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A B S T R A C T

We present a set of steady-state foam-flood experimental data for four sandstones with different permeabilities,
ranging between 6 and 1900 mD, and with similar porosity. We derive permeability-dependent foam parameters
with two modelling approaches, those of Boeije and Rossen (2015a) and a non-linear least-square minimization
approach (Eftekhari et al., 2015). The two approaches can yield significantly different foam parameters. Thus,
we critically assess their ability in deriving reliable foam parameter estimates. In particular, the way the two
approaches treat shear-thinning foam behaviour and foam coalescence is discussed. The foam parameter set
acquired from the latter approach is further used as input in foam diversion calculations: this serves to evaluate
mobility predictions in non-communicating reservoir layers. This study aims to provide a framework to integrate
experimental work, modelling and simple qualitative diversion calculations to provide a background for the
upscaling of foam studies, with particular focus on heterogeneous systems.
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1. Introduction

Foam is a dispersion of gas bubbles in a continuous liquid medium
where bubbles are separated by thin films called lamellae. Foam can be
used in enhanced oil recovery (EOR) to control gas mobility and deal
with phenomena such as gas gravity override, viscous fingering and
preferential channeling due to reservoir heterogeneity [1,2]. To date,
relatively few field or pilot applications have been conducted. This is
partly due to the incomplete understanding of how foam will behave in
the field. Several studies aim at reducing uncertainty in foam processes
by studying chemical and physical factors. The effect of liquid and gas
composition [3–5], the effect of oil composition and saturation [6–10],
and the effects of miscibility, pressure or temperature [11–13] have
been studied in laboratory-scale core-floods.

Foam models are divided into two main categories: Population
Balance (PB) models aim to take into account the complex dynamics
which are involved in foam-generation and −destruction processes.
Their goal is to capture the influence of such processes by describing the
dynamic evolution of foam texture, or bubble size [14–20,47]. Chan-
ging gas mobility is represented as a function of foam texture. Dynamic
population-balance models can be restricted to assume local equili-
brium between processes of creation and destruction of foam lamellae
[20–23]; in this case, foam obtains its steady-state texture in-
stantaneously. This simplification implies also that gas mobility re-
duction is reached instantly. Other models reflect the effects of foam
texture implicitly through a gas mobility-reduction factor [24–28].
These models, which we call “implicit texture” (IT) models here, all
assume local equilibrium. In most published model applications, local
equilibrium is an accurate approximation [18,20], with the exception of
the entrance region where foam is generated [21,18,20,29] and at
shock fronts [30,20]. In cases where foam generation need to be ex-
plicitly modeled, a population-balance approach is essential
[15,23,31,32].

Foam core-floods are used to fit foam model parameters in two main
ways [33]: (i) Dynamic Surfactant Alternating Gas (SAG) injection
floods where gas is injected into a surfactant-saturated core. Transient
SAG flood pressure gradient data over time are then fitted to derive
foam-model parameters. (ii) Co-injection experiments where surfactant
solution is injected together with gas until steady state is reached for
different foam qualities, i.e. different injected volume fractions of gas.
In this case, steady-state pressure-gradient data are obtained as a
function of foam quality and subsequently fitted to derive foam-para-
meters [33–35]. Such experimental data, also known as foam scans,
typically reflect foam in both the so-called “low-quality” and “high-
quality” regimes: in the former regime the pressure drop is nearly in-
dependent of liquid velocity, and in the latter the pressure drop is
nearly independent of gas velocity [36,37].

This work deals only with the modelling of co-injection steady-state
foam data and the derivation of IT modelling parameters based on
them. The reason for this is that laboratory SAG floods can introduce
uncertainties due to slow foam-generation dynamics in the laboratory
[38]. This study fits steady-state pressure-gradient data in both the low-
and high-quality regimes. As discussed in Boeije and Rossen [34,46],
fitting data only to high-quality data is a more accurate approach if
one’s ultimate purpose is to simulate a field SAG flood application.
However, generating such data requires extremely precise measure-
ments, which are hard to obtain (or to verify their precision). Available
approaches for fitting IT parameters to co-injection steady-state pres-
sure gradient data include those of Boeije and Rossen [34,46], Ma et al.
[33] and the non-linear least-square fitting approach of Eftekhari et al.
[35] (see also [12]. The derived parameters can represent the effect of
water saturation and shear-thinning foam rheology in a simulation. The
last two approaches bear significant similarities; in this work the ap-
proaches of Boeije and Rossen [34,46] and Eftekhari et al. [35] are
discussed in detail (see Methods and Results sections). Up-scaled re-
servoir simulations use the IT parameters defined through the

experimental data-fitting to predict the performance of foam in field-
scale studies. The most commonly used foam simulation tools are ST-
ARS Computer Modelling Group, 2015, UTCHEM [28] and ECLIPSE
[39].

This work investigates the effect of permeability on foam behaviour.
The results of this study have been presented in the conference pro-
ceeding of EAGE conference in 2015 [12,13]. For this, co-injection
foam-flood experiments are carried out using sandstone cores of dif-
ferent permeabilities. The results are fitted to derive foam-model
parameters. These are subsequently used for diversion calculations for a
heterogeneous formation with non-communicating layers to qualita-
tively evaluate conformance control in such settings. The effect of oil on
foam is important and complex [40]. Correctly modelling foam without
oil is a necessary first step toward representing foam with oil. There-
fore, for simplicity, this paper focuses on foam behaviour in the absence
of oil.

2. Methods

2.1. Experiments

Core-flood experiments were carried out using four different sand-
stone cores (Kocurek Industries Inc.; Austin, TX): Bentheimer, Berea,
Sister Berea, and Bandera Gray. Table 1 reports the absolute perme-
ability and porosity values for the cores (D = 2.54 cm, L = 3.81 cm)
used to measure relative-permeability curves. The specific sandstones
were selected due to their homogeneous characterization, their simi-
larity in porosity and widely differing permeability. The cores in the
foam experiments were 38 cm long with a diameter of 3.8 cm. The core-
flood experimental setup is shown schematically in Fig. 1. The proce-
dure is as follows. A confining pressure is applied to the core for the
duration of the experiment. Pressure taps allow pressure-drop mea-
surements in 4 different sections of the core: the two sections close to
the inlet and the outlet are 5.5 cm long, and the two middle sections are
each 13.5 cm long. The reported pressure drops in this work are for the
“dP2” section (third section in the direction of flow), to minimize en-
trance-region and capillary end effects. The PEEK core holder is placed
vertically and the experiments took place at room temperature. Injec-
tion was from the bottom of the core. A back-pressure regulator con-
trolled the downstream pressure to a nearly constant value of
20 ± 0.3 bar.

In the case of the least-permeable sandstone, Bandera Gray, the
experiment was conducted in a shorter core, 17 cm long, to avoid ex-
cessive injection pressure. The reported pressure drop was for the
middle 6.5 cm section. The other features of the setup were as in Fig. 1.
This setup was used and described previously in Kapetas et al. [12]. The
surfactant formulation was 1 wt% C14-16 AOS surfactant (STEPAN), in
1 wt% NaCl brine.

The protocol before initiating the foam experiments consisted of the
following steps [12]: (i) connection and leakage testing at 20 bar with
Helium, (ii) injection of several pore volumes (PV) of CO2 to displace
air inside the core, (iii) displacement of CO2 with 6 PV brine at 20 bar
back-pressure, and (iv) flooding with 5 PV of surfactant solution to

Table 1
Absolute and relative-permeability (Corey) parameters see Eqs. (3) and (4).

Sandstone Bentheimer Berea Sister Berea Bandera Gray

Brine Perm(mD) 773 137 116 13
Porosity 0.24 0.20 0.21 0.23
Swc 0.25 0.23 0.25 0.46
Srg 0.20 0.12 0.25 0.00
nw 2.86 4.09 5.25 3.56
ng 0.70 1.97 1.22 2.43
krw0 0.39 0.39 0.14 1.00
krg0 0.59 0.99 0.47 0.73

L. Kapetas et al. Colloids and Surfaces A 530 (2017) 172–180

173



ensure that adsorption of surfactant on the sandstone was satisfied.
Permeability was measured during the last two steps and co-injection of
surfactant solution and gas was then initiated. The surface tension of
the surfactant solution was 28 mN/m at 20 °C, measured with the De
Noüy ring method. The surfactant viscosity was 1.08 mPa s.

Foam quality and total superficial velocity were controlled by
varying the rates of injection of N2 gas and AOS solution to maintain the
desired values for the average pressure in section “dP2”. Steady state
was considered to be established at a new foam quality when the re-
corded pressure drop reached a constant value and varied by less
than = ±0.2 bar over a period of 2 h. A mass balance based on the
mass of liquid injected and the effluent was used to confirm a stable
saturation once steady state was attained. Gas superficial velocity was
calculated at the average pressure in section dP2 by applying two cor-
rections [12]: (i) with respect to the injection pressure set on the Mass
Flow Controller (i.e., an adjustment for use of the mass flow controller
at a different pressure from its calibration), (ii) with respect to gas
compressibility. The latter calculation was performed by applying the
Jacobsen-Stewart equation of state [41].

Pressure-drop measurements allow the calculation of the apparent
viscosity [33]:

≡ ∇μ S k P
u

( )app w (1)

where k is absolute permeability, ▿P the magnitude of pressure gra-
dient and u total superficial velocity. The values of apparent viscosity at
different foam qualities constitute a foam scan.

Relative permeability for N2 gas and (surfactant free) brine solution
was measured with the unsteady-displacement method [42] which al-
lowed the estimation of the Corey parameters, water saturation at re-
sidual gas conditions Sgr, and connate water saturation, Swc (see Eqs. (3)
and (4) below). The parameter values for the four sandstone cores are
reported in Table 1.

2.2. Modeling

The inverse mobility reduction factor, FM, represents the factor by
which gas mobility is reduced due to the presence of foam, relative to
gas mobility at the same water saturation in the absence of foam. Foam
apparent viscosity is related to FM by Eq. (2):

=
+

×μ S( ) 1
app w k S

μ
FM k S

μ
( ) ( )rw w

w

rg w

g (2)

where water and foam-free relative permeabilities are described by the
Corey-type equations:
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where krw is the water relative permeability, krw
0 the end-point water

relative permeability, krg the gas relative permeability in the absence of
foam, krg

0 the end-point gas relative permeability in absence of foam and
nw and ng the exponents in the relative-permeability curves. If Sw ≤ Swc
then krw = 0 and if Sw ≥ 1− Sgr then krg = 0. In the presence of sur-
factant and absence of oil the STARS foam model [43] relates FM to two
functions of water saturation and capillary number:

=
+ × ×

FM
fmmob F F

1
1 2 5 (5)

where fmmob is the reference mobility reduction factor, F2 is a function
of water saturation and describes coalescence, and F5 is a shear-thin-
ning function. In its definition, the STARS model assumes that the
functions F2 and F5 can only increase the value of FM. Thus, they each
cannot exceed a value of 1. The functions F2 and F5 are shown in Eqs.
(6) and (7) respectively:

= +
−

F
epdry S fmdry

π
0.5

arctan( ( ))w
2 (6)

= ≥

= <
( )F N fmcap

F N fmcap1

fmcap
N

epcap
ca

ca

5

5

ca

(7)

where the capillary number, Nca, represents the balance of viscous
forces against surface tension, σwg (Eq. (8)):

=
⋅

= ⋅∇N
μ u

σ
k P
σca

app

wg wg (8)

Thus the foam model we use contains five parameters: fmmob, epdry,
fmdry, fmcap and epcap. Parameter epdry controls the abruptness of the
foam collapse as a function of water saturation. Small values give a
gradual transition between the two regimes, while larger values yield a
sharper, albeit still continuous, transition. If the transition between
regimes is abrupt, the parameter fmdry is equal to S*w, the water sa-
turation at the limiting capillary pressure Pc*, i.e. the water saturation
at which foam collapses [44,45]. Parameter epcap controls the sig-
nificance of shear-thinning; the larger it is, the stronger the shearing
thinning behaviour effect becomes. A value epcap= 0 represents
Newtonian behaviour. As mentioned, the STARS model caps the value
of function F5 to a maximum of 1. Thus, the value of fmcap should be set
equal to the lowest capillary number expected in the simulations. Below
this value of capillary number (i.e. below fmcap) shear-thinning beha-
viour is not represented. Thus fmcap is not a foam parameter per se,
leaving four independent parameters, fmmob, fmdry, epdry, and epcap.

Fitting of the foam scans to obtain foam parameters was carried out
with two techniques:

Fig. 1. Core-flooding experimental setup. Elements include valves, injection points, core inside core-holder, back-pressure regulator, and effluent collection and weighing.
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(i) the approach of Boeije and Rossen [34,46], which is suitable for
simulations of foam processes at finite water fraction. This ap-
proach is simple and direct since parameter estimation can be
performed with simple calculations. The method assumes a large
value of epdry, i.e. an abrupt transition between low and high
quality regimes.

(ii) a non-linear least-square minimization approach [35]. This was
developed in MATLAB and it simultaneously computes all four
foam parameters by minimizing the sum of squared errors. For this,
an initial guess and an allowed range is required for each para-
meter. Equal weights were assigned to all experimental data during
fitting.

In the modelling section below, function F5 is sometimes allowed to
exceed a value of 1, in violation of Eq. (4). We choose not to set this cap
on F5 as assumed in STARS simulations in order to demonstrate the
effect of shear thinning in scenarios where the studied velocities and
pressure gradients (or equivalently capillary numbers) are lower than
those observed in the lab, i.e. than the experimental pressure gradient
data from which the model parameters were obtained.

3. Results

3.1. Experiments

Fig. 2 presents the experimental data for the foam scans of the four
sandstone cores. The model fits appearing in the graphs are discussed
later. As reported in Fig. 2, the permeability values for the sandstone
cores under study vary somewhat from the values measured in the re-
lative-permeability measurements, since the samples were different. In
a hypothetical field application, with a layered reservoir, for instance,
layers would be roughly the same pressure gradient in each of the
layers, not the same superficial velocity. In order to compare these
experiments, it was intended to measure a pressure gradient of the same

order of magnitude for each of the four cores. Therefore the selected
total superficial velocity at which each experiment was conducted was
not the same in each case. The total superficial velocity values for the
core in the section under study (“dP2” in Fig. 1) are reported in the
caption of Fig. 2. Fig. 2a shows that apparent viscosity in the core-flood
of Bentheimer sandstone increases in the low quality regime almost
linearly up to the transition foam quality, which is observed at about
fg* = 0.93. The proportional increase in apparent viscosity suggests that
foam behaviour is nearly Newtonian. The high quality regime data plot
almost on a straight line, which suggests Newtonian behaviour in the
high quality regime as well. Berea sandstone (Fig. 2b) exhibited shear
thinning behaviour in the low quality regime as indicated by the cur-
vature in the trend of apparent viscosity on the plot as foam quality
increases. The transition foam quality is observed at about fg* = 0.80.
The transition appears less sharp compared to the case of Bentheimer.
This, might however reflect the foam quality vaues at which apparent
viscosity was measured, or the different density of data points.

Foam behaviour in the case of Sister Berea (Fig. 2c) is strongly shear
thinning in the low quality regime. The transition foam quality in the
experimental data is around fg* = 0.85. The high quality regime data
plot on a straight line, similar to the case of Bentheimer, suggesting
Newtonian behaviour in this regime. Data measured for Bandera Gray
(Fig. 2d) appear to be of poorer quality: there is more scatter and the
two regimes are not as distinct as for the other three cores. This could
be due to greater pore irregularities in this low permeability sandstone,
which could influence foam flow. The transition foam quality (max-
imum in apparent viscosity) is about fg* = 0.30. The behaviour of foam
appears to be Newtonian in the low quality regime, though one could
argue that the number of data points are not able to give a clear in-
dication, or that the peak is an outlier measurement. In a scan of foam
qualities at fixed total superficial velocity, gas superficial velocity is
proportional to foam quality. Non-Newtonian behaviour of the gas
manifests in a non-linear pressure gradient with respect to foam quality
in the low-quality regime. Foam behaviour in the high-quality regime

Fig. 2. Experimental data for foam scans of four sandstone cores: (a) Bentheimer, 1900 mD, ut = 4.24 ft/day (b) Berea, 90 mD, ut = 0.671 ft/day, (c) Sister Berea, 160 mD, ut = 0.769 ft/
day, (d) Bandera Gray, 6 mD, ut = 0.0716 ft/day. Model fits are for the methods of Boeije and Rossen [34,46] and Eftekhari et al. [35]. The uncertainty of the experimental data (blue
diamonds) is ± 0.2 bar, which is smaller than the marker.
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(above fg* = 0.85) appears to be shear thinning with respect to gas
velocity.

3.2. Modelling

The experimental data are fitted with the models of Boeije and
Rossen [34,46] and with the non-linear least square fitting approach of
Eftekhari et al. [35]. The two model’s predictions are in good agree-
ment with each other when fitting the foam-scan data obtained for the
Bentheimer, Berea and Sister Berea cores. These three plots are dis-
cussed first. Table 2 provides a comparison between the parameters
obtained with the two methods. The transition between the two regimes
is by definition abrupt in the method of Boeije and Rossen [34,46]. This
assumes a large value of epdry, e.g. greater than 10,000 (see Table 2). In
the method of Eftekhari et al. [35] the value of this parameter is ad-
justable. With the latter method the transition as fitted is still relatively
abrupt in the case of Berea and Sister Berea, while it is more gradual for
Bentheimer. The modelled values of fmdry are in close agreement be-
tween the two methods. Thus by extension the modelled transition
foam quality is also nearly the same in the two parameter fits. Para-
meter fmmob is the same for the fit to Sister Berea foam data but its
value is about three times as large in the case of Boeije and Rossen
[34,46] for Bentheimer and Berea. This can be explained by the para-
meter interaction which exists between fmmob, fmcap and epcap. The
method of Boeije and Rossen interprets the foam scan as more shear-
thinning. Thus it calculates a larger value of epcap. To compensate, the
value of fmmob needs to be larger. Thus, it can be stated that the value
of fmmob in the model fit is misleading. Since fmcap does not constitute
a foam parameter per se, its value was kept constant between the two
methods (Table 2), equal to the value calculated with the method of
Eftekhari et al. [35]. Finally, neither of the two models can adequately
describe the foam scan data for Bandera Gray. The method of Eftekhari
et al. [35] appears to perform better due to its ability to assign a less-
abrupt transition. Yet, neither model fit could be considered adequate.
A trend of increasing limiting water saturation in the high quality re-
gime, fmdry, is observed as permeability increases in all data. This re-
sults in a reduction in transition foam quality as permeability decreases.

Figs. 3 presents a prediction of the two regimes under variable gas
and liquid velocities using the foam-model parameters of Eftekhari
et al. [35] and Boeije and Rossen [34,46] (Table 2). The pressure gra-
dient range for which contours are plotted was carefully selected to
match the experimentally observed pressure gradients. The method of
Boeije and Rossen [34,46] (dashed lines) shows that the transition
between the two regimes is gradual in the case of Bentheimer and
Bandera Gray, while it is abrupt for Berea and Sister Berea. For Berea
and Sister Berea the behaviour is shear-thinning in the low quality re-
gime. This phenomenon is reflected in the diverging pressure-gradient
contours as gas velocity increases. The transition is more abrupt for
both Bentheimer and Bandera Gray (epdry was set to a large value
(20,000) which is an inherent assumption of the method of Boeije and
Rossen [34,46]. This has a significant effect on the pressure gradient
predictions, particularly near the transition between the two regimes.

As was suggested above, a reduction in critical foam quality as
permeability decreases was observed (Fig. 2). Fig. 3, however, show

that the critical foam quality is velocity-dependent when foam is shear-
thinning (Fig. 3b and c): critical foam quality shifts to higher values as
velocity (and pressure gradient) increases.

Fig. 4, similar to Fig. 3, presents pressure-gradient plots obtained
with the methods of Eftekhari et al. [35] and Boeije and Rossen [34,46].
However, in this case, the plots are computed for lower pressure gra-
dients and a lower velocity range than observed in our experiments.
This suggests a certain degree of extrapolation which makes predictions
between the two models deviate further. This becomes more apparent
in the cases of Bentheimer and Bandera where one model assumes an
abrupt transition and the other a less-abrupt transition. Thus, similar to
Fig. 3, the largest differences appear in the near the transition quality
between regimes. However, even in the case where both models agree
on the abruptness of transition (i.e. Berea, Fig. 4b and Sister Berea,
Fig. 4c), differences in gas and liquid velocities are observed in the
vertical and horizontal regions of the contours. The differences are up
to 50%.

Fig. 4 reflects low capillary numbers, which can partly explain the
observed differences. As a result, function F5 obtains in some cases a
value greater than 1 (see discussion in Methods section), particularly
when epcap is large (Sister Berea). This was not the case for plots in
Fig. 3, where the calculated value of function F5 is always between 0
and 1. Table 3 shows the values of function F5 for both fitting methods.
As the pressure gradient increases, F5 is closer to or less than 1. The cap
that STARS applies on the function F5 is of practical importance: we
deem that larger values could also be acceptable. Results for the method
of Boeije and Rossen [34,46] follow the same trend. One could set
different values of fmcap which would alter the value of fmmob. This
was not done in this case for two reasons: (a) STARS suggests a max-
imum allowable value of fmmob = 100,000 [43] and (b) we wanted to
highlight the effect of extrapolation of behaviour to a range of condi-
tions very different from those of the experiment. Similarly, F5 could be
constrained to values below 1 by choosing to plot ▿p contours for even
higher pressure gradients. The product of fmmob × F5, shown in
Table 3, is useful to compare the predicted mobility reduction by the
two methods. It is this product that controls the predicted pressure
gradient in the low-quality regime, rather than fmmob or F5 alone.
There is no consistent trend in the product fmmob × F5 with perme-
ability in Table 3, but if anything this product increases with decreasing
permeability. This suggests that foam-flow resistance in the low-quality
regime increases as permeability decreases. In other words, foam in the
low-quality regime would not divert flow from low- to high-perme-
ability layers.

3.3. Foam diversion calculations

We carry out diversion calculations using the foam-model para-
meter set obtained with the method of Eftekhari et al. [35] for three of
the four sandstones used in this study. We do not make use of the foam-
model parameters for Sister Berea because, as shown, the F5 function
becomes strongly non-linear in the pressure range we model. These
diversion calculations make predictions under steady-state conditions
near the well with co-injection of gas and surfactant solution at a fixed
injection pressure.

Table 2
Foam-model parameters obtained by fitting the models of Boeije and Rossen [34,46] and Eftekhari et al. [35] to the foam-scans of the four sandstone cores.

Sandstone/Method/Parameter Bentheimer (1900 mD) Berea (90 mD) Sister Berea (160 mD) Bandera (6 mD)

Boeije & Rossen Eftekhari et al. Boeije & Rossen Eftekhari et al. Boeije & Rossen Eftekhari et al. Boeije & Rossen Eftekhari et al.

fmmob 1.20E + 05 4.77E + 04 2.77E + 06 8.69E + 05 3.09E + 04 3.07E + 04 1.79E + 05 6.82E + 04
epdry “high” 4.00E + 02 “high” 1.96E + 04 “high” 8.89E + 03 “high” 1.52E + 02
fmdry 2.74E − 01 2.71E − 01 3.36E − 01 3.36E − 01 3.91E − 01 3.96E − 01 5.31E − 01 5.49E − 01
fmcap 9.35E − 06 9.35E − 06 9.87E − 06 9.87E − 06 8.97E − 05 8.97E − 05 1.57E − 06 1.57E − 06
epcap 2.49E − 01 1.00E − 02 1.29E + 00 9.23E − 01 5.49E + 00 4.39E + 00 2.30E + 00 4.42E − 01
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Fig. 3. Pressure gradient (Pa/m) as a function of superficial velocities of water and gas (ft/day), based on the foam model parameters of Table 2 obtained with the method of [35] and
Boeje and Rossen (2015a) in continuous and dashed lines, respectively: (a) Bentheimer, (b) Berea, (c) Sister Berea, (d) Bandera Gray. Contours represent pressure gradient in Pa/m.

Fig. 4. Pressure gradient (Pa/m) as a function of superficial velocities of water and gas (ft/day), based on the foam model parameters of Table 2 obtained with the method of [35] and
Boeje and Rossen (2015a) in continuous and dashed lines, respectively: (a) Bentheimer, (b) Berea, (c) Sister Berea, (d) Bandera Gray. Contours represent pressure gradient in Pa/m.
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Fig. 5 shows the total superficial velocity that foam would attain in
each of the three layers if co-injected at a range of foam qualities, for
three different pressure gradients: 400 bar/m, 40 bar/m, 4 bar/m. The
layers are considered non-communicating. The first scenario of
400 bar/m pressure gradient is of course unrealistic and is only ex-
plored to illustrate the effect of foam-model parameters on diversion at
higher pressure gradient.

In all cases (highest through to lowest pressure gradient) foam flows
at a much larger velocity through the Bentheimer layer. This is ob-
served at any foam quality, though the degree of diversion varies with
injected foam quality. For instance, as foam reaches its strongest con-
dition at a foam quality of approximately 95% (as shown in Fig. 2), the
observed reduction in flow velocity is the greatest around this value of
foam quality. This would allow flow to be directed to the other two
layers; of course, the diversion in this case would only be relative since
flow would still predominantly take place in the highest-permeability
layer, namely Bentheimer. Table 4 reports the permeability ratios be-
tween Bentheimer and Berea, 21, and between Bentheimer and Bandera
Gray, 317. Table 4 also presents a comparison of velocity ratios cal-
culated using the model values of Fig. 5. If the velocity ratio between a
set of two layers is lower than the respective permeability ratio, then
this indicates potential for diversion. For instance, at a foam quality of
90% and a pressure gradient of 4 bar/m, one can expect diversion to
both Berea (velocity ratio of 15 vs. permeability ration of 21) and
Bandera Gray layers (velocity ratio of 200 vs. permeability ration of
317). The diversion takes place mostly to the mid-permeability sand-
stone, as one would expect.

As can be noted in Table 4 and Fig. 5, the behaviour can be different
for different foam qualities or different pressure gradients. The lower
the foam quality, the less efficient diversion is. In an extreme case, e.g.
foam quality of 30% and pressure gradient 4 bar/m, the velocity ratio is
higher than the permeability ratio between Bentheimer and Berea
(velocity ratio of 125 vs. permeability ration of 21). As pointed out
above, the value of F5 can have a significant contribution in the pre-
dicted pressure gradients, and by extension the velocity values and
ratios. Capping the value of function F5 would have affected the di-
version calculations.

4. Discussion

Considering the potential advantages of the application of foam
EOR in heterogeneous media, this study presents an analysis of the
effect of permeability on foam behaviour. Results show that perme-
ability can have a significant impact on the critical foam saturation
(higher-k layer exhibiting lowest Sw*), which in turn influences the
critical foam quality at which foam changes strong-state regime. When
foam is shear-thinning the critical foam quality can shift to higher va-
lues at greater velocity (and pressure drop). Moreover, the experimental
data show that the transition between the two regimes can be either
abrupt or more gradual; however, no correlation was found between
transition abruptness and permeability.

Table 3
Values for function F5 and the product (fmmob × F5) at different pressure gradients for the methods of Boeije and Rossen [34,46] and Eftekhari et al. [35].

Core 30 bar/m 40 bar/m 50 bar/m 60 bar/m

Boeije & Rossen Eftekhari et al. Boeije & Rossen Eftekhari et al. Boeije & Rossen Eftekhari et al. Boeije & Rossen Eftekhari et al.

Bentheimer F5 0.46 0.97 0.43 0.97 0.41 0.96 0.39 0.96
Berea 1.03 1.02 0.71 0.78 0.53 0.64 0.42 0.54
Sister Berea 8819.89 1429.33 1818.00 404.25 534.06 151.78 196.30 68.17
Bandera Grey 7.80 1.48 4.02 1.31 2.41 1.18 1.58 1.09

Bentheimer fmmob × F5 5.57E + 04 4.62E + 04 5.18E + 04 4.61E + 04 4.90E + 04 4.60E + 04 4.69E + 04 4.59E + 04
Berea 2.85E + 06 8.88E + 05 1.97E + 06 6.81E + 05 1.47E + 06 5.54E + 05 1.16E + 06 4.68E + 05
Sister Berea 2.73E + 08 4.39E + 07 5.62E + 07 1.24E + 07 1.65E + 07 4.66E + 06 6.07E + 06 2.09E + 06
Bandera Grey 1.40E + 06 1.01E + 05 7.21E + 05 8.91E + 04 4.31E + 05 8.08E + 04 2.84E + 05 7.45E + 04

Fig. 5. Total velocity vs. foam quality plots for Bentheimer, Berea and Bandera Gray for
pressure gradients of (a) 400 bar/m, (b) 40 bar/m and (c) 4 bar/m. The near-dis-
continuity in velocity over the range of foam quality observed for Berea is due to the
abrupt transition at a given saturation. Note the y-axis is in logarithmic scale, to facilitate
comparisons in velocity-value ratios between different layers.

L. Kapetas et al. Colloids and Surfaces A 530 (2017) 172–180

178



In modelling foam, current foam models make use of parameters
that cannot be defined uniquely from constant-velocity foam-scan ex-
periments. This was shown here by using two previously established
techniques, namely those of Boeije and Rossen [34,46] and Eftekhari
et al. [35]. The same foam-scan data can be fitted roughly equally well
but the models yield different parameters. When one aims to predict
pressure drops with the two different estimated parameter sets, large
differences occur near the transition foam quality. Given the differences
in the inferred extent of shear-thinning in the low-quality regime, the
models extrapolate to very-different behaviour at pressure gradients
much lower than those in the experiments.

When the foam-model parameters fmcap and epcap are estimated,
they should be carefully constrained to a range which is meaningful for
the simulations to follow (i.e. the field study). This choice obviously
affects the value of fmmob, since the parameters are correlated. In this
study experiments were not carried out at field pressure gradients. As a
result, the foam model extrapolates in a strongly non-linear fashion.
This can potentially introduce differences between extrapolations be-
tween different model fits. Thus, it becomes apparent that a closer in-
tegration is required between the experimental foam study and simu-
lation work. It is, therefore, recommended to perform foam core-floods
under conditions similar to those to be applied in the field. Some degree
of extrapolation is unavoidable since foam travelling in the reservoir
experiences a range of different velocities, pressure gradients and sa-
turations.

The foam-model parameters obtained by fitting the experimental
data were used to predict foam diversion in a simplified situation where
the layers do not communicate. The analysis shows that for the steady-
state conditions studied, foam could partially divert flow to the low-
permeability layers under certain foam-quality and pressure-gradient
conditions. In these cases, superficial velocity was still significantly
higher in the most-permeable layer. Based on this finding, one could
expect that during the dynamic stage of foam co-injection (before
steady-state is reached), foam would preferentially flow through the
most permeable zones which would cause flow diversion to the low-
permeable layers. This effect would, of course, be of limited duration
since the pressure in these layers will increase.

The control of appropriate injection conditions is critical as the di-
version effect varied for different foam qualities and pressure gradients;
it was shown that under certain conditions it is possible that flow in the
low permeability layer can be further inhibited by the application of
foam.
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