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Fragmentation and migration of invasion percolation clusters: Experiments and simulations

G. Wagner, A. Birovljev, P. Meakin, J. Feder, and T. Jo”ssang
Department of Physics, University of Oslo, Box 1048, Blindern, 0316 Oslo 3, Norway

~Received 12 August 1996; revised manuscript received 6 February 1997!

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.
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PACS number~s!: 47.55.Kf, 47.55.Mh, 05.40.1j
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I. INTRODUCTION

Immiscible fluid-fluid displacement processes in poro
media lead to the formation of complex, disorderly interfac
that often appear to have a fractal geometry@1#. For instance,
when a nonwetting fluid is slowly injected into a two
dimensional porous medium that is saturated with a wet
fluid, the nonwetting fluid forms a fractal structure with
dimensionality ofD'1.82 @2#. Concepts and models relate
to percolation theory@3# have been used extensively to stu
this and other multiphase flow phenomena in the past
years@4–9#.

The purpose here is to focus on two displacement p
cesses in which the invasion of nonwetting fluid is an init
step. In the first experiment, a fractal nonwetting fluid ‘‘clu
ter’’ is formed by slowly displacing a wetting fluid out of
horizontal two-dimensional porous medium. The injection
nonwetting fluid is stopped when the cluster has reache
given size, and the process is reversed by sucking the
wetting fluid out of the medium@10#. In the second process
a fractal cluster of nonwetting fluid is formed in the sam
manner, by slowly displacing wetting fluid out of a poro
medium. Then, a hydrostatic pressure gradient is impose
the system by slowly rotating the two-dimensional mediu
out of the horizontal plane. Driven by increasing buoyan
forces, the cluster of nonwetting fluid starts to migra
through the medium@11#. In both processes, the initial fracta
cluster of nonwetting fluid is found to fragment into small
pieces. Here we show that the fragments can be describe
the same fractal dimensionality as the initial cluster, and t
the distribution of fragment sizes can be represented
simple scaling forms.

The initial fractal clusters of nonwetting fluid can be d
scribed by a branch of percolation theory known as ‘‘inv
sion percolation’’@12#. Numerical studies of the fragmenta
tion of percolation clusters have been carried out relativ
recently@13–15#. These studies were motivated by the ho
of advancing the understanding of the properties of perc
551063-651X/97/55~6!/7015~15!/$10.00
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tion clusters. In this work, a similar hope, and the prospec
applications in areas such as secondary oil migration, has
to the development of new numerical models based on
invasion percolation algorithm@12#. These models include
mechanisms for the fragmentation of the nonwetting flu
and they are able to reproduce the experimental patterns
satisfactory manner.

The remainder of the paper is organized as follows.
Sec. II, the experimental procedures are described, and
placement patterns observed in the experiments are
sented. In Sec. III, the models used to simulate the displa
ment processes are described, and simulated displace
patterns are presented. In Sec. IV, the distributions of fr
ment sizes measured in the experiments and in the sim
tions are compared. In Sec. V attempts to represent the f
ment size distributions obtained from simulations by sim
scaling forms are described. Conclusions from the work
presented in Sec. VI.

II. EXPERIMENTS

The experimental two-dimensional media consisted o
confined monolayer of 1 mm or 2 mm diameter glass bea
The beads were randomly thrown onto a sheet of sticky c
tact paper with a rectangular, nonsticky, silicone border u
no place for more beads was left. After removal of the exc
beads that had not stuck to the contact paper, another s
of contact paper was applied on top making the model
tight. The two-dimensional bead model was sandwiched
tween two 25 mm thick polymethylmethacrylate sheets. T
lower sheet had a transparent membrane attached to it wh
when inflated, pressed the beads against the other she
ensure that the cell was only one bead thick everywhere.
pore space formed in this manner had a random geome
The pores varied in diameter from'0.5 to'2 mm and had
3–6 pore necks adjacent to them.

In all the experiments, air was used as the nonwett
fluid. A glycerin-water mixture with 1% Nigrosin black dy
7015 © 1997 The American Physical Society
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FIG. 1. The experimental setup used in th
experiments on IP cluster fragmentation.~a! Sup-
porting plates,~b! inflated membrane,~c! bead
layer,~d! inlet for the nonwetting fluid,~e! weight
balance, and~f! wetting fluid reservoir. The coor-
dinate system is indicated.
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was used as the wetting fluid with respect to air at both
contact paper and glass bead surfaces. This fluid has a
cosity ofm5631022 P, a density ofr51123 kg/m3, and a
surface tension ofs54431023 N/m.

A. Experiments on IP cluster fragmentation

The cell was positioned horizontally, evacuated, and s
rated with the wetting fluid. The shorter edge of the c
contained an open channel, which served as an inlet. A
responding channel along the opposite edge was used a
outlet. A reservoir with a glycerine-water mixture was plac
on a Mettler PE3600 weight balance. The weight bala
rested on a stand with an adjustable height. The liquid in
reservoir was connected to the outlet of the porous medi
The pressure differenceDP5P2P0 between the pressur
P of the wetting fluid and the atmospheric pressureP0 was
controlled by adjusting the height of the reservoir. The m
of liquid that entered or exited the reservoir was measured
the weight balance. Figure 1 shows the setup.

In the beginning of the experiment the pressure of
wetting fluid was slightly higher than the atmospheric pr
sure (DP.0). The experiment started by slowly lowerin
the reservoir with a constant speedv50.5 cm/h, to continu-
ously reduceDP. Wetting fluid was slowly withdrawing
from the medium through the outlet, while air entered at
inlet edge and formed an invasion percolationlike displa
ment pattern. Some regions of wetting fluid became engu
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and isolated from the reservoir by the invading air.
Shortly before the breakthrough of the growing clust

DP had been reduced to a value of'2200 Pa. At this stage
the process was reversed. The reservoir was lifted at a
stant speedv. WhenDP increased, the air was driven bac
At first, the reservoir was below the plane of the c
(DP,0), to counteract the capillary forces. Further por
were abandoned by the air when the reservoir was lif
above the plane of the cell andDP was increased to a fina
value of'250 Pa. The invading wetting fluid bypassed som
of the receding air and occasionally caused fragmentatio
the air cluster. Large regions of the air could become isola
when withdrawal of air from a pore in the vicinity of the a
inlet isolated them from the inlet. These cluster fragme
remained immobile and could not be displaced by the imb
ing wetting fluid. The experiment was terminated when
the remaining air was completely cut off from the edge of t
model through which it had entered, and an increase ofDP
did not lead to further displacement.

Figure 2 shows a sequence of displacement patterns
served at breakthrough after air invasion,@Fig. 2~a!#, during
the withdrawal of air@Fig. 2~b!#, and at the final stage a
which no more displacement of air was possible@Fig. 2~c!#.
At the final stage shown in Fig. 2~c!, the remaining air was
disconnected from the outlet. The two-dimensional poro
media used in the experiment shown in Fig. 2 had a size
'1003200 pores. By the end of this experiment, about 35
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FIG. 2. Patterns observed in
IP cluster fragmentation experi
ment. Part~a! shows the system a
breakthrough. The nonwetting
fluid ~air, white! had invaded
along the top edge in the figur
~the cell was horizontal! and 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 wa
G'0.37. ~b! The system during
the displacement of the nonwe
ting fluid by the wetting fluid.~c!
The remaining cluster fragment
that were isolated at the final stag
at which no more displacement o
nonwetting fluid was possible
The saturation wasG'0.24.



ed
ex-

id
ds
f

g
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FIG. 3. Close-up images of patterns observ
at several stages in a IP cluster fragmentation
periment using point injection. Here the air~light
gray! is being forced out of the porous medium
by increasing the pressure in the wetting flu
~black!. The bright spots indicate the glass bea
of the cell. ~a! The cluster formed at the end o
the invasion of nonwetting fluid.~b! The tips of
the cluster receded.~c! Cluster fragmentation
took place.~d! Further receding and fragmentin
of the tips of the cluster.
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of the air contained in the initial cluster was displaced fro
the cell.

Figure 3 shows a close-up part of an air cluster obser
in an experiment in which the air entered and left the c
through a hole in the center of the upper plate. Only a f
experiments of this type were carried out, since the w
drawal of nonwetting fluid could come to an early end wh
the center region became disconnected from the remai
nonwetting fluid cluster. The cluster of nonwetting flu
formed by the invading air was interspersed by thin ‘‘fjords
of wetting fluid that separated pairs of adjacent invad
pores @Fig. 3~a!#. The fjords consisted of chains of por
necks in which the invading air did not manage to bre
through @16#. Thus, almost every invaded pore had at le
one adjacent pore neck that was filled with wetting fluid b
not necessarily connected to the reservoir other than thro
the wetting films along the edges and hollow spaces of
medium@17#.

When the pressure in the wetting fluid increased,
branches of the air cluster became thinner, and the clu
tips retracted@Fig. 3~b!#. At higher wetting fluid pressures
fragmentation could occur, mostly at locations where a ch
nel of air was strongly curved@Fig. 3~c!#. Once a fragment
was disconnected, further retraction of tips occurred at o
parts of the cluster@Fig. 3~d!#. The sequence of pores from
which the air was displaced was different from the seque
of pores invaded during the preceding air invasion proce
Retraction of cluster tips often occurred simultaneously
different regions.
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The saturationG of the experimental cell with nonwetting
fluid in an edge-injection experiment increased steeply as
pressure differenceDP was reduced. The increase is we
known from pressure-saturation experiments@18–20# and
may be interpreted as a percolation phenomenon@4–6#. As
DP was increased again after the initial stage in whichDP
was continuously decreased, the saturationG decreased and
reached a final value at about two-thirds of the breakthro
value.

B. Experiments on IP cluster migration and fragmentation

In these experiments, the cell was placed in a frame
allowed the inclination anglea between the plane of the ce
and the horizontal plane to be controlled. The effective
celeration due to gravity acting on the cell wasg sin(a).
Figure 4 shows the setup. The cell was evacuated and s
rated with the wetting fluid. The cell was positioned horizo
tally (a50°), and air wasinjected slowly through an inlet in
the middle of the cell. The displaced wetting fluid exited t
cell through outlets at the edges of the cell. In this way
invasion percolationlike cluster of nonwetting fluid wa
formed.

When the cluster had filled a sufficiently large number
pores ('2000 to'10,000 pores!, the injection of air was
stopped and the cell was sealed. An increasing pressure
dient was imposed by rotating the cell slowly about a ho
zontal axis~the x axis!. Since the air is less dense than t
wetting fluid, the cluster experienced buoyancy forces in
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y direction that competed with the pinning capillary force
As the inclination anglea was increased, the buoyanc
forces overcame the capillary forces and the cluster starte
migrate. The migration occurred through a sequence of s
consisting of elementary displacements. The cluster migra
by withdrawing nonwetting fluid from pores at its ‘‘lower’
parts, redistributing it in newly invaded pore spaces at
‘‘upper’’ region of the boundary. An elongated branchlik
structure was formed. The branches grew from the upper
of the boundary of the original cluster and meandered in
y direction.

As the buoyancy forces increased, the primary bra
fragmented and the next generation of small percolation
air fragments was formed. These fragments became m
lized and started to migrate at larger values ofa, later in the
experiment. The experiment was terminated when the in
nation angle reached its maximum value ofa590°.

The formation of branches increased the extension of
migrating cluster along the direction of the pressure gradi
The buoyancy forces that acted on the cluster were thus
creased. At this stage, the cluster was elongated along

FIG. 4. The experimental setup used in the experiments on
cluster migration.~a! Supporting plates,~b! inflated membrane,~c!
bead layer,~d! rotation axis,~e! inlet for the nonwetting fluid, and
~f! valve. The coordinate system and the direction of gravity
indicated.
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direction of the pressure gradient. Eventually, withdraw
events occurred that led to fragmentation of the air clus
Fragmentation reduced the buoyancy drive, and ne
formed fragments were stranded ‘‘behind’’ the migratin
cluster. When the capillary forces again surpassed the bu
ancy forces, the migration of the cluster stopped tempora
When the inclination angle was further increased, the n
fragments started to migrate. Migration was enhanced w
fragments moved into contact with each other and coales
as a result of an increase in the extension in they direction.

Migration and subsequent fragmentation occurred
bursts between long periods of inactivity. The inclinatio
anglea was increased at a constant low rate of 4° per h
so thata could be considered to be constant during mig
tion sequences. The time scale of migration was sufficien
slow to resolve elementary displacement events by eye.

Figure 5 shows a sequence of displacement patterns
served in an experiment using a cell of'1003'200 pores.
Beads with a diameter of 2 mm were used in this experime
Figure 6 shows a similar sequence using a larger cell an
mm beads.

III. SIMULATIONS

The experiments were simulated using stochastic mod
based on the invasion percolation algorithm@12#. In the sim-
plest form of IP, an invasion thresholdpi is assigned to each
site i on a lattice of sites. The invasion thresholds are rand
numbers uniformly distributed over the interval 0 to 1. T
sites represent pores, and the invasion thresholds repre
the sizes of channels that connect the pores. Initially, all
sites are occupied with ‘‘defender’’ fluid, and a seed site
then filled with ‘‘invader’’ fluid ~the label associated with th
site is changed from that representing invader fluid to t
representing defender fluid!. This site represents a growin
cluster or region filled by the invader fluid. At each step
the simulation, the site on the unoccupied perimeter of
invader fluid cluster with the lowest threshold is filled. Th
unoccupied perimeter includes all empty sites that are a
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FIG. 5. Three stages in the mi
gration of a IP-like cluster of non-
wetting fluid ~air, white! covering
'4000 pores through a porou
medium saturated with a wetting
fluid ~water-glycerol, black!. The
plane of the cell was rotated con
tinuously. The original cluster~a!
underwent fragmentation and dis
tortion as the effective accelera
tion of gravity increased. The pho
tographs were taken at inclinatio
angles ofa50° ~a!, 2.1° ~b!, and
2.4° ~c!, respectively. The coordi-
nate system and the direction o
gravity are indicated.



u

d
e
s
h
by
r

ust
l to
ing

f

ing
e
e
id
be
y

et-

ell

re-
like
ce,
ith

lly
non-

ce
tly

on-
to
ob-

sed
ion,

ely.
the
as
ate
rpo-
ton,
e-
uare
pre-

ld
h

n
s

e

i

a

-

55 7019FRAGMENTATION AND MIGRATION OF INVASION . . .
cent~nearest neighbors! to filled sites. The filled sites form a
fractal cluster embedded in the surrounding defender fl
reservoir.

A. Modeling displacement mechanisms

The mechanisms of slow displacement of wetting flui
by nonwetting fluids in porous media have been studied
tensively @17,19–21#. The conclusion from these efforts i
that the displacement of a wetting fluid out of a pore and t
invasion of the pore by a nonwetting fluid is determined
the geometry of the pore neck that connects the invaded

FIG. 6. Four stages in the migration of a IP-like cluster of no
wetting fluid ~air, white! covering'10 000 pores through a porou
medium saturated with a wetting fluid~water-glycerol, black!. The
plane of the cell was rotated continuously. The photographs w
taken ata50° @original cluster,~a!#, 2.8° ~b!, 3.5° ~c!, and 85.4°
~d!, respectively. The coordinate system and the direction of grav
are indicated.
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gion to the pore. The pressure that the nonwetting fluid m
overcome to invade a pore neck is inversely proportiona
the size of the neck. The region invaded by the nonwett
fluid has a fractal geometry@2#, and the invasion of pores
occurs in bursts@22# with a broad, power-law distribution o
sizes.

The opposite process, slow displacement of nonwett
fluid by wetting fluid, is not only governed by the pore siz
but also by the local configuration of the fluid-fluid interfac
@19,21,23#. In quasistatic displacements of a nonwetting flu
by a wetting fluid, the channels that connect pores may
invaded by the wetting fluid in ‘‘pistonlike’’ processes, or b
‘‘snap-off’’ events @17,23# ~see Fig. 7!. Snap-off invasion
occurs at channels that connect two pores filled with nonw
ting fluid @Fig. 7~a!#. In narrow channels, the film of wetting
fluid that covers the surface of the porous network may sw
and eventually choke off the nonwetting fluid@17#. This may
separate a connected region of nonwetting fluid into two
gions or clusters that are no longer connected. Piston
invasion refers to the invasion of a channel at the interfa
i.e., one that connects a pore filled with nonwetting fluid w
one that is already filled with wetting fluid@Fig. 7~b!#.

The nonwetting fluid that occupies pores is preferentia
displaced at pores that are connected to the rest of the
wetting fluid by a single filled channel@‘‘I1 imbibition,’’ Fig.
7~c!# @17,23#. If no such pore is available along the interfa
and the pressure of the invading wetting fluid is sufficien
high, ‘‘I2’’ displacements occur@Fig. 7~d!#. I2 refers to the
invasion of pores that are connected to the remaining n
wetting fluid by only two filled channels that are adjacent
each other. Other interface configurations have been
served to be of comparable stability.

Although the random geometry of the porous media u
in the present work prevented an unambiguous classificat
the cluster tip retractions observed@Fig. 3~b!# may be re-
garded as pistonlike and I1 displacements, respectiv
Fragmentation of the structures of air in pores where
fluid-fluid interface was strongly curved may be regarded
I2 and snap-off displacements, respectively. To simul
these processes, a site-bond IP model was used that inco
rated the dominant displacement mechanisms I1, I2, pis
and snap-off. The pores in the two-dimensional porous m
dium were represented as sites on a two-dimensional sq
lattice and the channels connecting the pores were re
sented as bonds connecting the sites.

A random numberpi was assigned to each bondi , and a
random numberqj was assigned to each sitej . The random
numbers$p% were used to compute the capillary thresho
pressuref(q) that must be overcome to fill a region wit
nonwetting fluid. Similarly, the random numbers$q% were

-

re

ty

FIG. 7. Schematic illustration of imbibition mechanisms in
square network porous medium. The wetting fluid~shaded! dis-
places the nonwetting fluid~white!. ~a! Snap-off invasion of a chan
nel. ~b! Pistonlike invasion of a channel.~c! I1 invasion of a pore.
~d! I2 invasion of a pore. This figure is taken from Ref.@17#.
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used to compute the threshold pressurew(q) required for the
simulated nonwetting fluid to withdraw from an invaded r
gion. Infinite invasion thresholdsf were assigned to the
bonds and sites at the border of the lattice~blocking bound-
aries!.

The distribution of the random numbers$p% was selected
to represent the distribution of the inverse of the pore n
sizes identified in a digitized image of a section of the e
perimental cell. The random numbers$q% were distributed
uniformly on the unit interval.

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

In the displacement of the simulated wetting fluid by t
simulated nonwetting fluid, the invasion thresholdf of a
bond i was given byf(pi)5pi , and the invasion threshol
of a site was zero. In an invasion step, the nonwetting fl
displaced the wetting fluid either from a bond, or from
bond and a site. In each invasion step all of the bonds
were occupied by the wetting fluid and that were adjacen
the region occupied by the nonwetting fluid were identifie
The bond with the lowest thresholdf was then chosen an
‘‘invaded’’ by the nonwetting fluid. If the invaded bond le
to a site that was still occupied by the wetting fluid, that s
was invaded as well.

To account for the very low compressibility of the di
placed wetting fluid, a wetting fluid site was ‘‘trapped’’@12#
and could not be invaded by the simulated nonwetting fl
if it was not connected to the surrounding ‘‘infinite’’ rese
voir of wetting fluid by a path consisting of steps betwe
nearest-neighbor wetting fluid sites. Similarly, a wetting flu
bond was trapped if there was no path consisting of st
between nearest-neighbor wetting fluid sites or wetting fl
bonds leading to the reservoir.

Wetting fluid transport by film flow along the hollow
spaces of the cell@17# was included in the simulation in th
following manner. The six nearest-neighbor bonds of a bo
~see Fig. 8! could connect the wetting fluid in a given bon
with the ‘‘infinite’’ reservoir of wetting fluid. Collinear
bonds could form a connected path of nearest-neighbor
ting fluid bonds even if the sites adjacent to the bonds w
filled with nonwetting fluid. In this way, ‘‘fjords’’ consisting
of bonds occupied with wetting fluid could penetrate the
cluster of nonwetting fluid, as observed in the experim
@Fig. 3~a!#. Figure 9 illustrates the trapping rules.

FIG. 8. The six nearest-neighbor bonds of the hatched bond
shaded.
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2. Simulation of the displacement of a nonwetting fluid
by a wetting fluid

In the simulations of the displacement of a nonwetti
fluid by a wetting fluid, the four dominant mechanisms~pis-
ton, snap-off, I1, and I2 displacement! were included in the
model. In a displacement step, the wetting fluid displaced
nonwetting fluid either from a bond~by pistonlike or snap-
off processes!, or from a site~by I1 or I2 processes!. In each
step, all the bonds and sites from which the simulated n
wetting fluid could withdraw were identified. The bond o
site with the lowest withdrawal thresholdw was chosen, and
the nonwetting fluid was withdrawn. This established a hi
archy between the four imbibition mechanisms included
the model@24#. The withdrawal thresholdw assigned to a
given bond or site varied according to the local configurat
of the fluid-fluid interface.

Table I gives an overview over the assignment of t
withdrawal thresholdsw. Nonwetting fluid in bonds that con
nected a wetting fluid site with a nonwetting fluid site w
withdrawn via a pistonlike process. These bonds had a c
stant minimal withdrawal threshold ofw521. Fluid in
bonds that connected two nonwetting fluid sites was w
drawn by snap-off. These bonds had a constant maxi
withdrawal threshold ofw50. Nonwetting fluid at sites with
a single adjacent nonwetting fluid bond was withdrawn
the I1 mechanism. These sites had a low withdrawal thre
old of w(q)52(q11)/2 ~depending on the random num
bers$q% assigned to the sites!. Finally, fluid at sites with two

TABLE I. Assignment of withdrawal thresholdsw used in the
simulation of the displacement of nonwetting fluid by wetting flui

Mechanism w

Pistonlike bond withdrawal w521
Type-I1 site withdrawal 21<w<20.5
Type-I2 site withdrawal 20.5<w<0
Snap-off bond withdrawal w50

re

FIG. 9. Illustration of the trapping rules used in the simulation
The simulated nonwetting fluid~white! entered and left the lattice
through the inlet row~arrows! and could trap clusters of wetting
fluid ~shaded!. The wetting fluid siteA and the bonda are trapped.
The wetting fluid bondsb – e are not trapped since they are neig
bors to the untrapped wetting fluid bondsf , g, andh, respectively.
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55 7021FRAGMENTATION AND MIGRATION OF INVASION . . .
FIG. 10. Patterns obtained during the simul
tion of IP cluster fragmentation experiments.~a!
IP cluster of nonwetting fluid~white! formed at
the end of the displacement of wetting fluid b
nonwetting fluid~breakthrough!. The nonwetting
fluid entered along the top, and 6995 sites h
been invaded (G50.35). ~b! The system during
displacement of nonwetting fluid by wetting flui
at a wetting fluid ‘‘pressure’’ of21/2. At this
stage, no I2 withdrawals had occurred, and 61
sites were invaded (G50.31). ~c! The system at
the final stage when no more withdrawal wa
possible. 4898 sites remained invade
(G50.24).
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adjacent nonwetting fluid bonds forming a right angle w
withdrawn by the I2 process, using a higher~less negative!
random withdrawal threshold ofw(q)52q/2. Nonwetting
fluid at sites with all other configurations of adjacent bon
could not be withdrawn.

To satisfy the condition of incompressibility of the we
ting fluid, only nonwetting fluid at sites that were adjacent
untrapped wetting fluid sites~connected to the surroundin
reservoir of wetting fluid by a path consisting of steps b
tween nearest-neighbor wetting fluid sites! could be with-
drawn. Similarly, bond withdrawal was only possible f
bonds with untrapped wetting fluid bonds among th
nearest-neighbor bonds~see Fig. 8!. When applying the trap-
ping rules, the sites and bonds forming the blocking bou
ary were counted as nonwetting fluid sites and bonds.

B. Simulation of the experiments on IP cluster fragmentation

To simulate the displacement experiments described
Sec. II A, one of the shorter edges of a lattice of s
L32L represented the injection edge for the nonwett
fluid, and the opposite edge represented the ‘‘infinite’’ res
voir of wetting fluid. The sites along the longer edges we
blocked to represent the impenetrable walls of the cell.

The simulations began by labeling the row of sites a
bonds along one edge of lengthL to represent nonwetting
fluid at the injection edge. The remaining sites and bo
were labeled to represent the wetting fluid. An IP cluster
nonwetting fluid was formed by carrying out a series of
vasion steps with trapping, as described in Sec. III A 1. T
invasion of nonwetting fluid was terminated at breakthrou
when the IP cluster extended along the entire lattice
reached the edge representing the reservoir of wetting fl

In the second part of the simulations, the withdrawal
the simulated nonwetting fluid and the invasion of the w
ting fluid was simulated by withdrawing nonwetting flu
bonds and sites from the lattice, in the manner describe
Sec. III A 2. The withdrawals represented transport throu
the inlet~the former injection edge at the edge of the lattic!.

Fluid from nonwetting fluid sites and bonds was wit
drawn in the order of the withdrawal thresholdsw assigned
to the corresponding bonds and sites. In a typical sequenc
withdrawals, bond and site withdrawals by piston and by
s
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steps occurred until no more nonwetting fluid at sites w
three adjacent wetting fluid bonds was present, and no m
piston or I1 steps were possible. Then a site withdrawal
an I2 step occurred. This always enabled a new series o
and piston withdrawal steps to take place. Snap-off wi
drawals of fluid from bonds occurred only at the final sta
of the simulation due to the high withdrawal threshold a
signed to this process.

Some of the withdrawals of nonwetting fluid sites a
bonds caused fragmentation of the original IP cluster form
during the invasion of nonwetting fluid. Fluid at sites an
bonds that were disconnected from the inlet~because no path
consisting of steps between nearest-neighbor nonwet
fluid sites and bonds to the inlet existed! could not be with-
drawn anymore. These bonds and sites formed immo
fragments of the original IP cluster.

Figure 10 shows a typical sequence of displacement
terns obtained during a simulation on a lattice of size 1
3200. The initial IP cluster of nonwetting fluid occupie
6995 sites. The simulation of the subsequent displacemen
the nonwetting fluid by the wetting fluid led to the with
drawal of about 30% of the nonwetting fluid. Right after th
beginning@Fig. 10~a!#, all nonwetting fluid bonds that had
untrapped wetting fluid bonds among their neighbor bon
and that connected a nonwetting fluid site with a wetti
fluid site were withdrawn via pistonlike processes. While t
‘‘pressure’’ of the wetting fluid, represented by the max
mum withdrawal threshold of the bonds and sites that h
been withdrawn at each stage, increased from21 to 21/2,
I1 withdrawal steps occurred@Fig. 10~b!#.

When the ‘‘pressure’’ of the invading wetting fluid in
creased further, I2 withdrawal became possible. These s
could lead to fragmentation of the IP cluster. Most of the
withdrawal steps turned one or more adjacent nonwet
fluid sites into ‘‘dangling ends’’ that had only a single adj
cent bond connecting them to the IP cluster, and that t
could be withdrawn in an I1 step. I2 withdrawal steps cou
also reconnect trapped clusters of wetting fluid to the wett
fluid reservoir. These clusters were then not trapped a
more, and the nonwetting fluid sites adjacent to these clus
became exposed to withdrawal too.

When the wetting fluid ‘‘pressure’’ reached the final valu
of 0, nonwetting fluid bonds that were still connected to t
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inlet row were withdrawn by snap-off. Each such withdraw
could enable further site withdrawals since it exposed ad
tional sites to I1 or I2 withdrawal. In the final stage shown
Fig. 10~c!, the remaining nonwetting fluid was split up i
several clusters~some of them only separated by a bo
occupied with wetting fluid!. 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 describe
Sec. II.B., the injection of nonwetting fluid into the expe
mental cell at an inclination anglea50° was simulated,
using a lattice of lattice of sizeL32L. An injection site in
the center of the lattice was labeled to represent nonwet
fluid. The remaining sites and bonds were labeled to rep
sent wetting fluid. An IP cluster was grown by filling bond
and sites adjacent to the nonwetting fluid region with no
wetting fluid, in the manner described above. The invas
was terminated when the cluster had reached a given si

At this stage, the migration of the IP cluster, under t
influence of increasing buoyancy forces, was simulated.
simulation consisted of a sequence of migration steps
involved either the migration of a bond, the migration of
site, or the simultaneous migration of a site and an adjac
bond. In each step, nonwetting fluid was withdrawn from
source site~bond!, and migrated by invading a destinatio
site ~bond!. The numbers of nonwetting fluid bonds and sit
were conserved separately.

The migration steps were driven by buoyancy, expres
as the product of a parameterf times the distance along th
y-axis between the source and the destination, and opp
by capillary forces. The buoyancy parameterf represented
the effective buoyancy force per unit volumeDrgsina in the
experiment, whereDr is the density difference between th
wetting and the nonwetting fluid. At each stage, the press
balance

P5f1w2 fDy ~1!

was evaluated for all possible migration steps, and the
yielding the minimum balancePm was determined. The firs
two terms on the right-hand side of Eq.~1! represent the
capillary forces required for the nonwetting fluid to inva
the destination site~bond! and to withdraw from the sourc
site ~bond!. The framework of invasion thresholdsf and
withdrawal thresholdsw described above was used. Since t
withdrawal thresholdsw were negative, a migration step wa
supported by the contribution of the capillary force contr
ling the withdrawal of the nonwetting fluid from a source s
~bond!. The last term in Eq.~1! accounts for the driving
buoyancy force determined by the height differenceDy
between source and destination and the buoyancy p
meter f .

The migration step yielding a minimum balancePm was
carried out ifPm,0 andDy.0. The first condition was me
if the thresholdf assigned to a step was low or if the thres
old w and the height differenceDy between source and de
tination were large. The second condition was necessar
avoid unphysical loops with nonwetting fluid migrating ba
l
i-

in

g
e-

-
n
.

e
at

nt

s

d

ed

re

ep

e

-

ra-

-

to

and forth. If no migration step was possible, the buoyan
parameterf was increased in small steps.

Some of the migration steps involving withdrawals by
steps or by snap-off processes led to fragmentation of
migrating IP cluster. The fragments migrated independen
from each other and could coalesce. The destination
~bond! and the source site~bond! in a migration step had to
be part of the same fragment of nonwetting fluid.

In each migration step, incompressibility of the wettin
fluid was taken into account. Clusters of wetting fluid th
became engulfed by migrating nonwetting fluid we
trapped. Migration steps were only possible if both the d
tination site~bond! and source site~bond! were adjacent to
the same cluster of wetting fluid~including the surrounding
‘‘infinite’’ cluster !. The withdrawal of nonwetting fluid fre-
quently led to reconnection of trapped clusters of wett
fluid with the surrounding ‘‘infinite’’ cluster of wetting fluid.

The migration of the nonwetting fluid fragments occurr
in bursts, similarly to those observed in the experimen
After a fragment had started to migrate, a multitude of m
gration steps took place. The extension of the migrating fr
ment in they direction was reduced by repeated fragmen
tion events. When the buoyancy drive became too weak
support further migration of the fragment, the migratio
ceased. When the buoyancy parameter had increased si
cantly, the fragment could migrate further. Coalescence w
other fragments increased they extension and prolonged mi
gration. Figure 11 shows a sequence of displacement patt

FIG. 11. Patterns obtained during the simulation of IP clus
migration experiments.~a! The system at the end of the simulatio
of invasion of nonwetting fluid~white!. An IP cluster covering 6000
sites was formed.~b! A meandering branch grew atf50.0036.~c!
The nonwetting fluid cluster was highly fragmented atf50.0106.
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obtained in a simulation in whichf was increased in steps o
size 1024 from 0 to 0.01.

D. Modifications and simplifications of the simulation models

In some simulations of the cluster fragmentation expe
ment~Sec. II A.!, the distinction between I1 and I2 site with
drawal processes was dropped. For both I1 and I1 site w
drawals, the withdrawal thresholdsw were given by
w(q)52q, rather than by using the scheme described
Sec. III A 2. In the absence of a bias in favor of I1 s
withdrawal, a smaller amount of nonwetting fluid was d
placed. Nonwetting fluid was withdrawn from sites at
parts of the IP cluster since the enhanced withdrawal of s
with two adjacent neighbor bonds opened ‘‘channels’’
the displacing wetting fluid. The regions of wetting flu
close to the outlet became untrapped at an early stage.
enabled withdrawal of nonwetting fluid that was located n
the outlet. Large fractions of the IP cluster became disc
nected and could not be withdrawn.

In another variant of the model, the threshold for bo
snap-off was not constrained to the valuew50. At the be-
ginning of a simulation of cluster fragmentation, an ad
tional set of random numbers$q8%, uniformly distributed on
the unit interval, was assigned to all bonds. The withdra
thresholdsw(q8) for bond snap-off were then given b
w(q8)52(q811)/2 ~analogous to the withdrawal thresh
olds for I2 site withdrawal!. This modification again led to
reduced withdrawal of the nonwetting fluid. Extensive bo
fragmentation occurred if the ‘‘pressure’’ of the invadin
wetting fluid was equal to or greater than21/2. In contrast
to I2 site withdrawal, the withdrawal of bonds could not le
to untrapping of entire regions of wetting fluid. Cons
quently, the enhancement of the bond withdrawals did
expose further nonwetting fluid to withdrawal.

In a similar simulation in which the thresholds for bo
piston bond withdrawal and snap-off bond withdrawal w
given simply byw(q8)52q8, independent of the fluid to
pology, numerous snap-off withdrawals occurred, leading
extensive fragmentation at an early stage. Compared to
original model, snap-off bond withdrawal was much mo
favored. Extensive bond fragmentation occurred at an e
stage, and very few sites were withdrawn.

More radical simplifications of the cluster fragmentati
simulation model were also tested. In one version, the bo
were eliminated to reduce the model to a site IP model. T
nonwetting fluid formed an IP cluster consisting of occup
sites, using a set of invasion thresholds assigned to the s
The only two withdrawal mechanisms included in the mo
were I1 and I2 withdrawal steps, the distinction between
two being based on the state of the adjacent sites rather
on the state of adjacent bonds. In another simplified vers
a bond IP model was used in which invasion thresholds
withdrawal thresholds were assigned to the bonds on a la
of bonds. After the nonwetting fluid had formed an IP clus
consisting of occupied bonds, the nonwetting fluid was wi
drawn using pistonlike bond withdrawals and snap-off bo
withdrawals. None of the simplified models was found
reproduce the experimental displacement patterns in a s
factory manner.

Versions of the site-bond IP model for cluster migrati
that were modified or simplified in manners analogous
i-
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those described above did not perform satisfactory. In
simulations discussed in the remainder of this text the s
bond IP models described in Secs. III B and III C were us

IV. COMPARISON OF EXPERIMENTS
AND SIMULATIONS

Quantitative comparisons of experiment and simulat
were carried out by measuring the size distribution and s
ing properties of the fragments. In the experiments, the s
of a fluid fragment was determined by counting the num
of pixels representing the fragment in the digitized imag
One pore was represented by about 30 pixels. Fragments
occupied less than 30 pixels were ignored. Pixels belong
to a nonwetting fluid fragment were connected via neares
next-nearest neighbors. Wetting fluid fragments were defi
via nearest-neighbor connection of pixels. In the simulatio
the size of a fragment was defined as the number of s
occupied by the fragment. The sites belonging to a fragm
were connected via nearest-neighbor sites, linked by bon

A. Comparison between experiment and simulation
on IP cluster fragmentation

Figure 12 shows, on a log-log plot, the cumulative dist
bution of nonwetting fluid fragmentsN(s>s* ) vs s* , mea-
sured in the experiment shown in Fig. 2~c!. N(s>s* ) de-
notes the number of fragments that have a sizes equal to or
greater than a sizes* . The distribution of fluid fragment
sizes observed in simulations is also plotted in the same
ure. The distribution of nonwetting fluid fragments was me
sured at the end of the simulations, when no more w
drawal was possible, and was averaged over several hun
simulations. The simulations were carried out on a lattice
1003200 sites, corresponding to the cell size used in
experiment.

FIG. 12. Cumulative fragment size distributionsN(s>s* ) mea-
sured in the experiment shown in Fig. 2~circles! and simulations
~solid line! on IP cluster fragmentation at the final stage, plotted
a function of s* on a log-log scale.s denotes the approximat
number of occupied pores, and the number of occupied sites
spectively. Also shown are the cumulative size distributio
N(s>s* ) of trapped wetting fluid fragments, measured in the e
periment~squares! and in simulations~dotted line!.



o
re
i
s
n

on
fa
ng
u
s

ot

ti

io
he
in
n
e

e
er
y

th
de

ize
ac

ber
-
es

t
Bo

um
s
the
f

ze
-
The
s

-
ec-
of

n all
ster
in
ns
cal

t t

p
Th
f t

g-

ns

7024 55WAGNER, BIROVLJEV, MEAKIN, FEDER, AND JO”SSANG
Figure 12 also shows the cumulative size distribution
trapped wetting fluid clusters. The distribution was measu
at the final stage in the experiment shown in Fig. 2 and
corresponding simulations. Only trapped wetting fluid clu
ters that were not adjacent to the edges of the experime
cell were taken into account.

The agreement between the fragment size distributi
measured in the experiments and in the simulations is
Deviations are found in the distribution of trapped wetti
fluid clusters. These may be attributed to the fact that a s
stantial part of the wetting fluid belonging to a trapped clu
ter was located in pore necks and channels~see Fig. 3!. Fluid
in channels connected to a cluster contributed to the t
cluster size~mass!. In the simulations, only wetting fluid
sites contributed to the cluster size, leading to a poten
underestimation of the size.

Figure 13 shows, on a log-log scale, the radius of gyrat
Rg(s) of the nonwetting fluid fragments, plotted versus t
fragment sizes. Rg(s) was measured at the final stage
edge-injection experiments and simulations. Only fragme
with sizes.10 were included.Rg(s) was expected to scal
with the fragment sizes as @3#

Rg~s!;s1/D, ~2!

whereD is the fractal dimensionality of the fragments. If th
fragments retain the structure of the original IP clust
Rg(s);s1/1.82;s0.55. Here, the fractal dimensionalit
D'1.82 of IP clusters was inserted@2,25#. Both the simula-
tion data and the experimental data are consistent with
assumption. A least-squares fit of the simulation data yiel
Rg(s);s0.53.

B. Comparison between experiment and simulation
on IP cluster migration and fragmentation

Each stage of a migration experiment was character
by the ratio between the buoyancy and capillary forces

FIG. 13. The radius of gyrationRg of the nonwetting fluid frag-
ments in experiments on IP cluster fragmentation, measured a
final stage and plotted as a function of fragment masss. The circles
refer to fragments observed in the pattern shown in Fig. 2~c!, and
the solid line refers to simulation data. The dotted line, with a slo
of 0.53, is a linear least-squares fit to the simulation data.
dashed line has a slope of 0.55 corresponding to the inverse o
fractal dimensionality of IP clusters, with trapping.
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ing, conveniently expressed by the modified Bond num
Bo5(Drga2/s)sina, wherea is a typical length scale de
scribing the pore geometry of the medium. Using the valu
given in Sec. II and settinga' 1 mm, Bo was found to vary
from 0 to '0.04 whena was increased from 0° to abou
10°. In the simulations, the quantity corresponding to
was the ratiof /^f1w& between the buoyancy parameterf
and a typical value for the sum of thresholds. The s
^f1w& had a value of'0.5. The range of buoyancy drive
investigated in the experiments was covered in most of
simulations by lettingf vary from 0 to 0.02 in steps o
1024.

Figure 14 shows a log-log plot of the cumulative si
distributionN(s>s* ) of fragments of the migrating IP clus
ter, measured in different experiments and simulations.
distributions were measured at various inclination anglea
~experiments! and values of the buoyancy parameterf ~simu-
lations!. In the experiments, the initial IP-like cluster of non
wetting fluid covered about 4000 and 8000 pores, resp
tively. The simulations were carried out using IP clusters
s054000 and 8000 sites, respectively.

At each stage, the size distribution was measured whe
migration had ceased. The agreement between the clu
fragment distributions found experimentally and measured
simulations is satisfying. The steep decay of the distributio
at larges is not seen in the experimental data for statisti
reasons.

he

e
e
he

FIG. 14. Cumulative size distributions of nonwetting fluid fra
mentsN(s>s* ) observed in migration experiments~dotted lines
and symbols!, plotted as a function ofs* on a log-log scale. Dif-
ferent symbols refer to observations at different tilting anglesa.
The initial IP cluster covered about 4000 pores~a! and 8000 pores
~b!, respectively. The solid lines are the cumulative distributio
observed in simulations.
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As in Fig. 13, the radii of gyrationRg of the fragments
observed in experiments and in simulations are plotted o
log-log scale as a function of the fragment sizes in Fig. 15.
The experimental data was measured at inclination angle
a52.1° and 2.4°, respectively. The simulation data w
measured at a buoyancy parameter off50.0107, using an
initial IP cluster withs052000 sites. A least-squares fit o
the simulation data yieldedRg(s);s0.57. Both the experi-
mental data and the simulation data are consistent with
idea that the fragments form small IP-like clusters with t
fractal dimensionality ofD'1.82.

V. SCALING PROPERTIES OF SELECTED QUANTITIES

In the experiments, the system size could not be va
over a large range due to practical limitations, and onl
handful of experiments could be conducted. The scaling
havior of a number of quantities was studied by means
simulations. In the simulations of IP cluster fragmentatio
the analysis included the study of the fragment size distri
tions and of the saturation with nonwetting fluid at the fin
stage. In the simulations of IP cluster migration and fra
mentation, the dynamics of the migration process was s
ied by measuring and comparing properties of fragments
were immobile and of fragments that were in the process
migrating.

A. Results obtained in simulations of IP cluster fragmentation

Figure 16 shows the size distributionN(s,L) of the non-
wetting fluid fragments, measured on a log-log scale
simulations at the final stage. The simulation data of Fig.
is included in this figure. The data sets corresponding to
largest systems studied (L5800) appear noisy due to poo
statistics. An attempt was made to represent the distribut
by the scaling form@26#

FIG. 15. The radius of gyrationRg of the nonwetting fluid frag-
ments in experiments on IP cluster migration, measured at
slightly different tilting anglesa ~circles, squares!. The solid line
was obtained from measurements in simulations at a fixed valu
the buoyancy parameterf . The dotted line, with a slope 0.57, is
linear least-squares fit to the simulation data. The dashed line h
slope of 0.55 corresponding to the inverse of the fractal dimens
ality of IP clusters, with trapping.
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N~s,L !;LD̃Ds2tgS Ds

sc~L ! D . ~3!

Here,D̃ characterizes the dependence of the amount~mass!
of nonwetting fluid remaining at the final stage on the syst
sizeL. Ds5s1c is the fragment size, shifted by a consta
amountc. The scaling functiong(x) is constant forx!1 and
decays faster than any power ofx for x@1. sc(L) represents
the cutoff fragment size that was expected to scale with
system size as

sc~L !;Lx. ~4!

The exponentst and x may be extracted from the scalin
behavior of the moments of the fragment size distribut
N(s,L). The kth moment m (k)(L) of the distribution
N(s,L) is defined as

mL
~k!5(

s50

`

skN~s,L !. ~5!

For L@1 and 1,t,2, the ratios of the moments wer
expected to scale with the system size as

mL
~1!

mL
~0! ;Lx~22t!

mL
~2!

mL
~1! ;Lx. ~6!

Equation~6! was derived in a manner similar to the on
described in Ref.@14#. Figure 17 shows a plot of these ratio
as a function of the system sizeL. On a log-log scale, the
ratios appeared to obey power laws, as expected. For
ratio of the first to the zeroth moment and for the ratio of t

o

of

s a
n-

FIG. 16. The size distributionsN(s,L) of nonwetting fluid frag-
ments measured in simulations of IP cluster fragmentation at
final stage, using lattices of size 25350 ~A!, 503100 ~B!, 100
3200 ~C!, 2003400 ~D!, 4003800 ~E!, and 80031600 ~F!, re-
spectively. The inset shows an attempt to collapse the distributi
using the scaling form given in Eq.~3!. The exponentst and x
were obtained from an analysis of the momentsm (k), assuming that

D̃5D1x(22t). The cluster sizes were shifted toDs5s110.
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7026 55WAGNER, BIROVLJEV, MEAKIN, FEDER, AND JO”SSANG
second to the first moment, linear least-squares fits yiel
exponents of 0.7360.04 and 1.7960.08, respectively. Using
Eq. ~6!, the exponentsx51.7960.08 andt51.5960.09
were obtained.

The inset in Fig. 17 shows a plot of the breakthrou
saturationGb ~the number of nonwetting fluid sites divide
by the number of lattice sites at breakthrough!. For IP clus-
ters in two dimensions, the saturation scales asGb;LD22

since the cluster size~mass! scales with the system size a
s;LD @25#. The scaling ofGb with the system sizeL appar-
ent in Fig. 17 is consistent with this expectation. During t
withdrawal of the nonwetting fluid,G decreases from the
breakthrough value to the final valueG f . The total amount
of remaining nonwetting fluid may be expressed as the
moment of the fragment size distribution,

G f~L !5L22(
s51

`

sN~s,L !5L22mL
~1! . ~7!

The first moment of the fragment size distribution depen
on the system sizeL asmL

(1);LD̃1x(22t). The final satura-

tion cannot scale with an exponentD̃1x(22t)22 greater
than the IP exponentD22, which leads to D̃
<D2x(22t). In the inset in Fig. 17,G f is plotted versus
L on a log-log scale. The final saturation had a roughly c
stant valueG f'0.23 for all system sizes investigated, a
does not appear to decay equally fast or faster than the br
through saturationGb . This finding indicates that the
asymptotic regime has not been reached in the simulatio

In the absence of a known value for the saturation ex
nent, it was assumed thatD̃ has the maximum possible valu
D2x(22t)'1.09. The inset in Fig. 16 shows the data c
lapse obtained using the scaling form given in Eq.~3! and
the exponentst and x obtained from the analysis of th
moments. The shiftDs5s110 was chosen judiciously. Th

FIG. 17. Ratiom (1)/m (0) ~circles!, andm (2)/m (1) ~squares!, re-
spectively, of momentsmL

(k) of the fragment size distributions, mea
sured at the final stage in simulations of IP cluster fragmenta
and plotted on a log-log scale as a function of system sizeL. The
dashed lines are linear least-squares fits. The inset shows the
ration Gb at breakthrough~points! and at the final stageG f

~squares!, plotted versusL on a log-log scale. The dashed line in
dicates the scaling expected for IP clusters.
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data collapse is very good. Using a shift of zero (Ds5s), the
collapse is not impaired for large values of the scaling va
able, but considerable spread was found for low valu
From Fig. 16, it is apparent that the distributionsN(s,L)
assume a power-law decay only for fragment sizes of
order of 10 and larger, up to the cutoff sizesc(L). The tran-
sient behavior at very lows cannot be accounted for by th
scaling functiong(x) and is remedied by the shift applied i
Eq. ~3!.

B. Results obtained in simulations on IP cluster migration
and fragmentation

In the simulations of IP cluster migration, the fragmen
tion depended on the buoyancy parameterf ~corresponding
to the effective acceleration of gravitygsin(a) in the experi-
ment!. Fragments that were formed could disintegrate in
smaller fragments or coalesce with other fragments dur
migration. The total amount of nonwetting fluid was he
constant at all stages.

Figure 18 shows the fragment size distributionsN(s, f )
measured on a log-log scale at different values of the gr
ent parameterf in simulations using initial IP clusters with
sizes052000. At low values off , fragments of all sizes up
to s0 were present. The distribution of fragment sizes
peaked at values slightly belows0, indicating that, in many
runs of the simulation, the IP cluster was essentially intac
this stage. Whenf was increased, smaller fragments we
formed at the expense of the large fragments. The distr
tions measured at highf are characterized by cutoff size
sc( f ) that decrease with increasingf .

A standard scaling form for fragment size distributions
@26#

n

tu-

FIG. 18. Plot of the fragment size distributionN(s, f ) measured
in simulations of IP cluster migration and fragmentation. The init
IP cluster had a size ofs052000 sites, and the buoyancy parame
f was increased in steps of size 0.0001 from 0 to 0.02. At l
values off , a peak ats0 indicates incomplete fragmentation of th
IP cluster. At highf , few large fragments remain. The insert show
an attempt to collapse the distributions onto a single scaling fu
tion g(s/sc), using the scaling form given in Eq.~8! with
sc( f ); f21.8. The distributions corresponding to the five lowest va
ues of f were removed.
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N~s, f !;s22gS s

sc~ f !
D , ~8!

with the cutoff sizesc scaling with the parameterf as

sc~ f !; f2z. ~9!

The insert in Fig. 18 shows the data collapse obtained
using the scaling form given in Eq.~8!, using a value of
1.8 for the exponentz in Eq. ~9!. The distributions corre-
sponding to the lowest values off were omitted in the data
collapse, since fragmentation and migration had not begu
all of the simulations at these stages. Equation~9! may be
interpreted in terms of a simple picture in which the fra
ments are viewed as blobs with a IP clusterlike structure
the simulations, the fragments that have a size close to
cutoff sizesc( f ) are characterized by an extensionl c( f ) in
the y direction ~the direction of the gradient imposed! that
scales withf as

l c~ f !; f21, ~10!

as will be shown below. Assuming that the radius of gyrat
Rg of the fragments is proportional to the extensionl c( f ) and
making use of Eq.~2!, the relationship

sc~ f !; l c
D~ f !; f2D ~11!

is obtained. Inserting the IP exponentD'1.82, Eq.~11! is
consistent with the empirical data collapse shown in Fig.

Migration of both the initial IP cluster and the fragmen
that form begins when the buoyancy force acting on th
become larger than the capillary forces. In the model,
capillary forces are represented by the quenched diso
with a magnitude of order unity and migration begins wh
f l y*1, wherel y is the length of the cluster in they direc-
tion. Consequently, a characteristic lengthl y

(m)( f ); f21 in
they direction can be defined for each value of the buoya
parameterf . Clusters that extend over distances greater t
' l y

(m)( f ) in the y will migrate under the influence of th
buoyancy forces, and clusters that extend over distances
than' l y

(m)( f ) in they direction will be trapped in the porou
medium by the capillary forces. Figure 19~a! shows a scatte
plot of the y extensionsl y

(m) of fragments that began a se
quence of migration steps at a gradientf , on a log-log
scale. The mean extensionl y

(m)( f )5(„l y
(m)(s)…2N(s)/

( l y
(m)(s)N(s) scales asl y

(m)( f ); f21 in the migration re-
gime, wheref. f c(s0). At the onset of migration, most o
the fragments were not elongated in they direction. The size
s(m) of these fragments then may be expected to scale
the buoyancy parameter as

s~m!~ f !; f2D, ~12!

whereD'1.82 is the fractal dimensionality of IP clusters
During a typical sequence of migration steps, the ext

sion of the fragment in they direction increased up to a valu
of about l y

(p) , leading to a further increase in the buoyan
force. Some of the steps led to the formation of fragme
y

in

-
n
he

n

.

e
er

y
n

ss

th

-

ts

that were left behind, as the larger part of the fragmen
cluster continued to migrate. The migrating fragments w
elongated in they direction.

Figure 19~b! shows on a log-log scale a scatter plot of t
width w(p) of migrating fragments, at stages before they u
derwent fragmentation, as a function of the gradientf . The
plot is consistent with the idea that the width is a measure
the percolation correlation lengthj characterizing the struc
ture of nonwetting fluid. In the presence of a gradientf , the
correlation length is known to scale as@27#

j;u f u2n/~n11! ~13!

with n/(n11)'0.57.
The migration of a typical fragment of sizes(m)( f ) ceased

when they extension of the fragment dropped below t
characteristic lengthl y

(m)( f ), after a sequence of fragmenta
tion processes. The remaining part of the migrating fragm
had a sizes8,s(m)( f ), and was not elongated in they direc-
tion. Similarly, the fragments formed during the sequen
were not elongated in they direction. The typical extension
in they direction of fragments formed at a buoyancy para
eter of f was found to scale asl y

(n)( f ); f21 as shown in Fig.
19~c!. The typical size of fragments formed during migratio
at f may then again be expected to scale as

FIG. 19. Scatter plots of fragment extensions vs the grad
parameterf on a log-log scale. Part~a! shows the extension in the
y direction l y

(m) of fragments that started to migrate. Part~b! shows
the widthw(p) of fragments that were in the process of migrating,
stages before they underwent fragmentation. Part~c! shows the ex-
tension in they directionl y

(n) of fragments that were newly formed
The initial IP clusters had a size ofs052000 sites. The solid lines
indicate averages.
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s~n!~ f !; f2D. ~14!

Figure 20 shows the mean fragment sizes( f )
5(s2Ns( f )/(sNs( f ) plotted as a function of the buoyanc
parameterf on a log-log plot. Also shown is the mean siz
s(m)( f ) of fragments that started to migrate at a given sta
and the mean sizes(n)( f ) of fragments that were newly
formed at a given stage. The data are consistent with
scaling laws given in Eqs.~12! and ~14!.

VI. CONCLUSIONS

In the experiments described in this paper, IP-like clust
of a nonwetting fluid embedded in a wetting fluid were fra
mented in a porous medium. In the experiments on IP clu
fragmentation, the fragmentation of the cluster occurred
removing parts of the cluster. The internal structure of
fragments was not changed. In the experiments on IP clu
migration and fragmentation, the cluster fragments were
formed in the course of the experiment. The fragme
formed in these experiments not only depended on the
quence of invasion and withdrawal events imposed by
pore geometries but also on the migration dynamics.

FIG. 20. The mean fragment sizes( f ) ~solid line! was bounded
by the mean sizesn( f ) of fragments that were newly formed at
given f ~dotted line!, and by the mean sizesm( f ) of fragments that
started to migrate at a givenf ~dashed line!, respectively. The initial
IP clusters had a size ofs052000 sites. The expected scaling b
havior is indicated~straight solid line!.
c
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The main results emerging from the present study are
follows: ~i! The experiments were simulated using modifi
site-bond IP models, and good agreement was found betw
the simulations and experiments. Emphasis was placed
modeling a hierarchy of possible displacement events:
tonlike withdrawal of wetting fluid from bonds, type-I1 with
drawal from sites, type-I2 withdrawal from sites, and sna
off withdrawal from bonds. A similar ordering o
displacement mechanisms was used in simulation model
troduced by Blunt, King, and Scher@28# and Glass and
Yarrington @29#. The success of the simulation model ind
cates that IP models are well suited to model slow two-ph
fluid flow with complex boundary conditions, despite the fa
that the model does not contain a detailed representatio
the various displacement mechanisms found in real por
media with complex geometries and wetting behavior.

~ii ! In both types of experiments and simulations, a frac
fluid cluster underwent fragmentation. The resulting irregu
fragments could be described by the same fractal dimens
ality D'1.82 as the initial cluster. This dimensionality
characteristic for an invasion percolationlike structure~em-
bedded in two dimensions, with a trapping rule!. The frag-
mentation and migration processes led to constant chang
the displacement patterns at global and local scales, but
not change the internal arrangement of the fragmen
structure.

~iii ! The distributions of fragment sizes measured in sim
lations could be represented by simple scaling forms
characterized by typical~cutoff! sizes. In the cluster frag
mentation process, the cutoff size had a power-law dep
dence on the system sizeL, with an exponentx very close
and possibly equal toD. In the cluster migration process th
cutoff size of the distributions was given by the magnitude
the gradientf driving the process, forf sufficiently large. In
this regime the cutoff size had a power-law dependence
f , with the exponentD.

ACKNOWLEDGMENTS

We thank A. Aharony, K. Christensen, V. Frette, L. F
ruberg, P. King, R. Lenormand, and K. J. Ma˚lo”y for helpful
discussions. We acknowledge support by VISTA, a resea
cooperation between The Norwegian Academy of Scie
and Letters and Den norske stats oljeselskap a.s.~STATOIL!
and by The Research Council of Norway~NFR!. This re-
search has received support from the NFR program for
percomputing through a grant of computing time.
s.

.

@1# J. Feder,Fractals ~Plenum, New York, 1988!.
@2# R. Lenormand and C. Zarcone, Phys. Rev. Lett.54, 2226

~1985!.
@3# D. Stauffer and A. Aharony,Introduction to Percolation

Theory, 2nd ed.~Taylor & Francis, London, 1992!.
@4# P. G. de Gennes and E. Guyon, J. Me´c. 17, 403 ~1978!.
@5# R. G. Larson, L. E. Scriven, and H. T. Davis, Chem. Eng. S

36, 57 ~1981!.
@6# D. Wilkinson, Phys. Rev. A34, 1380~1986!.
@7# J. P. Hulin, E. Cle´ment, C. Baudet, J. F. Gouyet, and M
i.

Rosso, Phys. Rev. Lett.61, 333 ~1988!.
@8# M. Rubio, C. Edwards, A. Dougherty, and J. Gollub, Phy

Rev. Lett.63, 1685~1989!.
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