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1. Percolation
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1. Inter-Well Spacing



B a5 ool alf 50 1L

P belans 5 et (o ol 5o (Sl adal,
5 blyy o=l e Ols Jlade (99— (S eg—as
o3lasl alex 51 et Slaogas 4 o] Sl
Slallas g Bak asdllae o oid al)l o (i
aS o osls ylis Munoz ¢ Dickman lawgi (gos
obs Jolw jlas e o Gl sloonyyy

(gt At 9= 095 D jgm0dy ¢y RS G gl g0
d=led =l oy o0 Gl pbrin o dl S sl
a g o3 () 9 Jloesl g a4
cdl 1y oamay ol o (6,500 iz Jdo ol
Juw 5 YT sl Tamsl ol lwsgs il
5 Jh 9309, atasd oyl 4y LS VAAY
aliwl) i susile b bl 4 youw, alaxd Ll
Ly, pons 090 5306 A oy iz ) [V Y]
ooldie )3 gl (55 Anly o0 (gun i
Silwosly (5 (o msbal sle aged (sl 0 )i
Gla o (Hed o> L as [Vl uss s
O3S i A S o 0l 1) 0, S,
»)L?u‘ d_:)Ja)‘ ol_> u_i_>).>u u_:l_a.l.o.c ) (_g‘)_:
g Rui asfllas jo 0,0 0, )15 g 0 ol s
)|)J o—’l‘))‘ S y9—n0 ‘55—“"6‘ J—’?{-L’?LA.A Sow 0)15
é)‘é Ls_;‘s‘); 9 J—?bl.?u a4 k;'“-““ o 38l 090
g_i_;. gy U_" BN A_»..:SLL.A AJL_M:T Sgd—> Ls‘)“)
QT 5 4S (JA J3dow L) samge ST (320
6‘)_’ S ) lol_’>u‘ u] d_’)f l_$ol_> u_i_')yu uL..Lo.C
Silters (CMG )L )58l 5 L) (g5lwaned

Dol ccs 3 )8 Jdos 0,00 o) o

1. Invasion
2. Viscous Forces
3. Self-Organized Criticality

5039205 ()0l (s 2 adlllae ol Soa
Og—Y5S p bl sl osliwl Ly (Shae (uldie o
Oy Sleemin Od—d Sy el
Sr52955 32 3B (aBly )L, eV
Jhs 58 o il ool g bty
— bl ol o )5
adgl baly) eolw slaJoe (2,8 Lo ol )3 05
aelol 3 0 S oo 518 (b)) 99— VoS n
Oly e slp piie b g S9— l—
dlio ad>yo 2 )3 0505 o0 e ¥sS  laly,
g ilwand 5l ol sl =l lows ,—

2y—F e plsxil

P9l 3,599,
Solnd G5 51 Ol o as (Slllls (sl
oolaiul Jadiite lazme )3 (o> sl sl
90 gy aS cowlolise ans Jolglan bgs e ul
Wl ol 45 .0os )5 alsnil o 5l i 09,5
oa gl 5L S gy lal JSdseie oo
Sl 5l 55 L8 b gy alol o a5 el
553k Ly ize 50 A 5 V] sg s 0udl (g
plya 285 I s g ali e (g5 Ll 0 o
Sleslaiwl ojem 1o (55 pad (YL ol il
Lol aiiils yp okl msdiges 55 Ggem¥5S 5y (55555
L SOl (s sl 095 soleiiag b9, Sl
O35S 52 38,5 ool " ezl (V55
G5 @ilwdae @l blhad (b, S (ezles
Ly ) dtmge (slng s ;b Coow o2 liel
Wilkin- s [4] el (Loled! JoB T Sar
5 035 (5 lwand ulwly L5 Willemsen 4 son
o Sl (b s g0m Lol Joe (g o8
drwgd Sk Aoy Ll 5l ey Jaslg ) ol Lol Lo
olidlas ol loacad sliw ;o g a3 ool
asls bl glaalllas o ISan g Bak [V - | o
Soinses sl 5 sy (6,5 Tolas 45
spmga>5 I o olsl Sy ol



Y15 azmiio F+) 5T 5 40 Y ojleds o-u_)p!",}
k4

2 Jle gl oyt lde 13 (i Sl
Sl (o g SVl eldl o gl 5 L alal
S Gptd 2B (oo D90ty 453l Sl
ool g (sl Sy bl 5l oliil U Ly
) o p Sl S ke, ples e YL ]
3ylg—e 3l (=5 0,8 Al Jsdseis laore Sl
Sl wlade jleslaiul Sladod (I8 ol o asos
Ol ol Ly (oo 5l g sl aalllas (6
Solel amslr 4 s 6l sadg g (P ol

! oo oolaz_wl

S3lwdae 2,59, 9 o dg,

o 03] 285 Ly s L ) SCan g Andrade
=2 4= (p) Lol (Sud sl ol 5 (L)
aalllae 4o oSy en S s by, clys
col molie glyls a8 colgd Jgas B jo Layy]
King « Jlw glea ,o [N #] s 4l (aws IS
obes @lm Iy sladaly 5,500 aalllas )5 ol San
s Hre S o P b 2509 5l o=
Gl (e Gl Ao A S05ed ()
Sy e it Gl alle ol o s
Ol sleiin N adal) (V) 3509 5 oy o
a—Jg5 yloj g backbone JUS 3 oy sy aal)
Golwand 7ol elwlpy B oyles ol ool iy
DIV acs ailoms < [8Y £ /-« e Asga>

dg
V(@ —)oo)~(rt ) M)

ataii 9o pma ol g o5 Sgpplej t el ;o as
adllas o .l IS8 a5 dy g0 ds g G,y
ot =i 35 gl e Y oS alal) (e S0
Dyl o a8y oy A g Vg0 8 L Ol 5oy

1t o Ly oo (Y
P, |r,L,p)~r—dl(}f’7) & exp(—a(rb—d,) #y ™

t, —ct,
)" )exp(———* =)

L lp—p. [

wloa—s a Sl Joo = j0 398 alal, sl s

Dyv]

exp(=b(

FENTIUER

ool j Gl 0, o5, Koo sl )5 )
oy glosoly o ()5 Jb— 050k
5 Buldyrev g Andrade lawgi aJsl (sl o)y .l
Ao youie olay pad gilwdnd ulwly ol Sen
Judl azr o an wily 0559 poles g i @b &l
a8 g oliine 0,505, VY 5 V8] as Sas
S9p0ke) am3s (Sommtly slm QLS 5 (938
DAL e oo e ilwans b ol gl
=l Loyl a5 g pyley Al a el oo
Sem (e ) Gl dwaie 38,5 5 A s el
Ol =y Lo )8 em g 0oly ISl la gy 4 S
[al a8 sl ol e dwais o aly das i
=lagty; ) an GlBen 5 ol Bolo rizen
o Shies Sl Oe¥sS 5 9,y e 1
3 OilPee (Solus 5 (Soliwl slo dax i > 5
l_). Lzol.> O L;i._..a}u b ke LF"M u,ol_..mc
o ool e bar [YY-V- ] asls yy Laols 595
L o5 n0bey B Slm 0,2 sl |
Sy—9n0le) g9 sdhlde by, 6,5 Ba
el Lo amlie g adgioba jo ()5 Jl—w
sl gle il i L gl (lwansds 5l Jol>
P § 3055 golo bawgs Sjodw ol s o
S e i |y L 3l 45 5,8 ol
YL 9,5 ol asle g3lg—s azJl [YY]
e =lelp slaloges Sglds g ol g )
Gl b sl ol alwl o g (as Jlogad
pend )0 4 S Cnl Ll 3l 55 oyl A
bl a5 550 0559 ooy (s pliile 4k,
i 58 ora¥sS gy 43S 7y lae 4ol
ui’j) w‘ ol 00 oolaiul Sgdore O gy Sl
e o) eoliiwl i g 09 du LM_M |
l_g aS Cul g,«_n.'> ] o)_é:> L)«JL».D.Ad._S Jaj_u.a
Ol 51l S 40 0i wlhe ay o o)y
Ja_gle) 4_;:|)‘ as \.\J‘o..\.s_m) A_ls u_t‘ 4 u_..u:m



| v PRI S KW

69]"‘;“""““"(5“"))"

DOV gV 5 ) alayly (ol yoicie iy yo3 } Jgor

p, R P L t, P
abwlox | poaol | S calis | e Job S0sn0ks | b G @ly 25090k Jlix|
(+188N) EES dude (Qxy y9) (CETIPRY) sp AL @ L&l cwls e L2 sl
(3 (55) b, 50900k 9 @ (Bl m Alol

ale) Il 5 AU ojlasil ey joSmy i 54 P 5
oy daoe jlid cdl ol glads (Joos o Sw
abal; 23 5 gl =l Gt Sl Sl JBdSS

oad ooliiwlaly alal) ly—ear )l
laasle b )5 Gl > =l 65180 22 L)

o oy ol 5l Jw S5 > e (55 ll
S99 )l adaly 3529 (B3 L (5 oy
olz jis o slale laSoly g0l dlaws
Sl pi¥ Oley Same o )5 j0 (P g sudy

JHGA 4.«—~.:L>m =) d._}a)‘) )‘ ‘ts &S B

muln(}) ()

t, =
' 1 127 *5615 *ks (plnjection _PProduction)
Olbyz dmwie gl aline 3o b 4y 3-8 a ol

g9 45 33,5 dubre wli oo o (3l (>
Lo adal, 0 V] crul (Sb e awis 5l 6,500
S3lman g Bl (dly laie Lo (o0l
Lalys 5o ol 59,505 018 9525 (55,31,5 (ol
S (59,15 5 00l 155V ep s S Gy
S e (6l 45 el g Sl o5l gl
s gl g O 5l it Lol T (55,1,8 4 S0
o0t 3135 g (Sl i 00 wim LS (S
IA ep sga el Ol (g9,51,5 Gbizs pml jo ol
] e G (69,515 g el ool 5,8
Sl (6 d S 28 S bS5, 5 Sl s

Kkn/ *)
M _Mwarer = /’tw — kr'wltlo

- Moil Kk% - km/uw
H,

g cr"ﬁ‘)" Kro Krw U‘ ° s

Kyodisol o

=gl ol sl a s Sl el e lols
ol 00l ;138 o aslllas sl o Lasls s

L Jolsws cess (mwiigeo jop (Sos bl ol
Sl wl o> el (NTG) a6 as o caus
Oy ol adllas o (V oo =) ol c b
W08 (o iy Glbgen S LB L S o e
Ay .ol < [PEA 1l (p,) aliw] o> ol jlobe
Pl Gl aS v g ¥V ahal) slo e
V sz g A dmd 5 o 99 JgelS
S adaly, SO (Y akal)) ewVoS Lol alal)
3,08 09 g wdid Sgaze sla pate ] jo aS Cul
03,5 oo G,y ol S Sl 0 e ol 4
alaly ol ps i g O 5,15 gl 3
Slas i 13U 09—es 8,1y i 09— cod oanline
(63515 9 i (=3l atox D) Jlmw 5 S
ol 9e—ed 3,1y sl sl S (VY] ss, 8 Ly,
g o Lol 5l eolaiwl ¥ oalal, as Lo e
Gilwamr i gl ol adal; slo el (55l
slwand Jos jo eolaul g oS3 Lo ysie
oolai__wl ul_»)?- — ‘rM.A-Q 2 uLA) 4_}44‘) )‘
d_,a.:b L)ul_w‘).’ LSQLQ‘—"“"" = 2 4_]4)‘) Cawloals

DV el o,
waia _ Cofp . In(r, /1;,) i

‘ KAP(r /1) N

linear — Cl¢p /Llrsz
‘ KAP(r/7.) ®

L e S )'| JL._,..; g Ol_/a)' t, ‘d_ia.g‘) Q_;.‘ 4
K AP orop slo ol )b ol ool a8 3 Las o



Y15 azmiio F+) 5T 5 40 Y ojleds o-u_)p!",}
k4

FENTIUER

O3S p (ol bl ol ¥ Jgu

[VE] o g0 o abal, culs
d, g ?, 9, N e
fe s OEVVY SNEY/Y vy f ofe Y IAA YD luie
DA an s 5 0 90 (6l alaly olgs
dt g 0, a 0, B v C
SIVEV/ED <NEYN \/§ Y/ Y YIY (p<pc) Y/a YD laie
(p<pc), \I#
[eOEV/YY SVEY Y V/ Y o VY (p>pc) Y/ YD e

Ao, S WY e exYee sl IS e 5 (gomgo Lo Jow ool
e Jde Lo slas yu Aiiad )+ M o5l Ly
a g ot 4 e sl e L (2l
ooliowl amy ad> o (ol (Jos (o a4 5L
el LT Jl5-8le 3 bame 55 (nagoS ||
o3 s o ly 8l e, S TLaS L sy
il 5o sl=l o il doe Gl s 51—
b Lo Jow sl cwoas gjlmwancs Ja s
(@) e gt Lo sl slnJun (i) 35
oy 5 P olr G B 680 (B
V0 sl g)lel 4 melr s sl (@) 5
ol ¥ Ss ad ags aol e ol s Jos
Sl g 4 by e (sl g JS slaJas
Sos il Josai LS o, p=%Y+ o p=Ye -
—adg el Sl giland Al e o
Sotdle ol o a0 F G el et de 3,5
ol 0o)S o8 () 9 ol ol adl>
0+ 10%) (i3 sl 5 @ 0°) Jsko o ol
Las Cgz 59, 0 Al 00 Gy ade g L
el ol s ans )3, b o) ol voidage ratio
00 28 Sy Sl sla e a S (6l
Selins Slogas au ba e aledlbl oI5 .ol

] 00 4_?|)| ¥ Jgo—=> 5

1. Net To Gross (NTG)
2. Petrel
3. Workflows

i 5 Sily Lsdas 6y 335 56 i 1
b D9 s 03ld LS M L g jL8gs ajsSng
i (6t gl 5 00 el Salllae
Ol bl 9509 e atail, 4 ST 0
(0) Sos sl Ly o Jos gl ¥ alal, L5
3509 eeS aaly 5 0)ls (slie B 0l
—edse = Vahl) cwsis oo 2 bl
Dl sls owlie ceBs Y (p) (So—s sl Lo
eSS Sl ooly Al S olpr iy 4Ll 13

il )y Ojg—ods 35090k
t, =xt" " 4+ (1—x e V)
72 G (559 e S X i catal) ol o
o Ol X i 380 e ol S
3l eslaiwl Lo (e Lz p ,oolie) el o (ol

B0 S el mbdig

i g e g

S bl Joo dnd

Sl ¥ (gl 0,9, (3lmonky Jgl ad>ye o
il L e Sosbul 3ol Jors Lsos
3hslosls Sl ol jo 1A aied a s 3l )5
Sl a S o ags bl 5 Solul sl o
ol ol 3L Y Jou > o La Jow sl as g e
Vi e J5 sl a5l s el
el g S slagisu g o a8 S L o
A S8 v 5l gl g J S o gl L



B o sen o ool alf i 1L

(St ab a0 gl slaJow jo oals oolatul polie ¥ Jgue

(59)4‘;%‘5“»))4

_ ledg’ Do |l e 515 i o wiins - 5000 | K|
(1-9¢)
Slde parass R L R AL ¢y
e (apass x99 ) NTG |y
Sl Joe iy o5 m’ VT sl 4 ) VxY e oxY e e oS | f
o».\)Lcél) éla.mi‘ uj»)u s 9 u—‘ ‘SM..) ‘51“5‘)3 (514} )‘09&4 kr )L)}‘o.: I
S 9y 5o 4 B0 B, F e 25 L (V0 V00) (i3 ol aldl> S 5 (00 ,01) Joke )0 sy ol S e |
\ﬁ‘ﬁ\“....,‘.hb
oS A dlsl il B P
Vi = 28 slaas
%0+
Facies
'Reseruolr L)
Non-Reservoir '
10 = 258 sl
%%V
Facies
Reservoir A
MNon-Reservoir f FU i‘

Ssbiwl slo o 5l golass jo J5lss 5 olgly Cansg ¥ S5

1. Voidage Ratio




Y15 azmiio F+) 5T 5 40 Y ojleds o-u_)p!",}
k4

sl sle Joe jo Sl ouds solaul polie § Jgus

dole Sz abal, >y slade e

Slade jacass psi fooo P, \
e arass F VY- T, !
Sade anass % S,=100,S =0.S =0 adglglsl | Y
Lasater (1958) all, scf/stb A R, ¥
McCain (1990) alal, ppm Yeoooo ol e N
bbl/stb VY B, 7

Slade arass psi Y- P,
cp VIEY —- /A K, A
Slade Larass psi P 4

sl 00 asl)

L Jos gilwancs jo sosl o ,olie O Jgdess
e G e 58S 8 Sn

oo s | 5:Sibo S30sp0le; [ Jwegpt| T
ol (63l (JWw)
v ¥I¥A M=-/d | -/f
Y YN\ M=\
AS LR M=Y
V-0 <IYP¥ M= 0
114 ANF M=1-

210505 oley mKles yo Sl ¥ IS
D2l Gl M=V L M=+/0 sL_acdl>
dmlite sl Les Lo jlagas (ol )3 059, 0 03l (Aled
o—be Gl 1o lo 0 31 i Bu ol aBly jo ol
ol 00 oolaiwl (6 5lwdd dcgozmo S 0509,
Gy O Jle 1) =555 03l sl ookl & 90
Dyl 095 339 nyle) F—Bo ol pae Sl
LaM 5l plas” ;0 (sl Jlog—ed (g aw oF IS8 0
PS5
oS g g g il 05 S ol

) )‘ Jj‘ )‘\39—0—’ el 0ais o)

- O

Cly Cas Hlog03 9 (CDF) 055 pylo; Jlooi
Beos o lis |y, blie Sa-Sas jlogos

sl Jow 4 dS (69, go0—< gjlwand ol o
ygn glacails Ly 5 ol o | o] Sl
S gl 0 S Gl glwesly Sl e,
e =lsl g s L et Sl o
Jb Slpogas 5 (omd (Sl3l5 sLojloges ot
9 oy ol 5 LG Ayl bl 5 e e
Gilmaend Sl S 0 d e iy 5l B8
e L e 0SS 0 i ya a0 "Case” Uy
L e o olo > Lkl Eclipse-E100 53l 5
A5 oo J—> Black oil &,q—0ds ;5 Sde 5 3ls
Ao ol So 65, ilbwand 0Lk Sl
el il Jalie 5 ot a1 612
Sl Jamo (59, g)lwannd g 9oz go g
Bg—Bion 9 5352 )5 oh (Gox
250900k dmwlxe 9 Sueliyd Jao 12!

Oy Sl Jae 38 Slosd e (6l
O=88 ae Lad (o 0559 e e Sile
Sate S gl Jon Yoo alfaw ok, i
Gl (ase i (¢/P=p) Latie Sai il
=l Jame Yo ol 5050k Sl g 00
Ghmi jlame Olg—ieds 55, VIO DS wcul 59, 80 ¢
s gl s el L Jow sloss cylas

Jeaz jo SasJbil o> a0 (69,108 cois



B o sen 5 ool atf i 1L

- 0.5
2 20
-~ ABT™* = 0.37%yr
> Ao av

= 0 AOS-snat -T S-t a—  | BT, =3.83yr
2 20 — — —5 day range

0 20 40 60 80

N
_— 2n
° 20

E\; ABTI™ = 0.11%yr
- 0 J\"‘"‘" _____ BT, =0.901yr
2 20 — — —5 day range

0 20 40 60 80

N
— Sp
° 20
?; ABT]™ = 0.038%yr
0 - e

B-s rww _____ BT, = 0.264yr
4 20 — — —5day range

0 20 40 60 80 100

N

Py 10
g 20 £
. ABTI™ = 0.016%yr
I o - | BT, =0.133yr
g 20 — — —5day range

20 40 60 80
N

100

ngf‘;wu‘sw)f

a1z 04 096 o
simulation

02 oz

aS Sboj sl ¥ oS p atal) 5 gilwand mols Ly p=2/F SosJlil a0 b Jas ;0 0509,m0b) amnglin B S



Y15 azmiio F+) 5T 5 40 Y ojleds o-u_)p!",}
k4

ol 00l Cwsdy yguw¥sS  a ol cwlia
PP S XY A PRSIV CO P3| WSR C I
Silmdeed gl Lo pgea¥oS 5 alal) anlie
WEBS B (2 3550 58 650 Egdge sO902
DY (6l 055 pole) 4o Dl 990
o by pe pl St jolaie (alan 390 M ca iz
ey O S8 o M sgliie jyolie sl 0555 20k
Sl Gl Gl gl plaS e o cul ou s
Vel ol Sy LS o ME ) cls ol Sotna
A oo Hloid i Gl el sa il vy M=

sbodae = S509—pby plS g )
5 (= 15 ) eV bl 4y Ko
Wi 59,515 Al L i b slass IS L
b als 25090k ke

5 PSS M bl L (il g je jlog—s ¥
A oo plis A cul ool il

NETIpUER

Sl 5l ol 35000 e Jlog—ed cplaS o )
adal, 5l oo ol Cwods i LIS 0 o0 s
u_:‘ oy O ] 00 o—) Y 4.]4)‘) u}.«_wy?S)J
adaly a o adaly 5l oslwasmyen gl Lo loges
G918 Cams ] sl O alaly gla e 51 SO
Gk o=l 4o goue (gilwand o ou oolaul
] 099 ).._J}o quﬁfﬁ 4.._.@‘) uL...wL?bo 30
sl yiie ilwan 9o Hotaie 4 Lowul &8s 5o
u_a‘ B ] 0O Ja_gls) o)|5M Co—ns Y 4\_144‘)
S0 69,505 Jlade pols 8 L Ll iy
99— sl ¥ oabal, Lo o 5l oolax—wl 9 0 alal,
0d—o] Gy yguw¥sS o Jloges ¥ alal) o5lwan
Jooz 100,505, 50 =l sl o i lio .l
5 ead ool s sleloges .l ouls a7

d_>Ua)PJ5».\_>)ol_]a>)_’oLO.o‘rw))J5\cJLw

M iz polie gl (g3lwamd @l b anslio 1o Ho¥sS p 0505, 5l (dwiion sl # Jou

Quantile-Quantile sls log0  cim yin sla> X ,laae Joe 7,8 P
</AYYS M= /& 4
<IAMY M=\
< 1AOAA M=Y
120N M= 0
<100 M=\

p=0.6

M=
Cm=05

BT(yr)

BT(yr)

Ll & gl M=) el L alie o M Gl jolie ol (g5lwands 5l Jmols 05055 0k amish dmslie & JS=i



IBE e ool 4l s 1L

“S—"'\’)" u—i"-“ LELQI’V"—‘“'“*‘ )L'J) ‘L—.’ 9 °‘>‘° )‘)—3 )—4-'l-'

O O9a—¥9S p Ghgy CYLo Al )0 05

5 nds (ot el 5l o lie
o oLl A U,y (Sais Jasl el ol
o oot (Yo 5l 6 sl jplae 4 as
Sl lged oy L 058 o0 (5,009 5 DS 5 5SS
S e S (98— 35090k ()
S92y crmmlio 8 Ly o (5l (Sl e9,1,5
IA §p= I8 &)y 5 009 Lian L5 5l Lal ol
33090k sl as Ll 5l ocwl aglate p=«
L Lol )0 S (oo o p pgw olo5 L 02S0ls
Al ey dbogypo (gld 0005 i ol 5l oola
sheasl cwod 350920k Jgl e 5 ol 4
Vb abgyet jlafe ;o i L g5lmaned
35 ey M bl g 0 0P po Sl po 5 0t
Ol S9—ad (5 =S A (g o0 S5t (bl
330950k Gaoelde alaly o cwlie das it
Sty (Sod Jodl a s a (Sily egdle
wimly po M godsi 5 ()55 Jlm 99 69515
ol (Sl ] ed S g ala) el
3l adizee (59,515 (slo Cumd )0 00 Jol> zli
Ao ge ot VY st U g ool ikl & IS
ty =f (t.p~ M) *)
oSl (e 1= Oly—ier G0 4L, ]
o olie Lo (mladoe sl 3509—0b)
Sg—os oolaiwl asllas ol o 0al 3155 olie

o am (Sl sl (55,515 cos il L

ol 00l SL03 Ko
Josa (b lw 9,15 el Lo Y
Sl O9—¥9S 5 (s, Sl esliiwla Sl ay a g
s Ol ee S nlie () (See Joe
Sl M= Ve a S Sy ¢ omimyion oz 45 35as
oy DYl a i o ol (RP~+/F) YL Ll

ol @0 ilie i O3S s
S obisl ez s L slaoe lm 395 mmls
b e <y S5 oS il 1,5Vl
amrl ol s S5 5 = JA Jlacie Ly oy San
Al wl o> 5l 8 a4 by e slaaul ol s
e s Jo8 2B i p YL olie sl
330380k oSl wi (59,51,5 Ll L )
Db oo ialS

5 5S e M 38 Ly i gy oy o ¥
a5l YL p Gl g9—b50 ) ol oul S0l
6318 o Gl L ol Faga s sl
sl 00 S0 Ses Jue 4o (Sh L
b Joe (Sl LSl 59,515 el L
Dg—dige ;IS5

2V B 955520005 (g sl olis
ooz STM= V) VL 6 m S 28 Coms o> o
Sl Ly lgs o 4S (R2~+ /) oyis so 00y ©
e |y gl dae L3, (fingering) ool il

Vs (52340525 Sapmd 33 Sliesdi b 35091000 oSl 5o Sy £ JS



Y15 azmiio F+) 5T 5 40 Y ojleds o-u_)p!",}
k4

bz 99 wo—se slowols (o 3l a0 S Jos
a3)S A s oy g () slselr ple—ea
Gl d by o Oledbl jlw ol Jlad g
Al olwl g olzge o Lid cdl o le (3
Vidgaz o ola 90 G adolb g oad (gilwand
Ll s Gzl b s il 0l a0
Shaie L g ot a e 3559 0 ley Ol 153l
Sy9 ooy 0a 0ls pead atal) o0l oy
s )S alie (A g ¥ b)) Gen¥sS Al
ojle 53 g Sl Jlw Vo 090> (5500 50 9559 poles
ol OgeYsS ) (i Jo—8 S
SrSee Y sl

FENTIUER

By 035 S9 50 (6390 addllae

=0 (oLl jglaiedy g asllas ol aslol jo
S 0559 pole) (ot 50 Old—dn 0 Sy,
2 0 3l gamgs sla by g olsl ly
AAE Ja gy s S A el slaces
ore el lmools oy bl o wlio oo
3 (0=l palp Laols (o Jloail 4S5 55ba)
e Lglaw 5 sy pmom a b a s S - 1

=151 (5 3Be e bl oo 5l S sl
e am S e =l L sl S5 (ke
=gl Ll an ite Jae 10 5 00l Cgme

O Gilwand 4 bgy o SldLIY Jguo

(p pA Ks rs pc I p L br
% psi md m - m - m day
\4 Y& Voo Y < [FYY FYOY AN VVOYO YY-0
vy NTG = »/4 )
‘ l'l ‘\' szL’ "'.'.".""L‘ ‘:S'L“ C"_.{'-‘S J—_
s LR i due gt mon
.
kL] A ll ! ‘\
) ] 1
j .- N
= ! i \
Jet : a2 \\
L g . 1
] : b
wfaY : ! ‘\
' f, ! ‘\
Losf 1 o o
. 0 A+ \o Y+ Yo ¥ To i

(L) 250 7 Ohas

Vo h Laly, eluln 59 n0kes misd oges b (sadly (35 55 3539 0k analie V¥ S50

975 L ¥l Uy (gl sm s (yie
alal) oo sl ol o oilwands (@ Lz
lr 28 GeYsS p anly 1 950090k 4l
S92y =y Sl 5 Loy Sl (59,515 (05—
0 asdlas ol 0 Al Jaws Glemeas a S clils
S | i L g lwancds 5l golass L8

S 4l
Sl OV p 9,S0s, 5 adllas 0l 0
O3 A (o5 S 0509,0b) (it
Aol poni Ly ols jabay 0 b ool ul o
Os—YS p a0l = 9509 0k eSS Slm (S
ol live 1 g5l am 0 0,50, 5l ool ! L
Saa Ll adaly sloslawl b os o aadin
oolaz_wl Lajls g, 531,5 co s 31y 28,8 | s oo



B e g ool af s 1L

B0 s VY (e Ly (Slo adasl ) S 8 4y 518 g0
S gl (Sl (Kimly ol 8,5 -8 o L
5 =8ly OB S gilwand Ly g 5890 (59,15
&9 &b (= ol e 05 nple) mals A lis
Ol a8 8 8 (bl sy 35 n0ke;
Ly adaly =5 B a a0, 09, il 45 om0

Sl °~59—0-; o u_aﬁ‘g u)l_‘zn 6‘)—’

69]"‘;“""““"(5“"))"

5 o35 plonl Sl S g ity e 4
Al jo a0 S aubre Lyl jo 05 g p0b;
&3l 5l oaol oty ol S in sLa logas
e adil) 5 00,5 aslie e VoS alall, L
Sl 25090k —moin Gl ead esls
b ey Vo 510 (59,518 Comd Ly (Sl
alaly o cuwlio dad in Lo ol s m ol

S9=1S Camd A aly 9359 pyle o wliie

&l
[1]. Sahimi M (1994) Applications of Percolation Theory, CRC Press.
[2]. King P, Masihi M (2018) Percolation theory in reservoir engineering, Published by World Scientific, 300,
978-1-78634-523-3.
[3]. Flory P J (1941) Molecular size distribution in three dimensinal polymerrs, Journal of the American Chemi-
cal Society, 63, 11: 3083-3090.
[4]. Broadbent S R, Hammersley J M (1957) Percolation processess, Mathematical Proceedings of the Cam-
bridge Philosophical Society, 629-641.
[5]. Selyakov V I, Kadet V V (1996) Percolation models for transport in porous media with applications to res-
ervoir engineering, Springer.
[6] King P R, Buldyrev S V, Dokholyan N V, Havlin S, Lopez E, Paul G, Stanley H E (2002) Using percolation
theory to predict oil field performance, Physica, A314: 103-108.
[7]. Chandler R, Koplik J, Lerman K, Willemsen J F (1982) Capillary displacement and percolation in porous
media, Journal of Fluid Mechanics, 119: 249-267.
[8]. Lenormand R, Bories S (1980) Description dyun mécanisme de connexion de liaison destiné a hétudedu
drainageavec piégeage en milieu poreux, Comptes Rendus Hebdomadaires Des Séances De <LyAcadémie Des
Sciences, 279-291.
[9]. Wilkinson D, Willemsen J F (1983). Invasion percolation: a new form of percolation theory, Journal of Phys-
ics A: Mathematical and General, 16: 3365-3376.
[10]. Chayes J T, Chayes L, Newman C M (1985) The stochastic geometry of invasion percolation, Communica-
tions in Mathematical Physics, 101: 383-407.
[11]. Bak P, Tang C, Wiesenfeld K (1987) Self-Organized Criticality: an explanation of 1/f noise, Physical Re-
view Letters, 59, 4: 381-384.
[12]. Dickman R, Munoz M A, Vespignani A, Zapperi S (2000), Paths to self-organized Criticality, Brazilian
Journal of Physics, 30, 1: 27-39.
[13]. Dhar D (2017) Self-tuning to the critical point: invasion percolation, Journal of Physics A: Mathematical
and Theoretical.
[14]. Masihi M, R Shams, PR King (2022) Pore level characterization of Micro-CT images using percolation
theory, Journal of Petroleum Science and Engineering, 110113.
[15]. Rui G, Xin W, Mingguang C, Bo C, Chunming H (2017) The fractures optimization method with the thresh-
old pressure of multistage fracturing in tight oil reservoir, In SPE Reservoir Characterisation and Simulation
Conference and Exhibition. OnePetro.
[16]. Andrade J S, Buldyrev S V, Dokholyan N V, Havlin S, King P R, Lee Y, Paul G, Stanley H E (2000) Flow
between two sites on a percolation cluster, Physical Review, E 62, 6: 1-31.
[17]. King P R, Buldyrev S V, Dokholyan N V, Havlin S, Lopez E, Paul G, Stanley H E (2002) Percolation The-
ory, London Petrophysical Society.
[18] Ganjeh-Ghazvini M, Masihi M, Ghaedi M (2014) Random walk-percolation based modeling of two phase
flow in porous media: breakthrough time and net to gross ratio estimation, Physica A, 406: 214-221.
[19]. Shokrollahzadeh S, Masihi M, M Ghazanfari H, King P (2019) Effect of characteristic time on scaling of
breakthrough time distribution for two-phase displacement in percolation porous media, Transport in Porous
Media, 130, 3: 889-902.
[20]. Sadeghnejad S, Masihi M, Pishvaei M, Shojaei A, King P R (2014) Estimating connected volume of hy-



Y18 azmiis AF) T 5 0 YO o)leid o-u_)p!",} g3y llio
<

drocarbon during early reservoir life by percolation theory, Energy Sources, Part A: Recovery, Utilization, and
Environmental Effects, 36, 3: 301-308.

[21]. Sadeghnejad S, Masihi M (2016) Point to point continuum percolation in two dimensions, Journal of Statis-
tical Mechanics, Theory and Experiment, 10: 103210.

[22]. Sadeghnejad S, Masihi M (2017) Analysis of a more realistic well representation during secondary recovery
in 3-D continuum models, Computational Geosciences, 21, 5-6: 1035-1048.

[23]. Sadeghnejad S, Masihi M (2011) Water flooding performance evaluation using percolation theory, Iranian
Journal of Petroleum Science and Technology, 2: 19-23.

[24]. Dokholyan N 'V, Lee Y, Buldyrev S V, Havlin S, King P R, Stanley H E (1999) Scaling of the distribution of
shortest paths in percolation, Journal of Statistical Physics, 93, 3: 603-613.



Petroleum Research

Petroleum Research, 2022(October-November), Vol. 32, No. 125, 1-3
DOI:10.22078/PR.2022.4570.3060

Effect of Viscosity Ratio of Injection
Fluid and Reservoir Fluid on Prediction
of Breakthrough Time Using Percolation

Concepts

Sara Shokrollahzadeh Behbahani, Mohsen Masihi* and Mohammad Hossein Ghazanfari
Department of Chemical and Petroleum Engineering, Sharif University of Technology, Tehran, Iran
masihi@sharif.edu
DOI1:10.22078/PR.2022.4570.3060

Received: July/31/2021

Introduction

In this paper, we use percolation theory approach as
an appropriate model of connectivity and dynamics
in complex geometries [1,2]. This approach provides
some simple power laws from which likely outcomes
can be predicted by simple algebraic transformations
[3].To briefly describe this approach, let starts with
a very simple porous medium. The medium is
assumed to be a lattice with a fraction p of randomly
occupied (or permeable) sites and the fraction 1-p
of non permeable sites. Clusters are formed when
neighbouring sites are occupied. At one particular p
(called percolation threshold, p ) for the first time one
large cluster can connect the two sides of the medium
(so called spanning or percolating cluster).

From field-scale application of percolation theory,
it is possible to estimate the breakthrough time of
injected fluid, a suitable well spacing, the fraction
of sands connected between two wells and the post
breakthrough behavior e.g., rate of oil production
decline [4].

The regular percolation models can be formed on the
lattice of sites (e.g., square, triangle, honeycomb) or
network of bonds. The bond network model consists of
pores and throats. The more applicable network model
used in petroleum engineering made of sandbodies
with different shape, diameter and lengths that are
connected together in a form of a network of pores and
throats. In such continuum models, the occupancy p is
defined as the area fraction covered by the good sands

Accepted: February/23/2022

(discounting the overlapping).

The aim of this study is to determine the breakthrough
time of an injected fluid into the production well at
field scale by using percolation scaling relations.
However, the simple assumptions such as passive
tracer injection in the primary percolation scaling
relations questionable, hence, in this study we present
a method to extend the applicability of the predictions
of the percolation method to the cases with different
mobility ratios.

Theoretical Backgrounds

The application of dynamic percolation to model flow
in a porous medium started in 1980s. Some details
for percolating systems can be found in references
[3,5]. However, some assumptions used in percolation
theory limits the application of it for realistic field
models. For example, the scaling ansatz of percolation
properties such as breakthrough time was originally
developed by using random Walk and Monte Carlo
simulation on regular lattices. However, more realistic
porous media can be made of overlapping sands, and
the physics of two phase displacement is needed. In
this study, we used the breakthrough scaling equation
(Equation 1) [4]. The occupancy p in percolation
terminology is equivalent to the net to gross (NtG) in
petroleum engineering. As said before, the threshold
value (p,) depends on types of percolation network
used in the model.
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where, P(z, .|z L, p) stands for breakthrough time
distribution ¢, for a 2D system of size L with
occupancy p and well spacingrand a, b, ¢, d, g, ¢, v
are coefficients and exponents with numerical values
in Table 1.

In a simple 2D model, the reservoir is made of
randomly distributed sands (as square objects) with
possibility of overlapping to each other. The numerical

Table 1 Assumptions used to build static models.

values for the variables and constants in Equation 1
obtained from simulations of 2D and 3D problems can
be found in References [6.7]. The application of the
scaling equation (Equation 1) for the breakthrough
time in the real field where injected fluid (e.g., water)
has different properties than displaced fluid (e.g.,
oil) or needs some modifications [3]. As emphasized
by References [7.8], the time variables in Equation
1 should then be normalized with an appropriate
reference time based on flow geometry in the system.
Also, another correction is needed to consider the
effect of mobility ratio M.

Variable Value Unit
1 0] Reservoir: ¢=0.25, Non reservoir: ¢=0 fraction
1 K Reservoir: k=104 ¢3/1-¢), Non reservoir: K=0 Darcy
3 NtG 1 -
4 Grid Number=10° cells, (Size= 200 x100 x1) No., (m?)
5 Kr Linear curves (or x-shape curves) with no residual saturations
6 Scenario Prgduction well in cell (50,50), Injection well in cell (150,150), rate of 50 bbl/day for voidage
ratio=1
Model Buildup reasonable simulation results, we first need to set an

To build the reservoir model, it is first necessary
to have a static reservoir model with percolation
structure. A summary of assumptions used for building
static models is given in Table 1.

We performed a sufficient number of realizations
for later statistical analysis of the breakthrough time
and its dependency on the mobility ratio. For the
reservoir base model, the average breakthrough times
were determined in the range of 2 to 5 years. To get

appropriate simulation time s$teps to get reports for
later analysis which based on a sensitivity $tudy it is
set to 5 days.

For simulation purposes, a production well in the cell
(50, 50) and an injection well in the cell (150, 150)
were defined as a base scenario. The rate of 50 barrels
per day was considered to maintain the voidage ratio
of 1. The other reservoir rock and fluid data used to
perform the flow simulations is presented in Table 2.

Table 2 Reservoir rock and fluid data considered for the flow simulations.

Variable Value Unit Equation
P, 4000 psi -
T, 170 f -
S ua=0s
S Sgas:(), % -
S,;=100
R, 210 sct/stb Lasater (1958)
salinity 200000 ppm McCain (1990)
B, 1.13 bbl/stb -
P, 1120 psi -
n 0.8—-1.43 cP -
P, 0 psi -

As we need to run flow simulations on large number
of realizations, this step was performed by coding in
the software environment using the workflows section
which defines a case for each scenario. Then, the
pressure solver software for Black oil model solves

the flow equations in the software environment. After
simulation of each scenario, the software execution
screen closes and the process of creating a new
realization and running the simulation on it starts and
this will be repeated. The numerical simulation will



be continued until the water cut in production well
reaches the pre-determined value. Then, the results
is read from the simulation output file and recorded
consecutively in a .txt file.

Comparison of the histograms of breakthrough time
in the simulation models with occupancy close to
the threshold p= 60% at various mobility ratios M is
shown in Figure 1.

Also, this figure shows a longer time needed for

p=0.6

p=0.6
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the breakthrough of injected fluid in the models
with a lower mobility ratio M. As emphasized by
Shokrollahzadeh et al in 2019, to apply Equation 2
in real two phase flow problems with different fluid
viscosities, a correction for the effect of mobility
ratio of two phases are needed. Based on the results
of simulations performed, Figure 2 shows the
dependency of breakthrough on occupancy probability
and mobility ratio.

BT(yr)

BT(yr)
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PDF
2 N & o @
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Fig. 1 Comparison of breakthrough time in the simulation models close to the threshold p= 0.6 for M=1, 2, 10.
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Fig. 2 Illustration of dependency of breakthrough time on
mobility ratio at two occupancy probabilities p= 0.6 and 0.8.

Conclusions

In this study, percolation theory approach has been
used to predict the breakthrough time of injected fluid
in oil reservoirs. In particular, the scaling relation for
the breakthrough time distribution based on the per-
colation concepts was used to incorporate the effects
of viscosity ratio of injected fluid and displaced fluid.
In this study, more than 300 flow simulations was per-
formed, and the breakthrough times are obtained. A
clear power law dependency of breakthrough time on
Mobility ratio has been found.

2nd Edition, Taylor & Francis, London.
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