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ABSTRACT

As oil spills are now more common in coastal regions, understanding natural
cohesive sediment interactions with spilled oil is also becoming increasingly important
because the presence of oil can signi cantly alter the properties of mineral occula-
tion in a marine environment. Moreover, the presence of minerals and their ability
to attach to or enclose oil droplets can also a ect the fate of oil. One property of
signi cance that requires further investigation is the evolution of occulation over a
time period because it can be used to quantify the stickiness of certain types of oc.
To fully investigate the role oil plays in this process, it is also necessary to understand
the interplay between sediment type and concentration, mixing time, and seawater
turbulence level with regards to controlling the occulation rate, and the importance
each of these factors holds on the overall occulation process. Preliminary laboratory
observation has suggested that the most e cient method to test this interplay is to
rst observe the signi cance that di erent types of sediment, as well as di erent con-
centrations of crude oil hold while controlling the turbulence energy and occulation
time. The laboratory results presented in this thesis attempt to quantify the e ects
that sediment type and sediment/oil concentrations each have on the occulation evo-
lution rate. Mineral and oil-mineral ocs have been generated using a magnetic stirrer
operated at a set number of revolutions per minute and a custom designed jar. To
properly create detailed data sets of oc properties both with and without oil, it was
necessary to hold the time period and turbulence level constant. A Vectrino Il acoustic
pro ling velocimeter was also deployed to measure turbulence level in the jar. Various
laboratory experiments, in addition to substantial literature review, were also carried
out to determine proper sediment and oil concentrations. During testing, oc samples

were extracted from the jar and analyzed under a digital camera microscope using a



pipette at set time intervals over the course of the two-hour time period. By observing
oc through this method, a time series was generated for each experiment in order
to quantify the occulation evolution rate with respect to the various aforementioned
parameters. Preliminary ndings have veri ed past work in showing that Bentonite is
signi cantly more cohesive than Kaolinite, and deeper analysis also shows that Ben-
tonite is a more e cient clay for entrapping oil droplets. Results also show that the
addition of oil makes ocs signi cantly less sticky regardless of clay type, and it in-
creases the time required for a oc population to reach an equilibrium state. Future
experiments and analysis are necessary to quantify more complex interactions, such
as variable turbulence energy, occulation time, the use of diverse concentrations and
types of sediment, oil, organic material, and non-cohesive sediment (sand) that are

often present in a marine environment.

Xi



Chapter 1
INTRODUCTION

1.1 Motivation and Background

As petroleum has grown to be one of the most popular sources of fuel in the
world since the early 20th century, the rate of disaster, especially large disasters, due
to drilling and other exploration activities has also grown signi cantly. Large disasters,
such as the 2010 Deepwater Horizon (DWH) disaster, that occur in coastal zones pose
especially large problems, and these spills can lead to serious environmental contam-
ination. For example, many aquatic bio-communities such as sh, plankton, or coral
populations can be subject to substantial destruction through oil contamination, and
it is therefore of utmost importance to understand how to remove spilt oil as e ectively
as possible (Ainsworth et al., 2018). While most cleanup e orts focus on corralling oll
slicks near to or on the surface, it has been more recently revealed that a signi cant
portion of the oil may settle to the sea oor through occulation processes (Chanton et
al., 2014; Yan et al., 2016; Jones and Bridgeman, 2016; Romero et al., 2017; O'Laughlin
et al., 2017). As oil slicks are broken into droplets by surface breaking waves, these oil
droplets may aggregate with natural cohesive materials such as sediment and organic
material through occulation, and eventually signi cant amounts of oil mineral oc,
or oil mineral aggregates (OMAS) may settle onto the sea oor. Seen in Figure 1.1,
once oil spill cleanup e orts are undertaken, 11 - 25 % of oil from spills is still typically
unaccounted for (Wilson et al., 2017), and it is believed that most if not all of this
missing oil mass ends up missing through occulation processes.

Oil mineral aggregation with cohesive sediment such as clay can be especially

widespread in coastal environments, where shallower depths and increased energetic



Figure 1.1: Schematic depicting how oil is dispersed after a spill and cleaned up,
whether through natural cleansing or human induced e orts (Wilson et
al., 2017)



processes lead to higher concentrations of suspended sediment and turbulence intensity.
In these energetic coastal environments, oil is frequently broken up from a slick into
droplets, and the droplets can then easily occulate with suspended sediment and
organic matter. Once the oil ocs are formed, they can settle to the sea oor and
even be carried by currents and tides over wide distances before they are deposited
on the sea oor, as depicted in Figure 1.2. Because such signi cant portions of oil can
go undetected by typical cleanup e orts and end up in coastal environments or even
unknown locations after deposition (Yan et al., 2016), it is crucial to increase knowledge
relating to the interaction of oil with sediment and biological matter to more e ectively
understand the ultimate fate of spilt oil.

When oil droplets aggregate with other material while suspended in the water
column, the droplets tend to be brought into contact with suspended particulate matter
(SPM) through some sort of energetic collision such as turbulent mixing. The patrticles
bump into each other and bond to form oil aggregates, which for the sake of the scope
of the thesis are termed oil oc or oil mineral aggregates as only minerals were occu-
lated with oil. However, previous work (Khelifa, et al., 2002) on this subject further
employs other terms, such as 0il-SPM aggregates and oil-particle aggregates. Past work
(Manning, 2001) also further details how these suspended particles are brought into
contact and even broken up through high energy interactions. The governing proper-
ties of these aggregations and disaggregations will be discussed in Section 1.2 below
because they are the main physical processes relevant to this study.

While signi cant work has been carried out to understand the formation and
breakup of OMAs in laboratory investigations, these studies have covered a very wide
array of topics (Ye, et al., 2020; Omotoso, et al., 2002; Khelifa, et al., 2002; Cloutier,
et al., 2002; Delvigne, 2002; Le Floch, et al., 2002; Ajijolaiya, et al., 2006). Such top-
ics include the e ects of temperature, salinity, turbulent kinetic energy, oil viscosity,
sediment and oil concentrations, and testing time periods. Studies have also further
investigated e ective density and settling velocity of these OMAs and their relation-

ship to the other topics mentioned. Recently completed research (Ye, et al., 2020) has



Figure 1.2: Schematic depicting di erent routes oil can take to reach the sea oor
(Wilson et al., 2017)



also revealed the importance of mineral stickiness on the formation of di erent types
of OMAs and their e ective densities. However, with all the work already completed,
limited knowledge exists on the topic of comparing speci c oil mineral interactions be-
tween two distinctly di erent clay types over a shorter time period in order to quantify
stickiness. More speci cally, limited laboratory studies have been reported in which
the oil mineral occulation evolution of an OMA population is detailed over a set time
period, especially with respect to the initial formation stages. To further build on the
work reported by (Ye, et al., 2020), this study aims to better clarify how oil can further
alter the stickiness of these aggregates depending on the type of sediment, especially
in the earlier stages of occulation. Past studies have testing times up to 4 - 5 hours
(Khelifa, et al., 2002). However, the tests presented below are a maximum of 2 hours
and focus most speci cally on the rst 20 minutes because (Ye, et al., 2020) revealed
that the majority of occulation and disaggregation will occur within the rst 20 -

30 minutes. Moreover, by holding all parameters constant except for sediment type,
the laboratory method used here attempts to speci cally focus on how oil alters the
stickiness factor of OMAs formed from speci ¢ particulate material.

The study presented is motivated to speci cally investigate how the stickiness
of oil will a ect the stickiness of OMAs containing Kaolinite or Bentonite clay, whose
stickiness is already signi cantly di erent from one another (Ye, et al., 2020). Overall,
the stickiness of the two clay types will be compared, as well as how the stickiness of
the oil will a ect the stickiness of the two OMA types. The stickiness of each OMA
can be related to the occulation evolution of the oc mixture for each case to better

understand the controlling parameters of oil oc formation and how quickly they form.

1.2 Sediment Transport, Turbulence, and Flocculation Processes

When attempting to understand the fate of oil in a marine environment in regard
to how oil can be moved and deposited through sediment transport after spills, it is
of utmost importance to understand the physics of sediment transport and cohesive

sediment transport in particular. Sediment transport is the movement of particulate



matter, whether organic or inorganic, through a uid, usually water, due to a variety

of forces acting on the uid and therefore the sediment too. The forces include, but
are not limited to, gravitational acceleration, currents (e.g., generated by wind), tides,
waves, and density gradients. These forces can cause large velocity gradients ( ow
shear) leading to the generation of turbulence. Depending on the magnitude of ow
turbulence and particle settling velocities, the sediment can be transported in a variety

of ways, such as bedload, suspended load, or wash load. While suspended load tends
to require strong turbulence to act upon it to remain suspended, suspended particulate
matter remains in suspension for much longer periods of time.

Sediment transport and suspended particulate matter are found in every natural
body of water to some extent, and it is therefore necessary to understand the governing
uid mechanics in order to fully understand how a uid system will behave. Sediment
transport is an important, if not the most important, physical process for the ero-
sion of any coastal or riverine ecosystem across the world. The processes of sediment
transport can explain how shorelines erode and how rivers meander just to hame a
few examples (Dean and Dalrymple, 2002). Sediment transport is especially important
and complex in coastal environments, where a variety of forces are constantly acting on
any sediment or other ne particulate matter in the ecosystem such as organic matter
(Manning, 2001; Winterwerp and Van Kesteren, 2004). In these coastal environments
and estuarine systems, sediment is constantly being suspended and moved by nearshore
wave processes, tides, fresh and saltwater interactions, and turbulent mixing processes
among others. In the scope of this research, suspended particulate matter transport
throughout the coastal ocean is one of the main processes governing the dispersion and
eventual deposition of spilt oil throughout coastal ecosystems, and to fully understand
where oil settles after a spill, one must correctly account for the transport processes.

While the sediment transport process may explain how oil slicks and droplets,
as well as OMAs, will move and settle throughout coastal ecosystems, it is especially
pertinent to understand how suspended particulate matter interacts with oil droplets

through occulation and turbulent mixing processes because it largely determines the



settling velocities. For the scope of the research presented, turbulent mixing processes
will be quanti ed through turbulent dissipation rate, , which can be best described as

dissipated kinetic energy divided by time:

_ dissipated klnetlc energy; | 2=T3 (1.1)
time

Turbulence in uid mechanics can be de ned as uid motion characterized by
chaotic and random changes in pressure and ow velocity that occur when the Reynolds
number is su ciently large. Using pipe ow as an example, a Reynolds number between
3,000 and 5,000 is considered in a transitional state between laminar and turbulent ow
while fully turbulent ow is achieved at a Reynolds number greater than about 5,000.
In this case, the Reynolds number is simply calculated as:

Re = U d (1.2)

, Where \U" is the cross-sectional averaged velocity, \d" is the diameter of the
ow tube, and \ " is the kinematic velocity of the uid. The chaotic and random
motions in a turbulent ow dictate occulation processes in most cases, and these
processes will be further discussed later.

It is widely accepted that turbulent ow is well explained by an energy cascade
paradigm (Pope, 2000), in which di erent scales of turbulent ow motions are referred
to as eddies, and these eddies are generated through hydrodynamic instabilities. The
most common hydrodynamic instabilities are generated by velocity gradients better
known as ow shear. At a high Reynolds number, a highly nonlinear Navier-Stokes
system causes eddies to break down into smaller and smaller eddies related to the
eddy Reynolds number at di erent level of this cascading process. The eddy Reynolds

number is de ned as:

|
Re, = —

(1.3)



and the subscript \n" represents di erent levels in the cascade. When the eddies
become su ciently small such that Rg, = 1, the eddies are dissipated by viscous e ect
and this turbulent kinetic energy is converted into heat. This kinetic energy dissipa-
tion to heat is known as turbulent dissipation as described above, and the turbulent
dissipation rate, , is an e ective measure for describing turbulence in a system.

Turbulence is especially important to the scope of this research because previous
work has shown that it can have a controlling in uence over the structure of oc
populations as well occulation and disaggregation processes (Manning, 2001). It is
regarded as the most in uential physical mechanism that brings suspended particles
into contact, and it has even been shown that maximum oc size can be related to
turbulent eddy size. Because the main goal of this research was not related to the e ect
turbulence on occulation, it was necessary to generate a consistent and homogeneous
turbulence pro le in the mixing chamber, in this case a custom designed jar, and the
process of doing so will be detailed in section 2.1. Once it was proven that oc could
be generated at a high but consistent level of turbulence, the research was able to focus
on other occulation parameters of interest while still holding even more parameters
constant in controlled lab experiments.

Flocculation is a process by which particulate matter in a marine ecosystem ag-

gregates to form larger masses known as oc as a result of bonding forces that cause the
matter to join together (Manning, 2001; Whitehouse, et al., 1999). While occulation
is more commonly known as a process in wastewater treatment, it actually occurs con-
stantly in natural ecosystems when sediment and other particulate matter is suspended
in the water column. While this suspended particulate matter is in the water column,
a variety of mixing forces, especially turbulence, force these particles into contact with
each other, and thereafter, many of these particles will occulate, or aggregate, to
form larger particles called oc. However, these same mixing forces, if stronger then
the bonds between the matter in the oc, can also cause the oc to disaggregate, hence
why turbulent dissipation is such an important process to understand. While ocs

are most commonly composed of cohesive sediments such as clays, they can contain



other particulate matter such as organic compounds and in the case of this research
scope, oil droplets. Once occulated, these aggregates can perform a variety of actions,
such as breaking up, forming larger oc, or even settling in the water column as large
conglomerates (Manning, 2001; Hayter and Mehta, 1982; Dyer, 1997). Flocculation is
one of the most complicated processes in the eld of sediment transport, and previous
work has proven that occulation is typically a function of sediment concentration,
salinity, mineralogy, chemical composition, organic matter content, and the physical
mechanisms which bring the cohesive particles into contact, such as velocity gradients
produced in the water column (Manning, 2001; Omotoso, et al., 2002; Khelifa, et al.,
2002; Cloutier, et al., 2002; Delvigne, 2002; Le Floch, et al., 2002; Ajijolaiya, et al.,
2006). While many previous studies have shown the e ect of certain parameters, the
study presented attempts to hold all parameters constant except for sediment type and
the inclusion of oil in order to better understand the role that the stickiness factor of

crude oil plays on occulation over a set time period.

1.3 Oil-Mineral Flocculation

Before carrying out the experimental methods presented below, one of the most
important topics to understand was the characteristics of oil, especially that of oil
droplets. One factor that has the potential to a ect oil mineral occulation is tempera-
ture, although all tests presented below were carried out at standard room temperature
to ensure that it was not a factor in the present data. Previous studies (Khelifa, et al.,
2002; Cloutier, et al. 2002) have tested OMA generation by mixing di erent types of
oil at di erent temperatures. While temperature may not signi cantly a ect mineral
occulation, it can on the other hand alter oil droplet properties. Results (Khelifa, et
al., 2002) show that droplet concentration decreased with temperature, and they also
show that although the average droplet is circular, elongated droplets tend to form
more frequently at higher temperatures (Khelifa, et al., 2002). This indicates that
with a decreased kinematic viscosity, especially at higher temperatures, both droplet

size and concentration can be altered. Furthermore, research (Cloutier, et al. 2002)



has shown that kinematic viscosity and temperature can be primary limiting factors in
oil erosion and oil occulation. At lower temperatures, the increase in viscosity means
that oil slicks will not erode as easily and therefore less droplets and in turn less OMAs
will form. On the ip side, temperature does not appear to a ect average oil droplet
size, however kinematic viscosity can indeed alter the size of a droplet (Cloutier, et al.
2002).

Past research (Khelifa, et al., 2002; Delvigne, 2002) shows that oil droplet aver-
age and maximum sizes are most strongly controlled by kinematic viscosity and turbu-
lent energy dissipation rate, and more speci cally the Kolmogorov microscale, which
relates the minimum turbulent eddy size to maximum suspended particulate matter
size. In addition, droplet size and droplet size distribution are altered by di erent oil
phases (Cloutier, et al. 2002), especially in OMA formation. The three oil phases
noted in past OMA microscope experimentation results were distinct oil droplets, oil
coating on sediment patrticles, and oil patches (Cloutier, et al. 2002), which occur in
oc with high oil concentrations, but have no de ned droplet shape.

While understanding oil characteristics was rst necessary to carry out the scope
of work to be presented, it was just as necessary to understand the interactions between
oil and sediment and how these interactions contribute to oil oc formation. For the
sake of the project scope, oil oc will also be referred to as oil mineral aggregates
(OMASs), because the only materials present in the experiments are oil droplets and clay
particles. But, for clarity, it is possible, and in fact very common, for oc aggregates to
be composed of more materials than oil and sediment. Nevertheless, OMA formation
is a result of interactions between oil and sediment, and the degree of interaction that
will occur is controlled by a few factors, including oil viscosity, mineral type, and the
mixing energy, in this case turbulence, that makes the interactions occur (Omotoso,
et al., 2002). As previously mentioned, an increase in oil viscosity will decrease the
interaction between oil and sediment and therefore OMA formation, especially at lower
mixing energies. However, as mixing energy increases, it becomes the most prominent

factor (Khelifa, et al., 2002), and the energy will not only break an oil slick into droplets
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but will also bring sediment into contact with oil droplets before the slick can form
again (Omotoso, et al., 2002).

To truly understand oil mineral interactions and OMA formation, it is perhaps
as important to understand sediment characteristics and concentrations as much as any
other parameter, especially given that sediment is typically the most commonly found
material in natural oc (Manning, 2001). Furthermore, the most common sediment
type found in oc is clay, as it is an extremely cohesive mineral and found worldwide.
Clay is present in especially high concentrations in many estuarine and coastal systems,
and because of its oc forming potential, it is crucial to understand the interactions be-
tween sediments (Manning, 2001), especially clays, and oil droplets to most e ectively
understand OMA formation and its application to oil spill cleanup e orts. Previous
studies show that the degree of interaction of oil with sediment is directly related to
mineral surface area (Omotoso, et al., 2002), and that mineral surface area is the most
important mineral-speci ¢ parameter for occulation. This further explains why clay
is an e ective mineral in occulation, as many clay particles tend to be platy and
have more surface area per unit mass than other minerals. Moreover, this implies that
lower concentrations of platy sediment particles can aggregate with just as much if not
more oil droplets than a particle with a more spherical shape (Ajijolaiya, et al., 2006).
Nevertheless, the most important characteristic of sediment is still the concentration
of sediment in the water column (Ajijolaiya, et al., 2006). Regardless of size, shape, or
sediment type, a higher concentration is always conducive to a higher rate of occula-
tion. Past research has shown that there is a critical sediment concentration relative
to an oil concentration for optimal OMA formation in terms of aggregate size, and as
sediment concentration increases, so to does the trapping e ciency of oil droplets in
OMAs (Ajijolaiya, et al., 2006).

Timescale is another important aspect of oil mineral occulation because it is
important to understand how long it take OMA formation to occur in nature to better
know how to handle spilt oil (Ajijolaiya, et al., 2006; Hill, et al., 2002). Like many

other areas of oil mineral aggregation, past research has been done on this subject, and
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various models have simulated how long it takes to form a stable oil oc population.
Results verify that OMA formation occurs over relatively short time scales in nature

(Hill, et al., 2002) for a typical turbulence level and sediment concentration of notable
relevance to the fate of oil. Furthermore, recent laboratory experimental data using the
same setup and turbulent dissipation rate show that an oil oc population can form in

less than a 2-hour testing period (Ye, et al., 2020).

The uid in which occulation takes place can even play a signi cant role in
OMA formation because both sediment and oil behave di erently in saline environ-
ments. Oil disperses faster in seawater than freshwater and therefore seawater promotes
increased occulation and stabilization rates (Le Floch, et al., 2002). Laboratory ex-
periments were conducted in which sediment and oil were mixed in di erent types of
saltwater. Results indicated that OMA quantity increases rapidly from a salinity level
of 0 to .15, and tests show that oil type may also play a role in OMA's relationship to
salinity (Le Floch, et al., 2002).

With all the dierent factors interwoven into the understanding of sediment
transport and occulation process, it can be easy to overlook the applicability of this in-
formation to putting forth improved oil spill prediction and cleanup measures. Coastal
settings tend to be rich, but sensitive, marine environments, and it is of utmost impor-
tance to make sure these areas along with the oceans as a whole are protected. While
much is still unknown about the transport and fate of spilt of oil that aggregates with
suspended particulate matter, mineral interaction with oil along shorelines has proven
to be an e ective natural cleaning process (Cloutier, et al. 2002). OMA formation
has reduced oil presence on the surface and adherence to solids in the water, and the
e ectiveness of this natural cleansing is strongly related to the amount of wave en-
ergy available at the shore to break oil slicks into drops and suspend sediment that
will eventually interact with these oil droplets (Cloutier, et al. 2002). This in turn
prevents oil droplets from recoalescing into slicks and stabilizes the small droplets.
Furthermore, OMA formation also has the ability to enhance oil biodegradation (Le

Floch, et al., 2002), and theories even propose that induced OMA formation can be
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a viable oil spill remediation method (Le Floch, et al., 2002; Cloutier, et al., 2002).
In certain situations, sediments are introduced to natural settings and allow sediment
levels to be greater than the sediment mass concentration (Ajijolaiya, et al., 2006).
But, before novel cleanup methods can be implemented, further laboratory work must
better explain and quantify formation processes and OMA characteristics in order to
most e ectively implement cleanup.

Recent laboratory work conducted using the same experimental setup at the
Center for Applied Coastal Research, University of Delaware, has also studied the
interplay between clay sediment and crude oil compared to those of a pure sediment
oc population. First, these recent tests validated the methods detailed in Section Il
and their ability to produce conclusive data on OMA population statistics relevant to
their settling characteristics (Ye, et al., 2020; Ye, et al., 2018). This study however
focused on the physical characteristics of these ocs and how they di er from pure clay
oc. The results presented below are meant to compliment this study in a way such
that this thesis will explain the formation properties of oil oc populations and their
di erences from pure oc. Results presented previously indicate that for Kaolinite oc,
oil tends to reduce oc settling velocity and e ective density while increasing oc size
(Ye, et al., 2020). However, Bentonite ocs see an increase in settling velocity and
e ective density in comparison to their pure counterparts but a decrease in oc size
(Ye, et al., 2020). These distinct di erences appear to be related to di erent OMA
structures as a result of mineral stickiness. To further investigate the role of stickiness
on occulation, the results presented below will attempt to detail more speci ¢ oil oc
properties during occulation using microscope image analysis. This analysis will focus
on whether the addition of oil can signi cantly alter OMA stickiness. Results will be
compared to observe how rapidly equilibrium populations will form, as well as if the

addition of oil a ects di erent mineral types di erently.
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1.4 Research Scope

The scope of this work hopes to better explain a key process that occurs natu-
rally in the marine environment after oil is spilt and spread throughout the surrounding
marine ecosystem. The research presented in this thesis is a laboratory investigation
of how oil can interact with and alter occulation processes, and the results to be
presented hope to better explain how the addition of oil into an environment can alter
mineral occulation. While substantial work has been undertaken to better understand
mineral occulation, there is still a lack of knowledge pertaining to the e ects that oil
droplets have on various occulation parameters. While Ye, et al., 2020 has studied
and detailed how oil droplets can a ect settling velocity and density of oil ocs, there
is still a very large gap in knowledge as to how oil a ects the process of occulation
that will in turn lead to the di erences between oil oc and pure oc. Key areas of
interest include the occulation evolution rate of a oc population over a testing period
to understand how quickly oil oc form in comparison to pure mineral oc. By un-
derstanding this rate, it also becomes possible to understand how the stickiness of oll
in comparison to mineral stickiness will a ect oc formation and disaggregation over
an extended time period. Furthermore, it also becomes possible to investigate and
understand how oil interacts with speci ¢ mineral types, and if the di erent stickiness
of di erent clays makes a signi cant di erence in oil occulation. Moreover, by further
analyzing this laboratory data, it also becomes possible to note how oil can a ect oc
size and composition. In other words, it is also important to understand how easily
oil can be entrained by oc to see how occulation can in e ect remove oil from the
ecosystem when these oc eventually settle to the seabed. By investigating these areas
of interest in a laboratory setting, it becomes possible to focus on speci c parameters
while holding others constant, thus providing indicative ndings to both modelers and

other researchers.
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Chapter 2
METHODOLOGY

To successfully observe the signi cance that sediment type, inclusion of oil, and
sediment/oil concentration each have on occulation rate over a time period, it rst
became apparent that a detailed process was required to properly study the parameters
of interest. In addition, parameters of lesser interest needed to be held constant and
guanti ed so that the key e ects could properly be observed. The following sections
attempt to explain the design of the experiment, as well as the methodology used to

create the experiment.

2.1 Jar Test Design and Turbulence Quanti cation

After thorough consideration of the main scienti ¢ objective, it was rst decided
to keep constant turbulence throughout the entire test period. By holding turbulent
energy constant throughout the testing period, the test could then focus solely on per-
tinent occulation parameters such as oc population and occulation evolution rate
for di erent mineral types with and without oil. To do so, a method had to be es-
tablished that generated and maintained a homogeneous turbulence pro le throughout
the custom designed jar. A Vectrino-Il pro ling velocimeter was used to record ow
velocities in the jar while a sample was subjected to turbulence through the use of a
digital reciprocating shaker and a magnetic stirrer. For quanti cation purposes, the

mixed sample was only seawater with a concentration of 35 g/L.

2.1.1 Digital Linear Reciprocating Shaker
Throughout the turbulence quanti cation stage, the reciprocating shaker used

was a Waverly S2L-Pro LCD Digital Linear Shaker with a 9" x 11" anti-slip platform.
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Figure 2.1: Photograph of Digital Linear Reciprocating Shaker with OMA lled jars

The shaker was able to range from 100 to 350 shakes per minute with a 4 mm linear
shaking action. A visual of the shaker with custom designed jars is shown directly

above in Figure 2.1.

2.1.2 Magnetic Stirrer

In addition to the digital linear reciprocating shaker, the magnetic stirrer shown
in Figure 2.2 was also used, and the turbulent energy pro les generated from each mixer
were compared to determine which device was more suitable to create a homogenous
turbulent energy pro le in the custom designed jar. After comparison of the results,
the magnetic stirrer proved to be a more suitable option for generating a homogeneous
turbulence pro le. Furthermore, levels of both high and medium turbulent energy were
determined to be 490 rpm and 350 rpm, respectively. For all the data presented below,
the magnetic stirrer was kept at a constant high turbulence of 490 rpm, which could

be converted to a turbulent dissipation rate of 0.02 Ais?.
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Figure 2.2: Photograph of Scilogex MS7-Pro Digital 7" square magnetic stirrer that
was used for all experiments presented in the scope of this work

2.1.3 \Vectrino-1l Pro ling Velocimeter

In order to accurately track turbulent energy in the custom jar, a Vectrino-Il
pro ling velocimeter was used to record uid velocity in the x, y, and z directions in
the jar. To do so, a custom-made stand was designed that could hold the Vectrino-II
steady throughout the entire testing period. Originally, a smaller stand was used with
a base that was much less wide. But, due to the power of the reciprocating shaker
and magnetic stirrer, the Vectrino-11 was still subjected to small vibrations. Once the
larger stand was designed, the velocimeter was able to remain steady throughout the
entire testing period, as further detailed in Figures 2.3 and 2.4. Once steadied, the
Vectrino-Il was able to accurately record ow velocities in all three directions in the
jar. Once the ow velocities were recorded, they could be converted into turbulent
kinetic energy values and thus a vertical turbulent energy pro le could be generated
for the custom designed jar. The sampling frequency of the velocimeter was set to 100
Hz. The Vectrino-Il was fastened 30 mm from the bottom of the jar, and the jar had

a diameter of 110 mm.
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Figure 2.3: Vectrino-Il pro ling velocimeter setup for turbulence quanti cation in the

custom designed jar; velocity was sampled at a frequency of 100 Hz and

velocimeter was stationed 30 mm from the bottom of the water column
(Ye et al., 2018)
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Figure 2.4: Design depicting all dimensions and angles of Vectrino-Il setup with
custom designed stand and column (Ye et al., 2019)
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To properly carry out turbulence quanti cation, seawater was rst generated
using the magnetic stirrer. Two liters of freshwater were measured into the jar, and
then salt was weighed using a digital scale. To create standard seawater, 70 g of pure
salt (35 g/L; 35 ppt) was weighed and then placed in the jar along with the water.
The jar was then placed on the magnetic stirrer, which was then turned on to a speed
of 490 rpm. The seawater mixture was allowed to stir until all salt was su ciently
dissolved. The jar was then removed from the stirrer and placed to the side for future
use. To begin the testing phase, the stand was rst placed around the turbulence
generator, in this case the digital reciprocating shaker or magnetic stirrer, and the
pro ling velocimeter was then securely attached to the stand with a metal clamp
with enough space for the jar to be placed beneath on the stirrer or shaker. Once
securely fastened, the jar was placed below the Vectrino-Il, and the metal clamp was
loosened so that the Vectrino could be lowered into the jar and then securely fastened
at a height of 30 mm from the bottom of the center of the jar. Once everything
was securely in place, the stirrer or shaker was turned on to a xed speed and the
seawater was left to mix for two hours while the Vectrino-Il was able to collect ow
velocity data. Using the methods detailed in (Ye, et al., 2018), the ow velocities
recorded in the jar could be converted to turbulent energy and a turbulent energy
pro le could be generated in the jar. This pro le is shown directly below in Figure
2.6. To obtain ow velocity data from the Vectrino-ll, it was attached to a laptop
running the Nortek Multi-Instrument Data Acquisition System, as seen in Figure 2.5
below. This application had the capability of recording and saving ow velocity data
gathered by the Vectrino-Il for the entire testing period. To ensure an accurate pro le
was generated, multiple tests were performed for both the digital linear reciprocating
shaker and the magnetic stirrer. A variety of di erent speeds were tested on both
devices, and tests were also repeated at each speed to ensure the data was accurate.
Using the several methods detailed in (Ye et al., 2018), the ow velocities recorded
in the jar could be converted to other turbulence statistics and pro les of turbulent

dissipation rate in the jar were estimated as previously mentioned (see Figure 2.6).
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Figure 2.5: Photograph of Nortek Multi-Instrument Data Acquisition System used
to record data from Vectrino-1l pro ling velocimeter
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Figure 2.6: Turbulent dissipation rate pro les in jar calculated using 3 di erent meth-
ods

Three di erent methods produced a similar magnitude of turbulent dissipation rate,
and ow below 10 mm from the surface can be considered homogeneous. As discussed
in (Ye, et al., 2018), the method chosen for analysis was to transform the time series of
turbulent velocity uctuations into Fourier space to obtain a turbulent kinetic energy
spectrum. The resulting turbulent dissipation rate, , was then reported to be about
0.02 nt/s® when the magnetic stirrer was set to 490 rpm. All data presented below

was collected at this turbulent mixing speed.

2.2 Laboratory Experiment

To carry out the necessary experiments to ful ll the research objectives, the
magnetic stirrer jar test design discussed in the previous section was adopted. To
begin, standard seawater was generated using the magnetic stirrer, with 2 liters being

created at a time. However, during the experiments, 500 mL of seawater was placed in
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the custom designed jar. Before the test began, clay was weighed on the digital scale to
be used in the test. The clays used were Bentonite, Kaolinite, or a mixture of the two,
however only the results for Kaolinite and Bentonite mixed at high turbulence (490
rpm) are presented in this thesis. These two clays were chosen because they are two
of the most commonly found clays in nature, and they exhibit signi cantly di erent
occulation characteristics from one another. Kaolinite tends to form many small oc,
while Bentonite forms larger, more stringy oc (Ye, et al., 2020). If oil was used in
the experiment, it was also weighed on the digital scale prior to the test; the oil used
throughout all the testing was raw Texas crude oil.

Once ocs were generated in the jar, a digital microscope was used for the
analysis to enable oc to be observed in considerable detail. The microscope was
attached to a laptop, and a microscope program was installed on the laptop so that
the images could be observed from the laptop. The application included a live video
feature which allowed oc to be observed immediately on the laptop after they were
placed under the microscope. A pipette was used to transfer oc from the custom
designed jar to microscope slides, as the pipette was deemed to be the least intrusive
device available for this study. Floc were taken from near to the bottom of the jar and
near to the edge of the jar to ensure that their properties were not altered from being
in the vortex created by the magnetic stirrer. The entire experimental setup is shown
below in Figure 2.7.

To carry out the experimentation process, all sediment and oil were rst weighed
out, the custom designed jar lled with seawater was placed on the magnetic stirrer,
and the digital microscope was powered on and attached to the laptop. In addition,
a pipette and a su cient number of microscope slides were laid out, and paper towels
were gathered in case microscope slides needed to be cleaned and reused during the
testing period. Once all materials were set up, the magnetic stirrer was powered on and
set to 490 rpm; the custom designed jar lled with 500 mL of seawater was then allowed
to mix for a few minutes to ensure the water was being mixed at the proper level of

turbulence before sediment was added. Once the seawater was su ciently mixed, the

23






	Table of Contents
	List of Tables
	List of Figures
	Abstract
	1 Introduction
	1.1 Motivation and Background
	1.2 Sediment Transport, Turbulence, and Flocculation Processes
	1.3 Oil-Mineral Flocculation
	1.4 Research Scope

	2 Methodology
	2.1 Jar Test Design and Turbulence Quantification
	2.1.1 Digital Linear Reciprocating Shaker
	2.1.2 Magnetic Stirrer
	2.1.3 Vectrino-II Profiling Velocimeter

	2.2 Laboratory Experiment
	2.2.1 Sediment, Oil, and Sample Concentrations
	2.2.2 Instrumentation

	2.3 Scenarios
	2.3.1 Initial Stages of Analysis
	2.3.2 Stickiness Factor of Crude Oil
	2.3.3 Generation of a Stable Oil Droplet Population


	3 Data Analysis
	3.1 Visual Analysis
	3.1.1 Microscope Imaging

	3.2 Normalized Floc Population
	3.3 Flocculation Evolution Rate
	3.4 Floc/Oil-floc, Oil-droplet/Oil-floc Ratios
	3.5 Macrofloc/Microfloc Ratio

	4 Results
	4.1 Scenario I - Pure Mineral Flocculation
	4.1.1 Normalized Floc Population and Evolution Rate

	4.2 Scenario II - Addition of Oil to Flocculated Sediment
	4.2.1 Normalized Floc Population and Evolution Rate
	4.2.2 Floc Size and Composition

	4.3 Scenario III - Addition of Oil Preceding Sediment
	4.3.1 Kaolinite
	4.3.2 Bentonite


	5 Concluding Remarks and Future Work
	5.1 Influence of Oil and Sediment Type on Flocculation
	5.2 Future Work

	References

