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Abstract 

 

Observations of Buoyant Plumes in Countercurrent Displacement 

 

Angelica Maria Hernandez, MSE 

The University of Texas at Austin, 2011 

 

Supervisor:  Steven L. Bryant 

 
 Leakage of stored bulk phase CO2 is of particular risk to sequestration in deep 

saline aquifers due to the fact that when injected into typical saline aquifers, the CO2 rich 

gas phase has lesser density than the aqueous phase resulting in buoyancy driven flow of 

the fluids.  As the CO2 migrates upward, the security of its storage depends upon the 

trapping mechanisms that counteract the migration.  While there are a variety of trapping 

mechanisms the mechanism serving as motivation for this research is local capillary 

trapping.  

 Local capillary trapping occurs during buoyancy-driven migration of bulk phase 

CO2 within a saline aquifer (Saadatpoor, 2009).  When the rising CO2 plume encounters a 

region where capillary entry pressure is locally larger than average, CO2 accumulates 

beneath the region. While research is continued by means of numerical simulation, 

research at the bench scale is needed to validate the conclusions made from simulation 

work. 
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Presented is the development of a bench scale experiment whose objective is to 

assess local capillary trapping.  The initial step in accomplishing this objective is to 

understand the fluid dynamics of CO2 and brine in a saline aquifer which is categorized 

as two phase immiscible buoyancy driven displacement.  Parameters influencing this 

displacement include density, viscosity, wettability and heterogeneity.   

A bench scale environment created to be analogous to CO2 and brine in a saline 

aquifer is created in a quasi-two dimensional experimental apparatus, which allows for 

observation of plume migration at ambient conditions.  A fluid pair analogous to 

supercritical CO2 and brine is developed to mimic the density and viscosity relationship 

found at pressure and temperature typical of storage aquifers.   

The influences of viscosity ratio, density differences, porous medium wettability 

and heterogeneity are observed in series of experimental sequences.  Three different fluid 

pairs with different viscosity ratios and density differences are used to assess density and 

viscosity influences.  Porous media of varying grain size and wettability are used to 

assess the influence of heterogeneity and wettability.  Results are qualitatively consistent 

with theoretical results and those from previous works.    
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Chapter 1. Introduction  

1.1 GLOBAL CLIMATE CHANGE 
The earth’s climate is changing and doing so more rapidly than ever before.  Of 

particular concern is the ever increasing surface temperature of the earth.  This is 

demonstrated in Fig. 1.1 where the published records of surface temperature change over 

large regions around the world are shown simultaneously. 

Other indicators of climate change include rising sea levels and changing 

precipitation patterns.  The consequences of such a rapid climate change affect all areas 

of life, from human health to the existence of wildlife.  A pictorial summary is shown in 

Fig 1.2 of the impacts of climate change, as chronicled by the United States 

Environmental Protection Agency.   
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Figure 1.1. Published records of surface temperature change over large regions. Köppen 
(1881) tropics and temperate latitudes using land air temperature. Callendar 
(1938) global using land stations. Willett (1950) global using land stations. 
Callendar (1961) 60°N to 60°S using land stations. Mitchell (1963) global 
using land stations. Budyko (1969) Northern Hemisphere using land stations 
and ship reports. Jones et al. (1986a,b) global using land stations. Hansen 
and Lebedeff (1987) global using land stations. Brohan et al. (2006) global 
using land air temperature and sea surface temperature data is the longest of 
the currently updated global temperature time series. All-time series were 
smoothed using a 13-point filter. The Brohan et al. (2006) time series are 
anomalies from the 1961 to 1990 mean (°C). Each of the other time series 
was originally presented as anomalies from the mean temperature of a 
specific and differing base period. To make them comparable, the other time 
series have been adjusted to have the mean of their last 30 years identical to 
that same period in the Brohan et al. (2006) anomaly time series. (Figure 
and caption from Le Treut, et al, 2007) 
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Figure 1.2. Climate change impacts the earth’s surface temperature, precipitation patterns 
and sea levels.  These impacts propagate directly and indirectly to the many 
areas. (United States Environmental Protection Agency) 

1.2 THE GREENHOUSE EFFECT  
The earth maintains a temperature that sustains life through the greenhouse effect.  

About one third of the radiation emitted by the sun is absorbed by the earth’s surface 

while the other two thirds are reflected back into the atmosphere.  To maintain 

equilibrium, the earth must radiate energy in an amount comparable to that which it 

absorbed.  Much of this energy is absorbed by the atmospheric gases then reradiated back 

to earth, which as a result creates a global warming effect.  The process is shown in Fig. 

1.3.   
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Figure 1.3. The greenhouse effect.  Radiation from the sun is both absorbed by and 
reflected from the earth’s surface.  To maintain energy equilibrium, the earth 
emits infrared radiation into the atmosphere.  Some passes through the 
atmosphere, but most is absorbed and re-emitted by greenhouse gases 
causing a warming of the earth’s surface and lower atmosphere. (Le Treut, 
et al, 2007) 

An increase in those atmospheric gases (greenhouse gases) results in an increased 

warming effect.  A report released by the International Panel of Climate Change states: 

“Most of the observed increase in globally averaged temperatures since the mid-20th 

century is very likely due to the observed increase in anthropogenic greenhouse gas 

concentrations.”  (Le Treut, et al, 2007) 
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Carbon dioxide (CO2) is one of the most important greenhouse gases, second only to 

water vapor.  Human activity, primarily the burning of fossil fuels and the destruction of 

earth’s forests has contributed to increased concentrations of CO2 in the atmosphere.   

1.3 CLIMATE CHANGE MITIGATION 
Climate change mitigation includes that which acts to reduce greenhouse gases in 

the atmosphere or by enhancing the sinks of aforementioned gases.  The former includes 

the more efficient use of fossil fuels and the use of alternative, cleaner energy sources 

while the latter includes reforestation efforts and increasing the mass of carbon in the 

biosphere.  Many experts believe that a viable option of climate change mitigation is 

geologic CO2 sequestration.  Once the CO2 is sequestered, the primary concern is security 

of that storage.  The mechanisms governing that security are currently being researched.  

Local capillary trapping is one such mechanism and its assessment on the laboratory 

scale is the topic of this thesis.   

1.4 RESEARCH OBJECTIVES 
The overall objective is to determine the extent of local capillary trapping, i.e. 

CO2 immobilization beneath small-scale capillary barriers, which can be expected in 

typical heterogeneous storage formations.  The research presented in this thesis serves as 

an initial step in understanding this behavior at the bench scale. The specific objectives 

are to, 

1. Establish protocol for laboratory assessment of local capillary trapping. 

2. Determine the influence of geologic and petrophysical characteristics on 

counter current buoyancy driven flow of CO2 and brine. 
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1.5 THESIS CHAPTER OUTLINE 
Chapter 1 offers an introduction to global climate change.  Presented is a brief 

summary that includes the definition, indicators, impacts and causes of this phenomenon.  

Geological CO2 sequestration is presented as a viable option for mitigation of global 

climate change. Concerns and research on the subject are briefly mentioned and followed 

by the objectives for the research presented in this thesis.  The chapter concludes with a 

chapter outline of the thesis.   

Chapter 2 offers a literature review of the research concerning geologic CO2 

sequestration. It includes a brief introduction of storage in deep saline aquifers, local 

capillary trapping and a discussion of research involving bench scale experiments 

concerning two phase immiscible flow.   

Chapter 3 chronicles the entire experimental setup.  It includes a detailed 

description of the experimental apparatus, detailed description of the development of the 

materials used and the establishment of the initial condition.  The experimental 

procedures are found in the appendices and are referenced as such in the chapter.   

Chapter 4 offers a presentation of the results from this work.  The results of the 

wettability tests are presented first.  The remaining results are presented in a series of 

sequences: viscosity effects, wettability effects and heterogeneity effects.  Each sequence 

of experiments is preceded with a small introduction and concludes in discussion.   

Chapter 5 provides a summary of the key discoveries, recommendations regarding 

the improvement of the experimental and simulation aspects of the project and 

recommendations on future direction.  
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Chapter 2:  Literature Review 

2.1 GEOLOGIC CO2 SEQUESTRATION 
Many experts believe that the most viable option of climate change mitigation is 

geologic CO2 sequestration for a variety of reasons.  A few of those reasons include; 1) 

there a variety of natural storage mechanisms that have already been storing CO2 for 

millions of years, 2) the relatively close proximity of large CO2 emitters to potential CO2 

storage sites, and 3) the use of CO2 sequestration as a means of enhanced oil recovery 

results in a double benefit, i.e. the profits of hydrocarbon production and the benefits 

removing CO2 from the atmosphere.   

The potential storage sites for CO2 storage include depleted oil and gas reservoirs, 

deep saline formations, deep unmineable coal seams, using CO2 in enhanced coal bed 

methane recovery and a few other suggested options.  Figure 2.1 presents these storage 

options.    
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Figure 2.1. Options for storing CO2 in deep underground geological formations (IPCC, 
2005) 

Of particular interest is the use of deep saline formations as storage sites.  Deep saline 

aquifers have the potential to secure large quantities of CO2 due to large storage 

capacities.  The U.S. Department of Energy has estimated the storage capacity of saline 

aquifers to rival that of several hundred years of CO2 emissions, approximately 500 

billion tons of CO2.  Saline aquifers are also often located in close proximity to CO2 point 

sources which lends itself to a relatively easy implementation of CO2 sequestration 

programs. These reasons highlight the significant climate change mitigation potential of 

CO2 sequestration and storage in deep saline aquifers and it is this very potential that is 

driving research of this topic.    
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2.2 GEOLOGICAL CO2 STORAGE SECURITY 
Upon mention of geological CO2 sequestration and storage, the question of 

security is nearly always the first topic mentioned, i.e. what happens if there is a leak?  

The primary concern of sequestered CO2 is security of its storage.  The U.S. DOE regards 

this issue as a key aspect to its research.   

Assuring the environmental acceptability and safety of CO2 storage 

in saline formations is a key component of this program element. 

Determining that CO2 will not escape from formations and either 

migrate up to the earth's surface or contaminate drinking water 

supplies is a key aspect of sequestration research. (U.S. 

Department of Energy) 

Leakage is of particular risk to sequestration in deep saline aquifers due to the fact that 

when injected into typical saline aquifers, CO2 is in its supercritical state.  Figure 2.2 

presents a phase diagram of pure CO2.  Assuming a hydrostatic pressure gradient and a 

geothermal gradient of 25ºC/km supercritical conditions are met within deep saline 

aquifers which have depths of 1km or more (see Fig 2.1).  
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Figure 2.2.  Phase diagram of pure CO2.  The area to the right and above the dotted line 
denotes the conditions where CO2 is in its supercritical state.  Assuming a 
hydrostatic pressure gradient and a geothermal gradient of 25ºC/km these 
conditions are met in deep saline aquifers. 

 

This presents a two phase system in the aquifer, with the CO2 rich gas phase being of 

lesser density than the aqueous phase resulting in buoyancy driven flow of the fluids.  As 

the CO2 migrates upward, the security of its storage lies in the trapping mechanisms that 

counteract the migration.  While there are a variety of trapping mechanisms the 

mechanism serving as motivation for this research is local capillary trapping.  
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2.3 LOCAL CAPILLARY TRAPPING  
Local capillary trapping is governed by the heterogeneity intrinsic to sedimentary 

rock formations.  Saadatpoor (2009) described local capillary trapping as follows, 

Local capillary trapping occurs during buoyancy-driven migration 

of bulk phase CO2 within a saline aquifer. When the rising CO2 

plume encounters a region (10−2 to 10+1 m) where capillary entry 

pressure is locally larger than average, CO2 accumulates beneath 

the region. (Saadatpoor, 2009) 

The benefit of local capillary trapping, applied specifically to CO2 sequestration and 

storage, is that saturation of stored CO2 is larger than the saturation predicted for the 

other trapping mechanisms. Saadatpoor (2009) discovered that the number and location 

of leaks resulted in a varying degree of mobile and immobile CO2.  While research is 

continued on local capillary trapping by means of numerical simulation, experimental 

research at the bench scale is needed to validate the conclusions made from simulation 

work.   

2.4 LOCAL CAPILLARY TRAPPING AT THE BENCH SCALE 
To begin research on local capillary trapping at the bench scale, research 

concerning the dynamics of buoyancy driven CO2 plumes in counter current 

displacement must be conducted.  In an aquifer, brine is present and once injected, CO2 

will also be present.  Due to the density difference, buoyancy forces will prompt the 

“lighter” less dense CO2 to rise and the “heavier” more dense brine to fall simultaneously 

in opposing (countering) directions.  An article search for publications presenting bench 
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scale results on this specific topic proved unfruitful however there have been multiple 

publications concerning the study of two phase immiscible flow at the bench scale.   

Immiscible fluids are two fluids are not capable of forming a homogenous mixture when 

combined; CO2 and brine are immiscible fluids thus the methods employed by other 

laboratories regarding this topic are of particular interest.  Presented first, however, is an 

overview of what is known and not known concerning buoyant immiscible 

countercurrent displacement in porous media.   

2.5 TWO PHASE IMMISCIBLE FLUID FLOW IN POROUS MEDIA 
Several parameters influence the flow of two immiscible fluids in a porous 

medium.  The influences of wettability, heterogeneity and viscosity ratio are discussed in 

the following paragraphs.   

2.5.1 Wettability 
Wettability has a significant effect on two phase immiscible fluid flow in a porous 

medium.  A hydrophilic (water wet) porous medium prefers water while a hydrophobic 

(oil wet) porous medium prefers oil; a porous medium of mixed wettability has both 

hydrophobic and hydrophilic surfaces.  Figure 2.3 offers a depiction of these types of 

media.   

 Consider displacing oil by water in each of these media (imagine greater 

connectivity of pore space).  In the water wet medium, water would flow along the 

surface of the grains and displace most of the oil.  In the oil wet medium, water would 

flow through the middle bypassing most of the oil.  Displacement for the mixed wet 

medium lies somewhere in between.      
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Figure 2.3. Wetting in pores. In a water-wet case (left), oil remains in the center of the 
pores. The reverse condition holds if all surfaces are oil-wet (right). In the 
mixed-wet case, oil has displaced water from some of the surfaces, but is 
still in the centers of water-wet pores (middle). The three conditions shown 
have similar saturations of water and oil. (Abdallah, Jill and et al., 2007) 

2.5.2 Heterogeneity 
The most significant influence heterogeneity has on two phase immiscible fluid 

flow in porous media is the effect it has on capillary pressure.  In a porous medium, 

capillary pressure is inversely proportional to the size of any given pore throat and pore 

throat size is highly influenced by heterogeneity.  Fluid tends to flow into the path of 

least resistance; larger pores are more easily invaded because the capillary entry pressure 

is lower.  Similarly, smaller pore throats resulting in a higher capillary entry pressures 

serve as barriers to flow.   

2.5.3 Viscosity Ratio 
With two phase immiscible flow, the viscosity ratio between the two fluids is very 

important.   



14 
 

Viscosity ratios (μdisplacing/μdisplaced) greater than unity are most favorable and result in the 

most uniform flow.  Figure 2.4 presents results of an experiment observing the influences 

of viscosity ratio where k is equivalent to μdisplacing/μdisplaced.  As the viscosity ratio is 

decreased, preferential flows paths emerge.  The results presented by Cinar et al. (2007) 

are qualitatively consistent.  

 

 

Figure 2.4.  A study on the influence of viscosity ratio on two phase immiscible flow 
where k = (μdisplacing/μdisplaced). As the viscosity ratio is decreased, 
preferential flows paths emerge. (Crowe) 

2.6 TWO PHASE IMMISCIBLE DISPLACEMENT AT THE BENCH SCALE 
Held and Illangasekare (1995) studied the propagation of dense non aqueous 

phase liquids (DNAPL) in water saturated, homogeneous porous media.  They conducted 

three dimensional experiments using three different sands and three DNAPL with 

different densities, viscosities and interfacial tensions.  The experimental apparatus 

(120cm by 45cm by 45cm) was built in sixteen segments (7.6cm by 45cm by 45cm) that 

assembled vertically.  Disassembly and subsequent imaging was conducted by lowering 

the water table in a stepwise nature and removing the sand and segments consecutively.  

The methods for experiments in 3D employed by Held and Illangasekare may prove 

useful for future work regarding the topic of this thesis.   
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Lovoll (2005) studied the competition of gravity, capillary and viscous forces 

during drainage in a 1mm two-dimensional porous medium at the pore scale. The effects 

of gravity were made variable by tilting the experimental apparatus by an angle, θ, with 

respect to its horizontal position.  The intensity of viscosity effects were made variable by 

the same means as a change in θ resulted in a change in extraction speed.  Lovoll (2010) 

used the same apparatus in a different setup to study the influence of viscous fingering on 

dynamic saturation-pressure curves in porous media.  The 1mm thick experimental 

apparatus was positioned as to observe horizontal flow from above and held in place by a 

pressure cushion.  A camera was positioned directly above the apparatus and a light box 

was positioned directly below; this experimental setup coupled with the dying of the 

wetting fluid resulted in a set of very clear, easily observable images.   

  Zhang (2010) conducted pore scale experiments to study the influence of viscous 

and capillary forces on immiscible fluid displacement.  Zhang’s experiments used a range 

of fluid pairs with varying viscosity ratios.  The experiments exploited the phenomenon 

entitled solvatochromism to selectively visualize all fluids in the micromodel.  A 

fluorescent dye was added to the nonwetting fluid and displayed a different fluorescence 

color because the fluorescence emission spectrum was sensitive to the solvent 

environment.  Microscope imaging was employed to capture the epifluorescent images.  

Another interesting method employed by Zhang is the heating of the silicon surface of the 

apparatus to 1100C under oxygen for 1 hour to grow a thin oxide layer as a means to 

render the apparatus hydrophilic. 
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2.7 CO2 AT THE BENCH SCALE 
The most relevant bench scale research is presented in publication regarding the 

injection of CO2.  Cinar et. al. (2007) investigated the influence of gravitational, viscous, 

and capillary effects on the CO2 injection process in a two-dimensional glass bead pack.  

A total of six different experiments were run with varying degrees of favorability. 

Favorable conditions in this text were those with viscosity ratios less than one 

(μdisplaced/μinjected) and densities that were aligned with fluid injection (if injecting from 

above, the displaced fluid was more dense than the fluid being injected). The most 

favorable condition, that of the less dense, more viscous fluid being injected from above 

at the rate of 2 cm3/min, resulted in a fairly uniform fluid displacement. For each 

experiment in the sequence changes to previous experimental parameters were made 

resulting in an increasingly less favorable injection condition.  The first change was to 

use a fluid pair with an inverse viscosity ratio relative to the first experiment and had a 

larger density difference, i.e. the fluid being injected was less dense and more viscous. 

The second change was injection from below as opposed to above. For the third 

experiment, the injection rate was increased by a factor of 3.25.  The last experiment 

employed a dramatic increase in viscosity ratio (μdisplaced/μinjected) and reverted back to the 

initial injection rate of 2 cm3/min.  The results were that the fluid displacement for each 

subsequent experiment became increasingly unstable and resulted in more preferential 

flow.   

  



17 
 

2.8 RELEVANCE OF THIS THESIS IN THE CONTEXT OF EARLIER WORKS 
 The work presented in this thesis is similar to those discussed above in that it 

seeks to study two phase immiscible displacement and the influences observed by 

varying a set of parameters.  The work by Cinar et al (2007) is the most similar as it seeks 

to understand the relationship between brine and CO2.  The work presented here is 

slightly more complicated as it involves two phase immiscible displacement with the 

added elements of buoyancy and countercurrent movement.  This work will not only 

serve to meet the objective of assessing local capillary trapping but will also serve to fill 

the void of assessing this type of flow behavior at the bench scale.   
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Chapter 3. Experimental Setup 

3.1 EXPERIMENTAL DESIGN PROCESS 
There were two objectives driving the design of this experiment and each 

objective involved the assessment of countercurrent buoyancy driven flow of CO2 and 

brine in a saline aquifer.  In order to be assessed effectively, the characteristics of this 

type of flow and this type of environment need to be considered in the experimental 

design process.    An added constraint to the design was the use of an existing apparatus.   

3.1.1 Ambient Conditions 
The experiment is performed at ambient conditions to allow the researcher to 

safely observe and digitally capture (by means of an HD video camera) the experiment in 

the open laboratory setting.  Experiments run at in situ temperatures (T > 60ºC) and 

pressures (P > 900atm) are considerably more dangerous and the imaging used in this set 

of experiments would not be available.  Moreover, the existing experimental apparatus is 

not designed to withstand conditions other than ambient.   

3.1.2 CO2 and Brine Relationship 
The relationship of supercritical CO2 and brine was discussed in Chapter 2.  It is 

important to have an experiment that is as analogous as possible to in situ conditions and 

this includes the relationship between the fluids.  Matching the viscosity and density 

relationships are of particular importance.  As described in Chapter 2, the viscosity ratio 

has an effect on the stability of immiscible displacement.  The density difference between 

CO2 and brine drives the movement of the CO2 plume in the aquifer.  
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 Not only matching this relationship but mimicking the drive of this movement, buoyancy 

is important as well.  The final experimental design had to be able to initiate buoyant 

movement easily and consistently.   

3.1.3 Saline Aquifer Environment 
Saline aquifers are an aqueous environment in which brine is the wetting fluid and 

CO2 is the nonwetting fluid.  The existing experimental apparatus has an affinity for oil 

thus is hydrophobic.  To correctly mimic the natural environment, a hydrophobic porous 

medium has to be used within the hydrophobic lab apparatus.  

3.2 THE FINAL EXPERIMENTAL DESIGN 
The final experimental design included the refining of the existing experimental 

apparatus so that the seal is robust (no fluids leaked out), so that the initial packing fills 

the entire domain (no settling occurs) and so that the experiment is convenient and 

repeatable.  In doing so, a steel frame with pivots and a fluid flow system was developed. 

Several fluid pairs were developed along with two types of hydrophobic porous media. 

Most importantly, a final experimental design model was developed.  For these 

experiments the aqueous phase will act as CO2 does in the aquifer.   The aqueous phase is 

the nonwetting phase in the apparatus; mimicking the density and viscosity relationships 

with convenient fluids, the buoyant movement to be observed occurs when the aqueous 

phase falls while the hydrocarbon phase rises.  Figure 3.1 present a simple illustration of 

the concept.   
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Figure 3.1. The model for the experiment.  In an aquifer, buoyancy forces will drive the 
less dense non wetting CO2 phase to rise and the wetting more dense brine 
phase to fall.  In these experiments, buoyancy forces will drive the more 
dense non wetting aqueous phase to fall and the wetting less dense 
hydrocarbon phase to rise.  The aqueous phase falling  in the hydrophobic 
lab apparatus is equivalent to CO2 rising in the hydrophilic aquifer.   

The following paragraphs will detail the components of the experimental apparatus, the 

fluid development, the bead treatment and testing and the experimental procedure.     

THE EXPERIMENT: 
Buoyancy forces  

will cause the more dense, 
nonwetting, aqueous phase 

to fall. 

AQUIFER: 
Buoyancy forces will 
cause the less dense, 

nonwetting, CO2 to rise. 
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3.3 EXPERIMENTAL APPARATUS  
When fully assembled the apparatus forms a transparent quasi two-dimensional 

domain which enables the observation of the fluids’ behaviors.  Figure 3.2 depicts the 

completely assembled system.   

 
 
Figure 3.2. A 2 ft. by 2 ft. by .04 ft. frame mounted on horizontal pivots in a support 

frame. The pivots enable the easy flipping of a gravity stable initial 
condition by 180 degrees. 
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The complete experimental apparatus consists of four separate parts, 

• Polycarbonate lid 

• Polycarbonate containment box  

• Pivoting steel frame 

• Fluid flow system 

The dimensions for the experimental apparatus are 2 ft. x 2 ft. x .04 ft. To provide an 

airtight seal, a gasket custom cut from 1/8” thick neoprene is layered between the box and 

its lid.  Each of the four sides has six (6) 1/2” holes for a total of twenty four (24). Sixteen 

(16) of those are utilized for a secure attachment by means of 1-1/2” bolts tightened with 

nuts.  Washers on both sides serve to alleviate pressure created by tightening.  The steel 

frame allows for seamless pivoting of the experimental apparatus.  Attachment is by 

means of two steel plates, both of which are secured by eight (8) 1/2 " screws on two 

opposing sides.  Washers are again utilized to alleviate pressure created by tightening.  

There are three (3) half inch outlets that primarily serve as packing outlets in which a 

1/2” to 1/8” Swagelok connector is utilized and one 1/8” outlet that primarily serves as a 

drainage outlet in which a 1/8” to 1/8” Swagelok connector is utilized.  The assembled 

apparatus is mounted on horizontal pivots in a support frame which enables easy flipping.  

Figure 3.3 illustrates the aforementioned experimental apparatus components.   
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Figure 3.3. A labeled schematic of the experimental apparatus. 

To enable fluid flow into the experimental apparatus, there are eight (8) two-way 

valves.  The current setup designates four valves to serve as inlets for oil based fluids and 

four valves to serve as inlets for aqueous based fluids.  All valves and connectors are 1/8” 

and utilize 1/8” plastic tubing.  Those in the fluid flow tubing system are nylon Swagelok 

and those directly connected to the experimental apparatus are stainless steel Swagelok. 

Figure 3.4 depicts the fluid flow system presented in two identical pictures, one labeled 

for the aqueous phase and the other labeled for the hydrocarbon phase.   

DRAINAGE 
OUTLET 

STEEL PLATES AND 
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PACKING OUTLETS 

NEOPRENE GASKET  
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Figure 3.4. A labeled schematic of the fluid flow system.  The aqueous lines (denoted 
with a blue circle) are filled with a blue dyed aqueous phase while the 
hydrocarbon lines (denoted with a red square) are filled with a non-dyed 
hydrocarbon phase.   
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3.4 FLUIDS 
In order to perform at ambient conditions, it was necessary to develop a fluid pair 

that was as analogous as possible to that of CO2 and brine at aquifer conditions.  In the 

temperature and pressure range expected for many storage aquifers (depths of 1 km or 

more) the density of the CO2 phase will be 500 to 700 kg/m3. Thus the density difference 

driving CO2 movement will be 300 to 500 kg/m3.  For typical storage conditions the CO2 

viscosity is about 0.05 cP and the brine viscosity is about 0.3 to 0.4 cP. The ratio of 

viscosities of nonwetting and wetting phases is therefore about 0.05/0.35 or 1:7.   

The fluids used to obtain this relationship are water and a light mineral oil/ decane 

mixture; the latter are both Fisher brand chemicals and were bought online from Fisher 

Scientific.  The fluid properties were obtained experimentally. 

A Fann 35 model rotational viscometer was used to obtain the final Newtonian 

viscosity of the mixture.  With a R1-B1-F1 rotor, bob and spring combination running at 

300RPM, the viscosity is read directly from the dial reading.  The operating procedure 

can be found in the lab manuals for the introductory drilling course (the laboratory is 

located on the first floor of the CPE building) and online at any distributer’s website. 

(ExpotechUSA)  

The density was obtained through a simple density experiment in which a 

graduated cylinder was weighed before and after a known fluid volume was poured.  

Equation 3.1 is density equation that was used.  

 

𝜌 = 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝑎𝑓𝑡𝑒𝑟 𝑓𝑙𝑢𝑖𝑑 −𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝑏𝑒𝑓𝑜𝑟𝑒 𝑓𝑙𝑢𝑖𝑑

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑
 ..................................... (3.1)  
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Due to the hydrophobic nature of the experimental apparatus, brine serves as the 

nonwetting phase and a light mineral oil/decane mixture serves as the wetting phase.  The 

density difference between brine (ρw = 1000 kg/m3) and the light mineral/decane oil 

mixture (ρo = 802 kg/m3) is slightly lower than that of CO2 and brine at aquifer 

conditions however serves to initiate migration.  Of greater concern is matching the 

viscosity ratio. Figure 3.5 depicts the viscosity of a mixture of light mineral oil (μ=44 cP) 

and decane (μ=0.92 cP) as a function of decane fraction according to the quarter power 

mixing rule (Eq. 3.2): 

 

𝜇𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = �𝑥𝑎𝜇𝑎
−1 4� + 𝑥𝑏𝜇𝑏

−1 4� �
−4

 ............................................................................ (3.2) 

 

where μi is the viscosity of pure component i and xj is the volume fraction of component 

j. in the mixture. 
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Figure 3.5. Quarter-power mixing rule applied to a light mineral oil/decane mixture at 
ambient conditions (blue curve) predicts the viscosity of the chosen mixture 
(red square) quite well. 

According to Eq. 3.2 the desired viscosity of 7 cP can be achieved with a 0.394 volume 

fraction of decane.  Experimentally, the desired viscosity was achieved with the addition 

of a small amount of decane to the original volume composition.  This value is plotted as 

the point in Fig. 3.5.  In line with the experimental results, for the buoyant displacement 

experiments we use a mixture that is 0.606 light mineral oil /0.394 decane by volume to 

represent the brine phase in an aquifer.   

 

 A second fluid pairing of brine and decane, each in its pure form provided an 
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approximate viscosity relationship of 1:1.   A third fluid pairing of a brine/glycerol 

mixture and decane provided an inversion of the initial viscosity relationship.  The 

composition of the brine/glycerol was determined using the quarter-power mixing rule as 

seen in Fig.  3.6.  In line with the experimental results, for the buoyant displacement 

experiments we use a mixture that is 0.591 brine/0.409 glycerol by volume to represent 

the CO2 phase in an aquifer.   

 

 

Figure 3.6. Quarter-power mixing rule applied to a brine/glycerol mixture at ambient 
conditions (blue curve) predicts the viscosity of the chosen mixture (red 
square) quite well.  
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Tables 3.1 and 3.2 provide a summary of the individual fluid properties and the 

relationship between the fluid pairs respectively.   

Fluid 
Viscosity Density 

 

cP 
kg/m3 

Brine 1.0 
1000 

Decane 0.9 
720 

60% Mineral oil +  40% Decane 7.0 
812 

60% Brine + 40% Glycerol 7.0 
1084 

Table. 3.1. Fluid properties 

Fluid Pairs 

Approximate 

Viscosity 

Ratio 

Density 

Difference 

kg/m3 
 

nonwetting phase wetting phase    

Brine 60% Mineral oil +  40% Decane 1:7 188  

Brine Decane 1:1 280  

60% Brine + 40% Glycerol Decane 7:1 354  

Table 3.2. Fluid pairings for buoyancy driven displacement experiments. 
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3.5 BEADS 
The experimental apparatus demonstrates an affinity for oil thus is considered 

hydrophobic.  In order to make the experiment analogous to the field, it is necessary to 

use porous medium that also has an affinity for oil. For these experiments, high density 

polyethylene beads (HDPE) and glass beads treated with octadecyltrichlorosilane were 

used; approximate size distributions and average bead sizes are presented in Table 3.3. 

Bead name Approximate 

Size Distribution 

Average  

bead size 

HDPE 2.0mm-4.0mm 3.0mm 

5mm 4.7mm – 5.3mm 5.0mm 

A-100 0.8mm-1.2mm 1.0mm 

P-0230 0.43mm-0.60mm 0.5mm 

Table 3.3. Bead sizes used in 2D buoyant displacement experiments.   

Early attempts to treat sufficiently large volumes of sand and glass bead to make 

them hydrophobic were unsuccessful.  While continuing to develop the grain coating 

process, a large quantity of HDPE beads were acquired to continue with the experiments.  

The HDPE beads are approximately 3mm in size and are intrinsically hydrophobic.  A 

disadvantage of this approach is that beads are not available in small (less than 1 mm) 

sizes.  
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The glass beads used are approximately 5mm, 1mm and 0.5mm in size. To render 

the glass beads oil wet, a protocol established by Anderson et al (1991) was followed 

with slight modifications.  The protocol is well established and has been used as the de 

facto standard for this process.  A 5% by volume solution of OTS in ethanol was mixed 

with the beads in a large closed container.  The addition of fluid was halted when it was 

determined that the beads were saturated.  The visual cue for this was a fluid level 

approximately one to two inches above the bead level.   The total amount of fluid 

required varied from 5 to 8 liters, depending on the amount and size of beads being 

treated.  A vibrator was attached to the container to ensure complete contact of the OTS 

fluid mixture with the entire batch of beads.  The beads were left to vibrate at room 

temperature; after trial and error an incubation time of approximately 2 days was 

established. After mixing, the 5% OTS solution was drained into a waste container. The 

beads were rinsed repeatedly (5-7 times) in ethanol to remove excess OTS and left to air 

dry. The complete procedure can be found in Appendix A.   

 To verify the wettability of the treated beads two tests are performed; a simple 

droplet test in which a droplet of dyed water is dropped onto the bead surface and 

observed (see Fig. 3.7)  and a capillary entry pressure test which will be described in 

more detail in the next paragraph.  
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Figure 3.7.  The water droplet test for wettability.  Water, dyed with blue food coloring 
for visibility, is suspended in droplets on surface of the OTS treated 5mm 
beads. This is evidence of a hydrophobic bead surface.   

 

The capillary pressure curve of a porous medium is affected by wettability.  At zero 

capillary pressure a water wet medium will spontaneously imbibe water while a more oil 

wet medium requires an increase in water pressure for water imbibition.    Based on this 

principle, a simple wettability test was developed.  Figure 3.8 presents the experimental 

setup and denotes the parameters described in Eq.  3.3.  
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Figure 3.8. A labeled schematic of the wettability experiment.   A bead pack (right) is 
saturated with red dyed mineral oil and connected to a water reservoir.  An 
increase in water pressure (accomplished by raising the water reservoir 
height) is initiated in increments until water displacement into the bead pack 
occurs.  A higher pressure will be required for water displacement in an oil 
wet medium relative to a water wet medium.  

 

Reference height, h = 0 

Oil column height, ho 

Water column height, hw 

Bead pack 

Water 
reservoir 

(buret) valve 

Graduated 
buret filled 
with water 
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A bead pack saturated with light mineral oil is connected to a water reservoir, in this case 

a graduated buret. The initial step is to set up the bead pack; the pack is then saturated 

with red- dyed light mineral oil.  Once saturated, the height of the oil column can be 

measured relative to the reference height denoted in Fig. 3.8.  This reference height starts 

at the bottom of the bead pack and marks the water-oil interface; it also aligns with the 

beginning of the graduations on the graduated buret serving as the water reservoir.   The 

height of the water column is then calculated using the equation for capillary pressure, 

denoted by Eq. 3.3. 

 

𝑃𝑐 =  𝑔(𝜌𝑤ℎ𝑤 − 𝜌𝑜ℎ𝑜)  ........................................................................................... (3.3)  
 

where,  
 
𝑔 𝑖𝑠 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 𝑚/𝑠2. 
𝜌𝑤 𝑖𝑠 𝑡ℎ𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓𝑡ℎ𝑒 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 𝑘𝑔/𝑚3 

𝜌𝑜 𝑖𝑠 𝑡ℎ𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑖𝑛𝑒𝑟𝑎𝑙 𝑜𝑖𝑙 𝑖𝑛
𝑘𝑔
𝑚3 

ℎ𝑤 𝑖𝑠 𝑡ℎ𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓𝑡ℎ𝑒 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑙𝑢𝑚𝑢𝑛 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 𝑖𝑛 𝑚 
ℎ𝑜 𝑖𝑠 𝑡ℎ𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑖𝑛𝑒𝑟𝑎𝑙 𝑜𝑖𝑙 𝑐𝑜𝑙𝑢𝑚𝑛 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 𝑖𝑛 𝑚. 
 

Solving the equation for zero capillary pressure, the only unknown is the height of the 

water column.  The gravity is divided out and the height of the water is calculated as the 

density of oil multiplied by the height of the oil column divided by the density of the 

water. The density of water is 1000 kg/m3 and the density of light mineral oil is 800 

kg/m3 thus when the relative height of the water is 80% of the relative height of the oil 

then the capillary pressure at the oil-water interface at the reference height is zero.   
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The opening of the valve on the water reservoir initiates the experiment at this 

state of zero capillary pressure.  Any movement in the water column, oil column or fluid 

interface is recorded.  If there is no movement, the water reservoir height is increased by 

a small increment by raising the buret.  Typical increments are 1.2cm as the major 

graduations on the buret are 1.2cm apart and using the graduations as markers aids in 

keeping the experiment consistent.  After the system is allowed to reach equilibrium, any 

movement in either fluid column heights and/or the fluid interface is recorded. The 

process is continued until the bead column is saturated with water.  The more height 

increase required for initial displacement of water into the oil saturated bead pack, the 

more oil wet the medium and the higher the calculated displacement pressure.  The 

displacement pressure can be estimated using the Young Laplace equation for capillary 

pressure. 

The Young Laplace equation for capillary pressure for two immiscible fluids in 

contact with a solid surface is given by Eq. 3.4. 

 

𝑃𝑐 =  2𝜎 cos𝜃
𝑟

............................................................................................................. (3.4)  
 

where,  
 
𝑃𝑐  𝑖𝑠 𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒. 
𝜎 𝑖𝑠 𝑡ℎ𝑒 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑡𝑤𝑜 𝑓𝑙𝑢𝑖𝑑𝑠.   
𝜃 𝑖𝑠 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑛𝑔𝑙𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑓𝑙𝑢𝑖𝑑 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑠𝑜𝑙𝑖𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒.  
𝑟 𝑖𝑠 𝑡ℎ𝑒 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓𝑡ℎ𝑒 𝑝𝑜𝑟𝑒 𝑡ℎ𝑟𝑜𝑎𝑡.   
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A contact angle less than 30º indicates a water wet medium; water should spontaneously 

enter the oil saturated bead pack at a capillary pressure of zero.  A contact angle greater 

than 90º indicates an oil wet medium; water will not enter the oil saturated bead pack 

until the displacement pressure is exceeded.  Figure 3.9 depicts an oil-water interface in 

contact with an oil wet and water wet surface.    

 

 

Figure 3.9. Hydrophobic and hydrophilic surface contact angles for the capillary pressure 
wettability test.   The hydrophilic beads have a smaller contact angle with 
the fluid interface than the hydrophobic beads.  

θ 

r 

θ 

r HYDROPHILIC  
 (WATER WET) 

SURFACE 
 

HYDROPHILIC  
(WATER WET) 

SURFACE 

HYDROPHOBIC  
 (OIL WET) 
SURFACE 

 

HYDROPHOBIC  
(OIL WET) 
SURFACE 



37 
 

3.6 EXPERIMENTAL PROCEDURE 
3.6.1 Step 1: Cleaning and Prepping the Experimental Apparatus. 
  Each experimental sequence begins with the cleaning and drying of the 

experimental apparatus.  A residual free soap, water and ethanol are all used along with 

thick paper towels to wipe down all surfaces of the experimental apparatus, including the 

gasket, lid and containment box. After cleaning, washers and screws are held in place 

temporarily to the bottom of the containment box using duct tape.  The gasket is then 

aligned and positioned in place. 

3.6.2 Step 2: Packing the Experimental Apparatus.  
 Packing begins with the containment box in the horizontal position where it is 

filled with beads to a height level with the bottom of the gasket.  The lid is then placed on 

top and secured. The experimental apparatus is then rotated to a vertical position which 

initiates settling.  Additional beads are funneled into the closed experimental apparatus 

from three large packing outlets, found on the same side as the fluid openings.  The use 

of a hand held vibrator wrapped in cloth is held against the apparatus to initiate more 

settling and results in a more uniform pack.  Due to anomalies in the experimental 

apparatus (created from repairs, uneven caulking and/or swelling) the packing is never 

completely uniform.  Upon completion of packing, the packing outlets are sealed with 

Swagelok connections and caps.   
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3.6.3 Step 3: Saturate with the Hydrocarbon Phase. 
The experimental apparatus is now rotated to the position that has the fluid flow 

system positioned at the bottom.  The fluid flow system is connected to two reservoirs, 

two carboys filled with the aqueous phase and the hydrocarbon phase, placed on a small 

table behind the experimental apparatus. Prior to initiating any fluid flow, all air is 

removed from the fluid flow system by disconnecting the fluid flow system from the 

experimental apparatus and allowing the phases to completely flow through the system.  

To initiate hydrocarbon phase flow into the bead pack, the hydrocarbon reservoir valve is 

opened then the valves designated for hydrocarbon flow are opened. Flow into the bead 

pack is gravity driven.  Time to reach complete saturation varied from 45 minutes to 70 

minutes according to grain size, type of hydrocarbon being used and the amount of 

hydrocarbon left in the reservoir.  To enable air to flow out of the system, the drainage 

outlet is left uncapped.   

3.6.4 Step 4: Displace with the Aqueous Phase. 
After complete hydrocarbon saturation, the hydrocarbon valves of the fluid flow 

system and the hydrocarbon reservoir valve is closed. To initiate the flow of the aqueous 

phase into the experimental apparatus, the aqueous reservoir valve is opened, followed by 

the opening of the four designated aqueous valves of the fluid flow system.  As is for the 

hydrocarbon phase, flow of the aqueous phase is gravity driven.  The aqueous phase is 

allowed to displace approximately one fourth to one third of the hydrocarbon phase.  

Hydrocarbon overflow is captured and contained using the drainage outlet located at the 
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top of the experimental apparatus.  Once the initial condition is reached, all valves are 

closed and the drainage outlet is capped.     

3.6.5 The Initial Condition 
 The initial condition is a packed experimental apparatus which was initially 

saturated with a hydrocarbon phase that has had approximately 1/4 to 1/3 of that 

hydrocarbon phase displaced by an aqueous phase.  The configuration is gravity stable, as 

the more dense aqueous phase rests below the less dense hydrocarbon phase.  Figure 3.10 

depicts the initial condition.   

3.6.6 The Experiment 
From the initial condition, to initiate the buoyancy driven displacement, the 

gravity-stable configuration is reversed by pivoting the apparatus 180 degrees in the 

frame. For each fluid pair the aqueous phase is more dense than the hydrocarbon phase 

thus the brine will descend through the porous medium while the organic phase simultaneously 

rises.  With the use of a hydrophobic medium (HDPE or treated beads), the displacement 

of the organic hydrocarbon phase by the falling aqueous phase is a drainage process. The 

fluid displacement will be physically analogous to the rise of CO2 nonwetting phase in a 

saline aquifer) as water descends to fill the space vacated by the rising CO2.  
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Figure 3.10.  After packing granular medium of hydrophobic beads in the apparatus, light 
mineral oil/decane mixture was slowly injected to fill entire medium, 
followed by slow injection of aqueous phase (blue) to displace hydrocarbon 
phase. To initiate the buoyancy driven displacement, the gravity-stable 
configuration shown in this photograph is reversed by pivoting the apparatus 
180 degrees in the frame, thus the denser aqueous phase is placed above the 
less dense hydrocarbon phase.  
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Figure 3.11. A graphical representation of the final experimental design.   
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Chapter 4. Results and Discussion 

4.1 TREATED BEAD WETTABILITY TEST RESULTS 
 As described in Chapter 3, each bead size was subject to wettability testing.  The 

silica beads were tested before and after treatment in OTS. Individual test results can be 

found in Appendix B.  Tables 4.1 presents the results for the droplet wettability test that 

validates the effectiveness of the treatments (for the silica beads), thus the hydrophobic 

nature of the beads.   

Bead type Average bead size Droplet formed 

HDPE 3.0mm Yes-Oil Wet 

Treated 5mm 5.0mm Yes-Oil Wet 

Treated A-100 1.0mm Yes-Oil Wet 

Treated P-0230 0.5mm Yes-Oil Wet 

Table 4.1. Droplet test for wettability results for all beads. 
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Table 4.2 presents the results for the capillary pressure test for wettability.  

According to the results, the untreated silica beads are hydrophobic. At zero capillary 

pressure, a hydrophilic medium will imbibe water spontaneously; none of the untreated 

silica beads exhibited this behavior.  This was an unexpected result as silica is supposed 

to be hydrophilic.  The beads may have been coated.  Acid washing before OTS 

treatment is recommended. The experiment still validates the success of the OTS 

treatments.  Recall from Chapter 3 that a higher capillary pressure in the treated beads 

relative to the untreated beads equates to a higher degree of hydrophobicity. 

 

Bead type Size 

Capillary Entry Pressure 
𝑷𝒄𝒖𝒏𝒕𝒓𝒆𝒂𝒕𝒆𝒅 <  𝑷𝒄𝒕𝒓𝒆𝒂𝒕𝒆𝒅   

Untreated Treated  

5mm 5.0mm 98.0 Pa 235.0 Pa Yes-More Oil Wet 

A-100 1.0mm 235.0 Pa 372.78 Pa Yes-More Oil Wet 

P-0230 0.5mm 284.0 Pa 1413.0 Pa Yes-More Oil Wet 

Table 4.2. Capillary pressure test for wettability results for OTS treated beads. 
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4.2 VISCOSITY RATIO EFFECTS 
The viscosity ratio experiments were the first few experiments conducted.  A 

series of three experiments were run with HDPE beads, each with a different fluid pair.  

Table 4.3 presents the parameters of each experiment.   

Experiment Run Fluid Pair Approximate 
Viscosity Ratio 
 

Bead Type 

1 Mineral Oil/Decane and Brine 
1:7 

HDPE 

2 Decane and Brine 
1:1 

HDPE 

3 Decane and Glycerol/Brine 
7:1 

HPDE 

Table 4.3. Viscosity relationship experiment sequence. 

4.2.1 Viscosity Ratio Effects: Mineral Oil/Decane and Brine 
The preliminary test of the apparatus was successful, in that fluids were emplaced in 

the desired locations for the initial state, the apparatus was flipped vertically, and the 

countercurrent fluid displacement occurred (brine descending, organic phase ascending). 

The surprising observation was that the brine displacement was not uniform, but along 

several preferential flow paths. This was surprising because the medium was thought to 

be quite homogeneous: the high density polyethylene beads have a narrow size 

distribution, and thus there should be very little heterogeneity in the capillary entry 

pressure. Moreover simulations of this class of displacements in homogeneous domains 

show a fairly uniform displacement front. Finally, previous experiments in another 

project conducted in this lab (Irle and Bryant, 2005) showed quite uniform displacements, 

as illustrated in Fig. 4.1.   
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Figure 4.1.  Organic phase (mineral oil dyed red, 700 kg/m3 and approximately 10 cP) 
rises through a water saturated domain of hydrophilic sand as water falls. 
The sand is all of the same sieve size, with an average grain size of about 
500 microns, packed into a quasi-2D domain (2 ft. by 2 ft. by 0.04 ft.). The 
plume is fairly uniform (Irle and Bryant, 2005). 

 
For these reasons, the preliminary experiment was repeated. The result was qualitatively 

identical: the nonwetting phase (brine) moved through several preferential flow paths as 

shown in Fig. 4.2.  The first preferential path touched bottom approximately 2.5 minutes 

after flipping.    The fluid plume completely stopped movement after approximately 5 

minutes after flipping with residual fluid remaining.   
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Figure 4.2. Aqueous phase (blue) falls through a light mineral oil/decane mixture 
(812 kg/m3 and 7cp) saturated domain of hydrophobic (high density 
polyethylene) beads as hydrocarbon phase rises. The beads are 
approximately 3mm in diameter, packed into a quasi-2D domain (2 ft. 
by 2ft by 0.04 ft.). Several preferential flow paths have developed.  The 
sequence begins top left and concludes bottom right.  A second 
experiment with duplicate parameters was conducted with similar results 
and can be found in Appendix C. 
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4.2.2 Viscosity Ratio Effects: Decane and Brine 
The second experiment in the preliminary sequence used HPDE beads in decane 

and brine.  Figure 4.3 chronicles the experiment.  The results are a more uniform brine 

displacement, with considerably fewer preferential flow paths.   Fluid reached bottom 

approximately 40 seconds after flipping. The fluid plume completely stopped movement 

just over 1 minute after flipping with residual fluid remaining.   

   

 

Figure 4.3. Aqueous phase (blue) falls through a decane (720 kg/m3 and 0.9 cP) 
saturated domain of hydrophobic (high density polyethylene) beads as 
decane phase rises. The beads are approximately 3mm in diameter, 
packed into a quasi-2D domain (2 ft. by 2ft by 0.04 ft.). The fluid 
movement is relatively uniform with few preferential flow paths.   The 
sequence begins top left and concludes bottom right.  A second 
experiment with duplicate parameters was conducted with similar results 
and can be found in Appendix C. 
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4.2.3 Viscosity Ratio Effects: Decane and Glycerol/Brine 
The third experiment in the preliminary sequence used HPDE beads in decane and 

a glycerol/brine mixture.  Figure 4.4 chronicles the experiment.  The results are a 

relatively uniform brine displacement, with very few preferential flow paths.  Fluid 

reached bottom approximately 20 seconds after flipping. The fluid plume completely 

stopped movement just over 45 seconds after flipping with residual fluid remaining.   

 

 
 

Figure 4.4. A mixture of brine and glycerol (blue, 1084 kg/m3 and 7cp) falls through a 
decane (720 kg/m3 and 0.9 cP) saturated domain of hydrophobic (high 
density polyethylene) beads as decane rises. The beads are 
approximately 3mm in diameter, packed into a quasi-2D domain (2 ft. 
by 2ft by 0.04 ft.). The fluid movement is considerably uniform. The 
sequence begins top left and concludes bottom right.   
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4.2.4 Viscosity Ratio Effects: Discussion 
The preferential flow paths appear to be caused by heterogeneities in packing.  

After conducting several more experiments and gaining more experience with 

establishing the initial condition, what was initially thought to be fairly tight and uniform 

packing, simply was not.  The HDPE beads are considerably less spherical relative to the 

silica beads.  Figure 4.5 offers a close up of the HDPE beads. 

 

Figure 4.5. HDPE bead close-up view.  The HDPE beads, while fairly uniform, exhibit 
enough heterogeneity to allow for preferential flow paths to develop.     

 
Figure 4.6 offers a comparison of snapshots taken at the time when any part of the 

brine touched bottom. This comparison highlights the dramatic difference in brine 

movement, both in time and uniformity.  Table 4.4 summaries the fluid pair relationships.   
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Figure 4.6. A comparison of snapshots taken at the time when fluid initially reaches 
bottom (2.5 min, 40 sec. and 20 sec. respectively) for each viscosity pair 
for HPDE beads. The viscosity ratio for the aqueous solution relative to 
the oil solution is 1:7, 1:1 and 7:1 respectively from left to right. 

 

Run 
Fluid Pairs 

  

Approximate 
Viscosity 
Ratio 

Density 
Difference 
(kg/m3) 

Nonwetting phase Wetting phase  

1 Brine 
60% Mineral oil +  
40% Decane 1:7 188 

2 Brine Decane 1:1 280 

3 60% Brine  
+ 40% Glycerol 
 

Decane 7:1 354 

Table 4.4. Viscosity effects experimental sequence fluid relationships. 
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For this experimental sequence there are two properties driving fluid movement, 

the viscosity ratio and the density difference. The results observed are aligned with 

expected behavior for both and are discussed here in the following paragraphs. 

The importance of viscosity ratio in immiscible displacement was discussed and 

supported with experimental results in Chapter 2.  As the viscosity ratio of displacing 

fluid to displaced fluid increases, the stability of the immiscible displacement becomes 

more stable (more uniform).  The results for this sequence are consistent with this 

concept; from the first experiment to the last, the viscosity ratio of the aqueous phase 

(displacing fluid) to the hydrocarbon phase (displaced fluid) increased and a more 

uniform displacement was observed.  See Table 4.4 for the fluid properties and Fig. 4.6 

for the observed displacement.    

As described in Chapter 2, density differences drive buoyant movement.  

Typically, the larger the density difference, the faster the flow.  The results for this 

sequence are consistent with this concept; from the first experiment to the last, the 

density difference became larger and the time to complete each experiment was faster.  

See Table 4.4 for the fluid properties and Fig. 4.6 for the observed displacement.    

  



52 
 

4.3 WETTABILITY EFFECTS 
The development of the wettability experiment sequence came to fruition after the 

difficulties experienced with the OTS treatment of the silica beads.  The OTS treatment 

of silica beads is laborious and time consuming; the use of untreated silica beads would 

eliminate the process entirely.  The results from this sequence are perhaps the most 

dramatic of all sequences.  Table 4.5 summarizes the experiment sequence.   

Experiment Run Fluid Pair Bead Type 

1 Mineral Oil/Decane and Brine 5.0mm treated silica 

2 Mineral Oil/Decane and Brine 5.0mm untreated silica 

Table 4.5. Wettability effects experiment sequence 
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4.3.1 Wettability Effects: 5mm Treated Silica Beads 
The first experiment in this sequence used 5mm treated silica beads in the mineral 

oil/decane mixture and brine.  Figure 4.7 chronicles the experiment.  The results are a 

relatively uniform brine displacement.   Brine first reached bottom approximately 10 

seconds after flipping. The bulk of the brine completely stopped movement just over 30 

seconds after flipping with residual fluid remaining.  Preferential flow paths were 

observed on the left are attributed to slightly heterogeneous packing in that region. 

 
 

Figure 4.7. Aqueous phase (blue) falls through a light mineral oil/decane mixture (812 
kg/m3 and 7cp) saturated domain of hydrophobic (high density 
polyethylene) beads as the hydrocarbon phase rises. The beads are 
approximately 5mm in diameter, packed into a quasi-2D domain (2 ft. by 2ft 
by 0.04 ft.). A fairly uniform front is observed. The sequence begins top left 
and concludes bottom right.   
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4.3.2 Wettability Effects: 5mm Untreated Silica Beads 
 The 2nd experiment in this sequence used 5mm untreated silica beads in the 

mineral oil/decane mixture and brine.  Figure 4.8 chronicles the experiment.  The results 

are very few but very prominent preferential flow paths.  The brine movement follows 

one of four paths.  Initial breakthrough of the brine front into the oil saturated beads was 

delayed by 5 seconds after flipping.  This is a stark contrast to the 5mm treated silica 

beads.  Brine first reached bottom approximately 20 seconds after flipping. The bulk of 

the brine completely stopped movement just under 2 minutes after flipping with residual 

fluid remaining.  A second experiment, found in Appendix D, was conducted with even 

fewer preferential flow paths and as a result required more time to complete.   
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Figure 4.8. Aqueous phase (blue) falls through a light mineral oil/decane mixture (812 
kg/m3 and 7cp) saturated domain of hydrophilic (silica) beads as the 
hydrocarbon phase rises. The beads are approximately 5mm in diameter, 
packed into a quasi-2D domain (2 ft. by 2ft by 0.04 ft.). A fairly uniform 
front is observed. The sequence begins top left and concludes bottom right.  
A second experiment with duplicate parameters was conducted with similar 
results and can be found in Appendix D. 
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4.3.3 Wettability Effects: Discussion 
When compared to one another, the two sets of experiments are quite different, 

see Fig. 4.9. The length of each experiment can be attributed to the shape of the brine 

movement, i.e. there are fewer avenues for the flow of fluid in the untreated beads thus it 

takes longer for all the fluid to flow to the bottom.  This set of experiments validates the 

design choice to use a packing medium that shared the affinity for hydrocarbon that the 

experimental apparatus.   

 

Figure 4.9. A comparison of the buoyancy driven, capillarity controlled brine 
movement in an oil wet media (left) to the brine movement in a water 
wet media (right).  The bead size is approximately 5mm.  The fluid front 
in the oil wet media is fairly uniform while the fluid movement in the 
water wet media has a few prominent preferential flow paths.   
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4.4 HETEROGENEITY EFFECTS 
Two types of heterogeneity were a part of the heterogeneity effects sequence.  

The first experiment introduced heterogeneity in the form of two different layered bead 

sizes which is similar to layered geometries found in nature; examples include sandstone 

and shale layers.  The second experiment introduced heterogeneity by a loosely packed 

medium consisting of one bead size which is similar to the heterogeneity found in a 

typical reservoir.  Table 4.6 summarizes the experiment sequence.   

Experiment Run Fluid Pair Bead Type 

1 Mineral Oil/Decane and Brine 1mm and 0.5mm treated silica 

2 Mineral Oil/Decane and Brine 5.0mm treated silica 

Table 4.6 Heterogeneity effects experiment sequence. 

4.4.1 Heterogeneity Effects: 1mm and 0.5mm Treated Silica Beads 
Two different treated silica beads sizes are present in this packing; the darker 

colored beads are 1mm in size while the lighter colored beads are 0.5mm in size.  The 

lightest colored part of the packing comes from 0.5mm beads that were not fully 

saturated by the hydrocarbon phase.   

A new packing technique was attempted.  It was observed in initial experiments 

using 0.5mm beads, that upon saturation with the hydrocarbon phase, some settling 

occurred.  In an attempt to remedy this, the beads were pre-saturated with the 

hydrocarbon phase prior to packing.  Evidently, not all the beads were saturated; of those, 

some adhered to the wall of the experimental apparatus and formed a barrier along their 

edges preventing saturation.   
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Figure 4.10 depicts the sequence of daily snapshots chronicling the brine 

movement over a series of six days.  Ideally, more time would have been allotted for this 

experiment but as it was not scheduled, the experimental apparatus was needed for 

another sequence.  Initially the brine movement appears to prefer one preferential flow 

path down the center.  On day four, edge effects are beginning to present themselves.  

The movement is slow; even after six days, the brine appears to not have fully migrated.  

The most interesting observation is the culmination of the brine at the boundary of the 

bead sizes.    

4.4.2 Heterogeneity Effects Discussion: 1mm and 0.5mm Treated Silica Beads 
The results from this experiment offer promising and interesting insight. A 

geologic change to a finer grain size serves as a barrier to fluid flow; as explained in 

Chapter 2, this is a result of capillary entry pressure.  Finer grains create smaller pore 

sizes which result in higher capillary entry pressures.  Fluid into the finer grain medium 

cannot occur until the capillary entry pressure is exceeded thus a temporary barrier is 

formed; whether fluid held by this barrier can subsequently escape is an important 

consequence of "local capillary trapping" (Saadatpoor, 2009).  In subsequent attempts at 

this experiment, the following should be considered.  First, more time should be allotted 

for completion to observe how long the brine is secured at the boundary.  Secondly, by 

varying the relationship between the different grain sizes i.e. from a 2:1 scale to a 4:3 

scale, the thresholds for geologic barriers based on grain size changes can be better 

understood.    
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Figure 4.10. Aqueous phase (blue) falls through a light mineral oil/decane mixture (812 
kg/m3 and 7cp) saturated domain of hydrophobic (OTS treated silica) beads 
as the hydrocarbon phase rises over a series of six days. The beads are 
approximately 1mm (darker beads in the upper portion) and 0.5mm (lighter 
beads in the lower portion) in diameter, packed into a quasi-2D domain (2 ft. 
by 2ft by 0.04 ft.). The aqueous phase appears to be secured at the border of 
the bead change.  The sequence begins top left and concludes bottom right.   
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4.4.3 Heterogeneity Effects: Loosely Packed 5mm Treated Silica Beads 
This experiment was intended to be a replication of the 5mm OTS treated silica in 

mineral oil/decane and brine.  For this experiment, the vibrator was not available during 

the packing process. Figure 4.11 chronicles the experiment.  Several preferential flow 

paths are observed, much like was observed with the viscosity ratio experiments using 

HDPE beads.   

4.4.4 Heterogeneity Effects Discussion: Loosely Packed 5mm Treated Silica Beads 
The stark contrast of these results to those for the more tightly packed 5mm 

experiment offers insight into the initial HDPE experiments which had similarly observed 

results.  Packing as uniformly as possible is always a concern in these types of 

experiments; these results validate that concern.  As with the other heterogeneity 

experiment, capillary entry pressure drives this behavior.  Heterogeneous packing results 

in an assorted variety of pore sizes, thus an assorted variety of capillary entry pressures; 

fluid flow will follow the “path of least resistance” created by a path of subsequent pore 

throats with the lowest capillary pressure. 
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Figure 4.11. Aqueous phase (blue) falls through a light mineral oil/decane mixture (812 
kg/m3 and 7cp) saturated domain of hydrophobic (high density 
polyethylene) beads. The beads are approximately 5mm in diameter, packed 
into a quasi-2D domain (2 ft. by 2ft by 0.04 ft.). Several preferential flow 
paths are observed.  The cause is most likely non uniform packing. The 
sequence begins top left and concludes bottom right.   
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Chapter 5. Conclusions and Recommendations 

5.1 CONCLUSIONS 
The conclusions gathered from the results of the experimental sequences are as 

follows: 
• The viscosity effects experimental sequence showed that as the density 

difference and viscosity ratio of the aqueous non wetting phase to the 

hydrocarbon phase increase, the buoyancy driven front of the aqueous 

phase is able to overcome the instability due to minor heterogeneities. 

• The wettability effects experimental sequence showed that the wettability 

of the porous media being used substantially governs the movement of 

the buoyancy driven aqueous phase.  For this particular series of 

experiments, oil wet media in an oil wet apparatus results in a movement 

more aligned with expectations, i.e. uniform movement in homogeneous 

packing and preferential flow once heterogeneity is introduced. A water 

wet media in an oil wet apparatus results in substantial preferential flow 

paths even in homogeneous packing.   

• The heterogeneity effects sequence showed that in one porous medium a 

grain size change, from coarser to finer grain that is half the size, is 

enough to temporarily hinder flow. This observation is consistent with 

expected behavior of this type of packing scheme.  A porous medium of a 

finer grain size will, on average, produce smaller pore throats than that of 

a coarser grain size; smaller pore throats equate to higher capillary entry 

pressures.  Fluid will flow into the smaller pores when the accumulation 

of fluid creates enough pressure (calculated by multiplying fluid column 
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height by fluid density by gravity) to exceed the capillary entry pressure 

of the finer medium.   

• The heterogeneity effects sequence also provided insight into the 

viscosity effects sequence by showing that in the event of even slight 

heterogeneities, the movement of the buoyancy driven aqueous phase is 

greatly disrupted. The threshold for heterogeneity is very low and can 

greatly impact results in a seemingly homogeneous pack.  The wettability 

sequence was tested with the CO2-brine analogous fluid pair so whether 

this conclusion holds true for other viscosity ratios is unknown. 

5.2 RECOMMENDATIONS 
Some interesting observations were made during the course of this work.  In order 

to elaborate on these observations and conclusions, more work should be continued with 

the following recommendations considered. 

5.2.1 Experimental Sequence Recommendations  
For each experimental sequence it is recommended that the following be 

considered:   

• For the viscosity effect sequence of experiments it is recommended to 

repeat the sequence using the treated silica beads in a variety of grain 

sizes.  Moreover, it may prove insightful to develop more fluid pairs with 

a wider variety of viscosity and density relationships.  A finer scale of 

change between each experiment in the sequence should provide insight 

into what changes, viscosity or density, governs fluid movement more.   
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• For the wettability effects sequence it is recommended to repeat the 

sequence for a variety of grain types and sizes.  Treated silica beads of 

different sizes should be used to determine whether the phenomenon is 

observed at smaller grain sizes and sand grains should be used to 

determine whether the phenomenon is observed for a different porous 

media.   

• For the heterogeneity effects sequence it is recommended that several 

weeks be allotted for one experiment due to the slow nature of flow 

through a fine grain porous media.  Introducing more heterogeneity and 

different types of heterogeneity is the obvious next step for this sequence. 

5.2.2 Experimental Apparatus Recommendations  
It is recommended that the process for the design and construction of a second 

generation experimental apparatus be initiated with the following recommendations 

considered:   

• It is strongly recommended that the new apparatus be made of a material 

that has an affinity for water, i.e. be hydrophilic.  The treatment of silica 

beads and sand grains with the OTS procedure is time consuming and 

labor intensive.  A hydrophilic environment will allow for the use of 

untreated silica beads and sand grains, thus making better use of the 

researcher’s time and energy.   
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• It may prove useful to construct more than one experimental apparatus or 

perhaps an apparatus that can accommodate more than one packing 

scheme.  This may prove particularly useful in experiments involving very 

fine grain sizes in which fluids generally flow more slowly through or 

when experiments may benefit from simultaneous observation of two 

different packing schemes. 

• The next phase of this research involves the simulation of a leak.  The 

inclusion of more openings along the top and bottom may prove more 

useful than the current setup. 

• While qualitative results are useful, a quantification of such results proves 

to be even more so.  A design that considers the quantification of 

experimental parameters could prove useful in future endeavors.  

Parameters to consider include but are not limited to: fluid injection and 

drainage rates, pressure and temperature inside the experimental apparatus 

and most importantly, for the assessment of local capillary trapping, the 

saturation of each phase as a function of location.   
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Appendix A: Procedures 

A1 OTS TREATMENT PROCEDURE 

Materials 

Beads or Sand 
Octadecyltrichlorosilane 
Ethanol 

Carboy or tumbler 
Shaker/vibrating device 
Gloves 

Face Mask 
Goggles 
Vent Hood 

 

Procedure 

1) Find and wear the proper PPE as directed by the MSDS sheet for OTS. 

2) Pour beads into the carboy or tumbler.   

3) Pour ethanol into the carboy or tumbler.  Pour enough to cover the beads 

completely.  Be sure to record how much ethanol you pour. 

4) Calculate the amount of OTS needed as 5% by volume of the ethanol used.  

Slowly pour that amount into the carboy.   

5) Close the container and attach the shaker or place into tumbling device. 

6) Leave the shaking/vibrating/tumbling beads for 48-72 hours under the vent hood.   

7) After the 48-72 hours has elapsed, bead washing can begin.  Gather and wear the 

proper PPE as directed by the MSDS sheet for OTS. 

8) Wash the beads in ethanol to remove all excess OTS. This step is easiest done in 

smaller batches. 

9) Once washed, drain the beads of the excess OTS and ethanol into a waste 

container. 

10) Repeat steps 8 and 9 until all the excess OTS is removed, usually 4-5 washes.   
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11) Empty the washed beads into a container under a vent hood to air dry.  To 

expedite the drying process, a flexible hose hooked to an air supply may be used.  

Simply bury the tube in the beads and turn on the air supply.    

12) Wash all surfaces and materials touched by OTS with ethanol and dispose of 

cleaning cloths in the same waste container used in step 9. 

13) Check the treated beads periodically for dryness.  The amount of time needed for 

air drying varies with bead sizes (smaller beads take longer to dry) and how well 

the beads were drained of ethanol (better draining equates to less remaining 

ethanol which equates to a faster drying time.  A total drying time of 1 to 3 days 

has been experienced.   
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A2 CAPILLARY PRESSURE WETTABILITY PROCEDURE 

Materials 

One (1) graduated buret.  
1 (1) ring stand.   
Filter paper 

Scissors 
Blue dyed water 
Red dyed mineral oil 

One (1) transfer pipette 
One (1) tube w/ screw 

top 
 

Procedure 

1. Attach the test tube holders to the ring stand as shown in Fig. A.1. 

2. Use tubing to connect the water reservoir (graduated buret) to the screw top of the 

glass tube.   

3. Fill the graduated buret with approximately 10 mL of dyed water. 

4. Open the valve of the buret and allow water to flow completely through the tubing 

and screw top until there are no air bubbles in the tubing.  See Fig. A.1 for 

reference.  Close the valve when this is achieved.      

5. Pack the glass tube with beads.  Cut a small piece of filter paper and place it over 

the bottom of the bead pack.  

6. Screw the bead packed tube and the screw top connected to the water reservoir 

together.   

7. Line up the bottom of the bead pack with the last graduation on the buret.  See 

Fig. A2 for reference.   

8. Calculate the water height by equating the capillary pressure equation to zero.  

 

𝑃𝑐 = 𝑔(𝜌𝑤ℎ𝑤 − 𝜌𝑜ℎ𝑜) = 0 ......................................................................... (A1) 
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9. Mark the calculated water height on the graduated buret.  Use the line from step 7 

as your base. 

10. Fill the flask with water to just above the line. Be sure the valve to the attached 

tubing is in the closed position.   

11. Open the valve and slowly fill the attached glass tube to just below the bead 

column.  See Fig. A2 for reference.   Close the valve once this is achieved. Adjust 

the water level in the flask to the line marked in step 9, if needed.   

12. Using a transfer pipette, fill the glass tube packed with beads with dyed mineral 

oil to the top of the bead pack.  The height of the oil column should be the height 

of the bead pack, however sometimes it is not.  Adjust calculations in step 8 if 

these two values are different.   

13. Open the valve to the water reservoir (the graduated buret). Allow the fluid 

interface to reach equilibrium.  Record the height of the water column, the height 

of the oil column and the height of the fluid interface. 

14. Raise the water reservoir by adjusting its position in the test tube clamp.  It helps 

to use the graduations as markers.  The graduations here are 1.2cm apart.  Allow 

the fluid interface to reach equilibrium.  Record the height of the water column 

relative to the fluid interface, the height of the oil column and the height of the 

fluid interface. 

15. Repeat Step 15 until either fluid is completely displaced.   
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Figure A1. A labeled schematic of the capillary pressure wettability experiment.   A bead 
pack (right) is saturated with red dyed mineral oil and connected to a water 
reservoir.  An increase in water pressure (accomplished by raising the water 
reservoir height) is initiated in increments until water displacement into the 
bead pack occurs.  A higher pressure will be required for water displacement 
in an oil wet medium relative to a water wet medium.  

Reference height, h = 0 

Oil column height, ho 

Water column height, hw 

Bead pack 

Water 
reservoir 

(buret) valve 

Graduated 
buret filled 
with water 
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Figure A2. A close up schematic of the reference heights used in the capillary pressure 
wettability experiment.    

 

Data Analysis 
Calculate the capillary pressure and water saturation for every increment.  The 

capillary pressure is calculated according to Eq. A1 and the water saturation is roughly 

approximated by dividing the interface height by the total oil column height.  Plot the two 

data sets on a graph; a higher capillary entry pressure equates to a more hydrophobic 

bead surface and is a sign of a successful OTS treatment.   

 

 

Reference height, h = 0 
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Appendix B: Wettability Test Results 

As described in Chapter 3, the beads were subject to wettability testing.  The 

HDPE beads were tested using the water droplet test.  The silica beads were subject to 

both the water droplet test and the capillary pressure test detailed in Appendix A.  

Appendix B presents the results of those tests.   

B1 WETTABILITY TEST RESULTS: HDPE BEADS 
The HDPE beads are intrinsically hydrophobic.  The wettability tests were 

developed specifically to test the effectiveness of the OTS treatment on the silica beads.  

By the time the final version of the capillary pressure wettability test was developed, 

there were not enough HDPE beads left to test.  The results of the droplet wettability test 

are shown in the photograph in Fig. B1. 

  

Figure B1. Droplet test results for the 3mm HDPE beads.  Water dyed with blue food 
coloring for visibility, is suspended in a droplet on the surface of the 3mm 
HDPE beads.  This is evidence of a hydrophobic bead surface.   
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B2 WETTABILITY TEST RESULTS: 5MM SILICA BEADS 
The OTS treatment of the 5mm silica beads proved successful.  Figure B2 depicts 

a photograph of the droplet wettability test; the suspended water droplets are evidence of 

a hydrophobic bead surface.  Tables B1 and B2 present the values recorded from the 

capillary pressure wettability test and the calculated values for water saturation and 

capillary pressure.  The moment of water breakthrough into the bead pack is highlighted 

in yellow.  Figure B3 is a graphical representation of the data in Tables B1 and B2.  The 

vertical line intersects the capillary entry pressure, calculated from the heights recorded at 

water breakthrough, for the untreated and treated silica beads.  A higher capillary entry 

pressure equates to a more hydrophobic bead surface and is a sign of a successful OTS 

treatment.   

 

 

Figure B2. Droplet test results for 5mm treated beads.  Water dyed with blue food 
coloring for visibility, is suspended in droplets on the surface of the OTS 
treated 5mm beads.  This is evidence of a hydrophobic bead surface.   
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5mm Untreated Silica Beads 
hw ho interface sw Pc 

12.00 15.00 0.00 0.00 0 
13.20 15.00 0.00 0.00 118 
13.00 15.00 0.50 0.03 98 
13.00 14.50 1.00 0.07 137 
14.00 14.50 1.50 0.10 235 
12.00 13.00 3.50 0.23 157 
11.50 13.00 5.00 0.33 108 
11.00 12.00 6.00 0.40 137 
10.50 11.00 7.50 0.50 167 
10.00 10.50 8.50 0.57 157 

9.00 10.00 10.00 0.67 98 
8.50 9.50 11.00 0.73 88 
8.40 9.00 12.00 0.80 118 
7.50 8.00 13.50 0.90 108 

Table B1. Capillary pressure wettability test results and calculations for 5mm untreated 
silica beads.  The point at which water breakthrough into the bead pack is 
highlighted.   

5mm Treated Silica Beads 
hw ho interface sw Pc 

12.00 15.00 0.00 0.00 0 
13.20 15.00 0.00 0.00 118 
14.40 15.00 0.50 0.03 235 
14.00 14.40 2.00 0.13 243 
12.50 13.50 5.20 0.35 167 
12.20 13.00 5.50 0.37 177 
11.00 12.50 8.00 0.53 98 
10.00 10.50 9.00 0.60 157 

9.00 9.70 11.00 0.73 122 
9.00 9.50 11.50 0.77 137 
8.50 8.90 12.70 0.85 135 
7.50 8.00 14.50 0.97 108 

Table B2. Capillary pressure wettability test results and calculations for 5mm treated 
silica beads. The point at which water breakthrough into the bead pack is 
highlighted.   
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Figure B3. A graphical representation of the capillary pressure wettability test results for 
5mm beads.  The untreated silica bead data is represented by blue diamonds 
while the OTS treated silica bead data is represented by red squares.  The 
black vertical line intersects the displacement pressure, calculated from the 
heights recorded at water breakthrough, for the untreated and treated silica 
beads.  A larger displacement pressure equates to a more hydrophobic bead 
surface and is a sign of a successful OTS treatment.   
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B3 WETTABILITY TEST RESULTS: 1MM SILICA BEADS 
The OTS treatment of the 5mm silica beads proved successful.  Figure B4 depicts 

a photograph of the droplet wettability test; the suspended water droplets are evidence of 

a hydrophobic bead surface.  Tables B3 and B4 present the values recorded from the 

capillary pressure wettability test and the calculated values for water saturation and 

capillary pressure.  The moment of water breakthrough into the bead pack is highlighted 

in yellow.  Figure B5 is a graphical representation of the data in Tables B3 and B4.  The 

vertical line intersects the capillary entry pressure, calculated from the heights recorded at 

water breakthrough, for the untreated and treated silica beads.  A higher capillary entry 

pressure equates to a more hydrophobic bead surface and is a sign of a successful OTS 

treatment.   

 

 

Figure B4. Droplet test results for 1mm treated beads.  Water dyed with blue food 
coloring for visibility, is suspended in a droplet on the surface of the OTS 
treated 1mm beads.  This is evidence of a hydrophobic bead surface.   
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1mm Untreated Silica Beads 

hw ho hinterface Sw Pc 
12.00 15.00 0.00 0.00 0 
13.20 15.00 0.00 0.00 118 
14.40 15.00 0.50 0.03 235 
15.60 15.00 1.00 0.07 353 
13.60 13.50 1.50 0.10 275 
12.90 12.60 3.50 0.23 277 
11.50 11.00 5.00 0.33 265 
10.00 9.50 6.00 0.40 235 

9.50 9.00 7.50 0.50 226 
8.50 8.00 8.50 0.57 206 
8.00 7.60 10.00 0.67 188 
6.40 6.60 11.00 0.73 110 

Table B3. Capillary pressure wettability test results and calculations for 1mm untreated 
silica beads.  The point at which water breakthrough into the bead pack is 
highlighted.   

 
1mm Treated Silica Beads 

hw ho hinterface Sw Pc 
12.00 15.00 0.00 0.00 0 
13.20 15.00 0.00 0.00 118 
14.40 15.00 0.00 0.00 235 
15.00 15.00 0.00 0.00 294 
16.20 15.50 0.50 0.03 373 
16.00 14.50 1.50 0.10 432 
15.00 13.50 2.50 0.17 412 
15.00 13.30 4.00 0.27 428 
14.50 11.50 6.50 0.43 520 
12.50 8.40 9.00 0.60 567 

8.50 5.50 13.00 0.87 402 
7.50 3.50 15.00 1.00 461 

Table B4. Capillary pressure wettability test results and calculations for 1mm treated 
silica beads. The point at which water breakthrough into the bead pack is 
highlighted.   



78 
 

 

Figure B5. A graphical representation of the capillary pressure wettability test results for 
1mm beads.  The untreated silica bead data is represented by blue diamonds 
while the OTS treated silica bead data is represented by red squares.  The 
black vertical line intersects the displacement pressure, calculated from the 
heights recorded at water breakthrough, for the untreated and treated silica 
beads.  A larger displacement pressure equates to a more hydrophobic bead 
surface and is a sign of a successful OTS treatment.   
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B4 WETTABILITY TEST RESULTS: 0.5MM SILICA BEADS 
The OTS treatment of the 5mm silica beads proved successful.  Figure B6 depicts 

a photograph of the droplet wettability test; the suspended water droplets are evidence of 

a hydrophobic bead surface.   

 

 

Figure B6. Droplet test results for 0.5mm treated beads.  Water dyed with blue food 
coloring for visibility, is suspended in a droplet on the surface of the OTS 
treated 0.5mm beads.  This is evidence of a hydrophobic bead surface.   

Tables B5 and B6 present the values recorded from the capillary pressure wettability test 

and the calculated values for water saturation and capillary pressure.  The moment of 

water breakthrough into the bead pack is highlighted in yellow.  Figure B7 is a graphical 

representation of the data in Tables B5 and B6. The vertical line intersects the capillary 

entry pressure, calculated from the heights recorded at water breakthrough, for the 

untreated and treated silica beads.  The anomalies presented in the tables and graph are 

evidence of the difficulties experienced with the 0.5mm beads. Flow from the water 

reservoir become repeatedly blocked from beads bypassing the filter paper; every effort 

was made to prevent this from occurring but the problem kept occurring.  
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 Despite the difficulties, the success of the OTS treatment was validated as the capillary 

entry pressure for the OTS treated beads was greater than that of the untreated beads.     

.5mm Untreated Silica Beads 
hw ho hinterface Sw Pc 

12.00 15.00 0.00 0.00 0 
13.20 15.00 0.00 0.00 118 
14.40 15.00 0.00 0.00 235 
14.50 14.50 0.50 0.03 284 
14.50 14.00 1.70 0.11 324 
14.00 12.50 3.50 0.23 392 
11.00 10.00 7.00 0.47 294 
12.20 10.00 7.00 0.47 412 
13.40 10.00 7.00 0.47 530 
14.60 10.00 7.00 0.47 647 

Table B5. Capillary pressure wettability test results and calculations for 0.5mm untreated 
silica beads. The point at which water breakthrough into the bead pack is 
highlighted.   

 

 
.5mm Treated Silica Beads 

hw ho hinterface Sw Pc 
12.00 15.00 0.00 0.00 0 
13.20 15.00 0.00 0.00 118 
14.40 15.00 0.00 0.00 235 
15.60 15.00 0.00 0.00 353 
26.40 15.00 0.25 0.02 1410 
27.50 14.40 1.00 0.07 1570 
27.50 13.00 3.00 0.20 1680 

Table B6. Capillary pressure wettability test results and calculations for 0.5mm treated 
silica beads.  The point at which water breakthrough into the bead pack is 
highlighted.   
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Figure B7. A graphical representation of the capillary pressure wettability test results for 
0.5mm beads.  The untreated silica bead data is represented by blue 
diamonds while the OTS treated silica bead data is represented by red 
squares.  The black vertical line intersects the displacement pressure, 
calculated from the heights recorded at water breakthrough, for the untreated 
and treated silica beads.  A larger displacement pressure equates to a more 
hydrophobic bead surface and is a sign of a successful OTS treatment.   
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Appendix C: Viscosity Effects Results 

C1 VISCOSITY EFFECTS: HDPE BEADS IN BRINE AND MINERAL OIL/DECANE. 

The description for the following experiments is the same.  The aqueous phase 

(blue) falls through a light mineral oil/decane mixture (812 kg/m3 and 7cp) saturated 

domain of hydrophobic (high density polyethylene) beads as the hydrocarbon phase rises. 

The beads are approximately 3mm in diameter, packed into a quasi-2D domain (2ft. by 

2ft. by 0.04 ft.). Several preferential flow paths have developed.   

 

 

Figure C1. Experimental results for the first 3mm HDPE experiment in the brine and 
decane/mineral pair. 

 

 

Figure C2. Experimental results for the second 3mm HDPE experiment in the brine and 
decane/mineral pair. 
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C2 VISCOSITY EFFECTS: HDPE BEADS IN BRINE AND DECANE. 
The description for the following experiments is the same.  The aqueous phase 

(blue) falls through a decane (720 kg/m3 and 0.9 cup) saturated domain of hydrophobic 

(high density polyethylene) beads. The beads are approximately 3mm in diameter, 

packed into a quasi-2D domain (2ft.by 2ft. by 0.04 ft.). The fluid movement is relatively 

uniform, specifically when compared to Figs. C1, C2 and C3. 

 

 

Figure C4. Experimental results for the first 3mm HDPE experiment in the brine and 
decane pair. This was taken as a “back view.” 

 

 
 

Figure C5. Experimental results for the first 3mm HDPE experiment in the brine and 
decane pair. This was taken as a “front view.” 
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Figure C6.  Experimental results for the second 3mm HDPE experiment in the brine and 
decane pair. This was taken as a “back view.” 

 
 

 

Figure C7.  Experimental results for the second 3mm HDPE experiment in the brine and 
decane pair. This was taken as a “front view.”  
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Appendix D: Wettability Effects Results 

D1 WETTABILITY EFFECTS: 5MM UNTREATED BEADS IN BRINE AND MINERAL 
OIL/DECANE.  
The description for the following experiments is the same.  The aqueous phase 

(blue) falls through a light mineral oil/decane mixture (812 kg/m3 and 7cp) saturated 

domain of untreated silica beads as the hydrocarbon phase rises. The beads are 

approximately 5mm in diameter, packed into a quasi-2D domain (2ft. by 2ft. by 0.04 ft.). 

Several preferential flow paths have developed in each experiment. 

 

 

Figure D1. Experimental results for the second 5mm untreated silica beads experiment in 
the brine and mineral oil/ decane pair.  

 

 

Figure D2. Experimental results for the second 5mm untreated silica beads experiment in 
the brine and mineral oil/decane pair. Results are similar to the first 
experiment.   
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