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Quantitative Modeling of the Effect of Oil
on Foam for Enhanced Oil Recovery

Jinyu Tang, Mohammed N. Ansari, and William R. Rossen, Delft University of Technology

Summary

The effectiveness of foam for mobility control in the presence of oil is key to foam enhanced oil recovery (EOR). A fundamental prop-
erty of foam EOR is the existence of two steady-state flow regimes: the high-quality regime and the low-quality regime. Experimental
studies have sought to understand the effect of oil on foam through its effect on these two regimes. Here, we explore the effect of oil on
the two flow regimes for one widely used foam model.

The STARS (CMG 2015) foam model includes two algorithms for the effect of oil on foam: In the “wet-foam” model, oil changes
the mobility of full-strength foam in the low-quality regime, and in the “dry-out” model, oil alters the limiting water saturation around
which foam collapses. We examine their effects as represented in each model on the two flow regimes using a Corey relative permeabil-
ity function for oil. Specifically, we plot the pressure-gradient contours that define the two flow regimes as a function of superficial
velocities of water, gas, and oil, and show how oil shifts behavior in the regimes.

The wet-foam model shifts behavior in the low-quality regime with no direct effect on the high-quality regime. The dry-out model
shifts behavior in the high-quality regime but not the low-quality regime. At fixed superficial velocities, both models predict multiple
steady states at some injection conditions. We perform a stability analysis of these states using a simple 1D simulator with and without
incorporating capillary diffusion. The steady state attained after injection depends on the initial state. In some cases, it appears that the
steady state at the intermediate pressure gradient is inherently unstable, as represented in the model. In some cases, the introduction of
capillary diffusion is required to attain a uniform steady state in the medium. The existence of multiple steady states, with the intermedi-
ate one being unstable, is reminiscent of catastrophe theory and of studies of foam generation without oil.

Introduction

Injected gas (carbon dioxide, steam, or hydrocarbon gas) can be very efficient in displacing oil in EOR but suffers from poor sweep
efficiency (Lake et al. 2014). Foam is one promising means of increasing the sweep efficiency of injected gas (Schramm 1994; Rossen 1996).

A fundamental property of steady-state foam behavior in porous media, in the absence of oil, is the existence of two steady-state
flow regimes: the high- and low-quality regimes (Fig. 1). Foam “quality” means gas fractional flow fg. At high foam quality (upper-left
portion of Fig. 1), pressure gradient !p is nearly independent of gas superficial velocity Ug. Behavior in this regime is thought to be
controlled by foam stability, specifically by foam collapse at a limiting capillary pressure (Khatib et al. 1988; Alvarez et al. 2001). At
low foam quality (lower-right portion of Fig. 1), !p is nearly independent of liquid superficial velocity Uw. In this regime, foam-
bubble size is thought to be fixed at a minimum size close to pore size, and foam mobility is thought to be controlled by capillary trap-
ping and mobilization of bubbles as well as drag on moving bubbles (Hirasaki and Lawson 1985; Falls et al. 1988; Rossen and Wang
1997; Xu and Rossen 2003). The rheology of foam in the two flow regimes of Fig. 1 is usually not consistent (Osterloh and Jante 1992;
Cheng et al. 2000; Kim et al. 2005). Foam in the low-quality regime in the absence of oil usually shows shear-thinning behavior with
respect to Ug. At fixed fg, this implies shear-thinning behavior with respect to total superficial velocity Ut. In contrast, the high-quality
regime could be either Newtonian, shear thinning, or shear thickening with respect to Uw. One way to examine the rheology in each
regime is to measure the pressure gradient by varying total superficial velocity at fixed foam quality. One recent study plotted effective
viscosity vs. foam quality at fixed pressure gradients (de Araujo Cavalcante Filho et al. 2018), using information similar to that in
Fig. 1. The alignment features of curves on such a plot suggest Newtonian behavior, whereas separate curves reflect either shear-
thinning or shear-thickening behavior, depending on the change of effective viscosity with pressure gradient. The rheology of foam can
be seen on a contour plot, such as that in Fig. 1. Evenly spaced contours, for the same increase in the pressure gradient, imply Newto-
nian behavior. Increasingly sparse or dense contours in one of the flow regimes in Fig. 1 suggest either shear-thinning or shear-
thickening behavior, respectively, in the given regime. Experimental observations (Tang et al. 2017) suggest that weaker foam with oil
in the low-quality regime reflects either a destabilizing effect of oil or shear-thinning behavior, or perhaps both. To avoid confusion, we
exclude the factors for representation of non-Newtonian effects in each regime in this modeling study.

An alternative way to plot data and visualize the two flow regimes is in a scan of the apparent viscosity of foam lapp as a function of
foam quality fg, at fixed total superficial velocity Ut (Fig. 2) (Ma et al. 2013; Boeije and Rossen 2015). Foam apparent viscosity is
defined as the viscosity of foam, treating it as a single phase,

lapp ¼ kjrpj=Ut; ð1Þ

where k is permeability. The plot of Fig. 2 is in essence a diagonal slice, cutting through a plot such as Fig. 1 at fixed total superficial
velocity Ut¼ (UgþUw). In Fig. 2, the low-quality regime in Fig. 1 corresponds to the left side of the plot, where lapp increases with
increasing fg; the high-quality regime corresponds to the right side, where lapp decreases with increasing fg. The foam quality at which
the transition from the low- to the high-quality regime occurs in Figs. 1 and 2 is defined as transition foam quality f �g . For the rest of this
paper, we assume that the transition between the two flow regimes is abrupt, giving a relatively sharp corner in the !p contours in
Fig. 1 and a relatively sharp peak in Fig. 2. This suggests a large value of the adjustable foam parameter epdry used in our implicit-
texture (IT) foam modeling (see Appendix A for its definition). Given the commercial aspects concerning the stability of numerical
simulators and computational cost, some studies assume a small value of epdry (Ma et al. 2013; Farajzadeh et al. 2015; Zeng et al.
2016; Al Sumaiti et al. 2017), which sometimes does not give an ideal match to data.
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Because of the lack of data and complexity of interactions between foam and oil, the effect of oil on foam stability is not yet fully
understood (Farajzadeh et al. 2012). Initial efforts to understand the effect of oil on foam represent surface phenomena and phase
behavior using entering, spreading, and bridging coefficients as well as the “lamellae number” (Harkins and Feldman 1922; Garrett
1979; Frye and Berg 1989; Bergeron et al. 1993; Dalland et al. 1994; Kruglyakov and Vilkova 1999). However, none of these factors
individually or in a combination yet discovered is a good criterion to quantitatively predict the effect of oil on foam (Basheva et al.
2000). One way to study the effect of oil on foam is to conduct dynamic coreflood displacements with an initial oil saturation in the
core. Most of the previous experimental studies focused either on foam displacements with oil (Hahn et al. 1985; Simjoo and Zitha
2013) or on steady-state foam flow in the presence of residual oil (Myers and Radke 2000). Foam strength in these studies was mostly
evaluated in terms of pressure-gradient responses with oil saturation either varying in a transient displacement or fixed at residual. How-
ever, none of these studies could effectively quantify the effect of oil on foam over a range of oil saturations or fractional flows. Inter-
preting these experiments in terms of the effect of oil saturation on foam is complicated by the change in oil saturation in the core
during the displacement. This raises some key issues in simulating foam EOR processes, such as how to properly describe the effect of
oil on foam in models, as well as whether current models suitably represent the effect of oil on foam. Without answering these ques-
tions, the selection of a suitable foam model for foam EOR and the estimation of oil parameters in foam models cannot be achieved
properly and efficiently. Because the two flow regimes identified for local equilibrium (LE) foam flow in the absence of oil are already
well-understood, experiments have sought to understand the effect of oil on foam through its effect on the two foam-flow regimes. In
the experiments of Rong (2002) and of Shen et al. (2006), oil superficial velocity was maintained as a fixed fraction of water superficial
velocity. Another possibility would be to maintain oil superficial velocity as fixed, regardless of superficial velocities of water and gas.
A third possibility is to represent the two flow regimes at fixed oil saturation. In general, however, oil saturation is not known or con-
trolled in a coreflood experiment. The step after collecting experimental data is to fit a foam model to data and evaluate the suitability
of current foam models for representing the effect of oil on foam.

To interpret such data in terms of models, it is necessary first to understand how those models represent the effect of oil on foam
when plotted in a manner similar to Fig. 1 or Fig. 2. Among the two groups of foam models (IT and population-balance foam models),
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Fig. 2—Apparent viscosity of foam without oil at fixed total superficial velocity (0.671 ft/D) in a 90-md Berea core, as a function of
foam quality, from Kapetas et al. (2017). The green least-squares model fit finds an abrupt, although continuous, transition
between the two flow regimes; the red fit assumes an infinitely abrupt transition.
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Fig. 1—Pressure drop across a 2-ft sandpack as a function of superficial velocities of gas (Ug) and water (Uw). The pressure gradi-
ent in psi/ft is one-half the values shown. Contours of equal pressure drop are plotted through steady-state data, which are repre-
sented by black points. This figure is adapted from Osterloh and Jante (1992).
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only the IT foam models in the STARS simulator describe the effect of oil on foam explicitly. A previous study (Myers and Radke
2000) incorporated the effect of oil on foam in a population-balance model by reducing bubble-generation rate, accounting for a reduc-
tion in generation sites caused by oil occupancy. This does not reflect the effect of oil saturation and composition on the stability of
foam with oil. Comparisons of the IT and population-balance approaches to foam modeling can be found in Ma et al. (2015) and
Lotfollahi et al. (2016a). One major goal of this study is to show how the widely used foam model in the STARS simulator represents
foam behavior in the presence of oil. Other IT foam models have similar algorithms. The STARS model assumes instantaneous attain-
ment of LE between rates of creation and destruction of foam. Specifically, in modeling the effect of oil on foam through its effect on
the two flow regimes in Fig. 1, we consider the three approaches proposed previously to measure the effect of oil: fixed oil saturation,
fixed oil superficial velocity, and fixed oil/water-superficial-velocity ratio. Here, we mainly illustrate how oil shifts the two flow regimes
with changing values of the relevant parameters, rather than a sensitivity analysis of parameters. The theoretical analyses given in this
paper are mostly consistent with our experimental observations in a companion study (Tang et al. 2017). In some cases, we identify
multiple steady states predicted by the model for the same injection conditions. A simple 1D incompressible simulator is then devel-
oped to analyze the stability of the multiple steady states. A third steady state is revealed by the simulation results.

Lastly, we present the multiple steady states as a surface of effective viscosity as a function of fractional flows and saturations,
respectively, on a ternary diagram. The folding of this surface is reminiscent of catastrophe theory (Zeeman 1977) and is similar to the
multiple steady states seen as a function of pressure gradient in studies of foam generation without oil (Gauglitz et al. 2002; Kam and
Rossen 2003; Lotfollahi et al. 2016b). The multiple steady states predicted in the foam models need further study to verify their exis-
tence experimentally and to test their stability.

Results and Analysis

Gas mobility, the ratio of gas permeability to gas viscosity, is reduced by foam. In simulation, this mobility reduction can be represented
either by reducing gas relative permeability or by increasing gas viscosity. In the STARS foam model (see Appendix A),
gas-mobility reduction by foam is represented as a reduction in gas relative permeability. The effective gas relative permeability with
foam is the product of the foam-free gas relative permeability and a mobility factor (FM). FM in turn is inversely proportional to the
product of a series of functions accounting for the effects of surfactant concentration, non-Newtonian foam mobility, water saturation
(and, by implication, capillary pressure), and oil saturation. In this paper, for simplicity we neglect all effects except the effects of water
saturation (dry-out) and oil saturation. The equations given in the STARS foam model account for the effect of oil on foam in two ways.
In the wet-foam model, the mobility reduction of full-strength foam is reduced with increasing oil saturation. In the dry-out model,
increasing oil saturation causes the water saturation at which foam collapses to increase (by implication, reflecting a decrease in the limit-
ing capillary pressure, and therefore less-stable foam). Details are given in Appendix A. The definitions of all foam parameters involved
in this study and the values used are provided in Appendix A. Note that different names are used for similar parameters in the two models.
For instance, the limiting water saturation in the wet-foam model is fmdry, and in the dry-out model is sfdry. The oil parameters fmoil,
floil, and epoil in the wet-foam model are expressed as sfoil, sloil, and efoil in the dry-out model.

The Oil Effect Represented in the STARS Foam Model. Oil Effect Predicted by Wet-Foam Model. Fig. 3 illustrates how the wet-
foam model reflects foam performance at fixed oil saturation when the oil-related parameters fmoil, floil, and epoil vary. The LE foam-
flow behavior implied by the wet-foam model continues to show the two flow regimes in the presence of oil. The nearly horizontal
pressure-gradient contours in the low-quality regime shift upward or downward as the parameters in the wet-foam model vary. In con-
trast, the pressure-gradient contours in the high-quality regime remain unchanged as the model parameters change.

Fig. 4 illustrates similar behavior for a fixed oil superficial velocity (5 ft/D). The contours in the low-quality regime shift up or down
in response to model parameters, with little or no effect on the high-quality regime. In contrast to Fig. 3, oil saturation is not fixed in
these plots, but depends on pressure gradient. With oil superficial velocity fixed and using a Corey expression for oil relative permeabil-
ity, the oil saturation is fixed along a given pressure-gradient contour, but decreases with increasing pressure gradient. The effect of
increasing oil saturation with decreasing !p is seen indirectly in the shift of the !p contours in the plots.

Fig. 5 illustrates behavior when oil is injected at a fixed oil/water-superficial-velocity ratio. In this case, oil saturation increases
along a !p contour as water superficial velocity increases in the low-quality regime. Thus, as illustrated in Fig. 5b, !p contours can
bend upward in the low-quality regime, reflecting greater mobility of full-strength foam as oil saturation increases. Vertical contours in
the high-quality regime are at nearly fixed water superficial velocity, and therefore oil superficial velocity and oil saturation are fixed
also. As a result, the parameters in the wet-foam model again alter only the low-quality regime.

Oil Effect Predicted by Dry-Out Model. Fig. 6 illustrates foam-flow behavior reflected by the dry-out model at fixed oil saturation,
corresponding to different sets of oil model parameters. As with the wet-foam model, the two flow regimes continue to appear as para-
meters change. However, in contrast to the wet-foam model, the parameters in the dry-out model affect only the high-quality regime.
This is true also for plots at fixed oil superficial velocity (Fig. 7) and fixed oil/water-superficial-velocity ratio (Fig. 8).

Foam-Quality Scan With Varying Uo/Uw Ratios. In plots of !p as a function of gas and water superficial velocities, if the bound-
ary between foam regimes is sharp, then adjusting the parameters of the wet-foam model shifts the low-quality regime, and changing
parameters in the dry-out model alters the high-quality regime. As noted, another popular way to represent the two regimes is in a scan
of gas superficial velocity at fixed total superficial velocity (Fig. 2). In at least one case, such a scan can be misleading when oil is
included. Fig. 9 shows a plot of foam apparent viscosity as a function of foam quality fg with varying oil/water-superficial-velocity
ratios. In this case, “foam quality” means gas superficial velocity as a fraction of total superficial velocity including oil {i.e.,
[Ug/(UgþUwþUo)]}. Only the wet-foam model is implemented here, with the parameter values indicated. For these parameters, the
effect of oil on the low-quality regime is modest. It appears that oil has a strong effect on the high-quality regime, but this is misleading.
The water saturation at which foam collapses is independent of the oil/water-superficial-velocity ratio (Uo/Uw) in this case. As this ratio
increases, however, the superficial velocity of water at a given value of fg decreases, because fg¼Ug/(UgþUwþUo). It is this decrease
in water superficial velocity as Uo/Uw increases, not a collapse of foam, which causes the shift in this plot with Uo/Uw. In other words,
Uo/Uw has no direct effect on the high-quality regime.

Multiple Steady States. Wet-Foam Model. Fig. 10 shows the behavior in the wet-foam model with oil superficial velocity fixed for
one set of oil-related-parameter values. As seen previously, the pressure-gradient contours in the high-quality regime are independent
of the oil-related parameters in the wet-foam model. However, contours with a lower pressure gradient in the low-quality regime (e.g.,
the contour of 200 psi/ft in Fig. 10) shift upward, crossing contours with a higher pressure gradient in the high-quality regime. There
are multiple steady states for the injection condition at the point of intersection.
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(a) fmoil = 1.00, floil = 0.10, epoil = 4.0;

(c) fmoil = 1.00, floil = 0.40, epoil = 4.0; (d) fmoil = 1.00, floil = 0.10, epoil = 0.1;

(b) fmoil = 0.70, floil = 0.10, epoil = 4.0;
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Fig. 3—Pressure gradient as a function of water and gas superficial velocities predicted by the wet-foam model at fixed oil satura-
tion So 5 0.3, with different values for oil parameters. (a) fmoil 5 1.00, floil 5 0.10, epoil 5 4.0; (b) fmoil 5 0.70, floil 5 0.10, epoil 5 4.0;
(c) fmoil 5 1.00, floil 5 0.40, epoil 5 4.0; (d) fmoil 5 1.00, floil 5 0.10, epoil 5 0.1.
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Fig. 4—Pressure gradient as a function of water and gas superficial velocities predicted by the wet-foam model at fixed oil super-
ficial velocity Uo 5 5 ft/D, with different sets of oil-related parameters. (a) fmoil 5 1.00, floil 5 0.10, epoil 5 4.0; (b) fmoil 5 0.40,
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(b) fmoil = 0.30, floil = 0.10, epoil = 4.0;

(c) fmoil = 1.00, floil = 0.30, epoil = 4.0; (d) fmoil = 0.3, floil = 0.10, epoil = 1.0;
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Fig. 6—Pressure gradient as a function of water and gas superficial velocities predicted by the dry-out model at fixed oil saturation
So 5 0.3, with different values of oil-related parameters. (a) sfoil 5 1.00, sloil 5 0.10, efoil 5 3.0; (b) sfoil 5 0.83, sloil 5 0.10,
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(a) sfoil = 1.00, sloil = 0.10, efoil = 3.0; (b) sfoil = 0.45, sloil = 0.10, efoil = 3.0;

(c) sfoil = 1.00, sloil = 0.38, efoil = 3.0; (d) sfoil = 1.00, sloil = 0.10, efoil = 1.7;
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Fig. 7—Pressure gradient as a function of water and gas superficial velocities predicted by the dry-out model at fixed oil superficial
velocity Uo 5 5 ft/D, with different sets of oil-related parameters. (a) sfoil 5 1.00, sloil 5 0.10, efoil 5 3.0; (b) sfoil 5 0.45, sloil 5 0.10,
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According to Darcy’s law, with a Corey function for oil relative permeability, oil superficial velocity is a function of oil saturation
and pressure gradient. At fixed oil superficial velocity, decreasing pressure gradient means increasing oil saturation. In other words, the
effect of oil on foam in the low-quality regime is greater along the lower-pressure-gradient contour. This contour in the low-quality
regime moves upward, intersecting other pressure-gradient contours, thereby yielding multiple steady states.

Fig. 11 shows the pressure-gradient contours for a case with a fixed oil/water-superficial-velocity ratio. Here, the pressure-gradient
contours in the low-quality regime tilt upward at higher water superficial velocity, crossing other pressure-gradient contours. Along
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meter values are fmoil 5 1, floil 5 0.1, epoil 5 4, and Ut 5 13.56 ft/D.
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each pressure-gradient contour in the low-quality regime, with a fixed oil/water-superficial-velocity ratio, oil saturation increases with
increasing water superficial velocity, implying a greater effect on foam mobility. Oil saturation falls with increasing pressure gradient
for a given water superficial velocity, with less effect on foam. This leads to multiple states for some injection conditions.

Dry-Out Model. Fig. 12 shows multiple steady states using the dry-out model with oil superficial velocity fixed. In the dry-out model,
oil affects only the high-quality regime. Increasing water superficial velocity along a !p contour first leads the contours to a change from
the high-quality regime to the low-quality regime. However, some contours with a lower pressure gradient (e.g., contours of 200, 300, or
400 psi/ft) shift from the high-quality to the low-quality regime at higher water superficial velocity than some other contours with a higher
pressure gradient (500, 600, or 700 psi/ft), resulting in intersections between the contours—and hence multiple steady states.

The limiting water saturation in the dry-out model is not constant, but increases with increasing oil saturation. This increase in oil
saturation destabilizes foam, causing pressure-gradient contours in the high-quality regime to shift to the right. With oil superficial
velocity fixed in the dry-out model, oil saturation increases with decreasing pressure gradient; a lower pressure gradient thus yields a
greater limiting water saturation and a weaker foam. If this effect is strong enough, a vertical contour in the high-quality regime can
shift to a larger water superficial velocity with decreasing !p. This can cause multiple steady states.

With a fixed oil/water-superficial-velocity ratio, oil saturation rises with increasing water superficial velocity along a !p contour
(Fig. 13). As a result, both oil and water saturations increase with increasing Uw in the low-quality regime. The increase in oil saturation
causes an increase in limiting water saturation in the dry-out model. If the limiting water saturation increases enough, foam re-enters
the high-quality regime again at higher Uw. The contours with a lower pressure gradient re-enter the high-quality regime at a relatively
lower water superficial velocity than the contours at a higher pressure gradient, causing intersections of contours and multiple steady
states. This shift of water saturation and limiting water saturation along the low-quality regime is illustrated in Figs. 14 and 15.
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efoil 5 3.
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Simulation Analysis of Multiple Steady States. Stability Analysis. Both the wet-foam and dry-out models, with a fixed oil superficial
velocity and a fixed oil/water-superficial-velocity ratio, predict multiple steady states for some injection conditions in the presence of
oil. Each set of multiple steady states corresponds to different foam strength, but has the same fractional flows.

We next address the stability of the steady states at the intersection of pressure-gradient contours of 300 and 700 psi/ft for the
dry-out model with a fixed oil/water-superficial-velocity ratio, shown previously in Fig. 13 and again in Fig. 16. We examine first which
steady state is obtained for the given initial conditions, and then the stability of the two states to perturbations in 1D flow.

A simple 1D simulator (100�1�1 gridblocks) was developed with the following assumptions: homogeneous reservoir, incompressi-
ble fluids and matrix, isothermal process, negligible effect of gravity, upstream weighting, and initially excluding capillary diffusion. It
is further assumed that surfactant is present throughout the water phase, and foam immediately takes its LE properties. The governing
set of equations is then of the form

StþDt
p;i ¼ St

p;i þ
Dt� Ut

/� Dx
ð f t

p;i�1 � f t
p;iÞ ð2Þ

where the subscript p denotes phase, the subscript i is the gridblock (of length Dx), Dt is timestep, / is porosity, and fp is fractional flow
for each phase in the given gridblock at the given time. Both the wet-foam and dry-out models were examined, and yield consistent
results regarding the stability of the multiple steady states. Here, we present the stability analysis using the dry-out model. For our
study, the dry-out foam model described in Appendix A is incorporated into the fractional-flow expression of each phase in the simple
1D simulator. Gas mobility is modified by foam using the mobility-reduction factor fmmob and limiting water saturation sfdry, where
water- and oil-saturation-dependent functions are considered in the simulation. All the parameters used in the numerical stability analy-
sis are given in Appendix A. Specifically, the set of fractional flows into the first gridblock, fp0, was set at the injection condition for the
steady states. For the stability analysis, the initial saturation is uniform at one of the steady states, with a small random perturbation in
saturations (less than 0.01) added to 10 randomly selected gridblocks. We also tested what steady state the system reaches for three
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uniform initial states (each at residual saturation for all but one of the phases). Table 1 specifies the injection and initial conditions for
each case. Our interpolation for the superficial velocities at the intersection point in Fig. 16 was inexact, so in fact the two steady states
with the given superficial velocities have pressure gradients of 300 and approximately 706 psi/ft in the simulations.

Fig. 17 shows the final states obtained after injecting 10 pore volumes (PVs) corresponding to the five scenarios listed in Appendix A,
using the 1D simulator without capillary diffusion. During the process of three-phase flooding, some oscillations appear along the
reservoir moving downstream before reaching a steady state. By comparing all the ultimate saturation profiles achieved with the injec-
tion condition tested, the five scenarios starting with different initial states end up with two final states in terms of saturations: one final
state close to the steady state of 700 psi/ft and a new steady state unidentified previously. The steady state at 300 psi/ft is not present at
the end in any case, even when it is the initial state. The steady state at 300 psi/ft is evidently unstable to perturbations; the stability of
the state at 706 psi/ft is not clear.

The final states in the two stability tests (Figs. 17d and 17e) are not uniform. There is a jump from the state at 706 psi/ft to one at
11.33 psi/ft some distance down from the inlet, which appears to remain fixed in place over time. In the absence of diffusion or disper-
sion, with multiple steady states sharing the same fractional flows, it is possible that two consecutive gridblocks at different saturation
could have the same fractional flows and thus not change with time. Nothing in our simulation model reflects a particular length scale,
however. Thus, these fluctuations could occur over lengths of millimeters or less, in which case capillary diffusion would be dominant.

Therefore, we modified the simulator to allow in a qualitative manner for diffusion (which could arise from gradients in capillary
pressure). For simplicity, we use constant diffusion coefficients, giving the following expressions for fractional flows,

fw;DðiÞ ¼ fwðiÞ � Dw
Swðiþ 1Þ � SwðiÞ

Dx

� �
;

fg;DðiÞ ¼ fgðiÞ � Dg
Sgðiþ 1Þ � SgðiÞ

Dx

� �
;

fo;DðiÞ ¼ 1� fw;DðiÞ � fg;DðiÞ; � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ð3Þ

where the subscript D indicates fractional flow accounting for diffusion and Dw and Dg are the diffusion coefficients for water and gas,
respectively. The displacements in Figs. 18a through 18c at 0.1 PV show that the diffusion coefficients are sufficient to disperse the
front over several gridblocks but leave it otherwise intact. Displacements starting with high oil or water saturation end with the newly
identified state, whereas one starting with maximum gas saturation ends at the 706-psi/ft state. The jumps in the final case in the stabil-
ity tests, Figs. 17d and 17e, disappear with the following results: the 300-psi/ft steady state is unstable and the 706-psi/ft state is stable.
The newly identified steady state is at water saturation Sw¼ 0.5951. It shows a pressure gradient of only 11.33 psi/ft; oil saturation is
greater than that at which foam is completely destroyed. We find this same steady state with the foam model disabled. To confirm that
the form of the perturbations did not control stability, we conducted additional simulations with sinusoidal perturbations of maximum
magnitude of 0.005 in saturation that have wavelength at either twice or one-half the system length. The final results were the same as
in Figs. 18d and 18e. An additional simulation with the newly identified steady state as the initial state confirms that it is stable to small
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Fig. 16—Intersection of contours of 300 and 700 psi/ft, from Fig. 13.

Scenario No.

Injection Condition (ft/D) Initial States

Uw Uo Ug Sw So Sg

1 Sw,max 0.7 0.1 0.2
2 So,max 0.2 0.6 0.2
3 Sg,max 10.15110 0.40604 2.99894 0.2 0.1 0.7
4 300 psi/ft 0.38159 0.12015 0.49826
5 700 psi/ft 0.34842 0.11319 0.53839

Table 1—Overview of five simulation scenarios involving the two states at the intersection of 300- and

700-psi/ft contours from Fig. 13.
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perturbations. Simulation-stability analysis for another instance (i.e., the intersection of the 300- and 600-psi/ft contours), achieves sim-
ilar results, as shown in Table 2. Again, three steady states exist for the same injection condition, with upper and lower steady states
being stable to perturbation in saturations but the intermediate steady state being unstable.

The initial state plays an important role in determining which state one achieves for given injection conditions. If oil kills foam, as
in the dry-out model, it is reasonable that two final states could exist, one with strong foam and one with weak foam or no foam; it is
not just an artifact of this model. If the initial oil saturation is high, then oil might kill the foam; at the low-pressure gradient without
foam, the small injected oil superficial velocity is sufficient to keep oil saturation constant. On the other hand, with little oil initially in
the core, strong foam might carry the injected oil directly out of the core without allowing oil saturation to rise. Thus, in an experimen-
tal study of steady-state behavior such as that modeled here, one must be careful of the initial state of the core because hysteresis could
play a major part in the behavior observed.

Thus, for this example, there exist three steady states corresponding to one injection condition: one at approximately 706 psi/ft, one
at 300 psi/ft, and one at 11.33 psi/ft in this case. The previous analysis missed another intersection of contours at the same
superficial velocities.

Third !!!!!!!!!!!!p Contour. The simulation results indicate that there must be a contour missing in Fig. 13. A clue comes from extending
the range of water and gas superficial velocities in Fig. 13, as illustrated in Fig. 19. Although such extreme values of Uw and Ug are not
feasible physically, this plot shows the complete pressure-gradient contour predicted by the dry-out model.

Each pressure-gradient contour in Fig. 19 shifts from vertical in the high-quality regime to horizontal in the low-quality regime
(extreme lower left on this plot), and then back to the high-quality regime with increasing water superficial velocity. Along this second
ascent, foam collapses completely; the remainder of the ascent and descent reflects three-phase flow without foam. Eventually, with
increasing water superficial velocity, gas saturation drops to its immobile saturation and the superficial velocity of gas reaches zero.

Fig. 20 shows the complete pressure-gradient contour for 11.45 psi/ft. It shows the same features as in Fig. 19, but at lower superfi-
cial velocities. Fig. 21, plotted on the scale of Fig. 13, shows this contour and its intersection with the 300- and 700-psi/ft contours.

(a) Maximum water saturation as the initial state

(b) Maximum oil saturation as the initial state

(c) Maximum gas saturation as the initial state

(d) State at 300 psi/ft as the initial state 

(e) State at 700 psi/ft as the initial state
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Fig. 17—Final states achieved corresponding to different initial conditions during stability analysis of multiple steady states in
Fig. 16, using the 1D simulator excluding capillary diffusion. (a) Maximum water saturation as the initial state; (b) maximum oil sat-
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Multiple Steady States as Folds in a Surface. Because we exclude the factor for non-Newtonian effects in the STARS model, all
the contours in any plot shown here scale linearly with total superficial velocity. Each point on one contour corresponds to a point on
another contour, with the same saturations, at a multiple of the superficial velocities of the first point. Therefore, apparent viscosity is
independent of total superficial velocity. For a given model and set of parameters, one can plot lapp (Eq. 1) as a function of the three
fractional flows. Because the fractional flows must sum to unity, it is convenient to plot this as a surface over a triangular diagram of
fractional flows. An experiment at fixed Uo/Uw corresponds to a trace along this diagram at the same ratio of fo/fw, from the corner at
fg¼ 1 to the opposite side of the triangle. All the contours in a plot such as Fig. 11 correspond to one such trace.

(a) Final state with maximum water saturation as the initial state

(b) Final state with maximum oil saturation as the initial state

(c) Final state with maximum gas saturation as the initial state

(d) Final state with the steady state at 300 psi/ft as the initial state 

(e) Final state with the steady state at 700 psi/ft as the initial state
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Fig. 18—Final states achieved corresponding to different initial conditions during stability analysis of multiple steady states in
Fig. 13, using the 1D simulator with capillary diffusion. (a) Final state with maximum water saturation as the initial state; (b) final
state with maximum oil saturation as the initial state; (c) final state with maximum gas saturation as the initial state; (d) final state
with the steady state at 300 psi/ft as the initial state; (e) final state with the steady state at 700 psi/ft as the initial state.

Scenario No.

Injection Condition (ft/D) Initial State Final State

Uw Uo Ug Sw So Sg Sw So Sg p (psi/ft)

1 Sw,max 0.7 0.1 0.2 0.59510 0.20310 0.20190 11.40
2 So,max 0.2 0.6 0.2 0.59510 0.20310 0.20190 11.40
3 Sg,max 0.2 0.1 0.7 0.35393 0.11424 0.53184 600.00

4 300 psi/ft

10.42960 0.40572 2.47777

0.38156 0.12014 0.49831 0.35393 0.11424 0.53184 600.00
5 600 psi/ft 0.35393 0.11424 0.53183 0.35390 0.11422 0.53184 600.00

∇

Table 2—Results of numerical stability analysis to a different set of multiple steady states at the intersection of 300- and 600-psi/ft contours

from Fig. 13 (with diffusion).
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For one set of wet-foam parameters, Fig. 22 illustrates this surface using its traces at fixed fo/fw, equivalent to fixed Uo/Uw. The black
curve, above the back edge of the triangle at fo¼ 0, shows the two flow regimes without oil. The high-quality regime is the right side of
this curve, at high gas fractional flow. As Uo/Uw increases, a fold appears, starting from the bottom-right edge of the surface. The
bottom, nearly flat, surface corresponds to complete foam collapse. As Uo/Uw increases further, the lobe representing foam shrinks until
it disappears; at larger values of Uo/Uw, there is only one steady state, that of fully collapsed foam. Fig. 23 shows similar behavior for
one set of parameters for the dry-foam model.
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Fig. 19—Extended plot with same parameter values as Fig. 13.
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Further analysis shows that water saturation increases, following each trace in Fig. 22 starting from the bottom-right edge of the sur-
face (a, b, c, d, and e), as illustrated in Fig. 24. As discussed in the section on multiple steady states, with fixed Uo/Uw, the increase in
Sw also means an increase in So, suggesting weaker foam along the trace until complete foam collapse, which leads to multiple steady
states. The dry-out model predicts similar behavior for foam apparent viscosity plotted on a ternary diagram representing fractional
flows, but the occurrence of multiple steady states in Fig. 23 is caused by the value of water saturation relative to limiting water satura-
tion because the latter is modified by oil saturation. The identification of such multiple steady states is of interest in both theoretical
study and practical applications. To verify the existence of the multiple steady states and test their stability, one can perform an experi-
ment holding the same injection condition (coinjection of surfactant solution and gas) into a core initially at different conditions (e.g., a
core initially saturated with oil or surfactant solution), where multiple steady states are predicted by the foam models under relevant
experiment conditions. Given the stability of the multiple steady states, it is speculated that one might end up with the strong and greatly
weakened foam states, whereas the middle state is unstable and therefore not observed.
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This behavior is reminiscent of catastrophe theory (Zeeman 1977), with three steady states represented by a fold in the surface repre-
senting the behavior of the system, and the middle state being unstable. The theory states that all equilibrium points of a dependent vari-
able as a function of two independent variables can form a smooth surface, like an “S” shape (Arnold et al. 1999; Wiggins 2013). It
suggests that in the folded region between the two edges of the folding surface, there exist three equilibrium points fitting a same set of
the two independent variables, which are referred to as multiple steady states in our study. A special feature is that because of the insta-
bility of the middle state, only the upper and lower states can be observed depending on the path of independent variables. In conse-
quence, there could be an abrupt change in behavior with a small variation in independent variables. This behavior is similar to the
three steady states observed in studies of foam generation without oil (Gauglitz et al. 2002; Kam and Rossen 2003; Lotfollahi et al.
2016b). In that case, in both modeling and experiments, three steady states were observed, with the middle state being unstable.

Discussion and Remarks

This study reveals the way in which current IT foam models represent the effect of oil on steady-state foam-flow dynamics in porous
media. In numerical simulation, it is a necessary first step to understand the interaction dynamics of foam with oil as represented in the
current models. Results obtained in this study can provide guidance on fitting parameter values. This study does not tell us which model
is valid. If a model is valid, it tells how to adjust it to fit data, or helps guide this process, once one has experimental data on the effect
of oil on foam. In an experimental study, knowing the effects of model parameters examined on the two foam regimes can assist in
interpreting the experimental data. A companion study (Tang et al. 2017) has gathered experimental evidence for the effect of oil on the
two foam regimes. Most of the analyses here are consistent with their experimental observations.

Specifically, this study suggests that the wet-foam and dry-out models capture the effects of oil only on the low- and high-quality
regimes, respectively. The data of Tang et al. (2017) give evidence for the actual effect of oil on the two regimes, which can guide mod-
eling and numerical simulation for foam flow with oil. Furthermore, both models predict multiple steady states. In the dry-out model,
the multiple steady states arise from the interplay between Sw and S�w. In the wet-foam model, they arise from the change in fmmob with
changes in So. Experimental evidence is needed to verify the existence of the multiple steady states for foam flow with oil. The preced-
ing stability analysis suggests that the final state achieved for each set of multiple steady states depends on the initial reservoir condi-
tion. If such multiple steady states do exist, the injection strategy and initial reservoir conditions for implementing foam EOR, such as
where and when to inject foam and the foam quality to be injected, are key for the effectiveness of foam for gas-mobility control.

Conclusions

The STARS foam model has two algorithms to represent the effect of oil saturation on foam: the wet-foam model and the dry-out
model. If the transition between high- and low-quality regimes is abrupt, then the parameters in the wet-foam model alter only the
low-quality regime, whereas the dry-out model alters the high-quality regime. This information can guide the fitting of model
parameters to experimental data for steady-state foam mobility as a function of superficial velocities of water, gas, and oil.

Plotting the apparent foam mobility as a function of injected-foam quality can be confusing if oil is injected as a fixed fraction of the
water-injection rate in the experiment. The plot can give the incorrect impression that the wet-foam-model parameters alter the high-
quality regime.

The STARS foam model predicts that multiple steady states are possible for some injection conditions and some sets of model
parameters. This is not necessarily an artifact of the model; it is plausible that the final steady state achieved with long-time injections
of foam and oil might depend, for instance, on initial oil saturation. Multiple steady states are found for both the wet-foam and dry-out
models. In this initial study, we find three steady states for some injection conditions: a strong-foam state, one of collapsed foam, and
an intermediate state that is unstable to perturbations. If the apparent viscosity is plotted as a function of fractional flows of water, gas,
and oil, these states appear as a fold in that surface. This behavior is reminiscent of catastrophe theory and of multiple steady states pre-
viously observed in studies of foam generation without oil.
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Fig. 24—Foam apparent viscosity as a function of Sw, Sg, and So predicted by the wet-foam model for various oil/water-superficial-
velocity ratios. All the parameters used are the same as in Fig. 22. Each trace, starting from the bottom-left edge of the surface,
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Because of the possibility of multiple steady states, experimental studies of steady-state foam behavior with oil should check for
hysteresis and the effect of initial state on their results.

Further Discovery. During the proof stage of this paper, we became aware of another work that presents a population-balance model
designed to represent for the effect of oil on foam stability (Ma et al. 2018). This model includes parameters to adjust behavior in both
the low- and high-quality regimes, but exactly how is not described in that work.

Nomenclature

Dw, Dg, Do ¼ capillary-diffusion coefficient for water, gas, and oil, respectively, dimensionless (Eq. 3)
efoil ¼ oil exponent (dry-out model), dimensionless (Eq. A-10)

epdry ¼ water parameter in foam model (wet-foam model), dimensionless (Eq. A-3)
epoil ¼ oil exponent (wet-foam model), dimensionless (Eq. A-4)

fmdry ¼ limiting water saturation (wet-foam model), dimensionless (Eq. A-3)
fmmob ¼ reference-mobility-reduction factor, dimensionless (Eq. A-2)

floil ¼ lower limiting oil saturation on foam (wet-foam model), dimensionless (Eq. A-4)
fmoil ¼ upper limiting oil saturation on foam (wet-foam model), dimensionless (Eq. A-4)

fw, fg, fo ¼ water, gas, and oil fractional flow, respectively, fraction
f �g ¼ transition foam quality from low- to high-quality regime

fp0 ¼ fractional flows into first gridblock, fraction
F1 ¼ effect of surfactant concentration on foam, dimensionless (Eq. A-2)
F2 ¼ effect of water saturation on foam, dimensionless (Eq. A-3)
F3 ¼ effect of oil saturation on foam, dimensionless (Eq. A-4)
F4 ¼ effect of gas superficial velocity on foam, dimensionless (Eq. A-2)
F5 ¼ effect of shear-thinning rheology on foam, dimensionless (Eq. A-2)
F6 ¼ effect of critical capillary number on foam, dimensionless (Eq. A-2)
F7 ¼ effect of water saturation on foam (dry-out model), dimensionless (Eq. A-9)

FM ¼ mobility reduction factor, dimensionless (Eq. A-2)
G2 ¼ effect of oil saturation on foam (dry-out model), dimensionless (Eq. A-10)

k ¼ permeability, m2

krg ¼ foam free-gas relative permeability, dimensionless

kf
rg ¼ effective gas relative permeability with foam, dimensionless

krw,kro ¼ water and oil relative permeability, respectively, dimensionless

k0
rw; k

0
rg; k

0
ro ¼ endpoint relative permeabilities of water, gas, and oil, respectively, dimensionless
ng ¼ gas exponent for Corey relative permeability, dimensionless
no ¼ oil exponent for Corey relative permeability, dimensionless
nw ¼ water exponent for Corey relative permeability, dimensionless

PV ¼ pore volumes dimensionless
sfbet ¼ water parameter in foam model (dry-out model), dimensionless (Eq. A-9)
sfdry ¼ limiting water saturation (dry-out model), dimensionless (Eq. A-11)
sfoil ¼ upper-limiting oil saturation on foam (dry-out model), dimensionless (Eq. A-10)
sloil ¼ lower-limiting oil saturation on foam (dry-out model), dimensionless (Eq. A-10)

Sg,max ¼ maximum gas saturation at residual of the other two phases, fraction
Sgr ¼ residual gas saturation, fraction

So,max ¼ maximum oil saturation at residual of the other two phases, fraction
Sor ¼ residual oil saturation, fraction

Sw, So, Sg ¼ water, oil, and gas saturation, respectively, fraction
Sw,max ¼ maximum water saturation at residual of the other two phases, fraction

Swc ¼ connate-water saturation, fraction
Ut ¼ total superficial velocity, m/s

Uw, Ug, Uo ¼ water, gas, and oil superficial velocity, respectively, m/s
rp ¼ pressure gradient, Pa/m
Dt ¼ timestep of each iteration, seconds
Dx ¼ gridblock size, m

lapp ¼ foam apparent viscosity, Pa�s
lw;lg;lo ¼ water, gas, and oil viscosity, respectively, Pa�s

/ ¼ porosity, fraction

Superscripts

f ¼ foam
o ¼ endpoint relative permeability

Subscripts

i ¼ gridblock of length Dx
p ¼ water, gas, or oil phase
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Appendix A—Foam Models

The widely used STARS (CMG 2015) foam model includes two algorithms to represent the influence of oil on foam: the wet-foam
model and the dry-out model. More details pertaining to these two models are provided here.

Wet-Foam Model. In this model, it is assumed that the presence of foam affects the relative permeability of gas, but not that for water
or for oil. In the model, foam modifies the foam-free relative permeability of gas k0

rg by multiplying by FM,

kf
rg ¼ k0

rg � FM; ðA-1Þ

where kf
rg is the effective gas relative permeability with foam. A smaller value of FM indicates stronger foam, whereas FM equal to

unity means no foam exists.
The FM is given by Eq. A-2; it depends on a series of functions (F1, F2, F3, and so forth), reflecting the dependence of foam on sur-

factant concentration, water saturation, oil saturation, capillary number, oil composition, and salinity, respectively (Cheng et al. 2000;
CMG 2015):

FM ¼ 1

1þ fmmob� F1 � F2 � F3 � F4 � F5 � F6…
; ðA-2Þ

where the parameter fmmob is the reference-mobility-reduction factor in a situation where all conditions yield maximum foam strength.
The factors Fi are given different subscripts in different references.

In this paper, we consider only the water-saturation-dependent function F2 and the oil-dependent function F3 given by

F2 ¼ 0:5þ arctan½epdryðSw � fmdryÞ�
p

; ðA-3Þ

F3 ¼

1; So � floil

fmoil� So

f moil� floil

� �epoil

; floil < So < fmoil

0; fmoil � So � 1� Swc � Sgr:

8>>><
>>>:

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ðA-4Þ

An abrupt transition between low- and high-quality foam-flow regimes corresponds to a large value of epdry. Table A-1 gives the
definitions of the parameters in Eqs. A-3 and A-4. We use Corey relations for the foam-free relative permeabilities for water, oil, and gas,

krw ¼ ko
rw

Sw � Swc

1� Swc � Sor � Sgr

� �nw

; ðA-5Þ

kro ¼ ko
ro

So � Sor

1� Swc � Sor � Sgr

� �no

; ðA-6Þ

krg ¼ ko
rg

Sg � Sgr

1� Swc � Sor � Sgr

� �ng

; ðA-7Þ

where k0
rw, k0

ro, and k0
rg are each the endpoint relative permeability, and nw, no, and ng are the Corey exponents for the given phase. The

larger the Corey exponent of a given phase, the more wetting it is to rock.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Parameters Definition

fmmob Reference-mobility-reduction factor corresponding to maximum foam strength.
fmdry, sfdry Limiting water saturation, around which foam collapses, for wet-foam and dry-out models, respectively. The 

    value of sfdry is not a fixed constant, but is instead a function of oil saturation.
epdry, sfbet Parameter determining how abruptly gas mobility changes for water saturation near fmdry or sfdry for wet-foam 

    and dry-out models, respectively.
fmoil, sfoil Upper-limiting oil saturation, greater than which foam collapses completely for wet-foam and dry-out models, 

respectively.
floil, sloil Lower-limiting oil saturation,less than which oil has no detrimental effect on foam for wet-foam and dry-out models,

    respectively.
epoil, efoil Exponent for oil effect for wet-foam and dry-out models, respectively.

Table A-1—An overview of foam-simulation-parameter definitions.
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Table A-2 summarizes all the model-parameter values examined except for the oil-related parameters specified in each figure in the
text. The same parameter values are used throughout this paper unless otherwise specified.

Dry-Out Model. The form of the dry-out model is similar to that of the wet-foam model, except that the limiting water saturation is no
longer a constant. Here, we consider the dry-out and wet-foam models for oil and foam separately, although they can be used together
in the STARS model. Therefore, for the dry-out model, FM here is given by

FM ¼ 1

1þ fmmob� F7

; ðA-8Þ

where F7 is a water-saturation-dependent function,

F7 ¼ 0:5þ arctan½sfbetðSw � sfdryÞ�
p

: ðA-9Þ

The parameters sfbet and sfdry play the roles of epdry and fmdry in the wet-foam model, respectively, but limiting water saturation
sfdry in the dry-out model is scaled by a series of functions accounting for the effects of surfactant concentration, oil saturation, salinity,
and capillary number, represented with symbols G1, G2, G3, and G4, respectively. Here, we consider only the effect of oil saturation,
reflected in G2, and given by

G2 ¼

0; So � sloil

So � sloil

sfoil� sloil

� �efoil

; sloil < So < sfoil

1; sfoil � So � 1� Swc � Sgr;

8>>><
>>>:

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ðA-10Þ

where the upper-limiting oil saturation sfoil and lower-limiting oil saturation sloil play roles similar to fmoil and floil, respectively, in
the wet-foam model. The original, oil-free value of the limiting water saturation sfdry is then rescaled by

½ð1� sfdryÞ � G2 þ sfdry� ! sfdry: ðA-11Þ

If So is less than sloil, G2¼ 0 and oil has no detrimental effect on foam. The limiting water saturation, sfdry, is then equal to its oil-
free value. If So is larger than sfoil, G2¼ 1 and sfdry¼ 1. If the transition between regimes is abrupt (sfbet is sufficiently large), foam
collapses completely at all water saturations. For So between these two values, G2 lies in between zero and unity, and sfdry takes a value
between its oil-free value and unity.

Substituting the limiting water saturation as modified by Eqs. A-10 and A-11 into Eq. A-9 allows one to obtain FM accounting for
the effects of oil and water saturations. The Corey relations for foam-free relative permeabilities and the same model parameters as in
Table A-2 are applied in the dry-out model, also with oil-related parameters specified in each figure in the text.

Jinyu Tang has been a PhD-degree researcher in the Department of Geoscience and Engineering at Delft University of Technol-
ogy since 2014. His research interests include foams for EOR, multiobjective computed-tomography corefloods, IT foam model-
ing, and fractional-flow analysis of complex multiphase flow through porous media. Tang holds a master’s degree in petroleum
engineering from China University of Petroleum. He has been an SPE member since 2014.

Mohammed N. Ansari holds a master’s degree in petroleum engineering and geosciences from Delft University of Technology.
His work there focused on local-equilibrium modeling of foam dynamics. He has been an SPE member since 2014.

William R. Rossen is a professor of reservoir engineering at the Department of Geoscience and Engineering at Delft University of
Technology. His current research concerns the use of foams for diverting fluid flow in porous media, modeling complex transport
processes in networks, and understanding flow in naturally fractured geological formations. Rossen was named the Best Instruc-
tor at Delft University of Technology in 2011. In 2012, he was named an IOR Pioneer at the SPE/DOE Symposium on Improved Oil
Recovery in Tulsa. Rossen is an SPE Distinguished Member.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Foam-Model Parameters Corey-Relation Parameters

fmmob fmdry/sfdry epdry/sfbet 0
rwk 0

rok 0
rgk nw no ng Swc Sor Sgr

54,000 0.316 6,000 0.20 0.50 0.94 4.2 2.0 1.3 0.2 0.1 0.2

Dw Do Dg

Rock and Fluid Properties

k (darcies) µw (Pa·s) µo (Pa·s) µg (Pa·s)

3 3 3 1.3 0.3 7.00×10–4 5.00×10–3 2.07×10–5

φ

Table A-2—An overview of STARS foam model parameters used.
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