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Abstract

The mobilization of an oil bank in a packed bed of glass beads saturated with an aqueous phase
has been studied both theoretically and experimentally. The size of the glass beads was varied in
the range between 0.5 and 5 mm. Two oils (hexadecane and hexane) with viscosities different for
an order of magnitude and densities smaller than that of water have been used. A few more runs
have been carried out using perchloroethylene (PCE), with density greater than that of water. The
interfacial tension in the aqueous phase was varied in a quite large range (0.38–39.1 dyn/cm) by
adding surfactants to the water. The glass assembly made it possible to follow the evolution of the
dyed oily phase by the use of a digital camera. A very simple stochastic model for describing the
porous structure of the packed bed made it possible to set a criterion for determining the probability
of mobilization of ganglia which are produced by the fragmentation of the oil bank. The same model
permits also to estimate the probability function of the velocity of a ganglion of an assigned size.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The flow through water-saturated granular porous media of a dispersed immiscible phase
is of great practical interest in connection with underground-water pollution by organic
solvents and other petroleum derived products, which may enter the subsurface. When
a bank of an oily phase is spilled in a water-saturated unconsolidated granular porous
medium, the fragmentation of this phase in ganglia and/or droplets is the most remarkable
phenomenology observed. These fragments may remain entrapped in the porosity or move
through the porous medium even though slowly. The phenomenon of the fragmentation has
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Nomenclature

Abs absolute value
Bo Bond number (seeEq. (2))
Ca capillary number (seeEq. (8))
Dp diameter of a glass bead (cm)
k intrinsic permeability of the porous bed (seeEq. (1); cm2)
kro relative permeability to the oily phase
krw relative permeability to the aqueous phase
k̂ unit vector in thez-direction (upward)
�l characteristic size of the ganglion (cm)
rb radius of the oil ganglion (cm)
rn radius of the pore neck (cm)
rp radius of the pore,rp ≈ Dp/2 (cm)
vo velocity of the ganglion (cm/s)
vo,m measured velocity of a ganglion (cm/s)
vo,max maximum velocity due to buoyancy force only (cm/s)
vw Darcy’s velocity of the aqueous phase (cm/s)
Vo volume of the oil ganglion (cm3)
· scalar product

Greek letters
ε porosity
µm “combination viscosity”,µm = f µ̄m (seeEqs. (21) and (23); (g/(cm s)))
µo viscosity of the oil (g/(cm s))
µw viscosity of the aqueous phase (g/(cm s))
�ρ is ρw − ρo (g/cm3)
ρo density of the oil (g/cm3)
ρw density of the aqueous phase (g/cm3)
σow interfacial tension between the oil and the aqueous phase (dyn/cm)

a great importance on the rate of contamination of the water phase. In fact, the specific
interface area increases noticeably with respect to that of the oil bank, thus increasing the
rate of solubilization of the contaminant.

Many papers, with quite different approaches to the study of this multifaceted problem,
have been published. Ng and Payatakes[1], Payatakes et al.[2], Dias and Payatakes[3], aim
at obtaining a macroscopic description of the mobilization and break up phenomenology
focusing the attention on the microscopic mechanism of the two-phase flow. They set an
idealized model of the geometrical structure of unconsolidated packings for describing the
local topology of the porous medium. Then, assigned the initial size, shape and orienta-
tion of a ganglion, they provide a complex stochastic simulation of its motion and break
up. Avraam and Payatakes[4], following the same approach, use for their accurate exper-
iments a model porous medium, specifically constructed, with a pore network based on a
square lattice. Other Authors[5,6] focus the attention on the characterization of the ganglia
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size distribution in unconsolidated porous media, as a function of the particle size. The sizes
of the ganglia formed by immiscible liquids are experimentally evaluated infusing liquid
styrene in the porous medium (sand or glass beads) saturated with water. Then the styrene
is solidified by polymerisation. The removal of the porous medium produces solid ganglia,
which can be analyzed for determining their size distribution. An alternative approach for
measuring ganglia[7] is to infuse a transparent porous medium with a dyed organic liq-
uid, to photograph the ganglia, and to determine the size distribution by image analysis.
Pennel et al.[8], in order to investigate on the mobilization of a dispersed phase during
surfactant flushing, perform column experiments in unconsolidated porous media (Ottawa
sand). They set a theoretical useful criterion for predicting the mobilization conditions of
the dispersed phase. The present paper follows this last approach in attempting to set, from
macroscopic observations and theoretical considerations, a criterion for determining the
mobilization conditions of a dispersed phase, and the velocity of ganglia in unconsolidated
water-saturated porous media. In order to reduce the overall complexity of the problem, the
study has been carried out reducing to the minimum the uncertainties related to the local
geometry of the porous structure. To this purpose, the experiments have been performed in
a glass column filled with uniformly sized spherical glass beads. This feature allowed us to
set up a very simple stochastic model for determining the mobilization criterion as function
of the prevailing physical parameters and variables. The transparency of the experimental
set up was of a great help for observing the phenomenology of mobilization and fragmen-
tation, and for comparing the observations with the theoretical results. The experiments
were carried out using bead diameters in the range 0.5–5 mm and interfacial tensions of the
aqueous phase in a quite large range (0.38–39.1 dyn/cm).

2. Experimental part

2.1. Apparatus and materials

The experiments were carried out in a glass column (4 cm diameter, 50 cm height). Runs
with glass beads of different size, different oils (hexadecane and hexane, lighter than water,
and perchloroethylene (PCE), heavier than water), and aqueous phases having different
interfacial tension (by adding surfactants to water) were accomplished. The column was
filled with glass beads and saturated with the aqueous phase. The oil (hexadecane and
hexane) was injected by a syringe through an injection port at the bottom of the column
(for the case of PCE, the oil was injected at the top of the column). Preliminarily, in a
different column in which it was possible to have a water flow through the bed of glass
beads and equipped to measure pressure drops (by means of a differential reverse U-Tube
manometer containing water) as a function of the liquid flow rate, it was measured the
intrinsic permeability of the packed bed. The experiments showed that the pressure drop
through the bed was well described by the Ergun equation[9]. Therefore, the intrinsic
permeability was calculated by this equation as

k = D2
p

150

ε3

(1 − ε)2
(1)
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Table 1
Porous media properties

Dp (mm) ε k (cm2)

0.5 0.38 2.4× 10−6

1 0.39 1.1× 10−5

2 0.41 5.3× 10−5

3 0.42 1.3× 10−4

5 0.43 4.1× 10−4

The porosity of the bed was determined as follows: the beads were loaded in a graduate
cylinder (same diameter as the column) and their apparent volumeVa was recorded. The
bed was then saturated with water whose volumeVw was recorded too. By definition it is
ε = Vw/Va.

The oil/aqueous phase interfacial tension was varied using two different surfactants:
Tween 80 (polioxyethylen-sorbitan-monooleate) and DSS (dyoctyl-sulfosuccinate-sodium
salt). It was measured by an Optical Contact Angle Meter tensiometer (CAM 200, KSV
Instruments Ltd.). The oil, was red colored by adding about 1 wt.% of a die immiscible with
water. The addition of the die did not alter significantly the oil/water interfacial tension. The
evolution of the oil through the column was followed shooting pictures at different times
by a digital camera.

Preliminary replicates were run by adopting different methods for introducing the oil at
the bottom of the bed: by a syringe, injecting slowly (5 ml of oil in 15 min) or quickly; by
putting the oil at the bottom of the empty column, adding the beads and last introducing
the water phase. The evolution of the oil did not show significant differences on the three
different loading techniques. Therefore, the majority of runs was done by injecting (slowly)
the oil by the syringe. The details of the operating conditions of the experiments are reported
in Tables 1 and 2. Notice that forDp = 0.5 mm the permeability reported inTable 1checks
with typical values directly measured in aquifers; largerDp simulate sands.The experiments
were carried out with stagnant aqueous phase, in order to study the influence of buoyancy

Table 2
Fluids properties

Run Oil Aqueous phase µw (cP) �ρ (g/ml) σ ow (dyn/cm)

6, 7 Hed W 1.0 0.226 38.8
1, 3 Hed W+ Tw (4 wt.%) 1.2 0.226 7.4–8.4
8, 18 Hed W+ DSS (1 wt.%) 3.5 0.226 0.43

5, 11, 15, 19 Hex W 1.0 0.341 38.7–39.1
2, 4, 24, 26 Hex W+ Tw (4 wt.%) 1.2 0.341 10.0–11.3
9, 16, 17, 22, 27 Hex W+ DSS (1 wt.%) 3.5 0.341 0.38–0.49

23 PCE W 1.0 −0.62 36.5
25, 28 PCE W+ Tw (4 wt.%) 1.2 −0.62 9.8

Hed, n-hexadecane; W, water; Tw, surfactant Tween 80; DSS, surfactant DSS; hex,n-hexane; PCE, per-
chloroethylene (tetrachloroethylene);µHed = 2.89 cP;µHex = 0.29 cP;µPCE = 0.85 cP atT = 25◦C.



F. Gioia et al. / Journal of Hazardous Materials B97 (2003) 315–327 319

forces on the mobilization of the oily phase. In such conditions the phenomenology depends
only on the value of the Bond number, defined as

Bo = kkrw �ρg

σow
(2)

It must be pointed out that the Bond number assumes positive or negative values depending
on the value of�ρ. The relative permeability to the water phasekrw tends to unity as the sat-
uration tends to zero. In our experiments the oil ganglia are largely dispersed in the column;
therefore we setkrw = 1. More details on the experimental procedure are reported in[10].

2.2. Experimental results

Sharply different phenomenologies are observed upon the injection of the oily phase
(hexane and hexadecane) at the bottom of the porous bed filled with the stagnant aqueous
phase. They are depending on the value of the Bond number. The experiments confirmed
what was already known, that the rising of the oil does not occur as a continuous phase.
Rather breakup and stranding of oil ganglia occur during the motion. A bank of oil for
which theBo is below the critical value (i.e. 10−3), upon injection shows an initial mobil-
ity due to fingers that move along preferential patterns. Eventually, these fingers break up
in smaller ganglia and/or droplets (with a size comparable to that of the particles), which
remain immobile in the interstices of the porous bed. For values ofBo > 10−2 the ganglia
generated from the bank definitely move, undergoing stranding and successive fragmenta-
tion, “dynamic break-up”, until all the oil injected reaches the top of the column. It must
be remarked that even the smaller droplets, in their majority, reach the top of the column.
For 10−3 < Bo < 10−2, an intermediate situation is observed (partial mobility). For this
case only the large ganglia move and undergo fragmentation, generating smaller ganglia
entrapped in the porous medium. For the case of PCE (�ρ < 0, thenBo < 0) a similar
phenomenology, but in the opposite direction, has been observed.

The experimental results described above are summarized inFig. 1.

Fig. 1. Experimental mobility diagram. Empty symbols are for pure water, filled are for water with surfactant.
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As expected, the oil mobility significantly decreases with decreasing particle size, i.e.
hexane in contact with water is partially mobile in a bed of 5 mm beads, and is totally
immobile in a bed of 1 mm beads (9.5 × 10−5 ≤ Bo ≤ 3.5 × 10−3).

Oil mobility strongly increases with decreasing interfacial tension, i.e. for the case of a
3 mm porous medium, hexane is immobile when in contact with water (σow = 39.1 dyn/cm),
is partially mobile when in contact with a Tween 80 aqueous solution (σow = 11.3 dyn/cm),
is totally mobile when in contact with a DSS aqueous solution (σow = 0.49 dyn/cm).

Dynamic viscosity does not influence the mobilization (for the range of values investi-
gated). In fact both hexane and hexadecane show the same mobility in experiments run at
the same conditions (same bead diameter and aqueous phase, then similar Bond number),
even though dynamic viscosity differs for an order of magnitude.

3. Modeling

The forces acting on an oil globule entrapped in a pore of a saturated water-wetted porous
medium are clearly described by Pennel et al.[8]. Two kinds of forces act on the globule:
a driving forceF dr, which tends to mobilize it, and the capillary retention forceF c, which
is opposite toF dr. The former is due to the pressure gradient in the water phase and to the
weight of the globule. The latter is related to the work required for deforming the surface
of the globule, which, for getting off the pore, must thread its way through a pore neck with
a radius smaller than that of the pore.

Considering a motion, on the overall vertical, in the porous medium, and setting az-axis
directed vertically upward it is

F dr =
(

−∂Pw

∂z
− ρog

)
Vok̂ (3)

where k̂ is the unit vector in thez-direction.Vo is the ganglion volume, which may be
approximated asπr2

b �l (πr2
b is the cross-sectional area of the ganglion and�l is its

length).
According to Pennel et al.[8], the magnitude of the retention capillary force may be

obtained from Laplace’s equation as

|F c| = 2βσow

rn
πrb

2 (4)

where the geometric factorβ is defined as

β = 1 − rn

rp
(5)

We assume that the largest value ofrp is equal to the radius of the glass bead and that
the radius of the pore neckrn may range between 0 andrp. The value zero refers to
pores surrounded by beads which touch one another all around the pore (the pore is oc-
cluded). Values ofrn larger thanrp are not considered inasmuch as they represent un-
stable situations: beads could fall in the pore. Therefore,β assumes values in the range
[0, 1].
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Notice that it must beF dr·F c < 0 asF c is always opposed toF dr. Thez component of
the pressure gradient may be obtained from the Darcy’s law:

vw = − k

µw

(
∂Pw

∂z
+ ρwg

)
k̂ (6)

CombiningEqs. (3), (4) and (6), we write the followingEq. (7), which gives the mobility
condition of an oil ganglion in a saturated porous bed:∣∣∣(µwvw

k
+ �ρ gk̂

)
Vo

∣∣∣ >
2βσow

rn
πr2

b (7)

Eq. (7)expresses the condition that the driving force for the motionF dr on the oil globule
is larger than the capillary retention forceF c. Introducing the Bond number (seeEq. (2))
and the capillary number:

Ca= µwvw

σow
· k̂ (8)

Eq. (7)becomes

|Ca+ Bo| >
2βk

rn �l
(9)

When condition (9) is verified the ganglion moves: upward if Ca+ Bo > 0; downward if
Ca+ Bo < 0.

It must be pointed out thatEq. (9)is the straightforward extension to a porous bed of the
mobilization condition which is strictly valid for a single globule of oil in a geometrically
well defined pore[8]. In fact, the geometric factorβ/rn is deterministically related to the
geometry of the pore assembly. As a matter of fact even in a packed bed filled with uniformly
shaped and sized glass beads, the value of geometric factorβ/rn changes casually in the bed.
Therefore, a stochastic approach seems more appropriate for describing the overall motion
of oil ganglia in the bed. Consider the ratioa = rn/rp. Having assumed that the radius of
the pore neckrn may range between 0 andrp, the ratioa has values in the range [0, 1].
Therefore, we assume that the dimensionless variablea has a probability distribution given
by the normal density function PDF(a), with mean= 0.5 and variance= 0.125. With this
choice, it is practically excluded thata has values outside the range [0, 1], i.e.a ∈ [0, 1].
Then, the geometric factorβ/rn stochastically defined becomes

β

rn
= b

rp
(10)

where

b = 1 − a

a
(11)

Having assigned PDF(a), it results set the density function PDF(b) of b (b ∈ [0, ∞]), which
may be obtained from that ofa by a change of variable. In the following we will use the
stochastic parameterb/rp in place ofβ/rn. Once the porous structure of the bed has been
characterized by the stochastic parameterb, it is possible to develop a quantitative analysis
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of the mobilization of oil ganglia. For brevity we will specifically refer to the following
experimental conditions: oil lighter than the saturation aqueous phase, which is kept stagnant
(�ρ > 0 thenBo > 0; Ca= 0). For this caseF dr is the buoyancy force directed upward,
whileF c is directed downward. Then the mobility conditionEq. (9)for the ganglion of size
�l may be written as

b <
�l rp

2k
Bo (12)

The probability that the ganglion mobilizes is

m =
∫ bcr

0
PDF(b) db (13)

where

bcr = �l rp

2k
Bo = �l rp �ρ g

2σow
(14)

Namely,m is the probability that the variableb is not larger than its critical valuebcr.
Therefore, we are led to the conclusion that essentiallym = m(Bo, Dp, �l). A more
detailed description of the dependence ofm on the structure of the porous material and
on the properties of the fluids may be obtained by inspection ofEq. (14). In particular,
the mobilization probability increases with the size of the ganglion and with the size of
the particles, but decreases as the interfacial tension increases. Graphs of the mobilization
probability versusBo, for three ganglion sizes in a bed of 5 mm glass beads, are shown, as
an example, inFig. 2.

It is worth to point out that the fact that smaller ganglia are less mobile is physically
consistent. In fact, the driving force for mobilization is proportional to the volume of the
ganglion, while the retention force, which opposes the movement, is proportional to its
surface area. Therefore, the ratioFc/Fdr increases as the size of the ganglion decreases
making the retention force predominant.

Fig. 2. Mobilization probability vs. Bond number. Curves are referred to glass beads of diameterDp = 5 mm.
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Table 3
Comparison between observed and model mobility of oil ganglia forDp = 5 mm

Run Bo Observed
ganglia,�l (cm)

Observeda

mobility
Model mobility,
m (%; Eq. (13))

6 2.3× 10−3 1 Partial 24.4
0.5 Nil 2.8

5 3.5× 10−3 1 Partial 55.6
0.5 Nil 11.4

3 1.1× 10−2 0.5 Total 84.6
4 1.3× 10−2 0.5 Total 90.8

18 2.1× 10−1 0.1 Total 99.8
17 3.6× 10−1 0.1 Total 100
23 −6.8× 10−3 0.5 Partial 53.3

a FromFig. 1.

3.1. Comparison with experimental results

Some typical ganglion sizes and their mobility conditions (nil, partial, total) are recorded
from the pictures taken during each experiment. Then the percent mobility is calculated, for
such ganglia, byEq. (13). The result of this analysis is reported inTable 3, which for brevity
refers to 5 mm glass beads only. Inspection of this table shows that the mobility calculated
by the model equation, as compared with the observations ofFig. 1, gives the following cor-
relation: an observed total mobility corresponds to a model mobility ranging between 84.6
and 100%. A mobility nil corresponds to model values in the range 2.8–11.4%. The visual
observations ofFig. 1are, for their nature, uncertain. Therefore, it is not possible to set model
values for which the transitions nil/partial and partial/total take place. Only ranges may be
established, i.e. nil/partial in the range 11.4–24.4% of model mobility and partial/total in
the range 55.6–84.6%. Similar results are obtained for particle diameters 1 and 2 mm.

For determining the mobility of a bank of oil one checks first the value of the Bond
number. IfBo is above 10−2 the bank is totally mobile. IfBo is below 10−3 the bank
mobility is nil. For Bo in the range 10−3 to 10−2 one checks (byEq. (13)) the probability
of mobilizationm of the smallest droplets (�l = Dp), which have the minimum tendency
to move. For example if we consider run 5, larger ganglia (�l = 1 cm) show a partial
mobility and have a probability of mobilizationm = 55.6%, smaller ones (�l = 0.5 cm)
are stranded in the porous medium and have a probability of mobilizationm = 11.4%.

3.2. Velocity of oil ganglia

We assume that the Darcy’s law, which is strictly valid for the motion of a continuos
phase, may be extended to the motion of the disconnected oil ganglia in the porous bed. As
a matter of fact, this is somewhat a strong assumption which could be reasonably accepted
in the case that�l � Dp. In vector notation it is

vo = − k

µm

(
∂Po

∂z
+ ρog

)
k̂ (15)
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wherevo is the velocity of the oil ganglia;(∂Po)/(∂z)k̂ is thez component of the pressure
gradient in the oil ganglion andµm is a combination of the viscosities of the two phases.
The relative permeabilitykro to the oily phase is not included inEq. (15). In fact, the use
of the combination viscosityµm takes into account the oil/water relative permeability. The
pressure in the oil phase is the sum of the pressure in the water phase and of the capillary
pressure, i.e.Po = Pw + Pc. Therefore,

∂Po

∂z
k̂ =

(
∂Pw

∂z
+ �Pc

�l

)
k̂ (16)

where it has been set as
∂Pc

∂z
∼= �Pc

�l
(17)

UsingEqs. (4)–(6) and (16), Eq. (15)may be rearranged to give

vo = σow

µm

(
Ca+ Bo ± 2bk

rp �l

)
k̂ (18)

The sign is chosen considering that the capillary retention force is always opposite to the
driving force. Notice thatvo points in the direction of the driving force, i.e.vo · F dr > 0.
Hence, it must be setvo = 0 whenever the whole term in the brackets has a sign opposite
to that of (Ca+ Bo). In conclusion,

if |Ca+ Bo| >
2bk

rp �l
, then(vo · k̂) = sign(Ca+ Bo)

σow

µm

(
|Ca+ Bo| − 2bk

rp �l

)

(19)

The probability density function PDF(vo) and, hence, the probability PF(vo) of |vo|, for an as-
signed ganglion size�l, can be calculated by a change of variable in the density function ofb.

The maximum value ofvo is obtained setting zero the capillary retention force, i.e.b = 0.
Namely, for Ca= 0 it is

vo,max = k �ρg

µm
(20)

3.3. Combination viscosity µm

The viscosityµm which appears inEq. (18)is a combination of the viscosity of the two
fluids, i.e.µm = f (µo, µw). It is reported by Clift et al.[11] that when a liquid moves as a
dispersed-phase (e.g. droplets) in an immiscible liquid (continuous phase), the velocity of
the dispersed-phase (droplets) may be described using a “combination viscosity” that is

µ̄m = (2/3) + (µo/µw)

1 + (µo/µw)
· µw (21)

whereµw is the viscosity of the continuous phase. Unfortunately, no information is reported
in the literature on a possible expression ofµm for the case of a dispersed fluid moving in a
porous medium. Therefore, the best we can do is to assume thatµm = f µ̄m and determine
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Table 4
Calculation of the parameterf for Dp = 5 mm

Oil Aqueous phase Bo Observed
ganglia,
�l (cm)

Observed
velocity,
vo,m (cm/s)

Model
velocity
(v̄o)f =1 (cm/s)

Parameterf Combination
viscosity,µm

for f = 3 (cP)

Hed W 2.3× 10−3 1 0.3 0.64 2.1 2.7
Hex W 3.5× 10−3 1 1 3.4 3.4 2.2
Hed W+ Tw (4 wt.%) 1.1× 10−2 0.5 1.2 3.1 2.6 3.2
Hex W+ Tw (4 wt.%) 1.3× 10−2 0.5 2.3 7.1 3.1 2.6
Hed W+ DSS (1 wt.%) 2.1× 10−1 0.1 1.1 2.6 2.4 8.6
Hex W+ DSS (1 wt.%) 3.6× 10−1 0.1 1.8 5.0 2.8 7.3
PCE W −6.8× 10−3 0.5 1.9 5.1 2.7 2.5

Hed,n-hexadecane; W, water; Tw, surfactant Tween 80; DSS, surfactant DSS; hex,n-hexane; PCE, perchloroethylene (tetrachloroethylene);µHed = 2.89 cP;µHex =
0.29 cP;µPCE = 0.85 cP atT = 25◦C; µw = 1 cP;µw+Tw = 1.2 cP;µw+DSS = 3.5 cP atT = 25◦C.
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Fig. 3. Probability function of the velocity of oil ganglia for ganglia of different size. Curves are referred to:
hexadecane/aqueous solution Tween 80 (σow = 8.4 dyn/cm);Dp = 5 mm,k = 4.1×10−4 cm2; Bo = 1.1×10−2.

experimentally the adjustable parameterf. The procedure is as follows: the velocity (vo,m)
of a number of ganglia of different sizes of the oils was measured; then the expected value
of vo for f = 1 was calculated by the equation

(v̄o)f =1 =
∫ vo,max

0
vo PDF(vo) dvo (22)

The parameterf was determined as

f = (v̄o)f =1

vo,m
(23)

This procedure yields values off lying in a narrow range [2.1, 3.4] for all fluids used in
our experiments, even though bothµo andµw have a much larger variation. An example
of such calculation is given inTable 4.

The curves ofFig. 3 are drawn forf = 3. It must be remarked thatf is an adjustable
parameter and the value determined applies to the regularly shaped and sized particles used
in our experiments.Fig. 3 shows, consistently with the previous results on mobilization,
that ganglia of larger size have smaller probability of zero velocity and tend to assume a
larger velocity.

4. Conclusions

The experimental results and a simple stochastic model permit to determine the mobility
condition of a bank of oil infused in an unconsolidated porous material, saturated with an
aqueous phase. First one checks if |Bo| is well above 10−2. In this case, the bank will un-
dergo a “dynamic break-up” generating ganglia which go through stranding and successive
fragmentation and will move toward the top (ifBo > 0) until all the oil has left the porous
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bed. Even the smaller droplets, in their majority, reach the top of the column. If|Bo| < 10−3

the bank will show an initial mobility due to fingers that move along preferential patterns.
Eventually these fingers break up in smaller ganglia and/or droplets (with a size comparable
to that of the particles), which will remain entrapped in the interstices of the porous bed. For
10−3 < |Bo| < 10−2 a partial mobility is predicted. Only part of the oil (the larger ganglia)
will move and eventually undergo fragmentation, generating smaller ganglia entrapped in
the porous bed. For this case, the stochastic model is useful for determining whether ganglia
of an assigned size will move or remain entrapped in the porous medium. Thus, permitting
to determine the smallest size of ganglia that may leave the bed.

Furthermore, the model allows us to calculate the probability of the velocity of a ganglion
of any assigned size. The procedure may be useful for estimating the time required by the
mobile fraction of a bank of oil to leave the porous bed.

The model has been developed for simulating the saturated zone of an aquifer. The
range of particle diameters tested simulates sands from fine to coarse. The limitation of the
model resides in the fact that regularly and uniformly shaped and sized particles have been
considered.
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