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Abstract
Foam is remarkably effective in the mobility control of gas injection for enhanced oil recovery (EOR)
processes and CO2 sequestration. Our goal is to better understand immiscible three-phase foam displacement
with oil in porous media. In particular, we investigate (i) the displacement as a function of initial (I) and
injection (J) conditions and (ii) the effect of improved foam tolerance to oil on the displacement and
propagation of foam and oil banks.

We apply three-phase fractional-flow theory combined with the wave-curve method (WCM) to find the
analytical solutions for foam-oil displacements. An n-dimensional Riemann problem solver is used to solve
analytically for the composition path for any combination of J and I on the ternary phase diagram and for
velocities of the saturations along the path. We then translate the saturations and associated velocities along
a displacement path to saturation distributions as a function of time and space.

Physical insights are derived from the analytical solutions on two key aspects: the dependence of
the displacement on combinations of J and I and the effects of improved oil-tolerance of the surfactant
formulation on composition paths, foam-bank propagation and oil displacement. The foam-oil displacement
paths are determined for four scenarios, with representative combinations of J and I that each sustains
or kills foam. Only an injection condition J that provides stable foam in the presence of oil yields
a desirable displacement path, featuring low-mobility fluids upstream displacing high-mobility fluids
downstream. Enhancing foam tolerance to oil, e.g. by improving surfactant formulations, accelerates foam-
bank propagation and oil production, and also increases oil recovery. Also, we find a contradiction between
analytical and numerical solutions. In analytical solutions, oil saturation (So) in the oil bank is never greater
than the upper-limiting oil saturation for stable foam (fmoil in our model). Nevertheless, in numerical
simulations, So may exceed the oil saturation that kills foam in the oil bank ahead of the foam region,
reflecting a numerical artifact. This contradiction between the two may arise from the calculation of pressure
and pressure gradient using neighboring grid blocks in a numerical simulation.

The analytical solutions we present can be a valuable reference for laboratory investigation and field
design of foam for gas mobility control in the presence of oil. More significantly, the analytical solutions,
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which are free of numerical artifacts, can be used as a benchmark to calibrate numerical simulators for
simulating foam EOR and CO2 storage processes.

Introduction
Gas injection into geological formations, e.g. aquifers or oil reservoirs, is subject to very poor sweep
efficiency (Glass and Yarrington, 2003; Reynolds and Krevor, 2015). Foam can increase remarkably the
sweep efficiency of gas injection by reducing gas mobility, e.g. by an order of 10 ~ 106 (Schramm,
1994; Rossen, 1996). This allows broad engineering applications of foam in various subsurface processes:
enhanced oil recovery (Rossen, 1996; Lake et al., 2014); acid diversion in well stimulation (Zhou and
Rossen, 1995); removal of NAPL (Non-Aqueous Phase Liquid) contaminants in soils and aquifers (Estrada
et al., 2015; Bertin et al., 2017); and carbon storage in CCUS (Carbon Capture, Utilization and Storage)
(Bui et al., 2018; Castaneda-Herrera et al., 2018; Rossen et al., 2022).

Investigation of foam flow with oil or other NAPL's is perplexing both experimentally and numerically,
due to the complex foam-oil interactions (Farajzadeh et al., 2012). Experimental studies demonstrate that
foam flow without oil in porous media shows two regimes depending on foam quality, fg, i.e. gas volumetric
fractional flow in foam (Osterloh and Jante, 1992; Alvarez et al., 2001): the high- and low-quality regimes.
Tang et al. (2019a) find that these two regimes also apply for foam with oil, as illustrated in the steady-state
data of Fig. 1a (with no oil) and Fig. 2a (with oil). The presence of oil affects both regimes; this is implied
by the shift of pressure-gradient #p contours in each regime between Fig. 1a without oil and Fig. 2a with
oil. Tang et al. also conducted a data fitting as shown in Figs. 1b and 2b using the STARS model (Computer
Modeling Group, 2015). The agreement between data and fitted results not only justifies the suitability of
the STARS model for representing foam flow with and without oil, but also reveals the foam-oil interaction
mechanisms. In the upper-left high-quality regime, oil destabilizes foam through its effect on the limiting
capillary pressure that corresponds to the limiting water saturation around which foam collapses (Zhou and
Rossen, 1995). In the lower-right low-quality regime, oil weakens foam through its effect on a reference
gas-mobility-reduction factor fmmob. (The STARS model does not fit the upward-tilting #p contours in the
low-quality regime in Fig. 1a (see also Kim et al., 2005). No currently applied foam simulation model yet
accounts for this aspect of foam behavior.)

Figure 1—Pressure gradient (psi/ft) without oil as a function of gas (ug) and water (uw) superficial velocities in a Bentheimer
core of 1.98 Darcy: (a) steady-state data; (b) STARS model fit to data in Fig. 1a. Results from Tang et al. (2019a).
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SPE-211467-MS 3

Figure 2—Pressure gradient (psi/ft) with oil as a function of gas (ug) and water (uw) superficial velocities
in a Bentheimer core of 1.98 Darcy: (a) steady-state data; (b) STARS model fit to data in Fig. 2a. Oil
is introduced by fixing oil/water superficial velocity ratio at 0.25. Results from Tang et al. (2019a).

The two foam-flow regimes provide a simple and effective way to represent foam in porous media and its
interactions with other factors. Foam-simulation-model parameters are estimated by data fitting to the two
regimes. However, simulating complex multiphase-flow system such as foam faces a number of numerical
challenges in (Rossen, 2013).

Fractional-flow theory, also called the Method of Characteristics (MOC), is a powerful analytical tool,
revealing multi-phase flow behavior in porous media (Charbeneau, 1988; LaForce and Johns, 2005; Rossen
et al., 2011; You et al., 2015). We apply this theory together with the wave-curve method (WCM) (Castaneda
et al., 2016) to three-phase flow with foam represented with STARS model given in Appendix A. Our goal is
to reveal the characteristics of foam flow with oil upon injection (J) and initial (I) conditions and investigate
the effects of foam tolerance to oil on propagation velocities of foam and of oil banks.

The analytical solutions we present would guide the interpretation of phase mobilities, interactions and
distributions in foam injection. In addition, the analytical solutions, which are free of numerical artifacts,
can be used as important benchmarks for calibrating numerical simulators for foam-flow processes, e.g.
Lyu et al. (2021).

Fractional-flow Theory and Foam Model

Three-phase fractional-flow theory
The system of foam flow with oil involves three phases (i.e. water, oil and gas) and interactions
between foam and oleic phases. Solving analytically for a three-phase flow with all factors considered is
mathematically a challenge. For the purpose of this study, the system is simplified as follows:

• flow is one dimensional;

• fluids and rock are both incompressible;

• gravity effects can be ignored;

• all phases are immiscible;

• the process is isothermal;

• no dispersive processes are considered (e.g. diffusion, dispersion, and capillary-driven flow);

• local equilibrium is attained immediately;
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• all phases have Newtonian rheology;

• surfactant concentration is uniform in the aqueous phase everywhere.

Crucially, in this initial study there is no phase-behavior advantage for oil mobilization, e.g. no oilswelling
by gas, stripping of oil into gas, or gas-oil miscibility. For such a process, mobility control is the key to
improving sweep efficiency and delivering gas to zones where these advantages can work. Ashoori et al.
(2010) examined the case of foam with first-contact miscible oil displacement, where only two phases are
present at any location.

With the above assumptions, the system is governed by two independent mass-conservation equations:

(1)

(2)

where φ is the rock porosity, Sw and So are the water and oil saturations, x and t, are the position and time,
and u is the total superficial velocity of the three phases. Fractional flow of phases is defined as

(3)

where subscript j = w, o or g denoting water, oil or gas, and uj is the Darcy velocity of phase j. fj, representing
the fractional flow of a phase, is one key concept in fractional-flow theory.

Darcy velocity uj is governed by Darcy's law:

(4)

where k is the absolute permeability of a medium, kj is the relative permeability of phase j, ft is the viscosity
of phase j, | Vp| is the magnitude of pressure gradient. The relative permeability kj of phase j is assumed
here to be a function of only its own phase saturation, given by a Corey-type model:

(5)

Where  is the endpoint relative permeability to phase j, Sj,a is the absolute saturation of phase j and Sjir

is the residual saturation of phase j (e.g. Swc, Sor or Sgr), and nj is the Corey exponent.
Given that u = uw + uo + ug, substituting Eq. 4 into Eq. 3 for phase j, transforms fj to:

(6)

where (krj/μj) represents the relative mobility of phase j, and  is the effective gas relative permeability, with
superscript f denoting the presence of foam. In our modeling, only the krg function is affected by foam (See
Eq. A-1 in Appendix A), with krw and kro functions unaffected. This assumption is justified experimentally
and facilitates foam-flow modeling (Rossen, 1996; Schramm, 1994). The foam model is then coupled with
fractional-flow model via  in Eq. A-1, where krg is modified by a mobility-reduction factor FM in Eq.
A-2. FM includes F2 in Eq. A-3 (a function of Sw) and F3 in Eq. A-8 (a function of So). Therefore, fj is a
function of only saturations (Sw, So).

To simplify Eqs. 1 and 2, we introduce dimensionless position and time variables xD and tD:

(7)
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(8)

where L is the reservoir length, and tD is the number of movable pore volumes injected. Sj is the saturation
of phase j, normalized by the total movable saturation:

(9)

Using Eqs. 7, 8 and 9, the system of Eqs. 1 and 2 is simplified to

(10)

where capitals S and F are vectors of  and , respectively

Fractional-flow theory states that any pair of saturations S propagates through a permeable medium with
a given velocity as a function of S. Solving for S(xD, tD) then becomes a mathematical issue of solving for
velocities of S along a displacement path on the phase diagram. The velocity of S is given by the derivative
of water-, oil- or gas-phase fractional flow at that saturation (fractional-flow theory assumes equal velocity
for Sw, So and Sg at each pair of S) (Lake et al., 2014):

(11)

We use an n-dimensional Riemann problem solver (RPn) that implements the WCM to solve for a
composition path connecting J to I and velocities of S along the path on the phase diagram (Liu, 1974;
Azevedo et al., 2010; Castaneda et al., 2016; Tang et al., 2019c). In general, the WCM constructs a complete
path by solving for two families of wave curves: a forward slow wave curve starting from J, and a backward
fast wave curve initiating from I. The two families of wave curves usually cross, resulting in an intermediate
state IJ at the intersection. A complete path follows the path from J to intermediate state IJ, and then to I.
Shock waves along a path are solved through the Rankine-Hugoniot locus, based on a mass balance across
the shock:

(12)

where SI denotes the saturations at the initial state I, and a is the shock velocity from 5i to 5.
Based on the saturations along the path and their velocities, one can construct saturation distributions as

a function of position and time, S(xD, tD).

Foam Model
The STARS model includes two algorithms representing the effect of oil on foam, the "wet-foam" algorithm
for the effect of oil on the low-quality regime and the "dry-out" algorithm for the effect of oil on the high-
quality regime (Tang et al., 2019b). The wet-foam model (in Appendix A) is implemented in this initial
study, but we believe results using the dry-out model would be similar.

In the STARS model, foam is represented via a mobility-reduction factor, FM in Eq. A-2, which reduces
krg as in Eq. A-1. FM involves a series of functions F1-6, accounting for the effects of influential factors on
foam. We consider two key functions, F2 in Eq. A-3 for the effect of Sw and F3 in Eq. A-8 for the effect of
So. The arctangent function for F2 is approximated here by a polynomial function in Eq. A-7, to facilitate
the calculation of (dF/dS) in Eq. 11.

Figure 3 displays a foam-property map that is characterized by (1/FM) in Eq. A-2 as a function of (Sw,
So) in ternary saturation space. The values of (1/FM) split the ternary diagram into two regions: the foam
region with (1/FM) > 1, i.e. the colored lower-left patch, and the no-foam region with (1/FM) = or ~ 1,
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6 SPE-211467-MS

i.e. the white portion. The foam region is bounded by water- and oil-related parameters, e.g. limiting water
saturation, fmdry in Eq. A-2 and lower- and upper-limiting oil saturation, floil and fmoil in Eq. A-8.

Figure 3—Gas-mobility-reduction factor (1/FM) in Eq. A-2 plotted as a function of (Sw, So) in ternary
saturation space. The values of FM reflect F2 in Eq. A-7 and F3 in Eq. A-8, with parameters used given
in Table A-1. The three vertices G, O, and W represent 100% normalized saturation (Eq. 9) of gas, oil
and water, respectively. Thus, this and subsequent plots do not display residual phase saturations.

Along the direction parallel to gas-oil binary, for Sw < (fmdry - ε) where ε = 1/(2 × epdry), foam is too dry
to be maintained. For (fmdry - ε) < Sw < (fmdry + ε), (1/FM) rises suddenly and abruptly, corresponding to
the high-quality regime in Figs. 1 and 2. For Sw > (fmdry + ε), strong foam is present, corresponding to the
low-quality regime. The transition between the two regimes corresponds to a transition zone in Fig. 3 within
(fmdry - ε) < Sw < (fmdry + ε), which is not visible here due to ε  very small leading to a very sharp transition.

Parallel to gas-water binary, for So < floil, F3 in Eq. A-8 equals unity, meaning that oil has no destabilizing
effect on foam. For floil < So < fmoil, F3 decreases with So, so does (1/FM), due to a nonlinear destabilizing
effect of oil on foam. For So > fmoil, F3 = 0 and (1/FM) = 1, marking a foam destroyed completely by oil.

Results and Discussion
Table 1 summarizes the injection (J) and initial (I) conditions analyzed under four scenarios, with J and I
each inside (denoted by subscript fm) or outside (denoted by subscript nf) the foam region as illustrated in
Fig. 3. Jnf cannot maintain foam because it is too dry, whereas Inf kills foam completely because So > fmoil.
For each case in Table 1, we solved for composition path, saturation velocities and distribution using three-
phase fractional-flow theory combined with the WCM.

Table 1—A summary of J and I conditions used in fractional-flow analysis of foam flow with oil

Scenarios Injection conditions 7= (5//)./ Initial conditions
7 =(&,,&)

Foam model parameters

Scenario 1
(Jnf to Inf)

Case 1 J = (0.2, 0.8),fg= 0.999 J = (0.1875, 0.8125) Refer to Table A-l

Scenario 2
(Jnf to Ifm)

Case 1 J = (0.2, 0.8). fg =0.999 J = (0.7750, 0.2250) Refer to Table A-l

Case 1 J= (0.3125, 0.6875), fg = 0.195 J = (0.7750, 0.2250) fmoil = 0.25,floil = 0, others from Table A-lScenario 3
(Jfm to Ifm)

Case 2 J = (0.3125, 0.6875), fg = 0.195 J = (0.7750, 0.2250) fmoil = 0.5, floil = 0, others from Table A-l

D
ow

nloaded from
 http://onepetro.org/SPEAD

IP/proceedings-pdf/22AD
IP/4-22AD

IP/D
042S195R

003/3032832/spe-211467-m
s.pdf/1 by Bibliotheek TU

 D
elft user on 15 D

ecem
ber 2022



SPE-211467-MS 7

Scenarios Injection conditions 7= (5//)./ Initial conditions
7 =(&,,&)

Foam model parameters

Case 3 J= (0.3125, 0.6875), fg = 0.195 J = (0.7750, 0.2250) fmoil = 0.5. floil = 0.2, others from Table A-
l

Case 1 J = (0.3125, 0.6875), fg = 0.195 J = (0.1875, 0.8125) fmoil = 0.25,.floil = 0, others from Table A-l

Case 2 J= (0.3125, 0.6875), fg = 0.195 J = (0.1875, 0.8125) fmoil = 0.5. floil = 0, others from Table A-l

Scenario 4
(Jfm to Inf)

Case 3 J = (0.3125, 0.6875), fg = 0.195 J = (0.1875, 0.8125) fmoil = 0.5, floil = 0.2, others from Table A-
l

Note that (Sw, So) and fmoil and floil shown here are normalized using Eq. 9 for residual saturations.

Composition Paths of Foam Injection with Oil

Scenario 1 with Combination of Jnf and Inf.   Figure 4 shows the composition path for Case 1 of Scenario
1 for a combination of Jnf and Inf both outside the foam region. Sw at Jnf is too low (too dry) to maintain
foam, and So at Inf is too high for foam to be stable. Nevertheless, the whole path bypasses the foam region,
suggesting there is no foam occurring at all. Thus, this scenario also represents the composition path for
co-injection of gas and water without surfactant.

Figure 4—(Left). Composition path for Case 1 of Scenario 1 in Table 1 in ternary saturation space, with
Jnf and Inf both outside the foam region. A solid line marks a spreading wave and a dashed line a shock.

The path starting from Jnf includes a spreading wave followed by a shock, and then a second spreading
wave connected by a second shock to Inf. Fundamentally, the path and wave type is a result of satisfying
the velocity criterion of monotonically increasing from J to I (Lake et al., 2014). Only saturations along a
spreading wave are physical which can appear in a displacement, as shown in Fig. 5.
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8 SPE-211467-MS

Figure 5—(Right). Saturation velocities (on the top axis) along the path in Fig. 4 and phase distribution (on the bottom axis) at
time tD = 0.05 PVI. The boxed numbers labelled on the top are total relative mobilities λrt (Eq. 13) in units (1/cp) at that position.

Figure 5 displays the velocities of the saturations along the path in Fig. 4 and phase distribution at tD =
0.05 PVI, which is obtained by multiplying saturation velocities with tD. The numbers labelled on the top
specify the total relative mobility λrt at that position:

(13)

The phase distribution suggests gas (green profile) pushes oil (red profile) forward but extremely slowly,
e.g. n(So=0.1') = 0.001, meaning 1000 PVI required to displace oil to this saturation. This is due to the
fact that without foam gas is much more mobile than liquids. In addition, λrt, much greater upstream than
downstream, indicates fingering would be expected in 2D or 3D media, restricting both sweep and trapping
of gas.

Scenario 2 with Combination of Jnf and Ifm

Figure 6 illustrates the composition path for Case 1 of Scenario 2 in Table 1 for a combination of Jnf outside
and Ifm inside the foam region. With this scenario, one may hope to create foam some distance from the
injection well. This might correspond to a surfactant-alternating-gas (SAG) injection process with a single
large gas slug injected following a single large surfactant slug.

Figure 6—(Left). Composition path for Case 1 of Scenario 2 in Table 1 in ternary saturation space, with Jnf

outside and Ifm just inside the foam region. Solid line marks a spreading wave and dashed line a shock.
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SPE-211467-MS 9

The composition path starting from Jnf comprises two spreading waves outside the foam region and enters
into the foam region with a shock. It is followed by a third spreading wave connected by a second shock
to Ifm along the foam boundary at So = fmoil. This suggests foam is created away from the injection well,
but substantially weakened by oil.

Figure 7 displays the velocities of saturations along the path in Fig. 6 and phase distribution at time tD

= 0.2 PVI. Oil is driven by gas but very inefficiently: more than 500 PVI required to reduce So to 0.1 (η
(So=0.1) = 0.002). However, λrt = 29.28 (1/cp) with foam near the well, which is 2.19 times less than 64.04
(1/cp) at Jnf. This suggests fingering of injected gas into the foam. Gas propagation is slowed down by 3.24
times, e.g. n = 4.12 in Fig. 7 and 13.35 in Fig. 5. The sweep of gas is improved, as seen from Sg ~ 0.1 at
tD = 1 in Scenario 1 but Sg ~ 0.3 in Scenario 2. Scenario 2, with its increased gas saturation, benefits CO2

sequestration in oil reservoirs.

Figure 7—(Right). Saturation velocities (on the top axis) along the path in Fig. 6 and phase distribution
(on the bottom axis) at tD = 0.2 PVI. The boxed numbers are λrt (Eq. 13) in units (1/cp) at that position.

Scenario 3 with Combination of Jfm and Ifm.   Figure 8 presents the composition path for Case 1 of Scenario
3 in Table 1 for a combination of Jfm and Ifm both inside the foam region. Most field applications correspond
to this scenario, e.g. co-injection of foaming solution and gas or SAG injection to develop foam from or
near the well.

The Scenario 3 follows, starting from Jfm, a spreading wave, an abrupt shock, a second short-spreading
wave and eventually a second shock to Ifm. In contrast with Jnf, the whole path resides within the foam region,
indicating foam is developed in the entire displacement.
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10 SPE-211467-MS

Figure 8—(Left). Composition path for Case 1 of Scenario 3 in Table 1 in ternary saturation space, with
Jfm and Ifm both inside the foam region. A solid line denotes a spreading wave and a dashed line a shock.

Figure 9 shows the corresponding saturation velocities and phase distribution at tD = 0.2. In the Scenario
3, oil is displaced by foam near the entrance, much more efficiently than in Scenarios 1 or 2. η (So=0.03)
= 0.08, equivalent to 12.5 PVI to recover nearly all oil. For oil recovery in the field, such large injection
volumes are still not practical. Nevertheless, the mobility control is very successful (λrt < 1 everywhere),
benefiting CO2 sequestration. Especially, foam in this scenario can improve sweep efficiency and increase
gas saturation in the swept zone in 2D or 3D media, as seen from Sg ~ 0.6 at about 12.5 PVI.

Figure 9—(Right). Saturation velocities (on the top axis) along the path in Fig. 8 and phase distribution
(on the bottom axis) at tD> = 0.2 PVI. The boxed numbers are λrt (Eq. 13) in units (1/cp) at that position.

Scenario 4 with Combination of Jfm and Inf

Figure 10 shows the composition path for Case 1 of Scenario 4 in Table 1, for a combination of Jfm inside and
Inf outside the foam region. The path starting from Jfm crosses the foam boundary at So = fmoil, representing
foam injection into a formation with initial So unstable for foam.

Figure 11 shows the saturation velocities along the path of Fig. 10 and phase distribution at tD = 0.1 PVI.
The oil-displacement mechanism at the leading edge of the displacement is waterflooding, which displaces
oil until So < fmoil, allowing the propagation of a stable foam bank. The foam bank propagates at velocity η
= 0.08 (similar to Scenario 3), displacing water and oil ahead with a favourable mobility ratio of (0.12/0.63).
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SPE-211467-MS 11

Nevertheless, the waterflooding may be subject to fingering, retaining a higher So in 2D or 3D media, and
inhibiting the foam bank.

Figure 10—(Left). Composition path for Case 1 of Scenario 4 in Table 1 in ternary saturation space, with
Jfm inside but Inf outside the foam region. A solid line denotes a spreading wave and a dashed line a shock.

Figure 11—(Right). Saturation velocities (on the top axis) along the path in Fig. 10 and phase distribution
(on the bottom axis) at tD = 0.1 PVI. The boxed numbers are λrt (Eq. 13) in units (1/cp) at that position.

Effect of Improved Foam Tolerance to Oil
The results above suggest Scenarios 3 and 4 are more favorable for field applications. We present here an
analysis of foam-oil flow behavior in the two scenarios, with a surfactant formulation more tolerant to oil.

Effect on Composition Path.   The tolerance of foam to oil is characterized by oil-parameter fmoil as in
Eq. A-8; a greater value of fmoil represents a foam more tolerant to oil. The effects of increasing foam
tolerance to oil on the composition path and phase distribution with foam injection in Scenarios 3 and 4 are
illustrated in Figs. 12 and 13 and Figs. 14 and 15, respectively. Increasing fmoil expands the foam region
in both scenarios, suggesting that stable foam is allowed for a larger range of So.
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12 SPE-211467-MS

Figure 12—(Left). Composition path for Case 2 of Scenario 3 in Table 1 in ternary saturation space, with Jfm and Ifm. Parameter
fmoil is increased to 0.5 relative to Case 1 in Fig. 8. A solid line denotes a spreading wave, and a dashed line a shock.

Figure 13—(Right). Saturation velocities (on the top axis) along the path of Fig. 12 and phase distribution
(on the bottom axis) at tD = 1 PVI. Note that So < fmoil within the oil bank ahead of the foam bank.

Figure 14—(Left). Composition path for Case 2 of Scenario 4 in Table 1 in ternary saturation
space, with Jfm inside and Inf outside the foam region. Parameter fmoil is increased to 0.5

relative to Case 1 in Fig. 10. A solid line denotes a spreading wave and a dashed line a shock.
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Figure 15—(Right). Saturation velocities (on the top axis) along the path of Fig. 14 and phase
distribution (on the bottom axis) at tD = 0.25 PVI. Note that So < fmoil immediately ahead of the foam bank.

In Scenario 3, with foam more stable to oil, an oil bank is created ahead of the foam bank, as seen in
Fig. 13. The uniform state within the oil bank corresponds to the intermediate state IJ in Fig. 12, which is
the intersection of the forward slow path from J and backward fast path from I (Liu, 1974; Castaneda et
al., 2016). We note that the IJ state in Scenario 3 resides in the foam region. In other words, So in the oil
bank nowhere exceeds the upper limit fmoil for stable foam. The generality of this finding (So < fmoil in
the oil bank) is demonstrated by the following argument. Suppose that in Scenario 3, with a combination
of Jfm and Ifm, foam creates an oil bank with So exceeding fmoil. Immediately behind the oil bank, foam is
present and reduces gas mobility substantially, leading to water fractional flow fw >> 0. Within the oil bank,
gas mobility is high and So is high, resulting in fw ~ 0. Nevertheless, Sw increases from the foam bank to
the oil bank. The decrease in fw and increase in Sw across the foam front implies negative velocities, i.e. (Δ
fw/ Δ Sw) < 0. This is physically impossible as it violates the velocity compatibility required for a forward
displacement (Lake et al., 2014).

Similar behavior is also found in Scenario 4, i.e. that immediately in front of the foam bank, So < fmoil (see
Fig. 15); this value of So corresponds the endpoint of the first shock (as labelled in Fig. 14), which resides
inside the foam region. This suggests that foam development is possible with an initial state Inf that does not
allow stable foam, though it relies on waterflooding ahead to reduce So below fmoil ahead of the foam.

Nevertheless, in both scenarios, improving the foam tolerance to oil does not change the nature of the
composition path. For instance, with fmoil increasing, the path in Scenario 3 still resides within the foam
region (see Figs. 8 and 12), and the path in Scenario 4 crosses the foam region in the same manner (see Figs.
10 and 14). Furthermore, the wave type and sequence from injection to initial state remains the same in
each scenario, regardless of the change in fmoil. Of course, increasing foam tolerance to oil may transform
a case with Inf to a case with Ifm, with a large benefit to mobilities, velocities and sweep efficiency.

Effect on Foam- and Oil-bank Propagation.   Figure 16 shows the propagation of foam and oil banks in
Scenario 3, with respect to oil-related parameters, upper- (fmoil) and lower-limiting (floil) oil saturation in
Eq. A-8. In this scenario foam displaces an initial saturation So that allows foam. Similarly, Fig. 17 shows the
effect of the same parameters on foam- and oil-bank propagation in Scenario 4. In this case foam displaces
an initial saturation So that does not allow foam.
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Figure 16—Saturation velocities (on the top axis) and phase distribution (on the bottom
axis) at 1 PVI for gas (upper figure) and oil (lower figure) in Cases 1, 2 and 3 of Scenario 3 in
Table 1, respectively. The arrows indicate the front of the foam and oil banks in each case.

Figure 17—Saturation velocities (on the top axis) and phase distribution (on the bottom
axis) at 0.4 PVI for gas (upper figure) and oil (lower figure) in Cases 1, 2 and 3 of Scenario

4 in Table 1, respectively. The arrows indicate the front of the foam bank in each case.

The Sg and So distributions suggest that increasing fmoil or floil (i.e., designing a surfactant formulation
less sensitive to oil) accelerates the propagation of both foam and oil banks in either scenario. Greater foam
tolerance to oil raises Sg in the foam bank and So in the oil bank. On the whole, it accelerates the production
of most of the oil and increases Sg in the swept region.

Figures 16 and 17 also show that the foam bank propagates with nearly same velocity, 0.078 (dark- black
line), 0.234 (light-grey line) or 0.287 (dashed line), for the same oil tolerance but different initial conditions,
respectively. This suggests the propagation velocity of the foam bank may be not sensitive to an initial
condition that allows foam or kills foam, but rather mainly to foam properties at the injection conditions.
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Numerical artifact in Foam Simulation with Oil
We compare the analytical solutions and a numerical solution for foam flow with oil and find a possible
numerical artifact in standard finite-difference simulation. Here we discuss the possible reason for the
artifact.

Figure 18 shows the numerical simulation result for a 1D immiscible foam flow with oil from Liu et
al. (2011) using the same STARS model approximations. J and I in the simulation of Liu et al. are both in
the foam region, as in Scenario 3. In contradiction with the analytical solutions in Figs. 12 and 13, Fig. 18
shows that So within the oil bank chased by the foam bank exceeds fmoil, but the numerical solution still
shows a propagation of foam.

Figure 18—Numerical results for 1D immiscible foam flow with oil, adapted from Liu et al. (2011).
Parameter fmoil used is 0.1 (implied by the dashed line). So within the oil bank is much greater than fmoil.

The propagation of foam with So > fmoil ahead may arise from the calculation of pressure p or pressure
gradient # p using neighboring grid blocks. As illustrated in Fig. 19, the interface between grid blocks i and
(i - 1) corresponds to the foam-displacement front in Fig. 16. In numerical simulation, the p in grid block
i is calculated using p in the neighboring grid (i - 1) with foam and grid (i + 1) without foam. p in the grid
(i - 1) with foam should be much greater than that in the grid i without foam. This leads to an otherwise
small p in grid i (without foam) greatly overestimated. The # p that regulates the flow of oil out of grid i is
therefore greatly overestimated relative to its actual value with no foam. When So in the grid i is reduced (by
the artificially inflated # p) to a value less than fmoil, foam advances to grid block i, misleadingly implying
that foam can efficiently displace oil ahead of it with So > fmoil.

Figure 19—Schematic of pressure calculation using neighboring grid blocks in finite-difference
simulation. The interface between grids (i -1) and i corresponds to the foam front in Fig. 16.
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Conclusions
We present analytical solutions of composition paths for foam flow with oil for four representative scenarios
with different combinations of injection (J) and initial (I) condition that sustains or kills foam. These
analytical solutions can be used to guide the interpretation of foam-flow behavior with oil and as benchmarks
for calibrating numerical simulators for foam simulations.

Scenarios 1 and 2, with injection state J that does not sustain foam, are undesirable in field applications
of foam to oil recovery or CO2 sequestration, because of unsuccessful gas-mobility control. In 2D or 3D
media, gas would finger through the medium, leaving a large portion of the medium unswept.

Scenarios 3 and 4, with J sustaining foam (e.g. co-injection or surfactant-alternating-gas injection), are
most desirable in field applications. For Scenario 3 with J and I both sustaining foam, foam is developed
in the entire displacement. For Scenario 4 with J sustaining foam but I unstable for foam, foam can also be
developed but it has to rely on waterflooding ahead to reduce oil saturation till stable for foam.

Changing foam tolerance to oil does not change the wave structure of a composition path within Scenarios
3 and 4. However, improving the oil tolerance of foam benefits oil-bank creation, propagation velocity of
foam and oil banks, and sweep efficiency in oil displacement and CO2 storage in 3D reservoirs. The velocity
of foam-bank propagation is controlled by foam properties at J, but independent of initial state. Much bigger
benefits come if the increase in oil tolerance shifts the process from Scenario 4 to Scenario 3.

Analytical solutions show that oil saturation (So) within an oil bank (if created and displaced by foam)
never exceeds the upper limit for stable foam, fmoil, which is justified by saturation-velocity considerations.
The numerical solution for one case contradicts the analytical solution, showing So > fmoil in the oil bank,
reflecting a possible artifact in finite-difference simulation of foam with oil. This artifact possibly arises
from the calculation of pressure or pressure gradient using neighboring grid blocks.
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Appendix A
Implicit-texture Foam Model

In the STARS model, foam modifies gas relative permeability, krg in Eq. 5, through a mobility-reduction
factor FM:
where superscript f denotes the presence of foam.

(A-1)

FM comprises a series of functions Fi (i =1, 2, 3…), accounting for the impacts of a variety of factors on
foam, e.g. surfactant concentration, water saturation, oil saturation, oil composition, shear-thinning behavior
and salinity:

(A-2)

where fmmob is the reference gas-mobility-reduction factor, denoting the maximum attainable reduction in
gas mobility. In this study, we consider two key functions, F2, a function of Sw, and F3, a function of So,
to represent the effects of water and oil saturations. The factor FM is thus a function only of (Sw, So). The
water-saturation-dependent function, F2 in the wet-foam representation is defined as follows:

The water-saturation-dependent function, F2 in the wet-foam representation is defined as follows:

(A-3)

where fmdry denotes the limiting water saturation below which foam collapses; the abruptness of foam
collapse is controlled by an adjustable parameter, epdry. Since experimental data demonstrate a sharp
transition between the two flow regimes as in Figs. 1 and 2, a large value of epdry is assumed, giving an
abrupt foam collapse at Sw around fmdry.

To simplify the calculation of derivatives of fractional flows in Eq. 11, F2 in Eq. A-3 is approximated
and replaced here by a fifth-order polynomial function p(x):

(A-4)

where a, b, c, d, e and f are coefficients. Variable x is a function of Sw:

(A-5)

where parameters epdry and fmdry here have the same definitions as in Eq. A-3.
The following six conditions are used to solve for the six coefficients in Eq. A-4:

(A-6)

Equation A-3, for the impact of Sw on foam, is then replaced by the following polynomial function:

(A-7)
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Figure A-1—Comparison between the arctangent function F2 in Eq. A-3 and
polynomial approximation p(x) in Eq. A-7. Parameters are referred to Table A-1.

Figure A-1 plots F2 in Eq. A-3 and its polynomial approximation p(x) in Eq. A-7, using the parameters
in Table A-1. The difference between the two functions is negligibly small, confirming that Eq. A-7
approximates accurately Eq. A-3 for the impact of Sw on foam. One difference is that foam collapses
completely in this approximation at Sw = {fmdry -[1/(2×epdry)]}, whereas foam does not collapse completely
at any value of Sw in Eq. A-3.

The oil-saturation-dependent function F3 is given by

(A-8)

where epoil is the oil exponent and fmoil and floil are the upper- and lower-limiting oil saturations,
respectively. For Sor < So < floil, F3 = 1, suggesting oil has no impact on foam; for So > fmoil, F3 = 0, indicating
oil destroys foam completely; for floil < So < fmoil, F3 decreases non-linearly from 1 to 0 with increasing
So, representing a non-linear destabilizing effect of oil on foam.

Table A-1 gives the values of parameters in Corey-type relative-permeability model and foam model.
The same parameter values are utilized, except for those specified in Table 1. We use a value for fmmob less
than that obtained in the laboratory (Boeije and Rossen, 2015; Cheng et al., 2000), to account for weaker
foam due to field complexities, e.g. adverse wettability, high salinity or high temperature.

Table A-1—A summary of parameter values used in the Corey relative-permeability and foam models.

Corey parameters and fluid properties Foam model parameters

nw no ng fmmob fmdry epdry

1 1 1 2 2 2 2000 0.3 3200

Swc Sor sgr μw, cp μo, cp μg, cp fmoil floil epoil

0.1 0.1 0 1 5 0.01 0.3 0.1 3

Note saturations and saturation-related factors shown here are original values without being normalized,
while in Figs. 3 - 17, they are all normalized using Eq. 9.
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