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A glass micromodel was experimented to study the coupled effects of the apparent
viscosity and mobility of surfactant foam (SF) on the displacement of residual
trichloroethylene (TCE) during SF flooding. The SF floods operated under moderate
interfacial tension (4.9 dyne/cm) of surfactant solution with TCE and pressure gradient
(20— 200 kPa) conditions showed relatively different foam behaviors to the higher pres-
sure gradient conditions. The apparent viscosity of SF seems to be less affected by
changes in surfactant concentration and affected more by the gas fraction in SF or the
bubble size of SF. As the total SF flow rate and the gas injection velocity increased, the
apparent SF viscosity decreased and the SF mobility increased. The latter characteristic
led to an increase in the TCE displacement efficiency although SF under low-pressure
gradients resulted in flow channeling. The experiment results imply that the SF flood for
environment application would be affected by operating conditions and distribution of
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residual contaminants.

Introduction

Recently, the use of surfactant foam has been suggested
for environmental remediation (Hirasaki et al., 1997a,b; Chu
et al., 1996; Rothmel et al., 1998). The operating conditions
of these foam-flooding investigations with respect to applied
interfacial tension (IFT) systems and foam-generation meth-
ods were similar to those of foam flooding used for enhanced
oil recovery (EOR). A surfactant-foam (SF) study employing
a moderate IFT (4.9 dyne/cm) and pressure gradient system
(20-200 kPa/m) demonstrated the removal of residual
trichloroethylene (TCE) trapped in a porous medium (Jeong
et al., 2000). The use of SF with a moderate IFT with TCE
reduced the vertical migration tendency of TCE, which has
been of concern in the remediation of groundwater aquifers
contaminated by TCE spills. However, only a little informa-
tion about foam behaviors has been provided in the environ-
mental literature.

Foam generation and bubble size affect the foam flow be-
havior through porous media (Ettinger and Radke, 1992).
Foam is usually generated either by an external foam genera-
tor or by an internal foam-generation method. Both foam-
generation methods use pressure gradients greater than 650
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kPa/m and generate very thin liquid films between bubbles
(Hudgins and Chung, 1990; Llave et al., 1990; Minssiex, 1974),
that is, this study calls the pressure gradients as high pressure
gradients. The SF used in this study was generated by the
simultaneous injection of surfactant solution and air through
an injection tube so bubbles formed between the liquids slug.
The thickness of SF lamellae (such as the liquid wall between
bubbles) in an injection tube of 1.5-mm diameter was about
3.5 mm. The generated pressure gradient by SF flooding used
in this study ranged from 20 to 200 kPa/m. These different
physical properties of foams might affect their propagation in
porous media. Although the physical properties of foam gen-
erated under high-pressure gradients, such as the apparent
viscosity and mobility, have been well understood, no study of
the apparent viscosity and mobility of foam generated at rela-
tively low-pressure gradients has been conducted.

The objectives of this study were to understand SF behav-
ior flowing under moderate IFT and relatively low-pressure
gradients in terms of the apparent viscosity and mobility of
SF, and to determine the most important factor affecting the
SF behavior in order to enhance the TCE displacement. This
study refers to foam as general foams, while the term SF
refers to the surfactant foam used in this study.
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Background

The use of foam in the petroleum industry originated from
gas mobility control for gas flooding. By using gas injection
(CO,, hydrocarbon gases, and so on), all EOR techniques
have experienced poor sweep efficiency because of gas chan-
neling and gravity override in a porous media (Kuhlman, 1990,
Schramm et al., 1990). These two major problems occurred
because of the higher mobility of the gas phase than that of
the oil phase. However, the gas phase injected as a foam ex-
hibited a higher gas viscosity of up to 1,000 times that of the
original constituent (Huh et al., 1989; Manlowe and Radke,
1990; Rossen et al., 1991). The mobility of gas was strongly
correlated to the apparent viscosity of gas. The concepts of
foam mobility or the gas mobility in a porous media are a
matter of controversy in the petroleum literature and two dif-
ferent foam behaviors have been reported when the gas ve-
locity increased. While Huh et al. (1989) reported that the
shear-thickening behavior of foam was observed in micro-
model experiments, most of the other studies observed the
shear-thinning of foam (Chang et al., 1990; Falls et al., 1989;
Lee et al., 1990; Owete and Brigham, 1987). Most studies on
the apparent viscosity and mobility of foam were performed
without residual oil in a porous media. No effort has been
made to establish a correlation between the physical proper-
ties (such as apparent viscosity and mobility) of foam and
dense nonaqueous phase liquid (DNAPL) displacement effi-
ciency.

Only a few studies of environmental remediation have dealt
with foams. Hirasaki et al. (1997a,b) performed foam-flood-
ing experiments for DNAPL removal in the laboratory and
then made the first field demonstration. They recovered 99%
of the residual TCE in a sand pack by foam flooding, and
achieved an 87.5% removal of a DNAPL mixture from a con-
taminated site. They used an anionic surfactant solution with
1,500 ppm NaCl. This type of surfactant solution will result in
the middle phase micro-emulsion conditions (Hirasaki et al.,
1997a; West and Harwell, 1992). Chu et al. (1996) performed
surfactant foam-flooding studies for residual dodecane re-
moval. Rothmel et al. (1998) evaluated a surfactant foam
technology involving bioremediation, and achieved 75% re-
moval of residual TCE by foam alone. Recently, Chowdiah et
al. (1998) reported some physical information about the pres-
sure gradients and apparent viscosity when foam was applied
for soil remediation. They applied high-pressure gradients
during foam flooding, but the use of ethanol reduced the
pressure gradient down to 45 kPa/m. They also suggested a
potential application of diverting foam flow to a low perme-
ability zone. They noted that foam with similar mobilities can
be achieved even if the permeabilities of the porous medium
are different, and mentioned the possibility of preventing flow
channeling by foam flooding.

Experimental and Calculation Methods
Experimental setup

The micromodels were made of glass and etched by photo-
chemical methods to fabricate solid grains and pores (Buck-
ley, 1991). A micromodel with homogeneous properties, as
shown in Figure 1, was used in this study. The network in the
micromodel consisted of mutually perpendicular channels (or
throats) with diamond-shaped pores and smaller nodes alter-
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Figure 1. Homogeneous glass micromodel.

nating at the interactions of throats. The permeability and
porosity of the micromodel were measured as 1.7X 1077 cm?
and (.27, respectively. Detailed procedures to determine the
micromodel properties and a schematic of the experimental
apparatus have been described in Jeong et al. (2000).

Simultaneous injection of surfactant solution and air pro-
duced SF in the injection tube (2 mm OD X 1.5 mm ID;
Waters Corp.) of the micromodel. A pressure transmitter
(Model 600, AutoTran Inc.) monitored the pressure variation
of the injected SF every 30 s. During the injection of 25 pore
volumes (PV) SF into the micromodel, the results monitored
were stored in a computer containing a data-logging software
(QuickLog, Strawberry Tree Inc.) and then used for the ap-
parent viscosity and mobility calculations.

Measurement of the apparent SF viscosity

The apparent viscosity is the viscosity determined for a
non—Newtonian fluid without reference to a particular shear
rate. The apparent viscosity is usually determined by a method
applicable to Newtonian fluids (Falls et al., 1989; Lee et al.,
1990). Thus, Darcy’s law is used to determine the apparent
viscosity of a fluid
meas. _ kakrVP

a . M

meas.

where uf is the measured apparent viscosity, g, is the
Darcy velocity, k, is the intrinsic permeability of the porous
medium, k, is the relative permeability, and VP is the pres-
sure gradient along a horizontal porous medium.

The gas-phase pressure was continuously monitored during
all experiments. An average gas-phase pressure was deter-
mined from the pressure data obtained during 20-25 PV
flooding, which was assumed to be the steady state. At steady
state, g would be constant and equal to the injection flow
rate per unit area, since the aqueous phase saturation during
the foam flooding would be constant within the porous
medium (Ettinger and Radke, 1992; Persoff et al., 1991). The
injection flow rate was the summation of injection flow rates
of the surfactant solution and the gas phase (air). The flow
rate of the gas phase was corrected with pressure and tem-
perature. The relative permeability was calculated by Corey’s
equation using the sum of the liquid and gas-phase saturation
after SF flooding.
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Three concentrations of surfactant solution, that is, 0.5, 1,
2% (weight basis), were evaluated to examine the effect of
surfactant concentration on the apparent SF viscosity. An an-
ionic surfactant of sodium C,, , olefin sulfonate (Bio-terge
AS-40, Stepen Co.) was used in the experiments. To deter-
mine the effect of gas fraction (GF) on the apparent viscosity,
two GFs of 66% and 85% were applied. GF is defined as the
ratio of the gas volume to SF volume.

The micromodel was cleaned once by 0.05 N sulfuric acid
including potassium chromate, followed by methanol after
each experiment. TCE (Fischer Scientific Inc.) was dyed with
Oil-Red-O (Aldrich Inc.), specifically, 0.5 g/L. Dyed TCE was
injected by a syringe into a micromodel saturated with deion-
ized, distilled water until the breakthrough was reached. The
micromodel saturated with dyed TCE was then flushed by
water at the rate of 0.45 mL/h. After this water flooding, the
mean residual TCE saturation of the micromodel was mea-
sured as 0.32 by visualization and quantification (Jeong et al.,
2000). SF was then applied to the micromodel, and the inlet
gas pressure was continuously monitored. SF flooding experi-
ments in a control micromodel without any residual TCE
containing water only were also performed for comparison.
Although the pressure responses in the micromodel with
residual TCE were somewhat higher than those without TCE
at the early stages of the experiment, the pressure variations
at steady state were relatively similar to each other.

Calculated apparent SF viscosity

Hirasaki and Lawson (1985) developed a theoretical ex-
pression for apparent foam viscosity in a smooth capillary. In
addition, a theoretical model was developed to account for
the pore constriction in homogeneous bead packs placed in
glass tubes (Falls et al., 1989). Four components contribute to
the apparent viscosity: (1) the liquid viscosity of the slugs of
surfactant solution between the bubbles, w.,,;, (2) the resis-
tance between bubbles and channel walls during the foam
flow, peomo; (3) the surface-tension gradient due to the sur-
factant concentration gradient, u .,3; (4) the resistance due
to pore constrictions, p.,.4. Each component is expressed by
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The nomenclature used in theses expressions and the values
used for the apparent SF viscosity calculations are given in
Table 1. We modified the parameters of the theoretical ex-
pression given by Falls et al. (1989) for bead packs for the
micromodel used in this study, as explained in the footnotes
to Table 1. The calculated apparent SF viscosity of each com-
ponent was determined to describe how each component af-
fects the total apparent viscosity calculations.
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Table 1. Theoretical Apparent Viscosity Expressions (Egs.
2-5)and Values Used in Calculations (GF = 66%)

Value for
Definition Micromodel Exp.
L, = length of liquid slugs between the bubbles,* 0.35
cm
n, = number of lamellae per unit length,** 1.2
lamellae/cm
Teap = capillary radius, cm, ¢d,, /[3(1— ¢) 0.000957
+2d,/d,]
r. = radius of curvature of plateau border in a
foam lamella, cm {(1—T)/[3(1 — /)] 1.28
(rB/rcap)s}lﬂrcap
I = foam quality’ ) 0.66
rg = foam bubble radius,’" cm 0.12
u,, = viscosity of aqueous phase, cP 1.029
o = surface tension, dyne/cm 33.34
N, = dimensionless group, B/r,, cm, B (= 5cm,
parameter in the smooth-tube viscosity
model) 3.92
L = dimensionless bubble length, cm,
(Lg/r B, ve/a)” lﬂ/‘/(NS) Changed by v,
v, = gas velocity, cm/s Varied
= porosity ) 0.27
d, = bead diameter,” cm 0.008
d, = tube diameter,** cm 0.257
&, = geometrical factor 0.56

* Average length of a liquid slug in SF was calculated based on directly
measured individual lengths in the injection tube.
** Average number of liquid slugs in SF.
Equal to gas fraction value.
Average bubble radius in the SF train that was flowing in the injection
tube.
iAverage diameter of solid grains.
*The diameter of the equivalent circular tube calculated from the rect-
angular cross-sectional area of the micromodel.

The mobility of SF in porous media during the SF flooding

The mobility of SF, Agp, is defined by Eq. 6 (Lee and
Heller, 1988; Lee et al., 1990)

ar

Asp = VP (6)

The mobility is inversely proportional to the apparent viscos-
ity, as given by Eq. 1. The pressure drop was monitored as
described earlier and used to calculate the mobility of SF.
The mobility was expressed in terms of cm?/cP.

Capillary number

The capillary number is a dimensionless number represent-
ing the ratio between the viscous and capillary forces

r

W k,k, VP
N, = dr

a

@)

ocosf ocosb

where u, is the apparent viscosity, o is the IFT between the
displacing and displaced fluids, and 6 is the contact angle
with the solid. The relative permeability, k,, was calculated
by Corey’s equation (Corey, 1986). Interfacial tensions of 0.5,
1, and 2% surfactant solution with red-dyed TCE were 6.4
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dyne/cm, 5.7 dyne/cm, and 4.9 dyne/cm, respectively. The
measured contact angle between the dyed TCE on the glass
and the surfactant solutions was 130 degrees.

Results and Discussion

Effect of gas fraction and surfactant concentration on
apparent SF viscosity

Figure 2a shows pressure gradients as a function of total
flow rate (sum of surfactant and air velocity). The pressure
gradients were the base values for determining the apparent
viscosity and mobility of SF. Figure 2b shows the effect of GF
and surfactant concentration on the apparent viscosity of SF.
Two GFs (66 and 85% GF) and three different surfactant
concentrations (0.5, 1, and 2%) were evaluated as a function
of the injection rate, g;. As the injection velocity increased,
the apparent viscosity of SF decreased at both 66% GF and
85% GF. The results are consistent with those of a previous
study (Falls et al., 1989). While the effect of GF was shown to
be distinguishable, little difference in the apparent viscosity
with surfactant concentration change was observed at 66%
GF.

This study attributed the difference in apparent viscosity at
different GFs to the effect of foam bubble size or foam tex-
ture. Since more air was injected to produce an SF at 85%
GF, the bubble size of SF produced would be larger than
that of the SF at 66% GF. Foam with smaller bubble sizes
yielded higher apparent viscosity during its flow through
porous media, because the viscous resistance between the
foam bubbles and capillary wall depended on the bubble
density (Hirasaki and Lawson, 1985). In this study, the bub-
ble density is defined as the number of lamellae per unit
length of the injection tube. Foam that used EOR consists of
many bubbles and thin liquid films between the bubbles,
yielding a high bubble density, whereas the SF at 66% GF
consists of 1.2 bubbles per 1 cm length of the injection tube,
and has thick lamellae. Although the apparent viscosity of
foam ranged around 10> cP at the injection velocity of 100
cm®/cm?h (Falls et al., 1989), the apparent viscosity of SF at
the same velocity was about 20 cP. Foam with the higher
bubble density exhibited higher apparent viscosity due to the
high resistance resulting from more lamellaes. Therefore, the
effect of SF texture on the apparent viscosity was also ob-
served, even at such low bubble densities, that is, 1.2/cm at
66% GF and 0.6/cm at 85% GF, as shown in Figure 2b. The
SF at 66% GF, which has smaller bubble sizes, produced a
higher apparent viscosity than 85% GF.

The small difference in the apparent SF viscosity by surfac-
tant concentration change can be of interest. Some re-
searchers reported that the apparent viscosity and mobility of
the foam were significantly affected by surfactant concentra-
tion (Heller, 1994; Lee and Heller, 1988). It was expected
that one significant difference between the two results arose
from the foam rupture and regeneration. As mentioned ear-
lier, SF was injected under low-pressure gradients and had
low bubble density, whereas most other foams were gener-
ated or operated under high-pressure gradients and had a
higher bubble density than the bubble density of SF. Micro-
model visualization confirmed this expectation and also re-
vealed the importance of foam texture in foam flow. Injected
SF was first entrapped in larger pores. The observed bubble
sizes were uniform and large throughout the entire SF flood-
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ing, indicating a low foam density. Bubbles of SF were sel-
dom ruptured due to their thick lamellae, which appeared to
be independent of surfactant concentration. Foam under
high-pressure gradients would undergo foam rupture and re-
generation as it flowed through a porous media (Kovscek et
al., 1994; Owete and Brigham, 1987; Ransohoff and Radke,
1988). The occurrence of these two phenomena (rupture and
regeneration) increased with increasing surfactant concentra-
tion and pore aspect ratio (pore throat size/pore body size)
in foam flooding (the same references with the previous one).
The frequent variation of bubble density during foam flood-
ing greatly affects the apparent viscosity and mobility of foam.
Based on the results in this study, the apparent viscosity of
SF seems to be less affected by changes in surfactant concen-
tration and affected more by the air injection velocity.

Components of the apparent viscosity

Four components contribute to the apparent viscosity, as
mentioned in the subsection on calculated apparent SF vis-

300

= 250 - (a)

E L]

34

2 200 ¢ :

k- ] Q

2

=

& 150 1 (ﬁ

T e

o

£10q @

2 L@ @ SF, 66% GF

S

A 50 OSF, 85% GF

0 r r T T
0 50 100 150 200 250
Total Flow Rate, q (cmslcmz-hr)
100 3
. (b)

- o

"

< e} ﬁ °

&

G 0] L]

g n

2 o

> 10 1 o

=

2

<

&

< A 66% GF, Surf. 0.5%
W 66% GF, Suf. 1%
® 66% GF, Surf 2%
085% GF, Surf. 2%

1 T r
0 50 100 150
Total Flow Rate, q (cmslcmz-hr)
Figure 2. (a) Pressure gradients during SF floods; (b)

effect of the total SF flow rate on apparent SF
viscosity: two GF, 66 and 85%; three surfac-
tant concentrations, 0.5, 1, and 2% sodium
olefin sulfonate(w) by weight basis.

Vol. 49, No. 3 785



1000
® Comp.1 (66%) O Comp.1 (85%)
A Comp.2 (66%) A Comp.2 (85%)
W Comp.3 (66%) O Comp.3 (85%)
100 @ Comp.4 (66%) < Comp.4 (85%)

10-A§AA A

Calculated Apparent Viscosity (cP)

*
<
19 ¢
@ & o o o
0.1
. (@)
0.01 T T
0 50 100 150 200 250
Total Flow Rate, g 1 (cm’/cmz-hr)
1000

@ Measured app.viscosity
—— Calculated app.viscosity

100 1

Apparent SF Viscosity (cP)

10 T T
1.E-04 1.LE-03 1.LE-02 1.E-01

Gas-Phase Velocity(cm/s)
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The apparent viscosity was calculated theoretically by Egs. 2
to 5. (b) Comparison of the calculated apparent viscosity with
measured apparent viscosity (conditions: 66% GF, 2%(w)
surfactant).

cosity. This study calculated the theoretical apparent viscosity
of SF in the homogeneous micromodel, and then compared it
with the measured apparent viscosity to find the major con-
tributing components to the apparent viscosity. Figure 3a
shows the variations in apparent viscosity due to each compo-
nent as a function of the SF flow rate.

Predictions of the theoretical apparent viscosity, which was
the summation of each component, were compared with
measured results, as shown in Figure 3b. The apparent SF
viscosity estimated by the theoretical expression was consis-
tent with the measured apparent SF viscosity. Therefore, the
theoretical expression for predicting the apparent viscosity of
foam can be used to determine the contribution of each com-
ponent. Two components, the resistance between the bubbles
and channel walls, w.,,,, and the resistance due to pore con-
strictions, pi,m4, Were the dominant contributors to the total
apparent SF viscosity. The other components were negligible
compared to the two components. Based on the results pre-
sented in the previous section and the contribution results
here, we can conclude that the apparent viscosity of SF is
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influenced by the bubble size of SF, the total flow rate, and
the air injection velocity.

Role of apparent viscosity on TCE displacement

Ultimately, it is important to know whether there is a cor-
relation between the apparent viscosity of SF and TCE re-
moval. The TCE displacement efficiency by SF flooding was
found to be inversely correlated with the apparent viscosity,
as shown in Figure 4a, that is, results of SF floods at 66% GF
and 2% surfactant solution. Figure 4b and 4c illustrate the
same TCE displacement efficiency and gas saturation as Fig-
ure 4a, in terms of three different properties: the apparent
viscosity (measured), the total flow rate, and the capillary
number. The TCE displacement efficiency was obtained by
the ratio of the reduced TCE saturation after 25 PV injection
to the initial TCE saturation. A solubilized portion was ex-
cluded from the reduced TCE saturation based on the results
of surfactant floods. The gas saturation was determined by
measuring the gas-phase areas.

A higher TCE removal efficiency was obtained at both
lower apparent viscosity and higher flow rate. Displacement
of trapped organics in porous media would be strongly af-
fected by the capillary number (Stegemeier, 1977). Figure 4c
shows the higher capillary number resulted in the higher TCE
removal efficiency. The capillary number is proportional to
the product of the apparent viscosity and the flow rate as
shown in Eq. 7. Displacement of 10% of residual TCE can be
obtained with decreasing apparent viscosity by 20 cp and in-
creasing g, by 45 cm/h. This relation indicates that the total
flow rate contributes more to the determination of the capil-
lary number than the apparent viscosity with Eq. 7.

One other contribution of the apparent viscosity to foam
flow is the mobility of foam in porous media. The mobility of
a fluid in porous media is strongly affected by the apparent
viscosity and might then affect the TCE displacement effi-
ciency to a large extent. Details are discussed in the next
subsection.

Mobility of SF in porous media and TCE displacement

Figure 5 shows the effect of the total flow rate of SF on
the mobility and apparent viscosity of SF. The results of the
mobility and the apparent viscosity data were contrary to each
other. While the apparent viscosity decreased with increasing
injection velocity, the mobility of SF increased with increas-
ing velocity. The data exhibit a shear-thinning behavior of
SF. As noted in the Introduction section, the foam mobility
has been a controversial topic in the literature.

Reduced gas mobility using foam not only can reduce gas
channeling in flooding, but also can produce a stable dis-
placement front. In a stable displacement front, oil is dis-
placed by the gas phase, which is enclosed by a thin surfac-
tant aqueous film (Heller, 1994; Lee and Heller, 1988). Foam
experiments employing a stable displacement front are com-
monly operated under high-pressure gradients (over 670
kPa/m). SF floods in this study were evaluated under pres-
sure gradients of 20 kPa/m to 200 kPa/m. A stable displace-
ment front was not observed in any of the SF flooding experi-
ments. The fact that no stable displacement front was ob-
served during SF flooding can be explained by comparing the
SF mobility with the foam mobilities of the other studies. The
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Figure 4. (a) Apparent SF viscosity change with TCE
displacement efficiency and gas saturation
(Sg); (b) as a function of the total flow rate;
and (c) capillary number.

The displacement efficiency was calculated from the ratio of
TCE saturation displaced by SF flooding to initial TCE sat-
uration. The GF and the surfactant concentration were 66%
and 2%(w), respectively.

two mobilities displayed different ranges. The mobility of
foam is usually less than 9.87 X107 '2 cm?/cp (Heller, 1994;
Lee and Heller, 1988; Llave et al., 1990), while the SF mobil-
ity of this study ranges from 2x10~° cm?/cp to 10x107°
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Figure 5. Change in the mobility and apparent viscosity
of SF as functions of the total flow rate.

The surfactant concentration was 2% sodium olefin sul-
fonate(w).

cm?/cp. The low mobility-foam can propagate with a stable
displacement front under higher pressure gradients, while SF
under low-pressure gradients may result in flow channeling.

Figure 6 shows the TCE displacement efficiency and gas
saturation as a function of SF mobility under the 66% GF
condition. The TCE displacement efficiency and gas satura-
tion were nonlinearly proportional to the mobility of SF. As
shown in Figure 5, SF demonstrated a decrease in its appar-
ent viscosity and an increase in mobility with an increasing
total flow rate. The apparent viscosity decrease implies a de-
crease in the flow resistance, which would lead to greater
spreading of SF, resulting in higher gas saturations. Thus,
more residual TCE in the flow channels would also be dis-
placed by the SF flow, leading to higher removal efficiency.

Conclusions

The work presented here demonstrated that the total flow
rate of SF and the gas injection velocity were considered to
be the most important factors affecting the apparent viscosity
and mobility of SF. As the total flow rate of SF and the gas
injection velocity (66% GF to 85% GF) increased, the appar-
ent viscosity of SF decreased and the mobility of SF in-
creased. The latter characteristic led to an increase in the
TCE displacement efficiency. SF mobility greater than 5X
10~° m?/cp was required to obtain an efficient residual TCE
displacement in the homogeneous porous medium that this
study used. Thus, the total flow rate and injection velocity of
SF can be determined from the SF mobility appropriate for
residual TCE removal.

There were some similarities as well as some differences
between SF and the other foams in the references. The ap-
parent viscosity and mobility of SF showed trends similar to
those of the other foams. However, the results from SF floods
and the other foam floods displayed a large difference in the
extent of the values of foam properties. The apparent viscos-
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ity of SF was smaller than that of the foam, while the mobil-
ity of SF was far larger. The difference can be attributed to
the different pressure-gradient range applied.

In SF flooding operated under moderate IFT and pressure
gradients, no stable displacement front was observed, and the
mobility of foam would be increased, implying flow channel-
ing. However, an increase in the SF mobility resulted in a
higher TCE displacement efficiency and gas saturation. Suffi-
cient SF injection velocity causes spreading of foam flow out
from the main channels, resulting in the increases in TCE
displacement and gas saturation.
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