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Abstract

Operations with drilling fluids require multiple performance requirements. Among those,
fluid loss issue is a very severe problem that is encountered in many drilling operations.
Rheological and transport properties of drilling muds in porous media control the fluid loss
behavior in reservoir formations. Additionally, some kinds of drilling fluids especially those
formulated with hydrocarbons, oils, etc. are strongly contaminating. Therefore, it is essential
to introduce drilling fluids of very low or negligible contaminating potential for sustainable
development in oilfields. In the formulation of such muds it is becoming increasingly
common to use cellulose-based materials as additives, due to their low cost, rheological
properties, and scant environmental impact. Cellulose-based materials have been used to
control water loss for many years. In addition, the rheological behavior of drilling muds can
be optimized with cellulose-based polymers of different chain lengths and properties.
Cellulose nanocrystal particles (CNC) and carboxymethyl cellulose polymer (CMC) are
typical examples of such materials. This research is about the preparation of water-based
drilling fluid formulations enhanced by CNC and CMC, selecting optimal preparation for a
field test at an actual drilling site, and investigation of cross-flow filtration mechanisms of
cellulose-formulated bentonite suspensions. Filtration and rheological properties of cellulose-
bentonite suspensions were investigated and CNC/CMC functions in bentonite particles
deposition and suspension stability were highlighted by dynamic filtration tests, flow stability
of the drilling fluid and rheological experiments, colloidal deposition studies and assessing

and characterizing filter cake properties.

Keywords: drilling fluids, porous media, fluid loss, cellulose nanocrystals, cross-flow

filtration, bentonite, colloidal deposition.
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1. Introduction

Drilling fluids and their properties impose a considerable effect on the completion of
an oil-well and its relevant costs. The cost of the drilling mud is relatively small, but how to
select the right fluid and maintain the right properties while drilling will completely influence
the total well costs. For example, the number of rig days needed to drill depends significantly
on the penetration rate of the bit. It also depends on the prevention of delays caused by several
issues such as caving shales, stuck drilling pipe, fluid loss, etc., all of which are affected by
the composition and properties of drilling fluid [1]. The US Energy Information
Administration (EIA) performed a study of upstream drilling and production costs released in
March 2016. Their report assessed capital and operating costs associated with drilling,
completing, and operating wells and facilities. Based on their report, Rig and drilling fluids
costs make up 15% of total costs. In addition, fracturing pumps and equipment costs make up
24% of total costs. Within onshore basins drilling comprises about 30 — 40% of total well
costs along with 55 — 70% for completion, and 7 — 8% for facilities and operation expenses
[2]. Another well cost study carried out in 2015 by Petroleum Services Association of Canada
(PSAC) reveals considerable cost assumptions associated with drilling and completion
operations [3]. In addition to all of the aforementioned costs, the drilling fluid affects
formation evaluation and the consequent productivity of the well. Therefore, the selection of a
workable drilling fluid the daily maintenance of its properties is the great concern of not only
the mud engineer, but also of the drilling supervisor, the drilling chief, and drilling, logging
and production engineers. It is crucial to understand some basic principles associated with
choosing a suitable composition for drilling fluids as well as controlling their flow properties

while drilling.

1.1. Drilling fluids functions, compositions, and issues

Drilling fluids are widely used in oil-well operations to perform several functions such

as:



e Removing and carrying cuttings from below the drill bit,

e Transporting the cuttings up the annulus and permitting their separation at the
surface,

e Reducing friction between the drilling string and the hole sides,

e (Cooling, cleaning, and lubricating the drill bit,

e Maintaining the stability of the borehole,

e Preventing the fluids invasion into permeable rocks and minimizing formation
damage, and

e Forming a thin, low permeable filter cake and sealing permeable formations to

control fluid loss.
Drilling fluids can be categorized according to their base:

e Water — base fluids, when solid particles are suspended in water or brine.
e Qil — base fluids, when solid particles are suspended in oil.
e QGas fluids, when drill cuttings are removed by a high-velocity stream of air or

natural gas.

Water — base muds consist of clays and some organic additives in order to provide the
required rheological and filtration properties. Some weighing agents such as barite could also
be added to increase the density of the mud. In the interest of well safety, there is a natural
trend to keep the mud density above that actually required to control the formation fluids, but
it has some disadvantages. First of all, excessive mud density may increase the borehole
pressure and causes induced fracturing. In this scenario, mud is lost into the formed fracture.
In addition, excessive mud densities may have an impact on drilling rate that may lead to high
overbalance pressure and increases the risk of sticking the drill pipe. Finally, it increases the
mud cost not only by the initial cost of the barite, but also by the increased cost of maintaining

suitable flow properties due to increase in viscosity [1].

In addition to the issues associated with mud density, the flow properties of the
drilling fluid play a significant role in the successful progress of the drilling operation. They
are mainly responsible for removal of the drill cuttings and transporting them up the annulus.

The flow behaviour of drilling fluids is controlled by the flow regimes and pressure — velocity

2



relationships. This behaviour is could be measured and investigated by analyzing the
rheological and filtration properties of the drilling fluid. Unacceptable flow performance may
lead to such serious issues as bridging the hole, unsatisfactory transporting the drill cuttings

from the bottom of the hole, reduced drilling rate, stuck pipe, and fluid loss.

1.2. Fluid loss issue in drilling operations

Fluid loss during drilling operation has been one of the great concerns through
decades. Figure 1.1 shows a schematic pattern of drilling fluid loss in operation. Loss of
circulation is defined as the uncontrolled flow of drilling mud into a formation. It imposes
cost increase to the whole drilling operation as well as environmental side effects to the
formation [4-7]. It has been estimated to cost the drilling industry over one billion dollars
annually in rig time, materials and other financial resources. Invasion of drilling fluid filtrate
and suspended solids into a near wellbore region during drilling operations causes formation
damage and wellbore instability. This may lead to a substantial decline in production.
Therefore, it is very crucial to investigate the fluid loss problem and understand the

mechanisms involved and to find an applicable solution in order to control it.

Cake layer
formation

Figure 1.1. Schematic pattern of fluid loss issue in drilling operation
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Fluid loss during drilling operations is a typical filtration problem. Filtration can be
carried out under static or dynamic conditions. Static filtration refers to the filtration that
occurs when the mud circulation stops. It is also known as dead-end filtration. During this
type of filtration, the thickness of mud cake around the inner side of the filter gradually
increases and the rate of filtration diminishes. On the other hand, dynamic filtration takes
place when the drilling fluid is circulated continuously and the formed mud cake is partially
swept away and reformed over time. The growth of the filter cake is limited by the erosive
action of the drilling mud flow. This type of filtration is also called cross-flow (tangential)
filtration. Dynamic filtration rates and fluid loss volumes are much higher than the static ones
due to higher fluid invasion to the formations. Under dynamic equilibrium conditions,
filtration rate is governed by Darcy’s law, while under static conditions, cake thickness is
gradually increases to infinity. The type of filter cake is also different in dynamic versus static
filtration. Static filter cakes consist of soft surface layers, while dynamic filter cake surfaces
are more eroded due to the hydrodynamic forces of the mud flow stream. In order to simulate
filtration in the drilling well more closely, it is vital to limit the filter cake growth by liquid or
mechanical erosion. More meaningful results could be obtained in systems that either closely
simulated conditions in a drilling well, or that allowed the rate of shear at the surface of the

cake to be calculated.

In the formulation of drilling fluids, bentonite is the main constituent because it shows
excellent colloidal properties, nevertheless high dosage of bentonite in drilling mud can
decrease the drilling efficiency, damage the formations, etc. Hence, it is recommended to use
other additives to enhance drilling mud workability and performance. Nanoparticles have
attracted an increasing attention as additives in drilling fluids. Their small dimensions, high
surface area to volume ratio, and other unique characteristics make them essential to be used
in drilling fluids formulation technology. They are being used to enhance drilling
performance, maintain borehole stability, reduce fluid loss, increase mud viscosity, and
enhance oil and gas recovery. Some examples of these nanoparticles are graphene oxide,
carbon nanotubes, copper oxide, nanosilicacomposite, zinc oxide and titanium dioxide [8-12].
They all exhibit improved rheology, filtration, and desirable performance. However, most of
them are expensive, nonrenewable, and nonbiodegradable. Also, from environmental point of

view, these nanoparticles are potentiallty pollutants. Therefore, it is vital to utilize more
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environmentally friendly and cost-effective materials as additives. Among all the options
available, there is an increasing trend to utilize natural polymers and nanoparticles. They are

renewable, environment friendly, and cost effective.

1.3. Filtration of drilling fluids formulated with cellulose

nanocrystals

Cellulose is the most abundant renewable biopolymer. Cellulose nanoparticles (CNC)
are crystalline rod-like nanoparticles which are obtained by acid hydrolysis of cellulose fibers.
They are typically 6-10 nm in width and 80-200 nm in length [13]. They have high aspect
ratios. They can be dispersed in aqueous medium. They are negatively charged particles with

zeta potential of -51.5 mV determind by zetasizer [13].

People have seen special interactions with CNC and some polysaccharide polymers
such as carboxymethyl cellulose (CMC) and hydroxyethyl cellulose (HEC) [13-15]. The
steady-state shear and linear viscoelastic deformations of semidilute suspensions of CNC
particles in HEC and CMC solutions were investigated. The low shear viscosity values of
polymer solutions were increased 20 — 490 times by the addition of CNC. It also increased the
yield stress of polymer solutions up to 7.12 Pa. The addition of nonadsorbing HEC and CMC
polymers caused depletion-induced interaction among CNC particles leading to the
flocculation of these rod-like particles. Consequently, it increased the viscisity of the
suspensions [13]. Oguzlu et al. investigated the non-Newtonian behaviour of dilute and
semidilute CMC solutions in the presence of CNC particles. Drastic viscosity increase was
observed originating from the nematic flocculation of CNC particles in the presence of non
adsorbing CMC polymer that made the CNC flocs entrapped in pockets. Consequently, a
highly concentrated network solutions state was observed that resulted in both high viscosity
and high degree of shear thinning behaviour [15]. Lu et al. also observed a sol-gel transition
in positively charged HEC aqueous solution with an addition of negatively charged CNC
suspension due to the electrostatic adsorption interactions. They investigated the scaling law
application on gelation of oppositely charged CNC particles and HEC polyelectrolyte [14].
Moreover, flocculation of Pseudomanas aeruginosa (PA) bacteria due to the rod-shaped CNC

particles was investigated by Boluk et al. [16, 17]. The impact of cellulose nanocrystals on the



aggregation and initial adhesion of the bacteria was explained by the depletion interaction
induced by CNC nparticles. They indicated that the CNC particles can induce bacterial

aggregation, and consequently prevent the bacterial initial adhesion on solid surfaces [17].

Some researchers investigated the effect of CMC polymer in rheological and static
filtration properties of bentonite-based drilling fluids [5, 18, 19]. They exhibited that the
rheological and filtration properties of drilling fluids were modified with CMC polymer. The
drilling fluids dosed with CMC were found to be non-Newtonian and show pseudo-plastic
behaviour. Iscan and Kok investigated the effect of CMC concentration on rheological and
fluid loss parameters in water-base drilling fluids. An optimization of the fluid loss control
due to the addition of CMC was made; however, not many people investigated the dynamic
filtration of drilling fluids and CMC effect in fluid loss control [7, 20] up to the author’s
knowledge. In addition, an investigation on the effect of cellulose nanocrystals (CNC) on the
rheological and filtration properties of bentonite water-base drilling fluids was carried out
recently [21]. However, not a clear understanding of why CNC enhances the rheological and
filtration properties of drilling muds was achieved yet. Moreover, the effect of CNC on
filtration properties of bentonite-base drilling fluids under dynamic conditions was not

investigated yet.

In this study, we are interested in understanding if CNC is suitable to be used as fluid
loss additive to the CMC-dosed bentonite drilling fluids. In other words, it is hypothesized
that CNC is an effective fluid loss additive in drilling fluid formulation. Afterwards, the
possible mechanisms involved in dynamic filtration and rheological properties of drilling
fluids are investigated. This work is an initiative to use CNC in CMC-dosed bentonite-base

drilling fluids. The objectives of this work are to understand:

e The dynamic filtration mechanisms involved: It is crucial to know how filtration
proceeds in order to control the fluid loss and prevent high formation damage. The
most important aspects of a drilling mud from a formation damage standpoint are to
prevent loss of the drilling mud filtrate and to make sure that the filtrate that is lost
will not react with the formation to reduce permeability. Fluid loss control is
accomplished by rapidly sealing off the permeable pores of the formation. This is

carried out by creating an almost impermeable cake of particles on the surface of the
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formation where leak-off happens. Therefore, there is a necessary need to know and
understand the governing mechanisms involved in dynamic filtration of drilling fluid.
Moreover, understanding the filtration mechanisms can be helpful in order to
recommend special fluid treatment such as manipulating fluid formulation to
minimize torque and drag, prevent execcive drag and low production rates. Plotting
the inverse of filtration rate data versus time and total volume loss could be a
quantifying tool to understand which mechanism is governing the filtration process.
More detailed information is presented in Chapter 2 of this thesis.

e The effect of CNC to enhance dynamic filtration and rheological properties of
drilling fluids: The question of “Is CNC an effective fluid loss additive?” must be
answered. To answer this question, dynamic filtration and rheological experiments
must be carried out under various conditions and the results must be compared with
sole bentonite-based drilling muds and other common nanoparticle additives that are
already used in industry. In addition, filtration theories must be applied to dynamic
filtration data to determine how effectively drilling fluid additives (CMC/CNC)
block porous filter media.

e The type of interactions between CNC, CMC and bentonite: If the use of CNC in
drilling fluid formulation is successful regarding fluid loss control, the reason(s)
behind it should be thoroughly understood. In other words, the interactions involved
when CNC is added to a CMC-dosed bentonite suspension must be quantified in
order to highlight the CNC impact on rheological and dynamic filtration properties of
bentonite driiling fluids. To do so, colloidal deposition experiments using Quartz
Crystal Microbalance with Dissipation (QCM-D) must be carried out. The mass of
deposited particles with/without CNC addition must be compared during experiments
and logical conclusions must be drawn from the results. Moreover, morphology
study of the cake will be a great opportunity to investigate the structure of the cake

taken from dynamic filtration experiments.

In Chapter 4 of this research, dynamic filtration tests are carried out under different
temperature, pressure, shear rate, medium permeability and drilling mud formulation. The
effect of each parameter on fluid loss volume and filtration rate is investigated. Among the

mentioned parameters, temperature, pressure, shear rate and porosity are proportional to the
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fluid loss. In other words, increasing these parameters leads to an increase in fluid loss
volume over time. The effect of mud formulation is included in the investigation of CNC
impact to improve dynamic filtration of drilling fluids. Flow behaviour through porous media
and in the wellbore will be simulated using FANN 90 Dynamic Filtration apparatus and
governing mechanisms involved in the process will be analyzed. Cake formation and particle
pore plugging are the main possible mechanisms that may govern the filtration process. They
can be analyzed by plotting the inverse of filtration rate versus time and total volume loss
separately. The linear relationship confirms the governing mechanism in dynamic filtration
results. Finally, different mathematical models to explain fluid loss behaviour are analyzed

and the best is selected for the current experimental data.

The stabilty of the drilling mud under unfavorable borehole conditions is another
matter of fact that must be investigated in order to assess drilling mud performance. The
drilling engineer must control mud rheological properties to minimize pumping costs, lift drill
cuttings efficiently, minimize hole erosion, and separate drill solids and entrained gas at the
surface. The transport capacity of drilling fluids is mainly related to their rheological
properties. Therefore, it is crucial to optimize the mud properties in order to obtain the best
overall performance. In Chapter 5, the rheological behaviour of bentonite suspensions dosed
with CNC is investigated. Also, rheological properties of CNC suspensions and CMC
solutions are measured and analyzed separately. The effect of each additive on the rheology of
bentonite suspensions will be discussed and highlighted. Finally, the best rheological model to

interpret the experimental data will be proposed.

Governing interactions between particles and pore surfaces through flow in porous
media and filtration could be investigated through particle deposition study. In other words,
particle deposition study onto different model surfaces will lead us to know more about what
mechanism(s) are involved in interactions between particles and pore surfaces. Role of
particle deposition in dynamic filtration results can be investigated by observing it in
microscopic level. When filtration happens, particles move towards the inner surface of filter
core due to hydrodynamic forces. A portion of them passes through the filter and transports
through porous medium of the filter, while the other portion may be deposited onto the inner

surface of the filter. In Chapter 6, particle deposition studies are carried out using Quartz



crystal microbalance with dissipation (QCM-D) technique to investigate dynamic filtration
mechanisms of cellulose-based drilling mud suspensions. Governing interactions between
clay particles and pore surfaces were studied thoroughly. Cellulose nanocrystals (CNCs) play
a significant role to enhance clay particles deposition onto silica collector surface. They
improve fluid loss control in dynamic filtration of drilling muds by enhancing the deposition
of clay particles onto filter surface. The depletion interaction induced by rod-like shape CNCs
pushes the bentonite particles toward the collector surface. Bentonite particles plug the pores
at the beginning and start to form a cake gradually. As a result, fluid loss issue (large
permeate flow from filter) will be controlled and the involved mechanisms will be

investigated completely.

The drilling mud formulation consisting of Wyoming bentonite, cellulose nanocrystal
particles, and carboxymethyl cellulose polymer exhibits acceptable performance in dynamic
filtration and rheological experiments under different experimental conditions. Not only it is
required to investigate the mechanism of clay particles deposition from a flow onto a model
surface, but also a thorough fundamental knowledge of clay mineralogy is required to
investigate filtration and rheological properties of drilling muds in a more comprehensive
way. Clay is the basic component of approximately all aqueous muds. The stability of
borehole depends largely on interactions between the drilling fluid and the exposed formation
surface. Moreover, colloid chemistry is of great importance in drilling fluid technology, as
clays form colloidal suspensions in water. Both clay mineralogy and colloid chemistry are
significant topics to investigate the drilling mud behaviour under wellbore condition. In
Chapter 7, morphology and mineralogy of filter cakes collected from dynamic filtration
experiments are investigated. Scanning electron microscopy (SEM) images of the dried filter
cakes are analyzed and elemental analysis is carried out on mud suspensions before and after
dynamic filtration tests. Possible scenarios for observing fibrous structure in the filter cake

samples are stated and investigated.

The aforementioned objectives were satisfied by the investigation of dynamic
filtration, rheology and transport phenomena through porous media for colloidal and polymer
solutions through Chapters 4 — 7. Figure 1.2 illustrates the methodology followed in order to

investigate fluid loss issue and propose scientific suggestions to control it. It shows the



pathway to understand and investigate the significant parameters controlling fluid loss in

drilling fluids.

: Filtration | Mud | Colloidal |  Filter Cake
Mud Formulation . » o
Properties | Stability | Deposition Structure
: Dynamie Elemental
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Properties | o Rod-Like Anionic + Filtration Rate vs. Time
Nanoparticle Polymer Rate o Flow o [nitial
¢ Swelling ¢ Depletion + Viscosity ¢ SpurtLoss Behaviour Deposition
Capability Interaction Modifier Volume Model Rate
¢ Filtration o M; 700-900K | o Mechanisms ¢ Model
* Main Control + Experimental Surface
Component | o -62.8mV Conditions Coverage
Leta ¢ Colloidal
Potential Interactions

Figure 1.2. Methodology flowchart
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2. Background and literature review

2.1. Filtration

The separation of fluid-solid system involving passage of most of the suspension
through a porous media which retains a portion of solid particles contained in the mixture is
defined as filtration. A filter is a piece of unit-operations equipment by which filtration is
performed. The filter medium is the barrier that lets the liquid pass while holding most of the
solids; it may be a screen, cloth, paper, membrane, or bed of solids. The liquid that passes
through the filter medium is called the filtrate. The solids remain behind the filter are called

retentate (cake) [22]. Figure 2.1 shows a typical filtration process.

Inlet (Feed Stream) Outlet (Filtrate)

I
E
E
¥

Concentrate (Retentate)

Figure 2.1. A schematic of typical filtration process

Filtration can be classified based on (1) driving force, (2) target of filtration, (3)
operation kind, (4) nature and size of the solids, (5) the geometry of filtration and (6) filtration

mechanisms:
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1. Filtration can be affected by different driving forces such as gravity (hydrostatic head),
applied pressure upstream of the filter medium, reduced applied pressure downstream of the

filter, or centrifugal force across the medium.

2. Depending on what is the goal of filtration (product of value), dry solids (cake) or clarified
liquid (the filtrate), filtration may be accomplished by different ways.

3. If the filtration is batch or continuous, both the filter and filtration equipment are different

due to requiring different filter area and solids loading.

4. Compressibility of the cake (solids) is very significant as it changes the rigidity
(deformability) of the solid particles under filtration process. Additionally, particles may
range from nanometers to micrometers (same order of magnitude as common filter pore sizes)

that will change the type of filtration accordingly.

5. Based on the direction of feed stream, filtrate, and retentate, filtration can be accomplished
by dead-end (conventional) and cross-flow filtration. A schematic of the dead-end vs. cross-

flow filtration is illustrated in Figure 2.2.

The dead — end filtration is a type of filtration where the flow is perpendicular to the
filter surface. The fluid is pushed through the membrane by pressure. All the fluid that is
introduced in the dead-end-cell passes through as permeate. In other words, there is no
rejected fluid. In dead-end filtration the retained particles build up with time on or within the
filter. In either cases, the particles accumulation results in an increased resistance to filtration
and causes the permeate flux to decline; therefore, this type of filtration requires shut down of
filtration in order to clean or replace the filter. This type of filtration is also called batch
filtration. There are two types of filtration which can be employed in a dead end cell unit;
dead-end microfiltration with constant flux and dead-end microfiltration with constant
pressure drop. The dead end microfiltration with constant flux ensures that the permeate flux
through the filter remains constant. As the cake build-up increases with time, the pressure
drop must be increased to maintain constant flux. In dead-end microfiltration with constant
pressure, as the cake builds up with time, the permeate flux decreases.

The cross — flow filtration, also known as tangential flow filtration, is a flow through

a filter module in which the feed flow and permeate flow are perpendicular in direction. In
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other words, while the fluid stream moves parallel to the filter surface, the permeate flow
moves away from the filter in the direction normal to the filter surface. The main advantage of
cross flow filtration is the filter cake formation, which is substantially washed away during
the filtration process, and it can increase the length of time that a filter unit can be operational.
This system can be a continuous process, unlike batch-wise dead-end filtration. To explain
more, with cross flow filtration, the tangential motion of the bulk of the fluid across the filter
causes trapped particles on the filter surface to be washed away that makes it a non-stop
continuous process. Traditionally, cake filtration is carried out with the direction of the feed
(suspension) flow coinciding with that of the filtrate flow and cake growth taking place along
the opposite direction. However, one may carry out cake filtration by passing the suspension
to be treated along the filter medium such that the direction of the filtrate flow is normal to
that of the suspension flow. In both dead-end and cross-flow filtration, particle separation
leads to the formation of filter cakes which contribute resistance to filtrate flow. There are,
however, significant differences between the two types of operations. For example, regular
dead-end filtration may operate under relatively high pressure. In contrast, the operating
pressure (the so-called transmembrane pressure) in cross-flow filtration, in most cases, is not

very high [22, 23].
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CROSS-FLOW-FILTRATION DEAD-END-FILTRATION

Figure 2.2. Dead-end vs. cross-flow filtration
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6. The last but not least is the classification according to the filtration mechanism. In other
words, what mechanisms are governing the filtration from the early stage to the end of
process? The three known mechanisms, cake formation, particle pore plugging and

concentration polarization, are introduced in the following section.

2.1.1. Filtration theory

Based on filtration mechanisms, filtration can be classified as (1) cake formation, (2)
clarifying filtration (particle pore plugging), and (3) concentration polarization (gel-layer
formation). When solids are stopped at the surface of a filter medium and pile upon one
another to form a cake of increasing thickness, the separation is called cake filtration [22].
That is due to several hydrodynamic effects as well as interaction forces between surface and
particles. Gravitational, depletion, and van der Waals interactions may be included in this
category. In cake filtration, the filter medium acts as a screen, therefore particles of the
suspension to be treated are kept by the medium, resulting in the formation of filter cakes. In
contrast, in deep bed filtration, separation is affected by particle deposition throughout the
whole depth of the medium. In other words, the individual entities constituting the medium
act as particle collectors. Hence, cake filtration is also known as surface filtration while deep

bed filtration is often referred to as depth filtration [23].

Over the years, researchers have investigated the mechanisms of cake formation.
Beginning with Hermans and Bredee (1935), the so-called "laws of filtration" were advanced.
In 1982, Hermia proposed a later version of filtration laws. His theory was based on the
mechanism in which particle deposition happens; therefore cake filtration was classified into
four different types: (1) complete blocking, (2) intermediate blocking, (3) bridging and
standard blocking and (4) cake filtration. Complete blocking refers to the action of every
retained particle to block a medium pore. In intermediate blocking stage, there is a possibility
for a retained particle to block medium pores. In standard blocking, particle retention happens
within medium that results in narrowing the medium pores. Finally, cake filtration refers to
the cake formation and growth caused by particle retention. It is important to note that
“standard blocking” is an operative retention mechanism in deep bed filtration while complete

and intermediate blocking are taking place in the initial stages of cake filtration [24].
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The dynamics of filtration based on four assumed filtration rate expressions

corresponding to each of the four retention mechanisms mentioned above is given as:

d*t _ <dt)k2 ’1

dvz t\dv [2.1]
where V is the total filtrate volume per medium surface area collected, t the time, and

ki and k> are empirical constants. It was suggested that the value of k, characterizes the types

of cake formation corresponding to (1) bridging (proper cake filtration), (2) intermediate

blocking, (3) standard blocking and (4) complete blocking, respectively (Table 2.1).

Table 2.1. Empirical values for different retention mechanisms

Retention Mechanism Value of k,
Cake filtration 0.0
Intermediate blocking 1.0
Standard blocking 1.5
Complete blocking 2.0

Hermia version of the filtration equation was based completely on spontaneous
argument with some arbitrary assumptions. Both complete blocking and bridging lead to cake
formation. Furthermore, since in practical situations, the medium pores and particles are

probably not uniform in sizes, different types of deposition may happen at the same time [23,
24].

2.1.1.1.  Cake Filtration
In cake or surface filtration, there are two primary areas of consideration: (1)
continuous filtration, in which the resistance of the filter cake (deposited process solids) is
very large with respect to that of the filter media and filtrate drainage, and (2) batch pressure
filtration, in which the resistance of the filter cake is not very large with respect to that of the
filter media and filtrate drainage. Basic equations in filtration theory originate from some

basic assumptions and writing the one-dimensional continuity equations of particles and fluid.
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It is assumed that the suspended particles cannot penetrate into the medium and are retained
on the upstream side of the medium to form a cake. The suspending fluid passes through the
medium as filtrate. The thickness of the cake increases with time as filtration proceeds.
Simplified theory for both batch and continuous filtration is based on the time-honored

Hagen-Poiseuille equation [25]:

o
Adt _u(awV/A+r)

[2.2]

where V is the volume of filtrate, t the filtration time, A the filter area, P the total
pressure across the system, w the weight of cake solids/unit volume of filtrate (filtrate
density), p the filtrate viscosity, a the cake-specific resistance, and r the resistance of the filter

medium.

For constant-pressure filtration Equation [2.2] can be integrated to give the following

relationship between elapsed time and filtrate measurements:

t

V/a

t
V/A

plotted for various values of V/ 4 resulting in a straight line having the slope K; = % and

Equation [2.3] is known as Ruth’s Law. Knowing filter area (A), values of can be

. . . T .
an intercept on the vertical axis of K, = % . Since |, w, and P are known, o and r can be

calculated as shown in Figure 2.3.
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[t/(V/A)]

V/A

Figure 2.3. Filtration data and regression to find filter and cake resistances

The symbol a represents the average specific cake resistance, which is a constant for
the particular cake in its immediate condition. In the usual range of operating conditions it is

related to the pressure by the following equation:
a = aPs [2.4]

where o' is a constant determined by the size of the particles forming the cake, s the
cake compressibility, varying from O for rigid, incompressible cakes to 1.0 for very highly
compressible cakes. For most industrial slurries, s takes values between 0.1 and 0.8. It should
be noted also that the intercept is difficult to determine accurately because of large potential
experimental error in observing the time of the start of filtration and the time-volume
correspondence during the first moments when the filtration rate is high. The value of r
calculated from the intercept may vary appreciably from test to test, and will almost always be

different from the value measured with clean medium in a permeability test [25].
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2.1.1.2.  Pore Plugging

Particle pore plugging is another mechanism that happens when solids are trapped
within the pores or body of the filter medium. Solids smaller than the pores are often trapped
in the filter medium, which reduces the medium’s permeability. Research shows that pore
plugging occurs during the first few minutes of filtration. This internal pore blockage by
solids in suspension slows down filtration [26]. In reality, when the collector surface is
covered with deposited particles, its capture efficiencies alter with the extent of particle
coverage. When the deposited particles prevent from further deposition, the process is called
blocking. There might be another outcome of these transient variations while the deposited
particles enhance further deposition which is referred to as ripening. The basic physics of
blocking involves reduction in the available surface sites on the collector grains (filter pores)
because of the deposited particles. Also, knowing the fact of electrostatic repulsion interaction
between similarly charged particles makes it more perceptible that blocking is caused by two
main mechanisms: First by physical reduction of the available collector (filter) surface area
and second by rendering the collector surface less electrostatic attractive or favorable for
further deposition. On the other hand, ripening is engendered by increase in the net capture
cross section of the filters, leading to a greater interception of flowing particles in the bulk

[27].

Equation [2.5] describes particle plugging mechanism in porous filter media.

t

A

Equation [2.5] is the solution of a second-order differential equation, developed by
Hermans and Bredee [26] and is known as standard blocking law. If plots of [t/(V/A)] vs. t are

linear and have a positive slope, pore blocking is governing the filtration.

With Equations [2.3] and [2.5], cake formation can be separated from pore plugging
mechanism during filtration. Both cake filtration and particle plugging occur during drilling.
It 1s possible to evaluate fluid-loss additives on their ability to block pore space and to form

highly compressible low-permeability filter cakes.
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Over the past several decades, the dynamics of filter blocking by deposited particles
has received considerable attention. One of the most outstanding researches in this case is
named as the random sequential adsorption (RSA) model [28]. The RSA model provides a
relationship between the deposition efficiency and the extent of collector surface coverage by
deposited particles in the form of a chemical kinetic equation. Song also formulated the flux
decline behaviour for cross flow filtration considering the pore blocking and cake formation
models as the mechanisms of particle depositions on filter surface [29]. The paper discussed
the three main resistances appearing during cross-flow filtration including pore blocking, cake
formation and concentration polarization. The rapid initial decline in the flux is attributed to
the quick blocking of the membrane/filter pores. Following the pore blocking process is the
gradual cake formation as particles tend to deposit and form layers on top of each other.
Afterwards, the flux reaches a steady state where there is no change with time. As it can be
observed in Figure 2.4, different behaviours in terms of permeation flux and cake growth are
observed if the deposition region is divided into equilibrium and non-equilibrium regions. In
the equilibrium region, particle deposition rate on the membrane surface is zero due to the
equilibrium thickness of the cake layer, while particle deposition rate is not zero in non-
equilibrium region. This rate is equal to the particle flux into the concentration polarization

layer.
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Figure 2.4. A schematic depiction of cake layer thickness and the flux in equilibrium and non-
equilibrium regions [8]

2.1.1.3.  Concentration Polarization
The third mechanism is the concentration polarization phenomenon in which the
particle concentration in the vicinity of the membrane surface is higher than that in the bulk.
This phenomenon occurs due to different permeability of the membrane/filter for various
components of the suspension and results in the formation of a concentrated layer called
concentration polarization layer. This layer increases the filter resistance and accordingly

decreases the permeate flux through the filter [30].

2.1.2. Static vs. dynamic filtration
Static filtration happens when mud is not circulated after the bit has drilled out the
formation. The filter cake grows undisturbedly as a result. On the other hand, mud circulation
between the drill bit and borehole wall continues in dynamic filtration. Therefore, the flow of

mud across the borehole wall causes erosion of the deposited cake and increases the fluid loss
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to the formation. If the circulation time is extended, the deposition and erosion processes

reach an equilibrium state which constant cake thickness and filtration rate is achieved.

It is obvious that there is a mud spurt at the beginning of a filtration process before it
properly starts. More permeable rocks result in larger mud spurt loss volume. After this short
period, depending on the size of particles and permeability of borehole wall, internal and

external layers of cake are formed. As a result, three zones are stablished as follows:

i.  External filter cake on the walls of the borehole;
ii.  Internal filter cake due to deposited particles;

iii.  Aninvaded zone by the fine particles during the mud spurt period.

Figure 2.51llustrates the invasion of permeable formation by mud solid particles.

Mud flow —— Hole
Er_temal ﬂ[ler r;akg_
Bridging zone

Zone invaded
by the mud spurt

LUncontaminated
formation

Figure 2.5. Schematic of formation invasion by mud particles [16]
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2.1.3. Mathematical models in cross-flow filtration

2.1.3.1.  Models for dynamic fluid loss

Modeling of fluid loss is important for obtaining reasonable estimates of fracture
geometry. The fluid-loss process is complicated and difficult to accurately model theoretically
since many of the parameters are difficult to evaluate. Modeling is even more complicated
when non-Newtonian fluids are used and the thickening agent (typically a water soluble
polymer) may or may not pass through the filter cake, and the extent to which the polymer
does penetrate the filter cake is unknown. Moreover, dynamic fluid loss makes it more
difficult to model because filter-cake erosion must be taken into account [31]. Typically, the

volume is plotted versus the square root of time and a slope and intercept determined.

For static filtration, the volume versus square-root-of-time data can be described by

Equation [2.6] for drilling muds.
Ve = Vep + myt [2.6]

Where Vy is the fluid loss volume, Vy, the spurt loss volume, m the initial slope of the

linear part of the curve, and t the time.

Equation [2.6] does not work satisfactorily for dynamic fluid loss data. Different models were
proposed during 1983 to 1996. Gulbis suggested that using time instead of square root of time
results in better curve fits for dynamic fluid loss data. Equation [2.7] describes the suggested

model.

Roodhart proposed that both time and square root of time should be included in order
to cover both short-time wall-building phase and long-time equilibrium region. Equation [2.8]

describes his analysis.
Ve = Vop + mVt + Bt [2.8]

Where B is a fitting parameter relating to the equilibrium flow region. A power law

model can also be used in this type of analysis as follows:
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Vfl = VSp + mt" [29]
Using the exponential t" instead of t works better at longer times.

To better explain both early-time and equilibrium stages of dynamic filtration, another
model was proposed by Clark and Barkat that includes the term(1 — e~ %), This term
approaches one as time increases, so it includes the square-root-of-time portion. Cp

determines how fast this occurs. The model is explained in Equation [2.10].
Vfl = Vsp(l - e_cbt) + mt [210]

One or a combination of these semi empirical models can be used to describe fluid

loss behaviour in dynamic filtration process [31].

2.1.3.2.  Flow regime and geometry of the system in cross-flow filtration
As shown in Figure 2.6, the geometry of the cross-flow filtration can be depicted as two
co-axial cylinders (Inner moving and outer stationary) and the flow regime between the

cylinders is called the Taylor flow.

Rotating shaft <~ _

Filter core <= =

Figure 2.6. System geometry
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Researchers studied the effects of different parameters such as the gap size between
the inner and outer cylinder, feed concentration, feed rate, and rotation speed of the inner
cylinder on the filtrate/permeate flux experimentally [32]. Taylor vortex phenomena can be

explained as dimensionless Taylor number, Ta as follows:

_wrd 2d
Ta= [2.11]
1% 1,
d
Ta, =411+ 13'1r_ [2.12]
i
14
= - 2.13
=" [2.13]
.= 2rir? (2.14]
T2 (rf — riz) .
i+
T, = — 5 ° [2.15]

where o is the angular velocity, r; the radius of the rotating shaft, r, the inside radius
of the filter core, d the width of the gap, y the shear rate, and v the kinematic viscosity of the

mud.

As clearly observed, Taylor number definition is another explanation of Reynolds
number for a different geometry (concentric cylinders). Both dimensionless numbers explain
the ratio of inertia forces to the viscous forces. By defining the critical Taylor number at
which the Taylor vortex begins (Taylor-Couette flow), one can state that if the Taylor number
calculated for a specific problem is greater than critical one, Taylor vortices and high

turbulence exist in the system. Figure 2.7 illustrates the Taylor-Couette flow.
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M

1 : rotating inner filter
2 : Taylor vortices
3 : stationary outer cylinder

Figure 2.7. Taylor vortices in concentric cylinders geometry [18]

Critical Taylor number was given in Equation [2.12]. This equation is valid when no
axial flow exists in the system. For further assumptions and equations, please refer to the

original article [33]

2.1.3.3.  Key parameters and conditions in cross-flow filtration
Cross-flow filtration tests are affected by different experiment conditions such as
differential pressure, temperature, angular velocity, filter porosity, and etc. Increase in
differential pressure (pressure between inside and outside of the filter), results in an increment
in permeate flux. Additionally, when speed of rotation increases under constant pressure, the

permeate flux also increases.

In 1988, Kroner et al. observed secondary flow phenomena, the so-called “Taylor
vortices” in their experiments and the flow regime was described as Taylor-Couette flow.
They described the effect of transmembrane pressure (TMP), or differential pressure, on

permeate flux with the following equation:
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[= TMP (2.16]
UR; .

where p is the viscosity of the suspension and R; is the total resistance of the system. It
is clearly understood that increase in transmembrane pressure is proportional to the permeate
flux increase [34]. The permeate flux is also proportional to temperature increase and higher

porous filters. They need to be discussed further in Chapter 4.

2.2. Flow in porous media

The dynamics of large fluid sections such as oceans or atmosphere is often dominated
by inertia term, which causes turbulence, while the dynamics of fluids in porous media is
generally dominated by porous matrix, which permeates the entire volume and results in an
efficient dissipation of the fluid’s kinetic energy. The transport and deposition behaviour of
colloidal particles in saturated porous media is of great importance in various natural and
engineering processes. The necessity of predicting the transport of microbial particles, such as
bacteria, viruses, and protozoan cysts as well as colloid-bound pollutants in subsurface
environments is an appropriate example of the importance of particle deposition/filtration
studies. Additionally, granular filtration unit, used in water and wastewater treatment and
other industrial separations is another typical instance of the significance to know more about

particle transport and deposition, specifically in porous media [35].

Filtration in a macroscopic scale is a special example of flow through porous media,
where the flow resistance increases with time as the filter medium becomes clogged or a filter
cake builds up. It is usually classified into dead-end filtration and cross-flow filtration as
discussed earlier. Most commonly, the pressure drop is held constant which is called constant
pressure filtration. The total resistance of the system consists of the filter resistance and the
resistance of the deposited particles (cake resistance). The first one is usually constant and is
important only during the early steps of cake filtration, but the resistance of deposited
particles is related to the frictional drag force in the transverse flow of permeate through the
dense layer of deposited particles and is zero at the start, increases with time as filtration

progresses [30].
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2.2.1. Basic forces involved in flow in porous media

Cake filtration was selected as an appropriate and relevant example of flow in porous
media. It is clear that solid particles form a filter cake on the filter medium and liquid flows
through the interstices of the cake in the direction of decreasing hydraulic pressure. Each
particle is subjected to skin and form drag. Surface forces on the particles generate internal
forces which are transferred from particle to particle at points of contact. Since the solid
particles are considered as points, the hydraulic pressure Py is effective over the entire cross-
sectional area A. By neglecting inertia forces, one can write a force balance over a portion of

the filter cake in a finite length:
F; + AP, = AP [2.17]

where Fs is the accumulated drag force on the particles and P is the applied pressure.

Dividing by A yields:
P,+P, =P [2.18]

where Ps is the compressive drag force or effective solid pressure. As it is clear, the
applied pressure is only a function of time while the hydraulic and compressive drag pressures
are dependent on time and distance. Therefore, taking the differential of Equation [2.18] with

respect to the distance at constant time yields:
dP, +dP; =0 [2.19]

This equation implies that the drop in hydraulic pressure is exactly equal to the rise in

solid compressive pressure.

2.2.2. Porosity

One of the significant parameters in filtration and flow in porous media is the so-
called “Porosity”. It is a measure of the void or empty spaces in a material, and is a fraction of
the volume of voids over the total volume. Porosity of the cake (deposited particles) and of
the filter medium are two separated topics. The first one is described here. The filter medium

porosity and its influence on filtration properties are well discussed in results and discussion

Chapter 4.
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As the cake thickness increases with time during filtration, the cake near the filter
medium is dry and compact while the cake near surface is wet and highly porous. Particle size
and particle size distribution control the porosity of the cake. Minimum porosities are
obtained when there is an even gradation of particle sizes (a linear particle size distribution
curve) , because the smaller particles then packed most densely in the pores between the
larger particles. Additionally, mixtures with a wide range of particle sizes have lower
porosities than mixtures with the same size distribution but narrower size range. Porosity of
the cake may vary due to the change in solid compressive pressure. As the filter medium is
approached from the surface of the cake, increase in compressive pressure results in porosity

decrease. These changes may have significant effect on filtration results (See Chapter 4).

2.2.3. Darcy’s law
Darcy’s law is used to study flow of liquids through porous media. It basically states
that the superficial velocity (Darcy flux) of the fluid is proportional to the hydraulic pressure

gradient and inversely proportional to the liquid viscosity.
k
q=— EVP [2.20]

where q is the darcy flux (m/s), VP the pressure gradient (Pa/m), k the intrinsic
permeability of the medium (m?), and p the liquid viscosity (Pa.s). The fluid velocity can be
linked to the darcy flux by dividing it by porosity.

q
== 2.21
u=- [221]
In filtration, Darcy’s law is usually written with material coordinates in the form of:
db,  dPFs 292

where w is the mass of dry cake per unit area deposited in thickness x from the

medium and a is the local specific flow resistance (m/kg). We also have dw and k as:

dw = ps(1 — e)dx [2.23]
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1
k=—a(l—-¢) [2.24]

S
With compressible cakes, the solid moves toward the medium as the cake is
compressed, so Darcy’s law must be modified to account for relative velocity of the liquid
with respect to solids. This is not significant in fixed bed systems as the solid particles are
stationary. Due to the fact that the solid velocity is not large in most filtrations, this

modification can be neglected.

2.2.4. Kozeny’s equation
Josef Kozeny (1889-1967), an Austrian physicist, modified Darcy’s simple formula
and developed an analytical expression for the permeability or the specific resistance based on

Poiseuille equation. The Poiseuille equation for flow through a circular pipe is written as:

AP 32ul
i [2.25]

AP . . o Ly o
where TP is the pressure gradient, pu the viscosity of the fluid, u the mean velocity in

the tube and D tube diameter.

It is possible to write Equation [2.20] in terms of porous media parameters by
introducing the hydraulic radius Ry in place of D and then relating it to porosity € and specific

surface S. The hydraulic radius is defined as:

flow area
Ry = - [2.26]
wetted perimeter

For circular pipe, Ry is D/4. The hydraulic radius may also be rewritten as:

R, = void volume )27
"™ surface area of solids [2.27]

The void volume is related to porosity by:

€
void voulme = T (voulme of solids) [2.28]

—€
Then,
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€ volume of solids
Ry

= 2.29
1 — esurface area of solids [ ]

Knowing the definition of specific surface area as:

surface area of solids

volume of solids [2.30]

The hydraulic radius may be expressed as:

€ 1
T 1—€S

Ry [2.31]

Substituting Equation [2.21] and Equation [2.31] into Equation [2.25] yields:

dPL —kSZ (1_6)2

xS T M [2:32]

Equation [2.32] is known as Kozeny’s equation, and k is Kozeny’s constant. Kozeny’s
constant is a function of the shape of particles, the arrangement of particles, the shape of the
cross-sectional area of flow, and the ratio of the length of the actual path to the thickness of

the bed. Some of the k values are given in Table 2.2.

Table 2.2. Experimental/computational Kozeny constant values [36]

Porous medium Proposed constant
Uniform spheres K=4.8+0.3
Fibrous and granular beds K=12.81
Random porous media constructed with square obstacles 6.5<K<10.4
Circular cylinders in cross flow K=9
Square rods in cross flow K=7.5

He also derived a fundamental relationship between permeability and porosity [37].
Equation [2.33] expresses the relationship between permeability and porosity of the porous

media consisting of capillary tubes.

k= — a 2
= 2Svgrz (1—6)2 [ 33]
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2.2.5. Modifications on Kozeny’s equation

When a fluid passes through a porous material, it flows through long thin tortuous
passages of varying cross section. Kozeny and Carman tackled the problem of how to
calculate the flow rate based on nominal thickness of the layer. The important assumption to
be taken into account before reviewing their models is that the passage between the particles
is so small that the velocity in them is small and flow is well and truly laminar (Re<1). As it is
shown in Figure 2.8, Kozeny modelled the layer as many small capillary tubes of diameter D
making up a layer of cross-sectional area A. The actual cross-sectional area for the flow path

is A'. The ratio of A/A is the porosity of the material. The volumetric flow rate through the

layer is Q.
A
|
A 4
l«— D
<€ >

Figure 2.8. Kozeny model

By knowing Q=Au and Q=A'u, we have:

[2.34]
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Carman modified this formula when he realised that the actual velocity inside the
tubes must be proportionally larger because the actual length is longer than the layer
thickness. In other words, all the above equations were based on the assumption that the
porous medium can be represented by a bundle of straight capillary tubes. However, the

actual length the fluid passes through is greater than the length L of the capillary tubes.

Therefore:
2.35
= — [2.35]

Substituting in Equation [2.25], Poiseulle equation can be modified as:

AP dP  32uul

I ~dx  leD? [2.36]

We can define the porosity in terms of cross-sectional surface area and consequently

volume of solids and tubes as follows:

A 2.37
e=—=- [2:37]

Where As, A, and A are cross-sectional areas of the solids, the tubes, and the layer,

respectively. Multiplying numerator and denominator of Equation [2.37] by the length ‘I’

results in:
€ == Y [2.38]
Q+ Qs

By rearranging Equation [2.38]:

. €
— 2.39
Dividing both sides by S:
Q € Qs
<= =5 2.40
S 1—-€S§ [ |
Where
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And

S = 2mnRl = nuDI

Substituting Equations [2.41] and [2.42] into Equation [2.40] yields:

_ 4eQ
b= S(1—¢)

For spherical solids,

_ nds3

QS - 6
And

S = ndsz

Hence, Equation [2.43] may be rewritten as:

2 eds
" 3(1—-¢)

Substituting this into Equation [2.36], one can write:

dP  72pul(1 —€)?
dx le3d>

Finally, research has shown that the ratio of (1/1) is about 2.5, so:

dP _ 180uu(l—e)?
dx €3d,’

This equation is known as Kozeny-Carman equation.
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The same calculations were done in order to find the relationship between the
permeability and the porosity of the porous medium. Equation [2.49] is the modified form of

Kozeny’s model.

k = ! ¢ 2.49
= 55Vgr2 (1—¢)? [2.49]

where Svg; is the specific surface area of the grains.

2.2.6. Flow behaviour of polymer-based fluids in porous media

The flow of polymer solutions in porous media is considered in many technologies
nowadays such as filtration, polymer processing and enhanced oil recovery. Important
information in all these applications is the relationship of pressure drop and flow rate
(velocity) of the flow in the porous medium that can be related to the characteristics of the
porous medium and that of polymer solution. The first and simplest way to describe the flow
in porous medium is to assume Newtonian behaviour for the flow as mentioned earlier.
Darcy’s law has proven to be an excellent model for this case. Darcy’s law states that with
known permeability and solution viscosity, the pressure drop can be calculated as a function

of the superficial velocity. The higher the velocity, the larger the pressure drop.

The case of flowing in porous media is not as simple for non-Newtonian fluids such as
polymer solutions [38]. Sometimes the size of polymer molecules is as large as the pores that
results in interaction between polymer molecules and wall. This interaction can be adsorption,
mechanical entrapments and etc. That is why the first assumption to develop a model for the
flow of non-Newtonian solutions in porous media would be a high permeable porous medium

where the molecule-pore wall interactions can be neglected.

The situation is still complicated, because some polymers such as polyacrylamide and
polyethylene oxide exhibit viscoelastic behaviour and excess pressure drops may happen. In
addition, inertial effects may alter the behaviour of all solutions in porous media including

Newtonian ones due to high flow rates.

Having considered all these limits, the ideal model for the flow of polymer solution

through porous media neglects elastic effects as well as inertial and molecule-wall
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interactions. In other words, the ideal situation is considering a polymer solution with short

relaxation time flowing at low velocities (creeping flow) in high permeability porous media.

Attempts were made to modify the Darcy equation to make it applicable for non-
Newtonian polymer solution. First of all, the pore structure was assumed as a group of
capillary tubes that shows similar resistance to flow as the porous medium. This modelling
technique is presented by Bird et al in 1960. This led to the well-known Blake-Kozeny-

Carman equation that was discussed in detail above.

One can add the flow rheological behaviour to the approach to consider the flow of
purely viscous non-Newtonian solution. Power-law and Ellis model fluids are examples of
this modification. The pressure drop-flow rate relationships for these rheological behaviours

were tabulated in Duda et al work [38].

Most studies have used the power-law model suggested by Duda et al as this model is
based on the coupling of the capillary model for the porous medium and the power-law model
for the fluid rheology. However, some experiments exhibit that the predicted pressure drop
based on this model is lower than experimental one [39]. That may be due to the viscoelastic
properties of the polymer solutions. Polymer solutions such as CMC, Hydroxyethyl cellulose
(HEC), xanthan gum, and cellulose sulphate ester in porous media are in good agreement with
the capillary models as reported by Wang et al. However, polymer solutions containing
polyacrylamide and polyethylene oxide (PEO) exhibited larger pressure drops than those of
predicted.

First of all, most porous media do not follow capillary tubes model and consist of
many sharp bottlenecks. In other words, porous media are cavities connected by pores. It is
obvious that excess pressure drops happen at these points of contraction and expansion when
fluid velocity is high. Even under creeping flow conditions, excess pressure drops occur at
sharp expansions and contractions. That means, regardless of the effect of inertial or viscous
forces, excess pressure drops happen at abrupt contractions and expansions. This reveals the
inadequacy of capillary models for the flow of polymer solutions in porous media [38]. If the
failure is related to the excess pressure drop near contraction and expansion regions, a new

model which incorporates this expansion-contraction effect should be proposed. The porous
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media can be modeled as a group of non-uniform conduits with the periodic geometry as

shown in Figure 2.9.

Figure 2.9. Schematic diagram of pore model

Additionally, the rheological model for the fluid must include the transition from
Newtonian behaviour at low shear rates to shear thinning behaviour at high shear rates. It was
reported that the Ellis rheological model altogether with a non-uniform pore model (Figure
2.9) has the capacity of being used to describe the flow of polymer solutions in porous media

[38].

The pressure drop in polymer flow through porous media is attributed to shear and
elongational forces as reported by Gonzalez et al. [40]. Most real flows have both shear and
elongational elements. Elongation is important when the fluid passes through changing cross-
sectional area such as porous media or diverging-converging channel. Therefore shear and
elongation should be investigated separately in order to study of the polymer flow through
porous media. The pressure drop between the entrance and exit sections was measured as a
function of flow rate and results are reported in terms of the dimensionless resistance

coefficient, A, as follows:
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AP
¢*(T)

where AP is the pressure drop over a length L of porous medium, ¢ the medium

porosity, d the particle diameter, p the viscosity of solvent and v is the superficial velocity.

If shear flow dominates the behaviour of the solutions in porous media at low
Reynolds number, the dimensionless resistance coefficient is proportional to the shear

viscosity [40]. In other words,

AT [2.51]

where Ay is the resistance coefficient of water at low Reynolds numbers and is about
200 [40]. Based on these theories, one can compare different flow formulations in terms of

their pressure drop and resistance in porous media.

2.3. Rheology of mud suspensions

The rheology of mud suspensions is of great importance to predict their behaviour in
different borehole conditions. This science is concerned with the deformation of all forms of
matter, but it is more significantly developed in the study of fluid flow in pipes. Based on two
different flow regimes, laminar and turbulent flow, several pressure-velocity relationships are
developed. The laminar flow regime happens at low flow velocities, while the turbulent flow

is dominant at high velocities [1].

Certain flow models are relating flow behaviour to the flow characteristics in laminar
flow such as the Newtonian, the Bingham plastic, the pseudoplastic, and the dilatant. We

consider the first three models in drilling fluid technology.
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Most mud suspensions do not fit exactly to any of these models, but their behaviour can be
predicted sufficiently by one or more of them. Flow behaviour can be visualized by plotting

shear stress versus shear rate, or flow pressure versus flow rate for example.

2.3.1. Laminar flow of Newtonian fluids
As illustrated in Figure 2.10, if a force, F, is applied to the end of the top plane, and if,
due to friction, the velocity of each lower planes decrease by a constant, dv, from v to zero,

then we have:

F dv 252
A av
S
:
dl': ,r'
r i ,x’
¥
f:,,
’I
’I
i Velocity profile
I
f,’
’,—

Figure 2.10. Schematic illustration of laminar flow of a Newtonian fluid

Where A is the surface area, r the thickness of the deck, dv the difference in velocity
between the planes, p the frictional resistance to movement between planes, 1 the shear stress,

and dv/dr the shear rate.
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The consistency curve, the so-called flow model curve, of different rheological models
is illustrated in Figure 2.11. As it can be seen, the Newtonian fluid behaviour is straight line

passing through the origin, and the slope of the curve defines the viscosity.

Yield Stress  Shear Stress, 7 (Pa)

Shear Rate, ¥ (s~ 1)

Figure 2.11. Schematic of different rheological models

2.3.2. Bingham plastic model
Bingham plastic fluids are distinguished from Newtonian fluids in that they require a

finite stress to initiate flow. The relationship is as follows:

dv

T To = "Hp g [2.53]

where 19 is the stress required to initiate flow, and p, is the plastic viscosity. Studies
showed that drilling fluids are not ideal Bingham plastics, and they deviate from linearity at

low shear rates [1]. This behaviour can be explained as follows: Ideal Bingham plastic
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behaviour happens when a high concentration of approximately equidimensional particles
exists in the suspension. This concentration is high enough to build a structure by grain-to-
grain contact. This structure resists shear due to attractive inter-particle friction. Once the
yield point is exceeded, and laminar flow begins, there is no longer interaction between

particles and viscosity is only affected by the volume the particles occupy.

2.3.3. Pseudoplastic fluids

The “pseudoplastic” term originates from the fact that if stress readings taken at high
shear rates are extrapolated back to the axis, there appears to be a yield point similar to that of
a Bingham plastic. However, these fluids have no yield point and their consistency curves
pass through the origin. The curves are nonlinear, but approach linearity at high shear rates.
Suspensions of long-chain polymers are typically pseudoplastics. The chains are entangled at
rest, but they do not form a structure because of repulsive electrostatic forces. The chains tend
to align themselves parallel to the flow direction when the fluid is in motion. Increase in shear
rate results in more parallel alignment that leads to viscosity decrease. An empirical equation

describes this behaviour, the so-called power law model, as follows:

t=K <ﬂ)n [2.54]
dr
where K is the viscosity at a shear rate of 1 sec™!, and n is the flow behaviour index.
This index indicates the degree of shear thinning. Less value of n results in greater shear-
thinning characteristic. As a recall, the viscosity of shear thinning fluids decreases with shear
rate increase, while the viscosity of shear thickening fluids increases when the shear rate
increases. Thixotropic fluids are also categorized under shear thinning fluids with time

dependency property.

2.3.4. The generalized power law

The ideal power law describes three flow models based on the n value:

1. Pseudoplastic for n<1,
2. Newtonian for n=1, and
3. Dilatant for n>1.
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Equation [2.54] may be expressed as:
logtr =log K + n(logy) [2.55]
where y is the shear rate (dv/dr).

Plotting a logarithmic curve of shear stress versus shear rate results in a linear line for
pseudoplastic fluid; however, these curves are not linear for most drilling fluids, contrary to
the ideal power law. The consistency curves of most drilling fluids are intermediate between
the ideal Bingham plastic and the ideal pseudoplastic flow models. Therefore, it can be

expressed as follows:
=1+ uy" [2.56]

This model is known as Herschel-Bulkley and is very precise for modelling drilling

fluids rheological behaviour. It will be discussed with more detail in Chapter 5.

2.3.5. Rheology of bentonite clay suspension

Clay suspensions frequently exhibit a time dependent, the so-called thixotropy, flow
behaviour. After mixing the suspension, the yield stress and viscosity decrease but will
recover with time if left standing. Concentrated clay suspensions are very sensitive to shear,
therefore their rheological properties will change with time. If the shear rate is strengthened
and immediately decreased, the stresses recorded for each shear will be lower. This
phenomenon happens because of the required time for broken fragments of the network to be
linked again to a three-dimensional network. When the clay system is subjected to a constant
shear rate, the viscosity decreases with time because the gel structure is collapsed, until an
equilibrium viscosity is reached. Different factors affect the flow behaviour of clay
suspensions. Due to the negatively charged particles and double-layer structure, the yield
stress and viscosity vary with changes in pH of the suspension and electrolyte concentration.
When temperature increases, it leads to an increase in inter-particle attractive forces those
results in enhanced particle-particle interactions. Viscosity of clay suspension is dependent on
the viscosity of the medium which is also temperature dependent. In addition, the liquid
viscosity increases exponentially and clays and liquids are compressed differentially with

pressure that may alter the flow properties [41].
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Some studies show the flow behaviour of sodium montmorillonite suspensions are in
relatively good agreement with Bingham model [42, 43]. Some others exhibit the flow
behaviour as Herschel-Bulkley model. The advantage of using the latter model is that it covers
a broader shear rate scope, giving a better estimate of the yield stress. Also, it is useful for
obtaining other parameters such as the flow behaviour index n, consistency factor &, and

effective viscosity p [44].

Increase in electrolyte concentration leads to double-layer compression. The result is

the network break down accompanied by the lowering of the rheological properties.

Based on another study, from 3% of bentonite suspension, the non-Newtonian
behaviour becomes more visible. This yield stress is strengthened with increase in bentonite

concentration [45].

2.3.6. Rheology of CMC suspension
Many studies have been done on CMC rheological properties [46]. It was reported that

Newtonian behaviour at the lowest concentration and pseudoplastic, thixotropic behaviour at
the higher-end concentration were observed in the concentration range 1-5%. By increasing
CMC concentration at a constant shear rate, the apparent viscosity increases. This is because
of the increase in the intermolecular interactions between CMC molecules. The rheological

behaviour of CMC suspensions can be expressed by Cross model as follows:

K= B _ 1
Ho — Hwo 1+ (/16.]/)”

[2.57]

where p is the viscosity at any shear rate y, po and pe are viscosities at zero and
infinite shear rates, respectively, Ac is a time constant with the dimensions of time and n is the
degree of dependence of viscosity on shear rate (flow behaviour index). As “n” increases,
CMC suspension flow behaviour tends to more shear thinning manner. Cross model

parameters are given in Table 2.3.
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Table 2.3. Cross model constants of CMC suspensions [46]

CMC (%) Ac (sec) n wo (Pa.s) L. (Pa.s)
0.2 0.010 0.67 0.019 0.001
0.4 0.016 0.65 0.045 0.001
1.0 0.088 0.61 0.530 0.003
2.0 0.287 0.66 6.355 0.024
3.0 0.865 0.69 48 0.040
5.0 1.804 0.67 200 0.045

CMC suspensions are strongly time-dependent materials, so they are strongly
thixotropic. This dependency is due to the changes occurring in the inner structure of the fluid
caused by particle interaction forces such as van der Waals forces. These forces act in
microscopic scale and lead to the formation of a rigid continuous particle network which can

resist the flow.

2.3.7. Rheology of bentonite-CMC suspension

The addition of cellulose-based additives to clay suspensions has been taken into
account significantly due to their colloidal and rheology modifying capacity. Their
applications in cosmetics, chemical paints, food products, and specifically in water-based
drilling fluids make them interesting materials to work with [41]. They enable clay-based
drilling mud to fulfill its functions such as stabilizing the borehole (cake formation), cleaning
the hole (evacuating the cuttings), and cooling and lubricating the string and the bit. Among
many cellulose-based additives, CMC 1is a great material for increasing the viscosity,
controlling the mud fluid loss, and maintaining enough flow properties at high temperature-

high pressure (HPHT) condition.

The effect of CMC addition on the rheological properties of bentonite clay
suspensions has been studied and experimented thoroughly [45, 47]. An increase in apparent
viscosity is observed by increase in CMC concentration. This is because of more polymer
chain entanglements due to concentration increment. All flow curves show a shear-thinning

behaviour [45]. One can use the power law model of Oswald-de Waele within a wide scope of
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shear rates (>10 s™!). The Oswald model is defined in Equation [2.58] and its parameters are

tabulated in Table 2.4.

T=k.y" [2.58]
Table 2.4. Rheological parameters of Oswald model for bentonite-CMC suspension
[45]

CMC (%) 10 (Pa) k (Pa.s") n
0.00 0.19 0.0011 1.28
0.10 0.0 0.0132 1.01
0.25 0.0 0.0976 0.78
0.50 0.0 0.5511 0.63
1.00 0.0 1.5571 0.59
2.00 0.0 14.1038 0.47

As it is obvious in Table 2.4, increase in CMC concentration results in flow index
reduction and disappearance of the yield stress, to. That is due to the chemical structure of

CMC, which allows the full dispersion of the clay particles.

In conclusion, the rheological behaviour of the anionic polymer solution (additives),
predominates that of the bentonite suspension alone. The addition of merely a small amount
of these additives in the suspension makes a considerable increase in viscosity value that

makes cellulose-based polymers (CMC) interesting in water-based drilling mud.

First and foremost is the formulation and composition of drilling suspension. Drilling
fluids are basically composed of clay minerals including sodium or calcium montmorillonite
plus some additives. Additives can serve as corrosion control, emulsifiers, lubricants, thinners
and deflocculants, weighting and filtration control agents, and viscosifiers. In this research,
CNC rod-like particles and CMC polymer were utilized in order to enhance filtration, stability

and rheological behaviour of Wyoming clay water-based drilling mud.

Secondly, rheological stability of drilling mud was investigated in the presence of
CNC and CMC. Rheological behaviour of drilling mud is one of the necessary parameters

affecting its performance in drilling operation [48].
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2.3.8. Rheology of CNC suspensions

Rod-like CNC particles are prepared by acid hydrolysis of dissolved pulp or cotton
with concentrated (65%) sulfuric acid [49-51]. This process produces CNC particles of
typically 5 — 10 nm width and 100 — 300 nm length. High aspect ratio in these materials is
expected consequently. There are many comprehensive studies reviewed on CNC and its
applications in nanocomposites, films, and coatings [52]. Rod-like CNC particles in aqueous
solutions are negatively charged due to the formation of sulfate groups on their surface.
Similar to other types of nanoparticles, the surface charge on CNC particles and organization
of counter and co-ions in electrolyte solution form an electric double layer around the
particles. Therefore at low ionic strength, electrostatic repulsion of thick double layers around
these particles produces stable CNC dispersions in aqueous solutions [53]. Rheological
properties of aqueous suspensions of cellulose nanocrystals were investigated in the literature
[53-55], but not a quite understanding of CNC effect in rheological behaviour of bentonite

suspensions is achieved yet.

In this study, the effect of carboxymethyl cellulose and cellulose nanocrystals on the
rheology of bentonite suspensions will be investigated. Moreover, the synergistic behaviour of
CNC rods and CMC in rheology of bentonite suspension is discovered. Finally, the effect of

these cellulose derivatives on the flow parameters of bentonite suspension will be discussed.
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3. Materials and methods

The target of this research is to achieve a workable formulation of clay mud and to
optimize it based on considering the effects of other experimental conditions such as
temperature, differential pressure, shear rate, and porosity of filters. Achieving a reliable
feasible formulation makes it possible to implement filtration and rheological experiments and
to understand filtration mechanisms in microscopic level that results in better control over

fluid loss issue.
3.1. Materials

3.1.1. Clay minerals

Clay minerals are of a crystalline nature, and the atomic structure of their crystals is
the prime factor that determines their properties. Most clays have a mica-type structure. The
unit layers are stacked together face-to-face to form what is known as the crystal lattice. The
sheets in the unit layer are tied together by covalent bonds, so that the unit layer is stable. On
the other hand, the layers in the crystal lattice are held together only by van der Waals forces
and secondary valences between juxtaposed atoms. Consequently, the lattice cleaves readily
along the basal surfaces, forming tiny mica-like flakes. The degree of substitution, the atoms
involved, and the species of exchangeable cations are of enormous importance in drilling
fluids technology because of the influence they exert on such properties as swelling,

dispersion, and rheological and filtration characteristics.

Among the clay mineral groups of interest, the Smectites are of great importance.
Smectites have an expanding lattice, which greatly increases their colloidal activity, because it
has the effect of increasing their specific surface many times over. Montmorillonite is by far
the best known member of the Smectite group, and has been extensively studied because of its
common occurrence and economic importance. It is the principal constituent of Wyoming

clays, and of many other clays added to drilling fluids.

Other clay mineral groups are Kaolinites, Chlorites, Attapulgites and Sepiolites.
Layers of different clay minerals are sometimes found stacked in the same lattice. The last

two groups are completely different in structure and shape from the mica-type minerals

46



discussed so far. They consist of bundles of fibers, which separate to individual laths when
mixed vigorously with water [1]. Sepiolite is a fibrous clay mineral similar to Attapulgite.
When slurries of Sepiolite are subjected to high shear rates, the bundles of fibers separate to
innumerable individual fibers. Mechanical interference between these fibers is primarily
responsible for the rheological properties, and Sepiolite muds are therefore little affected by

the electrochemical environment.

The experimental clays are readily available in Sigma Aldrich. 3% w/v composition

was selected for clay portion in drilling mud suspension as an optimum value.

3.1.2. Carboxymethyl cellulose (CMC)

Figure 3.1 illustrates carboxymethyl cellulose molecular structure. Carboxymethyl
cellulose (CMC), a non-adsorbing anionic polymer, is obtained by the reaction of celluloses
with chloroacetic acid. It has a very high water-bonding capacity, good compatibility with
skin and, because it is physiologically harmless, is used widely in pharmacy, cosmetics and
the food industry in order to improve the consistency and flow properties. Its molecular
weight ranges from 700-900 kDa. 0.25% w/v concentration of CMC was used in the
experiments for stability and viscosity modification. It is readily available to purchase from

Sigma Aldrich.

Cellulose: Polymer of B-(1—-4) Glucose

H=COM OH H«COH

i OO

Figure 3.1. Carboxymethyl cellulose (CMC) structure

3.1.3. Cellulose nanocrystals (CNC)

Rod-shaped CNC was prepared by acid hydrolysis of dissolving pulp or cotton with
concentrated (65%) sulfuric acid. This process generates CNC particles with typically 5-10
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nm width and 100-300 nm length. CNC particles in aqueous solutions carry negative
electrical charges due to the formation of sulfate groups on their surface. The CNC particles
have zeta potential of — 62.8mV without any addition of electrolyte reported by Boluk et al
[53]. 1% (w/v) CNC suspensions were prepared for the experiments. The CNC particles were
provided from Alberta Innovates-Future Technology (AITF). Figure 3.2 (a,b) shows SEM and

TEM images of these rod-like nanoparticles.

Figure 3.2. SEM (a) and TEM (b) images of CNC particles [55]

3.1.4. Sample preparation

Colloidal suspensions were prepared with the formulation including 3% w/v Wyoming
clay in tap water with or without 0.25% w/v carboxymethyl cellulose (CMC) and/or cellulose
nanocrystal (CNC) rod-shaped particles in diluted concentrated regimes. The maximum
percentage of CNC used was 1% w/v. All the materials are readily available at Sigma
Aldrich. As it is observed in Figure 3.3, each material (bentonite, CMC, CNC) was dispersed
separately in tap water using a high shear (2500-3000 RPM) mechanical stirrer until a
homogeneous solution of each was achieved. Afterwards, all solutions were added to another
beaker and mixed completely till a homogeneous stable suspension was achieved. Figure 3.4

is a homogeneous, stable suspension of bentonite clay containing CMC and CNC. Mixing
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technique requires a lot of attention, because the filtration process requires a well-mixed

viscous suspension to obtain more realistic filtration data.

Figure 3.3. Materials dispersion in water before final mixing

Figure 3.4. Drilling fluid suspension
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3.2. Rheological experiments

Rheology measurements of colloidal suspensions were carried out on a TA
Instruments AR-G2 rheometer as illustrated in Figure 3.5. Four different formulations were

tested as follows:

e Bentonite clay

e Bentonite clay + CMC

e Bentonite clay + CNC

e Bentonite clay + CMC + CNC

The rheometer is equipped with 2° cone and plate geometry of 60 mm in diameter. The
torque resolution is 0.1uN. The temperature was controlled by a water bath with an accuracy
of 0.1 °C. For each sample, at least three measurements were made to obtain an average flow
time. Standard deviations were calculated based on the triplication of experimental data. All

rheology measurements were performed at ambient temperature.




> 2" cone

R

(b)

Figure 3.5. (a) TA Rheology instrument-model AR-G2, (b) Cone & plate geometry

3.3. Dynamic filtration experiments

As it is shown in Figure 3.6, the FANN 90 Dynamic Filtration apparatus was used for
simulating high pressure-high temperature (HPHT) dynamic filtration. It is a computerized
instrument for conducting filter cake formation, fluid loss, and permeability analysis.
Utilizing a selection of available Filter Core mediums and selecting one that closely resembles
the formation of interest, the Model 90 simulates the downhole conditions of pressure,
temperature and shear rate. Test parameters input into the Model 90 will optimize the test
simulation. The Filter Core medium is a thick walled cylinder with formation-like
characteristics to simulate the depositing and build-up of cake on the formation. Nominal core
dimensions are tabulated along with the mean pore sizes and porosity values in Table 3.1. The
porosity and permeability simulates the fluid loss to the formation. The fluid loss rate can be
tracked and calculated as well as the fluid loss volume measured. High static pressure of
maximum 7238 kPa and differential pressure of up to static test pressure as well as
temperature range of ambient to 260° C can be provided by The FANN 90 Dynamic Filtration
apparatus to simulate high pressure high temperature (HPHT) conditions. The specifications

of Dynamic Filtration apparatus are tabulated in Table 3.2.
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Figure 3.6. FANN 90 Dynamic Filtration apparatus

Table 3.1. Filter core(s) specifications

Nominal core dimensions Porosity (mean pore diameter) Permeability (air)

Inside Diameter: 2.57 cm 10 micron 950 milli-Darcy
Outside Diameter: 3.83 cm 35 micron 5.5 Darcy
Length: 2.83 cm 90 micron 13.5 Darcy
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Table 3.2. HPHT Fann 90 Dynamic Filtration Apparatus Specifications

Specification Range
Temperature Ambient-260° C
Static Pressure Max. 7238 KPa
Differential Pressure Up to static pressure limited by strength of the filter
Shear Rate 8.1-269 s! (30-1000 RPM)
Filtrate Volume Max. 50 ml
Sample Volume 275 ml
Filter Core Pore Sizes 5-90 micron (0.75-75 darcy)

Dynamic filtration tests were carried out using high temperature, high pressure cross
flow dynamic filtration apparatus. Static pressure of 4.1 MPa was selected as a constant value.
All the other test conditions such as differential pressure, temperature, shear rate, and filter
pore sizes were selected according to the water phase diagram and shown in Table 3.3. The
selected values confirm that the experiments were carried out in liquid phase and no phase
change occurred. Filtration properties such as total volume loss, filtration rate and spurt loss
volume were tabulated for the given drilling fluid formulations in Table 4.9 in Chapter 4.
Spurt loss volume, which is considered as the volume of filtrate, obtained initially when
filtration begins for the 10 first seconds, is one of the key parameters that should be lowered
to optimize the filtration. In addition, filtration rate, which is the rate of change in the filtrate
volume vs. time, is essential under in situ condition particularly in dynamic state. The lower
the filtration rate, the better for most oil well drilling fluid systems (less than 0.2 ml/min).
Moreover, the amount of mud filtrate must be lowered to decrease the probability of borehole
instability problems and damage to permeable formations [56]. Similar formulations were
used for colloidal suspensions. All data were obtained based on API standard dynamic

filtration process in 30 minutes. The total volume loss is presented as a ratio percentage.
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Table 3.3. Dynamic Filtration Experimental Condition

Experimental Condition Range
Hydrostatic Pressure (HP) 4.1 MPa
Differential Pressure (DP) 0.69 — 1.7 MPa
Temperature (T) 29-150°C
Shear Rate 10, 100 s
Filter Mean Pore Size 10,35, 90 micron

Filtration properties of drilling muds such as spurt loss volume, filtration rate, and the
amount of drilling fluid invasion through porous media are the key properties to be
determined and optimized in order to make a safe and productive operation. The lower the
total volume loss and the filtration rate, the better for most oil well drilling fluid systems
(usually filtration rate of less than 0.2 ml/min is acceptable). Moreover, the amount of mud
filtrate must be lowered to decrease the probability of borehole instability problems and

damage to permeable formations.

The schematic of dynamic filtration apparatus is illustrated in Figure 3.7 . The main
advantage of dynamic filtration, the so-called “cross flow filtration”, is the formation of filter
cake, which is substantially detached and reattached during the filtration process, and it can
increase the length of time that a filter unit can be operational. To better explained, this
system is a continuous process unlike the batch-wise dead-end filtration. Filtration
phenomenon of drilling fluid in borehole is static if the filtration happens after stopping the
mud circulation. Under static filtration conditions, the filtration and cake properties are not
well determined, while the measurement of dynamic filtration under continuous mud
circulation and dynamic borehole conditions is particularly significant in order to mimic

actual downhole conditions.
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Figure 3.7. Schematic of dynamic filtration apparatus

3.4. Quartz crystal microbalance with dissipation (QCM-D)

experiments

Quartz crystal microbalance with dissipation (QCM-D) is an advanced technology for
the study of surface interactions and deposition behaviour of colloidal particles. Based on
piezoelectric effect, the frequency change of a quartz crystal sensor is related to the mass
loading on the quartz surface; the change of the dissipation indicating the energy dissipation
response of the freely oscillating sensor is corresponding to the viscoelastic properties of
molecular layers when they are built up or changed on the sensor surface. The QCM-D

technology can provide sensitivity to nano-grams of mass and can be applied to in situ
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structural arrangements; therefore, it is a useful technique to study small colloidal particles
deposition on different model surfaces. It was recently shown that data obtained from QCM-D
could be used to determine the size of particles deposited on a surface as well [57]. This
technique may be disadvantageous when operated in liquids in biological systems, because
both the bound mass and the bulk solution properties such as viscosity, pH, density, etc. may

provide a decrease in the frequency, falsifying the results.

Q-Sense E4 instrument as shown in Figure 3.8 was used to carry out QCM-D
measurements for real-time studies of surface or surface-bound processes such as interactions
and changes of mass. The instrument is the second generation of Q-Sense instruments based
on the patented QCM-D technique, and constitutes a complete turnkey system including
everything needed to quickly get started and produce high quality data. Some remarkable
features of this instrument are tracking mass changes, real-time presentation of data, no need
for labeling of molecules, flexible choice of surfaces, flow measurements, 4-sensor chamber,

and easy cleaning.

Figure 3.8. Q-Sense E4 instrument
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As illustrated in Figure 3.9, parallel-plate model surface geometry was selected for
QCM-D experiments. Parallel-plate channels have been used in several theoretical and
experimental studies of particle deposition. Its simplicity makes it a considerable tool to
investigate the kinetics of particle deposition onto stationary surfaces [58]. Instrument

specifications and experimental conditions are tabulated in Table 3.4.

;

Sensor

S AT

Figure 3.9. Parallel-plate geometry

Table 3.4. QCM-D instrument specifications

Specifications Description/value
Channel width (W) 1 cm
Channel height (h) 0.2 cm

Sensor type Silicon dioxide (Si02)

Flow Rate (Q) 0.3 ml/min (Re =0.5)

Due to flow rate scope limit of 0-1 ml/min, flow rate of 0.3 ml/min was selected for
consistency of all the experiments that yields in Re = 0.5. In other words, laminar flow was

chosen as the flow regime.

Preparation of the sensor is very significant and includes all the following steps:
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. UV/ozone treat for 10 min,
o Immersing the sensor in 2% sodium dodecyl sulphate (SDS) for 30 minutes and in

room temperature,

J Immediately rinsing the sensor in mili-Q water,
. Drying the sensor with nitrogen gas, and
J UV/ozone retreat for 10 minutes.

The sensor type used in experiments was silicon dioxide (SiO2) due to its availability
and several reported usages [57, 59-61]. The surface of the sensor was also washed in 2%
polyethylenimine (PEI) solution to form a positively charged layer on the sensor surface. This
was carried out to stabilize the obtained deposition data and smoother behaviour (fewer

fluctuations).

PEI is a cationic polymer with repeating unit composed of amine group. It has been
known to effectively interact with nanomaterials via physisorption. It has worked as a coating,
controlling and enhancing the deposition of nanomaterials on the model surfaces. Due to the
high content of amine groups, it can link with negatively charged colloids. This polymer is pH
sensitive as its chains are fully extended at low pH due to electrostatic repulsion between the

protonated amine groups [62].

Bentonite suspension was prepared by dispersing 0.1% w/v Wyoming Gel in water.
Also, 0.1 % w/v cellulose nanocrystal (CNC) rod-shaped particles were dissolved in water.
Each material (bentonite, CNC) was dispersed separately in tap water using sonication
method until a homogeneous solution of each was obtained. Three samples were prepared as

follows:

e 0.1% (wt) bentonite,
e 0.1% (wt) CNC, and
e 0.1% (wt) bentonite + 0.1 % (wt) CNC in water.

Mixing technique needs a lot of attention, because the deposition process requires a
well-mixed viscous suspension to obtain realistic and reliable data. Dilute solutions of each

bentonite or CNC made it possible to assume no intermolecular interactions.
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3.5. Characterization methods

The morphologies of the samples (dried cakes) were investigated by high resolution
SEM using a Hitachi model S-5500 and SEM using a Hitachi model S-4800 apparatus
equipped with a field emission source and operating at an accelerating voltage of 5 kV or 30
kV in transmission mode. The samples were stained by depositing a drop of uranyl acetate
solution (2 wt. % in water) on the grid for 5 min. The grid was dried at room temperature for

at least 24 h prior to imaging.

Elemental analysis and chemical characterization of the dried cake was carried out
using energy dispersive X-Ray spectroscopy (EDX) analytical technique. This add-on to SEM

apparatus was used to screen the distribution of each element in the filter cake.

Inductively coupled plasma mass spectrometry (ICP) was carried out using Perkin
Elmer Elan 6000 quadrupole ICPMS for elemental analysis specifically presence of iron (Fe)

in the samples.
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4. Dynamic filtration properties

Both static and dynamic filtrations happen during a drilling operation. Filtration takes
place under dynamic conditions while the mud is circulating and under static conditions when
circulation is ceased for different reasons such as making a connection, changing bits, etc [1].
Therefore, the static cake layer is on top of dynamic one, so the filtration rate decreases and
the filter cake thickness increases. Moreover, dynamic filter cakes differ from static ones in
that the soft surface layers of the static cake are not present in the dynamic cake. This
originates from the fact that the cake surface is eroded to an extent that depends on the shear
stress exerted by the hydrodynamic force of the mud stream. Additionally, the amount of
filtrate invasion is considerably smaller under static conditions. Under dynamic filtration
condition, the growth of the filter cake is limited by the erosive action of the mud stream. In
the beginning, when the surface of the rock is first exposed, the rate of filtration is very high,
and the cake grows quickly. Afterwards, the rate of cake growth decreases with time, until
eventually it is equal to the erosion rate and the thickness of the cake is constant. Under
equilibrium dynamic conditions, the rate of filtration depends on the thickness and

permeability of the cake and is governed by Darcy’s law.

To be concluded, flow behaviour calculations under dynamic condition is of great
importance as the data obtained are closer to the real drilling operation. In this chapter,
drilling fluid (bentonite + CMC/CNC) flow behaviour is investigated during two separate
stages: 1) between the drilling pipe and porous media (concentric annuli) and 2) through
porous media (filter pores). A proper mathematical model to fit dynamic fluid loss data will
be achieved. Effect of different physical/chemical parameters on the volume loss and filtration
rate of drilling mud will be investigated. At the end, governing filtration mechanisms will be

discussed.
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4.1. Flow regime between the drilling bit and porous media

Equations [2.11] to [2.15] were used to calculate the Taylor number for the present
ceramic filters used in FANN 90 dynamic filtration apparatus. Table 4.1 illustrates the

parameters required in order to calculate Taylor number.

Table 4.1. Flow regime parameters for concentric cylinders geometry

Specification Description Value
i Radius of rotating shaft 9.52 mm
To Inner radius of filter core 12.87 mm
Ta Average radius 11.20 mm

Width of the gap between shaft
d=1,-T15 3.35 mm
and inner surface

2rir?
c= 22'—02 Constant parameter 3.19
r3 (ro - I )

Tac Critical Taylor number 45.7

Kinematic viscosity of mud at
v @10s’! 4.2 x 10* m?/s
shear rate of 10 s™!

Kinematic viscosity of mud at
v @ 100s! 7.8 x 10 m%/s
shear rate of 100 s™!

Calculated Taylor number at

Ta@ 10! 0.13
shear rate of 10 s!

Calculated Taylor number at

Ta @ 100 s™! 7.05
shear rate of 100 s™!

Taylor numbers were calculated as 0.13 and 7.05 for shear rates of 10 and 100 s,

respectively. Both numbers are lower than the critical Taylor number that confirms no
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turbulence flow regime exists in the system. In other words, laminar flow regime assumption
is confirmed. As illustrated in Figure 4.1, in real operations, the standard size of bit and casing
or drill pipe is related to well depth. Concerning the bid speed, it shall be noted that the driver
is a variable speed electrical motor. For example for model TDS 8A developed by Varco, the
maximum speed is 270 rpm. However in normal operations the speed may be around 50-100

rpm. Table 4.2 illustrates the Taylor numbers calculated at conventional drilling operations.

Table 4.2. Practical specifications for flow regime calculations in drilling operation

Specification Description Value
] Radius of rotating shaft 0.381 m (15”)
Inner radius of wellbore at
To 0.457 m (18”)
surface
Ta Average radius 0.419 m (16.57)

Width of the gap between shaft
d=1,-1; _ 0.076 m (3”)
and inner surface

2rir?
c= 22‘—02 Constant parameter 5.46
ry (ro - I )

Tac Critical Taylor number 43.7

Kinematic viscosity of mud at
v @ 50 rpm (0.83 s 4.8 x 107 m*/s
shear rate of 50 rpm

Kinematic viscosity of mud at
v @ 100 rpm (1.67 s) 2.4 x10° m%s
shear rate of 100 rpm

Calculated Taylor number at
Ta @ 50 rpm 0.38
shear rate of 50 rpm

Calculated Taylor number at
Ta @ 100 rpm 1.59
shear rate of 100 rpm
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Figure 4.1. A typical casing design and drilling specifications [63]

As it is shown in Table 4.2, Taylor numbers calculated at 50 and 100 rpm drilling
speeds are very lower than the critical Taylor number. Laminar flow is established like the
calculations of dynamic filtration apparatus. The Taylor numbers calculated in Table 4.2 are
very close in magnitude to the ones in Table 4.1. This confirms that our calculations are in

good agreement with real drilling data.

4.2. Flow through porous media

As discussed previously in Section 2.2.3, Darcy’s law is used to investigate the flow of
liquids in porous media. Equation [2.20] states that the flux of the fluid is proportional to the
pressure gradient between the inlet and outlet of the medium (through the length of the filter)
and inversely to the fluid viscosity. Figure 4.2 illustrates the two stages involved in dynamic

filtration experiments. First, the fluid flows in a concentric geometry between the filter and
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the outer cylindrical cell (section 4.1). Second, it flows through porous medium of filter and is

partially collected in filtrate cell (section 4.2).

Shear shaft

Angular velocity

1= §<' Core shear shaft gap (d)

77
Filtrate (outlet)

AN 4

Fluid (inlef)

Figure 4.2. Schematic of dynamic filtration apparatus

Table 4.3 shows the specifications of the filter medium, and test conditions in order to
calculate the Darcy flux (fluid superficial velocity) and all calculated parameters are

tabulated.
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Table 4.3. Porous media specifications and results

Specifications/calculated
Description Value
parameters

) Permeability of the filter with
k for 35 micron filter core 2 ' ' 5.5 Darcy (5.43x10"2 m?)
35 micron mean pore size

Length of the filter core
L=R,—-R;? 6x10° m
(Outside radius minus inside)

AP Differential pressure 100 psi (6.9x10° Pa)
VP = dP/dx Pressure gradient 1.15x10® Pa/m
der Diameter of the grains 35 micron
Specific surface area of the
Svr ) 1.71x10° m!
grains
€ Porosity 0.55
q Darcy flux 3.47 mm/s
Fluid velocity in porous
u ) 6.31 mm/s
medium

Note: a: Taken from FANN 90 HPHT Dynamic Filtration Apparatus Manual

According to Equation [2.20], the Darcy flux is calculated as 3.47x103 m/s (3.47
mm/s). To find the real fluid velocity, the Darcy flux should be divided by the porosity.
Equation [2.49] is used to convert the permeability of the filter core to the porosity. Assuming
that the pore grains are spherical, the specific surface area of the grains can be estimated as

follows:

=2 [4.1]

Vor ™ ag,

Where dg; is equal to 35 micron. Having the specific surface area of the grains and the
porosity, the real fluid velocity in the porous filter core is calculated as 6.31 mm/s using
Equation [2.49]. All the parameters calculated in a step-by-step procedure are shown in Figure

4.3.
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Figure 4.3. Darcy calculations flowchart

To better investigate the drilling mud behavior (flow of polymer-based fluids) through

porous media (filter), a dimensionless resistance coefficient can be defined by:

@< ()

A=——E2
uv(1 — €)?

[4.2]

where AP is the pressure drop over a length L of the porous medium, € the porosity, d
the particle diameter, p the viscosity of solvent (water), and v the superficial velocity. This
resistance is originated from a shear flow contribution and an extensional flow contribution.
Studies have shown that the pressure gradient of the polymer-based fluids in porous media is

more than expected by simple capillary models [64].
Reynolds number can also be expressed as:

V. d.
Re = ’"# P [4.3]

where Vi is the filtration flux, d the mean pore size of the filter, p the density of the
fluid and p the viscosity of the fluid.

Two different samples were investigated. The first one had 3% bentonite and 0.25%
CMC while the second one has 3% bentonite, 0.25% CMC, and 1% CNC. Their Re numbers
at shear rate = 100 s™' and their pressure gradient ratio at low Re number and low shear
viscosities were compared using the previous equations. The results were tabulated in Table

4.4.
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Table 4.4. Parameters for flow of polymer-based fluids in porous media

Mean Pressure
Sample name ~ Yiscosity,p - Density P velocity, V Re gradient
3 > Ym
(Pa.s) (kg/m?) . o)
¢ -6
B-C* 0.09 2300 22x10° 1.96x10 -
b -7
B-C-CN® 0.18 2300 1.8x10° 8.05x10 ]
B-C/B-C-CN C C
ratio 0.5 1 1.22 2.4¢ 0.38 ¢

Notes: a: B represents bentonite; b: C represents CMC and CN represents CNC sample; c: calculations

are in Appendix A. d: densities are considered approximately constant due to low dosages of additives.

A brief look at Table 4.4 reveals interesting results regarding CNC effect. The addition
of CNC decreases the Reynold number. This is due to an increase in sample viscosities from
0.09 Pa.s for B — C to 0.18 Pa.s for B — C — C at shear rate =100 s™'. This shear viscosity
increase is more considerable at low shear rates when Re number is 0.1. Viscosity of the B —
C sample is 0.14 Pa.s compared to 0.37 Pa.s for the B — C — C sample. This viscosity increase
acts as a resistance against the fluid flow through the porous filter and increases the pressure
drop. As shown in Table 4.4, the pressure gradient is 2.6 times larger when CNC is included

in the bentonite drilling fluid suspension.

4.3. Pressure gradient (differential pressure) effect in fluid

loss

Figure 4.4 illustrates the effect of differential pressure on volume loss and filtration
rate. Filtration rate values calculated from Figure 4.4 are tabulated in Table 4.5. Increase in
differential pressure results in higher amounts of volume loss and filtration rate. This is also

predicted and expected from theory [1]. Table 4.5 illustrates that working with differential
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pressure of more than 1 atm increases the filtration rate twice, which is not desirable. The
effect of differential pressure (the so-called trans-membrane pressure) in cross-flow filtration

rate is expressed in Equation [4.4].

_ AP,

J = M_Rt [4.4]

In Equation [4.4], J is the permeate flux, APn the differential pressure, p the viscosity

of suspension, and R; the total resistance of the system.

w
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10 ADelta P=1.03 MPa
(]
=
5 ODelta P=1.72 MPa
0 - - - || - - - - || - - - -
0 5 10 15 20 25 30

Time (min)

Figure 4.4. Total volume loss in dynamic filtration for different differential pressures
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Table 4.5. Filtration rate data for different differential pressures

Differential Pressure (MPa) Filtration Rate (ml/min)
0.69 0.25
1.03 0.30
1.72 0.60

Note: All experiments are carried out according to API standard time of 30 min.

The total resistance, Ri, is calculated by replotting the permeate flux, J, values
obtained from Figure 4.4 versus different differential pressures, AP. Knowing the filter
surface area, A = 2.3x10”° m?, and fluid viscosities, p = 0.98 Pa.s (for shear rate = 10 s!) and
u = 0.18 Pa.s (for shear rate = 100 s'') , the total resistance of the system (filter and cake
resistance) can be calculated from the slope of J vs. AP graph. Figure 4.5 and Figure 4.6
illustrate the permeate flux as a function of differential pressure for shear rates of 10 and 100
s'!, respectively. The total resistance for shear rates =10 s and 100 s! is calculated as 2.4x10-
2'm, and 4.7x10* m, respectively. Higher resistance (approximately 5 times) is observed
with shear rate = 100 s'. In other words, the total resistance of both filter and cake increases
by increasing the shear rate. This phenomenon can be explained as follows: higher shear rate
increases the velocity of depositing particles. Therefore, a more compressed cake is expected
due to the pressure induced by depositing particles. As a result, higher cake resistance is

predicted when higher shear rate is applied. Filter resistance should not change because same

material with same porosity was used in the experiments.
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4.4. Temperature effect in fluid loss

Figure 4.7 illustrates the effect of temperature on filtration rate of drilling mud. It is
shown that increasing temperature results in higher fluid loss and filtration rate. That may be
due to the effect of temperature on fluid viscosity. An increase in temperature may increase
the filtrate volume in several ways. First of all, as temperature elevates, it reduces the
viscosity of the filtrate, and therefore the filtrate volume increases. Temperature changes
inversely with square root of viscosity [1]. For example, if the water viscosity at T = 20° C is

1.00 cP and at T = 100° C is 0.28 cP, then the filtrate volume at T = 100" C would be about

1.00

oz 1.88 times larger than the one at T = 20° C. In addition, changes in temperature may

affect filtration rate and volume by changing the electrochemical equilibria that control the
degree of flocculation and aggregation. As a result, the permeability of the filter cake changes
and filtrate volume may be increased. Moreover, chemical degradation of one or more
components of the mud is another mechanism by which high temperatures can affect filtrate
properties. Many organic filtration control agents start to degrade significantly at relatively
high temperatures (above 100°C) and the rate of degradation increases with further increase in
temperature until filtration properties cannot be adequately maintained [1]. The degradation of
CMC polymer chains and some clay minerals (mostly bentonite type) may happen at high

temperatures.

The average filtration rates at different temperatures are given in Table 4.6. As shown

in the table, unacceptable rate of filtration happens at T = 150°C.

Table 4.6. Average filtration rates for different temperatures

Temperature (°C) Filtration Rate (ml/min)
29 0.16
65 0.24
150 0.54

Note: All experiments are carried out according to API standard time of 30 min.
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Figure 4.7. Dynamic filtration data for different temperatures

4.5. Filter pore size effect in fluid loss

The role of porosity (filter pore sizes) has been investigated numerically and
experimentally by other researchers [65, 66]. As expected, larger pore sizes should increase
the permeate flux and therefore result in higher volume loss and filtration rate, but
surprisingly, this trend was different in values for 10 and 35 micron filter cores. The filter
cores with mean pore sizes of 35 micron worked better (lower filtration rates and volume loss)
in all the experiments compared to 10 micron size. There is possibility of non-homogeneous
pore size distribution in the used filter cores. Additionally, mud particles may have been
plugged the pores in the early stages of filtration when filters of 35 and 10 microns were used,
but 90 micron filter is large enough not to let the particles plugging the pores early. However,
mercury porosimetry can be carried out on the filters to accept or deny the homogeneity of
pore size distribution. Figure 4.8 illustrates the effect of filter pore sizes on dynamic filtration

properties of drilling mud. Average filtration rate values are tabulated in Table 4.7.
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Figure 4.8. Total volume loss in dynamic filtration for different filter porosities

Table 4.7. Filtration rate data for different filter porosities

Filter porosity (Permeability), micron Filtration Rate (ml/min)
10 (0.95 darcy) 0.18
35 (5.5 darcy) 0.16
90 (13.5 darcy) 0.24

Note: All experiments are carried out according to API standard time of 30 min.

The industry-accepted rules for selecting the size and concentration of clay minerals in

drilling mud suspension are based on the theory indicating that the average particle size of the
clay used in drilling mud has to be equal or slightly greater than one-third the filter pore size
[20]. Once the mean pore diameter is known, the particle size distribution of the bridging

solids in the mud (clay minerals) must be adjusted to meet the required specifications.

73



Optimized particle size distribution results in minimum filtration rates. Due to better filtration
rates with 35 micron filter pore size, an average grain size of around 12 microns for clay

particles is expected.

4.6. Drilling bit speed (shear rate) effect in fluid loss

Effect of shear rate (or cross-flow velocity) is illustrated in Figure 4.9 & Figure 4.10.
Higher shear rate results in increasing filtration rate. That is possibly due to the higher
numbers of washed away particles from the surface as shear rate increases. This phenomenon
leads to the decrease in filter cake growth rate. This was experimentally and numerically
confirmed by previous works [67]. Average filtration rates for shear rates of 10 and 100 s™! are

presented in Table 4.8.
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Figure 4.9. Total volume loss during dynamic filtration for different shear rates
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Figure 4.10. Filtration rate during dynamic filtration for different shear rates

Table 4.8. Filtration rate values for different shear rates

Shear Rate (s) Filtration Rate (ml/min)
10 0.16
100 0.17

Note: All experiments are carried out according to API standard time of 30 min.

4.7. Mud formulation (CNC/CMC) effect in fluid loss

Figure 4.11 and Table 4.9 illustrate the considerable effect of CNC particles and CMC
polymer on dynamic filtration properties of drilling mud suspension. It is observed that none
of CNC or CMC can enhance the dynamic filtration properties alone, but the addition of very
low dosages of CNC (1 wt %) and CMC (0.25 wt %) reduces the filtration rate by 64% of the
bare clay solution. It also decreases the total volume loss by 56% lower than using the bare

clay solution. This is a significant effect that made us motivated to investigate it in more
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details. Many researchers worked on the so-called “depletion” effects of CNC in particle
suspensions. One probable scenario is that the clay particles are depleted by CNC rods and
pushed to the surface (filter pores). The other scenario talks about the agglomeration of clay
particles due to the CNC repulsive forces. To investigate these two probabilities, quartz
crystal microbalance with dissipation (QCM-D) technique was carried out on clay
suspensions with and without CNC. It was observed that clay particles were deposited so
much better in the presence of CNC compared to when there was no CNC in the system.
CMC effect is considerable as a viscosity modifier in the system, and enhancing the
suspension stability specially when working with CNC, but not to enhance filtration
properties. Its significant effect in rheological properties of clay suspensions will be discussed

in Chapter 5.

Table 4.9. Dynamic Filtration data for different mud formulations

Additives Spurt loss Total Filtration
Wyoming
(CMC - CNO) volume volume Rate Comments
Clay (%)
(%) (ml) loss (%) (ml/min)
3 0.00 - 0.00 21.01 69 0.45 High fluid loss
Unstable and no
3 0.25-0.00 11.39 46 0.38
filter cake formation
Semi stable cake
3 0.00 - 1.00 12.48 47 0.38 )
formation
Controlled filtration
3 0.25-1.00 9.91 30 0.16

and cake formation

Note: All experiments are carried out according to API standard time of 30 min.
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Figure 4.11. Dynamic filtration data for clay w/o additives

4.8. Governing filtration mechanisms

To investigate the filtration mechanism of clay suspension with regards to shear rate
change, inverse of filtration rate vs. time and volume loss per unit area are plotted in Figure
4.12, Figure 4.13, Figure 4.14, and Figure 4.15. Linear behaviour confirms the governing
filtration mechanism. As it is illustrated, no matter which shear rate used, the governing
mechanism is pore plugging. In other words, rotation of the shear shaft creates a shear rate
that applies a pressure on the particles and pushes them into the filter pores. The swept

particles into the pores block them and control filtration consequently.
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Filtration Rate Inverse

Figure 4.14. Filtration rate inverse vs. volume loss per unit area for shear rate 100 s
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Moreover, inverse of filtration rate vs. time and volume loss graphs were plotted for
different filter mean pore sizes at constant differential pressure and shear rate. Figure 4.16 and
Figure 4.17 illustrate that the governing mechanism is still pore plugging for all different filter
mean pore sizes. Additionally, Figure 4.17 shows that the pore size of 90 micron has the
highest linear regression correlation of R? = 0.9992. It implies the fact that the mud had a

greater tendency to block the filter pore size of 90 micron compared to the 10 and 35 micron.

Reviewing Figures 5.9 — 5.14 indicates that the current drilling mud formulation had a
greater tendency to block pore spaces than to form filter cake during the dynamic filtration
period under different experimental conditions such as different shear rate and filter mean
pore sizes. In conclusion, there are various mechanisms governing dynamic filtration of
drilling muds. As discussed previously in Chapter 2, two main mechanisms are involved
during filtration: particles pore plugging and cake formation. Previous studies have shown

that one or both mechanisms occur during drilling.
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Figure 4.16. Filtration rate inverse vs. volume loss for different filter pore sizes
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4.9. Best mathematical model to fit fluid loss data

Different mathematical models were examined in order to find the best fit for dynamic
fluid loss data. Fluid loss volume in different differential pressures was plotted vs. time and
square root of time. It was found that none of the above mentioned models accurately
described the fluid behavior. In one of the most complete experimental studies of dynamic
fluid loss [66], the authors proposed a piecewise function. This function separates the

experiment time into two periods and sums up the fluid loss in each part.
Ve o
Vi = Ve + mvEIY? + BI, [4.5]

where the second term (m+/t), describes the short time wall-building phase (cake
deposition) and the third term (ft), includes the longer time equilibrium flow region. In other
words, this equation quantizes the application of each period of fluid loss process. Here, the
equilibrium volume, V., needs to be identified. Afterwards, the volume loss behavior can be
described as a combination of short term deposition and long term levelling off period. V.

represents the point on the volume — time curve when equilibrium flow is established. This
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implies the fact that the filter cake growth has stopped to change in thickness or permeability

and the rate of growth is equal to the rate of erosion for filter cake.

Figures 4.15 [a — f] illustrate that the suggested equation matches reasonably with the
experimental data for fluid loss volume. The wall-building period of filtration are exhibited in

Figures 4.15 [a], [c], and [e], while the equilibrium stage of filtration is shown in Figures 4.15
[b], [d], and [f].

The coefficients “m” and “B” were calculated by fitting the model with fluid loss data
and tabulated in Table 4.10. Increase in differential pressure results in slight increase in spurt
loss volume. It also increases the equilibrium volume loss and filtration rate (), but we do not
observe a uniform ascending/descending trend in early stage wall-building period. The
coefficient m decreases when differential pressure changes from 0.7 to 1.0 MPa; Afterwards,
m increases again when differential pressure goes higher. This might be due to the
experimental error by operator or apparatus. It might also because of the presence of a critical

pressure in the system.

Table 4.10. Filtrate volume loss modeling parameters at different differential

pressures
AP (MPa) Vp (ml) Ve (ml) m (mls™®5) B (ml/s)
0.7 14.0 17.57 3.15 0.24
1.0 17.1 20.04 1.62 0.26
1.7 17.4 20.63 1.81 0.58
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4.10. CNC effect in comparison to other commonly used

additives

Some typical examples of nanoparticles used as viscosity modifier and fluid loss
control are graphene oxide, carbon nanotubes, nanosilica composites, and iron (III) hydroxide.
They all exhibited improved rheology, filtration, and desirable performance [4, 8-10, 68].
However, most of them are expensive, nonrenewable, and nonbiodegradable. Also, from
environmental point of view, these nanoparticles are potentiallty pollutants. But the most
important thing to note is all filtration experiments were carried out under static conditions. In
other words, lower filtrate loss volumes in these works is due to the static conditions while
filtration progresses. On the other hand, our filtration data with CNC-dosed drilling fluids
were obtained under dynamic conditions and still comparable with previous reported data.
Table 4.11 illustrates the total volume loss, and the fluid loss reduction percentage for

different drilling fluids dosed with various nanoparticles.

Table 4.11. CNC performance in fluid loss control in comparison to other

nanoparticles
NSCP Fe(OH);3
Additive (%) CNC (1%) GO (0.2%) CNT* (1%)
(0.5%) (0.74%)
Type of Filtration Dynamic Static Static Static Static
API Total Volume
15.2 6.1 16.0 1.1 26.3
Loss (ml)
Fluid Loss
60% 15% 40% 70% 7.0%
Reduction

Note: All experiments were carried out under API standard (30 min); a Graphene Oxide; b Nanosilica

Composite; ¢ Carbon Nanotube.

Experimental data were collected for thermal conductivity, viscosity/yield point, and
filtrate amount in samples dosed with 1% vol. carbon nanotubes (CNT). The rheological

results followed an analogous improvement trend. The amount of filtrate for drilling muds
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after 30 min (in accordance with the API filtration test) was 28.4 ml, while this parameter
became 26.3 ml after the addition of 1 vol. % functionalized CNTs to the sample. This means
that the amount of filtrate decreases by 7 % after using CNTs [9]. In case of graphene oxide
nanoparticles (GO), it was found that a combination of large-flake GO and powdered GO in a
3:1 ratio performed best in the API filtration tests, allowing an average fluid loss of 6.1 ml
over 30 min and leaving a filter cake ~20 pm thick. In comparison, a standard suspension of
clays and polymers used in the oil industry gave an average fluid loss of 7.2 ml and a filter
cake ~280 um thick [8]. When iron (III) hydroxide was used, the API fluid loss of the
samples indicated a decreasing trend in fluid loss over a period of 30 min as around 70%
when lost circulation materials and 0.74 % iron (III) hydroxide nanoparticles were used

together.

4.11.Summary

In this chapter, drilling mud flow behaviour was investigated during two separate
stages: between the drilling bit and porous media (concentric annuli), and through porous
media (filter pores). Flow regime was laminar in both stages and laminar flow assumptions
were used to develop fundamental transport equations. Darcy flow through porous media was
established and pressure loss through the filter was compared between in the
presence/absence of CNC particles. Effect of different physical/chemical parameters such as
differential pressure, temperature, porosity of filters, shear rate, and mud formulation on the
total volume loss and filtration rate of drilling mud was investigated. Finally, governing
filtration mechanisms was discussed under different experimental conditions. Pore plugging
due to the invasion of particles was confirmed to be the main and governing mechanism
during filtration. A proper mathematical model to fit dynamic fluid loss data was achieved,

which covered both early wall-building and equilibrium periods during dynamic filtration.

In the next chapter, rheology of the drilling mud and its flow behaviour will be

discussed in further detail.
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5. Rheology of water-based drilling muds

As discussed previously in Chapter 1, drilling operation is the most important
significant phase of oilfield operations. Drilling is considered successful based on the proper
choice of the drilling mud used. An optimized composition of drilling fluid allows to
considerably reducing the overall cost of a drilling process. The drilling fluid must ensure
several performances such as carrying cuttings from the hole, cooling and lubricating the drill
bit, maintaining the stability of the wellbore, and form a thin filter cake (controlling fluid
loss). To this end and simultaneously preserve the environment, a water-based drilling mud is
used. It consists of Wyoming clay, cellulose nanocrystals (CNC), and carboxymethyl
cellulose polymer (CMC). These natural polysaccharides affect the rheological properties of
the drilling fluids. Thus, understanding the effect of each component on the rheological

properties of the mud is crucial to guarantee the smooth running of drilling.

In this chapter, the rheological behaviour of cellulose nanocrystal particles and CMC
polymer are discussed. Afterwards, their highlighted effect to enhance rheological properties
of clay suspensions will be presented. Finally, the best fit rheological model for different mud

samples containing CMC/CNC will be proposed.

5.1. Rheology of CNC suspensions

The rheological behaviour of CNC particles is of great importance especially when
drilling mud fluid loss is studied. In Chapter 4, dynamic filtration tests on different drilling
mud formulations were carried out. The addition of CNC results in better fluid loss control.
Since rheological and filtration properties of drilling mud are related in regards to control the
fluid loss, an understanding of how CNC particles change the rheology of the suspension is
necessary. Recent investigations showed that CNC suspensions exhibited thixotropic shear
thinning behaviour depending on particle concentration, aspect ratio and degree of sulfation
[54, 69-71]. Shafiei-Sabet et al. investigated the rheology of cellulose nanocrystals under
different conditions such as CNC particles concentration, temperature, ultrasound energy
(sonication) and degree of sulfation (DS) [54, 71]. Their results indicated that CNC particles
with aspect ratio (L/D) of 13 — 20 and zeta potential value of -31.5 mV exhibited non-

Newtonian shear thinning behaviour in the concentration range from 1% to 7%. According to
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their results, the 1% sample exhibits a Newtonian behaviour at low shear rates followed by a
shear thinning trend at intermediate shear rates. Sonication effect was more highlighted at
higher concentrations (> 3%). For example, 3 orders of magnitude decrease in viscosity was
observed for 7% concentration. The observed shear thinning behaviour is attributed to a
combination of two different mechanisms called gel breakage and domain deformation [54].
They also investigated the effect of sulfur content on the rheological properties of CNC
suspensions in a wide range of concentrations (1 — 15 %) [71]. Two sets of CNC suspensions
were prepared with 0.85 and 0.69 wt% sulfur content. Higher degree of sulfation results in
lower viscosities at certain shear rates. Lower surface charges cause a decrease in electrostatic
repulsion (stability) of the nanoparticles, which leads to a higher probability of aggregation.
Applied ultrasound energy breaks all these aggregates, and the viscosity then drops
significantly. Likewise their previous work, shear thinning behaviour was observed for all the
concentrations of CNC. Figure 5.1 illustrates the shear thinning behaviour of the CNC
suspensions with degree of sulfation 0.85%. Davis et al. investigated the rheology and phase
behaviour of cellulose nanocrystal suspensions [70] with concentrations ranging from 3.07 to
17.3 volume percent. They showed that the behaviour of CNC suspensions at the lowest
concentration (3.07 vol%) was nearly Newtonian with the inception of a shear thinning region

at 30 s,
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Figure 5.1. Rheological behaviour of CNC suspensions with DS = 0.85% at different
concentrations [71]
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CNCs are considered as an effective rheological modifier to enhance the rheological
function of water-based drilling fluids. Boluk et al. investigated the rheological behaviour of
CNC suspensions containing CNCs with aspect ratio of 30 £ 14 and zeta potential of -62.8
mV without any addition of electrolyte. The viscosity of CNC suspensions was reported
Newtonian at concentrations below 1% (w/v) or 1 g/dl [53]. Figure 5.2 illustrates the viscosity
vs. shear rate of CNC suspensions at 0.25, 0.50, 0.75, and 1.0 % concentrations without any
electrolyte addition. Boluk et al. found out that all of the CNC concentrations were above the
minimum overlap concentration, ¢., and it is expected that inter-particle interactions should
be taken into account. The minimum overlap concentration for dispersions of CNC rods is
given by Equation [5.1]:

_d’L

¢c - F [5-1]

where d and L are the diameter and length of CNC rods, respectively.
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Figure 5.2. Viscosity vs. shear rate of CNC dispersions at various concentrations without
electrolyte addition [53]

As shown in Figure 5.2 shear thinning non-Newtonian behaviour is clearly revealed

only at 1.0 g/dL (1%) concentration. However, this behaviour disappears and becomes
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Newtonian by addition of NaCl electrolyte to the CNC suspension. Figure 5.3 exhibits relative
viscosity (viscosity of suspension to water ratio) as a function of volume fraction of CNC
particles. As it is observed, with no addition of electrolyte, a non-linear behaviour is observed,
but addition of electrolyte to the CNC suspension reduces the slope (intrinsic viscosity of
CNC particles) and results in linear behaviour. The double layer thickness is compressed with

an increase in ionic strength that results in CNC intrinsic viscosity decrease.
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Figure 5.3. Relative viscosity of CNC suspension vs. volume fraction (legends: NaCl
concentrations) [S3]

The viscosity of 1% CNC suspension decreases consistently with increase in shear
rate. 1% (w/v) CNC (volume fraction of 0.67%) identical to the CNC in Boluk et al. work was
selected for the drilling fluids composition in both dynamic filtration and rheology

experiments in order to consume CNC as low as possible and efficiently.

5.2. Rheology of CMC polymer suspensions

Likewise the effect of CNC particles on the rheological behaviour of drilling muds,
the addition of CMC to clay suspensions is of great importance [46]. Precisely, in such

materials, where clay is a major component, CMC works considerably to increase the
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viscosity and control the mud fluid loss. CMC is used in many other industries including
cosmetics, textile, pulp and paper, etc. It is frequently the product of choice because of its

desirable price-to-performance ratio.

The rheological behaviour of CMC solutions has been investigated in several works
[46, 72-75]; however, none of them was comprehensive enough to address the questions of
CMC solutions rheological trend over a wide range of concentrations and molecular weight.
For example, Ghannam [72] investigated the rheological properties of CMC solutions in the
concentration scale of 1-5%, while lower percentages of 1% were not considered in his paper.
Moreover, he did not report the molecular weight of the CMC used, which is crucial to know

especially to compare different experimental results.

In this section, we first calculate the molecular weight of the CMC used in our
experiments using intrinsic viscosity method, because the CMC polymer used in the
experiments was not well characterized. Afterwards, rheological behaviour of CMC solutions

will be discussed.

5.2.1. Molecular weight calculation for CMC suspension

It has been reported that the molecular weight of a polymer can be calculated based on
its intrinsic viscosity and the empirical Mark-Houwink-Sakurada equation [76, 77]. The

general equation takes the form:

]y = KQWMwa [5.2]

where [n],, is the experimentally measureable weight-average intrinsic viscosity,
M . . . .
qQw = (M—V)“ the polydispersity correction factor, and My, the molecular weight of the
w
polymer. K and a are the constants that can be measured from intrinsic viscosity and

molecular weights of polymer samples. These two constants vary depending on the

polyelectrolyte concentration in the solution.

Equation [5.3] represents the [n] — My, relationship for CMC solution in 0.01 M NaCl
solvent, T = 298 K, and molar masses 200000 — 2000000 g mol™! [77]:

[n] = 1.43 x1072 M3°° (cm3g™1) [5.3]
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To obtain intrinsic viscosity, low shear viscosities of CMC samples were measured for
0.01 M NacCl at 298 K. Dilute CMC solutions were prepared in the concentration range of 0.1
—0.6% w/v (0.001 g/ml — 0.006 g/ml). Viscosities at low shear rate (0.01 — 1 s™') were
measured and recorded. Equations [5.4] and [5.5] [77] were used to do a linear regression for

reduced viscosity vs. solution concentration and yield intrinsic viscosity from the intercept:

Nep = = — 1 = c[n] + Ky (c[)? + B (cln)™ [5.4]

B Nim

e =22 = [y + Kyl [55)

where nsp, Nr, Mo, and M are specific, reduced, low shear, and solvent viscosities,
respectively. C represents the concentration of CMC solutions, and Ky = 0.281, B, = 4.80 x
10, and n = 4.34 are constants for CMC in 0.01 M NaCl solution at T =298 K. The complete
calculations can be found in Appendix B. Intrinsic viscosity and the consequent molecular

weight of the CMC polymer were calculated as 3466.3 cm®/g and 961 kDa, respectively.

5.2.2. Rheological properties of CMC solutions

Figure 5.4 illustrates the viscosity change with CMC solution concentration without
any electrolyte addition. It is shown that when CMC concentration increases from 0.1% to
0.6% (w/v), low shear viscosity increases by more than one order of magnitude. In addition,
as CMC concentration increases, shear thinning behaviour will be more highlighted. For
CMC concentration of 0.1%, approximately no shear thinning behaviour is observed. This is
in good agreement with the recent work on rheological properties of carboxymethyl cellulose
solutions [46]. CMC solutions are strongly thixotropic materials, which mean that they exhibit
a viscosity — time relationship [46, 72, 73]. This behaviour is attributed to the inner structure
of the fluid due to particle interactions such as van der Waals interactions that are responsible
for the formation of flocs and aggregates. It was found that no yield stress was observed for
the CMC solutions and the experimental results were found to be well correlated by the Cross
model, as discussed earlier in Chapter 2. CMC solutions exhibit viscoelastic properties with a
dominant viscous behaviour at low concentrations and a governing elastic behaviour at

relatively high concentrations [46].
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Figure 5.4. Viscosity vs. shear rate for different CMC solution concentrations (No salt)

Figure 5.5 illustrates the viscosity change as a function of CMC volume fraction at
shear rate = 1 s™!. As discussed earlier, increase in polymer concentration results in more
entanglements of polymer chains. Consequently, higher viscosity is expected. For example,
increasing volume fraction of CMC from 0.000625% to 0.00375 (6 times) results in an
increase in relative viscosity from 10 to 500 (50 times). This reveals the high concentration
dependency of CMC suspensions. Figure 5.5 demonstrates two separate regions based on the
CMC polymer concentrations. The sets of points with connected with a straight line show the
dilute region where inter-particle interactions are ignored. The concentrations below the
critical concentration, C*, are considered in dilute regime. The concentrations above this
critical value have non-linear behaviour and are considered as semi-dilute regime points and

change the rheological properties of suspension.
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Figure 5.5. Relative zero-shear viscosity of CMC suspensions as a function of volume fraction.

The dashed lines are guides for the eye.

It can be observed from the graph that 0.25% w/v concentration of CMC (¢ = 0.16%)

is located in the dilute suspension region (linear behaviour). That implies the fact that the

choice of 0.16 vol% for CMC is appropriate.

5.3. Rheology of clay suspensions

Rheological behaviour of bentonite suspensions (sodium/calcium montmorillonite)

were investigated in several researches [18, 21, 41, 43-45]. Benyounes et al. carried out the

rheological experiments over the range of 2 — 8% sodium bentonite. They noticed that from

3% of bentonite, the non-Newtonian behaviour became more visible. In addition, presence of

yield stress in bentonite suspensions was confirmed and strengthened with the concentration

of bentonite. This yield stress is attributed to inter-particular attractive energy that governs the
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cohesion of bentonite-water system. This yield stress is highly dependent on the clay
concentration and caused by the presence of an open three-dimensional network created by

the contact of clay particles [45].

Rheological behaviour of clay (Wyoming Gel) suspensions is illustrated in Figure 5.6.
Wyoming gel is sodium montmorillonite clay that is used primarily for filter-cake building,
filtration control, and suspension agent in freshwater systems. As illustrated, an increase in
bentonite concentration from 3% to 8% results in low shear viscosity increase by more than
two orders of magnitude. All concentrations reveal the shear thinning behaviour, but more
shear thinning behaviour is observed for higher percentage of bentonite. It is clearly indicated
that the increasing of the bentonite weight percentage will increase the viscosity of the
solution in each shear rate level. Moreover, it can be seen that the slope of the Viscosity —
Shear rate data increases as the bentonite concentration is low, then gets stable when bentonite
concentration is getting higher. The possible reason could be that in high — concentration
region, the solubility of bentonite in water is close to its saturation limit, so the addition of
more bentonite will not strongly influence the rheological properties of the solution. However,
when the concentration of bentonite is low, the water has strong ability to keep dissolving
bentonite in the solution; hence the rheological properties of the solution might be easily

changed.
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Figure 5.6. Rheological behaviour of bentonite suspensions with different concentrations

Viscosity behaviour of clay suspensions was also plotted as a function of clay volume

fraction at shear rate = 0.1 s™' in Figure 5.7.

Likewise, 3% w/v bentonite (¢ = 1.30%) 1s located in the dilute suspension regime

and behaves linearly.
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The dashed lines are guides for the eye.

It can be observed that the difference in viscosities is more highlighted in higher
bentonite concentrations. Low shear viscosity values are shown in Figure 5.8 for better
comparison. Viscosities in higher shear rates are presented in Table 5.1. For example,
viscosity values for 8% bentonite suspension are 93.8, 9.4, and 1.1 Pa.s for shear rates of 0.1,
1.0, and 10 s™!, respectively, while their values for 3% bentonite suspension are 0.4, 0.1, and
0.04 Pa.s for the same shear rates. This phenomenon may be explained as follows: High
concentration of solids in such suspensions builds a structure by grain-to-grain contact. This
structure resists shear because of inter-particle friction such as inter-particle attractive forces.
Once the yield point is passed, and laminar flow begins, the particles are presumed to interact

no longer, and to influence viscosity just by the volume fraction they occupy [1].
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Figure 5.8. Low shear viscosity values for bentonite suspensions at shear rate = 0.1 s!

At low shear rates the behaviour of the clay particles is influenced by attractive and
repulsive surface interactions, and the viscosity is relatively high consequently. As the shear
rate increases, the particles gradually align themselves in the direction of flow, and the
viscosity becomes mostly dependent on the concentration of all solids in the mud suspension.

Table 5.1. Viscosity values for bentonite clay suspensions at different shear rates
and mud concentrations

Bentonite Weight Viscosity (Pa.s)
Percentage (%) Shear Rate of 0.1 s! Shear Rate of 1.0 s™! Shear Rate of 10 s’!
3 0.4 0.1 0.04
4 4.6 0.6 0.1
6 28.5 2.9 0.3
8 93.8 9.4 1.1
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To investigate the contribution of additives (CMC, CNC, and both) on the rheological
behaviour of clay suspensions, a decision has been made to set the concentration of clay to

3%. This concentration is very commonly used in the formulation of drilling muds [45, 78,
79].

5.4. Rheology of CNC/CMC-rich drilling mud suspensions

Figure 5.9 illustrates all the potential mechanisms involved when bentonite particles

are interacting with CMC polymer and/or CNC particles.

Mud formulations
Potential

mechanisms

Bentonite + CMC Bentonite + CNC Bentonite + CMC + CNC

Adsorption Low possibility
i ~
/ |
XBh'
Depletion \
attraction |
/

-~ S N

Figure 5.9. Potential mechanisms for different mud formulations

All the possibilities will be discussed in the following sections (5.4.1 — 5.4.3). Effect

of each polysaccharide material will be investigated individually. Afterwards, their synergistic

effect will be discussed when both are added to the clay suspension.
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5.4.1. Effect of cellulose nanocrystals (CNC)

Recently, CNC effect on rheological properties of mud suspensions was investigated
[21]. They showed the effect of CNC concentration on viscosity of drilling fluids. By
increasing CNC concentration up to 0.5%, the viscosity of drilling fluid increased by 2 orders
of magnitude at shear rate of 0.1 s™\. A shear thinning behaviour was observed by adding CNC
to the fluid. Increasing CNC concentration resulted in more obvious shear thinning behaviour
in such a way that at shear rate of 1000 s, the viscosity increases from 0.01 to 0.1 Pa.s (1
order of magnitude) [21]. The absence of CNCs yielded a unique shear-thinning curve with
two stages. In the first stage, the viscosity decreased linearly for shear rates 0.1-100 s™!. In the
second region, an evident plateau was observed as shear rate increase from 100 to 1000 s
Without the use of CNCs, the surface interaction among polysaccharide polymer, bentonite
and water molecules was relatively weak. Consequently, the viscosity quickly reached the

leveling-off plateau at a much lower shear rate [21].

Figure 5.10 illustrates the effect of CNC addition to bentonite suspensions of different
concentrations. All viscosity values for bentonite — CNC suspensions are tabulated in Table
5.2 for better comparison and low shear viscosity values are illustrated in Figure 5.11.
Likewise Figure 5.6, shear thinning behaviour is observed when CNC is added to clay
suspensions, but comparing Figure 5.6 and Figure 5.10 highlights the effect of CNC to
increase the low shear viscosity of drilling muds. The low shear viscosities increase at least by
one order of magnitude when 1% CNC is added to the clay suspension. This phenomenon is

in good agreement with previous works. This considerable effect is illustrated in Figure 5.12.

Table 5.2. Viscosity values for suspensions including CNC at different shear rates

1% CNC & Viscosity (Pa.s)

Bentonite
Shear Rate of 0.1 s™! Shear Rate of 1.0 s™! Shear Rate of 10 s™!
Concentration (%)

3 23 0.8 0.2
4 6.9 1.9 0.3
6 71.2 7.7 0.9
8 2353 259 2.9

100



1000
¢ 3%Bentonite+1%CNC
A 4%Bentonite+1%CNC
100 | @ 6%Bentonite+1%CNC
,‘E‘ B 8%Bentonite+1%CNC
§ 10 |
2
z 1]
=
o 00. A
% 01 *eetiiay
0.01 : : :
0.01 0.1 1 10 100

Peclet Number

Figure 5.10. Rheological behaviour of bentonite suspensions containing 1% CNC

250

235.3

200

[l
)]
(=]

100

Viscosity (Pa.s)

50

3 4 6 8
Bentonite weight concentration (%)

Figure 5.11. Low shear viscosity values for CNC enhanced bentonite suspensions at shear rate =
0.1s!

101



250

235.3
Bentonite
H Bentonite + CNC

200
A
@z
«

& 150
>
N
Z

S 100
Z
>

50

0

4 6
Bentonite weight concentration (%)

Figure 5.12. Effect of 1% CNC addition in rheological behaviour of clay suspensions at shear
rate =0.1s"!

Rheological behaviour of bentonite clay suspensions with and without CNC was
plotted at different bentonite volume fractions at 0.1 s shear rate. Figure 5.13 illustrates the
effect of CNC addition to enhance rheological properties of clay suspensions. More
highlighted differences are observed at higher volume fractions of bentonite. This supports the

decision to select 3% w/v (¢ = 1.30%) bentonite in the final formulation of drilling mud.

Increase in viscosity values in the presence of CNC particles is attributed to the
depletion effect induced by CNC particles. This interaction results in bridging of bentonite
particles and further gelation in the suspension. As a consequence, viscosity of the suspension
including CNC particles increases considerably. Figure 5.14 illustrates the possible depletion
attraction interaction between bentonite platelets and CNC rod-like particles. Li et al.
attributed this viscosity increase to a typical core-shell structure created in CNC-Bentonite
drilling fluids due to the strong surface interactions among bentonite layers, CNCs, and water

molecules [21].
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5.4.2. Effect of carboxymethyl cellulose (CMC) polymer

Many researchers investigated the effect of polysaccharide materials especially CMC
and PAC on the rheological behaviour of clay suspensions [18,21,45]. M. Li et al
investigated the effect of polyanionic cellulose (PAC) on the rheological behaviour of drilling
muds [21]. They found out that adding PAC to the clay suspension increases the viscosity and
reveals shear thinning behaviour, but no significant change was observed when PAC
concentration increased from 0% to 0.5% in such a way that the viscosity at 0.1 s™! increased
from 10 to 100 Pa.s (1 order of magnitude) and at 1000 s from 0.01 to 0.1 Pa.s (1 order of
magnitude) [21]. K. Benyounes et al. investigated the effect of adding CMC on the
rheological properties of the 3% bentonite suspensions [45]. CMC concentration was in the
range of 0 — 2%. They observed an increase in viscosity as CMC concentration increased.
CMC long chains cause a number of entanglements when added to the clay suspension.
Therefore, higher viscosity was observed in bentonite-CMC mixtures compared to bentonite
suspensions. In addition, the yield stress existing in bentonite solutions was reduced when
CMC was added. There is a possible reason behind this phenomenon. CMC has flexible
character and possess a high negative charge, which favors the deflocculating of bentonite-

CMC suspension and dispersion of clay particles [45].

As illustrated in Figure 5.9, the positive charges in bentonite platelets are distributed
over the edges, while the negative charges are located in the upper and lower surfaces. It has
been reported that bentonite is composed of a large number of plate-like layers with a
permanent negative charge on the flat surface and usually positive charge on the edge [41,
80]. Consequently, two potential mechanisms may occur between CMC polymer chains and
bentonite platelets due to the conformational status of bentonite platelets. The first possible
scenario is shown in Figure 5.15 and takes place when the bentonite platelets edges are facing
each other. In this situation, the CMC polymer may adsorb to the edges of bentonite platelets
partially. It then may happen that some polymer chains adsorb on two or more different
bentonite particles and pulling them together. Therefore, bridging may occur. The other
possibility shown in Figure 5.16 happens when bentonite platelets conformation is in such a
way that the surfaces are facing each other. Due to approximately no polymer adsorption on

these surfaces, more volume fraction is available for CMC polymer chains and bentonite
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platelets may be depleted by excess CMC polymer in the suspension. This creates a subtle

osmotic attraction between the bentonite particles, which can lead to aggregation.

llh.

Figure 5.15. Bridging mechanism between bentonite platelets and CMC polymer chains

Figure 5.16. Depletion mechanism between bentonite platelets and CMC polymer chains

Anticipation of the most probable mechanisms in colloid — polymer suspension can be

made using the following equations:

3¢T
C, = % (For Spheres) [5.6]
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Cp = % (For rods) [5.7]

Where C, is the saturated polymer concentration, ¢ the particle volume fraction, I" the
saturation value of the polymer coverage (I'max = 1 mg/m?) [81, 82], and R the particle radius.
The polymer concentration used in the experiments (0.25% w/v = 2.5 kg/m®) will be
compared with the saturated polymer concentration. The different possibilities are shown in

Table 5.3.

Table 5.3. Anticipation of interaction mechanisms based on saturated polymer

concentration
Below C, At C, Above C,
Bridging . o . Depletion of soft surfaces
_ Steric stabilization (Repulsion) )
(Attraction) (Attraction)

Assuming spherical bentonite volume fraction ¢ = 0.013 (3% w/v), I' = 1 mg/m?, and
bentonite particles radius R = 10° m, the saturated polymer concentration is calculated as
0.039 kg/m’. Therefore, comparing 2.5 kg/m®> CMC used in the experiments with the
calculated saturation concentration leads us to conclude that bridging of bentonite particles
are more probable through partially adsorbed CMC polymers, which results in higher
viscosity of the suspension. It should be noted that we cannot certainly predict the
mechanism(s) occurring between polymers and particles unless X-Ray images are taken from

the suspensions.

5.4.3. Rheology of drilling mud containing both CMC and CNC

Cellulosic polymers and particles increase the stability of clay suspension. Rheological
behaviours of clay, CMC, CNC, clay + CMC, clay + CNC, and clay + CMC + CNC
suspensions are shown in Figure 5.17. It can be observed that the addition of CMC increased
the viscosity of the suspension considerably by one order of magnitude. Similarly, CNC
addition improves the rheological behaviour of clay suspension approximately in the same
manner which CMC does. But, the most considerable effect was observed when CMC and
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CNC were added together to the clay suspension. The addition of CNC even at very low
concentration (1% w/v) along with low dosage of CMC (0.25% w/v) increased the low shear

viscosity by approximately two orders of magnitude.
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Figure 5.17. Viscosity vs. shear rate for different suspensions

This viscosity increase may originate from the nematic flocculation of CNC particles
in the presence of CMC polymer that result in formation of pockets of CNC flocs. In other
words, the unusual behaviour of CNC suspension in CMC polymer solution is explained by
depletion flocculation phenomenon [13, 83]. Once CNC particles are added to the suspension,
they occupy higher volume fraction than their real one due to flocculation and formation of
nematic floc pockets with entrapped CMC free water. Therefore, the available volume of

water for CMC polymer chains decreases and CMC concentration will increase.
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Consequently, apparent CMC concentration shifts the solution state to concentrated network
solution state and yields a high viscosity increase in the suspension. In this situation, bentonite

platelets are trapped in a gel-like structure of CMC and CNC.

Figure 5.18. Aggregation of bentonite platelets by CNC-CMC, CNC-bentonite, and CMC-
bentonite depletion

Figure 5.19. Aggregation of bentonite platelets by CNC-CMC, and CNC-bentonite depletion,
and CMC-bentonite bridging
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Equation [5.7] also confirms the depletion flocculation of CNC rod-like particles by
CMC polymer. Assuming CNC volume fraction ¢ = 6.66 x 107 (1% w/v), I' = 1 mg/m?, and
CNC particle radius R = 4 x 10® m, the saturated polymer concentration is calculated as 3.33
kg/m?. Therefore, comparing 2.5 kg/m®> CMC used in the experiments with the calculated
saturation concentration leads us to conclude that CNC particles are possibly depleted by
CMC polymer. Figure 5.18 and Figure 5.19 show the possible interactions between bentonite
platelets, CMC polymer chains and CNC rod-like particles.

Figure 5.20 illustrates the synergistic effect of CNC and CMC in bentonite clay
rheological behaviour. As it can be observed, the experimental viscosity data are considerably
larger than the additive data for CMC and CNC enhanced bentonite suspensions. This
difference is more highlighted in low shear rates. For example, the viscosity of CMC/CNC-
enhanced bentonite suspension in the experiment at shear rates of 0.1 — 1 s! is one order of
magnitude larger than when viscosities of bentonite — CMC and bentonite — CNC viscosities

are added together.

It can be concluded that there should be an interaction between CMC and CNC to
make such a difference in rheological data. This effect was mentioned above and is known as
depletion flocculation. In other words, CNC particles are depleted and flocculated in the

presence of CMC polymer.

Many studies have been carried out to investigate the effect of CMC and/or CNC on
clay suspensions [18, 21, 45]. It has been shown that presence of each or both of them in the
clay suspension increases the viscosity of the mixture, but not a quite clear understanding was
achieved about the function of each CMC or CNC to enhance the rheological properties of
clay suspensions. M. Li et al. did the rheological tests for CMC/CNC suspensions with 0 —
6% bentonite. They showed that increase in bentonite concentration results in viscosity
increase by at least two orders of magnitude. They also observed the shear thinning behaviour
of polyanionic cellulose (PAC)/CNC suspension without bentonite (0%), revealing the
potential use of the combined PAC/CNC additives as effective rheological modifiers for

drilling fluids [21]. PAC is water-soluble anionic cellulose ether, which is synthesized using
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an alkali-catalyzed method. The primary difference between CMC and PAC is the degree of
substitution (DS). PAC has higher purity and DS compared with CMC [19].
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Figure 5.20. Synergistic effect of CMC/CNC addition to bentonite suspension

Interactions of colloidal particles and polymers in the solution have been studied by
many researchers [84, 85]. Several phenomena may occur when a soluble, flexible polymer

surrounds dispersed colloidal particles that are illustrated in Figure 5.21.

First of all, the swollen polymer coils are forced to leave from the surface of the
particle that induces an elusive osmotic attraction between the particles, which can result in
aggregation. This phenomenon is called “depletion™ effect (B). Secondly, the polymer may

adsorb to the surface of the particles. Therefore, some chains may adsorb on two or more
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different particles, thereby pulling them together. This is called “bridging” (C). Alternatively,
the polymer may develop a protective case around each particle, thereby preventing them
from aggregation or bridging. This is usually called “steric stabilization” (D). Finally, if no
polymer exists in the solution, the dispersed particles are usually stabilized by electrostatic

interactions (A) according to DLVO theory.
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Figure 5.21. Schematic overview for different mechanisms colloids - polymer suspensions [84]
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In conclusion, different scenarios were taken into account and possible effects on the
rheological behaviour of bentonite suspensions were investigated. However, the viscosity of
the mud suspension is dictated by bentonite concentration and conformation. Viscosity values

and stability of different mud formulations are tabulated in Table 5.4.

Table 5.4. Rheological data for different mud formulations

Clay CMC CNC Rate index  Yield stress Suggested
(wt%) (wt%) (wt%) n (Pa) model
3 0 0 0.64 0.06 Herschel-Bulkley
3 0.25 0 0.58 0.50 Herschel-Bulkley
3 0 1 0.54 1.02 Herschel-Bulkley
3 0.25 1 0.68 7.71 Herschel-Bulkley

5.5. Best rheological models for cellulose-based drilling mud

The rheological behaviour of bentonite suspension has been correlated by Herschel —

Bulkley model [45, 86, 87]. The model was described earlier in Chapter 2.
T=71y+uy" [5.8]

Herschel-Bulkley schematic model is illustrated in Figure 5.22. According to this
model, the suspension has an initial yield stress at low shear rates, and afterwards presents
pseudoplastic or ‘“shear-thinning” type behaviour at higher shear rates. In other words, the
viscosity decreases with shear rate. The advantage of using this model is that it covers a
broader shear rate scope, giving a better estimate of the yield stress. Also, it is useful for
obtaining other parameters such as the flow behaviour index n, consistency factor &, and
effective viscosity p [44]. This model has been used extensively to describe the rheology of

drilling mud suspensions [18, 45, 88, 89] due to its high compatibility with experimental data.
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Figure 5.22. Herschel - Bulkley schematic model

As it is illustrated in Table 5.4 and Figure 5.23 the yield stress values are comparable
for different mud formulations. The 3% bentonite suspension with no CMC/CNC has a yield
stress of 0.06 Pa. When 0.25% CMC is added to the suspension, yield stress increases by one
order of magnitude and has a value of 0.50 Pa. This is in good agreement with the
aforementioned possibility of bridging of bentonite particles by the partially adsorbed CMC
polymer chains. The yield stress is double when CNC replaces CMC in bentonite suspension.
This will be also investigated in Chapter 6 and attributed to depletion of bentonite particles
due to the rod-like CNC particles. Finally, when both CMC and CNC are added to the
bentonite suspension, yield stress value will be about 7.71 Pa that is two orders of magnitude
larger than when no additives exist in the bentonite suspension. This can be justified by the
fact that CMC and CNC have a synergistic effect in mud suspension. As discussed earlier in
section 5.4.3, this may originate from the nematic flocculation of CNC particles in the
presence of non-adsorbing CMC polymer that result in formation of pockets of CNC flocs. As

a result, a gel-like structure forms that surrounds the bentonite particles and deplete them.
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Figure 5.23. Herschel - Bulkley rheological behaviour of mud suspensions

5.6. Summary

The addition of cellulose-based additives to clay suspensions has been taken into
account significantly due to their colloidal and rheology modifying capacity. They enable
clay-based drilling mud to fulfill its functions such as stabilizing the borehole (cake
formation), cleaning the hole (evacuating the cuttings), and cooling and lubricating the string
and the bit. Among many cellulose-based additives, CMC polymer and CNC particles are
great materials for increasing the viscosity, controlling the mud fluid loss, and maintaining

enough flow properties at high temperature-high pressure (HPHT) condition.

The effect of CMC polymer on the rheological properties of the bentonite clay
suspensions has been studied and experimented thoroughly. An increase in apparent viscosity

is observed with CMC concentration. This is because of more polymer chain entanglements
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due to concentration increment. Additionally, the partially adsorbed polymer chains bridge the

bentonite particles and forms networks of bentonite platelets.

The effect of CNC particles on the rheological behaviour of clay suspensions was
experimented and investigated completely in this chapter; however, the depletion interaction

between bentonite — CNC will be investigated in detail in Chapter 6.

The rheological behaviour of the additives predominates that of the bentonite
suspension alone. The addition of merely a small amount of these additives in the suspension
makes a considerable increase in viscosity value that makes cellulose-based polymers (CMC)

and particles (CNC) interesting in water-based drilling mud.
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6. Particle deposition onto model surfaces: A

microscopic approach

In Chapter 4, particle pore plugging was confirmed to be the main and governing
mechanism during filtration due to the invasion of particles. Since we found out this fact, we
investigate the particle deposition mechanisms in microscopic level. Governing interactions
between particles and pore surfaces through flow in porous media and filtration could be
investigated through particle deposition study. In other words, particle deposition study onto
different model surfaces will give us a clue about what mechanism(s) are involved in
interactions between particles and pore surfaces. Figure 6.1 illustrates a schematic of the study

approach for the interpretation of dynamic filtration results.

Particle-surface
interactions
Dynamic Filtration
Results
Interpretation
Flow
in

porous media

Figure 6.1. The schematic relationship between microscopic and macroscopic studies of cake
formation
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Role of particle deposition in dynamic filtration results of bentonite suspensions can
be investigated by observing it in microscopic level. When filtration happens, particles move
towards the inner surface of filter core due to hydrodynamic forces. A portion of them passes
through the filter and transports through porous medium of the filter, while the other portion
may be deposited onto the inner surface of the filter. Figure 6.2 shows a schematic
representation of a spherical particle of radius a, and a collector of radius ac interacting across
gap with h in a suspension of spherical nonadsorbing particles of radius a¢ and bulk

concentration pe.

r_ y

particle M

- )

spherical a, '
collector ) ¢

Figure 6.2. Schematic of a suspension containing spherical particles of different radii interacting
with a collector surface [1]

The total interaction energy between a single particle and a collector consists of three
primary components: an electrostatic repulsion due to the charged surfaces, an attractive van
der Waals (London dispersion) interaction, and a depletion/structural interaction produced by
the presence of the nonadsorbing nanoparticles (smaller spheres in Figure 6.2). The first two

interactions are categorized into the well-known Derjaguin-Landau-Verwey-Overbeed
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(DLVO) theory. The theory explains the aggregation of aqueous dispersions quantitatively
and describes the force between charged surfaces interacting through a liquid medium. It
combines the effects of the van der Waals attraction and the electrostatic repulsion due to the
so-called double layer of counter ions. The latter component, known as depletion, does not
follow the DLVO concept. Depletion interaction arises between large colloidal particles that
are suspended in a dilute solution of depletants, which are smaller solutes that are
preferentially excluded from the vicinity of the large particles. It is regarded as an entropic
interaction as it was first explained by Asakura-Oosawa model [83]. The model described that
the depletion force comes from an increase in osmotic pressure of the surrounding solution
while colloidal particles get close enough such that the excluded depletants cannot fit in
between them. It has to be noted that the particles are considered as hard (completely rigid)

particles that are non-interacting and impenetrable spheres.

Investigation of particle deposition mechanism onto model surfaces (collectors) was
carried out using Quartz Crystal Microbalance with Dissipation (QCM-D) apparatus. Model
collectors include different geometries such as the rotating disk, stagnation-point flow,
isolated sphere, porous medium composed of uniform spheres, and parallel-plate channel.
One of the most common methods to investigate the kinetics of particle deposition is the
parallel-plate channel geometry. They have been used in several theoretical and experimental

studies of particle deposition [90-94].

Two dimensional parallel-plate channel is illustrated in Figure 6.3. Fluid suspension
passes through the channel with the constant flow rate, Q, with a fully developed, laminar
regime. The quartz collector sensor is located inside the channel. The mass of particles

deposited onto the quartz sensor is measured and will be used for further deposition analysis.
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Figure 6.3. 2-D parallel-plate channel; large and small spheres represent bentonite and CNC
particles, respectively

The transport and deposition of colloidal particles in saturated homogeneous porous

media is governed by the convective-diffusion equation. The convective-diffusion equation in

its general form is given by:

dC+VN—
dt =0

[6.1]

where N is the mass/particle flux and Q is the bulk reaction (source) term.

D
N=uC-D.VYC——.C.VF
u KT

Assuming no bulk reaction yields:

VN+dC—0
dt

Therefore, one can obtain:

% V.e) = V.(D.7C) v(DFc)

[6.2]

[6.3]

[6.4]
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where C is the particle concentration, t time, u the particle velocity induced by the
fluid (medium), D the particle diffusion tensor, F the external forces exerted on the particles,
k the Boltzmann constant, and T is the absolute temperature. Applications of this equation to
coagulation and deposition phenomena illustrate that a steady state is established in a very
short period of time that is much smaller compared to the time scales of interest in studying
most particle deposition phenomena. Therefore, the accumulation term “0C/0t”, can be
eliminated from the equation. The remained equation is in fact a balance of convection,
diffusion, and migration mechanisms. It has to be noted that all experimental conditions such
as flow rate were set in order to meet the perfect sink model. In this model, it is assumed that
the source term in convection-diffusion equation is zero and all particles arriving at the
distance h = § disappears from the system. o is the minimum gap width between particle and
collector surface and sometimes assumed to be zero. All classical analytical solutions for
particle deposition, such as Smoluchowski-Levich approximation [94] were obtained using
this model. In this approach it is assumed that the increase in hydrodynamic drag a particle
experiences when approaching the collector surface, is cancelled out by attractive dispersion
forces. It has been found that neglecting hydrodynamic and dispersion forces results in very

close outcome to the exact solution of convection-diffusion equation [58, 93, 94].

The fluid velocity profile in Cartesian coordinate (x,y,z) is expressed as:

v=2v,2(2-2), [6.5]

B B

Where Vi 1s the mean fluid velocity, and B the half of channel width (B = 1mm). Due
to the effect of hydrodynamic interactions, the velocity of the particles in the vicinity of the
upper and lower walls of the channel deviates from the fluid velocity field. Approximations to
the particle flow field in the absence of sources and sinks, and under steady conditions
introduced by Adamczyk and van de Ven, resulted in the dimensionless “Pe”” number for this
geometry as:

_ 3Vpa’

Pe = W [6'6]
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where aj is the particle radius, and Do, is the diffusion coefficient for dilute suspension

defined as:
kT
o = [6.7]
émua,

where k is the Boltzmann constant, T the absolute temperature and p the solvent

viscosity.

Peclet number is a dimensionless number used in all three sections of transport
phenomena including momentum, heat and mass transfer. It is defined as the ratio of the rate
of advection of a physical quantity by the flow to the rate of diffusion of the same quantity

driven by an appropriate gradient.

Convective transport rate
Pe = — - = Re.Sc = Re.Pr [6.8]
Dif fusive transport rate

The Peclet number is the product of Reynolds number (Re) and the Schmidt number
(Sc) in mass transfer, while is equivalent to the product of Reynolds number and Prandtl
number (Pr) in heat transfer. Qualitatively speaking, Pe number is a comparison between
convection and diffusion mechanisms involved in particle transport and deposition. In other
words, high Pe numbers illustrate that the governing mechanism is convection while low Pe

numbers imply that diffusion of particles controls the deposition and transport process.

By applying the usual perfect sink boundary conditions to the upper and lower
surfaces of the channel, the deposition rate for the particles can be written as dimensionless
Sherwood number (Sh):

1
3

o=t (209

B
=2 [6.10]
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Sherwood number is another dimensionless number used specifically in mass transfer.

It represents the ratio of total mass transfer rate to the diffusive mass transport rate.

Mass transfer rate
Sh =

Dif fusion rate = f(Re,Sc) = f(Pe) [6-11]

The particle deposition flux onto model surfaces can be expressed by dimensionless
Sherwood number. Likewise, low “Sh” numbers imply low deposition rates while large “Sh”

numbers illustrate high deposition rates [58].
Initial mass deposition rates (jo) of different fluids can be calculated as:

_ JoQp

Sh =222
DoCo

[6.12]

where Cy is the mass bulk concentration of constituents in the solution.

More detailed procedure and all the equations used here ([6.1] — [6.12]) can be found
in M. Elimelech’s work [58]. Equation [6.9] will be used to investigate the effect of cellulose
nanocrystals on deposition of bentonite particles onto silica sensors. It should be noted that
both CNC and bentonite particles were assumed to be spherical in order to use the derived
equations and for simplicity. In fact, CNC and bentonite particles have rod-like and platelet

geometries, respectively.

6.1. Experimental set-up for bentonite — CNC particles

system

In larger scale or macroscopic view, the question of why CNC improves cake
formation in dynamic filtration process can be answered by calculating initial deposition rates
of clay samples with/without CNC. Higher deposition rates of bentonite particles in presence
of CNC particles reveal the efficiency of CNC particles to improve filtration and rheological
properties of clay suspensions. In order to investigate the effect of CNC on bentonite

deposition, three samples were prepared as follows:
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1. 0.1 % (wt) bentonite in water
2. 0.1 % (wt) CNC in water
3. 0.1 % (wt) bentonite + 0.1 % (wt) CNC in water

The experimental conditions are presented in Table 6.1.

Table 6.1. QCM-D experimental parameters

Experimental parameters unit Value
Flow rate, Q ml/min 0.3
Reynolds number, Re - 0.5
Mean flow velocity, Vi m/s 2.5x10*
Boltzmann constant, k m?kg/s’K 1.38 x 103
Temperature, T K 302.15
Channel height, h = 2B m 2 %1073
Channel width, w m 1 x10?
Bentonite particle size , api m 1 x10°
CNC particle size, ap, m 1 %107
Solvent (water) viscosity, [t pa.s 1 %1073
Bentonite concentration, Co kg/m’ 1
CNC concentration, Co kg/m’ 1

Deposition of clay particles with/without CNC particles onto quartz sensor was carried
out in order to verify the colloidal forces including DLVO and non-DLVO interaction forces.
Silica sensor was coated with positively charged Polyethyleneimine (PEI) in one set of
experiments in order to verify the QCM-D instrument capability and use maximum capacity
of deposition. Deposition of clay particles in presence of CNC particles with/without PEI

surface coating will be described in sections 6.2 and 6.3, respectively.
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6.2. Particle deposition onto uncoated quartz sensor

(similarly charged particles and collector)

The deposition of negatively charged clay particles in the presence/absence of CNC
particles onto negatively charged silica (quartz) collector was investigated both theoretically
via DLVO theory and experimentally via QCM-D device. Effect of CNC particles on
deposition of bentonite particles was highlighted.

6.2.1. Similarly charged particles and collectors interactions
In case of both similar charges (negatively charged particles and surface), according to
the electrical double layer (EDL) equation, repulsive interaction is expected. In other words,
higher energy barriers must be observed in DLVO curve. Van der Waals (VDW) interactions
are dependent on separation distance, Hamaker constant, and particle size only and always
negative and attractive. Electrical double layer and van der Waals interactions between

spherical particles and flat surfaces are given below:

2

KT
VEDL = 647-[80£rap (;) Flrz eXp(—kh) [613]
where
zey;
I; = tanh ( 7 KT‘) [6.14]
And
B 2000z2e2N,M 12 615
a £0&-KT ) [6-15]
Ay |ap ap h
=224 4] 1
Wow = =% h+h+2ap+n<h+ap) [6.16]

Ay 1s the overall effective Hamaker constant for the particles (p) and collector (c)

being intervened by water (w) as the medium. Therefore one can write:

AH — (ACO.S _ AWO.S)(APO.S _ AWO.S) [617]
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According to DLVO theory, total interaction energy,V;, is the summation of electrical

double layer and van der Waals interaction energies:
Vr = Vepr + Vwpw [6.18]

All the parameters and values are tabulated in Table 6.2. Total interaction energies
between bentonite/CNC particles and quartz surface are plotted for 0.1 M electrolyte

concentration and shown in Figure 6.4.

Table 6.2. DLVO parameters for Bentonite-CNC-Silica system

Constants Description Value unit
a, for CNC CNC particles size 2 1x107 m
a, for bentonite Bentonite particle size ® 1x10¢ m
N Permittivity of vacuum 8.85x1071 C/V.m
Dielectric constant of
& ) 78.5 -
medium (water)
Boltzmann constant 1.38x10% J/K
T Absolute temperature 298.15 K
Absolute value of
z¢ valence of a (z:z) 1 -
electrolyte
e Elementary charge -1.60x10" C
Zeta potential of CNC
lpc NC d . -51.5 mV
particles
Zeta potential of
Yp © : . -35 mVy
bentonite particles
Zeta potential of silica
P ! -60 mV
surface
Molarity (ionic
M 0.1 mol/lit
concentration)
Inverse Debye length variable with molarity m’!
h Separation distance variable m
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Hamaker constant for

Afs e 4.45%1072! J
Silica-CNC
Hamaker constant for

AB=s e 1.50x10° J

Silica-Bentonite
N, Avogadro’s Number 6.022x1023 mol!

KT Brownian energy 4.11x102! J
Reduced surface

Tene potential for CNC 0.5455 -

particles

Reduced surface
[p potential for Bentonite 0.3284 -
particles
Reduced surface
s potential for Silica 0.5260 -

surface

Note: a & b: spherical shape assumption for CNC and bentonite particles, respectively; c: 0.1 M NaCl
electrolyte solution was assumed; d: Ref. [13]; e: [95]; f: [27]; g: [17, 27]
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Figure 6.4. Interaction potentials between bentonite/CNC particles and uncoated quartz surface

As it is shown, high energy barriers of 150 KT and 280 KT are observed for
deposition of similarly charged bentonite and CNC particles on quartz surface, respectively.
No deposition is expected for total interaction energies of 5 KT and more [17]. Therefore,
theory expects no deposition for similarly charged particles like CNC and bentonite on silica

surface.

6.2.2. QCM-D experimental data

The deposition of negatively charged clay particles in the presence/absence of
negatively charged CNC particles onto negatively charged silica collector was investigated
experimentally via QCM-D device. Figure 6.5 illustrates the deposition of bentonite particles
on quartz surface. It is observed that low amounts of mass (up to hundred nanograms) were
deposited in the first hundred seconds of experiment. Fluctuations in data reveal the possible

attachment-detachment processes during the deposition of clay particles onto naked silica
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surface. S. Varennes and T.G.M van de Ven studied the deposition and attachment of latex
particles at similarly charged glass surfaces exposed to flow [96]. They observed a sudden
change from almost no deposition to fast deposition at a well-defined electrolyte
concentration. It was also shown that particle escape is not only governed by hydrodynamic
forces exerted on particles, but also by a convective-diffusive transport out of an energy
minimum. In other words, surface collisions between suspended and deposited particles play
an important role in the detachment process. During a surface collision the hydrodynamic
force on a deposited particle is increased, thus increasing even further the probability of

escape [96].
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Figure 6.5. Deposition of similarly charged clay particles on uncoated silica surface (The line is
guide for the eye.
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6.2.3. Effect of CNC particles on clay particles deposition

Figure 6.6 illustrates an enhancement in deposition when 0.1% CNC is added to the
clay suspension. This considerable increase is about three orders of magnitude, but not stable.
Fluctuations in deposition data can be observed likewise. Table 6.3 presents the effect of CNC
particles on the deposition of clay particles in terms of initial deposition rate, Jo, maximum

level of deposition (leveling-off), M, and particle sensor surface coverage by particles.
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Figure 6.6. Effect of CNC on deposition of similarly charged clay particles on uncoated silica
surface (The lines are guide for the eye)

129



Table 6.3. Deposition of bentonite/CNC particles on uncoated silica surface

Initial .
Debosition Maximum Surface
Condition Comment ﬂlzlx J Plateau, M., Coverage
iy (ng/em’) (%)
(ng/cm*.s)
Theory No ) )
(bentonite+quartz) deposition
Experiment Low 5 a
(bentonite+quartz) deposition 0 10 0.13
Theory No ) )
(bentonite+CNC+quartz)  deposition
Experiment Enhanced 013 ~10%10° 13

(bentonite+CNC+quartz)  deposition

Note: a: calculations based on spherical bentonite and CNC particles in Appendix C.

Initial deposition rates of bentonite particles with and without CNC particles can be
measured using the early stage deposition data in the first seconds of experiments. As shown
in Figure 6.7, approximately zero deposition flux is illustrated for the deposition of bentonite
particles on silica surface, while an average of 0.13 ng/cm?.s deposition flux is obtained when

CNC was added.

Moreover, Figure 6.6 illustrates that higher deposition is obtained when CNC particles
are added to the bentonite suspension. This huge difference may be originated from the
depletion effect of CNC particles on bentonite particles [27, 97, 98]. Bentonite particles are
pushed to the surface of sensor due to electrostatic and depletion of CNC particles. This
depletion-induced deposition is a reversible process involving secondary energy wells.
Because such secondary wells happen at relatively large separation distances from the
collector surface (bulk), particles captured in such wells are probably mobile and can translate
along the collector surface in addition to attachment, detachment, and reattachment processes
[97]. That increases the deposition amount significantly. However, due to similar charge of
sensor surface, this deposition is not stable because the deposited particles may be repelled
due to repulsive electrostatic interaction between bentonite particles and silica surface. In
other words, a particle that is deposited may be detached again due to the repulsive
interactions. Also, due to the relatively weak attractive depletion force, the hydrodynamic
drag force exerted on particles trapped near the surface may contribute significantly to the

detachment rate [97].
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Figure 6.7. Initial deposition rates for bentonite particles with and without CNC particles

Surface coverage calculations were done based on spherical particle assumption.
0.13% surface coverage for bentonite particles reveals the instability of their deposition.
However, 13% of the sensor surface was covered by particles when CNC is added. That is

100 times bigger and in good agreement with Figure 6.6 trend.

In conclusion, the secondary energy wells produced by a depletion attraction have a
considerable effect on the transport and deposition of particles through similarly charged
collectors. In addition, hydrodynamic drag force exerted on captured particles can enhance
particles detachment altogether with repulsive electrostatic interactions between particles and

similarly charged collectors [97].
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6.3. Particle deposition onto coated quartz sensor

(oppositely charged particles and collector)

The deposition of negatively charged clay particles in the presence/absence of CNC
particles onto positively charged silica (quartz) collector was investigated both theoretically
via DLVO theory and experimentally via QCM-D device. As shown in Chapter 3, silica
sensor was coated with a thin layer of polyethyleneimine (PEI) and the surface of the sensor
was positively charged. This was carried out to stabilize the obtained deposition data and
smoother behaviour and to use the maximum capacity of silica sensor to adsorb nanoparticles.
PEI makes the surface positively charged and controls the deposition of particles. The PEI
chains were considered fully extended due to electrostatic repulsion between the protonated
amine groups, therefore, accelerating the attachment of negatively charged bentonite particles
onto the surface of silica sensor [62, 99]. Effect of CNC particles on deposition of bentonite
particles was also highlighted.

6.3.1. Oppositely charged particles and collectors interactions
In case of oppositely charged particles and collectors (negatively charged particles and
positively charged surface), according to Equation [6.13], electrical double layer is negative
(attractive). It means lower energy barrier must be observed in DLVO curve, because van der
Waals interactions do not change. In other words, enhanced particle deposition is expected,

because both electrical double layer and van der Waals interactions act in the same direction.

Figure 6.8 shows approximately no energy barrier for any of bentonite or CNC
particles to be deposited on quartz surface. High deposition of particles is expected according

to DLVO theory.
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Figure 6.8. Interaction potentials between bentonite/CNC particles and PEI-coated silica surface

6.3.2. QCM-D experimental data

The deposition of negatively charged clay particles in the presence/absence of
negatively charged CNC particles onto positively charged silica collector was investigated
experimentally via QCM-D device. The mass deposition analysis can be done by splitting it
into two different zones: 1. the initial mass flux, and 2. the mass deposition leveling-off at

steady-state.

Figure 6.9 illustrates the mass deposited over time for CNC, bentonite and both CNC
and bentonite particles. The leveling off mass deposition for the CNC-bentonite suspension is
roughly 2.5 times higher than bentonite suspension. Additionally, more stability is observed
in deposition data compared to the uncoated silica surface (section 6.2). The addition of CNC
is considerably important to enhance the deposition of bentonite particles. Likewise, the
depletion interactions induced by CNC particles pushes the bentonite particles towards the

collector surface. Moreover, the electrostatic interaction between PEI-coated silica surface
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and bentonite particles is now attraction. Therefore, the particles deposited on the sensor are
more likely to stay on the surface than leaving it. That is why smoother data and fewer
fluctuations are observed in Figure 6.9. As experiment reaches steady-state, the level-off
deposited mass for CNC particles is less than bentonite. The CNC particles which are
deposited may repel the other ones that approach the sensor surface due to electrostatic
repulsions. Another probability may be the blocking of sensor active surface area by the CNC

particles that results in less deposition later on.

Table 6.4 shows the initial deposition rate, maximum leveling off, and sensor surface
coverage for oppositely charged particles and collector. In this case, higher surface coverages
are expected. 2.9% of sensor was covered by bentonite particles when deposited on oppositely
charged collector. This value is about 22 times larger than when the sensor surface was
uncoated. 7.9% of the sensor surface area was covered by particles which is slightly lower
than the one for uncoated sensor. This may be due to the high surface coverage for CNC
particles (about 20%) that may block the bentonite particles to deposit on the surface
furthermore. In other words, due to the attractive electrostatic interaction between CNC
particles and silica surface, CNCs are also deposited on the sensor surface and occupy an area

that might block other bentonite particles to be deposited.

Figure 6.9 clearly shows that the deposition of CNC and CNC - bentonite suspensions
have been already started before the onset of experiment. That implies the fact that CNC
addition to bentonite particles solution results in bentonite particles flocculation and
sedimentation without considering any hydrodynamic/attractive interactions with the
collector. This type of phenomenon is called perikinetic flocculation when it is only caused by
Brownian motion (diffusion mechanism). As experiment starts, the deposition of particles is
governed by orthokinetic flocculation and other interactions when hydrodynamic and other

forces are involved in deposition.
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Figure 6.9. Particle mass deposition on PEI-coated silica surface

Figure 6.10 depicts the initial deposition rates in the first 20 seconds of the
experiments. It is illustrated that cellulose nanocrystal particles are deposited with a higher
rate compared to bentonite, while both together have higher initial mass flux. Table 6.4
presents the initial deposition flux for bentonite, CNC, and both as 8.9, 41.5, and 57.1
ng/cm?.s, respectively. The size of CNCs is at least one order of magnitude smaller than
bentonite particles. This allows CNCs to be deposited with a higher initial rate. This may also
happen due to the alignment of CNC or bentonite particles on the sensor. More numbers of
CNCs are probable to be deposited on the surface compared to bentonite particles in a period
of time. The suspension of CNC and bentonite has the highest initial flux. The depletion of
bentonite particles and the attractive interactions between particles and collector surface work

together in order to increase the rate and the amount of deposition as illustrated in Figure 6.9

and Figure 6.10.
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Figure 6.10. Initial deposition rates for oppositely charged particles and collector

Table 6.4. Particle deposition studies for oppositely charged particles and collector

Initial Maximum

Condition Sh-Pe Deposition Deposition Plateau, CS(:lvreff:ee
relationship  Rate, Sh flux, Jo M.. %) g
(ng/cm’s)  (ng/cm?) °
(bent(;l;l}ilfeczrrc}lluartz) ~Pel® 8.12%10°  1.79*102 -
Experiment .
(bentonite+quartz) ) - 8.9 2.2*%10 2.9
(CNTélfgzm) ~Pel? 1.75%10*  3.87*10" ;
Experiment e
(CNC+quartz) - - 41.5 1*10 20
Theory ] ] )
(bentonite+CNC+quartz)
Experiment ] 571 . T

(bentonite+CNC+quartz)
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6.3.3. Effect of CNC particles on clay particles deposition
The most important target of deposition studies was to investigate the effect of CNCs
on bentonite particles deposition. The initial deposition flux is the highest value and the finite
deposition plateaus are higher than those of each CNC or bentonite. Having considered all the
potential forces/interactions that may be involved in deposition mechanism of bentonite
particles, two main interactions are the attractive electrostatic interactions between oppositely
charged bentonite/CNC particles and collector sensor and the flocculation of bentonite

particles due to the depletion of CNC particles [13, 16, 83].

The kinetics of capture of suspended colloidal particles by collectors in the presence of
attractive double layer interactions have been investigated thoroughly [100, 101]. A notable
increase was observed in colloidal deposition rates which were attributed to the range and
magnitude of the attractive double layer interactions. When attractive double layer
interactions extend to large distances from the collector surface, the transport of particles
toward the collector increases beyond that of pure convective diffusion. As a result, colloid

deposition rates also increase.

The enhanced deposition of bentonite colloidal deposition is not limited to the
presence of attractive double layer interactions between oppositely charged particles and
collector. The presence of CNC particles induces another interaction that cannot be described
by DLVO theory. This steric interaction that arises between large colloidal particles that are
suspended in a dilute solution of depletants, which are smaller solutes, is known as depletion
interaction. Depletion forces are often considered as entropic forces, as was first explained by
Asakura et al. [83]. In this theory the depletion force arises from an increase in osmotic
pressure of the surrounding solution when larger colloidal particles get close enough such that
the excluded depletants cannot fit in between them. That leads to an attractive interaction
between larger particles and makes them flocculated consequently. In other words, a repulsive
interaction is induced by smaller particles (depletants) that pushes the flocculated large

particles toward the collector surface.
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Table 6.3 and Table 6.4 illustrate that more surface area of silica sensor was covered by

bentonite particles when the surface of the sensor was pretreated by PEI (positively charged).
An order of magnitude surface coverage difference simply confirms that the deposition of
bentonite particles in the absence of CNCs on oppositely charged silica sensor was higher. In
the theory, we assume deposition occurs when a suspended particle comes within a distance o
of the collector surface. By coating the collector with polymer, loops and tails protruding
from the surface of the collector increase the region where a suspended particle can be
captured. Therefore, d, deposition rate, and Sh increase accordingly. In addition, the bonds
formed by polyelectrolyte are definitely strong enough to prevent the release of deposited
particles. In other words, cationic polyelectrolyte enhances deposition of colloidal particles
onto collector surface and prevents the release of these particles once contact has been
established [102]. Boluk and van de Ven carried out some experiments on the deposition of
titanium dioxide particles onto a cellophane surface in the presence of cationic polyelectrolyte
[103]. They found out that the deposition rate in the case of bare particles and coated
cellophane surface was pretty higher compared to the conditions when coated particles
deposit on the bare surface and coated particles deposit on coated surface. In other words, the
deposition of particles was enhanced when the similarly charged collector was coated with a

cationic polyelectrolyte and was positively charged [103].

Figure 6.11 illustrates the adsorbed polyelectrolyte on the (a) particles and (b)
collector surface. As already mentioned before in this chapter, treating the substrate surface
with a polymer solution (polyelectrolyte) gives rise to loops and tails extending from the
surface out into the aqueous phase, and yields in an increase in the distance where particles
are captured. The capture of particles by extended chains increases the deposition rate [103].
Boluk and van de Ven showed that deposition experiments in the presence of cationic
polymers results in charge reversal of collector surface and barrierless deposition of particles

on oppositely charged surfaces [103].
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Figure 6.11. Schematic representation of adsorbed polyelectrolyte (a) on the particle; (b) on a
collector surface [103]

On the other hand, the deposition of bentonite particles onto bare surface in the
presence of CNC was a little higher compared to coated surface. This may due to the blocking
effect that was induced by trapped CNC particles. CNC particles are trapped faster because of
their size, therefore, due to the electrical double layer repulsion between bentonite and CNC
particles, fewer number of bentonite particles can be deposited, however, the detachment

process is still controlled better when the surface of collector is coated [102].

The rate of deposition declines with time and a non-linear trend is observed for the
number of colloidal particles deposited versus time. That is also due to the blocking effects of
the already deposited particles. It was found that one particle is able to block an area of 20 to
30 times its geometrical cross-section [104]. Non-linear trend may be attributed to one or a

combination of the following reasons:

e Particle detachment from the collector surface,

e Blocking effects by deposited particles,

e Coagulation of colloidal particles prior to the deposition (perikinetic
flocculation of CNC and CNC-bentonite particles onto coated silica surface),
and

e Changes in the energy of interaction between collector and particle.
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Figure 6.12 illustrates the synergistic effect of CNC particles on bentonite particles
deposition. CNC addition to bentonite suspension had a synergistic effect compared to the
situation when any of them was deposited individually. It also illustrates how fast steady-state
condition is reached due to the CNC particles effect. The approximate time to reach steady-
state (leveling-off) condition is about three times less when CNC is added to bentonite
suspension. In addition, the mass deposited onto the sensor surface is larger than the one in
superposition of CNC and bentonite deposition data in the first initial 50 seconds. This
significant effect is crucial to justify the better filtration and rheological properties of drilling
muds formulated with CNC particles. Novel, low cost, environmentally friendly cellulose
nanocrystals play an essential role in improving bentonite colloidal suspensions which results

in better filtration performance for bentonite drilling muds.
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Figure 6.12. (a) Progressive and (b) steady-state regions of deposition
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6.3.4. Effect of surface potentials and ionic strength on
deposition of colloidal particles

Two main parameters affecting the colloidal deposition results are surface potential of
particles and collector and ionic strength of the electrolyte. According to DLVO interactions,
increasing the surface potentials, regardless of the sign, increases the magnitude of electrical
double layer interactions. Moreover, increasing the ionic strength results in Debye length
increase, so higher electrical double layer is expected. lonic strength can be manipulated by
changing the valence of ions in electrolyte or changing the molarity of electrolyte solution.

Equation 13 defines the ionic strength of an electrolyte consisting of n components.

I = CiZi2 [619]

n
i=1

where c; and z; are the concentration and the valence of of i ion, respectively.

6.4. Summary

Particle deposition studies were carried out using QCM-D technique to investigate
dynamic filtration mechanisms of cellulose-based drilling mud suspensions. Governing
interactions between clay particles and pore surfaces were studied thoroughly. Cellulose
nanocrystals (CNCs) played a significant role to enhance clay particles deposition onto silica
collector surface. They improved fluid loss control in dynamic filtration of drilling muds by
enhancing the deposition of clay particles onto filter surface. The depletion interaction
induced by rod-like shape CNCs pushed the bentonite particles toward the collector surface.
Bentonite particles plugged the pores at the beginning and start to form a cake gradually. As a
result, fluid loss issue (large permeate flow from filter) was controlled and the involved

mechanisms were investigated completely.
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7. Morphology of filter cake and structure analysis

As observed in Chapters 4 and 5, the mud formulation consisting of Wyoming clay,
cellulose nanocrystal particles, and carboxymethyl cellulose polymer exhibited acceptable
performance in dynamic filtration and rheological experiments under different experimental
conditions. Not only the mechanism of clay particles deposition from a flow onto a model
surface is investigated in Chapter 6, but also a good fundamental knowledge of clay
mineralogy is required to investigate filtration and rheological properties of drilling muds in a
more comprehensive way. Clay is the basic component of approximately all aqueous muds.
The stability of borehole depends largely on interactions between the drilling fluid and the
exposed formation surface. Moreover, colloid chemistry is of great importance in drilling
fluid technology, as clays form colloidal suspensions in water. Both clay mineralogy and
colloid chemistry are significant topics to investigate the drilling mud behaviour under
wellbore condition. Colloid chemistry of drilling fluids was discussed comprehensively in the

previous chapter.

In this chapter, morphology and mineralogy of filter cakes (deposited particles) will be
investigated. Scanning electron microscopy (SEM) images of the dried filter cakes will be

studied and cake structure analysis will be done.

7.1. The origin of fibrous structure in dried filter cakes

Figure 7.1 indicates scanning electron microscopy (SEM) images of the filter cake
collected from dynamic filtration apparatus, which includes Wyoming clay, CNC particles,
and CMC polymer. As shown in Figure 7.1, fibrous structure is observed in different sections
of the filter cake with various magnifications. Presence of these structures can be attributed to

one or a combination of the following reasons:

e Sepiolite mineral in the composition of Wyoming Gel,

e Effect of shear force exerted on the clay particles and the cake during
rheological and filtration experiments,

e The addition of CNC rod-like particles to the mud suspension and mud

rheology enhancement.
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Not many researchers investigated the origin of fibrous structures in mud suspensions
to the best of our knowledge. In 1940, Bradley found out that when slurries of sepiolite are
subjected to high shear rates, the bundles of fibers separate to innumerable individual fibers.
Mechanical interference between these fibers is primarily responsible for the rheological
properties, and sepiolite muds are therefore little affected by the electrochemical environment.
The suspension properties of the mineral itself are stable up to at least 700°F (371°C).
Sepiolite-based muds are recommended for use in deep wells because of their high
rheological stability under high temperatures [105]. Further information on sepiolite minerals

and their structural properties are discussed in Chapter 3 and Reference [1].

As illustrated in Figure 7.1 (a-c), fibrous structure exists in different sections of the
filter cake with different magnifications. This may confirm the presence of sepiolite minerals
in Wyoming clay. To support this hypothesis, elemental analysis was carried out on mud
suspension before filtration, filtrate, and dried filter cake after filtration. The results are

explained in the following section.

30.0kV 0.7mm x1.50k SE 30.0um
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Figure 7.1. SEM images of filter cake
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7.2. Elemental analysis of dried cake filters and filtrate

suspension

Wyoming clay used in our experiments is composed of several minerals with different
structures. Among them, sepiolite with chain-type structure is consisted of bundles of fibers.
Sepiolite mineral is differed from other types of clay minerals due to the presence of iron (Fe)
element in its chemical composition. Therefore, inductively coupled plasma (ICP) and energy
dispersive X-Ray (EDX) characterization tests were carried out. As illustrated in Figure 7.2,
iron element (Fe) along with other main constituents of sepiolite mineral is distributed
through the sample. ICP test results shown in Table 7.1 confirmed the presence of iron metal
(sepiolite mineral element) together with other sepiolite constituent elements before and after

filtration and in the cake.

Figure 7.2. EDX elemental analysis for filter cake
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Table 7.1. Inductively Coupled Plasma (ICP) elemental analysis results

Analyte Mg Al Si Ca Fe

Units ppm ppm ppm ppm ppm
Before filtration (mud suspension) 13.4 7.5 43.6 64.6 29
After filtreation (filtrate) 03 006 14 09 03
Filter cake (retentate) 130 74 422 629 26

As it is illustrated in Table 7.1, presence of iron metal in all three samples can be
explained as one of the probable reasons of fibrous structure in Wyoming clay.

However, a complimentary explanation for observing fibrous structure can be the
effect of shear forces exerting on bentonite clay platelets [106]. Even if no fibrous structure
exists in the clay minerology analysis, shear forces exerted on the particles during cross-flow
filtration may produce fibrous structures in the cake. In the fiber mechanism, bentonite fibers
form, tying the grains together. These fibers form as the bentonite platelets slip, like a deck of
cards across a table as shown in Figure 7.3. This explanation is supported by considering the
fact that fiber formation requires less energy than complete dissociation of platelets from each
other and hence energetically preferred. A rope-like structure is formed by the entanglements

and rotational movements of bentonite platelets. This mechanism is shown in Figure 7.4.

—

-

Figure 7.3. The shear forces in A develop the bentonite particle into the fiber in B
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Figure 7.4. Rope-like structure in clay due to shear force effect

There might be a third complimentary scenario in the case of filter cakes containing
clay particles, CMC polymer and CNC particles. In the case of clay suspension with cellulosic
materials, shear forces exerted on the clay platelets may also make them move resulting in
entanglement of bentonite layers and polymer chains. Due to depletion force induced by the
presence of rod-like cellulose nanocrystals (CNCs), clay particles may flocculate in the
suspension creating larger aggregates. In addition, presence of CMC helps the flocculation
process of clay particles. It has shown that when the concentration of CMC exceeds 1g/350ml
(0.28%), flocculation occurs [5]. An increase in apparent viscosity of bentonite-CMC mixture
was observed when CMC concentration increased [45]. This is due to the number of
entanglements caused by long polymer chains. Under high shear conditions, the flocculated
clay aggregates are broken either by disruption of the attachment points on a particle surface
or by the scission of covalent bonds within the bridging polymer chains, followed by
reconformation of the polymer to form a positive patch on the particle surface [107]. The
effect of CMC and CNC on the rheological properties of drilling muds was discussed

comprehensively in Chapter 5.

7.3. Summary

Having considered all the possible reasons for fibrous structures in filter cakes during
dynamic filtration tests, the first and second scenario are more probable compared to the third
one. In other words, due to the different elemental analyses on the dried filter cake, presence
of sepiolite structure was confirmed. In addition, due to the presence of CMC and CNC in the

system, flocculation of clay particles and formation of aggregates are confirmed. Therefore,
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shear stress exerting on these aggregates can be considered as the second possibility to form
fibrous structure out of previously aggregated flocs. As it is observed in Figure 7.1, the
diameter of the fibers is in micron scale, so it can not represent the CNC rods in the cake.

Both CMC and CNC help indirectly to form such fibrous structures.
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8. Conclusions and recommendations for future work

In this study, the environmentally friendly, high performance water-based drilling
fluids were successfully prepared by the addition of low dosages of green, biodegradable,
abundant, renewable cellulose-based nanoparticles and polymers. Rod-like cellulose
nanocrystals (CNCs) with about 6-10 nm width and 80-200 nm length were added in drilling
fluids to enhance the rheological properties and control the dynamic filtration fluid loss.
Carboxymethyl cellulose polymer (CMC) was also added mainly as a viscosity — modifier
agent. After sample preparation stage, different experiments such as dynamic filtration,
rheology, colloidal deposition, and morphological characterization were carried out to better

understand the mechanisms involved between colloidal particles.

In Chapter 4, drilling mud flow behaviour was investigated during two separate stages:
between the drilling bit and porous media (concentric annuli), and through porous media
(filter pores). Flow regime was laminar in both stages and laminar flow assumptions were
used to develop fundamental transport equations. Darcy flow through porous media was
established and pressure loss through the filter was calculated and compared for samples
including/excluding CNC particles. Effect of different physical/chemical parameters such as
differential pressure, temperature, porosity of filters, shear rate, and mud formulation on the
total volume loss and filtration rate of drilling mud was investigated. Governing filtration
mechanisms were investigated under different experimental conditions. Pore plugging due to
the invasion of particles was confirmed to be the main and governing mechanism during
filtration. Fluid loss additives (CMC/CNC) was evaluated on their ability to both block pore
space and to form a filter cake under applied differential pressures and shear forces by
examining the slopes of plots of t/V vs. V and t/V vs. t. Drilling fluids can be formulated to
deposit a filter cake that can be eroded under laminar flow. Finally, a proper mathematical
model to fit dynamic fluid loss data was achieved, which covered both early wall-building and

equilibrium periods during dynamic filtration.

The second objective of this thesis was to find out if CNC is workable and feasible to

be used as a fluid loss additive in drilling fluids formulation. Comparisons made with other
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nanoparticles already used in drilling fluids in Chapter 4 along with superior features of CNC
such as rod-like shape, high dispersion in aqueous medium and low environment
contamination, made CNC a good candidate to be used as fluid loss additive. The addition of
cellulose-based additives to clay suspensions has been taken into account significantly due to
their colloidal and rheology modifying capacity. They enable clay-based drilling mud to fulfill
its functions such as stabilizing the borehole (cake formation), cleaning the hole (evacuating

the cuttings), and cooling and lubricating the string and the bit.

In Chapter 5, the effect of CMC polymer and CNC particles on the rheological
properties of the bentonite clay suspensions was studied and experimented thoroughly by
doing viscosity measurements versus shear rate. An increase in apparent viscosity was
observed with CMC concentration by one order of magnitude. This is because of more
polymer chain entanglements due to concentration increment. Additionally, the partially
adsorbed polymer chains bridge the bentonite particles and forms networks of bentonite
platelets. The effect of CNC particles on the rheological behaviour of clay suspensions was
experimented and investigated completely in this chapter. One order of magnitude increase in
low shear viscosity was observed by the addition of 1% CNC to the bentonite suspension.
Addition of both CMC and CNC increased the low shear viscosity of the suspensions by two
orders of magnitude. That implies a synergistic effect between CMC and CNC. The
rheological behaviour of the additives predominates that of the bentonite suspension alone.
The addition of merely a small dosage of these additives in the suspension makes a
considerable increase in viscosity value that makes cellulose-based polymers (CMC) and

particles (CNC) interesting in water-based drilling mud.

In Chapter 6, particle deposition experiments were carried out using QCM-D
technique to better understand the mechanisms involved in dynamic filtration properties of
CNC-formulated drilling fluids. Governing interactions between clay particles and pore
surfaces were investigated completely. DLVO interactions including van der Waals attraction
and electrical double layer repulsion forces were quantified for particle — surface systems. The
magnitude of these interactions for bentonite particle — silica surface and bentonite and CNC
particles — silica surface were calculated. Enhanced deposition of bentonite particles were

associated with these DLVO interactions. However, the synergistic impact of CNC on the
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deposition of bentonite particles was attributed to a non-DLVO interaction called depletion
interaction induced by rod-like CNC particles. Cellulose nanocrystals (CNCs) played a
significant role to enhance clay particles deposition onto silica collector surface. They
improved fluid loss control in dynamic filtration of drilling muds by enhancing the deposition
of clay particles onto filter surface. Bentonite particles plugged the pores at the beginning and
start to form a cake gradually. As a result, fluid loss issue (large permeate flow from filter)

was controlled and the involved mechanisms were investigated completely.

In Chapter 7, morphological and mineralogical characterization of filter cakes
collected from dynamic filtration experiments was investigated. Scanning electron
microscopy (SEM) images of the dried filter cakes was analyzed and filter cake elemental
analysis was carried out. As shown in SEM images, fibrous structure was observed in dried
filter cake samples that could not be attributed to the CMC polymer and CNC rods because of
micron-range size of these fibers. Presence of these fibers was ascribed to one or a

combination of the following scenarios:

e Sepiolite mineral in the composition of Wyoming Gel,

o Effect of shear force exerted on the clay particles and the cake during
rheological and filtration experiments,

e The addition of CNC rod-like particles to the mud suspension and mud

rheology enhancement.

Having considered all the possible reasons for fibrous structures in filter cakes during
dynamic filtration tests, the first and second scenario were more possible compared to the
third one. In other words, different elemental analyses on the dried filter cake confirmed the
presence of sepiolite structure due to the presence of iron (Fe) element. In addition, presence
of CMC and CNC in the system accelerates the flocculation of bentonite clay particles and
formation of aggregates. Therefore, shear stress exerting on these aggregates can be
considered as the second possibility to form fibrous structure out of previously aggregated
flocs. As it was shown in Figure 7.1, the diameter of the fibers is in micron scale, so it can not
represent the CNC rods in the cake. Both CMC and CNC help indirectly to form such fibrous

structures by aggregating the bentonite platelets.
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The following conclusions could be drawn from this research:

e The mechanisms involved in dynamic filtration of CNC-dosed bentonite drilling
fluids. Pore plugging due to the rapid invasion of particles into filter medium pores
was confirmed to be the governing and controlling mechanism followed by gradual
filter cake formation on the inner surface of the filter. This objective was achieved by
plotting inverse of filtration rates versus a) total volume loss, and b) time. Plotting
inverse of filtration rate versus time resulted in linear relationship confirming the
standard blocking law or pore plugging mechanism. The initial particle penetration
under a shear force into the porous filter medium greatly influences the final
deposition of the filter cake formed on the surface of the medium.

e CNC was confirmed to be a fluid-loss material in this study. First of all, its unique
characteristics such as rod shape, nano-size dimensions, high dispersion in water
medium, and low environment contamination along with its depletion and flocculation
capacity made it an interesting topic to investigate. In addition, dynamic filtration and
rheological experiments carried out on CNC-dosed drilling fluids demonstrated high
viscosity modifying and fluid-loss capacity of CNC. The filtration results in this
research were compared with other similar results with different fluid loss nanoparticle
additives. CNC improved the total volume loss by approximately 60% and was
comparable with other nanoparticles. In addition, this accomplishment was achieved
under dynamic conditions, while the other nanoparticles were tested under static
filtration conditions. Synergistic effect of CNC made it an appropriate replacement for
other nanoparticles already used as fluid loss additives.

e “Why CNC was effective” was answered by investigation of the involved interactions
between particles and model surface. DLVO interactions including van der Waals
attraction and electrical double layer repulsion forces were calculated for particle —
surface systems. The magnitude of these interactions for bentonite particle — silica
surface and bentonite and CNC particles — silica surface were quantified. Deposition
of bentonite particles were associated with these DLVO interactions between particles

and silica model surface. However, the synergistic impact of CNC on the deposition of
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bentonite particles was attributed to a non-DLVO interaction called depletion
interaction induced by rod-like CNC particles.

e Finally, SEM images revealed a fibrous structure in the dynamic filtration dried filter
cakes. Some elemental analyses were carried out on the dried filter cake samples using
EDX and ICP. They confirmed the presence of bundles of sepiolite fibers in the cake.
Also, shear stress exerting on these aggregates due to the shaft rotation can be
considered as the second possibility to form fibrous structure out of previously
aggregated flocs [108]. The sepiolite unique structure is very sensitive to applied

mechanical processes.

This research opens a new point of view to the applications of cellulose nanocrystals.
This work is an initiative to use CNC particles in CMC-dosed bentonite-base drilling fluids.
In this research, an attempt was made to understand and investigate the mechanisms involved
in dynamic filtration of CNC-dosed drilling muds in order to minimize the risk of fluid loss
and prevent formation damage in drilling operations. It shows the considerable effect of CNC
particles compared to other nanoparticles to enhance filtration and rheological properties of
bentonite drilling fluids. It also explains the scientific concept behind the synergistic effect of
CNC rod-like particles by quantifying and analyzing the microscopic interactions between
CNC, CMC and bentonite clay particles. CNC can potentially be used in drilling fluids
formulation as fluid loss and viscosity modifier material. It is biodegradable, smart, and
environment-friendly material that can be utilized in several applications including drilling

fluids technology.

However, more comprehensive investigation is necessary to confirm the findings that
were out of the scope of this study. For example, the presence of sepiolite mineral in
Wyoming clay can be further investigated by X-Ray image analysis on bentonite suspension
samples without any additives. Moreover, the synergistic effect due to the addition of CNC to
the bentonite suspensions can be analyzed in more details. In conclusion, the following

recommendations are listed below for future studies:

e Permeability analysis for filter cakes collected from dynamic filtration experiments,

e Porosity measurements on different filter cores used in dynamic filtration apparatus,
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e Dynamic filtration tests under elevated temperatures and pressures for more realistic
wellbore conditions,

e Rheological measurements at high temperature, high pressure conditions to better
evaluate the performance of drilling muds additives,

e Colloidal deposition tests for tertiary suspensions including bentonite, CMC, and
CNC,

e More characterization tests on the drilling fluids suspension before and after filtration
tests, and

e Cost analysis on the feasibility of CNC usage in large-scale industry level operations.

In summary, this research was based on the hypothesis of “CNC as an effective fluid
loss additive in cross-flow filtration”. Different experimental procedures and methodologies
were carried out in order to confirm or reject it. Dynamic filtration, rheological experiments
(viscosity behaviour vs. shear rate), and colloidal particles deposition experiments were
considered to check the hypothesis. They confirmed the effectiveness and workability of CNC
in drilling fluids formulation to control fluid loss issue. However, there is still so much work

to do in this journey.
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Appendix A: Cross-flow and porous media calculations

Cross-flow calculations in concentric cylinders geometry

Here, Taylor number calculations will be presented in detail. Equations [2.11] to
[2.15] will be used in order to calculate the Taylor number for the experimental set-up and a

practical example for comparison purpose.

Taylor number for experimental data (FANN90 device)

Calculations are done using specifications in Table 4.1. Angular velocity, o, is

calculated at shear rates = 10 and 100 s™'.

a)—z—{ 3.13s7t ,fory=10s"1
c

A.1
3135571 ,fory=100s"1 [4.1]

Kinematic viscosities are available from Figure 5.17 and assuming the mud density of

2300 kg/m?.
v="o= 5 [A.2]

Taylor numbers at y = 10s™1 and y = 100 s™1 are calculated as 0.13 and 7.05,

respectively.

Taylor number for industrial data (Example)

Calculations are done using specifications in Table 4.2. The same procedure is
followed for Taylor number calculations. The shear rate ranges from 50 — 100 RPM (0.83 —
1.67 s™). Working in low shear rate region results in larger kinematic viscosities than the

experimental ones.

w =

y 0.15s™ ' ,fory =0.83s"1
: :{ fory [4.3]

031st ,fory=167s"1
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2
m

4.8x1073 ry ,fory =0.83s71
2

[A. 4]

U
V —_— e m
p k2.4><10_3 5 ,fory =1.67s71
Taylor numbers at y = 0.83s™1 and y = 1.67 s~ are calculated 0.38 and 1.59,
respectively.

Porous media calculations

Here, porosity and flow velocity calculations in porous media will be presented. In

Afterwards, pressure drop (AP/L) comparison in porous media with polymer flow will be

done for bentonite — CMC (B-C) and bentonite — CMC — CNC (B-C-C) mud formulations.

Equations [2.49] — [2.51], [4.1] — [4.3], and Table 4.3 were used for the following

calculations.

According to Table 4.3, filter surface area is calculated from:

A=m.d.L =mnx1.014%x1.114 = 3.55 in? = 0.0023 m?

Mean velocities for (B-C) and (B-C-C) are:

_ ml min m3

V., s_~=0.3 x1 X1 X
mB-C min~  60s” ~10ml” 0.0023m2

_ ml min m3

Voo p_r_r = 0.25 x1 x1 X
mB-(=C min~  60s” 109ml” 0.0023m2

Corresponding Re numbers at y = 100 s~ are as follows:

2.17x10-6 ™ x35x10~5mx2300 <4
S m- __ -6
= 1.96x10

Reg_¢ =

0.089 <9
m.Ss
1.8><10—6%><35><10—6m><2300k—g3
Reg_¢c_¢c = kg M~ — 8.05x10~7
0.18—L
m.s
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m
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[A.7]

[A.9]



Reg_¢  1.96x107°¢ -
Reg_c_c 8.05x10~7

[4.10]
In conclusion, higher Re number is expected when no CNC was added to the mud
suspension or CNC addition increased the viscosity of the mud suspension.

Pressure drop comparison between muds including CMC (B-C) and CMC/CNC (B-C-

C) are carried out at Re = 0.1 using the following equations:

AB—C _ Up—_c yields AB—C _ 0.14

= = 28x%x103 A.11
Ay 200 ~ 0.001 4.11]
Np__ e ields Ap_-_ 0.37
B-C C=ﬂB c-c Ylelds B—C—C _ = 74%103 [4.12]
Ay Ly 200 ~ 0.001
Ap_ AP/L)5_ 28%x103
p-c _ _(AP/L)p-c _ =0.38 [A.13]

Apc—c (AP/L)p_c—c 74x103

It shows the fact that more pressure drop is expected to observe while CNC particles

are added to the B-C suspension.
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Appendix B: CMC characterization via intrinsic viscosity

In this Appendix, molecular weight of the CMC polymer used in the experiments will

be calculated in details via intrinsic viscosity method. Equations [5.2] —[5.5] will be used.

Table below illustrates all the calculations required to find intrinsic viscosity (y-

intercept) from the graph of reduced viscosity versus concentration.

C (g/ml) mo (zero-shear viscosity) (Pa.s) Nrel MNsp Nr
0.001 8.50x10 9.55 8.55 8.55x10°
0.002 0.024 27.0 26.0 1.30x10*
0.003 0.050 56.2 55.2 1.84x10*
0.004 0.113 127 126 3.15x10*
0.005 0.200 225 224 4.47x10%
0.006 0.250 281 280 4.66x10*

C represents the concentration of CMC solutions, and Ku = 0.281, B, = 4.80 x 10,
and n = 4.34 are constants for CMC in 0.01 M NaCl solution at T = 298 K. Using linear
regression, intrinsic viscosity and the consequent molecular weight of the CMC polymer were

calculated as 3466.3 cm®/g and 961 K, respectively.
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Appendix C: Sensor surface coverage calculations

In this Appendix, the surface area of the sensor covered by nanoparticles is calculated
for different sensor conditions. The surface coverage values are estimated for uncoated and
coated silica sensor. Both bentonite and CNC particles are assumed to be spherical for the

simplicity of the calculations. Their approximate radii are 10 and 10”7 m, respectively.

Volume of one bentonite and one CNC particle can be calculated as:

4 yields (Vg = 4.19x10"2¢m3
Vo= ; { B C.1
3" Ve = 4.19%10"5¢m3 €]
Surface area of one bentonite and one CNC particles can also be calculated as:
yields (Ag = 1.26X1077cm?
A=4nr? — { 5 C.2
g A = 1.26X10~%cm? ¢.2]

Sensor surface area is reported as 0.2 cm?.

Uncoated silica surface and bentonite particles coverage

As shown in Figure 6.6, the maximum mass deposited for bentonite particles is 100
ng/cm?. Therefore, the maximum amount deposited on the sensor will be 20 ng. Using the

following equation, the number of deposited bentonite particles will be about 2076.

g

—5 X4.19x107 2em® xi# [C.3]

yields
m, = p,xV,x#, — 20x107°g = 2.3

Area of deposited particles  2076x1.26x1077cm?

Surface coverage(%) = Area of sensor = 02em? =0.13%

Uncoated silica surface and bentonite + CNC particles coverage

As illustrated in Figure 6.6, the maximum mass deposited for bentonite + CNC
particles is about 10* ng/cm?, which will be 2000 ng on the sensor. Equation [C.3] may be
applied to calculate the number of particles deposited on the sensor. Assuming the density and

volume values of bentonite (larger particles), the number of deposited particles is 207583.

Therefore,

168



Area of deposited particles 207583x1.26x10~7cm?

= = 13.09
Area of sensor 0.2c¢m? o

Surface coverage(%) =

Coated silica surface and bentonite particles coverage

As shown in Figure 6.9, the maximum mass deposited for bentonite particles is 2250

ng/cm?. Using Equation [C.3], the number of deposited bentonite particles is 46706.
Therefore,

Area of deposited particles 46706x1.26x1077 cm?

= = 2.9%
Area of sensor 0.2cm? °

Surface coverage(%) =

Coated silica surface and CNC particles coverage

As shown in Figure 6.9, the maximum mass deposited for CNC particles is about 1000

ng/cm?. Using Equation [C.3], the number of deposited bentonite particles is 3.18x107.
So,

Area of deposited particles 3.18x107x1.26x10™%cm?
Surface coverage(%) = = 5 =20%
Area of sensor 0.2cm

Coated silica surface and bentonite + CNC particles coverage

Finally, the maximum mass deposited for bentonite + CNC particles is about 5000

ng/cm?. Using Equation [C.3], the number of deposited bentonite particles is 1.2x10°.

Hence,

Area of deposited particles 1.2x107x1.26x1077cm?

= 7.9
Area of sensor 0.2cm?

Surface coverage(%) =
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