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Abstract

Foam displacement has been employed in several field pilots which report improvement in mobility
control, sweep efficiency, delayed gas breakthrough and EOR. However, foam behavior in highly
heterogeneous porous media in general and fractured reservoir in particular is not well understood.
Effective application of foam for enhanced oil recovery requires a good understanding of physical
displacement processes (e.g. adsorption, foam generation, foam decay) at the laboratory and field scale.
This is particularly important for the more complex fractured carbonate reservoirs which host over half
of the world’s remaining conventional oil reserves.

We investigate the effect of foam displacement in fractured carbonate reservoirs using numerical
simulations tuned to experimental data to compare recovery for different injection strategies at different
scales. In the experiments, high quality foam was generated by the injection of surfactant solution and N2

gas either in-situ or prior to injection. A mechanistic Lamella Density model was used to simulate
core-scale laboratory experiments and history match the unknown foam parameters. We applied our
understanding of foam displacement processes at the core scale to a reservoir model at the inter-well scale
where additional heterogeneities were encountered. For this model we used a cross section of highly
heterogeneous simulation model of a middle Jurassic carbonate ramp that is an analogue to the Arab D
formation in Qatar. We used this model to test the effect of foam injection for different injection
mechanisms, analyze the displacement processes, and compare the overall sweep and recovery.

Foam injection showed very promising results by diverting the flow from the high permeability
fractures to the matrix, allowing for a better sweep efficiency that lead to a noticeable increase in
differential pressure. Pre-formed foam yielded a higher recovery (around 78% of OOIP) compared to the
in-situ generated foam in the core samples. This might be due to the smooth nature of the fractures leading
to fewer snap off sites for foam generation. Varying the foam injection strategies (i.e. pre-formed foam,
co-injection, and SAG) resulted in at least a 12% change in recovery compared to conventional water
flooding and water-alternating gas injection. Foam quality, foam stability and injection mechanism were
all factors that controlled sweep efficiency.

Our results illustrate how the laboratory-scale displacement mechanisms could operate on a larger (i.e.
inter-well) scale where additional heterogeneities are encountered and the ratio of viscous to capillary and
gravity forces changes. Our simulations also demonstrate that uncertainties in parameterizing foam



models using experimental data from core floods translate into considerable uncertainties for predicting
recovery at the field-scale. Still, foam can be an effective agent to increase oil recovery in fractured
carbonate reservoirs by improving sweep efficiency and reducing gravity override.

Introduction
Carbonate reservoirs account for approximately 60% of the world’s remaining oil reserves. Most of these
reservoirs are fractured and have low recoveries compared to conventional clastic reservoirs (Beydoun
1998; Burchette 2012). Production of oil from fractured carbonate reservoirs is associated with many
challenges, mainly because fracture permeability could be order of magnitudes higher than permeability
of the rock matrix (Ericsson et al. 1998). This permeability contrast causes bypassing of oil that could be
recovered using EOR methods. However, low viscosity fluids used in EOR methods break through early
at the production wells, leading to low sweep efficiency (Bernard & Holm 1964; Holm 1968; Farajzadeh
et al. 2012). Mobility control is therefore essential to divert flow from the fractures into the matrix and
increase the overall recovery (Hoefner & Evans 1995; Rossen & Wang 1999; Namdar Zanganeh 2011).

Foam is one way to mitigate these problems by increasing areal sweep efficiency, reducing gravity
override and diverting flow from high permeability fractures into less permeable and poorly swept regions
(Kovscek & Bertin 2002; Nguyen et al. 2005; Falls et al. 1988; Patzek 1996). Foam has the unique ability
to reduce gas mobility more in the high permeable regions which are preferred flow path (Farajzadeh et
al. 2015). That is, the high-permeability regions can become low-mobility regions once they have been
invaded by foam. The resulting improvement in mobility control is due the increase in flow resistance and
viscous pressure drop during foam EOR.

Foam is defined as a dispersion of gas in liquid with gas bubbles separated by a thin liquid called
lamella. Foam forms as gas passes sharp permeability boundaries (Ransohoff & Radke 1988) by three
main methods: snap off, leave behind and lamella division (Kovscek & Radke 1994). There are a number
of factors which control foam stability and destruction in the reservoir such as critical surfactant
concentration, critical water saturation and oil saturation. Foam can be categorized into two main regimes
that have distinct differences (Alvarez et al. 2001). High quality foam comprises foam that is produced
with a high gas to liquid ratio. Behaviour of this regime is mainly controlled by the critical capillary
pressure and water saturation. Low quality foam, on the other hand, is controlled by the flow rate of gas
(Falls et al. 1988; Rossen & Wang 1999). Foam quality is difficult to determine at reservoir conditions
since gas and surfactant solutions are injected separately in the reservoir and their mixing ratios will differ
from a place to another. Predicting mixing in heterogeneous reservoirs such as (fractured) carbonate
reservoirs is particularly challenging.

Foam behavior in fractured carbonate was experimentally studied by Haugen et al. (2012) and Fernø
et al. (2014) who showed that recovery factors of around 80% can be achieved. They injected foam into
artificially fractured rock samples and examined its behavior to test if foam is a viable EOR agent for
fractured carbonates. Different injections methods (i.e. pre-formed foam, co-injection and SAG) were
tested on carbonate fractured core and on fractured marble block.

Foam has successfully been used for EOR in many field trials (Patzek 1996; Blaker et al. 2002; Turta
& Singhal 2002; Mukherjee et al. 2015). Despite the numerous field trials, foam behavior in fractured
carbonate reservoirs is still poorly understood. In order to test different foam injection scenarios for
carbonate reservoirs, a predictive simulation model is required. The model can be used to optimize foam
EOR at the field or inter well scale. To describe foam behavior and transport in porous media, local
equilibrium model (e.g. empirical model) and fully mechanistic (e.g. Lamella density model) are used. As
mentioned before, mixing is difficult to predict in a heterogeneous reservoir. Furthermore, carbonate
reservoirs are mixed to oil wet, i.e. oil is kept in the small pores due to capillary forces, so the ability of
foam to divert flow from high permeable to low permeable layers makes it an attractive EOR method for
carbonate reservoirs.
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The aims of this paper are two-fold. First, we tune two foam models available in the commercial CMG
STARS simulator to the experimental data of Haugen et al. (2012) and Fernø et al. (2014) to capture the
foam displacement mechanisms observed in fractured carbonate samples in a reservoir simulation model.
We then use the tuned foam models to simulate foam displacement at the interwell scale in a heteroge-
neous carbonate formation to understand how large-scale heterogeneity could impact the foam displace-
ment mechanisms.

Foam experiments
We used the experimental data of Haugen et al. (2012) and Fernø et al. (2014). Two main experiments
were considered in this study: pre-formed foam injected into a fractured carbonate core and in-situ
generation of foam in a fractured marble block. We discuss both experiments in the following section. Key
experimental parameters are shown in table 1.

Pre-formed foam
A 3 inch long core sample was obtained from Edward limestone and used in the experiment. The core was
cut in half using circular saw, which induced a smooth fracture that runs along the length of the core in
the centre. The fracture permeability is 100 times higher than the matrix. The core was fully saturated with
oil. Alpha Olefin Sulfonate (AOS) solution was used to generate the foam. AOS was chosen since it
produces the most stable foam in the presence of oil. High quality foam was generated by injecting
nitrogen gas with surfactant solution at ratio of 0.9 to 0.92 into a Bentheimer sandstone core prior to
injecting the foam into the fractured carbonate core. The experiment started by injecting 0.2 PV of gas in
the core, displacing only oil from the fracture as flow was mainly in the fracture. Pre-formed foam was
then injected, blocking the fracture and diverting flow to the matrix. This foam injection led to an increase
in oil recovery from 4% to 80%.

In-situ generated foam
A 1 foot long fractured marble block was used in the second experiment. Fractures were induced by hitting
the marble block with a ball hammer, which produced a complex fracture network with different apertures
and lengths. Marble is a very tight rock, so all flow was assumed to occur in the fracture. The block was
fully saturated with surfactant solution and foam was generated in-situ by injecting gas and surfactant
solution in separate slugs. Various experiments, including surfactant alternating gas (SAG) injection,
co-injection of gas and surfactant, and water alternating gas (WAG) injection were conducted on the
fractured marble block. Foam quality was varied by changing the gas fraction (gas to surfactant solution
ratio) between 0.6 to 1 while considering different injection rates (1 to 8 cm3/min). Foam generation in
the fracture networks was investigated both during co-injection of gas and surfactant and SAG. The gas
mobility factor was observed to vary in the different experiments and significant sweep improvement was
apparent. In this study we considered a SAG experiment where gas and surfactant solution were injected
at 1 cm3/min in alternating slugs. On average, foam was observed to cause a pressure gradient of around
0.05 psi/ft. Foam was also observed in the outlet.

Table 1—Different properties of fractured core and marble block samples used in the foam experiments (Haugen et al. 20121; Fernø
et al. 20142)

Property
Sample

Length
(cm)

Width
(cm)

Matrix
k (mD)

Fracture
k (mD)

Flow rate
(ml/hr) Surfactant Experiment

Carbonate Core 7.07 4.8 (diameter) 6.4 854 30 3% AOS Core 21

Marble block 30.48 7 0 170x103 60 0.5wt% CS-230 in 3.5wt%
NaCl brine

Marble block A2
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Foam models
In order to model foam at the laboratory and interwell scale, a simulation model capable of modelling
foam generation and decay is needed. We hence used the experimental data to match and tune the foam
models in our simulation models. Different foam models have been developed in the last three decades.
These models attempt to capture the physical properties of foam and its effects on gas flow in the
reservoir. Several studies have shown that foam does not directly affect water relative permeability or
water viscosity, whereas it can greatly reduce gas mobility (Bernard & Holm 1964; Bernard & Jacobs
1965; Vries & Wit 1990). The reduction in gas mobility is captured in these models by either altering the
gas relative permeability or by varying the effective gas viscosity (Falls et al. 1988; Islam & Ali. 1988;
Kovscek et al. 1995; Zhou & Rossen 1995; Kovscek et al. 2010; Skoreyko et al. 2012; Ma et al. 2015).
In general, foam models can be categorized by two types: mechanistic population-balance foam models
and local-equilibrium models. In this study we used the CMG STARS simulator to simulate foam
injection in the two aforementioned experiments. STARS contains both model types, i.e. a population
balance model (Lamella density model) and local-equilibrium model (empirical model). They are
explained in the following.

Lamella Density model
The mechanistic Lamella density model simulates mobility reduction and accounts for foam creation and
decay within the reservoir while also considering foam texture. In this model, foam is neither a new phase
nor an aqueous phase; instead, it is considered to be a mixture of both. The Lamella density model
represents foam as a separate component in either in the gas or the liquid phase. Lamellae have a high
viscosity to account for the reduction in gas mobility. Therefore, the concentration of Lamella will
determine the foam flow properties and mobility reduction. A series of equations are used to represent the
creation and decay of foam as a function of the different factors that control these processes. Since
pre-formed foam was used in this simulation, a model equation that quantifies foam generation is not
required. Two reaction models (CMG, 2014) are used to describe Lamella coalescence

(eq.1)

as well as the acceleration of foam decay in the presence of oil.

(eq.2)

The reaction frequencies of these equations are later adjusted to match the simulation model to the
relevant experimental data, i.e. when simulating the injection of pre-generated foam into the fractured
carbonate core.

Empirical model
The empirical model in STARS does not directly link foam texture to gas mobility. Instead it uses a
rescaling factor to reduce gas relative permeability in the presence of foam. The model interpolates
between gas relative permeability curves in the presence or absence of foam. Foam behaviour is dependent
on water and surfactant concentration, capillary pressure and several other factors that affect the stability
of the foam. These effects are represented by a dimensionless mobility reduction factor (FM) given by

(eq.3)

with

(eq.4)
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The factor FMMOB represents the foam mobility reduction factor when all conditions of foam existing
are favorable. This parameter is determined experimentally and it represents the strength of the foam
created. The factor is multiplied by different rescaling factors, F1 to F6, that represent the effect of the
surfactant concentration (F1), oil saturation (F2), shear-thinning (F3), limited capillary pressure (F4), oil
components (F5), and salt concentration (F6) on foam stability. Furthermore, the dryout factor (FDRY)
rescales the basic foam interpolation over a limited saturation range. FDRY is a function of surfactant
concentration, oil saturation, capillary number, and brine salinity. The application of the foam dryout
option is to rescale the relative permeability of foam back to the gas relative permeability over the
saturation range. The factor SF is a dryout factor which varies between SF � 1 (no foam) and SF � 0
(no dryout). SFBET is the reference dryout slope and can be used to control of the abruptness of the dryout
function. The details of foam models are described in the CMG STARS user manual (CMG, 2014). We
used the empirical model when matching the relevant experimental data, i.e. when simulating SAG
injection into the fractured marble block.

Matching experimental data to numerical models
As mentioned above, we tuned the parameters for the two foam models in STARS using the respective
experimental data. A simulation model containing 812 grid cells (28 x 1 x 29 cells) was constructed to
represent the fractured core (Figure 1b) Straight line relative permeability curves were used for the
fracture and relative permeability and capillary pressure curves for a chalk sample were used for the
matrix. The initial water saturation was set to 0.24. The controlling parameters, such as reaction rates for
foam coalescence and collapse in presence of oil, the viscosity of foaming components or surfactant
adsorption were adjusted to match the experimental results using Equations 1 and 2 given above. Foam
decay was not available in the experimental data and hence a major unknown parameter. Foam decay in
presence of oil also had a significant impact on foam stability so, hence we tested two different reaction
frequency in Equation2: In the first scenario, foam did not decay (freq�0) while in the second scenario
foam was considered to be less stable with a reaction frequency of 0.005 gmole/cm3/day. We used the
reported oil production data as the objective function when matching the unknown foam parameters.
Figure 2 shows a comparison between observed and simulated recovery, indicating an excellent agreement
between both.

Figure 1—Schematic representation of the fractured core sample used in the pre-formed foam experiment showing the fracture running
along the length of the core (A), the simulation model of fractured core (B), photograph of the fractured marble block used in the in-situ
generated foam experiment (C) and the simulation model showing the grid representing the fracture network and impermeable matrix
(D).
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A 2D simulation model of the marble fractured block was created in STARS (Figure 1d). The model
comprised 10000 grid cells in total (200 x 50 x 1 cells). Results from a WAG experiment were first used
to tune key properties of the marble block, namely fracture aperture and fracture permeability. Straight
line relative permeability curves were used for the fracture network. As the matrix was considered
impermeable, porosity and permeability were set to zero. The model was initially fully saturated with
surfactant solution. The fitting method of Rossen & Boeije (2013) was then used to match the empirical
foam model to the experimental data. Pressure gradients at different foam qualities was used in the
process. The matching procedure is straight forward. Four main foam parameters were further manually
matched while CMG’s CMOST history matching and optimization engine was used to determine the
remaining variables. Figure 2b shows a comparison between simulated and experimental data. The
agreement between simulated and observed pressure gradients is adequate and differences between both
curves are probably due to small slugs of foam travelling through the outlet. Results of the key parameters
matched for both experiments are shown in table 2.

Reservoir model
A sector-scale simulation model of a fractured carbonate ramp that is an analogue to the Arab D formation
in Qatar was used in this study to simulate foam injection at field and interwell scale using foam
parameters tuned to experimental data. The model was built based on reservoir architectures observed in

Figure 2—Comparison of experimental data and simulation results when injecting pre-formed foam in a fracture carbonate core (A) and
in-situ generation of foam in a fractured marble block (B).

Table 2—Key matched parameters for the pre-formed foam and in-situ generated foam experiments.

Key foam model parameters

Pre-formed foam in fractured carbonate core (Lamella density model) Frequency reaction 1 (gmole/cm3·day) 0.005

Frequency reaction 2 (gmole/cm3·day) 1500

Surfactant adsorption (gmole/cm3) 4.0E-7

In-situ generated foam in fractured marble block (Mechanistic model) FMMOP 965

Fmdry or Sw* 0.051

epcap -0.009

Remaining parameters CMOST
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an outcrop of a middle Jurassic carbonate ramp in the high Atlas Mountains in Morocco (Christ et al.
2012; Amour et al. 2012). Petrophysical data for the simulation model were obtained from real fields. The
original geomodel comprised 6 million cells and preserved the main lithological features of the carbonate
reservoirs. The model was then upscaled and used for the numerical simulations.

Fracture permeability and porosity were generated using a DFN model that was subsequently upscaled
for use in a dual porosity – dual permeability model (Agada et al. 2015). In this study we consider three
different fracture models with fracture intensities of 0.05, 0.1 and 0.2 m2/m3 (Figure 3). A quarter 5 spot
well pattern was used and well pressures were set to obtain a pressure gradient of approximately 2 psi/ft.
across the reservoir. The injectors and producers were set to operate at targeted minimum and maximum
bottom-hole pressures of 6000 psi and 2300 psi respectively. The performance of SAG, WAG, and gas
injection (all in primary mode, i.e. without prior water injection) was compared.

Although our aim was to test the impact of large-scale reservoir heterogeneities, most notably fracture
properties, on foam displacement compared to other EOR strategies, we also created a 2D cross section
of the Amellago model to analyse the performance of pre-formed foam compared to gas injection,
considering different decay rates for the pre-formed foam. Similarly to the experimental setup, gas was
injected first in this simulation at 2800 scf for the first 500 days, followed by the injection of pre-formed
high quality foam. Key model properties for the 2D and 3D simulation models are listed in table 3.

Figure 3—Matrix permeability of the reservoir model, which is an analogue for the Arab D formation (A) and a 2D cross section of the
model (B). The red line in (A) shows the location of the cross-section in (B).

Figure 4—Fracture permeability for the different DFN models with average fracture intensity of 0.2 (A), 0.1 (B) and 0.05 (C) m2/m3.
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Results
In the following, we discuss the key results for the 2D and 3D simulation studies, comparing and
contrasting the performance of WAG, SAG, and gas injection.

Impact of injection fluids (2D simulations)
The oil saturations in the 2D cross section clearly indicate that foam reduces the gas mobility and
improves sweep efficiency compared to gas injection (Figure 5). Gas flows easily through the high
permeability streaks, leading to early breakthrough, poor sweep and low final recovery. Little gravity
segregation is apparent. In contrast, foam blocks the high permeability streaks and creates a pressure drop
between high- and low-permeability layers that is large enough to divert flow to the low permeability
layers that are hardly swept during gas injection. Foam injection increases the areal sweep efficiency and
decreases gravity override caused by gas injection. Overall, a 12% increase in recovery is observed. Foam
injection also delays gas break through (Figure 6). These results are for moderately stable foam that
decays at a rate of 0.005 gmole/cm3/day. If foam is assumed to be stable, the recovery factor increases by
a further 15% OOIP. This indicates that even small changes in foam model parameters can be significant
at the interwell scale, possibly as important or even more important than the impact of reservoir
heterogeneity.

Table 3—Summary the key properties of the reservoir simulation models used in this study.

Parameter 2 D cross section

3 D model

Realization 1 Realization 2 Realization 3

Grid dimension 34x1x36 34x35x36 34x35x36 34x35x36

Initial reservoir pressure (psi) 3000 3000 3000 3000

Fracture intensity (m2/m3) - 0.05 0.1 0.2

Average fracture permeability (mD) - 455 935 1900

Average matrix permeability (mD) 84 84 84 84

Figure 5—Oil saturation in the 2D cross section showing gas channelling in the high permeability streaks during gas injection(A) and
pre-formed foam injection (B). Note how foam injection diverts flow and causes a more sweep (B).
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Impact of injection strategy on oil recovery (3D simulations)
Pre-formed foam yields high recovery in core and inter-well scale. Injecting a high viscous fluid such
as pre-formed foam is difficult and energy consuming and likely leads to loss of injectivity. High
injection rates may also cause the reservoir pressure to exceed the fracture pressure. SAG may
overcome these challenges as foam is generated in-situ away from the well if sufficient mixing of gas
and surfactants can be achieved in the reservoir. We observed that SAG outperformed both WAG and
gas injection in terms of oil recovery (Figure 7). Oil recovery was increased by 8% during SAG
compared to WAG and by 24% during SAG compared to gas injection. Again, we observe that foam
blocks the high permeability fractures and increases recovery from the rock matrix during SAG
compared to gas injection (Figure 8).

Figure 6—Oil recovery and gas production rates for the 2D simulations comparing pre-formed foam injection at different decay rates
and gas injection.

Figure 7—Oil recovery factor comparison between three different injection strategies applied in the heterogeneous reservoir model.

SPE-177600-MS 9



Impact of geological heterogeneity on efficiency of foam injection (3D simulations)
Fracture density is a key uncertainty when characterising naturally fractured reservoirs. We hence analysed
how simulation models that consider different fracture densities impact the efficiency of foam injection and oil
recovery (Figure 9). Surprisingly, although fracture permeabilities depend greatly on fracture intensity (Figure
4), there the impact on oil recovery is minute. However, this result changes significantly if the foam stability
is increased: The effect of fracture properties are more pronounced if foam becomes more stable. The results
clearly show that uncertainties in foam parameters can be significant even at the interwell scale and, moreover,
can impact how geological uncertainty controls recovery efficiency.

Discussion
Our simulation results show that while reservoir heterogeneity impacts the efficiency of foam injection and oil
recovery, the properties of foam also impact recovery factors, possibly at the same scale or even more
significantly than reservoir heterogeneity. All foam experiments used in this study were carried out at ambient
pressure and temperature. Gas is a vital component in foam and its compressibility and viscosity change as a
function of pressure and temperature. Hence the experimental data that we used to tune the mechanistic and Lamella
density foam models may have led to a more stable foam and hence an overestimation of recovery factors.

It is well known, and our results show this too, that the presence of oil affects foam stability and may
cause complete breakdown of foam, which would greatly reduce recovery factors. Hence surfactants must
be chosen to produce more stable foam at the given oil and reservoir conditions. However, carbonate

Figure 8—Oil saturation distribution in the 3D reservoir model during gas injection (A), WAG (B) and SAG (C). Note how foam injection
reduces channelling of gas and improves the overall sweep.

Figure 9—Oil recovery during SAG injection at three different fracture intensities (Figure 4) considering foam that decays in the
presence of oil (A) and foam that is stable in the presence of oil (B).
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reservoirs are often mixed-to oil-wet, which means that the oil saturation in the less permeable rock matrix
is high. Such high oil saturations could accelerate foam decay, even if foam is injected in tertiary mode
after a preceding water or gas injection.

Conclusion
We performed numerical simulations of foam injections in 2D and 3D high-resolution carbonate reservoir
models where the foam models have been tuned to experimental data. Both, experiments and simulations show
that foam can be used as blocking agent in fractured carbonate rocks, that is foam EOR blocks high
permeability streaks and diverts flow to less swept layers. This increases the overall sweep efficiency and
recovery factor. An increase of recovery factor of 24 and 8% compared to gas and WAG injection, respectively,
was observed.

Foam models contain several parameters that control foam stability and decay. Tuning the parameters in
foam models using experimental data is important for making reliable predictions at the interwell and field
scale. While geological heterogeneity impacts the efficiency of foam injection and hence recovery factors, our
simulations show that this impact may be smaller than the impact of the foam models and its parameters.
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