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Abstract

Foaming injected gas is a useful and promising technique for
achieving mobility control in porous media. Typically, such
foams are aqueous.  In the presence of foam, gas and liquid
flow behavior is determined by bubble size or foam texture.
The thin-liquid films that separate foam into bubbles must be
relatively stable for a foam to be finely textured and thereby
be effective as a displacing or blocking agent. Film stability is
a strong function of surfactant concentration and type. This
work studies foam flow behavior at a variety of surfactant
concentrations using experiments and a numerical model.
Thus, the foam behavior examined spans from strong to weak.

Specifically, a suite of foam displacements over a range
of surfactant concentrations were monitored in a roughly 7
mm2, one-dimensional sandpack using X-ray computed
tomography (CT). Sequential pressure taps were employed to
measure flow resistance. Nitrogen was the gas and an alpha
olefin sulfonate (AOS 1416) in brine was the foamer.
Surfactant concentrations studied varied from 0.005 to 1 wt%.
Because foam mobility depends strongly upon its texture, a
bubble population balance model is both useful and necessary
to describe the experimental results thoroughly and self
consistently. Excellent agreement is found between
experiment and theory.

Introduction
Foam is suggested by many investigators to improve the

                                                            
* currently at Holditch-Reservoir Technologies

sweep efficiency of multi-phase displacement processes.
Aqueous foams are most common and are formed by
dispersing non-wetting gases within a continuous surfactant-
laden liquid phase either by alternating or co-injection of gas
and surfactant solution into porous media. For example,
surfactant soil flushing is recommended for aquifer
remediation of dense organic liquids 1. However, flushing is
difficult where there are low permeability regions and
depressions in the aquifer that permit the dense organic phase
to accumulate. Injecting gas with the surfactant solution to
generate a foam in situ enhances sweep and improves
remediation 2,3.

In enhanced oil recovery (EOR) gases such as steam,
carbon dioxide, enriched hydrocarbons, and nitrogen are
injected into oil reservoirs to improve recovery. These gases
are usually less viscous than water, and oil and they often
channel selectively through high permeability zones or rise to
the top of the reservoir by gravity segregation. As a result,
sweep efficiency decreases and the amount of oil left behind
increases. Again, foaming the gas might overcome the
mobility problem of gas-drive fluids and improve the contact
with the oil because foam encounters large flow resistance in
porous media 4-6.

Despite the varied field applications, foam behavior in
porous media is far from understood. This work probes
experimentally the effect of surfactant concentration on foam
flow in homogeneous porous media and demonstrates a model
to predict accurately the generation, coalescence, and transport
of foam. To this end, experiments in a homogeneous sand with
a commercial surfactant at a variety of surfactant
concentrations have been conducted. We hope to provide a
description of foam that begins to address the variable
surfactant concentration conditions.

The progress of foam displacement at low injection rates
is monitored with X-ray computed tomography (CT) and
measurement of pressure profiles.  Some experiments exhibit
end effects that are well described by application of the model
under local equilibrium conditions. Even at low surfactant
concentrations, a significant effect of foam on displacement
efficiency is witnessed.

Interaction of foam with oil is not included here to avoid
confusing foam-oil effects with foam coalescence. However,
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foam-oil interactions are discussed elsewhere including their
incorporation into a mechanistic simulation framework 7,8.
Likewise, experiments regarding foam generation and
propagation in multidimensional heterogeneous porous media
have also been conducted9. Before discussing the experimental
setup, results, simulation of the experiments, and the
interpretation of end effects on foam flow, it is helpful to
review gas-mobility reduction mechanisms and the role of
surfactant in foam displacement.

Gas Mobility Reduction
Foam alters gas mobility in two ways. The first mechanism is
associated with moving bubbles and rearrangement of bubble
interfacial area. Recall that a lamella is a thin-liquid film that
separates bubbles. Foam bubbles in porous media are as large
or larger than characteristic pore size; thus, bubbles and
lamellae completely span pores 10,11. This foam configuration
is referred to as a confined foam because of the constraining
effect of the porous medium on foam structure12.

Confined gas bubbles transport by sliding over lubricating
liquid films that coat pore walls13 and liquid-filled pore
corners14,15.  At low bubble velocities (i.e., capillary number)
characteristic of flow in porous media, the pressure drop to
drive a bubble at a constant velocity exceeds that of an
equivalent volume of liquid, thereby increasing the effective
viscosity of the gas phase. Additionally, surfactant movement
from the front of a moving bubble to the rear induces a
surface-tension gradient that slows bubble motion and so
increases the effective viscosity10.

The second mechanism that reduces gas mobility is
trapping of the gas phase. The fraction of gas that is stationary
in a foam is quantifiable using gas-phase tracers16,17.
Experimental measurements of trapped gas in sandstone
containing foam place the fraction of gas that is not flowing
between 0.85 and 0.99. The most important factors governing
bubble trapping include pressure gradient, pore geometry, and
foam texture; however, the dependence of trapped fraction on
these factors is not established. Gillis and Radke 17 find no
consistent trend of trapped fraction with varying liquid or gas
velocity, while Friedmann et al.16 find that the fraction of
trapped gas increases slightly with gas velocity at a constant
gas fractional flow.

On the pore level, gas flowing in the form of a foam tends
to flow through the high permeability and high porosity zones.
The wetting phase occupies the smallest pore channels. Thus,
trapping of gas occurs in the intermediate-sized pores 12.
Apparently, capillary forces are sufficient to immobilize a
large fraction of foam bubbles18-21.   Hence, pore space is
blocked that would otherwise carry gas and gas relative
permeability is reduced significantly.

These mobility reduction mechanisms require multiple
disconnected bubbles and stable thin-liquid films between
bubbles. Film stability is provided by surfactant molecules that
array themselves near gas-liquid interfaces where the
identically charged interfaces repel each other.

Foam films are meta-stable as opposed to

thermodynamically stable. The surfactant induced stabilizing
forces are sensitive to surfactant concentration, surfactant
structure, and to ionic strength of the aqueous solution. Other
sources elaborate on the origin and behavior of stabilizing
forces in foam films22-25.

Khatib et al.26 first suggested that foam-film strength was
directly related to gas mobility reduction in the presence of
foam. For a given surfactant and concentration, they observed
dramatic foam coarsening at a particular capillary pressure that
they termed the "limiting capillary pressure", Pc

*.  Above Pc
*,

foam films are unstable, coalescence of foam lamellae is
significant, and high gas mobility emerges. Below Pc

*,
coalescence is significantly less and gas mobility is low. To
further connect foam film stability and gas mobility, the
rupture capillary pressure of single foam films was measured
at a variety of surfactant and brine concentrations and
compared with the steady-state pressure drops of N2 foam in
oil-free beadpacks27. Stable, low mobility foam with large Pc

*

was generated once the rupture pressure of individual foam
films exceeded the medium capillary pressure. Detailed
reviews of transport, generation, and coalescence of foam
bubbles are given elsewhere12,22,28.

Modeling Foam Displacement
A quantitative model is necessary to interpret the experimental
results to follow. In population balance models of foam, gas
mobility is computed directly from the texture or number
concentration of bubbles inside porous media. Previous work
has formulated a population balance approach that is
mechanistic in that well documented foam mechanisms are
incorporated into a continuum balance equation for foam 29,30.
However, this approach has not been tested over a variety of
surfactant concentrations and especially at low concentration
where foam is weak.  The population balance is chosen
because of its generality and similarity to the usual continuum
equations for flow of heat and mass in porous media.

In addition to the requisite material balances for water,
surfactant, and nitrogen chemical species, a transient balance
on the mean bubble size is written. In one dimension29:
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where t denotes time, f is porosity, S is saturation, n is bubble
concentration (bubbles per unit volume of gas), u is Darcy
velocity, v is the interstitial velocity (v = u / Sf) , k1 is the

generation rate constant, k-1 is the coalescence rate constant,
and Qb is a source/sink term for bubbles. The subscript f refers
to flowing foam, t to trapped foam, g  to the gas phase,  and w
to the aqueous phase.  We refer to bubble concentration, foam
texture, and bubble texture synonymously throughout this
work.

The first term on the left of Eq. (1) is the accumulation of
foam bubbles and the second term is the flux of foam bubbles.
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The first term on the right of Eq. (1) represents the net
generation of foam bubbles, i.e., generation minus
coalescence. Foam generation is taken as a power-law
expression that is proportional to the interstitial liquid velocity
multiplied by the 1/3 power of the gas velocity. The origin of
these velocity dependencies for generation may be found
elsewhere31.

Foam coalesces when bubbles flow into so-called
termination sites12,23. Hence, foam coalescence is taken as
proportional to the interstitial flux of foam, vfnf. The
coalescence rate constant varies strongly with the local
capillary pressure, surfactant formulation, and aqueous-phase
concentration. A high rate of coalescence is expected at low
surfactant concentration because there is little surfactant to
exert a stabilizing effect. A dramatically lower rate is expected
when the concentration is high and the surfactant is known to
produce stable foam, provided that the porous medium does
not exceed limiting capillary pressure.

The effects of surfactant concentration and capillary
pressure are embodied in the coalescence rate constant. The
following functional relationship is employed:
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where k-1
o is a scaling factor that is set constant and Pc

* is the
limiting capillary pressure discussed earlier in Eq. (2),  k-1

becomes very large as  Pc   and  Pc
*   approach equality.   The

major task of this work is to infer the functional form of Pc
*

with respect to surfactant concentration from laboratory
experiments and to simulate these experiments quantitatively.

To solve Eq. (1), additional information on the convection
of foam and wetting aqueous phase is required. DarcyÕs law is
retained including the formalism of multiphase relative
permeability curves. For the gas phase, we replace viscosity
with an effective viscosity relation for foam:
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where a is a constant of proportionality. This expression

follows directly from theoretical studies of bubble flow in
capillary tubes and porous media14,15.

Foam also reduces gas mobility by reducing the gas-phase
relative permeability. Since the portion of gas that actually
flows partitions into the largest pores with the least flow
resistance, we employ a so-called ÒStone-typeÓ relative
permeability model32, although the ideas employed here
predate Stone33. Hence, the relative permeability of the
flowing foam is only a function of Sf. Because the wetting
phase partitions selectively to the smallest pore space, the
aqueous-phase relative permeability is unaffected by flowing
and stationary foam. This statement is well established by
experiment34-38.  Aqueous phase relative permeability remains

solely a function of Sw. Clearly, the relative permeability of
the stationary foam is zero. A standard exponent relative
permeability model is used,

                                      k k Srw rw
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with a and b representing the exponents for water and gas
flow, respectively. The superscript o indicates the endpoint
relative permeability. The reduced saturations, Sid, are written

                 S X Sfd f wd= -( )1                       (5a)

                S
S S

Swd
w wir

wir
=

-( )
-( )1

                      (5b)

where Xf = Sf/Sg is the fraction of the gas phase that is flowing
and Swir is the irreducible aqueous-phase saturation. The
relative permeability exponents and endpoint relative
permeabilities represent values for non-dispersed, continuum
gas-liquid flow in the porous medium.

Experimental Setup and Procedures
The experimental program was designed to obtain an
understanding of how overall recovery, pressure-drop profiles,
and water saturation profiles shift with changing surfactant
concentration. For this purpose, we report 5 foam flow
experiments using two different packs, filled with the same
sand.

The apparatus consists of a 0.51 m (20 in) long aluminum
sandpack with a 0.051 m (2 in) inner diameter. It was packed
with dry 100-120 mesh Ottawa sand in an upright position and
pneumatic vibrators were used to ensure good settling. Screens
at the inlet and outlet faces of the sandpack prevented washout
of sand grains. The average porosity and permeability of pack
1 are 35%  and  6.7 d, whereas for pack 2 the values are 36%
and 7.0 d. CT images, as described later, confirmed that the
packs were homogeneous. Permeability values reported are
permeability to brine.

The sandpack attaches to an L-shaped mounting bracket
for bolting of the apparatus to a precision positioning system
(Compumotor, RP240, Parker Hannifin Corp.). Displacements
were conducted with the core oriented horizontally.

Aluminum pressure taps were welded to the surface of the
core holder. Each tap was machined to accept a Nupro 60
micron sintered filter (Swagelok, element # SS-4F-K4-60) and
thereby sand migration through the tap was avoided. Pressure
response was measured by a single Paroscientific pressure
transducer (model 43K-101) connected to a Whitey 7-way
valve (Swagelok, element # SS-43Z6). Measurement of six
independent pressures is possible.  The valve was switched
manually and a PC was used to collect absolute pressure data
from the transducer. The total acquisition time for a set of
pressure data is roughly 30 to 40 s.

Nitrogen and surfactant solution are co-injected at
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constant rates using a Matheson 0-10 SCCM (standard cubic
centimeters per minute) mass flow meter (model 8240) and an
ISCO (model 500D) syringe pump, respectively.  Experiments
are conducted at backpressures of roughly 690 kPa (100 psi)
using a Grove Mitey-Mite dome loaded backpressure regulator
(Model S-91LW).

A fourth generation (1200 fixed detectors) Picker 1200
SX X-ray computed tomography (CT) scaner is used to
measure porosity and the time evolution of the in-situ water
saturation. Voxel dimension (analogous to pixel size in a two-
dimensional image) is 0.25 mm by 0.25 mm by 5 mm. Scans
were made on 13 cylindrical volume sections perpendicular to
the central axis of the core. Scan locations were not evenly
spaced so that scanning through pressure ports was avoided.
The acquisition time of one image is 7 s and the processing
time is about 40 s. The total time of measurement is short
enough to capture accurately the position of the front.

Raw CT number data is converted to porosity and
saturation distribution information by subtracting the CT
numbers associated with given voxels. The porosity is
obtained as

                            f =
-

-

CT CT

CT CT
wet dry

aq N2

                        (6)

where CT denotes the CT number in Hounsfields (H). The
subscript wet corresponds to a fully aqueous-phase saturated
core,  dry a core filled with N2, aq denotes the CT number for
the aqueous phase, and N2 the CT number for the gas phase.
The porosity that is determined for each voxel may be
displayed as an image, averaged over the cross section, or
averaged over the entire core.

To construct saturation profiles we use
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where the subscript obj indicates the CT value of the object
being imaged and f is the independently measured porosity of

each voxel.  The measurement accuracy depends on the
different parameters chosen for the X-ray emitter such as
voltage and intensity, filters, and reproducibility of the
positioning system moving the core into and out of the gantry.
The measurement error of water saturation is less than 6% 39.

The surfactant used to make the foamer solution is an a-

alpha olefin sulfonate (AOS 1416) supplied by Shell Chemical
Co. Sodium chloride (NaCl) at a concentration of 0.5 wt% in
distilled water was the brine. Surfactant solution
concentrations employed in the experiments were 0.005, 0.01,
0.02, 0.1, and 1.0 wt active surfactant. The less concentrated
solutions were prepared by diluting the 1 wt% foamer solution
with a 0.5 wt% brine. The critical micelle concentration
(CMC) of the solution is roughly 0.005 wt% 9 and the nominal
solution viscosity is 1 mPa s.

The experimental procedure is relatively simple. The pack
was prepared and mounted on the positioning system and then
N2 was injected to assure a dry pack. The system back
pressure was increased to 690 kPa (100 psi) and dry CT scans
were made at the prescribed positions. Carbon dioxide (CO2)
was injected to displace the N2.  At least 10 pore volumes of
0.005 wt% foamer solution were injected to saturate the pore
space with liquid and satisfy adsorption of surfactant to the
sand. The advantage of CO2 is that it dissolves readily in water
ensuring that all gas is removed. Periodically, the pressure
lines were opened to purge any gas that had accumulated.
Then wet CT images were collected.

The gas-liquid mixture is not foamed before injection and
the injection rates are constant throughout the experiments.
The foamer solution injection rate was fixed at 0.07 mL/min
and the gas flow was set to 3.8 SCCM (standard cubic
centimeters per minute).  This translates to a superficial gas
velocity of about 0.39 m/d and a gas fractional flow of 88% at
the nominal system back pressure of 690 kPa. The total
superficial velocity, including liquid injection, is 0.44 m/day.

Following the completion of an experiment, the core was
flushed with CO2 and then copious (10-20 PV) amounts of
foamer solution of the next larger concentration were injected
to resaturate the sandpack. The CT scanner was used to
monitor the progress of resaturation thereby verifying that all
gas had been ejected from the core. The experiments were
performed in order of increasing surfactant concentration to
assure that surfactant desorption from solid did not affect
results. The first pack (6.7 d) was used for solutions of 0.005,
0.01, 0.02, and 1 wt% surfactant, and the second pack (7 d)
was employed for the 0.1 wt % solution.

Experimental Summary
An overview is given in this section of the experimental
results regarding surfactant concentration and foam
displacement. The experiments demonstrate that efficiency of
displacement increases with increasing surfactant solution
concentration, as expected. The existence of an end effect
witnessed after gas breakthrough is also pointed out.  This
summary motivates an in-depth evaluation and modeling study
of the experiments.

Figure 1 summarizes the cumulative water recovery for
each solution concentration as measured by collecting effluent
from the downstream side of the back pressure regulator.
Elapsed time is given nondimensionally as pore volumes (PV)
which is the ratio of the total volumetric flow rate (at exit
pressure) multiplied by the elapsed time and divided by the
void volume of the pack.  In the case of the 0.1 wt%
experiment, the recovery curve was calculated by integrating
the area under the water saturation profile determined by the
use of CT as a function of time and adding the cumulative
water injection. These saturation profiles will be described
shortly. The recovery curves show an increase in the overall
recovery and an increase in the time to gas breakthrough as the
surfactant concentration increases. For instance, breakthrough
of foam in the 0.01 wt % case occurs at about 0.60 PV and the
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recovery at breakthrough is about 0.58 PV. In the case of the 1
wt% solution, the breakthrough time and the recovery at
breakthrough are roughly 1.2 PV and 1.05 PV, respectively.
In Fig. 1, the cumulative injected liquid is not subtracted from
the cumulative production. Also, at high surfactant
concentration, the pressure drops generated are large
indicating gas compression. Thus, the cumulative liquid
production and the breakthrough time both exceed 1 for the
experiments with larger surfactant concentration.

The saturation fields across cross sections of the sandpack
were computed using Eq. (7) at each scan location. Figure 2a
to 2d displays typical aqueous phase saturation distributions at
each of the scan locations for 1, 0.1, 0.01, and 0.005 wt%
experiments, respectively. Each set of cross-sectional images
was collected at about 0.5 PV of total injection. The cross
section in the upper left of each set of images is nearest the
inlet. Note the color bar on the right side of the figure. Color
shading indicates the value of the aqueous-phase saturation.
Dark blue indicates Sw equal to 0% and red indicates Sw equal
to 1. White lies immediately above red on the color scale.
Regions filled completely with water have a speckled red and
white shading indicating the experimental error in the
saturation measurement.

The blue uniform shading of Fig. 2a indicates that the
foam displacement is efficient at 1 wt%. Upstream of the
displacement front, the aqueous-phase saturation averages
about 0.1.  Also, where gas is present, it fills the entire cross
section and there is no selective channeling. The images for
x/L equal to 0.40 and 0.50 in Fig. 2a suggest that the
saturation front is steep and sharp. The subsequent images for
decreasing concentration, Figs. 2b through 2d, display similar
features. However, aqueous phase saturation upstream of the
front increases as the concentration decreases indicating less
efficient displacement. Hence, these images corroborate the
production information in Fig. 1.

The saturation change across the front becomes less sharp
as the concentration decreases. For example, compare cross
sections at x/L equal to 0.40 and 0.50 in Fig. 2a, 1 wt%, with
the cross sections at x/L equal to 0.55 and 0.65 in Fig. 2c, 0.01
wt%. At the lower concentration, the front is more dispersed.
Note that the image at x/L equal to 0.65 in Fig. 2c displays
two distinct regions in the lower half of the cross section
where gas has just invaded the pore space. The remaining area
of the cross section is filled with aqueous solution. Figure 2d,
for the 0.005 wt% concentration, displays the least uniform
sweep pattern. In the fifth and sixth images (x/L = 0.35 and
0.40) of Fig. 2d, it is apparent that a portion of the aqueous
phase solution is not displaced from the top of the sandpack.

All of the experiments proceeded as expected prior to
breakthrough. After breakthrough, evidence of end effects was
witnessed in both the saturation distributions and in pressure
profiles. Figure 3 presents the steady-state, one-dimensional,
aqueous-phase saturation profiles as a function of distance
along the pack. The saturation values were obtained by
determining the water saturation in each voxel of a cross
section and then averaging.  Different symbols indicate

experiments at different surfactant concentration and the
dashed lines merely connect the individual points. For the 1
and 0.1 wt% experiments, the steady aqueous phase saturation
is below 0.15 and relatively uniform throughout the sand pack.
At the lower concentrations (0.02, 0.01, and 0.005 wt%), the
aqueous phase saturation is clearly larger near the outlet than it
is in the center of the column.  The effect becomes more
pronounced as surfactant solution concentration decreases.
This signifies a classic capillary end effect where the porous
medium retains water in an attempt to maintain equilibrium
across the outlet where the capillary pressure is zero or near
zero 40-42.

A second type of end effect, or a different manifestation
of a capillary end effect, was witnessed in the high surfactant
concentration experiments, as illustrated in Fig. 4 for 1 wt%
solution.  Here the pressure-drop profile along the length of
the core is plotted as  a function of time. Different symbols are
associated with different times and dashed lines connect
pressure data points to guide the eyes. As indicated by the
figure, the gas breakthrough time is between 1.2 and 1.4 PV.
Pressure gradients prior to breakthrough are always steepest in
the foam-filled region and shallowest in the aqueous-phase
filled region. After breakthrough, the steepest pressure
gradients are found near the outlet. Comparing times of 1.4,
2.9, and 6.5 PV, it is found that the region of the pack where
the pressure gradient is steepest expands from the outlet
toward the inlet. At 1.4 PV, the pressure gradient is steepest
between x/L equal to 0.7 and 1, whereas at 1.9 PV, the steep
gradient extends from x/L equal to 0.45 to 1. At 6.5 PV, the
pressure drop over the pack is about 580 kPa (84 psi).  The
experiments at 0.1 wt% concentration display a similar
behavior post breakthrough, although not shown here.

An additional feature is the length of time to achieve a
steady-state pressure profile. Previous experiments in
sandstone with AOS at about 1 wt% concentration employing
similar injection rates, and no end effect, reached steady state
in about 2 PV 29. The long time to reach steady state in the
current experiments results because the pressure drop across
the core builds from the outlet toward the inlet. Since this
occurs against the direction of flow, it is a slow process.

Transient Displacements
To model the transient foam displacements, Eqs. (1) through
(5) are solved with a standard fully-implicit, simultaneous-
solution finite difference method using upstream weighting of
the phase mobilities 43. Additionally, water and nitrogen
balances are computed. Since the sand packs are presaturated
with surfactant solution, there is no need to compute a
surfactant mass balance. The unknown primitive variables are
pressure, gas-phase saturation, and bubble density. Boundary
and initial conditions mirror the experiments: gas and liquid
are injected at constant mass rates and the outlet pressure is
fixed at 690 kPa (100 psi).  The surfactant and gas are not
foamed before injection. Therefore, no bubbles are injected
and Qb is set to zero. The initial conditions include Sw equal to
1, nf equal to 0, and the appropriate uniform surfactant
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concentration depending upon the experiment under
consideration.

Tables 1 and 2 list the model parameters including
standard multiphase flow information as well as population
balance parameters. Also given in Table 1 is the capillary
pressure versus water saturation function. The ratio of foam
generation to coalescence rate constants, k1/k

o
-1, was chosen to

yield bubbles with undistorted spherical radii of about 0.4 mm
for the 1 wt% case. Further information on parameter
estimation for population balance models is discussed in some
detail elsewhere 12,29.

The critical capillary pressure, Pc
*, as a function of

surfactant concentration is required to simulate the
experiments. Since the surfactant concentration in each
experiment is constant, we find Pc

* for each concentration
rather than assuming a functional form for Pc

* versus
surfactant concentration. Table 2 lists the value of Pc

* for each
concentration and the surface tension as a function of
concentration for this particular surfactant at a brine
concentration of 0.5 wt%.  As expected, Pc

* is large when the
surfactant concentration is large and decreases as the
concentration approaches the CMC 27.

The modeling results for foam texture evolution at each
surfactant concentration are presented first. Unfortunately, no
experimental method exists to measure directly foam texture
in situ. Strong foam at high surfactant concentration is shown
first and then subsequent simulations at lower concentration
follow.   Next, the effect of foam texture on gas mobility is
judged from measured and computed aqueous-phase saturation
profiles as a function of time. Pressure drop profiles and the
match between experiment and model  complete this section.

Foam Texture
The predicted bubble concentration along the length of the
core as a function of time is given for each of the different
surfactant concentrations in Fig. 5. Figure 5a represents the
largest concentration while Fig. 5e shows the lowest.  Time is
given nondimensionally in pore volumes of total injection with
the exit pressure used to calculate the volumetric gas rate. In
Fig 5a, representing the 1 wt% concentration experiment, a
region of net generation is found near the inlet. Bubble
concentration is nearly constant at all time levels beyond
roughly the first quarter of the sand pack until the
concentration peaks immediately upstream of the front.
Physically, the net rate of foam generation is large at the front.
Thus, the bubble concentration goes through a maximum
before decreasing to zero downstream of the front where there
is no gas, and hence, no bubbles 30.  The relatively constant
foam concentration between the inlet region and the foam
front is about 22 bubbles/ mm3. A foam bubble of this size has
a diameter of roughly 0.44 mm when taken out of the porous
medium and allowed to assume a spherical shape. For the
simulation of the 1 wt% concentration, the breakthrough time
of bubbles is about 1.2 PV. This agrees well with the
cumulative liquid production information in Fig. 1.

The bubble concentration profiles shown in Fig. 5b for the

0.1 wt% concentration are lower than the values for the 1 wt%
case. The lower surfactant concentration results in a lesser
critical capillary pressure for foam coalescence, as given in
Table 2. As a result, the foam coalescence rate increases and
the average bubble concentration decreases. Disregarding the
inlet region and the elevation of bubble concentration at the
front, the flowing bubble concentration in this case is about
3.5 bubbles/ mm3 corresponding to an undistorted spherical
bubble diameter of 0.82 mm.

For the lowest concentrations in Figs. 5c through 5e, the
bubble concentration gradually approaches zero with declining
surfactant concentration. In Fig. 5c for the 0.02 wt% case, the
texture upstream of the spike in bubble concentration at the
front is only 0.4 bubbles/ mm3 while in Figs. 5d and 5e for the
0.01 and 0.005 wt% solutions, the bubble concentration in this
region is only negligibly greater than zero (20 x 10-8 mm-3).
The spherical bubble diameters corresponding to these
textures are 1.7 mm for the 0.02 wt% case and essentially
infinite for the smallest concentrations. In the limit of no foam,
continuous gas results and infinitely large bubbles emerge.

An elevation in foam texture in the region of the front is
also found in the lower surfactant concentration cases. The
process of snap-off of gas bubbles is purely mechanical and
continues regardless of the concentration of surfactant. This is
reflected in the net foam generation rate of Eq. (1). As a
consequence, bubbles are always generated when the water
saturation is high and the capillary pressure is less than critical
such as when gas first enters a water saturated region of the
porous medium. Foam coalescence forces quickly destroy
most of this initial foam because the surfactant concentration
is low and thus the limiting capillary pressure for foam
coalescence is reached quickly. Correspondingly, the
magnitude of the elevation in foam texture at the front also
decreases with decreasing surfactant  concentration. In Fig. 5c
the maximum texture is 8 bubbles/ mm3 while in Fig. 5d it is 4
bubbles/ mm3. There is little difference in the bubble texture
profiles of Figs. 5d and 5e because the limiting capillary
pressure, as given in Table 2, has changed little between these
two cases.

Aqueous Phase Saturation
The one-dimensional aqueous-phase saturation profiles as a
function of time for each case are presented in Fig. 6. Time is
again given nondimensionally in pore volumes. One
dimensional saturation data is obtained by averaging the voxel
by voxel CT-measured saturations for each cross section. In
Fig. 6, symbols give the experimentally measured points and
they are connected by dashed lines to guide the eye. The solid
lines represent model predictions based upon the foam textures
in Fig. 5 and Eqs. (3) to (5) for gas mobility. In general,
transient displacement is efficient where bubble concentrations
are large such as in the 1 wt% surfactant concentration case in
Fig. 6a, and displacement efficiency decreases as surfactant
concentration and bubble texture decrease. Also note that the
saturation change across the front is steep and sharp when the
foam is strong, as shown in Figs 6a and 6b.
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The match between experiment and model is quite good
in all cases, except perhaps the 0.005 wt% case,  prior to
breakthrough and the development of end effects.
Displacement efficiency correctly declines with decreasing
concentration of surfactant solution in the simulations. Also,
notice that the predicted saturation profiles across the
displacement front in Figs. 6c through 6e become more diffuse
as the surfactant concentration decreases. Predictions echo
experiment in this regard. It is important to recall that these
results are not achieved by history matching each experiment.
The only parameter that changes in each simulation is the
value of Pc

*. This parameter is physical and directly related to
surfactant concentration 27.

Regarding the 0.005 wt% experiment summarized in Fig.
6e, a region exists at x/L roughly equal to 0.35 where
desaturation of the aqueous phase is slow. The aqueous phase
saturation distribution at this cross section of the sandpack is
illustrated in the image at x/L equal to 0.35 in Fig. 2d.
Displacement is not uniform across the cross section, and a
region of 100 % aqueous phase saturation remains. Hence, the
experiment and simulation results do not agree. Nevertheless,
the simulations reproduce, qualitatively, the low displacement
efficiency at this surfactant concentration.

Capillary end effects are evident in the evolution of the
experimental water saturation profile in Figs. 6d and 6e. In
Fig. 6d, breakthrough of gas at the outlet occurs between 0.4
and 0.6 PV. Following breakthrough there is little desaturation
of the final third of the core; the saturation data at 0.6 and 1
PV in this region nearly overlay each other. Similar behavior
is found for the 0.005 wt% experiment. The foam simulations
do not incorporate end effects and so cannot match the post
breakthrough saturation distributions.

Pressure Drop
The second type of in-situ data collected was pressure drop.
The lower limit of accuracy for the pressure measurement
system used is about 0.14 to 0.34 kPa (0.02 to 0.05 psi).
Experimental and simulated pressure drop profiles as a
function of time are presented in Fig. 7 for each of the
surfactant concentrations. The match between model and
experiment is acceptable.  Large bubble concentrations lead to
significant gas-phase flow resistance and low aqueous-phase
saturation.  Therefore, the 1 wt% case with the finest bubble
texture, as shown in Fig. 5a, demonstrates the largest overall
pressure drop. As the bubble textures decline with surfactant
concentration, the predicted pressure drops decline also.

For the 1 wt% and 0.1 wt% cases in Figs. 7a and 7b where
significant foam and pressure drops are generated, it is easy to
distinguish the foam-filled region of the sand pack in the
pressure drop profiles. For example in Fig. 7b at 0.41 PV, a
relatively steep pressure gradient due to the presence of foam
extends from the inlet to x/L equal to 0.43. The pressure drop
in the remainder of the sand pack is small corresponding to the
single-phase flow of water.

To improve the clarity of Figs. 7c to 7e, the time
corresponding to each simulated pressure profile is marked on

the curve and a legend displays the symbol and time
corresponding to each experimental data point. Difficulties
were encountered in measuring pressure drops at the lower
surfactant concentrations, especially at the inlet of the
sandpack. Likely, some gas migrated into the pressure line
during the experiment. This makes accurate pressure
measurement difficult. Accordingly, erroneous pressure
information has been deleted from Figs. 7d and 7e. In these
instances, large, aphysical, positive pressure gradients were
measured. The portion of the data presented in Fig. 7c that is
in error is not clear, so all information is retained.  Despite
these problems, experiment and simulation agree on the
general magnitude of pressure drop.

A feature of the model that bears further discussion is the
predicted pressure drop profiles for the low surfactant
concentration cases in the region immediately upstream of the
foam front. Examine the pressure profile at 0.44 PV in Fig. 7c
and the corresponding bubble concentration profile in  Fig. 5c.
The pressure gradient is relatively shallow in the foam-filled
region except immediately before the front. Here, the gradient
is much steeper than in the front region because bubble
concentration is elevated at the front. This elevation in texture
reduces gas mobility causing the pressure gradient to steepen.

End Effect
The end effect evident in the saturation profiles of Fig. 3 for
low surfactant concentrations (0.005, 0.01, and 0.02 wt%) is
similar in origin to the capillary end effects described
elsewhere for regular two-phase flow 40-42.  Hence, we do not
attempt to analyze this effect here. The origin is far less clear
of the end effect whereby the pressure gradient steepens from
the outlet against the direction of flow toward the inlet, as
illustrated in Fig. 4 for the 1 wt% concentration case.  The
steady aqueous-phase saturation profiles given in Fig. 3 for the
0.1 and 1 wt% cases demonstrate very low Sw near the sand
pack outlet and so do not appear to be classic capillary end
effects.  Of course, there are no measurements at x/L equal to
1 and Sw might increase immediately before the outlet.

We will use the population balance approach and some
simplifying assumptions drawn from the experimental results
to probe the origin of the end effect witnessed at 0.1 and 1
wt% surfactant concentrations. First, the Darcy velocity of the
compressible foamed gas phase is written as

                     u
p u

p

kk dp

dxf
sc f sc

g

rf

f

g
= =

-,

m
                        (8)

where the subscript sc refers to reference or standard
conditions. For large foam bubble concentration such as the 1
and 0.1 wt% concentration experiments, the gas viscosity
contribution in Eq. (3) for effective foam viscosity is
negligible and

                            m
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1 3
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/
                        (9)
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In Eq. (9), the interstitial velocity has been replaced by
uf/fXfSg. Some knowledge of the foam texture is necessary to

employ Eq. (9) in Eq. (8). Recall, that roughly 6 PV are
required for the pressure to reach a steady state. Thus, the
conditions within the core evolve quite slowly after gas
breakthrough and local equilibrium holds approximately.
Setting the expression for the net generation of foam in Eq. (1)
to zero, replacing interstitial velocity with Darcy velocity and
the appropriate phase saturations, and solving for foam texture
one obtains

                        n
k

k

u
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Substituting Eqs. (9) and (10) into Eq. (8), recognizing
that pscuf,sc equals pguf, and integrating with respect to pressure
yields
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where Dpg is the pressure drop and Dx the distance between
discrete points. Of the quantities in Eq. (11),  Dpg, Sg, Sw, uw,
k, and Dx are directly measurable; a and k1 are assumed to be

equal to their values in Table 1; and krf and k-1 are functions of
the unknown Xf and measured Sg. Thus, the only unknown
quantity in Eq. (11) is the flowing foam fraction, Xf.

Figure 8 displays the result of applying Eq. (11) to the
pressure information in Fig. 4 and the CT-scan determined
phase saturations.  The step changes in Xf evident in the
profiles of Fig. 8 are a result of the pressure drop
measurements over different regions of the sandpack. On
average, the flowing fraction is about 0.04 at steady state, 5.2
PV.  Near the outlet the flowing foam fraction is low at all
times. Progressively, the flowing foam fraction decreases
between 1.3 and 5.3 PV of injection. As indicated by Eqs. (4b)
and (5), foam relative permeability decreases as Xf decreases
and the pressure drop correspondingly increases. Reductions
in Xf occur first near the outlet and at later times near the inlet.
Thus, pressure gradients increase first in the vicinity of the
outlet.

Information from between the first two pressure taps has
been excluded. Near the inlet, net foam generation occurs, as
shown in Fig. 5, and the application of local equilibrium is not
correct.

Figure 9 displays the results of applying this analysis to
the results of the 0.1 wt% concentration experiment. Again, Xf

decreases slowly over time and reductions occur first at the
outlet and progress toward the inlet.

Conclusion
An experimental study of foam generation and propagation as
a function of aqueous surfactant concentration was conducted
in  7 mm2 , homogeneous sand packs. The in-situ phase

saturation and pressure distribution were measured during the
experiments. As expected, it is found that displacement
efficiency decreases and gas mobility increases with
decreasing surfactant concentration. This experimental trend
indicates that foam weakens as the surfactant concentration
decreases. However, even weak foam improves displacement
somewhat.

Such results are best understood considering the role of
foam bubble size, or synonymously foam texture, in setting
the mobility of foamed gas in porous media. Many small
bubbles result in a low mobility foam and few large bubbles
result in a high mobility foam. Foam bubbles, at fixed
injection rates of liquid and gas, grow in volume as surfactant
concentration decreases because foam coalescence forces are
inversely proportional to surfactant concentration.

These ideas are expressed quantitatively by the
incorporation of the role of foam texture on displacement in
porous media using a mechanistic, mean, bubble-size
conservation equation.  In essence, foam is treated as a
nonchemical, reactive, component of the gas phase and the
evolution of foam texture is modeled explicitly using rate
equations for foam generation and coalescence. Coalescence
as a function of surfactant concentration is modeled employing
the notion of limiting capillary pressure for foam stability.
That is, the maximum suction capillary pressure that foam
films can withstand  decreases with surfactant concentration.
The foam bubble population balance model predicts accurately
the location of saturation and pressure fronts across the range
of concentrations studied. This is achieved by properly
accounting for limiting capillary pressure as a function of
aqueous surfactant concentration and without parameter
adjustment.

The post breakthrough behavior exhibited in the
experiments indicates the presence of an end effect. The end
effect is similar to a classic capillary end effect for low
surfactant concentration.  At larger concentrations, the end
effect results in the pressure gradient building from the outlet,
against the direction of flow, toward the inlet. Many pore
volumes of fluid injection are necessary to achieve steady state
even at moderate to high surfactant concentrations and these
long times are attributed to such end effects.

Nomenclature
CT CT number
k rate constant
kr relative permeability
n number density of foam
p pressure
Pc capillary pressure
Qb source/sink term for bubbles
S phase saturation
t time
u Darcy phase velocity
v interstitial phase velocity
x distance
X foam fraction
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subscripts
1, -1 generation, coalescence rate constant
a,b exponents for phase relative permeability
aq CT number for the aqueous phase
d normalized phase saturation
dry CT number for dry porous medium
f flowing foam
g gaseous phase
N2 CT number for nitrogen
obj CT number, general
ir irreducible phase saturation
t time
w aqueous phase
wet CT number for wet porous medium

superscripts
o reference value
* limiting capillary pressure

Greek
a proportionality constant

f porosity

s surface tension

m viscosity
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Table 1. Parameter values.
Two-phase flow

parameters
Population balance

parameters
parameter value parameter value

k 7 mm2 k1 7.5 x 1012 s1/2m-13/3

f 0.35 ko
-1 100 m-1

a 3 a 2.5 x 10-14 Pas2/3m10/3

b 1.8 Xf 0.10
ko

rw 0.7
ko

rg 1 Capillary pressure
function

Swir 0.06
mw 1.0 mPa-s
mg 0.018 mPa-s

P
k

Sc wd= -(s
f

1 417 1. ( )

- - + - )2 120 1 1 263 12 3. ( ) . ( )S Swd wd

Table 2. Limiting capillary pressure and surface tension values (s from Bertin et al. (1999)).

Concentration (wt%) s (mN/m) Pc
* (kPa)

1.0 31.1 30.4
0.10 31.9 17.6
0.020 32.8 7.19
0.010 33.1 3.67
0.005 34.0 2.34
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Fig. 1-- Cumulative water recovery.
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0.950.850.800.700.650.55x/L  =  0.50

0.400.350.250.200.10x/L   =   0.07

(a)

0.950.850.800.700.650.55x/L  =  0.50

0.400.350.250.200.10x/L   =   0.07

(b)
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0.950.850.800.700.650.55x/L  =  0.50

0.400.350.250.200.10x/L   =   0.07

(d)

Fig. 2--Water saturation in cross sections along the length of the sandpack. Below each image the position of the cross
section is given (a) 1 wt% case at 0.52 PV; (b) 0.1 wt% case at 0.51 PV; (c) 0.01 wt% case at 0.51 PV; (d) 0.005 wt% case at
0.55 PV.
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Fig. 6--Experimental (symbols connected by dashed lines) and model (solid lines) transient aqueous-phase
saturation profiles.  (a) 1 wt% case; (b) 0.1 wt% case; (c) 0.02 wt% case; (d) 0.01 wt% case; (e) 0.005 wt% case.
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Fig. 7--Experimental (symbols connected by dashed lines) and model (solid lines) transient pressure profiles.
(a) 1 wt% case; (b) 0.1 wt% case; (c) 0.02 wt% case; (d) 0.01 wt% case; (e) 0.005 wt% case.

Fig. 8--Flowing foam fraction profiles based upon Fig. 9--Flowing foam fraction profiles based upon
a local equilibrium assumption, 1 wt% case. a local equilibrium assumption, 0.1 wt% case.
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