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Abstract The upward oil migration in a transparent and rough fracture containing a liquid
of higher density is studied experimentally using a light transmission technique. The aper-
ture heterogeneity is also measured by light transmission. The injection of oil in a fracture
containing a heavier fluid produces a gravitational fingering instability. Depending on the
injection velocity (capillary number, Ca) and the density difference between the two fluids
(Bond number, Bo), different patterns are observed during the oil displacements. The width
of the finger and its velocity are measured as a function of Bo and Ca. A stability analysis
of the interface, based on a generalised Darcy equation in a two-dimensional fracture, allows
an accurate description of the experimental results. The order of magnitude of the finger
width and its velocity are in good agreement with the calculations, with small disparities due
to various unknown fluid flow parameters: capillary pressure, finger thickness in the gap of
the fracture, finger tortuosity and oil velocity field into the finger. The theoretical approach
allows constructing a (Ca, Bo) phase diagram of stability of the interface.

Keywords Percolation · Buoyancy · Capillary flow · Viscous · Fracture · Heterogeneity

1 Introduction

Immiscible fluid flow in fracture is an active field of research due to its large number of
applications, e.g. in the areas of petroleum geology and hydrology. In particular, the model-
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ling of oil secondary migration or Dense Non-Aqueous Phase Liquid (DNAPL) infiltration
in a fracture is a major challenge, due to the presence of fingering instabilities, and due to
the complex multi-scale heterogeneity of a fracture. The dynamics of fingering between the
wetting and non-wetting fluids in the fracture is governed by the interplay among capillary,
viscous and gravity forces. These forces can act simultaneously, and have important implica-
tions in the determination of the fingering pattern and its velocity. Their relative importance
is classically characterised by two dimensionless numbers, the capillary number (Ca) and
the Bond number (Bo), which are defined in the discussion paragraph.

The upward oil percolation was mainly studied in porous media, and two principal the-
oretical approaches have been employed. The first approach concerns very low velocity
quasistatic displacement: the oil invades a random lattice of throats with a step by step proce-
dure, and the displacement pattern is dominated by the growth of a single branch (Wilkinson
1984). In this gravity destabilised percolation process, a power law relating the width of the
branch and the density difference (via the Bond number) was emphasised. More recently, it
was shown that the width of the branch is controlled by both the density difference and the
width of the capillary pressure distribution (Bo et al. 2006). The second approach is dynamic
and makes use of the continuum mechanics equation, where a macroscopically defined fluid
flow velocity is related to the fluid pressure gradient (Darcy law) and to the capillary pressure
(Catalan et al. 1992). These equations were successfully used in the past (Chuoke et al. 1959;
Peters and Flock 1981) to describe the width of viscous and/or gravitational fingers in porous
media. Several studies attempted to improve a better quantitative description of the finger
width selection in porous media (Riaz and Tchelepi 2004, and references therein). More
recently, a new model, also based on the macroscopic Darcy equation was proposed to esti-
mate the (DNAPL) velocity of a conceptual mobile-immobile-zone finger model in porous
media (Zhang and Smith 2001). Besides the percolation model and the continuum mechanics
models, there exist different approaches, such as Monte Carlo simulation, stochastic aggre-
gation model or modification of the invasion percolation model (Ewing and Berkowitz 1998;
Glass and Yarrington 1996).

However, much less attention has been dedicated to immiscible displacements in frac-
tures. The reference work of Saffman and Taylor (1958) concerns the phenomena of viscous
and/or gravitational fingering in a Hele Shaw cell. These authors performed a linear analy-
sis, predicting the stability of the interface. This allows defining the conditions required to
get fingering and to investigate the length scale of the fingers. A slight modification of the
calculation of the capillary pressure was performed (Park et al. 1984), giving a better agree-
ment with the width of the fingers. Recent studies have shown that a quantitative analysis
of fingering in a heterogeneous fracture is confronted to an indetermination of the capillary
pressure. Glass et al. (1998) have shown that, in a fracture, the capillary pressure depends on
two radii of curvature. The first one is the curvature radius of the fluid interface in the plane of
the fracture. The second one is defined perpendicularly to the plane of the fracture, its order
of magnitude being given by the aperture of the fracture. Various authors (DiCarlo and Blunt
2000; Nicholl and Glass 2005) have used the concept of dynamic capillary pressure to obtain
a better description of the finger shape and the finger width. In most of the studies concerning
Hele Shaw cell, it is assumed that the capillary pressure depends, at the first order, on the
curvature radius in the plane of the fracture, the perpendicular curvature radius being unim-
portant (Bensimon et al. 1986; Zhang et al. 1998). Indeed, a recent numerical study Glass
et al. (1998) suggests that this assumption is valid in a Hele Shaw cell, where the correlation
length of the aperture (which is infinite in a Hele Shaw cell) is much larger than the aperture.
On the contrary, in a heterogeneous and particularly rough fracture, the correlation length of
the aperture can sometimes be finite and much smaller than the mean aperture. In this case,
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Experimental Study of Upward Oil Migration in a Fracture 3

it was shown that the capillary pressure is mainly controlled by the aperture, leading to an
invasion percolation process (Glass et al. 1998; Amundsen et al. 1999). Several experiments
were performed (Nicholl et al. 1994) to study the downward water infiltration through dried
or partially dried fracture. The finger widths were studied as a function of the injection flow
rate (and the finger velocity), while the finger velocity was studied as a function of the finger
length. A good theoretical description of the fingers was obtained when using the assump-
tions that the capillary pressure depends on the radius curvature in the plane of the fracture,
and that the capillary pressure is velocity dependant.

To our knowledge, there are very few quantitative experimental studies of the different
instability fingering patterns for upward oil displacement in fracture. Most of the studies
concern water–air density driven flows (Nicholl and Glass 2005; Amundsen et al. 1999). In
the present paper, we study experimentally the upward vertical invasion of oil in a fracture
where the fluid initially in place is a wetting fluid of higher density. Similar to what occurs
for the downward water infiltration in a fracture containing air, upward oil migration in a
fracture containing water produces a gravitational instability and fingering. In the first part
of the paper, we present the aperture field measurement of the fracture. The second part
illustrates qualitatively the oil pattern during the migration and at the percolation threshold.
In the third part, a discussion is presented concerning the finger width and the finger velocity,
as a function of the injection velocity and the density difference between the oil and the
defending fluid. Results are compared to available theoretical models of fingering instability.

2 Experiments

A schematic illustration of the experiment is given in Fig. 1. Two glass plates with a rough
surface are obtained from industrial decorative material called ’cathedral glass’. In the plane
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Fig. 1 Sketches of our experiment in plan and cross-sectional views. The fracture, the injection pump, the
CCD camera and the lighting system. The x axis is parallel to the oil displacement direction
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(xy) of the fracture, the two glass plates have a length L = 30 cm along the flow direction
(x), and a width l = 16 cm in the transverse direction (y). The thickness of the glass plates is
3 mm. A special care is achieved for assembling the two faces with a constant mean aperture.
In order to obtain a perfect parallelism between the glass plates (and then a constant mean
aperture inside the fracture), long cylindrical metallic wedges are placed at fixed locations
around the fracture. The sides and the bottom of the glass plates are made impervious with
a rubber ring surrounding the fracture. At the bottom of the cell, the oil can be injected with
a double syringe pump (Pharmacia P500) at a controlled flow rate; the fluid enters through
the fracture via a nozzle of inner diameter 1 mm. At the top of the cell, the liquid is evacu-
ated along the whole width of the fracture, and conducted through an overflow. The fracture
position is always vertical, and so the fluid displacement is made against the gravity direction.

The injected fluid always remains the same, a dibutyl-phthalate (an oil of specific weight
ρo = 1.043 g/cm3, viscosityµo = 21 cP and interfacial tension γ = 13.0 dyn/cm). The oil is
dyed with a red organic dye, added in concentration 0.05 g/l. In order to analyse the effect of
the flow velocity, this oil is injected with three different flow rates Q = 5, 25, or 100 cm3/h.
The non-miscible displaced fluid is a degassed and deionised water–sucrose mixture solution
(WSMS). In order to study the effect of density difference between the oil and the WSMS, four
WSMS are selected, with massic concentrations of sucrose cS = 15%, 20%, 25% and 35%.
The sucrose concentration increases the specific weight ρw of the WSMS (which for the
cited values of cS respectively are 1.054, 1.0752, 1.0996 and 1.1445 g/cm3), and increases
slightly its viscosity µw (which are respectively 1.6, 1.96, 2.4 and 4 cP). During the oil dis-
placement, the oil saturation is recorded by a (12-bit) CCD camera, which furnishes pictures
of 900 × 470 pixels (the pixel size is 0.34 mm) at regular time intervals, until the oil reaches
the top of the column (at the percolation threshold). The lighting system is made of led light
with a constant supply voltage. It is placed far behind the fracture, in front of the camera. It
provides a constant light and allows to clearly delineate the interface between oil and WSMS
in the picture.

After the oil displacement, the faces of the fracture and the ring are completely disassem-
bled, and the whole system is submitted to several bathing and rinsing using acetone, ethanol
and distilled water. Using this procedure, we have checked that we obtain a water wet surface
and reproducible experiments.

3 Results

3.1 Mean Aperture and Aperture Field Measurements

In order to measure the mean aperture of the fracture, we use a simple flow configuration
experiment where the fluid velocity can be related to the mean aperture field. In the first step,
the cell is filled with air, and we inject from the bottom a degassed and deionised distilled
water at a constant volumetric flow rate Q. At high enough flow rate, we always observe
a stable and flat water–air interface, moving upward with a constant velocity q . This is a
consequence of the viscous-gravitational stabilisation of the front (in this displacement, the
more viscous fluid displaces the less viscous one, and the denser fluid stays below the lighter),
which hides the heterogeneity; therefore, no preferential path flow is observed in this config-
uration. The mean fracture aperture b̄ is obtained from the relation giving the mean velocity
of the horizontal water–air interface, (q = Q/(lb̄)). In order to obtain a better precision
in the aperture measurement, experiments are performed at different flow rates, allowing to
determine the mean aperture of the fracture, b̄ = 0.95 mm. Note that the technique used
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Fig. 2 Gray scale picture of the aperture of the fracture, measured with a transmission light method. The
fracture length is L = 30 cm, width is l = 16 cm, the mean value of the aperture is 0.95 mm and the pixel size
is 0.34 mm

here to obtain the mean aperture is quite similar to the technique presented in a previous
study (Detwiler et al. 1999), except that, here, we have slightly modified and simplified the
procedure through the use of a piston-like displacement.

In the second step, the aperture field is precisely measured using a classical transmission
light technique. The technique was previously described in detail (Detwiler et al. 1999);
we just recall here the basic principle. It consists of successively measuring the intensity
of transmitted light I 1

i, j through the fracture filled with dyed water (filtered blue methyl
dyed water with a dye concentration c1 = 0.05 g/l), and the intensity of transmitted light
I 2
i, j through the fracture filled with distilled water (the dye concentration is then c2 = 0).

Taking the average of Ii, j over the whole cell, the application of the Beer-Lambert law
(Ii, j = I0 exp(−µbi, j c), where I0 is the incident light intensity, µ is the light attenuation
coefficient and c is the dye concentration) leads to the determination of the local aperture
bi, j = b̄ ln(I 1

i, j/I 2
i, j )/〈ln(I 1

i, j/I 2
i, j )〉.

The aperture obtained is depicted in Fig. 2. A histogram analysis shows that the aperture
is practically Gaussian and ranges between 0.49 and 1.17 mm, with a mean value of 0.95 mm.
This is not a perfect Hele Shaw cell, but there is no strong closing or opening of the aperture
field; the aperture fluctuates smoothly around its mean value. The spatial correlation of the
aperture is studied by calculating autocorrelation functions (Loggia et al. 2004), which are
estimated along the longitudinal and transverse direction to the displacement. This spatial
correlation function displays a fast exponential decay on a length less than 5 mm; this decay
is always found independent on the direction calculation. It means that the spatial aperture
is spatially isotropic and correlated with a correlation length λ = 5 mm. This correlation
length is small compared to the size of the fracture (L × l ≈ 60λ× 32λ), and so large scale
heterogeneities are not present.

Moreover, the order of magnitude ofλ and b̄ are nearly similar. According to recent numer-
ical simulations of immiscible displacement (Glass et al. 1998), the capillary forces may be
controlled by both curvature radii: in the plane of the fracture and in a plane perpendicular
to the fracture.

3.2 Time Evolution Pattern

Typical time evolution pattern of the oil saturation is given for three particular viscous-den-
sity contrasts in Fig. 3. Pictures are obtained at regular time intervals with time increasing
from the left to the right picture.
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Fig. 3 CCD picture of oil (in black) displacing a water sucrose mixture (in white). The oil is injected from the
bottom of the transparent fracture at different flow rates (Q = 100 cm3/h, 25 cm3/h, 5 cm3/h, respectively,
from the bottom to the top). The time interval between each picture is not the same for the three experiments;
it is respectively 90 s, 320 s and 480 s. Pictures are made binary using a threshold algorithm

In the 6 pictures on the bottom, the injection flow rate is Q = 100 cm3/h, and the dis-
placed fluid is the denser one, a WSMS with a sucrose concentration of 35%. Pictures are
displayed every 90 s. Three fingers appear in the beginning of the invasion experiment, but
these fingers rapidly merge. In the following, this gives rise to a complex pattern made of ran-
domly growing clusters and fingers. We note the presence of trapping phenomenon where a
considerable non-invaded zone filled with the WSMS remains surrounded by the oil. Despite
the high mean velocity displacement (∼ 65 cm/h), no stable piston-like front is observed.
Viscous effects are too small to totally stabilise the interface. It is difficult to define whether
the finger growth is due to gravitational forces or/and capillary preferential flow path, but the
resulting pattern is a tortuous cluster with many fingers.

For the 6 pictures in the middle of Fig. 3, the flow rate is lower, Q = 25 cm3/h, and a
lighter WSMS is displaced (cS = 20%). Pictures are displayed every 320 s. The oil pattern
presents a single and tortuous gravitational finger. The mean tip velocity of the finger is
estimated at 0.15 mm/s; this value is 15 times greater than the mean injection velocity Q/b̄l,
which is nearly 0.01 mm/s. The high density difference between the initial fluid in place and
the injected fluid produces an important gravitational instability, which results in a single
finger growing up with high velocity. The large tortuosity of the finger indicates that this
preferential flow path is due to capillary forces acting on the displacement. The absence
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Fig. 4 Oil (black) displacing water sucrose mixture (white) at different Bond numbers and capillary numbers.
For each experiment, the pictures represent the oil pattern at the percolation threshold. We observe 4 different
regimes: piston-like displacement with trapping (A1), random clusters with numerous tortuous fingers (A2,
A3, A4), single and tortuous finger (B2, B3, C1, C2) and single and tortuous finger with fragmentation (B4,
C3, C4)

of flattening for the oil-WSMS interface indicates that viscous forces are negligible. The
resulting pattern is a single and tortuous gravitational finger.

On the top of Fig. 3, the flow rate is the lowest, Q = 5 cm3/h, and the displaced WSMS
is the heaviest (cS = 35%). Pictures are displayed every 480 s. The results here are nearly
similar to the previous one at 25 cm3/h, with the growth of a tortuous finger at a very high tip
velocity. Comparing with the previous experiment, the growing finger appears thinner and
less tortuous. Moreover, the high density contrast here allows snap-off events which produce
migration of disconnected fragments of the non-wetting fluid.

3.3 Final Pattern at the Percolation Threshold

In the previous section, it was possible to visualize the effect of gravitational fingering, capil-
lary fingering and viscous stabilisation. In the present section, we present the whole spectrum
of possible oil patterns due to these forces. The oil pattern is depicted in Fig. 4, at the per-
colation threshold (when the oil reaches the top of the cell), for 4 particular viscous-density
contrasts, and 3 different flow rates. Depending on the flow rate and the viscous-density
contrast, the observed phenomena can be divided into 4 distinct regimes, as described in the
following :
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– piston like displacement with trapping: At high velocity and with a low density con-
trast (picture A1), we observe an interface practically flat which invades the fracture
with a constant velocity. This interface is stabilised by viscous forces and/or capillary
forces, which are known to increase with the velocity (DiCarlo and Blunt 2000). Due to
capillary effects or/and preferential flow path in zones of higher aperture, we observe a
partial trapping of the wetting phase. The resulting pattern at the percolation threshold
gives random oil clusters located inside the whole cell, with few zones of trapping where
the defending phase remains immobile.

– random clusters with numerous tortuous fingers: At high velocity but with a higher den-
sity contrast (pictures A2, A3, A4), the destabilising density effect is more important, and
the viscous and capillary stabilisation effects are reduced. Several fingers grow randomly
through the heterogeneous structure, enhanced by the gravity and certainly following the
zone of higher aperture, where the capillary resistance is minimum. Capillary and/or
gravitational fingering are then predominant.

– single and tortuous finger: At lower velocity and with a significant high density contrast
(pictures B2, B3, C1, C2), the stabilisation forces (viscous and capillar ones, which flat-
ten the interface) vanish totally. The gravitational fingering effect becomes predominant,
and a single finger evolves vertically. However, the evolution of the finger is tortuous;
the trajectory is controlled by the heterogeneity of the aperture and/or capillary effect.
In this regime, isolated clusters and trapping phenomena are not present.

– single and tortuous finger with fragmentation: At very high density contrast and with
a low flow velocity (pictures B4, C3, C4), the regime of displacement is similar to the
previous one. However, gravitational effects are reinforced, allowing the presence of
fragmentation (snap-off events).

4 Discussion

4.1 Dimensionless Number

In this chapter, we propose to quantitatively analyse the width of the finger and its velocity, as
a function of flow velocity and density difference between the oil and the defending fluid. For
a quantitative description of the oil–water displacement, we use two classical dimensionless

numbers. The first one is the Bond number, Bo = (ρw−ρo)gb̄2

γ
, which is the ratio between

gravitational and capillary pressure jump. The pressure jumps are estimated at a length scale
equal to the mean aperture of the fracture. The second one is the capillary number, which is
the ratio between the viscous pressure and capillary pressure jump at the same length scale. It

reads Ca = µoqb̄2

γ k . It depends on the permeability k of the fracture. In our case, for a smooth
fracture with a low degree of heterogeneity, the permeability of a fracture of mean aperture
b̄ is at the first order k = b̄2/12 (Nicholl et al. 2000). Therefore, the capillary number can be
simplified, and reads Ca = 12µoq

γ
.

4.2 Instability Velocity Threshold

When a lighter and more viscous fluid is injected from bottom to top, to displace a denser and
less viscous fluid, two situations have to be distinguished. At low velocity, viscous forces are
negligible, and the gravitational forces which destabilise the interface are predominant: the
resulting flow is then dominated by the instability leading to gravitational fingering. At very
high velocity, gravitational forces vanish, and the viscous effects act as a stabilising force,
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Experimental Study of Upward Oil Migration in a Fracture 9

leading to a stable and nearly planar oil–water interface (piston like displacement). Thus, the
flow is unstable at low velocity, and stable at high velocity. There exists a critical velocity
qc above which the flow is stable: this critical velocity is well known (Loggia et al. 1995)
and was calculated by Saffman and Taylor (1958) for fluid flow in a Hele Shaw cell. It reads
qc = −kg ρo−ρw

µo−µw . We verify that all our experiments are performed at an injection velocity
lower than qc; as can be noted in Figs. 3 and 4, all the displacement patterns are unstable. After
some straightforward calculations, it is easy to show that the ratio between the flow velocity
and the critical velocity can be written as a function of the two dimensionless numbers Ca′
and Bo:

Ca′

Bo
= q

qc
(1)

where Ca′ == 12(µo−µw)q
γ

is a modified capillary number that takes into account the water
and oil viscosities. Equation 1 will be useful in the following sub sections.

4.3 Finger Width

In the first approach, we plot in log-log coordinates the mean width W of the finger versus the
Bond number. For the lowest velocity displacement (Ca = 1.77E −4 and Ca = 8.87E −4),
we observe a power law relating these two parameters, written as W ∼ Bo−0.64. This result
can be compared to that obtained for destabilized invasion percolation in porous media
(Wilkinson 1984; Bo et al. 2006): a similar power law is obtained. However, in porous
media, the theory of Invasion Percolation in a Gradient (IPG) cannot be strictly applied to
oil displacement through a fracture (the capillary pressure is different in porous media and
in fractures, and IPG is a quasistatic process in opposition to our experiments).

In order to interpret the finger width dependance with the Bond number, it is more appro-
priate to make use of classical continuum fluid mechanics description of the flow. In this
approach, we use the Darcy law in a simplified two-dimensional Hele Shaw cell. We con-
sider a blob of oil (with a volumetric mass ρo and a viscosity µo) immersed in a lighter fluid
(volumetric mass ρw , viscosity µw). In the fracture, for a blob of oil of vertical height h, the
superficial oil velocity is (Catalan et al. 1992):

q = k

µoh
((ρw − ρo)gh − Pc) (2)

In this equation, the capillary pressure Pc is an opposite force to the oil migration, while
the oil–water density difference is the driving force. It is important to note that the capillary
pressure effect is negligible compared with gravitational effect when the height of oil h is
large (or if there is a very high density difference between ρw and ρo).

The width W of the finger can be evaluated as proposed in reference (Nicholl and Glass
2005), arguing that the development of a finger begins from a flat interface to a rounded tip,
with a tip radius h = W/2. Substituting this relation in Eq. 2 gives the approximate width of
the finger,

W = 2Pc

(ρw − ρo)g − qµo
k

(3)

The estimation of W requires the knowledge of the mean value of Pc (which is a time and
space dependant parameter). However, Pc can be simply bounded by two limit values (Glass
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et al. 1998). For a capillary pressure controlled by the aperture of the fracture (capillary fin-
gering model), Pc reaches the highest value, Pc ≈ γ /b̄, and it gives the order of magnitude
of the largest value of the finger width:

WC P = 2b̄

Bo − Ca
(4)

If the capillary pressure is controlled by the oil–water interface curvature in the plane of the
fracture (Saffman and Taylor 1958) (Hele Shaw model), the capillary pressure is the lowest,
Pc ≈ γ /(W/2). The substitution of this value in Eq. 3 gives the minimum bound for the
finger width:

WH S = 2b̄

(Bo − Ca)1/2
(5)

Equations 3 and 4 are expressed with the two dimensionless parameters Bo and Ca, whereas
the critical velocity (Eq. 1) depends on the modified parameter Ca′. Happily, for an oil–water
displacement, these two numbers Ca and Ca′ are quite close: in our experiments; their rela-
tive difference is around 10%, and in a few cases reaches 20%. This difference is negligible in
logarithmic coordinates. Therefore, in the following, we will neglect the difference between
Ca and Ca′ It is interesting to note that Eq. 5 is nearly similar to the Safman–Taylor calcu-
lations, where the finger width is obtained through the linear stability analysis of transverse
disturbances of wave length λc. The minimal wave length of unstable mode is (Saffman and
Taylor 1958) λc = 2π b̄ 1

(Bo−Ca′)1/2 . The similarity with Eq. 5 enhances the coherence of the
theoretical approach based on a strong assumption (Eq. 3). This result is also similar to the
results presented in Nicholl and Glass (2005), but is rewritten here with two conventional
dimensionless terms Ca and Bo.

The observed mean finger widths are plotted versus the Bond number, for three capillary
numbers, corresponding to the three different injection velocities (Fig. 5a). The width W is
measured on the pictures of Fig. 4, at the percolation threshold, and is averaged in the 25% top
domain of the fracture. The mean finger width obtained in our experiment is compared with
the lower prediction (Eq. 5). The theoretical curve has an interesting behaviour: the width
of the finger decreases with the Bond number, because a higher density contrast enhances
the vertical oil buoyancy and the instability. If the Bond number decreases, there is a sta-
bilisation of the interface; the width of the finger increases and becomes infinite when Bo
reaches Ca (or Ca′, i.e. when q reaches qc). When Bo < Ca, then q < qc; the interface
is stable and the model (Eqs. 4 and 5) cannot be applied (W = l). The theoretical higher
bound (Eq. 4) field is not plotted on the figure, because WC P gives values one or two orders
of magnitude above the experimental ones. This emphasises that, in our experiments, the
assumption of a capillary pressure controlled by the aperture is not pertinent to determine the
width of the finger. For the two lowest capillary number experiments (Ca = 1.77E − 4 and
Ca = 8.87E − 4), the theoretical predictions of Eq. 5 match relatively well the experimen-
tal results. The agreement is not perfect but a perfect fit cannot be expected because of the
numerous assumptions made to obtain Eq. 5. Notice that Eq. 5 under-predicts the width of the
string, while λc (the Saffman-Taylor result, not plotted on the Fig. 5a) slightly over-predicts
the experimental results; but the order of magnitude is correct for both equations. Moreover,
previous studies of gravitational fingering (for water–air top to bottom displacement) shows
that an ideal quantitative description of the finger width is complex, particularly due to the
large variability of the experimental results (Nicholl and Glass 2005; Nicholl et al. 1994;
Mogensen and Stenby 1998). If we focus on the experiments at the highest capillary number,
the theoretical width values are more underestimated. This result can be easily explained
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Experimental Study of Upward Oil Migration in a Fracture 11

arguing that the capillary pressure depends in fact on the flow velocity. In many studies of
immiscible displacement in porous media (Annaka and Hanayama 2005; Weitz et al. 1987)
or fracture (DiCarlo and Blunt 2000; Nicholl and Glass 2005), it was found that the capillary
pressure increases with the fluid velocity (i.e. the capillary number). Following these previous
studies, we use an empirical relation with an effective surface tension (which is proportional
to the capillary pressure) expressed versus the capillary number, γeff = γ (1 +ψ Can). This
estimation of Pc dependence on fluid velocity contains two adjustable parameters, � and n.
They are obtained with a non-linear regression analysis to have the best agreement between
W and Bo (we findψ = 12 and n = 0.3). Figure 5b shows that the agreement is satisfactory.
However, the result obtained in Fig. 5a is also satisfactory (except at high capillary number)
because a correct order of magnitude is obtained with the theory (Eq. 5). This indicates that
the capillary pressure is controlled by the interface curvature in the plane of the fracture.
This result was already noticed in numerous studies of immiscible fluids displacement in a
Hele Shaw cell (Bensimon et al. 1986; Park et al. 1984; Zhang et al. 1998). We have seen,
in the aperture field measurement section, that the correlation length of the aperture is of the
same order of magnitude as the mean aperture. Therefore, the condition required to obtain
a capillary regime displacement (i.e. b̄ � λ) is probably more complex as it was already
suggested Glass et al. (1998).

4.4 Finger Tip Velocity

Equation 2 allows to analyse the finger tip velocity. It is easily measured from the pictures of
Fig. 3 sampled over a shorter time interval. In all cases, the experimental tip velocity rapidly
reaches a constant value. This velocity can also be theoretically estimated. Eq. 2 shows that
the superficial velocity reaches the asymptotic value k(ρw−ρo)g/µo ≈ qc at large h. There-
fore, it could be inferred that the finger tip moves with a velocity equal to the critical velocity
threshold qc. However, there is a very bad experimental agreement between the measured
velocity and qc. The reason is that qc is a superficial velocity that depends on the width of
the finger. It is convenient to calculate the velocity from a simple mass conservation law:

qtip = Q

bWH S
(6)

The theoretical velocity obtained from Eq. 6 is compared to our experimental measurements
in Fig. 6. As the relation between the front width and the Bond number gives a reasonable
agreement (Fig. 5b), we also have a satisfactory agreement between the finger tip velocity
(Eq. 6) and the Bond number. The theory gives once again a good order of magnitude with
quite small differences. A more detailed analysis is necessary to identify the reasons of these
discrepancies.

The velocity of the finger as estimated in Eq. 6 assumes that a fully oil saturated and
rectangular finger (of width W and thickness b) invades the cell. Actually, the finger has a
geometrical tortuosity τ , and due to wetting effect, the thickness of the finger is not equal to
the mean thickness of the fracture b̄. The tortuosity effect diminishes the finger velocity, while
a lower finger thickness increases the finger velocity. At this stage, a theoretical description
of the finger velocity would require a better knowledge of the finger geometry, and of the
oil velocity field within the finger. Also, the permeability of the fracture was assumed con-
stant and equal to the permeability of a planar fracture, whereas other authors have used the
concept of relative permeability (Catalan et al. 1992). An analysis of the finger velocity was
proposed (Zhang and Smith 2001), introducing the concept of a mobile and immobile zone
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Ca = 0 

Ca = 1.77E-4 

Ca = 8.87E-4 

Ca = 3.54E-3 

Ca = 0 

Ca = 1.77E-4 

Ca = 8.87E-4 

Ca = 3.54E-3 

A

B

Fig. 5 a The transversal width of the oil finger W is plotted versus the dimensionless Bond number and for
three flow rates (which correspond to three different capillary numbers): at 100 cm3/h (Ca = 3.54E − 3,
circle), 25 cm3/h (Ca = 8.87E − 4, triangle) and 5 cm3/h (Ca = 1.77E − 4, square). The 4 lines of the
figure are a representation of Eq. 5, giving the theoretical width of the string versus the Bond number and
the capillary number. b This is the same as Fig. 5a, but the theoretical lines take into account the velocity
dependance of the capillary pressure, using an effective surface tension γeff = γ (1 + ψCan)

in the finger. The result takes into account the finger tortuosity τ , the saturation within the
finger θ , the relative permeability of the media kr , and reads:

qtip2 = kr (ρw − ρo)gβ2

µoτθ
(7)
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Ca = 1.77E-4 

Ca = 8.87E-4 

Ca = 3.54E-3 

Fig. 6 The tip velocity is plotted versus the Bond number for three flow rates at 100 cm3/h (Ca = 3.54E −3,
circle), 25 cm3/h (Ca = 8.87E − 4, triangle) and 5 cm3/h (Ca = 1.77E − 4, square). The reasons for the
discrepancy between the theory (Eq. 6) and experimental results are discussed in the text

The resulting formula is quite complicated to use, because various parameters act simulta-
neously with opposite effects on the velocity. In particular, the parameter β, which is the ratio
of the mobile core to the whole finger, is difficult to estimate. Eq. 7 can however improve the
interpretation of our results, provided that we define a relative permeability and the size of a
conceptual finger with a mobile and immobile zone.

5 Phase Diagram for Vertical Oil Migration Pattern

Assimilating Ca and Ca′, Eq. 1 shows that the flow is unstable when Ca < Bo, and is stable
when Ca > Bo. In a log-log Ca − Bo diagram (Fig. 7), the line of equation Ca = Bo
divides the diagram in a stable domain (above the line of equation Ca = Bo) and unstable
zone (below the line of equation Ca = Bo). However, the stability condition obtained with
Eq. 1 must be corrected as a consequence of the stability analysis, which predicts the width of
the finger (Eq. 5, if we assume that Pc is γ /(W/2)). The width of the finger must be smaller

than the width l of the cell (WH S < l): it means that the condition Ca < Bo − 4 b̄2

l2 has to

be verified to permit the fingering growth. If we plot the line of equation Ca = Bo − 4 b̄2

l2 ,
then all the points above this equation are in a stable domain (coloured in dark grey), while
all the points below the curve are in an unstable domain.

The experimental data are plotted on the stability diagram of Fig. 7. They show that the
range of parameters explored by the present experiments is entirely in the unstable domain.
Further experiments exploring the stable domain (e.g. with a smaller Bond number) would
require a larger cell, because the width of the fingers increases if the Bond number decreases.
Moreover, near the stability threshold, the width of the finger is expected to increase drasti-
cally, and the measurement of the velocity threshold may be blurred by the aperture hetero-
geneity of the fracture, whereas Eq. 1 that gives the critical velocity is only valid for a plane
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Fig. 7 Phase diagram for vertical and upward migration of a blob of oil of length h displacing a denser liquid
in a planar fracture of aperture b̄. The capillary number is plotted versus the Bond number. The dashed line
Ca = Bo divides the curve into a stable (upper) part and an unstable (lower) part. Taking into account the width

of the fingering instability, the dashed line of equation Ca = Bo is corrected by the full line (Ca = Bo−4 b̄2

l2 ).
All the experiments plotted as dots lie in the unstable domain

fracture. This is beyond the scope of this paper where the main goal is to study the instability
patterns (length and tip of the finger, etc...).

6 Conclusion

The vertical oil migration in a transparent and rough fracture containing a wetting and denser
fluid has been studied experimentally under the combined effects of gravity, viscous and
capillary forces. The aperture of the fracture and the oil saturation has been measured using
a transmission light technique.

Results have been described quantitatively using two conventional dimensionless num-
bers, the capillary number (Ca) and the Bond number (Bo). According to these two parame-
ters, the oil dynamic pattern is classified into four distinct domains: piston-like displacement
with trapping (high Ca and low Bo number), random cluster with tortuous finger (high Ca
number and intermediate Bo number), single and tortuous finger (low Ca number and inter-
mediate Bo number) and single and tortuous finger with fragmentation (low Ca number and
high Bo number).

The critical velocity below which the flow is unstable and produces a gravitational finger
is calculated versus the dimensionless parameters Ca and Bo. The width and velocity of the
finger are also calculated versus Ca and Bo. Two solutions are obtained for the width and the
velocity, depending on the assumption made on the capillary pressure. In a fracture, the cap-
illary pressure is bounded by two limits depending on the radii of curvature of the oil–water
interface: the first radius of curvature lies in the plane of the fracture, and the second one is
perpendicular to the plane of the fracture. Our results support a capillary pressure where the
controlling radius of curvature is in the plane of the fracture, the second one being unim-
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portant. This assumption gives a reasonable agreement between the theory and experimental
measurements of the width (and the velocity) of the finger, but there exists a small deviation
between the experiment and theory. The discrepancy can be explained by several concepts:
the dependence of capillary pressure on velocity, the tortuosity of the finger, the oil complex
velocity field into the finger and the unknown thickness of the finger into the gap of the cell.
All these parameters can act on the velocity and/or the width of the finger. For this reason, it
is not possible to completely explain the difference between the theory and the experiments.

Nevertheless, the hypothesis and the simplified approach presented here provide an accept-
able quantitative description of our experimental results, and they offer some perspectives
and suggestions for further studies: our results concern a fracture with a low degree of het-
erogeneity; it would be very interesting to study upward oil migration when the correlation
length of the aperture is much more smaller than the mean aperture, with a capillary pressure
mainly controlled by the aperture heterogeneity. The injection of oil through a single point
gives rise to a single finger; it will be interesting to test a multiple points injection experiment
with an imposed flow rate or in the absence of flow rate (pure buoyancy displacement). It
would also be interesting to use a more sophisticated device to measure the oil velocity field
and the finger thickness during the displacement.
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