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Abstract : A method named “network flow analysis” has been developed. This method
allows study of the bulk electric and fluid flow properties of a rock by simulating flow
through the network of cracks and grain boundaries observed in X-ray CT images. Two
independent flow simulation methods are considered in the analysis : (1) flow simulation
using the “pore-channel model”, and (2) flow simulation using an ordinary finite
difference method. Both methods use the network structure derived from X-ray CT
images to develop the boundary conditions of the flow channels. The macroscopic
conductance for electric current and viscous flow were calculated by applying these

simulation methods to X-ray CT images of rock samples.
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Fig.1 TFlow chart of the network flow analysis.
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Examples of the network flow analysis. (a) X-ray CT image. Sample shown in the image is a sintered iron ore (the
white region is the solid and the black is the void) . We consider the network of the solid region as an example. (b)
Binary image. (¢) The largest cluster. (d) Perimeter of the largest cluster. (¢) Triangle tessellation of the network area.
(f) Skeleton connecting the outer centers of the tessellated triangles. (£) Skeleton without the branchs where fluid flow
does not occur. (h) Triangles correspond to the pore areas. (i) Potential distribution due to the electric current in the
network area calculated by the pore-channel (PC) model. (i) Potential distribution due to the electric current in the
network area calculated by the finite difference model. (k) Pressure distribution due to the viscous flow in the network
area calculated by the PC model. (1) Pressure distribution due to the viscous flow in the network area calculated by
the finite difference model. Closed circles show the entry or exit points of the flows.
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Table 1. List of software used in the network flow analysis.
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Fig.3 Schematic figures showing the procedures to construct the PC model.
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Configuration of the cell applied to the finite difference method.
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Table 2. (a)Finite difference equations for the potential, P, of 2-dimensional electric current.

757 TLORE s

| Ga) [ G190 [ Gn6) [ G-y [ G | 9% Pog KOWTIRC as

<1) vFv W/:’/E W/vf"/E W/vy;/E W/vl;/E 81 P, — undefined

2 F w w w F/E 2 | Pij=Piin

3 F w w F/E w 2 | Pij=Pija

4 F w F/E w w 2 | P =Py

5 F F/E w w w 2 | P;=Py;

6 F W w F/E F/E 4 | Pyj=1/2(P; o+ Pi 1)

7 F F/E F/E w w 4 | P ;=1/2(Piy;+ P j)

8 F W F/E w F/E 4 | Py;=1/2 (Pi,;+ P; j1)

9 F w F/E F/E w 4 | Py ;=1/2(Piy;+ P; 1)
10 F F/E w w F/E 4 | P, j=1/2 (Piy;+ Pi js1)
11 F F/E w F/B W 4 | Py;=1/2(Piy;+ Pi )
12 F w F/E F/E F/E 8 | Pij=1/3(Piysj+ Pija+ Pi j1)
13 F F/E w F/E F/E 8 | Pyj=1/3(Piy j+ Pija+ Pi 1)
14 F F/E F/E W F/E 8 | Pij=1/3(Piy j+ Pis,j + P j11)
15 F F/E F/E F/E w 8 | Pij=1/3(Piy;+ Pusj+ Pij)
16 F F/E F/E F/E F/E | 16 | Py;=1/4 (Piy j+ Piy j+ Py ju + Py j11)
17 E | W/F/E | W/F/E | W/F/E | W/F/E | 81 | P, ;= given
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Table 2(b) Finite difference equations for the pressure, P, of 2-dimensional viscous flow.

A 2/4 T DR BE

#6060 ] L) ] D) | Gan | o% FuseonchRanes

0 W | W/F/E | W/F/E | W/F/E | W/F/E | 81

n 7 W w W W 1 P; ; = undefined

2 F \id w w 1 | Pij=P; 1~ (6Re) (Ui, jr1 — Uisay, 1)

3 F W W w E 1 | P ;=P

4 F \id w F w 1 | Pyj=P; ;00— (6Re) ™ (Uisapg, o1 — Uisape, j-1)

5 F W W E w 1 | P ;=P 4

6 F w F w w 1 | Pij=Pins,; = (6Be) (Vius, jas2 = Vis, 1)

7 F w E w w 1 | Pj=Po

8 F F w w \i4 1 P, j=Piy ;- (Re) (Vi jajs — Vi, ju1p2)

9 F E w w w 1 | P ;=P

10 F w w F F 1| Pyy=1/2{P; j1+ P ja— (8Re) (Uiaps, ju — Uiapa, jr + Uiaps, ju1 = Ussapa, 1)}
11 F W W F E 1 | P ;=1/2{P; ja+ Pi j1 — (6Re) " (Uiapz, 2 — Uinipe, 1)}
12 F A\l w E F 1 P j=1/2{P; ;0 + Pi j1 — (6Re) 7Y Uiiaps, s1 = Uigape, j41)}
13 F W W E E 1 | Py j=1/2 (P 1+ P; 1)

14 F F F W w L | Pyj=1/2{Piy, j+ Pipa,; — (6Re) 7 (Vicy, jorje — Vi, jrape + View, joajz — Virn, s1/2)}
15 F F E w \i4 1 | Py =1/2 {Pig j+ Pisy,j — (6Re) (Vi jaje — Viey, jrg)}
16 F E F w w 1 | Py j=1/2{Piy j+ Pis ; — (6Re)(Vigy, joajz — Visn, )}
17 F E E w w 1 | P, =1/2(Piy; + Pi,)
18 F W F W F 1 | P j=1/2{Pips,; + Pi ju1 — (6Re) ™ (Uirje, 11 + Virq, juayo)}
19 F w F w E 1 | Py j=1/2{P, j+ Pi o1 — (6Re) " Vipy, jaya}
20 F w E W F 1 | Pij=1/2 {Pis, j+ Pi j11 — (6Re) Uisapy, jua}
21 F w E w E 1 | Pyj=1/2 (Piys,; + Py j11)
22 F w F F w 1 | Py j=1/2{Pi,;+ Pi j1 — (6Re) 7 (Uisayz, jo1 — Vi, 12}
23 F w F E w 1 | Pyj=1/2{Pi,; + Pi jo1 + (6Re) 7 Vipq, jiap}
24 F w E F w 1 | Pyj=1/2{Pus,;+ Pi jo1 — (6Re) Uiy, ju}
25 F w E E w 1 | P ;=1/2 (Pi, ; + Pi )
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Table 2(b) (continued)

757 VORI ‘ BE Py, DT NER
B | (4) | (-L9) | (i4+1,4) | G=1) | (i g+1) | PR
26 F F W w F 1 | Py =1/2{Piy j+ P j1 + (6Re) (Uisapz, ji1 = Vicy, ja12)}
27 F F W w E 1 | Pij=1/2{Piy, ;j+ Pi js1 — (6Re) 7 Viy, jo1p0}
28 F E w w F 1 | Pyj=1/2{Piy j+ Pi j1 + (6Re) " Uipap, jra}
29 F E w w E 1 | Pj=1/2 (Piy ;+ Pi 1)
30 F F \id F \i 1 | Pyj=1/2{Piy j+ Pi j1 + (5Re) > (Uspaa, 1 + Vicy, js1p)}
31 F F w E w 1 | Pij=1/2{Piy ;j+ Pi jo1 + (6Re) 7 Viy jyapa}
32 F E W F w 1 | Pyj=1/2{Piy,;j+ Pi ju + (6Re) Uiap, ju}
33 F E w E w 1 | Pyj=1/2(Piy,;j+ Pi j1)
34 F W F/E F F 2 | Py;=1/3{Pu1j+ Py j1+ Py ju1 — (6Re) (Uicaps, joa + Uicapa, 1)}
35 F w F/E F E 2 | Pij=1/3{Pyy ;+ Pi 1+ Pi 1 — (6Re) ™ Uisapo, ju}
36 F w F/E E F 2 | Pij=1/3{Pi,;+ Pi j1 + Pi ju1 — (6Re) UiL1pa, ju1}
37 F w F/E E E 2 | Pij=1/3(Pyyj+ Pija+ Pi 1)
38 F F/E W F F 2 | Pij=1/3{Piy,;+ Pi jq+ P jua + (6Re) (Uisap, ju + Uinaps, 511)}
39 F F/E w F E 2 | Pij=1/3{Piy j+ P ja+ Pi j1 + (6Re) Wisap, j1}
40 F F/E w E F 2 | Pij=1/3{Piy j+ Pij1+ Pi 1+ (6Re) Uipapn, jua}
41 F F/E w E E 2 | Pij=1/3(Piyj+ Pija+ Pi i)
42 F F F w F/E 2 | P j=1/3{Piy;j+ Pia, i+ Pi ja — (6Re) (Viy, joaje + Viny, joa2)}
43 F F E w F/E 2 | P j=1/3{Piy j+ Pipa, j+ Pi js1 — (6Re) Vi j_1p}
44 F E F w F/E 2 | Py j=1/3{Piy;j+ P, j+ Pi j1 — (6Re) ™ Virq, j172}
45 F E E w F/E 2 | Py j=1/3(Piy,;+ Pia, j+ Pi j11)
46 F F F F/E w 2 | Py =1/8{Piy ;+ P ;+ Pi jo + (6R) 7 (Viy, jr1p + Viny, srap)}
47 F F E F/E w 2 | Py =1/3{Piy ;+ Piy ;+ Pi 1 + (6Re) Vi, jrap}
48 F E F F/E w 2 | Py j=1/3{Piy j+ Pi ;+ Pi j1 + (6Re) " Vi jiapa}
49 F E E F/E w 2 | Py =1/3(Piy,j+ Pipy; + Pi i)
50 F F/E F/E F/E F/E 16 | P j=1/4 (Piy j+ Py i+ Pi ja + Py 1)
51 E | W/F/E | W/F/E | W/F/E | W/F/E | 81 | P, ;= given
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Table 2(c) Finite difference equations for the flow velocity in the x-direction, U, of 2-dimensional viscous flow.

757 T ORE Be
B | Ga) | rng) [ Gy [ G o) [ G [ G, ) | oK% B g IEDWTRC et
w w
0 E 5 W/F/E W/F/E W/F/E W/F/E 162 | Uiyaye, j = undefined
p L | F/B W/F/E | W/F/E | W/F/E | W/F/E | 324 | Uiy ;=0
F/E w R
2 F E W/F/E | W/F/E W/F/E | W/F/E 81 | Uiap,j= Uiap, i+ Vijap— Vimp
3 E F W/F/E | W/F/E W/F/E | W/F/E 8L | Uinp,j = Uinapa, i — Viry, jaa + Vi, e
4 F F w w w w 1| Uap,i=1/6{Uip, ;j+ Unsp, j+ 6Re(P; ; — Py, )}
5 F F W w sl o 2 | Ugap, =14 {Uiap, j + Uiap, j + 6Re(P; ; — Py, )}
E E w w ¥ : " B THELS
6 | F F E E E E 1 | Uiapn ;= 1/2 {Uijs, 1 + Ussaps, 3 + 6Re(Ps ; — Pipn )}
7 F F w w others*! T | Uinge, = 1/5{Uiap, j + Uisape, j + Uirapz, j1 + 8Re(P; ; — Piyy )}
8 F F E E others*! T | Uinp, =13 {Uisap,j+ Unsp, j+ Usapa, j1 + 6Re(P; j — Py )}
9 F F others*! w w T | Ui, = 1/5 {Uisaps, j1 + Uicap, j+ Uiyap, j+ 6Re(P; j — Piyy )}
10 F F others*! E E 7 | Uiap,j=1/3{Usap, ju + Uicap, j + Usaps, j+ 6Re(P; ;= Pipa )}
11 F F others™ 49 | Uinp, j= 14 {Uaps, 1+ Uiap, j + Unspa, i+ Uisape, ji1 + 6°Re(Py j — Piy, )}
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Table 2(d) Finite difference equations for the flow velocity in the y-direction, V', of 2-dimensional viscous flow.

757 L ORE : — Be Vi s KOWTRL RER
€ [(9) | GatD) [ oL3) | oLt | (41,9 | (41, 541) | O%
w W
0 . ——{ W/F/B | W/E/E | W/F/E | W/F/E | 162 | Vi s = undefined
1 w F/E W/F/E W/F/E W/F/E W/F/E 324 Vi 12=0
F/E| W
2 F E W/F/E | W/F/E | W/F/E | W/F/E 81t Vijap=Vijap+ Ulipi— Uiy,
3 E F W/F/E | W/F/E | W/F/E | W/F/E 81 | Vinpe = Vinap — Ui, i + Uinipe, i
4 F F w W w W 1| Vi e = 1/6 {Vi japa + Vi jrajs + 6Re(Pi j — P; 51)}
5 F F v v - = 2 | Vip=1/4{Vap+ Vijuap + ERe(P;; — P ja)}
E E w w ’ ! '
6 F F E E E E 1| Vi o = 1/2{Vi ja2 + Vi seaps + 6Re(Py j — Py 112}
7 F F w w others*! T\ Visp=15{Vijan+ Vijusp+ Vig, jap + CRe(P; ; — P; j0)}
8 F F E E others*? 7 | Vigae =13{Vijap+ Vissp+ Vi, jap + 6Re(P j — Py i)}
9 F F others*! w A 7 | Vijrjp=1/5{Vic, sae + Vi joaje + Vi sz + 6Re(P; j = P; 1)}
10 F F others"! E E 7 | Vige =13 {Vig jpap+ Vi jap+ Vi jusp + 6Re(Py ;= Py 1)}
11 F F others*? 49 | Vi =14 {Vicy, jrape + Vi jorp + Vi s + Vira, s + 6Re(Py j = Py 1)}
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