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Flow paths in wetting unsaturated flow: Experiments and simulations
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The flow paths and instabilities of gravity driven infiltration of a wetting fluid into a porous medium are
studied. The model experiments and simulations independently represent techniques to study the unsaturated
flow in porous media, and they produce a consistent picture of how the paths of fluid transport form and
depend on the relative strength of the gravitational force. The experiments, which employ a transparent and
quasi-two-dimensional model, reveal that the fluid pathways contain an internal link—blob structure and in-
crease in width with decreasing gravity. The model, which couples the well established invasion percolation
model for capillary governed flow with a model that describes the viscous film flow in partially filled pores,
corroborates these experimental findings.
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[. INTRODUCTION clude models with improved multivalued constitutive rela-
tions. These are designed to incorporate effects of hysteresis

Unsaturated flows govern a large number of environmenen the level of the Richards equatipii].
tally important processes. The transport of pollutants from In the present paper we focus experimentally and through
the soil surface to the ground water is governed by the slovgimulations on two aspects of the fluid structures that form
transport through the unsaturated zone to the ground watemder unsaturated transport, the internal structure of the fin-
table. The magnitude and evolution of this transport dependgers and the finger width dependence on the bond number,
directly on the formation of fluid pathways. When the me-i.e., the ratio of gravity and capillary forces. We observe that
dium through which the transport takes place does not corninternally the fingers contain saturated regions that are sur-
tain large scale heterogeneities the instabilities of the fluidounded by unsaturated regions. The finger width is observed
flow itself are likely to select the structures through whichto increase with the bond number.
the fluid flows. The typical case is where watand possible The experimental model is transparent and consists of a
water soluble contaminantdisplaces air during its normally monolayer of pores. This makes direct observation of the
slow transport to the ground water table. Heterogeneities ifluid structures possible, in contrast to earlier models where
sedimentary structures such as aquifers have many formthe pore to pore distribution of fluids have not been ob-
such as channels formed by roots, or layers of coarser grainserved.
However, one also finds relatively homogeneous sand depos- As the study introduces a pore-based model for the simu-
its. The present paper focuses on such systems, and relatiadions the aim of the paper is also to validate this model.
cases where the hydrodynamic instabilities are not domiContrary to macroscopic models, this model does not rely on
nated by heterogeneities in the medium. the conventional approach via partial differential equations

One of the most prominent features of the fluid structuresnd constitutive relations. Instead, the present model relies
are fingers of liquid that extend along the direction of gravityon a microscopic picture of the porous media through which
and show a remarkable persistence under variations in thihe fluid flows. For that reason, the model does not rely on
flow conditions. These structures have been studied extemmacroscopic relations between permeability, capillary pres-
sively in both quasi-two-dimensionalquasi:2D [1] and sures, and saturation. The hysteretic effects, which are
quasi-three-dimension§?2,3] experiments. A theoretical un- known to exist experimentally, follow as a result, rather than
derstanding on the qualitative level has been reached to exhroughad hocconstitutive relations.
plain these experimental findings in terms of a gravitational Pore network models similar to the one discussed here
version of the Saffman-Taylor instabilify,5]. [12,13 as well as studies carried out with experimental net-

Such flows have conventionally been modeled by the usaork geometrieg14] do exist. Compared to the existing
of continuum equationis,7], such as Richards equation, that simulation models the present model is enriched both with a
take constitutive relations between capillary pressure and lodescription of the fluid pressure and the flow along films
cal saturation as well as between permeability and saturatioimside pore channels. Such flows are known to be important
[8-10, as input. It is at best unclear, however, if these mod-both from pore network experimenf43,14 and from ex-
els contain the physical ingredients necessary to capture thmerimental studies of thin film flow in fracturdd5]. The
observed phenomena. In particular, it seems clear that theresent models describe the films by a continuous film thick-
averaging procedures that produce constitutive relations iness variable that evolves according to the capillary pres-
the form of one-to-one relationships cannot be given anysures and the viscosity. The film flow component of the
general justification. Attempts to address these problems immodel is then coupled to a migration component that de-
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. FIG. 2. The model description. The porous medium is repre-
e ' —- x i sented as a 2D lattice of three-dimensional tubes. The fluid films are

) ) ) located on the inside of those tubes and evolve according to the
FIG. 1. The experiment at a tilt ang@=90°. The water, which  inierfaces shown here.

is infiltrated from the top is dyed with black ink.

_ o _ spond to either variations in the surface tension or the wet-
scribes the transport due to imbibition and drainage of poresing properties of the medium.

Il. THE EXPERIMENT Ill. THE MODEL

The experimental setup consists of ax68 cn? Hele- The main simplification made in our modeling is illus-
Shaw cell with a quasi-two-dimensional porous media, adrated in Fig. 2, which shows the discretization of the porous
shown in Fig. 1. The porous media is made by gluing amedium into a regular pipe network with variable channel
monolayer of glass beads between two sheets of contact pgadii R. This network could easily have been studied in three
per. The sheets are then pressurized from the outside to prdimensions, and this is needed in many—»but far from all real
vent the paper and the beads from separating. On the top @pplications. In the context of the present quasi-2D experi-
the system there is a low permeability layer made of smallements a two-dimensional description seems adequate.
beads. The large beads have a diameter of 1 #0%6, and In the experiments it is observed that the transport hap-
the small beads have a diameter of 0.3 mh©%. The ink- pens both through films in the unsaturated regions and
colored water that is infiltrated from the top is supplied atthrough clusters of saturated pores. These clusters may move
atmospheric pressure, i.e., the water is not overpressured 8nd thus transport the fluid inside them or stay at rest and
underpressured. The whole experimental setup may be tiltef@rm a medium for fluid flow through them. The present
in order to vary the magnitude of the effective gravitationalmodel seeks to describe all these transport processes within
pull on the water. the geometry defined in Fig. 2. In this geometry the fluid

Since the present experimental model is transparent all theay flow between the films on the walls of unsaturated pore
pore-scale structure of the invading fluidatep is observ- channels or by drainage and imbibition processes as illus-
able. This makes more details of the fluid structure directlytrated in Fig. 3.
observable. In particular, the experiment shows that the fin- Both natural and experimental porous geometries will
gers are not without internal structure as previous observaypically exhibit a structure that causes the capillary pres-
tions may have indicated]. On the contrary, it is seen that sures to fluctuate strongly with the positions of the fluid in-
the finger structures contain saturated islands linked by urterfaces, even inside a single pore channel. This will gener-

saturated regions. ally cause strong hysteresis effects.
The experiment is tilted at different angles to control the At the outset the geometric pore-scale structure in the
bond number model is that of cylinders. We will refine that structure by the

introduction of different effective radii for drainage and im-
bibition, so that draining of a channel is associated with a

12 : A
B= &, (1) larger capillary pressure drop than imbibition of the same
o channel. This is the experimental behavior seen, for instance,

during imbibition/drainage of capillary tubes. It is also the
whereo is the surface tensiom, the acceleration of gravity, only hysteretic effect we will introduce on the pore level.
and | a characteristic length scale. In the experiment, th€One among several possible physical mechanisms that gives
tilting angle ® has the effectB—Bsin(®). In three- rise to different effective drainage and imbibition ra&i
dimensional system@hat may not be tiltedthis may corre- andR,, is illustrated in Fig. 3. While the capillary pressure
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| y
Draingge
h FIG. 4. The neighborhood of horizontal and vertical pore chan-
\ ]‘ nels.
\ Tmbibition _ | _ _

metric prefactor as unity and define the permeabkityh?
[16]. The capillary pressure differences and gravity forces
that drive the flow are computed from the middle of the pore

channels, as shown in Fig. 4. Defining the volume flux from

—>l - | b a pore along channé] as positive when the flux is directed
outwards from the pore we may write Kirchhoff’s law in the

form
3
D ;|$=—|g, 2

FIG. 3. Migrating droplet. In a single migration step the grey \yhere| > are the fluxes out of the pores labeledas shown
pore is drained while the white pofinbibition) is filled, respecting Fig. 4.
volume cpnservation. The bou_ndary of the droplet is used for the We need to relate thi’s to the average flow velocity in a
computation of the pressure difference. pore channel. Using that, this velocity takes place in a film of

) ) ) thickness h; this relation takes the forml;=m(2R

determined by the widest part of the channel will be most_ h.)h,u;, whereu; is the flow velocity in pore channél
important during an imbibition process, the opposite is gen-  \ve introduceP’ = P,— pgy: , wherey, is the depth of the
erally true for a drainage process. This effect, which is somezgnier of the bonldj measured from the top of the lattice and
times called the "ink bottle effect,” as well as the capillary g ig the acceleration of gravity. Note that the gravity is ori-
resistance associated W'th_the passing Qf the pores conneglsieq along the diagonal of the lattice to avoid preferential
ing the channels are described by the difference betd&en irections resulting from the lattice geometry. Darcy’s law in

andRp . With these simplification stated it should be appre- channel takes the form= (k/x)V P/ wherex is the fluid

ciated that the aim of the model is not to resolve details of . ; .
_yiscosity. The pressure gradient may be estimated by the
the sub-pore-scale flow but rather the structures of the fIwgI Y P ure gradi y ! y

transport on the scale above the pore scale ressure difference between the pore and the center of the

' channel a¥ P/ ~2(P/ — P,)/l wherel is the channel length
andP, is evaluated in the pore. Combining these results we
A. The Film Flow may write the flux as

The model will be composed of two basic elements—one | = k(P —P!) 3
that describes the flow associated with the fluid interface bomnR x
configuration illustrated in Fig. 2 and one with the interfaceswhere we have defined
illustrated in Fig. 3.

Before we describe the migration steps illustrated in Fig. 2m(2R — h))hik;
3 we describe how the film flows in the unsaturated pores, K=
and how the pressures in both saturated and unsaturated
pores are determined. : .

The film flow part of the model describes the flow be- |nlt:)r?iu;:rlgpt,rfp?r_ez;s:u_rtipqiagl)b ﬁ\évire]; (LP;aenEel(r;? tc())
tween unsaturated pores that is driven by the capillary forces .! : o i x 0 Tx y d

| @
Mo

(illustrated in Fig. 3 and gravity. It gives the changes in the virite

film thicknessh and the associated fluid pressure. The neigh- ) ()

borhood that affects the film evolution in a pore channel is AP'(H=9__ T (5)
shown in Fig. 4. Here the film thicknessesare used to b ko k)

compute the local capillary pressurBs- o/(R—h) as well

as the permeability. In general, the permeability of a channefor the (+) bonds shown in Fig. 4, and likewise for the
will be given as a geometric factor of order unity times a(—) side. The two contributions on the right-hand side cor-
squared length characteristic of the cross section of the chamnespond to the pressure drop through half of the neighboring
nel. In the present case we will, for simplicity, take the geo-channeli and half of the central channel 0. The acceleration
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of gravity is g, Ay;==1/\2 is the depth difference be- changing. We use and compare two solvers for computing
tween channels when lattice directions are 45° to the directhe pressureB; [17]: a relaxation technique that easily deals
tion of gravity andp denotes the density of the fluid. with moving boundaries but is weakly efficient and a conju-
The fluid volume change in the pore channel 0 is given bygate gradient technique that is very efficient but requires care
to incorporate the boundaries. The error was set {6 10/e

dh checked that both techniques produce similar results.
271 (Ro—ho) g2 = 1§7+167. ®) ques p
2. Nondimensional form of the film equations
Multiplying Eq. (5) throughout k3y K, summing overi Both for the implementation of Eq7) and for compari-
=1,...,3 andusing the Kirchhoff’s law we obtain son with experiments it is practical to take the dimensions
dh out of this equation and identify the relevant dimensionless
_ 20N numbers. In order to do this we take the characteristic length
27T(R0 ho)l IO +IO A N .
dt to be the lattice constah&nd the timeT as the characteristic
3 time it takes to fill a pore, i.eT~R/h. We may then define
2 Ki(+)Apri(+) the dimensionless quantities
i=0
=kg——3—+(+——), (7) h
PIFE e
=0
as the governing equation for the film evolution. Note that t = £ 9)
sinceAP;=0 the sum runs from=0. A single update of the T

film is given by the explicit ruleh—h-+hdt. and similarly for the other lengths in the problem, i/,

1. The fluid pressure in full pores =R/I. Then Eq.(7) takes the form

What happens when the film thickness reaches the radius 3 _
of the channel? Then the channel is full and no further film , , 2 K’i(”APi
growth can occur. Physically the film is stopped from in- %: ~1_ Ko 120 +(+—-), (10
creasing its volume by pressure forces. These forces will dt’ Ry—hg ° ’

E K/i(+)

allow flow through the channel but no net flow into or out of ~

it.
In the model this mechanism is easily described by deterynare
mination of the pressurB that will causedh/dt=0 in Eq.
(7). When a pore is full, i.e., wheh=R— ¢, wheree is a 1

small cutoff distance, we imposfe=0. The result is that,

— By, where h'<R’,

while we describe the evolution d¢f in unsaturated regions B — P//(all)= R —hj
we describe the evolution of the pressure in an incompress- ' inc ' '
ible liquid in the saturated regions. The boundary condition > BYi where  h'=R’.
for this pressure solution is defined by the film pressures. (11)
The resulting pressures will be used in migration step that is
described in the following section. . , andy/ =y, /I. Here the pressur@j,. is given by the volume
Setting =0 in Eq. (7) and insertingAP{=P;—P;  conservation and the incompressibility condition described
—pgAy; in Eqg. (7) and solving forP, gives in the preceding subsection. We have also introduced the
3 capillary number
2« (P —pgy) ol
Po—pgYo= =), @ =T 12

3
22 Ki(+) . .
i=0 and bond numbeB=pgl?/o as well as the dimensionless

permeability function
whereyy is the depth of bond 0. This equation should be

considered an iteration equation that is applied to upBgte k'=(2R'—h")h’3. (13

at every saturatedh=R) channel. Where there is a whole

cluster of full pores, the pressure will adjust according to theNote that the point of introducing the above dimensionless

capillary pressure values on the boundary of the cluster. quantities is to identify the key dimensionless numbers, in
Equation(8) describes a set of linear equations. The dif-this caseC and B. These numbers, along with geometric

ficulty is that the number of equations to solve evolves withratios are the control parameters of the simulations, i.e., the

time since the geometry of the incompressible fluid is alwaysibove nondimensionless equations are used directly as the
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basis of the simulations. This concludes the description of 5 1
the film flow both for saturated and unsaturated pores. APp=Py+ §<0 for drainage. (19
D

B. Migration by invasion percolation The above criteria quantify when imbibition and drainage

Figure 3 illustrates the migration step that consists in theprocesses may start. However, since these processes are
combined imbibition(invasion of one channel and drainage modeled as discrete events it is crucial that the criteria for
of another. them also guarantees completion. Otherwise, the process will

Physically, for a migration step to be possible, the threshevershoot and the simulations come to a halt because the
old values of the capillary pressures in the two pores to béluid starts to bounce back and forth. The completion criteria
drained and imbibed must be exceeded. Now, when a chamre identified by noting that a downward proceeding drain-
nel (0) is imbibed there is contact between the fluid in thatage process or an upward proceeding imbibition process re-
channel and the channels that are connected to it via thguire larger driving forces to be completed than to be started,
nearest nodg (this will be one of the two nodes at the end of and they may, therefore, tend to stop halfway or when mod-

the channel This means that we should compdtg, P,, eled as a discrete process, overshoot. The reason for this is
and the capillary pressure. More precisely imbibition is posthe that both these processes are resisted by an increasing
sible if hydrostatic pressure component. In order to ensure that the

initial driving pressures are sufficient to complete the process

P4 g ~p (14) we must add these hydrostatic pressure components into the
*R—h™ ¥ imbibition drainage criteria in the following way
whereP, is the air pressure anfl is the radius of the im- - 1 B o
bibed channel. To get the pressure at gitee apply Kirch- Px+ R _E>0 for upward imbibition,
hoff’s law on that site,
3 ~ 1 -
izo (P, —P— pgAy;)=0. (15) P+ R_p >0 for downward imbibition,
(20
Solving this equation foP, and dividing byo/l we obtain
: . B 1
the nondimensional pressure on nodas P+ —<0 for upward drainage,
3 Rp
Pe=2, 7(Pi=BAY), (16) LB
Po+ —+—=<0 for downward drainage.
where D 2.2
. The reason for the factor of 1/2 separating the correction
w_ K 1 factors of downward imbibition and upward drainage is the
Yi =3 17

. fact thatP is evaluated in the middle of a bond, whi® is
igo Ki~ evaluated at a node. The criteria for upward imbibition and
downward drainage contain no correction terms. Once these

When a channe(0) is drained on the other hand, the fluid in PTOC€SSes have passed the threshold to start they will also be

it is replaced by air and will tend to lose contact with the Completed. .
other fluid from which it is displaced. This means that a _WNen a cluster does not connect to any inlet the value of
drainage event will be governed %, the air pressur®, APp given by Eq.(19) must be used. If there exists an inlet,

if any) and the capillary pressures. More precisely, drainagd'®Wever. that supplies fluid at a given pressHethe cap-
i(s pogiible if priary p P 4 g‘l’rlllary pressures/Rp will not be felt. In this case\ P must

be calculated ad P,=P,— P,,, whereP,, is the pressure in
o the channel neighboring the inlet.
Pa— g—>Po, (18) For a migration step to occur, bothP, and — AP must
P be positive. When this is the case for several channels simul-
taneously, the pair of channels that have the maximum values
max(AP,) and max(-APp) is chosen.

There is volume conservation so that the volume that is
needed to fill a pore, and only that, is taken from the pore
that is drained. The excess volume is left as a film in the
drained pore. If the pore that is drained does not have suffi-
>0 for imbibition, cient volume to fill the imbibed pore, the drained pore is
R'—h’ emptied and the imbibed pore receives the fluid as a film.

where P, is the pressure in thésaturated channel to be
drained.

Taking the dimension out by dividing by/l and setting
P,=0 the imbibition and drainage conditions take the form

AP|:ﬁX+
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This will in general imply that this pore will be filled in the spond directly to the channels of the experiment the basic
next migration step since/(R—h) will just have increased. units of length are not directly comparable in the two cases.
Moreover, the experimental and simulated bond numbers
are not directly comparable as they contain the microscopic
length scald. In the simulationd corresponds to the pore
While the migration step is discontinuous and is carried|ength, and in the experimenttss taken as the average bead
out by an instantaneous motion of the fluid, the film flow is sjze in the monolayer. However, since the microgeometry of
continuous in the sense that may be taken to be arbitrarily  the simulations is not intended to reproduce the experimental
small. Physically of course, both processes take some timgaometry there is an undetermined facterbetween the
and ideally the migration steps and the film flow should benond number of the experiments and the simulations. We
carried out in parallel at their physical speeds. have chosen this factor according to the crossover to cluster
However, due to the way the migration step is imple-formation observed both in the simulations and experiments.
mented it must be carried out before or after the film flowThe value ofB where this happens depends Bp /R, and
step. The closest we can come to a parallel implementation ife factore is chosen so the rescaled experime&agrees
to invoke the film flow for a timeAtr between each migra- \yith the bond number used in the simulations at the point
tion step. The problem is to associate a tifig, with each \yhere the crossover takes place wheg/R=0.6. In the
migration step. Then, by choosinfte=Aty, the film will  fo|lowing, it is this rescaled experimental bond number that
evolve for the same physical time as that corresponding tgs ysed. In all simulations there was an initial film thickness
the migration step. _ h=0.01R and they were carried out at differeR{R,, C,
In principle, it is an easy matter to computéy, since the sndB.
pressure drops and local permeabilitiedefine local speeds, | real systems, the present experiments included, not
and the volume of the pore channels are kno_wn. Thg tim@nly the value ofR/R, but the variance oRp, is an impor-
Aty may be taken as the volume to be filled in a drainag&ant parameter. Typically the root of the varianceRip will
step divided by the volume flux. However, the pressi?es pe of the same order @y, itself. For simplicity, however,
that result from the film algorithm only characterizes the\ye have chosen to perform the simulations with a the root of
flow between—and not during—the migration steps. the variance irRp of 0.1% of Ry . The finite but very small

Nevertheless, since the time of a migration step will beyglue was chosen in order to avoid potential artifacts result-
sensitive to the local pore geometries, and we have chosen {Qq from having absolutely no noise at all.

represent this geometry by highly simplified cylindrical
channels, it makes no sense to attempt to obtain high-

precision values ofAty,,. The lack of resolution on small A. Qualitative comparison
spatial scales makes it natural to employ low resolution also
at small time scales. On the basis of this modeling philoso
phy, we thus choosat,, as the time it would take to drain a
pore at pressures frozen to have the values at the onset of t
migration step. This leads to the formula

C. Merging the migration and film flow

To carry out the simulations in the relevant parameter

regime we have chosen a ratio of the top to bottom layer
ore radii of 3.5. This corresponds to the experimentally
easured permeability contrag,tiom/ Kiop= 3.5 The cap-

illary numberC was set to 0.1, which is of the same order of

12 magnitude as in the experiments. However, the results
Aty = K ) (21)  showed only a very weak dependence@around 0.1.
RZmin(APp,AP,)) The fingering structures and their characteristics observed
by Glass and Parlange, are reproduced here. This is shown in
This result completes the definition of the model. Fig. 1.

Figure 5 also shows the internal structure of the fingers.
The dark regions are saturated whereas, the regions that con-
nect them are not.

Given that several of the most significant findings of the Figure 6 shows a time sequence during an infiltration
present work, the structure and formation of the fingers, is osimulation. The main point of this figure is to show the struc-
a qualitative nature we split the comparison between théure of the saturated clusters that form behind the advancing
simulations and experiments into a qualitative and a quantifinger tip. Once these clusters are formed they remain sta-
tative section. While important for validation purposes, thetionary even though fluid is moving through them as the
guantitative part of the results cannot be expected to carrfinger is growing. This is exactly what is observed in the
over to real geological systems. The qualitative results, howexperimental image, Fig. 5, as well.
ever, are likely to survive in more realistic settings, and we, Figure 7 shows how the width and structures of the fin-
therefore, place the main emphasis on them. For instance, tlyers change witl in the experiments. Simulations designed
observation, both in simulations and experiments, that into match Fig. 7 were carried out, and the finger widths mea-
creasingB gives thinner fingers with a smaller fraction of sured as a function d8. In the simulations the finger width
saturated volume is expected to be robust. This implies thavas measured simply as the number of full bonds in a finger
when pores become largéhus increasind) the fluid frac-  divided by the finger length. In the experiments the widths
tion becomes smaller and the transport more rapid. were obtained by direct measurement on the images. The

Since the pore channels of the simulations do not correwidths were measured by a ruler at a sequence of different

IV. RESULTS AND DISCUSSION
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FIG. 6. Snapshots of infiltration simulations at different times
for B=0.20 andRp /R=0.6. Black bonds are saturated while un-
saturated bonds are shown in gray. Light gray corresponds to small
film thicknesses and dark gray to large thicknesses.

FIG. 5. A detailed 20-by-63-cm section of tii®=90° experi-
ment of Fig. 1 showing the internal blob structure of the fingers.

heights and then averaged. The uncertainty in both cases is
the characteristic variance of the width.

Figure 8, which should be compared with Fig. 7, shows 6=63 6=90
fluid configurations resulting from differef&. As in the ex-
periments, the fingers become thicker with decreading
Also the crossover to fingers consisting of saturated clusters
are reproduced by the simulations. FBp/R=0.4, the
crossover value dB is approximately 0.05. For larg&p /R
the crossoveB becomes smaller. A8 is increased both
simulations and experiments show a decreasing cluster size,
and in both cases the length of the finger tip is substantially
longer than the internal clusters. This is caused by the fact
that imbibition into an already wet pore happens more easily FIG. 7. Experiments at differer® given by the tilt angle® to
than the imbibition into an almost dry pore. the vertical.
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FIG. 10. The average lengttof the saturated tip of the fingers
(normalized byH, the thickness of the top layehe experimental
values @) are connected by a dashed line and the open symbols
correspond to simulations wittRp /R=0.4(d), 0.6(A), and
0.8(¢).

Figure 9 shows the average finger diameter as a function
% of B~”/(**1) wherev is the correlation length exponent of
% invasion percolatio18]. This particular scaling ansatz is
motivated by the idea that on short length scales the structure
of fluid clusters are given by the invasion percolation algo-
rithm [18], and that this structure is modified by gravity only
at scales larger than a gravitational length giverBoy
FIG. 8. Snapshots of infiltration simulations at differéor It is observed that both simulations and experiments are
Rp /R=0.4. The color coding is as in Fig. 6. consistent with thel/h~B~*/(**1) behavior over the limited
range ofB explored. However, this agreement is only sug-
Note the merging of two fingers in thB=0.20 andB  gestive, not conc_lu/siv+el. The constant of proportionality be-
~0.50 snapshots. In the simulations, as in the experimenfweend/h and B~ """ 1) is expected to depend on pore-
fingers merge but do not show tip splitting. scale details and varies between experiments and
simulations, and also between simulations with different val-
ues ofRp /R. Figure 10 shows the behavior of the lengtif
the saturated finger tip with bond number. It is observed that
In the following we will obtain and compare three differ- the valuesR,/R=0.4 and 0.6 reproduce the experimental
ent lengths, the average finger diametetse average length pehavior more closely thaRy, /R=0.8.
of the saturated finger tip, and the average distances Finally, we compare the experimental and simulated val-
between fingers. The natural length scale in the system withes of the average spacing between the fingfégs 11). This
which to normalize these lengths is the height of the topmeasurement as well is marked by a significant amount of
layerH. This is the scale we will use both for the experimen-noise as in the simulations only one to five or six fingers
tal and simulated results. appeared and in the experiments the number of fingers varied
rather strongly even for fixeB. The (O)’s results from the
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B. Towards a quantitative comparison
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FIG. 9. The average finger diametér(normalized byH, the
thickness of the top laygras a function ofB~"(**1)~pB~057 FIG. 11. The average spacings between fingergnormalized
wherev is the correlation length exponent of invasion percolation.by H, the thickness of the top layesis a function oB. The symbols
The experimental values®) are fitted with a black line and the used are the same as in Fig. 10. The experimental data shown by
simulations with gray lines. The different simulations correspond to(O)’s connected by a dashed line are the same as those shown by
Rp/R=0.4(1), 0.6(A), and 0.8¢ ). (@), but the normalization is changed Hs—~H/3.8.
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data shown by the@®)’s by a common rescaling by a factor and more closely spaced. This has been observed previously
3.8. It may thus be observed that only the general scalin§4]. What is different in the present work is the observed
behavior is consistent between the simulations and experblob—link structure in the fingers. These structures, a large
ments. This may be linked to the differences in the hydrodyblob at the advancing finger tip, and smaller blobs behind it,
namic coupling between the top and bottom layers in theyre strikingly robust under the fluid flow. The existence of
experimental and numerical models. The quantifissandl  these structures demonstrates that less water is present in the
depend rather strongly oRp /R. The widthd has @ much  yadose zone than would appear from the mere existence of
weakerRp/R dependence. This quantity is a geometric charfingers. However, this is true only above a critical bond num-
acterization of the microscopic pore structure, and it will yor \WhenB is below the critical value the fingers become
typically have large natural fluctuations. In real geologicalgarated throughout their length. It is also observed that
systems these fluctuations will not be easily quantified ofnje fingers may merge, they do not split. Since the fingers
pr_ed|cted. Hence, when the mo_del |s_appI|ed to say S‘Omea'tppear to move randomly in the horizontal direction this in-
th_mg ab(_)ut such f?‘a' systems, S|m_ula_t|_ons of differReaIR dicates that the number of fingers will decrease steadily with
will provide an estimate of the variability due to pore-level depth. All these qualitative observations are made both in the
fluctuations rather than exact predictions. epth. 7 d .
simulations and experiments.

On the quantitative side, the agreement is less striking,
mostly owing to the fact that these measurements depend on

Having carried out both experiments and simulations tgpore-scale details of the porous media, features that are not
investigate the structure of the fluid pathways, we note a fevsought or captured in the simulations. However, we showed
main findings. Theoretical considerations indicate that it isthat the diameter of the finger decreases with the bond num-
the bond numbeB and capillary numbe€ that constitute ber (i.e., gravity. A consistent fit of this evolution is given
the control parameters of the system besides the numbeby the invasion percolation estimat/hsB~"(**1) We
characterizing the geometry. The simulations are carried outlso show that the average length of the fingers significantly
to model, support, and compliment the experiments, and thdecreases with the bond number. Finally, we studied the
focus of the computational effort has mainly been to demonspacing between fingers and obtained a decrease of this spac-
strate that the key physical features put into the model reprang when increasing the bond number, that is, a higher den-
duce the maimualitative findings of the experiments. sity of fingers when gravity is increased. Numerical and ex-

These are discussed as follows. WHeis increasedby  perimental results are in good agreement in terms of
increasing gravity or the pore sizéingers become thinner, parameter sensitivity.

V. CONCLUSIONS
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