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ABSTRACT: Strategies for extracting residual oil in the reservoir are called enhanced oil recovery.
One of the usual methods of enhanced oil recovery is the water alternating gas injection. The study
of this injection method in a two-dimensional porous medium has been less considered. In this study, Revised: Oct. 23, 2022

two porous media were made using a 3D printer. One is simple, and the other has a horizontal fracture. ~ Accepted: Oct. 24, 2022
Nitrogen gas and water have been used in three different scenarios, in the form of a single injection of ~ Available Online: Nov. 28, 2022
gas, water, and the water alternating gas injection, to increase the oil recovery. Then, the recovery of each
injection scenario was calculated by processing the captured images. This study showed that the water  Keywords:
alternating gas injection in the simple medium swept about 55% of the medium, which was more than 6

times the injection of gas and more than 2.5 times the injection of water. water alternating gas injection .

. . . L. Enhanced oil recovery
also swept about 38% of the fracture medium, which was 2.5 times more than the other two injection
scenarios. The reason for the difference in recovery between the two media in water alternating gas
injection is the negative impact of fracture. Also, the difference between water alternating gas injections
and single injections can be found in the pressure drop diagram. The water alternating gas injection

Porous medium
Fracture

Water alternating gas injection

pressure drop consisted of separate injections of gas and water.

1- Introduction

Fractured reservoirs are mostly carbonates that are located
on land, and some offshore reservoirs, such as Siri Island,
are sandstone reservoirs. The oil reservoir is inherently
pressurized at the time of discovery, and as a result of this
pressure, oil is easily extracted from it. This stage of oil
extraction is called primary oil recovery. As the reservoir
pressure decreases, the oil production rate decreases too, and
fluids are injected into the reservoirs to maintain the pressure.
Because these fluids are injected in the second phase of oil
production, these methods are called secondary oil recovery.
Conventional methods for recovering the oil in the second
stage include methods such as immiscible gas or water
injection. Even after the second stage, a large amount of oil
remains in the reservoir. To extract this remaining oil, some
novel methods are used, that is called Enhanced Oil Recovery
(EOR), Such as Water Alternating Gas (WAG) injection [1, 2]
and chemical injection [3-5].

2- Methodology

For this study, two porous mediums were printed with the
3D printer. One is Simple (S), and the other is similar to S in
every aspect but it has a horizontal Fracture (F) in the middle.
(Fig. 1)

Silicone oil was used as a displaced phase with a viscosity
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of 407 cP, also brine water (solution of distilled water with 2
gr of NaCl salt) and nitrogen gas with a purity of 99% (gas
phase) are used as the flooding agent phase. For the WAG
injection, a ratio of 1:1 (between water and gas) has been
used.

This investigation includes studying two porous media in
three different gas, water, and WAG injection scenarios.
For this purpose, the porous mediums are first secured
between two plates of Plexiglas, which contain pneumatic
connections for the inlet and outlet. The oil is then injected
into mediums from the outlet with a low flow rate until all the
air is completely removed and filled with oil. In gas or water
injection, the syringe pump injects the fluid into the medium
at the rate of 4.3 £+ 0.04 ml/hr, and it continues to inject until
it reaches six times the Pore Volume (PV). It is necessary for
WAG injection to inject equal volumes of water and gas into
the medium at specific times. To achieve this goal, outlets
of pumps are connected to solenoid valves, controlled by
a timer, and set to alter the injection of each phase in 18 s.
During the test, the inlet and outlet pressures are recorded
at 0.5 Hz frequency by pressure sensors. The oil extraction
process and the patterns created are also captured during
the test. The recovered oil is drained into a container. After
the experiment, the photos are processed using the image
processing code.
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a) Simple porous medium

b) Fractured porous medium

Fig. 1.The porous medium of this study

3- Results and Discussion

Lenormand et al. [6] investigated the displacement of
the wetting phase by the non-wetting phase (both phases
are immiscible) in a horizontal porous medium without
considering the effect of gravity. Their results showed that the
displacement of two immiscible fluids in the porous medium
is classified into three regimes: capillary finger, viscous
finger, and stable displacement. The present study regime is
located in the area of the viscous finger.

3- 1- Simple porous medium (S) results

The recovery vs. PV injected diagram was obtained by
conducting the three scenarios in the S porous medium (Fig.
2). As can be seen in this diagram, the oil recovery rate in the
gas injection scenario is about 8%, and in water, injection is
about 20%. However, the recovery rate in the WAG injection
is much higher at about 55%. In all three scenarios, the
recovery increases linearly with the steep slope, and after
the Breakthrough (BT), the slope of the graph decreases
dramatically.

In gas injection, due to the low viscosity of the displacing
phase, the mobility ratio is low, and this causes the rapid
formation of the first finger of gas inside the oil phase.
Because the medium has no fracture, the created finger must
pass through the throat. Gas creates new and small fingers
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Fig. 3. Recovery vs PV injected in the F medium

along its path, but with the BT of the first finger, an exit path
is provided for the gas that reduces its pressure; thus, it does
not create a new pass to the outlet, and the recovery rate
remains almost constant.

In water injection, the formation of the first finger occurs
later due to the water’s greater mobility. In this way, water
first enters the medium with a more stable front, and after
sweeping some throat, it forms the first finger. As a result, the
BT of water is delayed, resulting in more recovery. After the
first finger of water reaches the outlet, the continued injection
does not affect recovery and remains constant.

In WAG injection, it was observed that the recovery rate had
increased significantly compared to the gas or water injection.
It should be noted that WAG injection always begins with
water invasion. The injection frequency creates successive
queues of water and gas at the medium. Due to capillary
pressure in the porous medium, the gas phase in the inlet is
compressed. This compression goes so far as to overcome
the capillary pressure of the environment, and the gas phase
pushes water into the medium. The alternating injection of
water and gas increases the pressure gradient, which causes
local jumps in the recovery rate.
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3- 2- Fractured porous medium (F) results

Like the S medium, three injection scenarios were also tested
in the F medium, and the recovery vs. PV diagram was
obtained (Fig. 3). This diagram shows that the recovery in
gas and water injection has increased to about 14%. Also,
the recovery in WAG injection is about 38%. Like the S
medium, the recovery increases linearly and has a steep slope
in all three scenarios until the BT, and the slope of the graph
decreases after the BT. In WAG injection, due to the fracture,
the recovery to BT is less than the recovery of this scenario
in the S medium.

In the first scenario, gas was injected into the F medium. Due
to the presence of fracture, which is a path with a very high
permeability compared to other areas of the porous medium,
the gas does not tend to enter areas with less permeability
and flows in the fracture as soon as it enters the medium.
Although the recovery has increased compared to the S
medium, this increase is related to the width of the fracture,
and even after the injection of six times of PV, it can be seen
that the gas has only swept the fracture and has not penetrated
low permeability areas. This experiment shows that in a
porous medium with fractures, gas injection is not a suitable
strategy for EOR.

In the second scenario, water was injected into the F medium,
and its recovery result was similar to the gas injection and
water has only been able to sweep the fracture. Due to the
higher mobility of water, a few limited and small invasions
happened, but it did not have much effect on the overall
amount of recovery.

Although the recovery in WAG injection is more than gas
or water injection, it has less recovery than the injection
in S medium due to the fracture. Because, as mentioned
before, the displacing phases enter the fracture alternately.
As the injection continues, the pressure created by the gas
condensation overcomes the capillary pressure of the throats,
and eventually, they enter the porous medium around the
fracture, which causes a jump in the recovery. During the test,
like the water injection, some invasions (perpendicular to the
fracture direction) are observed, but due to the pressure of
the gas behind the water, these invasions expand and cause a
noticeable increase in recovery.

4- Conclusions
As observed in this study, the recovery rate in WAG injection
in both porous mediums was much higher than the injection

of each fluid alone, which was explained by the pressure
gradient diagram. In this way, the WAG injection pressure
gradient diagram had a dual behavior and created local
jumps in the recovery by creating local peaks in the pressure
gradient. The study of fracture also showed that it hurts
recovery significantly. In gas or water injection, the displacing
phase chooses the high permeability path (fracture), and they
were unable to penetrate the low permeability areas. In WAG
injection, the displacing phase is less willing to penetrate into
the low permeability area compared to the S medium, which
significantly reduces the recovery.
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Table 2. Geometric properties of the porous media
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Table 3. Uncertainty assessment of the equioments
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Fig. 2. Steps of image processing
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Table 4. Specifications of the WAG injection

B EuP ez Ol Gy e ¥
PV) PV) (ml/hr)
. / .Y . / .Y \‘/\" UBL«-A-D
'2 T T
| | Stable
|  ea———
]
.3 Viscous )
fingering i
< s
on -4 ]
S I
— S s EEE===g
-5 Nz A
s L Capillary
s 4 A fingering
_6 ra v ra
-3 -2 -1 0 1
Log M
[V9 ]9 518 0l 5L ¥ U

Fig. 4. Lenormand phase diagram [21]

=W -y
adllas 3550 0l 2> w23 g5 ) Y

oS s 5B sbal VM o o VY] oK g el
by 6 0 (M (ol pe 5B 9> o &S) 0uiiS s pe 56 lawgs
ooy O8LS oxs Bl 85 Sl 0 e ) asee g (81 S
e > Sais bglsee Jlw 93 plsals 45 o olis )] Pl RIS
(s 4od Tyl 5 5 oSy RSN (Shnge w25y dw & Jedce
QY S8 55 a5 268 (556 plSLo |y ) aw cnl Glaled S
S o) iy 4 pl L pl (88l g (s35ee (sl yere (Cawl ol
sl H(M) 598w g Com )8 9 (€ ) (Sige dn o

1 Capillary fingering
2 Viscous fingering

3 Stable displacement
4  Capillary nubmer

5 Mobility ratio

G990 & e slale; )3 35 g Ol 5l (gglune (slaps oS cusl p3Y
Vgdoo Jog (Brlapd 4V 9 ) b jolate cpts igd 32)55 o i
J S 5 G5 cles S clasd ot e IS5 e o5
2955 582909 b plale] e )3l o 4B S L 3 IAS ajls
e (Y 13) g oo i )L (glajguies Loy < [0 HZ uilS 81,
Sy gt o Bl slagSl g (e g, cuslsp Wgy 3l iulejl Jobo 4
P9 ge 455 Byl 3 ¥ Las I 555 S oad cully g, D90
390 cpguad o30S 3l ookl b oad 43,3 cla wSe ¢ ialos] 5 yu
s il latalel oles Cunl 1S5 & p5Y 0,5 0 )18 g
55 BB b5 5 395 ol el 5 i 55 1 s 5
YO slod p b yialojl cpiomen sl onds 3155 )] (395 lgis 4

ol 0 plool yauned] Hlid g 51)S ol 4y

Yo



YOVA B YFAQ din VF ) Jlo ) o)l @F 0,93 « S yuel SilSo psigen 4 s

> @lSen il g a8l oy =) Y Y

239290 ity SISl s 4 gy cpl 53 515 5,90 Alle 5
10 3905 (wyp |y ool cows o o], Ko 1l jlal 4 potion &Yolee
b @Sed (gloe S Cuabga g 2l | alle o izl ool ol 5l
oaSlonly Jbow T3S Jio Glsie @) bz wre oyl 5 (S
ol e dsloxs |y iliske (clodSed (gl (Bblio w2 oy
Joo > JouaalS 380 p 35 )3 oSt ) s o Ml (3> L5 sl
aS g o odalie O S5 )0 g Ad 3y Ay &8, e wdlw St
MR ny e YO dgas ojlil b Slasbre aiely jl Jolbs ols
o glys sl ¥ev Dl b Slowlowe aioly s o 4004l (65000
ol 0l 48,5 Jlas

odbor eyt p> Ol 3oy 5 (o038 (6 jlodnnd =Y =V =Y
Cobge g 3l Wlue Jo il )2 9 Kb adllas | an
g o3lw Jdsie yiuw 0 Ol )5 o3de (gilwdnd 4 @Ss glao,S
seb pled b sl Bl wo lp £l de caiby e dulbre
0 b (95 b 3l jlodnd (nl 25850 edalie £ S5 53 oS

D ByF red (278 (lale]]

(;uf}].)).g u)).>u Cw_L.: =S -y -y
St 93 53 55 5 ST oglie 9 O G 5255 Jbo duw b (g ol 5

B il ity i duglie &) Blie was plp £ liee 4 00 S5

ool Jdscte yig =) =¥ =Y
Sy g Jages sl JSdste gt )d ol S gyl daw plsl b
930 A gas 55 3,55 )3 (g Cudld (liee 39500 oanlie lages
op) oglize Bay5 > il lime ol sl o p3 Vo dgus Ul 30y 4
Ay 50 Cudld e (Gl Loy DO 29> 5 009y Sl pe &y <50
am g b Gl obj cad b g (dad ©pgo 4 550 b gyl
glite 32)55 > Cudlbyp (e S o0 Ly (BN 3905 cad 950

e ol 03 g )l (S0 il 51 i Hlows 95y 5l L8 L

DS oo )8 cou 350 aabd] 3 il 1l

3 Breakthrough
4 Pore Volume (PV)
5 Recovery(Rec)

Yo.v

SRS 20 g (Sage o1 398 o0y .0 Jogs>
Table 5. Logarithm of the Capillary and Mobility

number
Log(M) Log(Ca) el
-Y/sY ~0IYO ol
“FI¥A VYO 55
M = & (Y)
2
Cyq =tV (v)
oCosd

S A jgSang Ly g oXigd oavls b an Sy Hy () dolas
DS O i bl 5B cepw Vo (F) dblee 3 ol oaiS basls
sl 36 93y olos gly 0 9 506 93 (a5

odnlie b o8 (clbdt jsSuny Comsd 13 &S jsSuny (UiSS 025) 5
5 Suge (£958 9 Sl 9S> 08395 Lrasly Jhos 4 j5Sny (59505 o
S piY i (0,8 4al Bs LB oS bals Jluw o jLié cal
2 (B8 J92) kS 25 5 (Knge dia dhel 3ib adllae (yl cul
I3 )13 jgSuny (uiSSl w25) 4l

@i (gjlwdnd -V Y
BuF @ Silednd & by ol 228 @l SIS
w31y ialeil ol )20 4 b gl g o3l S5t gt 53 o
e ot 5 40 Cas wolw JodStie pius awdin Jde ad 0
pyd il oalatwl by (650 bl b g oS Y¥aleo S5 Jawsl ey Yolas
T pas Bojlssd (6500 by & pgo s S o U gl IS
S e 9399 (23 b ceslite) ol s (63959 S50 byd

ol (o Hlid Ol pss) e (29)5 S5ye byd g (Conl 00l pdals

1 COMSOL Multiphysics 5.6
2 No Slip



YOVA b V¥R s VF ) Jlo ) 0)loud OF 093 « S ol CSilSlo i 4y pui

0.3

0.25

0.2

0.15

BT (PV Injected)

0.1

0.05

T I T I I !
50 100 150 200 250 300 350

Number of Elements(x1000)

o

S 31 Jo I gy 50 0SS5

Fig. 5. Mesh independence study

40

35

——@&—— Experimantal
———— Numerical

30

25

20

Recovery (%)

15

10

3
PV Injected

b&ﬁ&)ﬁyiJ\él&ofgqe-Mxo:uMM)bW‘:ﬁdl}be.\cdjww.ﬁJS,.;?

Fig. 6. Numerical simulation of Recovery vs PV injected in the S medium

YoeA



YOVA B YFAQ din VF ) Jlo ) o)l @F 0,93 « S yuel SilSo psigen 4 s

60
i WAG
B Water
50 |- Nitrogen
40
S
5 sof
> [
o
S |
S B
=7 |
20 |-
10 |

0 1

3

PV Injected

b-bjﬁé-},)}sﬁ%ﬁ&wﬁbbudﬁdﬁd@ﬁaﬁ)awbﬁo'h@.vJﬁ

Fig. 7. Recovery vs PV injected in the S medium

4 Ol Gl G5 4 Camd by i & 10 ol
Eox Ol b coglize 3,5 a8 Canl S5 p3¥ Ll aisly il 31 ol yo
5 3929 2 5 9 &l Jste slacho dbrl el (505 sl 2580
)3 3929 (Ninge lid oo laze ) aSil e 4y 9 0 (295
S 39)0 i (2l U (53588 nl 95 00 03,85 (9399 yeune B 16
CSp bz (0 4 ) O G 5 5 uS e bome (Sige Jlib
opl 45 03y y3 i cdl il el 515 g Ol 59,9 gl ams o
Jo |y by olie ool ol &l dslal o jlis el jlaged) ol
(Ve JS8) S (o (e (sl

B Cpimen dede LSS e 4 39)9 5 (gjlwodpid K9y ()l
S (W) JSs) wles sl (po)e ©yge 4 e (bS] Ml
N R e B
Do b8 elizme 30y5 b dwolie > cullyp Lol 38l el

4 Ol 2 3955 L sl oad (asetio VY S )3 &S ysboilen
el o 25l o b 5 a4y A 93 o 0Dy (g, s

lp dgS "Bl o opl 4 a5 348 e 5 iS5l b oy

1 Snap-off

vo.q

G 028 brale 5B 6935 (39 o8 e 4 5 By
JSis el (WA JS) illas pol cl g ol 05 s Loy jgSinng
545 sbolen 950 s ol 16 09 o LIS o) g
ool Gl ] S5 281 g Cpl 55 e o sdalide (0 A SS)
e Jobo 33 55 ardl .l oo S 2ol5 o il e 4 jeme ol
) RS 550 b Lol A8 o slog) S 5 e slo i)
T Slp s ol g oad @l s Sl ()55 56 asll g5 sl el
(g A USE) slo o ol cudly y yl5ee o yd il o3

awlio 1 0uiS bals 5B cojl dg yio cle 4 Ol G5 2
Gl &5 Ojgo cpdy WBlioo B 5> (STl gl JeSits B L
9 05 yin Dlg 03 S (glagen Ooygo 4 Ll > Ol (1A JSLs)
ol 0ig) Gl e 6IBLE ST (o) Sl s)lude (25 0l ]
b 4 O 55 e a4y (0% US5) 3988 oo et 2SS
Fom a8 JS8) b (g 2 ) ot culby aoms) & w8l .
a3l ey, 6yl By asldl (g 4 ol L2iSSl oyl e,
(33 JSe5) Slopse uls cadls Lo o sl ymans 5 ] ygue b

09 WS Gl 093 s 9 V1) e 4 5B 5 T glie 35 L



YOVA U5 Y¥AQ dxbo Y- JL» N b)Lo.a.fZ' oY 0)9 ¢).~.¢S).~.a| A_iu&.o (eWARR 4;).-“)

<

c S

&l

YIOPV (31N PV (z +/+ PV (0 +/+0 PV (Gl .cilises glaidlio poes )3 5 2,55 palaad j diges i A JSU

Fig. 8. Samples of gas injection at different PV. a) 0.05 PV b) 0.10 PV ¢) 0.12 PV d) 2.5 PV
&l o

c S
YIOPV (3+/YY PV (z «NF PV (0 +/+¥ PV (W .gliie (il poes 13 O 30,3 wobad 3l diged winy 4 JSWS

Fig. 9. Samples of water injection in different PV. a) 0.07 PV b) 0.14 PV ¢) 0.22 PV d) 2.5 PV

Yoy«



Recovery (%)

60

50

40

30

20

YOVA B YFAQ din VF ) Jlo ) o)l @F 0,93 « S yuel SilSo psigen 4 s

WAG

3
PV Injected

3 9 2l oglite (32,5 ST 5 Sl (oxo i Ve S

Fig. 10. Local jump in the recovery by the WAG injection

3 o S > N IS

Fig. 11. Cross movment of the gas

Yoy



YOVA U5 Y¥AQ dxbo Y- JL» N b)Lo.a.fZ' oY 0)9 ¢).~.¢S).~.a| A_iu&.o (eWARR 4;).-“)

Sl Cowl sagay NY JSS

Fig. 12. Snapp-off phenomena

GoF Sy b Jdse p 4 oS als B ol g 4 56

Copnd 3L sl 2ll5 L (6 ypmme oS S92y e ) s (pl )3 00
b seS @l b (g 4 9959 4 (hled 5 el jin (Sl plo
(VT JK5) oo Ol S5 0953 e 41399 pammads 9 30
Caol 48l o381 cubly e ool Jdocio yius b duslie )0 dis
> (2 W JS) Ballae g 03 S5 g2y e 2 b Gl (ol Lol
o)) S5 s I oS 298 0 odmlitie BBl o> plp 7 (3035 5l A
ol Lioles] ol does ol atilis Gl 4 (6des gun 9 cul 03,8
19 & S VL ol b S5 8 e (gl p3 md o0
o iy Cublyyy Sy (orlio (53l B 52y 2.0 3929 S
ol cuilsp liee a5 43,3 51,8 adllae dy90 3o O B2y5 caldl

ks B sl ond S5 e plod 4 55 Ol Lodgy 55 52y 5 o Wil
SYL cde & Ol Gy5 50wl S Co)le ) S5 e ol atuslys
Sbul Sos8 g 29 (pd)e S iz B 4 Cud djgSng 92
5 GO JSs) conl sl gluis b ey IS olime o bl ons

3935 b NS (o )l (2915 4 dame (125 5 008 Gl e e )

Do oo oald C,SP 95> Cow ¢ AN 5 L}g.l P (3900 4 c,:] ki

Syl Jodsee g =Y -V =Y
Jae dw b 50 Syl Jodseie i ool Jordsiie s alie
305 538 Gup o) Sl (i o 39500 03 o905
2 by Glie cpired (Casl 0l Aoy VF dgds 10 g il S oy
s 5 odlo Jodsie yiwy Ales .l 2oy YA Dgds glite 5,55
Sy 4 9 S B gl 4w po )3 Cudlyy (liee 3 S 5 L Jodsese
O Iged b 95Ky 5l dar g Bl oo (il bj s b g s
B ey ol « Sy dgng cde ay Goliio 30)5 50 bl S o i
ALY o)l.\;lw.m:‘k_wls )M)‘)y)l.\.ww‘ CAM‘.))J)‘)AA{S)JL&})J
oop 4ebl 3 aoglite 535 50 by (g it g 5 5 Of by

39‘*’5"

oIy



YOVA B YFAQ din VF ) Jlo ) o)l @F 0,93 « S yuel SilSo psigen 4 s

60
i F-WAG
50 - F - Water
i F - Nitrogen
40 |
S
5 a0k
> |
=]
S |
D |
&~ i
20 |-
10|
L 1 1 1 1 1 L
00 1 2 4 5 6

3
PV Injected

D (3139 Blio s s 1 S5 b JSdSKie g )3 Cudld i 5o Y S
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Fig. 17. Local jump in the recovery by the WAG injection
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Fig. 18. Maximum recovery of all tests in S and F media with 4.3 ml/hr constant flow rate injection.
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