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1 Introduction

The current project is a systematic research effort to quantify relationships between process

mechanisms that can lead to improved recovery from gas injection processes performed in het-

erogeneous Class 1 and Class 2 reservoirs. It will provide a rational basis for the design of

displacement processes that take advantage of crossflow due to capillary, gravity and viscous

forces to offset partially the adverse effects of heterogeneity. In effect, the high permeability

zones are used to deliver fluid by crossflow to zones that would otherwise be flooded only very

slowly. Thus, the research effort is divided into five areas:

• Development of miscibility in multicomponent systems

• Design estimates for nearly miscible displacements

• Design of miscible floods for fractured reservoirs

• Compositional flow visualization experiments

• Simulation of near-miscible flow in heterogeneous systems

The status of the research effort in each area is reviewed briefly in the following section.

2 Project Status

• Development of Miscibility in Multicomponent Systems

We are lnak_ng progress on the creation of a systematic theory of miscibility development

in multicomponent systems. The dispersion-free theory developed previously at Stanford

shows that in any multicomponent displacement, the recovery behavior is determined

by a small number of key tie lines that include the tie lines that extend through the

initial and injection _,)mpositions, and one or more crossover tie lines. If any of those

tie lines is a critical tie line, then the displacement is multicontact miscible. Thus the

key to determining minimum miscibility pressure (or minimum enrichment for miscibility)

is to find which tie line approaches the critical locus first as pressure (or enrichment) is

increased. Graduate student Bruno Aleonard is currently investigating efficient algorithms

for calculation of the critical locus. The next step is to develop an algorithm to determine

which tie line lies closest to the critical locus. Once the key tie line for miscibility is so

identified, it should be possible to develop an efficient algorithm to determine minimum

miscibility pressure for a multicomponent system. Ph.D. student Yun Wang has joined

the research group to work on theory for systems with more than four components. Our

goal is to develop a mathematical technique that will allow to solve dispersion-free flow

problems for systems with an abitrary number of components.

• Design Estimates for Nearly Miscible Displacements

The scaling theory developed last year has been extended to include the effects of layer

ordering in scaling nearly miscible displacements in layered reservoirs. We found, as others
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have, that gravity forces can offset the adverse effects of high permeability channels in
some layered reservoirs _f adequate vertical communication exists, a result that agrees
with observations obtained in our visualization experiments [33].

We have also investigated the effects of gravity and viscous forces on residual oil satura-
tions. Our flow models and experimental results showcd that gravity and viscous forces
are additive in determining residual oil saturations. For systems in which gravity and
viscous forces are comparable, gravity favorable displacements result in much less redisual
oil saturation than do the gravity unfavorable displacements. The directional effects of
gravity forces on residual oil saturation show that gravity forces can improve the residual
oil saturation, as well as the macroscopic sweep efficiency [33].

• Design of Miscible Floods for Fractured Reservoirs

We have finished our first stage of modifying the existing high pressure PVT equipment
to conduct high pressure gravity drainage experiments. In the first experiment, now un-
derway, we used Means crude, whose phase behavior with CO2 has been well studied in
our laboratory [12]. A 2-ft long and 2.5-in diameter sandstone core was saturated with
0.73 pore volume (PV) of crude oil and 0.27 PV of water, before it was surrounded with
liquid CO2 at 900 psi and room temperature (about 22°C). Preliminary results show that
significant gravity drainage occurs even at fairly low pressure (900 psi). We are in the pro-
cess of systematically studying gravity drainage in a pressure range from 900 psi to 1500
psi, in order to investigate the effects of miscibility development and consequent changes
in interfacial tension on gravity drainage rates and final oil recovery.

In this area, we have also made progress in developing a theory of three phase gravity
drainage. Recent experimental and theoretical results suggest that we can obtain zero
residual oil saturation in some parts of a reservoir, if the reservoir is water-wet and the
system has a positive spreading coefficient [4]. Those results are reported in detail in the
research result section below.

• Flow Visualization Experiments

To understand more fully the visualization experimental results we have obtained, we are
in the process of modifying a compositional simulator code to simulate the experiments. A
subroutine for calculating the phase behavior of the fluid system used in our experiments
has been written. The oil-water-alcohol systems used in the low pressure experiments
are not modeled accurately by cubic equations of state, and hence an approach based on
excess free energy models is being used.

• Simulation of Flow in Heterogeneous Reservoirs

We have continued to investigate the streamtube approach as a numerical alternative to
conventional finite difference simulators to be used in predicting near-miscible gas injection
in heterogeneous reservoirs. We have tested our technique on ideal miscible and two phase,
mutlicomponent displacements and showed that the Riemann technique is accurate and
reduced computation time compared to conventional simulation by two to three orders of
magnitude [29].
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Because the one-dimentional solution may be calculated analytically or numerically using

a large number of blocks, numerical diffusion is compleletly absent or minimized. Mapping
such a one-dimentional solution along streamtubes automatically climates the problem of
numerical diffusion and permits investigation of the interaction of phase behavior, reservoir
heterogeneity, and nonlinearity [29].

3 Research Results

In this section, we report in detail our recent results from a study of three phase flow and
gravrity drainage in porous media. This study was conducted by Research Associate Dengen
Zhou, Ph.D. student Darryl Fenwick and Prof. Martin Blunt.

3.1 Introduction

The displacement of oil by gas in the presence of water is an important recovery process in
oil fields and in the cleanup of contaminants spilled below ground• The displacement of oil by
gas under gravity (gravity drainage) occurs in oil reservoirs when the gas cap expands as the
pressure drops, when oil condensate forms, or when gas is injected into the gas cap. Three
phase flow is also seen when natural gas, nitrogen, carbon dioxide or steam are injected into the
field to displace oil. In an environmental context, the spilling and leakage of hydrocarbons and
organic solvents are major contributors to groundwater contamination. The low solubility of
these products means that they are often present in their own phase. An oil that is less dense
than water, such as a fuel, will migrate downwards until it rests above the water table. The
effects of water table movement, capillarity and gravity will smear the oil in a region above and
below the water table, where both air and water are also present. Artificial lowering of the water
table by pumping results in the displacement of oil by air through a wet soil. This again is a
gravity drainage process. Since the work of Dumore and Schols [10] , it has been known that
gravity drainage in water-wet rock can lead to a high oil recovery, with residual oil saturations of
a few percent in the presence of immiscible gas and water, which is much lower than the residual
oil saturation in the presence of water alone. Further studies on sandstone cores, bead packs and
sand columns [6, 16, :I1] confirmed these results. It was suspected that the high oil recovery was
due to drainage through films of oil that lie between the water and the gas in the pore space. This
film drainage has been observed directly in two dimensional etched glass micromodels by Kantzas
et al. [17], Oren et al. [24], Oren and Pinczewski [23], Kalaydjian [14] and Soll et al. [28]. It was
shown by Oren et al. [24], Vizika [31] and Kalaydjian [15] that systems with a positive spreading
coefficient, which means that the oil spontaneously spreads over a water/gas interface, would
experience film drainage and high recoveries, whereas nonspreading systems would see lower
recoveries. It was suggested by Kantzas et al. [17] that the recovery could be determined by the
stability of the oil film, which is controlled by capillary and intermolecular forces, rather than
the spreading coefficient alone. In this work, we investigated the fundamental mechanisms of
oil recovery in three phase flow, in water-wet porous media, starting at the molecular scale, and
provides a predictive theory of gravity drainage. The principal issues are: (1) the thickness and
stability of thin oil films controlled by intermolecular forces; (2) the thickness of oil layers during
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Figure 1: Distributions of three fluids in contact. (A) when Cs > 0; and (B) when C, < O.

drainage; (3) the flow rate in these layers; (4) the final oil recovery and fluid distribution. We
will show that fl_r a spreading system (typical of most fluids in polluted soil and oil reservoirs),
the oil layer provides pressure continuity for the oil phase, thus preventing it fi'om being trapped.
Oil can drain rapidly by swelling these layers to occupy the crevices and roughness in the pore
space. However, the final oil saturation can be essentially zero, with the oil confined to thin,
molecular films. In vertical capillary/gravity equilibrium, where the oil density is less than
that of water, there is a finite height above the water table (or the water/oil contact) where
the connected oil saturation is zero. This height is determined solely by the height of the oil

bank, and the surface tensions and densities of the fluids, but is independent of the pore size
distribution. Non-spreading systems do not allow drainage of oil layers and give lower recoveries

from gravity drainage. These findings are confirmed by a series of experiments on sand columns
and capillary tubes.

3.2 Does Oil Spread on Water?

With three phases present in a porous medium, it is possible for oil to spread between water
and gas in the pore space. This phenomenon is determined by the spreading coefficient Cs

Cs = ")'gw- %0 - 7ow, (1)

where %w, %0 and ")'oware the gas/water, gas/oil and oil/water surface tensions respectively
measured on the fluids before they are brought into contact with each other. If C., > 0, the
contact line between the three phases is unstable and the oil spreads, as shown in Fig. 1. Most

solvents, hydrocarbons and crude oils (see p. 104, Table 5 of [21]) do }lave a positive spreading
coefficient.

In this work we will distinguish between an oil film, a few nanometers across, and an oil
layer which may occupy crevices in the pore space and be microns thick. On a flat substrate,
the oil eventually forms a film of approximately molecular thickness, between 0.5 and 5 nm
across. This behavior is consistent with everyday experience: gasoline spilled on a puddle of



water, for instance, will spread until it forms a thin, iridescent film on the water that is only
of order a molecular diameter across. The water/gas interface containing this oil film has a
much lowered effective surface tension for which, if there is no pressure difference across the
film, the effective spreading coefficient is zero or negative [1, 11, 27]. The thickness of an oil film
can be predicted by calculating the van der Waals forces between the water, oil and gas. Our
computation of the film thickness is similar to the work of Oren and Pinczewski [22], although
we use the complete expression for the van der Waals force [3]. We have shown [4] that on a flat
surface most hydrocarbons form a film, whose thickness depends on the capillary pressure and
displacement history. The same behavior has been predicted for wetting films [13]. The film
provides pressure continuity for the oil phase. This means that isolated oil ganglia, trapped and
surrounded by water, can become connected during gas injection, when the gas contacts the oil.
However, we will show that the drainage rate through these films is far too slow to account for
the oil recoveries observed experimentally. Thicker oil layers in crevices of the pore space must
provide channels for more rapid drainage.

3.3 Configuration of Three Phases in the Pore Space

Oil films in a cylinder

Fig. 2 shows the schematic arrangement of fluid in a cylindrical concavity of the pore space.
Water wets the solid. Oil is intermediate-wet and occupies a film of thickness t, while the gas,
being nonwetting, fills the center of the cylinder. The equilibrium film thickness is found from
the augmented Young-Laplace equation

Pcgo= Ho(t)+ "/go = IIo(t)+ %---A°, (2)
r -- t -- W rgo

where Pcgo is the gas/oil capillary pressure, w is the water fihn thickness, rgo is the radius
of curvature of the gas/oil interface and IIo(t) is the disjoining pressure that accounts for the
influence of intermolecular forces on the oil [8]. A positive disjoining pressure is equivalent to a
repulsion between the gas and the water, leading to swelling of the oil film, whereas IIo(t) < 0
corresponds to an attractive force that makes the film thinner. At distances greater than a few
molecular diameters, the main contribution to the disjoining pressure comes from the dispersive,
van der Waals force, which gives a small positive IIo(t) for t greater than approximately 10 nm
tbr most alkanes. For t less than around 10 nm, the intermolecular forces are controlled by
steric forces, can be very large and are significant compared with the curvature term in Eq. 2.
A similar expression can be written for the pressure difference between the oil and water phases

_[ow
= (3)

row

where II_(w) is the disjoining pressure of the water film. Fig. 3 shows 1-Io(t)+ %o/rgo plotted
as a function of t for an n-octane/water/gas system with a representative water film thickness
of l0 nm on a quartz capillary of radius 500 #m. The computation of 1-Io(t) is described in our
previous work [3] and is accurate if rgo >> t. For t less than 10 nm, the intermolecular forces
are most significant, whereas when t becomes close to r - w, the second term in Eq. 2 diverges.
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Figure 2: Distribution of three fluids in a cylindrical reqion of the pore space.

Stable solutions are found when both Eq. 2 is obeyed and dPcgo/dt < 0. As indicated in Fig. 3,

there is a narrow range of capillary pressures, just above %o/rgo , for which a film of thickness
between 24 nm and 242 nm is stable, due to the long-range influence of van der Waals forces•

At higher capillary pressures, the film collapses to molecular thickness. Such thin films are also

observed on convex (protruding) surfaces. If we lower the capillary pressure below %o/rgo, there

is no stable solution unless the oil occupies the whole of the cylindrical cross-section and there

is no gas present. This spontaneous filling of a pore throat is similar to the snap-off mechanism,
which has been described before [20, 26]. The maximum oil film thickness on a cylindrical

concavity can be 100s of nanometers. While this is much thicker than a molecular film, it is still

more than three orders of magnitude smaller than the radius of curvature of the solid surface.

Oil layers in an angular crevice

Fig. 4 shows the distribution of oil, water and gas in a square crevice. From geometrical con-

siderations, an oil layer is present if rgo >_ row. From the augmented Young-Laplace Eqs. 2 and

3 this means that Pcow - IIw :> Pcgo- IIo. (4)
"_ow %0

If we consider thick oil layers, with w and t taken to be 100 nm or more, the disjoining pressures

will be negligible, in which case the inequality above reduces to

Pco___._>_ P_g__.2.o. (5)
7ow %°

If the oil/water pressure difference is much larger than the gas/oil pressure difference, it is

possible for a thick oil layer to occupy most of the crevice. A large oil/water capillary pressure
forces the water into the corner, while a relatively low gas/oil capillary pressure allows a thick

oil layer to develop. This can be true for _ny angular or sharp groove in the pore space. Since

pore sizes are typically in the range of 1 #m to 100 #m or more, oil layers several microns across
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Figure 3: go(t) + %o/r_ ° computed as a function of oil film thickness, t, using the van der Waa.ls
intermolecular force.

can exist. If, however, the inequality (Eq. 5), is not obeyed, only a film of molecular thickness

will be stable, where the disioining pressures in Eq. 4 become significant.

To recap: on locally fiat or convex portions of the pore space, the oil film thickness is a few

nanometers; a cylindrical concavity, with a radius of several 100 microns, can support films tens

to hundreds of nanometers across; whereas for sharp or angular crevices, layers several microns

thick will form if the oil/water capillary pressure is inuch larger than the gas/oil capillary

pressure. If the spreading coefficient is negative, a three phase contact line is stable, as shown
in Fig. l, and no oil films are seen.

3.4 Drainage Rates

Predicted rates

Fig. 5 shows the vertical arrangement of water, oil and air (gas) in a capillary tube. There are
two oil ganglia separated by an air bubble of height h. If there is a film of oil that connects

the two blobs, there will be pressure continuity in the oil phase which allows the upper ganglion

to drain into the lower one under gravity. Since the air has a |ow density, the pressures m

the two ganglia are approximately equal when drainage starts. The gas/oil interfaces at z = 0

and z = h are hemispherical caps of radius r, with a total curvature of 2/r. Thus the gas/oil

capillary pressure is approximately 2%o/7 In a capillary tube of square cross-section, the fluid

configuration is shown in Fig. 4. If P_go = 2%o/r, then the gas/oil radius of curvature, r_o = r/2.
Water will also occupy the corner, but as we increase z, the oil/water capillary pressure will rise,
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Figure 4: The arranagement of water, oil and gas in a square crevice.

forcing water further into the corner. Thus, for large values of h, the oil can occupy almost all
the corner of the tube, resulting in rapid drainage. For smaller values of h, the water occupies

more of the corners and the drainage rate is lower. The calculation of drainage rates in capillaries

of square and circular cross-section was reported in our previous work [32].

Despite its simple geometry, the analysis for a cylindrical capillary is less straightforward.
There is no obvious force balance on the oil film and the oil pressure is not easily determined.

Pcgo = 2"_go/r implies a thin, molecular film and a negligible drainage rate. However, when the
tube is held upright, gravity forces instantaneously lead to an increase in oil pressure• Moreover,

small vibrations can perturb the pressure in the oil and gas phases• 7go/r is only 42 Pa in the

experiments we perform, compared with the atmospheric pressure of 105 Pa. To match the

experimental results below, it appears that the oil pressure rises to make Pcgo _ 7go/r and the
oil film swells to reach its maximum stable thickness.

Experimental confirmation

We tested our predictions for the drainage times by performing a series of experiments with glass

capillary tubes• We first filled the tube with water• Then oil was introduced into the tube at
one end to form the lower oil blob. For runs without a lower oil ganglion (h_ = 0) this step was

omitted. Water was subsequently drained out of the opposite end to allow air to enter the tube.

By controlling the amount of water that drained out, we controlled the height of the gas bubble,
h. The last step was to allow some oil into the tube, above the gas. The tube was then placed

vertically and we recorded the time for all the oil in the upper ganglion to drain. We conducted

experiments for high (iso-octane and distilled water) and low (a mixture of iso-octane, water

and iso-propanol partitioned into two phases) oil/water surface tensions. The fluid properties
are shown in Table 1. For a capillary tube of circular cross-section with r = 500 #m, h2 = 0

and h = 2 cm, it took three weeks to drain 0.8 mm 3 of iso-octane from the upper ganglion. The

uncertainty in our measurement of the oil volume was 0.4 mm 3. This is the same system for

which we performed the intermolecular force calculation in the previous section. An oil film of

thickness t=310 nm would give this drainage rate. Our predicted oil film thickness from the
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Figure 5: Fluid configuration in a capillary tube at the begining of drainage.

previous section is 242 nm, which is consistent with our measurements.
We then performed a series of experiments in a capillary tube of square cross-section with

a side of length 150 #m. We repeated the experiment for various values of h2 and h. In each
experiment the volume of oil above the gas was 0.225 mm a.

Fig. 6 shows the results for the system with a high interfacial tension (IFT). The triangles
are the drainage times for different values of h when there is no initial oil bank (h2 = 0) and
the squares are the drainage times for the same fluids for various h and h2 = 4 cm. Increasing
h reduces the drainage time. The solid and dotted curves are our predicted times. The only
unknown parameter in the prediction is the conductance constant for the oil layer. This was
estimated to match the experimental results - only one parameter was used to match both
curves. The agreement between experinaent and theory is good. Notice that the minimum

Table 1' Fluid properties for the experiments presented
Experiments %_(mN/m)p,,,-po(kg/m _ po(kg/ma) ¢i0(kg/(ms)i a
Mineral oil 54 157 833 0.005 8.9

Fig. 6 38.1 310 690 0.00048 4.03
Fig. 7 4.41 305 690 0.00049 0.47.....
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Figure 6' Comparison of measured and predicted drainage times in a capillary tube of square
cross-section for a system with a high oil/water surface tension.

drainage time is just a few minutes, or several thousand times faster than in the capillary tube,
even though the tube is smaller for this experiment. The reason for this is that the oil can form
a much thicker layer (up to 15 #m across) in the corners of the tube than can be supported on
a smooth, concave interface (only around 200-300 nm).

Fig. 7 shows the results from the low IFT system in the same capillary tube. Again the
agreement between experiment and theory is good. The drainage times are longer because the
viscosities of the water and oil phases are higher th_n for the high IFT fluids. We performed the
same experiments with a mineral oil that has a negative spreading coefficient. In this case there
was no drainage of the oil, since a spreading film was never established. On square capillaries
with a side of 1 mm or larger, droplets of the oil were observed to fall down the glass, like
rain droplets on a window pane. However, this phenomenon is only seen for large droplets and
large capillaries and i,'_unlikely to be significant in porous media. Real porous media do contain
angular or sharp crevices that can support thick oil layers of order microns across during gravity
drainage. This provides a mechanism for relatively rapid displacement of oil. Flow rates across
flat surfaces or on uniformly concave interfaces are much slower. In all cases there is agreement

between the predicted and measured flow rates.
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Figure 7: Comparison of measured and predicted drainage times in a capillary tube of square
cross-section for a system with a low oil/water surface tension.

3.5 Vertical Equilibrium

A critical height

We will now analyze the fluid distribution in vertical capillary/gravity equilibrium, at the end
of drainage, for systems with a positive spreading coefficient and for oils less dense than water.
Consider again the arrangement of fluid illustrated in Fig. 4. Since there is no direct contact
of water by gas, to the gas phase, oil and water combined appear to be the wetting phase.
This means that the gas/oil capillary pressure can be represented as a function of total liquid
saturation (So + S_), as first suggested by Leverett [19] and confirmed by Parker et al. [25].In
contrast, when Cs < 0, oil remains in the system as lenses and is influenced by both oil and
water separ_.tely. As shown by Kalaydjian [14], this results in a gas/oil capillary pressure that
is a function of both Sw and So rather than So + S,_ alone.

"Fig. 8 shows gas, oil and water in vertical equilibrium, z = 0 is defined as the level at which
oil is first mobile, or continuous, through the soil or rock. z = H corresponds to the height at
which gas is first continuous. Above z = H all three phases may be continuous. This diagram
corresponds to the arrangement of nonaqueous phase pollutant resting on the water table, or
oil and gas in a reservoir. Where the phases are connected we can write down expressions for
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Figure 8: A schematic of the arrangement of water, oil and gas in vertical equilibrium.

the pressures as a function of height
P_o= -zp_g, (6)

where P_ is the water pressure, g the acceleration due to gravity and we define P_o= 0 at z = O.
Similarly we may write

Po = P;ow- zpog, (7)

Pg = P;go + P;o,. - Hpog - (z - H)pgg, (8)

where P_owand P_aoare the threshold capillary pressures for oil invasion into water and gas
invasion into oil respectively. The capillary pressures are

P_o_ = Po - P_o= P;o_ + z(p_ - po)g, (9)

Pcgo = Pg - Po = P:go + (z- H)(po- pg)g. (10)

If the spreading coefficient is positive, the gas/oil capillary pressure is a function of the sum
of the water and oil saturations. The oil/water capillary pressure, where water is the wetting

phase, is a function of S_o. We assume that the functional forms of both capillary pressures are
the same, but multiplied by their respective surface tensions, which control the relative strength
of capillary forces [2, 19].

pco_o= 7o_g(s_) + II,_, (11)

Pcgo = %oJ(s_o + so) + IIo, (12)

where J is a capillary pressure function that represents the curvature of the fluid interfaces as
a function of saturation. In terms of the microscopic configuration of fluid, shown in Fig. 4,

12



J(Sw) in Eq. 11 is 1/row and J(Sw + So)is 1/rgo However, this argument is completely general
and does not rely on any particular model of the pore level fluid distribution. The threshold
capillary pressures can be written P'cow = "yowJ*and P*cgo = "ygoJ*, where J* is the curvature
necessary for a phase to first enter the porous medium. The capillary pressure decreases with
wetting phase saturation [2]. Hence

J(Sw) > g(sw + So). (13)

This is equivalent to stating that rgo > row for an oil layer to exist in Fig. 4. From Eqs. 11 and
12 the inequality above becomes

Pcow- IIw > Pcao- IIo_ . (14)
_ow %0

Notice that this is identical to Eq. 4. By using a capillary pressure analysis, or by considering
the microscopic arrangement of fluid in a pore, we arrive at the same inequality for continuity
of the oil phase. We substitute Eqs. 9 and 10 into 14 to find

l-I,_

z- (po_p,)g _>_, (15)Ho
(z- H)- (p,,,-po)g

where
"lowPo --Pg= , (16)
%0 Pw - Po

a is a property of the fluid surface tensions and densities. This expression, without accounting
for disjoining pressure, was first derived by Kantzas et al. [17]. For a bulk phase to be present,
the disjoining pressures will be negligible and we may write

z
>c_. (17)

z-H -

For 0 < a < 1, the inequality above is always obeyed, which means that connected oil exists
at all heights above the oil bank. If c_ > 1, there is a finite height at which oil in thick layers
cannot exist, which means that oil must reside in thin films a few nanometers across, where
the disjoining pressures are significant. The oil saturation of this film will be at most 0.01%
and may be considered negligible. The critical height z_ at which the oil saturation becomes
virtually zero is

aH H
Zc= = H-_ (18)a-1 a-1

For systems with a > 1 the minimum oil saturation is zero. In contrast, residual oil satu-
rations in the range 0.1 to 0.5 are encountered in water-saturated porous media [9]. Lowering
the water table in a region polluted by free product, or gas cap expansion into a waterflooded
reservoir, will mobilize this trapped oil and allow some of it to be recovered by direct pumping.

Fig. 9 shows schematic graphs of saturation versus height for different values of a. Fig. 9(c),
for a > 1, demonstrates how the connected oil saturation decreases to zero at some critical

height z_. Above z_, the fluid distribution is governed by the gas/water capillary pressure (the
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Figure 9: The distributions of water, oil and gas in vertical equilibrium. (a) for a < 1; (b) for
a= 1;and (c) fora> 1.

sum of Eqs. 9 and 10). The gas/water interfaces will be polluted with an oil film, giving a lowered
effective gas/water surface tension and an effective spreading coefficient that is approximately
zero [1, 2"/]. For continuity of the water phase at z = zc the effective gas/water surface tension
must be Vow+ %0.

How much oil can be trapped?

If gas displaces connected oil, there is no mechanism for the oil to become trapped and the oil
saturation above zc will be zero. If gas displaces trapped oil, such as waterflood residual oil in a
reservoir, or immobile product just below the water table, oil can remain trapped if it has not
been directly contacted by gas. This interpretation is consistent with sand column experiments
which showed better recoveries for gravity drainage from continuous oil than for drainage of
hitherto residual oil [16].

In this section we will consider gravity drainage of previously discontinuous oil. An indication
of the amount of oil that can remain trapped is the water saturation at z_. Trapped oil at z = z_
is contained in ganglia completely surrounded by water that has not been displaced by gas. At
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heights above and below zc less oil will be trapped. Above zc, the water saturation is lower
and more oil will have been contacted by gas. Below z, the mobile oil will have reconnected
previously trapped ganglia. If we know the three phase capillary pressures, we can calculate the
oil and water saturations. One possible parameterization for the capillary pressure function J

[5]
J(S,_)=J*S -1/_, (19)

where J* represents the threshold entry curvature [7], S is the wetting phase saturation and
is a constant that depends on the pore structure of the medium and is generally in the range
0.2 1.0 [18]. Other expressions for the capillary pressure have been proposed [25, 30]. The
capillary pressure we us,_ has no irreducible or residual water saturation [18]. We could allow
an irreducible water saturation, but we do assume that all the oil filled pores can be accessed

by gas.
We use Eqs. 9, 11, 16 and 19 to find the water saturation as a function of height

= (1+ z(P-°aJ*%o ] " (20)

and at z = z_, from Eq. 18

g(e°-e lg (21)S_ ( z_) '- 1 "t-"(-_- i _j_%o ] •

If we increase H, the water saturation at zc decreases, as illustrated in Fig. 10. This means
that the trapped oil saturation at z_ decreases and the gravity drainage process is more efficient.
If we take typical values for a polluted sandy soil: H = 0.1 m, J* = 104 m -1, a = 4, A = 1,
p_ - pg = 103 kgm -3, po - pg = 700 kgm -3 and %° = 0.02 Nm -1, we find S_ = 0.47, which
could allow some oil to be trapped. However, if the pore size distribution is uniform, very little
oil remains trapped, even for small values of H, as demonstrated in sand column experiments
[16]. In contrast, a large oil bank in a water-wet reservoir, with the same values as above, except
J* = 105 m -1 and H = 100 m, gives S_ as less than 1%. The residual oil saturation at zc must
therefore be much less than 1%. Oil is only trapped if we have a mixed-wet or oil-wet system.

If we have a nonspreading system, three phase contact lines between the phases are stable,
oil films and layers do not form and oil can remain trapped. The recovery from gravity drainage
will be lower than for systems with C8 > 0 with the same value of a.

Experimental confirmation

Several investigators have performed gravity drainage experiments, where gas displaces water
and residual oil, or oil and residual water, under gravity [4, 6, 10, 16, 17, 31] and have shown that
final oil saturations as low as 1% are possible. These very good recoveries have been explained
by the drainage of oil layers between the gas and water [14, 15, 24, 23, 28]. It has been shown
that lower final oil saturations are seen for systems with a positive spreading coefficient than for
nonspreading oils [15, 24, 31]. However, none of these authors made quantitative predictions of
the variation of recovery with fluid properties.
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Figure 10: A schematic of water saturation variation with the increases in the height of oil bank.

We performed experiments in sand columns of two heights: a long column of 97.5 cm, and

a short column of 47 cm. Both columns had a diameter of 2 cm. They were filled with a clean,

well-sorted sand with a mean grain diameter of approximately 0.3 #m, a permeability of 48 D

and porosity of 0.28.

The sand column was first fully saturated with water. The top and bottom valves at the

end of the column were then both opened to allow the invasion of air and the free drainage of

water. We waited at least 24 hours until no further water was produced. 30 cm 3 of oil was then

slowly poured into the top of the column to represent the migration of pollutant towards the

water table. Oil accumulated at the bottom of the column and was allowed to drain out freely.

Periodically, air at just above atmospheric pressure was pumped into the top of the column to

displace the oil bank. This exercise stopped when there was no further productic-i of fluids. No

further oil was recovered after two weeks of drainage.

For a nonspreading mineral oil (Drakeol 5), we found that 14 cm 3 remained in the long

column and 9 cm 3 remained in the short column. Zhou and Blunt [32] conducted the experiment

described here for spreading systems with various values of a. By using Corey type capillary

pressures, Eq. 19, the amount of oil left in the columns could be matched using A = 0.92, a

value previously measured on a well-sorted sand by Lenhard and Parker [18].

Fig. 11 plots the results for both the spreading and nonspreading oils. There is little change

in oil saturation with a for the short column. This is because the critical height zc is above the

top of the column for most of the experiments, and thus it is difficult to distinguish between

a < 1, a > 1, spreading and nonspreading systems. For the long column, however, the average
saturation at the end of the experiment decreases from approximately 16% for a = 0.47 to

8% for a = 4.0. The difference in recovery for the two columns represents the amount of oil
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Figure 11" The amount of oil remaining in the sand columns as a function of a.

remaining in the upper portion of the long column which varies from 14 lfor c_ = 0.47 to 1+1%
for a = 4.0. For a spreading system, the final oil saturation well above the oil/water contact
changes by a factor of twelve with a . The oil remaining can be predicted successfully, as shown
in Fig. 11. For large a the amount left is zero to within experimental error. The nonspreading
oil (the points to the right in Fig. 11) gives a poor recovery, even though it has a large value of
a, because in this case oil can be trapped.

Discussion

The critical parameter that determines oil recovery by gravity drainage for a spreading system is
a, which is a property of the fluid system alone and independent of the porous medium, as long
as it is water-wet. For most fluids a > 1, which means that above a critical height the residual
oil saturation can be zero. However, if surfactant flooding is used to displace oil in the presence
of gas, this will dramatically decrease 7o_, and a will be less than 1. This will mean that in ,'
vertical equilibrium, appreciable quantities of oil can be retained above the oil/water contact.
The recovery of oil from gravity drainage is most efficient for large c_,which can be achieved by
lowering the gas/oil surface tension. In oil reservoirs, the natural gas may be almost miscible
with the oil, leading to very low values of %o/(po - pg) and an extremely high oil recovery.
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3.6 Conclusions

The mechanism of gravity drainage is transport through thick oil layers sandwiched between
water and gas, which occupy the crevices of the pore space. These layers form spontaneously
if the spreading coefficient is positive. In the experiments we performed, nonspreading systems
did not form oil layers and gave poorer recoveries.

The distribution of oil, water and gas in vertical equilibrium for a spreading system is con-
trolled by the parameter a, Eq. 16. Typically a > 1, and there is a finite height above which
the oil saturation can be zero, apart from thin molecular films. This height is a function only of
the fluid densities and surface tensions and is independent of the soil or rock type. For a < 1,
which is seen for surfactant floods, a large quantity of oil can be contained above the oil bank.
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