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Foam sweep in fractures for enhanced oil recovery
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Abstract

A theory for foam flow in a uniform fracture was developed and verified by experiment. The apparent viscosity was found to be the sum of
contributions arising from liquid between bubbles and the resistance to deformation of the interfaces of bubbles passing through the fracture.
Apparent viscosity increases with gas fractional flow and is greater for thicker fractures (for a given bubble size), indicating that foam can divert
flow from thicker to thinner fractures. This diversion effect was confirmed experimentally and modeled using the above theory for each individual
fracture. The amount of surfactant solution required to sweep a heterogeneous fracture system decreases greatly with increasing gas fractional flow
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wing to the diversion effect and to the need for less liquid to occupy a given volume when foam is used.
 2006 Elsevier B.V. All rights reserved.
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. Introduction

Foam in porous media is a dispersed gaseous phase within a
ontinuous aqueous phase comprised mainly of thin films known
s lamellae. The lamellae are stabilized by adsorption of surfac-
ant at the gas/liquid interfaces [1].

Because foam has an effective viscosity much higher than
hat of gas, it has been investigated as a method for improv-
ng sweep efficiency in processes where gases such as steam
r supercritical CO2 are injected to improve oil recovery from
nderground formations. Foam can reduce viscous fingering and
ravity override caused by the low viscosity and density of the
as. Moreover, since fluids flow preferentially into layers of high
ermeability in a heterogeneous formation, foam is preferen-
ially formed there and greatly increases local resistance to flow,
hereby diverting injected fluids to zones of lower permeability
nd improving process efficiency.

The same potential advantages of using foam exist for surfac-
ant and alkaline/surfactant processes for enhanced oil recovery
xcept that gravity override is a less serious problem when sur-
actant solutions are injected. An additional advantage is that

surfactant is already used in the basic process, so that addi-
tional chemical costs are low. One laboratory study of the
possible use of foam in such processes for oil recovery and
one successful field test by alkaline/surfactant/polymer/foam
flooding have been reported [2,3]. Foam was used success-
fully a few years ago to improve sweep efficiency in a field
test of a surfactant process for removing a chlorinated solvent
from a sandy ground water aquifer [4]. Subsequently, the pro-
cess was applied successfully to the remaining contaminated
panels.

In this paper, we consider foam to improve efficiency of a
surfactant process for oil recovery in a reservoir consisting of
multiple fractures separating matrix blocks where oil is retained
by capillarity and/or wettability. The injected surfactant solu-
tion enters the fractures, from which it penetrates the matrix
blocks to release the oil. For instance, Hirasaki and Zhang [5]
showed in a laboratory study that a solution of anionic surfac-
tants in an alkaline solution could alter wettability and reduce
interfacial tension in a matrix sample from a carbonate reser-
voir, releasing oil to flow upward by gravity into the fractures,
where it could be directed toward production wells. But fracture
∗ Corresponding author. Tel.: +1 713 348 5416; fax: +1 713 348 5478.
E-mail address: gjh@rice.edu (G.J. Hirasaki).

systems have a broad distribution of fracture thicknesses. The
thicker fractures will act as thief zones for the injected fluid.
As a result, little of it will reach the thinner fractures. Foam
provides a means to increase resistance to flow in the thicker
927-7757/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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Nomenclature

b fracture aperture
bi aperture of fracture i
DB equivalent bubble diameter
FWR foam-water ratio
fg gas fractional flow
K crowding factor
KI internal circulation effect factor
ki permeability of fracture i
L length of fractures
l layer number
Mi mobility ratio in fracture i
N number of swept fractures
NL total number of fractures
�p pressure gradient
�p pressure difference
�pdynamic dynamic pressure drop
PV pore volume
LPV injected liquid pore volume
Qi flow rate in fracture i
R capillary radius
rB equivalent bubble radius
rc radius of curvature
Re reynolds number
TPV total pore volume
U velocity of bubbles
V aperture variance
vi velocity in layer
wi width of fracture i
xi dimensionless front of foam in fracture i
zi dimensionless hypothetical front of foam outside

fracture i
σ surface tension
φ volume fraction
φmax dense random packing limit volume fraction
ρliq density of liquid
µapp total apparent viscosity
µapp,i apparent viscosity of displacing fluid in fracture i

µ
liq
app apparent viscosity from liquid contribution

µliq viscosity of pure fluid
µc viscosity of continuous phase
µd viscosity of dispersed phase
µi apparent viscosity of fluid in fracture i
µr relative viscosity
µ

liq
shape apparent viscosity from bubble deformation

fractures and divert injected surfactant solution to the thinner
fractures.

Two kinds of heterogeneous systems have been used in pre-
vious laboratory studies to investigate the ability of foam to
improve sweep efficiency in parallel cores with differing per-
meabilities. The cores can be either isolated or placed in contact
where cross flow can occur, e.g., in composite cylindrical cores.

As indicated below, some of the studies have dealt with gas
injection, others with injection of acid solutions to increase per-
meability.

Casteel and Djabbarah [6] used two parallel Berea cores with
a 6.4 permeability ratio. They compared the use of foam with the
water-alternating-gas process and showed that foam was prefer-
entially generated in the more permeable core and could divert
CO2 towards the less permeable core. Llave et al. [7] obtained
similar results with parallel cores with a 4.6 permeability ratio.
Zerhboub et al. [8] studied matrix acidizing in a stratified system.
They also showed clearly the effect of foam diversion. All these
experiments, performed with parallel cores, considered only the
case of porous media, which were not in capillary contact, so
that crossflow was prohibited.

Yaghoobi et al. [9] used a short composite cylindrical core to
study the influence of capillary contact. They observed a reduc-
tion of mobility in the higher permeability zone and called it
“SMR”, selective mobility reduction.

Siddiqui et al. [10] investigated the diversion characteris-
tics of foam in Berea sandstone cores of contrasting perme-
abilities. They found that the diversion performance strongly
depended on permeability contrast, foam quality and total flow
rate.

Bertin et al. [11] studied foam propagation in an annularly
heterogeneous porous medium having a permeability ratio of
approximately 70. Experiments were performed with and with-
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ut crossflow between the porous zones. In situ water saturations
ere measured continuously using X-ray computed tomogra-
hy. They observed that foam fronts moved at the same rates in
he two porous media if they were in capillary contact. On the
ther hand, when crossflow was prohibited due to the presence
f an impervious zone between the layers, gas was blocked in
he high permeability zone and diverted towards the low perme-
bility core.

Osterloh and Jante [12] identified two distinct foam-flow
egimes: a high-quality (gas fractional flow) regime in which
teady-state pressure gradient is independent of gas flow rate,
nd a low-quality regime, in which steady-state pressure gra-
ient is independent of liquid flow rate. In each regime foam
ehavior is dominated by a single mechanism: at high qualities
y capillary pressure and coalescence [12], and at low qualities
y bubble trapping and mobilization [13]. Cheng et al. [14] found
hat foam diversion is sensitive to permeability in high quality
egime and insensitive to permeability in low quality regime.
ut in the low quality regime the harmful effect on diversion

rom crossflow is much less.
Nguyen et al. [15] conducted experiments to study foam-

nduced fluid diversion in isolated and capillary-communicating
ouble layer cores. They found that there existed a threshold
njection foam quality below which foam no longer invaded the
ow permeability layer. This threshold depends on the perme-
bility contrast and foam strength in the high permeability layer.
he use of foam below the threshold quality is appropriate in

oam acid diversion, where the presence of foam in the high
ermeability layer helps control the relative acid permeability,
nd acid can still penetrate the low permeability layer without
esistance of foam.
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Few studies have been reported of foam in fractures. Kovscek
et al. [16] experimentally studied nitrogen, water and foam
flow through a transparent rough-walled rock fracture with a
hydraulic aperture of 30 �m. In these experiments, foam flow
resistance was approximately 100–540 times greater than that
of nitrogen for gas fractional flow ranging from 0.60–0.99.

Our purpose is to understand the mechanisms of foam flow in
fractures and predict foam diversion in heterogeneous fracture
systems. We derive below a theory to predict the foam apparent
viscosity, starting from the existing theory for foam flow in cap-
illary tubes. We made a uniform fracture model and conducted
experiments to verify the theory. Also a heterogeneous fracture
model was set up and used to study foam diversion. Finally, we
developed a model to predict the sweep efficiency in multiple
heterogeneous fractures with log-normal distributed apertures.

2. Theory

2.1. Apparent viscosity

Gas has a very low viscosity compared with oil and water.
However, when gas is a dispersed phase, as in foam, its apparent
viscosity is greatly increased, i.e., its mobility is greatly reduced.
Hirasaki and Lawson [17] described a mathematical model for
apparent viscosity in a smooth capillary tube for bubbles large
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curvatures at the front and rear of a moving bubble dictate
the pressure drop required for bubble motion.

(3) The surfactant is swept to accumulate at the back and be
depleted at the front of the bubble, which causes a surface
tension gradient that resists flow.

The goal of our research is to find the optimum condition
to divert the greatest amount of surfactant solution into thinner
fracture regions. For that purpose, we first adapt the above model
for capillary tubes to the case of a uniform fracture and describe
experiments to confirm the validity of the model and determine
the parameters involved. Then we extend both model and exper-
iments to parallel flow in fractures of different thickness.

As indicated above, there are three contributions to the appar-
ent viscosity of foam in a circular smooth capillary tube. The
first is that from liquid between the bubbles, which is given by
Eq. (1). This equation is also applicable to flow in a fracture of
uniform thickness that is less than the bubble diameter.

µliq
app = (1 − fg)µliq (1)

where µliq is the viscosity of pure liquid and fg is the gas frac-
tional flow.

The contribution of deformation of the foam bubbles to appar-
ent viscosity in a uniform fracture can be predicted by comparing
with that from foam flow in a capillary tube. From Hirasaki and
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nough that they travel sequentially along the tube. They found
hat the most important variable affecting foam apparent vis-
osity in uniform, smooth capillaries is foam texture or bubble
ize, which determines the number of interfaces per unit length.
ynamic changes at these interfaces strongly influence apparent
iscosity, which is the sum of three contributions as in Fig. 1:

1) Slugs of liquid between gas bubbles resist flow.
2) Viscous and capillary forces result in interface deformation

against the restoring force of surface tension. The different

ig. 1. Mechanisms affecting apparent viscosity in smooth capillaries (Hirasaki
nd Lawson, 1985).
awson [17], the equation for the net dynamic pressure drop
cross a single bubble is:

pdynamic = 2.26

(
σ

rc

)(
3µliqU

σ

)2/3 [( rc

R

)2 + 1

]
(2)

ere U is the velocity of the bubble, σ is the surface tension,
c is the radius of curvature of gas–liquid interface and R is the
apillary radius. When the bubbles are not in contact rc = R and
his equation simplifies to Bretherton’s result [18]. For flow of
arge bubbles between parallel plates, a similar equation applies
ut without the term in brackets as above because the radius of
he bubble as seen from above, which is the second and larger
adius of curvature of the bubble periphery, is much greater than
c:

pdynamic = 2.26

(
σ

rc

)(
3µliqU

σ

)2/3

(3)

he apparent viscosity from the contribution of foam bubble
eformation in a uniform fracture can be predicted from the
quations for plane-Poiseuille flow:

shape
app = nL�pdynamicb

2

12U
= 0.57µliq(nLb)(3µliqU/σ)

−1/3

rc/b
(4)

here nL, the number of equivalent lamellae per unit length, is
function of the number of bubbles per unit area and b is the

racture aperture or the distance between the two parallel plates.
f the bubbles are distributed uniformly, from the derivation in
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Appendix A, one finds

nL =
[

3fgb

4πr3
B

]1/2

(5)

where fg is the gas fractional flow and rB is the equivalent bubble
radius. The equivalent bubble diameter is assumed to be larger
than the aperture. If the bubbles are not in contact, the radius of
curvature, rc, is equal to the half aperture of the fracture, and
substitution of Eq. (5) into Eq. (4) yields

µ
shape
app

µliq = 0.56

(
3 µliqU

σ

)−1/3

f 1/2
g

(
b

rB

)3/2

where

b

2rB
≤ 1 (6)

The total apparent viscosity can be obtained from measuring
the pressure difference across the model. That is, from plane-
Poiseuille equations:

µapp = b2|∇p|
12U

(7)

where |�p| is the pressure gradient.
By comparing the sum of µ

shape
app and µ

liq
app with the value of

µapp, the contribution from surface tension gradient was found
to be insignificant in our system, as discussed further below.
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thinner fracture because of the higher resistance to flow in the
thicker fracture.

µapp,1

µapp,2
=
(

b1

b2

)5/4

(11)

2.3. Bulk foam in fractures

Princen [19] modeled the theory for rheology of foams and
highly concentrated emulsions. Hirasaki and Lawson [17] devel-
oped the model to describe bulk foam apparent viscosity in a
capillary tube. But the theory can be applied only to bubbles
with the shape of pentagonal dodecahedra, which are obtained
only at quite high gas fractional flow, where all the bubbles in
the system are closely-packed.

Many semi-empirical expressions are available for describing
the shear viscosity of concentrated dispersions of hard spheres.
The most widely used is the functional form suggested by
Krieger and Dougherty [20].

ηr = (1 − Kφ)−2.5/K (12)

where ηr is the relative viscosity, which is the ratio of the viscos-
ity of emulsion to the viscosity of water. φ is the volume fraction
of emulsion in water. K is the crowding factor and equal to the
reciprocal of the dense random packing limit volume fraction
φ
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.2. Foam diversion

Consider flow into two fractures of different thickness. The
elocities in both fractures need to be determined to get the
pparent viscosity either by theory or measurement. If only water
r surfactant solution is flowing and if the pressure gradient is
he same in the two regions, the velocity ratio can be obtained
rom Eq. (8):

U1

U2
=
(

b1

b2

)2

(8)

he velocity ratio can be found for foam flow. If the contribu-
ion to apparent viscosity from bubble deformation dominates,
ombining Eqs. (6) and (7) yields Eq. (9).

−1/2U2/3 = 0.21(µliq)
−2/3

f−1/2
g r

3/2
B σ−1/3 |∇p| (9)

f it is further assumed that gas fractional flow and the pressure
radient are the same in both regions, the right side of this equa-
ion is the same for both regions. Thus, the ratio of Eq. (9) for
he two regions gives

U1

U2
=
(

b1

b2

)3/4

(10)

hen from overall material balance, the velocities in both frac-
ures can be estimated. Moreover, taking the ratio of Eq. (6)
or the two regions and eliminating the velocity ratio with Eq.
10), one finds that the apparent viscosity from the deformation
ontribution is proportional to 5/4 power of aperture as in Eq.
11). This result shows the possibility of foam diversion into the
max, at which ηr diverges to infinity. For random close pack-
ng of monodisperse hard spheres, they found φmax = 0.64 and

= 1.56.
Mooney [21] developed another expression for the rela-

ive viscosity of emulsions where the particles behave as rigid
pheres.

r = exp

[
2.5φ

1 − Kφ

]
(13)

he crowding factor K in the above two equations can be smaller
hen the particles are not uniformly distributed in size or are
eformable as in foams because these factors can cause an
ncrease of the dense random packing limit volume fraction.

Pal [22] studied the rheology of polymer-thickened emulsions
nd found that the increase of the viscosity ratio of continuous
hase to dispersed phase enhances the internal circulation effect,
hich leads to a decrease in the relative viscosity. He suggested

he following equation.

1/KI
r = exp

[
2.5φ

1 − Kφ

]
(14)

here KI is a factor which takes into account internal circulation
ffects and is given by

I =
[

1 + 0.4(ηc/ηd)

1 + (ηc/ηd)

]
(15)

n the above equation, ηc is the viscosity of the continuous phase
nd ηd is the viscosity of the dispersed phase. Pal [22] also
uggested a crowding factor K = 1.04, which means the dense
andom packing limit volume fraction φmax = 0.96. Predictions
f these three models are compared with our data in Section 4.4.
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2.4. Prediction of sweep efficiency in heterogeneous
fractures

By using a similar method to that described by Lake [23],
we developed a mathematical model to describe foam flooding
in parallel, heterogeneous fractures with different apertures. We
assumed no crossflow between fractures, the same pressure drop
across each fracture, plug flow in each region and foam apparent
viscosity determined by the velocity of foam flow at steady state,
i.e., the velocity after all layers have been swept.

First, we apply this model in heterogeneous fractures with two
regions of different apertures. We assume that foam completely
displaces the water initially present in each region as it advances.
Suppose b1 > b2. Then integration of the equation to the time
when x1 = 1 yields

x2 = {[M2
2 + k2µapp,1(1 − M2)(1 + M1)/(k1µapp,2)]

1/2 − M2}
1 − M2

(16)

where M1 and M2 are the mobility ratios between foam and
water in the two fractures. (See Appendix B for derivation of the
equations in this section and definitions of some parameters.)

The dimensionless time in injected liquid pore volumes when
this occurs is

D
(x2b2 + b1)(1 − fg)

F
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ume that contains foam. The dimensionless time is the injected
liquid pore volumes of foam injected.

Sweep efficiency =
∑N

i=1bi +∑NL
i=N+1xibi∑NL

i=1bi

(21)

Dimensionless time =
(∑NL

i=1zibi∑NL
i=1bi

)
(1 − fg) (22)

where fg is the gas fractional flow.
Many researchers [24–27] have found that the fracture aper-

ture distribution of reservoirs is approximately log-normal. Such
a log-normal aperture distribution can be described by the func-
tion

C = 1 + erf(τ/
√

2)

2
(23)

where

τ = ln(b/b̄)√
V

The function C(b) is the fraction of the samples that have aper-
ture less than b, i.e., the cumulative probability function. The
parameter b̄ is the median or log-mean aperture. The parame-
ter V is the variance of the distribution. If the log-mean value b̄

and variance V are known, different values of b can be obtained
and used in Eqs. (21) and (22) to get the sweep efficiency and
d

3

m
n
T
T
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imensionless time =
b1 + b2

(17)

rom this time until that when x2 = 1 for the thinner fracture, v1
n the thicker fracture is given by Eq. (B.1) with x1 = 1.

Then similarly we can get the dimensionless time in injected
iquid pore volumes when x2 = 1:

imensionless time = (z1b1 + b2)(1 − fg)

b2 + b1
(18)

here z1 exceeds 1 by the dimensionless length of a region of
hickness b1 needed to hold the foam produced from fracture 1
p to that time.

1 = 1 + k1µapp,2

k2µapp,1

[
(1 + M2)

2
− (1 + M1)k2µapp,1

2k1µapp,2

]
(19)

.5. Fractures with log-normal distribution apertures

Normally there are more than two fractures. For multiple
ractures, the key is to get the number of fractures that have been
wept at some FWR, the ratio of foam to water being produced.
he number N of fractures where foam has broken through at
ome FWR is given by

WR =
∑N

i=1Qi∑NL
i=N+1Qi

(20)

here Qi is the flow rate in the ith fracture and NL is the total
umber of fractures. Then by a derivation similar to that above
nd in Appendix B for the two heterogeneous fractures, the
weep efficiency and the dimensionless time can be obtained.
he sweep efficiency is the percentage of the overall fracture vol-
imensionless time.

. Experimental methods

The fracture model used is shown in Figs. 2 and 3. It consists
ainly of two parallel glass plates. Changing the gasket thick-

ess between the plates can change the aperture of the fracture.
he thick glass is from Lone Star Glass Company, Houston,
X. It is borosilicate glass with 35.56 cm length and 20.32 cm
idth. Its thickness is 6.35 ± 0.3 mm. The surface of the glass

s polished. The thin glass is Schott D-263 borosilicate glass
rom Precision Glass & Optics Company, Santa Ana, CA. It is
5.4 cm long and 7.62 cm wide. It is 0.10 ± 0.01 mm thick. It
s not quite long enough to span the flow area. For experiments

Fig. 2. Detailed diagram of homogeneous fracture model.
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Fig. 3. Detailed diagram of heterogeneous fracture model.

with a homogeneous fracture, the uniformly thick gasket keeps
a uniform distance between the plates. The procedure for mak-
ing the heterogeneous fracture is: (1) adhere the thin glass plate
described above to half of one of the thick glass plates by Nor-
land optical adhesive; (2) roll the thin glass on the thick glass to
remove any air and excess adhesive between them; (3) cure the
adhesive by a high intensity ultraviolet lamp (Model Spectroline
SB-100P) for over 48 h.

A schematic diagram of the equipment for the foam exper-
iments is shown in Fig. 4. A Harvard syringe infusion pump
(Model 22) is used to inject surfactant solution and a Matheson
mass flow controller (Model 8270) is used to inject air into the
foam generator. Relatively uniform bubbles can be generated
only when the air and liquid are introduced on opposite sides of
the frit in the foam generator. Choosing frits with different pore
sizes can generate different sizes of bubbles. The borosilicate
frits are from Chemglass Company, Vineland, NJ. Two grooves
were made along the inlet and outlet of the fracture model to
assure uniform pressures at both locations.

The surfactant solution in the experiments was 0.5% C13-
4PO and 0.5% STEOL CS330. C13-4PO is from Harcros Com-
pany, and its chemical description is propoxylated iso-C13
alcohol ether sulfate, ammonium salt. STEOL CS330 is from

Fig. 5. Bubble size distribution, error bars show the standard deviation from
bubble size measurement.

Stepan Company and its chemical description is C12-3EO sul-
fate. The solution contained 0.23% NaCl, 0.07% CaCl2 and
0.04% MgCl2. The bubble diameters in the experiments ranged
from 0.04–1.0 mm. The aperture was 0.1, 0.2 and 0.3 mm for
homogeneous fracture experiments and the combinations of
0.1 mm/0.2 mm or 0.05 mm/0.15 mm for heterogeneous fracture
experiments. The gas fractional flow range was from 0.0–0.9.
The values used for the viscosity of solution and surface tension
were 1 mPa s and 28 mN/m, respectively.

4. Results and discussion

4.1. Bubble size measurement

Two different methods were used to determine the average
bubble size: image analysis and capillary tube experiments.
From analysis of images taken just after foam flow has stopped,
the average bubble size and bubble size distribution can be
obtained with the help of image analysis software “IPTK”, which
was developed by Reindeer Graphics Inc., Asheville, NC. The
average bubble size may also be obtained by counting the num-
ber of lamellae in a given capillary tube length by letting foam
flow into capillary tubes with diameters less than the bubble
diameter. The mean bubble sizes obtained from image analysis
and capillary tube experiments are in good agreement as shown
i

ility c
Fig. 4. Set–up diagram for foam mob
n Fig. 5. The bubble size shown is the equivalent spherical

ontrol experiment in fracture model.
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Fig. 6. Effect of flow rate and fractional flow on apparent viscosity.

diameter. The standard deviation of the bubble size distribution
is about 20%. From Fig. 5, the mean bubble size and standard
deviation remain constant at different flow rates and different
gas fractional flow. Other experiments showed similar behavior
as long as the bubble equivalent diameter was less than five times
the aperture.

4.2. Apparent viscosity in homogeneous fractures

Experiments were conducted to investigate the effects of flow
rate, bubble size, gas fractional flow, and aperture on the apparent
viscosity of foam flowing in uniform fractures. From the exper-
iments, the most important variable affecting foam viscosity in
a homogeneous fracture system is foam texture. Foam of finer
texture has more lamellae per unit length and, as a result, greater
resistance to flow. The foam bubbles in our experiments are indi-
vidual bubbles because the aperture is smaller than the equivalent
diameter of the bubbles. No aggregation or coalescence of bub-
bles was observed in cases for which data are reported.

Results for a homogeneous fracture with an aperture of
0.2 mm are shown in Fig. 6. The data fit the theory (based on
contributions from liquid and bubble deformation without the
contribution from the surface tension gradient) quite well at low
flow rates. The apparent minimal contribution from surface ten-
sion gradient likely is due to the surfactant concentration being
w
w
t
r
s
fl
a
1
t

R

w
t
p

Fig. 7. Effect of ratio of aperture/bubble size on apparent viscosity.

Fig. 6 also shows the effect of gas fractional flow fg on appar-
ent viscosity. With the increase of fg or foam quality, the number
of lamellae per unit length or number of bubbles per unit area
increases, which causes apparent viscosity to increase in pro-
portion to f

1/2
g , as in Eq. (6). For fg = 0.9, individual bubbles

remained circular as seen from above, i.e., deformation was min-
imal. However, data for fg = 0.9 are not plotted because only a
few reliable data points could be obtained at the low liquid flow
rates involved. No data are given for larger fg because significant
coalescence was observed.

Fig. 7 shows the effect of the ratio of aperture b to bubble size
rB on apparent viscosity. The number of lamellae per unit length
or of bubbles per unit area increases with decrease of bubble size
and increase of aperture at fixed fractional flow. Accordingly, Eq.
(6) shows that the contribution to apparent viscosity from bub-
ble deformation is proportional to the 3/2 power of this ratio. As
a result, apparent viscosity would be significantly higher than
in Fig. 7 for smaller bubbles only slightly greater than aperture
thickness, i.e. b

rB
approaches 2. On the other hand, the apparent

viscosity is larger for large apertures. This feature is important in
foam application, because it indicates that foam of the same bub-
ble size and gas fractional flow can reduce fluid flow in high per-
meability regions and divert flow into low permeability regions.

4.3. Apparent viscosity and sweep in heterogeneous
f
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ell above the CMC and to the presence of inorganic electrolyte,
hich reduces electrostatic repulsion between surfactant ions at

he surface and those in the liquid phase near the surface. As a
esult, adsorption and desorption should be rapid and surface ten-
ion gradient small. Because the theory is based on Hele-Shaw
ow, which is valid for creeping flow, the data begin to devi-
te from the theory when the Reynolds number exceeds about
–10, depending on bubble size and gas fractional flow. Here
he Reynolds number is defined as

e = ρliqbU

µliq (24)

here ρliq is the density of the liquid. At the velocity U = 0.1 m/s,
he Reynolds number Re is about 10. As Fig. 6 shows, the bubbles
roduce a shear thinning effect.
ractures

Experiments with the heterogeneous fracture model were per-
ormed for average bubble diameters of 0.4 and 0.6 mm, which
re larger than the thicker aperture to meet the conditions of our
heory. The Reynolds numbers were 0.22 and 0.44. Two different
perture ratios were used in the experiments, 1:2 and 1:3.

.3.1. Apparent viscosity
The apparent viscosity in each region can be calculated from

q. (7), using the pressure difference obtained in experiments.
e assume that gas fractional flow is the same in thinner and

hicker apertures and that velocity in each layer can be obtained
rom Eq. (10) and material balance, as indicated above. Also
he apparent viscosity can be estimated from the sum of Eqs.
6) and (1). We consider first the case in which both regions of
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Fig. 8. Apparent viscosity for aperture ratio of 0.1 mm/0.2 mm, bubble
size = 0.4 mm and Re = 0.22.

the fracture are fully filled with foam, so that there are minimal
lateral pressure gradients and cross flow. The theoretical and
experimental results are compared in Figs. 8 and 9. For the range
of experimental conditions listed at low Reynolds’ number (less
than 1) the apparent viscosity from measurement of pressure
difference agrees well with that from theory prediction. This
confirms that the assumption of equal gas fractional flow is valid.

From Figs. 8 and 9, we can see the effects of the aperture ratio
on the magnitude of diversion in heterogeneous fractures. The
diversion depends on the apparent viscosity difference between
the two regions. If we ignore the contribution of liquid slug to
the total apparent viscosity, Eq. (11) predicts that the apparent
viscosity is proportional to the 5/4 power of aperture thickness.
So the apparent viscosity ratio is largest in Fig. 9, which is with
3:1 aperture ratio.

4.3.2. Sweep efficiency
Photographs were taken during experiments to investigate the

sweep by foam and surfactant solution in heterogeneous frac-
tures. An example of foam/surfactant solution sweep is shown

Fig. 9. Apparent viscosity for aperture ratio of 0.05 mm/0.15 mm, bubble
size = 0.4 mm and Re = 0.22.

in Fig. 11. For comparison, the picture of sweep by surfactant
solution alone is shown in Fig. 10. We use “pore volume” (PV)
to normalize the amount of foam or liquid injected. “Total pore
volume” (TPV) is defined as the total volume of liquid and gas
injected divided by the space in fractures. “Injected liquid pore
volume” LPV is the volume of liquid divided by the space in frac-
tures. The relationship between total pore volume and injected
liquid pore volume is shown in Eq. (25).

LPV = TPV(1 − fg) (25)

The injection of foam bubbles together with surfactant solu-
tion greatly improves the sweep over the injection of surfactant
solution only. From Fig. 10 for 0.05 mm/0.15 mm fracture, at
Reynolds number 0.22, it takes about 6.6 pore volumes of sur-
factant solution to sweep the 0.05 mm aperture region, while
theory predicts that 7.0 pore volumes are needed. With gas frac-
tional flow 0.9 and bubble size 0.4 mm in diameter, only 0.15
injected liquid pore volume of surfactant solution is needed, as
shown in Fig. 11. The amount of surfactant solution needed to

F re ape
e

ig. 10. Surfactant solution sweeping heterogeneous fracture, Re = 0.22, fractu
ntire heterogeneous fracture.
rture ratio = 0.05 mm (bottom)/0.15 mm (top). PV refers to pore volume of the
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Fig. 11. Foam/surfactant solution sweeping heterogeneous fracture, Re = 0.22, fg = 0.9, fracture aperture ratio = 0.05 mm (bottom)/0.15 mm (top), DB = 0.4 mm (note:
LPV is the injected liquid pore volumes).

Fig. 12. Liquid pore volumes of surfactant introduced when foam completely
sweeps the given fracture at different fracture aperture ratios.

sweep both regions is reduced by a factor of more than 40. This
large difference is partly the result of the higher apparent viscos-
ity in the thicker region and partly because less liquid is required
to fill a given volume when foam is used.

Experiments were also conducted for other gas fractional
flows with aperture ratios of 2 and 3. The results are shown
in Fig. 12. It is easily seen that high gas fractional flow can
give better sweep efficiency, i.e., reduction in the amount of
surfactant solution required to sweep both portions of the hetero-
geneous fracture. As might be expected, more surfactant solution
is required for the higher aperture ratio.

Fig. 13 shows the comparison between the theoretical pre-
dictions and experimental results for foam/surfactant sweep in
a heterogeneous fracture with 1:3 aperture ratio. Agreement is

F
l
g

good. This validates the assumption of minimal crossflow. It
also indicates that the assumption of equal gas fractional flow in
different layers is reasonable for these conditions.

4.4. Bulk foam apparent viscosity

The apparent viscosity for bulk foam flow in fractures was
measured at different aperture, flow velocity and bubble size as
shown in Fig. 14. The highest gas fractional flow is 0.67 because
we found that bubbles began to coalesce for gas fractional flows
exceeding 0.67.

The predictions from Krieger and Dougherty equation,
Mooney equation and Pal’s model are also plotted in Fig. 14.
For the first two equations φmax has been increased to 0.99 and
K decreased to 1.01 because we deal with deformable bubbles,
not hard spheres. Even with this change there are still signifi-
cant deviations between the predictions and experimental results
although agreement is much better than with the corresponding
hard sphere values given above. In contrast, the experimental
measurements match well the prediction of Pal’s model.

Because the viscosity of water is much larger than that of gas,
KI is close to 0.4. We still use 0.96 as the dense random pack-
ing limit volume fraction. Then the crowding factor K is 1.04.
Because the viscosity of the dispersed phase is small in the foam
case, the velocity gradient near the bubble interfaces is smaller
t

F

ig. 13. Comparison between the calculation and the experimental results of the
iquid pore volumes of surfactant needed for foam/surfactant sweep in hetero-
eneous fractures with 1:3 aperture ratio.
han for solid particles, yielding a lower apparent viscosity.

ig. 14. Bulk foam apparent viscosity in fractures, measurement and prediction.
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Fig. 15. Calculation results of the foam/water sweep in heterogeneous fracture
with log-normal distribution of apertures for bubble diameter 0.1 mm.

4.5. Prediction of sweep efficiency in heterogeneous
fractures with a log-normal distribution of apertures

Calculations for the sweep efficiency in a heterogeneous frac-
ture system with a log-normal distribution of apertures were
performed, and the results are shown in Fig. 15. The variance V
is set to be 2.69 and the log-mean aperture is 0.1 mm.

This fracture model has 50 layers, and the bubble diameter
is 0.1 mm. At velocity 50 ft/day (1.06 cm/min), the sweep effi-
ciency can be almost 90% for gas fractional flow at 0.67 with
two injected liquid pore volume, which is a big improvement
over water flood at gas fractional flow fg = 0. In this calculation,
when the aperture is larger than the bubble diameter, the bubbles
are considered as bulk foam.

With higher apparent viscosity, we can get more improvement
in sweep efficiency by foam flooding over water flooding. But
there will be high pressure drop with high apparent viscosity. The
optimum between pressure drop and sweep efficiency needs to
be considered. At present we do not know how to predict bubble
size in a fracture system.

5. Conclusions

For the experimental conditions described above, i.e., suffi-
ciently low Reynolds numbers, gas fractional flow and bubble
s
c
f

(

(2) The apparent viscosity is the sum of two contributions: that
resulting from liquid between bubbles and that resulting
from the resistance to deforming the interface when a bub-
ble passes through a fracture. The surface tension gradient
contribution does not appear to be significant in our exper-
iments.

(3) Pal’s equation can well predict the apparent viscosity of bulk
foam in fractures, i.e., when bubble diameter is somewhat
less than fracture aperture.

We investigated different factors’ effects on sweep efficiency
by foam in smooth heterogeneous fractures and applied our the-
ory to this situation assuming the same fg in each portion of
the fracture and no crossflow. Some conclusions can be made
accordingly.

(1) Foam apparent viscosity in each portion of a heterogeneous
fracture can be calculated using the theoretical result for a
homogeneous fracture.

(2) Foam can greatly improve the sweep efficiency in a hetero-
geneous fracture system. The amount of surfactant solution
required is reduced substantially both by foam’s ability to
divert flow into smaller fractures and by the need for less
liquid to fill a given volume of fractures.

(3) Gas fractional flow, aperture ratio and bubble size can

(
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f
#

A
u

n
a

N

T

v

H

v

w

izes where no coalescence or break-up occurs, the following
onclusions apply for the foam flow through a smooth, uniform
racture:

1) The foam texture (a measure of the bubble volume) is a key
parameter in determining nL, the number of lamellae per unit
length, which is the main factor affecting the foam viscosity
in smooth uniform fractures when the (undeformed) bubble
diameter exceeds fracture aperture. Changes which increase
nL, e.g., higher gas fractional flow fg and larger ratios of
aperture thickness to bubble size, cause apparent viscosity
to increase. The aperture thickness effect is the basis for
producing a more uniform sweep by the use of foam.
greatly affect the sweep efficiency.
4) Agreement of theoretical predictions and experimental

results confirms validity of the theory’s assumptions of equal
fg, minimal crossflow and constant bubble size.
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ppendix A. Derivation for the equivalent lamellae per
nit length nL

Assuming that bubbles are distributed uniformly, the total
umber of bubbles Nbubble in a rectangular area having length L
nd width W is:

bubble = (nLL) × (nLW) = LWn2
L (A.1)

hen the total volume occupied by gas is:

gas = Nbubble

(
4

3

)
πr3

B =
(

4

3

)
πr3

BLWn2
L (A.2)

owever, the total volume occupied by gas is also given by:

gas = LWbfg (A.3)

here b is the fracture thickness.
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Combine the above two equations to obtain the number of
equivalent lamellae per unit length:

nL =
[

3fgb

4πr3
B

]1/2

(A.4)

Appendix B. Calculation for the sweep efficiency in two
layer heterogeneous fractures

Based on the assumptions listed at the beginning of Section
2.3, the calculation for the sweep efficiency in two layer hetero-
geneous fractures was derived as below.

The foam front position in each region may be determined
from Darcy’s law

dxl

dt
= vl = −klλrel�p

L
, l = 1, 2 (B.1)

where vl is the velocity in region l, and λrel is the relative mobility
in region l defined by

λrel =
[

xl

λapp,l

+ 1 − xl

λ0

]−1

= [µapp,lxl + µ0(1 − xl)]
−1

for xl < 1 (B.2)

or

λ

w
m
r

i
t

w
�
i

W
(
i

x

Then the dimensionless time in the injected liquid pore volume
needed for the sweep of thicker region is

Dimensionless time = (x2b2 + b1)(1 − fg)

b1 + b2
(B.7)

As the thinner region continues to be swept, the hypothetical
dimensionless front position z1 in the thicker region (outside the
fracture) can be obtained from

dz1

dx2
=
(

k1

k2

)(
µapp,2

µapp,1

)
[x2 + (1 − x2)M2] (B.8)

That is, the product (z1 − 1)lbw is the volume of foam produced
from fracture 1 after foam breakthrough.∫ z1

1
dz1 =

∫ x2

x0
2

(
k1

k2

)(
µapp,2

µapp,1

)
[x2 + (1 − x2)M2]dx2

(B.9)

z1 = 1 + k1µapp,2

k2µapp,1

[
(1 − M2)(x2

2 − (x0
2)

2
)

2
+ M2(x2 − x0

2)

]

(B.10)

Setting x2 = 1.0, and x0
2 = {[M2

2 + (1 − M2)(1 + M1)
(k2µapp,1)/(k1µapp,2)]1/2 − M2}/(1 − M2), one finds

z

[ ]

A
n

D

R

rel = λapp,l = µ−1
app,lxl for xl > 1

here λapp,l is the relative mobility of foam, λ0 is the relative
obility of water, µapp,l is the apparent viscosity of foam in

egion l and µ0 is the water viscosity.
Taking the ratio of the velocities in the two regions will elim-

nate time and the pressure drop since both regions experience
he same �p. Thus, before breakthrough (xl < 1), we have

dx1

dx2
=
(

k1

k2

)(
µapp,2

µapp,1

)
[x2 + (1 − x2)M2]

[x1 + (1 − x1)M1]
(B.3)

here M1, M2 are the mobility ratios, e.g. Ml =
app,l/�0 = �0/�app,l, k1, k2 are the permeabilities, kl = b2

l /12
n fractures where bl is the aperture. Moreover,∫ x1

0
k2µapp,1[x1 + (1 − x1)M1]dx1

=
∫ x2

0
k1µapp,2[x2 + (1 − x2)M2]dx2 (B.4)

(1 − M1)x2
1

2
+ M1x1 = k1µapp,2

k2µapp,1

[
(1 − M2)x2

2

2
+ M2x2

]
(B.5)

hen the foam front reaches the outlet of the thicker region
x1 = 1.0), the dimensionless front position at the thinner region
s

2 = {[M2
2+(1 − M2)(1+M1)(k2µapp,1)/(k1µapp,2)]

1/2 − M2}
1 − M2

(B.6)
1 = 1 + k1µapp,2

k2µapp,1

(1 + M2)

2
− (1 + M1)k2µapp,1

2k1µapp,2

(B.11)

nd the dimensionless time or the injected liquid pore volume
eeded to sweep the thinner region is

imensionless time = (z1b1 + b2)(1 − fg)

b2 + b1
(B.12)
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