<]
TUDelft

Delft University of Technology

Effects of Compositional Variations on CO2 Foam Under Miscible Conditions

Kahrobaei, Siavash; Li, K; Vincent-Bonnieu, Sebastien; Farajzadeh, Rouhi

DOI
10.3997/2214-4609.201701793

Publication date
2017

Document Version
Final published version

Published in
IOR NORWAY 2017

Citation (APA)

Kahrobaei, S., Li, K., Vincent-Bonnieu, S., & Farajzadeh, R. (2017). Effects of Compositional Variations on
CO2 Foam Under Miscible Conditions. In IOR NORWAY 2017: 19th European Symposium on Improved Oil
Recovery, 24-27 April 2017, Stavanger, Norway Article We B15 https://doi.org/10.3997/2214-
4609.201701793

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.3997/2214-4609.201701793
https://doi.org/10.3997/2214-4609.201701793
https://doi.org/10.3997/2214-4609.201701793

YN -
oreeme EAGE

of Norway

We B15

Effects of Compositional Variations on CO2
Foam Under Miscible Conditions

S. Kahrobaei* (Delft University of Technology), K. Li (Delft University of
Technology), S. Vincent Bonnieu (Shell Global Solutions International) &
R. Farajzadeh (Shell Global Solutions International)

SUMMARY

Foam can potentially solve the associated problems with gas injection by reducing the mobility of the
injected gas leading to a more stable displacement front. It is known that under immiscible conditions, the
presence of oil can be detrimental for foam stability through several mechanisms. Under miscible
conditions, there is no separate oil or gas phase; instead, CO2 and oil mix in different proportions forming
a phase with varying composition at the proximity of the displacement front. There are then two
fundamental questions, which arise from addition of surfactant to the system: (1) what is the nature of the
“mixed phase” in the presence of the surfactant, and (2) how do the properties of this mixture change with
compositional variations? This study reports the results of core-flood experiments conducted using CO2
and decane (nC10) as the model oil under miscible conditions. Surfactant and a mixture of CO2-decane
were co-injected with variations of CO2 molar fractions, mixture volume fractions and total flow rates. We
found that separate injection of CO2 or oil with the surfactant solution into the cores creates in-situ fluids
that exhibit both low-quality (increasing viscosity with decreasing fraction of surfactant) and high-quality
(decreasing viscosity with decreasing fraction of surfactant) regimes. However, upon simultaneous
injection of CO2 and oil with the surfactant solution and depending on the molar fraction of CO2 in CO2-
decane mixture (xCO2), three distinct regimes were observed. In Regime 1 (xCO2>0.8) the apparent
viscosity of the in-situ fluid was the highest and increased with increasing xCO2. In Regime 2 (xC02<2)
the apparent viscosity increased with decreasing xCO2. In Regime 3 (0.2< xC02<0.8) the apparent
viscosity of the fluid remained relatively low and insensitive to the value of xCO?2. Shear-thinning
rheology was observed in all three regimes: supercritical CO2 foam (xCO2 =1), decane emulsion (xCO2 =
0), as well as CO2-decane-surfactant floods. Moreover, in Regime 1 and Regime 2, there is a transition at
shear rates from 10 s-1 to 100 s-1, where the apparent viscosity increases by one order of magnitude. In
Regime 3, however, this transition is not observed. Finally, we found that the current implicit-texture
foam model cannot simulate our experimental data.
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1. Introduction

Gas is an ideal injection fluid for enhancing oil recovery because of its good displacement efficiency
(resulting in a low residual-oil saturation) as well as its high injectivity (allowing for large injection
rates for a certain drawdown pressure). When the pressure is above a certain pressure referred to as
the minimum-miscibility pressure (MMP) the displacement efficiency of the gas can be as high as
unity because of the elimination of the interfacial tension (IFT) or capillary forces (Correa et al.,
1990; Dindoruk and Firoozabadi, 1996; Verlaan and Boerrigter, 2006; Kahrobaei et al., 2012; Ameri
et al., 2013). Nevertheless, in field applications the ultimate recovery of a (miscible) gas-injection
process can still remain low because of the inefficient volumetric sweep, which is the overall result of
viscous fingering, gravity override, and gas channeling (Farajzadeh et al., 2012). Foaming the injected
gas can potentially overcome these shortcomings by reducing gas mobility and thus sustaining a more
stable displacement front (Farajzadeh et al., 2009; Andrianov et al., 2012; Farajzadeh et al., 2012). A
major “challenge” in application of foam is the detrimental effect of oil on the generation and stability
of foam (Bergeron et al., 1993; Schramm, 1994; Andrianov et al., 2012; Farajzadeh et al., 2012).
There is a consensus that when the oil saturation in a porous medium is above a limiting range foam
starts to collapse or its generation slows down (Friedmann and Jensen, 1986; Yang and Reed, 1989;
Hudgins and Chung, 1990; Law et al., 1992; Schramm, 1994). Many studies regarding foam-oil
interaction have focused on the bulk and porous-media experiments with distinctive oil and gas
phases, i.e., the results are more relevant for immiscible-displacement processes. However, under
miscible conditions the effect of oil on foam is different because of the absence of separate oil and gas
phases. Instead, gas and oil form a single phase with different compositions, which is because of the
extraction of the light and the heavy components of the oil by the injected gas or due to the mixing
caused by local variations of the permeability. Consequently, a transition zone is formed, which
separates the injected gas from the reservoir oil. Ultimately, under miscible conditions, when the flood
pressure is high enough, the transition zone would be a single phase of gas and oil (Holm and
Josendal, 1974). The miscible mixture of oil and gas at the displacement front is called “mixed-phase”
throughout this study.

In case a surfactant solution is available, lamellae separating bubbles, i.e. foam, are created inside the
pores. In the high-pressure floods, the dense state of the gas acts more like a liquid than like the gas
but it does not cause any difficulty in the formation of the foam (Heller, 1994; Chabert et al., 2016).
Suffridge et al. (1989) and Mannhardt et al. (1996) also showed the possibility of foam formation in
porous media with hydrocarbon gas under miscible conditions. It should be noted that “foams” are
mainly referred to the dispersion of the gas in a liquid phase; whereas, the dispersions of a dense,
liquid-like state of the gas phase or solvent in an aqueous phase might more appropriately be called
emulsions (Mannhardt et al., 1996). However, for the sake of simplicity the “foams/emulsions”
generated with the supercritical CO; are referred to as foams in this paper.

The compositional variations near the displacement front during miscible floods are expected to affect
the foam rheology, which might in turn impact the performance of the mobility-control process. The
nature of the foam flow regimes and their rheological behavior is the focus of the current study. In
particular, we aim at understanding the effect of the changes in the composition of the gas phase on
the foam behavior during miscible-displacement processes. This is achieved by performing series of
experiments in which different fractions of CO,, oil, and a surfactant solution are co-injected into a
porous medium.

The structure of the paper is as follows. First, the experimental setup and procedure are described in
Section 2. Section 3 provides the results of the foam-quality-scan and shear-thinning experiments and
explains the implications of our results on the efficiency of the miscible displacement. Finally the
paper ends with some concluding remarks.
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2. Experiments

2.1. Experimental Methodology
Two types of experiments were performed to study the effect of compositional variation of the front
on CO; foam behavior. In the first series of the experiments, the so-called foam-quality scans (Ma et
al., 2013; Ma et al., 2014) were conducted to investigate the in-situ rheology of the mixture of the
surfactant solution and the “mixed phase” under steady-state conditions. In the second series of the
experiments, the flowrate-dependency of the rheology of the in-situ formed fluids was examined.

In both types of experiments the gas and liquid phases are injected simultaneously until the steady
state pressure is measured. The measured pressure drop is an indicator of the resistance against the
flow of the residing fluid. In this study the measured steady-state pressure drops are converted into
apparent viscosity of flowing phase, using single-phase Darcy’s law:

k4 |Ap)
_ 1
e (1)

where k [m?] is the absolute permeability, 4 [m?] is the cross-sectional area, ¢, [m*/s] and g [m’/s]
represent the flowrates of the mixed-phase and the surfactant solution, respectively, and Ap [Pa] is the
pressure drop along the length of L [m]. Moreover, the fractional flow of the mixed phase or mixed-
phase quality (fin) is defined by,

D
Qm + Q.v

The error bars for each data point were calculated from the standard deviation of the steady-state-
pressure measurements.

2.2.Chemicals and Materials

Alpha Olefin Sulfonate (AOS) Cis.16 (Stepan® BIO-TERGE AS-40 KSB) was used as the surfactant
with an active concentration of 0.50 wt% (~ 0.04 M). The properties of the foam films stabilized by
this surfactant can be found in Farajzadeh et al. (2008). The NaCl concentration was fixed to 1.0 wt%
(~ 0.17 M) in all experiments. The critical micelle concentration (CMC) of the surfactant in
demineralized water with 1 wt% of NaCl was measured as 0.008 wt% (~ 6.27%10-5 M) using the Du
Noiiy ring method. Decane (nC,o) and Carbon Dioxide (CO,) were used as the model oil and the gas,
respectively. The properties of CO, and C10 at our experimental conditions are reported in Table 1.
Six 17-cm cylindrical quasi-homogenous Bentheimer sandstone cores with a diameter of 3.8 cm were
used as the porous medium for six different CO,-C;o compositions. The permeability of these cores
varied between 1600 to 2000 mD. The average porosity of the cores was 0.23. The cores were coated
with a thin layer of high temperature resistant glue and placed inside a cylindrical core holder.

Table 1 Fluid properties at 90 bar and 40 °C.
Fluid Density [kg/m® Viscosity [cP]
CO2 485.50 3.48x102
nC1o 722.38 7.66x10"

2.3. Experimental Conditions
Numerical and experimental studies were performed to determine the minimum-miscibility pressure
(MMP) of CO; and Cio. The numerical PVT simulations were performed using PVTSim simulation
package (Calsep, 2017) and the Peng-Robinson equation of state (Peng and Robinson, 1976). Figure
1a shows the phase envelopes for the mixtures with different CO,-C;o molar fractions. To achieve full
miscibility between the gas and the oil, the experiments were conducted at 90 bar and 40 °C, denoted
with an orange star on the figure, which is located in the single-phase region for all CO,-C;o molar
fractions. To further assure that the selected experimental pressure is above the MMP of the CO,-
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decane system, seven core-flooding experiments were conducted. In these experiments CO, was
injected into the cores fully saturated with decane at the constant temperature of 40 °C. The recovery
factors (defined as the amount of the produced oil divided by the oil initially in the core) of these
experiments after two pore volumes of CO; injection are shown in Figure 1b. The oil recovery factor
increases with the increasing pressure until 83 bar. Above this pressure, the recovery factor does not
change significantly with the increasing pressure, which indicates that the MMP is 83 bar at 40 °C.
The less-than-unity recovery factor can be attributed to the instabilities (viscous fingering) and
bypassing of the oil because of the large viscosity difference between CO, and decane under the
experimental conditions.
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Figure 1 (a) The phase diagram of the CO,-decane binary system, calculated by PVTSim simulation
package and the Peng-Robinson equation of state. (b) Recovery factors of decane after injection of
two pore volumes of CO: under different experiments pressures at the constant temperature of 40 °C.

2.4. Experimental Setup

The schematic of the experimental apparatus is shown in Figure 2. The experimental setup consisted
of an injection unit, a test unit, a pressure-controlling unit and a data acquisition unit. The injection
unit contained three Quizix TM QX-6000 pumps to supply CO», decane and the surfactant solution at
constant rates. A spiral tubing was added to the CO,-C injection line to ensure complete mixing of
CO; and Cjo before the core inlet. The core-holder was placed vertically in an oven to maintain the
temperature at 40 °C. The overall pressure difference along the core was measured using a differential
pressure transducer connected to the input and the output lines of the core-holder. Two back-pressure
regulators (BPR) in series were connected at the outlet of the core to maintain the system pressure at
90 bar and to mitigate the pressure fluctuations in the system. The accuracy of the pressure
transducers were 1 mbar.
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Figure 2 Schematic of the experimental apparatus.

2.5. Experimental Procedure
2.5.1. Foam-quality-scan experiments

After assuring that the setup was leak free, the air was removed from the cores by injecting CO,. CO;
is more soluble in water and can be easily removed by injecting brine at elevated pressures. Once the
gas was removed, the permeability of the core was calculated by measuring the pressure drop along
the core at different brine flowrates using Darcy’s law. Subsequently, the cores were pre-saturated
with the surfactant solution to satisfy the rock adsorption. In the foam-quality scans, the mixed-phase
(a mixture of CO, and decane) was co-injected with the AOS surfactant solution at different volume
fractions (qualities) into the core to generate foam inside the core. For all qualities, the mixed-phase
and the surfactant solution were co-injected with a constant total flowrate of 1.60 ml/min
corresponding to a total superficial velocity of 6.66 ft/day. The co-injection was continued until the
steady-state pressure (within the accuracy of our measurements) was obtained. Subsequently, the
quality was altered and the system was allowed to reach a new steady state. In this set of experiments,
six different molar fractions of CO, (xco2) and decane (xci0) were used with randomly-ordered mixed-
phase qualities. Note that the composition of the mixed-phase was controlled by adjusting CO2 and
Cio volume rates using two separate pumps. Moreover, in this paper “mixed-phase”, represented by f.,
refers to the mixture of CO; and decane under miscible conditions. Table 2 provides a summary of
the foam-quality-scan experiments. Note that foam becomes coarser as the permeability of the core
decreases because of the increase in the limiting capillary pressure (Farajzadeh et al., 2015). However,
the permeabilities of the cores used in our experiments are in the same range and therefore significant
impact on foam behavior is not expected.
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Table 2 Summary of the quality-scan experiments.
Experiment Permeability [mD] CO2 molar fraction in CO2-C1o
No. mixture [-]

1 2056 1

2 2059 0.95
3 1946 0.8
4 1741 0.47
5 2090 0.2
6 1606 0

2.5.2. Shear-thinning experiments
In this set of experiments, the total flow rate of the mixed-phase and the surfactant solution was varied
in increasing steps while the mixed-phase quality was kept constant. The experiments started with a
total flow rate of 0.20 ml/min (~ 0.82 ft/day). After reaching the steady-state pressure profile, the total
flow rate was then increased to reach a new steady state. The total flow rate was ultimately increased
up to 5 ml/min (~ 20.69 ft/day). All experiments were conducted at the mixed-phase quality of 0.60.
Table 3 summarizes the shear-thinning experiments.

Table 3 Summary of the sear-thinning experiments.
Experiment CO2 molar fraction in CO2-C1o
Permeability [mD]
No. mixture [-]
1 2059 0.95
2 1946 0.8
3 1741 0.47
4 2090 0.2
5 1606 0

3. Results and Discussions

3.1. Foam-quality-scan experiments
In this set of experiments, six different molar fractions of decane and CO, were used to investigate the
effects of the compositional variations on the foam-flow behavior under miscible conditions.

It is well-known that in the absence of oil, two flow regimes can be inferred from the steady-state
foam scan experiments (with a constant total rate): the low-quality regime and the high-quality
regime. In the low-quality regime, the pressure gradient (or apparent viscosity) increases with
increasing gas fractional flow (or foam quality) whereas in the high-quality regime, the pressure
gradient decreases with the increasing gas fractional flow (Ma et al., 2013; Ma et al., 2014). Foam
behavior in the low-quality regime depends on the bubble trapping and release and the gas velocity
influences the pressure gradient (Rossen and Wang, 1999; Alvarez et al., 2001). In the high-quality
regime the foam behavior is dominated by coalescence governed by the limiting capillary pressure
and the pressure gradient is influenced by the liquid velocity (Khatib et al., 1988; Kam et al., 2007;
Farajzadeh et al., 2015).
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Figure 3a shows the pressure gradient along the cores as a function of the mixed-phase quality
(fractional flows of the mixed-phase) with different molar fractions of CO,. The corresponding

apparent viscosities of the flowing phase, calculated from Eq. (1), are also shown in Figure 3b.
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Figure 3 (a) the pressure gradient along the core and (b) the calculated apparent viscosity of flowing
phase at different mixed-phase quality with different compositions of CO..

It appears from Figure 3 that variation in the composition of the mixed-phase greatly impacts the in-
situ rheology of foam in porous media. Similar to the immiscible foam experiments (Eftekhari et al.,
2015; Zeng et al., 2016), for the experiments with 100% CO, (blue curve) and 100% C,o (purple
curve) two separate rheological regimes are observed. In these two cases the apparent viscosity of the
flowing phase increases with the increasing fractional flow of the non-aqueous phase (low-quality
regime) until it reaches a maximum at the transition quality (f,”) and decreases afterwards (high-
quality regime). The transition quality (f,,/") for the supercritical CO, foam is around 0.90 and for Cio
emulsion is around 0.97. The maximum apparent viscosity for the supercritical CO, foam and the C10
emulsion are 240 cP and 200 cP, respectively. For both cases, in both low- and high-quality regimes,
fluids (foam/emulsion) with large apparent viscosities are observed. Nevertheless, the apparent
viscosity of CO, foam is almost two times larger than the apparent viscosity of the Cio emulsion in
most fractional flows of the non-aqueous phase. The experimental results of the co-injection of Cjo
and brine in the absence of surfactant are added to Figure 3 for the sake of comparison (dark orange
curve). The pressure gradient at all fractional flows of Cio is around 0.11 bar/m. The corresponding
apparent viscosity of the flowing phase is 4.5 cP.

For the case of xco» = 0.95 (green curve), at the mixed-phase qualities between 0.1 and 0.8, the
apparent viscosity of the flowing phase does not change significantly and remains almost constant at
about 50 cP. However, at the mixed-phase quality of 0.80, there is a rapid increase in the apparent
viscosity of the flowing phase. Furthermore, between the mixed-phase qualities of 0.8 and 0.97, there
is an increase in the apparent viscosity of the flowing phase with the increase in the mixed-phase
quality. Finally, between mixed-phase qualities of 0.97 and 1 the apparent viscosity of the flowing
phase decreases. This indicates that even a small addition of decane can decrease the foam apparent
viscosity compared to the pure CO,.

For the cases with intermediate CO, molar fractions (0.2<xc0,<0.8) the apparent viscosity of the
flowing phase is almost constant (around 50 cP) at all mixed-phase qualities.

The relatively high apparent viscosities of the flowing phase (>50 cP) for all mixture compositions
show that under miscible conditions, CO, foam can still have a good mobility control in the presence
of the oil. Moreover, it is important to note that for the molar fractions between 0.2<xc0,<0.8 (under
our experimental conditions) no distinguishable separate rheological regimes are observed, which is
the basis of the current foam simulators. This indicates that for example the implicit-texture (IT) foam
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model, i.e., that of STARS (CMG, 2010; Farajzadeh et al., 2012; Ma et al., 2014), cannot be used to
model the behavior observed in our experiments.

Figure 4 plots the calculated apparent viscosity of the flowing phase as a function of the CO, molar
fraction. It can be seen in Figure 4 that for a fixed quality, the case with 100% CO; (xco2 = 1) exhibits
the highest steady-state flowing-phase apparent viscosity, followed by the cases with xco2= 0 and xco2
= 0.95. Figure 4 also reveals that for the mixtures with CO; molar fractions between 0.2<xc02<0.8, the
steady-state apparent viscosity of the flowing phase remains unchanged with varying mixed-phase

composition.
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Figure 4 Apparent viscosity of flowing phase versus CO: molar fraction (xcoz), at different mixed-
phase qualities. Black dashed line indicates three different regimes based on the compositional

variations effects on CO: foam.

Consequently, three different regimes can be defined based on the effects of the mixed-phase
composition on CO, foam-flow behavior:

® Regime 1 (xc02>0.8): this regime represents the CO,-rich region, with a high apparent viscosity;

o Regime 2 (xc02<0.2): this regime represents the decane-rich region with a relatively high
apparent viscosity;

e Regime 3 (0.2< xc0,<0.8): this regime represents the intermediate molar fractions of CO, with
an apparent viscosity that is nearly invariant with the fractional flow of the mixed phase.

Although we do not have direct measurements, the transition from regime 1 (CO,-rich floods) to
regime 2 (decane-rich floods) through regime 3 can be seen as a transition from a “foam-like”

behavior to an “emulsion-like” behavior.

3.2.Shear-Thinning Experiments
An important characteristic of foam and emulsion is their non-Newtonian shear-thinning behavior, i.e.

their viscosity decreases by increasing the shear rates. For foam flow in porous media, in the low-
quality regime the apparent viscosity of the foam decreases with increasing shear rates because of the
bubble trapping and release and therefore exhibits shear-thinning behavior (Mannhardt et al., 1996;
Xiao et al., 2016). A similar behavior has also been reported for emulsions (Herzhaft et al., 2002; Yu
et al., 2012). However, the effect of compositional variations of the front on foam rheology, especially
in regime 3 (0.2< xc02<0.8), is not fully investigated. Therefore, in this study several shear-thinning
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experiments were conducted using different molar fractions of CO, and decane to study this
phenomenon.

Figure 5 shows the apparent viscosity of the flowing phase as a function of the total velocity (mixed-
phase velocity + the surfactant solution velocity) at a constant mixed-phase quality. Results show that
there is a transition from a low to a high apparent viscosity of flowing phase in regime 1 (xco2 = 0.95)
and regime 2 (xco2 = 0). This transition can be also observed at xco, =0.8. However, this transition is
not observed in regime 3 (xco2 = 0.47, xco2 = 0.2). In regime 3, the apparent viscosity is significantly
high (up to 560 cP) at a low velocity (0.82 ft/day). From a practical point of view, this high apparent
viscosity at this low velocity can be unfavorable because it can damage the injectivity. This may
result in low injection rates for a certain drawdown pressure (Romero et al., 1996; Farajzadeh et al.,
2016). In general, all molar compositional fractions of miscible CO,-Cip mixture exhibit shear-
thinning behavior, because the apparent viscosity decreases by increasing the velocity. Moreover, it
can be seen that all mixed-phase compositions have the same apparent viscosity at higher velocities,
which is in line with our findings from foam-quality-scan experiments.
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Figure 5 Apparent viscosity of flowing phase as a function of velocity for different molar fractions of
the CO»-Cyg system at a constant fractional flow of the mixed-phase.

4. Conclusions
In this study, through several CO;-decane-surfactant core-flooding experiments under miscible
conditions (90 bar and 40°C), the effects of compositional variations on supercritical CO, foam were
investigated. For the cases investigated in this study, following conclusions are made:

e Under miscible conditions, CO, foam can show good mobility-control in the presence of
flowing oil.
e Three different regimes can be defined based on the effects of the mixed-phase compositions on
CO, foam-flow behavior:
o Regime 1 (CO;-rich floods, xc02>0.8), with a high apparent viscosity (~ 150 to 250
cP);
o Regime 2 (decane-rich floods, xc02<0.2), with a relatively high apparent viscosity (~
50 to 150 cP);
o Regime 3 (CO,-decane-surfactant floods, 0.2< xc02<0.8), with an apparent viscosity
that is nearly invariant with the mixed-phase quality and the mixed-phase
composition (~ 50 cP).
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o All these three regimes exhibit shear-thinning behavior.

¢ In regime 3, the compositional variations of the displacement front do not significantly affect the
apparent viscosity of the flowing phase.

e For the intermediate CO, molar fractions, no distinguishable separate rheological regimes are
observed and the apparent viscosity of the flowing phase is almost independent of the mixed-
phase quality.
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