
© 2022. Metin Karakas, Fred Aminzadeh & Arne Graue. This research/review article is distributed under the terms of the 
Attribution-NonCommercial-NoDerivatives 4.0 International (CC BYNCND 4.0). You must give appropriate credit to authors and 
reference this article if parts of the article are reproduced in any manner. Applicable licensing terms are at 
https://creativecommons.org/licenses/by-nc-nd/4.0/. 

Global Journal of Researches in Engineering: J 
General Engineering 
Volume 22 Issue 2 Version 1.0 Year 2022 
Type: Double Blind Peer Reviewed International Research Journal 
Publisher: Global Journals 
Online ISSN: 2249-4596 & Print ISSN: 0975-5861 
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Abstract- This paper focuses on combining resistivity and pressure measurements to determine 
the effectiveness of foam as a mobility control method. It presents a theoretical framework to 
describe the expected resistivity changes during CO2-foam displacements. With this objective, 
we first provide equations to estimate the resistivity for CO2-foam systems and then utilize two 
distinct foam models to quantify these effects. Using analytical solutions based on the fractional 
flow theory, we present resistivity and mobility distributions for ideal and non-ideal reservoir 
displacement scenarios. Additionally, assuming pressure measurements only, we examine the 
inter-dependency between various foam parameters. Our results suggest that the combination of 
pressure and resistivity measurements in time-lapse mode could be deployed as an effective 
monitoring tool in field applications of the (CO2) foam processes. The proposed method is novel 
as it could be employed to predict under-performing CO2-foam floods and improve oil recovery 
and CO2 storage. 
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CO2-Foam Monitoring using Resistivity and 
Pressure Measurements

Metin Karakas α, Fred Aminzadeh σ & Arne Graue ρ

Abstract- This paper focuses on combining resistivity and 
pressure measurements to determine the effectiveness of 
foam as a mobility control method. It presents a theoretical 
framework to describe the expected resistivity changes during 
CO2-foam displacements. With this objective, we first provide 
equations to estimate the resistivity for CO2-foam systems and 
then utilize two distinct foam models to quantify these effects. 
Using analytical solutions based on the fractional flow theory, 
we present resistivity and mobility distributions for ideal and 
non-ideal reservoir displacement scenarios. Additionally, 
assuming pressure measurements only, we examine the inter-
dependency between various foam parameters. Our results 
suggest that the combination of pressure and resistivity 
measurements in time-lapse mode could be deployed as an 
effective monitoring tool in field applications of the (CO2) foam 
processes. The proposed method is novel as it could be 
employed to predict under-performing CO2-foam floods and 
improve oil recovery and CO2 storage.

I. Introduction

ime-lapse seismic, resistivity, electromagnetic 
(EM), and pressure measurements have been 
used in the oil industry for water and CO2 flooding 

and monitoring applications. For example, see:
Passalacqua et al (2018), Davydycheva and Strack 
(2018) and Strack(2014). CO2 foam injection is an 
effective method to control mobility during CO2-
Enhanced Oil Recovery processes in petroleum 
reservoirs. When it is done optimally, CO2 foam can 
improve sweep efficiency, oil production, and CO2

storage (Kuuskraaet al., 2006, Fernoet al., 2014).
Laboratory studies show that foam strength is essential 
to achieve the desired reservoir efficiency. It has been 
demonstrated that the foam density is a direct function 
of the density of the lamellae (Kovscek and Radke, 
1994). Additionally, the solubility of surfactant in CO2

and water phases, as well as the adsorption of CO2 on 
the rock, play a crucial role in these displacements. At a 
given reservoir temperature, the partitioning of the CO2

soluble surfactants is dependent on pressure and 
strongly influenced by the attractiveness (CO2-philicity) 
of the selected surfactant for foam application. Recent 
research indicates that various (cationic, nonionic, and 
zwitterionic) surfactants as the leading candidates for 
CO2 foams. It is also critical to maintaining the foam
strength for the entire injection period during reservoir
applications. Additionally, the CO2 mobility is higher than 

Author α ρ: University of Bergen, Norway.
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that of the foam, and under certain conditions, this can 
lead to less-than-optimal displacement in porous media.

Foam monitoring has been restricted to 
electrokinetic (streaming potential) measurements 
(Omar et al., 2013). Wo et al. (2012) ran foam 
experiments on unsaturated soil samples and 
investigated the possibility of using electrical 
measurements for foam monitoring. Of course, it should 
be realized that foam and CO2 are charged. They 
connect and eventually build larger molecules. We need 
boundary to develop a bouble layer for charges to 
collect. Wo et al. (2012) reported significant changes in 
electrical properties with foam formation.

Karakas and Aminzadeh (2017) proposed time-
lapse measurements with an array of permanently 
deployed sensors to detect the movement of the foam-
CO2-Oil interface in the reservoir due to CO2-foam 
injection. With the proposed method, resistivity and 
pressure measurements are acquired simultaneously 
during the CO2-foam Injection into reservoir, as shown in 
Fig. 1.T



Fig. 1: Example of pressure and resistivity monitoring during a CO2 Foam flood (Karakas and Aminzadeh, 2017).

In the proposed method by Karakas and 
Aminzadeh (2017), resistivity and pressure 
measurements are used to determine the effectiveness 
of foam as a mobility control method and hence, 
provide a way to remedy any under-performing foam 

(and CO2-foam) floods to improve both oil recovery and 
CO2 storage. This monitoring is crucial for applying foam 
(and CO2 foam) in reservoirs where heterogeneity is 
involved. Figure 2 below illustrates this optimization 
process. 

Fig. 2: Foam (and CO2-Foam) optimization process (Karakas and Aminzadeh, 2017).

In terms of laboratory studies, Berge (2017) 
conducted resistivity measurements while injecting CO2 

and surfactant solution into saturated cores and Haroun 
et al. (2017) monitored resistivity and pressure changes 
during foam generation in the formation-brine saturated 
carbonate core plug samples. Haroun et al. (2017) 
reported significant increases in resistivity and pressure 
with foam development. 

The main thrust of this paper is to the 
characterize the resistivity response and to present a 
theoretical foundation for resistivity monitoring during 
CO2 foam displacements. 

II. CO2 Foam Transport Modeling 

The transport of CO2 foam can be described by 
several methods (Ma, K. et al., 2015). These include: 

- Pore-network models 
- Analytical methods 
- Explicit population-based equation (PBE) methods  
- Implicit foam methods 
 

Pore-Network models provide a good insight 
into foam transport and are not yet practical for 
reservoir-scale applications. In this study, we focus on 
the Analytical and the explicit (or Population Based) 
methods. The analytical approach is based on the 
fractional-flow theory and steady-state foam 
development, as presented by Ashoori et al. (2010). The 
main assumptions are as follows: 

• One-dimensional flow. 
• Initially, the reservoir is at residual oil saturation (Sor) 

after waterflooding. 
• CO2 is injected at supercritical conditions. 
• First-Contact Miscible (FCM) displacement of oil by 

the injected supercritical CO2. 
• The relative permeability depends on water 

saturation and the oil or CO2 saturations. 
• Foam effects are captured implicitly using steady-

state assumption. 

As demonstrated by Ashoori et al. (2010), there 
are two different solutions: the first one relates to an 
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ideal CO2-foam displacement where the miscible (CO2) 
and surfactant (foam) fronts travel at the same speed. In 
this case, three separate banks develop in the reservoir: 
Foam or surfactant (CO2 plus water) bank, oil (with 
mobile water) bank, and water (with residual oil) bank. 
The second solution assumes a non-ideal CO2-foam 
displacement. In this case, due to adsorption of the 
injected surfactant to the rock and its partitioning to the 
water phase, the foam front slows down, and the 
miscible (CO2) front moves ahead of it. In this case, a 
separate CO2 bank forms ahead of the foam (or 
surfactant) bank, which gives rise to an unfavorable 
mobility distribution in the reservoir. These reconstructed 
saturation profiles are provided in Appendix A. The 
fractional flow approach is based on the steady-state 
assumption and cannot capture the transient foam 
development during CO2 foam injection (Kam S.I.,2008). 

III. Population-Balance Method 

In the Population Based (PBE) method, foam 
effects are captured explicitly by quantifying the bubble 
population (nf) and correlating it to the foam mobility. In 
this work, we utilized the solution approach provided by 
Kam and Rossen (2003).  The relevant foam equations 
are provided in Appendix B. Please note that this 
solution is based on the two-phase (CO2 and water) 
flow, and the oil phase is ignored. This assumption is in 
line with most experimental work and gives good insight 

into foam development in porous media (Kam et al., 
2004, Prigiobbe et al., 2016). 

The solution of the PBE, due to nonlinear 
relations between injection rate and pressure gradient, is 
quite complex and may not be unique (Dholhawala, Z.F. 
et al., 2007).  In this work, a numerical approach was 
taken for solving the transient foam equations. With this 
objective, a numerical foam simulator (FoamSim) was 
developed, in which upstream weighting was utilized to 
minimize the numerical dispersion effects. The 
numerical model was validated by comparing its results 
with that of Kam et al. (2004). These comparisons were 
made for both weak and strong foam states. 

IV. Parameter Estimation using Pressure 
Measurements 

One of the crucial considerations is the 
uniqueness of the model parameters obtained from 
pressure measurements.  For this reason, we analyzed 
the inter dependency between various foam parameters. 
These included foam generation parameters (Cg & m), 
foam coalescence parameters (Cc& n), and the foam 
viscosity parameter (Cf). For this purpose, we utilized the 
published CO2foam experiments by Prigiobbe et al. 
(2016). The foam parameters for these history matched 
experiments are as follows: 

Table 1: Model Parameters used for Foam Simulations 
(From Prigiobbe et al., 2016).

 
Cf Cg Cc M n Sw* 

Experiment 6 1.58E-15 3.02E+07 3.02E-01 0.588 0.73 0.121 

Experiment 34 3.31E-17 3.72E+06 9.55E-03 1.140 0.29 0.01 

We first ran forward simulations using FoamSim 
and compared our results with those of Prigiobbe et al.  
Two experiments (6 & 34) produced very similar (but not 

exact) results.
 
The graph below shows the comparison 

for Experiment 6 using parameters from the table above.
 

Fig. 3: Comparison of pressure gradients (experiment number 6).

© 2022 Global Journals
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The relevant sensitivity coefficients were 
generated using our numerical solver (FoamSim), and 
for experiments 6 and 34 and the duration of the lab 
experiments. In this analysis, the following parameters 
were considered: 

X = foam parameters [Cg, Cc, Cf, m, n]          (1)                

For most high-permeability systems, the critical 
water saturation (Sw

*) is relatively small. Therefore, due to 

potential numerical problems, it was not included in the 
analysis. In the calculations of sensitivity coefficients, we 
used the log transformation for all the foam parameters: 

Cg′= log10(Cg)                                                 (2)                 

The following plot shows the calculated 
sensitivity coefficients using data from experiment 
number 6: 

Fig. 4: Sensitivity coefficients for foam parameters (experiment number 6).

We also normalized sensitivity coefficients for 
an even comparison and calculated the determinant of 
the sensitivity matrix to examine the (ill) conditioning of 
the inverse problem. The determinant (d) is a function of 
time and is defined as follows: 

d= [STS]                                                                      (3)  

These calculations showed that the magnitude 
of the determinant increased with time (with more 
measurement samples): 

Fig. 5: Determinant of the sensitivity matrix.

We also calculated the determinant using the 
steady-state portion of the measurements only. For 
steady-state flow, the determinant became very small, 

which indicates a linear dependency between the 
selected foam parameters (Appendix B). This 
examination showed the following: 
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• Foam generation parameters, Cg & m, have by far 
the highest sensitivity. 

• Foam viscosity coefficient, Cf, is of the middle rank. 
• Foam coalescence parameters, Cc & n, have 

relatively less sensitivity. 
• Linear independence is possible with transient data. 
• Steady-State pressure measurements give rise to an 

ill-conditioned parameter estimation problem and 
the grouping of parameters is necessary. 

V. CO2 Foam Resistivity Characteristics 
and Modeling 

Typically, nonionic surfactants are dissolved in 
the CO2 phase, and the foam generation occurs in situ 
when injected the CO2 plus surfactant meets the 
formation brine. CO2 is highly resistive, whereas the thin 
water film is conductive (depending on the salinity of the 
in-situ reservoir fluid). During foam injection, these films 
enhance the electrical conductivity. With growing bubble 
size, these conduits become less effective, and overall, 
the resistivity of the foam system increases. However, 
with CO2 injected brine already resistive this will only 
produce more resistive fluid. Reduction in resistivity will 
come from higher electron flow and resistivity reduction 
caused by pressure changes. See Boerner et al (2015) 
on electrical conductivity of CO2-bearing pore waters at 
elevated pressure and temperature. 

Assuming a uniform and hexagonal-prism 
shape foam, the foam conductivity σf is obtained using 
the Lemlich Relation (Lemlich, R., 1985): 

K = 
D
3

                                                      (4)  

 

 

Where K is the bulk foam conductivity. This 
relationship can also be written as follows: 

K = 
conductivity of dispersion

conductivity of continous phase
 = 𝜎𝜎𝑓𝑓

𝜎𝜎𝑠𝑠
             (5) 

          

Where D is the volumetric liquid fraction or = (1-
X

f
), and X

f 
is the foam quality.  Using these relationships, 

we obtain: 

𝜎𝜎𝑓𝑓 = 1
3
𝜎𝜎𝑠𝑠 (1 −X

f
)                                                 

or another expression would be: 

σf  =  𝑐𝑐1 * σs * (1-𝑆𝑆𝑐𝑐𝑐𝑐2
𝑓𝑓 )                                       (7)  

where:  
𝑐𝑐1 = constant  

𝑆𝑆𝑐𝑐𝑐𝑐2
𝑓𝑓  = CO2 saturation with foam  

σs = conductivity of the thin film around bubbles  

Assuming, σs = 1.0 S/m and Xf = 0.90 (foam 
quality), we obtain the following values for foam 
conductivity: 

σ f = 0.033 S/m (foam conductivity) or Rf = 30 ohm.m 
(foam resistivity) 

These results suggest that foam conductivity 
will be order of (1 to 2) higher compared to that of the 
CO2 phase only. 

We propose to scale the foam conductivity with 
foam density as follows: 

σf   =  𝑐𝑐1 σs (1-𝑆𝑆𝑐𝑐𝑐𝑐2
𝑓𝑓 ) ( 𝑛𝑛𝑓𝑓

𝑛𝑛𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
)                              (8) 

 

where nfmax is the maximum population density. 

For a CO2-Water system, lab results show that 
Archie’s equation provides a reasonable approximation 
(Bergmannet al., 2013). Assuming a CO2-Foam-Water 
system, the total system conductivity was calculated by 
utilizing the mixing law (Appendix D): 

σ=φ2 [𝑆𝑆𝑐𝑐𝑐𝑐2
𝑓𝑓 σ f 

½ + Swσw
1/2] 2                                               (9) 

Laboratory measurements using carbonate 
cores from Abu Dhabi (Harounet al., 2017) show a sharp 
increase in resistivity and a large pressure drop with the 
formation of foam during these high-temperature and 
high-pressure core floods. These experimental results 
are in line with the theoretical results provided here. 

The difference between foam and CO2 saturated 
reservoir depends on how much CO2 is absorbed by the 
brine. However, strictly speaking, volumetrics are 
empirical correlations and do not often work for 
resistivity due to non-linearity of Archie. With fracture we 
increase complexity even further. 

a) Resistivity Profiles 
Using the simulated saturation and the foam 

densities, we can now estimate the resistivity (along with 
relative mobility) evolution during the CO2-Foam 
displacements. For these simulations, we assumed the 
following bulk conductivities for water, CO2, foam, and 
oil phases: 

Table 2: Parameters Used For Resistivity Simulations 

σw 5.00 S/m 

σCO2 0.001 S/m 

σ f 0.100 S/m 

σoil 0.001 S/m 

The figure below shows the resistivity profile 
from one dimensional CO2 foam flood assuming a 
moderately conductive water scenario. The resistivity 
profile has been calculated using the simulated foam 
densities from the FoamSim simulator, and the CO2 

foam resistivity model. To avoid using canonical 
resistivity values one would in practice scale the surface 
measurements to the borehole scale as shown by 
Strack et al (2022). 

© 2022 Global Journals

G
lo
ba

l 
Jo

ur
na

l 
of

R
es
ea

rc
he

s 
in
 E

ng
in
ee

ri
ng

  
  

Vo
lu
m
e 

X
xX
II
 I
ss
ue

 I
I 
V
 er
si
on

 I
  

  
 

  

37

Y
e
a
r

20
22

  
 

  
 

(
)

J

CO2-Foam Monitoring using Resistivity and Pressure Measurements

(6)



Fig. 6: Calculated resistivity profile during CO2-Foam injection (PBE Solution).

Fig. 7: Combined resistivity and mobility profile during CO2-Foam injection (PBE Solution).

b) Resistivity Profiles – CO2 Foam Displacement with Oil 
The resistivity calculations for the CO2 foam with 

oil were also made for CO2-foam displacement with oil. 
For this model, the mobility effects were calculated 
using the steady-state assumption as outlined in 

Appendix A. The resistivity calculations were made 
assuming similar bulk conductivities as given in Table 2. 
The figures below show the calculated resistivity profiles 
for both ideal as well as non-ideal foam displacements: 

Fig. 8: Resistivity profile during ideal CO2-Foam displacement.
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Fig. 9: Resistivity profile during non-deal CO2-Foam displacement.

The figures below show the mobility distribution along with the resistivity profiles. 

Fig. 10: Combined resistivity and mobility profile during CO2-Foam injection (analytical Solution – ideal 
displacement).

As seen in Fig. 10, the resistivity profile during 
ideal displacement is like the PBE simulations shown 
earlier, and both models suggest a sharp resistivity 
contrast at the foam front. On the other hand, for non-

ideal displacements, the resistivity profile is quite 
different. During these displacements, the resistivity 
profile, as shown in Fig. 11, indicate a staircase 
behavior, which extends into the miscible CO2 bank. 

Fig. 11: Combined resistivity and mobility profile during CO2-Foam injection (analytical solution – non-ideal 
displacement).

© 2022 Global Journals

G
lo
ba

l 
Jo

ur
na

l 
of

R
es
ea

rc
he

s 
in
 E

ng
in
ee

ri
ng

  
  

Vo
lu
m
e 

X
xX
II
 I
ss
ue

 I
I 
V
 er
si
on

 I
  

  
 

  

39

Y
e
a
r

20
22

  
 

  
 

(
)

J

CO2-Foam Monitoring using Resistivity and Pressure Measurements



VI. Conclusions 

In this paper, we presented a volumetric based 
foundation for resistivity and pressure monitoring during 
CO2-foam displacements.  Our results suggest that a 
combination of pressure and resistivity measurements in 
time-lapse mode could be deployed as an effective 
monitoring tool in field applications of the (CO2) foam 
processes. The proposed method is novel as it could be 
employed to predict under-performing CO2-foam floods 
and to improve oil recovery and CO2 storage. 
Other conclusions can be listed as follows: 

• Pressure measurements during steady-state foam 
flow give rise to an ill-posed estimation problem and 
that grouping of foam parameters is necessary.  For 
most reservoir applications, pressure 
measurements alone will not adequately describe 
the transient foam effects. 

• Assuming brine in the reservoir, resistivity profiles 
during ideal CO2 foam displacements should exhibit 
a distinctive signature at the foam front. 

• During non-ideal CO2 foam displacements, 
resistivity measurements by itself may not be 
enough to differentiate foam and miscible CO2 

banks. However, for these non-ideal cases, 
pressure measurements could be very utilized to 
locate these vastly contrasting mobility-fronts. 
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Nomenclature 
c1 = a constant in the proposed foam conductivity 
model 
𝐶𝐶𝑐𝑐  = a model parameter to represent foam coalescence 
𝐶𝐶𝑓𝑓 = a model parameter to represent effective foam 
viscosity 
𝐶𝐶𝑔𝑔 = a model parameter to represent foam generation 
D = volumetric liquid fraction in the foam, fraction 
d = value of determinant to capture the conditioning of 
the parameter estimation problem 
epdry = a foam parameter used to capture the slope 
near critical water saturation 
fmmob = a factor in steady-state foam model to 
represent the mobility factor 
fmdry = a factor in steady-state foam model to 
represent the critical water saturation 
epsurf = a steady-state foam parameter 
fco2 = CO2 phase fractional flow, fraction 
fw = water phase fractional flow, fraction 
Fw = factor to capture the effect of water saturation on 
foam mobility reduction 
K = bulk foam conductivity, (S/m) 
k = permeability, m2 

krCO2 = relative permeability to CO2 phase, fraction 
kro = relative permeability to oil phase, fraction 
krw = relative permeability to water phase, fraction 
m = a model parameter for transient foam generation  
M = measurement matrix 
n = a model parameter for transient foam coalescence 
𝑅𝑅𝐶𝐶𝐶𝐶2 = resistivity of the CO2 phase, ohm-m 
𝑅𝑅𝑓𝑓  = resistivity of the foam, ohm-m 
𝑅𝑅𝑤𝑤  = resistivity of water phase, ohm-m 
𝑛𝑛𝑓𝑓  = foam texture or density, lamellae/unit volume  
𝑛𝑛𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  = maximum foam density, lamellae/unit volume 
𝑟𝑟𝑐𝑐  = foam (lamella) destruction rate  
𝑟𝑟𝑔𝑔  = foam (lamella) generation rate 
S = sensitivity matrix 
Sco2 = CO2 saturation, fraction 
So = oil saturation, fraction 
Sw = water saturation, fraction 
uco2 = CO2 volumetric flux or superficial velocity, m/s 
ut = total velocity, m/s 
uw = water velocity, m/s 
vf = volumetric fraction of rock and fluids, fraction 
vs = velocity of the foam front, m/s 
vw = velocity of the miscible (CO2) front, m/s 
X = vector defining the foam parameters  
Xf = foam quality, fraction 
μco2

0 = CO2 viscosity (without foam), Pa.s 
μco2

f = effective viscosity of the CO2 foam phase, Pa.s 
φ = porosity, fraction 
σco2 = CO2 conductivity (without foam), S/m 
σco2

f = CO2 conductivity (with foam), S/m 
σf = foam conductivity, S/m 
σw = water conductivity, S/m 
∇p = total pressure gradient, Pa/m 
∇p𝑤𝑤  = pressure gradient for the water phase, Pa/m 
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Appendix A – Analytical Solution
In the example provided by Ashoori et al. 

(2010), the following fluid and rock parameters are 
assumed:

Table A1: Model Parameters used for Analytical 
Simulations

µw 0.001 Pa.s

µο 0.005 Pa.s
µg 2E-05 Pa.s

φ 0.25
Sgr 0.1
Swc 0.1
Sor 0.1

In these models, foam reduces the CO2 relative 
permeability, using the steady-state assumptions, as 
follows:

Water and Oil phase relative permeabilities are 
modeled as follows:

krw=0.20*((Sw-0.1)/0.8)4.2 (Water)        (A1)

kro=0.94*((1-Sw-0.1)/0.8)1.3   (Oil)        (A2)

Water and CO2 phase relative permeabilities are 
represented by the following relationships:

krw=0.20*((Sw-0.1)/0.8)4.2 (Water)        (A3)

krg
0 = 0.94*((1-Sw-0.1)/0.8) 1.3   (CO2 without foam)

(A4)

https://doi.org/10.2118/193690-MS�
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Table A2: Foam Parameters used for Analytical 
Simulations

fmmob 55000
fmdry 0.316
epdry 1000
epsurf 100

Using these parameters, fractional flow curves 
for foam/water, CO2/water and oil/water phases were 
reconstructed. Also, we used the two separate 
solutions; the first solution assumes an ideal 
displacement where the miscible fronts and the 
surfactant (foam) fronts travel at the same speed. For 
this to happen, there must be a minimal Surfactant 
adsorption as well as very favorable partitioning of the 
surfactant into the CO2 phase. In the ideal displacement 

case, the solution paths are constructed by first drawing 
a tangent from the M=D=(1,1) point to the curve 
representing the fractional flow of foam, as shown in the 
figure below:

Fig. A1: Fractional flow – Ideal Displacement.

The saturation profile for the ideal displacement 
case is as follows:

Fig. A2: Saturation profile – Ideal Displacement.

The second solution is non-ideal displacement 
where the miscible fronts and the surfactant (foam) 
fronts travel at different speeds. In this case, the 
surfactant adsorption as well as partitioning of the 
surfactant into the water phase slows down the speed of 
the foam (surfactant) front. On the other hand, the 
miscible (CO2) front moves at the same speed as 
before. Therefore, miscible front shoots ahead of the 
foam (surfactant) front. Thus, a CO2 bank forms.  In this 
case, there are four different banks, and the 

construction of the solution paths starts first by drawing 
tangents from point D and the miscibility point, point M 
(1,1) to curves representing the fractional flow of oil and 
foam, respectively.

krg
f = krCg

0 * 
1

1+𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑓𝑓 ∗Fwater
                          (A5)

Where: 

Fwater= 0.5 + π−1 𝑡𝑡𝑓𝑓𝑛𝑛−1[𝑒𝑒𝑒𝑒𝑒𝑒𝑟𝑟𝑒𝑒(𝑆𝑆𝑤𝑤 − 𝑓𝑓𝑓𝑓𝑒𝑒𝑟𝑟𝑒𝑒)]
(A6)

where fmdry and epdry are empirical parameters based 
on experimental data.

In the example by Ashoori et al., 2010, the 
following parameters were utilized:



Fig. A3: Fractional flow, Non-Ideal displacement. 

The saturation profile for the non-ideal displacement case is as follows: 

Fig. A4: Saturation profile, Non-Ideal displacement.

Appendix B – Population based Foam Model 
Assuming one-dimensional flow of water and 

CO2, the material balance of water is described by the 
following equation: 

ϕ𝜕𝜕𝑆𝑆𝑤𝑤
𝜕𝜕𝑡𝑡

+  𝑢𝑢𝑡𝑡
𝜕𝜕𝑓𝑓𝑤𝑤
𝜕𝜕𝑓𝑓

= 0                                        (B1)  

In this model, total flow rate (𝑢𝑢𝑡𝑡 ) is assumed to 
be constant. As usual, water fractional flow is written as 
follows: 

𝑓𝑓𝑤𝑤= 
𝑘𝑘𝑟𝑟𝑤𝑤
𝜇𝜇𝑤𝑤

𝑘𝑘𝑟𝑟𝑤𝑤
𝜇𝜇𝑤𝑤

 + 𝑘𝑘𝑟𝑟𝑐𝑐𝑐𝑐 2
𝜇𝜇 
𝑐𝑐𝑐𝑐 2
𝑓𝑓

                                              (B2) 

 
where 𝜇𝜇 𝑐𝑐𝑐𝑐2

𝑓𝑓
 is the CO2– Foam viscosity and is given by 

(Hirasaki et al. 1985) 

𝜇𝜇 𝑐𝑐𝑐𝑐2
𝑓𝑓 =  𝜇𝜇 𝑐𝑐𝑐𝑐2

0 +  𝐶𝐶𝑓𝑓
𝑛𝑛𝑓𝑓

( 𝑢𝑢𝑐𝑐𝑐𝑐 2
𝜙𝜙𝑆𝑆𝑐𝑐𝑐𝑐 2

)1/3                     (B3) 
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In this equation,𝐶𝐶𝑓𝑓  is an empirical parameter 
based on experimental data. 

Foam density ((𝑛𝑛𝑓𝑓) equation is described by the 
following equation (Kovscek et al. 1995): 

ϕ𝜕𝜕(𝑆𝑆𝑐𝑐𝑐𝑐 2𝑛𝑛𝑓𝑓)
𝜕𝜕𝑡𝑡

+ 𝑢𝑢𝑡𝑡
𝜕𝜕(𝑓𝑓𝑐𝑐𝑐𝑐 2𝑛𝑛𝑓𝑓)

𝜕𝜕𝑓𝑓
= ϕ 𝑆𝑆𝑐𝑐𝑐𝑐2 ( 𝑟𝑟𝑔𝑔  - 𝑟𝑟𝑐𝑐  )     (B4) 

The rate of foam generation is given by 

𝑟𝑟𝑔𝑔 =  𝐶𝐶𝑔𝑔∇𝑒𝑒𝑓𝑓                                                           (B5)   

and the rate of foam coalescence is given by 

𝑟𝑟𝑐𝑐 =  𝐶𝐶𝑐𝑐𝑛𝑛𝑓𝑓( 𝑆𝑆𝑤𝑤
𝑆𝑆𝑤𝑤 − 𝑆𝑆𝑤𝑤∗

)𝑛𝑛                                  (B6)    

Where 𝐶𝐶𝑔𝑔 ,𝐶𝐶𝑐𝑐 ,𝑓𝑓 and 𝑛𝑛 are model parameters. 
𝑆𝑆𝑤𝑤∗   is the water saturation linked with the critical capillary 
pressure for a foam–water system. In high permeability 
reservoirs, 𝑆𝑆𝑤𝑤∗ is expected to be small. Also, the foam 
behavior around the critical water saturation could be 
quite abrupt. 

The water rate is given by 

𝑢𝑢𝑤𝑤 = - 
𝑘𝑘 𝑘𝑘𝑟𝑟𝑤𝑤
𝜇𝜇𝑤𝑤

∇𝑒𝑒𝑤𝑤                                      (B7)    

and the foam rate is given by: 

𝑢𝑢𝑐𝑐𝑐𝑐2 = - 𝑘𝑘 𝑘𝑘𝑟𝑟𝑐𝑐𝑐𝑐 2
𝜇𝜇𝑐𝑐𝑐𝑐 2
𝑐𝑐  ( ∇𝑒𝑒𝑤𝑤 − ∇𝑒𝑒𝑐𝑐)                         (B8)  

At steady state conditions, the foam generation 
rate is equal to the foam destruction (or coalescence) 
rate. 

𝑟𝑟𝑔𝑔 =  𝑟𝑟𝑐𝑐                                                                                           (B9)  

when this relationship is inserted into the foam-viscosity 
equation: 

𝜇𝜇 𝑐𝑐𝑐𝑐2
𝑓𝑓 =  𝜇𝜇 𝑐𝑐𝑐𝑐2

0 +  𝐶𝐶𝑓𝑓
𝑛𝑛𝑓𝑓

( 𝑢𝑢𝑐𝑐𝑐𝑐 2
𝜙𝜙𝑆𝑆𝑐𝑐𝑐𝑐 2

)
1
3

                                                           (B10)  

the following relationship is obtained, representing the 
foam viscosity: 

𝜇𝜇 𝑐𝑐𝑐𝑐2
𝑓𝑓 =  𝜇𝜇 𝑐𝑐𝑐𝑐2

0 + 𝐶𝐶𝑔𝑔 𝐶𝐶𝑓𝑓
𝐶𝐶𝑐𝑐

∇𝑒𝑒𝑓𝑓

( 𝑆𝑆𝑤𝑤
𝑆𝑆𝑤𝑤 − 𝑆𝑆𝑤𝑤

∗ )𝑛𝑛 ( 𝑢𝑢𝑐𝑐𝑐𝑐2
𝜙𝜙𝑆𝑆𝑐𝑐𝑐𝑐2

)
1
3

               (B11)  

Appendix C - Sensitivity Coefficients 
For a single-measurement (pressure) case, the 

Model response is defined as follows: 

M(X) = ∇𝑒𝑒𝑓𝑓𝑐𝑐𝑒𝑒 (X)                                          (C1)  

Where M is a matrix representing the model 
response and X is a vector representing the system 
unknowns: 

X = foam parameters [X1, X2, X3, … Xi…., Xp]                   
(C2) 

 

where p is the total number of unknows. In this case, the 
Sensitivity Coefficients are defined as follows: 

S(X) = [ ∇x MT(X)]                                           (C3)  

and the Sensitivity Matrix for the Single Response Case 
is defined as follows: 

 

 
 
 
         (C4) 

or 

 

 
 
 
 
           (C5) 

where k is the number of measurements. Sensitivity of 
the Model response (Mi) to parameter vector Xj is 
defined as follows: 

S    ij
(l) = δ𝑀𝑀𝑖𝑖

δ𝑓𝑓𝑗𝑗
ǀx(l)                                                     (C6) 

where X(l) represents the parameter vector which was 
used in generating the forward simulations. 

Appendix D – Conductivity of Fluid Mixtures 
Conductivity of fluid mixtures in porous media 

can be represented using the mixing law (Montaron, B., 
2009). For a rock saturated with fluids, the total 
conductivity is expressed by the following equation: 

σ1/2 = vf1σ1
1/2+ vf2σ2

1/2+ vf3σ3
1/2                                  (D1)   

where σι and vfi represent the conductivity and the 
volumetric fraction of each component (rock and fluid), 
respectively. Additionally, the total volumetric fraction 
can be written as: 

vf1+ vf2 + vf3 = 1.0                                           (D2)  

for a water and oil/gas/CO2 system these relationships 
become: 

σ 1 = σ R= 0,    vf1=1-φ                                   (D3)  

σ 2 = σo = 0,   vf2=So φ                                   (D4) 

σ 3 = σw,     vf3= σ wφ                                 (D5) 

and using the mixing law, we obtain: 
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σ = σw (Swφ)2                                                                                       (D6) 

This result is similar to Archie’s law: 

σ= 
σwSw

nφm

  𝑓𝑓
                                                      (D7) 

where a, n and m are constants. For a CO2-Foam and 
water system, the mixing law equations become: 

σ 1 = σ R= 0,  vf1=1- φ                                     (D8) 

σ 2 = σ f, vf2=𝑆𝑆𝑐𝑐𝑐𝑐2
𝑓𝑓 φ                                  (D9)  

σ 3 = σw,            vf3= σ wφ                                  (D10) 

and finally: 

σ=φ2 [𝑆𝑆𝑐𝑐𝑐𝑐2
𝑓𝑓 σ f 

1/2+ Sw σ w
1/2]2                                                 
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