;&22 1YaA }g; 9 O‘\))} AEYA G)Lo.f:)

(b @l Ob o (AR LT (g y
Pl S 08 P90 3P Ok 00 89S
PI T lww

" shian ) 30 9 7 (5 S o 0 IS g3 ALKy
Olnl ey s ol ¢ 8 (slooaSails oy (s cwdiges gipins] =)

Olpleoles By e 3 5l clls ool caSlimgsy =Y

AVIAIYE <o pdy 2o AYNVYY il o b

EXVOCS

5 easbelray i 0y (SR 5 ped JLil ((SosSar g 00l plasl e le SIS win )3 po8 355 aslllas ol o
alasz Gemle )0 ped agur S > 50 Sl 00 5 sy Ol ulde jo Slaeline 3k ) e e
de gl iy SV S o ey ol Ele A5 5l 35y Sernlisd Al gz (55l 0 39 e L]
S s o ol L b iy 5L s 5 el S s et it ol sk ol S 4
S oty 45 515 35y (6Nl 5 Sl a ol g el iy ped fl ] ol oyl iy el s0 U]
Ose—dgal piilSe g (ad JoolS algar i ) (it a9l )0 Cl S gy eI A Cod YL
Gt 3 o o ST s s ol S5 5 A e S S e i (s JlS 3 gn
L)l Joo (Sle sl jo DS asal ag poge glanal SIS jo ot gLl aals Ly aigd go adgs SIS
oty 5 St il sl ol (L 8 il (s JylS iy b el g gl S
Seelind age 5o SV Gl 2 el s edl ol g el el il 69 il ol el las el ol s 8
Heid el e oS ol (e G Gl WS (e s patidie (e LS (0510 pd s Sl (628 (55,55 4 5) )
Sy el gt e ] 31 ol il 3Lyl ol it sl o ile 3 38 5 (sl 3558 e Ly bl

el sl 3l a5 Sy Ly ol sy 55 35 s,lyT 3 ol LS Sl Sy e e e g

G «g—mdgol p 3l (59 31,5 31 (b abolite Loy (B 19,8 pa—b G—1 ¥ 1 5A—alS Ol oIS
UM KPR FICE| [P 4 S0 2 POV

‘ , SLolSe Jsjsts
brostami@ut.ac.ir Sy xSl o]
(DOTI: 10.22078/pr.2018.3406.2561) : Jluoms awless



WWAA s 3 01845 Vo8 oles 0;,0!_9;2

o i Lolde YL slacae o ogdleas [V 5 7]
Sl 00 o0l il i 0 3s0 Lwladie 4 G
ol Baca [A] s)ls snigis 535, o L3, pgd a5
aile —Keal slagirn ;5 oo alsl olalllas
=l Ll ol 03,5 B Glolls 5l
O 39 o] 009 S s yile o 4y SIS
A4S asog ol 8l o JolaLaz 5l LIS a2 g
bl e ot s e b p blite ol > (o) 2
Jome S o SVl gl 2 il s
e 98 o el DL L ebis o Seals

5 ped ciS 5l S en g Sl [a] asls

Los bayly & jo 1) 505 0 ST (0 p5 8 50,55 (o0
DVl ass s oy poyie S o (e JLtd s
Sl falS g e 5l 2T Sen g T ola
S 5o o yile gyl St 5 S 00900
20 S eolaiwl ol (=lol i L cngs cts SCa
S a8 sl o o Jgi 4T 0 5s,S sanl e Lyl
pod S Il s el Giand oIS sLmojie
Ao BS g0 Jhw colan 4y pld ezl oy

P 2o)bm St 5l (emyp am LS 5 Ls
254> (gdm Sl Joag Sos )3 55 A Cos
pod CotsS (gl (Gl e ¢ ai s,y s
oolaie o il Kan g o5 VY] asols slpsios
s 53 |y pod b gty il 8Lk oo
aS 08,5 samlie Lyl .ass S —yr Lo alin
wol an i as cul oy (Jw Lol pst
oyl g Sl 09 (ol (ol Lo a4l
5o D] el oas a s aole jls alwga
sl SIS aSd S o psd ) e
Aol s g oo, asllas |y ;00 S 5l ouis
Ol Smglie (35 (3 5 pod S BTl

IVE] el assly ol

1. Lamellae
2. Ostorleh and Jante
3. Shear Thining Behaviour

dodlo

Jdoas e als p olossl slaanTys 5l o b jo
O—Ses &S (@lo e )3 ()P Sl S >
i o, 5 1,8 elad ) e i Ly
5 o Sla SSeal adex 5l gl sl )25
J=B i o)l (S S5 b Sisd
lepile Gk jleasblra il oy
sboplyz g (SuSn (HeSge Sp i aLox
B g aSge oSy Ol Jeld 4 e blits
ooy Lsbly I el crsll Jmb —a e
4 3, Gy yad (il 1) 65,05 5 (ol bl
% edigdlralr 5 saiSlraly WYL o S >
Sy—dge Sl Dyl (5,30 S o Ly o LS
oaslelaay o 5l ol i jgma> dow Y]
3 ib ablite Gl sz cogl GASs ¢5lse )
Wi oy slep sl 5l (S plg—e 69,15
Ol a1y (35 o 5l css e 8l 5L wsles oo
aeeo L)l ame Jl8

Lo Jb— plo—iet po8 35 (bl ol
ki el ool A wilg oo YUl (55,515
oS el 5 slacls ols pg b 0 S8
00—l MY a5 a ke S50 slaeld alwsa
Jlaist ol ol [¥] wloas las pea 5l wis—i 0
s Locls | oS n alwgar Ol o b 4 bl
P95 S35 Ol HRdls sl w318 g2y LY
9315 Gl Eely )T i 5 Y oS
2y 99 aile g il [F] 0y b o5 g alls
0,8 98 (S e )3 pod (sl Dglite
S slatedsS v 9 Yo ladudS o)
2l 55,315 (05 slaieiS o, o [0l
g Yoano g ol Jiis alo oyl pg 8
R e R L I e
CisS GEal8 L 5 ams oo i Tonis 358,

Sbsr imlBl ol (69,515 Al ) 5o pod



B P YL =¥ P B

s_:)9_> suul_w| u_:‘ = el 00 o0l uLm..: \ JLM)
Lol adgs e ¥ D j5my 5 3y 5 Jme )

ewd. A <)%

S
e YIfYcm s
t SRR\
):,ms,m [\\\
g é f”' ; \\?5\
Orx OO N\
rees X000CO0EEEg [N\ .
3 e R [ ,/. Y )%
| | B & 7 7/
X8 ()
l V/
eve
Sg

h. Ve
gl 55 00 b Jans S 55501 S8

o=l b il i Giolejl Jg b o ¥ e
A as S L S VY ol e S a0y i e 5 S
i) oS el P s oy LS sl ol o
S )3 psd ST (KidenS o5l s
ool iy bl o 5L ) i oSy IS 4y oy i
s o o /Amm ol s a8 g /YO mm LaolS o5 lad
o Uy ot s, 5 ot 45§
S haST 50 yped oS 3l solil Ly YU Ltd
oy i SIS 5l oy sl 00 SIS
e b sl g e 4y oLs (gl S
A dBrael =20 g o9d

Pl Ol

Gl 0aal ¥ S jo B iolej] Ol Jlogo
e o et s oSt oSy JaLs 45
3 G5 Sl e Sen 5 5 i 5 T 3
s 5 35 5 el Ly el oo
ad) e jlad el gl e 0 e g

1. Sudan Red

2. Methylene Blue

3. Alpha Olefin Sulfonate C
4. Stepan Company

5. In Situ Foam Generation
6. Foam Generator

14-16

el pgd 3 5 adas 0 oad sloul wlalllas o
OB ) pod LS > 090 dey 53 S92 g0 DLl
et Ol (905 Brmie any by e oSS
3 el ooy gl oS Ay ay iy Sl Lasy
Snigd Joas Sao o 49 o3 )5 5l aalllas (o
S =2U ablie (L 2 9529 335 (o) 2 yoaie 4y
ookl Lovody sy e ovaline 8l g pgd (59,-,5
u,ul_u‘).: w_)lA)T A g0 L_M:‘) U_" 5o ] 00
CS o (b pg b CiS g (B )F 0y
S ) e D50ty @ blite o, 1,5 L >

ol 00 oaaliie oIS i

S5 BP9,

s L hie O g (80 Jlmss 5l gy =] 5o
3 5l g Joaeg e (g3l gLl o tate 4y /.49/99
po=2 3=5 sstae 4 TAAD ol Lo (35,
Jaeg e gl talesl Loy 50 5 aiiwe Sy 0
WDl (6,10, e 1Al 5 )50 (6o Sl 5l Al o)lgan
J=B 5) 00l snyx 1018 0938l L 50 S,
et e )8 A (0 g (s Sl yo >
90 50 g ad odly ;o Sl as ey ooy okl
2P b L ai ool jee yaily ild slals> o
50 odis Jo dale Blge lils Jong S (49,0 4
Gr=S sz oS )0 g 5l g aBls Jotoxe
Slale )3 =2t Plosl Glie G395 5 092
S8 as Cawi oY o, SelyT 3g a5 leas g 04l
Do oS o slom! 655,00k ped S oS g0
gl LT Seul e Jlad sols 3l ey iman
ful.*.o.—.u#‘ J)_m Ja._my 03— A_J.Jy ‘“ubjﬂﬁ_&o
a oolaiwl pg8 caiSady lgica

Jog Sow o lw 5 (2150

o Lol oo s b Jo ey Sie 56X



WAA 1 g 318 ,5 ed olod 0.:,&_"/,"2

2lKiole;] Sligzs Jloges ¥ JSi

W S Jng o5l Pl alwgts Joog S
5 JomegSn 09 el SIS 9-bioe SiS g 00
29,5 Jol> bl Laialejl bl 5 (399 ol 2
Loialejl (1,0

918 Jad el SRS L slse o et
Lo ol (55531, ol ddolan oLl
5 PSS Ay 5 0ll g9, 1F alesls L
Jalse 51 S [NV g V8] o ls (S 5oy o
Jb—w le—es pgd 5l oola ] cuiSogume
et ol ke e 3 caSals
P92 Sl Ei oy Sl ol Sk g
sloubie o ol _tlejl wlalllas 5l ()l 5o
(JFdoio laoe 10 pg8 g 009 ped a L
5 ey yotane a VAl il oa i osal i
po-d 915 5l (b eblite gl o i jpa>
o=l ple as ploul slil laoee g0y Lo o los]
Otmlel s 90 (Jalse ol 53U (o St
P90 diwd ;O ey 1 Jol aiws jo 0 )b
wiwd Sl o (o Ol 1 pod SleS
gl Lyl 5o (e 3l oy ) Laialosl sl
ol 00305 plomil OT L Joeg Koo 4yl

e L S g L BT )
s3bolen ams S osliiul Jamag S 5l (510 g
o Jlail ol oo ools (Las ¥ Sl o oS
A pgd JSid oo 3l 8 ((o2lyjan) b
5 P Jled ools a5 Cl ol a ey (glasS

25 B ol o ogee
Slad Jlosl g ¥Lw glil sloyl jgtato a5 009
o= QD_NJ‘SA oolai_wl Y 9 \ Sy9= )‘ )_EJOJ}A &L\_w‘
plzsl (53955 @9 Gmsb 5l SVl G5 o
JoSid oo la0l pg8 (5 )5 S 00,5 0
Lo G 9 0900 gLl (el JUsd o3ls 5l g2
By so ol plgebl pod LS5 5156 a5
el GBIt o b #55 L Yl G5 of 5l o
S eyl Jlw a5 Sloy Ls Lo iulesl 00, 5 o
Al oo acelol col Halh a3 sy Jaeg S
rsbad Jlizms Gyes Slesliul by 35 b 5o
T Gy 5 o 5 0 b5 Jo ag e

Simlesl o oLk jo 09s o Jdow pglas g




B P YL =¥ P B

el ool § S g ¥ Gla i 0 pgb 4 g
5 00— oyl (>l (S 05 sl i
Loy oad 0l 2y ol Gl sla sy
9 G55 =20 bl g0 5l ien il 0y 8
53 el e Flo SE Lk (e 1 psd S
RUHN Iy N W PWESTS WA JP- -9 |

Cmsll jotate ay pg 8 5y 5l G ml )0
5o plasl @b 5l s9,515 5 (—8U ablite oL >
=gl A jo aS sad solaiwl i lejl Ao
po—d SmpheS ;31 pgd Alwd j0 g pod 5B (0
Lol a5 518 G 0 )5 Loz ol =
Lagilel bk o 00 S8 Ll b4 aay
el o g 2l bl b o o —oles
Lyl o ecilil clapsilse wiloarss ol sl
sbaobyy Jobd Jo—one jobar 2yl e
oL 5,55 oy 5l eolit ol Ly .l o bl
lo,lzd Sl 0, 5 (5,3 pleSie s39—e
G3g—ee Srr ;0 Lol 5 Laple) aea o
5 )l S92y (B (9,5 ol ple el o
0 JS s 3 58 5 (e Loy S
Gia—u Ly aY g0 a S e ais o>
Wlaid 51,8 e LS )0 Sgldte (5SS
3 b 115 e 3 - teS Eaaglie oy
S ed o Iyl 5 oS Al

=0 O309) oy 1 Gy iyl A ws ol o
Lo tolo;l pgo aiws ;o 0 ol 5l aige 8,5
Lo tolol pgo i ws ooy wiomen 055 o oolii ]
adsl bl bl 8 )0 (pod S 551 (s )

a '(VE) o9 Jolxi (5,05 5l Lo >l (o
5 =l ablane L > Sl o, S Sl g late
ol B ol ‘rALQJ 9 A eola ‘59).__\‘;
30 & 59 U I cil sal ploul 28
Slakin V Jgos 10 .08, 5 5, Sel> La ules]
,o Laioley] aled ol oo s 53 Lo jiules]
Lfbu..uLoj Hlid g o0 r:L?r.'sl Y0 °C) oo slwo
ol ol S oo jlid ol jo 4S5 ol Y MPa
Wl eSS byl 0,8 S0 etaie 4
00,5 o ooliwl o, a> wlde 3 JUT 5l ol
Sgd oo oolawl om g slael 51 3BT ol o
g dde W ygd slael oA e las
Lo iole;] mols L wleas olsesl Sidge sos

il e bl sa ol

So—inn Olire g Yl bl ks ajes

et Pl s il ) Jeae

L"‘“Le"(,;sl““ ol Sl | b conieS fgé/fr’n | s S | (MPa) i3 | gLl sl Lol uil‘l:‘ ;’l: 1
VAL Y JIAS /10 psd Y o )
FYIY Y <IAF o psd Y o Y Ve
YOI Y <IAF Y- psb Y o Y
oYY ¥ <IAF 40 o5 Y oS ¥
YA ¥ IA I psd Y oS 5 | Yy
VA ¥ V- 40 psd Y ol 5

1. Vertical Equilibrium
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1. Mainstream
2. Trapped Gas
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INTRODUCTION

During most EOR processes, injectant flows
through some paths which may not be in
contact with oil; as a result, reservoir oil may be
bypassed. This could happen in microscopic or
macroscopic dimensions that include not only
rock heterogeneities but also fluid difference
in terms of viscosity and density. The bypassed
oil can be recovered by mechanisms molecular
diffusion and crossflows (viscous, capillary or
gravity) [1]. Since large portions of bypassed
oil are located in the fractured reservoirs,
reinforcing viscous cross flow as a driving force
for production can enhance the recovery factor
of these reservoirs. Therefore, foam injection
can enhance oil recovery as one of the effective
methods in the fractured reservoirs.

Foam cross flow in heterogeneous radial model

by transmissibility control for the first time was

Accepted: November/2176/2018

investigated by Bertin et al [2]. Sweep efficiency
of foam and gas flow in an oil-free fractured
micromodel was compared by Ma et al. Their
results indicated that foam with higher quality
was able to block the high permeable media
and divert the flow to low permeable media
[3]. Oil recovery by using foam flooding in a
heterogeneous porous microfluidic system with
permeability contrast has been studied by Conn
et al [4]. In addition, it has been shown that foam
can cause local pressure gradients that results in
diverting foam flow from high permeable region
into the low permeable one.

The goal of recent studies in the area of foam
flow in porous media, was diversion of foam flow
from high permeability layer to low permeability
layer. In this study, viscous cross flow has been
investigated during foam injection in a 2D

microfluidic device. Two sets of experiments



Petroleum Research, 2019(June-July), Vol. 29, No. 105

with varying parameters of injection rate and
foam quality has been designed and viscous
cross flow has been observed in a fractured

system directly.

EXPERIMENTAL PROCEDURE

The fluids used in this study were n-decane as
the model oil with purity of 99.95%, distilled
water, and nitrogen gas with purity of 99.95%.
Oil and distilled water were dyed red and blue
using sudan red and methylene blue respectively,
to provide direct observations of distinguishable
phases in the foam displacement. Alpha olefin
sulfonate was selected as foaming agent.

The effect of foam quality and injection rate on
apparent foam viscosity has been investigated
in recent studies [5,6]. In order to consider
the effect of oleic phase on viscous cross flow,
experiments were performed in two different
saturation media. Hence, in the first set, the
effect of injection rate on fluid flow has been
studied in a water-saturated micromodel. Then,
the optimum value of injection rate was used in
the second set of experiments with different foam
quality. Moreover, the second set of experiments
were conducted in an oil-saturated micromodel.
In both sets of experiments, first, the saturation
fluid was injected by positive displacement pump
at specified pressure. Then, the injection of pre-
generated foam was started at a constant rate in
the fracture. The experiments were monitored

by a digital camrecorder.

RESULTS AND DISCUSSION

By flowing a viscous fluid like foam through a
permeable region like fracture, which lies beside
a low permeability matrix, pressure drop across

the fracture causes the foam to invade the matrix

region and moves through the yellow arrows
which are shown in Fig. 1.

Viscous cross flow and emulsion are two
main mechanisms for mobilization of trapped
oil. During foam injection in water-saturated
micromodel, viscous cross flow was also
observed. According to Fig. 1, there are two
regions due to the saturation of foam inside the
matrix. In first Region, the dynamic behaviour
of the foam triggers a flow toward the fracture
and the foam’s forehead is arc-like, and mobility
of fluids at this region is high. Furthermore, the
saturation of foam is low and participation of
surfactant saturation is higher than gas phase
in dynamic region. Behind this region, there is a
static zone, in which foam saturation is high, and
foam is generated within the porous medium. In
addition, fluids mobility in this region is lower
than dynamic region. Some portion of bypassed
oil was recovered by emulsion. Consequently, the
oil droplets (oil in water emulsion) flow through
the arc-like aqueous phase path and accumulated
near the downstream (dash-line number 2 in Fig.

1). Most of these oil droplets were transported

to the fracture and produced.

CONCLUSIONS

In this study, bypassed oil and water were
recovered by foam injection into the fracture.
According to visual data, viscous cross flow
was observed in both saturated media. Hence,
oleic phase has no effect on viscous cross flow
behavior of foam and this mechanism is the
main driving force in both sets of experiments.
In addition, pressure drop in the mainstream is
the driving force during foam displacement. This
pressure drop is constant and strengths the fluids

flow up to a certain level in foam front.
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Figure 1: Characterization of two regions that was observed in oil displacement by foam flooding in a fractured
porous media.

Therefore, each pressure drop in the mainstream J. and Biswal S. L., “Visualization of improved
is proportional to an individual recovery factor. sweep with foam in heterogeneous porous
As injection rate increases, recovery factor media using microfluidics,” Soft Matter, Vol. 8,

decreases in the water saturated micromodel No. 41, pp. 10669-10675, 2012.

due to the shear thinning behavior of foam 1131 conn C. A., Ma K., Hirasaki G. J. and Biswal
which leads to a decrease in apparent foam S. L., “Visualizing oil displacement with foam in a

viscosity in low quality regime, and consequently microfluidic device with permeability contrast,”
Lab on a Chip, Vol. 14, No. 20, pp. 3968-3977,

2014.

lower pressure drop. Whereas, as foam quality
increases, apparent viscosity increases, which
this occurrence results in higher pressure drop in
[16]. Llave F., Chung F. H., Louvier R. and Hudgins
the mainstream and higher recovery.
D., “Foams as mobility control agents for oil
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