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Summary

Recovering apparent viscosity and foam texture fields from coreflooding experiments is challenging, even with modern computer tomog-
raphy (CT) scan equipment. In this work, we present an explicit expression for efficiently calculating effective foam viscosity and propose
an improved procedure for processing CT scan images to obtain accurate water saturation profiles. Using these techniques, we processed
data from a CT scan of a coreflooding experiment, showing that the increase in effective foam viscosity due to foam generation occurs
early during injection and before breakthrough. The fast increment in apparent viscosity is due to foam generation before breakthrough.
After breakthrough, foam texture reaches its maximum, and effective foam viscosity grows logarithmically over time as the foamed gas
sweeps out the water phase. The pressure drop obtained by using the effective foam viscosity showed good agreement with the exper-
imentally obtained values before breakthrough. The workflow proposed here could be readily adapted to other foam models, provided
reasonable estimates for these new quantities can be determined from experiments.

Introduction

The significance of foam as a method for controlling gas mobility and thus improving its sweep efficiency has been highlighted by many
past studies concerning enhanced oil recovery (Casteel and Djabbarah 1988; Aarra et al. 2002), acid diversion during matrix stimulation
(Behenna 1995), contaminated aquifer remediation (Burman and Hall 1986), and CO, storage into aquifers and depleted gas or oil fields
(Eide et al. 2020; Sele et al. 2022). The ability of foam to improve the sweep efficiency depends on its strength and stability. This results
from a balance of foam generation and destruction mechanisms, which are controlled by several factors, such as the nature of the gas and
the surfactant, rock matrix properties, and fluid-fluid and solid-fluid interactions (Casteel and Djabbarah 1988; Vikingstad et al. 2006;
Almajid and Kovscek 2016).

In addition to pressure and flow measurements, in recent years, CT scan images have been used to obtain information on foam flow in
coreflooding experiments, such as gas front position. In recent years, the design and execution of experiments involving CT imaging have
evolved from a very challenging mode to a more established process building on previous findings and sufficient existing insights (Chen
et al. 2010; Almajid et al. 2019). Recent works reporting CT scan imaging of foam flow in porous media show good agreement with
pressure measurements (Du et al. 2008; Simjoo and Zitha 2015) and mathematical modeling (Zavala et al. 2022). This work proposes a
workflow to use CT scan images to deduce foam flow properties, such as effective foam viscosity distribution and pressure profiles along
the core.

Surfactant-stabilized foam has often been reported to flow through porous media like a shear-thinning fluid (Marsden and Khan 1966;
Hirasaki and Lawson 1985; Heller and Kuntamukkula 1987; Khatib et al. 1988; Falls et al. 1989; Singh et al. 1997; Zitha and Du 2010;
Ferng et al. 2016), meaning that effective foam viscosity decreases as shear rate increases. A formula by Hirasaki and Lawson (1985) was
validated against laboratory experiments and is currently the most used in population-based models (Thorat and Bruining 2016; Izadi and
Kam 2019; Eide et al. 2020), for example, to relate foam velocity with its viscosity. It states (Eq. 1) that relative to the no-foam viscosity,
the increment of foam effective (and, consequently, apparent) viscosity in capillary tubes is proportional to the —1/3 power of foamed gas
velocity when the film thickness is either negligible or very large, which describes foam as a shear-thinning material. The coefficient
¢ = 1/3 is consistent with the classical result of Bretherton (1961). The formula and experiments in Hirasaki and Lawson (1985) verify
that the proportionality relation holds at low injection rates and that, for higher rates, the exponent changes to ¢ = 2/3. In this work, we
write Hirasaki and Lawson’s expression for the effective foam viscosity Uras

anf
uf:y,g+7g, c € {1/3,2/3}, )

where /LO is the gas viscosity in the absence of foam, ny is the foam texture (usually defined as the number of bubbles per unit volume),
vg is the interstitial velocity of the flowing gas phase, and « is a proportionality constant.

Effective foam viscosity is directly connected to the mobility reduction factor, which describes how the presence of foam impacts the
gas phase mobility. Both quantities are essential to describing foam flow in porous media and are reported in numerical simulations
(Farajzadeh et al. 2016; Ding et al. 2020). Since foamed gas velocity depends on the effective foam viscosity, Eq. 1 is an implicit equation
in py; furthermore, calculating these variables is quite challenging (Kam et al. 2007). Similar difficulties appear if one seeks to obtain
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apparent foam viscosity (i.e., the observed viscosity of the fluid mixture) from experimental data. In the first part of this work, we follow
the papers (da Silva Pereira and Chapiro 2023; Cedro and Chapiro 2024) and solve Eq. 1 for a two-phase flow model of foam in porous
media, and the main remaining unknowns are gas saturation (S ), foam texture (ny), gradient of capillary pressure (VP,.), and total super-
ficial velocity (). The result is an explicit expression for jis that while equivalent to Eq. 1, does not require iterative 1mplementat10ns A
direct implementation could reduce computational time and numerical errors. We also show the applicability of the explicit expression for
iy presenting the post-processing of CT scan data to obtain an estimate for the spatial distribution of foam apparent viscosity.

Foam has a remarkable ability to increase the trapped gas saturation in a porous medium, as first noted by Fried (1961). Several studies
(Falls et al. 1989; Kovscek et al. 1994; Kovscek and Bertin 2003; Jones et al. 2018) later identified the effect of gas trapping by foam as
the primary mechanism responsible for the increased apparent viscosity of foam. In fact, gas trapping contributes to the diversion of fluid
to less permeable regions of heterogeneous reservoirs, increasing sweep efficiency. Matrix acidization can also benefit from gas trapping,
as noted by Kovscek and Bertin (2003) and Nguyen et al. (2009b). The measurement of the quantity of gas trapped by foam is usually
done with tracers, either by quantifying the amount of tracer in the effluent (Radke and Gillis 1990; Friedmann et al. 1991; Tang and
Kovscek 2006) or by imaging (Tang and Kovscek 2006; Nguyen et al. 2009a; Kil et al. 2011; Jones et al. 2018). In this work, we use an
explicit expression to investigate the increment of effective foam viscosity and its relation to foam generation during coreflooding
experiments.

Mathematical Model for Foam Dynamics

Major mechanistic models describing foam flow in the porous medium are based on the same principle of how the foam texture affects
fluid mobilities. This paper focuses on the effective foam viscosity, which is a common property to the existing models reported in the
literature (Kovscek et al. 1994; Zitha 2006; Kam et al. 2007; Rossen 2013).

The main governing equations for modeling the flow of two immiscible phases of foam flow in a porous medium are the mass conser-
vation and the generalized Darcy’s laws of each phase. Following Chen and Ewing (1997), they are written as

A

= o g W K (TPe = (g = puig)) @
A

e = 3 = K (TP = (g = )9, ©

where K is the permeability, u = u,, + ug is the total superficial velocity, P, = P (S, ) is the capillary pressure, g is the gravity vector field,
and p;, u;, A;, and S; are the mass density, superficial velocity, relative mobility, and saturation of phase i € {w, g}. We use the subscript
“w” for the wetting (aqueous) phase and “g” for the gas phase. Moreover, it is usual to define the relative phase mobilities as

krw krg
Ay = > Ag = ) 4
Y Hw & 1374 @)

where k;, is the water relative permeability, & is the gas relative permeability, ., is the water viscosity, and p is the effective foam
viscosity.

Foam strength is a key property to understanding foam’s influence on gas mobility, which is usually associated with how foam pres-
ence reduces gas mobility. Some models, known as implicit texture models, associate this property directly with other quantities, such as
phase saturation, the concentration of the foaming agent, and phase velocities (Rossen 2013). On the other hand, the explicit texture
models associate foam strength with the foam texture in the gas phase, denoted by ny, either using balance equations for foam texture or
considering local equilibrium expressions for this quantity. In any of these cases, it is useful to define the dimensionless foam texture, np,
as

np = n_//nmax 5 (5)

where nmax 18 the reference foam texture.
Some auxiliary physical quantities are equally important in this work. We define a normalized water saturation, S, as

Sw — Swe
S =T o 2
" 1- ch - Sgr (6)

where Sy is the connate water saturation, and Sg,- is the residual gas saturation. The velocity of the fluid mixture is written as

AgPg + Awpw
=_ + __eTs PP
u=—K(Ay Ag)(VP T ¥ g , (7
where P is the global pressure defined as (Chavent and Jaffr 1986; Chen and Ewing 1997)
Seo Ay dP,
P=Py— Y —CdE, 8
¢ /l_sg, Tt 2 dE ®

with Py denoting the gas pressure. The global pressure can be interpreted as the pressure of the mixture, in this case, water and gas.
Finally, the interstitial velocity of phase i is

_

55, ie{wg} 9)

Vi
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An Explicit Expression for Foam Viscosity

Hirasaki and Lawson (1985) proposed the formula in Eq. 1 for the shear-thinning effective foam viscosity. The proportionality constant
a depends on many factors, including pore structure, liquid viscosity, and gas-liquid surface tension (Hirasaki and Lawson 1985). Due to
the inherent difficulty of obtaining «, many authors use it as a fitting parameter, for example, Kovscek et al. (1995), Kam (2008), Thorat
and Bruining (2016), Eide et al. (2020), and Simjoo and Zitha (2020). Since Ve itself depends on jis (see Eqgs. 3, 4, and 9), Eq. 1 defines
s implicitly as

c

- ,0 ¢Sg c

=g - ) G 2y,
S e O U= K (VP — (pg — py | ) ¢ (10)

where ¢ € {1/3,2/3}. In fact, one may use the variable X = (k. + AW/L_/)” 3 to rewrite Eq. 10 as the cubic polynomial in X:
S c
:Xg—an/\( 9Sq )X‘?’C—k+k ) .

2w V4 \ Tt = 1K (VP — (g — p)g) (ks + i) an

The procedure for solving cubic equations dates from the 16th century and is known as Cardano’s formula (see Appendix A). Here, we
follow da Silva Pereira and Chapiro (2023) and restrict ourselves to physically admissible solutions X to Eq. 11, which, in this case,
means that up= x - krg) A > ug > (. Before obtaining the solutions for Eq. 11, we should discuss the types of solutions this equation
has. We use the inflection points of Q and the signs of Q(X) to this end. First, observe that Q'(X) = 0 if, and only if,

S C
XB0-9) = can,, ( 95 ) :
P\ gl = AK(V P — (pg — pw)g)| (12)

Since the right side of the last expression is non-negative and 3(1 — ¢) € {1, 2}, O has at most one positive inflection point. Moreover, one
can easily verify that Q(0) <0 and lim Q(X) = +oo, from which we conclude Q(X) has a unique positive root.
X—+00

Now, we use the formulas from Zwillinger (2002, §2.3.2) to characterize the single positive root of Eq. 11. For that, we define

dc

anpy ( $Sq ) kgt Ay
3 g [ 4= 2K(VP: = (pg — i) 1) 2 (13)

where c is either 1/3 or 2/3. Using these formulas, we can rewrite Eq. 10 as

3a .
e 3 ;/b+\/zfag+{/b_,/b2_ag) ite=15,
3
u§+% {/(ag+b)+,/2agb+b2+{/(ag,+b)—\/W) ifc=2/3.
w

(14)

Here, {/y denotes either the real cube root, when y € R, or the principal cube root, when y € C. Therefore, the terms inside the parenthe-
ses are the unique positive roots of Q(X). Moreover, Eq. 14 always delivers a positive expression for Ky that satisfies pr > Mg. The right
side of Eq. 14 is an explicit function of u, ny, S, and VS, since Ay, kg, and P, depend on Sy,.

Notice that, when u, = 0 (see Eq. 3), a. is undefined. In this case, both Eqgs. 1 and 14 are invalid. Nonetheless, it is usual to assume that
W= p,g when only the aqueous phase is flowing.

Experiments

As already mentioned, one of the goals of this work is to illustrate the application of the explicit effective viscosity formula by analyzing
the coreflooding experiments reported by Simjoo and Zitha (2015). A brief overview of the experiments follows. We confine the discus-
sion to the essential aspects needed to render this work self-contained and refer the reader to Simjoo and Zitha (2015) for details.

The experiments consist of the coinjection of the alpha olefin sulfonate surfactant dissolved in brine and nitrogen into cylindrical
Bentheimer sandstone cores having 3.8 cm diameter and 38.4 cm length. The properties of fluids and porous media used in the experi-
ments are given in Table 1. The cores were previously saturated with the same surfactant solutions using the procedure described in
Simjoo and Zitha (2015). Then, the surfactant solution and the nitrogen gas were coinjected.

Parameter Symbol Value
Foam exponent c 1/3 (-)
Magnitude of gravity acceleration g 9.8 (m/s?)
Gas endpoint permeability 0 1()

rg
Water endpoint permeability 0 0.75 (-)
Maximum foam texture Mmax 5.0 x 10" (1/m?)

Table 1—Parameters in the foam model.
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Parameter Symbol Value

Entry capillary pressure P 1.2 x 10* (Pa)
Residual gas saturation Sr 0.0 (-)
Connate water saturation Spe 0.1 (-)
Injection superficial velocity Uunj 1.617 x 107° (m/s)
Proportionality constant o 7 x 107" (Pa-s¥°m'93)
Water viscosity Loy 1072 (Pa-s)
Gas viscosity in the absence of 0 1.8 x 107° (Pa-s)
foam Hg
Corey model exponent A 5(-)
Water mass density O 10°® (kg/m®)
Gas mass density ¢ 1.165 (kg/m°)
Cap. pressure coefficient Y 0.5 (-)

Table 1 (continued)—Parameters in the foam model.

During foam development, pressure drops were measured over a certain number of core sections along the length of the core, and the
core was CT scanned to visualize and quantify the local fluid saturations over time. The CT scan images were obtained using a third-

generation medical scanner, providing a minimum voxel size of 0.3x0.3x1.0 mm? and a minimum slice scan time smaller than 5 seconds.
The core sample was cast within a self-hardening resin (Araldite) layer and machined to fit precisely in a core holder made of poly-
etheretherketone, or PEEK, a synthetic material known for its superior mechanical properties. The resin and the core holder were chosen
for their low X-ray attenuation.

CT scan settings were selected to minimize noise and inevitable artifacts, such as beam hardening and cross artifacts, with satisfactory
results. Each CT scan image shows the local attenuation of the subject examined in Hounsfield units (H). A Hounsfield unit represents a
0.1% change in density with respect to a calibration density scale (Akin and Kovscek 2003). The CT scan images were processed and
converted into porosity and aqueous phase saturation during foam flow using Avizo™ visualization and analysis software (Simjoo et al.
2013). The porosity is given by Vinegar and Wellington (1987)

_ Hdry — HMwet

¢ .

> (15)

where Hyry and Hyet are the attenuations measured, respectively, for the dry core and for the core fully saturated with brine, and H,, is
the brine attenuation.
Following Akin and Kovscek (2003), the porosity field can be estimated by

_Hb_Ha
b= (16)

where Hj, and H, denote, respectively, the CT numbers (normalized attenuation coefficients) corresponding to brine- and air-saturated
core, and A, = 1,000 H is the CT number of water. These quantities are given in Hounsfield units. During the foam coreflooding experi-
ment, one can use

Hy—H,
S = 77
" H, 1, an

to estimate the water saturation in each voxel (Simjoo et al. 2013), with Hy and H, denoting the CT numbers measured in a core saturated
with foam and with the surfactant solution, respectively.

New Procedure for Processing the CT Scan Data

The acquisition and preprocessing of raw X-ray attenuation data used in this article are described by Zitha et al. (2006). The images
obtained from CT scan experiments were saved in the DICOM format (Eichelberg et al. 2004). In this paper, the CT scans were repro-
cessed using a slightly different method than the one used in Simjoo and Zitha (2015), enabling the absolute permeability field to be
obtained directly from CT scan images, in addition to the porosity and saturations. The DICOM ToolKit library, V 3.6.5 (Eichelberg et al.
2004), and the OpenCV library, V 4.5.0 (Bradski 2000), were used to extract the relevant data from the DICOM files.

Each CT scan image represents a cross section of the core perpendicular to the scanning direction. They are stored in the DICOM file
as a 512x512 matrix whose entries are the measured attenuation coefficients of the core and its surroundings. The following image seg-
mentation procedure is used to isolate the voxels corresponding to the core from the ones corresponding to its surroundings: First, a vol-
ume of interest window of width 1 voxel and center at 1,040 is used to binarize the CT image; the binary voxel data are then scaled to a
gray-scale color space stored in 8 bits; next, a Gaussian filter with 7x7 support and standard deviation of 1.5 in each direction is used to
blur the binary image; the 21HT circle detection algorithm (Yuen et al. 1990), based on the Hough transform and implemented in the
OpenCV library, is used with parameters 200 and 100 to detect in each slice a circle with a radius allowed to range from 95 to 110 pixels;
the line segment that best approximates the centers of the detected circles (in the sense of least squares) is selected as the core axis, around
which we collect a cylindrical region of 193 voxels diameter from the original images.

In this paper, we work with the 2D interpretation of the experimental data. In this case, the original voxel data inside the cylindrical
region are extracted and grouped to reconstruct a longitudinal radial cut of the core. First, we compute the 2D porosity field using the
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procedure described above (see Eq. 15); the permeability field is then computed using the Kozeny-Carman relationship (Dullien 2012;
Urumovi¢ 2016)

¢*D;,

T 180(1 - ¢)2° (18)

where D,, is the mean grain diameter, considered constant for simplicity and estimated to be 1.45 x 10™* m to fit the overall permeability
(2.5 £ 0.1 darcy) reported by Simjoo and Zitha (2015). Figs. 1 through 3 exhibit the porosity field, histogram of the porosity field, and
the corresponding permeability field computed from CT scan images. Fig. 4 presents the water saturation profiles at different times.

0.04 0.10 0.15 0.20 0.25 0.30 0.33

| ' U —

Fig. 1—Porosity field computed from CT images; the bottom of the core is on the left.
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Porosity

Fig. 2—Histogram of porosity field computed from CT images.
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b deeee——

Fig. 3—Logj( of the permeability field obtained from the porosity field via a Kozeny-Carman relationship; the bottom of the core
is on the left.

Notice that the presented methodology results in a precise and clear view of water saturation over time; see Fig. 4. The propagation of
the gas front during the drainage process [0.03—-0.67 pore volumes (PV)], the breakthrough (0.67 PV), and the slow counterflow water
saturation wave (1.48-49.09 PV) is clearly visible and agrees with Simjoo and Zitha (2015).

Algorithm Summary and Practical Considerations. Let us summarize the proposed methodology for the computation of effective foam
viscosity from CT scan images. The first step is to compute porosity and water saturation using Eqs. 16 and 17. Next, the permeability
field is computed using porosity in Eq. 18. Finally, the effective foam viscosity pr is obtained from Eq. 14.

We assumed that foam was in local equilibrium during the experiment. Using the model by Simjoo and Zitha (2015), this means that
ny = nmax if Sy, < 1, and, by convention, ny= 0 if S,, = 1.

An approximation for the superficial velocity u is computed by using Eq. 7 and the mass balance equation for the gas/water mixture
(which is here assumed incompressible, for simplicity):
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0.03 PV 0.21 PV 0.49 PV 0.67 PV 1.48 PV 2.46 PV 7.30 PV 13.30 PV 21.46 PV 49.09 PV

Fig. 4—Water saturation profile along the central vertical cross section (obtained from CT images). PV, pore volume.

V.u=0. (19)

The following iterative procedure was adopted:

1. Set pr= p,g.

2. Compute u and P using Eqs. 7 and 19.

3. Update iy using Eq. 14.

4. If the computed quantities pr, u, and P converged, stop; otherwise, go to Step 2.
Results on Effective Gas Viscosity

We assume that py, pg, iy, and pLg are known. Table 1 lists all parameter values. The proportionality constant @ was fitted to match the
pressure profile reported by Simjoo and Zitha (2015). Moreover, k., ko, and P, are functions that depend solely on the effective water
saturation S, (Eq. 6):

K (Se) = K2, 8%,
Frg(Swe) = kog(1 = Syre)* ™%,

0.5 Sue 1™
Pe(Swe) = Py [T—;‘m)] :
we wc

The gravity acts in the axial direction so that g = —ge,, with e, denoting a unit vector in the axial direction, from bottom to top. We use

(20)

P,
the chain rule to replace VP by dS—CVSW and a central difference scheme (except at boundary cells, where a forward—or backward—
W

difference scheme is used) to compute an approximation for VS, at each point.

Fig. 5 shows the effective gas viscosity during the injection process obtained using Eq. 14 at the same times as in Fig. 4. As the core
starts with no gas, the initial effective gas viscosity is low and increases as the gas front advances. Effective gas viscosity increases rapidly
during the injection with higher values in the water saturation front (around 10 cp or 10~ Pa-s) and medium values (around 7.6 cp or 7.6
x 10~ Pa-s) after it. After the breakthrough (0.67 PV), we observe that the counterflow water saturation front is connected to a significant
increment in the effective foam viscosity and also the formation of a zone with high effective foam viscosity close to the injection end of
the core.

Fig. 6 shows the foam viscosity histograms, that is, the relative frequencies of the value of foam viscosity in the flow domain. The
overall histogram shows the full range of viscosity values, where a switch is observed from predominantly low (less than 1 mPa-s) to
higher viscosity centered around 7.6 mPa-s before foam breakthrough and 8 mPa-s after breakthrough. The observed behavior supports
the idea that the greatest increase in effective foam viscosity occurs during the initial propagation of the foam front through the core. The
subsequent increase, associated with secondary core desaturation, is relatively small in comparison. Further scrutiny of the bubble distri-
butions reveals several interesting features about the viscosity growth. From Figs. 5 through 6, we observe a rapid decay in the number
of cells with low foam viscosity, with increasing average effective foam viscosity over time. This behavior is evident in the zoom of
Fig. 6, where we plot part of the histogram. Up to 1.48 PV, the viscosity distribution function is bell-shaped, centered at approximately
7.6 mPa-s, as mentioned earlier. The following Gaussian function can describe the corresponding probability density function:
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Fig. 5—Foam viscosity computed using Eq. 14.
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Fig. 6—Histogram showing the foam viscosity frequency in the core.

G(x) =

L B w)?
a\/z_n' 202 ’

with computed means p and variances o shown in Table 2. However, the distribution is no longer symmetric for long dimensionless times
(longer or equal to 7.3 PV in our case).

Several past works [e.g., Kovscek and Radke (1994)] report that the strong foam with high apparent viscosity is usually formed long
after the breakthrough as we approach a steady-state foam. Fig. 6 shows that the model predicts foam forming before the breakthrough.

Injected Volume (PV) M (Pa-s) o (mPa:-s)

0.21 7.797 x 1078 9.140 x 107*
0.49 7.660 x 1072 7.729 x 107*
0.6 7.659 x 107 7.816 x 107*
1.48 7.613x107° 7.251 x 107*

Table 2—Parameters of the Gaussian probability distribution functions that describe
the effective foam viscosity.
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Fig. 7—The average gas viscosity (blue line) increases when the foam is created in the porous medium. The shaded region
corresponds to the standard deviation, and the green line indicates gas breakthrough (approx. after the injection of 0.67 PV).
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Fig. 8—Time evolution of the number of cells occupied by foam with viscosity greater than different thresholds. The vertical green
line indicates gas breakthrough (approx. after the injection of 0.67 PV).

However, well aligned with previous works, we observe that the foam strength keeps increasing long after the breakthrough. We plot the
average gas viscosity in Fig. 7 to clarify these statements. In particular, this graph shows that gas viscosity increases much slower after
breakthrough (notice we use log scale in the x-axis). Notice that the development of foam viscosity before breakthrough proceeds irregu-
larly by jumps with transient plateaus. The authors attributed the stepwise increase of viscosity to intermittent foam generation and prop-
agation. The exact mechanism of this behavior is not completely clear. However, the CT scan images (see Fig. 7) suggest that, before the
breakthrough, foam is generated by bursts due to the heterogeneity of the cores. Similar behavior was observed in Lima et al. (2021) for
microfluidic experiments for foam stabilized by sodium dodecyl sulfate.

To better understand the foam viscosity increment, we plot the number of cells evolution with effective viscosity over 8, 9, and 10 cp
in Fig. 8. Notice that the corresponding frequency grows logarithmically (linearly in the semilogarithmic scale) after the breakthrough.

To better understand the observed physics, we plot the foam texture corresponding to the effective viscosity computed using Eq. 14,
see Fig. 9. Notice that the foam texture reaches the maximum value before the breakthrough. Thus, the increment in effective viscosity
observed in Figs. 6 through 8 is due to the foamed gas filling the core and sweeping out of the water phase.

Finally, we integrate the effective foam viscosity, obtaining the total pressure drop along the core using Eq. 7. The results, plotted in
Fig. 10, show good qualitative agreement between the pressure values estimated from CT scan images and the experimental values
directly measured using piezometers (Simjoo 2012). The same procedure is used to obtain the pressure profiles after the breakthrough (see
Fig. 11). We plot them here for completeness, as the corresponding experimentally obtained profiles were not reported in the literature.
Thus, our approach is only validated before foam breakthrough.
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Discussions and Conclusions

® An explicit effective foam viscosity expression derived from the original Hirasaki-Lawson equation was successfully used to analyze
the data reported in the literature. This expression depends on the total fluid velocity u, which is the volumetric flux of the fluid system
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and can be estimated through initial and boundary measurements. Thus, the proposed effective viscosity equation is less sensitive to
the dynamics than the original equation, which depends on the gas velocity varying from 0 to u.

® CT scan data were processed using a modified framework, allowing accurate water saturation profiles and porosity acquisition. We
believe this procedure is especially interesting if applied to heterogeneous porous media and allows for the recovery of 3D velocity
fields.

® We obtained histograms of the effective foam viscosity using the explicit effective viscosity equation and improved CT scan data
processing. The histograms reveal that the greatest increase in viscosity occurs early during the injection (first 1.5 PV), beginning
before the breakthrough (0.67 PV). After breakthrough, the viscosity distribution shifts from a Gaussian-like shape to a negatively
skewed probability distribution (less symmetric). Moreover, the fast increment in the apparent viscosity is due to the foam generation,
which happens before the breakthrough. After the breakthrough, the logarithmic increment in effective viscosity is due to the foamed
gas sweeping out the water phase.

® The pressure drop calculated using the effective foam viscosity showed good agreement with the experimentally obtained values
before the breakthrough. However, the approach presented in this paper is only validated before foam breakthrough. To our knowledge,
there is still a need for a better understanding of the backward foam front propagation observed after the breakthrough. A successful
approach to model this phenomenon requires adding a new quantity called the flowing foam fraction (Almajid et al. 2019). Neverthe-
less, the workflow proposed here could be readily adapted to other foam models, provided reasonable estimates for these new quanti-
ties can be determined from experiments.

Nomenclature
D,, = mean grain diameter [m]
g = gravity vector field [m/s°]

Hdry = attenuation of the dry core [H]
wet — attenuation for the core saturated with brine [H]
H,, = brine attenuation [H]
K = permeability [m*]
k,,, = water relative permeability [-]

k., = gas relative permeability [-]
= dimensionless foam texture [-]
ne= foam texture [1/m’]
. = reference foam texture [1/m?]
P = global pressure [Pa]
P, = capillary pressure [Pa]
¢ = £as pressure [Pa]
u = total superficial velocity [m/s]
u; = superficial velocity of phase i € {w,g} [m/s]
Vv, = interstitial velocity of the flowing gas phase, [m/s]
Sg = gas saturation [-]
S, . = residual gas saturation [-]
55 = water saturation [-]
S .= connate water saturation [-]
S,,. = normalized water saturation [-]
o = proportionality constant in foam viscosity [Pa-s**m
) = Corey model exponent [-]
A; = relative mobility of phase i {w,g} [Pa 's ']
M = effective foam viscosity [Pas]

10/3
]

/Lg = gas viscosity in the absence of foam, [Pa's]
Mw = water viscosity [Pa-s]

¢ = porosity [-]

pi = mass density of phase i € {w,g} [kg'm°]
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Appendix A

Historical Notes on Polynomial Equations. It is well known that every cubic equation ax® + bx* + cx + d = 0 can be simplified by
a simple change of variable to the depressed cubic equation #* + pr+ ¢ =0, with a, b, ¢, d, p, ¢ € R, for instance. Gerolamo Cardano, in
his book Ars Magna (published in 1545), states that Scipione del Ferro (6 February 1465—5 November 1526) was the first to solve the

cubic equation. His method exhibits the expression ¢ = i/ g2+ \/q*/4 —p3/9 + i/ q/2 — \/q*/4 — p3/9 that solves the depressed cubic

equation with nonpositive discriminant A = —g?/4 + p3/9 < 0. In fact, the same expression solves all depressed cubic equations with real
coefficients, for example, in Zwillinger (2002, §2.3.2), using the concept of principal cube root that was still not developed at Cardano’s

time. For every negative % — a? 13, the terms {/ b+ ,/b?— a% 1 and{/ — /b - a? 13 are complex conjugate numbers and, therefore, their
sum eliminates the undesirable imaginary part.
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