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1. Digital Rock

2. Direct Numerical Simulation

3. Pore network Modeling

4. Representative Elementary Volume (REV)
5. Pore Scale



AY-)oY amio AFY yui g 10,5 ATO o,les “UU”;
’

o e IVl Wlasls e lgsan gas
Laaiged yj 32l glaly ilsdl soliwlyy aslbas
—oles 88 I 3 jebigen 5 (ol asges |
Sl (5895 Slregas dalox | Sloogas
29y $)B9d Slpogas 5 biren g Sl 4
dloes glm Ty Glbw a e L aslx
ool Ly il 00 431, su s (o> oylall
Silmodde dbh—asty 9 Jlomms S S8
oo 0 T Dl 5 S (Ao (55lane 380
Olsisn |y aiges o isled ez ool i
Olisse oamled (oo Ll l 1o, ST (s
e S S e g (e sladse se—e sl
ol 50 LYV 0 es (om0 st ()50 (omaiigen 50
Olodl 351 cmsay Gz (Lol Baa (imssy
e S gladised gl oa sl (e
St Ll 5l gon dw aiged SO ol .ol
S seg 5y g, 5l A el S 4 igad
TG STy Jlzms o8 )0 51T Sl an il (gl 4],
O B9y sl (52 Heb 4y 5 o oLl
IR PON LN [ W | P ORWINL A [P SR BV
2l G lizes Slaogas 5 Lol Ly aigai e
Sy A g il s 5l ealitl Ly aslos s
Jlezms Koo Sluls gl az ) USS l5300 5
Silted 5 gl (30 slaanl s el
s5bimes 9 L8 ST elss sl pediase (09,4
Sl Sl a8 il e (g am silwand
o> el L a8 oo oolaiwl jLdgs oyl >
Sty Ladigai ny o=l 5l S o sl cailes
aead oo |y el il s ay imghy oml emlos o
o=l sl el (oo Gl gm0
30 39—t Sl g 00,5 et e | Kiw sladiges
bl G 1) Ll (o 5 (i sloo )

1. Bentheimer

2. X-ray Micro Computed Tomography

3. https://www.digitalrocksportal.org/projects/317/origin_data/1360/
4. PerGeos

g3, alie

ey sl Sl e s g e,
oz Slall e Sl Sl il (slasib
o s bl (o ol sonlas
ool wl Jsdsis slalasme jo ol g lon S i
(oSed slalae gl aS adl o Loyl ass,S
G reSo3lail Ul 5 S sS Lioatslas oz ool
pas Jdoay (- Seal slalame sl Lol casisg
Ol a i oo pamde wg) S S92y
adlie ol jo [YV] oS e 1) saile e

Cla ) wl

by, J= e ) Ol 5 (soniiine
S assed (sl e Sl | Ol >
ol 5l ool wl Lo g asols de g ol
bl s sl )l e (Blal 4 gei g3l
slodises gl (=loly 5 5 slo sl
Gl Kan g il [V ase 5 A loee i i
J—do a by e o0t g GloSe
S gt gla Sl Sgegs 5l (5 Sl ik
odiled pox g W8T 58 s S )50 050 (S
sloyhbasa > Lo oo Ll oz (L]
Sl Gz G p2 5 05y gl ol (S
T2 ot ol izmen sl Coa,
VAL el oos 0ST 60, s (6l culis
(RTM) pbaie o9 0015 sba oo 5l il lSen 5 99
o35 sl (LTM) o JLassl (315 9059 S0
Jeslie clalame o oo tlei oz ol
09592l Jae a S assls lis g use,S eolaiul

S8 (it (Gumdw awog ;0 (RTM) lais
923 oo 4l (amgs sl Jae o (g it
o Khoe 3l ooliul b o)l an g oljs  3ols [ V4]
> olell( ( SeudgSe (lidisn ) o (e
gl e asile (e el sl 1y eales
Loyl ase,s awlxe Sy g mhw colas
> sladlan o w5l e a S ol s
soule ooz ol (sl gl sa syl
Sl L Ll S 5 (o eSibn sl 1850 (51—

aj))_: Lguo)‘..\.:‘ 6‘)_: ‘r>‘9|).: o.\_uLoJ (>



Ol g 5 lomo Lo
P9 ORIy
Ylgsay L mslad jloslaiul L oslsacgome S
Jsyy STy Jlions oo 5 agliny Ko wanls
At 00mh (ol Adgl g oud (G D j9—o;
70550 VIV g sl jmgla jo 'Sy 10 0
s L Swanwle 3l lailgiwl dbges S& 5l aS 040
oslailay aSe doul jo 890 00l Zl Fe il £ mm
ol 5 i gl sl Lol aiged I e ay Ve e
S bvcaSe ol (45,0 4y GialS (gl o5 0
oSl y2Lid g, osliial Ly Ty i gl
So e ) e el oo Lol [VO] e 2
50 (s S aliwl oy, Lo T soipends oyl
4 oo ks slacuSe L [Y0] cas ooliz_ul data
Ol ol 5 2ig Jmad s g ol oSy
S sl olas g Laails aS oS o al 3,
(P U [F Y ] wes s K0S,

el A e

l

g ik e s i

gt g o3 10 g AS /

gl 5

Adgal

\‘ 3G sl el g dglas
"EH \ S LRV JJJJ.-“ M‘
" i A i 45k s Judua /

sy

sl Gl L gty ol 5 o0 sl g,
S—ile Lo yiahly (oslos (85 i o 9 asged
5 S—olnd) (53890 slw el il 9 (sl ( JS
Jolo—ie sloa s 5l Fa—w alg oo (Sl

FLRTY

lasl asges ml oaled oz Lol diile (1o
G 5 adyl Bi> la b, Sl esli L
o 20,5 o3lal agei ) gl il gl | asged
slosliiul Lo g gl sl plae joloay agei Ve
Sloogas Ol yds et (ilwoe 5 mgal G510
5iys Salizs 5 (531855 Sraliys 5 st
Slpogas (l glo)loges 5 aubrs asges sl—
(7 52) e oy Ladiged b o

AE aaa gl gl e

R P Gl pas paad Gl

Sgh pll Big) &lagld ¥ Sl

1. Voxel
2. Denoising
3. Segmentation

wall

W) L ),v."u > ) ).75..44 (;_) L;,,..WS (S u.:L».Lo fs.«a)(gd‘ ]QJL».»J Swdwls 449.0.’ )l T &lﬂ&a ‘“ l&w



AY-)oY amio AFY yui g 10,5 ATO o,les “UU”;
’

Silwdise gy dmt Spolizs Olpogad d—wlone
a2) J PR LY

slagby, Ll Y gleanipasa>g L
slpony sy 4slllae ;0 el ns (5302 (55lwand
Silmdde by, LS az Lol > Je cozen
A 85 (Rl S lsea Ol i S
=l Ao Taol by ol 5o g g0 a8 T
oo eolw ol jas aSs SO as Ol e Sl
Lol adlie 9o 5l Dlphe A b (ol vt oe
oyt ol8 e I8 g Ol a oy il sa LSS
S B s pleea Sl () ol 5o
@by Olgieay Laolssls 5 wig—8 o0 iy 0
ad 3 a5 Jhw S > g ol i Jlal 6l
S Ol i a2l g Wl VY P O] W
(Jol ad> o 55 35S0 plomil ad> 1o 50 50 4 ge
asw) ol ol s Ll w lala v
P B e N AW CLP S PR =
Sl a2 e sla Shs ped ad> e
Jolt Lo Sis (mal Wg—d oo s 9 gl
5 x> o Job (( Sgpuee bt wile (el
ool il )50 ISty pS (lye a5 (gl
e 5l e e Sl g Sn 5 (0 13
Gl e 4o g dwlxo 4 SBlas o bay Ol , 2>
O] iy (gl L] dg e A oo >
e o5 il e o Saaliys Sl o
Ol ipm,S eoliiul (hgy ol 1 (emnd (=5l 5
Lol g5 0 51l Sl eslii ol Lo (5l s
cBoay Ly olo 1) ol ol s am a0l g 0l
oS el 1) 183 50 Sy Dlogas
Gl e &S oo J B (g5ljlel Ll 2
ez, Tl Bl elas ansly L ol i
gV eee (kgm?) OT (o am 3 VW VY e 5 O
Sacie o] xlaw miS g A (kg/md) cos S
osbe ¢/ YY (N/m)

1. Tortuosity

g3, alie

Wl &S]

G Lize glwojlail Lo aSgaipny Ve Lo 5l o
Sl Bolai e O jg—ods o0lod_cgome 35 0
Slpogas sy o Ly sl ool ailoas
Do S sladiged Sy 5 Sl
Ls V" 5 Ladigain) ol sbplo 5,5 oo
s o3 Sl L5 sl jiie S Ve
Sailizs cla Sig 5 sl ¢y bLs ) Jilos
Obedl e L wenld )0 L 055 pal $ (5
=l S slpdiges ol gl caDled o>
Sy Ot Saals Lo Shy o Jlsv
25 )8

S bl Slpoguad duwloe

08 Sy ) Sl Blpogas dlna 4l yo 0
Ol il oo oolaiwl oo o0l dawgi el
slodiges (Hlozms joglal | pedine j5-bay 0 S
DS oo ool S s auilxe gl S
J—Sg slaazly slasws 40 e Jawgi dwlxe 1l
e 5 B 5L Sl 45) i Jais Ly
J—Sg slmazly slass U5 1 o] oo 5 (2
25 b e Boay s,y oS o0 9o
Sl iz S5l o Cwdas ) Ladiges S
S5 S aibre g Slubre 8o 5l Ll
Ol il oa i oolai il 55 g5y l53le 5 5
babed (sl 0aig) S5 i o8I Sl TSl 5
a8 (oo osliiwl Lsl Jlail 5 j5lome JuS'g Lol
Ol aS o BA s 1y adgpl Ol s clys o aS
J5l5 izman 5 JS oo dslre 4 018
e 318 0 K00 gl S 5l Ladiges ;S5e
5 o0 gl Ol i A Joe 5 Sl
cogdlcdy .l oad awlos SCSLul slo il )b
a—loe Joslos 5l ooy el il (sl
4 Joslee oyl il oais oolaiwl 5 8le 5 iy
S B w5 35l0 o0 mglal g Sl
3,9l s Cwots Ladiges oy



O e® 9 5 loro Lud
Yool Jolse dladiges ! 6l oo les o>
Oz S Hlg—eas Jlade ol (P ISs) el
bl sla Sy oS ar—ie sl— 4
Sy oS ooyl B eolitwl 09 o oy
ag) (s DS wald ol e Yoo L
Wil oo ials V0 Ay Lyl nlow oyl
Sl ol 5l S sl jo 4 S Jl s
=S4 ORI G PUSIRCAIN I/ FARR PR S ) e
ol 55148 el 5T sanls ez lall pmo
ao bo gl fulod ogid awlre (S yoa lade
SBo g Wgbioe dgdtme dgein; SLadiged
a5 oo obidl ol g B o0 1095 2 (6 S
a2z BB la g ol g wlalo ol ay oo
ol s (ST slag il e 5 Laiags
J= e sl ol oo Ll Gl o
g Lo, Sojlail ay ceBol g puil a il ||
L el galts L5 oS a9 5o 50 Ll
il sl azel LB 5 e

/o

/¥ \
Y g

S bl Oluoguasd
U5 J555 5 55 J 55 5 yolia dralone 3] e
Golog—a wcalize slojlail o Ladiges gl
c—lie oo led (e plall (b)) s Lateay
b St g St o o)y Ladises (ml sl
31 s soal cwoas e 4 asols oyl
o=l J=d ol bbb o as Yo o ¥l
J=dso labe jo (5 Slheo DL a0y plw
Vool il arm Lol cal 18) 5 OA 5550 5 S
el A alS YT 5 VA ass olsks ool
ol S ply—eay Yoo ¥l Jds e
Sl s ais jo c—wlin sotled o>
Oly—ieds aTlg oo g 095 o0 e Ladiges (0
Lo Sy 005 ar—in Gl dte (eSS
G eyl oS B ool ul 0 )5 7 Se
2 5 a9l sy Sl oSt Jaa 311,
Jdos aSges ojlosl o ol | sl won
obedl i e a5 ols s s ol e S

oY

N

&S Jodss as o

- & © & P o
@ @ @ —— @ o
Y ¥ Fon A Ve 'Y

Lgod mlo

S s ssile o ol € S

Foo JHG as )0
B >
o
*
[ J

Lges plw

Size JI55 eanles ez (Lol B JSU



AY-)oY amio AFY yui g 10,5 ATO o,les “UU”;
’

g3, alie

Ages ple

iz odiled cezx> Ll F JSCS

waalicwoas ol glosl il (e ,o (Kro) i
sl o sl coi g O (o (sl slalogas
Sog—ad 50 oyl (B DL s 0l S ASgel
Ll jlogas coles ;o 9 Sl adges ojlas] o (gl
sl s 2T (e (sl sl loged o (B
Voare (SWi) o eledl s 1 S b
b jlwand sl vt sl Sobles (ly—eas
U_"‘ ».X_J)jdao )‘)_.9 odL&.‘L_.w‘d)yo L®6)L_~»de 9
S 3b O sl jo &l i aseS> 0 iS
00l ) ,l09—ad (55, 51l (e (sl s,
Loadiges dlass oS Slej aogd les o A IS0
aS ool S50 lojlasilay Ladiged gz g S5
gl ojlal 5l i jobay W bl jlogas
Ol=edl le g0 ams i g5 5l b L)
0 00T e e 4 | soDled e
5 =W bl [ Siheo Dzl oo o 1,05 .08 8
S el el o, o 1PN 4 UYY la b ]
Gl e o Soliwla s by, a S o35
55 5390 slaanlp lwans ol ol i
5785 sl plw ;o (s (il Lo loges
Iy =S Lo sl Jloges coioles ez L]l
oanl i a5 5 b les o 25 i 29,5 l—
slplw o Loajlosges o a S 4 IS8 053 o0
P VI LW RN W T DR DN e N | R g
Olas gilwad by, I sloacosgume

Swolyd Oluoguas

Sl aSl g3lw Jowe 5l img s 5l s ol o
Db oolaiwl (g5l dg0 5 63l ST o lwas gl
5 o ool wl easle b s glil § O s
L ol)ly ol sl 1o g0s sy 5l adol> s caslol
D pmeplgm Jall |y Ladiged plow s

o (29l g Bl (gl

et sbo el ol oSt g5l Jae o
i g ol (ol (gl g ke (gl 0l
Ly s=lol e peimilys caomiid jo 085 1,3
sl logai 5l pms s Ladiges plaw s o
Sledl ol Lo aS o s etk e odwlcawoa
= Ghm38 L 4 ST ol samlie oyl mogdle (Y
G2 2 BB b sl e caSgas
a8l oo sl JJo olas eaay sl ol o
st S anled dgeld o> ioldl Ly a S
Ladiges ;o (5 b g Soe Dl sl e 5 (ml 4
38 o (6 i 50 el gt S 4
30 CBo Lol g ollwg als ay o xiea S
a0Vl 8 sl w V0 - Slee OS]
Sl oo (ials VYA



Olyen g (g loxe oo

1Y
\D)

a,

—:ﬂ: Aes

:i #u

g ru

"

5 gl g5 W Ll

[ 2 I POESRC

Y 125 2z Ave \ Yoo
Qges plo
Bllae olsl 5 sanles oz LIV S

52l (o 2l

LA

i

A

(md) T o oy

Lges plo

T Ll s i g O o sl 1503 5 B Llas suled oz oLodl A JSi

“»
- [eleloatarstoutlorio oo
I Y o fF Y,
el slual
ek

v/
S
-,
fF 7:]
v =
) =
i3 4{
o

el el a5 S

/- Ve
a, s A s
Y= -7 s B =
iﬂ £ Al IAs {) E
i} ¥ ...’ o 3
/ ssssssesessasse®™ .
/
i s ¥ of A Vi
! sl
—— il s gl A LR S R
ot

Ao

I3 Sl a0 00T L a5 0k o0
s Ly s ol 51 omy osile 8l e gl o
el ol 5l J8 a S Jb o sl oo S 7NV
s ol o Wl LEYID sgo > LS o Sl
ol lo—edy aSlgs oo B0+ w4 S o 0o 0
solo g3l o gLl (gl mlin siiyle omozn>

gt sl

o' o)'Lh" B s 9 ui ‘Suw.; 6}]5‘)} )‘05& (u -y v o)'ld.}‘ o s 9 g.)" GMM) @‘3|).> )‘054.3 (ui.” ‘\ J&w

(Sor) .ilo 3L s gl

s jebay A S 5, Ko LIl
Al dsges plw ;o glo g coul sdnlowon

—obas

el ol logad il ousle 8L cas gLl ol

il L a S 0 e oan Ve IS 0 ()
iS00 le BL s gLl Jlade Ladiges plow



AY-)oY amio AFY yui g 10,5 ATO o,les -uu",}
’

oails il cis glosl

g’ alio

&g plo

o&LALséLg Y 8@»‘ sausles (o> QL;.” Ve J.S.w

Alisee (5 oy 3 oisled o yloll lade dun o

Lo 0o - Sep 5 S e a4 25 Ly
5 N5 g9 ol sla Sy ol —Kenls
Sl ooiled oz (Ll S0s (S gl S
Saaliys 5 (555 Saliys 5 St sl el
aS iogh o=l jo il Oglaie alegy ce (s3l8g0
ool sl o Sen Siwdwlo dSges S 3l
o=l e S0 o 4 ,oolae ol ea
7525 gladiges lm 4 Sl ;53 a3V (Jls
> ol (S jsbar sl wglie 0 ls oo
B S A e P T letiee ) adiged Gl ea sl
o 4S5y yd o dlme LSS ulal
5,5 5 sl e 5SS
P LT BB Sl (S jeboay 055
3,5 aalez sloul oads ) lo il )l Slwle
odiled (o> Oll (585 iy L aS 500
Sy dplgz LY a LS ]

Yo

ol s ol e asing

bl omleasles oz Ll oo ans S
asS ol jloye 5 oYL e oal
oSy yomie Sl (S ()] (it s ol
B0 g 99— odle 8L cai gl il a3l 38l
4 Bl g ame 2ol ) ol > laglu]oe
oe3S Esl sl 5l Jol> 380l mls
g o2dlg jlafe 5l S coa a8l b Jlade
(Krw Max) 1 o (o219l 5lallo diosuiiung

e eyl o s (ll e A ooy
b 2 sl siladoe ol o aS el 6,500
gz 3l )l Gl il 000 T Al dgad
5 b s il (i oy oy
W Stanarg b deul pge o3 S e
=9 o led ez Ll olg o Fe T plw
= Slee AW ao )0 ST > aib abiges o) sl o
ol jo g oosn L YA ST 5l a8 oyl ;o

Dy ca IME Jaie ay ol 51, SYL 48T

T A Yeun YYeo

Sl o gl e axeiiy sanled gomm Lol 1Y S



14y OhHKo2 g (5 loxo Ly

sdy 38 olwll gl alply (Al e
45 S LS Jhw STng 5 3390 sl
6‘1—.’ A gad IR N (T Ql-o.” )“ & s >

g ol lalllas
3 0dbled o> Lol pgpie d a g il o
3l eolaiwl pg—aza Ol o5lw Jow o iy,
20,5 i b sdiled ez Ll g,
o.\_z.ll.u' (T UL.QJ‘ u‘)_uo 4SS Cel )_7.5 a4 'o)y
sl ol )l (gl asilei oo dged Dlday ai g
L colie 0l ez ol yand E ot
ez el 5dUT 5 05,5 ol |,y baine gLaj U]
J=l 3l calizes Jlizws sladiges gl o sosles

S 5 4o
o> ol o mi g ateds (i agh ol 4o
S b gy 5 (Swdsle K dbges S sasles

Bi> a8 5l e 0,8 sola ) Jlotoms S

diged L o ool B v ,5) g 4 by
slo il awlre g abgas ;05 ) s (285 sl
Ay oS SRS S5 Sl asle (Sl
=loly (gl (gl ol Solus slo yial )l g

— 2 8l s sa Sl SL gl il 5 s

| RLET

=) 6o 0905 sy L s 39— 00lal caiges
oledl jmolas Ladiges ,u) plow s Lo 2l )b
5..\_wd~.a_~ubr.n'a|.\_§)_®6‘)_’|)o._x_u@ o>
iy digad Gl Sl Pt B (5 e
LSL%-’)) a 4\_._.,.._.|5 L Lguo..\i..\.& )_Ial:'>=\.3
3 eaiuled ez Ll Jlmw G55y 5 ooy
O Loyl plw as cos 53L8g0 sla il )b

il oo Jloioms S S8 10 (59,2

et el Sl (el 45 (gl ader

&l
[1]. Mostaghimi, P., Blunt, M. J., & Bijeljic, B. (2013). Computations of absolute permeability on micro-CT
images. Mathematical Geosciences, 45, 103-125, doi.org/10.1007/s11004-012-9431-4.
[2]. Blunt, M.J., Bijeljic, B., Dong, H., Gharbi, O., Iglauer, S., Mostaghimi, P., Paluszny, A. and Pentland, C.,
(2013). Pore-scale imaging and modelling, Advances in Water Resources, 51, 197-216, doi.org/10.1016/j.ad-
vwatres.2012.03.003.
[3]. Bultreys, T., De Boever, W., & Cnudde, V. (2016). Imaging and image-based fluid transport modeling at the
pore scale in geological materials: A practical introduction to the current state-of-the-art. Earth-Science Reviews,
155, 93-128, doi.org/10.1016/j.earscirev.2016.02.001.
[4]. Siavashi, J., Najafi, A., Ebadi, M., & Sharifi, M. (2022). A CNN-based approach for upscaling multiphase
flow in digital sandstones. Fuel, 308, 122047. doi.org/10.1016/j.fuel.2021.122047.
[5]. Saxena, N., Hows, A., Hofmann, R., Alpak, F. O., Freeman, J., Hunter, S., & Appel, M. (2018). Imaging
and computational considerations for image computed permeability: operating envelope of digital rock physics.
Advances in Water Resources, 116, 127-144. doi.org/10.1016/j.advwatres.2018.04.001.
[6]. Bashtani, F., & Kantzas, A. (2020). Scale-up of pore-level relative permeability from micro-to macro-scale.
The Canadian Journal of Chemical Engineering, 98(9): 2032-2051, doi.org/10.1002/cjce.23745.
[7]. Abu-Al-Saud, M., Gmira, A., Al-Enezi, S., & Yousef, A. (2020, January). Pore-scale simulation of fluid flow
in carbonates using micro-CT scan images. In International Petroleum Technology Conference (D022S160R004).
IPTC.doi.org/10.2523/iptc-19832-ms.
[8]. Guo, C., Wang, X., Wang, H., He, S., Liu, H., & Zhu, P. (2018). Effect of pore structure on displacement ef-
ficiency and oil-cluster morphology by using micro computed tomography (uCT) technique. Fuel, 230, 430-439.
doi.org/10.1016/j.fuel.2018.05.058.
[9]. Diwakar, M., & Kumar, M. (2018). A review on CT image noise and its denoising. Biomedical Signal Pro-
cessing and Control, 42, 73-88. doi.org/10.1016/j.bspc.2018.01.010.
[10]. Bird, M. B., Butler, S. L., Hawkes, C. D., & Kotzer, T. (2014). Numerical modeling of fluid and electrical
currents through geometries based on synchrotron X-ray tomographic images of reservoir rocks using Avizo and
COMSOL. Computers & Geosciences, 73, 6-16. doi.org/10.1016/j.cageo.2014.08.009.



e? o F-3
AY-)eY amio NPT i g 10,5 AVO o)leds 9 WYL APIEN
33 AV et 2 2R o

[11]. Zakirov, T., & Galeev, A. (2019). Absolute permeability calculations in micro-computed tomography mod-
els of sandstones by Navier-Stokes and lattice Boltzmann equations. International Journal of Heat and Mass
Transfer, 129, 415-426. doi.org/10.1016/].ijheatmasstransfer.2018.09.119.

[12]. Sidorenko, M., Orlov, D., Ebadi, M., & Koroteev, D. (2021). Deep learning in denoising of micro-com-
puted tomography images of rock samples. Computers & Geosciences, 151, 104716.b doi.org/10.1016/j.ca-
ge0.2021.104716.

[13]. Ramstad, T., Berg, C. F., & Thompson, K. (2019). Pore-scale simulations of single-and two-phase flow in
porous media: approaches and applications. Transport in Porous Media, 130, 77-104. doi.org/10.1007/s11242-
019-01289-9.

[14]. Berg, C. ., Lopez, O., & Berland, H. (2017). Industrial applications of digital rock technology. Journal of
Petroleum Science and Engineering, 157, 131-147. doi.org/10.1016/j.petrol.2017.06.074.

[15]. Raeini, A. Q., Blunt, M. J., & Bijeljic, B. (2014). Direct simulations of two-phase flow on micro-CT
images of porous media and upscaling of pore-scale forces. Advances in Water Resources, 74, 116-126. doi.
org/10.1016/j.advwatres.2014.08.012.

[16]. Joekar-Niasar, V., Van Dijke, M. 1. J., & Hassanizadeh, S. M. (2012). Pore-scale modeling of multiphase
flow and transport: achievements and perspectives. Transport in porous media, 94(2), 461-464. doi.org/10.1007/
s11242-012-0047-4.

[17]. Dong, H., & Blunt, M. J. (2009). Pore-network extraction from micro-computerized-tomography imag-
es. Physical Review E—Statistical, Nonlinear, and Soft Matter Physics, 80(3), 036307. doi.org/10.1103/Phys-
RevE.80.036307.

[18]. Sheppard, A. P., Sok, R. M., & Averdunk, H. (2005). Improved pore network extraction methods. In Inter-
national Symposium of the Society of Core Analysts, 2125, 1-11.

[19]. Arns, J. Y., Robins, V., Sheppard, A. P., Sok, R. M., Pinczewski, W. V., & Knackstedt, M. A. (2004).
Effect of network topology on relative permeability. Transport in Porous media, 55, 21-46. doi.org/10.1023/
B:TIPM.0000007252.68488.43.

[20]. van der Linden, J. H., Narsilio, G. A., & Tordesillas, A. (2016). Machine learning framework for analysis
of transport through complex networks in porous, granular media: A focus on permeability. Physical Review E,
94(2): 022904.doi.org/10.1103/PhysRevE.94.022904.

[21]. Meakin, P., & Tartakovsky, A. M. (2009). Modeling and simulation of pore-scale multiphase fluid flow and
reactive transport in fractured and porous media. Reviews of Geophysics, 47(3). doi.org/10.1029/2008RG000263.
[22]. Shan, X., & Chen, H. (1993). Lattice Boltzmann model for simulating flows with multiple phases and com-
ponents. Physical Review E, 47(3), 1815. doi.org/10.1103/PhysRevE.47.1815.

[23]. Garing, C., de Chalendar, J. A., Voltolini, M., Ajo-Franklin, J. B., & Benson, S. M. (2017). Pore-scale cap-
illary pressure analysis using multi-scale X-ray micromotography. Advances in Water Resources, 104, 223-241.
doi.org/10.1016/j.advwatres.2017.04.006.

[24]. Bultreys, T., Van Hoorebeke, L., & Cnudde, V. (2015). Multi-scale, micro-computed tomography-based
pore network models to simulate drainage in heterogeneous rocks. Advances in Water Resources, 78, 36-49. doi.
org/10.1016/j.advwatres.2015.02.003.

[25]. Neumann, R. F., Barsi-Andreeta, M., Lucas-Oliveira, E., Barbalho, H., Trevizan, W. A., Bonagamba, T.
J., & Steiner, M. B. (2021). High accuracy capillary network representation in digital rock reveals permeability
scaling functions. Scientific Reports, 11(1): 11370. doi.org/10.1038/s41598-021-90090-0.

[26]. Al-Raoush, R., & Papadopoulos, A. (2010). Representative elementary volume analysis of porous media us-
ing X-ray computed tomography. Powder Technology, 200(1-2): 69-77. doi.org/10.1016/j.powtec.2010.02.011.
[27]. Costanza-Robinson, M. S., Estabrook, B. D., & Fouhey, D. F. (2011). Representative elementary volume
estimation for porosity, moisture saturation, and air-water interfacial areas in unsaturated porous media: Data
quality implications. Water Resources Research, 47(7), doi:10.1029/2010WR009655.

[28]. Bruns, S., Stipp, S. L. S., & Serensen, H. O. (2017). Statistical representative elementary volumes of porous
media determined using greyscale analysis of 3D tomograms. Advances in Water Resources, 107, 32-42, doi:
https://doi.org/10.1016/j.advwatres.2017.06.002.

[29]. Wu, M., Wu, J., Wu, J., & Hu, B. X. (2018). A three-dimensional model for quantification of the representa-
tive elementary volume of tortuosity in granular porous media. Journal of Hydrology, 557, 128-136, doi: https://
doi.org/10.1016/j.jhydrol.2017.12.030.

[30]. Sadeghnejad, S., Reinhardt, M., Enzmann, F., Arnold, P., Brandstitter, B., Ott, H., Wilde, F., Hupfer, S.,
Schifer, T. and Kersten, M., 2023. Minkowski functional evaluation of representative elementary volume of rock
microtomography images at multiple resolutions. Advances in Water Resources, 179, 104501, doi: https://doi.
org/10.1016/j.advwatres.2023.104501.

L asly S S Sy Jsbiee slid olpogas (wsd (VP Y) o Sloasd 5.0 cgimant o oS8l [¥)]

(Y-VYF-VYY o d‘—“’j)" ,Wow s 41»_,.» p_».’)}ﬁ‘ Ja_wy QLMJ“S:‘SN 9)_§.~c )_:9La; )| oolaz__wl
.doi: 10.22078/pr.2023.4919.3198 ,2023 ,113—100 <\ \Y-) . -



Special Issues on Water-based EOR

Petroleum Research
Petroleum Research, 2024(June-July), Vol. 34, No. 135, 19-23
DOI: 10.22078/pr.2024.5253.3332

Analyzing the Representative Elementary

Volume for Estimating Petrophysical and

Two-phase Parameters in water-flooding
Process using Digital Rock Physics

Diba Memari, Javad Siavashi and Mohammad Sharifi*
Department of Petroleum Engineering, AmirKabir University of Technology, Tehran, Iran
m_sharifi@aut.ac.ir
DOI: 10.22078/pr.2024.5253.3332

Received: September/22/2023

Introduction

Digital rock physics is an essential tool for analyzing
rock mechanical properties at various scales, helping
reservoir engineers understand the connection between
rock structures and reservoir performance [ 1-4][5-8].
This technology, through image processing and data
analysis, improves decisions related to reservoir
characteristics such as permeability and porosity,
thereby enhancing efficiency and productivity in the
oil and gas industry [ 1-3]. The method includes direct
numerical simulation and pore network modeling [4,
13-16], with the latter focusing on analyzing internal
rock structures to study permeability and porosity
[4, 13, 14] [4, 17-19]. The concept of representative
elementary volume (REV) is critical in reservoir
science, defining the minimum volume necessary to
study rock properties accurately (Figure 1). Using
digital rock physics, the REV for rock samples can
be determined, which is crucial for refining reservoir
models and aiding decision-making in reservoir
engineering [22]. This research identifies the REV
for different rock samples by analyzing the pore
structure of Bentheimer sandstone using X-ray micro
computed tomography and PerGeos software. Several
studies on REV have been conducted. In 2010, Al-
Raoush et al. found that particle size distribution, local
porosity ratio, and coordination number could not be
generalized from REV porosity data [26]. In 2011,

Accepted: June/08/2024

Robinson et al. estimated REV for porosity, saturation,
and the air-water interfacial area, noting that REV was
small and measurable in homogeneous environments
but not in heterogeneous ones [27]. Mostaghimi et al.
in 2013 used flow equations to calculate permeability
and estimate REV based on porosity and permeability
[1]. In 2017, Branz and colleagues used gray spectral
analysis from tomographies of gypsum rock to obtain
the representative volume element (RVE), highlighting
the importance of imaging resolution [28]. Wu and
colleagues in 2018 used regular tetrahedron models
(RTM) and light transmission microtomography
(LTM) to estimate REV, finding RTM models more
accurate for three-dimensional tortuosity descriptions
[29]. In 2023, Sadeghi Nejad and colleagues used
Minkowski morphological operators to calculate REV,
showing consistency between REV for porosity, mean
integrals, total curvature, and permeability in larger
image sizes [30].

Materials and Methods

To determine the representative elementary volume
(REV) of a sample, the process began with denoising
and segmentation techniques to prepare for sub-
sample extraction (Fig. 1). Ten systematically selected
sub-samples were then taken, with static and dynamic
properties computed for each and plotted against their
sizes (Fig. 2).
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Image Processing

High-resolution images of Bentheimer sandstone
were used, each voxel representing 2.25 micrometers,
derived from a 6-mm diameter cylindrical sample.
Cubic regions of 1000* voxels were extracted and
denoised. A segmentation algorithm was then applied
to distinguish grains from pores, converting the filtered
cubes into black and white voxels [22, 31].

Sub-sample Extraction

Ten sub-samples of varying sizes (ranging from 1003
to 1000° voxels) were non-randomly selected to study
static and dynamic rock properties. This selection
aimed to explore the relationship between porosity and
reservoir dynamics, and to calculate the REV for these
rock samples.

Static Property Calculation

A Python code was used to compute total porosity from
the digital images by counting zero-valued voxels and
dividing by the total voxel count. For more precise
calculations, PerGeos software was employed, using an
iterative algorithm to connect neighboring voxels and
exclude isolated pores, thereby determining both total
and effective porosity. Tortuosity was also calculated
using a twist analysis module in the software.

Dynamic Property Calculation using Pore Network
Modeling

To study multiphase flows efficiently, pore network
modeling was used instead of costly direct numerical
simulations. This approach simplifies the pore structure
into pore bodies and throats, with the properties of each
component (such as hydraulic radius, length, volume,
and shape coefficient) calculated separately. PerGeos
software facilitated the modeling, allowing accurate

computation of dynamic properties like absolute and
relative permeabilities.

Results and Discussion
Static Properties

After calculating the effective and total porosity values
for samples of various sizes, a graph was plotted to
determine the appropriate representative elementary
volume (REV) for these samples. Fig. 1 and 2 show
that porosity values stabilize beyond a sample size of
200°. Therefore, a size of 200° is recommended as a
suitable REV for porosity estimation in these samples,
serving as an optimal estimate for determining
reservoir properties.

The tortuosity parameter was obtained using the
pore network model, with results analyzed for each
sample size. This analysis indicated that the optimal
representative elementary volume (REV) for these
samples is 300° (Fig. 3). This REV is used as an
optimal estimate for determining tortuosity parameter
properties. It’s crucial to choose the correct REV,
as incorrect calculations can limit analyses to sub-
sampled specimens, leading to reduced accuracy and
significant errors in future research and modeling.
Therefore, careful attention must be given to selecting
the REV, ensuring that measurements and conditions
are precise to guarantee the validity and reliability of
analysis results.
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Dynamic Properties

In this research section, pore network modeling was
utilized for single-phase and two-phase simulations.
For the single-phase analysis, the absolute permeability
parameter was calculated. In the two-phase analysis, a
quasi-static method was used to determine the relative
permeability of water and oil, maximum relative water
permeability, and residual oil saturation. The results for
these parameters were then plotted against sample sizes.

Absolute and Relative Permeability

Through pore network modeling, essential parameters
such as absolute permeability and relative permeability
of water and oil at different water saturations were
calculated for each sample. The data indicated that
with a representative elementary volume (REV)
of 5003 accurate permeability estimates could be
achieved (Fig. 4).
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Additionally, it was noted that as the sample volume
increased, permeability values significantly decreased.
This phenomenon occurs because, with an increase
in sample volume, a more accurate representation
of the microstructure properties within the sample is
achieved. As a result, microstructural variations in the
samples have a more pronounced effect on the average
permeability, leading to reduced fluctuations and
increased accuracy in permeability calculations.

Relative Permeability to Water and Oil

Graphs of relative permeability to water and oil at
various water saturations were created for each sample
size, and intersection points of these curves were
recorded. An intersection point graph was plotted
against sample sizes (Fig. 5). These intersection points
are crucial for simulations and modeling as they indicate
how changes in water saturation affect reservoir
permeability. The data suggests that when sample
sizes are large enough for consistent intersection point
behavior, a representative elementary volume (REV)
of 5007 is optimal.
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Residual Oil Saturation

The remaining oil saturation was calculated for each
sample size and plotted (Fig. 6). It was observed
that as the sample size increased, the remaining oil
saturation decreased, stabilizing at a sample size
of 500°. Accurate determination of this parameter's
REV is crucial to avoid overestimating remaining oil
saturation and ensuring accurate flow modeling.

Maximum Relative Permeability of Water

The maximum relative permeability of water,
important for predicting oil production and optimizing
reservoir management, was calculated for each sample
size. According to Fig. 7, a sample size of 600° is a
good REV for this parameter.
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Comparison of the Representative Elementary
Volume in Different Parameters

The REV for different parameters can vary based on
rock characteristics such as homogeneity, structural
properties, and formation type. In this study, using
a homogeneous Bentheimer sandstone sample, the
REVs for various parameters are similar, generally
around 600°. However, these values may differ for
other samples. Thus, a representative elementary
volume of 600° can be considered optimal for this
sample.

Conclusions

This study utilized digital rock physics to determine the
representative elementary volume (REV) of a sandstone
rock sample. The sample preparation involved noise
removal and segmentation algorithms, followed by
extracting 10 sub-samples. For each sub-sample, static
parameters such as effective porosity, total porosity,
and tortuosity, along with dynamic parameters like
absolute permeability, relative permeability, and
residual oil saturation, were calculated. The analysis
indicated an approximate REV of 600° for the sample.
Defining the REV is crucial in methods related to pore
network modeling, especially in digital rock physics, to
ensure reliable results. The REV may differ for static,
single-phase flow, and multiphase flow parameters,
highlighting the need for an appropriately scaled
REV tailored to specific analyses. Overall, analyzing
the REV for different digital rock samples is vital in
digital rock physics, laying the foundation for accurate
and dependable outcomes in various analyses.

Nomenclatures

REV: Representative Elementary Volume
Krw: Relative Permeability of Water
Kro: Relative Permeability of Oil



Petroleum Research, 2024(June-July), Vol. 34, No. 135

References

1.

10.

11.

Mostaghimi, P., Blunt, M. J., & Bijeljic, B. (2013).
Computations of absolute permeability on micro-
CT images. Mathematical Geosciences, 45, 103-
125, doi.org/10.1007/s11004-012-9431-4.

Blunt, M.J., Bijeljic, B., Dong, H., Gharbi, O.,
Iglauer, S., Mostaghimi, P., Paluszny, A. and
Pentland, C., (2013). Pore-scale imaging and
modelling, Advances in Water Resources, 51, 197-
216, doi.org/10.1016/j.advwatres.2012.03.003.
Bultreys, T., De Boever, W., & Cnudde, V.
(2016). Imaging and image-based fluid transport
modeling at the pore scale in geological materials:
A practical introduction to the current state-of-
the-art. Earth-Science Reviews, 155, 93-128, doi.
org/10.1016/j.earscirev.2016.02.001.

Siavashi, J., Najafi, A., Ebadi, M., & Sharifi, M.
(2022). A CNN-based approach for upscaling
multiphase flow in digital sandstones. Fuel, 308,
122047. doi.org/10.1016/j.fuel.2021.122047.
Saxena, N., Hows, A., Hofmann, R., Alpak, F.
0., Freeman, J., Hunter, S., & Appel, M. (2018).
Imaging and computational considerations for
image computed permeability: operating envelope
of digital rock physics. Advances in Water
Resources, 116, 127-144. doi.org/10.1016/j.
advwatres.2018.04.001.

Bashtani, F., & Kantzas, A. (2020). Scale-up of
pore-level relative permeability from micro-to
macro-scale. The Canadian Journal of Chemical
Engineering, 98(9): 2032-2051, doi.org/10.1002/
cjce.23745.

Abu-Al-Saud, M., Gmira, A., Al-Enezi, S., &
Yousef, A. (2020, January). Pore-scale simulation
of fluid flow in carbonates using micro-CT scan
images. In International Petroleum Technology
Conference  (D022S160R004).  IPTC.doi.
org/10.2523/iptc-19832-ms.

Guo, C., Wang, X., Wang, H., He, S., Liu,
H., & Zhu, P. (2018). Effect of pore structure
on displacement efficiency and oil-cluster
morphology by using micro computed
tomography (UCT) technique. Fuel, 230, 430-
439.doi.org/10.1016/j.fuel.2018.05.058.
Diwakar, M., & Kumar, M. (2018). A review on
CT image noise and its denoising. Biomedical
Signal Processing and Control, 42, 73-88. doi.
org/10.1016/j.bspc.2018.01.010.

ird, M. B., Butler, S. L., Hawkes, C. D., &
Kotzer, T. (2014). Numerical modeling of fluid
and electrical currents through geometries based
on synchrotron X-ray tomographic images of
reservoir rocks using Avizo and COMSOL.
Computers & Geosciences, 73, 6-16. doi.
org/10.1016/j.cageo0.2014.08.009.

Zakirov, T., & Galeev, A. (2019). Absolute

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

permeability calculations in micro-computed
tomography models of sandstones by Navier-

Stokes and lattice Boltzmann equations.
International Journal of Heat and Mass
Transfer, 129, 415-426. doi.org/10.1016/].

ijheatmasstransfer.2018.09.119.

Sidorenko, M., Orlov, D., Ebadi, M., & Koroteev,
D. (2021). Deep learning in denoising of micro-
computed tomography images of rock samples.
Computers & Geosciences, 151, 104716.b doi.
org/10.1016/j.cageo.2021.104716.

Ramstad, T., Berg, C. F., & Thompson, K.
(2019). Pore-scale simulations of single-and
two-phase flow in porous media: approaches and
applications. Transport in Porous Media, 130,
77-104. doi.org/10.1007/s11242-019-01289-9.
Berg, C. F., Lopez, O., & Berland, H.
(2017). Industrial applications of digital rock
technology. Journal of Petroleum Science and
Engineering, 157, 131-147. doi.org/10.1016/j.
petrol.2017.06.074.

Raeini, A. Q., Blunt, M. J., & Bijeljic, B.
(2014). Direct simulations of two-phase flow
on micro-CT images of porous media and
upscaling of pore-scale forces. Advances in
water resources, 74, 116-126. doi.org/10.1016/].
advwatres.2014.08.012.

Joekar-Niasar, V., Van Dijke, M. L. J., &
Hassanizadeh, S. M. (2012). Pore-scale modeling
of multiphase flow and transport: achievements
and perspectives. Transport in porous media,
94(2), 461-464. doi.org/10.1007/s11242-012-
0047-4.

Dong, H., & Blunt, M. J. (2009). Pore-
network extraction from micro-computerized-

tomography  images.  Physical  Review
E—Statistical, Nonlinear, and Soft Matter
Physics, 80(3), 036307. doi.org/10.1103/

PhysRevE.80.036307.

Sheppard, A. P., Sok, R. M., & Averdunk, H.
(2005). Improved pore network extraction
methods. In International Symposium of the
Society of Core Analysts, 2125, 1-11.
Arns, J. Y., Robins, V., Sheppard, A. P., Sok,
R. M., Pinczewski, W. V., & Knackstedt,
M. A. (2004). Effect of network topology
on relative permeability. Transport in
Porous media, 55, 21-46. doi.org/10.1023/
B:TIPM.0000007252.68488.43.

van der Linden, J. H., Narsilio, G. A, &
Tordesillas, A. (2016). Machine learning
framework for analysis of transport through
complex networks in porous, granular media: A
focus on permeability. Physical Review E, 94(2):

022904.doi.org/10.1103/PhysRevE.94.022904.

Meakin, P., & Tartakovsky, A. M. (2009).
Modelingand simulationofpore-scale multiphase
fluid flow and reactive transport in fractured and
porous media. Reviews of Geophysics, 47(3).
doi.org/10.1029/2008RG000263.

Shan, X., & Chen, H. (1993). Lattice Boltzmann
model for simulating flows with multiple phases



23.

24.

25.

26.

27.

and components. Physical review E, 47(3), 1815.
doi.org/10.1103/PhysRevE.47.1815.

Garing, C., de Chalendar, J. A., Voltolini, M.,
Ajo-Franklin, J. B., & Benson, S. M. (2017).
Pore-scale capillary pressure analysis using
multi-scale X-ray micromotography. Advances
in Water Resources, 104, 223-241.doi.
org/10.1016/j.advwatres.2017.04.006.
Bultreys, T., Van Hoorebeke, L., & Cnudde,
V. (2015). Multi-scale, micro-computed
tomography-based pore network models to
simulate drainage in heterogeneous rocks.
Advances in Water resources, 78, 36-49. doi.
org/10.1016/j.advwatres.2015.02.003.
Neumann, R. F., Barsi-Andreeta, M., Lucas-
Oliveira, E., Barbalho, H., Trevizan, W. A.,
Bonagamba, T. J., & Steiner, M. B. (2021).
High accuracy capillary network representation
in digital rock reveals permeability scaling
functions. Scientific reports, 11(1): 11370. doi.
org/10.1038/s41598-021-90090-0.
Al-Raoush, R., & Papadopoulos, A. (2010).
Representative elementary volume analysis
of porous media using X-ray computed
tomography. Powder technology, 200(1-2): 69-
77. doi.org/10.1016/j.powtec.2010.02.011.
Costanza-Robinson, M. S., Estabrook, B.
D., & Fouhey, D. F. (2011). Representative
elementary volume estimation for porosity,
moisture saturation, and air-water interfacial
areas in unsaturated porous media: Data quality

Petroleum Research, 2024(June-July), Vol. 34, No. 135

28.

29.

30.

31.

implications. Water Resources Research, 47(7),
doi:10.1029/2010WR009655.

Bruns, S., Stipp, S. L. S., & Serensen, H. O.
(2017). Statistical representative elementary
volumes of porous media determined using
greyscale analysis of 3D tomograms. Advances
in Water Resources, 107, 32-42, doi: https://doi.
org/10.1016/j.advwatres.2017.06.002.

Wu, M., Wu, J., Wu, J., & Hu, B. X. (2018). A
three-dimensional model for quantification of the
representative elementary volume of tortuosity
in granular porous media. Journal of Hydrology,
557, 128-136, doi: https://doi.org/10.1016/j.
jhydrol.2017.12.030.

Sadeghnejad, S., Reinhardt, M., Enzmann, F.,
Arnold, P., Brandstitter, B., Ott, H., Wilde,
F., Hupfer, S., Schéfer, T. and Kersten, M.,
2023. Minkowski  functional evaluation
of representative elementary volume of
rock microtomography images at multiple
resolutions. Advances in Water Resources,
179, 104501, doi: https://doi.org/10.1016/j.
advwatres.2023.104501.

Shirafkan S., Ahmadi M., and Shabani M. (2023)
Determination of the porous space characteristics
of a carbonate rock using micro-CT scan images
by the convolutional neural network algorithm,
Petroleum Research, 33(1402-3): 100-113, doi:
10.22078/pr.2023.4919.3198.



