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ABSTRACT

The capabilities of different types of nanoparsc(®&Ps) had been exploited to
develop a water-based drilling fluid having bettdraracteristics for harsh drilling
conditions. More specifically, the objectives ofisttwork are to: 1) investigate the
effectiveness of using different oxide NPs: feniade (of sizes <50 nm), magnetic iron
oxide (of average particle size 50 —100 nm), siNE& (size =12 nm), and zinc oxide NPs
(of sizes <100 nm) on the rheological propertied @iter cake characteristics of Ca-
bentonite-based drilling fluid at downhole condiisp 2) conduct a sensitivity analysis of
the rheological properties of these drilling fluidad investigate the effect of charge
potential, 3) determine the optimum concentratibhBs, and 4) evaluate the effect of
different drilling fluid additives on the performem of NPs/Ca-bentonite fluids by
formulating and testing a complete bentonite-bakélihg fluid formula.

A reduction of 43% in the fluid loss volume was iavled when using 0.5 wt% of
ferric oxide NPs with 7 wt% Ca-bentonite suspenssompared to that without NPs.
However, using silica or zinc oxide NPs at diffareoncentrations resulted in an increase
in the fluid loss volume and filter cake thickne$ke inductively coupled plasma (ICP)
analysis of the filtrate fluids and the scanningction microscopy-energy dispersive
spectroscopy (SEM-EDS) of the filter cakes reveadlesl replacement of the cations
dissociated from the Ca-bentonite by ferric oxidesNat the investigated conditions,
which promoted the formation of rigid clay plated¢tucture. Furthermore, using 0.5 wt%
of NPs provided less agglomeration, as shown byStEBl images, and less filter cake



permeability. Moreover, the produced filter cak@sisted of two layers, as indicated by
the computed-tomography (CT) scan. Increasing timeentration of NPs resulted in an
increase in the fluid loss and filter cake thiclksest high NP concentration (2.5 wt%), a
new layer of the agglomerated NPs generated ifiltke cake close to the surface of
formation, which adversely affected the cake charastics. The ferric oxide and
magnetic iron oxide NPs/Ca-bentonite fluids werenfd to have stable rheological
properties at different NP concentrations and teatpees (up to 200°F). Additionally,
thermally aging these fluids at 350°F for 16 hosl®wed minor changes in their
rheological properties, which confirmed their apability in drilling downhole
environments.

The ferric oxide NPs improved the filter cake aittation properties of Ca-
bentonite-based drilling fluids in the presencg@aolfymer and other additives under both
static and dynamic filtration (at 100 rpm). The tbéKer cake characteristics were
obtained when using a NP concentration of 0.3-0%.wW-urthermore, the formulated
NPs/Ca-bentonite-based drilling fluids could witred downhole conditions up to 500 psi
and 350°F and produced a filter cake that has @iri5thickness, 6.9 ml filtrate loss
volume, and 0.428 pd permeability at this condgiodoreover, it was noticed that the
ultrasonication for at least one hour and bentdwtiation for 16 hours are recommended

for better preparation of the formulated ferricdexNPs/Ca-bentonite-based drilling fluid.
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NOMENCLATURE

= Cross-sectional area of the filter core disk in.
= Aluminosilicate clay hybrid

= American Petroleum Institute

Carboxymethyl cellulose

Cellulose nano-crystals

= Computed tomography

Computed tomography number
= Volume fraction of the solids in the filter cake

= Volume fraction of solids in the drilling fluid

High-pressure/high-temperature
=Inductively coupled plasma-optical emission speugtyy

= Iron oxide clay hybrid

Graphene oxide

= Consistency index, Ibf"400 f£

= Permeability of the filter cake, d

= Permeability of the filter medium, d
= Lost circulation material

= Low-pressure/low-temperature

= Thickness of the filter cake, in.

= Thickness of the filter medium, in.
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MFC = Microfibrillated cellulose

MWCNTs = Multi-walled carbon nano-tubes

n = Flow behavior index (dimensionless)
NWBM = Nano-fluid/water-based drilling muds
NP = Nanoparticle

PAC = Polyanionic cellulose

PALS = Phase analysis light scattering

Pal = Palygorskite

PAM = Polyacrylamide

q = Filtrate fluid rate, ml/ irf.s

ROP = Rate of penetration

R? = Regression coefficient (dimensionless)
SDFL = Nano-silica composite with core-shell structure

SEM-EDS = Scanning electron microscopy-energy dispersivetspaetry

t = Time of filtration, s

\ = Cumulative filtrate volume, it

XG = Xanthan gum

XRD = X-ray diffraction

XRF = X-ray fluorescence

ZnO-Am = Zinc oxide NP-acrylamide composite

APc = Pressure drop across the filter cake, psi
ApPm = Pressure drop across the filter medium, psi
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Apy

Mp
>

To

Total pressure drop, psi
Viscosity of the filtrate, cp
Plastic viscosity, cp

Sum of square errors, (Ibf/106)k
Shear stress, Ibf/100*ft

Yield stress, Ibf/100 #t

Shear rate, s

Zeta potential, mV
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CHAPTER |

INTRODUCTION AND LITERATURE REVIEW?

Introduction

Drilling deeper, longer, and more complex oil ars gvells becomes possible by
improvements in field technologies, especially byriulating and using more efficient
drilling fluids. However, these fluids must be emggred so that they can minimize
formation damage. The invasion of drilling fluidtfate into formation is considered as
one of the common sources of damage (Amaefule. di98B). The formation of a low
permeability and thin filter cake (a high efficignfiter cake) on the face of the porous
medium and proper filtrate fluid loss volumes caduce the excessive formation damage
problems. Additionally, optimizing the rheologigabperties is important for formulating
stable and effective drilling fluids.

Generally, one can classify drilling fluids intor¢le main types: water-based,
synthetic-based, and oil-based drilling fluids. Byatic-based and Oil-based drilling fluids
have many disadvantages such as the higher castertliironmental and disposal
problems, and the safety and health issues (Grdwetoal. 1998; Foxenberg et al. 2008).

Because of the drawbacks of oil-based and syntbased types, a trend of selecting

! Reprinted with a permission from “Nanoparticle-Ba®rilling Fluids for Minimizing Formation Damage
in HTHP Applications” by Mahmoud, O., Nasr-EI-Dinl. A., Vryzas, Z., and Kelessidis, V. C. SPE-
171849-MS, Copyright 2016 by Society of PetroleungiBeers.

2 Reprinted with a permission from “CharacterizatimhFilter Cake Generated by Nanoparticle-Based
Drilling Fluid for HP/HT Applications” by Mahmoud., Nasr-EI-Din, H. A., Vryzas, Z., and Kelessidis,
V. C. SPE-184572-MS, Copyright 2017 by Society efrBleum Engineers.

1



water-based drilling fluids was followed. Howevtite need to address the drawbacks of
water-based fluids, especially while drilling harginditions, is a top priority. Bentonite-
based fluid is one of the most commonly used wha#sed drilling fluids. Bentonite is a
montmorillonite clay that can provide good rheotadi properties, pumpability, and
cutting carrying capacity while drilling (Bourgoyeéal. 1991). However, the temperature
limit above which bentonite starts to chemicallgditdown is 250°F (Kelessidis et al.
2006). The breakdown of bentonite increases the lbss into the formation and reduces
the drilling fluid capability for carrying cuttings

Nanoparticles (NPs), as additives, have been tlghigunvestigated to address
the challenges of bentonite-based drilling fluilSNP is any particle having one or more
dimensions in the range of 1 to 100 nanometer (iitmg. small size of particles yields a
high surface-area-to-volume ratio, which leads tanynchanges in the interparticle
spacing and gives superior functions (Lu et al. 2Z@&hari 2010). Different types of NPs
have been tested for enhancing and controllinghitbelogical properties of drilling fluids
(Agarwal et al. 2011Amanullah et al. 2011Abdo and Haneef 2013; Ismail et al. 2014)
and for fluid loss mitigation (Javeri et al. 201Cai et al. 2012Zakaria et al. 2012;
Contreras et al. 2014).

In this chapter, a detailed literature survey aimdi@f introduction to the research
problem have been presented. Additionally, theiagipbns of NPs in the drilling fluid
technology will be surveyed in order to examinelibaefits behind using such patrticles.

At the end of the chapter, the objectives of tagearch work have been defined and stated.



Drilling Fluid

The drilling fluid (mud) is a mixture of liquids,hemicals, and solids that are
pumped into the wellbore to facilitate the drillipgocess. A variety of downhole
conditions result in the choice of different typeisdrilling fluid. When choosing a
particular mud, factors such as the depth, tyderohation, and local structure should be
considered. Drilling fluid must have different furoms. Table I-1 shows the functions of

drilling muds and their corresponding propertiesg&joyne et al. 1991).

Function of the Drilling Fluid Corresponding Property
Controlling subsurface pressures and prevent caving. Drilling fluid density
Carrying cuttings out of the hole. Drilling fluid viscosity
Suspending cuttings while stopping circulation. Drilling fluid gel strength
Cooling and lubricating the drill/string and bit. Additive content
Forming a thin, impermeable filter cake on the face of the borehole. Filtrate fluid loss control
Easily releasing the drilling cuttings when reaching the surface facilities. Viscosity/gel strength
Helping in supporting the weight of the drill/string and casing. Drilling fluid density
Ensuring getting maximum information out of the drilled formation.

Not damaging the mud circulation system.

Table I- 1—Functions of the drilling fluid and the corresponding properties.

Many additives have been introduced to help indiiéing process. The drilling
fluid properties affect the drilled formation, wifime logs, and drill return logs. The
drilling fluid must allow the obtaining of all infmation necessary for evaluating and
estimating the productive capabilities of the peatet! formations.

Drilling mud is considered as the most importamhponent in the drilling process

and the success of a drilling operation is normadlgited to its efficiency. Various types
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of drilling fluids are being classified and used®&a on their behavior during the drilling

operation. Synthetic-based and oil-based drillingdé have different disadvantages as
aforementioned. However, water-based drilling ffufthve drawbacks, especially when
drilling high pressure/high temperature (HP/HT) l&eln this research work, we are

focusing on water-based type, more specificallg,libntonite-based fluids.

Bentonite is a montmorillonite clay that has a fiike shape Fig. I-1). Its basic
structure consists of two silica sheets, wheféiStetrahedrally coordinated with oxygen,
combined with one layer via octahedral coordinationthe latter layer, the central ion
might be either M§ (a trioctahedral sheet) or #l (a dioctahedral sheet). Charge
shortages results in the clay particles becaugkeoéxtensive isomorphous substitution
(without fundamental change of the structure) f &nd APF* by other cations (Grim
1968). Montmorillonite carries a negative chargeintyafrom the replacement of
aluminum with magnesium, neutralized by soluble moor di-valent cations, which
balance charge deficiencies (weak bonding).

Montmorillonite is a dispersible and hydrophilicagl mineral of the smectite
group. It is a mineral that has a higher tendencswiell when becoming in contact with
water. Furthermore, it has an extraordinary capghbib exchange cations, typically
sodium (N&) and calcium (C#). Based on the exchangeable cation, montmoritozan
be classified as Na- and Ca-montmorillonite. Na-tmmaillonite is commonly known as
a premium drilling fluid additive. The differencetiween Na- and Ca-montmorillonite is
the relative proportions of the two cations in ithterlayer region. In Ca-montmorillonite,

the C&* predominates; however, the Neations are dominants in Na-montmorillonite.
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Although the cations occupy the same volume inspthe charge density of the s
twice that of the Na(Marcus 1991; Casillas-ltuarte et al. 2010). Thgatieely charged
montmorillonite lattice sheets are more tightlychébgether by the Ca(Bowyer and
Moine-L 2008; Keren 1988). Thus, Ca-montmorillonltiaving a better “glue” in between
the lattice sheets, does not disperse in watezaaly as Na-montmorillonite. This means
that hydration (swelling) does not occur to the saxtent. However, Ca-montmorillonite
is a mineral with a high surface energy, and shioigl affinity for water (Chassin et al.
1986). InAppendix A, the dehydration process of a suspension of 7 im¥ttonite
consisting mainly of Ca-montmorillonite in deionizevater at 212°F (100°C) is showed

as a function of time.

O Oxygen atom
@ Hydrcuyl ion

@  Auminum or magnesium

QO  siicon

Fig. I- 1—Structure of montmorillonite (Grim 1968).



Ca-bentonite was selected to be used, as a lovg¢rlternative of Na-bentonite.
The objective is to formulate a promising waterdshsud by improving the properties
of Ca-bentonite using NPs. Reducing the filter lpssperties of the formulated drilling
fluid is the main goal of this research. Additidgalthe rheological properties of the
drilling fluid at downhole conditions will be invegated and optimized.

Invasion of mud filtrate while drilling is one ohé most common sources of
damaging the productive formations (Amaefule et1&i88). This problem is a major
contributor in the injectivity or productivity redtion in petroleum wells. Losses of the
filtrate fluid into the porous formations duringlting happens because of the difference
between the hydrostatic pressure of the mud colanththe hydrostatic pressure of the
fluids in the formation (Hoberock and Bratcher 1p98s a result of this filtrate fluid
invasion a filter cake is forming on the face o tlellbore due to the accumulation and
deposition of the solids and cuttings (Civan 198€d96). The filter cakes stabilize and
protect the formation from extra drilling fluid imagion and allow better fluid circulation
through the wellboreFigs. 1-2 andI-3 show schematic illustrations of the drilling fluid
filtrate invasion through the deposited filter caltel porous formation and the generation
of a filter cake on the wellbore (formation faceyidg drilling.

The most important factors and parameters thatdcoahtrol the drilling fluid
filtrate invasion include: formation properties (peability, porosity, pore size and
structure), mud properties, and the propertieb@fieposited filter cake. Better designing
of the drilling fluid and selecting the additivestie used can produce a good-quality filter

cake. Such a cake can withstand high differentiatgures (overbalance drilling) and
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reduces the possibilities of many drilling problerRgter cakes can be considered as a

key to minimize formation damage and maximize nagereturn permeability.
MUD

FILTER
CAKE

i
5

RESERVOIR
LS FORMATION

.
—

Fig. I- 2—Filtrate fluid invasion through the deposited filter cake and porous formation during drilling (Civan
1994).

RESERVIOR
FORMATION

Fig. I- 3—Formation of the filter cake while filtrate fluid i nvasion (Civan 1994).

Characterizing the filter cake is very importantéese of their key rule in the

drilling process. Filter cake properties, suchiliste fluid loss, thickness, permeability,
7



porosity, structure, and texture are essentialmpaters that should be carefully identified
and optimized. The structure and texture of thierfitake give better understanding of the
interaction between different drilling additives&aning electron microscopy (SEM) was
thoroughly used in the literature for such investiigns (Hartman et al. 1988; Chenevert
and Huycke 1991; Plank and Gossen 1991; Kelesstd&. 2006; Barry et al. 2015).
Additionally, thin-section photography was alsorasluced and used to investigate the
filter cake structure and the interaction of sokhel cuttings with the formation surface
(Li and He 2015). The computed-tomography (CT) sgas also used in different studies
to investigate the cake homogeneity, thickness pamdsity (Elkatatny et al. 2011, 2012,
2013). Bageri et al. (2013) summarized the mostrosonly techniques and models that
used to evaluate and characterize the filter ca@pepties.
Applications of Nanopatrticles in the Drilling Fluid Technology

The nanotechnology started as a promising techgadddhe end of the 1980's
decade. By this beneficial technology new nano-medgecan be developed and designed
by rearranging molecules or atoms of particles vdtger sizes (Ju et al. 2012). A
nanometer (nm) is one thousand millionth of a meié&e range of the nano-scale is
usually can be defined as the range starting frararfometer up to 100 nanometeig(
I-4). So that, one can define nanotechnology as ttentdogy of designing, fabricating
and utilizing of functional structures and mategiaiith at least one dimension measured
in nanometers (Kelsall et al. 2005). The extraadinchange in properties when using
nano-materials may be because of their relativglly burface-area-to-volume ratio when

compared to the same materials in larger dimengfigs|-5).
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Fig. I- 4—Scale of particle-size (Cai et al. 2012).

Smaller size ¥ Higher surface areaT

Fig. I- 5—Surface-area-to-volume ratio of nanoparticles (El-Iasty and Aly 2015)

Nanotechnology can contribute in different areathefpetroleum industry. Nano-
materials can be used to change reservoir propestieh as wettability and improve
mobility ratio. Its capability as a less expensiwgre efficient, and environmentally
friendly material might giving it a more promisingle in the coming developments.
However, many of the applications are still onlyaboratory and research development.

Several research studies have been conductedvelogéeng novel drilling fluids
using predominantly nanoparticles (NPs) among @taiof additives. NPs are now
commercially available at affordable prices and sugable as drilling fluid additives
because of their attractive properties stemmingftbeir high surface-area-to-volume
ratio. Friedheim et al. (2012) and Hoelscher e{2013) provide a brief overview of the
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nanotechnology applications in the drilling fluiddustry. Different types of NPs have
been used in the drilling fluid technology as rlogidal property controller, fluid loss
reducer, and shale stabilizers. Two methods cdiolmeved in the preparation of NPs-
based drilling fluids, either by using ex-situ pfditu procedures. The ex-situ preparation
is the addition of NPs to the aqueous solutionciiig later can be added to the drilling
fluid. However, the addition of the precursors tpanerate the NPs directly to the drilling
fluid is called in-situ preparation. Alsaba et@014) recommend the in-situ procedures
of NP preparation in order to mitigate the watenteat increasing in mud into the
circulation system. In the following section, a alktd review of nanotechnology
applications in drilling fluids has been presentgaecifically, the applications of NPs as
a rheological property modifiers, fluid loss cotiigos, and wellbore strengthening agents.
Rheological Property and Fluid Loss Controller

Different NPs-based drilling fluids had been forated and tested by Amanullah
et al. (2011). The authors noticed the difficulfyusing either salt or fresh water as the
fluid phase to prepare NPs-based drilling fluidheiit the use of chemical additives (i. e.,
surfactants or polymers). It was also found thatdbveloped NPs-based drilling fluids
had satisfactory rheological properties. Moreowesignificant reduction in the filtrate
fluid and spurt loss were obtained when using Nétepared to the base. Additionally,
the authors reported the deposition of a thin amdpact filter cake, which might be
resulted in preventing the problem of pipe stickingile drilling. The drilling fluid
formulations of this NPs-based drilling fluids aaldo for a macroparticle-based drilling

mud were reported in more details by Amanullah AkArfaj (2013).
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Agarwal et al. (2011) studied stabilizing invertudsion fluids for HP/HT drilling
applications by using nano-clay and nano-silicae &tithors noticed that using nano-clay
and nano-silica together was the way to get thedreperties. It was also found that nano-
clay is easily dispersed in the oil phase andotsdd better gel structure. The test results
showed also that the nature of nano-silica (eitfmgdrophilic or hydrophobic) has
significant effect on the behavior of the formed. $¢hen Agarwal et al. (2011) used
barite as a weighing material, they found a losgi@fl stress. However, they mentioned
that the yield stress of the invert emulsion drdlifluid might be regained by increasing
the nano-silica content. Moreover, they had repbtteat aging the NPs-based drilling
fluid at 225°C for 96 hour results in relatively aindecrease in the yield stress; however,
the emulsion remained stable.

Jung et al. (2011) investigated the effectivenéssimg iron oxide NPs (3 nm and
30 nm) to improve the HP/HT properties of Na-benbased fluids. The rheological
properties were studied at different temperatu2€s200°C) and pressures (1-100 atm).
The filter cake characteristics and filtrate logpacity were also investigated in this study.
The authors reported that the increase in NP cadratem resulted in an increase in
viscosity and yield stress of the bentonite fluiéistthermore, the smaller size NPs (3 nm)
was found to be effective in improving the viscpit this type of suspensions. Jung et
al. (2011) explained the test results through tacepts. The first theory is that, oxide
NPs embedded randomly on the surface of clay pariic the pore structure of the
dispersion, which insure better connections betwx@y particles and enhance gelation

of the fluids. The second theory was that this mrpment in the rheological properties
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upon adding oxide NPs may be due to the synerggrgéed by homocoagulation of the
exceeds NPs and heterocoagulation of bentonite Nt

Javeri et al. (2011) studied the using of silicoRsNas additives to reduce the
probability of pipe sticking by the generation ofrenner filter cake on the surface of
formation. The size of silicon particles used irstbtudy was 40-130 nm. The results
showed the formation of a continuous, low perméslidw porosity filter cake.
Furthermore, they mentioned that the filter cakekitress was less than in normal cases
because there was less volume of filtrate entathegformation. Moreover, they found
that the used NPs do not have high impact on tbeosity of the drilling fluid and have
thermal stability at high temperatures up to 2500°F

Manea (2011) designed a novel drilling fluid by @ nanotechnology. The
author was focusing on water-based drilling flurd#h low solid content by using nano-
size polymers. In this study, a nano-polymer warttssized and investigated as a filtrate
loss reducer additive. Nano-size particles weréhggized by grinding in a planetary mill
that have agate bowl and 20 agate ball of 20 mmetier. The authors reported that the
extraordinary properties of this polymer were afeai because of its ability to adsorb free
water from the system and form gel. Furthermorie,tano-polymer was also found to be
sensitive to the change of pH of suspensions witlwallability increases in alkaline
medium. Moreover, the cumulative volume of filtréted loss upon the addition of nano-
polymer was found to have small values. The autiplained the test results as an impact
of the increase in total specific area with therdase in particle size, which results in

bigger interaction area with the continuous medaumd significant swelling capability.
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Ravi et al. (2011) presented a lost circulatiomfolation to reduce the filtrate fluid
loss. The lost circulation composition comprisedtlaod cement in an amount of about
10 to 20 wt% (of the lost circulation compositioNPs (a particular nano-silica) in an
amount of about 0.5 to 4 wt% and having a parsce of about 1 to100 nm, amorphous
silica in an amount of about 5 to 10 wt%, synthetay in an amount of about 0.5 to 2
wt%, sub-micron sized calcium carbonate in an arhotiabout 15 to 50 wt%, and water
in an amount of about 60 to 75 wt%. Lost circulatealditives were formed with a mix of
cement and nano-materials to reduce the setting tonfilter cake formation and gel
strength development. However, the authors merditimet high amounts of the NPs were
required with the cement to produce the filter cakd develop the gel strength.

Abdo and Haneef (2012) investigated a new clay (AT&ich offers bigger
surface area and higher reactivity, as a drillingdfadditive. The ATR was found to be
consisting mainly of montmorillonite and has a chbke structure. Different sizes of
ATR (micro and nano) were used in this study. ATRNP sizes were found to be
applicable for use as a drilling fluid additive arath generate better rheological properties
(relatively low viscosity and high gel strengthiurthermore, regular bentonite (in smaller
particle sizes) was also examined but was fourdht@ inconsistent behavior because of
high flocculation. Moreover, Abdo and Haneef (20t@ported that a combination of
regular bentonite and ATR NPs displays the bestogtithized set of properties because
of the combining effect of the characteristics bart (high density) and ATR NPs (low

viscosity and high gel strength).
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Graphene oxide (GO) was used with water-basedmdyifluids as a fluid loss
reducer (Kosynkin et al. 2012). In this study, éigions of GO in xanthan gum aqueous
solutions were tested using standard API filtratiests. It was noticed that the best GO
concentration that should be used is 0.2 wt% b¥ypararcontent. Additionally, better
performance was obtained when using a combinatidw® shapes of GO (large flake
and powdered GO in a ratio of 3:1). When using toimbination, an average fluid loss
volume of 6.1 ml and a filter cake thickness of 2@ were obtained. A regular drilling
fluid containing 12 g/L of clays and polymers wéasoatested in this study. In this case,
an average fluid loss of 7.2 ml (+18 %) and a ffikake thickness of 280 um were
obtained. Moreover, the authors reported that t@es@lutions exhibited higher thermal
stability and shear thinning behavior when compavied clay-based fluid loss additives.

Friedheim et al. (2012) also investigated the ¢ffeaess of using GO NPs as
viscosity and fluid loss control additives withlarsy of bentonite and barite in water. It
was found that GO NPs have a significant potemtmathe rheological parameters when
used in a concentration of 2 Ib/bbl. Furthermdre,gystem was also examined after aging
for 16 hours at 150°F. The authors reported thatGl® NPs effectively enhance both
rheological and filtrate loss properties of thetegs The authors concluded that the GO
NPs are easily deformable to fit into the contafrthe formation because of their sheet-
like structure; however, the cost effectiveness tiiedong-term stability of GO NPs is a
critical issue that must be addressed for fieldiegpon.

Polyanionic cellulose (PAC) and Carboxymethyl delie (CMC) polymers in NP

sizes were investigated as fluid loss reducer a@git(Fereydouni et al. 2012). An in-
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house made CMC NPs were used in this study, whaxterby using of ball milling at 500
rpm rotational velocity for 1 to 1.5 hour at 253@°C. PAC NPs were also made in-house
(ball milling at 400 rpm, 2 to 2.5 hour resideniced, and room temperature). The authors
reported a reduction of the API fluid loss volumm dilter cake thickness when using
CMC and PAC NPs compared with regular-size polynoéthe same type. Moreover, a
cost advantage when using CMC and PAC NPs wasesoted in this study.

Abdo and Haneef (2013) investigated the usingmdtaral clay mineral in nano-
sizes, palygorskite (Pal), to stabilize the rhemalgproperties of drilling fluid at HP/HT
environments. Pal were reported to be availabl®©man and has a fibrous rod-like
microstructurelig. 1-6). In this study, Pal was synthesized and testedno-sizes of 10-
20 nm. It was found that the elongate needle sh&pal NPs gave them unique colloidal
properties when compared to the flake-shape of monlionite particles. Moreover, it
was reported that montmorillonite alone was fouwd not be stable at HP/HT
environments. However, adding a small concentratioh Pal increased the
montmorillonite stability at such conditions.

Nasser et al. (2013) developed a nano-fluid by gusiano-graphite and nano-
silicon wires. The authors concluded that the dgwed nano-fluids showed better
rheological properties at temperatures up to 9M@e specifically, this nano-fluids had
higher viscosity when compared with that of a regdkilling fluid at the range of tested
temperatures.

Anoop et al. (2014) studied the rheological prapsrof nano-fluids composed of

mineral oil and silica NPs at HP/HT environmentswvés found that the viscosity of the
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nano-fluids increases with the increase in NP cotmagon. Furthermore, a decrease in
the viscosity of the nano-fluids at higher temperas was also reported. The power law
was found to be the best fit model for all casearédver, there was non-essential

reduction in the viscosity of the nano-fluids aemperature of 100°C.

Fig. I- 6—SEM images of Pal: (a) regular Pal (needle like chiers), and (b) uniformly dispersed Pal NPs (Abdo
and Haneef 2013).

Zakaria and Husein (2014) developed an in-houseflNiE loss circulation
material (LCM). The aim of this study was to reéuke invasion of fluids in very tight
formations such as shale. Both in-situ and ex-gitacedures of NP preparation and
addition to oil-based drilling fluid were investiga in this study. Standard API filter press
test results showed a reduction greater than 70#%eirfluid invasion compared to 9%
reduction when using a commercial LCM. Moreovemtier mud cakes were deposited

when using this materials, which indicating hightgmial for mitigating formation
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damage and differential pipe sticking. Additionally good stability was found when
sealing this NPs-based drilling fluid for a permfdmore than 6 weeks.

Contreras et al. (2014) examined the effectivenéssing in-house prepared iron-
based NPs (NP1) and calcium-based NPs (NP2) as WwifiMoil-based drilling fluids in
the presence of glide graphite. Both API fluid Id¢as 100 psi and 78°F) and HP/HT
filtration tests (at 500 psi and 250°F) were conddc Ceramic disks of 775 md
permeability were used to simulate porous formatibrwas found that under HP/HT
conditions, NP1 gave higher reduction in the flisisis when used at low concentrations;
however, NP2 showed a perfect performance at loglentration. Under API filtration,
these results were found to be reversed. It wasralsorted that the effect of graphite as
a filtrate reduction agent becomes less signifiearder both HP/HT and LP/LT with
increasing the NP concentration. However, usinglgta in combination with NP1
yielded a better filtration loss reduction at bbllR/HT and LP/LT Fig. 1-7).

Multi-walled carbon nano-tubes (MWCNTS) were alsweastigated as an additive
to water-based and ester-based drilling fluids éisret al. 2014). Determining the
optimum concentration of MWCNTSs to generate betteological properties at various
temperatures was the goal of this research. ledke of water-based drilling fluid, it was
found that the major rheological properties (ptasiscosity, yield point and gel strength)
are not much affected by using different conceianadf MWCNTSs. However, in the case
of ester-based drilling fluid, emulsion stabilitycagel strength are slightly increased with
the increase in MWCNTSs concentration. Moreovewas also found that increasing the

temperature resulted in a decrease in the rhealbgioperties of water-based drilling
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fluid. However, ester-based drilling fluid showend imcrease in all of the rheological

properties when increasing temperature.

Sample Description and Thickness Filter Cake after 30min

Control Sample (C3)
1.5+0. Tmm

Graphite 0.5wt%
1.620.1mm

Graphite 2.0wt%
1.6+0.3mm

Only 0.5 wt% NP1
1.5+0.3mm

Only 2.5 wi% NP2
1.5+0.5mm

Fig. I- 7—Images of the generated filter cakes (Contreras etl. 2014).



William et al. (2014) studied the effect of usirgno-fluids of CuO and ZnO NPs
(< 50 nm) in a xanthan gum (XG) as an additive wvtter-based drilling fluids. Two-
step method was used to prepare the nano-fluidsniBoi et al. 2014). Different NP
concentrations into a base fluid 0.4 wt% XG in watere investigated. An ultrasonication
tank was used in the preparation with a sonicatilme of one hour. The rheological
properties of the nano-fluid/water-based drillingida (NWBM) were examined at
different temperatures (up to 110°C) and press{rdsand 10 MPa). It was found that
the thermal and electrical properties of the NWBNproved by 35% compared to base
fluid (without nano-fluids), further enhancementsresobserved with the increase in the
NP concentration. The CuO NPs-based nano-fluide i@ind to have better thermal
properties at HP/HT condition compared with ZnO b#ded nano-fluids. Moreover, the
test results showed that at higher temperatureseffiect of pressure on the rheological
properties of NWBM are more significant, which icalied better rheological stability.
The authors reported that stabilizing the viscosfittWBM at higher temperatures is the
most important role that the nano-fluids played.

Barry et al. (2015) examined the effectiveness sihg two types of NP
intercalated clay hybrids, iron-oxide clay hybri€K) and aluminosilicate clay hybrid
(ASCH) on the properties of Na-bentonite susperssibmthis study, both API fluid loss,
LP/LT (25°C, 6.9 bar), and HP/HT fluid loss (200&6d 70 bar) were investigated. The
results showed a reduction in the fluid loss oftaB87% and 47% in both LP/LT and
HP/HT fluid loss when using ICH and ASCH with bamte fluids compared to the base

(without NPs). Furthermore, it was found that addin5 wt% of pure F£3 NPs (3 and
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30 nm) into bentonite suspensions increased theflaidlloss by 14% compared to the
base; however, it decreased the filtration volumdRYHT by 28% compared to the base
fluid. Moreover, the authors concluded that theuotidn in both LP/LT and HP/HT
filtrate volume when using clay hybrids (ICH and @i3) was because of the
reconstruction of clay platelet in suspension duéé changes in surface charge. Both

SEM images Kig. 1-8) and zeta potential measurements were used to rétrate the

aforementioned conclusions.

Bentonite
. Clay
Platelet

° Fe,0, Nanoparticles

Al,04-510, Nanoparticles .

=) Attraction

{..» Repulsion

Fig. I- 8—SEM images of the filter cakes after LP/LT filter press experiments for different samples with the
corresponding illustrations of bentonite clay platéet interaction (Barry et al. 2015).

TiO2/polyacrylamide (TiGPAM) nano-composite was also investigated to
improve the rheological properties of water-basetliny fluid (Sadeghalvaad and
Sabbaghi 2015). Enhancement in the plastic viscasitl yield point of the drilling fluid
were reported when adding the nano-composite. Axhdilly, it was found that the
increase in nano-composite concentration resultanirincrease in the shear thinning
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behavior. Moreover, SEM images showed that the Pdd sample has a smooth surface

and the grains of TiQappears on the surface and in between the PANClegrin the

nano-compositeHig. 1-9).

Fig. I- 9—SEM images of: (a) pure polyacrylamide (PAM), and If) TiO2/polyacrylamide (TiO2/PAM) nano-
composite (Sadeghalvaad and Sabbaghi 2015).

Li et al. (2015a) examined using polyanionic celsd (PAC) and cellulose nano-
crystals (CNC) with bentonite-based drilling fluidéhe effect of CNC was found to be
more significant than PAC on improving the rheotadi properties of
PAC/CNC/bentonite-based drilling fluids. Furthermothe Sisko model was found to
well-performing the fluid rheological propertiesokéover, the test results showed a little
effect of the CNC on the API fluid loss of PAC/CNs@htonite based drilling fluids.
However, a better reduction in the API fluid losasmeported when increasing the
concentrations of bentonite and PAC.

The effect of using cellulose NPs (CNP) (microfilated cellulose, MFC, and
cellulose nano-crystals, CNC) on the rheological #unid loss behavior of bentonite-
based drilling fluids was also studied by Li et(@015b). It was found that using MFC

and CNC improved the shear stress, yield point\vaswbsity of the drilling fluids, which
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yielding better cutting carrying capability. Furthere, a reduction in the filter cake
thickness and filtrate loss were also noticed fiGZbentonite fluids; however, MFC was
found to have relatively small effect on the fllods in addition to generating thicker filter
cakes. The authors explained that the CNC polymeng films and creates core-shell
structure. It was also concluded that the propeieCNC/bentonite fluids are suitable
for mitigating differential pipe sticking.

Mao et al. (2015) introduced and developed a tyfpeydrophobic nano-silica
composite associated with a polymer (SDFL) to kedusr enhancing the properties of
water-based drilling fluids. It was reported thhe tSDFL has a core-shell structure.
Excellent thermal stability, filtrate loss reductjoand rheological properties were
obtained when using SDFL compared to the baseeX¥ample, a reduction of 69% in the
HP/HT fluid loss was obtained when using 0.5 wt%haf SDFL.

Using FaOs3 NPs as a drilling fluid additive was also inveated (Amarfio et al.
2015). It was reported that at defined shear ratgag FeOs NPs can keep stable shear
stresses of the fluid with the increase in tempeeatAdditionally, a predictive model was
developed to estimate thesB28 NPs mass fractions and shear rates when driltinggaer
temperature.

Taha and Lee (2015) investigated the applicabditya nano-graphene fluid to
enhance the drilling fluid performance. The authapplied the tested nano-based drilling
fluid in drilling an onshore well under HP/HT cotidns. Enhancement in the thermal
stability and a reduction of 30% in the fluid legsre observed when using nano-graphene

compared to the control. Furthermore, improvemantke rate of penetration (ROP) by
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125%, a reduction in the torque by 20%, and aregse of greater than 75% in the bit life
were reported in this study when using nano-graphen

A composite of zinc oxide NPs and an acrylamidedzm) was also investigated
as a water-based drilling fluid additive for dnlfj shale formations (Aftab et al. 2016).
Over a temperature range up to 150°F, both appaiscdsity and plastic viscosity were
increased when using the ZnO-Am. Furthermore, aataoh of 14% in the API fluid loss
was observed when using the composite comparetetacadntrol fluid. However, at
HP/HT a slightly less reduction in the fluid losslwme was obtained. Moreover, it was
found that using the composite resulted in a deser@gathe shale swelling capacity from
16% to 9%.

Amarfio and Abdulkadir (2016) examined the usingAbfOz NPs to enhance the
properties of water-based drilling fluids. It wasihd that using ADs NPs resulted in an
improved thermal stability under high temperatufagthermore, it was reported that at
defined shear rates, using2@k NPs can keep stable shear stresses of the fltidtiae
increase in temperature.

Li et al. (2016) studied the using of SiNPs as a drilling fluid additive while
drilling unconventional wells. Enhancements intineological properties and a reduction
in the filtrate fluid loss were observed when ushiigs compared to the control (without
using NPs). Furthermore, it was reported that Nsebdalrilling fluid was able to generate
a thin filter cake with a better texture.

Salih et al. (2016) examined the using of nan@aias a drilling fluid additive.

The authors reported that using nano-silica inrecentration of 0.1 to 0.3 wt% has more
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impact on the drilling fluid properties than at thier concentrations (greater than 0.5
wt%). Furthermore, the pH of the fluid was reportedhave a great impact on the
sensitivity of nano-silica in the fluids.

Belayneh et al. (2016) studied the using of NP's as a bentonite-based drilling
fluid additive. The bentonite fluids used in thitady were treated by different types of
polymers (HV-CMC, LV-CMC, and XG) and salts (KCl,aNl). The control fluid
formulated for this study was containing 0.3 g @ ¥ 25 g bentonite per 500 g water,
0.2 g LV-CMC, and 2.5 g KCI. An upward shift on tfieeogram (shear stress versus shear
rate) of the control fluid was observed when addiegNPs. Additionally, a shear thinning
behavior was noticed in this case. It was also daimat adding 0.25g of SKONPs gave a
maximum value of yield stress (10 Pa) when compé#uetthat of the control (5.5 Pa).
Moreover, the optimum NP concentration was founide®.25 g, which gave a reduction
of 4.5% in the API fluid loss compared to that ko€ icontrol. However, Adding less than
(0.2 g) or greater than this concentration (0.3egulted in increasing the fluid loss by
8.7% and 13%, respectively, compared to the cantrol

Tin oxide (Sn®) NPs were also investigated as an additive toradsed drilling
fluid (Parizad and Shahbazi 2016). The test reswdigaled improvements in the
rheological, thixotropy, electrical thermal, anfiréition and filter cake properties of the
drilling fluid upon the addition of SHONPs. It was found that adding 2.5 g/L of SnO
NPs resulted in a reduction of 20% in the filtrdtsss volume. However, less
improvements on the filtration characteristics visasiced in case of using higher NP

concentrations. Additionally, it was reported thia¢ increase in the NP concentration
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yielded an increase in the flow consistency ind€xand a reduction in the flow behavior
index (n).
Wellbore Strengthening and Shale Stability agents

Sensoy et al. (2009) discussed the effectivenesslioh NPs to reduce shale
permeability around the wellbore. The theory expdi was that the NPs are playing a
key rule of plugging the pore throats and buildamginternal filter cake, which reducing
the invasion of the fluids into shale formationsvas found that a concentration of at least
10 wt% of silica NPs having an average size of@0should be used for successful shale
plugging. The SEM were used in this research testigate the type of pluggingig. I-
10). It was noticed that the NPs plugged the pored tiave the same NP size.
Additionally, a group of NPs can aggregate togettwed plug one big pore throat.
Moreover, four types of real drilling fluids wertudied with and without the addition of
NPs. The authors reported a reduction of 16 to ifP@te fluid loss into Atoka shale when
using NPs. However, in the case of Gulf of Mexit@le the reduction in the fluid

penetration was noticed to be from 17 to 27%.

Fig. I- 10—SEM images of: (a) NPs plugging different pore thrats, (b) aggregated particles plugging a pore
throat (Sensoy et al. 2009).
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Srivatsa et al. (2011) studied a bio polymer-sudiaicfluid containing NPs as a
drilling fluid additive for fluid loss reduction.if&a NPs were found to give better results
when compared sized calcium carbonates. Furtherniorgas also noticed that the
surfactant had low thermal stability at high tengperes. However, the bio-polymer was
reported to be stable up to 350°F. The authorsladed that a combination of silica NPs
and bio-polymer is recommended for high temperaduting. Additionally, the increase
in NP concentration was found to reduce the flosk] however, the aggregation of NPs
in the polymer fluid might be a restriction of ieasing the NP concentration.

Cai et al. (2012) also investigated the capabiftgonmodified silica NPs as shale
plugging additives in the drilling fluid. In thisugly, six different types of commercial and
nonmodified silica NPs were examined and screehed.types of regularly used water-
base drilling fluid were studied in the presence alnsence of 10 wt% of NPs. Atoka shale
outcrops and the three-step pressure penetratipariexent were used throughout this
study. A higher reduction in the shale permeabitys observed upon the addition of
nonmodified NPs. Furthermore, an increase in massicosity, a decrease in yield point,
and a reduction in the filtrate fluid loss wereoat®ticed when adding NPs compared with
the base. Moreover, the most effective sizes amdergrations of NPs to get a highly
reducing in the shale permeability was reportedbdéofrom 7 to 15 nm and 10 wt%,
respectively.

Hoelscher et al. (2012) investigated the applicatibsilica NPs (5 to 100 nm) as
a water-based drilling fluids additive with shaterhations. The NPs were screened by

running stability tests in various salt solutiomsl aemperatures. The successful NP sizes
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were then used to run a modified API filter losstten which the smallest available
hydrophilic filter membrane (100 nm pores) was usé&drthermore, for better
understanding of the mechanism of shale pore phggga shale membrane tester was
used. It was reported that, silica NPs at low catregions in a water-based drilling fluid
can physically plug shale pores, which was coneries a more environmentally friendly
and cost-effective method.

Silica NPs with 20 nm diameter was also examinea \&ater-based drilling fluid
additives for shale drilling (Sharma et al. 20I®)e authors reported that the developed
drilling fluids are stable with a proper range dfoge in the rheological properties at
elevated pressures and temperatures. The NP-daskdvere also reported to have good
lubricant capabilities. Additionally, a reductiofh 10 to 100 times was observed in the
filtrate penetration into the shale when using NBsme tests were also conducted to
reveal the effect of NPs on naturally-fracturedishBor shales without fractures, it was
reported that using the NPs alone can effectivéhg phe pores. However, using NPs
alone could not be effectively plug the pores a@ictured shales. In the latter case, a
suitable NP size and concentration should be usddrinulate an effective NP-based
drilling fluid.

Two types of aqueous silica NPs were also invetgtjior shale wellbore stability
maintenance through physical plugging the poreatsr¢Akhtarmanesh et al. 2013). It
was reported that the NP-based fluids had convemsi@bility for long time at room
temperatures. Different tests were conducted usialgshale outcrops from a field in Iran.

Three different drilling fluids were investigatedtivand without adding aqueous silica
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NPs. It was found that the fluid invasion into teigle were reduced up to 68% upon the
addition of NPs. Moreover, a concentration of 1@owbf NPs was found to be the
minimum concentration needed to obtain a satisfacduction in the permeability and
fluid invasion. Additionally, using NPs of 35 nmzei showed better pore plugging
performance when compared to the 50 nm NPs.

Nwaoji et al. (2013) developed and tested a NPsé#sst circulation material
(LCM) as a blend for drilling application to acheewellbore strengthening. Different
types of core outcrops were used to conduct hydréalcture experiments. It was found
that a blend of iron-lll hydroxide NPs (1 ml) anchghite (5 gm) in water-base fluid
increased the fracture pressure by 70% with a nadelempact on the rheological
properties. Moreover, a blend of calcium carbomd®s (10 ml) and graphite (5 gm) in
invert emulsion drilling fluid increased the fratupressure by 36% with a moderate
impact on the rheological properties. Additionallyn increase of 25% in the fracture
pressure was achieved when using impermeable dernmwes, which revealed the well-
performance of these NPs-based blends in welldogagthening.

Husein and Hareland (2014) presented a type dingdyifluid that containing NPs
and granular particles, which can act as a LCMrtvigde wellbore strengthening. The
examined drilling fluid was an invert emulsion-bagkiid. Different types of NPs were
investigated (i.e., hydroxide, oxide, sulphatepbide, and carbonate) in addition to a
granular particles (graphite or calcium carbonatejw NP and granular particle
concentrations were used (less than 5 wt% andtthess 10 wt%, respectively). It was

reported that, because of the low concentratiornthe@NPs and granular particles there

28



was insignificantly change in the other properbéshe fluid. However, the developed
fluids showed better applicability to strengthenihg wellbore. Moreover, this study had
investigated both the in-situ and ex-situ preparatf NPs in the drilling fluids.

Based on the aforementioned survey, metal oxide, Nfese specifically iron
oxides and silica NPs, were found to be capabledcing the filtration loss, forming a
good-quality filter cake (i.e., thin and very lovermeability cake with less filtrate
invasion), and maintaining optimal rheological pedes when used in low
concentrationsAll of the previous work was focusing mainly on @stigating the
properties of water-based drilling fluids in theepence of NPs. For bentonite-based
drilling fluids, the Na-montmorillonite was the nilysused clay. However, to the best of
our knowledge, the Ca-bentonite were not investigias a drilling fluid additive in the
previous work. In the following research, the efifeeness of NPs to improve the
rheological and fluid loss properties of bentorutesed drilling fluid consisting mainly of
Ca-montmorillonite will be investigated under dowtéconditions.

Research Objectives

This research work aims at experimentally investighe effectiveness of using
different types of NPs on the filter cake propexteg Ca-bentonite fluids at downhole
conditions up to 500 psi and 350°F using real Indilmestone outcrops. A combination
of CT scan, SEM-EDS, and ICP-OES will be used tivjle detailed insights on the rule
that the NPs play for building the filter cake sture. Furthermore, a sensitivity analysis
of the rheological properties of this NPs/Ca-bentebhased drilling fluids will be

conducted at temperatures up to 200°F to assessstheility. Moreover, this work
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intends to determine the optimum NP concentratiwmich provides a base for more
efficient and environmentally friendly drilling opstions and less formation damage.

A complete NPs/Ca-bentonite-based drilling fluidlWwe formulated and tested in
order to reveal the effectiveness of using NPattaace the properties of Ca-bentonite-
based fluids in the presence of polymers and @iffedrilling fluid additives. Moreover,
the effect of NP concentration, temperature, defifeial pressure, drilling conditions
(static or dynamic), and the drilling fluid prepaoa method on the filter cake properties

will be investigated.
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CHAPTER Il

EXPERIMENTAL SETUP AND MATERIALS*

Introduction

In this chapter, the materials that used in ths®aech work are introduced. The
characterization of the bentonite showed that its wapnsisting mainly of Ca-
montmorillonite. Furthermore, the specificatiortlué nanoparticles (NPs) and the drilling
fluid additives (i.e., viscosifiers, filtrate contradditives, thinners, alkalinity agents, and
weighting materials) are presented. Additionalhg tndiana limestone outcrops, which
used to simulate the formation, are characterizedhe basis of their porosity and
permeability. Moreover, the experimental setupsidflpreparation methods, and the
procedures that were followed for each measurearendiscussed in details.
Materials
Bentonite

The bentonite was supplied by a local service campa powder form (specific
gravity = 2.6, and tan color). It was an untredtedtonite that mee®P| specifications
13A, section 10 requirements (2010). The X-rayrddtion (XRD) mineralogical analysis

of the bentonite Kig. 1I-1) showed that it mainly contained Ca-montmorillenit

3 Reprinted with a permission from “Nanoparticle-Ba®rilling Fluids for Minimizing Formation Damage
in HTHP Applications” by Mahmoud, O., Nasr-EI-Dinl. A., Vryzas, Z., and Kelessidis, V. C. SPE-
171849-MS, Copyright 2016 by Society of PetroleungiBeers.

4 Reprinted with a permission from “CharacterizatimnFilter Cake Generated by Nanoparticle-Based
Drilling Fluid for HP/HT Applications” by Mahmoud., Nasr-EI-Din, H. A., Vryzas, Z., and Kelessidis,
V. C. SPE-184572-MS, Copyright 2017 by Society efrBleum Engineers.
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(Al2Ca 5012Sis) and Mg-montmorillonite minerals (Ase=en.1H.Lio.0dVIgo.14010Sis.9) with

the calcium type being the predominant mineral, &rithd low percentages of quartz
(Si0z) and illite (AbH2K.012Sis). Table 1lI-1 shows the X-ray fluorescence (XRF)
analysis of bentonite as oxides. The XRF valuesakd that the Si£AI O3 ratio is 3:1,

as expected for montmorillonite. The ratio [(CaO+#B)gNaO+K20)] confirmed that it

is mainly Ca-montmorillonite (Veblen et al. 1990ariGia-Romero and Suarez 2010). The
dso of the bentonite was 68 pum, as determined by saeatysis Fig. 11-2). The used
bentonite is consisting mainly of Ca-montmorill@itwhich is a natural clay of the
smectite groupThese type of clay minerals have particles witHadeplike, crystalline
structure as shown by SENFi¢. II-3). Clays of the smectite group are belong to the
phyllosilicate 2:1 family. Their crystalline struce is formed by an At octahedral layer
sandwiched between two*Stetrahedral layersA high negative charge is included in the

layers because of the interfoliaceous cations (Geam 1997; Luckham and Rossi 1999).
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Counts

Bentonite

COD 9002779 Al2 Ca0.5 O12 Si4 Montmorillonite

COD 9010856 Al0.86 Fe0.1 H Li0.08 Mg0.14 O10 Si3.9 Montmorillonite
COD 9015022 O2 Si Quartz

COD 9013722 Al2 H2 K 012 Si4 lllite

- —— -

20 30 40 50 (-]

2Theta (Coupled two Theta/Theta) WL=1.54060

Fig. ll- 1— Spectrum XRD of bentonite.

Oxides

SIOZ A|203 Fe,03 MgO SO;3 CaO K,O P,0Os TIOZ

Concentration  (wt%)

64.93 17.28 7.49 3.3 2.01 1.97 0.94 0.94 0.35

Table II- 1—XRF analysis of bentonite.
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Fig. ll- 2—Particle-size distribution of bentonite.
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SED
High wac.

20 KV

Fig. ll- 3—Scanning electron microscopy image of bentonite (X®-50 pm).

Nanoparticles
The NPs used throughout this research work werpligapby Sigma Aldrich and
used as received, which are:

* The ferric oxide (Fgs3) NPs (molecular weight =159.69 g/mol) were sumplie
powder form. These NPs had a dark brown color wigpherical shape and an
average diameter of less than 50 nm. The surfaea af these NPs was 50-
245 nf/g with a purity of greater than 97% as per martufae specificationgrig.

lI-4 shows the SEM image of the B8 NPs as received.
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High wvac.

20 KV x200

Fig. ll- 4— Scanning electron microscopy image of ferric oxid&lPs (X200-200 pm).

The silica (SiQ) NPs had a white color. These particles had a cotde weight of
60.08 g/mol, a specific surface area of 175-22Fan average diameter of 12
nm, and a purity of greater than 97% as per matwrcspecifications.

The magnetic iron oxide (E®4) NPs: With dark color and a spherical shape, these
particles had a diameter of 50-100 nm, a molecwisight of 231.53 g/mol, a
surface area of greater than 68/gna density of 4.8-5.1 g/ml, and a purity of

greater than 97% as per manufacturer specifications
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* The zinc oxide (ZnO) NPs: These particles had daemwvlor, a molecular weight
of 81.39 g/mol, a specific surface area of 15-ZFgnan average diameter of less
than 100 nm, and a purity of greater than 97% asna@ufacturer specifications.

Drilling Fluid Additives

The polymer (Hyperbranched bis-MPA polyester-64fbygl, generation a4) was
used to control the rheological properties. It wapplied by Sigma Aldrich in powder
form and white color. It has a molecular weigh?823.32 g/mol and its chemical formula
IS Ca18H5120180.

Polyanionic cellulose (PAC-R) polymer was used @aatml the rheological and
filtration properties. Ferro-chrome lignosulfonditesed thinner and sodium hydroxide
(NaOH) pellets were used as thinning and alkaliodptrol agents. Calcium carbonate
(CaCQ) of dso equals 25um and manganese tetraoxidd#o(= 5 um) were used as
weighting materials. All of the above mentioned eniais were provided by a local service
company.

Core Outcrops and Deionized Water

Throughout the sample preparation, deionized wates used, which obtained
from a purification water system that has a restgtiof 18.2 MQ.cm at 78°F. Indiana
limestone cores of 2.5-in. diameter and 1-in. thésds were used to simulate the formation
in the filtration experiments at the tested cowdis. The initial porosity of the Indiana
limestone core disks were determined by dividing pore volume by the disk bulk
volume. The pore volume for each core was detemndisethe difference in weight of the

core in saturated and dried conditions. The ini@osity of the cores was found to have
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an average value of 10-15 vol%. The permeabilittheke cores was determined using
Darcy’s equation and was found to be within an agervalue of 200 md.
Zeta Potential Measurements

Zeta potential can be defined as the potentiabdifice between the stationary
layer of fluid attached to a dispersed particle #@mel medium in which the patrticle is
dispersed (Hunter 1988). Potential stability ob#aidal system might be revealed from
the magnitude of zeta potential measurement. Ifrieasured zeta potentials of particles
dispersed in a medium within a value of +30 mVstmeans higher tendency of the
particles to aggregate and flocculate over timeweéiger, the particles with zeta potentials
out of the range of £30 mV are normally considexelde stable.

The zeta potential of the prepared suspensionsdetesmined using the Phase
Analysis Light Scattering (PALS) technique (Alotaiet al. 2011) Fig. 1I-5). The
electrode of the instrument is coated with Pd. ANHelaser is used as a light source. The
zeta potential range of the instrument is from —206200 mV with an accuracy of £2%
and it normally measures the electrophoretic miyhilf charged, colloidal suspensions.

NP suspensions for zeta potential measurementspuepared by mixing the NP
with deionized water for 5 minutes under mecharstating using a five-spindle, single
speed multi mixer (load speed of 11,000 rpRy(11-6). Each solution was then mixed
using an Ultrasonic Homogenizer model 150\HQg( 1I-7) for 15 minutes at ambient
conditions. Different suspensions with different Bidhcentration (0.1 to 0.5 wt%) were
prepared for the measurement at different tempestBentonite suspensions were

prepared by adding 7 wt% of bentonite to deioniaeder and mixing for 20 minutes
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under mechanical stirring. The suspensions weresbgicated for 15 minutes at ambient
conditions. HCI or NaOH puffer solution were usedatjust the pH of the suspensions.
Then, the solutions were shaken and the pH wasureghslirectly before running the
measurement using a pH/lon 510 microprocessor-lrasger. A polystyrene cuvette was
used to hold 1.5 ml of the sample. At least fivesrwere automatically averaged for each

measurement within a standard error of +3%.

Fig. Il- 5—Brookhaven Zeta Potential Analyzer (ZetaPALS).
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Fig. Il- 6—OFITE Multi Mixer (11,000 RPM).

Fig. ll- 7—Model 150 VT Ultrasonic Homogenizer.
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Rheological Measurements
NPs/Ca-Bentonite Suspensions

The effectiveness of adding NPs on the rheologlmsthavior of bentonite
suspension was examined using a rotational vis@mi@&race M3600)Hig. 1I-8). The
measurements were conducted at fixed speeds 08600200, 100, 60, 30, 6, and 3 rpm.
At the inner fixed cylinder of the viscometer, thespeeds give Newtonian shear rates of
1021.38, 510.67, 340.46, 170.23, 102.14, 51.0692110and 5.11 § respectively
(Kelessidis and Maglione 2008). The rheologicaldis were conducted at various

temperatures from 120 to 200°F and ambient pressure

Fig. Il- 8—Grace M3600 Viscometer.
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The examined samples were prepared by following Aheerican Petroleum
Institute StandardsA@P! Specificationd3A 1993;API 13B-12003). The base fluid was
formed using a bentonite concentration of 7 wt%edixn 600 ml of deionized water.
Different NP concentrations were used (0.3, 05ahd 2.5% by weight). First, bentonite
was added to deionized water and mixed for 20 ragwunder mechanical stirring using
the multi mixer. After that, the desired concentmaibf NP was added slowly to minimize
the agglomeration, and mixing continued for 20 mmiautes. The samples were then
sealed in plastic containers and left for 16 hatrsoom temperature for bentonite to
hydrate. The samples were remixed for 5 minutesrbetonducting the rheological
measurement3.able II-2 shows the weights of NP and bentonite used togpeaglifferent

NPs/Ca-bentonite suspensions.

Nanoparticle Concentration, wt% Weight, 9
Bentonite Nanoparticle
0.0 45.161 0.000
0.3 45.307 1.942
0.5 45.405 3.243
1.0 45.652 6.522
15 45.902 9.836
2.0 46.154 13.187
25 46.409 16.575

Table II- 2—Weights of bentonite and NPs used to prepare the spensions.

Rheological measurements were also conducted oe samples after thermal
aging. Dynamic aging of the samples was carriedusirtg an aging cell to determine if
the NPs could maintain effectiveness in presertirggrheological properties of these

types of drilling fluids. A volume of 200 ml of tH&uids that have 0.5 wt% NPs was put

41



inside a Teflon liner and loaded in the aging @&ild. 11-9). The aging cell was pressurized
to 300 psi by nitrogen gas at 78°F. Then, thewall placed in the rolling oven at 350°F
for 16 hours. After that, the cell was cooled, dhd aged fluid was agitated for five

minutes at 11,000 rpm before running the rheoldgieasurements.

*

Fig. ll- 9—Aging Cell and Teflon Liner.

Fully Formulated Drilling Fluid

A complete Ca-bentonite-based drilling fluid formtibn was used to investigate
the effectiveness of using ferric oxide NPs as @dliteve to enhance the drilling fluid
properties at HP/HT conditions. The drilling flwdas prepared by mixing 319 ml of
deionized water with 7 wt% of bentonite for 20 ntemiusing the multi-mixer (11,000

rpm). After that the desired amount of NPs wereeddslowly and mixing continued for
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10 more minutes. The wt% of NPs was calculateddasethe total weight of bentonite
suspension. For instance, the weight of 0.5 wt% W&s 1.724 g, while the weight of 7
wt% bentonite was 24.14 g in the drilling fluid foula that contains a concentration of
0.5 wt% NPs. The suspension was then ultrasonidateone hour at ambient conditions
using the Ultrasonic Homogenizer.

After that, the drilling fluid additives were adtislowly to the NPs/Ca-bentonite
suspension under mechanical stirring using theimuiker (Table 11-3). Firstly, 0.25 g
of the hyper-branched polymer and 0.25 g of PACdRevadded slowly and mixed for 10
minutes for each of them. Then, 1 g of the thinaed 0.5 g of NaOH were added
simultaneously and mixed for a total time of 10 mtés. Finally, 30 g and 20 g of the
weighting materials CaC{and MnrO4, respectively, were added separately and mixed
for 10 minutes. Table 1I-4 summarizes the laboratory formula and mixing tines
prepare a 1 barrel equivalent of the drilling flthét contains 0.5 wt% of NPs.
Filtration Loss Measurements
NPs/Ca-Bentonite Suspension

The filtration characteristics and filter cake gexte®n of the NPs/Ca-bentonite
suspensions were investigated using an OFITE HRilteT press Fig. 11-10). The setup
includes a 500 ml cell which was modified to u€ei®. in diameter and 1-in. in thickness
cores instead of filter papers, cell caps, valeenst heating element, and a nitrogen-gas
line. The suspensions were put in the cell, anatétlevas then put in the heating jacket.
A differential pressure from 300 to 500 psi anérmaperature range of 175 to 250°F were

used. Furthermore, the fluid loss volume was measas a function of time for 30

43



minutes, as per API standards. The filtrate flumkre collected and analyzed for the
concentrations of key ions using ICP-OES. MoreowefToshiba Aquilion RXL CT
scanner was used to investigate the produced ¢ittees. CT images were taken through
the full cake diameter and analyzed using Imagey@ware. A Miniature Scanning
Electron Microscope with X-ray NanoAnalysis (EvexiMSEM) was used for the SEM-

EDS analysis of the filter cakes.

Amount Added
Mixing
Additive Description/Function Lab Units (per 350 ml ) Field Unit (per bbl)
Time,
Quantity Unit Quantity Unit min
Deionized Water Base liquid 319 ml 0.911 bbl —
Clay for viscosity/API
Ca-Bentonite 24 g 24 Ibm 20
filtrate control
Hyper-branched
Viscosifier 0.25 g 0.25 Ibm 10
Polymer
API HP/HT filtrate
Pac-R 0.25 g 0.25 Ibm 10
control
Lignosulfonate-
Thinner 1 g 1 Ibm
based Thinner 10
Caustic soda Alkalinity agent 0.5 g 0.5 Ibm
Calcium carbonate ~ Weighting and bridging
30 g 30 Ibm 10
(25 ym) material
Manganese
Weighting material 20 g 20 Ibm 10
tetraoxide (5 pm)

Table II- 3—Laboratory formula to prepare 1 barrel equivalent of the bentonite based drilling fluid.
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Amount Added
Mixing
Additive Description/Function Lab Units (per 350 ml ) Field Unit (per bbl)
Time,
Quantity Unit Quantity Unit min
Deionized Water Base liquid 319 ml 0.911 bbl —
Clay for viscosity/API
Ca-Bentonite 24.14 g 24.14 Ibm 20
filtrate control
Ferric oxide NPs Nanoparticles 1.724 g 1.724 Ibm 10
Ultras onication for 1 hour
Hyper-branched
Viscosifier 0.25 g 0.25 Ibm 10
Polymer
API HP/HT filtrate
Pac-R 0.25 g 0.25 Ibm 10
control
Lignosulfonate-
Thinner 1 g 1 Ibm
based Thinner 10
Caustic soda Alkalinity agent 0.5 g 0.5 Ibm
Calcium carbonate  Weighting and bridging
30 g 30 Ibm 10
(25 ym) material
Manganese
Weighting material 20 g 20 Ibm 10
tetraoxide (5 pm)

Table II- 4—Laboratory formula to prepare 1 barrel equivalent of the drilling fluid having 0.5 wt% of NPs.
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Fig. II- L0—OFITE Dynamic HP/HT Filter Press.

Fully Formulated Drilling Fluid

The filtration properties and the filter cake clweaistics of the NPs/Ca-bentonite-
base drilling fluids were investigated at differeonditions of pressure and temperature
using the HP/HT filter press. In this study, théeefiveness of ferric oxide NPs on the
filter cake properties of Ca-bentonite-based dgjlifluids had been investigated. A
complete drilling fluid formula containing polymeand different drilling fluid additives
was formulated and examined. The filtration voluwes determined with time for 30
minutes, and the filtrate fluids were collectede T scanner was used to investigate the

formed filter cakes. CT images were taken throughftll cake diameter and analyzed
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using the software. The CT data was analyzed terah@te the filter cake thickness and
CT number (CTN). SEM-EDS was used to analyze theddiilter cakes for surface
morphology and elemental content. Moreover, a patamstudy was conducted on the
performance of the formulated NPs/Ca-bentonitedbas@ling fluid to reveal their
effectiveness. The investigated parameters were:NR concentration, drilling fluid
preparation method (using ultrasonication and betedydration), filtration temperature

and differential pressure, and the drilling coradis (static or dynamic filtration).
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CHAPTER 11l
USING NANOPARTICLES TO DEVELOP MODIFIED CA-

BENTONITE FLUIDS®®

Introduction

In this chapter, the analysis of the measuremeaised out on the NPs/Ca-
bentonite suspensions are presented and discu$bedobjective is to investigate
experimentally the influence of using NPs on theperties of Ca-bentonite-based fluids
under downhole conditions (up to 350°F and 500. psfferent types of oxide NPs were
used in this study. Zeta potential measurements w@nducted at different temperatures
and NP concentrations, which gave insights ontio tability in suspensions and the role
of charge potential. Furthermore, the sensitivitythee rheological properties of these
NPs/Ca-bentonite fluids are studied at temperatupet® 200°F, with and without using
thermal aging (at 350°F for 16 hours), to assesd thtability. A combination of
computed-tomography (CT) scan, scanning electroerascopy-energy dispersive
spectroscopy (SEM-EDS), X-ray diffraction (XRD),damductively coupled plasma-
optical emission spectrometry (ICP-OES) providethited insights on the effect of NPs

on the filter cake characteristics and the rol&Bfk in building the cake structure. The

5> Reprinted with a permission from “Nanoparticle-Ba®rilling Fluids for Minimizing Formation Damage
in HTHP Applications” by Mahmoud, O., Nasr-EI-Dinl. A., Vryzas, Z., and Kelessidis, V. C. SPE-
171849-MS, Copyright 2016 by Society of PetroleungiBeers.

8 Reprinted with a permission from “Development dreting of Novel Drilling Fluids Using £&s; and
SiO, Nanoparticles for Enhanced Drilling Operations” Wryzas, Z., Mahmoud, O., Nasr-El-Din, H. A.,
and Kelessidis, V. C. IPTC-18381-MS, Copyright 2@id/5Socity of Petroleum Engineers.
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obtained rheological measurements were fitted ¢éoclassical drilling fluid models to
determine the best fit-model, which can then bdiegpgor more efficient drilling fluid
design.

A reduction of 43% in the filtrate fluid volume washieved when using 0.5 wt%
of ferric oxide or magnetic iron oxide NPs compatedhat of the base fluid. However,
using silica or zinc oxide NPs led to an increasthe filtrate loss volume and filter cake
thickness. Using 0.5 wt% of ferric oxide NPs preaddess agglomeration and reduced
the filter cake permeability. Additionally, the ED&hd ICP-OES analysis showed a
replacement of the cations dissociated from thedoete by NPs, which promoted the
formation of a rigid clay-platelet structure. Moweo, the produced filter cakes consisted
of two layers, as indicated by the CT scan analys@easing the concentration of NPs
resulted in an increase in the fluid loss andrfitike thickness. At a higher ferric oxide
or magnetic iron oxide NP concentration (2.5 wt%)jew layer of NPs formed, which
adversely affected the filter cake characterisassjemonstrated by CT scan analysis and
SEM-EDS elemental mapping. The NPs/Ca-bentoniteldlthave stable rheological
properties at different temperatures (up to 2008RY different NP concentrations.
Additionally, aging these fluids at 350°F for 16 un® showed minor changes in
rheological properties. The Herschel-Bulkley wasnio to be the best fit model for the
experimental data of the tested NPs/Ca-bentonitdsflwith R? values higher than 0.99

and minimumy Q? values, especially at higher temperatures.
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Zeta Potential Analysis

The zeta potentiak] measurements gives a good indication about tihengal
stability of a colloidal system. If the suspendedttigles in the system have a large
negative or positivé, then they will repulse each other and there belino tendency for
them to come together. This repulsion results gmeater separation between particles in
the suspension and reduces the particle aggreffedmulation caused by Van der Waals
interactions. However, if the particles have lowsagnitudes of then there will be no
force to prevent the particles coming together #foctulating (Hunter 1988). A general
dividing line can be drawn between the stable amstable suspension cases. Particles
with ¢ values of more positive than +30 mV or more negatinan -30 mV are generally
considered stable.
Bentonite

A sample of 7 wit% of bentonite suspension had bpespared for such
measurement. The pH of the suspension was 8.65mHBasurements showed that, the
used Ca-bentonite had a me&aaf -44.8 mV, which indicated stable suspensiorhvait
negative surface charg@gble 1ll-1). Generally, the, of bentonite suspensions is
negative over a pH range of 2 to 12 (Missana anell&d2000; Yalcin et al. 2002), which

reveals high affinity to attach with particles tialve positive surface charge.

Zeta potential ( §) (mV)
pH
Run 1 Run 2 Run 3 Mean Standard Deviation Standard  Error
8.65 -43.01 -46.39 -45.00 -44.80 1.6988 0.9808

Table Ill- 1 —Zeta potential of 7 wt% Ca- bentonite suspension at8°F.
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Nanoparticles

Often, the NPs are applied in wet conditions, whiggulting in potential changes
in charged conditions because of aggregation arfdcgureactionslable 11-2 shows the
¢ of the FeO3 NPs suspensions that had different NP concentrattotwo different
temperatures 78°F and 100°F. The meastiredues ranged from +39.53 to +44.96 mV
at 78°F and from +39.12 to +48.43 mV at 100°F, Wwhingicating a stable NP suspension
and a positively charged NP surface. The measursnantwo different temperature
showed that the change in temperature had a relagwmall effect on the surface charge
of these particles. Wang et al. (2013) measurectfieet of pH on the zeta potential of
different types of iron-based NPs at various pkrttoncentrations. The authors reported

that the{ of those NPs is positive at low pH and decreas#s increasing the pH until

becomes negative at high pH.

Temperature = 78°F Temperature = 100°F
Nanoparticle
Zeta
Concentration, pH" Zeta Potential,
Standard Error Potential, Standard Error
wit% mVv
mv
0.1 5.90 +40.25 1.13 +39.12 0.42
0.2 4.66 +44.96 0.56 +40.47 0.72
0.3 4.28 +43.89 0.93 +48.43 0.94
0.4 4.15 +42.29 1.03 +42.10 131
0.5 4.05 +39.53 0.84 +41.48 1.60
* pH was measured at 78°F
Table lll- 2—Zeta potential of ferric oxide NPs measured at diffrent concentrations and two different

temperatures (78°F and 100°F).

On the other hand, the zeta potential of silica KiPged from -26.72 to -20.87

mV at 78°F and from -24.05 to -13.44 mV at 100°Hick indicated an incipient
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instability of the colloidal suspensiofdble 11-3). The increase in temperature adversely
affected the stability of silica NPs in suspensibgschanging thé values toward the
range of instability. Shin et al. (2008) measurezltof silica NPs with an average size of
150 (£17.9) nm. Thé value of this pure silica NPs was reported to4#1(+1.9) mV.

Xu et al. (2003) used silica powder of a mean vatrio diameter of 0.83 pm to evaluate
the influence of complexation on th®f this powder. The authors found that {ref the

pure silica powder suspensions were negativelygethover a wide range of pH.

Temperature = 78°F Temperature = 100°F
Nanoparticle
Zeta
Concentration, pH" Zeta Potential,
Standard Error Potential, Standard Error
wit% mV
mv
0.1 7.01 -25.81 0.50 -22.99 0.98
0.2 6.58 -25.20 0.78 -19.86 1.23
0.3 6.33 -24.70 0.86 -18.56 1.38
0.4 6.23 -20.87 0.37 -13.44 0.94
0.5 6.25 -26.72 0.55 -24.05 1.19

* pH was measured at 78°F

Table Ill- 3—Zeta potential of Silica NPs measured at differentoncentrations and two different temperatures
(78°F and 100°F).

Zeta potential measurements of magnetic iron oxigeOs) NPs (average
diameter 50-100 nm) are shownTiable IlI-4. The zeta potential shifted from negative
values at low concentration to positive valuesaaicentration greater than 0.25 wt%. At
a NP concentration of 0.5 wt%, the zeta potentad w18.7 mV. In addition, the values
are in the range of low stability suspensions. €hesults matched what was mentioned

in the literature (Wang et al. 2013).
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Zeta potential measurements of zinc oxide (ZnO) (dRsrage diameter <100 nm)
are shown inTable IlI-5. The zeta potential values for the suspensiongn@® NPs
showed that the surface charge of this type ofgdestis almost neutral with a maximum

value of nearly +1 mV at a NP concentration ofWt%o.

Nanoparticle Concentration, Temperature = 78°F
wt% pH"

Zeta Potential,
Standard Error

mV
0.1 6.02 -18.71 2.17
0.2 5.61 -22.38 1.20
0.3 5.69 17.41 151
0.4 551 18.71 1.04
0.5 5.33 18.78 1.14

* pH was measured at 78°F

Table IlI- 4 — Zeta potential of magnetic iron oxide (F€D4) NPs at different concentrations.

Nanoparticle Concentration, Temperature = 78°F
wt% pH"

Zeta Potential,
Standard Error

mV
0.1 7.12 0.17 0.21
0.2 7.19 0.81 0.28
0.3 7.34 0.97 0.71
0.4 7.50 0.51 0.57
0.5 7.57 0.11 0.41

* pH was measured at 78°F

Table Ill- 5— Zeta potential of zinc oxide (ZnO) NPs at differehconcentrations.

Rheological Analysis
The rheological studies were conducted on the @éebée-based suspensions
having different concentrations of NPs at varicersperatures (120, 140, 160, 180, and

200°F) and ambient pressure. The fluctuations & data may be due to a possible
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evaporation of water from the base fluid at atmesighpressure (sefppendix A for
more information about Ca-bentonite dehydratiome Tesulted shear stress versus shear
rate data was fitted to the most common non-Newtomheological models (Bingham
Plastic and Herschel-Bulkley). These models caddseribed as follow€E(gs. 11l-1, and
11-2):

Bingham Plastic model:

T =Ty F UpY o eee et oot oot e (n-1)

wherer is the shear stress (Ibf/106)ftz, is the yield stress (Ibf/100%)t ppis the plastic
viscosity (cp), ang is the shear rate s

Herschel-Bulkley model:
T=T, + Ky e e ([H-2)

whereK is the consistency index (Ibf'/$00 f£), andn is the flow behavior index
(dimensionless).
Ca-Bentonite Base Fluid

Fig. lll-1 shows the shear stress versus shear rate (rhegghthe base fluid (7
wt% bentonite in deionized water) at different temgtures. The yield stress increased
and the viscosity decreased with the increase nmpégature.The yield stress was
estimated from the rheograms by extrapolating tieas stress-shear rate curve to zero
shear rate and fitting the experimental data with heological model. The rheological
parameters were determined by the least-squametiiod Table 111-6 ). The regression
coefficient %) and sum of square errofs@®?) were used to indicate the best fit between
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measured and predicted values. The results indiths the Herschel-Bulkley model best
fitted the experimental data wil andY Q?values better than the other model especially

at high temperatures.
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Fig. lll- 1 — Rheograms of the base fluid (7 wt% bentonite) atifferent temperatures.

Bingham Plastic Model Herschel-Bulkley Model
Temperature
T Hp R? X% T k n R? 2Q°
°F) (Ibf/100 ft 2) (cp) (Ibf/100 ft 2?2 (Ibf/100 ft 2) (Ibf. /100 ft?) (Ibf/100 ft 22
120 9.64 8.00 0.9966 1.7547 9.25 0.0331 0.9046 0.9947  2.8112
140 10.41 7.08 0.9961 1.6646 10.26 0.0228 0.9389 0.9949 2.0196
160 12.75 6.11 0.9942 1.6235 12.31 0.0278 0.8923 0.9984 0.5174
180 14.32 6.21 0.9953 1.4850 14.36 0.0120 1.0105 0.9997 0.0826
200 14.96 4.84 0.9944 1.0835 14.88 0.0145 0.9486 0.9979  0.4083

Table Ill- 6 — Bingham Plastic and Herschel-Bulkley model constds of the base fluid (7 wt% Ca-bentonite) at
different temperatures (pH = 8.36 at 78°F).

Annis (1967) reported that at high temperatures flbw curves of bentonite
suspensions becomes more shear-thinning and nomeNiew with increasing

temperature, which results in higher yield stresaesl lower plastic viscosities.
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Additionally, this change indicated a flocculatiohbentonite in suspension, which was
found to increase with time at high temperaturentBnite becomes more dispersed when
exposed to high temperatures for long times. Thisse the increase in the number of
individual clay platelets in suspension, and therease in viscosities at low shear rates.
Moreover, the flocculation of clay suspension ghhiemperatures was reported to be a
result of modifications in the electrical doublgéda surrounding the clay platelets due to
release of the ions (Alderman et al. 1988).
NPs/Ca-Bentonite Fluids

Better rheological properties at high temperatwese obtained when adding
ferric oxide NPs to the base fluiBig. IlI-2 showsthe rheograms of the fluids that have
0.5 wt% ferric oxide NPs at different temperatureiggher yield stress values were
obtained at different temperatures comparing to ah#éhe base fluid (Fig. 11l-1). Higher
yield stress results in more efficient hole-clegnimhile drilling by ensuring better
dynamic suspension of the drilling cuttings.

For bentonite suspensions, the zeta poterifias (hegative over a pH range from
2 to 12 (Missana and Adell 2000; Yalcin et al. 200&ble I1I-1 shows that th&of the
bentonite used at this study had a mean valuedoB #V at 78°F. Table llI-Bhows the
zeta potential{) of the FeOs NP suspensions. Tlieof this type of NPs were relatively
constant, positive, and ranged from +39.53 to 81418/ at 78°F and from +39.12 to
+48.43 mV at 100°F. These measurements indicatdathdomly embedding of ferric
oxide NPs on the surface of clay particle in thenfed pore structure, which supported

gelation and increased the yield stress and vigcossuspension (Baird and Walz 2006;
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Szabo et al. 2007; Jung et al. 2011; Barry et@l52 The same behavior was followed

when using different concentrations of magnetio iogide FeOs NPs.
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Fig. lll- 2 — Rheograms of the fluid containing 0.5 wt% of ferrc oxide NPs at different temperatures

This enhancement in the rheological propertiesei®ed with increasing the NP
concentrationFig. I11-3 shows the rheograms of different ferric oxide NRaamtrations
at 140°F. This might be explained as a synergycefié homocoagulation between the

exceeded ferric oxide NPs and heterocoagulatiofeiwic oxide NPs with bentonite

particles in suspension (Tombécz et al. 200Hpble 111-7 shows the fitted rheological

parameters of the fluids containing 0.5 wt% ofifeaxide NPs at different temperatures.
The Herschel-Bulkley model best fitted the experitabdata withR? values higher than
0.99 and minimuny Q? values, especially at higher temperatures. Intamtdithe increase
in the consistency indeX] implies a relatively increased viscosity compat@dhat of

the base fluid. For more details, Fggpendix B.
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Fig. lll- 3— Rheograms of the fluid containing different concetrations of ferric oxide NPs at 140°F.

Bingham Plastic Model Herschel-Bulkley Model
Temperature T Hp R? yQ? T, k n R? yQ?

) (100 ft?) CH) (Ibi7100 ft 7 (/1100 %) (Ibf. s 7100 ft?) (Ib{7100 ft 7
120 16.36 8.90 0.9977 1.5315 15.55 0.0628 0.8303  0.9968 2.2210
140 1855 7.29 0.9950 2.0324 17.21 0.0706 0.7907  0.9945 3.0057
160 20.09 6.61 0.9931 2.2420 19.70 0.0334 0.8764  0.9936 2.5098
180 20.66  6.24 0.9961 1.1418 20.18 0.0277 0.8964  0.9985 0.5145
200 21.16  6.51 0.9974 0.8486 21.04 0.0165 0.9736  0.9987 0.4398

Table Ill- 7— Bingham Plastic and Herschel-Bulkley model constas fitted for the fluid containing 0.5 wt% of
ferric oxide NPs at different temperatures (pH = 815 at 78°F).

Using silica NPs resulted in a decrease in yiglesstFig. I1I-4 andTable 111-8
showthe rheograms and the fitted rheological parametetise fluids that have 0.5 wt%

of silica NPs at different temperaturddg. IlI-5 showsthe rheograms at 140°F and
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different silica NPs concentrations. The Herschalki2y was the best fit model of the
experimental data. A better viscosity profile (aorease irK and a decrease mvalues)
was obtained when adding silica NPs. Despite ttietfi@t the decrease in the NP size can
enhance the rheological properties of Ca-bentaunispensions, the addition of negatively
charged NPs could have an adversely effect onrthpgepties of such suspension. The zeta
potential {) for the suspensions of silica NPs are negatiderange from -26.72 to -20.87
mV at 78°F and from -24.05 to -13.44 mV at 100°BHWIE 11I-3). The clay surface has a
strong negative charge; however, the edge surfatdise layers has a much weaker
positively charged double layer. The addition ajatévely charged NPs resulted in a weak
edge-to-edge platelet structure, and thus, a wéal gtructure (Luckham and Rossi
1999). The same behavior was followed when usiffgrént concentrations of magnetic
iron oxide zinc oxide NPs.
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Fig. lll- 4 — Rheograms of the fluid containing 0.5 wt% of silia NPs at different temperatures.
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The apparent viscosity of all the fluids testedtims work decreased with
increasing shear rate (i.e., shear-thinning bemp\iéig. 111-6). An increase in the
concentration of NPs stabilized the viscosity ghler temperatures, which is an indication
of the capability of NPs to restrain and suppréms reduction in viscosity (for more

details, sedppendix B).

Bingham Plastic Model Herschel-Bulkley Model
Temperature
o W R 5Q? T k n R? Q2
) (71001t (cp) (bi100 ft 2y (bf1100 %) (Ibf. s"/100 ft?) (bi100 ft 2y
120 3.49 9.59 0.9934 5.0166 2.95 0.0627 0.8289 0.9984 1.1188
140 4.18 9.63 0.9933 4.6674 3.71 0.0718 0.8130 0.9975  2.0959
160 5.26 9.63  0.9929 5.4799 5.16 0.0489  0.8608 0.9974  2.2486
180 6.86 9.86 0.9924 6.0933 6.60 0.0343 0.9199 0.9951 3.8995
200 9.35 9.91  0.9959 4.5486 9.48 0.0177 1.0221 0.9956  5.1903

Table Ill- 8 — Bingham Plastic and Herschel-Bulkley model constas fitted for the fluid containing 0.5 wt% of
silica NPs at different temperatures (pH = 7.7 at8°F).
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Fig. lll- 5— Rheograms of fluid containing different concentratons of silica NPs at 140°F.
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Fig. lll- 6 —The change of apparent viscosity with shear rate fahe fluids having: (a) different ferric oxide NP
concentrations at 140°F, (b) a silica NP concentrian of 0.5 wt% at different temperatures.

Effect of Aging
After dynamically aged at 350°F for 16 hours, rlogidal property measurements
were conducted on samples containing 0.5 wt% of téR$etermine if the NPs could

maintain effectiveness in preserving the rheoldgicaperties of these fluids.
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Tables I11-9 andlll-10 show the rheological parameters at different teatpees
for the aged drilling fluids having 0.5 wt% of NFA%ie experimental data after aging for
NPs/Ca-bentonite-based fluids fitted the HerschdklBy model with a regression
coefficient R%) higher than 0.9, but relatively higher sum of aguerrorsy Q% Aging
samples having ferric oxide NPs resulted in mim@nges in the rheological properties at
different temperatures compared to the unaged msEpes. This indicated a stable
rheological behavior of this fluids at high temgara conditions. For the samples having
silica NPs, aging resulted in a change in the ysttéss by two or three times at all
temperatures compared to the unaged suspensions.clhinge indicated unstable
rheological properties behavior of this silica NPasbentonite-based fluid. For more
details, sedppendix B.

Filtration Loss Analysis
Filter Press Results

Table 11I-11 shows the filtration and filter cake charactecstior the experiments
conducted at a differential pressure of 300 psi 2B@°F.Three identical filtration tests
had been conducted using three samples of theflgdeThe results revealed that the
cumulative filtrate volume and filter cake thickeegere within 5% of each other, which
indicating the repeatability of the filtration tessults Table I1I-11). Adding ferric oxide
or magnetic iron oxide NPs at 0.5 wt% concentratioproved the fluid loss and filter
cake characteristics. A reduction of 42.5 vol%he filtrate loss volume was achieved
compared to that of the base fluid (Table I1lI-1M &ng. 11I-7 ). The high temperatures

induced the dissociation of Eacations from the surface of bentonite (Ramos-Tejetd
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al. 2001; Laribi et al. 20065trong electrical attraction produced between ¢ned oxide
NPs (with large surface-area-to-volume ratio anditp@ surface charge) and the
negatively charged face of the clay platefadditionally, this also kept the clay platelet
dispersed and flocculated in suspension, whichrgéee a low porosity/low permeability
filter cake Using 0.3 wt% of ferric oxide NPs was not enoughiuilding a rigid clay
platelet structure, which resulted in higher fiérdluid volume compared to the sample
that had 0.5 wt% NPs. However, at higher NP coma#goh (1.5 and 2.5 wt%), the filtrate
volume and filter cake thickness increased becafisbe agglomeration of the excess
NPs, which reduced the filter cake efficiency. Thud loss results when using magnetic
iron oxide FeO4 NPs were almost the same compared to the sampieairming ferric
oxide NP; however, the filter cake thickness valwese lower. Moreover, the samples
containing silica or zinc oxide NPs showed lowéteficake efficiency at different NP
concentrations (Table IlI-11 and Fig. 1ll-7). Addirsilica NPs at any concentration
increased the filtrate volume and filter cake thieks. The silica NPs, with negative
surface charge, acted as a diflocculant in thedmitet suspension, which promoted clay
platelet dispersion at elevated temperatures (Boung et al. 1991). This led to the
formation of a weak edge-to-edge bentonite plasttecture (Luckham and Rossi 1999).
In addition, the silica NPs were also found to hstable in suspensions (Table IlI- 3).
The effect of dynamic filtration was examined a0 Xpm for the sample that have
0.5 wt% of ferric oxide NPs. A decrease in theefiltake thickness by 18.24% and an
increase in the filtrate volume by 79.71 vol% wasamed compared to the sample that

has the same NP concentration under static condifi@able 11l-11). The cake is
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simultaneously eroded and deposited because otithelation that affect the solid
particles under dynamic condition (Al-Abduwani &t2005), which led to these changes

in filtrate volume and cake thickness. For moraaietof the filtrate loss volumes, see

Appendix C.
Bingham Plastic Model Herschel-Bulkley Model
Temperature

T Mo R® i To k n R® Q7
°F) (Ibf/100 ft 2) (cp) (Ibf/100 ft 2?2 (Ibf/100 ft 2) (Ibf. /100 ft2) (Ibf/100 ft 22
120 11.93 27.15 0.9810 120.3 16.56 0.0127 1.1792  0.9653 186.4
140 15.24 26.21 0.9839 90.95 13.89 0.1470 0.8491 0.9933 30.49
160 17.37 26.83 0.9884 70.99 17.06 0.0828 0.9281 0.9924 39.73
180 23.52 25.53 0.9809 95.62 26.92 0.0333 1.0417 0.9795 88.76
200 27.71 25.55 0.9878 66.72 27.46 0.1287 0.8603  0.9938 23.56

Table IlI- 9 — Bingham Plastic and Herschel-Bulkley model constds for the fluids containing 0.5 wt% of ferric
oxide NPs at different temperatures measured afteaging for 16 hours at 350°F (pH = 8.15 at 78°F).

Bingham Plastic Model Herschel-Bulkley Model
Temperature
T Ho R yQ? T K n R2 3Q°
) (bi100 ft?) (cp) (Ibi7100 ft 7 (Ibi7100 ft %) (Ibf. 57100 ft?) (bi100 ft?y
120 10.12 34.08 0.9827 177.8 14.51 0.0961 0.9243  0.9881 185.7
140 14.75 32.58 0.9938 75.97 10.91 0.3033 0.7771  0.9995 3.55
160 1854 27.25 0.9975 16.22 18.30 0.0889 0.9383  0.9985 9.63
180 20.64 27.25 0.9968 2491 20.46 0.0602 0.9924  0.9967 23.86
200 21.97  27.04 0.9943  41.49 19.57 0.1767 0.8412 1.5628 7.71

Table lll- 10— Bingham Plastic and Herschel-Bulkley model constas for fluid containing 0.5 wt% of silica NPs
at different temperatures measured after aging forl6 hours at 350°F (pH = 7.7 at 78°F).
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Percentage

Mode Percentage Cumulative Percentage Spurt

Ferric Filter Cake Change in Filter Cake
of Change In Filtrate Change in Loss

Oxide NPs Thickness Filtrate Permeability

Filtration Thickness Volume Permeability Volume
Volume
(%) (mi) (%)

(Wt%%b) (in.) (%) (ud) (mi)
0.0* Static 0.3084 — 12 — 1.459 — 6.0
0.0 Static 0.3102 —_ 12 — 1.492 —_ 6.4
0.0 Static 0.3005 — 11.9 — 1.428 — 6.7
0.3 Static 0.3123 1.25 10 -16.67 0.857 -41.278 15
0.5 Static 0.3618 17.32 6.9 -42.5 0.345 -76.384 0.5
15 Static 0.433 40.4 9 -25 0.664 -54.464 2.5
25 Static 0.476 54.35 11.9 -0.83 1.298 -11.023 3.5
0.5 Dynamic 0.2958 -18.24** 12.4 79.71% 1.113 222.607** 0.5

Silica NPs
(Wt%)
0.5 Static 0.3462 12.26 13.6 13.33 1.338 -8.247 3.5
1.5 Static 0.428 38.78 18.9 57.5 2.93 100.822 1.0
Magnetic
Fes04 NPs

(Wt%)

0.5 Static 0.2176 -29.44 9.25 -22.92 0.936 -35.846 0.5

1.5 Static 0.2921 -5.29 9 -25 0.885 -39.342 0.5

25 Static 0.2667 -13.52 9 -25 0.785 -46.196 0.5
Zinc Oxide

NPs

(wt%)

0.5 Static 0.3412 10.64 13.2 10 2.71 85.744 3

* The base fluid that used in calculating the perce  nt changes in the different properties
** The percentage compared to that of the same conc  entration under static filtration.

Table Ill- 11—Cumulative filtrate volume (for 30 min.) and filter cake properties of the fluids that having
different NP types and concentrations at 250°F and00 psi.
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Fig. Ill- 7—Cumulative filtrate volume (30 minutes) and filter cake thickness for the cakes having different NP
concentrations formed under static filtrations at Z0°F and 300 psi differential pressure.

CT Scan Analysis of the Filter Cake

The filter cakes were CT scanned after the filmattest using a computed-
tomography (CT) scanner. The images were takerugifirahe full cake diameter. The
filter cake generally consisted of two layers unadet conditions Fig. 111-8). The top
layer (close to the drilling fluid) had a low CTmber (CTN) compared to the bottom
layer (close to the formation surface). CT atteimmatiata is normally presented in a
standardized scale with Hounsfield units (HU) tisatormalized to air at —1000 HU and
water at 0.0 HU. Thus, each HU represents a 0.1&agehin density with respect to the

calibration density scale (Wellington and Vineg8B1; Akin and Kovscek 2003).
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Top Layer

Fig. lll- 8 —CT scan images of the filter cakes having ferric ade NPs under static conditions at 250°F and 300
psi differential pressure, (a) with 0.5 wt%, and () with 2.5 wt% of NPs.

Fig. I1I-9 shows the CTN profile through the filter cake diaendor each layer.

The CTNs were averaged to be 299.46, 285.25, 29ar&8D305.27 HU for the top layer
of the filter cakes that have 0.0, 0.3, 0.5, aridvitt% of ferric oxide NPs, respectively.

The CTNs of the bottom layer increased with therdase in the ferric oxide NP

concentration. The average CTN of the bottom layere 362.07, 377.08, 384.78, and
450.99 HU for the cakes that have 0.0, 0.3, 0.5l &% wt% of ferric oxide NPs,

respectively. The specific gravities of bentonitel derric oxide and magnetic iron oxide
are 2.6, 5.24, and 5.17, respectively. The CTNile®indicated that the NPs playing a
key role in building the bentonite clay plateletusture in the bottom layer. Moreover,
increasing the NP concentration reduced the cdi®esicy. The NPs agglomerated and
a new layer (third layer) of NPs (average CTN =.84531U) settled down below the main
filter cake layer (bottom layer) when using high B#hcentration of 2.5 wt%. Jung et al.
(2011) noticed the same behavior with Na-bentasutpension that had 5.0 wt% of 3 nm
ferric oxide NPs. They reported that a filter cakas produced with a nondeformable and
relatively dense lower layer and a very large apper layer. The authors attributed that

to the compaction of NPEig. 111-10 shows the 3D cross-section of the filter cake when
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using 2.5 wt% of ferric oxide NPs, in which the bggerated NPs (the third layer)

appeared as a layer has a reddish brown color.

600
(a
500
400
) &WWWOW%
I
=300 @nnﬂnnmmm%n
|_
(@]
200
—O=—Bottom Layer (Close to the Rock)
100
—{— Top Layer (Close to the Drilling Fluid)
O 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5
Radial Distance from the Edge of the Filter Cake,i n.
600
(c)
500
400 v
2
I
2300 %
|_
(@]
200
—O— Bottom Layer (Close to the Rock)
100
= Top Layer (Close to the Drilling Fluid)
0 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5
Radial Distance from the Edge of the Filter Cake,i n.
600
(e)
500
400 |
) w0
T
> 300 |
-
(]
200
—0— Bottom Layer (Close to the Rock)
100
=—{— Top Layer (Close to the Drilling Fluid)
0 n T T n
0.0 0.5 1.0 1.5 2.0 25

Radial Distance from the Edge of the Filter Cake, i

n.

600
(b)
500 F
400 f “‘"uu“""“‘"u‘n.nnon“
> ‘0‘ ."40.
I
=300
'_
(@]
200 F
—O— Bottom Layer (Close to the Rock)
100
—{— Top Layer (Close to the Drilling Fluid)
0 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5
Radial Distance from the Edge of the Filter Cake,i n.
600
500
400
2
I
=300
|_
(@]
200 ]
—&— Third Layer (NP Layer)
100 k| =©—Bottom Layer (Close to the Rock)
= Top Layer (Close to the Drilling Fluid)
0 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5
Radial Distance From the Edge of the Filter Cake, i n.
600
®
500
=) | " ‘"...‘.n«u’u’.u‘u.non..“u’x‘
T 400 S
—é 300
E [ orpom I ey ey
>
4
5 200
—O— Bottom Layer (Close to the Rock)
100
=—{}— Top Layer (Close to the Drilling Fluid)
0 T n T n
0.0 0.5 1.0 1.5 2.0 25

Radial Distance from the Edge of the Filter Cake,i n.

Fig. 1ll- 9 —CTNs through the filter cake of the samples that hee different nanoparticle concentrations under
static conditions at a differential pressure of 30@si and a temperature of 250°F: (a) 0.0 wt%, (b).6 wt% ferric
oxide, (c) 1.5 wt% ferric oxide, (d) 2.5 wt% ferricoxide, (e) 0.5 wt% silica, and (f) 1.5 wt% silicananoparticles.
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Top Layer

Fig. lll- 10—3D CT scan cross-section of the filter cake having.5 wt% of ferric oxide NPs.

The CTNs were averaged to be 274.51 and 280.46okthé top layer of the filter
cakes that have 0.5 and 1.5 wt% silica NPs, resbg{(Fig. IlI-9e and I1I-X). However,
the average CTNs of the bottom layer were 404.4D48%.84 HU for the same cakes,
respectively (Fig. IlI-9e and 111-9f). The CTN rd&ufor the filter cakes containing silica
NPs revealed that this type of NPs settled dowthénbottom layer without building a
good structure with the bentonite particles, whiethuced the cake efficiency.

Figs. 1lI-11 andIll-12 shows the CT scan analysis of the filter cake ¢oimg
2.5 wt% of magnetic iron oxide k@4 NPs through the filter cake in the direction wiidl
flow. The CTNs were averaged to be 158.75, 226.12, 24265/90, 311.46 and 407.85
HU for the CT-slice numbers 1, 2, 3, 4, 5 and 6peetively. The CTNs of the filter cake

slices increased with the increase of the slicebrirm the direction of flow. Additionally,
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the CT-slice numbers 2, 3, and 4 presented thdatmy of the filter cake in this case;
however the CT-slice number 5 presented the bokayer of the filter cake. Again, the
NPs agglomerated at this concentration (2.5 wt¥FRd) and a new layer (third layer) of
NPs (average CTN = 407.85 HU) settled down belavrtfain filter cake layer (bottom

layer), which presented in the CT-slice number 6.

SEM-EDS Analysis of the Filter Cake

The filter cakes were dried in an oven at 250°Rloee hours before running the
SEM-EDS analysig=ig. 111-13 shows the SEM images of filter cakes for the samitiat
have different ferric oxide NP concentrations. Dlogom layer of the filter cake with 0.5
wt% ferric oxide NPs had a smoother surface moxaol(Fig. 111-13b) with minor
agglomeration and low porosity/low permeabilityusture compared to the cakes with
higher NP concentration.

Moreover, the EDS elemental analysis of the fittekes containing ferric oxide
NPs shows that the increase in NP concentrationltees in an increase in iron
concentration and a decrease in calcium and magnesincentrations in the filter cakes
(Fig. llI-14). This results confirmed the dissociation of casifrom the Ca-bentonite clay
surface and the embedding of ferric oxide NPs @ndiwface of clay particle, which
support linking between bentonite particles. TheSEihalysis of the third layer in the
cake formed when using 2.5 wt% ferric oxide NPswsd that it is mainly contained
ferric oxide NPs. The morphology of this layer sleawhigh porosity/high permeability
structure Fig. lll-15a). The SEM-EDS analysis for the filter cake thas 105 wt% of
silica NPs showed the formation of a high porougilpermeable clay platelet structure
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(Fig. 111-15b). Additionally, Fig. 111-14 shows also the EDS edental analysis of the filter
cake containing 0.5 wt% of silica NPs, which indiieg that this layers mainly contained

silica NPs as revealed from the CT scan analysis.

CT-Slice # 1 CT-Slice # 2

CT-Slice # 3 CT-Slice # 4

Fig. lll- 11— CT scan images through the filter cake in the diretion of fluid flow for the sample that has 2.5
wt% magnetic iron oxide FeOa4 nanoparticles under static conditions at 250°F and differential pressure of 300

psi.
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Fig. Ill- 12— CTN profile through the filter cake in the direction of fluid flow for the sample that has 2.5 wt%
magnetic iron oxide F@O4 nanoparticles under static conditions at 250°F and differential pressure of 300 psi.

Filter Cake Permeability

As a supportive way to quantify the changes infilter cake properties upon the
addition of NPs, the filter cake permeability wadcalated using the Bourgoyne et al.
(1991) model. In this model, the permeability wadcalated usindg=q. I1I-3 and the
relationship between the cumulative filtrate voluamel the square root of timeig. I11-

16):

V, =84 x107° JkCApC (}f—— )AL, (11I-3)

whereA= cross-sectional area of the core?irk: = permeability of the filter cake (d)z=
time of filtration (s),Vs= cumulative filtrate volume ), 4pc = pressure drop across the
filter cake (psi)p = viscosity of the filtrate (cpfsc = volume fraction of the solids in the

cake, andsm = initial volume fraction of solids in the drillinfuid. The pressure drop
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across the filter cake was determined as the difile¥ between the total applied
differential pressure and the pressure drop adiwsgore (using Darcy’s equation for
linear flow). The viscosity of the filtrate was assed to be constant and equals the
viscosity of the filtrate of the base fluid = 0.8@ at 250°F, which was determined by
extrapolating the data dfig. 111-17 to 250°F. It was measured using a capillary tube

viscometer.

20 KV x1.0k

20 KV x1. 0k

Fig. Ill- 13—SEM images (X1000-30 um) of the dried filter cake wsface for samples having different
concentrations ferric oxide NPs: (a) 0.0 wt%, (b) & wt%, (c) 1.5 wt%, and (d) 2.5 wt% of NPs. The irages show
that adding 0.5 wt% to the base fluid results in Ies agglomeration (shown as red circules) and lessrpus surface
compared to the filter cakes containing higher NP @ancentration or that for the base fluid.
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Fig. lll- 14—EDS elemental analysis of the surface of the bottoayer of the filter cakes as a function of

nanoparticle concentration.
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Fig. Illl- 15—SEM images: (a) for the surface of the third laye(agglomerated ferric oxide NP layer) formed in
the filter cake containing 2.5 wt% of ferric oxide NPs (X500-50 um), and (b) for the surface of thelfier cake
containing 0.5 wt% of silica NPs (X1000-30 pm). Bhtimages show highly porous/permeable microstructie.
Image (b) shows different clay-platelet structure ompared to the filter cakes containing ferric oxideNPs (SEM
images in Fig. 111-13).

Adding 0.5 wt% of ferric oxide NPs resulted in fioemation of a less permeable
filter cake. Its permeability was 0.345 pd withealuction of 76.38% compared to that of

the filter cake formed when using the base fluidh[€ IlI-11). However, using ferric
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oxide NPs in any other concentration (either lesgreater than 0.5 wt%) or silica NPs
generated a higher permeability filter cake (Tdllld1). It was also noted that using
magnetic iron oxide E@s resulted in a reduction the filter cake permegbdi different
NP concentrations. However, using ferric oxide NiPany other concentration (either
less or greater than 0.5 wt%), silica, or zinc exiPs generated a higher permeability

filter cake (Table 111-1)
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Fig. lll- 16 —Cumulative filtrate volume (for 30 min.) as a functon of square root of time for the fluids containirg
different concentrations of ferric oxide NPs at 25¢F and 300 psi differential pressure.
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Fig. lll- 17 —Viscosity of the filtrate fluid against temperature for the base fluid.

Elemental Analysis of Filtrate Fluid

The filtrate fluid samples were collected to meadiine concentration of cations
using ICP-OESFig. 11I-18 shows the concentration of different cations infitate fluid
of the samples that have different concentratidrferoic oxide NPs. The concentration
of Ca* increased with the increase of NP concentratidnighvconfirmed the dissociation
of Ca* cations. A decrease in the concentration f ahd St* cations in the filtrate with
the addition of NPs was also observed, which irtditd®etter NPs/Ca-bentonite platelet
structure. However, the increase in NP concentragsulted in the agglomeration of NPs
and the formation of high porosity/high permeabpifitter cakes as indicated by SEM-

EDS and CT scan.
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Fig. Ill- 18— ICP-OES analysis of the filtrate fluids for the sanples having different ferric oxide NP

concentrations at 300 psi and 250°F.

Effect of Filtration Temperature and Pressure

The fluid contains 0.5 wt% of ferric oxide NPs vetected for testing the effect
of pressure and temperate on the filter cake clteratics. The selection based on the
higher performance of the samples containing 0% wft ferric oxide NPs. The fluids
containing silica NPs showed a lower performancg0é psi and 250°F as discussed in
the aforementioned results. A series of filter pregasurements was conducted using a
fluid that has 0.5 wt% ferric oxide NPs at a diffietial pressure range from 200 to 500 psi
and temperatures of 175, 200, 250, 300 and 3508bI¢ 111-12). With the increase in
temperature from 175 to 300°F at a constant presstuB00 psi, the efficiency of the
formed filter cakes increased (less filtrate vodymess permeability, and relatively small
increase in the thickness), which indicating timet terric oxide NPs increased the filter

cake ability to withstand higher temperatures. lrenmore, the efficiency of the filter
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cakes increased then decreased when changing raé&ssn 200 up to 400 psi at constant
temperature of 250°F, with the best performancdeaeld at a pressure of 300 psi.
Moreover, at 500 psi and 350°F, a good-qualitefitake with a permeability of 0.060
pd is formed. This revealed the applicability osthype of NPs/Ca-bentonite fluids to
drill harsh environments. Additionally, it indicateéhat the effect of temperature on the
filler cake properties of this NPs/Ca-bentonite pgmsions was predominant when

compared with pressure effect. For more detaite®filtrate loss volumes, sé@pendix

C.
Cumulative Filter Cake
Temperature Pressure Filter Cake Thickness

Filtrate Volume Permeability

(°F) (psi) (in.) (ml) (Hd)

175 300 0.2314 12.4 1.113

200 300 0.2673 11.8 1.008

250 300 0.2618 6.9 0.345

300 300 0.2923 6.4 0.296

250 200 0.3184 13.0 1.830

250 400 0.2796 9.6 0.500

350 500 0.2876 3.3 0.060

Table IlI- 12— Cumulative filtrate volume (for 30 min.) and filter cake properties of the fluids having 0.5 wt%
of ferric oxide NPs at different filtration conditi ons of pressure andemperature.

Formation Damage Analysis

CT scan analysis was conducted for investigatirg effect of the NPs/Ca-
bentonite based fluids on damaging the cores. dredisks were CT scanned in dry, wet,
and directly after the filtration experiment todyithe change in the CTNs in the direction

of flow (Fig. 111-19). CT attenuation data is normally presented itaadardized scale
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with Hounsfield units (HU) that is normalized to at —1000 HU and water at 0.0 HU.
Thus, each HU represents a 0.1% change in dengftyegpect to the calibration density
scale (Wellington and Vinegar 1987; Akin and Kows2603). So that, the increase in the
CTNs of the core after experiments might represiamfpercentage of the solid particles
which accompanied the filtrate invasion into therfation. On other words, the CTNs can
be used to check the change in the core porogay thife experiments.

The porosity of the core disks can be determinedguthe CTNs a using the

following equation Eq. I11-4)

Porosity = CTN of the core in wet conditions—CTN of the core in dry conditions (||| 4)
Y CTN of water—CTN of air '

The CTNs of water and air are 0.0 and —1000 Hpeetsvely. For calculating the
initial porosity of the core disks, the CTNs of thet cores saturated with deionized water
were used. However, the final core porosity ofdbee was calculated using the CTNs of

the cores measured directly after the filtratiopexriments.

Indiana
Limestone

Fig. lll- 19 —CT scan image of the filter cake and core disk inhe direction of fluid flow.
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Three different core disks were analyzed as exanplidhe formation damage
analysis when using this type of NPs/Ca-bentordiged fluidsFigs. 111-20 and1ll-21
show the CTN and porosity profiles of the core diskd for running the experiment of
the sample having 0.5 wt% of zinc oxide NPs, wislcbws lower filtration performance.
The CTNs were averaged to be 1921.68, 2025.581880.33 HU for the dry, saturated
core before experiment, and saturated core afiggrerent, respectively. The change in
the CTN after the experiments revealed a changjeeirtore porosity. More specifically,
a decrease in the core porosity was occurred #ieerexperiment. The porosity was
calculated using Eg. llI-4 and was averaged to ®88B6 and 7.31% for the core disk
before and after the experiment, respectively (FigR1). This revealed a little damage
of the formation due to the invasion of solids vttt filtrate fluid. The first 0.2 inches of
the core thickness (close to the filter cake) shibae increase in the porosity after the
experiment, which might be due to the increasehan ftacture porosity at this region

because of the high spurt pressure.
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Fig. Ill- 20—CTN profile through the core disk (in the direction of fluid flow) used for running the experiment
of the sample having 0.5 wt% of zinc oxide NPs.
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Fig. lll- 21 —Porosity profile through the core disk (in the direction of fluid flow) used for running the experimert
of the sample having 0.5 wt% of zinc oxide NPs.
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Figs. 11I-22 andlll-23 show the CTN and porosity profiles of the corekdised
for running the experiment of the sample havingwt% of magnetic iron oxide @4
NPs, which shows higher filtration performance. TQ¥Ns were averaged to be 1928.89,
2031.51, and 2012.835 HU for the dry, saturate@ t@fore experiment, and saturated
core after experiment, respectively. Again, a deseen the core porosity was occurred
after the experiment. The porosity was averagde th0.26% and 8.39% for the core disk
before and after the experiment, respectively.tfelidamage of the formation where
occurred. The first 0.2 inches of the core thickr&®wed an increase in the porosity after
the experiment, which confirming the hypothesishaf fracture porosity increase at this

region because of the high spurt pressure.
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Core Thickness in the Direction of Fluid Flow, in.

Fig. Ill- 22 —CTN profile through the core disk (in the direction of fluid flow) used for running the experiment
of the sample having 1.5 wt% of magnetic iron oxid&e:O4 NPs.
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Fig. lll- 23 —Porosity profile through the core disk (in the direction of fluid flow) used for running the experimert
of the sample having 1.5 wt% of magnetic iron oxid&e3O4 NPs.

The more interesting part was that the decreaskeirtore porosity when using
magnetic iron oxide E®;NPs was small compared to that when using zinceokis,
which confirming the formation of a good-qualitjtér cake. That was also confirmed
when analyzing the CTN profiles of the core diskdifor running the experiment of the
sample having 2.5 wt% of magnetic iron oxide®a\Ps.The CTNs were averaged to
be 1940.29, 2038.44, and 2019.99 HU for the dryirated core before experiment, and
saturated core after experiment, respectivielgq. I11-24). The porosity was averaged to
be 9.83% and 8.49% for the core disk before ared #ie experiment, respectively, which

revels a little damage of the formatidfids. I11-25).
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Fig. Ill- 24 —CTN profile through the core disk (in the direction of fluid flow) used for running the experiment
of the sample having 2.5 wt% of magnetic iron oxid&esO4 NPs.
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Fig. lll- 25—CTN profile through the core disk (in the direction of fluid flow) used for running the experiment
of the sample having 2.5 wt% of magnetic iron oxid&esO4 NPs.
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Conclusions

The effectiveness of using different types of oxid@s for improving the
rheological properties and filter cake charactessdf Ca-bentonite-based fluids had been
investigated. Results yielded the following conwus:

1. Adding ferric oxide and magnetic iron oxide NPs@atoptimum concentration of
0.5 wt% improved the filter cake characteristicthatinvestigated conditions (up
to 350°F and 500 psi); however, using silica oc oride NPs reduced the filter
cake efficiency of such fluids.

2. The filter cake of these fluids consisted of twgels as revealed by CT scan
analysis. The layer close to the rock surface wasrain layer, in which the NPs
played a key role in building the filter cake mistucture.

3. Using the optimum NP concentration generated d/ggioother surface filter cake
morphology with less particle agglomeration and lpovosity/low permeability
structure as indicated by SEM-EDS analysis.

4. Athird layer consisting mainly of the agglomerabgiéls formed when using higher
concentrations of ferric oxide or magnetic iron d&xiNPs (2.5 wt%), which
reduced the total filter cake efficiency.

5. The ferric oxide and magnetic iron oxide NPs pragdobetter clay-platelet
microstructure after the dissociation of?Caations from the bentonite at such
conditions because of their positively surface ghamwhich produced a good-

quality filter cake.
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6. The filter cakes that have optimum concentrationfesfic oxide NPs could
withstand downhole conditions up to 350°F and 5€i0 doreover, the effect of
temperature on the filter cake characteristics wesdominant compared to
pressure.

7. Ferric oxide and magnetic iron oxide NPs with pgasisurface charges were stable
in suspensions and building a strong yield strectwith Ca-bentonite, which
produced fluids with better rheological properti®s the other hand, using silica
NPs that had negative surface charge generatedrsieps with higher viscosities
and weaker yield structure.

8. Aging at 350°F for 16 hours shows that the rhealalgoroperties of Ca-bentonite-
based fluids that has ferric oxide NPs remainslataker time with minor loss in
the gel structure. On the other hand, aging sMPabased fluids under the same
conditions showed unstable rheological properties.

9. The Herschel-Bulkley was found to be the best tithel for the experimental data
of the tested NPs/Ca-bentonite fluids wifhvalues higher than 0.99 and minimum
Y Q? values, especially at higher temperatures.

10.The CT scan analysis of the core disks showedadiecrease of the core porosity
after the filtration process using the NPs/Ca-beito suspensions, which

confirming its capability to minimize formation dawe.
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CHAPTER IV
CHARACTERIZATION OF THE FILTER CAKE GENERATED BY

NANOPARTICLE/CA-BENTONITE-BASED DRILLING FLUID’

Introduction

Having an efficient filter cake is an important peoty of the drilling fluid and can
affect success of the drilling operations. Thispteafocuses on characterizing the filter
cake produced by Ca-bentonite-based drilling fltidt contains ferric oxide (E@3)
nanoparticles (NPs) at downhole conditions. A cateldrilling fluid formula was
formulated and used for this part of study to chihekeffect of using this type of NPs in
the presence of different drilling fluid additiveBurthermore, the effect of different
parameters on the filter cake characteristics, siscNP concentration, fluid preparation
method, and filtration conditions were investigated

The results showed that the ferric oxide NPs imgdahe filter cake and filtration
properties of Ca-bentonite-based drilling fluid time presence of polymer and other
additives. It was found that lower NP concentrati®mpreferred for obtaining a good-
quality filter cake. The best filter cake charaistiers were obtained when using 0.3-0.5
wt% of NPs. Furthermore, this drilling fluid cantistand downhole conditions up to 500

psi and 350°F. At such conditions, filter cake mes of 0.151-in. thickness, 6.9 ml

7 Reprinted with a permission from “CharacterizatimhFilter Cake Generated by Nanoparticle-Based
Drilling Fluid for HP/HT Applications” by Mahmoud., Nasr-EI-Din, H. A., Vryzas, Z., and Kelessidis,
V. C. SPE-184572-MS, Copyright 2017 by Society efrBleum Engineers.
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filtrate volume, and 0.428 pd permeability wereanied. The addition of NPs to the
drilling fluid improved the filter cake propertiemder both static and dynamic filtration.
Additionally, SEM-EDS analysis confirmed the eféincy of using this type of NPs to
generate a smoother, less porous filter cake méwgiroMoreover, ultrasonication for
one hour and bentonite hydration for 16 hours eecemmended for better preparation of
this types of NPs/Ca-bentonite-based drilling ftuid
Properties of the Drilling Fluid

Table 1V-1 summarizes the properties of the Ca-bentoniteebdsédling fluid
(without the addition of NPs) and the drilling fiuthat contains 0.5 wt% of NPs. The
density of the drilling fluid was measured at amibieonditions using mud balance and
was determined to be 9.6 ppg. The drilling fluidswaeasured to have a pH of 11. The
rheological properties of the drilling fluid weretdrmined at 140°F and atmospheric
pressure using the rotational viscometer. The Caelnée-based drilling fluid has a
plastic viscosity of 17.6 cp, and yield point of. 21bf/100 f€. The 10-s and 10-min gel
strength were measured to be 8 and 13 Ibf/19)@dspectively. However, the properties
of the drilling fluid that contains 0.5 wt% of NR&re 15 cp for the plastic viscosity and
12, 10, and 17 Ibf/100%for the yield point, 10-s and 10-min gel strengtspectively.
The results showed a relatively small change irrtie®logical properties of the drilling
fluid when adding NPs. The addition of NPs increlatbe yield stress and gel strength of
this type of Ca-bentonite-based drilling fluids, i@hh improves their cutting carrying

capacity (Bourgoyne et al. 1991).
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Fig. IV-1 shows the patrticle size distribution of the sopdssented in the drilling
fluid using sieve analysis. The mean diameter efshlids usedjso, was 123 um, which
confirmed the applicability of this drilling fluitbbrmulation to prevent pore blockage of

the formation (Abrams 1977).

Value
Drilling F luid
Property Condition Unit Bentonite Based
Contains 0.5 wt%
Drilling Fluid

of Nanoparticles
Density 78°F and 14.7 psi ppY 9.5 9.6
Plastic viscosity 140°F and 14.7 psi cp 17.6 15
Yield point 140°F and 14.7 psi Ibf/100 ft? 11.7 12
10-s gel strength 140°F and 14.7 psi Ibf/100 ft2 8 10
10-min gel strength 140°F and 14.7 psi Ibf/100 ft? 13 17
pH 78°F and 14.7 psi — 11 11

Table IV- 1— Properties of the Ca-bentonite-based drilling fluil and the drilling fluid containing 0.5 wt% of
ferric oxide NPs.
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Fig. IV- 1— Particle-size distribution of solids in the drilling fluid.
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Filter Press Measurements and Analysis

The HP/HT filter press was used to investigate fitteation properties and
generate the filter cakes. The desired differemiiabsure and temperature were applied.
The filtration fluid volume was measured as a fiorcof time for 30 minuteslable 1V-

2 shows a list of the performed filter press expenis and the studied parameters
throughout this investigation. The CT scanner waeduo investigate the produced filter
cakes. CT images were taken through the full cakeeter and analyzed using Image;
software. The CT data was analyzed to determinéltbecake thickness and CT number
(CTN). Moreover, SEM-EDS was used to analyze theddilter cakes.

The filter cake permeability was calculated usimg thodel developed by Li et al.
(2005), which was found to be the simplest and st of calculation for this kind of
drilling fluid (Elkatatny et al. 2012). The permdgl in this model is calculated using
Darcy’s equation of liquid flow through the poramedia. Additionally, the resistance of
the filter media (filter disk) for the flow was alsncluded. Calculations in this method
mainly depending on the relationship between thautative filtrate volume and time.

Egs. IV-1, IV-2 andIV-3 can be used for these calculations in field units:

— Apm -
G = 0073k 0™ | oo (IV-1)
APt = A D A e  eieeea (IV-2)
and

_ Apc -
G = 0073 Km0 i (IV-3)
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Differential Sonication Hydration
NP Concentration, Temperature, Rotation
Parameter Pressure, Time, Time,
wt% °F at 100 rpm
psi hr hr
0.0 250 300 No 1.0 0.0
NP 0.3 250 300 No 1.0 0.0
Concentration 0.5 250 300 No 1.0 0.0
1.0 250 300 No 1.0 0.0
Differential 0.5 200 300 No 1.0 0.0
Pressure 0.5 300 300 No 1.0 0.0
and 0.5 250 200 No 1.0 0.0
Temperature 0.5 250 400 No 1.0 0.0
0.5 350 500 No 1.0 0.0
0.0 250 500 No 0.0 0.0
Dynamic 0.0 250 500 Yes 0.0 0.0
Filtration 0.5 250 500 No 0.0 0.0
0.5 250 500 Yes 0.0 0.0
Sonication 0.5 250 300 No 0.0 0.0
Time 0.5 250 300 No 0.5 0.0
Bentonite 0.0 250 500 No 0.0 16
Hydration 0.5 250 500 No 0.0 16

Table IV- 2—The performed filter press experiments and the invgtigated parameter.

whereq = the filtrate rate (ml/if.s), km = permeability of the filter medium (dk; =
permeability of the filter cake (dln = thickness of the filter medium (inbs = thickness
of the filter cake (in.)4p: = total pressure drop (pspm = pressure drop across the filter
medium (psi)Apc = pressure drop across the filter cake (psi), |adviscosity of the
filtrate (cp). The viscosity of the filtrate was measured usirggpillary tube viscometer
and was determined to be 0.2 cp at 250°F. The \&ltiee filtrate ratey (ml/in.2.s) was

determined by dividing the slope of the cumulatiskime versus time curve on the cross-
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sectional area of the filter disk, which is 3.97.i The slope of the curve should be
determined for the part starting at 430 s when fllor@ugh the already formed cake starts
(Li et al. 2005).
Effect of Nanoparticle Concentration

The drilling fluid was prepared following the foration described in chapter I
and four different NP concentrations were used, (0.8, 0.5, and 1.0 wt%). Static
filtration experiments were conducted at a difféi@npressure of 300 psi and a
temperature of 250°F (experiments number 1 to #able 1V-2).Fig. IV-2 shows the

cumulative filtrate volume after 30 minutes andttnekness of the generated filter cakes.
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Fig. IV- 2— Cumulative filtrate volume (30 minutes) and filtercake thickness for the filter cakes having differat
concentrations of ferric oxide NPs formed under sttic filtration at 250°F and 300 psi differential pressure.

The results showed a decrease in the filter cakkribss with the increase in NP
concentration. More specifically, the thicknessrdased by 8.4, 21.9, and 38.7% for the

filter cakes that contain 0.3, 0.5, 1.0 wt% of NRsspectively, when compared to the
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thickness of the cake that has 0.0 wt% of NPsheuantore, the cumulative filtrate volume
decreased by 16.9 and 3.9% for the drilling fluidist contain 0.3 and 0.5 wt% of NPs,
respectively; however, it increased by 15.6% fersample that contains 1.0 wt% of NPs
compared to the base. These results confirmed iwlh@ind in the absence of the drilling
fluid additives. It was found that, the 0.5 wt% fefric oxide NPs is the optimum
concentration, which should be used with the 7 Wid4bentonite suspension to obtain the
best filter cake characteristics. However, usiriggher concentration of NPs resulted in
the agglomeration of the excess NPs and thusfilesscake efficiency.

Fig. IV-3 shows the CT scan images of the filter cakes. ififages were taken
through the full cake diametéerhe filter cakes generally consisted of two lay@&tse top
layer (close to the drilling fluid) had a low CTmber (CTN) compared to the bottom
layer (close to the formation surface). The avel@gdl for each layer are shown king.
IV-4. The CTN were averaged to be 607.60, 735.45, 794ri8929.48 for the top layer
of the filter cakes that have 0.0, 0.3, 0.5, afidwit% of NPs, respectively. Moreovéng
average CTN for the bottom layer (close to the fatton surface) were 790.70, 872.01,
961.28, and 1007.40 for the cakes containing 0.8, 0.5, and 1.0 wt% of NPs,
respectively.The increase in the average CTN in each layer wi¢ghincrease in NP
concentration indicated that the NPs play a keg iol building a different bentonite
platelet structure (Barry et al. 201&gch increase in the CTN by 1 HU represents a 0.1%
change in density with respect to the calibratiengity scale (Wellington and Vinegar

1987; Akin and Kovscek 2003).
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Fig. IV- 3— CT scan images of the filter cakes having differ@rconcentrations of ferric oxide NPs formed under
static filtration at 250°F and 300 psi differential pressure: (a) with 0.0 wt%, (b) with 0.3 wt%, (c)with 0.5 wt%,
and (b) with 1.0 wt% of NPs.
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Fig. IV- 4— Average CTNs throughout the filter cakes having dferent concentrations of ferric oxide NPs
generated under static filtration at 250°F and 30@si differential pressure
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The filter cakes were dried in an oven at 250°RHoee hours before running the
SEM-EDS analysis. Both sides of the filter cake evanalyzed, the top surface (the
surface of the top layer) and the bottom surfalce liase of the bottom layeBig. 1V-5
shows the SEM images of the top surface of therfdakes that have 0.0 and 0.5 wt% of
NPs. Adding 0.5 wt% of NPs to the drilling fluidstdted in generating a less porous
structure and smoother surface morphology (Hartetah. 1988; Chenevert and Huycke

1991; Plank and Gossen 1991).

& | |ess porous surface

Fig. IV- 5—SEM images (X100-300 um) of the top surface of thigied filter cakes having different concentrations
of ferric oxide NPs formed under static filtration at 250°F and 300 psi differential pressure: (a) wit 0.0 wt%,
and (b) with 0.5 wt% of NPs. The images show thatdaling 0.5 wt% of NPs to the drilling fluid resultsin less
porous structure.

Fig. IV-6 shows the EDS spectrum analysis of the top suidadke filter cake
that has 0.5 wt% of NPs. The EDS counted aluminibngnd silicon (Si) because of the
used Ca-bentonite, which belongs to the smectidemof clays and is formed by an®Al
octahedral layer sandwiched between twl &itrahedral layers. The calcium (Ca) and
manganese (Mn) appeared because of the @a@OMrzO4, which were used as bridging
and weighting materials. Additionally, these tengperes induced the dissociation of

C&* cations from the surface of bentonite plateleniBs-Tejada et al. 2001; Laribi et al.
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2006). The EDS did not count for iron (Fe), whidkdicated better distribution of ferric

oxide NPs in-between the clay platelet in this taye
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Fig. IV- 6— EDS spectrum analysis of the top surface of the @id filter cake having 0.5 wt% ferric oxide NPs
formed under static filtration at 250°F and 300 psdifferential pressure.

Fig. IV-7 shows the SEM-EDS of the bottom surface (closkdaock surface) of

the same filter cakes. The bottom surface of therfcake with 0.5 wt% of NPs had a
smoother surface morphology and less porous stei¢Hartman et al. 1988; Chenevert
and Huycke 1991; Plank and Gossen 1991). Furthexntioe EDS spectrum analysis of
the bottom surface showed that the Al, Si, Ca, Bimdappeared in this surface. An
increase in the concentration of Ca was found wimenparing to the elemental analysis
of the top surface that has the same NP conceorraliloreover, traces of iron (Fe)
appeared in the EDS spectrum of the cake that Baat9 of NPs Fig. 1V-8). This Fe

concentration appeared in the EDS was found teeas® in the cake containing higher
NP concentration. This confirmed the hypothesisiisang NP concentration greater than
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0.5 wt% will adversely affect the cake characterssbecause of the agglomeration of

NPs.

Less porous surface

20 KV 20 kv x150

Fig. IV- 7— SEM images of the bottom surface of the dried filir cakes having different ferric oxide NP
concentrations formed under static condition at 30@si differential pressure and 250°F: (a) with 0.@vt% (X100-

300), and (b) with 0.5 wt% of NPs (X150-500 pm). Thimages show that adding 0.5 wt% of NPs to the dling
fluid results in less porous surface.
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Fig. IV- 8—EDS spectrum analysis of the bottom surface of thdried filter cake having 0.5 wt% ferric oxide NP

concentration formed under static condition at 30(si differential pressure and 250°F. Traces of iromppears in
this surface.
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Li et al. model (2005) was used to determine therfcake permeabilityTiable
IV-3 summarizes the calculationB)g. IV-9 shows the cumulative filtrate volume versus
time curves, from which the filtrate rate was cédted (for detailed results, sAppendix
D). A relatively decrease in the filter cake permbtgbwas observed with the increase in
NP concentration up to 0.5 wt%. The permeabilivese determined to be 0.598, 0.562,
and 0.456 ud for the cakes that have 0.0, 0.30&ndt% of NPs, respectively. However,
using 1.0 wt% of NPs generated a relatively snmaliease in the filter cake permeability
(0.465 pd) compared to the cake that has 0.5 wt% NRis permeability trend gave a

reasonable explanation of the filtrate fluid lossfibe.
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Fig. IV- 9—Cumulative filtrate volume as a function of time fa drilling fluids containing different concentratio ns
of ferric oxide NPs at 250°F and 300 psi differerdl pressure

Effect of Filtration Temperature and Pressure
A series of filter press experiments were conduatadg a drilling fluid that has
a NP concentration of 0.5 wt% at different tempaed and pressures. The experiments

were carried out under static mode at differemqgrassures of 200, 300, 400, and 500 psi
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and temperatures of 200, 250, 300 and 350°F (expets number 3, and 5 to 9 in Table
IV-2). Table 1V-4 summarizes the filter cake characteristiéd.a constant pressure of
300 psi, the increase in temperature from 200 65B@esulted iran increase in the filter
cake thickness and a decrease in the cumulativatélvolume. The same trends of the
filter cake thickness and cumulative filtrate vokimwvere obtained at a constant
temperature of 250°F and differential pressuresnfiz00 to 400 psi. The optimum
characteristics were found to be 0.197 in. cakektiess and 7.4 ml filtrate volume at
250°F and 300 psi. Furthermore, at 500 psi andB=®filter cake thickness of 0.151 in.
and a filtrate volume of 6.9 ml were obtained, whaonfirmed the applicability of this

type of drilling fluid to generate a good-qualititdr cake at such harsh conditions.

Filter Cake Filter Cake
NP Concentration, Filtrate Rate, Apm , Ape ,

Thickness, Permeability,
wt% (x 10" ml/in. 2.s in. psi psi ud
0.0 6.159 0.2519 0.00356 300 0.598
0.3 6.315 0.2308 0.00365 300 0.562
0.5 4514 0.1968 0.00425 300 0.456
1.0 7.822 0.1543 0.00453 300 0.465

Table IV- 3—Filter cake permeability calculations for different NP concentrations at 250°F and 300 psi.

The average CTN of both layers in the filter cakelifferent temperatures and
pressures are shown in Table IV-4. The CTN watixaly close in magnitudes for either
the top or bottom layer at temperatures of 250, 38@ 350°F and pressures of 300, 400,
and 500 psi. However, at the condition of 200°F a8@d psi, the CTN for the top layer
was relatively higher compared to that of the el at the other conditions of pressure

and temperature. Moreover, at 250°F and 200 psi,GRN for the bottom layer was
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relatively low and the CTN for the top layer watatwely high compared to that of the
top layers at higher pressures. These resultsahdgcthat below 250°F and 200 psi this

NPs/Ca-bentonite-based drilling fluid may not pariong well.

Filter Cake Cumulative Filter Cake CT Number,
Temperature, Pressure,

Thickness, Filtrate Volume, Permeability, Top Layer Bottom Layer
°F psi in. ml pd
200 300 0.1271 9.0 0.385 964.95 1024.19
250 300 0.1968 7.4 0.343 794.08 961.28
300 300 0.2187 8.6 0.430 781.99 1023.37
250 200 0.1553 9.9 0.460 823.48 836.02
250 400 0.2115 9.5 0.309 770.61 978.64
350 500 0.1514 6.9 0.428 787.88 968.28

Table IV- 4— Filter cake characteristics of the drilling fluid containing 0.5 wt% of ferric oxide NPs at different
conditions of pressure and temperature.

Fig. IV-10 shows the cumulative filtrate volume curves versue (for detailed
results, seéppendix D). The slope was determined and used to calciiatélter cake
permeability. The cake had low permeability at ehéint conditions of pressure and
temperature Table 1V-4). These results confirmed the applicability ofstlkind of
NPs/Ca-bentonite-based drilling fluid to build-ugileer cake with good characteristics,

which can withstand harsh conditions of pressutttamperature.
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Fig. IV- 10—Cumulative filtrate volume as a function of time fa drilling fluids containing 0.5 wt% of ferric oxid e
NPs at: (a) 300 psi and different temperatures, an¢b) 250°F and different pressures.

Effect of Dynamic Filtration

The HP/HT filter press was used under dynamic nai@erotational speed of 100
rpm to run these experiments. The drilling fluidatthave 0.0 and 0.5 wt% of NPs had
been investigated at a differential pressure of @@&nd 250°F (experiments number 11

to 13 in Table IV-2). As a comparison, two othepesiments were conducted at the same
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conditions under static filtration (experiments men 10 and 12 in Table IV-2). No
ultrasonication was used while preparing thesdiryifluids.

Table IV-5 shows the characteristics of the filter cake gateer under both static
and dynamic filtration. For the drilling fluid witho NPs, a decrease in the filter cake
thickness by 36.98% and an increase in the cumalditirate volume by 81.43% were
observed compared to the cake that generated stater conditions. However, the cake
thickness decreased by 29% and the filtrate volumecreased by 4.5% for the cake having
0.5 wt% of NPs generated at dynamic filtration caned to the one formed at static
conditions Al-Abduwani et al. (2005) reported that under dymafitiration, the produced
filter cake is simultaneously eroded and depoditechuse of the circulation that affect

the solid particles.

Cumulative CT Number

NP Rotational Filter Cake Filter Cake

Filtrate Bottom

Concentration Speed Thickness, Permeability, Top Layer
Volume, Layer
wit% rpm in. mi pd

0.0 0 0.338 7.0 0.681 597.83 756.99
0.0 100 0.213 12.7 0.489 649.87 819.85
0.5 0 0.231 8.9 0.417 597.43 778.67
0.5 100 0.164 9.3 0.209 703.48 824.07

Table IV- 5— Filter cake characteristics of the drilling fluids that have 0.0 and 0.5 wt% of ferric oxide NPs at
500 psi and 250°F (effect of dynamic filtration).

The interested part was when comparing the chaistots of the cake that has 0.5
wt% of NPs with the one that has 0.0 wt% NPs urygramic filtration. Using ferric
oxide NPs resulted in a decrease in the cake tegkhy 23% and a decrease in the filtrate

fluid volume by 26.77%The filter cake permeability was also calculated presented
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in Table IV-5. Using 0.5 wt% NPs relatively impral/éhe filter cake characteristics at
this condition of pressure and temperature und#r static and dynamic conditiorfsig.
IV-11 shows the cumulative filtrate volume versus timeves for both drilling fluids (for

detailed results, se®ppendix D).
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Fig. IV- 11— Cumulative filtrate volume as a function of time br drilling fluids containing different
concentrations of ferric oxide NPs under both stat and dynamic conditions at 250°F and 500 psi diffential
pressure: (a) with 0.0 wt%, and (b) with 0.5 wt% ofNPs.

Fig. IV-12 shows the SEM images of the bottom surface (¢to#ee rock surface)

of the filter cakes generated under dynamic filbrat100 rpm). The filter cake with 0.5
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wt% of NPs has a smoother surface morphology awdderous structure compared to the
cake with no NPs (Hartman et al. 1988; Cheneveadthunycke 1991; Plank and Gossen
1991). Furthermore, the EDS elemental analysishisf $urface did not count for the
elemental iron (Fe), which might be because oféiger distribution of NPs in the cake
due to the circulation of drilling fluidHig. 1V-13).
Effect of Drilling Fluid Preparation Method

All of the drilling fluids used in this research work were gaeed following the
formulation and procedures mentioned in chaptenléss otherwise stated. Mechanical
stirring using the multi mixer and ultrasonicatioiithe NPs/Ca-bentonite suspension for
one hour was used before adding the other additingke following sections, the effect
of two parameters on the drilling fluid preparatibave been investigated: (1) the

ultrsonication time, and (2) the effect of benterhiyydration.

Less porous surface

£

Fig. IV- 12—SEM images (X100-300 um) of the bottom surface ohé dried filter cakes having different
concentrations of ferric oxide NPs formed under dyamic filtration (100 rpm) at 250°F and 500 psi diférential
pressure: (a) with 0.0 wt%, and (b) with 0.5 wt% of NPs. The cake has 0.5 wt% of NPs shows less porous
structure.
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Fig. IV- 13—EDS spectrum analysis of the bottom surface of théried filter cake having 0.5 wt% ferric oxide
NP concentration formed under dynamic filtration (100 rpm) at 250°F and 300 psi differential pressure.

Effect of Ultrasonication

Three different drilling fluids having 0.5 wt% of R$¢ were prepared using
ultrasonication time of: 0.0, 0.5, and 1.0 hourheii, filter press experiments were
conducted at a differential pressure of 300 psi artdmperature of 250°F under static
conditions (experiments number 3, 14, and 15 inerab-2).

Table IV-6 shows the properties of the filter cakes generateder such
conditions. The filter cake of the drilling fluidbsicated for one hour had the optimal
properties of 0.197 in. cake thickness, 7.4 midit volume, and 0.343 ud filter cake
permeability. This showed the importance of ultrasating this type of NPs/Ca
bentonite-based drilling fluid for one hour to dhtgood characteristics. Moreover, the
average CTN of the filter cake layers relativelgm@@ased when sonicated, which indicated

a better suspension of NPs in the drilling fluidilldeposited to form the cakieig. IV-
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14 shows the cumulative filtrate volume plotted agaiime curves, which were used in

the permeability calculation (for detailed resustseAppendix D).

Filter Cake Cumulative Filter Cake CT Number
Sonication Time,
Thickness, Filtrate Volume, Permeability, Top Layer Bottom Layer
hr in. ml pd
0.0 0.1611 8.45 0.456 848.02 997.23
0.5 0.2109 9.10 0.629 794.60 960.24
1.0 0.1968 7.40 0.343 794.08 961.28

Table IV- 6— Filter cake characteristics of the drilling fluid having 0.5 wt% of ferric oxide NPs at 300 psi and

250°F and different ultrasonication times.
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Fig. IV- 14— Cumulative filtrate volume as a function of time br the drilling fluids containing 0.5 wt% ferric
oxide NP concentration under static filtration at 50°F and 300 psi differential pressure prepared usg different

times of ultrasonication (0, 0.5 and 1 hour).

Effect of Bentonite Hydration

In this section, the effect of bentonite hydratamthe filter cake characteristics

was examined. Théentonite hydration igpreferred by the API standards while the
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preparation of bentonite suspensioAR Specificationd 3A1993;API 13B-12003). The
same procedures mentioned in chapter Il were fatbwxcept that the ultrasonication
was replaced by hydration in a plastic containbe Bentonite and the NPs/Ca-bentonite
suspensions was sealed in a plastic containeredinit 16 hours at room temperature to
hydrate. After that, the other drilling fluid adg®s were added following the
aforementioned procedures.

The filtration experiments were conducted under staticde at a differential
pressure of 500 psi and a temperature of 250°Fefa@rents number 16 and 17 in Table
IV-2). The results were compared to the experimentsiber 10 and 12, which were
conducted at the same conditions without hydrafi@dle 1V-7 andFig. IV-15 show the
filter cake characteristics and the cumulativerdt# volume versus time curve for
experiments 16 and 17. The cake generated by iliaglfluid that has 0.5 wt% of NPs
(hydrated for 16 hours) has better characteristiespared to the one that has no NPs. A
decrease in the filter cake thickness, cumulatiigate volume, and filter cake
permeability by 20.6, 14.3, and 12.8, respectivalgs observed. This confirmed the
availability of the NPs to generate a good-qudiitgr cake. Moreover, those cakes had
better properties when compared to the cakes gedeby the drilling fluids without
hydration (experiments 10 and 12). The best cakeacheristics were obtained for the
filter cake of the drilling fluid that contains 0% of NPs, which hydrated for 16 hours.
These properties are 0.204 in. thickness, 7.2 ltrdtie volume, and 0.402 pd filter cake

permeability.
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Fig. IV-16 shows the SEM image of the top surface (closkedtilling fluid) of

the filter cakes generated under static conditionghe drilling fluid that has 0.5 wt%

with and without bentonite hydration. The hydratieaults in a better surface morphology

and cake structure (Hartman et al. 1988; CheneweltHuycke 1991; Plank and Gossen

1991).
CT Number

NP Hydration Filter Cake Cumulative Filter Cake

Bottom

Concentration Time, Thickness, Filtrate Volume, Permeability, Top Layer

Layer
wit% hr in. ml pud
0.0 16 0.257 8.4 0.461 568.77 811.41
0.5 16 0.204 7.2 0.402 673.24 802.95

Table IV- 7— Filter cake characteristics of the drilling fluids that have 0.0 and 0.5 wt% of ferric oxide NPs at
500 psi and 250°F (effect of bentonite hydration).
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Fig. IV- 15— Cumulative filtrate volume as a function of time br the drilling fluid containing 0.0 and 0.5 wt%
ferric oxide NP concentrations under static filtration at 500 psi differential pressure and 250°F pregred using
bentonite hydration for 16 hours.
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Fig. IV- 16— SEM images of the top surface of the dried filtecakes having 0.5 wt% of ferric oxide NPs formed
under static conditions at 250°F and 500 psi diffential pressure: (a) with no hydration (X100-300)and (b) with
16 hours of hydration (X150-500 pm).

Conclusions
The effectiveness of using ferric oxide NPs (s&sslthan 50 nm) on the filter cake
characteristics and filtration properties of Catbeite-based drilling fluid has been
investigated in the presence of polymers and ath#ing fluid additives. Based on the
results obtained the following conclusions can tzewth:
1. Using ferric oxide NPs improved the filter cake diftdation characteristics of Ca-
bentonite-based drilling fluids in the presencealymer and other additives.
2. The NP concentration less than 1.0 wt% should leel Gisr generating a good-
quality cake. The best cake characteristics wetairndd at 0.3-0.5 wt% NPs.
3. The NPs/Ca-bentonite-based drilling fluids couldhsiand downhole conditions
up to 500 psi and 350°F. At such conditions, affitake with 0.151 in. thickness,

6.9 ml filtrate volume, and 0.428 pud permeabilitgsrgenerated.
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. Adding ferric oxide NPs to the Ca-bentonite-basellirdy fluids enhanced their
filter cake characteristics under both static aylghic filtration compared to the
base fluid.

. The ultrasonication of this type of NPs/Ca-benteiased drilling fluids for one
hour is recommended while preparation. At such gmamn method, a filter cake
with 0.197 in. thickness, 7.4 ml filtrate volumenda0.343 pd permeability was
deposited.

. Bentonite hydration for 16 hours is recommendedievhreparing this kind of
NPs/Ca-bentonite-based drilling fluids. A filterkeawith 0.204 in. thickness, 7.2
ml filtrate volume, and 0.402 pd permeability wangrated when the drilling
fluid was hydrated before filtration.

. SEM-EDS analysis confirmed the efficiency of ferogide NPs to form a
smoother morphology/less porous filter cake becafigs ability to form a rigid

bentonite-platelet structure in the drilling fluid.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

Different types and sizes of oxide NPs had beepstigated for improving the
characteristics of Ca-bentonite-based fluids toused as a fluid for drilling harsh
environments. Ferric oxide (of sizes <50 nm), mégneon oxide (of average particle
size 50 —100 nm), silica (size =12 nm), and zind®XNPs (of sizes <100 nm) had been
tested throughout this investigation. Based on d@Rperimental results obtained the
following conclusions can be drawn:

1. Nanoparticle modified Ca-bentonite can be usedllandrfluid additive instead of
Na-bentonite for drilling environments up to 35@f#d 500 psi.

2. Adding ferric oxide and magnetic iron oxide NPsatoptimum concentration of
0.5 wt% improved the filter cake characteristic€atbentonite-based fluids at the
investigated conditions. However, using silicaiocoxide NPs reduced the filter
cake efficiency of such fluids.

3. A reduction of 43% in the filtrate fluid loss vol@rand 76.4% in the filter cake
permeability was achieved upon the addition ofdt% of ferric oxide NPs to 7
wt% Ca-bentonite-based fluid compared to that witiéPs. The magnetic iron
oxide NPs showed the same reduction in the filesslat the same NP
concentration. However it showed a reduction infther cake permeability of
35.8% compared to the base and a good achievemeedlucing the filter cake

thickness.
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. The filter cake of the fluids having iron oxide NEsnsisted of two layers as
revealed by CT scan analysis. The layer closedadik surface was the main
layer, in which the NPs played a key role in bunfglthe filter cake microstructure.
. Using the optimum NP concentration (0.5 w%) gereetat rigid/smoother surface
filler cake morphology with less particle agglonigna and low porosity/low
permeability structure as indicated by SEM-EDS ysial

. Athird layer consisting mainly of the agglomerabdféls formed when using higher
concentrations of ferric oxide or magnetic iron d&xiNPs (2.5 wt%), which
reduced the filter cake efficiency (i. e., producia thick, permeable filter cake
with high fluid loss volume).

. The ferric oxide and magnetic iron oxide NPs pragddbetter bentonite-platelet
microstructure after the dissociation of?Caations from the bentonite at such
conditions because of their positively surface ghamwhich produced a good-
quality filter cake.

. The filter cakes that have optimum concentratiofeofc oxide NPs can withstand
downhole conditions up to 350°F and 500 psi. Moeeothe effect of temperature
on the filter cake characteristics of this typeN#s/Ca-bentonite-based fluids is
predominant compared to pressure.

. Ferric oxide and magnetic iron oxide NPs with gesisurface charges were stable
in suspensions and building a strong yield strectwith Ca-bentonite, which

produced fluids with better rheological properti®s the other hand, using silica
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NPs that had negative surface charge generatedrsieps with higher viscosities
and weaker yield structure.

10. Aging at 350°F for 16 hours shows that the rheaalgproperties of Ca-bentonite-
based drilling fluid that has ferric oxide NPs rensastable over time with minor
loss in the gel structure. On the other hand, agjinga NPs-based fluids under the
same conditions showed unstable rheological prigsert

11.The Herschel-Bulkley was found to be the best bdel for the experimental data
of the tested NPs/Ca-bentonite fluids wifhvalues higher than 0.99 and minimum
Y Q? values, especially at higher temperatures.

12.The CT scan analysis of the core disks showedadiecrease of the core porosity
after the filtration process using the NPs/Ca-beito suspensions, which

confirming its capability to minimize formation dawe.

Ferric oxide NPs had been selected and used fonulating and investigating the
filter cake characteristics and filtration propestof a Ca-bentonite-based drilling fluid in
the presence of polymers and other drilling fludtlitives. Based on the experimental
results obtained the following conclusions can ieéded:

1. Ferric oxide NPs improved the filter cake and dilion characteristics of Ca-
bentonite-based drilling fluids in the presenc@alymer and other additives.

2. A NP concentration of less than 1.0 wt% should $edufor generating a good-
quality filter cake. The best cake characteristwere obtained at NP

concentrations of 0.3-0.5 wt%.
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3. The NPs/Ca-bentonite-based drilling fluids couldhsiand downhole conditions
up to 500 psi and 350°F. At such conditions, affitake with 0.151 in. thickness,
6.9 ml filtrate volume, and 0.428 pd permeabilitgsigenerated.

4. Adding ferric oxide NPs to the Ca-bentonite-basellirdy fluids enhanced their
filter cake characteristics under both static aywlhic filtration compared to the
base fluid.

5. The ultrasonication of this type of NPs/Ca-benttiased drilling fluids for one
hour is recommended while preparation. At such gmapn method, a filter cake
with 0.197 in. thickness, 7.4 ml filtrate volumenda0.343 pd permeability was
deposited.

6. Bentonite hydration for 16 hours is recommendedlevpreparing this kind of
NPs/Ca-bentonite-based drilling fluids. A filterkeawith 0.204 in. thickness, 7.2
ml filtrate volume, and 0.402 pd permeability wangrated when the drilling
fluid was hydrated before filtration.

7. SEM-EDS analysis confirmed the efficiency of ferozide NPs to form a
smoother morphology/less porous filter cake becafigs ability to form a rigid

bentonite-platelet structure in the drilling fluid.

This research provides a lab investigation of goroved NPs/Ca-bentonite-based
fluid for drilling applications. The ferric oxidend magnetic iron oxide NPs have the
potential to promote drilling fluid rheological afifration characteristics, which provides

a high-efficiency drilling practices and less pdigino damage the formation. This work
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opens a new window on using NPs to enhance thesgrep Ca-bentonite and formulate
higher-efficiency fluids for safer, lower cost ding applications, and less potential to

damage the formation.
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APPENDIX A

DEHYDRATION OF CA-BENTONITE SUSPENSIONS

Introduction

The purpose of this appendix is to present in téha@ images that show the
dehydration, at 212°F (100°C) and ambient pressafethe 7 wt% Ca-bentonite
suspension in deionized water. The examined sampdee prepared by following the
American Petroleum Institute Standar@®( Specificationd3A 1993;API 13B-12003).
The fluid was formulated using a bentonite conarin of 7 wt% mixed in 600 ml of
deionized water for 20 minutes under mechanicairgg. In this case, a sample of 100 ml
were used directly after preparing (without sealimglastic containers for bentonite to
hydrate). The sample was put in a water bath atR{P00°C) and the following set of
images were taken, which show the physical changie Ca-bentonite sample as a

function of time.
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Fig. A- 1—Base Fluid in a water bath at 212°F (100°C) at timeero.

Fig. A- 2—Base Fluid in a water bath at 212°F (100°C) after@minutes.
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Fig. A- 4—Base Fluid in a water bath at 212°F (100°C) after®@minutes.
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Fig. A- 5—Base Fluid in a water bath at 212°F (100°C) after20 minutes.

Fig. A- 6—Base Fluid in a water bath at 212°F (100°C) after30 minutes.
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Fig. A- 8—Base Fluid left for 24 hours at ambient pressure ahtemperature (no water bath).
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APPENDIX B

DETAILED RHEOLOGICAL MEASUREMENT RESULTS

Introduction
The purpose of this appendix is to present theilddtaesults of the rheological

measurement in chapter Ill. The rheological measardgs are conducted on the 7 wt%
Ca-bentonite-based suspensions having differentesdarations of NPs at various
temperatures (120, 140, 160, 180, and 200°F) armesutnpressure. The fluctuations in
the data may be due to a possible evaporation wrfram the base fluid at atmospheric
pressure. The resulted shear stress versus skeaata was fitted to the non-Newtonian
rheological models (Bingham Plastic and HerschdklBy). These models can be
described as€Hgs. IlI-1, andlll-2):

Bingham Plastic model:

A P e (1m-1)

wherer is the shear stress (Ibf/106)ftz, is the yield stress (Ibf/100%)t ppis the plastic
viscosity (cp), ang is the shear rate ts

Herschel-Bulkley model:
T=T, F Ky e e (H-2)

whereK is the consistency index (Ibf'/$00 f£), andn is the flow behavior index

(dimensionless).
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Bingham Plastic Model Herschel-Bulkley Model
Temperature
T Mo R? 3 T k n R? 2Q°
°F) (Ibf/100 ft 2) (cp) (Ibf/100 ft 2?2 (Ibf/100 ft 2) (Ibf. /100 ft?) (Ibf/100 ft 22
120 9.64 8.00 0.9966 1.7547 9.25 0.0331 0.9046 0.9947 2.8112
140 10.41 7.08 0.9961 1.6646 10.26 0.0228 0.9389 0.9949 2.0196
160 12.75 6.11 0.9942 1.6235 12.31 0.0278 0.8923 0.9984 0.5174
180 14.32 6.21 0.9953 1.4850 14.36 0.0120 1.0105 0.9997 0.0826
200 14.96 4.84 0.9944 1.0835 14.88 0.0145 0.9486 0.9979 0.4083

Table B- 1— Bingham Plastic and Herschel-Bulkley model constda of the base fluid at different temperatures.

Temperature Apparent Viscosity (cp)
(°F) 1021.381 s 510.6905 s 340.4603 s*
120 12.52 17.07 22.08
140 11.96 16.84 22.13
160 12.09 17.98 24.23
180 12.92 19.65 26.24
200 11.85 18.44 26.14

Table B- 2—Apparent viscosity of the base fluid at different émperatures and shear rates.

Shear rate Shear Stress (Ib/100 ft 2)

(sh 120°F 140°F 160°F 180°F 200°F
1021.38 26.70 25.52 25.79 27.57 25.27
510.69 18.21 17.96 19.18 20.96 19.67
340.46 15.70 15.73 17.23 18.66 18.59
170.23 12.15 12.81 14.48 16.53 16.55
102.14 11.35 12.02 14.13 15.45 16.05

51.07 10.49 10.89 13.40 14.84 15.47
10.21 9.58 10.55 12.53 14.59 15.06
5.11 10.93 11.70 13.94 15.57 15.92

Table B- 3—Rheograms of the base fluid at different temperatues
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Bingham Plastic Model Herschel-Bulkley Model
Temperature
T Mo R? 3 T k n R? 2Q°
°F) (Ibf/100 ft 2) (cp) (Ibf/100 ft 2?2 (Ibf/100 ft 2) (Ibf. /100 ft?) (Ibf/100 ft 22
120 16.36 8.90 0.9977 1.5315 15.55 0.0628 0.8303 0.9968 2.2210
140 18.55 7.29 0.9950 2.0324 17.21 0.0706 0.7907 0.9945 3.0057
160 20.09 6.61 0.9931 2.2420 19.70 0.0334 0.8764 0.9936 2.5098
180 20.66 6.24 0.9961 1.1418 20.18 0.0277 0.8964 0.9985 0.5145
200 21.16 6.51 0.9974 0.8486 21.04 0.0165 0.9736  0.9987 0.4398

Table B- 4— Bingham Plastic and Herschel-Bulkley model constas fitted for the fluid containing 0.5 wt% of
ferric oxide NPs at different temperatures.

Temperature Apparent Viscosity (cp)
(°F) 1021.381 s* 510.6905 st 340.4603 s
120 16.56 24.35 34.12
140 15.99 24.67 33.39
160 16.02 24.77 35.75
180 15.93 25.46 35.29
200 16.43 25.98 36.27

Table B- 5—Apparent viscosity of the fluid containing 0.5 wt%of ferric oxide NPs at different temperatures and
shear rates.

Shear rate Shear Stress (Ib/100 ft 2)

(s 120°F 140°F 160°F 180°F 200°F
1021.38 35.33 34.11 34.18 33.97 35.05
510.69 25.97 26.32 26.42 27.15 27.71
340.46 23.50 23.74 25.45 25.10 25.79
170.23 20.10 21.30 21.76 22.53 23.53
102.14 18.01 19.77 21.63 22.07 22.52

51.07 16.97 19.35 20.39 21.38 21.38
10.21 16.27 17.65 20.17 20.39 21.39
5.11 16.97 19.51 20.96 21.63 21.90

Table B- 6—Rheograms of the fluid containing 0.5 wt% of ferricoxide NPs at different temperatures and shear
rates.
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Bingham Plastic Model Herschel-Bulkley Model
NP Concent. T Hp R?2 Q2 T k n R2 >Q?
(wtoe) (Ibf/100 ft ?) (cp) (Ibf/100 ft 2)? (Ibf/100 ft ?) (Ibf. $/100 ft?) (Ibf/100 ft 2)?
0.0 9.64 8.00 0.9966 1.7547 9.25 0.0331 0.9046 0.9947 2.8112
0.5 16.36 8.90 0.9977 1.5315 15.55 0.0628 0.8303 0.9968 2.2210
1.5 17.75 9.40 0.9992 0.9089 16.93 0.0321 0.9349 0.7817 722.05
2.5 21.65 11.72 0.9995 2.3054 20.87 0.0378 0.9419 0.9995 1.8826

Table B- 7— Bingham Plastic and Herschel-Bulkley model constas fitted for the fluid containing 0.5 wt% of
ferric oxide NPs at 120°F and different NP concenations.

Bingham Plastic Model Herschel-Bulkley Model
NP Concent. T, Hp R? >Q? To k n R? >Q?
(Wt%) (Ibf/100 ft 2) (cp) (Ibf/100 ft 22 (Ibf/100 ft 2) (Ibf. /100 ft2) (Ibf/100 ft 22
0.0 10.41 7.08 0.9961 1.6661 10.28 0.0218 0.9450 0.9951 1.9551
0.5 18.55 7.29  0.9950 2.0324 17.63 0.0357 0.8855 0.9937 3.5443
15 19.39 8.99  0.9992 0.5874 19.39 0.0188 1.0002 0.7410 883.44
2.5 23.87 10.13 0.9998 0.8209 23.78 0.0257 0.9728 0.9998 0.9446

Table B- 8— Bingham Plastic and Herschel-Bulkley model constas fitted for the fluid containing 0.5 wt% of
ferric oxide NPs at 140°F and different NP concenations.
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Bingham Plastic Model Herschel-Bulkley Model
Temperature
T Mo R? 3 T k n R? 2Q°
°F) (Ibf/100 ft 2) (cp) (Ibf/100 ft 2?2 (Ibf/100 ft 2) (Ibf. /100 ft?) (Ibf/100 ft 22
120 3.49 9.59 0.9934 5.0166 2.95 0.0627 0.8289 0.9984 1.1188
140 4.18 9.63 0.9933 4.6674 3.71 0.0718 0.8130 0.9975 2.0959
160 5.26 9.63 0.9929 5.4799 5.16 0.0489 0.8608 0.9974  2.2486
180 6.86 9.86 0.9924 6.0933 6.60 0.0343 0.9199 0.9951  3.8995
200 9.35 9.91 0.9959 4.5486 9.48 0.0177 1.0221 0.9956 5.1903

Table B- 9— Bingham Plastic and Herschel-Bulkley model constas fitted for the fluid containing 0.5 wt% of
silica NPs at different temperatures.

Temperature Apparent Viscosity (cp)
(°F) 1021.381 s 510.6905 s 340.4603 s*
120 12.86 15.22 21.93
140 11.72 11.34 11.15
160 57.76 194.18 502.59
180 30.55 42.26 67.23
200 16.07 15.24 14.80

Table B- 10—Apparent viscosity of the fluid containing 0.5 wt%of silica NPs at different temperatures and shear
rates.

Shear rate Shear Stress (Ib/100 ft 2)

(sh 120°F 140°F 160°F 180°F 200°F
1021.38 22.52 23.77 24.23 26.70 30.49
510.69 13.71 14.45 15.52 17.37 20.12
340.46 10.83 11.94 12.91 14.79 17.09
170.23 7.80 8.39 9.29 10.86 12.88
102.14 6.06 6.86 7.80 9.02 11.03

51.07 4.49 5.15 6.16 7.17 9.43
10.21 2.47 2.99 4.14 5.33 7.87
5.11 3.20 4.28 5.36 6.96 9.57

Table B- 11—Rheograms of the fluid containing 0.5 wt% of silica\Ps at different temperatures and shear rates.
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Bingham Plastic Model Herschel-Bulkley Model
Temperature
T Hp R? 2Q? To k n R? 2Q?
°F) (Ibf/100 ft 2) (cp) (Ibf/100 ft 22 (Ibf/100 ft 2) (Ibf. /100 ft2) (Ibf/100 ft 22
120 3.99 17.76  0.9808 109.03 4.15 0.2586 0.7192 0.9991 2.6967
140 8.72 18.52 0.9779 57.991 4.89 0.47616 0.6356 0.9976 6.4152
160 7.69 16.29 0.9747 50.328 8.45 0.0631 0.8907 0.9827 27.033
180 10.21 26.71 0.9764 173.67 6.93 0.5559 0.6446 0.9986 6.8195
200 13.60 27.13 0.9824 131.78 11.84 0.3134 0.7315 0.9968 13.836

Table B- 12— Bingham Plastic and Herschel-Bulkley model constas fitted for the fluid containing 1.5 wt% of
silica NPs at different temperatures.

Temperature Apparent Viscosity (cp)
(°F) 1021.381 s 510.6905 s 340.4603 s*
120 19.63 24.15 29.91
140 20.54 26.69 34.81
160 18.11 23.49 31.04
180 25.93 36.45 45.33
200 28.89 39.88 52.18

Table B- 13—Apparent viscosity of the fluid containing 1.5 wt%of silica NPs at different temperatures and shear
rates.

Shear rate Shear Stress (Ib/100 ft 2)

(s 120°F 140°F 160°F 180°F 200°F
1021.38 41.88 43.82 38.64 55.31 61.65
510.69 25.76 28.47 25.06 38.88 42.54
340.46 21.27 24.75 22.07 32.23 37.11
170.23 14.62 18.41 16.57 22.21 26.87
102.14 11.56 13.12 14.20 17.89 20.89

51.07 8.08 10.69 9.36 13.06 16.05
10.21 4.66 5.47 5.36 7.73 13.26
5.11 5.05 6.23 6.40 8.53 12.84

Table B- 14—Rheograms of the fluid containing 1.5 wt% of silica\Ps at different temperatures and shear rates.
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Bingham Plastic Model Herschel-Bulkley Model
Temperature
T Hp R? 2Q? To k n R? 2Q?
°F) (Ibf/100 ft?) (cp) (Ibf/100 ft 22 (Ibf/100 ft 2) (Ibf. /100 ft2) (Ibf/100 ft 22
120 12.97 39.67 0.9825 255.05 6.64 0.76 0.6685 0.9988 12.533
140 13.06 39.42 0.9846 289.70 9.15 0.72 0.6665 0.9992  7.1081
160 18.99 37.77 0.9891 220.62 16.92 0.35 0.7628 0.9989 9.7751
180 24.68 37.44 0.9866 251.60 18.57 0.71 0.6611 0.9994 4.7979
200 29.45 35.58 0.9786 303.56 25.22 0.68 0.6558 0.9989  9.8033

Table B- 15— Bingham Plastic and Herschel-Bulkley model constas fitted for the fluid containing 2.5 wt% of
silica NPs at different temperatures.

Temperature Apparent Viscosity (cp)
(°F) 1021.381s?  510.6905 s* 340.4603 s
120 39.77 51.83 61.93
140 38.27 51.66 62.71
160 40.04 55.58 68.09
180 41.95 60.57 75.09
200 41.86 63.18 81.36

Table B- 16—Apparent viscosity of the fluid containing 2.5 wt%of silica NPs at different temperatures and shear
rates.

Shear rate Shear Stress (Ib/100 ft 2)

(sh 120°F 140°F 160°F 180°F 200°F
1021.38 84.83 81.63 85.42 89.49 89.29
510.69 55.28 55.10 59.28 64.61 67.39
340.46 44.03 44.59 48.42 53.40 57.85
170.23 31.12 32.23 35.40 38.88 45.01
102.14 26.66 23.88 28.51 33.03 39.30

51.07 17.20 17.09 23.02 28.67 33.24
10.21 9.29 12.32 18.27 21.65 26.23
5.11 8.91 12.25 18.58 22.76 27.20

Table B- 17—Rheograms of the fluid containing 2.5 wt% of silica\Ps at different temperatures and shear rates.
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Bingham Plastic Model Herschel-Bulkley Model
Temperature
T Hp R? 2Q? To k n R? 2Q?
°F) (Ibf/100 ft 2) (cp) (Ibf/100 ft 22 (Ibf/100 ft 2) (Ibf. /100 ft2) (Ibf/100 ft 22
120 7.21 10.43 0.9947 6.4146 5.31 0.1010 0.7903 0.9985  1.4973
140 8.32 11.58 0.9893 14.278 6.16 0.1643 0.7226  0.9981  1.8480
160 9.01 12.77  0.9902 13.689 7.36 0.1693 0.7272 0.9990 1.5024
180 11.49 10.94  0.9932 6.8780 10.38 0.1411 0.7440 0.9959 5.8067
200 16.01 11.13 0.9921 9.8226 13.22 0.1959 0.7081 0.9975 3.6249

Table B- 18— Bingham Plastic and Herschel-Bulkley model constas fitted for the fluid containing 0.5 wt% of
ferric oxide NPs + 0.5 wt% of silica NPs at differat temperatures.

Temperature Apparent Viscosity (cp)
(°F) 1021.381s?  510.6905 s* 340.4603 s
120 13.80 17.53 21.67
140 14.39 19.39 19.39
160 15.84 21.21 26.88
180 16.33 21.87 21.87
200 18.60 26.14 34.95

Table B- 19—Apparent viscosity of the fluid containing 0.5 wt%of ferric oxide NPs + 0.5 wt% of silica NPs at
different temperatures and shear rates.

Shear rate Shear Stress (Ib/100 ft 2)
(sh 120°F 140°F 160°F 180°F 200°F
1021.38 29.45 30.70 33.80 34.84 39.68
510.69 18.69 20.68 22.63 23.32 27.88
340.46 15.42 17.23 19.11 21.37 24.85
170.23 11.17 12.57 14.38 15.28 20.68
102.14 9.22 10.86 12.25 14.79 18.45
51.07 8.32 9.54 10.37 12.67 17.20
10.21 5.36 5.99 7.21 10.50 13.64
5.11 6.20 7.14 7.95 11.49 14.83

Table B- 20—Rheograms of the fluid containing 0.5 wt% of ferricoxide NPs + 0.5 wt% of silica NPs at different
temperatures and shear rates.
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Bingham Plastic Model Herschel-Bulkley Model
Temperature
T Hp R? 2Q? To k n R? 2Q?
°F) (Ibf/100 ft 2) (cp) (Ibf/100 ft 22 (Ibf/100 ft 2) (Ibf. /100 ft2) (Ibf/100 ft 22
120 20.49 6.93 0.9959 1.6714 20.56 0.0112 1.0407 0.9969 1.4756
140 21.92 6.81 0.9912 3.3216 21.85 0.0317 0.8849 0.9858 6.2719
160 24.09 6.82 0.9977  0.9584 24.08 0.0159 0.9844 0.9973 1.1423
180 25.88 6.39 0.9959 1.2419 25.35 0.0302 0.8500 0.9955 13.528
200 27.19 6.33 0.9908 3.0319 26.52 0.0740 0.7513 0.3092 0.7672

Table B- 21— Bingham Plastic and Herschel-Bulkley model constas fitted for the fluid containing 0.5 wt% of
ferric oxide NPs (using 15 min. ultrasonication) atifferent temperatures.

Temperature Apparent Viscosity (cp)
(°F) 1021.381 s 510.6905 s 340.4603 s*
120 16.73 25.29 35.74
140 17.08 26.08 26.08
160 18.11 28.75 40.63
180 18.52 30.19 30.19
200 18.75 30.22 44.84

Table B- 22—Apparent viscosity of the fluid containing 0.5 wt% of ferric oxide NPs (using 15 min.
ultrasonication) at different temperatures and shearates.

Shear rate Shear Stress (Ib/100 ft 2)

(sh 120°F 140°F 160°F 180°F 200°F
1021.38 35.68 36.45 38.64 39.51 40.00
510.69 26.98 27.81 30.67 32.20 33.95
340.46 25.41 26.11 28.32 30.42 32.42
170.23 22.14 24.07 26.64 28.94 30.60
102.14 21.96 24.26 25.77 27.27 29.20

51.07 21.23 22.96 24.84 26.24 27.87
10.21 20.81 22.30 24.07 25.58 26.87
5.11 20.58 21.99 24.16 26.24 27.08

Table B- 23—Rheograms of the fluid containing 0.5 wt% of ferricoxide NPs (using 15 min. ultrasonication) at
different temperatures and shear rates.
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Bingham Plastic Model Herschel-Bulkley Model
Temperature
T Hp R? 2Q? To k n R? 2Q?
°F) (Ibf/100 ft 2) (cp) (Ibf/100 ft 22 (Ibf/100 ft 2) (Ibf. /100 ft2) (Ibf/100 ft 22
120 19.67 22.48 0.9917  33.028 17.93 0.1673 0.8138 0.9977 10.375
140 25.53 22.05 0.9927 27.074 23.36 0.2099 0.7804 0.9985 6.4759
160 26.73 27.25 0.9968 12.143 24.74 0.1001 0.8910 0.9979  7.0505
180 27.80 12.54 0.9840 19.666 26.66 0.0849 0.8362 0.9825 20.808
200 16.43 12.04 0.9910 10.816 14.80 0.1132 0.7917 0.5201 6.0592

Table B- 24— Bingham Plastic and Herschel-Bulkley model constda for the base fluid at different temperatures
measured after aging for 16 hours at 350°F.

Temperature Apparent Viscosity (cp)
(°F) 1021.381 s 510.6905 s 340.4603 s*
120 30.45 40.93 53.85
140 32.89 45.98 45.98
160 34.37 45.72 61.53
180 25.57 35.60 35.60
200 19.74 27.41 36.91

Table B- 25—Apparent viscosity of the base fluid at different emperatures and shear rates measured after aging
for 16 hours at 350°F.

Shear rate Shear Stress (Ib/100 ft 2)

(s 120°F 140°F 160°F 180°F 200°F
1021.38 64.95 70.18 73.31 54.55 42.12
510.69 43.65 49.05 48.77 37.98 29.24
340.46 38.29 43.93 43.76 38.81 26.25
170.23 28.40 34.32 34.50 32.89 20.78
102.14 25.34 31.12 31.75 31.29 20.75

51.07 22.07 27.88 28.72 29.14 17.72
10.21 16.26 22.87 24.44 26.32 14.34
5.11 18.34 24.19 27.64 26.98 15.73

Table B- 26—Rheograms of the base fluid at different temperatues and shear rates measured after aging for 16
hours at 350°F.
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Bingham Plastic Model Herschel-Bulkley Model
Temperature
T Hp R? 2Q? To k n R? 2Q?

°F) (Ibf/100 ft 2) (cp) (Ibf/100 ft 22 (Ibf/100 ft 2) (Ibf. /100 ft2) (Ibf/100 ft 22
120 11.93 27.15 0.9810 120.31 16.56 0.01268 1.1792 0.9653 186.42
140 15.24 26.21 0.9839 90.95 13.89 0.14704 0.8491 0.9933 30.49
160 17.37 26.83 0.9884 70.99 17.06 0.08283  0.9281 0.9924 39.73
180 23.52 25.53 0.9809 95.62 26.92 0.03328 1.0417 0.9795 88.765
200 27.71 25.55 0.9878 66.72 27.46 0.12868 0.8603 0.9938 23.56

Table B- 27— Bingham Plastic and Herschel-Bulkley model constds for the fluid containing 0.5 wt% of ferric
oxide NPs at different temperatures measured afteaging for 16 hours at 350°F.

Apparent Viscosity (¢
Temperature P ! ity (cp)
(°F) 1021.381s?  510.6905 s* 340.4603 s*
120 28.75 38.35 49.00
140 30.27 40.50 40.50
160 32.10 43.11 55.76
180 33.89 47.58 47.58
200 36.08 51.53 68.93

Table B- 28—Apparent viscosity of the fluid containing 0.5 wt%of ferric oxide NPs at different temperatures
and shear rates measured after aging for 16 hours 850°F.

Shear rate Shear Stress (Ib/100 ft 2)

(sh 120°F 140°F 160°F 180°F 200°F
1021.38 61.40 64.57 68.47 72.30 76.96
510.69 40.90 43.20 45.98 50.75 54.96
340.46 34.84 36.34 39.65 44.17 49.01
170.23 24.78 27.71 29.55 36.48 40.79
102.14 20.02 22.94 25.18 31.68 35.56

51.07 14.83 18.03 20.22 26.25 29.73
10.21 8.74 11.54 14.94 19.31 25.58
5.11 9.71 12.50 15.98 20.31 27.99

Table B- 29—Rheograms of the fluid containing 0.5 wt% of ferricoxide NPs at different temperatures and shear
rates measured after aging for 16 hours at 350°F.
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Bingham Plastic Model Herschel-Bulkley Model
Temperature

T Hp R? 2Q? To k n R? 2Q?
°F) (Ibf/100 ft 2) (cp) (Ibf/100 ft 22 (Ibf/100 ft 2) (Ibf. /100 ft2) (Ibf/100 ft 22
120 10.12 34.08 0.9827 177.78 14.51 0.09613  0.9243 0.9881 185.71
140 14.75 32.58 0.9938 75.97 10.91 0.30332 0.7771 0.9995 3.55
160 18.54 27.25 0.9975 16.22 18.30 0.08893  0.9383 0.9985 9.63
180 20.64 27.25 0.9968 24.91 20.46 0.06018 0.9924 0.9967 23.86
200 21.97 27.04 0.9943 41.49 19.57 0.17674 0.8412 1.5628 7.71

Table B- 30— Bingham Plastic and Herschel-Bulkley model constds for fluid containing 0.5 wt% of Silica NPs
at different temperatures measured after aging forl6 hours at 350°F.

Temperature Apparent Viscosity (cp)
(°F) 1021.381s?  510.6905 s* 340.4603 s
120 34.04 43.57 53.85
140 36.13 46.41 46.41
160 36.36 48.20 58.01
180 36.93 50.09 50.09
200 37.34 50.65 63.29

Table B- 31—Apparent viscosity of the fluid containing 0.5 wt%of ferric oxide NPs at different temperatures
and shear rates measured after aging for 16 hours 850°F.

Shear rate Shear Stress (Ib/100 ft 2)

(sh 120°F 140°F 160°F 180°F 200°F
1021.38 72.61 77.07 77.55 78.77 79.64
510.69 46.47 49.50 51.41 53.43 54.02
340.46 37.29 38.74 41.25 43.16 45.01
170.23 25.14 26.80 28.68 30.60 32.41
102.14 21.38 22.94 25.24 25.81 26.35

51.07 13.75 18.03 20.81 23.05 24.90
10.21 6.44 11.54 19.07 20.58 21.38
5.11 5.88 12.50 18.85 20.94 18.71

Table B- 32—Rheograms (shear stress versus shear rate) of tHeifl containing 0.5 wt% of ferric oxide NPs at
different temperatures and shear rates measured aft aging for 16 hours at 350°F.
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APPENDIX C
DETAILED FLUID LOSS RESULTS OF NPS/CA-BENTONITE

SUSPENSIONS

Introduction

The purpose of this appendix is to present theilddtaesults of the filter press
measurement of the fluid loss volumes as a funcifdime for the data in chapter Ill. The
measurements of the NPs/Ca-bentonite suspensiomsimestigated using an OFITE
HP/HT filter presskig. 11-10). The setup includes a 500 ml cell which was medito
use 2.5-in. in diameter and 1-in. in thickness samstead of filter papers, cell caps, valve
stems, heating element, and a nitrogen-gas line stispensions were put in the cell, and
the cell was then put in the heating jacket. Aatiéhtial pressure from 300 to 500 psi and
a temperature range of 175 to 250°F were usedhé&umbre, the fluid loss volume was

measured as a function of time for 30 minutes,easAP| standards.
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Time Cumulative Filtrate Volume (ml)
0, 0, 0, 0,
(min) Bas)e Bés)e Bgs)e Fecr)r'i?: vcv)tﬁie Fe?r.i5c V(\;t)g((’je Fe%r'i?: vcv)tﬁie Fefr.i?: Vg)g(/iiie
NPs NPs NPs NPs
1 7.2 8.3 8.2 1.65 14 2.75 4.2
2 7.6 8.5 8.4 1.7 1.6 2.8 4.6
3 8 8.7 8.6 1.8 2 3.3 4.8
4 8.2 8.9 8.8 1.85 2.4 3.7 6
5 8.5 9.1 9 1.9 3.6 4 6.3
6 8.7 9.3 9.1 2 4 4.5 6.7
7 9 9.5 9.3 2.1 4.2 5 6.9
8 9.2 9.7 9.5 2.2 4.4 5.5 7
9 9.4 9.8 9.7 2.3 4.6 6 7.4
10 9.6 9.9 9.9 24 4.8 6.3 7.6
11 9.8 10.1 10 2.6 5 6.5 7.8
12 10 10.2 10.1 2.8 5.15 6.7 8.1
13 10.1 10.3 10.2 3 5.25 6.8 8.4
14 10.2 10.4 10.3 35 5.35 7 8.8
15 104 10.5 104 4.4 55 7.1 9
16 10.6 10.6 10.5 5 5.7 7.2 9.4
17 10.8 10.7 10.6 5.8 5.8 7.4 9.8
18 10.9 10.8 10.7 6 5.9 7.6 10.2
19 11 10.9 10.8 6.2 6 7.8 104
20 111 11 10.9 7.2 6.1 8 10.6
21 11.2 111 11 7.5 6.2 8.1 10.8
22 11.25 11.2 111 8 6.3 8.2 11
23 11.35 11.3 11.2 8.5 6.4 8.3 114
24 11.45 11.4 11.3 9 6.5 8.4 11.6
25 11.55 115 114 9.3 6.6 8.5 11.8
26 11.6 11.6 115 9.5 6.7 8.6 11.8
27 11.7 11.7 11.6 9.7 6.75 8.7 11.8
28 11.8 11.8 11.7 9.8 6.8 8.8 11.8
29 11.9 11.9 11.8 9.9 6.85 8.9 11.8
30 12 12 11.9 10 6.9 9 11.9

Table C- 1—Detailed fluid loss volumes for the base fluid andamples containing different concentrations of
ferric oxide NPs at 250°F and 300 psi.
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Time Cumulative Filtrate Volume (ml) - 0.5 wt% Fer  ric Oxide NPs
(min) 175°F,_ 200°F,_ 250°F,' 300°F,' 250°F,' 250°F,' 350°F,'
300 psi 300 psi 300 psi 300 psi 200 psi 400 psi 500 psi

1 6.2 3 14 3.3 5.3 25 2

2 6.6 3.2 1.6 3.4 5.33 3.2 2.2
3 7.2 3.8 2 35 5.37 3.3 2.24
4 7.4 3.9 2.4 3.55 54 35 2.28
5 7.7 4 3.6 3.6 5.48 3.7 2.3
6 8 4.1 4 4 5.55 4 2.32
7 8.2 4.2 4.2 4.4 5.6 4.6 2.35
8 8.7 4.5 4.4 4.8 6.6 5.2 2.37
9 9 4.8 4.6 5 7.5 5.5 2.39
10 9.2 5.2 4.8 5.3 7.8 5.9 2.4
11 9.4 5.6 5 5.6 8.1 6.4 242
12 9.5 5.9 5.15 6 8.8 6.6 2.44
13 9.6 6 5.25 6 9.3 6.7 2.46
14 9.7 6.4 5.35 6 9.5 7.2 2.48
15 9.9 6.5 5.5 6 9.65 7.6 25
16 10.1 6.7 5.7 6 9.8 8.2 2.6
17 10.3 6.9 5.8 6 9.9 8.3 2.7
18 10.4 7.1 5.9 6 10 8.3 2.75
19 10.5 7.4 6 6 104 8.4 2.8
20 10.7 7.7 6.1 6 10.6 8.4 2.85
21 10.9 8 6.2 6 10.8 8.5 2.87
22 111 8.3 6.3 6 11 8.5 2.89
23 11.3 8.5 6.4 6 11.2 8.6 2.94
24 115 8.8 6.5 6 11.6 8.7 2.97
25 11.6 9 6.6 6 12 8.8 3

26 11.8 9.3 6.7 6 12.2 8.9 3.1
27 12.1 9.7 6.75 6.2 125 9 3.15
28 12.2 10.4 6.8 6.27 12.7 9.1 3.2
29 12.3 11 6.85 6.35 12.9 9.4 3.25
30 12.4 11.8 6.9 6.4 13 9.6 3.3

Table C- 2— Detailed fluid loss volumes for the samples containg 0.5 wt% of ferric oxide NPs at a different
pressures and temperatures.
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Time Cumulative Filtrate Volume (ml)
0, 0,
(min) 0oW% 15w 25w% 0.5 wt% 1.5 Wt% 25w 00N
Silica NPs Silica NPs Fe;04 NPs Fe;04 NPs Fe;04 NPs
NPs NPs
1 3.5 3.4 3.8 2 2 1.7 4
2 3.6 4.8 5 2.3 2.4 2.4 4.3
3 4 5.8 6.3 2.9 3 2.9 4.4
4 4.4 6.6 7.2 3.3 3.5 3.3 4.6
5 4.8 7.5 7.9 3.8 4 3.9 4.8
6 5 8.3 8.4 4.2 4.5 4.5 5.1
7 5.6 9.1 8.6 4.8 4.9 5.1 6
8 6.2 9.8 8.9 5.2 5.3 5.6 6.4
9 6.6 10.3 9.1 5.5 5.8 5.9 7
10 7 11 9.3 5.9 6.1 6.1 8
11 8 11.6 9.4 6.2 6.3 6.3 8.9
12 8.8 121 9.5 6.4 6.4 6.4 9
13 9.5 12.4 9.6 6.7 6.5 6.5 9.05
14 10.2 13.1 9.7 6.9 6.7 6.8 9.4
15 111 13.4 9.8 7.2 6.85 6.9 10
16 11.6 13.8 9.9 7.4 7 7 10.5
17 11.9 14.3 10 7.6 7.1 7.2 11.4
18 12.4 14.9 10.1 7.8 7.3 7.3 115
19 12.6 15.3 10.3 7.9 7.4 7.4 11.6
20 12.8 155 10.5 8.05 7.5 7.6 11.8
21 13 16 10.6 8.2 7.7 7.8 12
22 13.1 16.4 10.7 8.35 7.8 8 12.1
23 13.2 16.7 10.8 8.5 7.9 8.1 12.3
24 13.3 17 10.9 8.6 8.05 8.2 125
25 13.4 17.4 10.95 8.75 8.3 8.3 12.6
26 135 17.7 11 8.85 8.45 8.5 12.7
27 13.6 18.1 11.05 8.95 8.6 8.6 12.8
28 13.6 18.3 111 9.05 8.7 8.7 12.9
29 13.6 18.6 11.2 9.15 8.8 8.8 13.1
30 13.6 18.9 11.3 9.25 9 9 13.2

Table C- 3— Detailed fluid loss volumes for the samples containg silica, magnetic iron oxide, and zinc oxide
NPs at 250°F and 300 psi.
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Time Cumulative Filtrate Volume (ml)
0.5 wt%
_ Base (4) Base (5) (F)?('Eg Base (_6) Base (_7) O%x;{: Egrsric 05 W’t\T/;:))SSiIica
(min) (Dyn., (Dyn., NPs (15 min (15 min (15 min (15 min
100 rpm) 100 rpm) (Oyn., Ultrasonic.) Ultrasonic.) Ultrasonic.) Ultrasonic.)
100 rpm)

1 3.2 3.3 2 1.75 3.8 2.3 5.2
2 4 4.4 35 2.4 4.2 2.35 5.3
3 5.2 5.2 51 3 4.8 24 5.7
4 6.3 5.9 5.2 3.8 5 2.5 6.2
5 7 6.4 54 4.9 51 3.2 6.8
6 7.5 6.8 6.5 6.2 5.8 3.22 7.3
7 7.7 7.3 7 6.9 6.6 3.25 7.6
8 7.9 7.6 7.2 7.15 6.9 3.28 8.4
9 8 7.85 7.3 7.2 7.1 3.3 9

10 8.1 8.1 7.4 7.4 7.3 3.35 10

11 8.2 8.35 7.45 7.5 7.6 34 10.8
12 8.3 8.55 7.5 7.6 7.65 34 11.3
13 8.45 8.75 7.55 7.75 7.7 3.45 11.4
14 8.5 8.9 7.6 7.85 8.4 3.45 115
15 8.55 9 8.2 8 8.4 35 11.6
16 8.65 9.1 9.2 8.15 8.4 3.5 11.8
17 8.75 9.2 10 8.25 8.6 3.55 12.2
18 8.9 9.3 10.15 8.35 8.7 3.55 12.5
19 9.1 9.4 10.3 8.45 9 3.55 12.8
20 9.2 9.5 10.4 8.55 9.1 3.6 13.2
21 9.3 9.6 10.7 8.65 9.2 3.6 13.3
22 9.4 9.75 10.9 8.75 9.3 3.6 13.5
23 9.45 9.85 11 8.85 9.4 3.6 13.8
24 9.55 9.9 11.2 9 9.5 3.65 14.5
25 9.65 10.05 11.5 9.05 9.6 3.65 14.6
26 9.75 10.15 11.7 9.15 9.6 3.65 14.7
27 9.85 10.2 11.8 9.2 9.6 3.65 14.7
28 9.9 10.3 12 9.25 9.7 3.65 14.7
29 10 10.35 12.2 9.3 9.8 3.7 14.7
30 10.1 104 12.4 9.5 10 3.7 15

Table C- 4— Detailed fluid loss volumes for the base fluid andamples containing 0.5 wt% of ferric oxide and
silica NPs at 250°F and 300 psi when using dynanfittration (100 rpm) or ultrasonication for 15 minutes while
preparation.
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APPENDIX D
DETAILED FLUID LOSS RESULTS OF FULLY FORMULATED

DRILLING FLUID

Introduction

The purpose of this appendix is to present theilddtaesults of the filter press
measurement of the fluid loss volumes as a funatiotime for the data in chapter IV.
The measurements of the Ca-bentonite based driflund (fully formulated) were
investigated using an OFITE HP/HT filter preBgy( 11-10). The setup includes a 500 ml
cell which was modified to use 2.5-in. in diameted 1-in. in thickness cores instead of
filter papers, cell caps, valve stems, heating el@nmand a nitrogen-gas line. The drilling
fluids were put in the cell, and the cell was tiper in the heating jacket. A differential
pressure from 300 to 500 psi and a temperatureerafgl75 to 250°F were used.
Furthermore, the fluid loss volume was measureal fasction of time for 30 minutes, as

per API standards.
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Cumulative Filtrate Volume (ml)
Time
(min) Base (1) 0.3 wt% Ferric Oxide 0.5 wt% Ferric Oxide 1.5 wt% Ferric Oxide

NPs NPs NPs
1 2.35 2.4 3.8 3.7
2 2.85 25 3.9 4
3 35 2.8 4.5 4.6
4 3.8 3 4.8 4.7
5 4 3.05 4.9 4.8
6 4.15 3.1 5 5
7 4.65 3.2 5 5.2
8 4.75 34 5.05 5.4
9 4.85 3.6 51 5.6
10 5 3.8 5.2 5.8
11 5.15 3.9 5.3 6.2
12 5.25 4 55 6.6
13 54 4.4 5.55 6.8
14 5.55 4.6 5.6 6.9
15 5.7 4.7 5.7 7
16 6.2 4.75 5.9 7.2
17 6.3 4.8 6 7.4
18 6.35 4.9 6.1 7.5
19 6.35 5.1 6.2 7.6
20 6.4 5.3 6.3 7.7
21 6.4 5.4 6.4 7.8
22 6.6 55 6.5 8
23 6.7 5.6 6.6 8.1
24 6.9 5.7 6.7 8.2
25 7.3 5.85 6.8 8.3
26 7.35 6 6.9 8.4
27 7.4 6.1 7 8.5
28 7.45 6.2 7.1 8.6
29 7.55 6.3 7.2 8.7
30 7.77 6.4 7.4 8.9

Table D- 1—Detailed fluid loss volumes for the Ca-bentonite-beed drilling fluid and fluids containing different
concentrations of ferric oxide NPs at 250°F and 30fsi (No hydration, 1 hour of ultrasonication, andstatic
filtration).
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Time Cumulative Filtrate Volume (ml) - 0.5 wt% Fer ric Oxide NPs
(min) 200°F,_ 250°F,_ 300°F,' 350°F,_ 250°F,_ 250°F,_ 350°F,_
300 psi 300 psi 300 psi 300 psi 200 psi 400 psi 500 psi

1 3.7 3.8 3.8 4.9 6.2 5.9 31
2 4 3.9 4.3 5.5 6.4 6 34
3 4.3 4.5 4.8 5.8 6.7 6.2 35
4 4.5 4.8 5 6 7 6.6 3.6
5 5 4.9 5.2 6.1 7.2 6.8 3.7
6 5.1 5 5.6 6.2 7.3 6.9 3.8
7 5.2 5 5.9 6.3 7.4 7 4

8 5.3 5.05 6.2 6.4 7.5 7.1 4.2
9 54 51 6.3 6.5 7.65 7.6 4.4
10 5.6 5.2 6.5 6.6 7.8 7.7 4.5
11 5.8 5.3 6.6 6.7 7.9 7.8 4.6
12 6 55 6.7 6.8 8.05 7.9 4.8
13 6.1 5.55 6.75 7 8.2 8 5

14 6.2 5.6 7 7.1 8.3 8.2 5.1
15 6.3 5.7 7.1 7.2 8.4 8.3 5.2
16 6.5 5.9 7.25 7.3 8.5 8.4 5.3
17 7 6 7.4 7.4 8.6 8.5 55
18 7.2 6.1 7.45 7.5 8.8 8.6 5.6
19 7.4 6.2 7.6 7.6 8.9 8.7 5.7
20 7.5 6.3 7.65 7.7 9 8.8 5.8
21 7.6 6.4 7.7 7.8 9.1 8.85 5.9
22 7.8 6.5 7.8 7.9 9.2 8.9 6

23 8 6.6 7.95 8 9.3 9 6.1
24 8.1 6.7 8 8.1 9.4 9.05 6.2
25 8.2 6.8 8.1 8.2 9.5 9.1 6.4
26 8.3 6.9 8.2 8.3 9.6 9.2 6.5
27 8.4 7 8.3 8.4 9.7 9.3 6.6
28 8.6 7.1 8.4 8.5 9.75 9.4 6.7
29 8.8 7.2 8.45 8.6 9.8 9.45 6.8
30 9 7.4 8.6 8.7 9.9 9.5 6.9

Table D- 2— Detailed fluid loss volumes for the Ca-bentonite-dsed drilling fluid containing 0.5 wt% of ferric
oxide NPs at different pressures and temperaturedNO hydration, 1 hour of ultrasonication, and staticfiltration).
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Time Cumulative Filtrate Volume (ml)
0.5 wt% Ferric 0.5 wt% Ferric 0.5 wt% Ferric
(min) Base (No Ultrasonic.) Oxide NPs (No Oxide NPs (30 Oxide NPs (60 min
Ultrasonic.) min. Ultrasonic.) Ultrasonic.)

1 2.35 25 35 3.8
2 2.85 3.1 4 3.9
3 35 3.3 4.4 4.5
4 3.8 3.5 4.7 4.8
5 4 4 5 4.9
6 4.15 4.6 53 5

7 4.65 4.8 5.7 5

8 4.75 5 6 5.05
9 4.85 5.3 6.2 51
10 5 5.6 6.4 5.2
11 5.15 5.9 6.6 5.3
12 5.25 6.2 6.8 5.5
13 54 6.3 7 5.55
14 5.55 6.4 7.2 5.6
15 5.7 6.5 7.4 5.7
16 6.2 6.6 7.6 5.9
17 6.3 6.8 7.8 6

18 6.35 7 8 6.1
19 6.35 7.1 8.1 6.2
20 6.4 7.3 8.2 6.3
21 6.4 7.5 8.3 6.4
22 6.6 7.7 8.4 6.5
23 6.7 7.8 8.5 6.6
24 6.9 7.9 8.6 6.7
25 7.3 8 8.7 6.8
26 7.35 8.1 8.8 6.9
27 7.4 8.2 8.9 7

28 7.45 8.3 9 7.1
29 7.55 8.4 9.05 7.2
30 7.07 8.45 9.1 7.4

Table D- 3— Detailed fluid loss volumes for the Ca-bentonite-4sed drilling fluid containing no NPs and 0.5 wt
% of ferric oxide NPs at 250°F and 300 psi using fierent ultrasonication times while preparation (Nohydration
and static filtration).
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Time Cumulative Filtrate Volume (ml)
0.5 wt% 0.5 wt% 0.5 wt%
Base (3) (No Base (4) (16 Base (5) Ferric Oxide Ferric Oxide Ferric Oxide
_ Hyd., No hrs Hyd.,'No (No Hyd., No NPs (No NPs (16 hrs NPs
(min) UItrasqnlc., UItraso_nlc., Ultrasonic., Hyd., No Hyd., No (No Hyd.,_ No
filtfgtiitcl)%) fiItSr;?it(l)Cn) Dyntoompm)  CgEier DI Ugrysﬁofé%'

filtration) filtration) rpm)
1 1.6 2.5 3.7 2.2 1.95 4.2
2 2 3 4.2 31 2.15 4.5
3 2.2 3.25 4.9 3.5 2.25 5.2
4 24 35 5.2 3.9 24 53
5 2.6 3.9 5.7 4.3 2.6 5.4
6 2.8 4.2 6.15 4.6 2.75 5.7
7 3 4.45 6.7 4.9 29 5.9
8 3.2 4.7 6.8 51 3.15 6.4
9 34 5.05 7 5.3 3.3 6.5
10 35 5.2 7.5 5.6 3.45 6.7
11 3.7 5.4 8.1 5.9 3.7 6.8
12 3.85 5.6 8.3 6 4 7.2
13 4 5.8 8.4 6.1 4.2 7.3
14 4.3 6 8.6 6.2 4.4 7.4
15 4.3 6.2 8.7 6.35 4.6 7.5
16 4.7 6.35 9 6.55 4.9 7.6
17 4.85 6.5 9.3 6.75 5.05 7.7
18 5.15 6.7 9.5 7 5.2 7.8
19 5.4 6.9 9.7 7.15 5.35 7.9

20 5.75 7.05 9.8 7.4 5.5 8
21 5.85 7.15 9.9 7.75 5.7 8.1
22 5.9 7.3 10.5 7.85 5.9 8.3
23 6 7.5 11 8 6.1 8.4
24 6.1 7.6 115 8.15 6.25 8.6
25 6.2 7.75 11.7 8.3 6.4 8.7
26 6.4 7.9 11.9 8.4 6.55 8.8
27 6.5 8.08 12.1 8.5 6.7 8.9

28 6.7 8.2 12.3 8.6 6.85 9
29 6.85 8.3 12.5 8.7 7 9.15
30 7 8.4 12.7 8.9 7.15 9.3

Table D- 4— Detailed fluid loss volumes for the Ca-bentonite-fised drilling fluid and fluids containing 0.5 wt%
of ferric oxide at 250°F and 500 psi when using ligours of hydration while preparation or dynamic filtration
(100 rpm).
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