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Fragmentation and migration of invasion percolation clusters: Experiments and simulations
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Experimental studies of two fluid displacement processes in porous media involving extensive fragmentation
of invasion percolationlike structures are described. In the first process, a two-dimensional porous cell satu-
rated with a wetting fluid was slowly invaded by air. The air formed a fractal structure that fragmented when
the pressure of the wetting fluid increased and the air was driven out of the system. In the second process, a
fractal air structure migrated through a two-dimensional porous medium saturated with wetting fluid. The
structure was driven by increasing buoyancy forces and fragmented. The fragments migrated, fragmented, and
coalesced with other fragments. The processes were simulated using new site-bond invasion percolation mod-
els that captured the displacement mechanisms and reproduced the fragmentation events, and good agreement
was found. In both processes, the fractal dimensionality of the fragments was equal to the dimensionality
D~1.82 of the initial invasion percolationlike structures. The fragment size distributions measured in both
processes and the dynamics of the migration process could be described by simple scaling forms.
[S1063-651X97)11906-1
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[. INTRODUCTION tion clusters. In this work, a similar hope, and the prospect of
applications in areas such as secondary oil migration, has led
Immiscible fluid-fluid displacement processes in porousto the development of new numerical models based on the
media lead to the formation of complex, disorderly interfacegnvasion percolation algorithril2]. These models include
that often appear to have a fractal geométrly For instance, mechanisms for the fragmentation of the nonwetting fluid,
when a nonwetting fluid is slowly injected into a two- and they are able to reproduce the experimental patterns in a
dimensional porous medium that is saturated with a wettingatisfactory manner.
fluid, the nonwetting fluid forms a fractal structure with a  The remainder of the paper is organized as follows. In
dimensionality ofD~ 1.82[2]. Concepts and models related Sec. II, the experimental procedures are described, and dis-
to percolation theory3] have been used extensively to study Placement patterns observed in the experiments are pre-
this and other multiphase flow phenomena in the past 2gented. In Sec. Ill, the models used to simulate the displace-
years[4—9]. ment processes are described, and simulated displacement
The purpose here is to focus on two disp|acement propatterns are presented. In Sec. IV, the distributions of frag-
cesses in which the invasion of nonwetting fluid is an initialMment sizes measured in the experiments and in the simula-
step. In the first experiment, a fractal nonwetting fluid “clus- tions are compared. In Sec. V attempts to represent the frag-
ter” is formed by slowly displacing a wetting fluid out of a Ment size distributions obtained from simulations by simple
horizontal two-dimensional porous medium. The injection ofscaling forms are described. Conclusions from the work are
nonwetting fluid is stopped when the cluster has reached Bresented in Sec. VI.
given size, and the process is reversed by sucking the non-
wetting fluid out of the mediunp10]. In the second process,
a fractal cluster of nonwetting fluid is formed in the same
manner, by slowly displacing wetting fluid out of a porous The experimental two-dimensional media consisted of a
medium. Then, a hydrostatic pressure gradient is imposed atonfined monolayer of 1 mm or 2 mm diameter glass beads.
the system by slowly rotating the two-dimensional mediumThe beads were randomly thrown onto a sheet of sticky con-
out of the horizontal plane. Driven by increasing buoyancytact paper with a rectangular, nonsticky, silicone border until
forces, the cluster of nonwetting fluid starts to migrateno place for more beads was left. After removal of the excess
through the mediurfil1]. In both processes, the initial fractal beads that had not stuck to the contact paper, another sheet
cluster of nonwetting fluid is found to fragment into smaller of contact paper was applied on top making the model air-
pieces. Here we show that the fragments can be described ltight. The two-dimensional bead model was sandwiched be-
the same fractal dimensionality as the initial cluster, and thatween two 25 mm thick polymethylmethacrylate sheets. The
the distribution of fragment sizes can be represented bjower sheet had a transparent membrane attached to it which,
simple scaling forms. when inflated, pressed the beads against the other sheet to
The initial fractal clusters of nonwetting fluid can be de- ensure that the cell was only one bead thick everywhere. The
scribed by a branch of percolation theory known as “inva-pore space formed in this manner had a random geometry.
sion percolation”[12]. Numerical studies of the fragmenta- The pores varied in diameter from0.5 to~2 mm and had
tion of percolation clusters have been carried out relatively8—6 pore necks adjacent to them.
recently[13—15. These studies were motivated by the hope In all the experiments, air was used as the nonwetting
of advancing the understanding of the properties of percolafluid. A glycerin-water mixture with 1% Nigrosin black dye

II. EXPERIMENTS

1063-651X/97/58)/701515)/$10.00 55 7015 © 1997 The American Physical Society



7016 WAGNER, BIROVLJEV, MEAKIN, FEDER, AND J3SANG 55

FIG. 1. The experimental setup used in the
experiments on IP cluster fragmentati¢a). Sup-
porting plates,(b) inflated membrane(c) bead
layer, (d) inlet for the nonwetting fluid(e) weight
balance, andf) wetting fluid reservoir. The coor-
dinate system is indicated.

was used as the wetting fluid with respect to air at both thend isolated from the reservoir by the invading air.
contact paper and glass bead surfaces. This fluid has a vis- Shortly before the breakthrough of the growing cluster,
cosity of u=6x10"2 P, a density op=1123 kg/n?, and a AP had been reduced to a value-ef- 200 Pa. At this stage,
surface tension ofr=44x10"3 N/m. the process was reversed. The reservoir was lifted at a con-
stant spee@d. WhenAP increased, the air was driven back.
At first, the reservoir was below the plane of the cell
. : (AP<0), to counteract the capillary forces. Further pores
The c_eII was pos[tloned.honzontally, evacuated, and SatL\7vere abandoned by the air when the reservoir was lifted
rated with the wetting fluid. The shorter edge of the cell : )
above the plane of the cell arklP was increased to a final

contained an open channel, which served as an inlet. A cor- | f~ 250 Pa. The invadi tting fluid b d
responding channel along the opposite edge was used as yue of=2obFa. The invading wetling Tiuid bypassed some
outlet. A reservoir with a glycerine-water mixture was placed®! the receding air and occasionally caused fragmentation of

on a Mettler PE3600 weight balance. The weight balancdh® &r cluster. Large regions of the air could become isolated
rested on a stand with an adjustable height. The liquid in thé"hen. withdrawal of air from aporein the vicinity of the air
reservoir was connected to the outlet of the porous mediuniniet isolated them from the inlet. These cluster fragments
The pressure differencaAP=P— P, between the pressure remained immobile and could not be displaced by the imbib-
P of the Wet“ng fluid and the atmospheric pressgmwas |ng Wett|ng f|UId The eXperiment was terminated When a”
controlled by adjusting the height of the reservoir. The maséhe remaining air was completely cut off from the edge of the
of liquid that entered or exited the reservoir was measured bgnodel through which it had entered, and an increasa f

the weight balance. Figure 1 shows the setup. did not lead to further displacement.

In the beginning of the experiment the pressure of the Figure 2 shows a sequence of displacement patterns ob-
wetting fluid was slightly higher than the atmospheric presserved at breakthrough after air invasipRig. 2(a)], during
sure AP>0). The experiment started by slowly lowering the withdrawal of air[Fig. 2(b)], and at the final stage at
the reservoir with a constant speee- 0.5 cm/h, to continu- which no more displacement of air was possitie. 2(c)].
ously reduceAP. Wetting fluid was slowly withdrawing At the final stage shown in Fig.(®, the remaining air was
from the medium through the outlet, while air entered at thedisconnected from the outlet. The two-dimensional porous
inlet edge and formed an invasion percolationlike displacemedia used in the experiment shown in Fig. 2 had a size of
ment pattern. Some regions of wetting fluid became engulfed=100x 200 pores. By the end of this experiment, about 35%

A. Experiments on IP cluster fragmentation

FIG. 2. Patterns observed in a
IP cluster fragmentation experi-
ment. Par{a) shows the system at
breakthrough. The nonwetting
fluid (air, white had invaded
along the top edge in the figure
(the cell was horizontaland dis-
placed part of the wetting fluid
(water-glycerol, black out of the
porous medium. The nonwetting
fluid formed a connected IP-like
cluster. The saturation was
I'~0.37. (b) The system during
the displacement of the nonwet-
ting fluid by the wetting fluid.(c)
The remaining cluster fragments
that were isolated at the final stage
at which no more displacement of
nonwetting fluid was possible.
The saturation wak ~0.24.

<— ~100 pores ———=
X
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FIG. 3. Close-up images of patterns observed
at several stages in a IP cluster fragmentation ex-
periment using point injection. Here the dight
gray) is being forced out of the porous medium
by increasing the pressure in the wetting fluid
(blacK. The bright spots indicate the glass beads
of the cell. (a) The cluster formed at the end of
the invasion of nonwetting fluidb) The tips of
the cluster receded(c) Cluster fragmentation
took place.(d) Further receding and fragmenting
of the tips of the cluster.

of the air contained in the initial cluster was displaced from The saturatiod” of the experimental cell with nonwetting
the cell. fluid in an edge-injection experiment increased steeply as the
Figure 3 shows a close-up part of an air cluster observegressure differencd P was reduced. The increase is well
in an experiment in which the air entered and left the cellknown from pressure-saturation experimefit8—20 and
through a hole in the center of the upper plate. Only a fewmay be interpreted as a percolation phenomederb]. As
experiments of this type were carried out, since the with-AP was increased again after the initial stage in whidh
drawal of nonwetting fluid could come to an early end whenwas continuously decreased, the saturafiodecreased and
the center region became disconnected from the remainingached a final value at about two-thirds of the breakthrough
nonwetting fluid cluster. The cluster of nonwetting fluid value.
formed by the invading air was interspersed by thin “fjords”
of wetting fluid that separated pairs of adjacent invaded B. Experiments on IP cluster migration and fragmentation
pores[Fig. 3(@]. The fjords consisted of chains of pore . :
necks in which the invading air did not manage to break N these experiments, the cell was placed in a frame that
through[16]. Thus, almost every invaded pore had at leas@llowed the _|ncI|nat|on angle between the plane of thg cell
one adjacent pore neck that was filled with wetting fluid butand the horizontal plane to be controlled. The effective ac-
not necessarily connected to the reservoir other than througeleration due to gravity acting on the cell wgssin(a).
the wetting films along the edges and hollow spaces of thé&igure 4 shows the setup. The cell was evacuated and satu-
medium[17]. rated with the wetting fluid. The cell was positioned horizon-
When the pressure in the wetting fluid increased, thdally («=0°), and air wasnjected slowly through an inlet in
branches of the air cluster became thinner, and the clustéhe middle of the cell. The displaced wetting fluid exited the
tips retracted Fig. 3(b)]. At higher wetting fluid pressures, cell through outlets at the edges of the cell. In this way an
fragmentation could occur, mostly at locations where a chaninvasion percolationlike cluster of nonwetting fluid was
nel of air was strongly curvefFig. 3(c)]. Once a fragment formed.
was disconnected, further retraction of tips occurred at other When the cluster had filled a sufficiently large number of
parts of the clustefFig. 3(d)]. The sequence of pores from pores &2000 to= 10,000 pores the injection of air was
which the air was displaced was different from the sequencstopped and the cell was sealed. An increasing pressure gra-
of pores invaded during the preceding air invasion procesdlient was imposed by rotating the cell slowly about a hori-
Retraction of cluster tips often occurred simultaneously inzontal axis(the x axis). Since the air is less dense than the
different regions. wetting fluid, the cluster experienced buoyancy forces in the
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direction of the pressure gradient. Eventually, withdrawal
events occurred that led to fragmentation of the air cluster.
Fragmentation reduced the buoyancy drive, and newly
formed fragments were stranded “behind” the migrating
cluster. When the capillary forces again surpassed the buoy-
ancy forces, the migration of the cluster stopped temporarily.
When the inclination angle was further increased, the new
fragments started to migrate. Migration was enhanced when
fragments moved into contact with each other and coalesced
as a result of an increase in the extension inythdirection.
Migration and subsequent fragmentation occurred in
bursts between long periods of inactivity. The inclination
FIG. 4. The experimental setup used in the experiments on IRAnglea was increased at a constant low rate of 4° per hour
cluster migration(a) Supporting plates(b) inflated membranelc)  so thata could be considered to be constant during migra-
bead layer(d) rotation axis,(e) inlet for the nonwetting fluid, and  tijon sequences. The time scale of migration was sufficiently
(f) valve. The coordinate system and the direction of gravity ares|ow to resolve elementary displacement events by eye.
indicated. Figure 5 shows a sequence of displacement patterns ob-
) ) ) o ) served in an experiment using a cellfL00X ~ 200 pores.
y direction that competed with the pinning capillary forces. geads with a diameter of 2 mm were used in this experiment.

As the inclination anglea was increased, the buoyancy rigure 6 shows a similar sequence using a larger cell and 1
forces overcame the capillary forces and the cluster started tgm peads.

migrate. The migration occurred through a sequence of steps
consisting of elementary displacements. The cluster migrated
by withdrawing nonwetting fluid from pores at its “lower”
parts, redistributing it in newly invaded pore spaces at the The experiments were simulated using stochastic models,
“upper” region of the boundary. An elongated branchlike based on the invasion percolation algoritfit2]. In the sim-
structure was formed. The branches grew from the upper papiest form of IP, an invasion threshojg is assigned to each
of the boundary of the original cluster and meandered in thaitei on a lattice of sites. The invasion thresholds are random
y direction. numbers uniformly distributed over the interval O to 1. The
As the buoyancy forces increased, the primary branclsites represent pores, and the invasion thresholds represent
fragmented and the next generation of small percolationlikehe sizes of channels that connect the pores. Initially, all the
air fragments was formed. These fragments became mobsites are occupied with “defender” fluid, and a seed site is
lized and started to migrate at larger valueswofater in the  then filled with “invader” fluid (the label associated with the
experiment. The experiment was terminated when the inclisite is changed from that representing invader fluid to that
nation angle reached its maximum valueaf 90°. representing defender flyidThis site represents a growing
The formation of branches increased the extension of theluster or region filled by the invader fluid. At each step in
migrating cluster along the direction of the pressure gradienthe simulation, the site on the unoccupied perimeter of the
The buoyancy forces that acted on the cluster were thus irinvader fluid cluster with the lowest threshold is filled. The
creased. At this stage, the cluster was elongated along thenoccupied perimeter includes all empty sites that are adja-

Ill. SIMULATIONS

FIG. 5. Three stages in the mi-
gration of a IP-like cluster of non-
wetting fluid (air, white) covering
~4000 pores through a porous
medium saturated with a wetting
fluid (water-glycerol, black The
plane of the cell was rotated con-
tinuously. The original clustefa)
underwent fragmentation and dis-
tortion as the effective accelera-
tion of gravity increased. The pho-
tographs were taken at inclination
angles ofa=0° (a), 2.1° (b), and
2.4° (c), respectively. The coordi-
nate system and the direction of
gravity are indicated.
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FIG. 7. Schematic illustration of imbibition mechanisms in a
square network porous medium. The wetting flyghaded dis-
places the nonwetting fluigivhite). (a) Snap-off invasion of a chan-
nel. (b) Pistonlike invasion of a channdk) |1 invasion of a pore.
(d) 12 invasion of a pore. This figure is taken from REE7].

gion to the pore. The pressure that the nonwetting fluid must
overcome to invade a pore neck is inversely proportional to
the size of the neck. The region invaded by the nonwetting
fluid has a fractal geometr}2], and the invasion of pores
occurs in burst$22] with a broad, power-law distribution of
sizes.

The opposite process, slow displacement of nonwetting
fluid by wetting fluid, is not only governed by the pore size
but also by the local configuration of the fluid-fluid interface
[19,21,23. In quasistatic displacements of a nonwetting fluid
by a wetting fluid, the channels that connect pores may be
invaded by the wetting fluid in “pistonlike” processes, or by
“snap-off”’ events [17,23 (see Fig. 7. Snap-off invasion
occurs at channels that connect two pores filled with nonwet-
ting fluid [Fig. 7(a)]. In narrow channels, the film of wetting
fluid that covers the surface of the porous network may swell
and eventually choke off the nonwetting flditi7]. This may
separate a connected region of nonwetting fluid into two re-
gions or clusters that are no longer connected. Pistonlike
invasion refers to the invasion of a channel at the interface,
i.e., one that connects a pore filled with nonwetting fluid with
one that is already filled with wetting fluidFig. 7(b)].

The nonwetting fluid that occupies pores is preferentially
displaced at pores that are connected to the rest of the non-
wetting fluid by a single filled channgtl1 imbibition,” Fig.

7(c)] [17,23. If no such pore is available along the interface
and the pressure of the invading wetting fluid is sufficiently
high, “12"” displacements occufFig. 7(d)]. 12 refers to the
invasion of pores that are connected to the remaining non-
wetting fluid by only two filled channels that are adjacent to
each other. Other interface configurations have been ob-
FIG. 6. Four stages in the migration of a IP-like cluster of non-ganed to be of comparable stability.
Wetti_ng fluid (air, Whit_e) coverir1_g~10 000 pores through a porous Although the random geometry of the porous media used
medium saturated with a wetting flulvater-glycerol, black The ) 1 hresent work prevented an unambiguous classification,
F;igﬁ 2{;260Se[lg,r\{v?sa{fﬁtsetirc(;;]]nnz”gf?g' ;h; &?O;%r%%hzowerﬁﬁe cluster tip retractions observ¢Big. 3b)] may be re-

. 9 T AT 2 PO A “* . garded as pistonlike and 11 displacements, respectively.
(d), respectively. The coordinate system and the direction of gravi . .
are indicated. rggmgntgtlon of the structures of air in pores where the

fluid-fluid interface was strongly curved may be regarded as

12 and snap-off displacements, respectively. To simulate
&hese processes, a site-bond IP model was used that incorpo-
rated the dominant displacement mechanisms 11, 12, piston,
and snap-off. The pores in the two-dimensional porous me-
dium were represented as sites on a two-dimensional square
lattice and the channels connecting the pores were repre-

The mechanisms of slow displacement of wetting fluidssented as bonds connecting the sites.
by nonwetting fluids in porous media have been studied ex- A random numbep; was assigned to each bondand a
tensively[17,19-21. The conclusion from these efforts is random numbeq; was assigned to each siteThe random
that the displacement of a wetting fluid out of a pore and thexumbers{p} were used to compute the capillary threshold
invasion of the pore by a nonwetting fluid is determined bypressure¢(q) that must be overcome to fill a region with
the geometry of the pore neck that connects the invaded raronwetting fluid. Similarly, the random numbefg} were

Gravity

<— ~200 pores ———>

cent(nearest neighboyso filled sites. The filled sites form a
fractal cluster embedded in the surrounding defender flui
reservoir.

A. Modeling displacement mechanisms
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FIG. 8. The six nearest-neighbor bonds of the hatched bond are 11 N I N -

shaded. f f f f f f

used to compute the threshold pressg(q) required for the FIG. 9. lllustration of the trapping rules used in the simulations.
simulated nonwetting fluid to withdraw from an invaded re- The simulated nonwetting fluidvhite) entered and left the lattice
gion. Infinite invasion thresholdg) were assigned to the through the inlet row(arrows and could trap clusters of wetting
bonds and sites at the border of the lattibtocking bound- ~ fluid (shadedt The wetting fluid siteA and the bona are trapped.
aries. The wetting fluid bond® — eare r_10t trapped since they are neigh-
The distribution of the random numbefis} was selected bors to the untrapped wetting fluid bonfisg, andh, respectively.
to represent the distribution of the inverse of the pore neck
sizes identified in a digitized image of a section of the ex-
perimental cell. The random numbefg} were distributed

2. Simulation of the displacement of a nonwetting fluid
by a wetting fluid

uniformly on the unit interval. In the simulations of the displacement of a nonwetting
fluid by a wetting fluid, the four dominant mechanisfpss-
1. Simulation of the displacement of a wetting fluid ton, snap-off, 11, and 12 displacemgntere included in the
by a nonwetting fluid model. In a displacement step, the wetting fluid displaced the

nonwetting fluid either from a bonfby pistonlike or snap-
off processes or from a site(by 11 or 12 processgsin each
step, all the bonds and sites from which the simulated non-

etting fluid could withdraw were identified. The bond or
ite with the lowest withdrawal thresholgd was chosen, and
the nonwetting fluid was withdrawn. This established a hier-
rchy between the four imbibition mechanisms included in
he model[24]. The withdrawal threshol@ assigned to a
given bond or site varied according to the local configuration
of the fluid-fluid interface.

Table | gives an overview over the assignment of the
withdrawal thresholdg. Nonwetting fluid in bonds that con-
nected a wetting fluid site with a nonwetting fluid site was
withdrawn via a pistonlike process. These bonds had a con-

tant minimal withdrawal threshold o= —1. Fluid in
onds that connected two nonwetting fluid sites was with-

drawn by snap-off. These bonds had a constant maximal

withdrawal threshold o= 0. Nonwetting fluid at sites with
single adjacent nonwetting fluid bond was withdrawn via

e 11 mechanism. These sites had a low withdrawal thresh-
old of ¢(q)=—(g+1)/2 (depending on the random num-
bers{q} assigned to the sitgsFinally, fluid at sites with two

In the displacement of the simulated wetting fluid by the
simulated nonwetting fluid, the invasion threshaidof a
bondi was given by$(p;)=p;, and the invasion threshold
of a site was zero. In an invasion step, the nonwetting flui
displaced the wetting fluid either from a bond, or from a
bond and a site. In each invasion step all of the bonds th
were occupied by the wetting fluid and that were adjacent tq
the region occupied by the nonwetting fluid were identified.
The bond with the lowest thresholfl was then chosen and
“invaded” by the nonwetting fluid. If the invaded bond led
to a site that was still occupied by the wetting fluid, that site
was invaded as well.

To account for the very low compressibility of the dis-
placed wetting fluid, a wetting fluid site was “trapped2]
and could not be invaded by the simulated nonwetting flui
if it was not connected to the surrounding “infinite” reser-
voir of wetting fluid by a path consisting of steps between
nearest-neighbor wetting fluid sites. Similarly, a wetting fluid
bond was trapped if there was no path consisting of step
between nearest-neighbor wetting fluid sites or wetting flui
bonds leading to the reservoir.

Wetting fluid transport by film flow along the hollow
spaces of the celll7] was included in the simulation in the . . .
following manner. The six nearest-neighbor bonds of a bond.ABLE I. Assignment of withdrawal thresholds used in the
(see Fig. 8 could connect the wetting fluid in a given bond simulation of the displacement of nonwetting fluid by wetting fluid.
with the “infinite” reservoir of wetting fluid. Collinear

bonds could form a connected path of nearest-neighbor wet- Mechanism i

ting fluid bonds even if the sites adjacent to the bonds wer@istonlike bond withdrawal o=—
filled with nonwetting fluid. In this way, “fjords” consisting Type-I1 site withdrawal —1<¢=<-05
of bonds occupied with wetting fluid could penetrate the IPType-I2 site withdrawal —0.5<¢<0
cluster of nonwetting fluid, as observed in the experimenisnap-off bond withdrawal =0

[Fig. 3(@]. Figure 9 illustrates the trapping rules.
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FIG. 10. Patterns obtained during the simula-
tion of IP cluster fragmentation experimenta)
IP cluster of nonwetting fluidwhite) formed at
the end of the displacement of wetting fluid by
nonwetting fluid(breakthrough The nonwetting
fluid entered along the top, and 6995 sites had
been invadedI{=0.35). (b) The system during
displacement of nonwetting fluid by wetting fluid
at a wetting fluid “pressure” of—1/2. At this
stage, no |12 withdrawals had occurred, and 6139
sites were invadedI{=0.31).(c) The system at
the final stage when no more withdrawal was
possible. 4898 sites remained invaded
(I'=0.24).

- 100 Lattice Sites —

adjacent nonwetting fluid bonds forming a right angle wassteps occurred until no more nonwetting fluid at sites with
withdrawn by the |12 process, using a hightgss negative  three adjacent wetting fluid bonds was present, and no more
random withdrawal threshold af(q)= —q/2. Nonwetting piston or 11 steps were possible. Then a site withdrawal by
fluid at sites with all other configurations of adjacent bondsan 12 step occurred. This always enabled a new series of 11
could not be withdrawn. and piston withdrawal steps to take place. Snap-off with-
To satisfy the condition of incompressibility of the wet- drawals of fluid from bonds occurred only at the final stage
ting fluid, only nonwetting fluid at sites that were adjacent toof the simulation due to the high withdrawal threshold as-
untrapped wetting fluid sitegconnected to the surrounding signed to this process.
reservoir of wetting fluid by a path consisting of steps be- Some of the withdrawals of nonwetting fluid sites and
tween nearest-neighbor wetting fluid sjteould be with-  bonds caused fragmentation of the original IP cluster formed
drawn. Similarly, bond withdrawal was only possible for during the invasion of nonwetting fluid. Fluid at sites and
bonds with untrapped wetting fluid bonds among theirbonds that were disconnected from the irflecause no path
nearest-neighbor bondsee Fig. 8. When applying the trap- consisting of steps between nearest-neighbor nonwetting
ping rules, the sites and bonds forming the blocking boundfluid sites and bonds to the inlet existezbuld not be with-
ary were counted as nonwetting fluid sites and bonds. drawn anymore. These bonds and sites formed immobile
fragments of the original IP cluster.

Figure 10 shows a typical sequence of displacement pat-
terns obtained during a simulation on a lattice of size 100
To simulate the displacement experiments described ik 200. The initial IP cluster of nonwetting fluid occupied
Sec. Il A, one of the shorter edges of a lattice of size6995 sites. The simulation of the subsequent displacement of

LXx2L represented the injection edge for the nonwettingthe nonwetting fluid by the wetting fluid led to the with-
fluid, and the opposite edge represented the “infinite” reserdrawal of about 30% of the nonwetting fluid. Right after the
voir of wetting fluid. The sites along the longer edges werebeginning[Fig. 10a)], all nonwetting fluid bonds that had
blocked to represent the impenetrable walls of the cell. untrapped wetting fluid bonds among their neighbor bonds
The simulations began by labeling the row of sites andand that connected a nonwetting fluid site with a wetting
bonds along one edge of lengthto represent nonwetting fluid site were withdrawn via pistonlike processes. While the
fluid at the injection edge. The remaining sites and bondSpressure” of the wetting fluid, represented by the maxi-
were labeled to represent the wetting fluid. An IP cluster ofmum withdrawal threshold of the bonds and sites that had
nonwetting fluid was formed by carrying out a series of in-been withdrawn at each stage, increased frof to —1/2,
vasion steps with trapping, as described in Sec. lll A 1. Thdl withdrawal steps occurredrig. 1Qb)].
invasion of nonwetting fluid was terminated at breakthrough When the “pressure” of the invading wetting fluid in-
when the IP cluster extended along the entire lattice andreased further, 12 withdrawal became possible. These steps
reached the edge representing the reservoir of wetting fluidcould lead to fragmentation of the IP cluster. Most of the 12
In the second part of the simulations, the withdrawal ofwithdrawal steps turned one or more adjacent nonwetting
the simulated nonwetting fluid and the invasion of the wet-fluid sites into “dangling ends” that had only a single adja-
ting fluid was simulated by withdrawing nonwetting fluid cent bond connecting them to the IP cluster, and that then
bonds and sites from the lattice, in the manner described inould be withdrawn in an 11 step. 12 withdrawal steps could
Sec. lll A 2. The withdrawals represented transport throughalso reconnect trapped clusters of wetting fluid to the wetting
the inlet(the former injection edge at the edge of the lajtice fluid reservoir. These clusters were then not trapped any-
Fluid from nonwetting fluid sites and bonds was with- more, and the nonwetting fluid sites adjacent to these clusters
drawn in the order of the withdrawal threshol@dsassigned became exposed to withdrawal too.
to the corresponding bonds and sites. In a typical sequence of When the wetting fluid “pressure” reached the final value
withdrawals, bond and site withdrawals by piston and by I1of 0, nonwetting fluid bonds that were still connected to the

B. Simulation of the experiments on IP cluster fragmentation
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inlet row were withdrawn by snap-off. Each such withdrawal
could enable further site withdrawals since it exposed addi-
tional sites to 11 or 12 withdrawal. In the final stage shown in
Fig. 10c), the remaining nonwetting fluid was split up in
several clustergsome of them only separated by a bond
occupied with wetting fluigd A small fraction of wetting
fluid was still trapped.

C. Simulation of the experiments on IP cluster migration
and fragmentation

To represent the displacement experiments described il
Sec. II.B., the injection of nonwetting fluid into the experi-
mental cell at an inclination angle=0° was simulated,
using a lattice of lattice of size X 2L. An injection site in
the center of the lattice was labeled to represent nonwetting
fluid. The remaining sites and bonds were labeled to repre
sent wetting fluid. An IP cluster was grown by filling bonds
and sites adjacent to the nonwetting fluid region with non-
wetting fluid, in the manner described above. The invasion
was terminated when the cluster had reached a given size.

At this stage, the migration of the IP cluster, under the
influence of increasing buoyancy forces, was simulated. The
simulation consisted of a sequence of migration steps tha (
involved either the migration of a bond, the migration of 8 ) .ucestes —=
site, or the simultaneous migration of a site and an adjacen.
bond. In .each step, nonvyettlng ﬂu'd. was _Wlthdrawn_ fro_m & FIG. 11. Patterns obtained during the simulation of IP cluster
S_Ource sitabond, and migrated by, 'nvad,'ng a destlnatl_on migration experimentga) The system at the end of the simulation
site (bond. The numbers of nonwetting fluid bonds and sites jayasion of nonwetting fluidwhite). An IP cluster covering 6000
were conserved separately. sites was formed(b) A meandering branch grew &t=0.0036.(c)

The migration steps were dfiVen by bl_JOyanCy: expressegte nonwetting fluid cluster was highly fragmentedf at0.0106.
as the product of a parametktimes the distance along the

y-axis between the source and the destination, and opposed . . .

by capillary forces. The buoyancy parameterepresented and forth. If no mlgrat|on §tep was possible, the buoyancy
the effective buoyancy force per unit volumggsina in the ~ Parametef was increased in small steps.

experiment, wheré p is the density difference between the ~SOme of the migration steps involving withdrawals by 12

wetting and the nonwetting fluid. At each stage, the pressurl€PS Or by snap-off processes led to fragmentation of the
balance migrating IP cluster. The fragments migrated independently

from each other and could coalesce. The destination site
[I=¢+o—fAy (1)  (bond and the source sitébbond in a migration step had to
be part of the same fragment of nonwetting fluid.

, . In each migration step, incompressibility of the wetting
was evaluated for all possible migration steps, and the stefiq \as taken into account. Clusters of wetting fluid that

yielding the minimur_n balanch_was determined. The first became engulfed by migrating nonwetting fluid were
two terms on the right-hand side of E(L) represent the trapped. Migration steps were only possible if both the des-

cap|llary. forpes r.equwed for the nonwetting fluid to 'nvadetination site(bond and source sitébond were adjacent to
the destination sit¢bond and to withdraw from the source . ; : :
the same cluster of wetting flui@ncluding the surrounding

site (bond. The framework of invasion thresholds and . .7 | . . .
withérawgl thresholdg described above was used(?lSSince the infinite” cluster). The withdrawal of nonwetting fluid fre-

withdrawal thresholde were negative, a migration step was qu_ently led to reconn_ectio_n .Of. trapped clusters_ of W(_atting
supported by the contribution of the capillary force Control_fIU|d with the surrounding “infinite” cluster of wetting fluid.

ling the withdrawal of the nonwetting fluid from a source site | € migration of the nonwetting fluid fragments occurred
(bond. The last term in Eq(1) accounts for the driving N bursts, similarly to those observed in the experiments.

buoyancy force determined by the height differenty After a fragment had started to migrate, a multitude of mi-
between source and destination and the buoyancy pargration steps took place. The extension of the migrating frag-
meterf. ment in they direction was reduced by repeated fragmenta-
The migration step yielding a minimum balanbg, was tion events. When the buoyancy drive became too weak to
carried out ifl1,,<0 andAy>0. The first condition was met support further migration of the fragment, the migration
if the thresholde assigned to a step was low or if the thresh-ceased. When the buoyancy parameter had increased signifi-
old ¢ and the height differencAy between source and des- cantly, the fragment could migrate further. Coalescence with
tination were large. The second condition was necessary tother fragments increased tiieextension and prolonged mi-
avoid unphysical loops with nonwetting fluid migrating back gration. Figure 11 shows a sequence of displacement patterns
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obtained in a simulation in whichwas increased in steps of 3.0 . . .
size 104 from O to 0.01. !
2.0 5

D. Modifications and simplifications of the simulation models

In some simulations of the cluster fragmentation experi- = 1.0 1
ment(Sec. Il A), the distinction between 11 and 12 site with- b
drawal processes was dropped. For both I1 and I1 site with- %" 0.0 1
drawals, the withdrawal thresholde were given by ';9'-
o(q)=—q, rather than by using the scheme described in & -1.0 1
Sec. llIA2. In the absence of a bias in favor of 11 site
withdrawal, a smaller amount of nonwetting fluid was dis- -2.0 .
placed. Nonwetting fluid was withdrawn from sites at all
parts of the IP cluster since the enhanced withdrawal of sites -3-00 0o 1'0 . 2'0 : 3'0 2.0
with two adjacent neighbor bonds opened “channels” for ) ) log '(S*) ) '

10

the displacing wetting fluid. The regions of wetting fluid

close to the outlet became untrapped at an early stage. This

enabled withdrawal of nonwetting fluid that was located near FIG. 12. Cumulative fragment size distributioNgs=s*) mea-

the outlet. Large fractions of the IP cluster became disconsured in the experiment shown in Fig.(@rcles and simulations

nected and could not be withdrawn. (solid line) on IP cluster fragmentation at the final stage, plotted as
In another variant of the model, the threshold for bond2 function ofs* on a log-log scales denotes the approximate

snap-off was not constrained to the valge=0. At the be- numb.er of occupied pores, and the numbe.r of qccupigd .site.s., re-

ginning of a simulation of cluster fragmentation, an addi-spectively. Also shown_are t_he cumulative size dls_trlbutlons

tional set of random numbefs|’}, uniformly distributed on ~ N(S=S") of trapped weting fluid fragments, measured in the ex-

the unit interval, was assigned to all bonds. The withdrawaPe”mem(swa‘re}SanOI in simulationgdotted ling.

thresholds¢(q’) for bond snap-off were then given by

o(q')=—(q’+1)/2 (analogous to the withdrawal thresh- those described above did not perform satisfactory. In the

olds for 12 site withdrawal This modification again led to simulations discussed in the remainder of this text the site-

reduced withdrawal of the nonwetting fluid. Extensive bondbond IP models described in Secs. Il B and Il C were used.

fragmentation occurred if the “pressure” of the invading

wetting fluid was equal to or greater thanl/2. In contrast IV. COMPARISON OF EXPERIMENTS

to 12 site withdrawal, the withdrawal of bonds could not lead AND SIMULATIONS

to untrapping of entire regions of wetting fluid. Conse-

quently, the enhancement of the bond withdrawals did not Quantitative comparisons of experiment and simulation
expose further nonwetting fluid to withdrawal. were carried out by measuring the size distribution and scal-

In a similar simulation in which the thresholds for both INd Properties of the fragments. In the experiments, the size
piston bond withdrawal and snap-off bond withdrawal was®f @ fluid fragment was determined by counting the number
given simply bye(q')=—gq’, independent of the fluid to- of pixels representing the fragment in the digitized image.
pology, numerous snap-off withdrawals occurred, leading td°"€ POre was represented by about 30 pixels. Fragments that
extensive fragmentation at an early stage. Compared to tHeFcuPied less than 30 pixels were ignored. Pixels belonging
original model, snap-off bond withdrawal was much moret0 @ nonwetting fluid fragment were connected via nearest or

favored. Extensive bond fragmentation occurred at an earl{)€Xt-néarest neighbors. Wetting fluid fragments were defined
stage, and very few sites were withdrawn. via nearest-neighbor connection of pixels. In the simulations,

More radical simplifications of the cluster fragmentation "€ Size of a fragment was defined as the number of sites
simulation model were also tested. In one version, the bondeccupied by the fragment. The sites belonging to a fragment

were eliminated to reduce the model to a site IP model. Thd/€reé connected via nearest-neighbor sites, linked by bonds.

nonwetting fluid formed an IP cluster consisting of occupied
sites, using a set of invasion thresholds assigned to the sites.
The only two withdrawal mechanisms included in the model
were 11 and 12 withdrawal steps, the distinction between the
two being based on the state of the adjacent sites rather than Figure 12 shows, on a log-log plot, the cumulative distri-
on the state of adjacent bonds. In another simplified versiorution of nonwetting fluid fragments(s=s*) vs s*, mea-
a bond IP model was used in which invasion thresholds andured in the experiment shown in Fig(c2 N(s=s*) de-
withdrawal thresholds were assigned to the bonds on a latticeotes the number of fragments that have a siegual to or
of bonds. After the nonwetting fluid had formed an IP clustergreater than a size*. The distribution of fluid fragment
consisting of occupied bonds, the nonwetting fluid was with-sizes observed in simulations is also plotted in the same fig-
drawn using pistonlike bond withdrawals and snap-off bondure. The distribution of nonwetting fluid fragments was mea-
withdrawals. None of the simplified models was found tosured at the end of the simulations, when no more with-
reproduce the experimental displacement patterns in a satidrawal was possible, and was averaged over several hundred
factory manner. simulations. The simulations were carried out on a lattice of
Versions of the site-bond IP model for cluster migration 100X 200 sites, corresponding to the cell size used in the
that were modified or simplified in manners analogous toexperiment.

A. Comparison between experiment and simulation
on IP cluster fragmentation
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FIG. 13. The radius of gyratioRy of the nonwetting fluid frag- o '
ments in experiments on IP cluster fragmentation, measured at the Ec, =0.0012
final stage and plotted as a function of fragment ns&asthe circles g”
refer to fragments observed in the pattern shown in Fg), 2nd = 00F ]
the solid line refers to simulation data. The dotted line, with a slope |
of 0.53, is a linear least-squares fit to the simulation data. The (b)
dashed line has a slope of 0.55 corresponding to the inverse of the -1 .00 o . 1'0 * 20 * 3.0 * 2.0
fractal dimensionality of IP clusters, with trapping. ) ) log .(s*) ) :
10

Figure 12 also shows the cumulative size distribution of
trapped wetting fluid clusters. The distribution was measured T, . :
at the final stage in the experiment shown in Fig. 2 and in ELGNM; Eumut:at'te Z'Z.i dr'rft”rbt‘."cr’lns of ':.?:Wrig"l? 2“;.‘:]"6‘9'
corresponding simulations. Only trapped wetting fluid clus-"eNSN(s=s") observed in migration experimentdotted lines

. . - g
ters that were not adjacent to the edges of the experiment?[1OI Stymbotl)s lpIOttfed ?S abfunCt'ct’.n oé tog.f? log tlot%t.scale' Dif
cell were taken into account. erent sympols refer 1o observauons at dirrerent ultung angles

The agreement between the fragment size distributiond"® Initial IP cluster covered about 4000 pofasand 8000 pores
measured in the experiments and in the simulations is fair. ) res'oe.cnvgly' Tr_‘e solid lines are the cumulative distributions
o . L . __Observed in simulations.
Deviations are found in the distribution of trapped wetting
fluid clusters. These may be attributed to the fact that a sub-
stantial part of the wetting fluid belonging to a trapped clus-ing, conveniently expressed by the modified Bond number
ter was located in pore necks and chantiet® Fig. 3. Fluid  Bo=(Apga?/o)sina, wherea is a typical length scale de-
in channels connected to a cluster contributed to the totadcribing the pore geometry of the medium. Using the values
cluster size(mass$. In the simulations, only wetting fluid given in Sec. Il and setting~ 1 mm, Bo was found to vary
sites contributed to the cluster size, leading to a potentiafrom 0 to ~0.04 whena was increased from 0° to about
underestimation of the size. 10°. In the simulations, the quantity corresponding to Bo
Figure 13 shows, on a log-log scale, the radius of gyrationyas the ratiof/( ¢+ ¢) between the buoyancy paramefer
Ry(s) of the nonwetting fluid fragments, plotted versus theand a typical value for the sum of thresholds. The sum
fragment sizes. Ry(s) was measured at the final stage in (4+ ¢) had a value 0f=0.5. The range of buoyancy drives
edge-injection experiments and simulations. Only fragmentsvestigated in the experiments was covered in most of the
with sizes>10 were includedRy(s) was expected to scale simulations by lettingf vary from 0 to 0.02 in steps of

with the fragment size as[3] 104,
Figure 14 shows a log-log plot of the cumulative size
Rg(s)NslfD, (2)  distributionN(s=s*) of fragments of the migrating IP clus-

. ] ] ) ter, measured in different experiments and simulations. The
whereD is the fractal dimensionality of the fragments. If the gistributions were measured at various inclination anales
fragments retain the structure of the original IP C|USter,(experiment5and values of the buoyancy parameftésimu-
Ry(s)~st+8%-s0%5  Here, _the fractal dimensionality |ations. In the experiments, the initial IP-like cluster of non-
D~1.82 of IP clusters was insert¢d,25]. Both the simula-  \etting fluid covered about 4000 and 8000 pores, respec-

tion data and the experimental data are consistent with thigyely. The simulations were carried out using IP clusters of
assumption. A least-squares fit of the simulation data yielded —4000 and 8000 sites, respectively.
Ry(s) ~s%% At each stage, the size distribution was measured when all
migration had ceased. The agreement between the cluster
fragment distributions found experimentally and measured in
simulations is satisfying. The steep decay of the distributions
Each stage of a migration experiment was characterizedt larges is not seen in the experimental data for statistical
by the ratio between the buoyancy and capillary forces actreasons.

B. Comparison between experiment and simulation
on IP cluster migration and fragmentation
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FIG. 15. The radius of gyratioR, of the nonwetting fluid frag- FIG. 16. The size distributionN(s,L) of nonwetting fluid frag-

ments in experiments on IP cluster migration, measured at twénents measured in simulations of IP cluster fragmentation at the
slightly different tilting anglesa (circles, squares The solid line  final stage, using lattices of size 250 (A), 50x100 (B), 100

was obtained from measurements in simulations at a fixed value of 200 (C), 200<400 (D), 400x 800 (E), and 800<1600 (F), re-

the buoyancy parametér The dotted line, with a slope 0.57, is a spectively. The inset shows an attempt to collapse the distributions,
linear least-squares fit to the simulation data. The dashed line has$ing the scaling form given in Ed3). The exponents and x
slope of 0.55 corresponding to the inverse of the fractal dimensionere obtained from an analysis of the moment$, assuming that
ality of IP clusters, with trapping. D=D+ x(2— 7). The cluster sizes were shifted &s=s+ 10.

As in Fig. 13, the radii of gyratiorRy of the fragments
observed in experiments and in simulations are plotted on a
log-log scale as a function of the fragment s&zm Fig. 15.

The experimental data was measured at inclination angles ¢fere,D characterizes the dependence of the amémats$
a=2.1° and 2.4°, respectively. The simulation data wasof nonwetting fluid remaining at the final stage on the system
measured at a buoyancy parameterf ef0.0107, using an sizelL. As=s+c is the fragment size, shifted by a constant
initial IP cluster withs,=2000 sites. A least-squares fit of amountc. The scaling functiom(x) is constant fox<1 and

the simulation data yielde®y(s)~s%>’. Both the experi- decays faster than any powenofor x>1. s (L) represents
mental data and the simulation data are consistent with ththe cutoff fragment size that was expected to scale with the
idea that the fragments form small IP-like clusters with thesystem size as

fractal dimensionality oD ~1.82.

N(s,L)~L5As‘Tg(SA(i)>. 3)

Se(L)~Lx. (4)
V. SCALING PROPERTIES OF SELECTED QUANTITIES .
The exponentsg and y may be extracted from the scaling

In the experiments, the system size could not be varietbehavior of the moments of the fragment size distribution
over a large range due to practical limitations, and only aN(s,L). The kth moment w®(L) of the distribution
handful of experiments could be conducted. The scaling beN(s,L) is defined as
havior of a humber of quantities was studied by means of
simulations. In the simulations of IP cluster fragmentation, ® ‘
the analysis included the study of the fragment size distribu- M= ZO SN(s,L). 5
tions and of the saturation with nonwetting fluid at the final .
stage. In the simulations of IP cluster migration and frag- Fqor [ >1 and 7<2, the ratios of the moments were
mentation, the dynamics of the migration process was StUdéxpected to scale with the system size as
ied by measuring and comparing properties of fragments that

oo

were immobile and of fragments that were in the process of wV
s L (2-1)
migrating. — ~LX
ML
A. Results obtained in simulations of IP cluster fragmentation w?
. . L — ~ LX. 6
Figure 16 shows the size distributidd(s,L) of the non- wl? ©®

wetting fluid fragments, measured on a log-log scale for

simulations at the final stage. The simulation data of Fig. 12 Equation(6) was derived in a manner similar to the one
is included in this figure. The data sets corresponding to thélescribed in Refl14]. Figure 17 shows a plot of these ratios
largest systems studied. € 800) appear noisy due to poor as a function of the system size On a log-log scale, the
statistics. An attempt was made to represent the distributionstios appeared to obey power laws, as expected. For the
by the scaling forni26] ratio of the first to the zeroth moment and for the ratio of the
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FIG. 17. Ratiou™/u(® (circles, and u@/u® (squarey re- FIG. 18. Plot of the fragment size distributidé(s,f) measured

spectively, of momentg(* of the fragment size distributions, mea- in simulations of IP cluster migration and fragmentation. The initial
sured at the final stage in simulations of IP cluster fragmentatioriP cluster had a size & =2000 sites, and the buoyancy parameter
and plotted on a log-log scale as a function of system kiz€he  f was increased in steps of size 0.0001 from 0 to 0.02. At low
dashed lines are linear least-squares fits. The inset shows the sat@lues off, a peak a, indicates incomplete fragmentation of the

ration I", at breakthrough(pointy and at the final stagd'; IP cluster. At highf, few large fragments remain. The insert shows
(squarey plotted versud. on a log-log scale. The dashed line in- an attempt to collapse the distributions onto a single scaling func-
dicates the scaling expected for IP clusters. tion g(s/s;), using the scaling form given in Eq(8) with

s.(f)~f 18 The distributions corresponding to the five lowest val-
second to the first moment, linear least-squares fits yieldedes off were removed.
exponents of 0.730.04 and 1.7 0.08, respectively. Using
Eqg. (6), the exponentsy=1.79+0.08 and r=1.59+0.09
were obtained.
The inset in Fig. 17 shows a plot of the breakthrough

data collapse is very good. Using a shift of zeAsE s), the
collapse is not impaired for large values of the scaling vari-

. . o - able, but considerable spread was found for low values.
saturationl’,, (the number of nonwetting fluid sites divided From Fig. 16, it is apparent that the distributioNgs,L)
by the number of lattice sites at breakthrougFor IP clus- g- 25 PP AN
ters in two dimensions, the saturation scaled'gs L° 2 assume a power-law decay only for fra_\gment sizes of the
since the cluster sizémass$ scales with the system size as o_rder of 10 _and larger, up to the cutoff siggL). The tran-
s~LP [25]. The scaling of", with the system siz& appar- sient behawc_)r at very 'O‘fs cannot be accounte_d for b_y the
ent in Fig. 17 is consistent with this expectation. During theScaling functiorg(x) and is remedied by the shift applied in

withdrawal of the nonwetting fluid]' decreases from the Ea. (3.
breakthrough value to the final valdg . The total amount
of remaining nonwetting fluid may be expressed as the first

. L2 B. Results obtained in simulations on IP cluster migration
moment of the fragment size distribution, 9

and fragmentation

o

I 2. In the simulations of IP cluster migration, the fragmenta-
Iy(L)=L ;l SN(s,L)=L"“p". (7)  tion depended on the buoyancy paramétécorresponding
to the effective acceleration of gravigsin(a) in the experi-
The first moment of the fragment size distribution dependgnend. Fragments that were formed could disintegrate into
on the system size as,u(Ll)~LD*X(2’T). The final satura- smalle_r fragments or coalesce with othgr frag_ments during
. . ~ migration. The total amount of nonwetting fluid was held
tion cannot scale with an exponedt+ y(2—7)—2 great~er constant at all stages.
than the IP exponentD—2, which leads to D Figure 18 shows the fragment size distributidxés, f)
<D-x(2—1). In the inset in Fig. 17]¢ is plotted versus measured on a log-log scale at different values of the gradi-
L on a log-log scale. The final saturation had a roughly conent parametef in simulations using initial IP clusters with a
stant valuel'y~0.23 for all system sizes investigated, andsjzes,=2000. At low values off, fragments of all sizes up
does not appear to decay equally fast or faster than the brealg s, were present. The distribution of fragment sizes is
through saturationI',. This finding indicates that the peaked at values slightly belosy, indicating that, in many
asymptotic regime has not been reached in the simulationszuns of the simulation, the IP cluster was essentially intact at
In the absence of a known value for the saturation expothis stage. Wherf was increased, smaller fragments were
nent, it was assumed thBt has the maximum possible value formed at the expense of the large fragments. The distribu-
D— x(2—7)=~1.09. The inset in Fig. 16 shows the data col-tions measured at high are characterized by cutoff sizes
lapse obtained using the scaling form given in Eg).and  s.(f) that decrease with increasirig
the exponentsr and y obtained from the analysis of the A standard scaling form for fragment size distributions is
moments. The shifAs=s+ 10 was chosen judiciously. The [26]
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24| S 3.0 . : : .
N(s,f)~s g<3c(f))' 8 I Slope=-1
20 F .
with the cutoff sizes, scaling with the parametdras € \/‘ﬁu\
sd(f)~f2. (9) 81or T
[ (a)
The insert in Fig. 18 shows the data collapse obtained by 0.0 + } + }
using the scaling form given in Ed8), using a value of ] Slope=-0.57
1.8 for the exponent in Eq. (9). The distributions corre- 20k J
sponding to the lowest values bfwere omitted in the data & \/\/‘\
collapse, since fragmentation and migration had not begun in ]
all of the simulations at these stages. Equati®imay be 810r 7
interpreted in terms of a simple picture in which the frag- " (b)
ments are viewed as blobs with a IP clusterlike structure. In 0.0 ' } ' f
the simulations, the fragments that have a size close to the I Slope=-1

cutoff sizes,(f) are characterized by an extensi(f) in

the y direction (the direction of the gradient imposethat £ 20 r
scales withf as = | ]
2 1.0 | N

l(F)~f71, (10 ()
0.0 : L L
as will be shown below. Assuming that the radius of gyration -4.0 -3.0 -2.0
Ry of the fragments is proportional to the extensigff) and log,(f)

making use of Eq(2), the relationship
FIG. 19. Scatter plots of fragment extensions vs the gradient
sc(f)~lg’(f)~f_D (11 parametef on a log-log scale. Pafg) shows the extension in the
y directionl§m) of fragments that started to migrate. Pdmx shows
is obtained. Inserting the IP exponebt=1.82, Eq.(11) is the widthw(® of fragments that were in the process of migrating, at
consistent with the empirical data collapse shown in Fig. 18stages before they underwent fragmentation. Raishows the ex-
Migration of both the initial IP cluster and the fragments tension in they directionl§“) of fragments that were newly formed.
that form begins when the buoyancy force acting on themTh? initial IP clusters had a size 6f=2000 sites. The solid lines
become larger than the capillary forces. In the model, thdndicate averages.
capillary forces are represented by the quenched disorder
with a magnitude of order unity and migration begins whenthat were left behind, as the larger part of the fragmented
fl,=1, wherel, is the length of the cluster in the direc-  cluster continued to migrate. The migrating fragments were
tion. Consequently, a characteristic leng{f’(f)~f~* in  elongated in the direction.
they direction can be defined for each value of the buoyancy Figure 19b) shows on a log-log scale a scatter plot of the

parameterf. Clusters that extend over distances greater thatvidth wt) of migrating fragments, at stages before they un-
~1™(f) in the y will migrate under the influence of the derwent fragmentation, as a function of the gradienThe

y . . . . . .
buoyancy forces, and clusters that extend over distances leB¥!t is consistent with the idea that the width is a measure for
the percolation correlation lengthcharacterizing the struc-

than~1{"(f) in they direction will be trapped in the porous . : ,
— : ; ture of nonwetting fluid. In the presence of a gradienthe
medium by the capillary forces. Figure (89 shows a scatter : . : y
correlation length is known to scale E&7]

plot of they extensionsig,m) of fragments that began a se-
guence of migration steps at a gradiehton a log-log
scale. The mean extension{™(f)==(1{"(s))>N(s)/ E~|f|Hr D (13
SIM(s)N(s) scales ad{™(f)~f~* in the migration re-

gime, wheref>f(sp). At the onset of migration, most of with v/(v+1)~0.57.

the fragments were not elongated in thdirection. The size The migration of a typical fragment of siz€™(f) ceased
s(™ of these fragments then may be expected to scale witivhen they extension of the fragment dropped below the
the buoyancy parameter as characteristic length{™(f), after a sequence of fragmenta-
tion processes. The remaining part of the migrating fragment
sM(f)~f7P, (12 had a sizes’ <s(™(f), and was not elongated in tlyedirec-

tion. Similarly, the fragments formed during the sequence
whereD~1.82 is the fractal dimensionality of IP clusters. were not elongated in thg direction. The typical extension
During a typical sequence of migration steps, the extenin they direction of fragments formed at a buoyancy param-
sion of the fragment in thg direction increased up to a value eter off was found to scale ai§")(f)~f*l as shown in Fig.
of aboutl§p), leading to a further increase in the buoyancy19(c). The typical size of fragments formed during migration
force. Some of the steps led to the formation of fragmentat f may then again be expected to scale as
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: . : . The main results emerging from the present study are as
Slope=-1.82 ] follows: (i) The experiments were simulated using modified
site-bond IP models, and good agreement was found between
the simulations and experiments. Emphasis was placed on
modeling a hierarchy of possible displacement events: pis-
tonlike withdrawal of wetting fluid from bonds, type-I1 with-
drawal from sites, type-12 withdrawal from sites, and snap-
off withdrawal from bonds. A similar ordering of
displacement mechanisms was used in simulation models in-
troduced by Blunt, King, and Schd28] and Glass and
Yarrington[29]. The success of the simulation model indi-

I cates that IP models are well suited to model slow two-phase
1.0 . ) : , ‘ fluid flow with complex boundary conditions, despite the fact
-3.0 2.5 -2.0 1.5 that the model does not contain a detailed representation of
log,(f) the various displacement mechanisms found in real porous
media with complex geometries and wetting behavior.

(i) In both types of experiments and simulations, a fractal
fluid cluster underwent fragmentation. The resulting irregular
fragments could be described by the same fractal dimension-
ality D~1.82 as the initial cluster. This dimensionality is
characteristic for an invasion percolationlike struct(een-
bedded in two dimensions, with a trapping nul@éhe frag-
mentation and migration processes led to constant changes of
the displacement patterns at global and local scales, but did
not change the internal arrangement of the fragmenting
structure.

(iii) The distributions of fragment sizes measured in simu-
ons could be represented by simple scaling forms and

FIG. 20. The mean fragment sizéf) (solid line) was bounded
by the mean size"(f) of fragments that were newly formed at a
givenf (dotted ling, and by the mean siz&"(f) of fragments that
started to migrate at a given(dashed ling respectively. The initial
IP clusters had a size &f,=2000 sites. The expected scaling be-
havior is indicatedstraight solid ling.

S(n)(f),vffD_ (14)

Figure 20 shows the mean fragment sizﬁ
=35°Ng(f)/=sNy(f) plotted as a function of the buoyancy lati

p(amr)ameterf on a log-log plot. Also shpwn is the mean SIZ€ characterized by typicalcutoff) sizes. In the cluster frag-
s'"(f) of fragments that started to migrate at a given stagementation process, the cutoff size had a power-law depen-

and the mean size!"(f) of fragments that were newly dence on the system sitg with an exponeny very close
formed at a given stage. The data are consistent with thgnd possibly equal t®. In the cluster migration process the

scaling laws given in Eqg12) and(14). cutoff size of the distributions was given by the magnitude of
the gradienff driving the process, fof sufficiently large. In
VI. CONCLUSIONS this regime the cutoff size had a power-law dependence on

. . N . f, with the exponenD.
In the experiments described in this paper, IP-like clusters W XP

of a nonwetting fluid embedded in a wetting fluid were frag-
mented in a porous medium. In the experiments on IP cluster
fragmentation, the fragmentation of the cluster occurred by We thank A. Aharony, K. Christensen, V. Frette, L. Fu-
removing parts of the cluster. The internal structure of theruberg, P. King, R. Lenormand, and K. J." M for helpful
fragments was not changed. In the experiments on IP clusteliscussions. We acknowledge support by VISTA, a research
migration and fragmentation, the cluster fragments were decooperation between The Norwegian Academy of Science
formed in the course of the experiment. The fragmentsand Letters and Den norske stats oljeselskap @8FBATOIL)
formed in these experiments not only depended on the seand by The Research Council of NorwéMFR). This re-
guence of invasion and withdrawal events imposed by thaearch has received support from the NFR program for su-
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