PNNL-18918
Prepared for the U.S. Department of Energy
Under Contract DE-AC05-76RL01830

Foam Transport in Porous Media –
A Review

ZF Zhang
VL Freedman
L Zhong

November 2009

DISCLAIMER
This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor Battelle Memorial Institute, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its
use would not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or
any agency thereof, or Battelle Memorial Institute. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.

PACIFIC NORTHWEST NATIONAL LABORATORY
operated by
BATTELLE
for the
UNITED STATES DEPARTMENT OF ENERGY
under Contract DE-AC05-76RL01830
Printed in the United States of America
Available to DOE and DOE contractors from the
Office of Scientific and Technical Information,
P.O. Box 62, Oak Ridge, TN 37831-0062;
ph: (865) 576-8401
fax: (865) 576-5728
email: reports@adonis.osti.gov

Available to the public from the National Technical Information Service,
U.S. Department of Commerce, 5285 Port Royal Rd., Springfield, VA 22161
ph: (800) 553-6847
fax: (703) 605-6900
email: orders@ntis.fedworld.gov
online ordering: http://www.ntis.gov/ordering.htm

PNNL-18918

Foam Transport in Porous Media –
A Review

ZF Zhang
VL Freedman
L Zhong

November 2009

Prepared for
the U.S. Department of Energy
under Contract DE-AC05-76RL01830

Pacific Northwest National Laboratory
Richland, Washington 99352

Executive Summary
Amendment solutions with or without surfactants have been used to remove contaminants from soil.
However, they have drawbacks in that amendment solutions often mobilize the plume, and its movement
is controlled by gravity and preferential flow paths. Foam is an emulsion-like, two-phase system in which
gas cells are dispersed in a liquid and separated by thin liquid films called lamellae. The potential
advantages of using foams in sub-surface remediation include providing better control on the volume of
fluids injected, uniformity of contact, and the ability to contain the migration of contaminant-laden
liquids. It is expected that foam can serve as a carrier of amendments for vadose zone remediation, e.g., at
the Hanford Site. As part of the U.S. Department of Energy’s EM-20 program, a numerical simulation
capability will be added to the Subsurface Transport Over Multiple Phases (STOMP) flow simulator. The
primary purpose of this document is to review the modeling approaches of foam transport in porous
media. However, as an aid to understanding the simulation approaches, some experiments under
unsaturated conditions and the processes of foam transport are also reviewed.
Foam may be formed when the surfactant concentration is above the critical micelle concentration. There
are two main types of foams –ball foam (microfoam) and polyhedral foam. The characteristics of bulk
foam are described by properties such as foam quality, texture, stability, density, surface tension,
disjoining pressure, etc. Foam has been used to flush contaminants such as metals, organics, and
nonaqueous phase liquids from unsaturated soil. Ball foam, or colloidal gas aphrons, reportedly have been
used for soil flushing in contaminated site remediation and was found to be more efficient than surfactant
solutions on the basis of weight of contaminant removed per gram of surfactant. Experiments also
indicate that the polyhedral foam can be used to enhance soil remediation.
The transport of foam in porous media is complicated in that the number of lamellae present governs flow
characteristics such as viscosity, relative permeability, fluid distribution, and interactions between fluids.
Hence, foam is a non-Newtonian fluid. During transport, foam destruction and formation occur.
The net result of the two processes determines the foam texture (i.e., bubble density). Some of the foam
may be trapped during transport. According to the impacts of the aqueous and gas flow rates, foam flow
generally has two regimes – weak and strong foam. There is also a minimum pressure gradient to initiate
foam flow and a critical capillary for foam to be sustained. Similar to other fluids, the transport of foam is
described by Darcy’s law with the exception that the foam viscosity is variable.
Three major approaches to modeling foam transport in porous media are the empirical, semi-empirical,
and mechanistic methods. Mechanistic approaches can be complete in principle but may be difficult for
obtaining reliable parameters, whereas empirical and semi-empirical approaches can be limited by the
detail used to describe foam rheology and mobility. Mechanistic approaches include the bubble
population-balance model, the network/percolation theory, the catastrophe theory, and the filtration
theory. All these methods were developed for modeling polyhedral foam, with the exception that the
filtration theory method was developed for modeling ball foam (microfoam).
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Acronyms and Abbreviations
ATF
CBF
CGA
CMC
DNAPL
MRF
NBF
NAPL
PCP
TCE

automatic transmission fluid
common black films
colloidal gas aphrons
critical micelle concentration
dense non-aqueous phase liquid
mobility reduction factor
Newton black films
non-aqueous phase liquid
Pentachlorophenol
Trichloroethylene
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Symbols
Roman Letters:
aL
a,b, c
As
B
C
Cm
Cs, Cs0
cg,cc
cf
db, dp
dg
dt
D
Dw
es, eo, ev
E
f
f*
fb
fb0
fbc
fc, fk, and fp
fsn
fw
fw’
F
g
G
Gp
Gpmin
h

Langmuir constant
constants
intermediate variable
backbone fraction in the percolation model
surfactant concentration
mean curvature of a lamella
aqueous concentration of surfactant
constants for foam generation and coalesce
constant
particle diameter
diameter of the spherical grain of filter media (collector)
tube diameter
a constant or dispersion coefficient
diffusivity of water
exponents
a constant
foam quality, (-)
a specific foam quality that divides the high and low foam quality
fraction of bonds in the percolation theory
fraction of bonds without surfactant
percolation threshold
functions
fraction of throat blocked
fractional flow of water
slope of the fw vs. Sw curve
percolation fraction
gravity constant
conductivity in the percolation model
pressure gradient
minimum pressure gradient to keep foam moving

H

the Hamaker constant, usually assumed to be 10-20 J
permeability
pseudo first-order rate coefficient for attachment
the Boltzmann constant
relative permeability
relative permeability of foam
relative permeability of gas without foam
relative permeability of the aqueous phase
relative permeability of the nonaqueous phase
generation rate constant
coalescence rate constant

k
ka
kb
kr
krf
krg
krw
krnw
k1
k-1

film thickness

ix

k-10
K
l
Ls
LBD
Lb
ml
nf
nfmax
nff
nft

n
nL
NR, Npe, NG,
NLo
Ns
Nc
P
Pc
Pccr
Pcrup
Pd
Pdel
Pdvw
Pdsh
Pdmax
Pdrup
q
qg
qw
qf
qw
qt
Q
r
rg, rc
rc
rcap
rb
Pf
R
Rf
S
Si
Sf

scaling constant
effective hydraulic conductivity
the length of a single pore
length of liquid slugs between the bubbles
dimensionless bubble length
average cluster length
mass of liquid in foam
bubble density or foam texture
maximum bubble density or foam texture
flowing foam bubble density
trapped foam bubble density
average number of pores in a gas channel blocked by a single pore throat
number of lamellae per unit length
dimensionless numbers
dimensionless bubble group
capillary number
pressure
capillary pressure
the critical capillary pressure
rupture capillary pressure corresponding to Pdrup
disjoining pressure
disjoining pressure due to electrostatic repulsion
disjoining pressure van der Waals attraction
disjoining pressure steric/hydration forces
maximum disjoining pressure
the disjoining pressure at which the film ruptures
Darcy velocity/flux
gas Darcy velocity/flux
aqueous Darcy velocity/flux
foam Darcy velocity/flux
nonaqueous Darcy velocity/flux
total flux of the aqueous and nonaqueous phases
source/since term
net change of nf per unit time
bubble generation and coalescence rates
radius of curvature of plateau border in foam lamella
capillary radius
foam bubble radius
foam pressure
ideal gas constant or retardation factor
expansion factor of foam
saturation
saturation corresponding to the point a tangent line is drawn in the fw vs. Sw
curve
foam saturation

x

Sff
Sft
Sftmax
Sg
Sgr
Si
Snw
So
Sw
Sw*
Swc
Swr
t
T
U
Up
vg
vw
vf
Vg
Vl
Vf
x

flowing foam saturation
trapped foam saturation
maximum trapped foam saturation
gas saturation
residual gas saturation
initial saturation
nonaqueous phase saturation
oil saturation
aqueous saturation
limiting aqueous saturation
connate water saturation
residual aqueous saturation
time
absolute temperature
approach velocity
buoyant rise velocity of the bubbles
gas velocity
aqueous velocity
foam velocity
volume of gas in foam
volume of liquid in foam
bulk volume of foam
spatial variable

Greek Letters:

α
αL
γB

χf
χfmax
λ
λw
λw *

η
β
φ
κf
κl
µf
µg
µ1, µ2, µ3, µ4
µw
ρf
ρl

model parameter
longitudinal dispersivity
the exponent for the scaling law
fraction of foam trapped
maximum fraction of trapped foam
filter coefficient
water mobility
water mobility at critical saturation
model parameter
a trapping parameter (L-3)
porosity
specific conductivity of foam
specific conductivity of liquid
foam effective viscosity
viscosity of gas without foam
components of viscosity
viscosity of the aqueous phase
density of a foam
density of liquid

xi

σ
σ0
ξ
ξ1

surface tension or interfacial tension
surface tension without surfactant
interfacial area increased coefficient
geometrical factor

Γ∞

maximum surface excess concentration

Γs

the amount of surfactant adsorption on porous media surfaces

∇P0

a model parameter

∆Pmax

maximum pressure drop

γ
w
nw
g
f
o
t
ff
ft

any phase
aqueous phase
nonaqueous phase
gas phase
foam
oil
total or trapped
flowing foam
foam trapped
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1.0 Introduction
Subsurface delivery of amendments in the unsaturated zone has been used for in situ remediation
applications such as soil-washing and surfactant-flooding processes. However, drawbacks to delivering
amendments to heterogeneous porous media, with or without surfactants, include difficulty in containing
amendments to the treatment zone and the potential for desorbed or surfactant-dissolved contaminants
migrating to groundwater (Hanson et al. 1993; Dresel et al. 2008). Because preferential flow paths of the
solution in the vadose zone may result, the amendment solution often bypasses the less permeable zones.
The infiltration of amendment solution is predominantly controlled by gravity, leading to a dominant
downward spreading of the contaminant plume. As a result, surfactant-flooding operations have not been
particularly effective in removing the contaminants from soils (Peters et al. 1992). Moreover, surfactantflooding operations can be costly, and soil pores may plug due to the biodegradation of surfactants
(Allred and Brown 1994; Luthy et al. 1994; Vignon and Rubin 1989).
Unlike the aqueous solution, gas movement in the vadose zone does not have downward dominance due
to its low density. Hence, to overcome the problems caused by using a surfactant solution, new in situ
remediation techniques using gas or a gas-like amendment carriers are being sought so that contaminants
are immobilized while the carrier has the enhanced horizontal, but no preferential, vertical migration.
However, gas flow also tends to bypass the less permeable zone.
Foam, however, is a potential medium that can be used to effectively distribute amendments to the deep
vadose zone for contaminant remediation. Foam is defined as a two-phase system in which gas bubbles
are dispersed in a liquid and separated by thin liquid films called lamellae (Bikerman 1973). A major
attraction of foam is the possibility of spontaneously diverting flow from high-permeability to lowpermeability layers. Other potential advantages of using foams for subsurface remediation are that it can
provide better control on the fluids injected and uniformity of contact. This occurs because, under at least
some conditions, stronger foams form spontaneously and hence block the flow channels in highpermeability media. Whereas the gas component of foam is compressible, the liquid component can
generally be considered incompressible. Thus, the pressure gradient within foam often is the primary
driving force of foam flow, and there is no significant gravity-caused flow.
Foam has been shown to improve reservoir sweep efficiency in gas-injection enhanced oil recovery
projects (Hirasaki 1989a, b; Smith 1988). In enhanced oil recovery operations, because foam has an
effective viscosity much higher than that of gas, it can reduce viscous fingering and gravity override
caused by injecting gas, supercritical CO2 or steam. An extensive body of literature exists on the use of
foam to enhance oil recovery. Thorough reviews can be found in Marsden (1986), Liu and Brigham
(1992), and in Kovscek and Radke (1994).
Foam has been used to flush contaminants such as metals, organics, and nonaqueous phase liquids
(NAPLs) from unsaturated soil (Mulligan and Eftekhari 2003; Wang and Mulligan 2004; Rothmel et al.
1998; Peters et al. 1994). In-situ soil flushing involves the use of an appropriate surfactant solution to
dissolve or emulsify contaminants and bring them to the surface for disposal/destruction. The selection of
a foam formulation depends on several factors that are often site-specific. The factors include the
potential loss of surfactant by adsorption on soil particles, the loss of foam formation and stability due to
contaminant dissolution, and the pressure required to inject the foam.
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Development of an amendment foam delivery technology is currently being considered for in situ
remediation of vadose zone metals and radionuclides at the Hanford Site. This technology development is
a multiple-step process, one of which examines several physical aspects of foam delivery. Although
laboratory and field experiments are an important part of investigating foam delivery in the unsaturated
zone, the ability to simulate foam transport is pertinent to the development of the remediation technology.
A simulation capability will be important for extrapolating to conditions outside experimental conditions,
and for making field predictions of foam and contaminant transport.
Because foam delivery has been used in the petroleum industry to enhance oil recovery since the 1960s,
several models of foam transport in porous media have been developed for application to enhance oil
recovery. However, all of these approaches have been developed for initially saturated conditions. An
amendment foam delivery technology at Hanford is targeted at recalcitrant contaminants residing in the
deep vadose zone. Hence, model development will differ from existing approaches because the sediments
are unsaturated initially.
The primary purpose of this document is to review the modeling approaches of foam transport in porous
media. However, as an aid to understanding the simulation approaches, some experiments under
unsaturated conditions and the processes of foam transport are also reviewed. Properties of bulk foam are
introduced in Section 2, followed by a summary of remediation experiments using foam in Section 3, and
a description of foam processes in Section 4. Section 5 provides a comprehensive review of the modeling
approaches of foam transport in the subsurface. For convenience, relevant terms are summarized in the
Appendix.

1.2

2.0 Properties of Bulk Foam
Bulk foam is the foam for which the length scale of the confining space is greater than the length scale of
the foam bubbles (Schramm 2005). Bulk foam is often divided into kugelschaum (“ball foam”) and
polyderschaum (“polyhydral foam”) (Bikerman 1973). The former consists of well-separated, spherical
bubbles, while the latter consists of polyhedral bubbles separated by thin-liquid films called lamellae. In a
porous medium, the bubbles and lamellae generally span completely across pores, and the foam is
designated as confined foam. Although the foam in porous media is different from bulk foam, the
properties of foam are often characterized by those of bulk foam. Hence, this section describes some
properties of bulk foam.

2.1 General Properties
Critical Micelle Concentration
Critical micelle concentration (CMC) is the surfactant concentration above which molecular aggregates,
termed micelles, begin to form. Some typical molar CMC values for low electrolyte concentration at
room temperature are 10-5–10-4 M for non-ionics surfactants, 10-3–10-2 M for anionics surfactants, and
10-3–10-1 M for amphoterics surfactants (Schramm 2005, p. 83). Compilations of CMC values are given
in Rosen (1989) and Mukerjee and Mysels (1971).
Foam Quality
Foam quality, f, is the volume fraction of gas in foam:

f =

Vg
Vl + Vg

[2.1]

where Vg is the volume of gas in foam, and Vl is the volume of liquid in foam. Foam quality is often
expressed in percentage and sometimes referred as the “Mitchell foam quality.”
Foam Texture
Foam texture, n, is defined as the number of lamellae per unit volume. Although foam texture is of prime
importance in foam rheology, there are currently no reliable experimental techniques to measure it
directly. Rather, it is a common practice to infer foam texture indirectly from the pressure profile or
apparent gas viscosity data. An estimation of foam texture in porous media cannot be made without
having a proper understanding of the dynamic mechanisms of in-site lamella creation and coalescence.
Foam Stability
Foam stability can be quantified by the time required for collapsing half of the foam. Usually foam
stability is tested by one of three methods (Schramm 2005, p47): 1) the lifetime of a single bubble; 2) the
steady-state (dynamic) foam volume under given conditions of gas flow, shaking, or shearing; or 3) the
rate of collapse of a (static) column of foam generated. The overall question of foam stability requires the
consideration of both the static and dynamic aspects of bubble interactions.
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Rothmel et al. (1998) concluded that foam stability does not appear to be dependent upon inherent
properties such as hydrophile–liphophile balance and CMC. Mulligan and Eftekhari (2003) evaluated the
quality and stability of ten different commercial surfactants (Table 2.1), of which Triton X-100 and
JBR425 showed better abilities to foam when compared with others. A series of experiments was
performed by Wang and Mulligan (2004) to evaluate the foamability of rhamnolipid solutions with
different concentrations (0.5%, 1.0%, and 1.5%). Results showed that foams could be generated from a
low concentration of rhamnolipid solution (0.5% or perhaps less) with enough stability for injection. It
was observed that foam quality and surfactant concentration had significant influences on foam stability.
Generally, foam stability increased with the increase of surfactant concentration (up to 1.5%), and the
highest foam stability was produced with the quality between 90% and 99%.

Table 2.1. Foamability Comparison of Different Surfactants (from Mulligan and Eftekhari 2003)
Surfactants
CHAPS
Polytergen 305 LP

Stability (min)
Negligible
Negligible

Quality (%)
Negligible
Negligible

Negligible
Negligible
Negligible
6.2
6.2
6.1

Negligible
Negligible
Negligible
99
95
99

4.6
6.1

98
95

Surfynol 104 A
Triyon
Taurodeoxycholic acid
Triton X-100
Cetylpyridinium chloride
JBR425
Igepal CA-630
Pluronic F68

Foam density
The foam density can be calculated by

ρf =

ml + mg
Vf

[2.2]

where ml and mg are the mass of liquid and gas, respectively, in the foam, and Vf is the total volume of
the foam. In calculating the density of high-quality foam, the mass of gas involved can usually be ignored.
Aqueous foam with bubble diameters of about 1 cm and lamellar thickness of 10-3 cm has a density of
approximately 0.003 g cm-3 (Myers 1999). For foams made from a liquid of density ρl and volume Vl,
the expansion factor (or ratio) of a foam, Rf, is defined as:

Rf =

ρl V f
=
ρ f Vl

2.2

[2.3]

Electrical Properties
For Bulk foams, the specific conductivity is proportional to the volume fraction of liquid in the foam
(Bikerman 1973):

κ l b ρl
=
κf
ρf

[2.4]

where b is the proportionality constant typically varying from 2.0 to 2.5. However, b is also a function of
ρl/ρf and has the limit of 1 when ρl/ρf = 1.

2.2 Surface Tension of Surfactant Solution
In an aqueous solution, surfactant at low concentration acts like normal electrolytes but has very different
behavior results at high concentrations (Schramm 2005). The physico-chemical properties of surfactants
vary sharply above and below the CMC value. A diagram of the surface tension variation with surfactant
concentration is shown in Figure 2.1. According to Wang and Mulligan (2004) and Mulligan et al.
(2001a), biosurfactants have the advantages over synthetic surfactants of lower toxicity, higher
biodegradability, and better environmental compatibility. The CMCs of biosurfactants range from 1 to
2000 mg L-1. Surface tension and the interfacial tension of good biosurfactants are less than 30 and 1 mN
m-1, respectively (Mulligan and Gibbs 1993). Many surfactants can reduce the surface tension of water to
approximately 25±5 mN m-1 (Myers 1999; Wang and Mulligan 2004). Hence, the use of a surfactant can
enhance the mobilization of connate soil water/solution in the vadose zone by reducing surface tension.
The Langmuir-von Szyszkowski equation is commonly used to estimate the interfacial tension (Aldana
2005):



σ = σ 0 − Γ∞ RT ln1 +


C

a L 

[2.5]

where σ is surface tension, σ0 is the surface tension without surfactant, C is surfactant concentration, Γ∞
is the maximum surface excess concentration, and aL is the Langmuir constant. Both Γ∞ and aL are
determined experimentally. Aldana (2005) measured the equilibrium surface tension vs. surfactant
concentration for three surfactants (Figure 2.2). The results above CMC were described with Eq. [2.5],
and the model parameters are summarized in Table 2.2.
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Surface Tension

CMC

Surfactant
Micelles

Surfactant
Monomers

Log Concentration
Figure 2.1. Diagram of the Surface Tension Variation with the Surfactant Concentration (Drawn after
Fig. 5 of Schramm and Wassmuth 1994). CMC – Critical micelles concentration.

Figure 2.2. Measured Equilibrium Surface Tensions for Three Surfactants at 25°C. Solid lines are the
best fit to the Langmuir-von Szyszkowski equation, Eq. [2.5] (after Aldana 2005,
Fig. 6.1.1-1).
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Table 2.2. Critical Micelle Concentration, Saturation Surface Excess Concentration (Γ∞), and Langmuir
Constant for Surfactants at the Water/Air Interface at 25°C (after Aldana 2005,
Table 6.1.1-1)
Γ∞ (mol/m2)
2.44×10-6
2.87×10-6
1.88×10-6

CMC (mol/L)
Tergitol TMN-6
Triton X-100
Triton X-165

1.03×10-3
2.19×10-4
1.44×10-4

aL (mol/L)
5.77×10-6
5.91×10-6
1.09×10-7

2.3 Foam Disjoining Pressure
The stability of a thin-liquid lamella is expressed by its disjoining pressure Pd (Derjaguin and Kussakov
1939; Aronson et al. 1994). An idealized disjoining pressure isotherm is shown in Figure 2.3 for a film
stabilized by an ionic surfactant (Kovscek and Radke 1994). Positive values of Pd reflect net repulsive
film forces while negative values of Pd indicate net attractive forces. The disjoining pressure is composed
of three components: electrostatic repulsion Pdel, van der Waals attraction Pdvw, and steric/hydration forces
Pdsh.
As the film thickness decreases from infinity, a primary maximum of Pd occurs due to the repulsive
electrostatic force overpowering the van der Waals attraction. Films at this thickness are referred to as
common black films (CBF) or simply common thin films. As the thickness decreases further, the van der
Waals attraction increases, and the slope of the isotherm varies. A primary minimum of Pd is encountered
at the point where short-distance steric/hydration forces become significant relative to the attraction force.
As the film thickness decreases past the value corresponding to the minimum, the steric/hydration forces
initiate a very steep repulsive branch. Films on this innermost branch are called Newton black films
(NBF).
At a given capillary pressure, foam films thin or thicken to achieve an equilibrium thickness in
accordance with the Young-Laplace relation:

Pc = Pd (h) + 2Cmσ

[2.6]

where h is film thickness, Cm is the mean curvature of a lamella, and σ is the bulk surface tension of the
surfactant solution. As an approximation, the lamellae in porous media may be considered as flat
(Aronson et al. 1994). For flat films (Cm = 0) at metastable equilibrium, the disjoining pressure balances
the imposed capillary pressure at a region of the negative slope (Aronson et al. 1994):

Pc = Pd (h)

[2.7]

Thus, the film can exist in two possible equilibrium states, a CBF and a NBF (Figure 2.3). At some higher
capillary pressure, the NBF ruptures.

2.5

NBF
Pc2

Pdmax

Disjoining Pressure, Pd

Pdel – Electrostatic Repulsive
CBF
Pdsh

Pc1

– Steric/Hydration

Film Thickness, h

Pdvw – van der Waals Attraction

Figure 2.3. Idealized Disjoining Pressure Isotherm (Modified From Kovscek and Radke 1994).
Definition of Variables: Pd - disjoining pressure; Pdel - Pd due to electrostatic repulsion; Pdvw Pd due to the van der Waals attraction; Pdsh - Pd due to the steric/hydration forces; Pc =
capillary pressure; Pc1 and Pc2 = two Pc values; CBF = common black film; NBF = Newton
black film.
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3.0 Vadose Zone Remediation with Foam
In this section, experiments on foam transport in unsaturated porous media are reviewed. Compared with
the work in the initially saturated media, a limited number of experiments have been performed in the
initially unsaturated media.

3.1 Remediation with Micro-Foam
Micro-foam, or colloidal gas aphrons (CGAs), reportedly have been used for soil flushing in
contaminated site remediation (Longe 1989; Roy et al. 1994, 1995a, b). CGAs consist of approximately
65% by volume gas and hence form a low-density liquid. The micro-bubbles have a double layer of
surfactant molecules with a thin surfactant film encapsulating the air inside. CGAs offer a way of
lowering the interfacial tension between organics and water while at the same time providing the viscous
forces needed for efficient sweep of contaminants.
Longe (1989) reported that CGA suspensions were more effective in flushing a variety of hydrophobic
organics from soil in comparison to conventional surfactant solutions at identical concentrations. Roy et
al. (1994) compared the efficiency of CGA suspensions in the removal of oily waste with conventional
surfactant solutions and water floods under different flow regimes. Soil was repacked in 11.5-cm-long,
5.9-cm-diameter columns and kept at residual saturation before experiments. Results show that CGA
suspensions containing about 65% gas volume and produced using sodium dodecylsulfate had a higher
recovery of waste material (56%) than conventional surfactant solutions (47%) or water flood (43 %) in
the downflow (gravity-stable) mode. CGA suspensions appeared to provide better removal of the major
chlorinated hydrocarbons present in the oily waste.
In a similar experiment to settings in Roy et al. (1994), Roy et al. (1995a) applied CGAs to flush residual
levels of a light NAPL such as automatic transmission fluid (ATF) from a Superfund site soil. CGA
suspensions were found to be more effective in washing ATF under both downflow and upflow modes.
Increasing the surfactant concentration did not result in a concomitant increase in the removal rate. The
pressure required to pump the CGA suspension was much lower than that required for conventional
surfactant solutions or water flood. Roy et al. (1995b) used CGAs to remove naphthalene from a
contaminated soil matrix in the laboratory. They found that using a CGA suspension as a flushing
medium may result in channeling and pore clogging in the soil matrix, thereby affecting the overall
efficiency of the process.
Rothmel et al. (1998) conducted a bench-scale study to evaluate the micro-foam remediation technology
for mobilizing and dispersing dense non-aqueous phase liquid (DNAPL) combined with a
bioaugmentation technology to remediate trichloroethylene (TCE) in situ. Silica quartz was packed in 10or 20-cm-long, 7.4-cm-internal-diameter columns and was kept saturated. Their results, using the anionic
surfactant Steol CS-330, showed that the foam (of a 65% to 75% quality) injected into the TCE-DNAPLcontaminated sand columns enhanced mobilization of TCE-DNAPLs. Mobilization was maximized when
the foam was injected in a pulsed operation.
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3.2 Remediation with Polyhedral Foam
Polyhedral foam differs from ball foam in that it has higher foam quality (higher fraction of gas) and
lower density. The idea of using high-quality foam, in conjunction with air injection and vacuum, is to
provide mobility control/containment of the treatment zone for a reduced groundwater contamination. A
few laboratory column experiments have been conducted to investigate foam transport and the
remediation of NAPL, metal or other contaminants using high-quality foam.
Kilbane et al. (1997) pointed out that the major obstacle to the implementation of the foam remediation
technology was the high pressure required to move foam through soil. Pressure gradients of less than a
critical value (usually 1 to 2 psi/ft depending on the depth of injection) are required to prevent soil
heaving. They used columns of 30.4 cm in length and 7.6 cm diameter packed with 70 mesh sand to
determine pressures needed to move aqueous and ethanol foams with foam quality from 97% to 99%.
They observed that pressure gradient decreased with increasing foam quality; however, even at the
highest foam quality the lowest pressure drop observed was about 12 psi/ft for the aqueous foams. This
indicates that highly stable foam cannot propagate through soil at the desired low pressures. They
formulated IGT-FF52 surfactant to break and reform the foam bubbles constantly so that a balance
between liquid and foam can be maintained. They observed that the ethanol-based foams formed from 5%
(wt/v) IGT-FF52 exhibit pressure drops of 2 psi/ft or less over the full range of foam quality tested.
Kilbane et al. (1997) also illustrated how foams may be employed for subsurface remediation
(Figure 3.1). They tested this concept in a 23-cm-high, 16.5-cm-diameter cylindrical vessel. The column
was packed with alternating dry sand layers of different permeability to simulate hydraulic fractures
(Figure 3.2). The top of the column was open to the atmosphere. A small-diameter plastic tube having a
circular perforated loop at one end was designed to supply foam (or water) and spread it uniformly in the
injection zone. A similar arrangement was utilized to supply air at 150 ml/min to the bottom fracture layer
and to draw vacuum (2 in. of Hg) from the top fraction layer. The same experiment was repeated in a
bench-scale 38-cm-high, 29-cm-diameter column. The movement of the surfactant solution was compared
with that of water using an identical experiment setup. They found that when water was injected, there
was almost no upward flow despite the injection of 150-ml/min air into the lowest fracture plane and a
vacuum applied to the upper fracture plane. In contrast, the IGT-FF52 solution moved at roughly
equivalent rates in both the upward and downward directions. Foam coalescence was observed upon
contacting the dry sand. The authors claimed that the upward movement of IGT-FF52 solution indicated it
behaved as a foam that was being reformed from the collapsed foam by the action of air injection and
vacuum so that the upward movement of the foam through the sand continued.
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Figure 3.1. Schematic Illustration of the Use of Foams to Remediate Contaminated Soil (After Kilbane
et al. 1997)

Figure 3.2. Schematic Drawing of Soil and Simulated Fracture Zones in a Cylindrical Bench-Scale
Chamber Used for Foam Flow Tests (After Kilbane et al. 1997)
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Mulligan and Eftekhari (2003) evaluated the capability of foam for removing the contaminant
pentachlorophenol (PCP) from soils. Several surfactants were investigated for their ability to make foam.
Soils were packed in 15-cm-long, 3.5-cm-diameter columns. Two of the surfactant used, Triton X-100
and JBR425 (a rhamnolipid biosurfactant), generated foam with higher quality (99%) and higher stability
than the other surfactants. They found that the foam removed more than twice as much PCP in all cases
than the liquid surfactant solution. The results on a sandy and sandy-silt media showed that the foam can
be used to enhance soil remediation under low pressures compared to other fluids such as liquid surfactant
solutions. Mulligan and Wang (2006) found that rhamnolipid foam may be an effective and non-toxic
method of remediating heavy metal contaminated soils.
Surfactant foam technology has been investigated to remove NAPLs (Peters et al. 1994; Kilbane et al.
1997; Rothmel et al. 1998; Jeong et al. 2000) from contaminated soils. Foams enhance the flooding
efficiency of surfactant flushing even in a heterogeneous porous medium, resulting in higher removal
efficiencies (Jeong et al. 2000). A summary of work involving surfactant foam enhanced remediation was
reported in Wang and Mulligan (2004) and is reproduced in Table 3.1.
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Table 3.1. Summary of Surfactant Foam Enhanced Soil Remediations (from Wang and Mulligan 2004)
Description

Surfactants

Main Results

Filed demonstration of
surfactant/foam process for aquifer
NAPL (mixture of TCE, TCAa and
PCEb) remediation at Hill Air Force
Base in Utah.

Sodium
dihexylsulfosuc
cinate

The average DNAPL saturation of
the swept volume was reduced to
0.03%

Hirasaki et al.
(1997b)

Foam-enhanced surfactant solution
ﬂooding in removing n-pentadecane
from contaminated column

Triton SP-series

Slightly over 74% of the npentadecane was removed at a
gas–liquid ratio of 10/1

Huang and
Chang (2000)

Micromodel study of surfactant
foam remediation of residual TCE

Bioterge As-40

99% of the residual TCE was
removed

Jeong et al.
(2000)

Remediation of PAHc-contaminated
soils using foams

Biosurfactants
+50% ethanol

Foams readily desorbed PAHs
from contaminated soils and
moved well at pressure of
33.9kPa/m (1.5 psi/ft) or less

Kilbane et al.
(1997)

Soil ﬂushing using CGA
suspensions generated from a plantbased surfactant to remove HCBe
from soil

Natural
surfactant from
Sapindus
mukorossi
(Soapnut)

CGA suspension recovered 670l g
in 12 pore volumes compared to
8l g by water ﬂood

Kommalapati
et al. (1998)

Remediation with surfactant foam
of PCPe-contaminated soil

Triton X-100,
JBR 425

Triton X-100 (1%) foam removed
85% and 84% of PCP from fine
sand and sandy-silt, respectively

Mulligan and
Eftekhari (2003)

Bench-scale study of surfactant
foam/ bioaugmentation technology
for in situ treatment of TCEDNAPLs

Steol CS-330

Injecting the foam in a pulsed
operation removed 75% of the
contaminant, and adding the
microbes resulted in 95–99%
degradation of the residual

Rothmel et al.
(1998)

Column tests to evaluate
rhamnolipid foam-enhanced
remediation of Cd and Ni
contaminated soil

JBR 425, Triton
X-100

Foam removed 73% of the Cd and
68% of the Ni from the
contaminated soil

Wang and
Mulligan (2004)

a

References

TCA – trichloroethane; b PCE – tetrachloroethene; c PAH - polycyclic aromatic hydrocarbons; dHCB –
hexachlorobenzene; e PCP – Pentachlorophenol.
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4.0 Foam Transport Processes in Porous Media
This section reviews the transport processes of foam in porous media followed by the characteristic of
foam flow and some mathematical expressions.

4.1 Foam Dynamic Processes
Major foam dynamic processes include foam destruction, formation, and entrapment. Processes of
surfactant sorption/desorption are not considered here.

4.1.1

Foam Destruction

Thin lamellae are not thermodynamically stable. They owe their existence to excess normal forces within
the films originating from long-range intermolecular interactions (see Section 2.3). Adsorption of ionic
surfactant at each gas/liquid surface of the film gives rise to the excess repulsive forces. At small film
thicknesses, protrusion and/or hydration forces give rise to a very steep repulsion. Additionally, attractive
van der Waals forces tend to destabilize the film. These combined three forces form the disjoining
pressure Pd, which is a function of film thickness. Pd reaches its maximum value, Pdmax, as a 4-nm-thick
NBF emerges. As Pd reaches a value Pdrup, the film eventually ruptures. For bulk foam systems, the Pdrup is
a well-documented parameter controlling the stability of the foam (Khristov et al. 1981).
The primary mechanism for foam destruction in porous media is due to capillary suction Pc (Kovscek and
Radke 1994). The capillary pressure depends on the wetting liquid saturation and surface tension. The Pc
value corresponding to Pdrup is termed the critical capillary pressure for rupture, Pc*. As Pc* is reached, no
foam bubbles can be sustained, and coalescence is catastrophic. Since capillary pressure is related to
water saturation in porous media, there is a water saturation that corresponds to Pc* called Sw*. The
expression describing the foam destruction process is presented in Section 5.3.1.1.

4.1.2

Foam Formation

There are three fundamental pore-level mechanisms of foam generation: snap-off, division, and leavebehind. The snap-off mechanism is a mechanical process that describes the formation of bubbles when the
gas pushes the gas-liquid interface through a pore throat and then the interface is snapped off. Snap-off
creates gas bubbles that are approximately the size of the pores of the porous medium. Snap-off usually
creates discontinuous gas foam and can result in a several-hundred-fold reduction in gas mobility. The
division of lamella or bubble division happens by subdividing existing foam bubbles or lamellae. The
leave-behind mechanism describes the formation of liquid lenses left behind as two gas menisci invade
the adjacent liquid-filled pore bodies and converge downstream. Lenses created by leave-behind do not
make the gas phase discontinuous. The expression describing the foam formation process is presented in
Section 5.3.1.1.

4.1.3

Foam Entrapment

In general, the saturation of trapped foam, sft, is a function of pressure gradient, capillary pressure,
aqueous-phase saturation, pore geometry, and injection conditions. Generally, there is no trapping when
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the bubble density is zero and a gradual rise to a maximum trapping for finer-textured foam. The trapped
foam strongly influences the foam relative permeability by reducing the mobile foam saturation.
The trapped foam fraction usually is measured experimentally at steady state (Friedmann et al. 1991).
However, percolation models may be able to determine the functional dependence of sft (Rossen 1990a, b,
c, d; Rossen and Gauglitz 1990). The relationship between the trapped foam saturation and foam texture
is presented in Section 5.3.1.2.

4.2 Foam Flow
The behavior of foam in porous media is related to the pore-size distribution, pore shape, pore body-tothroat ratio, and the wettability of the solid particles. Most natural soils are hydrophilic, and hence, the
wetting fluid (e.g., water) flows in interconnected small pore channels, the corners, and thin films around
solid particles, while the non-wetting fluid (e.g., gas) flows in the interconnected large pore channels. The
transport of foam in porous media is complicated in that the number of lamellae present governs flow
characteristics such viscosity, relative permeability, fluid distribution, and interactions between fluids.

4.2.1

Regimes of Foam Flow

Coarsely textured foam with large bubbles is often referred to as “weak foam” because there is a
moderate reduction in gas mobility. Vice versa, finely textured foam with small bubbles is referred to as
“strong foam” because it reduces gas mobility remarkably. Figure 4.1 schematically shows the two
different types of foams in porous media. Reduced gas mobility in the presence of foam in porous media
typically ranges from 10 to 100 times with weak foam and more than 10,000 times with strong foam. In
other words, the rheological property of foam in porous media is strongly affected by foam texture.

Figure 4.1. Concept of the Gas-Water, Two-Phase Flow and Weak and Strong Foams in Porous Media
(from Fig. 1 of Dholkawala et al. 2007)
There is an abrupt transition from strong foam to weak foam near the limiting or critical capillary
pressure, Pc*, above which lamellae cannot be sustained. There is a specific value of foam quality, f*, that
divides the foam flow into the two regimes. At the low-quality regime, the steady-state pressure gradient
is almost independent of the liquid flow rate. At the high-quality regime, the pressure gradient is almost
independent of the gas flow rate. Previous studies found that the two regimes are dominated by different
mechanisms: the high-quality regime by bubble coalescence near the critical capillary pressure and the
low-quality regime by bubble trapping and mobilization (Khatib et al. 1988; Rossen and Wang 1999;
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Alvarez et al. 2001). The bubble size in the low-quality regime is generally kept roughly the same as the
pore size, and thus foam texture (nf) is almost fixed at its maximum (nfmax). Gauglitz et al. (2002), through
experiments, found that an intermediate unstable regime exists between the weak and strong foam
regimes.

4.2.2

Minimum Pressure Gradient

A minimum pressure gradient, Gpmin, is required to keep foam moving in a porous medium. If the pressure
gradient is not sufficient to keep the lamellae mobile, gas flow stops, and the foam plugs the flow
channels. Rossen (1990a) presented a theory to accounts for pore shape, foam texture, contact-angle
hysteresis, and bubble separation at pore throats. The magnitude of Gpmin is dependent on pore shape,
foam texture, and surface tension. For medium-textured foams (bubbles of about 400 µm in diameter in
bulk), reasonable parameter values give Gpmin = 10 to 32 kPa/m for CO2 foam and 125 to 240 kPa/m for
other foam. Lower gas/liquid surface tension causes the lower Gpmin estimate for CO2 foams. Higher
values of Gpmin are predicted for foams in pores with larger aspect ratio (body radius/throat radius), sharp
corners, narrow throats, and at lower capillary pressures. Gpmin is reduced by lower gas/liquid surface
tension but increased if foam is compressed because, in compressible foams, lamellae tend to lodge in
pore throats, where capillary resistance to flow is the greatest (Rossen 1990b).

4.2.3

Darcy’s Law

The movement of flowing foam is described by Darcy’s law (Kovscek and Radke 1994):

k k r  ∂p g 
−
µ f  ∂x 
 ∂p g 
= K −

 ρ w g∂x 

qf =

[4.1]

where k is the absolute permeability, krf is the relative permeability to the flowing foam, µf is the foam
effective viscosity, K is effective mobility, ρw is the density of water, and g is gravity. Equation [4.1] does
not imply Darcy flow because µf is not a constant. For the same reason, K also varies as the foam gradient
varies.

4.2.4

Limiting Capillary Pressure

Capillary pressure (Pc) governs foam texture. The higher the capillary pressure, the less stable are the
foam lamella. In sand- and bead-pack experiments, Kahtib et al. (1988) identified an abrupt transition
from a strong foam to no foam (or weak foam) at a value of capillary pressure, Pc*, which is called the
“limiting capillary pressure.” Because gas mobility depends on foam texture, there is also an abrupt
change in gas mobility in the immediate vicinity of Pc*. The nature of this change, and the magnitude of
Pc at which it occurs, depend on the surfactant type and concentration, soil type, and other variables.
Simulation of strong foam in the high-quality regime is challenging because changes in bubble size are
very sensitive to injection conditions, such that the capillary pressure stays near Pc* by a delicate feedback
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mechanism (Kam and Rossen 2003; Cheng et al. 2002; Rossen and Bruining 2007; Kam et al. 2007).
According to Kibodeaux (1997) and Kam (2008), the feedback mechanism near Pc* can be summarized as
shown in Figure 4.2. Aronson et al. (1994) and Khatib et al. (1988) summarized how to measure Pc*
experimentally and the influencing factors.
Pc is at Pc *
Local rise in Pc

Increase in Pc

Decrease in Sw

Decrease in Sw

Drier/Less Stable Foams

Drier/Less Stable Foams

Increase in Gas Mobility

Decrease in Gas Mobility

Wetter/More Stable Foams

Wetter/More Stable Foams

Increase in Sw

Increase in Sw

Decrease in Pc

Local fall in Pc
Pc is at Pc *

Figure 4.2. Feedback Mechanism Near the Limiting Capillary Pressure, Pc.

The abrupt change in gas mobility at Pc* means that the system is maintained at Pc* over a variety of water
and gas flow rates. Because water saturation, Sw, depends on Pc, and the relative permeability function
krw(Sw) is unaffected by foam (Bernard et al. 1965), the pressure gradient, ∇P, can be determined simply
from Darcy’s law applied to the aqueous phase:

∇P =

qw µ w
q
= *w
*
k k rw ( S w ) λw

[4.2]

where λw* is water mobility at saturation Sw* = Sw(Pc*). In the absence of significant Pc gradients, ∇P is
the same in the water and gas phases. Therefore, for foams at Pc*, ∇P can be calculated without knowing
foam texture, if the value of krw(Sw*) is known (Khatib et al. 1988; Rossen and Zhou 1995). Eq. [4.2]
represents an enormous simplification over other mechanistic foam-modeling approaches (e.g., bubble
population and percolation theory). The determination of the individual lamella generation, trapping, and
destruction mechanisms, as well as the determination of non-Newtonian gas mobility from foam texture
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and flow rates, are unnecessary for foams at their limiting capillary pressure. In essence, for foams at Pc*,
foam texture adjusts to the values is required to maintain Pc at Pc*.

4.2.5

Effective Viscosity of Foam

Based on the theoretical studies of Bretherton (1961) and Hirasaki and Lawson (1985), the effective
viscosity of the non-Newtonian foam is described as

µ f = µg +

α nf

[4.3]

v cf

where µg is the viscosity of gas without foam, vf is the foam velocity, α is a proportionality constant
dependent primarily on the surfactant solution, and c is also a constant. Other researchers have presented
similar expressions (Ettinger 1989; Friedmann et al. 1991; Falls et al. 1989). According to Eq. [4.3], the
effective foam viscosity increases with foam texture but decreases with foam velocity. In the absence of
flowing foam bubbles (i.e., nf = 0), the gas viscosity is recovered. Friedmann et al. (1991) reported an
empirical value of 0.29 for the exponent c. The Bretherton-based theoretical value is 1/3 (Bretherton
1961; Hirasaki and Lawson 1985; Falls et al. 1989).
Falls et al. (1989) developed a different theoretical model to account for the pore constriction in
homogeneous bead packed in glass tubes. Four components contribute to the effective viscosityµf : 1) µ1,
the liquid viscosity of the slugs of surfactant solution between the bubbles, 2) µ2, the resistance between
bubbles and channel walls during foam flow, 3) µ3, the surface-tension gradient due to the surfactant
concentration gradient, and 4) µ4, the resistance due to pore constrictions. Each component is expressed
by (Jeong and Corapcioglu 2003) as

µ1 = µ w Ls nL

[4.4]

 0.85nL rcap 
−1 / 3
2
 (3µ wu g / σ ) 1 + (rc / rcap )
 rc / rcap 

[

µ2 = µw 

µ3 = µ w nL rcap (3µ wu g ) −1/ 3 N s tanh (LBD / 2)
µ 4 = µ wξ1nL rcap (3µ wu g / σ )−1

]

[4.5]
[4.6]
[4.7]

where
µw – viscosity of the aqueous phase
Ls – length of liquid slugs between the bubbles
nL – number of lamellae per unit length
rcap – capillary radius, rcap = φdb/[3(1-φ)+2db/dt], φ - porosity, db – bead diameter, dt – tube diameter
rc – radius of curvature of plateau border in foam lamella, rc = {(1-f)/[3(1-π/4)f](rB/rcap)3}1/2rcap, ffoam quality, rB – foam bubble radius
Ns – dimensionless bubble group, Ns = β/rc. β = 5 cm is the parameter in the smooth-tube viscosity
model
LBD – dimensionless bubble length, LBD = (LB/rc)(3µwug/σ)-1/3/Ns1/2, LB – length of bubbles
ξ1 – geometrical factor.
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The total of the effective foam viscosity is the sum of the four components, i.e., µf = µ1 + µ2 + µ3 + µ4.
Jeong and Corapcioglu (2003) calculated each of the four components and found that µ2 and µ4 were the
dominant contributors to the total effective viscosity.
Chowdiah et al. (1998) experimentally determined the effective viscosity of an ethanol-based foam as a
function of soil permeability. They found that the effective viscosity of the foam increased with
increasing soil permeability. In other words, this foam behaved like a more viscous fluid in highpermeability soils than in low-permeability soils. They also found that the mobility of a foam, defined by
the ratio of soil permeability to effective viscosity, varied very little over a wide range of soil
permeabilities. The characteristic that foam mobility is relatively independent of soil permeability is
useful in preventing preferential flow in high permeability channels.

4.2.6

Effective Mobility of Foam

Effective mobility contains the combined effects of foam permeability and effective viscosity (Eq. [4.1]).
The effective mobility of foam may be determined with effective viscosity or measured experimentally
using Eq. [4.1]. Mulligan and Wang (2006) measured the pressure drop across a 25-cm-long, 4-cmdiameter column containing a soil of hydraulic conductivity of 0.02 cm/s. Their experimental results
showed that the pressure gradient buildup in the soil column increased as foam quality decreased from
99% to 90%. Increasing the flow rates from 10 ml/min to 30 ml/min also increased the pressure gradient
in an almost linear fashion. The average hydraulic conductivities were 4.1×10−4 cm/s, 1.5×10−4 cm/s and
2.9×10−3 cm/s for the 90%, 95%, and 99% foam qualities, respectively. They were about 2%, 0.8%, and
15% of the hydraulic conductivity for water. Increasing the foam quality substantially increased the
hydraulic conductivity.
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5.0 Modeling Foam Transport
Three major approaches to modeling foam transport in porous media are the empirical, semi-empirical,
and mechanistic. Mechanistic approaches can be complete in principle, but may be difficult for obtaining
reliable parameters, whereas empirical and semi-empirical approaches can be limited by the detail used to
describe foam rheology and mobility. Mechanistic approaches include the bubble population-balance
model, network/percolation theory, catastrophe theory, and filtration theory. All were developed for
modeling polyhedral foam except for the filtration theory, which was developed for ball foam
(microfoam).
Although disagreement exists as to the best approach for modeling foam displacement, there is general
acceptance of principles used to guide model development (Zhou and Rossen 1995). For example, it is
generally accepted that foam is not treated as a separate phase in porous media. Additionally, agreement
exists on the concept that water mobility is the same function of water saturation with foam as without
foam (Kahtib et al. 1988) and that gas mobility in foam is controlled by foam texture (Falls et al. 1989).
Foam simulators do not need to be mechanistic to be capable of accurately describing foam transport.
However, Kovscek (1998) suggested that successful models of foam transport at the field scale should
have the following attributes: 1) reduced gas mobility in the presence of foam; 2) non-Newtonian foam
flow behavior; 3) foam property variability with surfactant concentration; and 4) an accurate
representation of surfactant transport, partitioning, and adsorption. In summary, models need to predict
foam transport while capturing the spatial and temporal variability of foam properties.
In Section 5.1 the major methods are reviewed in the order of empirical, semi-empirical, and mechanic
models for modeling foam flow and displacement in porous media.

5.1 Empirical Methods
Foam mobility in porous media can be expressed in terms of relative permeability and effective viscosity
in the same way that flow in porous media for Newtonian and non-Newtonian fluids is expressed (Tang
and Kovscek 2006):

λf =

kk rf

µf

[5.1]

For empirical methods of foam transport, either gas mobility or viscosity is altered in the presence of
foam based on experimental results, field observations, and/or hypothesis or conjecture. Empirical
expressions for gas mobility are usually expressed as a function of flow rates and/or surfactant
concentration but make no explicit reference to foam texture.

5.1.1

Mobility Reduction Factor Approach

Using a relative permeability approach, the simplest technique for including the effects of foam in a
simulator is through the use of a constant mobility reduction factor (MRF), which is commonly used in
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local steady-state modeling to describe foam rheology. Conceptually, the mobility reduction factor is
defined for the same water saturation as:

MRF =

MRF =

∆Pwith foam
∆Pwithout foam

(Rosman and Kam 2009) or

∆Pwith foam − ∆Pwithout foam
∆Pwithout foam

[5.2]
(Hirasaki et al. 1997a, b)

where ΔP is the pressure drop across the porous media. If the MRF is unity, or zero depending on the
definition, then the injected foam is completely destroyed and the flow is equivalent to a typical gasliquid two-phase flow. Higher values of the MRF indicate the foam is more finely textured and stronger.
According to Kovscek (1998), an MRF has been incorporated in UTCHEM (Hirasaki et al. 1997a, b), a
chemical flood simulator developed by the University of Texas at Austin. In this simulator, the gas
permeability is divided by a constant value:

k rf ( S g ) =

k rg ( S g )

[5.3]

1 + MRF

If the foam is very strong, the MRF is very large. For weak foams, the MRF is small. In this model, a
threshold surfactant concentration must be exceeded before the gas mobility is modified. The weakness in
employing a constant MRF is that the permeability reduction is a dynamic process, and it varies with gas
velocity and surfactant concentration.
Another way to use the MRF approach is to tabulate MRF as a function of surfactant concentration, water
saturation/pressure, and gas velocity. According to Kovscek (1998), this approach was applied to the
ECLIPSE 200 (Geoquest) simulator. In the STARS simulator (Kular et al.1989; Mohammadi and
Coombe 1992; Mohammadi et al. 1993), the MRF of foam was dependent on surfactant concentration, oil
saturation, and gas velocity and was represented by

 Cs
MRF = M  max
 Cs





es

 S omax − S o

max
 So





eo

 Nc
 max
 Nc





ev

[5.4]

(Kovscek 1998) where Cs is the aqueous concentration of surfactant, So is the oil saturation, e are
exponents, superscript max refer to the reference or maximum values of variables, and Nc is a capillary
number

Nc =

k∇p

σ

[5.5]

where σ is the gas/liquid interfacial tension. Equation [5.4] does not account for the impacts of liquid
velocity and capillary pressure on MRF.
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The empirical method is also used in the UTCOMP simulator, which was developed at the University of
Texas at Austin (Rossen et al. 1994; Shi and Rossen 1996; Kovscek 1998). If surfactant is present and
capillary pressure is low, gas mobility is small via a reduced gas relative permeability. There is no
velocity dependence on reduced mobility.

5.1.2

Effective Viscosity Approach

Another empirical approach to simulate foam transport is to modify the gas-phase relative permeability by
using an effective viscosity of the gas phase and thereby reducing gas-phase mobility when foam is
present. Marfoe et al. (1987) employed this approach with a function of surfactant concentration, Cs,
aqueous-phase saturation, Sw, and gas-phase velocity, vg:

µ f = µ g [1 + 0.01Cs ( S w − S wr ) f (v g )]

[5.6]

where Swr is the residual aqueous saturation. The constant, 0.01, used in Eq. [5.6] gives a five- to ten-fold
increase in gas viscosity. A larger value may be used if greater reduced mobility is expected. For their
study, Marfoe et al. (1987) set f(vg) = 1.
Islam and Ali (1990) implemented a more complex effective viscosity function including permeability
and oil saturation expressed as:

µ f = µg

1 + D f c ( S w − S wr ) f k + f p
1 + E S o2

[5.7]

where fc, fk and fp are functions of surfactant concentration, permeability, and pressure gradient,
respectively, and D and E are constants. The fc, fk, and fp functions were determined by history matching
and experimental observations.

5.2 The Semi-Empirical Fractional Flow Theory
In the semi-empirical fractional flow theory, the physics of foam displacement are described
mechanistically, but simplifying assumptions are used to develop fractional flow curves that account for
impacts due to the presence of foam.
The fractional flow theory describes the physics of miscible and immiscible displacements in porous
media in which the governing partial differential equations are solved analytically by a mathematical
technique called the method of characteristics. The fractional flow curves, constructed theoretically by
plotting water fractional flow (fw) on the y-axis and water saturation on the x-axis, were first presented and
solved by Buckley and Leverett (1942). Since then, a number of studies have further developed the theory
to account for a wide range of applications in oil recovery (Dake 1978; Pope 1980). Fractional flow
solutions for foam applications have been presented by Rossen and Zhou (1995) and Zhou and Rossen
(1995).
The approach is considered semi-empirical due to the required simplifying assumptions including onedimensional displacement, Newtonian viscosity, no viscous fingering, no capillary-pressure gradients,
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negligible gravitational impact, no physical dispersion, incompressible phases, and immediate attainment
of local steady state. Despite these simplifications, many of the assumptions can be relaxed to some
extent, and the solutions can still capture complex displacement mechanisms (Dholkawala et al. 2007).
In the following, for the convenience of readers and the continuity of the theory, the original fractional
flow model for the oil-water system (Buckley and Leverett 1942) is introduced before the fraction-flow
models for systems containing foam are presented.

5.2.1

The Fractional Flow Model for a Oil-Water System

The mathematical basis for the calculation of the simultaneous flow of the oil-water flow is completed by
the introduction of the relevant conservation laws. A conservation law for each fluid, together with the
flux equations, results in two strongly coupled partial differential equations. Considering the relation
Pc(Sw), krw(Sw), k rnw(Sw), and the identity Sw + Snw = 1, these equations must be solved simultaneously
subject to the appropriate boundary and initial conditions. For a horizontal unsteady flow of
incompressible fluids, the gravity effect can be ignored and the general differential equation for water
flow is (Fokas and Yortsos 1982; McWhorter and Sunada 1990; McWhorter and Kueper 1996):

φ

f ∂S w
∂S w ∂  ∂S w 
= D
 − qt d w
dS w ∂x
∂t
∂  ∂x 

[5.8]

where
−1

 k µ 
f w ( S w ) = 1 + rnw w 
 k rw µ nw 
kk f dP
D( S w ) = − rnw w c
µ nw dS w

qt (t ) = qw ( x, t ) + qnw ( x, t )

[5.9]

[5.10]
[5.11]

where fw is the fractional flow of water, and qt is the total flux of the aqueous and nonaqueous phases. The
classical solution for the unsteady horizontal flow presented by Buckley and Leverett (1942) recognized
that when the injection rate is large, the second term on the right-hand side of Eq. [5.8] is dominant, and
the first term can be neglected. This indicates that the flow due to capillary gradient is negligible.
Replacing ∂S w / ∂t by (∂S w / ∂x)(dx / dt ) cancels the term ∂S w / ∂x to produce a first-order differential
equation:

dx
= −qt f w'
dt

[5.12]

f w' = df w / dS w

[5.13]

φ
where
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Hence,

x( S w , t ) =

f w'

t

∫ q (τ )dτ

φ

0

t

[5.14]

For an injection with a constant rate q, Eq. [5.14] simplifies as

x( S w , t ) =

f w' qt

[5.15]

φ

For the given q, φ and fw’, an x value can be obtained for a certain time t. The function fw(Sw) is typically
S-shaped, so for a given fw’, Sw is not single valued. This physically untenable result is circumvented by
the Welge (1952) tangent construction in which fw is replaced by the two-part function:

 k µ 
f w ( S w ) = 1 + rnw w 
 k rw µ nw 

−1

if Sw ≥ Sb

 S − Si 
 if Si ≤ Sw < Sb
f w ( S w ) = f ( S b ) w
 Sb − Si 

[5.16]

where Si is the initial saturation and Sb is the saturation corresponding to the point the tangent line is
drawn. The use of the Welge (1952) tangent construction produces a shock front.
A major assumption with the fractional flow model is the neglect of the capillary gradient. This is
probably acceptable when the aqueous saturation is high and the capillary gradient is small. However, at
low aqueous saturations (e.g., slightly greater than the critical saturation Sw*), the capillary gradient can
be very significant.

5.2.2

The Fractional Flow Model for a Foam-Water System

The fractional flow solution for foam-water systems was presented by Rossen and Zhou (1995). In
addition to the assumptions described above, they further assumed that a mobility reduction factor can be
defined to represent foam mechanisms, and the foam-containing gas is incompressible. Despite these
assumptions, Rossen et al. (1999) shows that the fractional flow theory is still able to explain complex
mechanisms involved in foam displacements in porous media. Dholkawala et al. (2007) summarized the
fractional flow model as given below.
In the foam-aqueous phase system, the foam was treated as the non-aqueous phase and the fractional flow
of phase γ can be described by

fγ =

qγ

[5.17]

qt
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In Zhou and Rossen (1995), foam generation and coalescence were not considered. The model was later
modified by Dholkawala et al. (2007) to include foam generation and coalescence of dynamic processes.
Details of these two models are given below.
5.2.2.1

The Zhou and Rossen (1995) Fixed-Pc* Model

According to Zhou and Rossen (1995), in some cases, the critical or limiting capillary pressure Pc* is
independent of gas and liquid flow rates; then the aqueous critical saturation Sw* and mobility λw* are
likewise constant and independent of pressure gradient and gas and liquid flow rates. Zhou and Rossen
(1995) called this the fixed-Pc* case. They further assumed that at Sw* foam quality, f, is equal to the
fractional flow of gas. Hence, for these foams, gas mobility is (Zhou and Rossen 1995)

λg = λ*w

1 − fw 
 f 
 = λ*w 
 at Sw = Sw*
= λ*w 
qw
1− f 
 fw 
qg

[5.18]

Equation [5.18] indicates that gas mobility at Pc* is a function of fw (i.e., a function of foam quality) and
Sw* only.
Some data imply that Pc*, Sw*, and λw* depend on flow rates of gas or liquid (Khatib et al. 1988; Falls
et al. 1989; Friedman et al. 1991; Fisher et al. 1990). The fixed-Pc* model is only approximately correct
for these foams. Moreover, the fixed Pc* model describes foam at steady state and may apply to the period
of foam generation or at the leading edge of an advancing foam front (Zhou and Rossen 1995).
5.2.2.2

The Dholkawala et al. (2007) Model

A modified version of the mechanistic description of in-situ lamella creation is used, which accounts for
the pressure gradient ( ∇P ) and water saturation (Sw) as

rg = c g S w (∇P) a

[5.19]

where rg is the rate of lamella creation, Cg and a are the model parameters, and ∇P is the pressure
gradient. Foam coalescence is governed by Pc* or Sw*:

 1 

rc = cc n f 
* 
 Sw + Sw 
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b

[5.20]

where rc is the rate of foam coalescence, nf is the number of lamellae per unit volume of foam, Cc and b
are model parameters. The interplay between lamella creation and coalescence determines the number of
lamellae and hence governs the foam texture. By equating Eqs. [5.19] and [5.20], foam texture (nf) at
local steady state becomes

 cg 
n f =  ( S w − S w* ) b S w (∇P) a
 cc 

[5.21]

The shear-thinning effective viscosity of foam suggested by Hirasaki and Lawson (1985) is given as:

µ f = µg +

Cf nf
q1f / 3

[5.22]

where µg is the gas viscosity in the absence of foam, and Cf is a model parameter accounting for gas
viscosity in the presence of foam. Darcy’s law is used to describe the flow of foam:

qf =

kk rf0 ∇P

µf

[5.23]

where krf0 is the gas relative permeability in the absence of foam. In local steady-state modeling, one can
determine µf and qf by simultaneously solving Eqs. [5.22] and [5.23] and constructing fractional flow
curves using [5.17]. Once a fractional flow curve is constructed, a solution can be attained for the initial
and injection conditions. This foam model has been shown to successfully fit the three foam states (weak,
intermediate, and strong) and the two steady-state strong-foam regimes (low-quality and high-quality)
observed in laboratory experiments (Alvarez et al. 2001, Gauglitz et al. 2002).
Dholkawala et al. (2007) showed that when the fractional flow curves are constructed using mechanistic
descriptions of foam rheology in porous media, the solutions quantitatively show how the shape of the
fractional flow curve changes with injection velocity. The fractional flow theory could explain the weakfoam state at low injection velocity, the strong-foam state at high injection velocity, the transition from
the weak-foam to the strong-foam state, the hysteresis associated with foam generation, and the effect of
foam quality on foam generation. Dholkawala et al. (2007) demonstrated that foam rheology, similar to
catastrophe theory (see Section 5.3.2), is a multi-valued problem when the liquid and gas flow rates are
fixed, but a single-valued problem when the pressure gradient is fixed.

5.2.3

The Fractional Flow Model for the Gas-Oil-Water System

Rosman and Kam (2009) recently developed a model that describes foam rheology in the presence of oil
using three-phase, three-component fractional flow theory. Schramm (1994) noted that an increase in oil
saturation has a destabilizing effect and reduces foam strength by lowering the MRF. This occurs because
there is a threshold oil saturation above which foams are not stable. Different surfactant formulations also
react differently to different oil types.
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Although oil is known to have detrimental effects on foam in porous media, few studies have included its
impact on foam floods (e.g., Fisher et al. 1990, Law et al. 1992). The generalized approach for accounting
for the effect of oil on foam introduces an empirical constant when the oil saturation is greater than zero.
Rosman and Kam (2009) present a similar approach where three-phase fractional flow curves are
constructed based on the same mathematical formulations developed for the immiscible two-phase
process. Assuming gravity and capillary effects are negligible, the generalized fractional flow equation
for a three-component, three-phase (gas-oil-water) flow in a horizontal system is given as

fγ =

k rγ µ γ

k rw µ w + k ro µ o + k rg (µ g MRF )

[5.24]

where subscripts w, o and g represent water, oil, and gas. An MRF is necessary in this formulation to
account for the reduction in gas mobility in the presence of foam. The fraction flow of phase γ is then a
unique function of phase saturations.
The volume balance for fractional flow (or mass balance for incompressible phases) is given
as f w + f o + f g = 1 with saturations summing to one as well, S w + S o + S g = 1 .
Using mass conservation equations to describe foam transport, the solution for spreading waves is

( ) ( )

df γ
dx D
=
= vs
γ
dt D s
dS γ
s
γ
γ

[5.25]

where v sγ is dimensionless velocity, and x D and t D are dimensionless distance and dimensionless time,
respectively. For shock waves, Eq. [5.25] is expressed as

v sγ =

∆f γ
∆S γ

[5.26]

where ∆f γ and ∆S γ are discontinuous changes in fractional flow and saturation of phase γ across the
shock. A key concept in describing multi-component, multiphase displacement in a porous medium is
“coherence,” which requires that all dependent variable at any point in space and time have the same
velocity. Hence,

df g
df w
df
= o =
=σ
dS w dS o dS g
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[5.27]

where σ is the characteristic direction. The method of characteristics can be used to convert the
derivatives of Eq. [5.25] into an eigenvalue problem that describes fast and slow moving saturation
waves. Monotonically decreasing velocity from injection to initial condition is a constraint of fractional
flow theory. Hence, the high-velocity path is first, followed by the low-velocity path. Relative
permeability functions for this model were assumed to be

k rw

 S w − S wr 

= k 
1
−
S
−
S
wr
orw 


nw

0
rw
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[5.30]

where

k row

k rog

 1 − S w − S orw
= k 
 1 − S orw − S wr
0
ro





now

 S + S w − (S org + S wr ) 

=k  o
 1 − (S + S ) − S 
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wr
gr 


[5.31]
nog

0
ro

[5.32]

0
, k ro0 and k rg0 are the end-point relative permeability values of water, oil and gas, S orw and S org are
k rw

residual oil saturation in a water-oil and gas-oil system, and nw , now and nog are the relative
permeability exponents.
Rosman and Kam (2009) applied this model to a two-layer system to determine the effectiveness of foam
diversion (i.e., preferentially enter low-permeability layers) for a system with mixed permeabilities. The
results demonstrated that the frontal velocities and saturation profiles need to be considered to evaluate
foam diversion. To this end, the MRF must be large in both layers to form piston-like displacements.
Moreover, the MRF in the low-permeability layer must be small relative to the MRF in the highpermeability layer for the displacement front in the low-permeability layer to catch up with the front in
the high-permeability layer.

5.2.4

Fraction Flow Model Limitations

Due to the assumptions described above, the fraction flow model may be unsuitable for modeling foam
flooding because fractional flow theory is approximate when applied to compressible phases. Severe
extrapolations from available data are needed to fit model parameters, and strong foam behavior is not, in
general, a unique function of fractional flow. Constructing fractional flow curves for foam flow in porous
media may be inappropriate because absolute flow rates determine foam-flow behavior.
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5.3 Mechanistic Methods
A major challenge to developing a mechanistic foam simulator is tracking changes in foam texture. These
changes result from dynamic mechanisms of in-situ lamella creation and coalescence, which in turn,
results in changes in the gas mobility and pressure gradient. The concept of tracking the bubble
population has been used in many methods for foam simulation.

5.3.1

Bubble Population-Balance Model

Reduced gas mobility in the presence of foam is due to the following mechanisms: 1) stationary or
trapped foam that blocks channels that would otherwise carry gas, 2) flowing bubble trains that encounter
drag from pore walls and constrictions (Falls et al. 1989), and 3) viscous and capillary forces that
constantly rearrange the gas-liquid interfacial area of a flowing foam bubble (Hirasaki and Lawson 1985).
Gas mobility in the presence of foam critically depends on the foam-bubble size, which may vary with
permeability, porosity, surfactant type/concentration, and the velocity of the liquid and gas.
Bubbles are molded and shaped by porous media because porosity reflects the relative abundance of foam
germination and termination sites per unit volume of porous media (Chambers and Radke 1991; Ettinger
and Radke 1992). Bubbles and lamellae are usually transported some distance and may be destroyed and
then regenerated. When the local pressure gradient is insufficient to keep bubbles mobilized, other bubble
trains may begin to flow. No single bubble or bubble train is conserved over the length of several pore
bodies. Hence, foam texture arises from a balance between varied and complicated foam generation and
destruction mechanisms, and bubble trains only exist in a time-averaged sense.
Because foam texture determines the resistance of flow in porous media, the direct incorporation of the
role of foam texture into a simulator may be necessary for successful predictions of foam rheology. The
population balance method quantifies the evolution of foam texture and gas mobility according to the
bubble concentration. It is a mechanistic approach inasmuch as pore-level events are depicted in foam
generation, coalescence, and constitutive equations. Key to the successful application of this approach is
obtaining realistic rate expressions for the generation and coalescence of foam. By analogy to mass
balance equations for solutes in a subsurface flow and transport simulator, a separate conservation
equation is written for the concentration of foam bubbles.
5.3.1.1

Bubble Generation and Coalescence

A variety of algorithms have been used for describing lamella creation (bubble generation). Falls et al.
(1988) described bubble generation as a function of capillary pressure, whereas bubble generation was
triggered once a minimum flow rate was exceeded in the population balance model of Friedmann et al.
(1991). Kam and Rossen (2003) described bubble generation as a simple function of the pressure gradient
given as

rg = C g (∇p )

m

[5.33]

where rg is the rate of bubble generation, ∇p is the time-averaged pressure gradient, and Cg and m are
model parameters. Others have described bubble generation based on snap-off at germination sites
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(Kovscek and Radke 1994; Bertin et al. 1998; Myers and Radke 2000), which are narrow pore throats
located upstream of wide pore bodies. Kovscek (1993) extended the hydrodynamic analysis of Ransohoff
et al. (1987) for constricted, cornered pores to include imposed wetting liquid flow and found that bubble
generation by the snap-off mechanism could be expressed as being linearly proportional to liquid velocity
and to gas velocity raised to a power less than unity:

rg = k1v af vwb

[5.34]

where k1 is the generation rate constant, vw = qwφSw is the local pore water velocity, vf = qfφSf is the local
velocity of flowing foam, and a and b are power indices with the index b close to unity. Equation [5.34]
suggests that bubbles are produced only in the portion of the foam being transported.
The rate of lamella destruction (bubble coalescence) is still unknown, but it is generally agreed that
lamella destruction should diverge toward infinity as the water saturation (Sw) approaches the critical
water saturation (Sw*) or as the capillary pressure (Pc) approaches the critical capillary pressure (Pc*). At
these critical values, foam is known to collapse or coalesce. Assuming divergence at Sw*, Kam and Rossen
(2003) described the rate of bubble coalescence as

 1 

rc = C c n f 
* 
S
S
−
w 
 w

n

[5.35]

where rc is the rate of foam coalescence, nf is number of lamellae in a unit volume, and Cc and n are
model parameters. Others have included a term for the rate of lamella transport into termination sites,
where lamellae are destroyed. Ettinger and Radke (1992) adopted an expression where foam lamellae are
destroyed in proportion to their flux (i.e., vfnf) into termination sites:

rc = k −1 ( S w )v f n f

[5.36]

where k-1 is the coalescence rate constant that varies strongly with local aqueous-phase saturation and
surfactant formulation/concentration. This is expressed as

k −1 ( S w ) = k −01

1 − Sw
S w − S w*

[5.37]

where k-10 is a scaling constant. Consistent with divergence at Sw*, the coalescence rate increases
monotonically as the porous medium desaturates. Because of the steepness of the coalescence rate with
Sw, changes in gas or liquid velocity have little effect on the steady-state saturation (Khatib et al.1988).
Ettinger and Radke (1992) used the same rate expression to describe the rate of bubble division, the
second mechanism for creating foam. This rate is proportional to the flux of lamellae into the division
sites. Both rate constants are small with high values of Sw because fewer division sites are available.
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In Kovscek et al. (1995, 1997), the coalescence rate was written in terms of capillary pressure as

 P 
k −1 ( S w ) = k  * c 
 Pc − Pc 

2

0
−1

[5.38]

The critical pressure head Pc* is a function of surfactant concentration and may be estimated in different
formulations:

C 
Pc* = Pc*,max tanh s0  (Kovscek et al. 1995)
 Cs 

C 
Pc* = Pc*,max  s0  (Kovscek et al. 1997)
 Cs 

[5.39]

where Pc*,max is a limiting value of Pc* at a reference surfactant concentration, Cs0, and Cs is surfactant
concentration. This function allows Pc* to increase rapidly and smoothly from zero when Cs = 0 to the
maximum Pc*,max when Cs ≥ Cc0.
In practice, it is difficult to distinguish between bubble generation and coalescence when writing
mechanistic rate expressions. Hence, the two processes are often combined and expressed as one
equation. Because gas diffusion coarsening of the trapped phase is not currently well understood, it is not
often included in rate equations.
5.3.1.2

Trapped Foam

Trapped or stationary gas can contribute significantly to the reduction of foam mobility. Gas tracer
experiments with steady-state foam flow measure the fraction of trapped gas to vary between 85% and
99% (Gillis and Radke 1990; Friedmann et al. 1991). Coarsening of trapped foam, the process of larger
bubbles growing at the expense of smaller ones, can occur in porous media via gas diffusion when
lamellae reach the same pore-throat (Kovscek and Radke 1994). In general, the fraction of trapped foam
to flowing foam, χt = St/Sf, is a function of pressure gradient, capillary pressure, and pore geometry.
Kovscek and Radke (1994) described the trapped fraction of foam as a function of the trapped texture, nt:

χ t = χ tmax

β nt
1 + β nt

where χtmax is the maximum fraction of trapped foam and β is a trapping parameter.
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[5.40]

5.3.1.3

Conservation and Rate Equations

The rate equations for bubble generation (rg) and coalescence (rc) can be incorporated into subsurface
simulators using mass balance equations for the gas and aqueous phases. For example, a mass balance
equation for a one-dimensional medium can be given as (Kovscek and Radke 1994):

∂ (φργ S γ )
∂t

=−

∂ ( ρ γ qγ )
∂x

+ Qγ , γ = g or l

[5.41]

where qγ is the Darcy velocity and Qγ is the source/sink term for gas or water. In Eq. [5.41], it is assumed
that there is no exchange of water mass between the two phases. The mass balance equation for a
surfactant can be expressed as:

∂[φ (C s S w + Γs )
∂ ( q wC s )
=−
+ Qs
∂t
∂x

[5.42]

where Cs is the concentration of surfactant in the aqueous phase, Γs is the amount of surfactant adsorption
on porous media surfaces, and Qs represents the surfactant source term. Note that the mass of surfactant in
the gas phase is not considered because it is generally considered negligible compared to the surfactant
mass in the aqueous phase. Because the mobility of the foam phase is a strong function of texture, a
conservation statement that accounts for the evolution of foam bubble size is needed (Patzek 1988). The
transient population-balance on the mean bubble size can be written as (Patzek 1988; Falls et al. 1988;
Kovscek and Radke 1994)

∂[φ ( S f n f + S t nt )
∂t

=−

∂(q f n f )
∂x

+ φS g (rg − rc ) + Qb

[5.43]

where Qb is a source/sink term for foam bubbles, and subscripts f and t represent flowing and trapped
foam. The parameter nt represents the number of trapped or stationary foam bubbles. The first term of the
time derivative is the rate at which flowing foam texture becomes finer or coarser per unit volume of
porous media, and the second term is the net rate at which foam bubbles trap. The spatial term on the
right-hand side of the equation tracks the convection of flowing foam bubbles. At steady state, the rate of
bubble generation balances the rate of bubble coalescence (rg = rc). Kinetic expressions, such as those
given in Section 5.3.1.1, can be used for rg and rc.
5.3.1.4

Limitations

Although the method is mechanistic and portrays well-documented pore-level events, the expressions are
generalized to represent bulk behavior and contain parameters that may be difficult to obtain, especially at
the field-scale. Moreover, the population balance model neglects the surfactant mass in the gas phase,
which may be important for unsaturated subsurface applications.
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5.3.2

Catastrophe Theory

Catastrophe theory is a branch of bifurcation theory that studies and classifies phenomena characterized
by sudden shifts in behavior arising from small changes in circumstances. Small changes in certain
parameters of a nonlinear system can cause equilibria to appear or disappear, leading to large and sudden
changes of system behavior.
Kam et al. (2007) discussed the foam catastrophe problem in detail, saying that Sw in the high-quality
regime is extraordinarily close to Sw* and it is extremely difficult to avoid reaching the singularity in rc
(the rate of lamella coalescence) at Sw* since the simulation would require extraordinarily short time steps
to avoid the singularity. The fractional flow analysis cannot adequately describe the dynamics of foam
mechanism, especially near the leading edge of from front, due to its local-steady-state assumption. It is
questionable whether simulators based on the population balance model can successfully integrate the
catastrophe theory and the two strong-foam regimes.
Kam (2008) for the first time resolved the issues on the instability and divergence of numerical simulation
that take place near the physical discontinuity in foam simulation and presented how to build a
mechanistic foam simulator consistent with foam catastrophe theory and two steady-state strong-foam
regimes.
In Kam (2008), the bubble population in the gas phase in 1-D space is expressed as

∂[φ ( S f n f )
∂t

=−

∂ (q f n f )
∂x

+ φS g r

[5.44]

where r is the net change of nf per unit time:

r − r
r=c g
 0

if S w > S w*
if S w < S w*

[5.45]

The rate of lamella breakage (rc) is described by Sw and flows up at Sw* (Aronson et al.1994; Khatib et al.
1988; Kam 2008)
n

 Sw 
 if S w > S w*
rc = Cc n f 
* 
 Sw − Sw 

[5.46]

The lamella creation rate, rg, is generally considered as rg ∝∇Pm, m > 1. Kam (2008) showed that it is
necessary to select an appropriate lamella-creation function to ensure the stability and convergence of the
numerical solution. Specifically, 1) the lamella-creation function should increase rapidly above a certain
minimum pressure gradient for lamella mobilization and division to kick off active bubble generation, and
2) the function should also reach a plateau at high ∇P at which foam rheology is governed by bubble
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coalescence rather than bubble generation. Previous lamella-creation functions have only satisfied the
first constraint, causing a singularity to occur when Sw approaches Sw*. To this end, Kam (2008)
introduced the following function:

rg =

c g   ∇P − ∇P0 
 − ∇P0 
erf 

 − erf 

2  
2
 2 


[5.47]

where erf is the error function. Foam texture at equilibrium can then be obtained in equating
Eqs. [5.46]and [5.47]:

c  S − S w* 

n f = g  w
2cc  S w 

n

  ∇P − ∇P0 
 − ∇P0 
 if n f < n max
 − erf 
f
erf 
2
 2 

 

[5.48]

where nfmax is the foam texture at minimum bubble size, which is determined from the average pore size.
Kam (2008) compared results obtained by the catastrophe theory to solutions obtained by the fractional
flow theory (see Section 5.2). Although the results of the mechanistic simulator compare well to those
obtained by the fractional flow theory, the actual displacement that resulted from a given injection
condition could only be predicted by the dynamic simulations using the mechanistic simulator.

5.3.3

Percolation Theory

Typical reservoir simulations treat the flow as taking place in an averaged, Darcy-scale medium.
However, simulations can also be carried out at the level of the network of pores and throats of the porous
medium. Percolation theory allows this application by providing the ability to quantify connections of
volumes, areas or line segments when arranged at random. When these line segments represent transport
between neighboring pores, the statistics of their connectivity reveal information about the rate-limiting
conductance of large systems (Hunt 2001). Percolation theory tracks connections, which makes it a
logical choice for addressing spatial correlations. Thus, percolation theory has the strength of quantifying
connections and emphasizing heterogeneity.
In percolation theory, a porous medium is represented as a network of pores (sites), which are connected
by capillary tubes (bonds). Percolation theory deals with networks of sites and bonds where the topology
of the system is determined by a number of connections that each site has with its neighboring sites. To
illustrate how percolation theory might be applied to foam rheology, the model of Rossen and Gauglitz
(1990) is described below.
5.3.3.1

Cluster Size

Rossen and Gauglitz (1990) approximated the interconnected pore network of a porous medium with a
network of nodes and bonds. Nodes in the network represent pores, and the bonds connecting them
represent pore throats. Missing nodes represent pores occupied by water; the removal of additional bonds
represents blockage of pore throats by bubbles created by snap-off. Hence, the mobilization of lamellae
from pore throats can refine foam texture.
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In the Rossen and Gauglitz (1990) model, conductivity across the network corresponds to gas
permeability, and the potential drop across a missing bond represents the pressure drop across a blocked
pore throat. They made several assumptions including no changes in gas and water saturations, equivalent
conductivities among bonds, and random snap-off occurrence at pore throats. Since lamellae that block
dead-end clusters are free to take the position in the throat where pressure gradient is at the maximum
value, the pressure gradient across a lamellae is defined as

∆P = G p L
G pmin = ∆P max / L

[5.49]

where ∆Pmax is the maximum pressure drop across the lamellae as it is displaced from the throat, and GPmin
is the minimum pressure gradient required to displace it. No assumptions about the volumes of individual
pores (nodes) are made. Although the authors refer to the fraction of pore throats occupied by gas as its
saturation, it does not equal the volumetric saturation in the porous medium.
In the Rossen and Gauglitz (1990) model, a fraction of bonds, fb, is randomly selected and assigned a
conductivity of 1, and the remaining bonds are assigned a conductivity 0. As a function of fb, analytical
formulas are developed for the conductivity [kr(fb)], the fraction of bonds conducting flow [Bc(fb)], and the
total number of bonds [Bt(fb)] including the dead-end fractions of bonds. The percolation threshold, fc, is
the value of fb at which clusters of bonds link up to form an infinite network, and kr, Bc and Bt become
nonzero and is a function only of network topology. When gas invades a water-saturated porous medium,
fb represents the fraction of pore throats large enough for gas to enter. Bt(fb) represents the fraction of
throats occupied by gas, which establishes the conductivity, kr(fb). The fb value at steady state before
surfactant is introduced is denoted by fb0, and the actual gas saturation is denoted by Bt(fb0).
In a system with surfactant, when gas imbibition occurs, snap-off can reduce the value of fb. The fraction
of initially gas-occupied and accessible throats now blocked, fsn, is

f sn = ( f b0 − f b ) / f b0

[5.50]

Though snap-off reduces the fraction of gas-occupied throats, it does not affect the occupation of pore
bodies. Hence, the fraction of gas trapped, Btr, is

Btr = [ Bt ( f b0 ) − Bt ( f b )] / Bt ( f b0 )

[5.51]

Equation [5.51] applies only to the Bethe tree, an idealized network in which there is only one path
between any two points (Larson and Davis 1982). If Bc(f) is known, the average number of pores in a gas
channel blocked by a single pore throat, n , for any lattice can be determined by (Rossen 1988):

n = f b0

d ln Bc
d ln f b
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[5.52]

The percolation threshold is defined as the critical value of occupation probability. Near this value, the
average number of pores in a gas channel blocked by a single pore throat is given as

lim n = f cγ B ( f b − f bc ) −1

f → f bc

[5.53]

where γB is the exponent for the scaling law for Bc near fc. For a Bethe tree of any coordination number, γB
= 2 (Larson and Davis 1982), and for three-dimensional lattices, γB = 1.11.
5.3.3.2

Relating Cluster Size to ∆P

For any fraction of pore throats, fb, there is a distribution of the number of connected pores, n, for the
missing bonds that if opened, would contribute to flow. In general, the lamellae blocking the largest
clusters have the largest ∆P and thus are mobilized first. An estimate for the average cluster length in the
direction of flow, L, is

L≅

3
nl
2

[5.54]

where L is the length of a single pore. Although the exact relation between L and n on three-dimensional
lattices is unknown, tortuosity can be considered by treating clusters as random walks of 3n steps.
At the onset of foam mobilization, Darcy’s equation relates the pressure gradient to the gas velocity.
Using Eqs. [5.49], [5.52] and [5.13], the minimum gas velocity for mobilization, vgmin is defined as

v gmin =

kk r ( f b )

φµ g

G pmin

[5.55]

where k is absolute permeability, and kr(fb) represents relative permeability to gas.
Using the above percolation theory in a Bethe tree network, Rossen and Gauglitz (1990) found that the
cluster size diverges to infinity as the percolation threshold is approached, where foam generation
becomes easier. Because the proximity to the percolation threshold is related to the injected liquid-gas
volume ratio and fluid viscosities, the minimum pressure gradient from the injected liquid fraction can be
predicted. This model explains experimental reports of a minimum pressure gradient or injection rate
required to generate foam. However, the theory does not predict the mobilization pressure gradient once
flow begins.
Chen et al. (2006) pointed out that in the percolation model of Rossen and Gauglitz (1990), the
assumption of a uniform pressure gradient on the pore network near the percolation threshold is not a
valid assumption. The average cluster of gas blocked by lamellae diverges to infinity at the percolation
threshold, whereas the number density of these clusters on the pore network approaches zero. Chen and
Yortsos (2006) advanced the Rossen and Gauglitz (1990) network model development by modeling the
three processes of lamella creation (leave behind, lamella division, and snap-off). Only foam-generation
mechanisms were considered, and they did not include relationships describing lamella destruction. The
study demonstrated that strong foam generation by lamella mobilization and division and capillary
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fluctuations is possible without the necessity of repetitive snap-off. Minimum pressure gradient
calculations using snap-off yielded qualitatively similar results of Rossen and Gauglitz (1990) without
assuming a uniform pressure gradient in the pore network.
As referenced by Chen and Yortsos (2006), Tanzil et al. (2002) proposed that foam generation depends on
the pressure drop across the displacement front rather than on the pressure gradient. They also proposed a
critical value of the capillary number based on the pressure drop across the displacement front to denote
the threshold of foam generation. However, verifying this hypothesis is difficult in fixed-injection-rate
experiments because the pressure drop increases once foam is generated. The measured pressure drop is
as much a result as it is a cause of foam generation.
5.3.3.3

Limitations

The percolation (or network) models that allow replication of pore-level mechanisms have the
disadvantage of requiring large amounts of computational time and providing results on only small grids.
It seems unlikely that network or percolation models can be useful in transient displacements that demand
tracking of saturation, surfactant concentration, and foam quality at the field or even laboratory scale.
Percolation theory is more appropriate for the study of foam at the pore scale.

5.3.4

The Filtration Theory for Ball Foam

Unlike other modeling methods, this modeling approach is specifically for ball foam, which is also
termed microfoam or CGA. Ball foam is much denser than polyhedral foam, and hence, the former
behaves more like a liquid while the latter is more like a gas. Due to its small bubble size, which is
equivalent to that of colloids, Wan et al. (2001) treated CGA transport in porous media as a special case
of colloidal transport based on the filtration theory:

R

∂n f
∂t

=D

∂ 2n f
∂x 2

+ vw

∂n f
∂x

− ka n f

[5.56]

where nf [L-3] is bubble density (microbubble concentration), R is the retardation factor for local sorption
equilibrium, D [L2 T-1] is the dispersion coefficient (D = αLvw, where αL is the longitudinal dispersivity),
and ka [T-1] is the pseudo first-order rate coefficient for attachment.
The attachment coefficient can be related to the filter coefficient, λ [L-1], used in the filtration theory (Yao
et al. 1971):

[

k a = vw λ = vw 1.5(1 − φ )αη / d g

]

[5.57]

where dg is the diameter of the filter media (collector), η is the ratio of the rate at which colloids strike the
single collector to the rate at which colloids flew toward the collector, and α is the fraction of collisions
that results in attachment of the particle to the collector. Under favorable surface interactions between the
particle and the collector that result in a net attractive force, a approaches unity, while under unfavorable
surface interactions resulting in a repulsive force barrier, α approaches zero.
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Rajagopalan and Tien (1976) developed the following approximate expression for η as a function of
several dimensionless numbers (Wan et al. 2001)
1 / 8 15 / 8
−2 / 3
η = [4 As1/ 3 N Pe
N R + 0.00338 As N G1.2 N R−0.4 ]
+ As N Lo

where
NR = d p / dg
N Pe = UDc /[kbT (eπµd p )]
NG = U p / U

[5.58]

N Lo = 4 H /(9πµd U )
2
p

As =

2(1 − γ 5 )
2 − 3γ + 3γ 5 − 2γ 6

γ = (1 − φ )1/ 3
where dp [L] is particle diameter, U [L T-1] is the approach velocity, kb is the Boltzmann constant, T [K] is
temperature, µ [M L-1T-1] is fluid viscosity, Up is the particle settling velocity, and H [M L-2T-2] is the
Hamaker constant and usually assumed to be 10-20 J.
For the buoyant-caused upward bubble movement, the buoyant rise velocity of bubbles is given by (Wan
et al. 2001)

U p = gρ f d p2 / 18µ f

[5.59]

where ρf is fluid density. The collision of the efficiency factor, α, can be estimated, after neglecting
dispersion. according to the steady-state 1-D bubble concentration distribution over the length of the
column (x = 0 to L) (Wan et al. 2001)

C / C0 = exp(−αL)

[5.60]

where C and C0 are the effluent and influent concentrations.
Peters et al. (1994) very briefly described a foam simulator based on continuity principles, species
conservation, and momentum balance for each phase. This model assumes a uniform foam bubble
diameter, which is smaller than the equivalent diameter of the porous medium. The mean foam bubble
size can be varied to assess its impact on foam flow in porous media.
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6.0 Conclusions
This section briefly summarizes the findings and challenges in using foam as an amendment-carrier for
vadose zone remediation.
Often the properties of bulk foam are characterized and reported before foam is injected into a porous
medium. These properties include critical micelle concentration, foam quality, stability, viscosity, surface
tension, specific electric conductivity, foam disjoining pressure, etc. However, foam in porous media may
have different properties than those of bulk foam.
Some work has been done for vadose zone remediation using either the micro-foam (colloidal gas
aphrons) or the polyhedral foam in the laboratory scale. It appears that CGA suspensions provide better
removal of the major chlorinated hydrocarbons present in oily waste, and foam can be used to enhance
soil remediation under low injection pressures compared to other fluids such as liquid surfactant
solutions. The concerns of vadose zone remediation using polyhedral foam include, but are not limited to,
the lack of sufficient sustainability of foam and the possible excessive pressure gradient.
Major foam dynamic processes include foam destruction, formation, and entrapment. The transport of
foam in porous media is complicated in that the number of lamellae present governs flow characteristics
such viscosity, relative permeability, fluid distribution, and interactions between fluids. In a porous
medium, there exists a critical capillary pressure above which lamellae cannot be sustained; a minimum
pressure gradient is required to keep foam moving in a porous medium. The movement of foam can be
described by the Darcy’s law. However, the effective foam viscosity or mobility varies with foam texture
and velocity. For the initially unsaturated sediment, there are limited experiment data and understanding
of the impacts of flow dimensionality on foam dynamics and transport processes.
Three major approaches to modeling foam transport in porous media are the empirical, semi-empirical,
and mechanistic. Mechanistic approaches can be complete in principle but it may be difficult to obtain
reliable parameters, whereas empirical and semi-empirical approaches can be limited by the detail used to
describe foam rheology and mobility. Critical assumptions have been imposed in the mechanistic and/or
semi-empirical approaches. For example, it appears that the bubbles in the bubble-population model do
not have mass. The fractional flow model neglects the impact of capillary gradient. The mass balance and
capillary gradient can be critical for vadose zone remediation. For the polyhedral foam it is possible to
find the relationships between foam mobility and foam quality/velocity through experiments, therefore
the empirical approach may be appropriate to simulate foam transport in the initially unsaturated media.
The transport of micro-foam in the initially saturated media has been modeled successfully with the
filtration theory by treating the micro-bubbles as colloids. However, the stability of the micro-foam and
its transport in the initially unsaturated media are not well-addressed in the literature.
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Appendix
Glossary
An (S) following the definition indicates from Schramm and Wassmuth (1994); a (KR) indicates from
Kovscek and Radke (1994).
Black film – Fluid films yield interference colors in reflected white light that are characteristic of their
thickness. At a thickness of about 0.1 µm, the films appear white and are termed silver films. At
reduced thicknesses, they first become grey and then black (black film). Among thin equilibrium
(black) films, one may distinguish those that correspond to a primary minimum in interaction energy,
typically at about 5-nm thickness (Newton black films), from those that correspond to a secondary
minimum, typically at about 30-nm thickness (common black films). (S)
Bubble division – A mechanism for bubble generation in porous media. Lamellae or bubbles are divided
into more lamellae or bubbles. Mobile foam must pre-exist. (KR)
Bulk foam –foam is designated as bulk when the pore size is much larger than the size of individual foam
bubbles. (KR)
Confined foam –foam is designated as confined foam when the pore size of the medium is comparable or
less than the size of the dispersed gas bubbles and the bubbles and lamellae span completely across
pores. (KR)
Continuous-gas foam – the medium contains one or several interconnected gas channels that are
uninterrupted by lamellae over macroscopic distances. (KR)
Cosurfactant – Any chemical, whether surface active by itself or not, that may be added to a system to
enhance the effectiveness of a surfactant. (S)
Critical film thickness – A fluid film may thin to a narrow range of film thicknesses within which it either
becomes metastable to thickness changes (equilibrium film) or else ruptures. Persistent foams
comprise fluid films at their critical film thickness. (S)
Critical micelle concentration (CMC) – The surfactant concentration above which molecular aggregates,
termed micelles, begin to form. In practice, a narrow range of surfactant concentrations represents the
transition from a solution in which only single, unassociated surfactant molecules (monomers) are
present to a solution containing micelles. (S)
Discontinuous-gas foam – the entire gas phase is made discontinuous by lamellae, and there are no gas
channels that are continuous. (KR)
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Disjoining pressure – The negative derivative, with respect to distance, of the Gibbs energy of interaction
per unit area yields a force per unit area between colloidal species, termed the disjoining pressure.
Example: In a thin liquid film, the disjoining pressure equals the pressure, beyond the external
pressure, that must be applied to the liquid in the film in order to maintain a given film thickness. (S)
Effective foam viscosity – For foam flowing in porous media, the foam’s effective viscosity is that
calculated from Darcy’s law. This value is an approximation because foams are compressible and are
also usually non-Newtonian. (S)
Film – Any layer of material that covers a surface and is thin enough to not be significantly influenced by
gravitational forces. (S)
Film drainage – The drainage of liquid from a lamella of liquid separating droplets or bubbles of another
phase (i.e., in a foam or emulsion). Also termed thin film drainage. (S)
Foam – A gas phase dispersed within a liquid phase and stabilized by surfactant adsorbed at the gas/liquid
interface. Foam can be aqueous or non-aqueous. (KR)
Foam drainage – See film drainage.
Foam quality – the volume fraction of gas in foam. (KR)
Foam texture – the number of lamellae per unit volume of foam; is used to quantify the bubble
population. (KR)
Foaming agent – Any agent that stabilizes a foam. The foaming agent may make it easier to form a foam
and provide stability against coalescence. Foaming agents are usually surfactants. Also termed foam
booster, whipping agent, and aerating agent. (S)
Foaming power – In foaming, 100 times the ratio of gas volume to liquid volume in a foam. (S)
Gas emulsion – “Wet” foams in which the liquid lamellae have thicknesses on the same scale or larger
than the bubble sizes. Typically in these cases, the gas bubbles have a spherical rather than polyhedral
shape. Other synonyms include gas dispersion and Kugelshaum. (S)
Kraft point – The temperature above which the solubility of a surfactant increases sharply (micelles begin
to form). (S)
Kugelschaum (“ball foam”) – Foam that consists of well-separated, spherical bubbles. (KR)
Leave-behind – A mechanism for bubble generation in porous media. As two gas menisci invade adjacent
liquid-filled pore bodies, a lens of liquid is left behind as the two menisci converge downstream.
Lenses created by Leave-behind do not make the gas phase discontinuous. (KR)
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Leverett J-function - A dimensionless function of water saturation describing the capillary pressure
(Leverett 1941). It is defined as J ( S w ) =

pc ( S w ) k / φ
, where Sw is the water saturation measured
σ cos θ

as a fraction, pc is the capillary pressure, k is the permeability, φ is the porosity, σ is the surface
tension, and θ is the contact angle. The function is constant for a given saturation within a reservoir,
thus relating reservoir properties for neighboring beds. The Leverett J-function is an attempt at
extrapolating capillary pressure data for a given rock to rocks that are similar but with differing
permeability, porosity, and wetting properties. It assumes that the porous rock can be modeled as a
bundle of non-connecting capillary tubes, where the factor is a characteristic length of the capillaries'
radii. For further discussion on the Leverett J-function, see http://www.ux.uis.no/~s-skj/ResTek1v03/Notater/Tamu.Lecture.Notes/Capillary.Pressure/Lecture_16.ppt.
Limiting capillary pressure – The capillary above which lamellae cannot be sustained. The corresponding
saturation is called limiting water saturation. (KR)
Micelle – An aggregate of surfactant molecules in solution. (S)
Mobility reduction factor – A dimensionless measure of the effectiveness of a foam at reducing gas
mobility when flowing in porous media. The mobility reduction factor is equal to the mobility (or
pressure drop) measured for foam flowing through porous media, divided by the mobility (or pressure
drop) measured for surfactant-free solution and gas flow at the same volumetric flow rates. (S)
Newtonian fluid – A fluid whose rheological behavior is described by Newton’s law of viscosity (shear
stress is proportional to the shear rate). The proportionality constant is the coefficient of viscosity. (S)
Non-Newtonian fluid – A fluid whose viscosity varies with applied shear rate (flow rate). Non-Newtonian
flow refers to fluid flow that does not obey Newton’s law of viscosity. (S)
Polyderschaum (“polyhydral foam”) – Foam that consists of polyhedral bubbles separated by surfactantstabilized thin-liquid films called lamellae. (KR)
Shear-thinning fluid – a fluid in which viscosity decreases with increasing rate of shear.
Snap-off – A mechanism for bubble generation in porous media. A bubble is formed when the gas pushes
the gas-liquid interface through a pore throat and then the interface is snapped off. Snap-off creates
gas bubbles that are approximately the size of pore bodies. Discontinuous-gas foam is created by
snap-off. It can result in a several-hundred fold reduction in gas mobility. (KR)
Strong foam – Finely textured foam (large number of lamellae with a small bubble size). It reduces gas
mobility remarkably (KR)
WAG - Water-Alternating-Gas displacement
Weak foam – Coarse textured foam (small number of lamellae with a large bubble size). It provides a
moderate reduction in gas mobility (KR)
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