phy5|c§“

ha Open Research of 1

This is the accepted manuscript made available via CHORUS, the article has been
published as:

Interface pinning of immiscible gravity-exchange flows in
porous media
Benzhong Zhao, Christopher W. MacMinn, Michael L. Szulczewski, Jerome A. Neufeld,
Herbert E. Huppert, and Ruben Juanes
Phys. Rev. E 87, 023015 — Published 19 February 2013
DOI: 10.1103/PhysRevE.87.023015


http://dx.doi.org/10.1103/PhysRevE.87.023015

Interface Pinning of Immiscible Gravity-exchange Flows inPorous Media

Benzhong Zhad,Christopher W. MacMinrt, Michael L. Szulczewskt,
Jerome A. Neufeld,Herbert E. Huppert,* and Ruben Juangs

IMassachusetts I nstitute of Technology, 77 Massachusetts Ave, Building 48, Cambridge, Massachusetts, USA
2BP Institute and Departments of Earth Sciences and Applied Mathematics and Theoretical Physics,
University of Cambridge, Madingley Road, Cambridge CB3 OEZ, UK
3Institute of Theoretical Geophysics, Department of Applied Mathematics and Theoretical Physics,
University of Cambridge, Wiberforce Road, Cambridge CB3 OWA, UK
“School of Mathematics, University of New South Wales, Kensington, Australia

We study the gravity-exchange flow of two immiscible fluidsaiporous medium and show that, in contrast
with the miscible case, a portion of the initial interfacenegns pinned at all times. We elucidate, by means
of micromodel experiments, the pore-level mechanism mesipte for capillary pinning at the macroscale. We
propose a sharp-interface gravity-current model thatripmates capillarity and quantitatively explains the ex-
perimental observations, including the ~ t!/2 spreading behavior at intermediate times and the fact that
capillarity stops a finite-release current. Our theory afements suggest that capillary pinning is potentially
an important, yet unexplored, trapping mechanism during €€guestration in deep saline aquifers.

PACS numbers: 47.56.+r, 47.55.N-, 47.55.Hd

I. INTRODUCTION @

Gravity-exchange flows, in which density differences in- -
duce fluid segregation and migration, occur in processes a:
diverse as debris flows [1], seawater intrusion into ground-r
water [2], and coating of substrates by thin films [3]. More
recently, gravity-current flows have emerged as fundanhenta
descriptors of the fluid mechanics of carbon dioxide {O 'hg
sequestration in saline aquifers [e.g., 4-10]. While thel\st o
of gravity-exchange flows in porous media has a long his- ’
tory [11], they have been investigated experimentally anly £ 1. (Color online) Lock-exchange flow in a porous mediuithw
the context of completely miscible fluids. Here, we investdy  (a) miscible and (b) immiscible fluids. (a) The miscible fluate wa-
the gravity-exchange flow of twionmisciblefluids in a porous  ter (blue) spreading over a denser, more viscous mixturéyoegpl
medium using table-top experiments in a quasi-2D transpare and water. A smooth macroscopic interface tilts around tosi@ry
cell packed with glass beads. point with fixed heighths. (b) The immiscible fluids are air (dark)
In the classicakingle-phase lock-exchange flow, two mis- spreading over the same glycerol-water mixture. Part ofrtitial
cible fluids of different densities are initially separategla  interface remains pinned, which leads to sharp kinks ordeés in
vertical “interface”. This fluid interface evolves by tiitj Lhehr,n?g?ﬁzgpgri';t;:fgcﬁer\éviodn%”ucgt‘z;hii Z‘i'r%rr:tso;zs]t'%ck
smoothly ia“’“”d a stationa_ry point at a heigh(Fig. 1(a)l. w)i/th 1 mm glags beads. The red curves corresponcrzl)to the ficetic
The classical model for this problem, known as the sharpg; sharp-interface models.
interface model, assumes that diffusion is slow so the fluids
may be assumed to be completely segregated, and that the
pressure distribution within both fluids is hydrostatic,[12].
A similarity solution of the classical model predicts thaét
tip position of the fluid interfacex) propagates with respect
to time ¢) asz ~ t'/2 [11, 12], and this prediction is in ex-
cellent agreement with experiments [Fig. 1(a)].
In an immiscible lock-exchange flow, capillary forces
strongly affect the flow behavior: we observe that a portion

phenomenon that requires the presence of microstructere, w
explain its pore-level origin, and we develop a sharp-fater
model that is able to predict the macroscopic interfacelevol
tion of immiscible lock-exchange flow.

of the initial interface remains pinned and does not experi- Il.  LOCK-EXCHANGE EXPERIMENTS
ence any macroscopic motion. Above this pinned portion of
the interface the lighter fluid spreads laterally to the tjigind We conducted lock-exchange experiments in rectangular,

below it the heavier fluid spreads to the left [Fig. 1(b)]. ler quasi-two-dimensional flow cells packed with glass beads.

we show that capillary pinning is a distinct porous-mediumwe constructed 4 flow cells with different heigh ¥ cm,
5.2cm,10.3 cm,20 cm) and same lengths5 cm) and thick-
ness (.9 cm). Each flow cell consists of three pieces of laser-
cut acrylic—solid front and rear panels, and a middle spacer

" juanes@mit.edu that frames the working area. The spacer is clamped between



hole for b
(a) (b) (a)

adding beads

~2,5,10,0r 20 cm

injection pot
(buoyant fluid) &

digital camera

‘jﬁ?.’.’:ﬁ;‘) FIG. 4. Measurements of the advancing contact angle (letf)ra-
ceding contact angle (right) on a glass surface for the rdiffefluid
. ) pairs used in the experiments: (a) silicone oil, (b) glytevater mix-
FIG. 2. Experimental set-up of the lock-exchange expertsén  tyre, (c) propylene glycol. The glycerol-water mixture gmdpylene
quasi-two-dimensional flow cells packed with glass beads. glycol are both partially wetting to glass with respect tg and ex-
hibit contact angle hysteresis. Silicone oil is perfectlgtting to
glass with respect to air, having advancing and recedingacban-
gles of0°.
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0.5 below shows snapshots from the contact angle goniometer for

measurements on a glass substrate. The advancing and reced-
ing contact angles of silicon oil on acrylic are both zeroeTh
measurements were made using the sessile drop method, on a
ramé-hart Model 590 Advanced Automated Goniometer.
0 a1 515 554 50 575 605 In order to add the fluids to the cell, we again orient the
bead diameter [um] cell vertically. We add the ambient fluid via a port near the
bottom in the vertical orientation [Fig. 2(a)]. We injecteth
FIG. 3. Bead size distribution for two of the nominal beadsiased  gmbient fluid slowly using a syringe pump in order to measure
in our experiments: (a) bead size 300 to 428, (b) bead size 42510 g yolume injected. Once the ambient fluid is filled to the
600,:m. We take the arithmetic mean of the endpoints of each rangajreq level, we inject the buoyant fluid via a port near the
as the characteristic grain size top in the vertical orientation. We then close all ports.Ha t
immiscible lock exchange experiments, buoyant fluid do¢s no
. ._need to be injected because it is air.
the front and rear panels via bolts. Once assembled, wetorien To initiate an experiment, we quickly rotate the cell by 90
the cell *vertically” [Fig. 2(a)] and fill it with glass beadsa degrees so that it lies horiéontally on the table, between an
a port on the spacer. We shake the cell during filling to gener; ED backlight and a digital camera [Fig. 2(b)] V\/e record the
ate a tight, consistent bead pack. The porosity of the packe periment as a sequence of still imagés. Wé disassemble the

flow ce_II ranges from 0.38 o 0.42. Once the pell is full, WE cell, discard the beads, and wash the acrylic plates aftdr ea
plug this port. We use glass beads with nominal bead size, xperiment

ranging from0.36 mm to2.1 mm, although our beads are not
monodisperse (Fig. 3). The permeability of the packed flow
cell for 1 mm beads i9.88 x 10~° cm?.

In the miscible lock-exchange experiments, we used wa-
ter with blue food dye as the buoyant fluid and a mixture of
glycerol and water (77.5% glycerol by mags;1.2 g/cn?, A. Scaling of the hinge height
1=0.47 g/cm-s) as the ambient fluid.

In the immiscible lock-exchange experiments, we We characterize capillary pinning by the height where the
used air as the buoyant fluid. ~We used silicone oilimbibition front meets the vertically pinned interface, iath
(p=0.96 glcn®, p=0.48 glcm-s, v=20 dyn/cm), propy- we call the hinge height}’ [Fig. 1(b)]. To determine what
lene glycol p=1.04 g/cn?, §=0.46 glcm-s,y=41 dyn/cm),  controlsh’ we perform a dimensional analysis [e.g., 13]. The
the glycerol-water mixture (as above=63 dyn/cm) as the variables involved in the immiscible lock-exchange flow:are
ambient fluid. height of the flow cellH; density difference between the

We measured the advancing and receding contact angles dénse and buoyant fluiddp = ps — pi1; corresponding
each of the fluid pairs used in our experiments (air and silifluid viscosities o and . ; interfacial tensiony between the
cone oil; air and a mixture of glycerol and water; and air andfluids, receding and advancing contact anglesandd,,, re-
propylene glycol) on both glass and acrylic substrates. 4ig spectively [14, 15], bead siz& gravitational constant, and
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Ill.  INTERFACE PINNING: STATICS



time ¢t. In the limit of d <« H and negligible kinetic en- 1T

ergy, dimensional analysis indicates a relation of the form o g'ycerIO"Wa‘lef "I“Xm'e
/ o o H & propylene glyco

W/H = F(Bo,M,0,,0,), where Bo= ApgH/(v/d) is osl . o siicone of

the Bond number, which measures the relative importance of
gravity to capillary forces, andt = ps/p1 is the viscosity
ratio between the fluids. To vary the Bond number, we vary ., 0.6 4 o8
the height of the cell, size of the glass beads, and fluid pairt —

modify the interfacial tension. We use a viscous liquid aind a
Depending on the choice of the liquid (silicone oil, promge
glycol, or mixtures of glycerol and water), the viscosityioa
ranges fromM=250 to 2500. The liquids are all wetting to 0.2f 05
glass, and the choice of liquid exhibits only a small diffeze " ' o
on the receding and advancing contact angless [0°,16°],
0. € [0°,23°] (Fig. 4). Our experiments and analysis below 0 0.1 0.2 0.3
show that, in this range, the contact angles are not leading- Bo-1

order parameters in the problem.

We understand the immiscible lock-exchange problem as g|G. 5. (Color online) Scaling of the pinned interface heighan
finite perturbation with respect to the miscible problemh&t t immiscible lock-exchange flow. We measure the deviatiomefim-
same value oM. Assuming that the pinning length increasesmiscible lock exchange from the miscible lock exchange véartor-
linearly with the strength of capillary forces relative tcag- ~ malized difference between the lower hinge heighand the height
ity, we suggest thath, — h')/H ~ Bo ', whereh,/H is  of the miscible tilting point,z; (inset), at the same value d¥1.
exclusively a function ofM. This scaling relation is con- This qu_antlty scales linearly Wlth the strength of capitiarelative
firmed experimentally (Fig. 5). The value bf/H depends © 9ravity, as measured by the inverse of the Bond numberpap t
only weakly on the viscosity ratidf [12], taking values be- Pointwhen the entire interface is pinned (= 0). Here, we show ex-

; - . ._perimental measurements (symbols) and a best-fit straighfdolid
tween 0.585 and 0.587 for the viscosity ratios correspcmdlnblack line).
to our experiments (Fig. 5, inset). The lower hinge appreach
the tilting point of the miscible problem when capillarity i

negligible relative to gravity/(' — hs as Bo' — 0), andis  cased by the fundamental difference in the details of fluid i
equal to zero when the balance between capillary and gravityasjon between drainage and imbibition: invasion of norwet
forces exceeds a certain threshaid € 0 for Bo™" 2 0.14).  ing fluid produces strongly curved interfaces whereas-inva
In this latter scenario, the entire interface is pinned pil&@-  sjon of wetting fluid produces much flatter interfaces [16-20
ity and does not tilt, regardless of the precise value ofacint ag 5 result, capillary pressure hysteresis is present evéei
angle. absence of contact angle hysteresis.

Vs

047 o hs

B. Physics of capillary pinning 1. Micromodel experiments

The scaling of the hinge height, however, says little about This is well illustrated by the gravity-exchange flow of air
the underlying reason why the hinge and the pinned interfacand silicone oil in a thin acrylic cell, etched to form a regu-
exist. We next show that the mechanistic cause of the pinnintar pattern of cylindrical posts (Fig. 6). This system serve
behavior iscapillary pressure hysteresis. In our immiscible as a porous medium analogue in the sense of introducing
gravity-exchange flows, air spreads along the top boundarsnicrostructure, but takes away the complexity of a random
of the cell (a drainage front) while the viscous liquid sgi®a medium and permits visualizing the flow at the pore level.
along the bottom (an imbibition front). For the air to in-  Atthe top of the pinned portion of the vertical interfaces th
vade each pore throat, its pressig, (assumed atmospheric, air-silicone oil interface is just at the threshold of aivadling
Pam) must, locally, exceed the pressufg in the liquid by an  and displacing the silicone oil. For slow flows, in which pore
amount larger than or equal to tlleainage capillary entry  scale dynamic effects due to the intermittent pressudmnaif
pressurePY [16]. Similarly, along the imbibition front, the the viscous fluid are small [21, 22], the pressure differdrese
liquid invades if P,.,, — P, is less than thembibition cap-  tween the fluids is equal to thizainage capillary entry pres-
illary pressureP™, which is always less than the drainage sure, P, which, for zero contact anglé,( = 0°), is equal to
capillary pressure [2, 16]. The pressure differeRge> Pmb 2~/d, whered is the distance between two neighboring posts
is recovered along a pinned portion of the interface betweefand, in our micromodel system, also equal to the diameter of
the drainage and imbibition fronts, which must thereforeegha the posts).
heightAh. = AP./(Apg) (Fig. 6). At the bottom of the pinned interface, the air-silicone oll

Although hysteresis in capillary pressure is sometimesnterface adopts a “diagonal” configuration (between péasts
caused by hysteresis in contact angle, such as for a raindr@gnd 4 in Fig. 3d), which is stable as long as the pressure dif-
pinned on a flat surface, this is not the case here. In fluiderence between air and Si-oil is larger than some threshold
flows through porous media, capillary pressure hysterssis ivalue P™ (animbibition capillary entry pressure), which for



e e e e e E4

PIUOPUTI00000G
e sddedng

I
PFIFIITAIIAQ I I Iy

POOYOTITOU U I I
P¢quauuao’J¢J

- drainage
FTOITIOI0Q v Ul

J

- imbibition

Sy I IITITUL

MIIII JIIIIaIy

__________________

26 mm

FIG. 6. (Color online) (a) Presence of a pinned interfaceoirkd
exchange flow. Due to hysteresis effects, the capillarysoresat
the drainage front) is larger than the capillary pressure at the
imbibition front (P™). Along the pinned vertical interface, the cap-
illary pressure transitions from™ at the bottom taP¥" at the top.
(b) Snapshot of the pinned interface of an immiscible loathexge
experiment (air/silicone oil) in a thin acrylic cell with agular pat-
tern of cylindrical posts simulating the pore-scale mitmasture of
a porous medium. The increase in capillary pressure (dragetd
ting fluid pressure) from left to right is visible via the dease in
the radius of curvature along the interface. This increaseapil-
lary pressure along the pinned interface is offset by the dndy-
drostatic pressure. (c) The solid red line shows a simpkrpnéta-
tion of the wetting phase pressuakong the interface, as a function
of elevationz. We assume the pressure in the air is atmospheri
at all times. The wetting-phase interface pressBfecan be cal-
culated by subtracting the capillary pressure from the eésgure

(P!, = Pam — P.). Itis constant along the active drainage and im-

bibition fronts, and varies hydrostatically along the gdrinterface.
(d) Steady state interface configuration on the drainage &@dlid
red) and imbibition side (solid blue) of the pinned intedaalong
with the interface progression on the imbibition side (dakblue),
for a perfectly wetting imbibing fluid. Capillary pressurgsteresis
is completely controlled by the pore geometry, due to theléumen-
tal differences in the pore-level invasion events betweaimege and
imbibition, as a result, it is apparent even in the absenamnofact
angle hysteresis.

our micromodel geometry and for zero contact angle is equal
to 0.37~y/d. Below this threshold capillary pressure, the inter-

face is no longer pinned and would undergiibition.

2. Dependence of the amount of pinning on contact angle
‘The height of the pinned vertical interfacth, = (P9 —
PIMb) /(Apg), exhibits only a small dependence on the value
of the contact angles. In the micromodel system, the height
the pinned interface takes the form

where~ is the interfacial tension;y, and rimp are the radi
of curvature achievable in drainage and in imbibition, exsp
tively, which are functions of the receding and advancing-co

R

1
Apghe =~ ( —
m

Tdr
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FIG. 7. (Color online) Interface configuration (solid blua) the
imbibition side of the exchange flow. We solve for the progias

of the interface arcs as they advance through the pore byaimdo
pressure continuity between posts 1,2 and Bel ¢ = r2). The
interfaces merge and advance to the next set of posts whewsohe
interface arcs touch.é. ¢1 + ¢2 = 3/4x). The diameter of the posts
is d and each post is one diameter away from its closest neighbors
same as the design of the micromodel [Fig. 6(b)].

tact angles, respectively, and of the pore geometry. We can
scaleh. by the cell heightH, r4r andrimp by the post diame-

()

The first term in Eq. (2) is the inverse of the Bond Number.
CThe term in brackets measures the amount of hysteresis in the
system, and it is a function of both contact angle and pore
geometry. Here, we generalize the expressions of the radii
of curvature that corresponds to the drainage and imbibitio
entry capillary pressures in the micromodel for nonzero ad-
vancing and receding contact angles.

Consider four posts of diametér each a distance apart
from its nearest neighbors (Fig. 7). The interface must-inte
cept the posts at an angle equal to the contact ehgRasic
geometric considerations lead to expressions of the radius
curvature of the interfaces,(andr;) as a function of the con-
tact angled and the subtended angles (@ndg,):

_ (2 —cos(¢1)) d

cos(¢py +6) 2’

 (2V3 - cos(n)) d
2= cos(gpo +60) 27

In drainagef = 6, and the drainage capillary entry pres-
sure corresponds to the minimum radius of curvature
rgr = ming, r1(¢1;0,).

In imbibition, § = 0, and a sequence of stable configu-

ations can be obtained by equating = r.. This leads
0 a one-parameter family of solutions shown in Fig. 6(d).

d d

Tdr Timb

he  ~/d
H  ApgH

)

®)

(4)

QThe imbibition capillary pressure corresponds to the cenfig

uration for which the two interfaces touch, that igy, =
{r1(¢1;0a) such that (¢1;0,) = ra(¢2; ) andgy + ¢ =
3m/4}.

In Fig. 8 below we show the dependence of the dimension-
less quantityl/rqr — d/rimp @s a function of advancing con-
tact angled,,, assuming,, = 0°. This quantity exhibits only
a small dependence on the contact angles.
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FIG. 9. We develop a sharp interface model for the exchange flo

between a buoyant, non-wetting fluid and a dense, wetting, faip-

O 5 10 5 2 25 arated initially by a vertical interface. We assume Darcwfiaithin
0, (6, =0°) each fluid and hydrostatic pressure distribution everyah#fe then

solve for the model by enforcing conservation of volume imatml

FIG. 8. (Color online) Dependence of the dimensionless tijyan Vvolume (dashed blue). The resulting model is a partial difféal

d/rar — d/rimp controlling the magnitude of the pinned interface in equation for the height of the interface as a function of time

our micromodel system, as a function of advancing contagie#h,

assumingl,- = 0°.

to that phase. Since we assume the two fluid phases to be
completely segregated, the relative permeabilities analdq

IV. INTERFACE PINNING: DYNAMICS one. The flow rate is given by the product of the thickness of
the fluid phase and its volumetric flu®; = h;q;. Hence, we
A. Macroscopic sharp-interface model obtain
0Py Ohq
To capture the dynamic macroscopic behavior of immisci- @1 = —hikA <% - PQ%> ) (6a)

ble gravity-exchange flows, we propose a simple theoretical
model based on the classical sharp-interface model [11, 12] ¢, = —p,k ), <@ —(p+ Ap)g% — 8PC> . (6b)
The mathematical model is a partial differential equation f Ox oz Ox

the height of the interface, which assumes a hydrostati pre

sure distribution everywhere (known as vertical flow edpili X . .
: : . solve foroP;/0x and substitute into Eq. 6 to obtain the flow
rium, or VFE [23]) and Darcy flow to link flow velocity and rates of both fluids. Sinck, + ha — H, we can express the

pressure gradients. In a related context, the classicaemod ; ; )
has been modified to replace the sharp interface by a ca low rates in terms of onlj2, which also represents the height

illary transition zone [24—-26]. Here, we extend the modelOf the interface:

Imposing global volume conservatiof{ + Q2 = 0), we

to include capillary pressuiaysteresis while—in agreement Apgk dhy  OP./Apg
Witr:_ our experiments—retaining the sharp-interface agpipro Q2= ?(1 — fhe (g - T) ) (7a)
mation.

We consider exchange flow between a buoyant nonwetting f= o , (7b)
fluid with densityp; = p and a dense wetting fluid with den- ha + M(H — hy)

sity p2 = p + Apin a horizontal porous layer of thickness
(Fig. 9). We assume that the porous medium is homogeneo

and isotropic with permeability and porosity), and that the the interface, we consider the conservation of volume of the

boundaries of the flow domain are impermeable. Since we a¥ense fluid over regionz and timeAt (Fig. 9). The change
sume that the two fluids are separated by a sharp interface, th Volume of the dense fluid is given by T

thickness of the fluid layers must sum to the thickness of the

where f is the fractional flow function andM = po/p; is
YRe mobility ratio. To obtain an equation for the evolutidn o

porous layer everywheré, + he = H. By assuming hy- AVs = AhoAzd = (Q2|asne — Qala) At (8)
drostatic pressure in both fluids, we can express the prssur
distribution in the layer as Inserting Eq. 7 into Eq. 8 and taking limits for smallz and
At, we get the partial differential equation for the evolution
p_ | Pr—py(z—ho) forz>hy g oftheinterface height = h:
Pr—P.+(p+Ap)glha —z) forz < hy

oh 0 Oh  Oh,
whereP is the unknown pressure at the interface anmsithe o9t "or {(1 —Hh (% T or )} =0, ©)
gravitational acceleration. By definition, the pressuféedi
ence across the interface between the non-wetting fluid andherex = Apgk/(12¢) is the characteristic buoyancy veloc-

the wetting fluid is the capillary pressufg. ity andh. = P./Apg is the capillary height.
The volumetric flux per unit width of fluid phages given The functiong(h; M) = (1 — f(h; M))h in Eq. (9) can be
by Darcy’s lawg; = —kX;0P/0xz, where\; = k,;/u; isthe  interpreted as a nonlinear diffusion. It is well behaved for

mobility of the fluid phase ané,; is the relative permeability all finite (even large) values oM (Fig. 10). In the limit



1 experiment.
— M=10 Additionally, the model predicts quantitatively the time
— M=10 evolution of the nose position of both currents—the buoyant
08r —— M =102 . . .
M0 nonwetting current [Fig. 11(a)] and the more dense wetting
M1 current [Fig. 11(b)]. It is encouraging that our mathemati-
0.6 cal description, which assumes horizontal flow, predicts ac
% curately a lock-exchange where clearly there is vertical flo
04 since a portion of the interface remains pinned (and thegefo
vertical) at all times. Capillarity reduces the gravityehange
flow rate—and as a result slows down the process—but the
02 nonwetting and wetting currents still advance in a way that i
well described by the: ~ /2 scaling of the miscible lock
0 exchange before they hit the cell boundaries (Fig. 11).
0 0.2 0.4 0.6 0.8 1

h
H
C. Simulation of finite-release gravity currents
FIG. 10. (Color online) The dimensionless nonlinear diffasfunc-
tion g(h; M)/H = (1 — f(h; M))h/H in Eq. (9) as a function of
the dimensionless height of the interfacgH for several values of
mobility ratio M.

The impact of interface pinning effects due to capillary-hys
teresis is most pronounced when the initial interface iseto
one of the lateral boundaries. In this case, one of the ctaren
hits the boundary early and the process models a finite-v®lum
release. The finite release of a miscible buoyant fluid sgread
indefinitely [12]. In contrast, a finite volume of immiscible
fluid spreads up to a finite distance at which the hydrostatic
pressure difference that drives the flow is exactly balamged

" the difference in capillary pressures at the drainage and im
bibition fronts. In other words, capillary hysteresis stdpe
gravity current (Fig. 12).

M — oo, application of the L'Hopital rule indicates that
goo(h) = limay00 g(h; M) = h, which is the well-known
limit for a viscous fluid slumping against a horizontal seda
in an inviscid ambient fluid [13, 27]. Our experiments, how
ever, always correspond to a finite value/ef.

We take P, to be some characteristic drainage capillary
pressurePd" where the non-wetting fluid displaces the wet-
ting fluid, and some characteristic imbibition capillaregs
sure P where the wetting fluid displaces the non-wetting
fluid. Across the pinned interface?,. jumps from P9 to
P™_Since we have constant capillary pressures along the ac-
tive drainage and imbibition front®h./0x = 0. Therefore,

dh./dz # 0 only along the pinned interface. In other words, ItY current is particularly relevant in the context of &Ge-
it introduces a jumh.] in the interface height of magnitude duestration, where COs injected into aquifers saturated with
(P — pimby /(A pg). denser and more viscous groundwater. During and after-injec

tion, the difference in density between the two fluids willér

a gravity-exchange flow [5—7], increasing the lateral exéén
the CG plume and the risk that the G@vill encounter a fault
or fracture through which it could leak. Deep saline aquifer
qre naturally water-wet and, therefore, the hysteresisnbeh
ior will be similar [28—-30]. The vertical-flow equilibriumsa

V. DISCUSSION: RELEVANCE TO CO ; SEQUESTRATION

The potential for capillary pinning to stop a spreading grav

We solve Eq. (9) for the interface height subject to an
initial condition that approximates a step function fram=
0forz < 0toh = 1forz > 0, and no-flow boundary
conditions Qh/0x = 0) at the ends of the cell. We solve the
equation numerically using a centered finite volume metho

in space with forward Euler time integration. T S ) .
{,Jmpuon is also appropriate in the field setting due to thg ve

The capillary pressure term vanishes everywhere except . .
: : . Jlarge aspect ratid / H of aquifers. Therefore, transfer of the
the nodes that separate the portion of the interface that is L esults depends on the values of Bo= ~/(ApgHd) in the

drainage from the portion that is in imbibition. Here, the field. The value of the interfacial tensionis relatively in-

capillary pressure term contributes a finite jump in the flux . . .
across these two nodes, and this jump causes a sharp stepsl psitive to depth and is 0.025N/m [31], and the density
the height of the interface. difference Ap varies between_250 and 500 kg/rfor Qeep
and shallow aquifers, respectively [32]. Large capillafy e
fects occur in aquifers that are deedd ~ 250 kg/m°), ei-
_ _ ther thin or vertically-disconnected by low-permeabittyale
B. Simulation of lock-exchange flows layers ( ~ 10m), and have small grain sizeg & 10 um).
In contrast, small capillary effects correspond to aqsifeat
The shape of the interface predicted by our model exhibitgre shallow {\p ~ 500 kg/m®), thick (H ~ 100 m), and have
good agreement with the experiment (Fig. 1). We measur&arge grain sizesd ~ 50 um). Thus, Bo' € [0.001,0.1], a
apriori all the parameters in the model (porosity, permeabilrange that exhibits a large overlap with our experimentat co
ity, fluid densities and viscosities) except fgir.], which we  ditions (Fig. 5). Even though the shape of the Ofume
obtain by measuring the length of the pinned interface in thafter the injection period does matter quantitatively [3BE



10' E (a) fundamental qualitative impact of the capillary pinningeph
; nomenon is already present in the lock-exchange flow config-
uration. This suggests that capillary pinning is possiblyna-
portant, yet unexplored, trapping mechanism during geolog
1o° CO, sequestration.
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FIG. 12. Finite release of a buoyant, nonwetting fluid (& porous
medium filled with a dense, wetting fluid (silicone oil). Therge,
wetting front hits the left boundary, changing the spregdiehav-
ior of the buoyant current. Capillary hysteresis is respgdador the
pinning of the initial interface and, ultimately, for stapp the buoy-
t/T ant plume at a finite distance, in stark contrast with a misghume
which would continue to spread indefinitely.

FIG. 11. (Color online) Time evolution of the nose positimithe
(a) buoyant nonwetting current, and (b) dense wetting otirraea-
sured relative to the position of the initial vertical irffage. We

scale nose position by the cell height and time by the charac- ) - )
teristic time7 = H/x. We show the data for five experiments MIT/Masdar Institute Program. Additional funding was pro-

with different values of Bo! (black symbols: x=0.021;%=0.028;  vided by the MIT Energy Fellows Program (to BZ), the Mar-
[0=0.029; A=0.041). For a particular experime¢~! = 0.052; tin Family Society of Fellows for Sustainability and a David
M = 2580), we compare the nose positions from the experimentCrighton Fellowship (to CWM), a Royal Society University
(red circles) with those computed with our model (red saiie).  Research Fellowship (to JAN), the Royal Society Wolfson Re-
We also show nose positions from the numerical solutiongais-  gagrch Merit Award (to HEH), the Reed Research Fund, and

cible flow model {hc] — 0; dashed line). the ARCO Chair in Energy Studies (to RJ).
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