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Abstract 

 

Utilizing Surface Treated Nanoparticles for 

Enhanced Geologic Carbon Sequestration 

 

Roy Mingway Wung, M.S.E. 

The University of Texas at Austin, 2015 

 

Supervisor:  David A. DiCarlo 

 

 Geologic carbon sequestration (GCS), the permanent storage of anthropogenic 

carbon dioxide (CO2) into deep underground rock formations, has been identified as a 

key climate change mitigation strategy. However, due to differences in viscosity and 

density between the injected CO2 and resident formation brine, CO2 suffers from 

significant viscous fingering and gravitational instability. This leads to poor storage 

capacity and security. The work presented in this thesis shows how certain surface treated 

silica nanoparticles can work to address these key issues and improve today’s GCS 

technology.  

 Corefloods were performed in a Boise sandstone core with liquid CO2 and brine 

or nanoparticle dispersion. CO2 storage efficiency was achieved through primary 

drainage and residual (capillary) trapping was achieved after a subsequent brine 

postflush. Through meticulous measurements in pressure drop, mass balance and CT 

scanning, it was determined that primary drainage in the presence of surface treated 



 vii 

nanoparticles results in significant improvements in CO2 sweep efficiency and storage 

capacity through two main mechanisms: 1) the viscosification of CO2 by the generation 

of nanoparticle stabilized CO2-in-brine emulsion during pore scale Roof snap-off events, 

and 2) the reduction of CO2 relative permeability through blockage of flow paths by the 

same nanoparticle stabilized CO2 droplets. Furthermore, the improvements in CO2 sweep 

efficiency resulted in higher levels of CO2 residual trapping.  

 The improvements in displacement dynamics were highly correlated to 

nanoparticle concentrations. Low concentrations (0.5 wt%) were shown to reduce viscous 

fingers and increase CO2 saturations. At even higher concentrations (5.0wt%), the CO2-

brine displacement was fully stabilized into a shock front; initial CO2 storage improved 

by a factor of 2.3 compared to the control while residual trapping increased threefold. 

 Due to the large pore volumes of CO2 injection sites, experiments were conducted 

with partial nanoparticle saturations as a method to optimize CO2 storage while 

minimizing volume of nanoparticles utilized. It was demonstrated that the same CO2 

storage efficiency and residual trapping values were achieved by using 40% less 

nanoparticles than fully saturating the core prior to CO2 injection, suggesting that 

nanoparticle stabilized CO2-in-brine emulsions can be formed during Roof snap-off 

events outside the main CO2 displacement front. This has significant implications on the 

economic feasibility for enhanced geologic carbon sequestration. 

Finally, in a second application of nanoparticles for GCS, the experiments were 

performed vertically to replicate the scenario of CO2 leakage. Nanoparticles increased the 

breakthrough time even during low flow rates where displacements were dominated by 
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buoyancy and capillary heterogeneity. From the experiments tested, nanoparticles should 

be considered a method to reduce the speed of CO2 leakage, rather than preventing it 

completely.  
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CHAPTER 1: INTRODUCTION 

Given the rise in atmospheric CO2 as the root cause of climate change, carbon 

capture and sequestration (CCS) has received much attention as an essential means of 

climate change mitigation (IPCC, 2005). CCS involves capturing and compressing 

anthropogenic CO2 from sources such as power stations, cement plants and chemical 

processing plants, and injecting it into deep underground geologic formations to be stored 

for millennia as shown in Figure 1.1. 

 

 

Figure 1.1: Potential CCS systems, including sources where carbon dioxide is captured, 

and options for transport and carbon sinks (IPCC, 2005). 

 Viable sequestration sites include depleted oil and gas reservoirs, unmineable 

coal seams, and deep saline aquifers. Geologic carbon sequestration (GCS) in deep saline 

aquifers – defined as porous and permeable reservoir rock formations containing saline 

fluid – has been identified as the option with the greatest promise because of their global 

distribution, geochemistry, and large storage potential. Conservative estimates suggest a 
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global capacity of over 1000GtCO2 (Fang, 2009). However, the principal concern 

hindering widespread implementation of GCS is whether CO2 can be stored safely and 

permanently. 

 There are four main mechanisms by which CO2 is stored within a geologic 

formation: structural trapping, residual trapping, solubility trapping and mineral trapping 

(Benson, 2008). This thesis seeks to address the first two mechanisms. Structural trapping 

of CO2 uses an impermeable cap rock at the top of the aquifer to prevent upwards flow. 

Because of the large volume of CO2 that accumulates under a physical seal, structural 

trapping is the primary means for storage in geologic formations. However, it is also the 

least secure form of trapping since the mobile CO2 can migrate through faults and other 

leakage pathways. Capillary trapping, or residual trapping, occurs when CO2 is 

immobilized within pore spaces of the rock formation through capillary forces.  

Nanoparticles are an attractive technology for enhanced carbon sequestration. 

Silica particles can withstand high pressures and temperatures typical of reservoir 

conditions. Because of their size, nanoparticles can be easily transported through pore 

throats in porous media with minimal adsorption to grain surfaces (Zhang, 2014). 

Nanoparticles with the appropriate surface coating also have favorable properties when in 

the presence of multiple phases; specifically, nanoparticles are known to stabilize carbon 

dioxide-in-water emulsions (Worthen, 2013). This phenomenon addresses the biggest 

inhibitor of efficient CO2 storage – the poor mobility ratio between formation brine and 

injected CO2. 

 At the intersection of climate change, geoscience and nanotechnology, the 

research objective of this thesis is to investigate how the usage of surface-treated 

nanoparticles affects the flow pattern of CO2 in the porous media. As explained in 

Chapter 2, previous work in this area set up a strong foundation but was limited to only 
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primary drainage with nominal improvements in displacement efficiency. In this work – 

which extends to both primary drainage and secondary imbibition – a series of CO2-brine 

corefloods are performed with and without nanoparticles at various experimental 

conditions to study the movement and storage of CO2 in a porous media. Parameters such 

as nanoparticle placement, nanoparticle concentration, displacement orientation and slug 

injections are tested here. Understanding the effects and mechanisms of these 

nanoparticle enhanced displacements can greatly improve the efficiency, security and 

feasibility of geologic carbon storage in deep saline aquifers. The results detailed in this 

thesis also have applications in CO2 enhanced oil recovery (EOR). 

 This thesis consists of 5 chapters. The second chapter will provide background 

material, reviewing the recent advances in subject matters relevant to this thesis. The 

third chapter describes the experimental materials, equipment and methods used in the 

experiments performed. The results are provided and discussed in the fourth chapter. The 

fifth and final chapter provides a summary of work, conclusion and recommended future 

work. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 CO2 MOBILITY 

 Carbon dioxide (CO2) has been injected into subsurface geologic formations for 

half a century. The most widely used application of this is for enhanced oil recovery 

(EOR) of mature oil fields. In the United States, CO2 EOR accounts for over 280,000 

barrels per day, or about 5% of total US oil production in 2012 (Enick and Olsen, 2012). 

More recently, increased attention has been given to the concept of injecting 

anthropogenic CO2 into subsurface geologic formations as a means of mitigating climate 

change (IPCC, 2005). This form of carbon capture and sequestration (CCS) is known as 

geologic carbon storage (GCS). 

However, CO2 flooding still suffers from one key technical issue: poor sweep 

efficiency due to unfavorable mobility ratio between CO2 and formation brine. The 

problem is magnified in the presence of heterogeneity within the geologic formation. For 

CO2 EOR, this results in less than optimal oil production and unnecessary CO2 cycling; 

for GSC, CO2 storage and security are not maximized.  

 The injection of CO2 into a reservoir can be classified as an immiscible 

displacement of an aqueous phase by a less dense and less viscous non-wetting phase. 

This type of displacement can be characterized by the mobility ratio (M), which is 

defined as the ratio of mobility of the displacing fluid to the mobility of the displaced 

fluid (Lake, 1989): 

𝑀 =  
𝜆𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑖𝑛𝑔

𝜆𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑑
=

𝜆𝐶𝑂2

𝜆𝑏𝑟𝑖𝑛𝑒
=

𝑘𝑟,𝐶𝑂2
𝜇𝐶𝑂2

⁄

𝑘𝑟,𝑏𝑟𝑖𝑛𝑒 𝜇𝑏𝑟𝑖𝑛𝑒⁄
 

In the expression above, λ is fluid mobility, 𝑘𝑟 is relative permeability, and μ is fluid 

viscosity. In the case of miscible displacements, the mobility ratio reduces to the 

viscosity ratio between the two fluids. At reservoir conditions, CO2 viscosity (~0.08 cP) 
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is a factor of 15 less than the viscosity of formation brine (1.0 cP). This contrast in 

viscosities results in an unstable displacement, which is characterized by the development 

of viscous fingers, early breakthrough, and small volumetric sweep efficiency. Therefore, 

viscosity ratio is a strong indicator of volumetric sweep efficiency – or the volume of 

contact between the displacing fluid and the reservoir pore volume (Habermann, 1960). 

In addition to viscous instability, the displacement of interest in this thesis – CO2 

displacing aqueous fluid in porous media – is immiscible, or incapable of mixing and 

having interfaces present between the two fluids. Within porous media, these interfaces 

cause fluid ganglia to be immobilized and trapped in pores through capillary pressure. 

Therefore, it is not only the viscosity ratio that asserts stability, but the interplay with 

relative permeability through the fluid mobilities (Garcia, 2003). Immiscible 

displacements with mobility ratios greater than unity lead to larger inefficiencies in 

sweep. Therefore, it is the goal of reservoir engineers to reduce CO2 mobility (lower the 

mobility ratio) and increase sweep efficiency, which is illustrated in Figure 2.1.  

Currently, there are various technologies aimed at reducing CO2 mobility. In a 

review by Enick et al. (2012), three main technologies stand out: water-alternating-gas 

(WAG) injection, CO2 thickening, and CO2-in-brine foams. WAG is currently the most 

commonly used technique, and aims to reduce the mobility of CO2 in porous media by 

decreasing CO2 relative permeability. By sequentially injecting slugs of CO2 and water 

into the formation, the local water saturation is increased and CO2 saturation is decreased 

thereby reducing the CO2 relative permeability (Bennion and Bachu, 2007). 

Polymeric thickeners, added to CO2, seek to reduce mobility by directly 

increasing CO2 viscosity. However, significant challenges such as poor polymer 

solubility into CO2 and the high costs of synthesis hinder this technology from field scale 

development (Enick, 2012). 
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Figure 2.1: Displacement fronts until breakthrough as a function of mobility ratio and 

pore volume injected for one quarter of a five-spot pattern (Habermann, 

1960). 

CO2-in-brine foams and emulsions are the final method for mobility control.  

These seek to address both CO2 viscosity and relative permeability aspects of mobility. 

The presence of foam lamellae and emulsion interfaces increases the drag force on CO2 

during flow, resulting in larger apparent viscosity than bulk phase CO2 alone (Hirasaki, 

1985; Gabel, 2014). Additionally, CO2 droplets can be trapped within pore bodies which 

reduce the CO2 relative permeability (Chung, 2013). The synergistic effect of these two 

mobility reduction mechanisms make foams and emulsions an effective method for 

conformance control. 

 Traditional CO2 foams/emulsions are stabilized by surfactants. However, at 

reservoir conditions, many surfactants become chemically unstable, and suffer from high 

rock adsorption, leading to degradation of foam in the subsurface (Rossen, 1995). With 

recent advances in nano-science, nanoparticles have gained increased attention as a novel 

method for stabilizing CO2 mobility control foams and emulsions. Silica particles can 
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withstand high pressures and temperatures typical of reservoir conditions. Because of 

their size, nanoparticles can be easily transported through pore throats in porous media 

with minimal adsorption to grain surfaces (Zhang, 2014). Additionally, particles with the 

appropriate surface coating have favorable properties when in the presence of multiple 

phases. Specifically, nanoparticles with the appropriate surface treatment are known to 

effectively stabilize carbon dioxide-in-water emulsions (Worthen, 2013). 

 

2.2 NANOPARTICLE STABILIZED EMULSIONS 

An emulsion is a mixture of two immiscible liquids where one phase is dispersed 

as stable droplets in the other phase.  The normally large interfacial area between droplets 

and continuous phase(s) leads to an energy instability causing the disconnected droplets 

to coalesce. In 1907, Pickering discovered that solid particles, such as clays or colloidal 

silica, could stabilize emulsions (Pickering, 1907).  

 In a Pickering emulsions, colloidal particles adhere to the water-oil interfaces, 

which thereby prevent each phase from coalescing. For spherical particles, the adsorption 

energy (E) required to attach or detach a particle to the fluid-fluid interface can be 

described with the follow equation: 

𝐸 =  𝜋𝑟2𝛾𝑜𝑤(1 ± 𝑐𝑜𝑠𝜃)2 

where r is the particle radius, 𝛾𝑜𝑤 is the interfacial tension between the two fluid phases, 

and 𝜃 is the contact angle of particles at the fluid interface relative to the aqueous phase 

(Binks, 2002). For a CO2/brine mixture (𝛾𝐶𝑂2−𝑤𝑎𝑡𝑒𝑟 is 29.1 mN/m at experimental 

conditions of 20°C and 8 MPa (Bachu, 2008)), a 5nm diameter particle with a contact 

angle of 90° would need an attachment energy of roughly 140 kT. This large adsorption 

energy means the solid particle is effectively permanently held at the interface, creating a 
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very stable emulsion. In contrast, typical surfactants only need a few kT to absorb and 

desorb from the interface and are therefore weak emulsion stabilizers (Aveyard, 2002). 

When CO2 droplets are dispersed in a continuous aqueous phase, this is known as 

a CO2 -in-water emulsion. Similarly, a water-in- CO2 emulsion occurs when water and 

CO2 are the dispersed and continuous phase, respectively. Which emulsion structure is 

formed is dependent on the particle wettability, quantified by the contact angle (𝜃) 

formed between the particle and water phase and measured through the aqueous phase 

(Binks, 2002). Water wet, or hydrophilic, particles prefer to reside in the aqueous phase 

and have contact angles less than 90°. As these hydrophilic particles align, this bends the 

fluid interface towards the non-wetting phase, creating CO2 -in-water emulsions. 

Conversely, hydrophobic particles have a contact angle greater than 90° and therefore 

create water-in-CO2 emulsions. Figure 2.2 illustrates how particle contact angle affects 

the interface curvature and emulsion structure. 

The content of this thesis focuses exclusively on using hydrophilic particles to 

examine the resulting behavior of CO2 -in-brine emulsions within porous media.  

 

Figure 2.2: The effect of particle wettability or contact angle, θ, on CO2-water interface 

and emulsion structure (adapted from Binks (2002) according to Johnston 

and da Rocha (2009)). 
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2.3 NANOPARTICLE STABILIZED EMULSIONS IN POROUS MEDIA 

 For emulsions to form within a porous media, sufficient energy is necessary to 

bring nanoparticles to the fluid-fluid interface. One method to accomplish this is through 

co-injection. By simultaneously injecting the two constituent fluids through a porous 

media above a critical shear rate, stable foams and emulsions can be generated. For 

supercritical CO2 and nanoparticle dispersion at 75 °C and 1350 psi, Espinosa (2011) 

found the critical shear rate to be 2,750 s
-1

; Roberts (2011) determined the critical shear 

rate to be 8,000 s
-1

 for decane and PEG-nanoparticle dispersion at ambient conditions. 

However, shear rates above 1,000 s
-1

 are difficult to achieve in a reservoir far from the 

injection site.  

More recently, Aminzadeh (2013) and Chung (2013) found an alternate method 

for emulsion formation at low shear rates. Rather than co-injection of fluids, both 

researchers find evidence of in-situ emulsion generation during pore-scale displacements 

with shear rates as low as 85 s
-1

 (Chung, 2013). In a water wet system, drainage 

displacements occur when the invading fluid is non-wetting and displaces an aqueous 

phase; CO2 injection into a saline aquifer is considered a drainage displacement. Brine 

displacing a non-wetting phase is known as an imbibition displacement; imbibition 

occurs at the trailing edge of a migrating CO2 plume as formation brine reinvades those 

pore spaces. At the pore scale during drainage, processes known as Haines jump and 

Roof snap-off occur. As CO2 invades a pore saturated with brine, the CO2 continue to 

invade the pore throat with a convex interface until the CO2-brine interface attains a 

critical curvature at the smallest radius. Any additional advancement of the CO2 disrupts 

the configurational stability of the two-phase interface, resulting in the CO2 “jumping” 

into the next available pore. This process is known as Haines jump (Haines, 1927). The 

instantaneous decrease in local pressure during this process creates disconnected CO2 
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droplets (Roof, 1970). The creation of droplets is known as Roof snap-off. As each new 

CO2 droplet is created during the jump, they coalesce and fill up the pore.  

Consider the case where nanoparticles are present in the brine saturated pores. As 

the CO2 advances through the pore throats, the act of Roof snap-off generates enough 

shear force and provides the necessary adsorption energy to bring nanoparticles to the 

interface. The resulting CO2 droplet formed through Roof snap-off is now armored by 

nanoparticles, and as more and more droplets fill the pore body, the armoring 

nanoparticles now prevent the CO2 droplets from coalescence. This generates a new 

emulsion-like phase of nanoparticle armored CO2 droplets in a matrix of brine. How this 

CO2-in-brine emulsion flows through pore bodies and throats is different than either of 

the two constituent phases, and has significant impacts on multiphase flow and CO2 

storage saturations at the core and reservoir scale. This proposed mechanism – Haines 

jump and Roof snap-off in the presence of nanoparticles – is illustrated in Figure 2.3. 

 During imbibition displacements, a similar fluid jump occurs but has less impact 

on the displacement dynamics. Brine invades a CO2 saturated pore in a concave 

configuration and reaches a critical curvature characterized by large radii. Snap-off 

occurs when the brine touches other wetting phase vertices (Aminzadeh, 2013). As brine 

advances to the next pore, disconnected CO2 droplets are left behind in the pore body. 

Since the residually trapped CO2 remains in a disconnected immobile phase within the 

pore body, it does not affect the advancing brine front whether the CO2 is trapped in a 

coalesced phase or as nanoparticle stabilized droplets as shown in Figure 2.4.  

Therefore, it is hypothesized that only during Roof snap-off during drainage 

displacements can in-situ nanoparticle stabilized emulsions be generated and have an 

impact on the multi-phase flow patterns.   
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Figure 2.3: Drainage Roof snap-off with (a) and without (b) nanoparticles. a) As the CO2 

invades a brine saturated pore from the left, CO2 will coalescence and fill 

the adjacent pore body; b) whereas in the presence of nanoparticles, 

nanoparticles prevent the coalescence of CO2 droplets, forming an in-situ 

emulsion. 

 

 

Figure 2.4: Imbibition snap-off with (a) and without (b) nanoparticles. In both cases, 

snap-off occurs for the residual, disconnected phase, which will not affect 

the dynamics of the advancing water front.  
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2.4 MOBILITY CONTROL WITH NANOPARTICLE STABILIZED EMULSIONS 

Several core scale experiments have been conducted to test whether drainage 

displacements in the presence of nanoparticle dispersion are an effective method of 

mobility control. In 2013, Aminzadeh performed drainage displacements with liquid CO2 

and a 5 wt% nanoparticle dispersion, using a modified medical CT scanner to observe the 

in-situ multiphase saturations. The particles were manufactured by 3M as 5nm in nominal 

diameter, and were surface modified with polyethylene-glycol (PEG) ligand for aqueous 

stability. CT images of the cross section along the length of the core at 0.25PV CO2 

injected are presented in Figure 2.5 for both the cases with and without nanoparticles. In 

the images, CO2 (blue) is injected from the left and displaces the resident brine (red). 

There were three important observations, which suggested nanoparticles enhanced the 

viscous stability of the CO2 displacement front. First, nanoparticles were able to prevent 

the leading gravity override and viscous finger that developed at the top right corner. 

Next, the core inlet (x<10cm) has higher CO2 saturations in the nanoparticle case. And 

finally, the overall displacement front moves 20% slower.  

These findings are consistent with the notion that in the presence of nanoparticles, 

CO2 mobility can be reduced and drainage displacements enhanced. Additionally, the 

presence of an intermediate density fluid (represented by the color white in Figure 2.5) 

suggests that an emulsion phase is present in-situ.  

 Chung (2013) performed analog drainage experiments at ambient conditions with 

octane as a surrogate for CO2, and found evidence of emulsion formation through 

pressure history. As octane drained nanoparticle dispersion, pressure drop across the core 

was consistently higher and breakthrough occurred later than drainage without 

nanoparticles (Figure 2.6). The higher pressure drop was attributed to mobility reduction 

from oil droplet stabilization at the displacement front. The maximum mobility reduction   
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Figure 2.5: Lateral CT scans of CO2 injection into a brine (a) and nanoparticle dispersion 

(b) saturated core at 0.25PV. Relative to the control case, the nanoparticle 

run shows less gravity override, higher CO2 saturations at the entrance 

region, and delayed breakthrough (Aminzadeh, 2013). 

 

Figure 2.6: Pressure history from drainage experiments with brine/nanoparticle dispersion 

and octane as a CO2 analog fluid. The higher pressure drop across the core 

suggests emulsion formation, which enhances displacement stability (Chung 

2013). 
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factor of 2 during the displacement was equivalent to the viscosity ratio between brine 

and n-octane, suggesting the displacement was stabilized.  

Aminzadeh and Chung provide a strong foundation of work regarding the 

influence of surface treated silica nanoparticles for CO2 sequestration. First, they find that 

Roof snap-off events during drainage displacements are an effective method of 

generating nanoparticle-stabilized emulsions in-situ; this novel alternative is preferable to 

pre-generating an emulsion prior to injection or emulsion generation by co-injection due 

to the low shear rates necessary. Secondly, they find that the emulsions generated within 

the porous media through this method are effective at stabilizing the displacement pattern 

by delaying breakthrough and increasing non-wetting saturations.  

 

2.5 PLACEMENT OF NANOPARTICLES 

 Building upon these findings, two researchers – Xing Zhang and Yanzun Li from 

the China University of Petroleum Beijing – extend the work of Aminzadeh to include a 

secondary imbibition step immediately following primary drainage. Both researchers 

investigated how the placement of nanoparticles relative to CO2 injection affects storage 

potential. Specifically, multiple experiments were run with different aqueous phase fluids 

for the preflush and postflush; the fluids differ in presence/absence of nanoparticle and 

type of nanoparticle. Zhang (2014) began the work using the same silica particles from 

3M as Aminzadeh, measuring pressure drop and average core CO2 saturations through 

mass balance. Li (2014) extended Zhang’s work through the implementation of CT 

scanning for visualization of in-situ two-phase flow, as well as testing EOR5-XS, a new 

surface treated nanoparticle from Nissan Chemical. Both researchers used the same 

sequence of fluids in their series of experiments, which is summarized in Table 2.1. 
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Figure 2.7: Resulting CO2  average saturation histories from experiments performed by 

Xing Zhang in 2013. Each experiment differs by the preflush and postflush 

fluid combination, which are indicated as “Brine” and/or “Nano”. 

 

Figure 2.8: Resulting CO2 average saturation histories performed by Yanzun Li in 2014. 

Each experiment differs by the preflush and postflush fluid combination, 

which are indicated as “Brine” and/or “Nano”. *For experiment 

“Nano/Brine”, CO2 injection was disrupted.  
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Experiment # 1 2 3 4 

Initial Fluid Brine Brine Nano Nano 

CO2 CO2 CO2 CO2 CO2 

Postflush Fluid Brine Nano Nano Brine 

Table 2.1: Summary of the experiments and sequence of fluids performed by Zhang and 

Li. 

Figures 2.7 and 2.8 show the saturation histories from Zhang and Li’s work, 

respectively. Two important conclusions can be reached from their results: 1) a postflush 

of nanoparticle dispersion, regardless of whether nanoparticles are present in the preflush 

fluid, will not affect residual CO2 saturations, and 2) a preflush of nanoparticle dispersion 

will increase both initial and residual CO2 saturations.  

In the work by Zhang, when no nanoparticles were present in the preflush fluid, 

the residual CO2 trapping was 16% regardless of nanoparticles being present in the 

postflush fluid; when nanoparticles were present prior to CO2 injection, residual 

saturations were ~23% for both postflush fluids. For Li, residual trapping accounted for 

19% of CO2 in the control experiment and ~30% when nanoparticles preceded CO2 

injection. Again, these values were consistent regardless of nanoparticles in the postflush 

fluid. 

More significantly, both scientists report that preflushing and saturating a core 

with nanoparticles before CO2 injection will increase both initial and final CO2 

saturations compared to the control experiments. For initial CO2 saturations, Zhang 

reports an increase of 9 CO2 saturation units, from 35% without particles to 49% with 

particles; Li reports an improvement of 10 saturation units, from 34% to 44% with and 
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without nanoparticles, respectively. Additionally, both researchers also find that this 

increase in initial CO2 saturation from nanoparticles carries over into residual trapping.  

 

 

Figure 2.9: CT scans during drainage with (right) and without (left) nanoparticles. CO2 

(red) is injected from the left and displaces the resident aqueous phase 

(blue). Experiment 1 (left) suffers from severe channeling and low CO2 

saturations, while Experiment 4 (right) sees a stable CO2 displacement and 

higher CO2 saturations (Li, 2014).  

 

Through Li’s processed CT images, it is apparent that increases in CO2 saturation 

from the presence of nanoparticles are a byproduct of the improved CO2 displacement 

during drainage as shown in Figure 2.9. In each figure, CO2 (red/yellow) is injected from 

the left and displaces the resident aqueous phase (blue). As CO2 invades a brine saturated 

core in Experiment 1 (left), it suffers from severe channeling and poor sweep efficiency. 

When nanoparticles are present in Experiment 4 (right), the displacement pattern is 

stabilized, sweep efficiency improved, and CO2 saturations increased. The work 



 18 

presented in Chapter 4 seeks to further understand this phenomenon, and study how 

various experimental conditions will affect it. 

 The work of Zhang and Li finds no synergistic effects between having 

nanoparticles in both the pre and postflush fluids. Rather, only the results of drainage 

displacements are modified through the presence of nanoparticles and result in larger 

initial CO2 saturations that also carry over into the residual CO2 saturations. During the 

subsequent imbibition, whether the postflush fluid contains particles does not affect 

residual trapping.  

 Building upon the results reported here, the work presented in the subsequent 

chapters seeks to apply surface treated silica nanoparticles in various aspects of geologic 

carbon sequestration, including maximizing storage efficiency and residual trapping, 

minimizing total nanoparticles utilized, and preventing leakage of CO2. The goal of 

researching various conditions of nanoparticle enhanced displacements is to develop 

novel methods for improving CO2 sequestration in deep saline aquifers. 
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CHAPTER 3: MATERIALS, EQUIPMENT, AND METHODS 

3.1 MATERIALS 

3.1.1 Boise Sandstone Core 

 Boise sandstone is the porous media of choice for these experiments because of 

its availability, low clay content, and relatively low heterogeneity. The core used in the 

coreflood experiments was 2.85” in diameter and 12” in length. The core porosity and 

permeability were 30.4% and 3800 mD, respectively. To prevent CO2 corrosion to the 

coreholder, the core was wrapped with heat-shrinkable Teflon tubing, 4 layers of 

aluminum foil, another layer of Teflon shrink wrap, and finally an AFLAS rubber sleeve. 

The Teflon layers provide a barrier to water while the aluminum foil prevents CO2 

diffusion to the AFLAS sleeve. The layers of shrink wrap and aluminum foil should 

extend half a centimeter past each end of the core to allow the endcaps to fit snug inside 

and flush with the ends of the core. 

3.1.2 Brine 

 A synthetic brine of 2 wt% sodium bromide in ultrapure deionized water was 

created as the wetting phase to mimic formation brine. Laboratory grade sodium bromide 

was obtained from Fisher Scientific; de-ionized water had a resistivity of 18.2 MΩ-cm 

and was produced from a Thermo Scientific Barnstead Nanopure II filtration system. To 

ensure a fully immiscible displacement and no dissolution of CO2 into the brine within 

the core, the brine was pre-equilibrated with CO2 by injecting 100ml of CO2 per liter of 

brine into an accumulator. The fluids were left to equilibrate for 24 hours before usage. 
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3.1.3 Nanoparticle Dispersion 

EOR-5XS silica nanoparticles (Version 1) were received by courtesy of John 

Southwell from Nissan Chemical Company. These hydrophilic nanoparticles consist of a 

silica core of 5-30nm in diameter with a proprietary surface coating. They were received 

as an aqueous dispersion of 20 wt% concentration with 10 wt% ethylene glycol as a 

stabilizing agent (later versions of EOR-5XS were developed without ethylene glycol; 

these particles were not tested). The received dispersion was mixed and diluted to a final 

solution containing 2 wt% NaBr and either 0.5wt% or 5.0wt% EOR-5XS particles, 

depending on the experiment. The dispersion was allowed to equilibrate with CO2 using 

the same procedure as noted in Section 3.1.2. 

3.1.4 Carbon Dioxide (CO2) 

 For the non-wetting phase, liquid CO2 was used. Industrial grade CO2 (>99% 

purity) was procured from Matheson Tri-Gas Inc. The carbon dioxide was delivered in a 

cylinder in liquid form at 800 psia. At experimental conditions, the CO2 pressure was 

raised to 1200 psi. Similar to brine equilibration, CO2 was saturated with brine by 

injecting 50 ml of brine per liter of CO2, and then let to equilibrate for 24 hours before 

usage. A summary of relevant fluid properties is shown in Table 3.1.  

 

  
Brine 

Nanoparticle 

Dispersion 
CO2 

µ (cP) 1.1 1.2 0.08 

ρ (kg/m
3
) 1010 1040 792 

σ (mN/m) N/A N/A 24 

Table 3.1: Summary of key fluid properties (Aminzadeh, 2013). 
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Figure 3.1: Experimental set up for high pressure CO2/nanoparticle displacement experiments. 
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3.2 EQUIPMENT 

 Figure 3.1 provides a schematic of the coreflood experimental setup, including all 

equipment used. Each component is described in this section. 

3.2.1 Core Holder 

 An aluminum Hassler type core holder manufactured by Phoenix Instruments Inc. 

(model and serial number: UT-HAS 3x12-A-2k-32) was used for the experiments due to 

aluminum’s transparency through CT scans. It was designed to handle a 3-inch diameter 

core sample with lengths up to 12 inches.  

3.2.2 CT Scanner 

 A modified medical CT scanner from Atlas Medical (model and serial number: 

171950A 4265) was used to measure the in-situ saturation distribution in real time. 

During scanning, we should avoid high-density contrasts as it results in reconstructed CT 

values (Kak, 1988). Therefore, aluminum – for its low density and high CT transparency 

– was chosen as the core holder material for our experiments.  

3.2.3 Injection Pump 

 Dual Teledyne ISCO 500D syringe pumps were used for flow experiments. The 

pumps had the ability to inject while simultaneously refilling from a water reservoir. The 

pumps were capable of pumping up to 103 mL/min and have a maximum operating 

pressure of 3000 psi. For the purpose of this thesis, the pump was operated in a constant 

flow rate mode. 

3.2.3 Fluid Accumulators 

 Three 1,500ml floating piston accumulators were used as high-pressure liquid 

storage. An internal piston provides a seal that separates the accumulator into two distinct 
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sections. For CO2, the upper compartment is used for storage as excess brine from 

equilibration will settle to the bottom; the lower compartment is used as the water drive. 

For the brine and nanoparticle dispersion accumulators, the lower compartment is used 

for fluid storage as excess CO2 from equilibration remains at the top away from the 

outlet; similarly, the upper compartment is used as the water drive. 

3.2.4 Back Pressure Regulator (BPR) 

 A back pressure regulator from Core Laboratories (model and serial number: BP 

100-T-SS 110-1111) was used to maintain constant back pressure throughout the duration 

of each experiment. The pressure was set at 1200psi through a tank of pressurized 

nitrogen from Matheson Tri-Gas Inc.   

3.2.5 Pressure Transducers and Data Acquisition Module 

 A Rosemount differential pressure transducer (model 3051CD5A22A1A) was 

used to record the pressure drop across the core. A data acquisition card allows pressure 

to be monitored and recorded real time through the program LabView on a computer. 

The pressure data has been corrected to remove any offset (i.e. zero flow rate corresponds 

to zero pressure drop). The pressure transducer was calibrated to operate in pressure 

ranges for the CO2 displacement experiments.  

3.2.6 Effluent Mass Balance and Data Acquisition Module 

 A Denver Instrument mass balance (model and serial number: SI-4002 28150389) 

was used to record the effluent brine/nanoparticle dispersion. A data acquisition card 

allows mass to be monitored and recorded real time through the program LabView on a 

computer. The scale is tarred at the onset of each experiment (i.e. at time zero 

corresponds to zero mass). 
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3.3 EXPERIMENTAL SETUP AND METHODS 

 High pressure CO2/nanoparticle drainage and imbibition displacement 

experiments were carried out with liquid CO2 and brine with and without nanoparticles to 

investigate conformance control ability of silica nanoparticles. A schematic of the 

coreflood experimental setup, including all equipment used, is shown in Figure 3.1. 

Loading the Core into the Coreholder 

Since the core was received wet from the cutting, it was left in an oven at 100°C 

for 24 hours to dry. To prevent CO2 corrosion to the coreholder, the core was wrapped 

with heat-shrinkable Teflon tubing, 4 layers of aluminum foil, another layer of Teflon 

shrink wrap, and finally an AFLAS rubber sleeve. The Teflon layers provide a barrier to 

water while the aluminum foil prevents CO2 diffusion to the AFLAS sleeve. The layers 

of shrink wrap and aluminum foil should extend half a centimeter past each end of the 

core to allow the endcaps to fit snug inside and flush with the ends of the core. Once 

wrapped, the core’s dry weight was measured, and the following procedure was 

performed to load the core into the core holder. 

1. Open the confining pressure relief valve to relax the rubber sleeve, and gently 

slide the wrapped core into the core holder rubber sleeve from the top. 

2. Connect the top platen to the core, ensuring it fits into the extended portion of 

the shrink wrap. Continue to push the core down the sleeve slowly until the 

other end of the core protrudes from the bottom. 

3. Connect the bottom platen to the core – again, ensuring the endcap fits inside 

the shrink wrap. Push the bottom platen upwards back into the core holder, 

and turn it counter-clockwise until the clover-leave bayonet is fastened into 

place.  
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4. Place the retainer on the top end cap and tighten the hand-screw to lock the 

core in place and apply axial confinement.  

5. Close the confining pressure relief valve and apply at least 2000 psi confining 

pressure. 

6. Place the core onto the horizontal bed of the CT scanner and align the laser to 

the inlet face of the core. Note the starting couch position. 

7. DO NOT MOVE THE CORE. For proper image processing, minimize 

movement of the coreholder throughout the duration of all subsequent 

experiments. 

8. Following CT scanning safety protocol, scan the dry core in 10 mm intervals 

until the outlet face is reached. 

9. Connect the core to the vacuum pump (Emerson model C63CXGZP-4780) 

and ISCO pump as shown in Figure 3.2, and close the outlet 2-way valve. 

Vacuum the core at a pressure of -3.3 psi for at least 12 hours.  

Saturating the Core and Measuring Pore Volume 

 With the core fully vacuumed and outlet 2-way valve closed, turn the 3-way valve 

to the pump and begin to inject brine into the core at a constant flow rate. Record the start 

time of injection. Keep injecting brine until the injection pressure is non-negative. Once 

the injection pressure rises quickly, open the 2-way outlet valve and collect the excess 

brine to in a graduated cylinder. Allow the brine to flow for a few more minutes, and then 

turn off the pump. Record the injection end time. Using the flow rate, time of injection 

and excess brine volume, the pore volume can be determined using the calculation shown 

in Section 3.4.1. Image the core using the CT scanner at the same locations as the dry 

scans. This will allow for spatial porosity distribution as calculated in Section 3.4.6.  
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Figure 3.2: A schematic of core vacuuming and saturating system. 
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 A second measurement of pore volume was calculated by unloading the saturated 

core from the coreholder and measuring the dry weight, as described in Section 3.4.2. 

Both values of pore volume and porosity agreed within 2%. Re-load the core back into 

the core holder using steps 1-4 from the above paragraph and ensure there is no air in the 

inlet line. Finally, connect the core to the pressure transducers. Again, ensure the 

transducer lines are completely filled with brine, as the presence of air will amplify the 

fluctuations in pressure measurements.  

Measuring Permeability 

 Once the core was fully saturated with brine and connected to the experimental 

setup, core permeability was measured. Brine was injected into the core at multiple flow 

rates and the single-phase pressure drop data are recorded. At each constant flow rate, 

enough time was passed to allowing the pressure drop to reach steady state. Using the 

collected pressure drop, injection flow rate, and core dimensions, core permeability was 

calculated using Darcy’s law, as shown in Section 3.4.3. After permeability 

measurements are taken, the core is ready for the CO2 displacement experiments. 

CO2 Displacement Experiments 

 The following procedure is used for all variations of the CO2 displacement 

experiments; only differences between runs were fluid properties or orientation of CT 

scanner/coreholder. For vertical displacement experiments, use the protocol outlined by 

the Vertical Position System (VPS) manual. 

1. Ensure all lines and fittings are free of trapped air, properly tightened and that 

there are no leaks during flow. 
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2. Check that there is enough water in the reservoir to feed the ISCO pump 

throughout the experiment. 

3. Check that the confining pressure relief valve is closed, and that the confining 

pressure is maintained at 2000psi or above. 

4. Set the back pressure regulator (BPR) to 1200 psi. 

5. Ensure all three accumulators are full with their respective fluid, and that each 

fluid has been pre-equilibrated for sufficient time. Using the pressure gauge, 

charge each accumulator to at least 1250 psi to avoid liquid flow back. 

6. Begin injecting the desired pre-flush fluid (brine or nanoparticle dispersion) at 

2.5 mL/min for the desired amount of pore volumes. Start recording pressure 

using LabVIEW software and prepare the mass balance data acquisition. 

7. Check that the couch position and the laser alignment are at the same location 

as when scanning the dry core. 

8. Following CT scanning safety protocol, scan the saturated core in 10 mm 

spacing. At the end of scanning, return the couch bed to the initial position.    

9. When ready for drainage (CO2 displacing aqueous phase), introduce CO2 into 

the system by aligning the valves towards the CO2 injection side. Tare the 

mass balance and begin data acquisition; note the injection time on the 

pressure data acquisition. 

10. Inject CO2 into the core for 1.5 pore volumes at 2.5 mL/min. 

11. Perform CT scans at regular intervals during CO2 injections. Every 0.05PV 

until breakthrough and every 0.10PV after breakthrough are recommended.  



 

 

29 

12. Begin imbibition postflush (brine displacing CO2) by aligning valves toward 

the brine accumulator. Note the postflush injection time on both the pressure 

and mass data acquisition software. 

13. Inject brine into the core for 0.5 pore volumes at 2.5 mL/min. 

14. Perform CT scans at regular intervals during the postflush. Every 0.05PV until 

breakthrough and every 0.10PV after breakthrough are recommended.  

15. Immediately stop the injection pump and stop recording data. The procedure 

for depressurizing the system and restoring core initial conditions is provided 

below. 

Depressurizing the System and Restoring Initial Conditions 

Following the experiment, it is necessary to remove the residual trapped CO2 and 

re-saturating the core with brine. The following procedure was used. 

1. Close the core inlet valve.  

2. Reduce the BPR pressure at a rate of 100 psi every 30 mins until there is no 

back pressure. Submersing the outlet line into a container of water and waiting 

until no bubbles form will help indicate when there is no more CO2 is leaving 

the core.  

3. Create a line from the ISCO pump directly to the core, as shown in Figure 3.2. 

4. Set the BPR back to 1200psi. 

5. Inject non-equilibrated brine directly from the ISCO pump to the core for 5+ 

pore volumes to saturate the core, bring the core to pressure and dissolve any 

excess CO2. 

6. Return the experimental set up back to Figure 3.1, and begin the subsequent 

experiment starting with Step 5 of Section 3.3.1.4.  
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3.4 DATA ANALYSIS 

3.4.1 Pore Volume and Porosity (Method 1) 

The pore volume and porosity of the core were determined volumetrically by the 

difference in total injected fluid and collected excess brine using the relationship below. 

Dead volumes will vary based on lines used connecting the core to the pump and outlet, 

and should be calculated prior to determining core pore volume and porosity. 

𝑃𝑉 =  𝑞𝑖𝑛𝑗𝑒𝑐𝑡 ∗ 𝑡𝑖𝑛𝑗𝑒𝑐𝑡 − 𝑉𝑒𝑥𝑐𝑒𝑠𝑠 

And,  

𝜙 =
𝑃𝑉

𝐴𝐿
 

𝑃𝑉 = 𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑐𝑚3) 

𝑞𝑖𝑛𝑗𝑒𝑐𝑡 = 𝑏𝑟𝑖𝑛𝑒 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝑐𝑚3 𝑚𝑖𝑛⁄ ) 

𝑡𝑖𝑛𝑗𝑒𝑐𝑡 = 𝑡𝑜𝑡𝑎𝑙 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 (𝑚𝑖𝑛𝑠) 

𝑉𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑒𝑥𝑐𝑒𝑠𝑠 𝑏𝑟𝑖𝑛𝑒 (𝑐𝑚3) 

𝜙 = 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛) 

𝐴 = 𝑐𝑜𝑟𝑒 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 (𝑐𝑚2) 

𝐿 = 𝑐𝑜𝑟𝑒 𝑙𝑒𝑛𝑔𝑡ℎ (𝑐𝑚) 

3.4.2 Pore Volume and Porosity (Method 2) 

The pore volume and porosity of the core were also determined by the difference 

in weight from the dry and fully water saturated states using the relationship below. It is 

assumed that the weight due to air in the dry state before vacuuming is negligible.  

𝑃𝑉 =  
𝑊𝑆𝑤=1 −  𝑊𝑆𝑤=0

𝜌𝑤
 

And,  
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𝜙 =
𝑃𝑉

𝐴𝐿
 

Where 

𝑃𝑉 = 𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑐𝑚3) 

𝑊𝑆𝑤=1 = 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑏𝑟𝑖𝑛𝑒 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑐𝑜𝑟𝑒 (𝑔) 

𝑊𝑆𝑤=0 = 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑐𝑜𝑟𝑒 (𝑔) 

𝜌𝑤 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑏𝑟𝑖𝑛𝑒 (𝑔/𝑐𝑚3) 

𝜙 = 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠) 

𝐴 = 𝑐𝑜𝑟𝑒 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 (𝑐𝑚2) 

𝐿 = 𝑐𝑜𝑟𝑒 𝑙𝑒𝑛𝑔𝑡ℎ (𝑐𝑚) 

3.4.3 Permeability 

Core permeability was calculated using Darcy’s law.  

𝑘 =  
𝑞𝜇𝐿

𝐴Δ𝑃
 

Where 

𝑘 = 𝑐𝑜𝑟𝑒 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (𝑐𝑚2) 

𝑞 = 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (𝑐𝑚3 𝑠⁄ ) 

𝜇 = 𝑓𝑙𝑢𝑖𝑑 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 (𝑃𝑎 ∗ 𝑠) 

𝐿 = 𝑐𝑜𝑟𝑒 𝑙𝑒𝑛𝑔𝑡ℎ (𝑐𝑚) 

𝐴 = 𝑐𝑜𝑟𝑒 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 (𝑐𝑚2) 

Δ𝑃 = 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑑𝑟𝑜𝑝 𝑎𝑐𝑟𝑜𝑠𝑠 𝑐𝑜𝑟𝑒 (𝑃𝑎) 

3.4.4 CO2 Saturation (Drainage) 

 During drainage as CO2 displaces brine, effluent brine is collected on the mass 

balance. Any CO2 that leaves the core vaporizes to gas phase into the atmosphere. 
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Therefore, the average core CO2 saturation at any time can be determined using the 

effluent mass data. 

𝑆𝐶𝑂2
(𝑡) =  

𝑀𝑤(𝑡)

𝜌𝑤𝑃𝑉
 

Where 

𝑆𝐶𝑂2
(𝑡) = 𝑐𝑜𝑟𝑒 𝐶𝑂2𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 (𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠) 

𝑀𝑤(𝑡) = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 (𝑔) 

𝜌𝑤 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒 (𝑔 𝑐𝑚3⁄ ) 

𝑃𝑉 = 𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑐𝑚3) 

3.4.5 CO2 Saturation (Imbibition) 

 During imbibition, brine is injected into the core to displace CO2. From mass 

balance, the change in core CO2 saturation at any time step ∆t can be determined from the 

following. 

∆𝑆𝐶𝑂2
(∆𝑡) =  

∆𝑀𝑤(∆𝑡) 𝜌𝑤⁄ − 𝑞(∆𝑡)

𝑃𝑉
 

where 

∆𝑆𝐶𝑂2
(∆𝑡) = 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑐𝑜𝑟𝑒 𝐶𝑂2𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑡𝑖𝑚𝑒 ∆𝑡 (𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠) 

∆𝑀𝑤(∆𝑡) = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 ∆𝑡 (𝑔) 

𝜌𝑤 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒 (𝑔 𝑐𝑚3⁄ ) 

𝑞 = 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (𝑐𝑚3 𝑠⁄ ) 

𝑃𝑉 = 𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑐𝑚3) 

3.4.6 Porosity Distribution 

The porosity at any location of the core can be obtained through the subtraction of 

the dry CT value at the particular voxel from the wet CT value at the same voxel. The CT 

values for water and air are 0 and -1000, respectively. 
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𝜙(𝑥, 𝑦, 𝑧) =  
𝐶𝑇𝑠𝑎𝑡(𝑥, 𝑦, 𝑧) − 𝐶𝑇𝑑𝑟𝑦(𝑥, 𝑦, 𝑧)

𝐶𝑇𝑤𝑎𝑡𝑒𝑟 − 𝐶𝑇𝑎𝑖𝑟
 

Where 

𝜙(𝑥, 𝑦, 𝑧) = 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 𝑎𝑡 𝑣𝑜𝑥𝑒𝑙 (𝑥, 𝑦, 𝑧) (𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠) 

𝐶𝑇𝑠𝑎𝑡(𝑥, 𝑦, 𝑧) = 𝐶𝑇 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑟𝑖𝑛𝑒 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑣𝑜𝑥𝑒𝑙𝑠 (𝑥, 𝑦, 𝑧) (𝐻𝑈) 

𝐶𝑇𝑑𝑟𝑦(𝑥, 𝑦, 𝑧) = 𝐶𝑇 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑟𝑦 𝑣𝑜𝑥𝑒𝑙𝑠 (𝑥, 𝑦, 𝑧) (𝐻𝑈) 

𝐶𝑇𝑤𝑎𝑡𝑒𝑟 = 𝐶𝑇 𝑛𝑢𝑚𝑏𝑒𝑟 𝑏𝑟𝑖𝑛𝑒 (𝐻𝑈) 

𝐶𝑇𝑎𝑖𝑟 = 𝐶𝑇 𝑛𝑢𝑚𝑏𝑒𝑟 𝑎𝑖𝑟 (𝐻𝑈) 

3.4.7 CO2 Saturation Distribution 

The CO2 saturation at a given time at any location of the core can be obtained 

through the subtraction of the partially saturated CT value at the particular voxel from the 

fully brine saturated CT value at the same voxel: 

𝑆𝐶𝑂2
(𝑥, 𝑦, 𝑧, 𝑡) =  

𝐶𝑇𝑠𝑎𝑡(𝑥, 𝑦, 𝑧) − 𝐶𝑇𝑓𝑙𝑜𝑤(𝑥, 𝑦, 𝑧, 𝑡)

𝜙(𝐶𝑇𝑤𝑎𝑡𝑒𝑟 − 𝐶𝑇𝐶𝑂2
)

 

where 

𝑆𝐶𝑂2
(𝑥, 𝑦, 𝑧, 𝑡) = 𝐶𝑂2 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑣𝑜𝑥𝑒𝑙 (𝑥, 𝑦, 𝑧, 𝑡)(𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠) 

𝐶𝑇𝑠𝑎𝑡(𝑥, 𝑦, 𝑧) = 𝐶𝑇 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑟𝑖𝑛𝑒 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑣𝑜𝑥𝑒𝑙 (𝑥, 𝑦, 𝑧) (𝐻𝑈) 

𝐶𝑇𝑓𝑙𝑜𝑤(𝑥, 𝑦, 𝑧, 𝑡) = 𝐶𝑇 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑎𝑙𝑙𝑦 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑣𝑜𝑥𝑒𝑙 (𝑥, 𝑦, 𝑧, 𝑡) (𝐻𝑈) 

𝜙 = 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 𝑎𝑡 𝑣𝑜𝑥𝑒𝑙 (𝑥, 𝑦, 𝑧) (𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠) 

𝐶𝑇𝑤𝑎𝑡𝑒𝑟 = 𝐶𝑇 𝑛𝑢𝑚𝑏𝑒𝑟 𝑏𝑟𝑖𝑛𝑒 (𝐻𝑈) 

𝐶𝑇𝐶𝑂2
= 𝐶𝑇 𝑛𝑢𝑚𝑏𝑒𝑟 𝐶𝑂2 (𝐻𝑈) 
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CHAPTER 4: RESULTS AND DISCUSSION 

 The purpose of the high pressure CO2/nanoparticle displacement experiments is to 

investigate the ability of surface-treated silica nanoparticles to enhance the poor mobility 

of liquid CO2 through porous media. CO2 is injected into a Boise sandstone core at a 

constant modest flow (2.5 mL/min) rate as brine drains. After steady-state CO2 saturation 

(residual brine saturation) is reached, a postflush is performed until the core reaches 

residual CO2 saturation. The work presented here examines various conditions at which 

the experiment is performed, each with unique application for surface treated silica 

nanoparticle in enhanced geologic carbon sequestration (GCS). First, results from 

horizontal displacements at varying nanoparticle concentrations are studied for 

maximizing CO2 storage potential. In the subsequent section, experiments are conducted 

in a vertical orientation at various flow rates to study gravity driven displacements and 

potential leak mitigation effects. The final section will present results on partially 

saturated cores in an effort to optimize storage efficiency while minimizing nanoparticle 

used. Details regarding the method of investigation are described earlier in Chapter 3. 

Figure 4.1 shows an example of the (core-average) saturation and pressure drop 

histories of an individual experiment, both of which follow the same general shapes for 

each experiment. As CO2 injection begins, the saturation history begins as a line of unit 

slope when plotted vs. total pore volumes of fluid injected, indicating a one-to-one 

displacement of brine by CO2. During this displacement, average core pressure drop 

increases. In the saturation history, CO2 breakthrough occurs when the curve deviates 

from the line of unit slope; however, this exact time is challenging to estimate since 

changes in slope are difficult to interpret. Breakthough is more clearly indicated on the  
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Figure 4.1: Core-average CO2 saturation and pressure drop histories plotted against total 

fluid pore volumes injected. Displacement type is noted in blue; steady state 

saturation and pressure values are indicated in red; breakthrough times are 

indicated in green.  
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pressure history as a sharp drop in pressure. In the figure above, breakthrough occurs at 

roughly 0.60PV. After breakthrough, the saturation and pressure histories gradually 

flatten out and reach a steady-state core-average value. For the saturation history, this 

plateau corresponds to the maximum amount of CO2 able to be stored in the core from 

drainage; in this thesis, we will call this value the initial CO2 saturation or storage 

efficiency. For the pressure history, this is the steady state CO2 pressure drop at residual 

brine saturation. The fluctuations seen in the pressure drop history are attributed to the 

presence of a back pressure regulator. For consistency, we pick the observed minimum as 

the steady state pressure drops. In this example, the steady state initial CO2 saturation and 

average core pressure drop are 68% and 0.097 psi, respectively.  

After roughly 1.5 PV of CO2 have been injected (for this particular example, the 

postflush began at 1.55PV), the postflush brine is injected into the core for at least 0.50 

PV. Again, the drop in core-average CO2 saturation follows a line of negative unit slope 

until the postflush fluid breaks through the core. Once steady-state is reached at the end 

of the injection of the postflush fluid, the remaining CO2 within the core is now residually 

trapped through capillary forces. Final CO2 saturation is also known as residual or 

capillary trapping. In the pressure history, pressure drop increases sharply due to the 

change in fluid viscosity, and breakthrough occurs when pressure drop flattens out and 

reaches a steady state value. Brine breakthrough time is calculated as the observed 

breakthrough time in total pore volumes injected minus CO2 injection time; in Figure 4.1, 

the observed breakthrough time is 1.75 PV, meaning brine breakthrough time is 0.20PV. 

The final CO2 saturation or residual trapping is 44%. In this example, pressure drop never 

reached a steady state value, so the final pressure drop (1.56 psi) was chosen. 
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All of the notable features have been marked in Figure 4.1: end CO2 

injection/begin postflush (blue), steady state values (red) and breakthrough times (green). 

As CO2 is in the liquid state during the experimental protocol, we assume it acts as an 

incompressible fluid, and pore volumes of fluid injected is calculated as injection 

volumetric flow rate multiplied by time divided by core pore volume. Any sharp 

discontinuities in the saturation or pressure histories are experimental artifacts attributed 

to the presence of the back pressure regulator. Pressure drop histories, which were 

particularly sensitive to fluctuations caused by the back pressure regulator, have been 

processed with a 0.05PV time step moving average for clarity. 

 

Figure 4.2: Average core saturation histories plotted from both mass and CT scanning. 

Continuous saturations from mass balance are reported in black; average 

core saturations calculated by CT scanning are shown as red diamonds. 

 Figure 4.2 shows two saturation histories of the same experiment generated by 

two methods: mass balance and CT scanning. Mass balance provides continuous average 
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core saturations throughout the experiment. CT imaging is used to determine local CO2 

saturations within the core at specific time intervals. By averaging local saturations 

across the volume of the core, CT images can also be used to determine average core 

saturations. Therefore, by comparing saturation values determined from these two 

independent measurements will help ensure accuracy in the data collected. In Figure 4.2, 

both methods show good correspondence in measurements, which indicate both the mass 

balance and CT scanner are properly calibrated and provide reliable results.  

4.1 NANOPARTICLE CONCENTRATION 

 The first set of CO2/nanoparticle displacement experiments were performed 

horizontally and sought to identify the dependence of conformance control on 

concentration of nanoparticle dispersion. For geologic carbon sequestration, improved 

conformance control during CO2 injection results in a higher volume of CO2 storage 

within an aquifer. Two nanoparticle dispersions of 0.5 wt% and 5.0 wt% were created 

using EOR-5XS particles from Nissan Chemical Corporation. A solution with no 

nanoparticles was also tested as a control. Any concentration of dispersion larger than 5.0 

wt% was considered economically impractical at scales larger than outside the laboratory 

and was thus not tested. Before conducting experiments, the Boise sandstone core was 

characterized, and the porosity and permeability were determined to be 30% and 

3760mD, respectively.  

4.1.1 Results 

Figure 4.3 plots the saturation and pressure histories for all three experiments. 

First we will examine the drainage process for all three experiments, followed by an 

analysis of the subsequent imbibition. 
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.  

Figure 4.3: CO2 saturation history (above) and core pressure drop history (below) for all 

three nanoparticle concentration dispersion experiments. Corresponding 

breakthrough times are also plotted as vertical dotted lines. 
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Primary Drainage (CO2 Injection)  

In the control experiment when nanoparticles are absent from the core, CO2 

shows early breakthrough, around 0.12PV, and reaches a storage efficiency just under 

30%. By saturating the core with 0.5 wt% nanoparticle dispersion before injection 

saturation is increased by 15 CO2 saturation units from 30% without nanoparticles to just 

over 45% with nanoparticles – a 50% increase.  

The effects are even greater with 5.0 wt% nanoparticle dispersion. Breakthrough 

occurs at 0.59PV and the initial CO2 saturation reaches 68%. Compared to the control 

experiment, breakthrough time is delayed by a factor of 5 and storage efficiency is 

increased by a factor of 2.3.  

Figures 4.4, 4.5 and 4.6 show CT images of primary drainage with 0 wt%, 0.5 

wt% and 5.0 wt% nanoparticles, respectively.  For each set of images at a particular time 

interval, CO2 (red) is injected from the left as it displaces the resident brine (blue). From 

the CT images of the control experiment in Figure 4.4, we see that the displacement of 

brine by CO2 without nanoparticles is non-uniform with pockets of high CO2 saturation 

next to areas of low saturation. At early time, prominent fingers develop in high 

permeability zones (at 0.10 PV and 0.25PV, see slice 3 and 4 NE corner; slice 8 NE-SW 

orientation). Once the CO2 realizes a percolating path after breakthrough, growth of 

viscous fingers is the primary means by which CO2 saturation increases (see slices 4, 6, 7, 

8 for all time steps). In addition to the real time images, this phenomenon of saturation 

increases from finger growth is suggested in the gradual decline in slope and long time 

interval between breakthrough and steady state in the saturation history. 

Figure 4.5 shows that carbon dioxide is less prone to the preferential paths seen in 

the control experiment upon injection into a 0.5 wt% nanoparticle saturated core. For  
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Figure 4.4: CT images of drainage at various pore volumes of CO2 injected for the 

control experiment. CO2 (yellow/red) is injected from the left as it displaces 

resident brine (blue). Severe channeling and poor sweep efficiency are 

observed. 
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Figure 4.5: CT images of drainage at various pore volumes of CO2 injected for 0.5 wt% 

nanoparticle dispersion. Viscous fingers are reduced and overall CO2 

saturations are increased. 
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Figure 4.6: CT images of drainage at various pore volumes of CO2 injected for 5.0 wt% 

nanoparticle dispersion. Nanoparticles inhibit channeling and early 

breakthrough; the displacement can be characterized as a shock front.  
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example, the viscous finger seen in slice 4 at 0.10PV in the control is diminished, and the 

finger at slice 8 is completely prevented. Rather than finger growth being the dominant 

mechanism for saturation increase, we see that the tendency for CO2 to bypass low 

permeability zones is reduced. While the flow paths for CO2 at 0.10PV in both 

experiments look similar (likely due to capillary end effects), clear differences are 

apparent in each subsequent time step. As more CO2 is injected into the core, it contacts a 

larger portion of the core including areas of low permeability untouched in the control.  

At 5.0 wt% nanoparticles, the effects are even more pronounced and sweep 

efficiency is maximized (Figure 4.6). In spite of local permeability variations, viscous 

fingers are completely prevented and visually the displacement is completely stable. As 

CO2 invades the core, it contacts the entire cross section of the core as a shock front 

would. When CO2 contacts a virgin area, it reaches the maximum CO2 saturation 

immediately – rather than increasing saturation as more CO2 is flowed through as in the 

control case. As this stable displacement progresses along the length of the core, pressure 

builds up at a steady rate suggestive of a high viscosity fluid displacing a fluid of lower 

viscosity as shown in the pressure histories in Figure 4.3 (this also occurs for 0.5 wt% 

nanoparticles, but to a lesser extent). Once the shock front reaches the core outlet and 

breakthrough is achieved at 0.59 PV, there is an immediate decrease in pressure drop to 

the steady-state single phase CO2 flow pressure at residual brine saturation.  

Another method for interpreting the impact of nanoparticles on drainage 

displacement dynamics is through saturation profiles. From CT scans, CO2 saturations 

along the core are calculated by averaging the saturation at each voxel of each cross 

section, which are then plotted across various time steps. Figure 4.7 shows the saturation 

profiles for all three experiments. The saturation profiles confirm the observations made  
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Figure 4.7: Saturation profiles generated from CT scans during drainage for all three 

experiments. More stable displacement fronts occur with increased 

nanoparticle concentration before CO2 injection.  
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through the saturation and pressure histories and CT images. When no nanoparticles are 

present, early breakthrough occurs and saturation increases gradually throughout the core 

as more CO2 is injected. With 0.5 wt% of nanoparticles, breakthrough is delayed and 

higher initial CO2 saturations are observed; however, we see that the CO2 displacement is 

not fully stable.  In contrast, when the core is saturated with 5.0 wt% nanoparticles, there 

is a dramatic improvement in the displacement dynamics and the CO2 front progresses 

through the core in a stable manner. 

From the saturation profiles, we can also generate saturation-velocity plots which 

are shown in Figure 4.8. Dimensionless velocity is calculated by dividing dimensionless 

distance (distance divided by core length) by time in pore volumes injected. This analysis 

shows the speed at which a particular saturation value travels through the core. In the 

control experiment, CO2 enters the inlet of the core with low saturation and decreases in a 

concave shape indicating the diffusive manner in which CO2 percolates through the core. 

The saturation-velocity plots also exhibit fluctuations due to core heterogeneity. At 0.5 

wt% nanoparticles, the saturation-velocity plot begins to take a concave shape and shows 

less heterogeneity induced saturation fluctuations. With 5.0 wt% nanoparticles, the early 

time saturation-velocity curve (0.1 PV) enter at a high CO2 saturation, but still shows 

gradually decreasing saturations in space; this is indicative of diffusion and high capillary 

forces. However, with each progressive time step, the curves sharpen in space and 

develop into a CO2 bank. The frontal advance of CO2 moves as a self-sharpening wave 

until it becomes a shock front, a displacement pattern commonly described by the 

Buckley-Leverett analysis (Buckley and Leverett, 1942).  
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Figure 4.8: Saturation-velocity plots generated from CT scans during drainage for all 

three experiments, which show that the three displacements can all be 

described by Buckley-Leverett type displacements.  
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Figure 4.9:.Saturation waves generated from CT scans during drainage for all three 

experiments. For 5.0 wt% nanoparticles, CO2 follows the Buckley Leverett 

traveling wave solution.   
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For completeness, Figure 4.9 shows the saturation profiles plotted as waves. The 

x-axis was calculated as xD-vD,avg*tD, or dimensionless distance minus the average 

dimensionless saturation velocity multiplied by time in pore volumes injected. The 

average dimensionless velocity of each experiment was determined from inspection as 

the velocity of the average saturation from the saturation-velocity plots in Figure 4.8. For 

the control, 0.5 wt% and 5.0 wt% experiments, the corresponding velocities were 1.0, 

2.0, and 1.50, respectively. Overall, the saturation-velocity plots and saturation-wave 

plots show similar results. This approach further emphasizes the diffusive nature of CO2 

in the control experiment; collectively, the CO2 waves of the control experiment indicate 

the spreading nature and saturation rarefaction of CO2 in this displacement. Conversely, 

for the experiment containing 5.0 wt% nanoparticles, the nature in which the CO2 waves 

of each time step collapse around xD-vD,avg*tD = 0 show that this displacement is 

suggestive of the traveling wave Buckley Leverett solution and shock type displacement 

expected in a slug injection (Buckley and Leverett, 1942).  

Secondary Imbibition (Brine Postflush) 

In the saturation and pressure histories shown in Figure 4.3, secondary imbibition 

for the control, 0.5 wt% and 5.0 wt% experiments begin at 1.52, 1.56, and 1.55 PV total 

fluids injected, respectively. Figure 4.10 shows the CO2 saturation profiles of the brine 

postflush for all three experiments.  

In the control experiment, residual trapping of CO2 only accounted for 11.5% of 

the total pore volume after waterflooding; meaning only 38% of the initial 30% CO2 

stored through physical trapping remains through capillarity. Breakthrough of brine 

occurs at 0.12 PV brine injected.  
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Figure 4.10: Saturation profiles generated from CT scans during the postflush for all three 

experiments. Postflushing with brine is a stable displacement for all three 

experiments.  
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When 0.5 wt% nanoparticles are present, final CO2 saturation following the 

postflush is 21.7%. This increase in 10.2 CO2 saturation units is an 88% improvement in 

residual trapping compared to the control case. Moreover, this indicates that 48% of the 

initial 45% CO2 stored remained in the core – compared to only 38% trapped in the 

control. Brine breakthrough time is delayed until 0.18 PV. 

The results are even more promising for 5.0 wt% nanoparticles. Residual trapping 

accounted for 44.2% of the pore space and brine breakthrough is delayed to 0.20 PV. The 

ratio of residual trapping to initial trapping is 65%. It should be noted that residual 

trapping from this experiment alone accounted for the same volume trapped initially in 

the 0.5 wt% case and almost double the initial trapping in the control case. From these 

results it can be concluded that not only do nanoparticles increase both the storage 

efficiency and residual trapping in absolute saturations, but also the relative amount 

trapped through residual trapping to physical trapping. The CO2 saturations at the end of 

CO2 injection and postflushing are summarized in Table 4.1. Figure 4.11 plots Land 

curves of each experiment on an initial-residual (IR) plot (Land, 1968). The curves 

demonstrate that, in addition to absolute increases in initial and residual CO2 trapping, the 

ratio of the two values increases towards unity with higher nanoparticle concentrations. 

 

NP Conc. 

(wt%) 

CO2 BT 

(PV) 

Initial CO2 

Sat (%) 

Brine BT 

(PV) 

Final CO2 

Sat (%) 

Final-to-

Initial 

0 0.10 29.7 0.15 12.6 0.40 

0.5 0.40 45.4 0.18 22.0 0.48 

5.0 0.59 68.5 0.20 43.8 0.65 

Table 4.1: CO2 saturations and breakthrough times for all three experiments. Ratios of 

final-to-initial CO2 storage are also included. 
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Figure 4.11: Initial-Residual (IR) CO2 saturation curves generated for all three 

experiments. Higher nanoparticle concentrations during drainage result in 

more favorable trapping ratios. Unit slope is represented by the dashed line. 

Figure 4.12 shows CT images comparing the CO2 distribution at the end of the 

postflush for all three experiments. From the images, two observations can be made 

regarding the effect of nanoparticles on residual trapping: 1) areas which contain 

residually trapped CO2 in the control experiment see higher saturations when 

nanoparticles are present, and 2) due to the improvements in sweep efficiency during 

drainage with nanoparticles, areas originally uncontacted with CO2 now contain 

residually trapped CO2. 

The latter is due to the higher pressure drops during CO2 injection with 

nanoparticles, allowing CO2 to contact more areas of the reservoir including regions of 
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low permeability characterized by smaller pores and pore throats. Therefore, the CO2 

stored in these areas are better trapped through larger capillary forces, and brine is less 

effective at removing them through hydrodynamic forces during postflushing in these 

areas. Figure 4.13 illustrates this concept. 

 

 
0.0 wt% Nanoparticles 

 
0.5 wt% Nanoparticles 

 
5.0 wt% Nanoparticles 

Figure 4.12: CT images of CO2 saturations for all three experiments at the end of 

secondary imbibition. The incremental residually trapped CO2 through 

nanoparticles can be found in low permeability regions unswept in the 

control experiment, resulting in more evenly distributed residual trapping at 

higher nanoparticle concentrations.  
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Figure 4.13: Distribution of a nonwetting phase (CO2) at various initial-residual 

saturations (adapted from Lake, 1989 and Stegemeier, 1976). 

In context to the three experiments presented in this experiment, the left column 

of Figure 4.13 represents CO2 saturations (black) observed during drainage, while the 

right column represents capillary trapping after the brine postflush. The top row is 

representative of the initial and residual trapping during the control experiment. 

Meanwhile, the CO2 higher saturations seen in the bottom rows occur during higher 

nanoparticle concentrations due to the high pressure drops during the drainage 

displacement (Figure 4.3), which are sufficiently large to overcome the capillary entry 

pressures of small pore throats.  
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of the control experiment in Figure 4.4 – and thus lack any residually trapped CO2 in 

Figure 4.12.  However, with increased nanoparticle concentration, those same areas now 

contain significant amounts of residual CO2. Just as CO2 was distributed throughout the 

core more uniformly during drainage with nanoparticles, the distribution of residually 

trapped CO2 is highly uniform throughout the core regardless of core heterogeneity. It is 

speculated that in these low permeability region, the CO2 is stored as an emulsion phase.  

 Finally, Figure 4.14 shows a series of longitudinal cross sections in the y-z plane 

generated from CT scans for all experiments at various time steps of both the drainage 

and postflush process. These images provide a clear, visual summary of how the simple 

technique of saturating a porous media with a modest volume of surface treated 

nanoparticles greatly improves both the CO2 displacement pattern and distribution of 

residual trapping. 
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0.0 wt% Nanoparticles 0.5 wt% Nanoparticles 5.0 wt% Nanoparticles 

   
0.15 PV CO2 

 

   
0.25 PV CO2 

 

   
0.50 PV CO2 

 

   
1.50 PV CO2 

 

   
0.05 PV Brine 

 

   
0.10 PV Brine 

 

   
0.15 PV Brine 
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Figure 4.14: Longitudinal CT scans during CO2 injection (above dashed line) and brine 

postflush (below dashed line) for all three experiments.  
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4.1.2 Discussion 

Compared to the control experiment, the nanoparticle experimental results – 

higher CO2 saturations, later breakthrough, higher pressure drop, less fingering – are all 

consistent with the hypothesis that nanoparticles can stabilize a CO2 displacement front. 

As CO2 enters a pore saturated with nanoparticle dispersion, during Roof snap-off events 

the nanoparticles adhere to the CO2/brine interface, thus generating CO2-in-brine 

emulsion. This is shown in Figure 4.15. This new emulsion phase enhances the CO2 

displacement front through reduced mobility ratio. As mentioned in Chapter 2, there are 

two methods for mobility control during multiphase flow: increasing fluid viscosity or 

decreasing relative permeability. 

 

 

 

Figure 4.15:  A schematic of pore scale Roof snap-off events with and without 

nanoparticles. 

a) without nanoparticles 

b) with nanoparticles 
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From the pressure histories of the nanoparticle experiments shown in Figure 4.3, 

there are two main flow regimes during the drainage displacement which address both of 

the key factors of mobility control. The first flow regime is characterized by the 

viscosification of CO2 at the displacement front through the generation of nanoparticle 

stabilized emulsion during Roof snap-off events. In the pressure histories, this is 

indicated by the increasing core pressure drops from the start of CO2 injection up until 

breakthrough. The second flow regime occurs after breakthrough, in which the emulsion 

front has progressed through the length of the core and only single phase CO2 flow 

occurs; this is indicated by the sharp drop in core pressure before reaching a steady state 

value. The differences in steady state pressure drop between the three experiments are 

attributed to the decrease in CO2 relative permeability due to pore blocking by 

nanoparticle stabilized CO2 droplets. In the subsequent discussion, we will first examine 

the effect of nanoparticle concentration on relative permeability, followed by an analysis 

on apparent emulsion viscosity. 

Nanoparticles and CO2 Relative Permeability 

Prior to CO2 injection, single phase brine flow is related to the core pressure drop 

through Darcy’s law: 

𝑞 =  
𝑘𝐴∆𝑃𝑏𝑟𝑖𝑛𝑒

𝜇𝑏𝑟𝑖𝑛𝑒𝐿
 

where q is the volumetric flow rate, ∆𝑃𝑏𝑟𝑖𝑛𝑒 is the pressure drop during single-phase 

brine flow, 𝜇𝑏𝑟𝑖𝑛𝑒 is brine viscosity, k is the core absolute permeability, A is the cross 

sectional area, and L is core length.  

At the end of CO2 injection at the same flow rate, Darcy’s law becomes: 
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𝑞 =  
𝑘𝑟,𝐶𝑂2

𝑜 𝑘𝐴∆𝑃𝐶𝑂2

𝜇𝐶𝑂2
𝐿

 

where q, k, A and L are the same parameters as before; 𝜇𝐶𝑂2
is CO2 viscosity, and 𝑘𝑟,𝑐𝑜2

𝑜  is 

the endpoint relative permeability of CO2 at residual brine saturation. ∆𝑃𝐶𝑂2
, the pressure 

drop during CO2 flow at residual brine saturation, can be determined from the pressure 

histories in Figure 4.3.  

By combining the two expressions above, it can be seen that endpoint relative 

permeability of CO2 can be calculated as: 

 

𝑘𝑟,𝑐𝑜2
𝑜 =

𝜇𝐶𝑂2
∆𝑃𝑏𝑟𝑖𝑛𝑒

𝜇𝑏𝑟𝑖𝑛𝑒∆𝑃𝐶𝑂2

 

Higher pressure drops are observed during steady state flow at residual brine saturations 

for higher nanoparticle concentrations, which results in lower endpoint CO2 relative 

permeability. This is consistent with concept that emulsions work to reduce mobility 

through pore blocking. 

 Since after breakthrough, only CO2 is flowing single phase at residual brine 

saturations. Therefore, the effect of relative permeability change can be analyzed together 

through the mobility reduction factor (MRF), which is used to describe the ratio of 

pressure drops across the core for the nanoparticle experiment to that of the control 

experiment. From inspection, the MRF also reduces to the ratio of relative permeabilities.  

 

𝑀𝑅𝐹 =  
∆𝑃𝐶𝑂2,𝑁𝑃

∆𝑃𝐶𝑂2,𝑐𝑜𝑛𝑡𝑟𝑜𝑙
=

𝑘𝑟,𝑁𝑃

𝑘𝑟,𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 

where ∆𝑃𝐶𝑂2,𝑁𝑃 and ∆𝑃𝐶𝑂2,𝑐𝑜𝑛𝑡𝑟𝑜𝑙 are the steady state pressure drops of CO2 flow at 

residual brine saturation for the nanoparticle and control cases, respectively. Table 4.2 

shows how higher steady state pressure drops are observed during higher nanoparticle 
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concentrations, which correspond to lower relative permeabilities and higher mobility 

reduction factors as hypothesized. Due to the small pressure drops recorded during single 

phase CO2 flow relative to large fluctuations in the pressure transducers, error margins of 

one quartile of the pressure drop variation, and the corresponding endpoint relative 

permeability range have been provided. As expected, the control and 0.5 wt% 

experiments show greater variability in endpoint relative permeabilities due to error. 

 

NP Conc. 

(wt%) 

Pressure Drop 

(psi) 

Endpoint 

Rel Perm 

Endpoint Rel 

Perm Range 

MRF 

0.0 0.016 (±0.005) 0.55 (0.42, 0.80) - 

0.5 0.021 (±0.009) 0.42 (0.29, 0.73) 1.31 

5.0 0.129 (±0.057) 0.07 (0.05, 0.12) 7.86 

Table 4.2: Pressure drop, endpoint relative permeability, and mobility reduction factor for 

each experiment measured during drainage at steady state CO2 flow at 

residual water saturation.  

The effects of relative permeability at the end of CO2 injection are attributed to 

immobile CO2 and brine. This suggests that as higher nanoparticle concentrations are 

employed, more CO2 is trapped through the emulsion formation and thereby decreasing 

the relative permeability of CO2 after breakthrough. For carbon sequestration, lower 

relative permeability is desired as that suggests more of the pore spaces are filled with 

immobilized CO2.  

The same analysis can be performed on the subsequent imbibition, this time with 

brine as the mobile phase at residual CO2 saturations. Therefore, the brine endpoint 

relative permeability is determined as: 
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𝑘𝑟,𝑐𝑜2
𝑜 =

∆𝑃𝑏𝑟𝑖𝑛𝑒

∆𝑃𝑏𝑟𝑖𝑛𝑒,𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝐶𝑂2
 

Endpoint brine relative permeabilities are summarized in Table 4.3. Unlike the 

low pressure drop of CO2 during residual brine, the pressure drop during single phase 

brine shows less variation during steady state, and error margins are not reported.  

 

NP Concentration 

(wt%) 

Pressure Drop 

(psi) 

Relative 

Permeability 

MRF 

0.0 0.19 0.58 - 

0.5 0.40 0.28 2.07 

5.0 1.56 0.07 8.28 

Table 4.3: Pressure drop, endpoint relative permeability, and mobility reduction factor for 

each experiment measured at steady-state brine flow at residual CO2.  

 For all three experiments, the endpoint relative permeability of brine after 

secondary imbibition is similar to the CO2 endpoint relative permeability after primary 

drainage. This suggests that during the postflush brine takes the similar flow path that 

was taken by CO2 after breakthrough during drainage. A postflush of brine is not able to 

create more pathways across the core by displacing trapped CO2, despite it being a higher 

viscosity fluid. This is very suggestive that the CO2 trapped in those pore bodies exist as 

the high viscosity emulsion phase. Therefore, nanoparticle stabilized emulsions are an 

effective method for trapping additional CO2 within a porous media.  

 In addition to endpoint relative permeabilities, the relative permeabilities at 

various saturations for each experiment during drainage were also determined using the 

unsteady state method developed by Johnson, Bossler and Nauman (JBN method), which 

uses the pore volume of fluid injected, the effluent fractional flow, average core 

saturation and pressure drop data (Johnson et al., 1959). It should be noted that the JBN 
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analysis works well for the control experiment since there are only two phases (CO2 and 

brine) and a large window of saturations between breakthrough and steady state. 

Conversely, the JBN analysis is less accurate for the nanoparticle experiments, where 

three phases exist (CO2, emulsion, and brine) and the saturation window between 

breakthrough and steady state is very small. Nevertheless, it provides a good 

approximation of transient relative permeabilities. CO2 and brine relative permeabilities 

for all experiments are plotted in a semi-log scale against normalized water saturation in 

Figure 4.16. 

Since the endpoint saturations observed in each experiment are different, water 

saturation was normalized as follows: 

𝑆𝑛𝑤 =  
𝑆𝑤 − 𝑆𝑤𝑟

1 − 𝑆𝑤𝑟
 

where  𝑆𝑤 is the core-average water saturation at that time step, and 𝑆𝑤𝑟 is the residual 

water saturation at the end of drainage for that particular experiment.  

It is determined that nanoparticles and the CO2 emulsions they produce reduce the 

CO2 relative permeability. Higher concentrations of nanoparticle dispersion cause a 

larger reduction in relative permeability. Changes in relative permeability range 

anywhere from one to two orders of magnitude lower when nanoparticles are present 

depending on the core saturation. It is also determined that changes in brine relative 

permeability are less sensitive to nanoparticle stabilized emulsions. These findings are 

also consistent with surfactant-stabilized foam (Friedmann et al. 1991; Rossen and 

Renkema, 2007). Like surfactant generated foams, nanoparticles stabilized emulsions 

effectively reduce CO2 relative permeability while maintain brine permeability. A 

comparison of endpoint CO2 relative permeabilities calculated through the JBN analysis 

and those calculated by the steady state method is shown in Table 4.4.   
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Figure 4.16: Relative permeability plotted against normalized water saturation. 

Nanoparticle concentration decreases CO2 relative permeability greatly 

(above) but does not change brine relative permeability (below).  
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NP Concentration 

(wt%) 

Endpoint Rel Perm 

(Steady State) 

Endpoint Rel Perm 

(JBN) 

0.0 0.55 0.53 

0.5 0.42 0.28 

5.0 0.07 0.04 

Table 4.4: A comparison of CO2 endpoint relative permeabilities, as calculated by both 

the steady state method and JBN analysis. 

As expected, the control experiment shows good agreement between the two 

methods; for the nanoparticle experiments, both methods show a decrease relative 

permeability with higher nanoparticle concentration, though the results correspond less 

due to the assumptions made in the JBN analysis. 

Nanoparticles and CO2 Apparent Viscosity 

From the above analysis, it is evident that nanoparticles are effective at improving 

CO2 mobility through decreased relative permeability due to pore blocking. The pore 

blocking is a result of the increased CO2 viscosity through the formation of nanoparticle 

stabilized emulsions. To analyze the effect of in-situ nanoparticle stabilized CO2-in-brine 

emulsions on the apparent CO2 viscosity during drainage displacements is more complex. 

Because of the phase change of liquid CO2 to gas at the flow line outlet, no physical 

emulsion is actually collected and therefore cannot be measured by rheology. Instead, we 

develop a simplified model of three-phase flow in series where the total pressure drop 

across the core is the summation of the pressure drops from each phase – CO2, emulsion, 

brine. This is shown in Figure 4.17. 
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Figure 4.17: The 3-phase model used to determine emulsion apparent viscosity, using 

pressure drop data and saturation profiles. 

The pressure drop from the aqueous phase can be approximated with the length of 

the brine phase, brine viscosity, and absolute permeability. The pressure drop from the 

CO2 phase can be approximated with the length of the CO2 phase, liquid CO2 viscosity, 

and endpoint permeability at residual saturations determined in the above section (this is 

because the emulsion phase has already progressed past this section, and only liquid CO2 

is mobile at residual water saturation). Finally, the pressure drop attributed to emulsion is 

determined by the apparent emulsion viscosity, length of the emulsion phase, and 

absolute permeability (no relative permeability effects as the emulsion phase is being 

generated across the entire cross section at the CO2-brine contact),: 

 

∆𝑃𝑡𝑜𝑡𝑎𝑙 =  
𝑄∆𝑥𝑐𝑜2𝜇𝑐𝑜2

𝑘𝑟
𝑜𝑘𝐴

+  
𝑄∆𝑥𝑒𝑚𝑢𝑙𝜇𝑒𝑚𝑢𝑙

𝑘𝐴
+

𝑄∆𝑥𝑏𝑟𝑖𝑛𝑒𝜇𝑏𝑟𝑖𝑛𝑒

𝑘𝐴
 

By rearranging, the emulsion apparent viscosity can be determined as: 

 

𝜇𝑒𝑚𝑢𝑙𝑠𝑖𝑜𝑛,𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 =

∆𝑃𝑡𝑜𝑡𝑎𝑙𝑘𝐴
𝑄 −

∆𝑥𝐶𝑂2
𝜇𝐶𝑂2

𝑘𝑟,𝐶𝑂2

𝑜 − ∆𝑥𝑏𝑟𝑖𝑛𝑒𝜇𝑏𝑟𝑖𝑛𝑒

∆𝑥𝑒𝑚𝑢𝑙𝑠𝑖𝑜𝑛
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The length of the CO2 phase is determined as the inlet section with maximum CO2 

saturation, whereas the water phase is by the outlet with zero CO2 saturations. The length 

of the emulsion phase is the transition zone or CO2 emulsion bank. These lengths were 

determined from the saturation profiles in Figure 4.7. For the 0.5 wt% experiment, the 

emulsion phase length ranged from 13-16 cm; for the 5.0wt% experiment, the emulsion 

phase was approximately constant at 9 cm. Note that this model is only applicable before 

breakthrough; after breakthough, there is only single phase CO2 flow.  

The calculated apparent viscosities of the emulsion front at various time steps 

before breakthrough for each experiment are plotted in Figure 4.18. When averaged 

together, the emulsion viscosities are 8.5 cP and 22.8 cP for the 0.5 wt% and 5.0 wt% 

cases, respectively, which are greatly improved compared to the viscosity of pure liquid 

CO2 (0.08 cP). From this analysis, two notable results can be gathered. First, nanoparticle 

stabilized CO2-in-brine emulsions through Roof snap-off pore scale events are an 

effective method for the viscosification of liquid carbon dioxide – even at low 

concentrations. Secondly, there is a clear dependence on emulsion apparent viscosity and 

nanoparticle concentration.  

A simple batch experiment was conducted to further understand the effect of 

nanoparticle concentration and resulting emulsion formation. Two emulsions were 

generated using a Branson sonicator with 0.5 wt% or 5.0 wt% nanoparticle dispersions 

and n-octane as a CO2 analog fluid in equal volume fractions. As a control, a third fluid 

mixture with brine and n-octane was also sonicated. Sonication, or the application of 

sound energy to agitate samples, was used to represent the mixing that occurs through 

shear forces during snap-off events. Figure 4.19 shows the results of all three fluid 

mixtures after sonication. As expected, the brine and octane dispersion did not form a   
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Figure 4.18: Calculated emulsion apparent viscosity through the 3-phase series flow 

model for the 0.5 wt% and 5.0 wt% nanoparticle experiments at various 

pore volumes. 

 

 

 

Figure 4.19: Emulsions generated through sonication with brine/nanoparticle dispersion 

and n-octane. 

  

0

5

10

15

20

25

30

0 0.1 0.2 0.3 0.4 0.5 0.6

A
p

p
a

re
n

t 
V

is
c

o
s

it
y
 (

c
P

) 

PV CO2 Injected 

Emulsion Apparent Viscosity 

0.5wt% Nanoparticles 5.0wt% Nanoparticles



 

 

68 

stable emulsion. For the 5.0 wt% nanoparticle dispersion, two phases were present: a 

stable milky octane-in-water emulsion was generated that constituted roughly 70% of the 

original total fluid volume, while the remaining volume was excess aqueous phase. For 

the 0.5 wt% nanoparticle dispersion, the resulting mixture had three phases: a similar 

milky octane-in-water emulsion that only accounted for roughly 15% of the original total 

fluid volume, and excess oil and nanoparticle dispersion consisting of 55% and 30% of 

the original fluid volume, respectively. From this proxy phase behavior experiment, it is 

clear that nanoparticle concentration is a strong indicator of the volume of emulsion to be 

produced, which can be extrapolated to the apparent emulsion viscosity at the 

displacement front of the high pressure CO2-nanoparticle displacement experiments. 

In the presence of 5.0 wt%, all or enough of the invading bulk CO2 are formed 

into nanoparticle-stabilized CO2 droplets through Roof snap-off events, thereby creating 

a bank of emulsion at the displacement front. The apparent viscosity of this emulsion 

bank is the same as or similar to the actual emulsion viscosity in porous media. However, 

when the nanoparticle dispersion contains 0.5 wt% nanoparticles, only a small volume of 

emulsion is formed. Therefore, in addition to the resident brine, the displacement front 

contains both emulsion and non-wetting phase. The presence of bulk CO2 phase at the 

displacement front decreases the apparent viscosity of the emulsion bank than that of the 

bank composed entirely of nanoparticle stabilized emulsion 

Furthermore, this provides additional insight into the correlation between 

nanoparticle concentration, core pressure drop, and sweep efficiency improvements. At 

high nanoparticle concentrations, as CO2 channels through streaks of high permeability, 

emulsions will form through Roof snap off events and thereby viscosifying the invading 

CO2. As this occurs, the mobility of CO2 in this permeable region decreases due to the 
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increase in effective CO2 viscosity and blocking of pore throats from emulsion droplets. 

This causes an increase in local pressure, which then diverts fluid CO2 into areas of lower 

permeability. Again, as bulk fluid CO2 enters an uninvaded zone, the Roof snap-off 

emulsion formation will occur. Fluid CO2 will continue to flow in virgin, permeable areas 

until enough emulsion has formed to block and divert flow to lower permeability zones. 

This process of CO2 viscosification, increase in local pressure, and flow diversion is a 

constant process which allows for self-stabilization of the displacement front, and thereby 

overcoming core heterogeneity and increasing the CO2 sweep efficiency. 

With a lower concentration of nanoparticles, the viscosification of CO2 still 

occurs during Roof snap-off, but since the displacement front has areas of bulk phase 

CO2, there is less blocking of pore throats and less increases in local pressure. This 

causes less flow diversion into low permeability regions, resulting in sweep efficiency 

intermediate of the control experiment and high nanoparticle concentration. 

Additionally, this is consistent with the observations made in the previous section 

that higher nanoparticle concentrations result in lower relative permeabilities and that the 

brine postflush does not reduce residual trapping. As explained above, with higher 

nanoparticle concentrations, CO2 is diverted to regions of low permeability, in which it is 

stored as a stable emulsion rather than a bulk phase. These areas, which were brine 

saturated in the control experiment, are now blocked by CO2 droplets in the presence of 

nanoparticles resulting in low CO2 relative permeability. The subsequent brine postflush 

is not able to displace it because of the high emulsion viscosity. Consequently, the brine 

relative permeability during secondary imbibition is also decreased. Mass balance on 

nanoparticles should be incorporated throughout the experiment in future work; 
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understanding how much nanoparticles are produced in the effluent would allow for a 

more comprehensive analysis of the in-situ emulsion.  

 This set of experiments has clarified how nanoparticle dispersion is able to 

improve CO2 mobility during drainage displacements through both viscosification of CO2 

and decrease in relative permeability. The creation of nanoparticle stabilized CO2-in-

brine emulsions during Roof snap-off events increase the apparent viscosity at the 

displacement front, thereby stabilizing the spreading wave into a shock front. 

Additionally, the formation of highly viscous nanoparticle stabilized emulsions is able to 

transport CO2 to low permeability regions through increased pressure drops and reduce 

CO2 relative permeability after breakthrough through pore blocking. Because of this, 

residual trapping of CO2 during secondary imbibition is also improved. The subsequent 

experiments seek to use this phenomenon under various conditions – specifically partial 

core saturation of nanoparticle dispersion and in vertical buoyancy driven flow.  
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4.2 EFFECT OF GRAVITY ON NANOPARTICLE STABILIZED DISPLACEMENTS  

Horizontal displacement experiments replicate the pressure driven injection of 

CO2 into a saline aquifer. Employing nanoparticles during these displacements seek to 

maximize CO2 storage efficiency within the aquifer. However, others have proposed 

using nanoparticles to prevent buoyancy driven flow of CO2 (Aminzadeh, 2013). The 

main application of this would be to strategically place nanoparticle dispersion above 

zones of high leakage potential above the trap rock. As CO2 migrates upwards, the 

nanoparticle dispersion will inhibit or delay the upward flow, allowing carbon 

sequestration operators more time for a permanent solution as shown in Figure 4.20.  

 

 

Figure 4.20: Schematic of how nanoparticles could be used to delay or prevent CO2 

leakage (Chung, 2013). 

Fluid flow can be governed by either viscous forces, gravitational forces, or both. 

When displacements are oriented horizontally, gravity forces work perpendicular to flow 
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and the effect of buoyancy is manifested by gravity override. At fast flow rates, this 

effect is negligible and flow dynamics are attributed only to viscous forces. When the 

displacement is oriented vertically, both types of forces affect the displacement pattern. 

The first subsection of this section addresses the effects of gravity by performing 

experiments that only differ in displacement orientation – horizontal or vertical. 

When a fluid of higher density and viscosity is upwardly displacing a fluid of 

lower density and viscosity, the displacement is both viscously and gravitationally stable 

(Saffman and Taylor, 1958). In CO2 leakage, we have a low viscosity and low density 

fluid (CO2) propagating upwards and displacing a higher viscosity and density fluid 

(brine); this displacement is always unstable. Instabilities that occur at the CO2-brine 

interface – namely viscous and gravity fingers – result in early breakthrough. Depending 

on the flow conditions, either viscous forces or buoyancy forces will dominate. The 

second subsection seeks to examine how displacement dynamics will change in the 

differing vertical flow regimes and whether nanoparticles are effective in improving 

those displacements by delaying breakthrough. As this section seeks to examine the role 

of nanoparticles in reducing mobility control of CO2 for leakage mitigation, the 

discussion will be focused on primary drainage. 

4.2.1 Horizontal vs. Vertical Displacements 

Experiments are performed with 0.5 wt% nanoparticle dispersion and with the 

exact same method as previously, with the exception that both the core and CT scanner 

are oriented vertically using the specially developed Vertical Position System (VPS). As 

these experiments are meant to examine the role of buoyancy driven flow of CO2 during 

drainage, CO2 is injected from the bottom. Figure 4.21 shows the experimental set up for 

vertical flows. 
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Figure 4.21: A picture of the vertical experimental set up, including the VPS, core holder 

and CT scanner 

 

With all experimental conditions the same except the orientation in which fluid 

flows allows us to examine the role of gravity on storage efficiency and residual trapping.  

Figure 4.22 shows the saturation and pressure histories comparing the horizontal and 

vertical displacements without nanoparticles; Figure 4.23 shows the results for 

experiments in both orientations with nanoparticles. The figures have been placed side by 

side with the same scales for ease of comparison. Figures 4.24 and 4.25 show the CT 

images of the drainage displacements in both orientations for the control and nanoparticle 

experiments, respectively. 

When nanoparticles are absent from the core, the difference in initial CO2 is slight 

– with 29.7% stored during the horizontal displacement and 30.8% stored during the 

vertical displacement. More notable is the manner in which this drainage displacement  
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Figure 4.22: Saturation and pressure histories plotted for the 

vertical and horizontal control displacements. 

Figure 4.23: Saturation and pressure histories plotted for the 

vertical and horizontal nanoparticle experiments. 
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Figure 4.24: CT images from horizontal and vertical control experiment displacements at various time intervals. 
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Figure 4.25: CT images from horizontal and vertical control experiment displacements at various time intervals. 
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takes place. In the vertical displacement, breakthrough occurs later with the initial steady 

state CO2 saturation value reached quickly. During the horizontal displacement, there is 

more significant rarefaction with early breakthrough and a gradual increase in saturation. 

This occurs due to the growth of viscous fingers being the predominant method of core 

CO2 saturation increases. This phenomenon is confirmed in the pressure histories. In the 

horizontal displacement, breakthrough occurs early and pressure drop decreases 

gradually. In the vertical orientation, pressure is maintained constant before 

breakthrough, with a quick drop before reaching a negative steady state value.  

When nanoparticles are present during drainage, the horizontal displacement 

exhibited later CO2 breakthrough and higher initial CO2 saturations (0.40PV and 45.4%) 

compared to the vertical orientation (0.35PV and 40.4%). Again, CO2 saturation 

rarefaction was observed in the horizontal displacement (though to a lesser extent than in 

the control experiment; this can be attributed to the effect of nanoparticles stabilizing the 

displacement dynamics). The vertical displacement did not exhibit saturation rarefaction, 

and there was no finger growth after breakthough.  

For the subsequent imbibition post flush, brine breaks through later in the 

horizontal displacement regardless of presence of nanoparticles, resulting in lower 

residual CO2 trapping for the horizontal displacements. Residual trapping at the end of 

the postflush for the horizontal and vertical experiments are 12.6% and 15.6%, 

respectively in the control experiment; when nanoparticles are present, residual trapping 

saturations were 22% and 25.1% for the horizontal and vertical experiments, respectively. 

In addition to more residual trapping in the vertical orientation experiments, the vertical 

steady state pressure drops are higher.  
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From the pressure histories, it is clear that there is buoyancy driven flow as the 

pressure drop of CO2 at steady state is negative for the vertical experiments. A negative 

pressure drop is due to larger outlet pressure, caused by the rising light CO2 and 

countercurrent brine flow. Before performing this set of experiments, the pressure 

transducers were not calibrated to measure values below -0.15psi. Therefore, while the 

true pressure drop during this experiment cannot be determined, it is at least or more 

negative than -0.15psi. The steady state pressure drop during drainage for the 

nanoparticle experiment is less negative compared to the control experiment, which is a 

result of a combination of higher CO2 saturations and lower relative permeability from 

the nanoparticle stabilized emulsions. 

The effects of gravity can also be observed in the saturation profiles, which have 

been plotted in Figure 4.26. In the vertical displacements, the CO2 inlet and outlets are 

oriented the same as horizontally (i.e., the core outlet is at the distance of 29cm, which is 

at the top in the vertical displacement). During drainage, CO2 accumulates in the upper 

portions of the core more rapidly than in the horizontal displacements. At 0.25PV in the 

higher permeability and porosity region at a distance ~25cm, the vertical displacements 

show greater CO2 saturations than the horizontal displacements. By 0.50PV, the CO2 

saturations are maximized in those locations vertically, while in the horizontal 

displacements the CO2 saturations are still increasing.  

Finally, longitudinal CT images are provided for the drainage portion of all four 

experiments in Figure 4.27 (without nanoparticles) and Figure 4.28 (with nanoparticles). 

These set of images provide two main observations regarding distinctions between 

vertical and horizontal flows. First, the effect of nanoparticles in improving the CO2 

mobility and stabilizing the CO2 displacement front is less pronounced in vertical flows  
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Figure 4.26: Saturation profiles generated for all four experiments. Vertical displacements show gravity effects, with higher 

CO2 saturations at the core outlet at early times. 
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Figure 4.27: Longitudinal CT images from horizontal and vertical control experiment displacements at various time intervals.  
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Horizontal (0.50 wt% Nanoparticles)  Vertical (0.50 wt% Nanoparticles) 
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Figure 4.28: Longitudinal CT images from horizontal and vertical nanoparticle displacements at various time intervals. 
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than horizontal flows. Secondly, despite the same core used for both sets of experiment, it 

is clear that the spatial distribution of CO2 is different vertically than horizontally. 

In terms of the effect of nanoparticles on CO2-brine displacements, it was 

determined from the saturation histories in Figure 4.23 that nanoparticles have a lesser 

effect vertically than horizontally. Despite having the same initial CO2 saturations in the 

control experiments (~30% CO2 saturation), when nanoparticles are present the 

horizontal displacements (45% CO2 saturation) show more improvement compared to the 

vertical run (40% CO2 saturation).  

In the horizontal displacement in the presence of nanoparticles (Figure 4.28), a 

clear main CO2 front can be observed progressing through the core. At 0.15 PV, the main 

CO2 front during the horizontal displacement is located at 12 cm; at 0.25 PV, the main 

CO2 front is at 20 cm. The nanoparticles are effective at delaying the accumulation of 

CO2 in the high permeability region at 24cm. As a result of this CO2 front, the CO2 

saturation is uniformly distributed along the length of the core after breakthrough.  

In contrast, when CO2 displaces brine vertically, the nanoparticles are not enough 

to improve the poor mobility cause by gravity instability. In comparison to the horizontal 

nanoparticle experiment, the vertical experiment shows significantly more fingering and 

less sweep efficiency. Unlike the horizontal experiment where there was a clear front of 

CO2 propagating through the core, the CO2 front during the vertical displacement is much 

less distinct. Instead, the displacement is still dominated by the gravity finger due to 

heterogeneity at the upper portion of the longitudinal scan at 8-12cm. And as this is the 

main flow path for CO2, the displacement efficiency is very low with significant pockets 

of high brine saturation left behind. This explains why the delay in breakthrough 

vertically is only delayed a factor of 1.4 (from 0.25 PV in the control versus 0.35 PV in 
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the nanoparticle experiment), compared to the horizontal experiments where 

breakthrough is delayed by a factor of 4 (from 0.10 PV in the control versus 0.40 PV with 

nanoparticles). 

The second observation from the longitudinal CT images involves the differing 

spatial CO2 saturation distributions between the two orientations. When comparing the 

longitudinal CT images from the vertical scans to the horizontal scans, it is evident that 

the CO2 takes different flow paths upon injection depending on flow orientations. For 

example, at a distance of 24 cm, there is a pocket of high CO2 saturation in both 

orientations. Horizontally, the region of high CO2 saturation is circular in shape, whereas 

when performed vertically, the CO2 pocket is elongated and smeared laterally along the 

core. This is actually observed for smaller CO2 pockets throughout the core as well. In 

the horizontal displacements, CO2 exists as dense, round pockets scattered along the core 

(i.e. speckles at 8-12 cm at 0.50PV and 1.50PV). In the vertical orientation, CO2 is 

distributed in more elongated layers (i.e. CO2 tongue in upper portion of core at 8-12 cm 

at all time steps). These signatures are unique to the flow orientation. As a result, for a 

given flow orientation, the same saturation distributions are observed in both the control 

and nanoparticle experiments.  

It is due to gravity that we observe these two distinct saturation distributions. 

Buoyancy works as an additional force to distribute CO2 along the core, causing it to take 

the elongated patterns during vertical flow. Additionally, while CO2 is generally 

distributed more uniformly across the core horizontally, this is not the case for the 

vertical flow. Due to density differences, CO2 accumulates at the core outlet while brine 

sinks to the bottom of the core; as a result higher CO2 saturations are observed at the core 

outlet and lower CO2 saturations are seen at the injection point in vertical flows. 
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4.2.2 Buoyancy Driven Flow 

 Assume we apply a pressure gradient to a bubble of CO2 at the bottom of a porous 

media column saturated with water. It will flow upwards due to both the applied pressure 

gradient as well as the buoyancy forces due to density differences. Therefore, for vertical 

flow, Darcy’s law is given as: 

𝑞 =
𝑘𝑟𝑘𝐴

𝜇
(

Δ𝑃𝑇

𝐿
+ Δ𝜌𝑔) 

Which we can arrange into the following: 

 
Δ𝑃𝑇

𝐿
=  

𝑞𝜇

𝑘𝑟𝑘𝐴
−  Δ𝜌𝑔 

From which, the first term, 
𝑞𝜇

𝑘𝑟𝑘𝐴
, represents the portion of the total pressure gradient 

attributed to viscous forces, where 𝜇 is CO2 viscosity, 𝑞 is volumetric flow rate, and 𝑘𝑟𝑘 

is relative permeability and A is cross sectional area. Similarly, the second term,Δ𝜌𝑔, 

represents the portion of the applied pressure gradient from buoyancy forces, where ∆𝜌 is 

the density difference between CO2 and formation brine and 𝑔 is the Earth’s gravitation 

acceleration. By comparing these two pressure gradients, we can infer which the 

dominant driving force behind CO2 flow is.  

 For our system, the gravitational pressure gradient remains constant at 0.0079 

psi/in. Because of changes in relative permeability during flow, viscous forces are more 

difficult to estimate. At the start of drainage, relative permeability is equal to the absolute 

permeability. For the flow rate of q = 2.5 mL/min, this results in a pressure gradient of 

0.00079 psi/in, which is a factor of 10 smaller than the buoyancy forces and indicates the 

flow regime is dominated by buoyancy. However, relative permeability decreases with 

more pore volumes CO2 injected. Using the endpoint relative permeabilities calculated in 

Section 4.1 as approximations for the relative permeabilities in the vertical flow 
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experiments, we can calculate the upper limit viscous pressure gradient. For the control 

experiment, the steady state relative permeability at the end of CO2 injection is 0.59, 

which corresponds to a viscous pressure gradient of 0.0013 psi/in. This is still a factor of 

6 less than the gravitational pressure gradient. However, it was observed that CO2 relative 

permeability can be as low as 0.09 in certain displacements. In this scenario, the viscous 

pressure gradient would be 0.0088 psi/in, and buoyancy would no longer be the dominant 

mechanism by which CO2 flows. Therefore, it is instructive to reduce the volumetric flow 

rate of CO2 to ensure buoyancy driven flow. A flow rate of 0.80 mL/min was chosen. At 

this rate, the viscous forces are reduced by more than a factor of three, thereby ensuring 

gravity dominated flow in all experimental conditions likely to be observed.  

Figure 4.29 shows the results of reducing the volumetric flow rate without 

nanoparticles, while Figure 4.30 shows the experiments at both flow rates with 0.5 wt% 

nanoparticles. The figures have been placed side by side with the same scale for ease of 

comparison. While both flow rates are dominated by gravity forces, it is apparent that 

CO2 storage still depends on injection rate. By decreasing the flow rate to 0.8 mL/min, 

initial CO2 saturation decreases 5.8 saturation units from 30.8% to 25% without 

nanoparticles and decreases 7.7 saturation units from 40.4% to 32.7% with nanoparticles. 

Despite the absolute CO2 saturations decrease with decreased flow rate, there is still a 

30% increase in CO2 saturation with nanoparticles compared to the cases without 

nanoparticles for both flow rates, which suggests that nanoparticles can still improve 

displacement patterns even in highly buoyant flows. Breakthrough time is increased from 

0.25PV to 0.35PV at the high flow rate, and increased from 0.20PV to 0.26PV at the low 

flow rate. 
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Figure 4.29: Saturation and pressure histories plotted for the 

control displacements at both flow rates. 

Figure 4.30: Saturation and pressure histories plotted for the 

nanoparticle experiments at both flow rates. 
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In terms of the brine postflush, it is apparent that by decreasing flow rate, the 

brine breakthrough time is reduced. For the control cases, breakthrough is reduced from 

0.09PV to 0.05PV; for the nanoparticle experiments, reducing flow rate causes 

breakthrough to occur earlier from 0.13PV to 0.08PV. Shorter breakthrough times 

indicate that less CO2 is lost through postflushing. Final CO2 saturations when 

nanoparticles were present in the core are 25.1% for the high flow rate and 20.0% for the 

low flow rate. When nanoparticles were absent from the core, residual trapping is 15.6% 

for both flow rates, which is likely a coincidence. Figure 4.31 shows saturation profiles 

during the brine postflush for the control experiments. The profiles show that there is a 

different distribution of CO2 along the core at the end of the postflush for the different 

flow rates. At the high flow rate, there are more constant values of CO2 along the core; at 

the low flow rate, there is a greater distribution of CO2 with pockets of high saturation 

next to pockets of low CO2 saturation. From the CO2 distributions, it should not be 

concluded that CO2 residual trapping will remain constant for various flow rates. 

One anomaly in the data collected is the pressure history for the experiment with a 

flow rate of 0.8 mL/min and no nanoparticles. The pressure history begins normally, with 

pressure rising up until breakthrough at 0.20PV then dropping sharply to ~ -0.1psi. 

Shortly after, pressure begins to rise before steadying at 0.1psi at 1PV CO2 injected. 

Nothing in the saturation history or CT images would suggest this pressure transient, and 

it can be attributed to experimental error in the pressure transducers. 

Figure 4.32 shows CT images of the control experiments at both flow rates and 

Figure 4.33 shows the nanoparticle experiments. In comparing the two control 

experiments (Figure 4.32), CO2 tends to snake through the core taking paths of high 

permeability when the flow rate and viscous forces are low. These paths are dominated  
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Figure 4.31: Saturation profiles during brine postflushing for the control experiments at 

both flow rates. From the final saturation profiles, it is clear that the CO2 

saturation is distributed differently in each case.  
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2.5 mL/min (Control)  0.8 mL/min (Control) 

 

0.15 PV CO2 

 

 

0.25 PV CO2 

 

 

1.50 PV CO2 
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Figure 4.32: CT images for the control experiments at both flow rates. The lower flow rate, dominated by gravity forces, 

exhibits much more preferential flow; larger viscous forces at larger flow rates inhibit less instability.  
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2.5 mL/min (0.5 wt% Nanoparticles)  0.8 mL/min (0.5 wt% Nanoparticles) 
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Figure 4.33: CT images for the nanoparticle experiments at both flow rates. Even at low flow rates, nanoparticles are able to 

increase CO2 saturations, though mobility control is less pronounced.  
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Figure 4.34: Longitudinal CT images from the vertical control experiments at both flow rates. 
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Figure 4.35: Longitudinal CT images from the vertical nanoparticle experiments at both flow rates. 
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by capillary heterogeneity. This results in early breakthrough, poor sweep efficiency, and 

low CO2 saturations. Conversely, viscous forces at higher flow rates work to decrease 

instability during the drainage displacement, resulting in higher sweep efficiency. In the 

nanoparticle experiments (Figure 4.33), though some fingering still exists, the 

preferential flow of CO2 is inhibited even at low flow rates, 

This is more evident in the longitudinal CT scans. Figure 4.34 shows the control 

experiments for both flow rates, and Figure 4.35 shows the nanoparticle experiments. At 

such a low flow rate, the displacement is dominated by the development of a preferential 

path along the upper portion of the longitudinal scan, continuing into the high 

permeability streak at 24cm. This occurs for both the control and nanoparticle 

experiment. Compared to the high flow rate, these permeable paths contain higher CO2 

saturations when the flow rate is low. And unlike the higher flow rate where there were 

more intermediate saturations distributed throughout the core, the CO2 distribution in the 

buoyancy driven flow is characterized by zones of very high CO2 saturation in those high 

permeability zones adjacent to high brine saturations everywhere else. This behavior with 

decreasing flow rate is consistent with buoyancy only displacements which are controlled 

by capillary heterogeneity (Saadatpoor, 2012).  

It should be reminded that at both flow rates, there was a 30% increase in CO2 

saturation from the control experiments to the nanoparticle experiments (30% to 40% for 

2.5 mL/min; 25% to 33% for 0.8 mL/min). This suggests that the effects of nanoparticles 

are independent of injection rate. Rather, the lack of mobility control from nanoparticles 

is inhibited by the inherent poor sweep efficiency associated with buoyancy driven flows.  
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Orientation 
Flow Rate 

(mL/min) 

NP Conc. 

(wt %) 

CO2 BT 

(PV) 

Initial CO2 

Sat (%) 

Brine BT 

(PV) 

Final CO2 

Sat (%) 

Horizontal 2.5 0 0.10 29.7 0.15 12.6 

Horizontal 2.5 0.5 0.40 45.4 0.18 22.0 

Vertical 2.5 0 0.25 30.8 0.09 15.6 

Vertical 2.5 0.5 0.35 40.4 0.13 25.1 

Vertical 0.8 0 0.20 25 0.05 15.6 

Vertical 0.8 0.5 0.26 32.7 0.08 20 

Table 4.5: A summary of the six experimental conditions tested in this section, as well as 

relevant saturation and breakthough results. 

 

A summary of the six experiments examined in this section is provided in Table 

4.5. Additionally, a summary of notable observations from these experiments are as 

follows: 

 The spatial distribution of CO2 in horizontal flow differs from that in a vertical 

flow, despite same core heterogeneity; this is attributed to gravitational fingers 

present in buoyancy flow; 

 Mobility control of CO2 during primary drainage through nanoparticle stabilized 

emulsions is less pronounced in vertical flows than horizontal which is attributed 

to the increased instability during vertical displacements; 

 The horizontal displacements show more saturation rarefaction due to finger 

growth after breakthrough for both cases when nanoparticles were absent and 

present; 

 Lower potential drops during drainage are observed for vertical flows;  
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 Compared to horizontal displacements, vertical displacements exhibit shorter 

brine breakthrough time during secondary imbibition regardless of whether 

nanoparticles are present. In our experiments, this resulted in higher CO2 residual 

trapping; 

 In all experiments, nanoparticles delay both CO2 breakthrough during primary 

drainage and brine breakthrough during secondary imbibition compared to the 

corresponding control experiment; 

 Despite both flow rates (2.5 mL/min and 0.8 mL/min) being in the gravity driven 

flow regime, there is a dependence of CO2 storage on flow rate. Slower flow 

results in earlier breakthrough times and lower CO2 saturations. 

 However, improvement in CO2 saturation from nanoparticles is not correlated to 

injection rate. At both rates, a 30% increase in CO2 saturation and breakthrough 

time were observed. 

 Generally, lower potential drops are observed for lower flow rates. 

From the experimental results reported in this chapter, it is clear that mobility 

control of buoyancy driven CO2 flows through nanoparticle stabilized emulsions is less 

effective than horizontal displacements. It was determined that for all experimental 

conditions being the same, vertical flows show less improvements in sweep efficiency 

and breakthrough time than horizontal displacements at the same volumetric flow rate of 

injected CO2 in the presence of nanoparticle dispersion. This is attributed to the increased 

instability and gravity fingering which occurs at the CO2-brine displacement front. 

Additionally, in highly gravity driven displacements, the mobility control is even less 

pronounced. This is not a function of flow rate, however, as during both flow rates there 

was a 30% increase in CO2 saturation when nanoparticles were present compared to the 
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control experiments. Instead, the lack of mobility control is attributed to the inherent low 

sweep efficiency and high instability associated with capillary heterogeneity dominated 

flow patterns in highly gravity driven flow.  

As discussed in Section 4.1, there is a strong correlation between nanoparticle 

concentration and mobility control. If nanoparticles are to be considered a serious leakage 

mitigation strategy, one simple method for improving the mobility control effects during 

buoyancy flow is to utilize higher nanoparticle concentrations. In the experiments 

reported in this section, a dispersion of 0.5 wt% nanoparticles was used. However, in 

Section 4.1, a 5.0 wt% nanoparticle dispersion showed significant increases in 

breakthrough time and displacement efficiency. Increasing the nanoparticle concentration 

by one or two orders of magnitude may compensate for the lack of mobility control 

during highly buoyancy driven flows. 
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4.3  NANOPARTICLE SLUG INJECTIONS 

In all experiments performed up to this point, the core has been fully saturated 

with nanoparticle dispersion before CO2 injection. However, to fully saturate a saline 

aquifer with nanoparticles is impractical because of the large pore volumes of typical 

geologic formations. For example, in the Sleipner Project, the world’s first commercial 

scale geological deep saline formation CO2 storage project operated by Statoil, CO2 

produced from the Sleipner West Gas Field is separated and injected into the Utsira 

Formation (IPCC). The Utsira Formation has an area of 25,000 km
2
 with thickness 

ranging from 200-300 m, net-to-gross of 95% and porosity ranging from 35-40% 

(Lindeberg, 2009); this information suggests a total pore volume upwards of 2.85 trillion 

cubic meters. To fully saturate the formation at 0.5 wt% nanoparticle dispersion would 

take 1.43 trillion kilograms of surface treated nanoparticles. Utilizing 5.0 wt% 

nanoparticle dispersion would take 14.3 trillion kilograms of nanoparticles. While 

incremental CO2 stored per increment nanoparticles may be economically worthwhile, 

other nanoparticle-CO2 injection designs should be considered to minimize the amount of 

nanoparticles used while still maximizing storage capacity. This section seeks to examine 

the effect of partial nanoparticle dispersion saturation on CO2 conformance. In two 

different experiments, we inject the inlet of a vertically oriented core with two different 

volumes (0.2 and 0.6 PV) of 0.5 wt% nanoparticle dispersion, and compare the resulting 

CO2 saturation and distribution with no nanoparticles and full saturation of nanoparticle 

dispersion. Figure 4.36 shows a schematic of the nanoparticle slug placement. 
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Figure 4.36: A schematic of how the nanoparticle slugs were placed. 

Figure 4.37 shows the saturation and pressure histories for all four experiments. 

The first observation made is that breakthrough time can be correlated to nanoparticle 

slug size. The breakthrough times of each experiment (0%, 20%, 60% and 100%) are 

0.25, 0.27, 0.30 and 0.37 pore volumes of CO2 injected, respectively. From these values, 

it can be determined that breakthrough time is linearly proportional to nanoparticle 

saturation. This is intuitive as breakthrough is an indicator of CO2 velocity.  

With no nanoparticles, CO2 travels through the core quickly at a dimensionless 

speed of 4 PV/PV resulting in a short breakthrough time. Conversely, with full 

nanoparticle saturation, CO2 mobility is reduced and percolates through the core with a 

slower velocity of 2.8, resulting in a long breakthrough time. When the first 20% of the 
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Figure 4.37: Saturation and pressure histories for slug injection experiments 
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core pore spaces contain nanoparticles, the injected CO2 moves with the slow velocity 

associated with reduced mobility; after moving past the region containing nanoparticles, 

the injected CO2 percolates through the remaining 80% of the core swiftly with the speed 

without nanoparticles – resulting in an average CO2 velocity of 3.7. The same principle 

applies when 60% of the pore space contains nanoparticle dispersion, causing a final CO2 

velocity of 3.3.  

Consequently, the CO2 saturations at the breakthrough times also linearly related 

to nanoparticle slug size. The CO2 saturations shortly after breakthrough of each 

experiment in order of nanoparticle saturation are 30%, 32%, 35% and 40%.  

However, for the experiment with a 0.6 PV nanoparticle slug size, beginning at 

0.6 PV CO2 injected, average core CO2 saturation begins to rise monotonically until the 

CO2 storage efficiency reaches a final value of almost 40%. This increase in CO2 

saturation after breakthrough also occurs in the case of 0.2 PV nanoparticle slug size but 

to a lesser extent. This suggests that nanoparticle-stabilized CO2-in-brine emulsions are 

formed in locations and times other than the main CO2-brine displacement front. To 

understand this mechanism further, saturation profiles for the fully nanoparticle saturated 

and 60% saturated experiments are plotted in Figure 4.38. We see that in the first 15 cm 

of the core, the saturation profiles are similar for all time steps. This is expected as this is 

where the nanoparticles are placed before CO2 injection. Differences occur in the back 

half of the core (i.e. the half nearer the outlet). In the fully nanoparticle saturated 

experiment, as the emulsion front progresses past the remaining half of the core, the CO2 

saturation increases sharply between 0.3 and 0.5PV before gradually reaching its steady 

state value at ~40%. In contrast, in the partially saturated experiment, CO2 shows earlier 

breakthrough (0.25PV) typical of a pure CO2-brine system. CO2 saturation would remain  
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Figure 4.38: CO2 saturation profiles during drainage for experiments with full 

nanoparticle saturation and 0.6PV slug nanoparticles. Because of transport 

of nanoparticles, CO2 saturations in the partially saturated experiment 

eventually reach the same value as the fully saturated experiment.  
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relatively constant at these levels if the system did not see any additional nanoparticles. 

However, for each subsequent time increment, saturation for the latter half of the core 

increases gradually as more and more CO2 is injected. This suggest that nanoparticles 

originally placed in the first 0.6PV of the core are transported to the back half of the core 

and increase CO2 saturation, despite the main CO2 front having already passed. As a 

result, CO2 saturation eventually reaches the saturation values observed in the fully 

saturated case – an increase of 5 saturation units from 35% to 40%. Therefore, there are 

Roof snap-off events during drainage outside of the main CO2 displacement front that 

create additional CO2-in-brine emulsion, which is able to increase the CO2 saturation to 

the levels observed in the fully saturated experiment. As mentioned previously, this also 

occurs for the 20% nanoparticle saturated experiment; CO2 storage efficiency is increased 

from 31.5% at breakthrough to 33.5% at the end of drainage. Measurements of 

nanoparticles (concentrations in effluent aqueous phase samples) should be incorporated 

into future studies to allow for a comprehensive assessment of the transport properties of 

nanoparticles. This is especially crucial for slug injections as it will highlight how 

nanoparticle stabilized emulsions are formed beyond the main displacement front where 

the nanoparticle slug was injected. Nanoparticle transport can be measured by refractive 

index of fractions collected of the effluent brine, or using high contrast particles (such as 

iron coated) to be imaged by the CT scanner for in-situ movement.  

The effects of nanoparticle slug injections on residual trapping are also favorable. 

The 0.6PV saturated experiment is able to achieve the same CO2 residual trapping as the 

fully saturated experiment. This is expected as both the experiments achieve the same 

CO2 saturations at the start of secondary imbibition. The more notable result occurs in the 

experiment containing only 0.20 PV slug of nanoparticle dispersion. In this experiment, 
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residual trapping is 19%. When no nanoparticles are present, residual trapping is 15.6; 

when the core is fully saturated with nanoparticles, residual trapping accounts for 25.1% 

of the pore space. Despite nanoparticle dispersion only accounting for 20% of the pore 

space, we find the increase in residual trapping is 35% of the total potential improvement 

through nanoparticles.  

For completeness, longitudinal CT scans of all four experiments during drainage 

and at the end of postflushing have are shown in Figure 4.39. To summarize the work and 

notable results in this section: 

 CO2 breakthrough time during drainage and the corresponding CO2 saturations 

are proportional to nanoparticle slug size 

 Additional CO2 will be trapped after breakthrough has occurred – attributed to the 

transport of excess nanoparticles that the main CO2 front did not initially contact. 

As nanoparticle dispersion is displaced, Roof snap off events that occur after 

breakthrough can trap additional CO2. 

 Therefore, it is not necessary to fully saturate a porous media with nanoparticle 

dispersion to achieve maximum storage efficiency. In the experiments performed, 

a 0.60 PV nanoparticle dispersion slug size was able to achieve the same storage 

efficiency and residual trapping as fully saturating the core. 

 Residual trapping is not proportional to CO2 slug size. More residual trapping will 

occur relative to the amount of nanoparticles emplaced. A 0.60PV slug size 

trapped residually the same volume of CO2 as a fully saturated core, and a 0.20PV 

slug size trapped 35% the amount trapped by a fully saturated core. 

 



 

 

104 

 It was demonstrated that the same CO2 storage efficiency and residual trapping 

values were achieved using 40% less volume than fully saturating the core prior to CO2 

injection. Additionally, incremental residual trapping of CO2 is more than proportional to 

the nanoparticle slug size injected. This has significant implications on the economic 

feasibility for enhanced geologic carbon sequestration. 
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0.0 PV Slug NP 0.2 PV Slug NP 0.6 PV Slug NP 1.0 PV Slug NP 

    
0.15 PV CO2 Injected 

 

    
0.30 PV CO2 Injected 

 

    
0.50 PV CO2 Injected 

 

    
1.50 PV CO2 Injected 

 

   

(N/A) 

0.10 PV Brine Injected 
 

    
0.50 PV Brine Injected 

Figure 4.39: Longitudinal CT images for all four slug injection experiments during primary drainage and postflushing.  
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CHAPTER 5: CONCLUSION 

5.1 CONCLUSION 

We have demonstrated a novel method for enhancing multiple areas of concern 

regarding geologic carbon sequestration. Specifically, our experimental work 

simultaneously addresses both storage capacity and security through the utilization of a 

modest volume of commercially available surface treated silica nanoparticles. 

Using Nanoparticles to Maximize CO2 Storage 

The first set of CO2 drainage experiments conducted was performed horizontally 

to mimic CO2 injection into a saline aquifer. During primary drainage in the presence of 

nanoparticles, we observed two main flow regimes. The first regime was characterized by 

the viscosification of CO2 at the main displacement front through the generation of 

nanoparticle stabilized emulsion during Roof snap-off events. From a three phase series 

flow model, it was determined that the apparent emulsion viscosity was between 8 – 

20cP, depending on the nanoparticle concentration. 

The second flow regime occurred after breakthrough, in which the emulsion front 

has progressed through the core and CO2 flows as single phase at residual brine 

saturation. Higher nanoparticle concentrations resulted in higher steady state pressure 

drops and lower CO2 relative permeability. At the highest concentration tested (5.0 wt%), 

the CO2 relative permeability was reduced by a factor of 7. 

It is through these two aspects of mobility ratio – CO2 apparent viscosity and 

relative permeability – that CO2 saturations, sweep efficiency and breakthrough time 

were all improved during primary drainage in the presence of nanoparticles. The 

improvements in CO2 sweep efficiency also resulted in higher levels of CO2 residual 
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trapping. Compared to the control, drainage in the presence of 5.0 wt% nanoparticles 

increased initial CO2 saturations by a factor of 2.3 (from 29.7% to 68.5%), CO2 

breakthrough time by 5.9 (from 0.10 PV to 0.59 PV), and residual trapping by a factor of 

3.5 (from 12.6% to 43.8%). Improvements in CO2 storage efficiency and residual 

trapping were strongly correlated to nanoparticle concentration.  

In a second set of experiments, slug injections of nanoparticle dispersion were 

determined to be an effective method of increasing CO2 storage while minimizing 

volume of nanoparticles. It was found that a 0.60PV slug of nanoparticle dispersion 

performed as well as a fully saturated core. This is attributed to Roof snap-off events that 

occur outside the main CO2-brine displacement front.  

These results have direct implications regarding today’s understanding of 

geologic carbon sequestration. First, the higher storage efficiency associated with a 

modest volume of nanoparticles suggests that the global CO2 storage capacity in geologic 

formations is underestimated and the subsurface footprint of carbon sequestration is 

overestimated. Preflushing a saline aquifer with a silica nanoparticle dispersion is a 

simple method for overcoming the poor CO2 sweep efficiency due to natural rock 

heterogeneity and viscous instability. The high levels of CO2 storage efficiency observed 

in the experiments presented suggest that today’s global storage capacity is up to double 

current estimates. 

A greater concern of geologic carbon sequestration is storage security. The 

improvements in residual, or capillary, trapping in the experiments presented can address 

public concern regarding safety of underground storage. Injection of CO2 into a reservoir 

with nanoparticles followed by a subsequent brine postflush is a quick and easy method 

for achieving high levels of capillary trapping, the more secure method of carbon 
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sequestration. Trapped as immobile nanoparticle stabilized CO2-in-brine emulsions, CO2 

is less likely to migrate due to buoyancy and escape through leakage pathways. 

Using Nanoparticles to Prevent CO2 Leakage 

The final set of experiments was performed vertically with CO2 injected at the 

bottom of the porous media to simulate buoyancy driven flows that would occur during 

CO2 leakage. From the flow paths observed, it is evident that the displacement is 

dominated by capillary heterogeneity, rather than viscous forces seen in the horizontal 

experiments. Even at a decreased flow rate and new flow pattern, nanoparticles were 

shown to delay the speed of CO2 penetration through permeable media. At the 

nanoparticle concentration tested (0.5 wt%), CO2 breakthrough time during primary 

drainage was increased by a factor of 1.4. At even higher concentrations of nanoparticle 

dispersion, the delay in breakthrough time would be even more pronounced as proved in 

the previous experiments.  

Therefore, as a method of CO2 leakage mitigation, CO2 sequestration operators 

should consider strategically placing a dispersion of high nanoparticle concentration 

above zones of high leakage potential – such as existing faults or weak points in the 

caprock. In the unfortunate scenario of leakage, nanoparticles would delay the speed at 

which CO2 rises through permeable strata and provide engineers with additional time to 

employ a permanent solution to the leak. 
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5.2 FUTURE WORK 

5.2.1 Supercritical CO2 

 At the experimental conditions (8.27 MPa, 23°C) described in this thesis, CO2 

was in a liquid phase. In true geologic carbon sequestration, however, the injected and 

stored CO2 is supercritical (sCO2). The critical pressure and temperature of CO2 are 

7.38MPa and 31.3°C, respectively (Suekane, 2008). By elevating the temperature of the 

experimental set up by at least 12°C degrees will subject CO2 to supercritical conditions. 

This can be done by wrapping the accumulator, tubing, and coreholder with heat tape and 

insulation. At elevated temperatures, sCO2 will have a significantly lower viscosity than 

liquid CO2, which may affect the ability for nanoparticle stabilized emulsions. 

5.2.2 Nanoparticle Stabilized Emulsions and CO2 Dissolution 

 In a nanoparticle stabilized emulsion, nanoparticles armor the CO2 droplet within 

a matrix of brine. It should be tested whether this will inhibit the dissolution of CO2 

within formation brine, which will have large consequences on long term storage security 

from solubility and mineral trapping. Conversely, one may also hypothesize that 

solubility rates increase due to the increased contact area between the two phases within 

the CO2-in-brine emulsion. These competing effects could be tested through dissolution 

studies of CO2-in-brine systems with and without nanoparticles. 

5.2.3 Nanoparticle WAG Cycles 

 Water-alternating-gas (WAG) is a popular method for improving the mobility 

ratio of CO2 injections. It has also been proposed by Qi et al. (2009) to improve residual 

storage of CO2 in aquifers. Performing WAG cycles with nanoparticle dispersion may 
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have synergistic effects that can allow for the same – if not greater – degree of 

conformance control while minimizing the volume of nanoparticles utilized. 

5.2.4 CO2 EOR Studies at Residual Oil Saturation 

 It has been proven in this thesis that nanoparticles are highly effective at 

stabilizing the CO2 displacement front thereby increasing CO2 sweep efficiency in a brine 

saturated core. Performing these experiments at residual oil saturation will help gain 

insight into whether nanoparticle stabilized CO2-in-brine emulsions can improve CO2 

EOR technology and be an effective means of additional oil recovery. Similar to studying 

the effect of nanoparticle armored CO2 droplets on dissolution into formation brine, one 

should also study whether nanoparticle armored droplets will inhibit CO2-oil solubility. If 

it is determined that the displacement front is still stabilized in the presence of residual oil 

and that nanoparticles do not inhibit CO2-oil solubility, nanoparticles can be a promising 

and more efficient alternative to WAG cycles for conformance control in CO2 EOR. 
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Appendix 

 

CORE SATURATION AT AMBIENT CONDITIONS 

Coreflood performed in epoxy cores are a cheap and fast alternative to those 

performed in regular core holders. Due to the pressure limits of the materials used – 24 

hour epoxy, polycarbonate tubes, PFA flow lines – the corefloods are limited to low-

pressure and low temperature experimental conditions. These preparation steps for 

making an epoxy core can be found in Appendix A1 of Doo Chung’s thesis titled 

“Transport of Nanoparticles during Drainage and Imbibition Displacements in Porous 

Media”. 

 

 

Figure A.1: A bare Boise sandstone core (above) and the resulting epoxy holder (below). 

Figure A.1 shows a Boise core before and after the epoxy core preparation. 

Through high resolution microCT imaging taken courtesy of Pradeep Bhattad at FEI in 

Houston, Tx, the previously established method for saturating the epoxy core at ambient 

conditions was determined to be deficient, as significant amounts of trapped air was left 
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in the core. Trapped gas within a core has adverse impacts on coreflood results, including 

inaccurate porosity and permeability measurements, unreliable pressure drop data, and 

modified fluid displacement dynamics. The previously used saturation set up is shown in 

Figure A.2, and the method for core saturation is described below: 

1) After epoxy sets, vacuum core for 24 hours. 

2) Close core outlet valve, open inlet valve, and allow water to imbibe. 

3) Open all valves and pull additional water through with vacuum. 

 

 

Figure A.2: A schematic of the core saturating set up. 

 

This by closing the core outlet valve prior to brine imbibition, this method relies 

on the internal core vacuum as the driving pressure gradient during the saturation process. 
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However, as more brine enters the core and the vacuum volume decreases, the vacuum 

pressure gradient decreases, which allows for significant amounts of trapped gas within 

the core.  

 

 

Figure A.3: A microCT image taken by Pradeep Bhattad at FEI, which shows the cross 

section of a partially saturated core. Dark specs within the core are trapped 

gas bubbles.  

 

Figure A.3 shows a microCT image of a cross section of a partially saturated core 

using the old saturation method. White corresponds to high density material while black 

corresponds to low density material. Therefore, white is the grains, grey is brine, and 

black is trapped gas. In the figure below, there is a significant volume of trapped gas – 

accounting for over 20% of the pore space. 



 

 

114 

Using the same experimental set up as shown in Figure A.2, a new modified 

method for core saturation is provided below: 

1) Prior to saturating the core, degas the saturating brine. This can be done by 

applying a vacuum to the water column for ~1 hour, or until bubbles stop 

forming from solution. 

2) After epoxy sets, vacuum core for 24 hours. 

3) While simultaneously applying the vacuum, crack the core inlet valve to a 

modest flow rate (a continuous drip, or roughly 3-4 drops per second) and 

allow water to imbibe into the core 

4) Continue this process until breakthrough. 

 

Key differences in these two methods include 1) using degassed brine, and 2) 

controlling the flow rate during imbibition, and 3) applying the vacuum during 

imbibition. Using degassed brine will ensure that air does not outgas within the core 

during the imbibition process. Furthermore, using degassed brine throughout the entire 

experimental procedure beyond core saturation prevents any dissolved air from 

effervescing within the core during a coreflood. 

By controlling the rate at which brine can imbibe has been shown to be key 

during core saturation. High flow rate of imbibition can result in early breakthrough of 

brine and poor brine saturation. If the flow rate is too low, brine can vaporize at the valve 

or within the flow line, which would trap water vapor into the core. The optimal flow rate 

is also dependent on core size. It is suggested to test various flow rates to ensure neither 

will occur. 
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Lastly, by applying the vacuum throughout the saturation process ensures a 

constant pressure gradient during the brine imbibition. Figure A.4 shows a microCT 

image of a core cross section in the dry state and fully saturated using the new saturation 

method. 

 

  
Dry Saturated 

Figure A.4: MicroCT images taken by Pradeep Bhattad at FEI, which shows a cross 

section of a core at both the dry and saturated states. Following the newly 

designed saturation procedure, no trapped gas is observed within the core. 
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