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Summary 

In this PhD study, we focus on the use of pressure and resistivity measurements to 

monitor the effectiveness of foam as a CO2 mobility control agent in oil-producing 

reservoirs. When it is applied optimally, foam has excellent potential to improve 

reservoir sweep efficiency, as well as CO2 utilization and storage, during CO2 

Enhanced Oil Recovery (EOR) processes. In this study, we present an integrated and 

novel workflow involving laboratory measurements, reservoir modeling and reservoir 

monitoring. Using the recorded bottom-hole pressure data from a CO2 foam pilot study, 

we demonstrate how transient pressures could be used to monitor CO2 foam 

development inside the reservoir. Results from a CO2 foam pilot trial in a 

heterogeneous carbonate field in Permian Basin, USA are presented. We demonstrate 

how the injection pressure could be used to evaluate the development of foam during 

various foam injection cycles. For this purpose, we utilized a high-resolution radial 

simulator to study the effect of foam on well injectivity, as well as on CO2 mobility in 

the reservoir during this surfactant-alternating gas (SAG) process.  

Our analysis of the injection data indicates constant temperature behavior during all 

SAG cycles. On the other hand, differential pressures consistently increased during the 

surfactant injection and decreased during the subsequent CO2 injection periods. 

Pressure buildup during the periods of surfactant injection indicated the development 

of a reduced mobility zone in the reservoir. The radial model proved to be useful to 

assess the reservoir foam strength during this pilot study. Transient analysis revealed 

that the differential pressures during the SAG cycles were higher than the pressures 

observed during the water-alternating gas (WAG) cycle which, in turn, showed foam 

generation and reduced CO2 mobility in the reservoir. Our results show that in this 

pilot, the reservoir foam strength was most likely weaker than that expected in the 

laboratory. 

In this PhD study, we also examine the inter-dependency between various foam 

parameters. To study this uniqueness problem, we utilize published experimental data 

from a nano-particle foam study.  We show that the pressure measurements during 



 7 

steady-state foam flow will give rise to an ill-posed parameter estimation problem, and, 

for most reservoir applications, pressure measurements alone will not adequately 

describe the transient foam effects. 

In this work, we  propose the use of combined resistivity and pressure measurements 

for foam monitoring. We present 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.   

Our results show that transient pressure measurement could be used to gauge the 

overall foam strength in reservoir applications . However, additional measurements 

may be needed to describe the complex physics of in situ foam generation.  Therefore, 

we propose the use of combined pressure and resistivity measurements in time-lapse 

mode in field applications of the (CO2) foam processes. The proposed methods are 

novel as they could be employed to predict under-performing CO2-foam floods and 

improve oil recovery and CO2 storage.  

In summary, this work shows that pressure data are a strong indicator of CO2 foam 

development and, through combined pressure and resistivity measurements; it is 

possible to gather critical reservoir information to assess the effectiveness of the CO2 

foam displacements.  These findings have been also corroborated through laboratory 

studies. Our work also shows that, through relatively simple foam transport models 

(either population based or implicit or local equilibrium approaches) it will be possible 

to quantify these resistivity changes.   

This thesis is based upon eight scientific papers presenting various components for the 

CO2 foam monitoring. These involves theoretical investigations using mathematical 

models, experimental studies in core samples as well as a field research project 

demonstrating the utility of various monitoring techniques during the CO2 foam 

mobility applications in heterogeneous systems,  
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Papers 1 and 7 present the analysis of transient pressure measurements from the CO2 

foam pilot in Texas, USA. Bottom Hole Pressure (BHP) and temperature data from the 

downhole pressure gauge (DHPG) was used to evaluate the pilot response during 

surfactant and CO2 injection. The analysis was conducted by examining the differential 

pressure (dP) and differential temperature (dT) through time for the Surfactant-

Alternating-Gas (SAG) and Water-Alternating-Gas (WAG) injection cycles. A high-

resolution, two-dimensional radial numerical model was used to history match the 

measured transient pressure data. The simulation model included the porosity and 

permeability distribution from a validated sector-scale model of the pilot pattern and 

surrounding producers.  The radial flow model was used to examine the impact of foam 

on injectivity and mobility reduction when switching between surfactant solution and 

CO2 injection processes. 

Transient analysis showed that the temperature responses were quite similar during 

most SAG cycles. On the other hand, differential pressures consistently increased 

during periods of surfactant injection and decreased during the subsequent CO2 

injection periods. The pressure increase (buildup) during surfactant injection was due 

to a decrease in mobility, showing development of a mobility bank in the reservoir. 

The analysis was also extended to the Pressure Fall-Off tests when the injection well 

was shut-in for extended periods. These analyses strongly suggest a foam development 

in the reservoir conditions.  However, the foam strength (or stability) was less than 

expected from lab works. 

Papers 2 and 5 present a combined pressure and resistivity monitoring method during 

reservoir flooding using CO2 foam. In this paper, a theoretical framework is described 

to estimate the expected resistivity changes during CO2-Foam displacements. With this 

objective, a procedure is provided to estimate the resistivity for CO2-Foam systems and 

then these effects are quantified using both Population Based (PBE) and Local 

Equilibrium foam models. In this paper, we present, by using analytical solutions based 

on the fractional flow theory, the corresponding resistivity and mobility distributions 

for both ideal and non-ideal reservoir displacement scenarios.  Additionally, we present 

the inter-dependency between various foam parameters if only pressure measurements 



 9 

are utilized.  In this paper, we also propose combination of Pressure and Resistivity 

measurements in time-lapse mode as a rigorous monitoring method for monitoring the 

(CO2) Foam processes. The proposed method is novel as it could be employed to 

predict under-performing CO2-Foam floods as well as improve oil recovery and CO2 

storage. 

Paper 3 presents an experimental investigation of CO2 foam development during 

alternating injection of surfactant solution and CO2 at reservoir conditions. The 

experimental work captured unsteady-state CO2 foam generation during SAG injection 

and shed light onto field-scale CO2 foam flow processes. Using foam models, apparent 

viscosity was calculated for each surfactant-alternating-gas (SAG) injection cycle.  All 

experimentally derived foam models indicated reduced CO2 mobility and the foam 

propagation into the core based upon the increasing pressure build-up for each SAG 

cycle |Furthermore, these results showed increased flow resistance compared to an 

identical water-alternating-gas (WAG) injection process, without surfactant. This 

experimental work confirmed our findings from the CO2 foam pilot in Texas that foam 

generation is a transient process and that foam propagates into the reservoir during each 

SAG injection cycle. 

Paper 4 presents a monitoring technique to track quality of the foam while core-

flooding. This monitoring is used to capture the onset of foam formation, development, 

and foam breakthrough across the length of core-plugs.  This method complements the 

conventional method of measuring pressure response across the core and allows 

tracking of the foam generation and propagation. During this study, various brine 

formulations were alternatively injected with the non-ionic surfactant, co-injected with 

gas, to generate foam in-situ in carbonate reservoir samples. In addition, a new idea 

involving resistivity and pressure measurements for the optimization of CO2 foam 

injection process is discussed. 

Paper 6 describes the design and monitoring program from a CO2 foam pilot in East 

Seminole Field, Permian Basin, USA. In this field a tertiary miscible CO2 injection has 

been implemented and the results indicated poor areal sweep efficiency due to reservoir 
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heterogeneity and an unfavorable mobility ratio between CO2 and reservoir fluids. 

With this objective, a surfactant-stabilized foam was selected for mobility control.  The 

foam system was designed using reservoir cores form this field. This was done to 

ensure the success of foam generation and strength during this field experiment. A field 

injection unit was constructed to meet the requirements of surfactant delivery, mixing, 

and storing. The injected fluids were routinely analyzed to validate the foam 

formulation consistency during this field experiment. The reservoir monitoring 

program included downhole pressure and temperature measurements, injection profiles 

and tracer tests. Produced fluids were also collected and analyzed to determine 

surfactant breakthrough in producing wells in the area.  

Paper 8 presents the complete field results and analysis from the implementation of 

CO2 foam mobility control in a CO2 foam pilot that was conducted in a heterogeneous 

carbonate reservoir in East Seminole Field, Permian Basin USA. The effectiveness of 

foam in improving overall recovery was determined by comparing the production 

response before and after surfactant injection. The production analysis shows the 

effectiveness of foam in improving the overall oil recovery in this pilot.  
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1. Introduction and Theory 

In this chapter a theoretical background on CO2 foam injection as well as the 

motivations for this work are presented. Later in the thesis, we present the field pilot 

research program with a discussion on laboratory and reservoir measurements. 

1.1 Foam in Porous Media 

Foam in porous media refers to the phenomenon where a stable foam, consisting of gas 

bubbles dispersed in a liquid, flows through a porous media such as sandstone and 

carbonate rocks (Rossen and Gauglitz 2000).  In Enhanced Oil Recovery (EOR) 

operations, foam can be used to improve the sweep efficiency of injected fluids, 

diverting them from high-permeability zones to low-permeability ones. This diversion 

helps to increase oil recovery and minimize channeling effects (Kuuskraa et al. 2006 

and Enick et al. 2012). Foam is also employed in soil and groundwater remediation 

processes to control the migration of contaminants. By reducing the mobility of 

contaminated fluids, foam helps to enhance the retention and immobilization of 

pollutants, facilitating their removal. Recently, foam has been proposed for subsurface 

storage of carbon dioxide (CO2) in carbon capture and storage (CCS) applications.  

Foam can act as a trapping mechanism, immobilizing the injected gas and reducing the 

risk of leakage. Overall, foam in porous media offers a range of benefits in terms of 

stability, flow resistance, and mobility control. Its unique characteristics make it a 

valuable tool in various industries where precise control of fluid flow through porous 

media is essential. The behavior of foam in porous media is influenced by factors such 

as the liquid-to-gas ratio, bubble size distribution, liquid properties, porous medium 

characteristics, and flow conditions (Kim et al., 2005). Understanding the dynamics of 

foam flow in porous media is essential for optimizing these processes and improving 

our knowledge. 

Foam can alter the flow characteristics in porous media by reducing the effective 

permeability (or mobility) of the porous media, affecting fluid flow and transport 

processes. Foam also increases the viscosity of the liquid phase, which further 
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influences flow behavior. Foam can also exhibit non-Newtonian behavior, which 

means that its viscosity could change with the applied shear rate, leading to non-linear 

flow patterns. 

The stability of foam in porous media is essential for successful industrial applications 

(Valincius et al. 2007). In this context, foam stability refers to the ability of the foam 

to maintain its structure and functionality over extended period. Foam stability depends 

on the properties of the liquid and gas phases, gas phase, and the porous medium itself. 

Foam is generally stabilized by adding surfactants, which reduce the surface tension 

between the gas and liquid phases, preventing bubble coalescence and collapse. The 

presence of surfactants could also alter the wetting properties of the porous medium 

and could affect the foam flow. 

The study of foam in porous media involves a combination of experimental techniques 

(Lai and Radke 1991), theoretical models (Gauglitz and Radke 1990, Kam et al. 2004), 

and numerical simulations (Rossen and Gauglitz 2000). Mathematical models and 

numerical simulations have been developed to predict and understand foam flow 

dynamics and to optimize foam-based processes (Ma et al. 2015). 

Overall, the study of foam in porous media is a multidisciplinary effort and combines 

various disciplines such as physics, fluid mechanics and reservoir engineering. 

Understanding the behavior of foam in porous media is crucial for optimizing oil 

recovery and CO2 storage, developing efficient oil recovery techniques, and addressing 

environmental challenges. 

1.2 Foam Considerations 

Foam flow in porous media can exhibit different flow regimes depending on foam 

quality (gas fraction in the foam), pressure gradient, and the characteristics of the 

porous medium such as permeability and wettability. Capillary forces could also play 

a significant role in foam flow in porous media. The presence of small capillary 

channels in the porous medium can lead to preferential trapping and immobilization of 

gas bubbles, affecting the foam flow patterns and the overall transport of fluids through 

the porous medium. Foam flow in porous media may exhibit hysteresis, which means 
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that its flow characteristics could depend on the previous history of the foam flow. This 

hysteresis effect is attributed to the trapping and mobilization of gas bubbles within the 

pore spaces, leading to variations in the foam behavior during flow reversal or changes 

in flow conditions. 

Foam in porous media utilizes different displacement mechanisms to mobilize and 

displace fluids. These mechanisms include snap-off, where gas bubbles break off from 

the main foam body and enter new flow paths, and film flow, where thin liquid films 

bridge adjacent gas bubbles and aid in fluid transport. 

Understanding foam flow at the pore-scale level is crucial for predicting and optimizing 

foam behavior in porous media. Pore-scale models simulate the interactions between 

individual gas bubbles, liquid films, and the solid surfaces of the porous medium, 

providing insights into foam dynamics and the underlying physics. Pressure drop 

across the porous medium during foam flow is commonly measured to assess the 

resistance to flow. Researchers analyze foam behavior and determine key parameters 

such as apparent viscosity and gas mobility by monitoring the pressure drop as a 

function of gas and liquid flow rates. 

Various visualization methods, including X-ray computed tomography (CT) and 

optical microscopy, are employed to observe the foam structure, and understand the 

foam propagation dynamics in porous media. These techniques provide insights into 

foam distribution, bubble size distribution, and foam stability. Capillary pressure 

curves are used to analyze the foam displacement behavior in porous media. By 

measuring the pressure drop across the porous medium at different liquid saturations, 

researchers can determine the capillary pressure relationship and understand the foam 

imbibition and drainage processes. 

1.3 Foam Types 

Foam in porous media is typically generated by injecting a gas and surfactant solution 

into the porous medium. The gas bubbles become trapped in the pore spaces, forming 

a foam structure. The stability of foam in porous media is influenced by factors such 
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as surfactant concentration, brine salinity, temperature, and the rock characteristics 

(Rossen and Gauglitz, 2000).  

There are basically three types of foam in porous media (Kam et al. 2004): 

a. Strong Foam 

b. Coarse of Weak Foam 

c. Intermediate Foam 

Strong foam in porous media exhibits sustained stability and enhanced flow resistance 

when flowing through a porous medium. Strong foam maintains its structure and 

stability even under high pressure gradients or shear forces. It resists coarsening and 

drainage, which are typical challenges for industrial foam applications. The formation 

of strong foam in porous media involves the injection of a gas phase (CO2, air, or 

nitrogen) mixed with a surfactant solution into the porous medium. The surfactant 

reduces the interfacial tension between gas and liquid phases, allowing the formation 

of stable foam lamellae. The surfactant solution is typically injected into the porous 

medium first, followed by the gas phase. The gas flows through the surfactant solution, 

generating bubbles and creating a foam structure. As the foam propagates through the 

porous medium, it undergoes complex interactions with the pore surfaces and the 

resident fluids. 

Coarse or weak foam in porous media refers to a type of foam structure that exhibits 

larger bubble size and lower stability compared to strong foam. The foam bubbles in 

coarse foam are larger in size compared to strong foam. This is often attributed to the 

limited availability of surfactant molecules or the presence of high capillary pressures 

within the porous medium, which hinder the formation of smaller bubbles. Coarse foam 

has lower stability and is more prone to coalescence and bubble rearrangement 

compared to strong foam. The larger bubbles have a higher tendency to merge, leading 

to a decrease in the overall foam stability. This can result in faster drainage and 

destabilization of the foam structure. Weak foam exhibits higher mobility compared to 
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strong foam. The larger bubble size and reduced foam stability allow for easier flow 

through the porous medium, resulting in lower flow resistance. 

Insufficient surfactant concentration in the foam formulation can lead to the formation 

of coarse foam. The limited availability of surfactant molecules results in weaker 

interfacial forces, larger bubble size, and reduced foam stability. The size and 

distribution of pore spaces in the porous medium can also affect foam formation. If the 

pore throats are relatively large, the bubbles formed may be inherently larger, leading 

to the development of coarse foam. Finally, high capillary pressures within the porous 

medium could also promote the coalescence of foam bubbles and result in the 

formation of weak foam. The larger bubble size and less than desired mobility of weak 

foam can result in reduced sweep efficiency during enhanced oil recovery operations. 

The foam may bypass significant portions of the reservoir, leading to decreased oil 

recovery.  Therefore, weak foam may have limited effectiveness as a mobility control 

agent in certain applications.  

It is important to consider the specific characteristics and implications of  weak foam 

in porous media when designing and implementing foam-based processes or 

technologies. The understanding of foam behavior can help optimize foam 

formulations and operating conditions to achieve the desired outcome in reservoir 

applications. 

Intermediate foam in porous media refers to a foam structures that exhibits flow 

characteristics between strong foam and weak foam. The bubble size in intermediate 

foam falls between that of fine, strong foam and coarse, weak foam. These bubbles are 

larger than those in strong foam but smaller than those in weak foam. The moderate 

bubble size contributes to a balance between foam stability and mobility. Intermediate 

foam in general exhibits a moderate level of stability compared to strong and weak 

foam. It resists coarsening and drainage to a certain extent but is more susceptible to 

bubble rearrangement and coalescence compared to strong foam. 
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1.4 Foam for Mobility Control 

As part of Carbon Capture, Utilization, and Storage (CCUS) processes, CO2 together 

with mobility control foam could be injected into existing oil reservoirs to improve 

sweep efficiency (oil recovery) and CO2 storage. When compared to conventional CO2 

injection processes, these benefits could provide the necessary financial means for the 

industry while working towards achieving global CO2 storage targets to mitigate the 

climate change. 

Due to its ability to enhance hydrocarbon recovery beyond levels possible with primary 

and secondary recovery methods, Carbon Dioxide (CO2) injection has been identified 

as one of the most promising Enhanced Oil Recovery (EOR) methods worldwide.   

While high oil recoveries are theoretically and scientifically possible, the actual 

performance of CO2-EOR in real reservoir applications has been considerably less than 

that predicted in laboratory conditions.  

One of the main reasons for less-than-optimum performance is due to limited contact 

of the injected CO2 with the remaining or residual oil in the reservoir. The poor sweep 

efficiency is typically caused by the gravity override, viscous fingering and channeling 

of the less dense and higher mobility CO2 phase in heterogeneous reservoirs with 

contrasting permeabilities.  

The main CO2-EOR Challenges can be summarized as follows (Kuuskraa et al. 2006): 

� Low sweep efficiency under conditions of high (unfavorable) mobility ratios 

� Gravity override by the less dense CO2 phase 

� Viscous fingering of the CO2 through the reservoir’s oil 
� Channeling of the CO2 in highly heterogeneous reservoirs 

 

It is expected that some of these undesirable effects could be offset, in additional to 

traditional mechanical means, by injection of CO2 Foam (Talebian et al. 2014).    

Therefore, reservoir conformance is one of the main considerations for any successful 

CO2-EOR implementation. 
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CO2 foams have emerged as one of the most promising, cost-effective techniques to 

achieve increased oil recovery through improving the CO2 mobility ratio and sweep 

efficiency (Bernard et al. 1980; Ferno et al. 2016). The use of foam for mobility control 

was first proposed by Bond and Holbrook in 1958. CO2 foams are typically generated 

in-situ through the simultaneous injection of a water-soluble surfactant and CO2 (co-

injection) or alternating injection of surfactant solution and CO2 (SAG).  

1.5 CO2 Foam as Mobility Control Method 

CO2 Foam is a fluid, where CO2 phase is dispersed within a liquid phase as bubbles 

which are separated by thin films called lamellae.   Foams are thermodynamically 

unstable and require a minimum pressure gradient to form. They also collapse with 

time and lamellae plays an important role for stability.  Therefore, in wide range of 

applications surfactants are used to prevent coalescence of bubbles.  The foam texture 

and its properties are determined by the density of the lamellae.  Normally, the CO2 

mobility is larger than that of the foam and this can cause less-than-optimal 

displacement in porous media.  As shown in Fig. 1, in an ideal (or optimal) 

displacement, both foam and the miscible CO2 fronts should travel at the same speed.  

 

 

Figure 1. Optimal CO2-Foam Injection. In a non-ideal displacement, the CO2 front moves a head of 

the Foam front. In an ideal displacement, both CO2 and Foam phases travel at the same speed.  
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The mobility of foam depends on its texture: the finer the foam’s texture, the lower the 

CO2 mobility. Laboratory studies clearly show that foam strength is very important in 

achieving the desired reservoir displacement efficiency.  Additionally, solubility of 

surfactant in CO2 and Water phases as well as the adsorption of CO2 on the rock, play 

a crucial role in an optimal CO2-Foam displacement. At a given reservoir temperature, 

the partitioning of the CO2 soluble surfactants is dependent on pressure. This is strongly 

influenced by the attractiveness (CO2-philicity) of the selected surfactant for foam 

application.  Research indicates that various (cationic, nonionic and zwitterionic) 

surfactants are the main candidates for CO2 foams in EOR.   

 

Several studies have been conducted to examine the texture and stability of CO2 foams 

as a function of the surfactant structure and formulation. These variables include the 

water/CO2 ratio, surfactant concentration, water salinity, etc. Research shows that 

surfactant characteristics, along with foam strength, can be adjusted to ensure optimum 

foam displacement during CO2 EOR processes. However, surfactant-based foams 

break down in the formation due to the presence of oil and the adsorption of the 

surfactant to rock, and at high temperatures and salinities. Therefore, it is also 

important to maintain foam strength (or stability) during the entire injection period in 

field applications. Recent work suggests that the addition of silica nanoparticles to 

surfactant-stabilized CO2 foams may increase the strength and stability of foam 

systems (Rognmo et al. 2018).  

 

There are also several strategies to generate foam in porous media. These include the 

co-injection of gas (CO2)/surfactant or surfactant-alternating gas (CO2) injection (the 

SAG method). In the co-injection process, the gas (CO2) and the surfactant solution are 

simultaneously injected, and foam is formed in situ. In the SAG method, the surfactant 

and CO2 are injected in alternating slugs. In low-permeability reservoirs, SAG injection 

may be preferred due to increased gas injectivity. Additionally, with the use of the SAG 

method, the contact between CO2 and water is minimized, which may reduce corrosion 

in surface facilities and piping (Haroun et al. 2017). Laboratory studies using reservoir 
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cores are used to define the optimum recipe at a given reservoir pressure, temperature, 

and water salinity.  

1.6 Reservoir Workflow 

A key component of successful reservoir application of foam is the implementation of 

a well-defined reservoir workflow. In general terms, reservoir workflow in petroleum 

industry refers to the systematic and organized set of activities and processes 

undertaken to characterize, develop, produce, and monitor a hydrocarbon reservoir.  In 

the case of mobility control applications of foam, the reservoir workflow involves 

laboratory studies, reservoir modelling, pilot design, field implementation, ad finally, 

reservoir monitoring to verify the foam design and injection strategy. This process 

encompasses multiple disciplines such as fluid engineering, petrophysics, geology and 

reservoir engineering. The workflow provides a framework for integrating data, 

models, and expert knowledge to make informed decisions about each stage of the 

overall process. By integrating diverse data sources and disciplines, reservoir engineers 

can make informed choices about foam design, reservoir implementation strategies, 

production optimization, and reservoir surveillance. This helps identify and mitigate 

risks associated with reservoir implementation. By integrating data from different 

disciplines and incorporating uncertainty analysis, the workflow could improve the 

understanding of subsurface uncertainties and their impact on recovery forecasts, 

reducing the likelihood of costly surprises. By systematically capturing and analysing 

data, monitoring reservoir performance, and comparing it with predictions, valuable 

insights could be gained for future reservoir management projects, leading to iterative 

improvement. The figure below illustrates a sample of this optimization process.  
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Figure 2. Foam (and CO2-Foam) Optimization Process. Laboratory studies using reservoir cores are 

used to define the optimum recipe at a given the reservoir pressure, temperature, and water salinity. 

Based on reservoir monitoring results, the foam design and ⁄ or injection strategy could be adjusted 

(Yes Option).  If the results are satisfactory, the selected foam design and injection strategy is used 

for the full field (No Option).  

1.7 Reservoir Monitoring 

For field applications of foam, reservoir monitoring is essential to assess the foam 

development under reservoir conditions. While seismic, resistivity, electromagnetic 

and pressure measurements have been suggested in the oil industry, foam monitoring 

is typically carried out through bottom hole pressure measurements, injection logging 

and the use of fluid tracers. These measurements are, in turn, used to assess the 

effectiveness of foam as a mobility control method and, hence, provide a way in which 

to remedy any underperforming CO2 floods.  

 

1.7.1 Pressure Monitoring 

In the petroleum industry, transient pressure testing is typically used to investigate 

reservoir characteristics such as permeability, reservoir boundaries, etc., as well as the 

well performance such as productivity or injectivity, skin effects, etc. Fall-off testing 

is an effective method for monitoring water or foam injection. Typically, fall-off tests 

are conducted by ceasing the injection and analyzing the transient pressure to assess 

any mobility changes near the injector (Gargar et al. 2015). In such tests, bottom-hole 

pressures are recorded at the injection well, and the data are used to examine the 

reservoir mobility changes caused by the injection. Foam injection affects the mobility 

distribution in the reservoir; therefore, the location of the foam front can be monitored, 

in principle, by fall-off tests. These tests rely on single-point pressure measurements 
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and may lack the resolution required in layered formations. Based on previous 

comparable studies with CO2 injections, it has been suggested that crosswell pressure 

testing, in addition to seismic and electromagnetic data, could be deployed for CO2 

foam monitoring (Karakas and Aminzadeh 2018). In crosswell pressure testing, a series 

of pressure pulses is induced by shutting down the injector, and the pressure 

measurements are taken at the observation well. These measurements could be used to 

examine the inter-well reservoir connectivity. The main advantage of these tests is the 

larger investigation volume away from the injector. This test procedure is shown in the 

figure below: 

 

Figure 3. Crosswell Testing. For this testing method, an observer well between the injector and 

producer well is required to conduct a cross-well measurements.  

The cross-well testing procedure is as follows:  

� Pulses are generated by step changes in the injection rate (shutting the injector) 

� Pressure is monitored at the observer. 

� Travel time and amplitude of the pressure response recorded. 

 

1.7.2 Resistivity Monitoring 

Recently several reservoir technologies have been introduced for reservoir mapping 

and front tracking between wells. Time-Lapse Seismic and Electromagnetic (EM) 

measurements has been suggested and used to track the position of Water and CO2 

fronts in the reservoir between wells and the in some cases map the fluid saturation. 

It should be noted that, while seismic provide a detailed information about reservoir 

heterogeneities (structures), the fluid identification with time-lapse seismic is 

challenging in certain conditions such as supercritical CO2 injection in primary oil 
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applications (Altundas 2015, Nakamura 2015).  The fluid identification is enhanced 

using Electromagnetic (EM) and Resistivity (ERT) methods which provide stronger 

fluid signature (or distinguishability) when CO2 is injected into formations with saline 

water (Zhou et al. 2000). The resistivity is a very sensitive parameter to formation fluids 

and, when used in time-lapse mode, can be used to track saturation changes.   

 
Figure 4.  P-Wave and Resistivity Change vs CO2 Saturation (from Kim et al. 2010). These results 

show a flattening sensitivity of the compressional velocity (Vp) to the CO2 saturation. On the other 

hand, Resistivity increases monotonically with CO2 saturation. 

Kim et al. (2010) conducted several CO2 injection experiments using water saturated 

cores. They monitored both seismic velocity and electrical resistivity during these 

experiments. In this work, simultaneous measurements of Compressional Velocity 

(Vp) and Resistivity (Rt) were made during CO2 drainage or imbibition processes. The 

result showed a decrease in Vp and increase in Rt with increasing CO2 Saturations. 

However, the main effect on Vp comes during the first 20% increase in CO2 saturation, 

as shown in the above plot.  On the other hand, the resistivity effect is significantly 

more dominant and continuous with increasing CO2 Saturations.   

Kim et al. (2010) also showed that CO2 saturations can be estimated from measured 

resistivity data using a modified version of Archie’s Equation as shown in the graph 

below.  
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Figure 5.  CO2 Saturations from Modified Archie Eqn. (from Kim et al. 2010).  

Archie's equation has been also reservoir history matching utilized to convert the time-

lapse EM resistivity data to saturation (Biterge et al. 2014): 

          (1) 
Where: Sw is apparent water saturation, f is porosity, Rw is formation water resistivity, 

RDL is inverted formation resistivity from EM, n is saturation exponent, a is a constant, 

m is the cementation factor.   

These laboratory observations suggest that, in formations undergoing tertiary CO2 

floods where the injected water has high salinity, resistivity could be used to estimate 

CO2 saturation. The expected changes associated with miscible CO2 injection typically 

involve displacement of the original in-situ reservoir fluids, by the miscible CO2 phase. 

Under these conditions, it is possible to determine which reservoir layers are carrying 

the miscible CO2 phase and how it is changing the saline water saturation. Repeat 

resistivity measurements could be used to track the CO2 front before it arrives at the 

producers and this information could be used to estimate its velocity.  
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Wu et al. (2012) ran foam experiments on unsaturated soil samples to investigate the 

possibility of using electrical measurements for foam monitoring. Wo et al. reported 

large changes in electrical properties with foam formation.  Karakas and Aminzadeh 

(2017) proposed time-lapse measurements with an array of permanently deployed 

sensors to detect and estimate the change in the Foam-CO2-Oil interface in the reservoir 

due to CO2-Foam injection and as a function of time. With the proposed method, 

resistivity and pressure measurements are acquired simultaneously during the CO2-

Foam Injection into reservoir as shown in the figure below: 

 

Figure 6. Example of Pressure and Resistivity Monitoring during a CO2 Foam Flood. Pressure gauges 

and the current electrodes are deployed at the observation to track fluid saturations. 

 

1.7.3 Resistivity Monitoring Using Reservoir Cores 

Typically, foam development is confirmed by taking the pressure measurements along 

core samples. These measurements are used to infer the mobility reduction factor 

(MRF) during gas/surfactant (foam) injection.  

Since electric measurements are sensitive to salt concentration, porosity, rock 

mineralogy and fluid saturation, they have been employed as a fluid tracking tool in 

the petroleum industry. In terms of laboratory studies, Adebayo et al. (2017) monitored 

resistivity across core samples during different stages of core displacement processes. 
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Their results showed the potency of resistivity as a tracking tool at core scale. An 

increase in resistivity at oil flooding and a corresponding decrease during imbibition 

(with sea water) were observed. The effect of wettability changes was notable as a 

further increase in resistivity after aging was detected. Injection of CO2 into the sample 

provided the most significant increase highlighting the highly resistive nature of gas.  

Since foam drainage is one of the factors responsible for the destabilization of foam, 

resistivity measurements have been also utilized to characterize this process in lab 

conditions. In these experiments, liquid content and the foam height is monitored using 

electrical resistance as a function of time.   

Berge, C. (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 formation-brine saturated carbonate 

core plug samples.   

Haroun, M. et al. (2017) observed large increase in resistivity and pressure with foam 

development. In this study, resistivity measurements were made to determine whether 

foam was generated in-situ during core flood experiments. A high-pressure high 

temperature dual core flooding cell was used for foam injection. The core holder was 

equipped with high resolution multi-range differential pressure sensors and the 

pressure drop was tracked across the core sample. During these experiments, a 

resistivity meter was used to monitor the resistance across the core sample.  

1.8 Main Motivations and Results 

The following summarizes main motivations for this work:  

- To provide a theoretical framework to describe the expected resistivity changes 

during CO2-foam displacements. 

- To generate resistivity and mobility distributions for ideal and non-ideal 

reservoir displacement scenarios.  

- To examine the inter-dependency between various foam parameters. 

- To show resistivity and pressure monitoring possibilities during CO2 foam 

injection displacements.   
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- To assess the effectiveness of CO2 foam in a pilot study using pressure 

measurements.  

- To demonstrate the pressure monitoring part of the integrated workflow. 

- To gather knowledge for future CO2 EOR field applications. 

 

In this study, we present a novel technique to study the development of foam in 

reservoir conditions. The reservoir workflow was used to assess the effectiveness of 

CO2 foam in a pilot study conducted in the East Seminole Field, Permian Basin, West 

Texas.  It involved, reservoir characterization, laboratory measurements, reservoir 

modelling and monitoring. Specific objectives for the pilot application were as follows: 

- To evaluate whether foam has been generated in the reservoir. 

- Tune the foam model if foam has formed. 

- To determine the foam propagation distance/rate in the reservoir. 

 

The laboratory program was aimed at determining the optimal foam formulation for 

the field test. The laboratory studies were conducted on reservoir core samples to 

determine the optimal foam formulation. This included surfactant-screening studies, 

evaluations of the optimal foam quality (gas fraction) and surfactant concentration and 

quantification of CO2 EOR and CO2 storage potential.   

The laboratory studies were conducted on reservoir core samples to determine the 

optimal foam formulation. Reservoir modeling was carried out to decide on optimum 

injection strategy, and extensive reservoir monitoring was conducted to assess the 

effectiveness of the designed foam under reservoir conditions. The results of this 

integrated research work provide important knowledge for future CO2 EOR field 

applications. 

Reservoir modelling was carried out to decide on optimum injection strategy. A 

surfactant-alternating gas (SAG) injection strategy was adapted, with 10 days of 

surfactant solution injection followed by 20 days of CO2 injection. Reservoir 

monitoring was conducted to assess the effectiveness of the designed foam and 

injection strategy under reservoir conditions.  
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Surfactant screening studies identified the non-ionic water-soluble Huntsman L24-22, 

a linear ethoxylated alcohol (C12-14 EO22), for the field pilot study based upon 

minimal loss to the formation due to adsorption, adequate foam strength, and chemical 

stability (Jian et al. 2019). Once the reservoir-specific surfactant was selected, the foam 

formulation was evaluated by determining the impact of surfactant concentration, gas 

fraction (foam quality) and flow velocity on foam strength at reservoir conditions 

(Alcorn et al, 2020). The foam strength was quantitatively evaluated by the apparent 

foam viscosity, which was calculated from the steady-state pressure gradient at each 

gas fraction during foam quality scans and at each injection rate during foam rate scans 

(Rognmo et al. 2018). Foam model parameters for numeral modelling were derived 

from the foam quality and foam rate scans by curve-fitting regression (Sharma et al. 

2017). 

Transient pressure analyses were conducted for all injection cycles. A high- resolution 

two-dimensional radial flow model was used to history-match the measured differential 

pressures. The proposed method of transient analysis has been found to be quite useful 

in assessing the development and progression of foam in the reservoir. The radial 

model proved to be useful for assessing the reservoir foam strength during this pilot 

study. This study showed that the pressure data alone may not be sufficient to describe 

the complex physics of in situ foam generation. In the pilot application, analysis of 

measurements suggests that the reservoir foam strength was weaker than expected 

based on laboratory measurements. 

The results from this research work provide important knowledge for future CO2 EOR 

field applications. 
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2. Foam Modeling 

The foam exhibits complex flow behavior due to the interactions between gas bubbles, 

liquid films, and the rock matrix in the porous medium. Understanding and modeling 

these interactions are crucial for accurately predicting foam behavior in porous media. 

Foam flow in porous media is governed by several mechanisms, including bubble 

generation, coalescence, drainage, and trapping. Bubble generation refers to the 

formation of gas bubbles within the liquid phase due to the injection of surfactant 

solution. Coalescence occurs when bubbles collide and merge, leading to the formation 

of larger bubbles. Drainage is the process by which liquid films thin and rupture, 

causing the release of gas and liquid from the foam structure. Trapping refers to the 

entrapment of gas bubbles within the porous matrix, impeding their flow. 

To model foam flow in porous media, a set of governing equations is used. These 

equations include the conservation of mass for both the liquid and gas phases, as well 

as the conservation of momentum for each phase. Additionally, constitutive 

relationships are employed to describe the interactions between phases, such as the 

pressure drop across liquid films and the relative permeability of the foam. 

Foam flow in porous media can be modeled using various approaches, ranging from 

simplistic empirical models to more complex mechanistic models. Empirical models 

are based on experimental data and correlations, providing simple relationships to 

estimate foam properties and behavior. Mechanistic models aim to capture the 

underlying physical processes using mathematical equations, accounting for bubble 

size distribution, film thickness, and capillary forces. Numerical techniques such as 

finite difference, finite element, or finite volume methods are commonly employed to 

solve the governing equations and simulate foam flow in porous media. 

Validating foam models requires experimental data obtained through laboratory-scale 

studies or field trials. Researchers conduct experiments to measure foam properties, 

including foam texture, stability, and mobility reduction. These data are then compared 

with model predictions to assess the accuracy and reliability of the foam models. 



 31 

Additionally, advanced imaging techniques, such as X-ray computed tomography (CT) 

or magnetic resonance imaging (MRI), are employed to visualize and quantify the foam 

structure within porous media. 

While foam models can be effective in certain situations, it's important to be aware of 

their constraints and potential drawbacks. Foam models typically provide a simplified 

representation of complex systems or phenomena. They rely on assumptions and 

approximations to capture the essential characteristics of the system, which may result 

in oversimplification and loss of critical details. This can limit their accuracy in 

capturing the intricacies of the real-world system. 

Foam models are typically built at a smaller physical scale compared to the actual 

system being studied. This reduction in scale can affect the accuracy of the model, 

especially when phenomena such as fluid dynamics or structural behavior are involved. 

Scaling laws and adjustments need to be considered to ensure accurate representation, 

but even then, there may be limitations in capturing the full-scale behavior. Foam 

models often use samples with properties that may differ from those of the actual 

reservoir. These material differences can impact the behavior of the model and lead to 

discrepancies between the model's predictions and real-world observations. Ensuring 

accurate representation of material properties is crucial for reliable results. 

It is important to acknowledge these limitations when working with foam models. Their 

usefulness lies in their ability to provide insights and approximate behavior, but they 

should be used alongside other modeling techniques and supported by empirical data 

whenever possible to ensure more robust and reliable results. 

Understanding and accounting for these limitations can help researchers make 

informed decisions when utilizing foam models. It is essential to recognize that foam 

models are tools for approximation and insight, and their limitations should be 

considered alongside other approaches, empirical data, and expert judgment. 
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2.1 Transport Modeling 

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

include mechanistic methods such as the population balance approach as well as the 

semi-empirical methods based on fractional flow theory. The semi-empirical model is 

widely used in the oil industry for various foam injection scenarios.  Abbasszadeh et 

al. (2014) presented a validation of the empirical foam simulation method. In this work, 

Abbaszadeh et al. (2014) matched the experimental foam data on sand-packs using a 

commercial simulator and concluded that the empirical foam modelling approach could 

also be applied to large-scale reservoir simulations. For more physically accurate 

representation of phase behavior of the CO2-Oil system, a compositional model may 

also be required.  Grid resolution is also important for accurate calculation of the CO2 

front. For some reservoir applications high resolution simulation models may be 

unfeasible.  Under certain conditions upscaling may be required to simulate these 

miscible injection processes.   

The scaling problem during chemical flooding has been studied by Moreno et al. 

(2011). These researchers have investigated the fluid displacement behavior in 

different reservoir architectures and the scaling effects to capture the underlying 

physics of the displacement. Also, Masoudi et al. (2015) presents a study in which they 

used a core-scale compositional model using Gas-Mobility Reduction Factors. They 

ran simulations to examine the sensitivity to key parameters on foam behavior.  The 

gridding and the foam simulations are shown in the figure below. 

 

 

Figure 7. Simulation Gridding and Foam Simulations (From Masoudi et al. 2015) 
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2.2 Transport Models 

The transport of CO2-foam can be described in several methods. Pore-Network models 

provide a good insight into the foam transport and, due to large number of unknows, is 

not practical for reservoir scale applications. The analytical solution for the oil case 

was described by Ashoori et al. 2010.  Population balance models (Falls et al. 1988, 

Rossen et al. 1999) explicitly represent the dynamics of lamella creation and 

destruction along with the effect of the resulting foam on gas mobility. Gas mobility is 

reduced according to bubble size (determined by rates of creation and destruction of 

lamellae). Implicit or local equilibrium models (Cheng et al. 2000; Farajzadeh et al. 

2012) represent the effect of bubble size implicitly by introducing factors for reducing 

gas mobility by foam as a function of water saturation, oil saturation, surfactant 

concentration, and shear thinning due to flow rate. Local-equilibrium models assume 

foam is present anywhere gas and water are present along with an adequate surfactant 

concentration.  

In this study, several of these methods were utilized. The population balance method 

was used for examining the interaction between various foam model parameters. The 

analytical approach was utilized for construction of resistivity profiles and a foam 

numerical simulator for history matching of the pressure data during pilot 

implementation. These methods are described in subsequent sections.  

2.2.1 Analytical Model 

In our work, an analytical solution approach (Ashoori et al. 2010) is utilized for 

resistivity calculations in the presence of oil phase. In this section, we describe the main 

assumptions and the solutions for ideal and non-ideal displacements for this approach.  

Main assumptions include 1D displacement of oil by the injected CO2 with dissolved 

surfactant; CO2 is incompressible; surfactant is dissolved in the CO2 phase only; 

reservoir is initially at residual-oil saturation after a waterflood; surfactant is soluble in 

both water and CO2 phases and first-contact miscibility. Additionally, some residual 

oil is allowed behind the CO2 bank. 
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For the rest of this section, we will use the following definitions: 

Csg is the mass concentration of surfactant in the CO2 phase. 

Csw and Cso are the mass concentration of surfactant in the water phase and CO2 

Residual oil, respectfully. 

Csa is the mass of surfactant adsorbed on the rock. 

SoM is the residual oil saturation behind the CO2 phase. fݓ   and Sݓ 
 ,are the fractional water cut and water saturation behind the foam front ݑ

respectfully. Utilizing the fractional flow theory, the velocity of the surfactant front can 

be expressed as follows (Ashoori et al. 2010): 

 

࢙࢜ ܏ܛష۱ܟܛ۱܉܁۱ۻ۽܁ శ۽܁۱ۻ۽܁ శ ܏ܛ࡯ ൯ ۻ۽ࡿା  ൫૚ష ࢛࢝ࡿ   ܏ܛష۱ܟܛ۱  ܏ܛା  ۱    ࢛࢝ࢌ   =          (2) 

On the other hand, the velocity of the miscible (CO2) front can be expressed as follows: 

࢜࢝ =  ௙ೢೠି ௙ೢ೏ ௌೠೢି ௌ೏ೢ           (3) 

Assuming Csg > Csw and SoM = 0, the speed of the foam front could be obtained by 

connecting point D onto the foam fractional curve as shown in the figure below: 

 

Figure 8. Analytical approach for foam transport model (Non-Ideal Displacement), Ashoori et al. 2010. 
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Where the point D is defined as follows: 

,௪ܵ) ܦ ௪݂ ) = ( − ஼ೞ೒ି ஼ೞ೒ ஼ೞೢି ஼ೞ೒  , − ஼ೞ೒஼ೞೢି ஼ೞ೒ )      (4) 

Similarly, the velocity of the miscible CO2 front could be obtained from a tangent from 

the (1,1) point onto the oil-water fractional curve. Figure below shows the expected 

saturation profile for a non-optimal foam flood: 

 

Figure 9.  Saturation Profile from Analytical Approach (Non-Ideal Displacement), Ashoori et al. 2010 

Then for an optimal displacement, the surfactant (foam) and the CO2 fronts would have 

an equal velocity provided that 

Csg/Csw  ã �  and Csaã 0 

In this case, D approaches to (1,1): 

D (Sw, fw)  ã  (1, 1) 

The foam front in this case is obtained by connecting point D to the foam fractional 

curve as follows: 
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Figure 10. Analytical Approach for foam transport model (Ideal Displacement), Ashoori et al. 2010 

Figure below shows the expected saturation profile for an optimal (ideal) CO2 Foam 

Flood: 

 

Figure 11. Saturation Profile (Ideal Displacement), Ashoori et al. 2010. 

Figure below shows the comparison of total mobility distribution between optimal and 

non-optimal CO2 -Foam displacements: 
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Figure 12. Comparison of Total Mobility Distribution (Ideal vs non-ideal Displacement), Ashoori et 

al. 2010 

Therefore, these three parameters, namely, solubility of surfactant in CO2 and Water 

phases as well as the adsorption of CO2 on the rock, play a crucial role in an optimal 

CO2-Foam displacement.  

2.2.2 Explicit Population-Based Foam Model  

As stated earlier, in our work foam resistivity is linked to foam population density. For 

this reason, explicit models ideally suit for this purpose. The formulation assumes 

water and CO2 phases and does not include the oil phase which is a reasonable 

assumption as most experimental foam works are done with the main dominant water 

phase.   

In this method main assumptions include incompressible and isothermal two-phase 

flow (CO2 & Water); 1-D displacement only (CO2 foam injection) and the negligible 

adsorption of the surfactant. 

Below, we review the formulation of the PBE approach which is used for our resistivity 

modeling work. 
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2.2.3 Transient Foam Equations 

Assuming one-dimensional isothermal two-phase flow of CO2 and water, the material 

balance equation for Water phase can be written as:   

߶ డௌೢడ௧ ௧ݑ +  డ௙ೢడ௫ = 0     (5) 

In this model, we assume 0 < x < L and for t >0. L is the length of the flood domain.  ߶ is the porosity and the ݑ௧ is total flux which is assumed to be constant in these 

displacements.  As usual, ܵ௪ and ௪݂ denotes the water saturation and the fractional 

flow of water.   

The fractional flow of water can be expressed as follows: 

௪݂ = 

ೖೝೢഋೢೖೝೢഋೢ  ା ೖೝ೎೚మഋ ೎೚మ೑              (6) 

Where ߤ ௖௢ଶ௙
   is the effective viscosity of the CO2 phase (with foam) and is given by 

(Hirasaki et al. 1985). 

௖௢ଶ௙ ߤ = ௖௢ଶ଴ ߤ  ௙ܥ  +  ௡೑( ೠ೎೚మഝೄ೎೚మ  )భ/య        (7) 

Where ߤ ௖௢ଶ଴  is the viscosity of the foam without foam present and ܥ௙ is a model 

parameter. 

Foam Population Balance for the density of the lamellae (݊௙) can be written as follows 

(Kovscek et al. 1995, Chen et al. 2010): 

߶ డ(ௌ೎೚మ ௡೑)డ௧ ௧ݑ +  డ(௙೎೚మ௡೑)డ௫ = ϕ ܵ௖௢ଶ ( ݎ௚ - ݎ௖ )        (8) 

The rate of foam generation is given by ݎ௚ = ௚ܥ   ௠           (9)݌¯ 

and the rate of foam coalescence is given by 
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௖ݎ ௖ ݊௙ܥ  =   ( 
ௌೢௌೢ ି ௌ∗ೢ  )௡      (10) 

Where ܥ௚, ܥ௖, ݉ and ݊ are model parameters.  ܵ௪∗  is the minimum water saturation 

corresponding to critical capillary pressure for a foam – water flow systems.  In high 

permeability systems, the minimum water saturation is quite low and the foam behavior 

around this value could be quite abrupt, meaning foam or no-foam development.  

The water flux is given by 

࢛௪ = - 
௞ ௞ೝೢఓೢ  ௪      (11)݌¯ 

And the foam flux is given by: 

 - = ௖௢ଶݑ
௞ ௞ೝ೎೚మఓ೎೚మ೚  ௪      (12)݌¯  

 

2.2.4 Steady State Condition – PBE 

At local steady state conditions, rate of foam generation is equal to rate of foam 

coalescence: ݎ௚ = ௖ݎ        (13) 

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

௖௢ଶ௙ ߤ = ௖௢ଶ଴ ߤ  ௙ܥ  +  ௡೑( ೠ೎೚మഝೄ೎೚మ  )భ/య     (14) 

we obtain the following relationship for the effective CO2 - foam viscosity: 

௖௢ଶ௙ ߤ = ௖௢ଶ଴ ߤ   + 
஼೒ ஼೑஼೎  

¯௣೘( ೄೢೄೢ ష ೄ∗ೢ  )೙ ( ೠ೎೚మഝೄ೎೚మ  )భ/య    (15) 
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3. Pressure Response during CO2-Foam Injection 

In this section, we focus on the use of pressure to characterize mobility effects and 

examine the transient pressure responses during injection and cross well tests with CO2 

foam injection.   

The expected pressure response during CO2-Foam injection will be function of the 

displacement type. For an ideal displacement case (immediate and uniform foam 

development), the pressure response at the injector well mainly depends on the mobility 

of the selected foam system.  

As mentioned earlier there are three possible steady foam states at a fixed injection 

rate: 

1. Coarse foam: in this state bubbles are large, foam texture (density) is small, and the 

gas mobility (velocity) is high. Therefore, pressure gradient is not enough to mobilize 

existing lamellae. This state is relatively stable to small changes.  

2.Strong foam: in this state bubbles are small foam texture or density is large and the 

gas mobility (velocity) is low.  

3.Intermediate foam: between coarse and strong foam, there is an intermediate state 

which is relatively unstable. In this state, both higher and lower gas velocities can be 

expected. 

For these displacements, the total mobility within the foam bank will be a function of 

the foam quality. Kam et al. (2004) fit a population-balance model to experimental data 

for these three foam states. The experimental data were gathered by co-injecting gas 

and surfactant solution into a vertically mounted bead pack (Gauglitz et al. 2002). 

Pressure drop was monitored using pressure taps stationed along the bead packs. The 

figure below shows the model fit to the data.  
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Figure 13. Model fit to experimental data (dark diamonds) for various foam states (Kam et al. 2004).   

Table below gives the model parameters obtained by fitting the population-balance 

model to experimental data (Kam et al. 2004). 

Table 1. Population-balance model parameters were obtained by fitting the model to experimental 

data (Kam et al, 2004). 

Foam parameters Other parameters 

Cg/ Cc 15,488.894 Sw* 0.0585 

m 2.4 k (m2) 30.4x10-12 

n 0.28 j 0.31 

Cf 1.007x10-16 mw (Pa s) 0.001 

 m o (Pa s) 
g 0.00002 

Swc 0.04 

Sgr 0.0 

 

Where Sw
* is the water saturation at limiting capillary pressure. mg

o is the gas viscosity 

without foam.  

To illustrate the expected mobilities for different foam types (strong–intermediate-

weak foam systems), we utilized these model parameters in the table below. 
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Table 2. Estimated Total Mobility for different foam types. 

 

Strong 

Foam 

Intermediate 

Foam 

Weak 

Foam 

Water Saturation 0.10 0.10 0.63 

CO2 Saturation 0.90 0.90 0.38 

Water Viscosity (Pa.s) 1.0E-03 1.0E-03 1.0E-03 

Foam Density (1/m3) 8.0E+13 3.2E+12 7.0E+08 

CO2 Foam Viscosity (Pa.s) 4.6E-01 1.0E-02 2.3E-05 

Relative Permeability to Water 0.003 0.003 0.299 

Relative Permeability to CO2 0.863 0.872 0.117 

Foam Mobility (1/Pa.s) 5.3 86.9 5432.6 

Mobility Ratio (Foam/Water) 0.005 0.087 5.433 

 

As indicated in the above table, the foam mobility is expected to be significantly less 

than that of water for most strong or intermediate foam systems. Therefore, one can 

expect to see development of a reduced mobility bank around the injector with 

continuous foam injection. 

3.1 Crosswell Pressure Testing  

In petroleum industry, the crosswell tests or interference tests are commonly deployed 

by shutting the producers or injection wells and observing the pressure response at a 

selected observation well. During crosswell tests without any fluid injection, the 

transient pressure at the observation well is largely used to quantify the inter-well 

transmissibility.  In these cases, the pressure change (or amplitude) at the observation 



 43 

is a function of the inter-well transmissibility. Also, due to distance from the source 

well, the maximum pressure change is observed with a delay (time-lag) from the time 

the source well is shut-in.  The figure below shows a typical pressure response during 

a standard crosswell test without any injection.  

 

 

Figure 14. Pressure Amplitude and time lag for a single mobility crosswell test 

As seen from this figure, the pressure magnitude at the observation well initially 

increases with increasing transmissibility due to faster propagation of the pressure 

pulse in the reservoir and later, levels down due to smaller pressure pulse created at the 

source for a fixed rate change.  The time-lag, on the other hand is inversely related to 

the transmissibility for a fixed storage (porosity-compressibility) system in the 

reservoir and decreases with increasing inter-well transmissivity. 

1.1 Pressure Response during Miscible CO2 Displacement 

During CO2 injection, there are two important changes that effect the pressure response 

at the observation well: mobility increases significantly within the CO2 bank (mobility 

ratio of around 20) and storativity increase due to large compressibility of the CO2 

phase (compressibility ratio around 9). 

These mobility and compressibility effects are shown in the figures below for a 

miscible CO2 injection into reservoir: 
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Figure 15. Mobility and Compressibility profiles during CO2 Injection (Karakas and Morten, 2010).  

The above calculated gas saturations are idealized as it ignores gravity override, 

viscous fingering and channeling through high-permeability zones. However, these 

results are useful as they provide an upper limit of the expected pressure response with 

CO2 injection. 

Based on the fixed rate change, the pressure response at the observation well is 

calculated at different times of CO2 injection.  These results are shown in the figure 

below: 
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Figure 16. Pressure Response at the Observation Well during CO2 Injection (Karakas and Morten, 

2011). Different colors show the evolution of the pressure response at different shut-in times 

(t4>t3>t2>t1) during CO2 injection.  

In the figure above, delta pressure is the calculated pressure drop from the last 

established pressure before the well is shut in. Similarly, delta time is the time 

difference from the time well is shut in. As seen from this figure, the pressure amplitude 

decreases with growing mobility CO2 bank. This is expected since the pressure pulse 

at the source is smaller for a fixed rate. It is also interesting to note that observed time-

lag is almost constant due to increased compressibility of the system which counteracts 

the effect of increased inter-well transmissibility on the time-lag.  

1.2 Pressure Response during CO2-Foam Displacements 

The expected pressure response during CO2-Foam injection will be function of the 

displacement type. For an ideal foam displacement situation, the system is like that 

observed with CO2 displacement case since there is a single mobility bank. However, 

the pressure changes will be significantly higher compared to CO2 injection case due 

to decreased mobility. Hence, the pressure response depends on the mobility and the 

compressibility of the selected foam system.  

Based on parameters listed in Table 2, it is expected that the pressure amplitude 

response of a weak foam system will be similar to that of CO2 injection. On the other 

hand, the relative mobility for a strong foam system is significantly lower and hence, 

will be the pressure amplitude. In the case of a strong foam system, the mobility 

reduction is very severe and the magnitude of the pressure pulse at the observation well 

will be very large. These results suggest that it might be possible to distinguish various 

foam types based on observed pressure response. Obviously, a base CO2 injection 

scenario (no foam case) would be very useful.  

As mentioned before, the time-lag is function of the system storativity which depends 

on the compressibility of the system. To examine this effect, we estimated the total 

system compressibility assuming the following parameters: 
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Table 3. Rock and Fluid Properties for compressibility calculations. 

Pressure (MPa) 27.6 

Temperature (deg C) 126.7 

Rock Compressibility (1/Pa) 5.80E-10 

Water Compressibility (1/Pa) 4.4E-10 

Oil Compressibility (1/Pa) 1.5E-09 

CO2 Compressibility (1/Pa) 3.3E-08 

Foam Compressibility (1/Pa) 2.7E-08 

 

For foam compressibility, we scaled down the CO2 compressibility by a factor of 0.8 

which is an assumption and should be validated.  Based on these numbers, we total 

compressibility for various systems is calculated as follows: 

Table 4. Total compressibility for different foam systems. 

  

Strong 

Foam 

Intermediate 

Foam 

Weak 

Foam 

Water Saturation 0.10 0.10 0.63 

CO2 Saturation 0.90 0.90 0.38 

Total Compressibility (1/Pa) 2.46E-08 2.48E-08 1.09E-08 

Compressibility Ratio (Foam/Oil) 12 12 5 

Compressibility Ratio 

(Foam/Water) 24 24 11 
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As expected, the compressibility for the foam bank is significantly higher than that of 

the displaced fluids (water/oil).  Hence, time-lag response would be similar to that 

observed during pure CO2 injections.  

3.2 Forward Pressure Modelling 

In this section, we examine the fluid compressibility effects. As usual, the pressure 

equations are obtained from the general mass balance and phase equilibrium.  These 

nonlinear equations are typically solved numerically for phase pressures and 

saturations. However, the problem can be simplified further by assuming a slight 

compressibility for the supercritical CO2 phase. In this case, the fluid density changes 

with pressure as follows:  

 

r =  r଴ ݁௖ (௉ି௉଴)                 (22) 

 

The slightly compressible assumption for CO2 phase should be considered as a rough 

approximation since it assumes a first-contact miscibility with reservoir pressures 

above the supercritical pressure (1070 psi at 88 deg F).  The following table shows a 

comparison of CO2 density obtained using the slightly compressible approximation and 

compares them with the actual density values (at 260 deg F). 

Table 5.  CO2 Density Modeling above the Critical Pressure 

P (psi) rco2 (lb/ft3) rco2 predicted % Error 

3000 24.97 

  
3500 29.22 28.0 4% 

4000 32.71 31.4 4% 

4500 35.74 35.3 1% 
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In this table, the CO2 densities were calculated using CO2 compressibility (c) of 2.30E-

04 psi-1. 

With the slightly compressible assumption and ignoring capillarity and gravity, the 

pressure equation can be written as follows: 

߶ ܿ௧ డ௉డ௧ − ܲ¯ l௧ ܭ ¯  =  (23)                                          ݍ

where: 

  c୲     is the total compressibility.  

l୲ is the total mobility. 

  K is the permeability. 

  .is the porosity ߔ  

  q is the source term representing production and injection.  

Please note that, in the equation above, total compressibility (c୲) and the total mobility 

(l୲) are both functions of space and time.  
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4. CO2 Foam Resistivity Characteristics and 
Modeling  

In this section, a method is presented to relate foam resistivity data to foam density as 

well as validation of this through laboratory measurements. We will also calculate 

expected resistivity profiles for various foam scenarios, including CO2 foam injection 

with oil present.  These results show that resistivity response will be quite similar to 

those obtained using the foam in absence of oil simulations and will provide a distinct 

jump at the foam front. On the other hand, the same is not true for non-ideal 

displacements. In this case, the resistivity profile extends into the miscible CO2 bank. 

Hence, by itself, Resistivity measurements may not be enough to distinguish these 

multiple fluid banks. However, for these non-ideal displacement cases, as shown, the 

mobility contrast is very large and, as discussed in the next chapter, complimentary 

crosswell pressure measurements could provide key reservoir data for quantification of 

these largely contrasting mobility banks.  

4.1 CO2 Foam Resistivity Characteristics  

Typically, nonionic surfactants are dissolved in CO2 phase and the foam generation 

occurs in situ when injected CO2 plus surfactant meets the formation brine. CO2 is 

highly resistive whereas the thin water film could be 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.   

In the following section, we define the foam conductivity with foam population or 

texture.  For this purpose, we will utilize the following definitions: 

Kb is the bulk foam conductivity 

Xf represents the foam population density or (foam texture) 

D is the volumetric liquid fraction or = (1-Xf) ܿ1 is a constant  
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ܵ௖௢ଶ௙
   is CO2 saturation with foam 

ss is conductivity of the thin film around bubbles 

 

Assuming uniform hexagonal prism shape foams, the foam conductivity sf can be 

obtained using the following relationship proposed by Lemlich, R. (1985): 

ܾܭ =  (24)                                                                            3ܦ 

 

The same relationship can also be utilized for CO2 foam displacements as follows: 

Kb = 
conductivity of dispersion

conductivity of continous phase
 =ఙ೑ఙೞ                     

(25) 

Using these relationships, we obtain: 

 = ௙ߪ
1
3
௦ (1ߪ  − Xf)                                            (26) 

or another expression would be: 

sf   =  ܿ1 * ss * (1-ܵ௖௢ଶ௙
)       (27)     

Assuming, ss = 1.0 S/m and Xf = 0.90 (foam quality), we obtain the following values 

for foam conductivity: 

 s 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 CO2 phase only.   We also propose to scale the foam conductivity with foam 

density as follows: 

sf   =  ܿ1  ss (1-ܵ௖௢ଶ௙
) ( ௡೑௡೑೘ೌೣ)                                            (28) 

where: nfmax is the maximum population density. 
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For the computation of total system (rock and fluid) conductivity, the mixing (or the 

Archie’s) law is used.  For a CO2-Water system, lab results show that the Archie’s 

equation will provide a reasonable approximation (Bergmann, Peter, et al. 2013).   

Assuming a CO2 Foam - Water system and utilizing the mixing law, the total system 

conductivity can be calculated as follows: 

s = f2 [ܵ௖௢ଶ௙  s f 
½ + Sw s w

1/2]                                          (29) 

Recently, resistivity and pressure measurements were made at high temperature and 

pressure using carbonate cores (Haroun, M. et al. 2017). During these experiments, 

sharp increases in both resistivity and pressure were observed with the formation of 

CO2-Foam.  These experimental results are in line with the theoretical results provided 

in here. 

It should be noted that Archie's Law is a fundamental relationship used to describe the 

electrical conductivity (or resistivity) of porous media, particularly in the field of 

petrophysics. It is widely used in the petroleum industry for reservoir characterization, 

saturation estimation, and fluid typing and therefore, we will review some of its 

limitations here.  

Archie's Law is based on several simplifying assumptions that may not hold true in all 

situations. It assumes that the porous medium is homogenous, isotropic, and 

electrically conductive.  Archie's Law does not also account for situations where 

multiple immiscible fluids are present, such as oil, gas, and water. Archie's Law is most 

accurate for rocks with moderate to high porosity. Finally, Archie's Law assumes that 

the electrical resistivity is primarily controlled by fluid conductivity which may not be 

true for some cases. These effects need to be considered and corrected for accurate 

interpretations. Therefore, it is important to use Archie's (or Mixing) Law with caution 

and together with other petrophysical data and measurements to account for these 

limitations. 
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4.2 CO2 Foam Resistivity Modelling - PBE Solution 

Using the simulated Saturations as well as the foam densities, we calculated the 

estimated resistivity (along with relative mobility) distributions. For these calculations, 

we used the following bulk conductivity values for different phases: 

Table 6. Bulk Conductivity for Resistivity Simulations 

σw 5.00 S/m 

σCO2 0.001 S/m 

s 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 population from the foam simulator as well as the 

CO2 Foam Resistivity Model. The foam simulator has a high-resolution grid with more 

than 100 subdivisions. 

 

Figure 17. Calculated Resistivity Profile during CO2-Foam Injection (PBE Solution) 
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Figure 18. Combined Resistivity and Mobility Profile during CO2-Foam Injection (PBE Solution) 

4.3 CO2 Foam Displacement with Oil Present  

The resistivity calculations were also made for CO2-Foam displacement with Oil. For 

this case, the solution was obtained using the analytical solution approach provided by 

Ashoori et al. (2010). In this solution, the mobility effects were calculated using the 

steady-state parameters provided in Appendix B. The resistivity calculations were done 

assuming similar bulk conductivities as given in Table 6. The figures below show the 

calculated resistivity profiles for both ideal as well as non-ideal foam displacements: 

 

 

Figure 19. Resistivity profile during Ideal CO2-Foam Displacement 
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Figure 20. Resistivity profile during non-ideal CO2-Foam Displacement 

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

 

Figure 21. Combined Resistivity and Mobility Profile during CO2-Foam Injection (Analytical 

Solution – Ideal Displacement) 

As seen from these figures, resistivity profile during ideal displacement is similar to 

that of PBE simulations shown earlier. In both cases, a distinctive resistivity response 

at the foam front is observed. On the other hand, the same is not true for the non-ideal 

displacement.  In this case, the resistivity profile, as shown in Figures below, is a 

staircase and extends into the Miscible CO2 bank.   
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Figure 22. Combined Resistivity and Mobility Profile during CO2-Foam Injection (Analytical 

Solution – Non-Ideal Displacement) 
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5. Field Pilot 

In this section, we present results from a recent CO2 foam pilot study in a heterogeneous 

carbonate field in Permian Basin, USA. The pilot was part of an integrated and novel 

workflow involving laboratory measurements, reservoir modelling and monitoring. 

Using the recorded bottom-hole pressure data from this CO2 foam pilot, we 

demonstrate how transient pressures could be used to monitor CO2 foam development 

inside the reservoir. The injection pressure was used to evaluate the development of 

foam during various foam injection cycles. A high-resolution radial simulator was 

utilized to study the effect of foam on well injectivity, as well as on CO2 mobility in 

the reservoir during the surfactant-alternating gas (SAG) process. 

The objectives of this study were as follows:  

Evaluate whether foam has been generated based upon comparisons with measured 

BHP and injection rates; tune foam model to observed pressures during pilot if foam 

has formed; and determine the foam propagation distance/rate if foam has formed. 

The CO2 foam field pilot is in East Seminole Field in the Permian Basin of west Texas. 

The field produces from a heterogeneous cyclical carbonate in the San Andres 

formation. In this field, the oil recovery using CO2 injection has been poor due to 

reservoir heterogeneity and the unfavourable mobility ratio between the injected CO2 

and in-situ reservoir fluids.  

An inverted 40 acre 5-spot was selected to pilot to test the designed foam strategy at 

reservoir conditions. The pilot included a central injection well, and four surrounding 

producers. The main features of this pilot pattern were as follows:  short well distances, 

rapid CO2 breakthrough, and high CO2-oil-ratios (or GOR) at the producing wells.  The 

figure below shows the pilot pattern: 
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Figure 23. Pilot pattern (shaded area) and surrounding wells in East Seminole Field. The pilot 

injection well was I1 and the monitored producers were P1 through P4. 

Two production wells, P1 and P4, were the focus of the baseline data collection and 

pilot monitoring because they experienced the most rapid CO2 breakthrough time from 

tertiary CO2 injection. The reservoir interval has an average permeability of 13 mD, 

pay thickness of 110 ft, and consists of six flow zones separated by impermeable flow 

barriers.  Composite logs from the pilot injection well indicated a 10 ft thick high 

permeability streak of 200 mD. Historical injection profiles showed that this zone has 

been taking most of the injected CO2. Therefore, this high permeability zone was 

targeted since foam can form in high permeability streaks and diverting flow to 

unswept regions of the reservoir with lower permeabilities. The reservoir and fluid 

properties are shown in the table below: 
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Table 7. Reservoir and fluid properties of the San Andres unit in East Seminole Field. 

Reservoir Characteristic Value 

Depth 5200 ft 

Permeability 1 to 300 md (average: 13 md) 

Porosity 3 to 28% (average: 12%) 

Pay Thickness 110 ft 

Reservoir pressure (initial) 2500 psig 

Reservoir pressure (current) 3400 psig 

Fracture pressure 3900 psig 

Reservoir Temperature 104⁰F 

Oil gravity 31 ⁰API 

Formation brine salinity 70,000 ppm 

 

5.1 Foam Formulation 

A laboratory program was conducted to determine the optimal foam formulation before 

the field test. This included surfactant-screening studies, evaluation of the optimal foam 

quality (gas fraction), and quantification of CO2 EOR and CO2 storage potential of the 

optimized foam formulation at the core-scale. The laboratory program included 

surfactant-screening studies (Jian et al. 2016) as well as simulation studies (Alcorn et 

al. 2019).  
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A nonionic water-soluble surfactant was selected for the pilot test based on low 

adsorption characteristics. The effect of high temperatures was evaluated for the 

selected nonionic surfactant is known to degrade at high temperatures under aerobic 

conditions. An oxygen scavenger was used to prevent surfactant degradation at 

elevated temperatures. A scale inhibitor compatible with the selected surfactant was 

used.  A stable foam was generated when the oxygen scavenger and scale inhibitor was 

used in reservoir brine with surfactant.  

5.2 Foam Parameters 

Two water components were used to model foam behaviour: one for surfactant solution 

and one for only water. The base-case foam parameters were derived from laboratory 

foam quality and rate scans and fit to the empirical local-equilibrium foam model by 

curve fitting regression (Rognmo et al. 2019; Sharma et al. 2017). Figure below shows 

the foam quality and rate scan used to derive the model parameters. 

 

 

 

 

 

 

 

 

 
Figure 24. Laboratory foam characteristics (from Rognmo et al. 2019).  It shows apparent viscosity 

variations as a function of gas fraction as well as velocity.  The model fits to the laboratory 

measurements which are shown as symbols in this graph.   

 

5.3 Injection Strategy 

There are several strategies to generate foam in porous media. These include co-

injection of gas (CO2)/surfactant or surfactant alternating gas (CO2) injection (the SAG 
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method). In co-injection process, the gas (CO2) and the surfactant solution are 

simultaneously injected, and foam is formed in-situ. In the SAG method, surfactant and 

CO2 are injected in alternating slugs. In low permeability reservoirs, SAG injection 

may be preferred due to increased gas injectivity. Additionally, with the use of SAG 

method, the contact between CO2 and water is minimized which may reduce corrosion 

in surface facilities and piping (Haroun et al. 2017). 

In the Seminole CO2 foam pilot, a rapid surfactant-alternating-gas (SAG) injection 

strategy with 10 days of surfactant solution followed by 20 days of CO2 Injection was 

used to generate foam in-situ for in-depth mobility control. This injection strategy and 

the controlling parameters (durations) were designed to minimize any injectivity 

restrictions and maximize the chance of success.  

Before the pilot, the reservoir pressure was higher than the initial pressure by around 

900 psi (close to 3400 psi) due to the injection of produced water.  Due to foam 

development injection bottom hole pressure (BHP) can suddenly increase and exceed  

the formation fracture pressure (around 3900 psi). Therefore, the injection strategy was 

designed to mitigate injectivity losses and the risk of fracturing the formation. For this 

reason, the injection rates (during the SAG cycles) were reduced by half (from 

historical injection rates) to minimize the risk of fracturing. In addition, the injection 

strategy targeted a 70% foam quality, as suggested by the laboratory studies. 

5.4 Surfactant Delivery 

A field injection unit was designed to meet the requirements for surfactant delivery, 

mixing, and storing. To ensure the success of the pilot test, it was important to keep the 

injected foam formulation consistent at each cycle. A methodology was established to 

effectively validate foam formulation consistency in the field. 

A refractometer was used to measure surfactant concentration in the holding tank and 

in the final dilution line. A correlation was established to convert the refractive index 

(RI) reading to surfactant concentration in weight percent (wt%). Surfactant solutions 

with known concentrations were first measured and used to calibrate the readings. 
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Surfactant samples were collected for measurement several days prior to injection and 

every day during the 10-day surfactant slugs. The method proved to be effective in 

measuring and validating the foam formulation in the field. 

5.5 Reservoir Monitoring 

The injection bottom hole pressures (BHP) and temperatures were monitored by 

mounting a downhole pressure gauge (DHPG) in the pilot injection well. The gauge 

was installed two weeks before the start of the pilot and pulled every other month 

during the pilot to download the pressure and temperature data. The monitoring 

program also included repeat injection profiles, tracer tests and three-phase production 

rates. Produced fluids were also collected once a week for chemical analysis to 

determine surfactant breakthrough time.  

Figure below shows injection rates of CO2 (red curve), surfactant solution (green 

curve), water (blue curve) and the measured BHP (black curve) at the injector well for 

all SAG and WAG cycles implemented during this pilot.  

 

Figure 25. Plot showing the Injection History along with Measured Bottom Hole Pressures during 

SAG and WAG Cycles. 
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Injection rates during the pilot were 520 rb/day and 470 rb/day for surfactant solution 

and CO2, respectively. The volumetric ratio of injected CO2 relative to the total volume 

of CO2 and surfactant injected was used to evaluate injected foam quality per cycle. 

The aim was to inject foam at 70% quality (0.70 gas fraction) per cycle as determined 

in the laboratory studies. The foam qualities ranged from 61% to 71%, which was 

within the designed target. 

At the end of SAG Cycles, a WAG Injection was carried out for comparison purposes. 

The ‘Final’ Period is shown in the figure below: 

 

Figure 26. Plot showing the Injection History along with Measured Bottom Hole Pressures during the 

Final SAG/WAG and Fall-Off Periods. 

5.6 Analysis of Pressure Data 

The analysis of pressure measurements was carried out using the changes (instead of 

the absolute pressures) for each SAG cycle. Differential pressures (dP) and 

temperatures (dT) were calculated by subtracting the absolute values from the last 

stabilized pressure and temperature reading before each injection cycle, a technique 

widely used in transient pressure analysis. Similarly, delta t (dt) refers to differential 

time from the start of a particular injection cycle.  Figure below shows the dP (and dT) 

through time for the first five SAG cycles and the final SAG cycle.  
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Figure 27. Transient Pressure for the first five SAG cycles and the final SAG cycle. dP1 corresponds 

to slug 1, dP2 to slug 2, and so on. 

Differential pressures (dP) increased for each surfactant cycle until the last SAG 

cycle, which suggests, as expected, a (reduced) mobility bank developing further into 

the reservoir.  

5.7 Foam Model 

In this section, the effect of foam was modelled using the local equilibrium approach 

which implicitly represent the effect of bubble size by introducing factors for reducing 

gas mobility by foam as a function of water saturation, oil saturation, surfactant 

concentration, and shear thinning due to the flow rate. It should be noted that local 

equilibrium models assume that foam is present anywhere gas and present, along with 

an adequate surfactant concentration. 

The decrease in gas mobility during foam floods is accounted for in local equilibrium 

models by scaling the gas relative permeability for no-foam floods (krg
nf) by a mobility 

reduction factor (FM), whereas the water relative permeabilities remain unchanged.   ݇௥௚௙ = ݇௥௚௡௙ ×  (16)                                                                     ܯܨ
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The effect of water saturation, shear rate, surfactant concentration and oil saturation 

(Farajzadeh et al. 2012) on mobility reduction factor was studied, given by the 

expression: 

ܯܨ = 11 + ܾ݋݂݉݉݉ × ௪௔௧௘௥ܨ × ௦௛௘௔௥ܨ  × ௢௜௟ܨ ×  ௦௨௥௙                                    (17)ܨ

 ௦௨௥௙  capture the water saturation, shear rate, oil saturation andܨ ௢௜௟ andܨ ,௦௛௘௔௥ܨ ,௪௔௧௘௥ܨ .refers to the maximum gas mobility reduction that can be achieved ܾ݋݂݉݉݉ 

surfactant concentration dependence, all lying in the range of 0 to 1 (Equation 3 through 

6). The capillary number ௖ܰ௔ represents the relative effect of viscous and capillary 

forces. 

௪௔௧௘௥ܨ = 0.5 + ௔௥௖௧௔௡[௘௣ௗ௥௬(ௌೢି௙௠ௗ௥௬)]గ                             (18) 

 

௦௛௘௔௥ܨ = ൝  ଵ                                   ௢௧௛௘௥௪௜௦௘ቀ೑೘೎ೌ೛ಿ೎ೌ ቁ೐೛೎ೌ೛ ௜௙ ே೎ೌ வ ௙௠௖௔௣                                                (19) 

௦௨௥௙ܨ  = ቀௌ௨௥௙௔௖௧௔௡௧ ௖௢௡௖௘௡௧௥௔௧௜௢௡௙௠௦௨௥௙ ቁ௘௣௦௨௥௙                                         (20) 

 

௢௜௟ܨ = ൬݂݈݉݅݋ − ݈݅݋݂݉݋ܵ ൰௘௣௢௜௟                                                  (21) 

Two water components were used to model foam behavior: one for surfactant solution 

and one for only water. 

5.8 Simulation Model 

A radial simulation model was used in this study. A workflow was developed to 

history-match the cumulative oil production and water-cut in the sector model. A high-

resolution two-dimensional radial flow model (r-z) was used to simulate the high 

injection rates around the wellbore and to capture the main (vertical) heterogeneity in 

this reservoir.  The model was based upon a validated sector-level model of the pilot 
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pattern and surrounding producers. The base sector model was calibrated to 40 years 

of waterflood and over 4 years of CO2 injection data, before the pilot study. The 

simulation model included the porosity and permeability distribution from a validated 

sector-scale model of the pilot pattern and surrounding producers.  The radial flow 

model was used to examine the impact of foam and/or relative permeability on 

injectivity and mobility reduction when switching between surfactant solution and CO2 

in a SAG process.  

The model included one injector (I1) to simulate all the SAG cycles as well the final 

WAG cycle and the two shut-in periods. The grid contained 28 layers, which were 

refined from the base sector model. Radial grid extended to 700 ft from the injector and 

the grid sizes increased logarithmically from the injector. Layers and perforations were 

from the history-matched (HM) sector model (Sharma, M. 2017). The model includes 

historical water and CO2 injection before pilot. 

5.9 History Matching  

The radial simulation model was initially run using the base-case foam parameters. 

Table below shows these parameters: 

Table 8. Base Case Foam Parameters 

Foam Parameter Value 

fmmob 192 

fmdry 0.40 

epdry 84 

fmcap 9.0e-07 

epcap 0.59 
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Where: - FMMOB: The reference mobility reduction factor. - FMDRY: The limiting water saturation below which the foam is no longer 

effective. - EPDRY: A weighting factor which controls the sharpness in the change of 

mobility. - FOAMSO: The maximum oil saturation above which foam is no longer 

effective. -  
Due to uncertainty in foam model parameters derived from laboratory data, sensitivity 

runs were set-up to first test key foam model parameters. Table below shows the 

parameter ranges for the sensitivity study.  

Table 9. Foam Parameters for Sensitivity Simulations. 

Simulation Run FMMOB FMDRY EPDRY FOAMFSO 

Base Case 192 0.4 84 0.28 

S1 19.2    

S2 1.9    

S3  0.45   

S4  0.35   

S5   42  

S6   168  

S7    0.18 

S8    0.38 
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Transient data was used to compare the model pressure response with the measured 

ones during all Surfactant and CO2 injection periods. This comparison for the final for 

the final SAG cycle is shown in the figure below.   

 

Figure 28. Simulated transient pressures CO2 Injection during final SAG Cycle with different foam 

strength parameters. 

Similar comparisons were made for the final WAG cycle which followed the final SAG 

Cycle. Figure below shows the simulated results versus the measured response during 

the final WAG period. As seen from this match, the simulated case with a lower 

FMMOB value (red curve) followed the measured response more closely than the cases 

with higher mobility reduction (green and blue curves).  



 68 

 

Figure 29. Simulated transient pressures during the Final WAG cycle with different foam strength 

parameters. 

The analysis of the two shut-in (Fall-Off) periods were made separately. Figure below 

shows the comparison between the intermediate (after the 8th SAG Cycle) Fall Off 

period and the final Fall Off period. This comparison shows an anomalous pressure 

increase during the final Fall-Off period. 

 

Figure 30. Comparison of the transient pressure response between the Intermediate and Final Fall-Off 

periods.  
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A comparison of the Final Fall-Off period was also made, and the figure below shows 

these results.  

 

Figure 31. Simulated transient pressures during the Final Fall-Off period with different foam strength 

parameters. 

5.10 Comparison of Final SAG and WAG Cycles 

The figure below shows a comparison of delta pressures (dP) during the final SAG and 

WAG cycles. As can be seen, delta pressures during the Final SAG period are higher 

than the pressures observed during the final WAG (post pilot test) which indicates 

lower mobility during the SAG Cycles (and hence foam formation). 
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Figure 32. Comparison of the transient pressure response between the Final SAG and WAG Cycles.  

5.11 Derivative Analysis 

Pressure derivative is commonly used in Petroleum Engineering to identify reservoir 

flow regimes (such as radial, or linear flow).  Diagnostic lines are matched to various 

regions on log-log pressure and derivative plots, and the corresponding well and 

reservoir parameters are calculated based on the assumed flow regime (Bourdet et al. 

1989). 

 The pressure derivative is defined as follows: 

Pressure Derivative = డ௱௉డ௱௧ ݐ߂           (30) 

For pilot test, the pressure derivative analysis is conducted for the fall-off period since 

this is only period where the rate is kept constant. The figure below shows a log-log 

plot of delta pressures (dP) and pressure derivative during the final fall-off period. 

Please note that no smoothing was performed on this derivative plot and the pressure 

derivative is relatively noisy due to (low) resolution of the downhole pressure gauge.  
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Figure 33. Pressure Derivative Plot for the final Fall-Off Period. 

İn the above figure, we also plotted the diagnostic half slope (1/2) line to compare with 

the actual derivative data. Linear flow is recognized as a positive half (1/2) slope in the 

pressure derivative on the log-log diagnostic plot. Its presence enables determination 

of the fracture half-length or the channel or reservoir width if reservoir permeability 

can be determined independently. In this case, the pressure derivative analysis suggests 

a half-slope trend on the log-log pressure and derivative plot which suggests linear flow 

in the reservoir. 

5.12 Production Analysis 

The effectiveness of foam in improving overall recovery can also be determined by 

comparing the production response before and after surfactant injection. To do this, a 

reliable baseline production was first established. This period covered approximately 

1.5 years prior to the start of the pilot (from January 2018 to May 2019) where there 

was consistent data and minimal operational disruptions in the pattern. Trend curves 

were fitted and extended for all four pilot pattern production wells over time to provide 

a projection of the baseline performance had there been no foam implemented in the 
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pattern (Figure below, black dashed line). The observed oil production data from all 

four producers in the pattern was then used to get the cumulative response realized due 

to foam implementation in the pilot pattern. Figure below shows cumulative oil 

recovered as a function of pore volume injected for the pilot pattern.  

 

Figure 34. Cumulative oil production from the pilot production wells (P-1, P-2, P-3, and P-4) as a 

function of hydrocarbon pore volume (HCPV) injected for the baseline period (black curve) and the 

during the pilot (green curve). The black dashed line shows the projected cumulative oil recovery from 

the baseline period with no foam injection. 

This analysis shows a positive slope change in the cumulative oil recovery shortly after 

starting foam injection (green curve). A conservative estimate puts the cumulative 

incremental oil to more than 20,000 STB.  This increase in production (compared to 

the baseline period) could also be related to well operations conducted during the pilot. 

Nonetheless, the implementation of the foam pilot increased oil recovery despite less 

pore volumes injected. 
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5.13 Injection Profiling 

Foam was expected to block the high permeability steak, which carried majority of the 

injected fluids (water and CO2) historically in this reservoir. Injection logging was 

deployed as part of the pilot monitoring program to determine any changes in injected 

intervals after foam generation.  A slug of radioactive tracer was added to the injection 

fluid and several gamma ray logs were recorded at certain time intervals as part of 

injection logging. Figure below shows the results from these CO2 and water injection 

logs from the baseline period, during the 7th SAG cycle and during the last SAG cycle. 

 

  

 

Figure 35. Injection profile logs for the pilot foam injector from before the pilot (baseline CO2 and 

water) and for the 7th and 11th cycles of the pilot. Dashed box delineates a high permeability streak 

shown on the composite log at left. 

The analysis of these profiles suggests potential blockage of the high permeability 

streak during foam generation and increased injection into adjacent reservoir intervals. 

This could be due to foam formation in the high permeability streak and diversion of 

the injected CO2 to other reservoir intervals.  
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6. Conclusions and Future Perspectives 

In this thesis we present resistivity and pressure monitoring possibilities during CO2 

foam injection displacements.  Both theoretical foundation and practical applications 

are discussed.  The main conclusions from this thesis are presented here followed by a 

discussion of continuing work and future perspectives.   

Compared to conventional CO2 injection, CO2 foam can increase both oil recovery as 

well as the volume of CO2 stored during carbon capture, utilization and storage (CCUS) 

processes. This has been demonstrated in field (and lab) conditions.  Foam injection 

reduces CO2 mobility which improves the CO2 sweep efficiency. Reservoir monitoring 

is crucial for the application of foam (and CO2 foam) in oil reservoirs where 

heterogeneity is involved. Our results suggest that 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 

as well as improve oil recovery and CO2 storage.   

We also utilized some of these methods during this field pilot research project on CO2 

foam monitoring. This CO2 foam pilot was conducted in East Seminole Field, Permian 

Basin, west Texas where CO2 foam was implemented to reduce CO2 mobility to 

improve sweep efficiency, oil recovery, and CO2 storage potential. A surfactant-

alternating-gas (SAG) injection strategy was implemented, with 10 days of surfactant 

solution followed by 20 days of CO2. The monitoring program included single, fall-off 

tests to measure injection pressure, and injection profiles to determine zones of 

injection. Injection BHP and temperature data was used to evaluate the pilot response 

during surfactant and CO2 injection. The analysis was conducted by examining the 

differential pressure (dP) and differential temperature (dT) through time for all the 

SAG and WAG cycles. A high-resolution two-dimensional radial flow model was 

developed to history match the measured transient pressure data. This analysis has 

provided significant insight into injectivity reduction during SAG injection.  

Key findings from this work are:  
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� Resistivity has been proven as a supplementary monitoring tool for foam 

experiments. The current study concentrated on proving that resistivity can be 

employed at laboratory scale as an effective technique to identify foam behavior 

in core flooding.  

� 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.   

� Based on our theoretical results we expect the foam conductivity to be order of 

(1 to 2) higher than that of CO2 phase and significantly less than that of saline 

reservoir water.   

� Assuming a reasonable conductive water in the reservoir, resistivity profiles 

during ideal CO2 foam displacements should exhibit a distinctive character 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, the mobility contrast is very large and crosswell pressure 

measurements would be ideal to detect and quantify these largely contrasting 

mobility banks. 

� Analysis of downhole pressure and temperature data showed that the 

temperature responses were quite similar during most SAG cycles. On the other 

hand, differential pressures consistently increased during periods of surfactant 

injection and decreased during the subsequent CO2 injection periods. The 

pressure increase (buildup) during surfactant injection was due to a decrease in 

mobility, showing development of a mobility bank in the reservoir. 

Additionally, the comparison of pressure data between WAG and SAG cycles 

show that the delta pressure is higher with SAG injection which suggest reduced 

mobility due to foam development. 

� Based on the detailed comparisons and the transient analysis of measured 

bottomhole pressure data, it could be concluded that foam was generated 

downhole.  However, history matched foam model parameters are significantly 
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different from the expected values based on laboratory studies.  Sensitivity 

studies show that the foam mobility reduction factor (FMMOB) is the most 

dominant parameter. Foam development in the field trial was weaker than 

expected.  

� Production analysis during the reservoir experiment (pilot) indicated that the oil 

production in the pilot area increased by 30% during the pilot implementation. 

Injection profiles show that the injected fluids (CO2, Surfactant and Water) were 

diverted from a high-permeability zone into adjacent unswept reservoir 

intervals. These results suggest improved sweep efficiency with foam 

development. 

� The radial model proved to be useful to assess the reservoir foam strength during 

the CO2 Foam pilot. While the pressure data alone may not be enough to 

describe the complex physics of in-situ foam generation, it is a powerful 

indicator of foam strength. In this pilot application case, it appears that the 

reservoir foam strength was weaker than that expected in the laboratory.  

� Finally, field results suggest that the reservoir sweep efficiency and oil recovery 

could be improved by CO2 foam injection. This is mainly due to CO2 mobility 

reduction. Additionally, simulation results show that the volume of CO2 stored 

will be increased by CO2 foam utilization.  Therefore, CO2 foam injection can 

reduce the operational costs, improve CO2 storage and result in more oil 

recovery.  These effects can translate into additional benefits for industry 

operators who participate in combined CO2 storage and CO2 EOR in CCUS. 

6.1 Future Perspectives 

Monitoring the effectiveness of the foam during an CO2-EOR field application is 

detrimental in high-salinity, high-pressure and high-temperature reservoirs with 

heterogeneity involved.   This work demonstrated the use of conventional pressure 

measurements for characterizing foam strength. In addition, we recommend the 

deployment of distributed pressure sensors for time-lapse crosswell pressure 

measurements as well as resistivity surveys for saturation (CO2, Foam and Water) 

monitoring. The use of nanoparticles for foam stability is an active area of research and 
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its effectiveness under real reservoir conditions should be investigated in well-designed 

field pilots. 
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7. Concluding Remarks/Lessons Learned 

Describing and understanding pore, core, and field scale CO2 foam data is essential for 

more accurate predictions of CO2 foam behavior across length and time scales and 

advance the technology of CO2 foam in heterogeneous reservoirs.    In this research, 

we utilized CO2-Foam experiments on cores and    field pressure measurements to 

characterize the CO2-Foam advancement during a field application. The following 

summarizes the lessons learned during these works. 

7.1 Laboratory Lessons Learned 

Further studies are needed to identify better ways to correlate quality of foam with 

resistivity measurements.  These studies should be carried out for both water and oil 

cases.  

7.2 Field Lessons Learned 

Based on the history-matched model results, it could be said that foam has advanced in 

high permeability layers during the CO2 pilot. However, considering the non-unique 

nature of estimating the foam parameters, the effect of other foam processes (foam 

propagation and its effectiveness) should be addressed directly by direct saturation 

measurements such as resistivity monitoring.  

 

The pilot had elevated reservoir pressures due to the (over) injection of produced water 

in an offset pattern. The Minimum-Miscibility-Pressure (MMP) was far below these 

pressures. This excess pressure field trials should be avoided, if possible since it limits 

higher injection rates.    

 

We had good evidence that proved the foam development in the pilot application (such 

as SAG vs WAG comparisons, increase in oil production).  This pilot had a modest 

monitoring program, and the pilot design and operation should be taken to a higher 

level in future applications.   
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It is likely that more of the surfactant adsorbed to the rock surface in the field trial 

compared to the laboratory studies due to the presence of more minerals (clays) in the 

field compared to laboratory adsorption measurements on pure calcite and dolomite. In 

future pilots, the use of nanoparticles should be considered. 
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Abbreviations 

CCUS  Carbon capture, utilization, and storage 

EOR  Enhanced Oil Recovery 

SAG  Surfactant Alternating Gas 

WAG  Water Alternating Gas 

MPZ  Main Producing Zone 

ROZ  Residual Oil Zone 

BT  Breakthrough 

CT  Computed Tomography 

TVD  Total Vertical Depth 

Wt %  Weight Percent 

SCAL  Special Core Analysis 

RCA  Routine Core Analysis 

PVT  Pressure Volume Temperature 

MMP  Minimum Miscibility Pressure 

GOR  Gas-Oil Ratio 

MRF  Mobility Reduction Factor 

PV  Pore Volume 

PET  Positron Emission Tomography 

MRI  Magnetic Resonance Imaging 

OOIP  Original Oil in Place 
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Nomenclature 

a1  a constant ܥ௖  a model parameter ܥ௖  a model parameter to represent foam coalescence. ܥ௙  a model parameter to represent effective foam viscosity. ܥ௚  a model parameter to represent foam generation. ܥ௦௔  Mass of Surfactant adsorbed on the rock ܥ௦௚  Mass Concentration of Surfactant in CO2 ܥ௦௢  Mass Concentration of Surfactant in CO2 Residual Oil ܥ௦௪  Mass Concentration of Surfactant in Water 

c1   a constant in the proposed foam conductivity model 

cP  Centipoise 

Csurf  Surfactant concentration 

Csurf  Surfactant concentration 

D   Volumetric liquid fraction in the foam 

d  Value of determinant to capture the conditioning of the parameter 

estimation problem 

epcap  Foam model parameter in Fshear 

epdry  Steady-state foam parameter to capture the slope near critical water 

saturation 

epsurf   Foam model parameter in Fsurf ܨ௡   Objective function used to history match foam parameters. 

fco2   CO2 phase fractional flow 

fg  Gas fraction or foam quality 

FM  Mobility reduction factor (foam model) 

fmcap  Foam model parameter in Fshear 

fmdry  Factor in steady-state foam model to represent the critical water 

saturation 

fmmob  Foam model, maximum gas mobility reduction factor 

fmsurf   Foam model parameter in Fsurf 
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Fshear  Shear rate effect on foam (foam model) 

fw   Water phase fractional flow 

Fw  Factor to capture the effect of water saturation on foam mobility 

reduction 

Fwater  Water saturation effect on foam (foam model) 

Kb   bulk foam conductivity (or sf)  

k   Permeability 

kf
rg  Gas relative permeability with foam   

knf
rg  Gas relative permeability with no foam   

krCO2   Relative permeability to CO2 phase 

krg,wi  Endpoint relative permeability of gas  

krgnf  Gas relative permeability with no foam  

kro   Relative permeability to oil phase 

krw   Water phase relative permeability 

krw,gi  Endpoint relative permeability of water  

m   a model parameter for transient foam generation  

M  Measurement Matrix 

mD  Millidarcy 

MPa  Megapascal 

MRFCO2Foam Mobility Reduction Factor by CO2 foam 

Mscf  Thousand standard cubic feet  

Mscf/day Thousand standard cubic feet per day 

n   a model parameter for transient foam coalescence ݊௙  Foam texture or density  ݊௙௠௔௫  Maximum foam density 

Psig  Pound per square inch, gauge ܴ஼ைଶ  Resistivity of the CO2 phase 

௙ܴ  Resistivity of the foam 

௙ܴ௜௟௠  Resistivity of the film ܴ௪  Resistivity of water phase ݎ௖    Foam (lamella) destruction rate  
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௚ݎ    Foam (lamella) generation rate   
r1   a constant  

rb/day  Reservoir barrels per day 

Rf,CO2 foam Incremental oil recovery by CO2 foam 

Rf,tot  Total oil recovery 

Rf,WF  Incremental oil recovery by waterflood 

S  Sensitivity Matrix 

S*w   Water saturation at the limiting capillary pressure, fraction 

Sco2   CO2 Saturation 

Sg  Gas saturation So   Oil saturation 

SOM   Residual saturation behind the CO2 front, 

Sor  Residual oil saturation 

Sorm  Residual oil saturation to miscible flood 

Sorw  Residual oil saturation to waterflood Sw   Water saturation 
Swi  Irreducible water saturation 

t  Time 

uco2   CO2 volumetric flux or superficial velocity 

uco2   CO2 volumetric flux or superficial velocity 

ut   Total velocity 

ut   Total volumetric flux or superficial velocity 

uw   Water volumetric flux or superficial velocity 

vf  volumetric fraction of rock and fluids, fraction 

vs   Velocity of the foam front  

vw   Velocity of the miscible (CO2) front 

X     Vector defining the foam parameters.  

XD  Dimensionless distance  

Xf  Foam Quality, fraction 

¯p  Pressure gradient  

 ௪  Pressure gradient for the water phase݌¯
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μapp,CO2 Apparent viscosity of CO2  

μapp,CO2foam Apparent viscosity of CO2 foam  

⁰API  American Petroleum Institute gravity 

μco20   CO2 viscosity in absence of foam  
μco2f   Effective CO2 viscosity in presence of foam 
f   Porosity  
sco2  CO2 conductivity (without foam) 

sco2 f  CO2 conductivity (with foam), S/m 
sf  Foam conductivity 

sfilm  Conductivity of the film 

sw  Conductivity of the water phase   
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Abstract: This study focuses on the use of pressure measurements to monitor the effectiveness of
foam as a CO2 mobility control agent in oil-producing reservoirs. When it is applied optimally, foam
has excellent potential to improve reservoir sweep efficiency, as well as CO2 utilization and storage,
during CO2 Enhanced Oil Recovery (EOR) processes. In this study, we present part of an integrated
and novel workflow involving laboratory measurements, reservoir modeling and monitoring. Using
the recorded bottom-hole pressure data from a CO2 foam pilot study, we demonstrate how transient
pressures could be used to monitor CO2 foam development inside the reservoir. Results from a
recent CO2 foam pilot study in a heterogeneous carbonate field in Permian Basin, USA, are presented.
The injection pressure was used to evaluate the development of foam during various foam injection
cycles. A high-resolution radial simulator was utilized to study the effect of foam on well injectivity,
as well as on CO2 mobility in the reservoir during the surfactant-alternating gas (SAG) process.
Transient analysis indicated constant temperature behavior during all SAG cycles. On the other
hand, differential pressures consistently increased during the surfactant injection and decreased
during the subsequent CO2 injection periods. Pressure buildup during the periods of surfactant
injection indicated the development of a reduced mobility zone in the reservoir. The radial model
proved to be useful to assess the reservoir foam strength during this pilot study. Transient analysis
revealed that the differential pressures during the SAG cycles were higher than the pressures observed
during the water-alternating gas (WAG) cycle which, in turn, showed foam generation and reduced
CO2 mobility in the reservoir. Although pressure data are a powerful indicator of foam strength,
additional measurements may be required to describe the complex physics of in situ foam generation.
In this pilot study, it appeared that the reservoir foam strength was weaker than that expected in
the laboratory.

Keywords: CO2 foam; pilot monitoring; pressure measurements; transient analysis; CO2 EOR;
CO2 storage

1. Introduction

CO2 foam injection is an effective method for controlling CO2 mobility during en-
hanced oil recovery (EOR) processes in petroleum reservoirs [1]. When it is performed
optimally, CO2 foam has excellent potential to improve sweep efficiency [2–8] and CO2
storage potential. Foam is a mixture consisting of a continuous liquid phase (surfactant
solution) and a gas phase (CO2). This mixture becomes discontinuous due to the generation
of thin liquid films called lamellae [9]. The mobility of foam depends on its texture: the
finer the foam’s texture, the lower the CO2 mobility. It has been shown that foam density
is a direct function of the density of the lamellae [10]. Laboratory studies clearly show
that foam strength is very important in achieving the desired reservoir displacement effi-
ciency. Additionally, the solubility of the surfactant in CO2 and water phases, as well as the
adsorption of CO2 on rocks, play a crucial role during foam displacement [11].

Surfactants are commonly used to generate and stabilize foams in porous media. They
are screened to ensure the success of a CO2 foam. Recent research has suggested various
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surfactants (cationic, nonionic, and zwitterionic) as the main candidates for CO2 foams in
EOR [12]. Several studies have been conducted to examine the texture and stability of CO2
foams as a function of the surfactant structure and formulation. These variables include the
water/CO2 ratio, surfactant concentration, water salinity, etc. Previous research shows that
surfactant characteristics, along with foam strength, can be adjusted to ensure optimum
foam displacement during CO2 EOR processes. However, surfactant-based foams break
down in the formation due to the presence of oil and the adsorption of the surfactant to
rock, and at high temperatures and salinities. Therefore, it is also important to maintain
foam strength (or stability) during the entire injection period in field applications. Recent
work suggests that the addition of silica nanoparticles to surfactant-stabilized CO2 foams
may increase the strength and stability of foam systems [13].

There are several strategies to generate foam in porous media. These include the
co-injection of gas (CO2)/surfactant or surfactant-alternating gas (CO2) injection (the
SAG method). In the co-injection process, the gas (CO2) and the surfactant solution are
simultaneously injected, and foam is formed in situ. In the SAG method, the surfactant and
CO2 are injected in alternating slugs. In low-permeability reservoirs, SAG injection may be
preferred due to increased gas injectivity. Additionally, with the use of the SAG method,
the contact between CO2 and water is minimized, which may reduce corrosion in surface
facilities and piping [14].

Laboratory studies using reservoir cores are used to define the optimum recipe at a
given reservoir pressure, temperature, and water salinity. For the application of foam in
reservoirs where heterogeneity is involved, reservoir monitoring is carried out to assess
foam development under reservoir conditions. While seismic, resistivity, electromagnetic
and pressure measurements have been suggested in the oil industry, foam monitoring
is typically carried out through flow and bottom hole pressure measurements, injection
logging and the use of fluid tracers. These measurements are, in turn, used to assess the
effectiveness of foam as a mobility control method and, hence, provide a way in which
to remedy any underperforming CO2 floods. In this way, the design of the foam can be
adjusted to improve oil recovery, CO2 utilization and storage.

In this study, we present the pressure monitoring part of an integrated and novel
workflow involving laboratory measurements, reservoir modeling and monitoring. The
laboratory studies were conducted on reservoir core samples to determine the optimal
foam formulation. Reservoir modeling was carried out to decide on optimum injection
strategy, and extensive reservoir monitoring was conducted to assess the effectiveness of
the designed foam under reservoir conditions. The results of this integrated research work
provide important knowledge for future CO2 EOR field applications.

2. Pressure Testing for Foam Monitoring

In the petroleum industry, transient pressure testing is typically used to investigate
reservoir characteristics such as permeability, reservoir boundaries, etc., as well as the
well performance such as productivity or injectivity, skin effects, etc. Fall-off testing is
an effective method for monitoring water or foam injection. Typically, fall-off tests are
conducted by ceasing the injection and analyzing the transient pressure to assess any
mobility changes near the injector [15]. In such tests, bottom-hole pressures are recorded at
the injection well, and the data are used to examine the reservoir mobility changes caused
by the injection. Foam injection affects the mobility distribution in the reservoir; therefore,
the location of the foam front can be monitored, in principle, by fall-off tests. These
tests rely on single-point pressure measurements and may lack the resolution required in
layered formations.

Based on previous comparable studies with CO2 injections [16], it has been suggested
that crosswell pressure testing, in addition to seismic and electromagnetic data, could be
deployed for CO2 foam monitoring. In crosswell pressure testing, a series of pressure
pulses is induced by shutting down the injector, and the pressure measurements are taken
at the observation well. These measurements could be used to examine the inter-well
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reservoir connectivity. The main advantage of these tests is the larger investigation volume
away from the injector.

3. Field Pilot Description

A surfactant-stabilized foam was chosen to reduce the CO2 mobility in this field. The
surfactant system was selected based on laboratory measurements of surfactant adsorp-
tion. The foam stability was also verified during these laboratory studies. A surfactant-
alternating gas (SAG) injection strategy was adapted, with 10 days of surfactant solution
injection followed by 20 days of CO2 injection. The pilot injection began in May 2019.
Monitoring surveys during this pilot study included CO2 injection profiles, CO2 tracer tests,
the collection of bottom-hole injection pressure/temperature and three-phase flow rates.

The pilot study was performed in the East Seminole Field, Permian Basin, West Texas,
and the study area was an inverted 40 acre 5-spot pattern which included a central injection
well and four surrounding producers (Figure 1). The oil was produced from the San
Andres formation, which is classified as a heterogeneous cyclical carbonate. The reservoir
interval had an average permeability of 13 mD, pay thickness of 110 ft, and consisted of
six flow zones separated by impermeable flow barriers. The pilot area was selected based
on rapid CO2 breakthrough, high GORs in the producers as well as relatively short well
distances [17,18]. Two production wells, P1 and P4, were the focus of the baseline data
collection and pilot monitoring because they exhibited the most rapid CO2 breakthrough
time from tertiary CO2 injection. Composite logs from the pilot injection well indicated a
10 ft thick high permeability streak of 200 mD. Historical injection profiles showed that this
zone has been taking most of the injected CO2. Therefore, this high permeability zone was
targeted because foam can form in high permeability streaks and diverting flow to unswept
regions of the reservoir with lower permeabilities. The reservoir and fluid properties are
shown in Table 1.

 

Figure 1. Pilot pattern (shaded area) and surrounding wells in East Seminole Field. The pilot injection
well was I1, and the monitored producers were P1 through P4.
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Table 1. Reservoir and fluid properties of the San Andres unit in the East Seminole Field.

Reservoir Characteristic Value

Depth 5200 ft
Permeability 1 to 300 md (average: 13 md)

Porosity 3 to 28% (average: 12%)
Pay thickness 110 ft

Reservoir pressure (initial) 2500 psig
Reservoir pressure (current) 3400 psig

Fracture pressure 3900 psig
Reservoir temperature 1040F

Oil gravity 31 ◦API
Formation brine salinity 70,000 ppm

4. Foam Formulation Design

The laboratory program aimed to determine the optimal foam formulation for the
field test. This included surfactant-screening studies, evaluations of the optimal foam
quality (gas fraction) and surfactant concentration and quantification of CO2 EOR and CO2
storage potential. Individual components of the laboratory program have been detailed
elsewhere [12,13,17,18] and are briefly reviewed here.

Surfactant screening studies identified the nonionic water-soluble Huntsman L24-22, a
linear ethoxylated alcohol (C12-14 EO22), for the field pilot study based upon minimal loss
to the formation due to adsorption, adequate foam strength, and chemical stability [12].
Once the reservoir-specific surfactant was selected, the foam formulation was evaluated by
determining the impact of surfactant concentration, gas fraction (foam quality) and flow
velocity on foam strength at reservoir conditions [18]. The foam strength was quantitatively
evaluated by the apparent foam viscosity, which was calculated from the steady-state
pressure gradient at each gas fraction during foam quality scans and at each injection
rate during foam rate scans [19]. As described in Section 6, foam model parameters for
numeral modeling were derived from the foam quality and foam rate scans by curve-fitting
regression [20–22].

5. Radial Model Set-Up and Initialization

In this pilot study, injection well pressures and temperatures were recorded using a
down-hole memory pressure gauge during various surfactant, CO2 and water injection
periods. The transient analysis was conducted by examining the differential pressure (dP)
and differential temperature (dT) over time for nine SAG cycles and one WAG cycle. A high-
resolution two-dimensional radial foam simulator was used to history-match the measured
transient pressure data. The simulation model included the porosity and permeability
distribution from a validated sector-scale model of the pilot pattern and surrounding
producers [21]. The simulation foam model was used to examine the impact of foam
and/or relative permeability on injectivity and mobility reduction when switching between
surfactant solution and CO2 in an SAG process.

The objectives of this study were as follows:

• Evaluate whether foam has been generated based upon comparisons with measured
BHP and injection rates;

• Tune foam model to observed pressures during pilot if foam has formed;
• Determine the foam propagation distance/rate if foam has formed.

The radial model used in this study was based upon a validated sector-level model
of the pilot pattern and surrounding producers. The base sector model was calibrated to
40 years of waterflood and over 4 years of CO2 injection data, before the pilot study. A
workflow was developed to history-match the cumulative oil production and water-cut in
the sector model [22].

The radial model included one injector (I1) which simulated the nine-cycle SAG pilot
period. The grid contained 28 layers, which were refined from the validated sector model of
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the pilot pattern and surrounding wells. The radial grid extended to 700 ft from the injector
and the grid sizes increased logarithmically from the injector. Layers and perforations were
from the history-matched (HM) sector model (reference to Mohan’s PhD/papers with HM
models). The model included historical water and CO2 injections before the pilot study.
The simulations during the pilot study were controlled by the actual injection rates, and the
simulated rates were compared with historical rates to ensure that the model could adhere
to these controls.

Figure 2 shows the permeability distribution in the radial model. Radial simulation
model parameters are provided in Table 2.

Figure 2. Permeability distribution in the radial model. The number of radial and vertical grid blocks
are 20 and 28, respectively.

Table 2. Radial simulation model parameters.

Simulation Model Parameter

Number of grid blocks 20 × 1 × 28 (r, theta, z)
Outer radius 700 ft

Total thickness 145 ft
Initial water saturation (Sw) 0.50
Starting reservoir pressure 3118 psia

Fracture pressure 3900 psig
Reservoir temperature 1040F

Oil gravity 31 ◦API
Formation brine salinity 70,000 ppm

Permeability and porosity from the HM sector
model

Average permeability 13.5 md
Average porosity 0.08

Initial conditions on 1 April 2019.

Base values for foam model parameters were obtained by performing regression
analysis on the quality scan data to fit the empirical foam model [21,23]. Figure 3 shows
the foam characteristics obtained based on the regression analysis.
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Figure 3. Laboratory foam quality (red filled circles) and rate (red open circles) scans used to derive
foam model parameters for the local equilibrium foam model. The dashed lines show the model fit.

The simulation model was run using daily pilot study injection rates using the rate
control option of the simulator.

6. Foam Modeling

There are two approaches to modeling foam transport in porous media: an ex-
plicit texture population balance model [10,24].and an implicit texture local equilibrium
model [25,26]. Population balance models explicitly represent the dynamics of lamella
creation and destruction along with the effect of the resulting foam on gas mobility. Gas
mobility is reduced according to bubble size (determined by the rates of creation and
destruction of lamellae). Local equilibrium models implicitly represent the effect of bubble
size by introducing factors for reducing gas mobility by foam as a function of water sat-
uration, oil saturation, surfactant concentration, and shear thinning due to the flow rate.
Local equilibrium models assume that foam is present anywhere gas and water are present,
along with an adequate surfactant concentration. The effect of foam was modeled in this
study using the local equilibrium approach.

The decrease in gas mobility during foam floods is accounted for in local equilibrium
models by scaling the gas relative permeability for no foam floods (krg

nf) by a mobility
reduction factor (FM), whereas the water relative permeabilities remain unchanged.

k f
rg = kn f

rg × FM (1)

The effect of water saturation, shear rate, surfactant concentration and oil satura-
tion [26] on the mobility reduction factor was studied, given by the expression:

FM =
1

1 + f mmmob × Fwater × Fshear × Foil × Fsur f
(2)

f mmmob refers to the maximum gas mobility reduction that can be achieved. Fwater,
Fshear, Foil and Fsur f capture the water saturation, shear rate, oil saturation and surfactant
concentration dependence, respectively, all lying in the range of 0 to 1 (Equations (3) through
(6)). The capillary number, Nca, represents the relative effect of viscous and capillary forces.

Fwater = 0.5 +
arctan[epdry(Sw − f mdry)]

π
(3)

Fshear =

{
(

f mcap
Nca )

epcap
i f Nca> f mcap

1 otherwise
(4)
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Fsur f =

(
Sur f actant concentration

f msur f

)epsur f
(5)

Foil =

(
f moil − So

f moil

)epoil
(6)

Two water components were used to model foam behavior: one for surfactant solution
and one for water. The base case foam parameters were derived from laboratory foam
quality and rate scans and fitted to the empirical local equilibrium foam model by curve-
fitting regression [19–21,25–27].

The surfactant selected for the pilot was found to have very low adsorption reservoir
rock in the laboratory; thus, adsorption was excluded from the simulation study. Figure 3
shows the foam quality and rate scan used to derive the model parameters, and Table 3
shows the base case foam model parameters.

Table 3. Base case foam parameters.

Foam Parameter Value

fmmob 192
fmdry 0.40
epdry 84
fmcap 9.0 × 10−7

epcap 0.59

7. Measured Injection Rates and Pressures

The reservoir response to foam was evaluated by analyzing the bottom-hole pressure
(BHP) response during surfactant and CO2 injection. Figure 4 shows the injection rates of
the CO2 (red curve) and surfactant solution (green curve) and the measured BHP (black
curve) at the injector well for nine complete pilot SAG cycles. The injection rates during
the pilot study were 520 and 470 rb/day for the surfactant solution and CO2, respectively.
The volumetric ratio of injected CO2 relative to the total volume of CO2 and surfactant
injected was used to evaluate injected foam quality per cycle. The aim was to inject foam at
70% quality (0.70 gas fraction) per cycle, as determined in the laboratory studies. The foam
qualities ranged from 61% to 71%, which was within the designed target.

Figure 4. Plot showing the injection history along with measured bottom-hole pressures during the
9 SAG cycles.

8. Base Case Simulations

The simulated BHP was compared with actual surveys to evaluate foam generation
and CO2 mobility reduction. Figure 5 shows the surfactant-alternating gas (SAG) simulation
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results, assuming the base case foam parameters (red curve). As can be seen in this plot,
the simulated pressures were significantly higher than the measured BHP (black curve). In
addition, the simulated pressures assuming a water-alternating gas (WAG) scenario are
shown (blue curve), which were slightly lower but more consistent with the measured
pressures, suggesting a weaker foam than that expected.

 

Figure 5. Simulated pressures using base case foam parameters.

The radial simulation model assumed a constant effect of nearby wells, and this may
only be true for limited times. To check this assumption, the injection and production
rates within the pilot pattern were also plotted. Figure 6 shows the total injection rates
for the pilot pattern. As can be seen from this plot, the total CO2 injection rate increased
during Cycles 6 and 7 and decreased during Cycles 8 and 9. This is important since the
radial well model only simulated the central injector and did not consider the effects of
injection/production on the nearby wells. These non-steady conditions are addressed later
in the transient analysis section.

 

Figure 6. Total injection and BHP measured for the pilot study. The black curve shows the measured
bottom-hole pressure data. The green curve shows simulated results from the base case model. Values
for CO2 and water injection rates (red and blue curves) are indicated on the secondary axis (rb/d).
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9. Sensitivity Studies

Due to uncertainty in foam model parameters derived from laboratory data, sensitivity
runs were set up to first test key foam model parameters. The following foam model
parameters were adjusted for the sensitivity study:

• FMMOB: The reference mobility reduction factor;
• FMDRY: The limiting water saturation below which the foam is no longer effective;
• EPDRY: A weighting factor which controls the sharpness of the change in mobility;
• FOAMSO: The maximum oil saturation above which foam is no longer effective.

Table 4 shows the parameter ranges for the sensitivity study.

Table 4. Foam sensitivity parameters.

Simulation Run FMMOB FMDRY EPDRY FOAMFSO

Base Case 192 0.4 84 0.28

S1 92
S2 19
S3 0.45
S4 0.35
S5 42
S6 168
S7 0.18
S8 0.38

Figure 7 shows the sensitivity to foam strength parameters (FMMOB). As expected,
the simulated pressures agreed better with the measured BHP, because the foam strength
was controlled by the set FMMOB value. Sensitivity simulations for other foam parameters
showed less of an impact; therefore, they are not shown here. These results clearly show
that the foam was formed down-hole, and it was weaker than expected.

 

Figure 7. Simulated pressures using different foam strength parameters.

10. Transient Pressure Analysis

An alternative analysis was carried out using the pressure changes (instead of the
absolute pressures) for each cycle. This analysis showed consistent results for both sur-
factant and CO2 injection periods. Transient analysis represented a useful tool to analyze
unsteady-state flow at the pilot injector. Figure 8 shows dP/dT over time for the first five
SAG cycles. Delta pressure (dP) and delta temperature (dT) values were calculated by
subtracting the absolute values from the last stabilized pressure and temperature before
each injection cycle, a technique widely used in transient pressure analysis. Similarly, delta
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t (dt) refers to the differential time from the start of a particular injection cycle. Differential
pressure (dP) increased for each surfactant cycle, which may be related to a foam bank
developing further into the reservoir. The dP values were in the order Cycle 1 < Cycle 2 <
Cycle 3 < Cycle 4 < Cycle 5.

 

Figure 8. Transient pressures and temperatures for the first five SAG cycles. dP1 corresponds to slug
1, dP2 to slug 2, and so on.

The increased BHP during surfactant cycles could also be related to relative perme-
ability and/or viscosity effects. A WAG was run at the end of the pilot to rule this out. As
shown in Figure 9, the dP during the final SAG cycle (red curve) was higher than the dP
observed during the final WAG (blue curve). The higher dP of the SAG cycles compared
with the WAG indicated reduced the mobility during the SAG cycles and confirmed foam
generation.

 

Figure 9. Transient bottom-hole pressure (dP) versus injection time (dt) for the final SAG cycle (red
curve) and for the WAG cycle (blue curve).

The transient analysis was also applied to CO2 injection periods independently. These
results, along with the extended fall-off period, are shown in Figure 10.
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Figure 10. Transient analysis of CO2 injection periods for the first 8 cycles. Additionally, the pressure
fall-off results before Cycle 9 are shown.

11. Fall-Off Comparison

Due to operational reasons, the central injector was shut in for an extended period
before Cycle 9. This created a fall-off test, which was also used to test different foam
scenarios. Figure 11 shows the simulated results versus the measured dP/dT response
during this fall-off period. As indicated, the simulated case with a lower FMMOB value
(gray curve) followed the measured response more closely than the cases with higher
mobility reduction (yellow and blue curves). In addition, the WAG case had a much lower
pressure response, compared with the cases with foam and the observed data. This may
indicate that a relatively weak foam was generated in the reservoir.

 

Figure 11. Simulated transient pressures during the fall-off period with different foam
strength parameters.

12. Transient Surfactant and CO2 Injection Comparisons

Transient data were also used to compare the model pressure response with the
measured pressures during surfactant and CO2 injection periods. These are shown in
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Figures 12 and 13, respectively. These comparisons showed similar results to those observed
during the fall-off period, suggesting weak foam strength.

 

Figure 12. Simulated transient pressures of CO2 injection during Cycle 2 with different foam
strength parameters.

 

Figure 13. Simulated transient pressures of CO2 injection during Cycle 8 with different foam
strength parameters.

13. Foam Propagation

One of the important objectives of this study was to determine the foam propagation
distance/rate if foam had formed. For this, a history-matched simulation model with
tuned parameters was used. The simulator modeled foam as an effective concentration
of surfactant transported in the gas (CO2) phase. Figure 14 shows the simulated foam
propagation for the weak foam case (FMMOB = 1.9) at the end of each surfactant/CO2
cycle for Cycles 1, 5 and 8. These plots clearly indicate that foam had advanced deep in
high-permeability layers during the pilot study.
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Figure 14. Cross-sectional (r-z) plot showing simulated foam concentrations for the weak foam case
(FMMOB = 1.9) at the end of Cycles 1, 5 and 8.

14. Results and Discussion

The simulation model assuming the base case foam parameters for the SAG scenario
gave significantly higher pressures than the measured pressures. This clearly shows that
the simulated foam (or resistance) was stronger than that which occurred in reservoir
conditions. The simulated WAG scenario (or no foam case) provided a lower bound for
these pressures; therefore, based on the history-matched results, it could be concluded that
the generated foam was weaker than expected.

Transient analysis showed that the temperature response was quite similar during all
SAG cycles. On the other hand, differential pressures consistently increased during periods
of surfactant injection and decreased during the subsequent CO2 injection periods. The
pressure increase (buildup) during surfactant injection clearly suggests the development of
a mobility bank in the reservoir. Transient analysis also showed that the differential pres-
sures during the SAG cycles were higher than the pressures observed during the WAG cycle.
This revealed foam generation and reduced CO2 mobility during this pilot development.

History matching using different foam parameters showed that a large reduction in
the foam mobility reduction factor (FMMOB) was needed to match the measured bottom-
hole pressure data. Other foam parameters were also selectively adjusted, and results
showed they had less of an impact on the overall pressure match. However, considering
the non-unique nature of parameter estimation [28], the effects of these foam parameters
should be addressed by more direct indicators of foam saturation, such as resistivity
measurements [16].

The effectiveness of the foam could also be independently determined by improve-
ments in the overall oil recovery against the base water/gas injection within the pilot area.
A production analysis conducted after the pilot indicated a significant increase in both
cumulative oil and water production compared to the baseline period before the pilot.
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However, a large increase in water production was also observed, which may be related
to a fracturing campaign conducted on pilot wells at the onset of the pilot. Therefore, no
definite conclusions were drawn from this pilot with regard to the effectiveness of the foam
based on the oil production increase.

15. Conclusions

In this study, we presented a novel technique to study the development of foam in
reservoir conditions. The method was used to assess the effectiveness of CO2 foam in a
pilot study conducted in the East Seminole Field, Permian Basin, West Texas. In the selected
pilot area, foam was utilized to reduce CO2 mobility to improve sweep efficiency, oil
recovery, and CO2 storage potential. Injection pressure and temperature data were used to
evaluate the reservoir response during various surfactant, CO2 and water injection periods.
Transient analyses were conducted for all SAG cycles, as well as one WAG cycle. A high-
resolution two-dimensional radial flow model was used to history-match the measured
differential pressures.

The radial model proved to be useful for assessing the reservoir foam strength during
this pilot study. Although the pressure data alone may not be sufficient to describe the
complex physics of in situ foam generation, this study shows that it is a strong indicator of
foam strength. In this pilot, it appears that the reservoir foam strength was weaker than
expected based on laboratory measurements.

The proposed method of transient analysis has been found to be quite useful in
assessing the development and progression of foam in the reservoir. This analysis showed
a consistent increase during all SAG cycles. In addition, differential pressures during the
SAG periods were higher than those observed during a comparable WAG cycle. This
revealed foam generation and reduced CO2 mobility during the pilot. Based on the detailed
comparisons and the transient analysis of measured bottom-hole pressure data, it could
be concluded that foam was generated down-hole. However, the history-matched foam
model was weaker than that expected based on laboratory studies.

Sensitivity studies show that the foam mobility reduction factor (FMMOB) is the
most dominant parameter. Based on the history-matched model simulations, it could be
concluded that the foam significantly advanced in high-permeability layers during this
pilot study.
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Nomenclature

fg Gas fraction or foam quality
cP Centipoise
K Permeability
mD Millidarcy
MPa Megapascal
Psig Pound per square inch, gauge
Mscf Thousand standard cubic feet
0API American Petroleum Institute gravity
rb/day Reservoir barrels per day
Mscf/day Thousand standard cubic feet per day
Sor Residual oil saturation, fraction of pore volume
fmmob Foam model, maximum gas mobility reduction factor
fmdry Foam model parameter in Fwater
epdry Foam model parameter in Fwater
fmsurf Foam model parameter in Fsurf
epsurf Foam model parameter in Fsurf
FM Foam model, mobility reduction factor
krg

nf Gas relative permeability with no foam

Abbreviations

CCUS Carbon capture, utilization, and storage
CCS Carbon capture and storage
EOR Enhanced oil recovery
SAG Surfactant-alternating gas
WAG Water-alternating gas
DHPG Down-hole pressure gauge
BHP Bottom-hole pressure
MPZ Main producing zone
ROZ Residual oil zone
BT Breakthrough
Wt % Weight percentage
GOR Gas/oil ratio
MRF Mobility reduction factor
IWTT Interwell CO2 tracer test
PV Pore volume

SI Metric Conversion Factors

Acre × 4.046873 E + 03 = m2

oAPI 141.5/(131.5 + oAPI) = g/cm3

bbl × 1.589873 E − 01 = m3

cp × 1.0 E − 03 = Pa·s
oF (oF − 32)/1.8 = ◦C

ft × 3.048 E − 01 = m
psi × 6.894757 E + 00 = kPa
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CO2-Foam Monitoring using Resistivity and Pressure 
Measurements 

  By Metin Karakas, Fred Aminzadeh & Arne Graue 
 University of Bergen 

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 , Fred Aminzadeh & Arne Graue

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 : University of Bergen, Norway.
Author : FACT Inc., United States. e-mail: metin.karakas@uib.no

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
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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. CO
2
 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).

 
CCf 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).
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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= [S
T
S]                                                                      (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. CO
2
 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 f 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
 =              (5) 

          

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

f
), and X

f 
is the foam quality.  Using these relationships, 

we obtain: 

 = 
1

3
 (1 X

f
)                                                 

or another expression would be: 

f  =  1 * s * (1- 2)                                       (7)  

where:  1 = constant  2 = CO2 saturation with foam  

s = conductivity of the thin film around bubbles  

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

 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: 

f   =  1 s (1- 2) ( )                              (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): 

=
2 

[ 2 f 
½ 

+ Sw w
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 

w 5.00 S/m 

CO2 0.001 S/m 

 f 0.100 S/m 

oil 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
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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).
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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 

 = a model parameter to represent foam coalescence 
= a model parameter to represent effective foam 

viscosity 
 = 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 2 = resistivity of the CO2 phase, ohm-m  = resistivity of the foam, ohm-m  = resistivity of water phase, ohm-m  = foam texture or density, lamellae/unit volume   = maximum foam density, lamellae/unit volume  = foam (lamella) destruction rate   = foam (lamella) generation rate 
S = sensitivity matrix 
Sco2 = CO2 saturation, fraction 
So = oil saturation, fraction 
Sw = water saturation, fraction 
uco2 = CO2 volumetric  
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 

co2
0 = CO2 viscosity (without foam), Pa.s 

co2
f = effective viscosity of the CO2 foam phase, Pa.s 

= porosity, fraction 
co2 = CO2 conductivity (without foam), S/m 
co2

f = CO2 conductivity (with foam), S/m 
f = foam conductivity, S/m 
w = water conductivity, S/m 
p = total pressure gradient, Pa/m p  = 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

w 0.001 Pa.s
0.005 Pa.s

g 2E-05 Pa.s
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)
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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 * 
11+ Fwater                          (A5)

Where: 

Fwater= 0.5 + 1 1[ ( )]
(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: +  = 0                                        (B1)  

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

=  + 2 2                                               (B2) 

 
where  2 is the CO2– Foam viscosity and is given by 
(Hirasaki et al. 1985)  2 =   20 +  ( 22)1/3 

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

Foam density (( ) equation is described by the 
following equation (Kovscek et al. 1995): ( 2 ) + ( 2 ) =  2 (  -  )     (B4) 

The rate of foam generation is given by =                                                             (B5)   

and the rate of foam coalescence is given by =  (  )                                  (B6)    

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

The water rate is given by 

 = - 
 

                                      (B7)    

and the foam rate is given by: 

2 = - 
 22  (  )                         (B8)  

At steady state conditions, the foam generation 
rate is equal to the foam destruction (or coalescence) 
rate. =                                                                                             (B9)  

when this relationship is inserted into the foam-viscosity 
equation:  2 =   20 +  ( 22)13                                                           (B10)  

the following relationship is obtained, representing the 
foam viscosity:  2 =   20 + 

 (  )  ( 22)13               (B11)  

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

Model response is defined as follows: 

M(X) = ( 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 M
T
(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) = x(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: 

1/2 
= vf1

1/2
+ vf2

1/2
+ vf3

1/2                                  (D1)   

where  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: 

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

 2 = o = 0,   vf2=So (D4) 

 3 = w,     vf3= w (D5) 

and using the mixing law, we obtain: 
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= w (Sw )2                                                                                       (D6) 

This result is similar to Archie’s law: 

= wSwn m                                                        (D7) 

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

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

 2 =  f, vf2= 2 (D9) 

 3 = w,            vf3= w (D10) 

and finally: 

= 2 [ 2 f 
1/2+ Sw  w

1/2]2                                                (D11) 
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Abstract: This work presents a multiscale experimental and numerical investigation of CO2 foam
generation, strength, and propagation during alternating injection of surfactant solution and CO2

at reservoir conditions. Evaluations were conducted at the core-scale and with a field-scale radial
simulation model representing a CO2 foam field pilot injection well. The objective of the experimental
work was to evaluate foam generation, strength, and propagation during unsteady-state surfactant-
alternating-gas (SAG) injection. The SAG injection rapidly generated foam based upon the increased
apparent viscosity compared to an identical water-alternating-gas (WAG) injection, without surfactant.
The apparent foam viscosity of the SAG continually increased with each subsequent cycle, indicating
continued foam generation and propagation into the core. The maximum apparent viscosity of the
SAG was 146 cP, whereas the maximum apparent viscosity of the WAG was 2.4 cP. The laboratory
methodology captured transient CO2 foam flow which sheds light on field-scale CO2 foam flow. The
single-injection well radial reservoir simulation model investigated foam generation, strength, and
propagation during a recently completed field pilot. The objective was to tune the model to match
the observed bottom hole pressure data from the foam pilot and evaluate foam propagation distance.
A reasonable match was achieved by reducing the reference mobility reduction factor parameter
of the foam model. This suggested that the foam generated during the pilot was not as strong as
observed in the laboratory, but it has propagated approximately 400 ft from the injection well, more
than halfway to the nearest producer, at the end of pilot injection.

Keywords: foam; CO2; EOR; multiscale

1. Introduction

Foam has emerged as a promising, cost effective technique to reduce CO2 mobility
for improved sweep efficiency during CO2 enhanced oil recovery (EOR) and CO2 storage
processes [1–4]. Foam is a dispersion of gas in a continuous liquid phase where gas flow
is impeded by thin liquid films called lamellae [5,6]. Lamellae are often stabilized by
water-soluble surfactants which reduce surface tension and are screened to ensure minimal
adsorption on reservoir rock. Foam is generated in-situ by simultaneous injection of
CO2 and surfactant solution (co-injection) or in alternating slugs of CO2 and surfactant
solution [7,8]. Once foam is generated, it is propagated through the porous medium at an
initial unsteady-state and then later at steady-state. Unsteady-state foam is characterized
by a rapidly increasing pressure drop, whereas the pressure drop is constant at steady-state
and can be described with Darcy’s Law [9,10]. In addition, significant differences in relative
permeability have been observed between steady- and unsteady-state foam flow [11]. At
the field scale, it is assumed that foam is at steady-state [12]. However, foam may encounter
both unsteady-state and steady-state flow regimes, with unsteady-state flow dominating
the near wellbore area.

Foam injection must balance injectivity, mobility reduction, and operational con-
straints. At laboratory scale, co-injection is the most common injection strategy because of
the ability to achieve steady-state and for deriving foam model parameters [13]. In addition,
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co-injection offers the most control of injected foam quality [14]. However, co-injection can
be challenging at the field-scale because of operational limitations, extremely low injectivi-
ties, rapid pressure increases, and challenges associated with downhole corrosion [15]. This
has led to most field tests using a surfactant-alternating-gas (SAG) injection strategy. Addi-
tionally, SAG processes have been shown to be the optimal injection strategy to overcome
gravity override and to maintain injectivity [16].

Details on in-situ foam generation and propagation during unsteady-state flow are
needed because they significantly impact injectivity, which is crucial to the success of
foam applications for EOR and CO2 storage. However, few attempts have been made to
characterize transient CO2 foam behavior during alternating injection of surfactant solution
and CO2 slugs at reservoir conditions. Moreover, the connection between laboratory and
field-scale transient foam flow is unclear. To further complicate the matter, conventional
reservoir simulations calculate injectivity assuming a uniform saturation and mobility in
the injection-well grid block. Therefore, injectivity in a simulation of an SAG process is
extremely poor [17]. In reality, foam in the near-well region rapidly dries out and injectivity
is much greater than estimated in a finite-difference simulation. Foam dry-out occurs at
high gas fractional flows due to foam coalescence and depletion of adequate surfactant
solution. The large injectivity reduction can be compounded by limited variation in foam
apparent viscosity at different gas fractions from experimental data used to derive foam
model parameters. Therefore, an approach to capture foam dry-out in the near-well region
is needed.

This work presents a multiscale investigation of unsteady-state CO2 foam generation,
strength, and propagation at reservoir conditions. The main objective of the experimental
work was to evaluate foam generation and propagation during unsteady-state SAG injec-
tion at reservoir conditions to assist with field pilot interpretations. The aim was to develop
a laboratory methodology for CO2 foam quantification during SAG injection, representative
of the near wellbore region. The objective of the field-scale modeling work was to calibrate
a radial reservoir simulation model to the observed behavior from a recently completed
CO2 foam field pilot test. An approach to capture the foam dry-out effect near the well
is proposed.

2. Pilot Overview

A surfactant-stabilized CO2 foam pilot was conducted in a mature heterogeneous
carbonate reservoir in East Seminole Field, Permian Basin USA [18]. The main objective was
to achieve in-depth CO2 mobility control to increase CO2 sweep efficiency and improve the
CO2 utilization factor. The foam formulation was designed in the laboratory by measuring
surfactant adsorption and verifying foam stability in the presence of residual oil [19–21].

The pilot area was an inverted 40 acre five-spot pattern with a central injection well
and four surrounding producers. The pilot injection strategy was designed to mitigate
injectivity losses due to strong foam generation and to volumetrically target the optimal 70%
foam quality, as recommended from the laboratory studies. A rapid surfactant-alternating-
gas (SAG) injection strategy began in May 2019. The injection strategy consisted of SAG
cycles with 10 days of surfactant solution injection followed by 20 days of CO2 injection.
Eleven complete SAG cycles were injected for total of 10% hydrocarbon pore volume
(HCPV) injected at the completion of the pilot in August 2020. Figure 1 shows the observed
injection rates and bottom hole pressure (BHP) during the pilot.
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Figure 1. Observed injection rates and bottom hole pressure (BHP) during the foam pilot. The red
curve corresponds to CO2 injection, the green curve to surfactant solution injection, and the blue to
water injection. The BHP is shown as the black curve.

Pilot Monitoring

The baseline data collection and pilot monitoring program aimed to obtain baseline
from pre-pilot CO2 and water injection periods and monitor pilot performance to evaluate
reservoir response to foam injection. Foam was expected to reduce CO2 mobility, thus the
baseline period focused on characterizing interwell connectivity and injectivity of CO2
and water. The baseline data collection program consisted of CO2 injection profile logs, an
interwell CO2 tracer test (IWTT) and collection of injection and production flow rates for
comparison to repeat surveys during the pilot. The pilot monitoring program included
repeat CO2 injection profiles, an IWTT, three-phase production monitoring and collection of
downhole pressure data for evaluation of reservoir response to foam injection. The injection
bottom hole pressure and temperature were monitored by mounting a downhole pressure
gauge (DHPG) in the pilot injection well. Produced fluids were also collected, before
the pilot and once a week during the pilot, for chemical analysis to determine surfactant
breakthrough time.

Foam generation was confirmed during the pilot based upon a delay in CO2 break-
through compared to the baseline CO2 breakthrough time, higher BHP values during the
pilot compared to pre-pilot values, and more evenly distributed injection profiles during
the pilot compared to the pre-pilot period. In addition, an increase in oil production was
observed with less volumes of CO2 injected during the pilot, compared to conventional CO2
injection, thereby improving the CO2 utilization factor and the economics of the project.
Pilot results are discussed in detail in [22]. Observed BHP values and injection rates were
used in this work to calibrate the radial reservoir model as discussed below.

3. Experimental Materials

The objective of the unsteady-state CO2 foam experiments was to evaluate foam
generation, strength, and collapse during alternating injection of CO2 and surfactant
solution to assist in the interpretation of the recently completed field pilot. The aim was
to develop a laboratory methodology for CO2 foam quantification during unsteady-state
SAG injection, representative of the near wellbore region.
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3.1. Rock and Fluid Properties

An outcrop Bentheimer sandstone was used for all experiments to maintain constant
core properties. Bentheimer is a homogeneous, water-wet sandstone with a composition
consisting of quartz (92%), clay minerals (3%) and feldspar (5%). The permeability was
measured at an average of 2.14 ± 0.03 Darcy. Rock properties are shown in Table 1.

Table 1. Rock properties of the sandstone core material used in the experimental work.

Property Value

Length (cm) 24.40 ± 0.01
Diameter (cm) 3.80 ± 0.01

Permeability (D) 2.14 ± 0.03
Pore Volume (mL) 62.16 ± 0.01

Porosity (%) 21.54 ± 0.10

Brine was prepared by dissolving 3.5 wt.% NaCl and distilled water. The foaming
agent was a nonionic surfactant from Huntsman, SURFONIC L24-L22, that was dissolved
in brine. The surfactant concentration was 0.50 wt% as also used in the pilot test. The
SURFONIC L24-L22 surfactant demonstrated low adsorption in carbonate rock material,
both in the absence and presence of CO2 [19]. In addition, it is expected to have low
adsorption on the surface of the Bentheimer sandstone. CO2 of 99.999% purity was used
during the foam injections. Isopropyl alcohol solution consisting of 87.5 wt.% isopropyl
and 3.5 wt.% distilled water was injected to clean the core between each experiment. See
Table 2 for an overview of fluid compositions used in the experimental work.

Table 2. Properties of the fluids used in the experimental work.

Fluid Composition

Brine Distilled water + 3.5 wt% NaCl
Surfactant solution Brine + 0.5 wt% SURFONIC L24-L22

CO2 >99.999% CO2
Isopropyl alcohol Distilled water + 87.5 wt% Di-propanol

3.2. Experimental Setup

Figure 2 shows a schematic of the experimental setup used for the unsteady-state
CO2 foam experiments. The temperature and pressure were set to reservoir conditions
of 40 ◦C and 198 bar. The core was wrapped in a layer of nickel foil and placed inside of
a Teflon rubber sleeve to prevent CO2 diffusion into the sleeve [23]. The core was then
inserted into a vertically-oriented hassler core holder. The system was pressurized by
an N2 tank connected with two Equilibar back pressure regulators (BPR) connected in
series to reduce fluctuations and keep a constant pressure in the system. An ISCO pump
kept the confinement pressure 70 bar over the system pressure. The confinement pressure,
pressure at the inlet and outlet of the core and the pressure over the BPRs were measured
and monitored by ESI-pressure transducers (Figure 2). The differential pressure over the
core was used to calculate foam apparent viscosity and was measured by Aplisens Smart
Differential Pressure Transmitter.
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Figure 2. Illustration of experimental setup used for unsteady-state foam injections.

The aqueous solutions were injected through a Quizix QX6000-pump and CO2 was
injected through a Quizix Q6000-10K pump. CO2 was pressurized by a Haskel gas booster
to achieve a supercritical phase before it was injected through the pump and into the core.
The production cylinder accumulated the production fluids from the outlet. The fluids
were depressurized to atmospheric conditions and CO2 was separated from the liquid
solution by an adsorption column.

4. Experimental Methods

Foam generation, strength and stability were investigated during unsteady-state
alternating slug injection of surfactant solution and CO2. An identical WAG injection
(without surfactant) was also conducted to establish a baseline for comparison. Foam
generation and strength was quantified by calculating apparent viscosity (μapp), which is
based on the pressure measured across the core and is defined as:

μapp =
k

μgas + μliquid
∇p , (1)

where k is the absolute permeability of the core, μgas and μliquid are the superficial velocities
of gas and liquid, respectively, and ∇p is the pressure gradient across the core [24]. A
higher apparent viscosity value corresponds to a stronger foam and increased resistance
to flow.

The experimental procedure and injection strategy were designed to represent unsteady-
state flow in the near wellbore region. The experimental procedure for the baseline water-
alternating-gas (WAG) and surfactant-alternating-gas (SAG) are shown in Figure 3 and are
discussed below.
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Figure 3. Experimental injection sequence for the baseline water-alternating-gas (WAG) and the
surfactant-alternating-gas (SAG). The core was initially 100% saturated with brine and all injection
rates were 4 ft/day. Individual WAG or SAG cycles injected 0.25 pore volumes (PV).

4.1. Baseline Water Alternating Gas (WAG)

The core was initially 100% saturated with brine by injecting brine at a low rate for
five pore volumes (PV). The WAG injection was then conducted by injecting alternating
slugs of brine and CO2 at an injection rate of 4 ft/day. One brine slug and one CO2 slug
comprised one complete WAG cycle. The WAG injection procedure first injected brine for
0.10 PV. Next, the first CO2 slug was injected for 0.15 PV to achieve the targeted 0.60 gas
fraction. The WAG injection procedure was repeated until 12 complete WAG cycles were
injected. Continuous CO2 was then injected for 1 PV to study foam dry-out.

4.2. Surfactant Alternating Gas (SAG)

The core was initially 100% saturated with brine by injecting brine at a low rate for
5 PV. An initial 2-cycle WAG was conducted, followed by a diluted 2-cycle SAG and finally
a 10-cycle SAG with 0.50 wt% surfactant solution. Pure CO2 was injected at the end of the
experiment for 1 PV. All injection rates were 4 ft/day at a gas fraction of 0.60, identical to
the baseline WAG injection.

5. Modeling Methods

A single injection well radial reservoir simulation model was set up to investigate
foam generation, strength, and propagation during the field pilot. The objective was to
tune the foam model to match the simulated BHP to the observed BHP from the foam pilot.
In addition, the sensitivity of foam model parameters on foam generation and propagation
were studied. Previous simulation studies with the radial model have also been reported
elsewhere [25]. The radial model was based upon a sector scale model that was history
matched to the historical water and CO2 injection periods in East Seminole Field [26].

The radial grid was composed of 560 active grid cells with 28 layers in the z-direction
(Figure 4). Cell thicknesses, permeabilities, porosities and saturations were derived from
the last step of the history matched sector model. The radial grid was centered around
the pilot injection well and grid cell sizes increased logarithmically from the injector to
a total of 700 ft. The radial model parameters are shown in Table 3. A commercially
available conventional finite-difference compositional reservoir simulator was used for all
simulations (ECLIPSE 300). The compositional model utilized the Peng–Robinson (PR)
equation of state (EoS) model with six components that were tuned to PVT data. The
model included two C7+ components where the lighter components were lumped as CO2,
N2 + C1, H2S + C2 + C3, C4 + C5 + C6. Two aqueous phases were included in the model,
one for water and one for surfactant. See [26] for a complete description of the fluid model.



Energies 2022, 15, 6551 7 of 16

Figure 4. (a) Top view of the radial model. The injection well was placed in the center of the grid.
(b) Permeability distribution of a 2D slice (r−z) of the radial simulation model. Properties were
derived from the last step of the history matched sector model.

Table 3. Radial model properties.

Parameter Value

Grid Dimensions (r, θ, z) 20 × 1 × 28
Outer Radius 700 ft

Total Thickness 145 ft
Initial Water saturation 0.50

Initial Reservoir Pressure 3118 psig
Reservoir Temperature 104 ◦F
Average Permeability 13.5 mD

Average Porosity 0.08

5.1. Foam Modeling

Foam was modeled with an implicit texture local-equilibrium (LE) model. LE foam
models represent the effect of bubble size implicitly by introducing factors for reducing gas
mobility by foam as a function of water saturation, oil saturation, surfactant concentration
and shear-thinning due to flow rate [27,28]. LE models assume foam is present anywhere
gas and water are present along with adequate surfactant concentration.

The decrease in gas mobility during foam floods is accounted for in LE models by
scaling the gas relative permeability in the absence of foam (kn f

rg ) by a mobility reduction
factor (FM), whereas the water relative permeabilities remain unchanged.

k f
rg = kn f

rg × FM. (2)

The effect of water saturation, shear rate, surfactant concentration and oil saturation
on mobility reduction factor was modeled, given by the expression:

FM =
1

1 + f mmmob × Fwater × Fshear × Foil × Fsur f
, (3)

where f mmmob refers to the maximum gas mobility reduction that can be achieved. Below
are the equations for Fwater, Fshear, Foil and Fsur f which capture the water saturation, shear
rate, oil saturation and surfactant concentration dependence, all lying in the range of 0 to 1.
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The reduction of gas mobility due to the presence of water is defined as:

Fwater = 0.5 + α tan[epdry(Sw− f mdry)]
π . (4)

The capillary number, Nc, describes the relative effect of capillary and viscous forces.

Fshear =

{
( f mcap

Nc
)

epcap
i f Nc > f mcap

1 otherwise
. (5)

The individual reduction by surfactant concentration indicates that low surfactant
concentrations and weak foam results in a low Fsur f , while higher surfactant concentrations
result in a higher individual mobility reduction.

Fsur f =
(

Cs
Cr

s

)epsur f
, (6)

where Cs is defined as the surfactant concentration, Cr
s is the surfactant concentration

reference and epsur f indicated the rate change when Cs = Cr
s .

Foil =
(

1 − So
f moil

)epoil
. (7)

Foam model parameters (fmmob, fmdry and epdry) were obtained by fitting the empiri-
cal foam model to foam quality scan data through curve fitting regression [13,29]. The base
values for fmcap and epcap were obtained by fitting the empirical foam model to rate scan
data, assuming fmmob, fmdry and epdry to be invariable for regression. Figure 5 shows the
model fit to a foam quality and rate scan conducted on a reservoir core at 2500 psi and 104F.
The complete experimental procedure for foam quality and rate scans is given in [30].

Figure 5. Foam quality scan (left) and foam rate scan (right) for the base case foam model. The
empirical foam model (dashed lines) was fit to experimental data (black dots). Modified from [30].

The surfactant selected for the pilot had very low adsorption on the reservoir rock.
Therefore, surfactant adsorption was not included in the model. The critical micellar con-
centration (CMC) was 0.01 wt% (0.035 lb/bbl) for the selected surfactant. The minimum
concentration for foam generation was set at CMC, and the reference concentration for
transition from weak to strong foam was assumed five times the CMC. The base value of
fmsurf was therefore set as 0.05 wt% (0.175 lb/bbl). Due to unavailability of data to charac-
terize the steepness in the change of mobility reduction due to surfactant concentration,
the base value of epsurf was assumed 1. Based upon earlier CO2 foam EOR experiments,
the maximum oil saturation above which foam ceased to exit (fmoil) was 0.28 [18]. Due to
unavailability of data to characterize the steepness in the change of mobility reduction due
to oil saturation, the base value of epoil was assumed 1. To model foam dry-out during an
SAG process near the injection well, the grid cells connected to the injector were assigned
an fmmob of 0. This allowed modeling of a no foam region within a radius of 20 ft around
injector to mimic foam dry out near the well.
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5.2. Model Initialization

The model was initialized from the last step of the history matched sector model.
The simulated injection schedule was identical to the observed injection from the pilot.
Figure 6 shows an illustration of the injection schedule. Blue bars correspond to water
injection, red to CO2, and green to surfactant solution injection. The black bars indicate
periods of observed field shutdowns that were also included in the simulation schedule.
The pre-pilot period (1 April 2019–23 May 2019) included both the historical water injection
and CO2 injection periods. The pilot period (24 May 2019–23 August 2020) was the rapid
SAG injection. The post-pilot injection period consisted of a one cycle WAG and then
continuous water injection. The model did not capture the effect of nearby production
wells on injection BHP because the model contained only the injection well.

Figure 6. Injection overview of the radial model for East Seminole Field. Water injections (blue), CO2

injections (red), surfactant injections (green), no injection periods (black).

5.3. Baseline Water Alternating Gas (WAG and Base Case Surfactant Alternating Gas (SAG)

A water-alternating-gas (WAG) case was set up to establish a baseline and to determine
the CO2 relative permeability reduction in a WAG process. The baseline WAG case injected
only brine (no surfactant) and CO2 at the targeted gas fraction of 0.70. The injection strategy
consisted of 11 complete WAG cycles with alternating slugs of CO2 for 20 days and water
for 10 days. The simulation was run in history match mode where injection rates were set
to the observed values from the pilot. The simulated BHP response was compared to the
base rapid SAG and to the observed pilot values. The base case SAG was identical to the
baseline WAG but included a surfactant component to model foam transport. Base foam
model parameters were derived foam quality and rate scans conducted on reservoir core at
reservoir temperature and pressure [30].

5.4. Foam Model Sensitivity Study

The objective of the foam model sensitivity was to investigate the impact of different
experimentally derived foam models on foam generation and CO2 mobility reduction.
Injection BHP results were compared to the observed BHP data to determine which foam
model best represented foam behavior at the field-scale. All foam model parameters
were derived from laboratory foam quality and rate scans as described previously. Three
cases were set up with different foam models for the sensitivity study. The foam model
parameters are shown in Table 4.

Table 4. Foam model parameters used in the sensitivity study. Foam model 2 was used in the base case.

Model Parameter 1 2 (Base) 3

fmmob 41.5 192 248
fmdry 0.595 0.40 0.313
epdry 35 84 46.8
fmcap 2.14 × 10−6 9.00 × 10−7 8.50 × 10−7

epcap 0.87 0.59 0.71

The base foam model was used in a sensitivity study of the foam model parameter,
fmmob. As discussed previously, fmmob is the maximum gas mobility reduction that can be
achieved with foam. Previous modeling results have shown that this parameter has the
most impact on the simulated BHP [25].
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6. Results and Discussion

6.1. Experimental: Unsteady-State CO2 Foam Corefloods

Figure 7 shows apparent viscosity versus pore volume (PV) injected for the first
seven cycles (2 PVs injected) of the baseline WAG (blue curve) and the base SAG (green
curve). As mentioned previously, the first two cycles for both experiments were WAG
cycles which generated no foam. The fluctuation in apparent viscosity between 0 cP and
2 cP during the first two cycles of each experiment was related to reduced CO2 relative
permeability in the presence of high water saturations in a WAG process [31]. The apparent
viscosity of the baseline WAG stabilized at an average of 1.66 cP with a maximum value of
2.4 ± 0.2 cP. Therefore, an apparent viscosity of 2.4 cP was used as the foam generation
limit for comparison to the SAG experiment (i.e., an apparent viscosity value higher than
2.4 cP indicated foam generation). Once surfactant was injected during the third cycle of the
SAG experiment, the apparent viscosity increased above the WAG baseline, indicating foam
generation. The apparent viscosity of the SAG continued to increase with each subsequent
cycle indicating continued foam generation and propagation into the core.

Figure 7. The first seven cycles for the Baseline WAG (blue curve) and Base SAG (green curve)
experiments. Surfactant, or water, slugs are indicated with darker colors whereas the CO2 slugs are
lighter colored. The maximum apparent viscosity value of WAG is indicated with the dotted red line.

Figure 8 shows apparent viscosity versus pore volume (PV) injected for the baseline
WAG (blue curve) and the base SAG (green curve) for the entire experiment. The apparent
viscosity of the base SAG increased continuously from SAG cycle 4 until cycle 12, reaching
a peak value of 146 ± 0.4 cP, whereas the baseline WAG had a peak apparent viscosity
value of 2.4 ± 0.1 cP.

Foam is usually generated in a drainage-like process where higher capillary pressure
results in a snap-off mechanism [32,33]. However, apparent viscosity also increased during
surfactant injection (imbibition-like injection). This may be related to foam generation
or the viscosity contrast between CO2 and surfactant solution. The increasing apparent
viscosity from cycles 3 until 12 indicated continued foam generation and propagation
through the core. The final CO2 slug was injected for 1 PV to investigate foam stability
and foam dry out during a prolonged period of pure CO2 injection. The highest apparent
viscosity value was reached in this slug (146 cP) before foam collapsed due to an effective
drainage process, resulting in foam dry-out.
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Figure 8. Apparent viscosity versus pore volume (PV) injected for 12 complete cycles for the Baseline
WAG (blue curve) and the Base SAG (green curve). Surfactant solution, or water, slugs are indicated
with darker colors whereas the CO2 slugs are lighter colored.

6.2. Radial Model: Baseline WAG and Base Case SAG

The injection BHP of the baseline WAG and base case SAG simulation cases were
used to evaluate foam generation and strength with surfactant present. The results were
also compared to the observed BHP response from the foam pilot to determine the degree
of CO2 mobility reduction during the pilot. Figure 9 shows the simulated injection BHP
through time for the baseline WAG (blue curve) and the base case SAG (green curve). The
observed BHP is shown as the black circles. As discussed earlier, the injection well was
run in history match mode at a set injection rate that was consistent with the observed
injection rate.

Figure 9. Injection bottom hole pressure (BHP) through time for the baseline WAG (blue curve) and
the base case SAG (green curve). The observed BHP is shown as the black circles.
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The simulated BHP values for the base case SAG (Figure 9, green curve) were higher
than the baseline WAG (Figure 9, blue curve), indicating that foam was generated with
surfactant present. Foam generation was also confirmed during the pilot based upon the
higher observed BHP values compared to the baseline WAG [21]. However, the base case
SAG’s BHP values were significantly higher than the observed BHP, especially after the
fourth SAG cycle. This suggests that the foam generated during the pilot was not as strong
as in laboratory studies as also observed in [25]. In addition, the simulated BHP did not
match the observed pressure fall-off after the seventh cycle because the model did not
capture the effect of nearby production wells on injection BHP. As mentioned previously,
the model contained only the injection well and did not include production that was
observed in the field. The increase in BHP during surfactant solution slugs and subsequent
decrease during CO2 slug injection may be related to the viscosity difference between CO2
and surfactant solution at these conditions. However, it may also be related to increased
CO2 injectivity due to water displacement in the near well area during CO2 injection [34].
Indeed, the decreased BHP during CO2 slugs, compared to surfactant solution slugs, at the
same injection rates, increased CO2 injectivity.

6.3. Foam Model Sensitivity Study

The foam model sensitivity study investigated the impact of different experimentally
derived foam models on foam generation and CO2 mobility reduction. Figure 10 shows the
injection BHP for the simulation cases with three different experimentally derived foam
models. See Table 4 for an overview of the foam model parameters.

Figure 10. Injection bottom hole pressure (BHP) through time for the foam model sensitivity study.
The red curve used foam model 1, the green curve is the base case SAG with foam model 2, and the
purple curve used foam model 3. The observed BHP is shown as the black circles.

All three experimentally derived foam models generated foam which reduced CO2
mobility and propagated foam into the reservoir based upon the increasing pressure build-
up for each SAG cycle. Foam model 3 (Figure 10, red curve), with the highest value of
fmmob generated the strongest foam whereas foam model 1 (Figure 10, purple curve), with
the lowest fmmob value, generated the weakest foam relative to other cases. Thus, the most
significant foam model parameter impacting injection BHP in the studied cases was fmmob.
It was determined that the base case foam model fmmob parameter would be tuned to the
observed BHP data to shed light on field-scale foam generation and propagation observed
during the pilot. Figure 11 shows the injection BHP for the base foam model with the tuned
fmmob value. The tuned foam model is shown at right.
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Figure 11. Injection bottom hole pressure (BHP) through time for the tuned base foam model (green
curve). The observed BHP is shown as the black circles.

Reducing the fmmob value of the base case foam model brought the simulated BHP in
closer agreement with the observed BHP response (Figure 11, black circles). Therefore, this
case was used to evaluate field-scale foam propagation during the pilot. Figure 12 shows
the simulated foam concentration in a 2D slice (r-z) of the radial model from before the
pilot (Figure 12a), after the 1st SAG cycle (Figure 12b), after the 5th SAG cycle (Figure 12c),
and after the 11th (final) SAG cycle (Figure 12d). Injection was from left to right in each
figure. The permeability distribution is shown Figure 4b.

Figure 12. Foam concentration in a 2D slice (r−z) of the radial simulation model from (a) before
surfactant injection, (b) after the 1st surfactant-alternating-gas (SAG) cycle, (c) after the 5th SAG cycle,
and (d) after the 11th (final) SAG cycle. Injection was from left to right in each figure.
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Figure 12b shows that foam propagated nearly 200 ft through the highest permeability
layer after injection of the first SAG cycle. Foam continued to propagate as SAG injection
continued, reaching a peak distance of 400 ft from the injection well (Figure 12d). Foam
propagation distance was directly linked to permeability, with the highest permeability
layers propagating foam the furthest. Foam more readily generates and propagates in
higher permeability layers due to decreased capillary pressure.

7. Conclusions

This work presented a multiscale experimental and numerical investigation of CO2
foam mobility control. CO2 foam generation, strength, and propagation were evaluated
at the core-scale at reservoir conditions and in a field-scale radial simulation model repre-
senting a recently completed CO2 foam field pilot. The main objective of the experimental
work was to evaluate foam generation, strength, and propagation during unsteady-state
surfactant-alternating-gas (SAG) injection at reservoir conditions. The SAG injection rapidly
generated foam upon the introduction of surfactant into the system. The apparent viscosity
of the SAG continually increased with each subsequent SAG cycle indicating continued
foam generation and propagation into the core. During a period of prolonged CO2 injection,
after SAG injection, the highest apparent viscosity value was reached before foam was de-
stroyed in an effective drainage process, resulting in foam dry-out. Overall, the maximum
apparent viscosity of the SAG was 146 cP, whereas the maximum apparent viscosity of an
identical water-alternating-gas (without surfactant) injection was 2.4 cP. The laboratory
methodology captured unsteady-state CO2 foam flow and sheds light on field-scale CO2
foam flow.

The radial reservoir simulation model investigated foam generation, strength, and
propagation during a recently completed field pilot. The objective was to tune the model to
match the observed bottom hole pressure (BHP) data from the foam pilot. The simulated
BHP values for the base case SAG were higher than the baseline WAG, indicating that
foam was generated with surfactant present. However, the base case SAG’s simulated BHP
values were significantly higher than the observed BHP from the pilot. This suggests that
the foam generated during the pilot was not as strong as observed in laboratory studies. The
foam model sensitivity study investigated the impact of different experimentally derived
foam models on foam generation and strength. The most significant foam model parameter
impacting injection BHP in the studied cases was the reference mobility reduction factor
(fmmob). A reasonable match was achieved by tuning the reference mobility reduction
factor. The model included a method to capture foam dry-out in the near wellbore region
and indicated that foam had propagated approximately 400 ft from the injection well, more
than halfway to the nearest producer, at the end of pilot injection.

Author Contributions: Conceptualization, Z.P.A.; methodology, Z.P.A., A.S. and M.K.; investigation,
Z.P.A., A.S. and M.K.; writing—original draft preparation, Z.P.A.; writing—review and editing, A.S.,
M.K. and A.G.; supervision, Z.P.A. and A.G.; funding acquisition, Z.P.A. and A.G. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by The Norwegian Research Council project number 249742.

Institutional Review Board Statement: Not applicable.

Acknowledgments: The authors acknowledge industry partners: Shell Global Solutions, TOTAL
E&P USA, Equinor ASA and Occidental Petroleum. The authors also thank the field operator.

Conflicts of Interest: The authors declare no conflict of interest.



Energies 2022, 15, 6551 15 of 16

Nomenclature

fg Gas fraction or foam quality
ft Feet
cP Centipoise
K Permeability
mD Millidarcy
D Darcy
MPa Megapascal
Psig Pound per square inch, gauge
rb/day Reservoir barrels per day
ft/day Foot per day
t Time
Sor Residual oil saturation, fraction of pore volume
fmmob Foam model, maximum gas mobility reduction factor
fmdry Foam model parameter in Fwater
epdry Foam model parameter in Fwater
fmsurf Foam model parameter in Fsurf
epsurf Foam model parameter in Fsurf
fmcap Foam model parameter in Fshear
epcap Foam model parameter in Fshear
FM Foam model, mobility reduction factor
krg

nf Gas relative permeability with no foam
Abbreviations

CCUS Carbon capture, utilization, and storage
CCS Carbon capture and storage
EOR Enhanced oil recovery
SAG Surfactant-alternating gas
WAG Water-alternating gas
DHPG Down-hole pressure gauge
BHP Bottom hole pressure
wt% Weight percentage
IWTT Interwell CO2 tracer test
HCPV Hydrocarbon pore volume
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