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Invasion percolation with trappindPT) and diffusion-limited aggregatiofDLA ) are simple fractal models,
which are known to describe two-phase flow in porous media at well defined, but unphysical limits of the fluid
properties and flow conditions. A decade ago, Fernandez, Rangel, and Rivero predicted a crossover from IPT
(capillary fingering to DLA (viscous fingering for the injection of a zero-viscosity fluid as the injection
velocity was increased from zerd. F. Fernandez, R. Rangel, and J. Rivero, Phys. Rev. 6&t2958(1991)].
We have performed experiments in which air is injected into a glass micromodel to displace water. These
experiments clearly demonstrate this crossover as the injection velocity of the air is increased. Furthermore,
simulations, using our standard pore-level model, also support the predicted IPT-to-DLA crossover, as well as
the predicted power-law behavior of the characteristic crossover length.
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l. INTRODUCTION s,
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c (1)

The fingering of the injected fluid associated with immis-
cible, two-phase flow in porous media is one of the majorvhere ug, is the viscosity of the defending fluid, is the
reasons for the inefficiency of several important geologidhjection velocity,o is the interfacial tension, and is the
recovery/remediation processes. In secondary oil recovergontact angle. In a seminal 1991 paper, Fernandez and co-
water displaces much less than half of the oil in any givenworkers used a DLA model modified to include capillary
formation, because the water “fingers” into the oil-saturatedforces to demonstrate that injection of a zero-viscosity fluid
reservoir. In CQ sequestratioria means to mitigate global Wwould exhibit capillary fingeringIPT behavioy for small
warming, where carbon dioxide is injected into brine- capillary numbexviscous forces< capillary forceg and that
saturated porous media.g., subsea floor formations, deep the behavior would cross over to viscous finger{fil-A-
saline aquifers for long-term storage, fingering limits the like) as viscous forces became more impor{dnZ]. Further-
available storage capacity so that only a small fraction of thénore, they predictedand verified for their modglthe de-
reservoir is occupied by CO In remediation of DNAPL pendence of the crossover length upon the relative strength
spills, which can enter and contaminate the ground wate®f the capillary forces
standard pump and treat remediation methods are often inef- ~2/(2+Dg) — -0.6

! mec S are Ao (N) =(No) 5, 2
fective because water flushing in porous media typically mo-
bilizes only a small portion of the pollutant; a better under-whereDq is the fractal dimension of the IPT external perim-
standing of the location of the DNAPL within the water table eter, i.e.,.Ds=1.33[3,4].
can improve this process. Our focus in all of these processes In this paper, we will test their predictions using results
is on the efficiency of displacement, so it is important toboth from our flow cell experiments and from our standard
understand how the injected fluid occupies the mediumpore-level model, which is more general than their modified
Therefore, this study focuses on the saturation of a nonwe®BLA model [5]. The agreement of our experimental results
ting fluid injected into porous media—its fingering, and its with the predictions for the IPT-to-DLA crossover indicate
fractal character. that these results, which are only strictly valid at unphysical

Two simple models of two-phase flow in porous medialimits, i.e., M=0, do affect real physical behavior.

have been used to describe the flow in two limits which are First, let us briefly review the limiting behaviors. In the
conceptually important but seemingly unphysical: Invasionfirst limit, zero capillary number, where capillary forces are
percolation with trappinglPT) describes the flow when cap- much larger than viscous forces, Wilkinson and others intro-
illary forces are dominangzero injection velocity, and dif-  duced a simple model of immiscible, two-phase flow called
fusion limited aggregatiogDLA) describes the flow when invasion percolationi6,7]. In this model, the nonwetting, in-
the injected fluid has zero viscosity and capillary forces argected fluid advances solely through the largest th(tize
absent. Capillary number, a measure of the the strength ane with the smallest capillary presspon the interface be-
the viscous forces relative to the capillary forces, is definedween the two fluids during each time step. Since, at small
as flow velocities and related pressures drops, the wetting fluid
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cannot displace the nonwetting fluid, a fully encircled region
of wetting fluid is immobilized or trapped, in that the non-
wetting fluid is prevented from advancing into this trapped
region[8]. Invasion percolatio'n with trapp?r@PT) modifies CLRRLIL L L]
the standard IP rules to forbid advance into a “trapped” re- jassaufin g
gion [4,8—1Q. This simple model is applicable far from an :::::: nl
injection well, where the invasion front is becoming Ionggr T
and longer so that on the interface, the local flow velocity #ssu s ggli 8
and, therefore, the viscous forces are small. This invasior## 41 =¥ &4
percolation model has been widely studied since its introduc-

tion [6,7,10-16. There have also been many applications of

this model and closely related models to a variety of increas-

ingly more complex porous media flow problerfis7/—2Q;
Blunt has provided an excellent review of recent w{i].

FIG. 1. Horizontal flow cell. Air is injected slowly through the

The iniection patterns have been shown to be self-similainlet at the right side into a reservoir. Once the reservoir is filled, air
J P ls injected from the air-filled reservoir into the flow cell. The dis-

fractals with a valqe of fractal dimension close to that of theplaced water flows into the reservoir on the right side and then
st.andar.d percolation model. Recent work on Iarge_, tWO'through the outlet.
dimensional systems favors a value of fractal dimension be-

low that of ordinary critical percolation theoryDs

~ 1.825+0.004, with uncertainties that exclude the ordinar;ﬂow.S exhibit viscous fingeriljg. Furthermqrg, at _moderate
critical percolation theory valud;~1.89[3,4,10,11. Rel- capillary numbers, the early time flows exhibit capillary fin-

evant to our modeling on small systems, other studies, Ogering; then, as the flow patterns develop, the flows change

small systems, indicate th&i;=1.89 is a better fit to the and eventually exhibit viscous fingering.

; In Sec. lll of this paper, we present modeling results
observed results for these system sigE& 22-24. . L .
In the other limit of zero capillary forces and zero- which further support these predictions and which demon-

. : : strate their relevance to real two-dimensional flows. Instead
viscosity ratio, . . o
Y of using a DLA-based algorithm modified to account for
M= u/pug=0 (3) capillary pressures, we used our standard pore-level model

. . ) , . ) for a range of capillary numbers, and viscosity ralb
(i.e., ratio of the viscosity of the injected fluid to that of the _ 14 This pore level model has been quantitatively vali-

displaced fluig, the flow is described by diffusion-limited yateq in the limit of small capillary numbers and small vis-
aggregationDLA) [9,10,12,13,25-32 Evidence from both ity ratiog5]. Not only do our modeling results exhibit the

experiments and modeling showed that not only were they o jcted IPT-to-DLA crossover, but they also support the
DLA and viscous fingering patterns visually similar, but they predicted scaling of the crossover.

also had the same fractal dimensifir2,13,25-3f We ex- Both the experimental and modeling results show the

pect that DLA~patterns on our lattices should have a fractalggover from capillary fingeringPT-like) to viscous fin-
dimensionD;=1.71. For central-injection DLA on a square ering (DLA-like) in a physical range of capillary numbers

lattice, the clusters grown were Sbserved to be self-similab g \iscosity ratios for these systems with a few thousand
fractals with a fractal dimensiobD;=~1.71 when the clusters pore bodiegi.e., lattice sitep

occupied fewer than approximateip~10* lattice sites.
However, as the size of the cluster increased to more than Il. EXPERIMENTAL FLOW CELL RESULTS
m~1CP lattice sites, the pattern ceased being self-similar,
first becoming diamond shaped and then cross shaped with
four distinct arms in the lattice directiori87]. For “off lat- The experimental flow cell is composed of two sheets of
tice” DLA mimicking real porous media that lack the sym- glass that have been fused together; one has a random,
metry axes of a lattice, the patterns are more self-similar withpseudo-two-dimensional matrix sandblasted into it, the other
a fractal dimensiorD;~1.70 [38]. Since the DLA simula- is flat; together, they form a network of randomly-sized flow
tions on relatively small lattices produce fractal patternschannelgFig. 1). The cell is saturated with water, and then
(with approximately 16 siteg very similar to very large, connected to a syringe pump by 0.08 inch inner diameter
off-lattice DLA patterns, we expect that our flow patterns onnylon tubing, which controls the constant flow rate of the
small diamond-lattice porous media will produce fractal pat-injected air. The process is recorded using image capture
terns similar to the flow in realistically large, random porouswith a video camera in NTSC formé&40x 480), model no.
media. 4915-4000/0000 and a Nikon Nikkor 20mm lens. The pres-
In Sec. Il of this paper, we will present our experimental sure applied across the cell is measured each time a picture is
flow cell results. In these experiments, we have injected aitaken. Experiments were run over a range of flow rates. The
into in a glass micromodel saturated with waf88]. Flow  experimental setup is shown in Fig. 2.
patterns from these experiments show that for this s¢hall The flow cell, shown in Fig. 2, has an average channel
nonzerg viscosity ratioM=1/62.5, small capillary number width of 0.41 mm, and an average channel depth of
flows (small injection velocitiesexhibit capillary fingering, 0.067 mm. The channel width distribution, shown in Fig. 3,
while large capillary numbenrlarge injection velocities is approximately uniform.

A. Experimental setup
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FIG. 2. Experimental setup.
Experiments were conducted by injecting air at a constan] gl
flow rate, which is controlled by the KDS 200 syringe pump.
The pressure is read using a Setra C239 pressure transduc

which has a range of 0 to 30 inch water column and an
output of 4—20 mA with an accuracy of £+0.14 % of the full-  FIG. 4. Digitally converted photographs of the experiment
scale range. The pressure is recorded by a computer usingahere air was injected into the water saturated flow cell, shown in
Cyber Research CYRDAS 1602 A/D Card, which is a 12 bitFig. 1. For this flow, the capillary number iN,=8x107°. The
A/D having a full-scale range of 0—10 V. different shades of gray represent different time intervals, from the
The images recorded by the camera were gray-scale infightest gray(earliest timegsnear the inlet at the far right center of
ages, which were digitally converted to black and white inthe pattern to blacklatest time near breakthrough at the lower
order to determine the saturation of air, the average positiofeft-hand side. At a number of locations, some of the darker gray
of the air and the fractal dimension of the invading fluid. (later time flows shows at the edges of lighter gray regions; most,
This image conversion was performed by choosing a grayi.f not all, of this is due to difficulties in the digital conversion and
scale threshold above which all pixels were converted tdhen_overlapping the different photographic images taken at differ-
white (air), and below which all pixels were converted to ent times.
black (water and glags The threshold was chosen by visual
inspection to optimize the accuracy of the air and water ocof small, slightly-below-threshold regions that were clearly
cupation of the cell in the final black and white image. not part of the injected air were not removed by the subtrac-
Consistent lighting irregularities, such as glare, will causetion of the basis image. An algorithm was created to system-
errors in the above “thresholding” process. In an attempt tatically remove these erroneous regions: a small box was
remove this error, an image of the flow cell prior to the airinscribed around each white pixel; if no white pixels were
injection was also converted to a black and white image; thisound on the perimeter of this box, which was between 6 and
basis image was then subtracted from the subsequent imagd®. pixels wide, then the pixel was separated from the in-
However, since lighting irregularities varied during the jected air and considered to be in one of the erroneous re-
course of an experiment, the associated error was somewhgions. Visual comparisons were used to verify this additional
different for each picture, so that not all of the “error” could subtraction process. Once the gray-scale images were digi-
be removed by merely subtracting the basis image. A numbéally converted to black and white images, the saturation of
air, the average position of the air, and the fractal dimension
were calculated.

800
700 -
500 B. Experimental results

— Figure 4 shows the flow pattern at a very small injection
rate,g=0.002 ml/min which corresponds to a capillary num-
ber of N;.=8Xx 107°. At this small capillary number, a capil-
300 | lary fingering pattern is expected; and, indeed, the pattern is
200 | characteristic of capillary fingering. The avalanche structure
and the trapping, both characteristic of capillary fingering,
are clearly evident. The lightest gray scale represents a time

400 -

Number of channels

100 -

o interval that would include a number of avalanches of in-
M Miawer the channels grmy jected air near the inlet. The black scale represents the final
avalanche going to breakthrough. The darkest gray scale pri-
FIG. 3. Number distribution of channels in the flow cell. marily represents one avalanche near the middle of the pat-

016303-3



FERERet al. PHYSICAL REVIEW E 70, 016303(2004

V{u)
1407

120}
100}
aof
605
40}

20 4

0n|||||||||||||||||||||||
0 S 10 15 20 25

<> (mm)

FIG. 6. Volume of air injected into the flow cell as a function of
the average position of injected air, as determined from the photo-
FIG. 5. Digitally converted photographs of the experimentdraphs at a series of times, for a range of capillary numbiegs

where air was injected into the water saturated flow cell. For thiss2X 107, A; Nc=8x 10°%, #; N.=4x 107, »; N.=2x 10°° H;

flow, the capillary number il,=2x 10°5, so that the flow velocity Nc=4X107° ¥; andN.=1.6x 10" @). The solid gray line shows

is two thousand times larger than that in Fig. 4. Again, the differentthe IPT behavior as determined from a fit to the early tiye 2
shades of gray represent different time intervals, from the lightest< 107° data, using the correct fractal dimension for IBF=1.82.

gray near the inlet at the far right center of the pattern to black neafhe solid black line mimics the curvature of the DLA dependence
breakthrough at the upper left-hand side. As with Fig. 4, because d¥ith the DLA fractal dimensionD¢=1.714.

difficulties with reaching the threshold, some of the darker gray

(later time flows shows at the edges of lighter gray regions. trapping and some evidence of avalanche structure; but this
invasion percolation with trapping behavior has disappeared

ten. It should be noted that almost all the regions that A%t the latest times, which are entirely consistent with viscous
trapped during the time interval represented by one gray. ' y

scale are not invaded by latére., darker grayflows. There Ingering. . .
are a very fewapproximately four regions which appear to In addition to presenting these flg_ures, we have analyzed
be trapped during the times represented by the next-to-théb_e photographs fo_r a range of capillary numbers to deter-
lightest gray scale but which are invaded during the nex ine fract_al dimensions of the near-breakthrough patterns by
time (next darker gray scajenterval. This may occur be- POX counting; also we have analyzed the photographs at con-
cause there could be a path out of the apparently trapp cutives times to determine the volume of.a_lr injected as a
region, which was masked during the process of converting!nction of time, V(t), and the average position of the in-
the photographic image to black and white; it also may repJected air(as deterr_mned from. the area in the photograjphs
resent a deviation from IPT because IPT is only exact at zer®- The box counting determines an average fractal dimen-
capillary number. sion of the near-breakthrough patterns. The values of fractal
Figure 5 ShOWS one of these time_reso'ved gray_scale patjimension determined in th|S Wa.y are appl’OXimate|y Correct,
terns for a capillary number that is three orders of magnitud®:= 1.7+0.2; unfortunately, for these small systems, the ac-
larger,N.=2 X 1075, than the flow in Fig. 4. Clearly, there are curacy is not suff|_C|ent to dlstlngw_sh_ b_etween IPT and DLA.
significant qualitative differences between the flow patterns However, plotting volume of air injected/, vs average
in Figs. 4 and 5. Although Fig. 4 exhibits characteristic cap-Position of injected air(x), does provide convincing evi-
illary fingering, Fig. 5 exhibits viscous fingering, especially dence of the crossover from these experiments as it does with
at the later times. Although there are a number of trappedhe modeling results in Fig. 8. The plot ¥fvs (x) as deter-
regions, most prevalent at earlier times, there is little eviimined from the experiments is shown in Fig. 6. The early-
dence of the avalanche structure where the flow initiate§me dependence of the smallest capillary number data is
from a seed and then “bursts” into a region which is nearly agvell fit by
wide as it is long. On the other hand, all viscous fingers V= AP (4)
across a pattern tend to grow towards the outlet with the '
longer fingers growing the most. That is clearly present inusing the correct IPT fractal dimensiob;=1.82, where the
Fig. 5 where in the last time intervéblack region a number value of A from the fit isA=17.47; this curve is given by the
of fingers all across the pattern are growing towards the outgray line in the figure. As was observed with the modeling
let, with the longest finger growing the most. It seems apparresults, the early-timg¢small-siz¢ data follows the IPT be-
ent that during the earliest times, there is definite evidence dfiavior and then breaks away at characteristic Gzdime),
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FIG. 7. For one particular realization, these figures show the
pre-breakthrough patterns of injected fluid for the capillary num-
bers:(a) N.=0.0001;(b) N.=0.004.

which decreases with increasing capillary number. Unfortu-
nately, the limitations of our photographic equipment se-
verely limited the number of data points at the higher capil-

DLA D=1.714

1 I T N T | L L T TR TR T T |

lary numbers. However, the experiments clearly show the 1 10
crossover from capillary fingering to viscous fingering at a <X
characteristic size, which varies inversely with capillar .

number y piiary FIG. 8. Fractal character of the modeling results for massas

a function of average positiox), for a variety of capillary num-
bers N,=0.00025 (O), N,=0.0005 (V), N,=0.001 (), and N,
=0.002(#). Length scales are in units of the lattice spacing. Dis-
tances are measured in units 6f\2; massegequivalently vol-

We have developed a pore-level model that includes botimes are measured in units @f.
capillary and viscous forces in a two-dimensional model
where pore bodies of volumé& are located at the sites of a ies and widthw=180 pore bodies. To improve statistics and
diamond lattice and are connected by throats of lefigthd  avoid problems encountered with finger coarsening in long-
randomly chosen cross-sectional area varying uniformlynarrow systems, we studied the flows in short-wide systems
from 0 to ¢2. The capillary number and viscosity ratio are (W>L) [24,48. As with the experimental results in Figs. 4
determined from input values of the viscosities, surface tenand 5, these figures show the change from characteristic cap-
sion, and net injection velocity. This model has been quantillary fingering at the smaller capillary number to viscous
tatively validated in the limits of zero injection velocitthe  fingering at the larger capillary number. Both cases shown in
IPWt limit) and in the limit of zero viscosity ratio and zero Fig. 7 are for the same realization of the porous medium, so
capillary forces(the DLA limit)[5]. Although this pore-level that one can track specific changes as capillary number is
model is very comparable to other pore-level models in théncreased.
literature [28,29,40—4§ it is somewhat more flexible be- At each time step, we determine the amount of injected
cause both the pore throats and pore bodies have finite vofluid, m (proportional to the volum&), and the average po-
ume. Details of our model were described in earlier papersition of this injected mass of fluidx), in the mean flow
[5,47); in the latter paper, we found a crossover from capil-direction. For fractal patterns of injected fluid, the amount of
lary fingering(IPT-like) to compact or Euclidean behavior as injected fluid scales as a fractal power of the size of the

capillary number was increased for two fluids of equal vis-pattern. For these systems, fractal scaling predicts that
cosity, (viscosity ratio,M =1) so that capillary forces domi-

nated the fingering. m=AWX)Pr L, (5)
Qualitatively, this is similar to the crossover from IPT-like ) )
flows to DLA-like flows discovered by Fernanderal; for ~ WhereA is a constant sometimes called the lacunai].
zero viscosity ratio and finite capillary number, their smallerAvailable computer resources and the complexity of our code
flows exhibit capillary fingeringlPT-like) but then the larger  limit us to much smaller systems, X W=50X 150=7500
flows (at later timey exhibit viscous fingeringDLA-like) ~ Pore bodies, than those studied by Fernandez in his less gen-
[1,2]. We have used our standard pore-level model to studg@ral, but computationally simpler model. For our small sys-
tWO_phase flows for small Viscosity ratm:10‘4) and a temS, direct pIOtS ofn vs <X> seem to prOVIde more robust
range of Capi”ary numbers. Because this model is more gerﬁstimates of fractal dimension than do box-counting methods
eral than the Fernandez model which explicitly builds in the[24]. Figure 8 shows a plot afi/ (W(x)%#9, which should be
DLA, we are restricted to smaller systems sizes than those straight line for capillary fingering, but which should de-
studied by Fernandeat al. By being more general, this pore- crease for viscous fingering lik&' (x)%17 where the power
level model does not restrict the physical options in the postis the difference between the DLA and IPT fractal dimen-
crossover flow; that is, our model will enable us to study thesions[49]. The results for the smallest capillary number track
effect of larger viscosity ratios. the horizontal line and then break away at a moderately large
As shown in Figs. @) and 1b), we inject the low viscos- size. Increasing the capillary number causes a decrease in the
ity immiscible fluid along one sidé&he bottom of widthw)  characteristic size at which the data break away from the
of our rectangular porous medium of lendtkr 30 pore bod- horizontal IPT behavior towards the decreasing DLA-like

Ill. PORE LEVEL MODELING RESULTS
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<x>/(0.033 Nc““)

FIG. 9. m/(W(x)?89 vs the scaled “average siza={x)/ A for
a variety of capillary numbersl;=0.00025(0O), N;=0.0005(V),
N,=0.001(F5), andN,=0.002( 4 ).

behavior. Fernandeet al. predicted that this characteristic

size should have the form given in E®) [1]. Therefore, the
mass of injected fluid should scale as

m=W(x)*5T((x)/A), (6)

PHYSICAL REVIEW E 70, 016303(2004

Eqgs.(6) and(7) are valid, the data in Fig. 8 fan/ (W(x)°89)
should collapse to one curZ&u) when plotted vs the scaled
lengthu=x/A.. Figure 9 shows that this characteristic length
does indeed collapse the data to one universal curve. It
should be emphasized that this collapse is the result of the
predicted power law behavior of E(); the constant 0.033
has no effect upon the collapse and only serves to shift the
crossover tai=1.

IV. CONCLUSIONS

Our flow cell experiments clearly demonstrate the cross-
over from capillary fingering to viscous fingering as the cap-
illary number is increased. The flow patterns Figs. 4 and 5
show the characteristic flows associated with capillary fin-
gering and viscous fingering, respectively. More directly in
Fig. 6, the volume of the injected air initially scales with its
average position as predicted by IPT, but then crosses over to
DLA-like behavior at a characteristic length which decreases
as capillary number increases.

In agreement with experiment, simulations, using our
standard pore-level model, also support the predicted IPT-to-
DLA crossover; i.e., these simulations show the same cross-
over from IPT behavior for small sizes to DLA behavior for
larger sizes at a characteristic length which decreases with
increasing capillary number. Furthermore, the predicted
power-law behavior for the characteristic length, EB8),

whereJ(u) is an unknown function of the average size in does collapse the simulation data to a single curve, which

units of the characteristic length

A= 0.03N°¢, (7)

The constant 0.033 was chosen so that the crossover would

occur for{x)=A..

indicates that this scaling length correctly represents the cap-
illary number dependence of the crossover.

ACKNOWLEDGMENTS
This work was supported by of the U. S. Department of

The fractal scaling of the mass of injected fluid in termsEnergy, Office of Fossil Energy. C.J. was supported by the
of the scaled size is shown in Fig. 9. If the predictions of NETL/University Partnership Program.

[1] J. F. Fernandez, R. Rangel, and J. Rivero, Phys. Rev. G&tt.
2958(1991)).

[2] R. Rangel and J. Rivero, Physica 291, 253(1992).

[3] P. Meakin, Physica AL73 305(199J.

[4] D. S. Stauffer|ntroduction to Percolation TheorgTaylor and
Francis, Philadelphia, 1985

[5] M. Ferer, G. S. Bromhal, and D. H. Smith, Physica3a9, 11
(2003.

[6] R. Chandlergt al, J. Fluid Mech.119, 249(1982.

[7] D. Wilkinson and J. F. Willemsen, J. Phys. ¥6, 3365(1983.

[8] D. Wilkinson, Phys. Rev. A34, 1380(1986).

[9] M. Sahimi, Flow & Transport in Porous Media & Fractured
Rock From Classical Models to Modern Approach®CH
Verlagsgesellschaft, Germany, 1994

[10] P. Meakin,Fractals, Scaling, and Growth Far from Equilib-

[13] T. Vicsek, Fractal Growth Phenomen@Norld Scientific, Sin-
gapore, 1989

[14] S. Roux and E. Guyon, J. Phys. 22, 3693(1989.

[15] L. Furuberget al, Phys. Rev. Lett61, 2117(1988).

[16] M. Ferer, G. S. Bromhal, and D. H. Smith, Physica3Al, 5
(2002.

[17] A. Birovljev et al, Phys. Rev. Lett67, 584 (1991).

[18] V. Fretteet al, Phys. Rev. Lett68, 3164(1992.

[19] M. Rosso, J. F. Gouyet, and B. Sapoval, Phys. Rev. L%f}.
3195(1986.

[20] A. B. Dixit et al, SPERE2, 25(1999.

[21] M. J. Blunt, Curr. Opin. Colloid Interface Scb, 197 (200J).

[22] M. Cieplak and M. O. Robbins, Phys. Rev. B1, 11 508
(1990.

[23] M. M. Dias and D. Wilkinson, J. Phys. A9, 3131(1986).

rium (Cambridge University Press, Cambridge, England,[24] M. Ferer, G. S. Brohmal, and D. H. Smith, Physica3®4, 22

1998.
[11] A. P. Sheppardet al,, J. Phys. A323 L521 (1999.
[12] J. Feder[Fractals (Plenum, New York, 1988

(2004
[25] T. A. J. Witten and L. M. Sander, Phys. Rev. Le#7, 1400
(1981).

016303-6



CROSSOVER FROM CAPILLARY FINGERING TO. PHYSICAL REVIEW E 70, 016303(2004)

[26] T. C. Halsey, Phys. Toda$3(11), 36 (2000. ing, Montreal, Canada, ASME, 2002.

[27] L. Paterson, Phys. Rev. Leth2, 1621(1984). [40] H. Siddiqui and M. Sahimi, Chem. Eng. Set5, 163(1990.

[28] R. Lenormand, E. Touboul, and C. Zarcone, J. Fluid Mech.[41] S. C. van der Marck, T. Matsuura, and J. Glas, Phys. Rev. E
189 165(1988. 56, 5675(1997).

[29] M. Blunt and P. King, Phys. Rev. A2, 4780(1990. [42] E. Aker, thesis, University of Oslo, 1996. Available at

[30] J. Nittmann, G. Daccord, and H. E. Stanley, Nat(rendon)
314, 141(1985.
[31] G. Daccord, J. Nittmann, and H. E. Stanley, Phys. Rev. Let

www.fys.uio.no/~eaker/thesis/thesis.html
t[43] E. Akeret al, Transp. Porous Medi&2, 163(1998.

56, 336(1986). [44] E. Aker, K. Jorgen-Maloy, and A. Hansen, Phys. Rev5&
[32] M. Fereret al, Phys. Rev. A45 R6973(1992. 2217(1998.
[33] J.-D. Chen and D. Wilkinson, Phys. Rev. Lets5 1892  [45] E. Aker, K. Jorgen-Maloy, and A. Hansen, Phys. Rev6E
(1985. 2936(2000).
[34] M. Ferer and D. H. Smith, Phys. Rev. 49, 4114(1994). [46] G. Pereira, Phys. Rev. B9, 4229(1999.
[35] M. Fereret al, AIChE J. 49, 749(1995. [47] M. Ferer, G. S. Bromhal, and D. H. Smith, Phys. Rev6E
[36] M. Ferer, J. Gump, and D. H. Smith, Phys. Rev5B, 2502 051601(2003.
(1996. [48] S. A. Curtis and J. V. Maher, Phys. Rev. Le#8, 2729(1989).

[37] P. Meakin,et al, Phys. Rev. A35, 5233(1987).
[38] P. Meakin and L. M. Sander, Phys. Rev. L&, 2053(1985.
[39] D. H. Smithet al, in 2002 Fluid Engineering Summer Meet-

[49] This reflects the differences between the IPT and DLA fractal
dimensiong1.89 and 1.714, respectivelysed in our paper.

016303-7



