordered grid structure, an uncorrelated random structure, and a-hyperuniform
structure with correlation levels between the two. The results show thatin hyperuniform
medium, particle diffusion exhibits random walks on small local scales, similar to the
behavior in disordered random structures. However,“on larger scales, the diffusion
exhibits relatively fast macroscopic permeability rates, akin to those in ordered crystalline
structures.

To visually verify the mechanism by which the spatial correlation of particles in
hyperuniform structures acts as a_parameter for controlling diffusion behavior, and to
achieve macroscopic permeability Tegulation,sa macroscopic experimental device based
on a Galton board was designed. The permeability behavior of macroscopic particles
driven by grid structure, random distribution, and hyperuniform structures was compared.
The results show that the particles exhibit.a fast penetration rate in the grid structure, an
obvious “trap” effect in the random distribution, and a balance between local irregular
motion and large-scale fast diffusion in the uniform structure. The experimental results
are consistent with the simulation results, and can be corroborated with the regulation
mechanism summarized by the microscopic computational simulation. The microscopic
mechanism of fluid permeability in hyperuniform medium revealed by this study offers a

new theoretical framework for designing efficient porous materials.

Key words: Diffusion; Hyperuniform structure; Porous medium; Computer simulation;

Galton board
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L T8 TR B9 BT . B HOk 1 B3z 3l AT DLER IR A LT TR 2 15 T R
Vi = (aFy + Bn)At
Viy = (aFiy + g+ pn)At (2-1)
r;=1r; +v;At

A v vy, NEBCRLT IR BE 23 AIFE x, y TS T v SRR T E =4
FRPALE: g AEIIINEE, - MEEE: Fgs Fiy AETDRLT T2 6 7197
SITE x, y TS, G IF; = Fye, ¥ Fye, = Yy, BRI AR
TIaH)32 JIF;; = WCA(r), =& WCA 7L 1kF 111 ey ey 7l x. y J7)
ERERAIRE: pABEHLEL RBM) = 0,(n?) = Ly BN BRE, FIERR:

(2.2)

[, ANWTE, CRFATEEER.

WA 3 TR LR G TR T 32 R e VE T Candh J1RIRE P BT DA S BE AL ) i
FAER o« 3T 8ORT, 1IXA FREREAR I s iR EATE RS 2 A I B 2418 30T M

HAr, WCA #(Weeks-Chandler-Andersen #)7& —F% IE ¥) Lennard-Jones %,
AT IR AP R RS T8k . WCA #@id /E Lennard-Jones #[1)3%
fith bk A7 AR A, el AR R B I SR (B B R 70, (EANSI AR 5] g B
kA, WCA #4481 T Lennard-Jones #7534 fe fe/IME I B, (TRHAREEIL A2
JaNEy INTHEER TS 7, AREE THEF 7.

WCA ity ik .
12 6
o o
4el[—) —(=]| |+e&n; <20/
U(ry;) = [(Tij) (ﬁj) Y (2.3)
O) rl] > 2(1/6)0-

A, e FoRHBEIREL, JOUE THIAERISREL; o Kok 1 e B RESHL
r R RIIEE R . WCA $54E r = 2W/0g Lbyiilb, JFrEth S 5 RIEE B R
RENE. K 2.1 45 7 WCA HiaiiiEat, Hrpitiidekn WCA #aekth 1
[FIEE r AR, AEEBRFRTE r =20/ LhENT, IS E AN E.
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Hig 5

WCA BAURE T HEFH Sy, Btk A TR, BEAS ARG ).
WCA Potential

===~ Cutoff at r=24%g
40

30

Vir) /e
N
o

101

] 2.1 WCA # [l
Fig. 2.1 Truncated form of the WCA potential

222 HitmsiE

FEBA 25 BENL ) B PR [ROL T, <R )32 30 W] DATET 4K 9 28 3 77 27 1) 4
i, B AR e o AT L R S I L R —, H TRk
32 Ve T R 3 a2 5 FE RIS s IR I B2 5 32 149 S e L, 5
YA R R b, B ARERS — e TS 5 1 3 ) A IS B T R
ve=" v+ (fi;— cv,)At/m;
v, = / v+ (fi; + mig — cv,)At/m; (2.4)
i = T+ VAt
XA, myy v fip A 4 DRTHIRE ACE BT i FTRETAEEAEH]
s At NIS TR TAIRG s e NPEHR R A, S TR, X 2N 7 RENL I
i NGBS TRLF 32 B ) S AR IE I I TR
XPTHB R BRI ERSYIRT, T EATIALE 2 [ 1, PRI E & A 7 20
F A7 FR BB 7 B R AR EAN I8 3l o A, 1K EEFEAFHIRL T2 04 Bk £
it N0 29 B A T iE B L

237 TR NFRU

5+ ¥ 51 77% (Molecular Dynamics, MD) /i AR IR R Z R MO H FE 7
TR AR A S MR, M T RIS SN SE, L S
Wt AW MORREE KR A E A A RS

12



Hig 5

ST EN 1A AR T, MR ZE 7 DT REMNTRL T IS B I, T B R R S
[)VE AR ) 2 R BOIRES o S8 T IH R AT BE R 48 ARLT-H H O3 o0y 228 151, 2490
I3 T BN 1SRN T i )R IR T NIRRT 2R Gt S R I T RUBE AL, Bk
e T RERFAEHEAT T A AR B o A1 RS 5~ 28 Gt s STt ) FURE 75 5K, kA
UMY SR H B, BE s ks> R 40 H R LRI T3 R R 2 IR Sk s
(1713 Z Bk i SR BOE A AR P B R D IR, O IR TR U772 Force matching V2
Relative entropy minimization % Inverse Monte Carlo 7% . Iterative Boltzmann inversion
TRV K Martini /13755 2 figit. et EAER . RREE A, MiidEr =z
KH Verlet 575 Leap-frog 512 & Velocity-Verlet B iLEERFIZIER

FEAMWT T, K71 WCA H MM s 2 A R Bd AR A X T7 1]
b, EEARA A WCA S A tkog s fE ¥ 5 b, AR B WCA %5
FEAE R RSN I FE L [E R E o BENINERBAG (A5 W AR I I B 2 AR X
LG RN B HEAT SR, AT SE I BN &AL

IS TR T B T SRR A B R R

EEERRF i
Ve S RIRNEARI T

IHEEF BN
HEFWCAREITEIERTE
K+ A9

EmEE:
R HRISZ B R E TR
FHIEE

SEFE:
RIEEHEREEES
RIS

L Th
BRI FIIE . &
E. MEEER
K 2.2 KiFIEDFah Il b B s i fE

Fig. 2.2 Flow diagram of the particles moving in the molecular dynamic simulation

13



R GO

24 ZILRERYIERK

T SR HEAT AR AE AR L A DL R T RN A e R A
B o ARSI SR, FIanNII ks LT R ER . KITB RS, BETimt
A4 BB GEAE A ) BEIA 5 T AR T LA X AR AT % i e 1 o 3 I A A 1R 21
T332 AT DA FEA FERRHER A7+ AR5 A ARAT N R, e IE I A s
SR AR AR, i R D T R A ORBRIURR E BRI G BEAE, R
HEAT AR 2 2 R AT S VR A (V) B AR, R R AEBUMR E AL 1
Ferf, A7 RE T RGN RS MRS 3 1 . AEGUTE B S, IR it
ARA T2 N T AR AR AT 3 SUT N

S

24.1 7NN

NI ik (Hexagonal Gird) o s R0 BRI S 91 . 2EAACP 71 I
PSS REES de, TIRERES T E, FHN dy = 2 x dx. BT RHS
IR, AT Z IR o B 2

i dx
x(i) = MOD(i,num_columns) X-dx + (MOD ([—J , 2)) X— (2.5)

num_columns 2
Y0 = | o] < @ (26)

A, num_columns A7KT>77 1] i 51154

NI B AR A R R HERR N A 2 —, ARG RS A Sk, A
R NS BRI 4T L, A PR ARLRL S v ) B B HERRR R . B 1 /N IL TR A A
At RN ARRADL 7 AR A CIEDT TR . KOG . R KT TR s 55 )

242 IE B &1g

1EJT B4R (Square Grid) R HIEA ) 4 SR 251, BA R BENFRIE, i
T R R A AR B AR A, 3 TR AR SR e B N 755, FUR R A B
T BRI RS S, BEAS A% R A DA SR R B 4R s, 70 m + EN Ak
I3V o eh T B AR AN (& B LT R , T R A A ST B R AT i
BRI, Bln, e Tampg R ERA (Ising ModeD) BFFEHT, DIBHI H e R 4t
HIMARAT e BEAh, 1ET5 T8 Ao IR AE T AU 5 A 2 BF 78 b R E AR A
BlinfE e BNl (Cellular Automata) AU BOAMERELRE,  DLACHE Bl BE A% B
SR SR AR S5
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R GO

1ET7 7% dm s Hh R SUFE 41T B A% BRI € 7K FIRIEE doe A1 E [R]ER
dy 5. B s E H A RS dee, RIS B E T IR A :
x(i) = MOD(i,nun_l_columns) X dx (2.7)

) = o) 9

IEJ7 8 S M R SR A ) — 4E AR 45K, B mEERARE, T il ¥ s a8 Y
PRESASE, & H] TR R N 3 5

243 KHEEGEE

KITTE dat% (Rectangular Grid) =& — M Z4E S A& 4 i4), H o diis sl LK 7T )
RIS, A Eh& G AT AR, 70T B N AT, BARSE R
PIANEE BT A b B TR R AT AN o | FL AR SR BB T LT £ AT T A% 3 T4
R B & ) RV I R G o AE SR H, ST T R Bl F T B0 LA R i) 4
o, GnIEAS Al R I AR S , EAh, SRR IR S A AR S [ e A O A
PEBAAHARAT 9o KT T A b B3 e e e PR S 3 s O BT T A RHE AN [R) 7 17
RIS AN R ER A BT A RO A 5 T E AL RRL S AT [ A B e B )2 RS

KT S BT 1E T A, (B FRE 5 n IR EE dy 5/K-FJ7 miIaEE dx
AN FHIALE B PUT 22Uk E

x(i). = MOD(i,nurp_columns) X dxy (2.9)
()= [mj x dy (2.10)

Hrb, dy #dx, 8% dy KT dx. KITEREBEASRERE, KPANER
3 TRV R R BRARIR] XA A B e ) BEAR AU AT & SEBRTE B0, AR AT AN Rz fif
Rtk AR

244 BEHRKEFERIE

JE KT iM% (Centered Rectangular Grid) A& —Fp 4k flidg &5 40, AR 2
A AL T TT TR T, B AERE KT T B H O 3G I — AN i i, X Fh iy
AT v A AL 3 EL T (0] A KF 7 0] B B AN TR RE, (HAERAR B ORYF T — 8 R
PR o TR T T S A& ZEATRLR 7 v e SR I8 6 1E A2 & AR IR AR 25 4, a4k
B APRE, X S ek PR R (1) B A0 2R P T K FH B R | A% B AN HLAth ' F
s AR R TZ N o AN, JE AR TSI S IS T T 7T & 1) e AR A
R GOSN o3 AT FIBRAEPE BT, T BR N BAEATRHEAS [F] D7 18] B AR 15247 N X
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i

Tofr e i 445 ) ER)AURE M A58 G 1 g 23 A LA 52 R R PR R 45 [ S MR R 1) — 4 R 1)
HETH,
FEREFPKFEEES, KTE de M dy [\EEHES, 3+ HAESEIT L, R
T EAE x J7m EATEBATHIT dx/2, TBRACEE IS
x(i) = MOD(i,num_columns) X dx + <MOD (l;J , 2)) X Q (2.11)
num_columns 2
y(®) = lnum columnsJ X dy (212)
Je KT T dl s B R T AU 5 R ) AR A A, B TR I AR, T
EEE [k e 711 ) )% e

245 {nsl3E

R G (Skewed Grid) &P 4 fvd 4514, s Rz lOTAT 042
I HES, @A PR B Z B R AR A RIS AT, DRIEAS R % IR A2
AR RIS PR o R AR IR A A UAPREAL: s JBTRE A REBS A I8 FAT % 17 S R AT AR R AR
PERIAF RS R A ER I G o BURKER A AERT SUIRLERS R it A R o LA R e AR 45 ) v L
AEERH, B, en] U TR NASE T A B I —4ERRL, AL AERT
FOBLA 7T HEFUAT AR T ORI SR At — A R BRI . BEAh, URY &
TR ETH S ER b TR FEMD R A Ta 3 PR ORI AR fan e v, I SeR P R
WD REFPEIANILAL DU AT REI I e AT B B

FEBURNAS T, RHE de M dy [ NER, HE AT x Jra EAR
THI—ATHOT dx /4, TR FIEE AT 1 fi i 45 14 -

[ dx
x(i) = MOD(i,num ‘columns) X dx + (MOD (I—J , 2)) X — (2.13)
num_columns 4

y(®) = lnum_columnsJ xdy (214)

XA AR IR A AR AL ML AL RARE BABURE AR it A S A R AT RE L, A TR R A
L G TR AR AR B AR AR RN o

2.4.6/ BRI

E—NE B O W, FEEE DARRRIREIN, & 10N S ER 218 Kk
T & DR IS K, 12 RGEER VNI SN XRPLEZZ MR E -, ki
TR AIREE T . NEBEEAERE, BT LUEdEE 7% &(N) K
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R GO

B, ZS M5 RGBS RS B YIS 0 TS RS, B E T2 (V)
e LS B R BRI K R e R . B H T 22 S A R
af(R) = (N*(R)) — (N(R))? (2.15)
Ref, NR) F3E8H R WS ONERITHG () Foms g Wess o
(V3. S FRBSI R4, BE T2 02(R) SMELEI1ERE R M- REE 2

o2(R)~R% ¢ (2.16)
K, d RAGWEE, a>0 RSN BEN T d=1 X T—4k
ARG, d=2XNT H4ERG, d=3 WNTZHRA.

FE R PEBE A 5T, I S KR A R e T o, X iR 75 K
PR RUEE RO M) 13 FE B8 o X IR R GE A0 45 58 477 1l Ml 1< e et o
WRG (s USSR BT RSt . 240 MEMEAT 2 21 W AH = 5/
JRI, EREA T IR AR R PN FIAE Cln AR AT BRARD B 2 AR . AR R
R, E@HSMELRIE TSR LN, A1 REIR 200 7 2 B 1
RIS BG AT 5k 25 ARG, AN AE R R SCEAR I3 5340 40 o Rl ih, A 2.16
PR B B U NZAE R — oo I RAT,, DRI IEE 8 5] REEAE /NS T A )G
P T 38 5 PRI 21 o

Poisson Disk Sampling 18 i 7£ _4E DX I8 1B 2 A4 o ge e 3 s AL &, iR
B R A B S s s AN B /00, IS BENLIG AN ISR ) R
RUE T AR S ST VERNBEAIAE o SRk = B AR 4R R 72 A B ade ORI EGIE BT A (1)
LB SR, MITTAIEE = D550 ) 4R & o HAgHh, Poisson Disk Sampling
LR AR VT ARG R 0 F

AR B, R BRI (BInTE Ry WM& Ey H AR XD Ril7y

HN— S S BT RIA KR E A cell sizezé, IXFER AR TN IS BT i
1 i

Z R ey — /\,ﬁ o & 1 e AN S B gy ) N grid Wldth_[e“me
grid height = [ e ] FHWIE—AK/NA grid width X grid height FIMES G,
Fﬁﬁ%fn%ﬂﬁ“ﬁﬁ -1,

AER 2. FEHRXIEL W xH WEHLAER—DMIE SR po, HABIRN po =
(X0, Vo)s HHA x5 € [0,W] H y, € [0,H]o KX S MEIES S MR
P o o JRII Kz S R A T AL B bR, B L A% AL ER N (g, Jo) s T
G(fo, jo) BEFNRIELES S THRT.

AR 3 NALBEIBIER P R EEALERE A p = (v y), IR k AMEiE A p',
X S AT o BENLAIE 6 € [0,2m) FIBENLEEES d € [r,2r], RJGiHH
p'=p+d-(cos(6),sin (0))-

LA WTREMEER p's BRMEREGATHRXEA, Bl 0<x' <
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Hig 5

W H 0<y' <H. &%, Wae5HLAU R N ETa O R 2 8] 1 EE 3 5
N p' —pilIzr MTH p; € Se WERIZMRIE Rl 2 X5, PRI 2w
£h S MEHEIE P, IFERE ¢ A ALE.

DU S5 WMARAE b RERE, REERB LKL R, WAALESIER P
TR A po D BRI OR 2 — A s A BETC iR A AR ORI, AN EHR 2T BT IR 4K 2L
ik

LB 6. HELWE 3 FPIR S, HILHHIER P s, RMEHLZ AT
AN Ik,

DR T: w2, FEIERPIAERKRES S, K AR L aDERE r MY
H, TR AR ST AT

4 N

SR
4 pR A%

Y,
: ~ LB
$TE2: 4B A
4 RRANERLF,

T ARINE 40385 kP
_ I ,

S$IB3:
MPHBEH EE S £,
FBEHLIB J

l

TR RELNRRE
xE

l

~

-

KpEidid
KXRABART
SEARIN?

HES: ANAZEN Y
\o >
€1'2.3 Poisson Disk Sampling i ) FE A i 2 B
Fig. 2.3 Basic flowchart of the Poisson Disk Sampling algorithm
WA SH r (B RUZ IR RN, W] LR 5 R M A il S A B Vo
BUNIY ro SUVF R IBIHOBE BT, AT IN 1 AR B R . APFOLT, RidREH
BEHLIE S BN ARV XA B HES 2 S B AN o SR, T Rtz )
RIPRES A, X AMBEN L P] e 2 3 EUR A X A S VR R, LR SRR IR
Bz WK ro 9B R M ORES SEORHIBEES, D T RRE . XAMIE T, A
el T M Sy AT, PR R R R HE AR ISR, J8b 1 R XS BE AL .
BRI ro MEWEAZWRE L, SERIMERNERAMNE, miHsEs
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Hig 5

(] rh A T A, R TR FE IR AR A

BRI, ro BOK/N ELAERCIE SAE SRR . B PE . BENLIERD 4 R 4 /v 2 Ta) )
S o BN o LA TGN A AR S BRI BEATLE, (H AT REATIAE IS S ORI o
/b 2 FEANBE AL, (58 |35 SI RN BEAR LS o AT ro 754 BRI SERE
XA [ (1 B FH 75 3K, AT AE A [ 1437 55 Hp S 3 e A P 22 1) 23 A

Kl 2.4 @R TR TN p=0.007/mm? K, R THERRBSIESE 0 ©
WS At ol WEITATLLE 2, BEAE ro AERIIIN, K700 0 A0 1Z I i
SN B RN o 2 =0 B, KT I BEAL AR R 0 10=05 mm A
R F A TG R I — @ PO, RIS M & S r=3.0'mm I, R 71
eyl EINA T, TR 1 T BRI 51 A RRE XY re SEHE R RLT
IIATII ST RN SRRV B R AR

o=l ¢ 105 ©org=30

200 . 200 .. 200 .

1S0L L asepT

150500
= 1000050 100

= 100 [

5005 SOf . 507
DR AR
NEEX ol oL
02040 0 2040 02040

X X X
Kl 2.4 p = 0.007/mm?* IR LEAN [F] 35 514 7T 8 &) 7 A Ol
Fig. 2.4 Hyperuniform distribution of particles at different homogeneities when p =
0.007/mm?

K 2.5 fEo T AE ro=1.0 mm K560 BL - AEAN R L p T BB 5170 A L
B & B RN E p = 0.008/mm?. p = 0.007/mm?. p = 0.006/mm?> Fl p =
0.005/mm?* fPRL5- A1 B o BiE 2 BE I FEAG, R0 22 (8] BRI A K, A A2 fe
ARG . ERR LN, KT AN, AR, M T R,
R 22 [ B 25 B K, RIS — € RIBEALIE , X U WL 0B 48 5 A B A
G SEL, I, BT oA A5
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Hig 5

+ p=0.008 . p=0.007 . p=0.006 . p=0.005

150 150055 150p vl 150F 7

S 100 [0 100 P | = 1001555 = 100
501 1t | S0

02040 02040 02040 02040
X X X X
P 2.5 ro=1.0 mm WFRLFFE AN [ BN BER 23 AT
Fig. 2.5 Hyperuniform distribution of particles at differentdensities when r;=1.0 mm
A G 2] AR FE R, Poisson Disk Sampling 5y & — A& FHEI T A,
‘BT DA AR 23 8] b BT /MR B AR R SR, Poisson Disk Sampling [ )5
BRYEAE T, BTk R e € AL R 5 8, ABTCIRAE 5 5K B A 2 BEA L A7
T oLe XX T— BB FUARRR UL, JCH AR E A BN BENL2A Fr A I 1 R gk
I, REAEH . B, ARG — IR PR RIS AR A, Bt iEid bl
RL7 18] BRI AR FLAE ) R B aS T R HOACE , AT AR BCRCA 48 8 5 5 HL )R85 5]
I AT AR
DA LR T AE AR FEH 5N T — R T SR RIS RS, A
FCE G B ) SRR B U o AZ A B AR I8 T IR AT R TR e
MBI B34 A AR R R b ST 8s R 53, [R)IS A2/ RUBE AR
e TR

G, EAEM X [0, width] x [0, height] WBENLZAER N AN, XL S
P EBRIRN:
p; = (;l), pi ~ Uniform([0,width] x [0,height]) (2.17)

PAPRAR T RN SIRENL AT FR, THEREXT R By M1 By ZTHY
EXTLELAR P -

di; =l p; — p; = \/(xi - %)%+ (i —y))? (2.18)
Fody <r (U r N8 E BN B, FEI06 S 2 MR 71 Fy, Hok
/N5 R B PR ST R L
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R GO

Fyj = p"d_'glpf (2.19)
ij
BHHER ) Fo A B R HAETE S EHER &
Jj#i j#i Y
YA, IRIE SRR ) F EEA S E p:
ﬁi(k+1) — ﬁi(k) +a- ﬁi (2.21)

X, a NFAE, HTEGEIOE A B A8 IR B sl A« K
/0N, AT RASEI S BN EI A Fe i~ I I

N T WRERITA RUARZAL T8 8 XA, 3 FH BT AR 5 5 ) A A IR 1
7£ [0,width] A1 [0,height] 2 [f]:

B = clip({+?, [0,0], [width height] ) (2.22)
ZEIEAWNIEN, BRSO B ARSI EE, B 2 WSk
I g+ — NI, Vi (2.23)

W2 YOS, KRR AR R RIS R Y S PR AR ) 3 A &5
1

247 FBEHL9

Z fLIERS YR T-BEWL 5 (Random Distribution) 1 s A7 & A& 25 ST BEHLAE A,
AN X [0, Lx] A1 [0, Ly]s BN ASIALE (x,y) ERMSLFEAL AT
x(i) = rand(0, Lx) (2.24)
y(i) = rand(0, Ly) (2.25)
BEAL 3 AT I ARG I AT R0 P B8R 0, & TGP R4, an ks
TR B AT, BT SR E N RIE R 5. B 2.6 S T BB —Fh A ON
fvntss (BT ats. KT G BRI ME . IR etk 85 S, BEl
I3 B R R
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i

Square Grid Hexagonal Grid Rectangular Grid Centered Rectangular Grid
A v G v A & G v A e . A s 1Q
300 | 300 300 300 F
250 250 250 - 250
200 200 200 200 -
=150 H =150 =150 F =150 |
1
100 100 100 F 100+
|
50 50 50 ] 50 (9
{ o)
0f of ol
—50 ) 0 50 50
xr
Random Distribution Hyperuniform None
A ¢ 0 > £
' ' ‘ [N = 5
300 + } 300 F 300 1
300
i
250 - 250 - N
250
t
4 E 200
200 - 200 - B 200
i
=150 =150 =180 [ =150
100 100 100 100
- 50
50 50 F 50 H
0
0 4 0 on -50 0 50
I I L x
-50 0 50 =50 0 50 =50 0 50
J- = ot

P 2.6 RIrIa) [a] 2 p= 0.007/mm? i AN [F] RSP 143 A I HTUE IR 25
Fig. 2.6/Initial state of particle distribution when p = 0.007/mm?
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HUIEE SR 5 i

3 EMERSE
31 SSRGS R ST

FEASCIES R, T8I 2 sl E WSS TR EAS [ 2R A i ) i 4 SO A 5 1%
AT B FIA R TSI B 3.1 JBOR T I ZIERL TR
A, ATLAE R 2, FEAH RIS TR 5L, B 7R AN [F] 20 A0 B Pads P Hh SR 528 AN
(A BRI B P A A A A Ol o I L35 77 A% (Mean Square Displacement, MSD)
ATRUR I, KL FFEAS [FIBEAF ) HRD) T B BUR A7 AR W] B2 7t o X 22 S m e Y T
ALY/ RNER 271 at: NI I /N AN b e e 1 = AL T Y QT 1 e < 1

1324k .
Square Grid Hexagonal Grid Rectangular Grid Centered Rectangular Grid
200 - 200 | 200 200
=150 | =150 > 1500 5 1 = 150 -
100 100 100 = 100
50 50 o
i
0t ol 0t
— i 1 L L
50 50 —50 50 50
z % '
Skewed Grid Random Distribution Hyperuniform None
200 | + o0 L4 200 | 200
E !
= 150 i1 =150 P = 150 = 150 |

100 100 100 |}

:T 100 +

50 +

50

0F

Il 1 I 1 1 L “ L
<50 0 50 —50 0 50 —50 0 50

3.1 Ry LERF 8 I 2 25 18] 7041 S AN R B S {AT 7 2R 71 — 4 (Al g
AT N IR
Fig. 3.1 Spatial distribution of particles at a given moment and the effect of different

obstacle alignments on the diffusion behavior of particles in 2D space

23



BAEE R 51Tk

VI & EARL 7 — BN [ N P is s iE B &k &, ew T 00k
FLAEN AT BT E— DR, MSD v LuE tHE AT A R NI AL E
BHE— ZI AL B AR BT FIER A . N TN IR Y BOE R, MSD S
B R 228 OR R, X ERE KT 12 8l 2 AL H Y5190 A0 1 o 1EA71E FEag el H
ME XA ST, MSD 7] B84 W AN R OIS TR, (5 an ket K,
SRSz B I FR ) B BEAS . W T RAE N MSD, v AR SR T E AN
IR R A BT 8 R JE B L

MSD(At) = <(r(t +Ab) — r(t))2>t 3.1)

K 3.2 gt 1R AEAR RN T AN [R] B i 0 30 556 o MSD I AR AR I, TR
B, KL AEA RIS HES T I3 HUCR AL A7 W I8 25 7 o AR 45 S8 WO 1] 5 1914 Ae=30,
AT LAE BN A M 26 R R (10 s 4544, MSD S setl, R BRI 19 B0 B
o M 2R R BENLES Y, MSD Bl F I, 7R E iRl 3 th ih 2Rl
YZEKy, MSD 3§ IE ST BEH LSS AT A% S5 A H] o
Hexagonal ‘Grid

772 | Random Distribution
Hyperuniform

0, 10 20 30 40 50

At

K 3.2 =FhFtSRi gty OSMdis . BENL AT, BESI0Ai) XPRLT1E —
Y73 7] MSD 43 i (15 1
Fig. 3.2 Effect of three obstacle particle distribution structures (hexagonal grid,

randomdistribution, and hyperuniform distribution) on the MSD distribution of particles

in 2D space
Btz b, M ASFI TP AC TS RLTAE X R Y J7 ) B 70 AT T R ARRE 5 A I
(AR E IZ 547 9 28 0 BB e K H 9Kk R £l (van Hove self-correlation function)
e IR T A A B At 22 44 JR G Az Bl I TR AR AR ) — R B TR B K
WHIE RGP B ASAT A [REAL, R R AL 78 7013 0 S AR AR 45 R e A
A WBERARKEKE G(r, ) #IRKRIENMRERFIEN ] =0 LT E ro
Ja, FERFE] ¢ RHPEALE » RIMERE R ERE XA 3.2, AX33 %A
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BAEE R 51Tk

P IR RE TR OB AIZ ST . BN At RERS TSR T SRS
HAIZ AT, BT AR I Ta) RUBE B RIRIOAT Jy,  TITROR R Ae U] BE 20
LB gn 7y, AR RO ] R B RE AT Y. S EEANE A RLTHE X
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Fig. 3.3 Time-averaged van Hove function along the X-direction for the three obstacle-
particle distribution structures (hexagonal grid, random distribution, and hyperuniform
distribution) at A¢ =180 moments
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Fig. 3.6 Variation of displacement in Y-direction (the left figure) and rate (the right

figure) of particles with time for three different porous medium structures (hexagonal

gird, random distribution, and hyperuniform distribution).
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Fig. 3.8 Curves of MSD (the left figure) of particles with A¢ for different obstacle
distributions (hexagonal gird, random distribution, and hyperuniform distribution), the
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(the middle figure) and under hexagonal gird (the right figure)
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Fig. 3.10 Van Hove correlation function in the X-direction for different time steps
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