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ABSTRACT

A series of experiments using transparent micromodels with an artificial pore network etched on glass plates was
performed to investigate the effects of flow rate on the migration and distribution of resident wetting porewater (deionized
water) and injecting non-wetting fluid (n-hexane). Multicolored images transformed from real RGB images were used to
distinguish #-hexane from porewater and pore structure. Hexane flooding followed by immiscible displacement with
porewater, migration through capillary fingering, preferential flow and bypassing were observed during injection
experiments. The areal displacement efficiency increases as the injection of n-hexane continues until the equilibrium
reaches. Experimental results showed that the areal displacement efficiency at equilibrium increases as the flow rate
increases. Close observation reveals that preferential flowpaths through larger pore bodies and throats and clusters of
entrapped porewater were frequently created at lower flow rate. At higher flow rate, randomly oriented forward and lateral
flowpaths of n-hexane displaces more porewater at an efficiency close to stable displacement. It may resulted from that the
pore pressure of n-hexane, at higher flow rate, increases fast enough to overcome capillary pressure acting on smaller pore
throats as well larger ones. Experimental results in this study may provide fundamental information on migration and
distribution of immiscible fluids in subsurface porous media.
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Fig. 1. Log M - Log Ca phase diagram showing three invading
pattern of immiscible fluids in porous media and the area of the
hexane-water displacement experiments performed in this study
(adapted from Lenormand, 1988).
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Fig. 2. Physical network micromodel and its pore structure.

Table 1. Fluid properties of n-hexane and water at ambient pressure

Temperature Density of hexane Viscosity of hexane Density of water

Viscosity of water Interfacial tension Viscous ratio

(°0) (kg/m’) (cP) (kg/m’) (cP) (mN/m) (Log M)
15 663.70 0.327 999.10 1.138 51.43 -0.435
20 659.50 0.313 998.21 1.002 51.11 -0.454
25 654.80 0.297 997.05 0.890 50.80 -0.477
30 650.70 0.289 995.65 0.797 50.38 -0.488
35 645.20 0.279 994.04 0.719 49.96 -0.504
40 641.30 0.267 992.22 0.653 49.44 -0.522
45 631.90 0.257 990.22 0.596 48.92 -0.539
50 629.78 0.248 988.05 0.547 48.52 -0.555
55 624.86 0.231 985.70 0.504 48.13 -0.586
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Fig. 3. Schematic diagram of the displacement experimental set-up.

mm TR F= 5 Ho=Z A7 & F 9s
s EEJ_A °E ﬂoﬂ ARG AATE
T viEo] o]FA 4 A=E A=A
HZ AR vpolgzwd Foa] B A=
Ao 3= TEE BAR Al d=9 3S
(physical network model}S AFESIT). vlo|a =2 g
Foll 249 F59 FAE 20 ume|H, FY4F-9} 2=
= A7 T Byl= 23 L, 3SEY Fee 7
Z} 0.579F 2.47 x 1078 em*2 23T},

2.3. A8 ZX|

mlolagwdle] 2kl I 72 =2 FLks T8
A3 AFAE vlolaz w9 FodTet fEToll 22
50 mL $3F] 48 FAL7|(Top Syringe Manufacturing
Company Pvt. Ltd. )y} 28 FY& AlAA FZ(NE-
300, New Era Pump Systems, Inc.)¢} 10mL 832
HlZ8 FAF7|(Becton Dickinson & Co.’} F-3He HjZE
€ A]¥A] FEZ(NE-1010, New Era Pump Systems,
Inc.ys 1/16" 279 HEE FHE Adsi F+49
(Fig. 3). Plo]z2Rrd2 vlo]mZ 2R 49 ZT|(Micronit
Microfluidics BVl F&sle] HIEE FH9} Ads),

W3k ofmZdR 9o FHOo=E wiX| - AT ok
Uyt ol FgAe) LED S X 3=
Z YA dojuks fA1 35S 2Y N ERE 3
T T UAEE wiFEITE FUE FAP] R 2
A7](New Era Pump Systems, Inc.)’} F-2F 3|& 4
E(New Era Pump Systems, Inc.) & o] FAP] W
A FAY 255 A4 252 24 - FASH

plo]lZ2 W d Yol XY Ak R 3557 AT 2
XS el BAs] 918 olv]A] #F Al2Fle vy
F=2 HtQ & A=(100-MZ6, Opto)s FZ38t sl

J. Soil Groundwater Environ. Vol. 23(1), p. 1~13, 2018

Chip hold
Heatmgpad RS
Injection pump I Micromodel

(hexane)

Er)7 7higHDA-Ri1-U3, Nikon)2} © A= ATE
oI (NIS-Elements D, Nikon) & o]u]#] 2] =z 74
Q1 ImageJ(US National Institutes of Health)’} AX]%
AFEE A" @ng 7lee @il g=a] 1
T4 Ui Y BES Sfste] mlolaE R Aol A
SR0H, olvlA) B2 2rEdols olgsiol Gare] 2
71, 23 ZHY FEPS), =F AR 5o 9 20E
AT =S ARG AdE Qe AR F
3, olnx] Al ZEIE ol8ste] ke tiA|
Joll A&l

7))

2

=3

W] (area displacement efficiency) AH

24, AE WY
B avely saE 49 V2 zde 4¥ ol

%

AR

MPa, L% 25°C, F%F 0.01 mL/min2 G430,
23 0.003 mL/min ~ 0.05 mL/min2] H]ol|A #H3}A]7]
TR B T SR SR R
Sore) Agh Bl UF 9 532 9LE T
9% el A WHE 7w Holch

1L F4E FAel d4t 2mLE FUskal, FAP)

AL e 3|8 SjEd] FEE REXHVIE o

sjo] slolzizenl 2 F3lshe o] Lws

Weh, L7} HRBHE - ARS U AL

Ak,

2. HjEE WEE o4l AAE TolelE FQ
of vlolziz e s} plolziz R A2d o
ZE FHE Po|2FE I3tk

3 F48 HoE Folol AUE FEOE NS vlolL

2va e 29l e Hs E v

Swd ) Eolse] Y YoleT HlEdt

4. o] V8o Tt BEE sl violaz v

Vol Esjslo] 9lel Bolepe] HjEo] dofukar, 1

Jo BN o

=

ofs
o



tHed wiAl Wi BIEAd oA el 4 fdol As Fdoll vl dF 5

Ashs Sl goleS 71 vH]EA] tiA)
= vad= @A) JielE Selo BEsla V1S

33 72 Wz F987] ALe g o)
R R
S5 o AR ol Wl il By
grlo g 7123} _t‘,z’ = rﬂu—_g] 21-52 zﬂ-ﬁ’]—l:]-.

6. Aol skuHH I T F= FEY FH 54
WIS VA F Ue =2 % | mlolaZ Rl e
FEA] F=E WS (CH;0H, Duksan), oHE
(CH;COCH, Junsei), 2ol255 A2 Y3t
AFEg. o] o, Al o] Bel W) -FA7} SAlst
BE 3E AU ke fAIES WiEAE &
JE=E ISP EFIZ (260D Syringe Pump, Teledyne
Isco)g o83t F=2 hEoE AHHAS FYsiaL,

e Fol= 50°Ce] oA 2443 o)

o[n

7. B A ATl met ) KL AR
oVgel HAL 354 W Sk,

29 200) vkl me 27 E3 49 79 5
ZF A oke vlm BAs] Yste] 3258} ke
HlEA tiA] A AR o s FEska o]E EogAkS
PSSt A IS olFlA] BE TR o
3t 0.11% A2 AR FFeE e F, 1280 x
1024 48] ol)A] Tjelz A, 4w B4 ol
2] 3 ZoA F=ZF FX UE Frlo] FYUEE A HR
B BEA oAt QLEQ% AR7EA] LA ARE AL
2 olr|R)E FEsle] oln)) #40] FEIIer.
Zdrro g HE FEr o onXE W} X2 vleto]
A 7R BE 24z 25671A1e] @A Fan 235t o)
20)7 RGB ©|V|A|(Fig. 4a, b)EA Az} ¥h7)dl] wa} o
FE 1677721670 B2 919 A3akS 7 o]
& A B ) sl A Sl S
Ak (threshold valueys Asl= olH=2 S8 ¢
sto] ojw|R] 4 ZZII ImagelE 01%6}04 RGB
ol|AE 7P o 0%E 7P Bre 2557hA] Wo
wje} sk 1o] olol A (gray image)2 WAL,
ol olulle]l HYEE Alwsly] fste] Hem)
(contrast ratio)S Z7MAA 3= FGo) EAsl= Arka
T, 3T 2B T 42 AllY W) AE 3
| :rL'ﬂ:O}il, o]} A E21™ (blurring) *2E 53}

—_

_4

of W7t S7FshaA Uehs F-(noiseys A
ThFig. 4c, d). XS 4FF omx|2HE oz
A" HAE s8] flstd o] o|nAE o]Hs)
Ao & Mksl= MATLAB ZE 138 o] &&lxith. 18
o] oA Hsk= Zzte] Aol tisle] 543
UE VIR o ofFE S 1, T g RS 0
e Folate] R EN TR A9z Y oY
(O F8] == Fikoz AR e JH0)e= &
Hel= ol dsdS ARFeIATH(Fig. 4e, f). o1FA A=
olgsIllN TSGR Xl ¥ WAL Mo
xR gGA AR = de Wb, fElE o
om I 7= Ao AR FFL BT Ao
FHE7] wjo] dikoz tiAE WATHS FEEl
Wﬂ T {Uek. wEbA, Fite] YY) A TR
Z3lEo] Qu Z7] Aol thel o] A3l (Fig. 4e)e] Zt
ol Fojel 13} 0o JAZLOZHE] | Fo] o] F
o7 F55¢t Filo] EAskE ol Ysd(Fig. 4ne] 24
e Huﬂf_i’ﬁ o I FEgE A2MeE 2y
Ha ko giAlE Foo] FMoE FREE T HE
ol sl AABIATH(Fig. 4g). ©] ol¥sPFoENH A
A F=ol gk @ikl tiA WAR(Epye thed 2
202 At
Ey) = Sw,-SSw(f) _ Shegane(f) 4@

wi wi

A7IA, re #at 0ol AMAE olFe] AT ARHsec],
S,i= R 7Y o] Holers FahE A 3= ¥
Hmm?], S, WA gl Zshs FF57F 2B
= A mm’|(Fig. 4), Siwanes FECZ HAE HH
[mm?|(Fig. 4g)°lth. 3= 7= W2 ko] FUs7] &
z7] o3P (Fig. 4e)-4 A ool gig TA FE
F2eg yalE A 2] Wy g Holsigon, 9
Are] Z9lo] MAIE AJHEE H3AE ] TEsl= A1
7R)2] 7} o]aPdell ] Bl delom TAE o] T
A 2 dxtoz giAE WEos Aojsii).
mpR]Eko 2 #ato] FR1E]7] W 2] o|Us(Fig. 4e)
MM T=TE Estd J9S Ao veplar, 494
g ARE Al wet ARk ikt TS 2F oA 3
o] o)Wl (Fig. deplM datoz tiaE Fge Wzt
Mo vepd & T ooldshe s 35 7= LH
zo]ﬂ‘— @_]}\]—_4 }]EJ,]_ By 1;; ;‘(_E .1_:1_/\_4
E NZHog FES & e HEZAQ AR O]U]X]§
2Hdslth(Fig. 4h).

J. Soil Groundwater Environ. Vol. 23(1), p. 1~13, 2018



(©)

@

%

o MBS

@) Li?-bi‘ ::: ®
3AL S
©® “H‘ (

e

! :. "‘ . .“

.
»
- v

l\ .G

ko

AN
"o

w

Fig. 4. Image processing procedure (G: glass, W: water, H: hexane); (a) a real image before n-hexane injection, all of pore was initially
saturated with water, (b) a real image after n-hexane injection, a portion of water was displaced by n-hexane, (c) the gray image
transformed from the real image (a), (d) the gray image transformed from the real image (b), (e) the binary image transformed from the
real image (c), (f) the binary image transformed from the real image (d), (g) the binary image of distribution n-hexane (white) in pore
network with porewater (black), (h) the finalized multicolor image of distribution for #-hexane (red), water (blue) and glass (black).
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Fig. 5. Sequential images of the immiscible displacement process of residing deionized water (blue) by injecting n-hexane (red) in a
micromodel (a) #=10.77 sec, (b) t=8.03 sec, (c) t=16.06 sec, (d) #=24.09 sec (Experimental conditions: 0.1 MPa, 25°C and 0.01 mL/min).
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(Experiment conditions: 0.1 MPa, 25°C).

< FstaL, 2 AN TS arE] B «] 35 7
2ol FTe] vlE=A] JelaL o] wiiel sl |
o B3, fFATellA e e B BEVF AT &
AQEAL o o]Fel] FUH= IR ofn] FAE B=
et 352 olo7pr] WiEel FRshe 35 A
‘3 ol ofFolAA] GFFomH iR o we ok’]
}U]-O]ii.m_té el ZRstAl Har Fike]
waple A ek 24 fao] we
735 ]L Ato] HiHew YW 3555 S8k ¥
AEe AdYE 550 sl gt 2719 3555
= TP Sl o 7He) B5 BEE s St
ot o]2 Qlell Wk FFe] el Hisle] Adizes o

F

ojell kst

e b] 59 tiAE ol Folos by X3k
PR w2 oA BHIE Uehlle Zles ddEn

Fig. 102 75} #39] wisfel thst o] oja) A
HlE Ueh Zlow, 79 ol S wet HE
Q1 BFE Al WA BB A AT 5
itk ol 791 ol 27kl w35 T Ul o
S oAl BGEE A% Efe] SRR A8 o
Sk oE 39 Y] FP} vlolazRd BRE f

AHe e gt 25 lﬂ gtele] 712 oprlalal,
o2 lsle] #ilo] yle FERORE ddve ¥ B
OME} AFos F& FHEoE AdHE Ry B

T HE AT ) vl ¥ g 355 2
owh HAAR] oAl o] S7RITE & A3 Avken
B =&d 9 %Ebﬂ TE Bt FE 2 oA &
g B Epte] giAl &8 Wshe £ e 5 b
2 Qlele] BAIR AT @de] FolEa Bl g

J. Soil Groundwater Environ. Vol. 23(1), p. 1~13, 2018



o
3
o
oY
s
deo

©
o

~
o

areal displacement efficiency, %
(2]
o

S
o

0.02 0.03 0.04 0.05

flow rate, mL/min

0 0.01

Fig. 10. Variation in the areal displacement efficiency of n-
hexane in a micromodel at different flow rate (Experimental
conditions: 0.1 MPa and 25°C) (solid symbols : averaged values
of three attempts for each flow rate).

o2 YA} o]FoRe AS & HFTH(Naderi and
5’ A

Babadagh 2011). o]&g A3e] Axp= A&} A5 A
Z WHE FAE Fhsl A8 == Adske 481
= 7Y FHFE A8k AL 3= —_[LZ WollMe] f

a82 Aug 5

Sle-s mejze), Tei, 41 72 SO BT 5
e e AF ?JE’U Bk 35 78 W A
2 gl 44 58 oplsel A% vﬂH

] 92 o - 35, b

o Hgate W WA AT 7Y /IS =

ar
A9 OIS S A Eao] Amsolel Bokn ATk
th olsh B, we fEpo R FolE MG Al F
47 FeE QPPH UL ool AR, F4UF
szl wet S5 T 7
FASP 12l Wt BAY @
A3} 7Ha3F AoE o=3et

o Z2HE] WAoo 2

Holle) = frke

o] WAHT A ERE %

+ Aok

_{

18 E
B ot Eake T vhal R vEse]
W Tk S T3] Fel et 79 A1)

A5 27 28 fAe B 54 2 T A )
Agol TR B FHH] A5l fele] 3
22 475)e] A £RE oA ol8H B

J. Soil Groundwater Environ. Vol. 23(1), p. 1~13, 2018

2
g,

18] -

?

P

>
o
38

N
0 o
A=)

s ‘ﬂr. olm|x] WS Faf Ew It
nlo]aERE 2 Fe ik
ESH AsPaA 2710l 3=
A= %LE% TEES AR ALE”]
FAgTE o2z ik FgellA HAlshd
5*4*&01] s WA SRR fEEeT), 3
55 ARE SRRl 35 il fXg g5
’\t ket A=A ar ZHRSHAl E I ik
o] ZEo] kst &5 AHAZRE I sFH7IA vlo]
azRde B 99 Sl 55 32l B4sl]
Q) B80] ofolAT vlolzzRE re) )
FI50) A LI} WA gk HY el =
PSPl S, §40 Ml Z71hE Se] oAl
Al Hoizke S Bk

3 el et 290 folsk 271 Z3f ) 3
ol sk el Bl g e A
8o Axo] W=, f-3o] 0.003 mL/min®llA 0.05
mL/min® 2 =73 w}a} —]’\-/] A HAR¥7L P
62.38%14 73.31% STkl ZoE Veht £ %
o] I7FETE o B TV T 1A Fitel o)
AES FRIE = ATt ol vlo|mz e iR
A9 AE S7F AERe 9 I fEoMY #HE E
HE Bl 2 o] 4E & »)er no|lAg w2 3
HEE FFY SV volaE2Rd e 'l 350
2 fEe kel fg Bk opel 3= U ke
dE 7S =4 Eoh w}ﬁ‘rf‘i °Ek°] vk 735l
Fike] o] & F5H0= FYYsk=t
A ooz ZIEP] 0]?,4—.—1:4]] u}o]oq oo
Aol Witel gele] WA el & 33
2 IS BEII FTES —i%
W s & FIE0E B A9 5

AL sl Thekst Wieko 2 52 A=Zv) ?sg/\g

v, ooz, 35 7 ol sslel Id we
=k A} ]Toié‘.—i’ﬂ tixlE&o] F71sHA —?vl‘:‘r.
£ AFellM =29 o viA Wellx] dofju= HlEA
A oA 2 AT T &7401] & thAlE2
W3} A AsleEe] 0 B, AR3lrER, olikst

tlo
o2l )

o=

Of

2
_&

¢

i
—LJ
E

9 o

ot koo lo mw
i ﬂi
L)

o,
frd
f

OH ot

l
<

2

JIJ r 4
O
o

o

(<

0

=

of
J

=

-

r
J

b f i

[ [o t Hf e

ﬁjﬁn

o

Lo oy o ko orlr
_L}‘_,

Bk AT 5 Tl Rolele] 74 A2 ¥
8} fAlS) AT BE P olZe) 28Y AL A
o2 ek, T, B A7olA S A 7

 20] mE FF T2 ) FY A g st
fI ANE =S ol Wssl| dEe) 1 24
gelnel BF T2 ) 4 sk A AdTEel



tHed wiAl Wi BIEAd oA el 4 fdol As Fdoll vl dF 13

S JPHoR WU + Yick web TF
= Balo] ols} 2o WAHS BAFORA
Wi ABPE U2 S A2 T AderE At

e

A A

o] e HAT S A8 3Iel I 2016 P) <]
sjo] AsgkeIT.

References

Bertrand, E., Bonn, D., Broseta, D., Dobb, H., Indekeu, J.O.,
Meunier, J., Ragil, K., and Shahidzadeh, N., 2002, Wetting on
alkanes on water, J. Petrol. Sci. Eng., 33, 217-222.

Cao, S.C., Dai, S., and Jung, J., 2016, Supercritical CO, and
brine displacement in geological carbon sequestration: Micro-
model and pore network simulation studies. Int. J. Greenh. Gas
Con., 44, 104-114.

Chalbaud, C., Robin, M., Lombard, J.M., Martin, F., Bertin, H.,
and Egermann, P., 2010, Brine/CO, interfacial properties and
effects on CO, storage in deep saline aquifers, Oil Gas Sci.
Technol., 65(4), 541-555.

Chiquet, P., Broseta, D., and Thibeau, S., 2007, Wettability alter-
ation of caprock minerals by carbon dioxide, Geofluids, 7, 112-
122.

Dicarlo, D.A., Sahni, A., and Blunt, M.J., 2000, The effect of
wettability on three-phase relative permeability, Transp. Porous
Media, 39, 347-366.

TIAPWS, 2008, Release on the IAPWS Formulation 2008 for the
Thermodynamic Properties of Seawater. The International Asso-
ciation for the Properties of Water and Steam, Berlin, Germany.

Lenormand, R., Touboul, E., and Zarcone, C., 1988, Numerical
models and experiments on immiscible displacements in porous

media, J. Fluid Mech., 189, 165-187.

Lenormand, R., 1990, Liquids in porous media, J. phys., 2, 79-
88.

Mekhtiev, S.I., Mamedov, A.A., Khalilov, Sh.Kh., and Ales-
kerov, M.A., 1975, Izv. Wyssh. Uchebn. Zaved. Neft. Gaz, 3, 64.

Naderi, K. and Babadagli, T., 2011, Pore-scale investigation of
immiscible displacement process in porous media under high-
frequency sound waves, J. Fluid Mech., 680, 336-360.

O'Carroll, D.M. and Sleep, B.E., 2007, Hot water flushing for
immiscible displacement of a viscous NAPL, J Contam. Hydrol.,
91, 247-266.

Wang, Y., Zhang, C.Y., Wei, N., Oostrom, M., Wietama, T.W.,
Li, X.C., and Bonneville, A., 2013, Experimental study of cross-
over from capillary to viscous fingering for supercritical CO,-
water displacement in a homogeneous pore network, Environ.
Sci. Technol., 47(1), 212-218.

Wildenschild, D., Armstrong, R.T., Herring, A.L., Young, I.M.,
and Carey, J.W., 2011, Exploring capillary trapping efficiency as
a function of interfacial tension, viscosity, and flow rate, Energy
Procedia, 4, 4945-4952.

Yang, D., Tontiwachwuthikul, P., and Gu, Y., 2005, Interfacial
interactions between reservoir brine and CO, at high pressure
and elevated temperature, Energy Fuels, 19, 216-223.

Zeppieri, S., Rodriguez, J., and Ramos, A.L., 2001, Interfacial
tension of alkane + water systems, J. Chem. Eng. Data, 46,
1086-1088.

Zheng, X., Mahabadi, N., Yun, T.S., and Jang, J., 2017, Effect of
capillary and viscous force on CO, saturation and invasion pat-
tern in the microfluidic chip, J. Geophys. Res.: Solid Earth, 122,
1634-1647.

Zhang, C., Oostrom, M., Wietsma, T.W., Grate, J.W., and
Warner, M.G,, 2011, Influence of viscous and capillary forces on
immiscible fluid displacement: Pore-scale experimental study in
a water-wet micromodel demonstrating viscous and capillary
fingering, Energy Fuels, 25, 3493-3505.

J. Soil Groundwater Environ. Vol. 23(1), p. 1~13, 2018



