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ABSTRACT 

 

Full Name : [Hafiz Mudaser Ahmad] 

Thesis Title : [Enhancing water based drilling fluid performance using nanoparticles 

and polymers] 

Major Field : [Chemical Engineering] 

Date of Degree : [December/2017] 

 

Water-based drilling fluids are utilized to carry out efficient and smooth drilling operations 

of oil and gas wells. Bentonite dispersion (base mud) was prepared to understand 

fundamental drilling fluid rheological properties using rheometer. Rheological data were 

fitted to four different classical models (Bingham plastic and Herschel-Bulkley models, 

Cross and Carreau models) to study the rheological behavior (Viscosity, yield point and 

gel strength) of bentonite dispersions.  XRF and XRD were used to study the chemical and 

mineral composition of the bentonite. In the second part, impact of molecular structure 

such as the degree of hydrolysis (DOH) and nature of comonomers in acrylamide-based 

copolymers on the rheological and filtration properties of bentonite dispersions was 

assessed using three different water-soluble polymers for water-based drilling fluids. These 

polymers are, copolymer of acrylamide and 2-acrylamido-2-methylpropane sulfonic acid 

(AMPS) with 10% DOH, copolymer of acrylamide and 2-acrylamido-2-methylpropane 

sulfonic acid with 25% DOH, and copolymer of acrylamide and acrylic acid with 15% 

DOH. Steady shear rheology data was fitted to the Herschel-Bulkley model and flowability 

test was performed at 25°C and 85°C. Aging of bentonite and bentonite/polymer 

dispersions was performed at 90°C for 16 hours. Results showed that the incorporation of 

polymers in bentonite enhanced the filtration and rheological properties. The 



bentonite/polymer dispersion showed better rheological properties compared to other 

bentonite dispersions. The better rheological properties of bentonite/polymer dispersion 

suggest that acrylamide-based copolymers containing smaller comonomers such as acrylic 

acid are better compared to the bulky comonomers such as AMPS for drilling fluids 

applications. In the third part, the combined addition of nanoparticles (TiO2, ZnO) and an 

associative polymer to the base drilling fluid significantly reduced filtrate volume, 

improved filter cake permeabilities and thickness. The incorporation of nanoparticles and 

polymer resulted in superior rheological properties such as improved viscosity, yield point 

and gel strength. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 ملخص الرسالة

 

 

 حافظ مدثر احمد   :االسم الكامل
 

 تحسين أداء المياه المستندة إلى فلويد الماء باستخدام البوليمرات و نانوبارتيكلس :عنوان الرسالة

 

 هندسة كيميائية التخصص:
 

 ٢٠١٧/ديسمبر :تاريخ الدرجة العلمية
 

وتستخدم سوائل الحفر القائمة على المياه لتنفيذ عمليات حفر آبار النفط والغاز بكفاءة وسالسة. تم إعداد تشتت البنتونيت 

)قاعدة الطين( لفهم خصائص الحفر األساسية السوائل الريولوجية باستخدام مقياس الحرارة. تم تركيب البيانات 

بولكلي، كروس و كاريو( لدراسة -ة )نماذج بينغهام البالستيكية و هيرشلالريولوجية على أربعة نماذج كالسيكية مختلف

السلوك الريولوجي )اللزوجة، نقطة الغلة وقوة هالم( من البنتونيت التشتت. تم استخدام زرف و زرد لدراسة التركيب 

جة التحلل المائي )دوه( وطبيعة الكيميائي والمعدني للبنتونيت. في الجزء الثاني، تم تقييم تأثير التركيب الجزيئي مثل در

كومونوميرس في البوليمرات القائمة على األكريالميد على خصائص الريولوجية والترشيح من البنتونيت تشتت 

باستخدام ثالثة بوليمرات مختلفة للذوبان في الماء للحفر المياه القائمة السوائل. هذه البوليمرات هي، البوليمرات من 

-2٪ دوه، البوليمرات من األكريالميد و 10ميثيلبروبان حمض السلفونيك )أمبس( مع -2-ريالميدوأك-2األكريالميد و 

٪ 15٪ دوه، وكوليمر من األكريالميد وحامض االكريليك مع 25ميثيلبروبان حمض السلفونيك مع -2-أكريالميدو

وتم إجراء اختبار قابلية التدفق عند بولكلي -وزارة الصحة. تم تركيب بيانات الريولوجيا القص الثابتة لنموذج هيرشل

درجة مئوية  90درجة مئوية. تم تنفيذ شيخوخة البنتونيت والبنتونيت / تشتت البوليمرات في  85درجة مئوية و  25

ساعة. وأظهرت النتائج أن دمج البوليمرات في البنتونيت يعزز الترشيح وخصائص ريولوجية. أظهر البنتونيت  16لمدة 

مر أفضل خصائص ريولوجية مقارنة مع غيرها من البنتونيت التشتت. أفضل خصائص ريولوجية من تشتت البولي /



البنتونيت / تشتت البوليمر تشير إلى أن البوليمرات القائمة على األكريالميد التي تحتوي على كومونومرات أصغر مثل 

قات سوائل الحفر. في الجزء الثالث، حمض االكريليك هي أفضل بالمقارنة مع كومونوميرس ضخمة مثل أمبس لتطبي

، أكسيد الزنك( والبوليمر االرتباطية إلى السائل قاعدة الحفر بشكل كبير TiO2إضافة الجمع بين الجسيمات النانوية )

خفض حجم الترشيح، وتحسين نفاذية كعكة مرشح وسمك. أدى دمج الجسيمات النانوية والبوليمر إلى خصائص 

للزوجة المحسنة ونقطة الغلة وقوة الهالمريولوجية متفوقة مثل ا
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1 CHAPTER 1 

Introduction and objectives 

1.1 Introduction 

In the exploration and extraction of oil and gas, the first step is drilling of well bore using drill bit. 

To assist in smooth and easy drilling process drilling fluids are employed. Drilling fluids are also 

called drilling muds. The basic functions of drilling fluids are: stability control of well bore, remove 

the rock cutting from the borehole to surface and cleaning of well, to control pressure, to cool and 

lubricate the drilling bit, overcome the friction between drilling pipe and borehole walls, to control 

formation pressure and to block pores in the shale to prevent fluid loss. Conventional drilling process 

is easy and cheap as compared to unconventional drilling process. Conventional drilling includes the 

drilling of well and oil comes out with its own pressure. After that pump jack is employed at the oil 

well to take out further oil from the well. While unconventional drilling process includes horizontal 

drilling of wells which also includes special treatment such as the injection of chemicals (polymer 

solutions along with additives) into the well that enhance the productivity of oil well [1]. 

Conventionally three types of drilling fluids are used for drilling oil wells. Such as: pneumatic air, 

water based drilling fluid (WBDF) and oil based drilling fluids (OBDF). But most commonly WBDF 

fluids are employed for drilling process. Around 5-10% drilling process is carried out by OBDF and 

80-90% drilling is done using WBDF. In WBDF, fresh water is used along with different types of 

salts such as potassium chloride (KCl), sodium carbonate (Na2CO3) which are beneficial for shale 
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inhibition for sensitive shale formations. Many water-soluble polymers are also used in addition of 

WBDF. Such as natural polymers which include starch (to prevent fluid loss circulation), 

polysaccharides which include guar gum (which tailor the rheology of drilling fluid), xanthan gum 

and synthetic polymers include polyacrylamide and polyacrylate which has high molecular weights 

used to stabilize shale in oil well [2]. 

Several types of additives are utilized in drilling fluid to enhance physical, chemical, rheological and 

filtrate loss properties. These additives include weighting materials (barite, hematite, calcium 

carbonate, BaSO4) to increase the density of drilling fluid and to control the thickness of filter cake 

around well [3], rheological properties such as viscosity is controlled by (smectite clay) [4] and other 

polymers such guar gum, xanthan gum, polyacrylamide, polyanionic cellulose, sodium 

carboxymethyl cellulose (Na-CMC) [5], nanoscale additives such as (Nano silica, CuO, ZnO) are 

used to reduce fluid loss, formation control and smooth drilling operation [6, 7], lubricity control 

additives are employed to control the friction between wellbore and pipelines for smooth operation 

such as (vegetable oils, polyols i.e. polypropylene glycol), stabilizing agents are added to drilling 

fluids to improve the performance at high temperature and pressure at downhole conditions of oil 

well such as (zinc oxide nanoparticles, multiwall carbon nanotube MWCN, silica nanoparticle) [8] 

Based on the types there are three types of drilling fluid. Pneumatic air, water based drilling fluid 

(mud) and oil based drilling mud. Pneumatic air has very little use in drilling wells where the wells 

are shallow in nature and have competent formations. Oil based drilling muds are employed only 5-

10 % because of environmental regulations and constraints and relatively excessive cost as compared 

to water based drilling fluids. The use of water based drilling muds are more desirable as compared 

to other drilling fluids due to less operations cost and capital cost [2]. 
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1.2 Objectives 

1. To study the effect of concentration of bentonite, polymers, nanoparticles and electrolyte on 

rheological properties of drilling fluids using DHR-3 rheometer. 

2. To study the combined effect of bentonite, polymer and nanoparticles on rheological 

properties of drilling fluids 

3. To study the effect of temperature on rheological properties of prepared drilling fluids  

4. To study the characteristics of bentonite with x-ray florescence analysis (XRF), x-ray 

diffraction analysis (XRD), Fourier transform infrared spectroscopy (FTIR) and thermal 

gravimetric analysis (TGA)  

5. To measure the filtration properties of drilling fluids using filter press apparatus to overcome 

fluid loss into formations  

6. To determine thermal stability of drilling fluid after aging in hot air oven for 16 hours at 

specified temperature 
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2 CHAPTER 2 

LITERATURE REVIEW 

2.1 Bentonite in drilling fluids  

Bentonite dispersions are used in multiple industrial applications such as emulsion stabilization, 

adhesives, industrial absorbents, cement, cosmetic, sealants, water clarification, and most 

importantly in water-based drilling muds [9]. Bentonite formed by weathering effect on volcanic ash 

mainly consists of montmorillonite (Mt) with different composition of other minerals such as quartz, 

sodium, and calcium feldspar [10]. The physical and chemical properties of clay typically depend on 

the composition, structure, particles size, surface area, ion exchange capacity, absorption, and 

swelling capacity [9]. Na-bentonite has a high swelling capacity and Ca-bentonite has less swelling 

capacity upon hydration with water [11]. A single unit cell of montmorillonite (Mt) has two sheets 

of tetrahedral silica and in between these sheets, there is an octahedral sheet of alumina. Many unit 

cells are stacked over each other giving the layered structure of clay [12]. The surface of layers 

carries negative charge due to the isomorphic replacements of cations within the structure and these 

ions are responsible for balancing the negative charge on surfaces [13]. These cations are known as 

exchangeable cations, which are accountable for physical properties and clay swelling in water. The 

most common cations available are sodium, aluminum, potassium, and calcium along with many less 

common ions which include iron and titanium. The layered structure of bentonite has the capacity to 

adsorb water molecules in between the layers and resulting in the increase in swelling by increasing 

the c-axis dimension of clays [14]. This swelling capacity of bentonite makes it a suitable candidate 

for drilling fluids as viscosifier to customize the rheological properties.   
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Water based drilling muds specially bentonite-water dispersions are of immense importance to the 

oil & gas industry and being used worldwide due to its unique and excellent swelling and gel 

formation properties [15, 16]. The basic functions of drilling muds are: to control stability of well 

bore, to remove the rock cutting from the borehole to surface, to cool and lubricate the drilling bit, 

to overcome the friction between drilling pipe and borehole walls, and to block pores in the shale to 

prevent fluid loss [17-19]. Rheological properties of bentonite dispersions such as plastic viscosity, 

apparent viscosity, gel strength, and yield stress are very important for drilling fluids. These 

properties mainly governed by the associations among the particles of bentonite [20, 21].  

There are three types of associations among the bentonite particles in aqueous dispersions namely 

face to face, edge to edge and face to edge [3, 22]. Edge to edge and face to edge association form a 

three-dimensional network similar to a card house structure and face to face association forms a band 

structure in bentonite dispersions [16]. The gel formation in bentonite dispersions is because of two 

mechanisms; first is the strong electrostatic force of attraction between positively charged edges and 

negatively charged surfaces. The second mechanism is edge to edge and face to face interactions 

through double layer repulsion among the particles [15, 23]. These associations are accountable for 

customizing the rheological properties of bentonite dispersions and these associations are incredibly 

affected by concentration and type of electrolytes, temperature, and concentration of bentonite. 

All the bentonite dispersions in deionized water show shear thinning rheological behavior [3, 24]. 

This phenomenon is associated with the change of inter-particles interactions. At low shear rates, 

due to high inter-particles associations and the presence of immobilized adsorbed water inside 

agglomerated structure of bentonite results the increase in viscosity. While at high shear rates, inter-

particle associations are disrupted with the release of adsorbed water which results in the decrease in 
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viscosity [23]. The presence of electrolytes mainly NaCl in water-bentonite dispersions strongly 

affects the rheological properties by compressing the electrical double layer, which is formed around 

the bentonite particles and help them to remain in dispersed form [25-27]. Several studies were 

reported in the literature showing the effect of electrolyte concentration on rheological properties of 

different bentonite dispersion [14-17, 19]. At elevated temperatures, bentonite water dispersion 

shows unusual behavior in rheological properties which results in thickening of dispersions. The 

thickening of bentonite dispersions was attributed to the formation of clusters and enhanced face-to-

face interactions at high temperature, which resulted in the increase of rheological properties [27, 

28]. The rheological properties of bentonite dispersions were mostly evaluated by fitting 

experimental data into classical drilling fluid rheological models. The variation of model parameters 

was evaluated to study the non-Newtonian behavior of bentonite dispersions in the presence of 

electrolyte with elevated temperature. 

The rheological flow behavior helps us to understand the performance of bentonite dispersions in 

drilling applications. Here two well-known rheological models (Cross model and Carreau model) are 

selected for determining the applicability of experimental data [29]. These models show that at very 

low shear rates, viscosity and shear rate are linearly related with each other. While at high shear rates, 

viscosity and shear rates are not linearly related to each other. These models will explain the non-

Newtonian behavior of bentonite dispersions over a wide range of shear rates. Similarly, the 

experimental data on flow curves obtained are fitted to Bingham plastic model and Herschel-Bulkley 

model to determine their applicability [30-32].  Bingham model illustrates that a threshold stress is 

needed to initiate the flow and after the stress, materials behave as a Newtonian fluid and it shows 

the best fitting of experimental data at low shear rates. While Herschel-Bulkley model explains yield 

stress and non-Newtonian behavior of bentonite dispersions over the wide range of shear rates. 



29 

 

2.2 Effect of polymers on drilling fluid properties 

Drilling fluids perform vital roles in oil and gas drilling operations, such as maintaining rheological 

properties, cooling the drilling bit, transporting the formation cuttings from bottom hole to the 

surface, balancing the formation pressure, inhibiting shale dispersion, and preventing the invasion of 

fluid into formations [5, 33-35]. Drilling fluids are mainly classified into three categories, including 

oil-based drilling fluids, synthetic-based drilling fluids, and water-based drilling fluids [23, 36, 37]. 

Oil-based and synthetic drilling fluids are not frequently advised for drilling operations due to 

environmental concerns because they are health hazards and have high costs relative to the water-

based drilling fluids [38]. Water-based drilling fluids are generally used worldwide to carry out 

drilling operations because they are environment-friendly, easy to prepare, cost-effective, safe, and 

most efficient compared to other drilling fluids [39-41]. Water-based drilling fluids have bentonite 

as a basic component to control drilling fluid properties. High concentration of bentonite in drilling 

fluids has various detrimental effects which include: (1) chances of pipe sticking, (2) lowering the 

penetration rate of the drill bit, and (3) enormous torque and drag are required for drilling operations 

[42, 43]. Thus, less concentration of bentonite is desired to have low solid contents in drilling fluids. 

However, low concentration of bentonite is unable to maintain desired rheological properties 

required for smooth drilling operations. Hence, various natural and synthetic polymers are employed 

to accomplish the desired properties of drilling fluids [44].  

Natural and synthetic polymers are widely used as rheology modifiers, shale inhibitors, and fluid 

loss additives in water-based drilling fluids. These polymers are primarily used to control rheological 

properties, filtration properties and shale inhibition properties of water-based drilling fluid [45-48]. 

Water interacts with shale and causes swelling of shale that leads to the well bore instability problems 
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such as a tight hole, dispersion of shale, and bit balling [49, 50]. The water-soluble polymers in 

water-based drilling fluids inhibit shale swelling and fluid loss by encapsulating shale with a thin 

layer of polymer and prevent the invasion of water into the formation. Recently, various synthetic 

and natural polymers are employed in water-based drilling fluids to prevent the fluid loss into the 

formations and to modify rheological properties. Recently, Baba et al. have used two different 

biopolymers such as xanthan gum and sclera-glucan to modify rheological properties of water-based 

drilling fluids [51]. Jain et al. synthesized polyacrylamide grafted xanthan gum with multiwalled 

carbon nanotube nanocomposite to investigate the rheological properties as one of the drilling fluid 

additives [52]. Other polymers employed in water-based drilling fluids include starch, polyacrylates, 

polyacrylamide, hydrolyzed polyacrylamide, partially hydrolyzed polyacrylamide, amphoteric 

cellulose, polyanionic cellulose, and carboxymethyl cellulose has been used to modify rheological 

properties and fluid loss control agent.   

The primary challenge to use natural and synthetic polymers in drilling fluids is to maintain 

rheological and filtration properties at high temperature- high-pressure conditions of the bottom hole. 

These polymers lose their rheological and filtration properties due to degradation of polymers at high 

temperature and high pressure at deep well conditions [43, 45, 49]. Recently, the use of high 

molecular weight copolymer with rigid backbone polymer chains have caught much attention for 

water-based drilling fluids due to their unique structure, hydrophilic functional groups, the degree of 

hydrolysis (DOH) and ability to bear high temperature at bottom hole [53, 54]. So, these high 

molecular weight polymers with distinctive functional groups could effectively control filtration and 

rheological properties due to their structural stability, hydrophilic functional groups along the 

backbone and high structural viscosity [55].  
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Drilling fluid execute vital roles in drilling operations which include: to transport rock cuttings to the 

surface, to reduce the formation damage, to cool and lubricate the drilling equipment, to maintain 

wellbore stability, to control formation pressure and to minimize fluid loss and lost circulations [5, 

35, 56]. There are several types of drilling fluids such as water-based drilling fluids, oil-based drilling 

fluids, pneumatic drilling fluids and synthetic-based drilling fluids [23, 57]. Careful selection of 

drilling fluid is essential to avoid several problems like wellbore instability, formation damage, drag 

and torque reduction [58]. Out of all above mentioned drilling fluids, water-based drilling fluids are 

most recommended worldwide due to excellent performance, environment-friendly, shale inhibition 

capacity, easy to prepare and due to remarkable rheological properties [59, 60]. To perform 

successful drilling operations, the selection and quantity of drilling fluid additives are very important 

for the desired fluid filtration and rheological properties [61]. Bent is one of the essential constituents 

of water-based drilling fluid which controls the rheology of drilling fluids. High concentration of 

Bent in water-based drilling fluids can have detrimental effects on drilling operations which include 

the reduction of drill bit penetration rate, thick filter cake, differential pipe sticking and formation 

damage. Furthermore, elevated temperature and pressure conditions at the bottom hole results in 

thermal induce swelling (flocculation) of Bent [62].  Therefore, it is highly seductive to find out other 

additives which can compensate the Bent related problems and satisfy the desired properties of 

drilling fluids.  

The incorporation of organic additives (polymers) in water-based drilling fluids has significant 

industrial importance to compensate for Bent deficiencies and to modify the fluid filtration and 

rheological properties [44]. Polymers in water-based drilling fluids can perform various functions 

such as shale inhibition, as viscosifiers, as Bent extenders and fluid loss control agent [47, 63, 64].  

The interaction between Bent platelets and polymer molecules are very important which decides the 
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properties of Bent /polymer dispersions. It is recognized that when polymers added to clay 

dispersion, the interaction among clay platelets and polymers results in the adsorption of polymer 

chains on the surface of clay particles. This interaction among clay platelets and polymers depends 

on polymer structure, the chemical structure of monomer in the backbone, charge distribution in 

monomer groups and their distribution along the polymer chains. The clay-polymer interactions have 

immense importance and significant influence the rheological and filtration properties of water-based 

drilling fluids [65, 66].  

Recently various polymers (natural and synthetic) are employed to tailor the rheological and filtration 

properties of drilling fluids. A variety of polymers are added into water-based drilling fluids such as 

polyanionic cellulose (PAC) [67], sodium carboxymethyl cellulose and xanthan gum to obtain the 

desired filtration and rheological properties [68]. Kunlin et al. used novel biopolymer to improve 

rheological properties such as gel strength, yield point and viscosity of water-based Bent drilling 

fluids, fluid loss characteristics and formation damage [67]. Dajun et al. used 

polyacrylamide/xanthan gum solution to improve the rheological properties of drilling fluids [69]. 

The impact of inorganic salt on drilling fluid properties showed that the presence of high 

concentration of salts severely affects the viscosity and drilled cutting lifting capacity [70]. Many 

other polymers such as cellulose, polyacrylates, starch, partially hydrolyzed polyacrylamide (PHPA), 

polyacrylamide (PAM), hydrolyzed polyacrylamide (HPAM), polyanionic cellulose, and 

carboxymethyl cellulose (CMC) were used to study the rheological and filtration properties of water-

based Bent drilling fluids.  

The basic challenge to use conventional synthetic and natural polymers as drilling fluid additive at 

the harsh condition of elevated temperature and pressure at bottom-hole severely affects the 
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rheological and filtration properties [43, 49]. In this study, two different anionic polymers 

(copolymer and terpolymer) are employed as water-based drilling fluid additive. The copolymer has 

two monomers which include acrylamide and 2-acrylamido-2-methylpropane sulfonic acid 

monomers in its structure. The copolymer structure is thermally stable up to 95°C and can bear high 

salinity environment. Terpolymer has three monomers which include acrylamide, 2-acrylamido-2-

methylpropane sulfonic acid, and N-Vinylpyrrolidone. Terpolymer has additional N-

Vinylpyrrolidone monomer which has high thermal stability up to 120°C and can bear harsh salinity 

environment [71]. 

2.3 Effect of polymers and nanoparticles on drilling fluid properties 

Drilling fluids are widely used for the drilling of new and mature reservoirs to explore the oil and 

gas reserves and to extract the fossil fuels from underground. The main functions of drilling fluid 

include to maintain the rheology, to minimize the fluid loss, minimize the formation damage, to cool 

and lubricate the drill bit and well bore stability [24, 50, 52, 72, 73]. Various additives for water base 

drilling fluids are utilized such as viscosifiers, rheology control agents, filtration control agents, pH 

control agents, density control agents and shale inhibitors [74, 75]. The most important properties of 

drilling fluids include rheology and filtration properties. To enhance rheology of water based drilling 

fluid, various polymers and nanoparticles are being employed [76-79].  

The polymers used for water based drilling fluid additives include hydrolyzed polyacrylamide, 

xanthan gum, guar gum, polyvinyl alcohol, and partially hydrolyzed polyacrylamide. The 

nanoparticles are also being utilized for the improvement of rheological and filtration properties of 

drilling fluids. Nanotechnology has many uses in various industries such as cosmetics, electronic and 

medicine industry. Nanoparticles are those material which have at least one dimension in nano meter 
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scale. Currently, various types of nanoparticles are utilized for the enhancement of drilling fluid 

properties and performance. Cellulose nanoparticles are utilized for increase the rheological and 

filtration properties of drilling fluids. Silica nanoparticles are used to improve the filtration 

characteristics of drilling fluids. There are micro or nano pores in the formation of well bore. The 

small nanoparticles are utilized to plug the cracks and pores in the well bore formation. These 

nanoparticles prevent the invasion of drilling fluid into the formation usually in the production 

zone[34, 44, 80-83].  

Drilling fluids are widely used to assist in drilling operations for the exploration of natural resources 

[84]. Water-based drilling fluids (WBDF) are a complex mixture of multi-components in which 

bentonite clay is dispersed homogeneously as a continuous phase [25]. Other components typically 

include barite as a weighting material, polymer as a viscosifier and a shale inhibiting agents, salts, 

pH control agents, and nanoparticles as fluid loss material [3, 52, 85-87]. The functions of WBDF in 

drilling operations are to maintain the column pressure against the formation pressure, to transport 

the formation cuttings to the surface, to maintain the viscosity during drilling operations, shale 

inhibition and to prevent the loss of drilling fluid into the reservoir formations [1, 43, 88]. In addition 

to these function, WBDF must be environment-friendly, non-corrosive, cheap and less reactive, and 

have superior temperature and salt tolerance [89]. The most important constituent of WBDF is 

bentonite clay which acts as a viscosifier in drilling operations. Bentonite clay mainly composed of 

sodium montmorillonite which represents some unique properties such as swelling upon hydration, 

thixotropy, and cake formation [16]. It also represents cation exchangeability and low permeability 

when in the wet state [12]. Bentonite dispersions are impermeable in a stable state which makes it a 

suitable candidate for drilling fluids. Bentonite clay has a layered structure in which octahedral sheets 

of alumina is sandwiched between two tetrahedral sheets of silica [90, 91]. The interlayer cations are 
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responsible for holding these sheets together by the electrostatic force of attraction. When bentonite 

clay hydrated with water, the exfoliation of inter-layer occurs which leads to the adsorption of water 

on negatively charged surfaces [92]. The adsorption of water and particle to particle associations 

leads to the increase in rheological behaviour of bentonite [18]. But the use of bentonite dispersion 

alone as a potential drilling fluid may cause some serious problems. It makes a thick filter cake on 

the formations which lead to the potential pipe sticking, formation damage, and lowering the drilling 

operation productivity [56, 93]. To overcome these problems, polymer-clay based drilling fluids with 

attractive rheological properties are normally used [23].  

Recently, various natural and synthetic polymers are utilized to modify the rheological and filtration 

properties of drilling fluids such as xanthan gum [94], guar gum [95], starch, polyanionic cellulose 

[96], carboxymethyl cellulose [97], polyacrylamide [98], hydrolyzed polyacrylamide, and 

polyacrylates [52]. A recent study represents the effect of polyanionic cellulose and tamarind gum 

on the rheological and filtrations properties of WBDF. The results exhibit the enhanced rheological 

properties, reduction in fluid loss volume, and excellent stability of shale formation and wellbore 

[99]. Alternatively, the use of nanoparticle also improves the performance of drilling fluids. Previous 

studies showed that nanoparticles in drilling fluids help in plugging micropores in formations and 

reduces the permeability of shale. The presence of nanoparticles in drilling fluid reduces the fluid 

loss into the formation and forms a thin filter cake [31, 100]. The use of polymers and nanoparticles 

in combination presents the synergistic effect with the improved rheological properties and less fluid 

loss volume.  

All WBDF represents the non-Newtonian behaviour, therefore, the rheological behaviour of drilling 

fluids is interpreted by different rheological models [101]. The most widely used models to explain 

drilling fluid rheological properties are Bingham plastic model, Herschel-Bulkley model and Casson 
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fluid model [102-104]. The important rheological parameters that explain the non-Newtonian 

rheological behaviour of drilling fluids are yield stress, plastic viscosity, and flow behaviour index. 

Yield stress (the minimum amount of stress required to initiate the flow) is the most important 

parameter for determining the drilled cutting transport capacity to the surface. The plastic viscosity 

is resistance to flow of drilling fluid during the drilling operation and its low value will represent the 

smooth drilling process. The flow behaviour index describes the nature of drilling fluid such as n=1 

indicates Newtonian behaviour, n<1 show shear thinning non-Newtonian behaviour, and n>1 

represents the shear thickening non-Newtonian behaviour [105-107]. These model parameters 

describe the insight information about rheological properties and the selection of suitable drilling 

fluid. 
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3 CHAPTER 3 

RESEARCH METHODOLOGY 

3.1 Experimental Procedure  

3.1.1 Materials  

Bentonite (BT) was obtained from BDH Chemicals (UK) with a density of 2.5 g/cm3 at 20°C and a 

pH ranges from 9.5-10.5. Sodium chloride (S) salt used in this study was obtained from Sigma-

Aldrich with purity ≥99%. Various high molecular weight copolymers were obtained from SNF 

FLOERGER.  The polymer P is an associative polymer which has hydrophilic and hydrophobic 

moieties with 10 million g/mol molecular weight. The polymer P1 is a copolymer of acrylamide and 

2-acrylamido-2-methylpropane sulfonic acid (AMPS) with 10% DOH. The polymer P2 was a 

copolymer of acrylamide and 2-acrylamido-2-methylpropane sulfonic Acid with 25% DOH. The 

polymer P3 was a copolymer of acrylamide and acrylic acid with 15% DOH. All the three copolymer 

has 9 million g/mol molecular weight. The polymer P4 is a terpolymer of acrylamide (AM), 2-

acrylamido-2-methylpropane sulfonic acid (AMPS) and N-Vinylpyrrolidone (NVP). Various 

nanoparticles were used in this study which are obtained from Fisher Scientific and Cheap tubes Inc. 

such as TiO2 (N1) and ZnO (N2) with whitish colour and 99.0% purity and functionalized single-

wall carbon nanotubes (N3) having outer diameter ranges from 1-2 nm with 90 % purity. Second, 

graphitized multi-wall carbon nanotubes (N4) having outer diameter 8-15 nm and 99.9% purity. 

Caustic soda was obtained from Sigma Aldrich with solubility 1260 g/L at 20 °C. Barite (BaSO4) 

powder was obtained from Baroid Saudi Arabia Ltd Co. 
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3.1.2 Preparation of different bentonite dispersions  

In the first phase, four different bentonite dispersions (4 m% to 7 m%) were prepared in deionized 

water by using IKA ultra-high-speed disperser for 20 minutes as per given procedure in American 

Petroleum Institute (API) standards. All the bentonite dispersions were left for 24 hours for the 

hydration of bentonite. In the second phase, four different samples of bentonite dispersions were 

prepared with various concentrations of electrolyte of (0.025 M - 0.1M) sodium chloride solution 

and 5 m% concentration of bentonite. Electrolyte solutions were prepared by mixing the desired 

amount of salt in deionized water All the samples were left undisturbed at room temperature for 24 

hours before rheological characterization of bentonite dispersions. The pre-shearing was applied to 

all the dispersions before rheological experiments for 5 minutes using IKA ultra-high-speed disperser 

to get consistent results. 

3.1.3 Preparation of bentonite/polymer dispersions  

In the first phase, polymer solutions were prepared using magnetic stirrer. Each polymer solution has 

0.25 wt.% concentration in deionized water. Stirring was applied for 3 hours and solutions were left 

undisturbed for next 3 hours for complete hydration of polymers. In the second phase, 

bentonite/polymer dispersions were prepared by dispersing 5 wt.% BT in deionized water using 

mechanical stirrer followed by mixing with 0.25 wt.% polymer solutions. In this way, three 

bentonite/polymer dispersions were prepared such as BT/P1, BT/P2, and BT/P3. After mixing 

polymer solutions with bentonite dispersions, stirring was applied for next 30 minutes for complete 

homogenization of the bentonite with the polymer. Then bentonite/polymer dispersions were left 

undisturbed for 24 hours before starting rheological experiments. 
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3.1.4 Preparation of bentonite/electrolyte/polymer dispersions    

In the first stage, polymer solutions were prepared in deionized water and 0.1 M salt water having 

0.25 m% polymer concentration with magnetic stirring. Magnetic stirring on each polymer solution 

was applied for 2 hours and followed by the 2 hours hydration time for complete homogenization of 

polymers in deionized water. In the second stage, 5 m% Bent dispersions were prepared in deionized 

water and 0.1 M salt water using mechanical stirrer and stirring was applied for 1 hour. The polymer 

solutions were mixed with Bent dispersions and mechanical stirring was applied for 30 minutes for 

complete mixing of Bent dispersions and polymer solutions with each other. All the Bent/polymer 

dispersions kept 24 hours undisturbed before rheological and filtration experiments. 

3.1.5 Preparation of bentonite/nanoparticles/polymer dispersions     

Six drilling fluid formulation were prepared using bentonite, polymers and nanoparticles. All the 

formulations, compositions and function of drilling fluid components are mentioned in Table 3.1 and 

Table 3.2. Bentonite dispersion (base fluid) was prepared by mixing bentonite in deionized water 

with speed mixer. Bentonite/nanoparticle dispersions were prepared by dispersing nanoparticles, 

caustic soda and barite powder in deionized water using ultra-sonication at 40°C for 30 minutes and 

then bentonite in the nanoparticles dispersion. Bentonite/polymer dispersion was prepared by first 

dissolving polymer in deionized water using magnetic stirrer and bentonite, caustic soda and barite 

powder was mixed in a separate beaker using mechanical mixer and left for 24 hours for the hydration 

of bentonite. Then, polymer solution and bentonite dispersion were mixed together and allowed to 

stir for 30 minutes. The bentonite/nanoparticles/polymer dispersions were prepared by first 

dispersing nanoparticles in deionized water using ultra-sonication and bentonite is mixed using 

mechanical stirrer. The mixture of bentonite and nanoparticles dispersion was left for 24 hours. The 

polymer solution was mixed in to the mixture of nanoparticles and bentonite dispersion along with 
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caustic soda and barite powder. Caustic soda was used to maintain the pH of drilling fluid while 

barite powder was used to increase the density of drilling fluids. 

Table 3.1 Formulations of six water based drilling fluids  

Materials 
Formulations  

BT BT/N1 BT/N2 BT/P BT/N1/P BT/N2/P 

Bentonite (g) 20 20 20 20 20 20 

Nanoparticles 

(N1) (g) 
- 0.8 - - 0.8 - 

Nanoparticles 

(N2) (g) 
- - 0.8 - - 0.8 

Polymer (P) 

(g) 
- - - 0.4 0.4 0.4 

Caustic soda 

(g) 
0.20 0.20 0.20 0.20 0.20 0.20 

Barite (g) 20 20 20 20 20 20 

 

Table 3.2 Formulations of six water based drilling fluids 

Materials Functions 

Water Dispersion medium 

Bentonite Viscosifier 

Nanoparticles (N1) Filtration control 

Nanoparticles (N2) Filtration control 

Polymer (P) Rheology and filtration control 

Caustic soda PH control 

Barite Density control 

 

3.2 Characterization of drilling fluids 

3.2.1 Measurement of rheological properties 

Rheological experiments were performed using Discovery Hybrid Rheometer (DHR-3) having 

concentric cylinder geometry with bob and cylinder diameter of 28 mm and 30.43 mm, respectively. 

The shear stress (τ) and viscosity (η) data were measured as a function of controlled shear rate (γ̇) 
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ranging from 0.01 s-1 to 1000 s-1. Dynamic shear experiments were performed with an angular 

frequency ranging from 0.1 rad/s to 100 rad/s. 

Apparent viscosity, plastic viscosity, yield stress and gel strength were measured from rheological 

experiments. To get yield stress and plastic viscosity, experimental data were fitted to Bingham 

model [25] 

  

τ = τo +  ηp(γ̇) (1) 

Where, τ, τo, ηp, and γ̇ are measured shear stress, yield stress, plastic viscosity, and shear rate, 

respectively. A three parameter Herschel-Bulkley was also used to study the rheological behavior of 

bentonite dispersions [31]. 

τ = τo +  K (γ̇)n (2) 

Where K and n are consistency coefficient and flow behavior index.  

Cross and Carreau models were used to study the non-Newtonian behavior of bentonite dispersions 

over the wide range of shear rate ranging from 0.01 s-1 to 1000 s-1. Limiting values of viscosities 

were calculated at very high and very low shear rates by fitting experimental data to the following 

models.   

Cross Model  

η − η∞

ηο − η∞
=

1

[1 + (k�̇�)m]
  (3) 

Carreau Model  
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η − η∞

ηο − η∞
= [1 + (k�̇�)2](n−1) 2⁄   (4) 

where η (Pa.s) is viscosity at a particular shear rate γ ̇ (s-1),  ηο (Pa.s) is zero shear rate viscosity and 

η∞ (Pa.s) is infinite shear rate viscosity. Other parameters of these models include consistency index 

k (s), rate constant (m) and flow behavior index (n).  

Dynamic rheology such as amplitude sweep measurements was performed at 25°C for bentonite in 

deionized water and bentonite in salt water to study the linear viscoelastic range (LVER). The value 

of strain in LVER was further used in frequency sweep measurements to determine the storage and 

loss modulus by imposing logarithmic angular frequency sweep from 0.1 (rad.s-1) to 100 (rad.s-1). 

Gel strengths of bentonite dispersions were measured in deionized water and salt water (with various 

electrolyte concentrations) at 25°C using standard API recommended procedure. Before measuring 

10-second gel strength, a high pre-shearing at 510 s-1 was applied and followed by the 10 seconds 

hold. Similarly, 10 minutes hold was applied to the bentonite dispersions before measuring 10-

minutes gel strength. Very low shear rate 5.1 s-1 was applied for measuring gel 10-seconds and 10-

minutes strengths as per recommended by API procedure. 

3.2.2 Rheological properties using FANN viscometer  

Various drilling fluid additives are employed to formulate drilling fluid formulations. Among all the 

materials used, barite is known as weighting material to control the density of drilling fluid 

formulations. Drilling fluid density is very important parameter that maintain the column pressure in 

drilling well during drilling operations and prevent the formation liquid to get into the wellbore. 

Therefore, a constant amount of barite is used in all the formulation to increase the density of drilling 

fluids. The rheological properties of drilling fluids such as apparent viscosity, plastic viscosity, gel 
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strength and yield point are calculated using Fann viscometer model 35. The viscometer consists of 

bob and rotor sleeve cylindrical geometry and has ability to produce a range of revolution per minutes 

(rpm). The drilling fluid is placed in the container and dial reading were measured at different rpm 

values. The mechanism of measuring torque involves the rotation of outer cylinder (rotor sleeve) and 

shear force on the drilling fluid present in the annular space (between rotor sleeve and bob) transmits 

the shear force to the rotation of inner bob. The transmitted torque will produce the dial reading at 

specific rpm value. The rheological properties were calculated by using the standard equation given 

below: 

𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 (𝜇𝑝)   =
𝜙600

2
(𝑐𝑝) (5) 

 

𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 (𝜇𝑝) =  𝜙600 −  𝜙300 (𝑐𝑝) (6) 

 

𝑌𝑖𝑒𝑙𝑑 𝑝𝑜𝑖𝑛𝑡 (𝑌𝑝)) =  𝜙300 −  𝜇𝑝 (
𝑙𝑏

100𝑓𝑡2
) (7) 

 

𝑆ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠 (𝜏) = 1.065 ∗  𝜙 (
𝑙𝑏

100𝑓𝑡2
) (8) 

 

𝑆ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 (�̇�) = 1.702 ∗  𝜔  (9) 
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Where (𝜔) is rotor speed measured in rpm and (∅) is the dial reading measured in (
𝑙𝑏

100𝑓𝑡2). Gel 

strength is also measured using API standard such as 10-sec and 10-min gel strengths. To measure 

10-sec gel strength, the drilling fluid in viscometer was left undisturbed for 10 seconds and maximum 

deflection of dial reading was measure at 3 rpm. Similarly, for measuring 10-min gel strength, the 

drilling fluid in the viscometer was left undisturbed for 10 minutes and maximum deflection of dial 

reading was measured by applying 3 rpm. All the rheological properties measured using above 

mentioned equation in presented in graphical form in results and discussion. 

3.2.3 Thermal stability of drilling fluids 

Thermal stability of all the formulations was determined after aging in the static oven for 16 hours 

at 90°C. The filtration and rheological properties of all bentonite/polymer dispersions were 

measured using API standards. 

3.2.4 Filtration properties of drilling fluids 

The standard filtration experiments were performed for all bentonite/polymer dispersions based on 

API recommendation using Fann filter press apparatus. All the filtration experiments were carried 

out at 25°C before and after aging at 90°C for 16 hours to measure the fluid loss volume. The 

Whatman filter paper having 25-30 μm pore size was placed at the bottom of filter cell. The filter 

cell was filled with 300 ml of each sample and tightened into the assembly with T-screw. The 

pressure of 100 psi was applied as pressing medium. Each experiment was carried out for 30 minutes 

and total fluid loss volume was measured. 
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3.2.5 Filter cake permeability analysis 

The most preferred properties of water based drilling fluid during drilling operations involves 

minimum filtrate loss, thin, impermeable and dense filter cake which prevent the invasion of drilling 

fluid to seep into the formation of wellbore, prevent the wellbore form collapse, prevent the pipe 

sticking and help in smooth drilling operations. To measure the effectiveness of drilling fluid, 

determination of permeability filter cake formed on the walls of the wellbore could help us to 

understand the efficiency and effectiveness of drilling fluid. of One of the important technique to 

measure the permeability of filter cakes using Darcy’s law in which the basis is the flow of liquid 

through the filter cake. The filtrate volume and square root of time for filtration process has the linear 

relationship and this relationship is presented by Darcy’s law: 

𝑑𝑉𝑓

𝑑𝑡
 =   

𝑘𝐴∆𝑃

𝜇ℎ𝑐
 (10) 

Where 𝑉𝑓 is filtrate volume (cm3), 𝑡 is the time for filtration (sec), ∆𝑃 is the pressure drop across the 

filter cake (Pa), 𝐴 is the area of filter medium (cm2), 𝜇 is the viscosity of filtrate (Pa.s), ℎ𝑐 is the 

thickness of filter cake (cm) and 𝑘 is the permeability of filter cake usually reported as (μD). To 

measure the permeability of filter cake, following three parameters would consider as constant such 

as ∆𝑃 is the pressure drop across the filter cake (690 kPa), 𝐴 is the area of filter medium (45.6 cm2), 

and 𝜇 is the viscosity of filtrate (8.90 x 10-4Pa.s). 

3.2.6 Scanning electron microscope (SEM) analysis 

Scanning electron microscope employed to take high resolution images of filter cakes obtained after 

the filtration experiment. SEM usually involves high energy beam of electrons to generate high 

resolution two dimensional images of objects. In the present work, JSM-6610LV scanning electron 
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microscope (SEM) was used with 10 (μm) width of image at (1000 x magnification) to analyze the 

surface morphology, structure and arrangements of different drilling fluid additives on the filter 

cakes. Six filter cake images from SEM were taken to study the effect of bentonite, polymers and 

nanoparticles on surface morphology on the dried filter cakes from six water based drilling fluid 

formulations. 

3.2.7 Thermogravimetric (TGA) analysis 

TGA was performed to study the thermal stability of bentonite by SDT Q600 TA Instrument. About 

6.5 mg bentonite sample was placed in microbalance with the heating rate of 10°C/min and scanned 

from 0oC to 800oC in the nitrogen environment. 

3.2.8 X-Ray diffraction (XRD) 

XRD analysis was performed by D8 DISCOVER instrument usually used for powder and thin film 

applications. The XRD has Copper tube anode with 30 mA generators current. The reflection peaks 

were obtained between 2θ = 2° and 70° with relative intensities. The reflection peaks were analyzed 

to confirm the components of bentonite. 
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4 CHAPTER 4 

Rheological Properties of bentonite dispersions: Effect of 

temperature and electrolyte concentration 

4.1 Characterization of bentonite  

X-ray fluorescence analysis is one of the important techniques for determining the chemical 

composition and nature of minerals in clay sample. The results showed that the used sample of clay 

is Ca-bentonite with major component silicon oxide.  The concentrations of silicon oxide and other 

oxides are listed in Table 4.1. 

Table 4.1 X-ray fluorescence analysis of Bentonite  

Composition SiO2 Al2O3 Fe2O3 Na2O CaO K2O MgO P2O5 TiO2 

wt.% 59.7 22.35 5.5 2.23 2.55 1.31 2.77 0.55 0.31 

Thermogravimetric analysis TGA was performed to study the thermal stability of bentonite by SDT 

Q600 TA Instrument. About 6.5 mg bentonite sample was placed in microbalance with the heating 

rate of 10°C/min and scanned from 30°C to 800°C in the nitrogen environment. Thermal stability 

and mass loss of bentonite sample upon heating were explained by thermal gravimetric analysis.  

Figure 4.1 shows the percentage of mass loss of bentonite sample at two distinct steps and it was also 

confirmed by deriv. weight (%) curve of bentonite which distinctly shows two peaks as shown in 

Figure 4.1.  In the first step, approximately 7% mass loss was in the range of 40°C to 110°C and later 

5% mass loss was in the range of 500°C to 700°C. The first mass loss was attributed to the removal 
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of adsorbed water molecules on cations among the interlayer spaces of bentonite. From 500°C to 

700°C, the mass loss was due to dihydroxylation of bentonite surface. The mass loss in this range 

also includes the loss of non-chemically attached oxides of titanium, phosphorus, calcium, and 

potassium with other impurities such as sulfur and carbon. 

 

Figure 4.1 TGA of bentonite 

The X-ray diffractogram of bentonite sample is presented in Figure 4.2. The investigation of 

reflection peaks indicates the composition of minerals and their relative height shows the abundance 

of minerals in the bentonite sample. The reflection peaks occurred at 7.2°, 21.3°, 27°, 50°, 62° and 

64° show the presence of quartz. The reflection peaks for feldspar appeared in the range of 24° to 

29.5°. Similarly, the major reflection peaks for montmorillonite (Mt) were found at 19°, 35.5°, 39°, 

54°, 59° and for calcite reflection peaks appeared in the range of 44° to 48.5°. Both XRD and XRF 

confirmed that the major component of bentonite is quartz and montmorillonite minerals. 

4.2 Effect of bentonite concentration on rheological properties  

Rheological behavior of bentonite dispersions was assessed by increasing the concentration of 

bentonite from 4 m% to 7 m%. Selection of optimum concentration of bentonite is crucial in the 

drilling industry. Lower concentrations of bentonite may result in poor gel behavior. Conversely, 

higher concentrations of bentonite will make it highly viscous resulting in the higher power 
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requirement of the drilling operation. This section deals with rheological properties of bentonite 

dispersions and rheological parameters obtained by fitting experimental data using four different 

mathematical models (Cross, Carreau, Bingham, and Herschel-Bulkley) at 25°C.  
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Figure 4.2 XRD spectrum of bentonite 

 

Figure 4.3 represents the effect of bentonite concentration on steady shear viscosity. All the bentonite 

dispersions indicate shear thinning (pseudoplastic) behavior which means by increasing the shear 

rate, the viscosity of bentonite dispersion decreases, and similar results were reported in the literature 

[11, 102]. At low shear rates, a prominent increase in apparent viscosity was observed by increasing 

bentonite concentration as compared to the high shear rates. This increase in viscosity is due to the 

interaction among the particles of bentonite. There are two mechanisms which describe the particles 



50 

 

interaction of bentonite in electrolyte free dispersions depending upon the edge to face and edge to 

edge associations. These associations lead to the formation of card house structure which results in 

the three-dimensional association of particles interaction and increases the viscosity of bentonite 

dispersions at higher concentrations.  

 

Figure 4.3 Steady shear viscosity of different concentrations of bentonite in deionized water at 

25°C 

Viscosity vs shear rate data was fitted to Cross and Carreau Models and model parameters are listed 

in Table 4.2. Results showed that zero shear rate viscosity increases by increasing the concentration 

of bentonite. This implies that bentonite particles in dispersion have strong inter-particle interactions 

and these interactions increased by increasing the bentonite concentration. Infinite shear rate 

viscosity is calculated at very high shear rate approaches to infinity. Low values of infinite shear rate 

viscosities were observed, which is an indication of the breakdown of inter-particle interactions of 

bentonite dispersion at high shear rates. Consistency index ‘k’ increased by increasing the 

concentration of bentonite and this parameter has a great significance for determining the shear 

thinning properties. Reciprocal of consistency index ‘k’ gives the onset shear rate for shear thinning 
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at a given concentration. By the increase in bentonite concentration, onset of shear rate for shear 

thinning moves toward the smaller shear rate. The rate constant ‘m’ of Cross model parameter is a 

dimensionless parameter which indicates the viscosity dependence on the shear rate in the shear-

thinning region and zero value of ‘m’ shows the Newtonian behavior. Increasing value of ‘m’ 

towards 1 indicates the increase in shear thinning behavior. The value of rate constant increases by 

increasing the concentration of bentonite, which means shear-thinning behavior increases with 

concentration.  

Table 4.2 Rheological parameters of Cross and Carreau Models at 25°C with different 

concentration of bentonite 

Concentration 

(m%) 
Cross model parameters Carreau model parameters 

ηο 

(Pa.s) 

k (s) m R2 ηο 

(Pa.s) 

k (s) n R2 

4 48 280 0.91 0.99 31 219 0.12 0.99 

5 59.2 260 0.86 0.99 38 201 0.17 0.99 

6 2726 2629 0.92 0.99 766 662 0.08 0.99 

7 23271 6568 0.99 0.998 2790 759 0.05 0.998 

 

 

Figure 4.4 The flow curves of bentonite concentrations in deionized water at 25°C 
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Figure 4.4 represents the effect of four different bentonite concentrations on flow curves at constant 

temperature 25oC. At low shear rates, the increase in shear stress was noticed by increasing the 

bentonite concentration. This increase in shear stress is attributed to the gelation of bentonite particles 

in the aqueous medium and increased particles associations. A significant increase in shear stress 

was observed with 6 and 7 m% bentonite concentrations at low shear rates. Shear stress vs shear rate 

data was fitted to Bingham and Herschel-Bulkley models to study the effect of bentonite 

concentration on model’s parameters that are listed in Table 4.3.  

Table 4.3 Rheological parameters of Bingham and Herschel-Bulkley Models at 25°C with different 

concentration of bentonite 

Concentration 

(m%) 
Bingham model parameters Herschel-Bulkley model parameters 

τo (Pa) ηp 

(Pa.s) 

R2 τo (Pa) K 

(Pa. sn) 

n R2 

4 0.17 7.22e-3 0.98 0.27 6.04e-4 1.36 0.99 

5 0.37 8.48e-3 0.97 0.48 1.14e-3 1.29 0.98 

6 2.15 8.86e-3 0.97 2.12 0.01 0.94 0.97 

7 5.25 0.01 0.89 4.78 0.18 0.58 0.93 

 

Yield stress is the threshold stress that is required to flow the fluid and for drilling fluids yield stress 

of bentonite dispersions indicates the ability to lift the drilled cuttings to the surface. Bingham yield 

stress increases 2988% by increasing the concentration of bentonite from 4 m% to 7 m%. Bingham 

plastic viscosity increases by 38% by increasing the concentration of bentonite. The higher values of 

correlation coefficient show the best fitting of Herschel-Bulkley model over the wide range of shear 

rates. Low plastic viscosity indicates the ease of drilling operations while high plastic viscosity 

makes the drilling fluids highly viscous. A significant increase 1670% in Herschel-Bulkley yield 

stress was observed with increasing concentration of bentonite from 4 m% to 7 m%. Consistency 

coefficient ‘K’ describes the dependence of shear stress on shear rate. The consistency coefficient 

increases with the increase in bentonite concentration which implies that hole cleaning efficiency 
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increases. The flow behavior index ‘n’ decreases with the increase in bentonite concentration 

showing that shear thinning behavior increases. 

 

Figure 4.5 Effect of bentonite concentration on storage modulus in deionized water at 25°C 

 

Dynamic rheology test was also performed at 25°C with increasing angular frequency to study the 

effect of concentration on rheological properties. Storage and loss modulus describes the viscoelastic 

behavior of bentonite dispersions. Storage modulus describes the energy stored and indicates the 

elasticity of dispersion and loss modulus describes the energy dissipation as heat and accounts for 

the viscous portion of bentonite dispersions. The storage and loss modulus increased by increasing 

the concentration of bentonite as shown in Figure 4.5 which represents that by the increase in 

bentonite concentration, the structural stability of dispersions increases. The increase of storage and 

loss modulus results also support the steady shear rheology results which indicate the increase in 

rheological properties by increasing bentonite concentration. The maximum storage and loss 

modulus was observed 7 m% of bentonite concentration which indicates that solid like (gel) behavior 

with high structural stability and high viscous properties respectively. The similar results of storage 
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and loss modulus were reported in the literature [108]. Gel strength is the ability of bentonite 

dispersions to suspend the drilled cutting. This property is very important in drilling applications for 

transporting the drilled cutting to the surface. Figure 4.6 represents the trend of 10-second and 10-

minutes gel strengths by increasing concentration of bentonite. 7 m% bentonite dispersions showed 

the highest value of gel strength due to the excellent gelation behavior of bentonite platelets.   

The increase in rheological properties by increasing the concentration of bentonite also attributed to 

the presence of iron oxide as shown in XRF analysis. The iron oxide particles impart aggregation 

among the bentonite platelets in the form of three-dimensional network that limits the movement of 

negatively charged platelets of clay. A three-dimensional network is formed by iron oxide particles 

that act as bridges among the negatively charges surfaces of bentonite which results in the 

enhancement of yield stress and viscosity. The overall increase in rheological properties by 

increasing bentonite concentration is due to the extensive associations among the particles of 

dispersion.  

 

 

Figure 4.6 Effect of bentonite concentration on gel strength at 25°C 
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In summary, rheological properties of bentonite dispersions strongly depend on the concentration of 

bentonite. Yield stress, zero shear viscosity, plastic viscosity, gel strength, and storage modulus 

increases with increase in concentrations. 

4.3 Effect of electrolyte concentration on rheological properties  

The interactions of clay platelets greatly affected type and concentration of the electrolytes. This 

section highlights the results of bentonite dispersions by varying the electrolyte concentration from 

0.025 M to 0.1 M NaCl. The effect of electrolyte concentrations on rheological properties was 

investigated using 5 m% bentonite dispersions and similar results are reported in the literature [29]. 

The concentration of bentonite lower than 5 m% doesn’t give appropriate rheological properties 

while higher concentration results in the increase in drag and pipe sticking issues in the drilling 

process.    

 

Figure 4.7 Steady shear viscosity profile of 5 m% bentonite in different electrolyte concentrations 

at 25°C 
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Figure 4.7 represents the effect of salt concentration on steady shear viscosity. It has been noticed 

that increasing salt concentration decreases the apparent viscosity of water-bentonite dispersions. 

The prominent decrease in apparent viscosity is due to the agglomerations of clay platelets by 

increasing salt concentration. In the presence of an electrolyte, rheological properties are greatly 

affected by electrostatic interactions and interaction of double layers among the particles of 

bentonite. The existence of a double layer of cations around negatively charged surfaces of bentonite 

plays a key role in stabilizing the dispersion by mutual repulsion of the particles. These positively 

charged ions are attracted towards the negatively charged surface of bentonite due to electrostatic 

force of attraction. The concentration of counter positive ions is high near to the surface and cations 

can diffuse away into the lower concentration of the bulk solution. The first layer is known as a stern 

layer with high concentration of counter positive ions while the second layer is known as a diffuse 

layer with a lower concentration of ions which can diffuse away from the negatively charged surface 

in bulk solution. 

The concentration of electrolyte will not affect the negative charge on the surface of bentonite 

particles. It will mainly affect the concentration of counter positive ions in the solution and in the 

double layer. Increasing the counter ions concentration will compress the double layer and extent of 

compression will depend on the electrolyte concentration. It means higher the concentration of 

electrolyte; the extent of double layer compression will be high. At high concentration of sodium 

chloride (excess number of Na+ ions), two double layer comes closer to each other through the 

bridging of sodium ions. The diffuse layer of ions vanishes around the negatively charged surfaces 

and only one layer of positive ions attracts the two negatively charged surfaces through strong 

electrostatic force of attraction, thus giving the more compact structure of water-bentonite 

dispersions. Due to the compression of double layer structure upon adding electrolytes in bentonite 
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dispersions, rheological properties such as apparent viscosity, plastic viscosity, and yield stress 

decreases.    

Table 4.4 represents the parameters of Cross and Carreau models and their variation with electrolyte 

concentration. Zero shear viscosity was substantially decreased with the increase in electrolyte 

concentration, while very small infinite shear rate viscosities was observed for all bentonite 

dispersion and excluded from the results. The applicability of these models shows the best fitting of 

experimental data for the whole range of shear rates and in the presence of an electrolyte. The 

addition of electrolytes enhances face-to-face interactions that result in the increase in flocculation 

and decreases in viscosity. Consistency coefficient decreases with increasing salt concentration for 

both models and its reciprocal increases indicate the onset of shear thinning shifts towards the high 

shear rate by increasing electrolyte concentration. The increase in Cross model parameter ‘m’ shows 

that shear thinning behavior of dispersions increases with salt concentration. The decrease in Carreau 

model parameter ‘n’ which is also named as power law index reveals that shear thinning property 

increases with the increase in electrolyte concentration. 

Table 4.4 Rheological parameters of Cross and Carreau Models at 5 m% bentonite in different 

concentrations of electrolyte 

Concentratio

n 

Molarity 

(NaCl) 

Cross model parameters Carreau model parameters 

ηο (Pa.s) k (s) m R2 ηο (Pa.s) k (s) n R2 

0.025 1284 378 1.08 0.99 821 275 0.93 0.99 
0.05 657 210 1.11 0.99 479 178 0.91 0.99 

0.075 413 170 1.13 0.99 309 148 0.88 0.99 
0.1 382 264 1.12 0.99 244 193 0.88 0.99 

Figure 4.8 represents the effect of electrolyte concentration on flow curves at 25oC. Shear stress 

increases with increasing the shear rate and this phenomenon is associated with enhanced interactions 

among the particles of bentonite. By increasing the electrolyte concentration from 0.025 M to 0.1 M, 
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shear stress decreases prominently at lower shear rates. A significant decrease in shear stress was 

observed with a 0.1 M concentration of bentonite dispersion at low shear rate. While at a high shear 

rate around 1000 s-1, all the flow curves converge at the same point. The decrease in shear stress by 

increasing electrolyte concentration is attributed to the disruption in network structure and 

compression of the double layer among the particles of bentonite.   

 

Figure 4.8 Flow curves of 5 m% bentonite in different electrolyte concentrations at 25°C 

Table 4.5 shows the parameters of Bingham plastic and Herschel-Bulkley models with various 

electrolyte concentrations from 0.025 M to 0.1 M NaCl solution at 25°C. The Bingham yield stress 

and plastic viscosity decreases by increasing electrolyte concentration. A 65% decrease in Bingham 

yield stress noticed from 0.025 M to 0.1 M concentration and 4.8% decrease in plastic viscosity was 

observed. While Herschel-Bulkley yield stress decreases 63% with increasing electrolyte 

concentration. Consistency coefficient ‘K’ increases with the increase in electrolyte concentration 

which represents the dependence of shear stress on shear rates and flow behavior index ‘n’ decreases, 

which represents the increase of shear thinning behavior with increasing salt concentration. The 



59 

 

decreases in Bingham and Herschel-Bulkley yield stresses are almost same order but the correlation 

coefficient indicates that Herschel-Bulkley model presents the best fitting of experimental data over 

the wide range of shear rates from 0.01 s-1 to 1000 s-1. Bingham model is only applicable to low shear 

rates, where shear stress and directly related to shear rate. Above the yield stress, it behaves as a 

Newtonian model and shows a linear relationship between shear stress and shear rate. But in the 

actual case, bentonite dispersions in the presence of electrolyte shows non-Newtonian behavior even 

at high rates and above the yield stress. That’s why Herschel-Bulkley model covers the entire range 

of shear rates and explains well the non-Newtonian behavior of bentonite dispersions. 

Table 4.5 Rheological parameters of Bingham and Herschel-Bulkley Models at 5 m% BT in 

different concentrations of electrolyte at 25°C 

Concentration 

Molarity 

Bingham model parameters Herschel-Bulkley model parameters 

τo (Pa) ηp (Pa.s) R2 τo (Pa) K (Pa. sn) n R2 

0.025 1.98 6.71e-3 0.93 2.14 6.70e-5 1.67 0.96 

0.05 1.64 6.56e-3 0.92 1.74 4.75e-5 1.65 0.96 

0.075 1.11 6.51e-3 0.98 1.23 1.70e-4 1.53 0.97 

0.1 0.69 6.38e-3 0.97 0.79 3.50e-4 1.42 0.99 

 

Dynamic rheology test was performed at 25°C to study the effect of electrolyte concentration on 

rheological properties. Figure 4.9 represents the storage and loss modulus decreases with the increase 

in electrolyte concentration. A distinctive decrease in storage and loss modulus was noticed at 0.1 M 

concentration of the electrolyte. This overall decrease in storage and loss modulus represents that 

elasticity and viscous properties of bentonite dispersions in electrolyte solution decrease which is 

due to the increase in flocculation in bentonite dispersions. The dynamic rheology results have 

supported the results of steady shear rheology which indicates that by increasing the concentration 

of electrolyte in bentonite dispersions, the rheological properties decrease. Figure 4.10 shows a trend 

of gel strength also affected by increasing electrolyte concentration. Gel strength decreases with 

increasing electrolyte concentration due to the breakdown of edge to edge and edge to face 
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interactions and formation of face to face interactions among the bentonite dispersion and lowest gel 

strength was observed with 0.1 M electrolyte concentration. The overall gelation behavior of 

bentonite dispersion decreases with the increase of electrolyte concentration.    

 

Figure 4.9 Effect of different electrolyte concentrations on storage modulus of 5 m% bentonite 

dispersions at 25°C 

 

Figure 4.10 Effect of electrolyte concentration of 5 m% bentonite dispersion on gel strength at 

25°C 
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4.4 Effect of temperature on rheology of bentonite dispersions in deionized 

water   

Rheological properties of 5 m% bentonite-water systems were evaluated at four different 

temperatures. The experimental data were fitted into Bingham and Herschel-Bulkley models to study 

the effect of temperature on rheological parameters yield stress, apparent viscosity, plastic viscosity 

and flow behavior index in deionized water. 

 

Figure 4.11 Steady shear viscosity profile of 5 m% bentonite dispersion in deionized water at 

different temperatures 

Figure 4.11 represents the steady state viscosity profiles of 5 m% bentonite dispersion in deionized 

water at four different temperatures. The apparent viscosity of 5 m% bentonite-water dispersion 

increases by the increases in temperature at a low shear rate 0.01 s-1 while at the higher shear rate 

this change in apparent viscosity was not clearly observed. In fact, all the curves converge nearly at 

the same point due to the breakdown of interparticle interactions at high shear rates and similar results 

were reported in the literature for a fixed concentration of bentonite [30]. At a particular temperature, 

particles of bentonite dispersions are in dispersed state and associated with each other through edge 
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to face mode of interactions. When temperature increases, the dispersed state particles moved due to 

Brownian motion and changed into cluster form by making face to face interactions among the 

platelets of bentonite. Higher temperature may increase the frequency of breakdown of the cluster 

but there is an equilibrium at which the frequency of cluster formation through face to face 

interactions is high as compared to the frequency of cluster break down. At higher temperature, face 

to face interactions are made due to the increased ionic activity in bentonite dispersions. The cations 

surrounded the clay platelets moved into the solution resulting in the compression of a double layer 

with increased face to face interactions and cluster formation among the particles. Thus, increase in 

temperature increases the rheological properties of bentonite dispersions.  

 

Figure 4.12 Flow curves of 5 m% bentonite dispersion in deionized water at different temperatures 

Figure 4.12 represents the flow curves of 5 m% bentonite-water system tested at four different 

temperatures. At low shear rates, shear stress increases with the increase in temperature but at higher 

shear rates, all the curves for shear stress converge at the same point. 

Bingham plastic and Herschel-Bulkley models were applied to the data to study the rheological 

behavior of at different temperatures and all the model parameters are reported in Table 4.6 . The 
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Bingham yield stress increases 625% with the increase in temperature while Bingham plastic 

viscosity decreases 5.7% with the increase in temperature from 25°C to 85°C. The Herschel-Bulkley 

yield stress increases 258% with the increases in temperature from 25°C to 85°C. the increase of 

yield stress with the rise in temperature is due to the thermal induce swelling and flocculation of 

bentonite platelets. 

 

Figure 4.13 Effect of bentonite concentration on Bingham yield stress at different temperatures 

The correlation coefficient shows that Herschel-Bulkley model is the best fitting of experimental 

data. Although for Bingham model correlation coefficient decreases abruptly with the increase in 

temperature which shows that Bingham model is not applicable for the high temperature at high 

shear rates. The consistency coefficient ‘K’ indicates the relationship with viscosity and increase in 

temperature increases the steady shear viscosity at a given shear rate. For temperature 25°C and 

45°C, the flow behavior index ‘n’ is higher than unity indicating the shear thickening behavior of 

bentonite dispersions.  The decreasing trend of flow behavior index ‘n’ with the rise in temperature 

at 65°C and 85°C illustrates the shear thinning behavior of bentonite dispersions. The increase in 
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temperature of bentonite-water dispersions displays non-Newtonian behavior at a higher temperature 

and a similar trend of rheological parameters was reported in the literature [31]. 

 

Table 4.6 Rheological parameters of Bingham and Herschel-Bulkley Models with 5 m% bentonite 

at different temperatures 

Temp °C 
Bingham model parameters Herschel-Bulkley model parameters 

τo (Pa) ηp (Pa.s) R2 τo (Pa) K (Pa. sn) n R2 

25 0.37 8.48e-3 0.97 0.48 1.14e-3 1.29 0.98 

45 0.76 7.56e-3 0.96 0.84 1.75e-3 1.21 0.96 

65 1.10 7.30e-3 0.91 1.04 0.02 0.86 0.91 

85 2.69 7.99e-3 o.65 1.72 0.60 0.37 0.82 

  

 
Figure 4.14 Effect of bentonite concentration on Herschel-Bulkley yield stress at different 

temperature 

Figure 4.13 and Figure 4.14represents the variation of Bingham and Herschel-Bulkley yield stress 

with bentonite concentration at various temperatures from 25°C to 85°C in deionized water. By 

increasing the concentration of bentonite, yield stress increases exponentially due to the enhanced 

interactions among the particles of bentonite. For a given concentration, Bingham and Herschel-

Bulkley yield stress increased by increasing the temperature and prominent increase in the yield 

stress was noticed at 85°C with 7 m% bentonite concentration. 
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4.5 Effect of temperature on rheology of bentonite dispersions in salt water   

This section explains the rheological properties of 5 m% bentonite dispersion in the presence of fixed 

electrolyte concentration at four different temperatures. Rheological properties were determined by 

fitting shear stress vs shear rate data into Bingham and Herschel-Bulkley models. The effect of 

temperature on yield stress, apparent viscosity, plastic viscosity and flow behavior index was 

discussed.  

Figure 4.15 represents the steady shear viscosity profiles of bentonite dispersions in 0.025 M salt 

water at different temperatures. The viscosity of bentonite dispersion in salt water increases with the 

increase in temperature. The increase of viscosity is prominent at low shear rates due to the existence 

of structural bonds among the particles. While at high shear rates, all the steady shear viscosity profile 

decreases and converged around the single point due to the rupture of bonds among particles. The 

higher temperature increases the steady shear rate viscosity due to the combined effect of cluster 

formation and compression of a double layer with the increase in temperature. 

 

Figure 4.15 Steady shear viscosity profile of 5 m% bentonite concentration in (0.025 M) salt water 

at different temperatures 
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Figure 4.16 The flow curves of 5 m% bentonite concentration in (0.025 M) salt water at different 

temperatures 

 

Figure 4.16 represents the effect of different temperatures on flow curves of 5 m% bentonite in the 

presence of 0.025 M sodium chloride solution. It indicates the increasing trend of shear stress by 

increasing shear rate from 0.01 s-1 to 1000 s-1. At low shear rates, this change in shear stress at a 

different temperature is high but at the high shear rate, this change in shear stress is not prominent. 

Bingham plastic and Herschel-Bulkley models were applied to the shear stress vs shear rate data to 

study the rheological behavior of bentonite dispersions in the presence of electrolyte at different 

temperatures and all the model parameters are listed in Table 4.7. Bingham yield stress increases 

1478% with an increase in temperature while plastic viscosity decreases 19% with temperature 

increase from 25°C to 85°C. Herschel-Bulkley yield stress increases 142% with the rise in 

temperature up to 85°C due to the thermal induce swelling of bentonite platelets which results in the 

flocculation among the platelets. Flow behavior index ‘n’ of Herschel-Bulkley model shows the 

increase up to 65°C which represents the shear thickening behavior.  At 85°C, the value of flow 
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behavior index ‘n’ decreases from one, which shows shear thinning behavior at elevated temperature. 

The correlation coefficients show the best fitting of experimental data in Herschel-Bulkley models 

over the entire range of shear rates.  

Table 4.7 Rheological parameters of Bingham and Herschel-Bulkley Models with 5 m% bentonite 

in 0.025 M NaCl electrolyte at different temperatures 

Temp °C 
Bingham model parameters Herschel-Bulkley model parameters 

τo (Pa) ηp (Pa.s) R2 τo (Pa) K (Pa. sn) n R2 

25 1.98 6.71e-3 0.93 2.14 6.70e-6 1.67 0.96 

45 2.32 5.64e-3 0.91 2.44 8.29e-6 1.61 0.94 

65 3.05 5.20e-3 0.54 3.15 1.24e-5 1.48 0.55 

85 4.56 4.99e-3 0.51 4.86 3.38e-5 1.39 0.54 

 

 

Figure 4.17 Effect of electrolyte concentration of 5 m% bentonite dispersion on Bingham yield 

stress at different temperatures 

Figure 4.17 and Figure 4.18 represents the variation of Bingham and Herschel-Bulkley yield stress 

of 5 m% bentonite dispersions respectively with the variation of electrolyte concentration at various 

temperatures from 25°C to 85°C. By increasing the concentration of electrolyte at given temperature, 

Bingham yield stress and Herschel-Bulkley yield stress decreases due to the suppression of double 

layer which results in agglomeration. At a given concentration, Bingham and Herschel-Bulkley yield 
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stress increased by increasing the temperature. The prominent increase in yield stress was noticed at 

85°C with 0.025 M concentration of electrolyte. 

 

 

Figure 4.18 Effect of electrolyte concentration of 5 m% bentonite dispersion on Herschel-Bulkley 

yield stress at different temperatures 
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5 CHAPTER 5 

High molecular weight copolymers as rheology modifiers and fluid 

loss additives for water based drilling fluids  

The discussion of this chapter is divided into four different sections. The first section deals with the 

rheological properties of three water-soluble acrylamide-based copolymers without bentonite. The 

second section describes the rheological properties of bentonite/polymer dispersions. Third and 

fourth sections discuss the thermal stability and filtration properties of bentonite/polymer 

dispersions, respectively.  

5.1 Rheological properties of polymer solutions  

Figure 5.1 represents the steady shear viscosity of polymer solutions (without bentonite) as a function 

of shear rate at 25°C. All the polymer solutions show shear thinning behavior. The steady shear 

viscosity of polymer solution differs based on functional group distribution, ionic strength, DOH, 

polymer molecular weight, conformations of polymer chains, and surface charge. In this study, the 

effect of DOH and nature of polymer chains are mainly discussed. The polymer solution P3 shows 

minimum shear viscosity as compared to P1 and P2 polymer solutions due to the presence of small 

of acrylate side group. The DOH of P3 polymer is intermediate to that of P1 and P2. The P1 and P2 

polymer solutions have same comonomer (2-Acrylamido-2-Methylpropane Sulfonic Acid) but differ 

in DOH. The polymer that has a higher DOH contains a substantial number of functional groups with 

replaceable metal ions. Due to the higher DOH of P2 polymer solution shows high shear viscosity 

compared to the P1 polymer solution.  
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Figure 5.1 Steady shear viscosity of different polymers at 25°C in deionized water 

The flow curves of polymer solutions at 25°C are represented in Figure 5.2. Polymer solution P3 has 

lowest shear stress while P2 has highest shear stress at 1 s-1 shear rate. The P1 polymer solution has 

38% high yield stress compared to the P3 polymer solution while P2 polymer solution has 65% high 

yield stress compared to the P1 polymer solution at 1 s-1 shear rate. The change in shear stress at the 

low shear rate is more prominent because of strong interactions between the polymer chains. While 

at high shear rates, the polymer chains align in the direction of flow and change in shear stress was 

not prominent. In summary, the rheological results of polymer solutions (without bentonite) suggest 

that the acrylamide-based copolymers containing acrylic acid have higher viscosity compared to the 

copolymer having AMPS as a comonomer. In addition, the acrylamide-AMPS copolymer having a 

higher DOH exhibited a higher viscosity. After evaluating the rheological properties of polymers, 

we were further interested to see how these polymers interact with bentonite. Therefore, detailed 

rheological investigation of bentonite/polymer dispersion was conducted.      
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Figure 5.2 Flow curves of different polymers at 25°C in deionized water 

5.2 Rheological properties of bentonite/polymer dispersions 

The rheological properties of bentonite/polymer dispersions in deionized water were studied at 25°C 

and 85°C. Figure 5.3 represents the steady shear viscosity of bentonite and bentonite/polymer 

dispersions at 25°C. All added polymer enhanced the rheological properties of bentonite. The low 

steady shear viscosity of bentonite dispersion was attributed to the weak interactions among the 

platelets of bentonite in deionized water. The interactions of bentonite with polymer molecules could 

be explained in two different ways. The first is adsorption of polymer chains on bentonite platelets 

and second is ionic interactions due to the presence of negative charges on functional groups on 

polymer molecules and positively charged edges of bentonite platelets. BT/P3 dispersions showed 

highest steady shear viscosity due to the greater interactions of acrylate group with positively charged 

edges of bentonite platelets. These results are interesting and opposite that was observed for aqueous 

solutions of polymers (without bentonite). The viscosity of the P3 polymer was lowest compared to 

other polymers (Figure 5.1). However, in bentonite/polymer dispersions, the bentonite/P3 polymer 
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dispersion showed maximum viscosity compared to other bentonite/polymer dispersions. This is 

because small acrylate group offers less hindrance compared to bulky groups and attach with 

bentonite at multiple points and interacts with positively charged edges of bentonite and it creates 

strong ionic interaction which leads to the improved rheological properties of BT/P3 polymer 

dispersion.  BT/P1 and BT/P2 dispersions have less shear viscosity compared to the BT/P3 

dispersion. This is attributed to the lesser interactions of the bulky functional group (2-Acrylamido-

2-Methylpropane Sulfonic Acid) with bentonite platelets due to the stearic hindrance of the bulky 

group along the polymer chains. On the other hand, the BT/P2 dispersions have high viscosity 

compared to the BT/P1 dispersion due to the higher DOH of the P2 polymer. Higher DOH indicated 

that there are more ionizable functional groups along the polymer chain which can interact with 

bentonite platelets and gives better rheological properties. In summary, the acrylamide-based 

copolymers containing smaller comonomers (acrylic acid) showed better rheological properties in 

bentonite/polymer dispersions compared to the bulky comonomers (AMPS). The degree of 

hydrolysis of the polymers is another important factor and rheological properties of 

bentonite/polymer dispersions depend on DOH of the polymer as well. 

The steady shear viscosities of bentonite and bentonite/polymer dispersions at 85°C are represented 

in Figure 5.4. All the viscosity curves of bentonite and bentonite/polymer dispersions represent 

pseudo-plastic behavior that indicates the decrease in the viscosity by increasing the shear rate and 

similar results are reported in the literature [49]. The increase in the temperature of bentonite 

dispersion increases the steady shear viscosity due to the flocculation and thermal induce swelling 

of bentonite platelets. Similarly, elevating the temperature of bentonite/polymer dispersions to 85°C 

results in the increase in steady shear viscosity compared to the bentonite/polymer dispersions at 

25°C. As the shear rate increases, the viscosity of bentonite/polymer dispersion decreases. Similar 
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to low-temperature behavior, the BT/P3 dispersion shows the highest viscosity compared to the 

BT/P1 and BT/P2 dispersions at 85 °C as well. This indicates that acrylamide-based copolymers with 

smaller comonomer show better rheology at low and high temperatures in bentonite/polymer 

dispersions compared to the copolymers containing bulky comonomers. 

 

Figure 5.3 Steady shear viscosity of bentonite and bentonite/polymer suspensions at 25°C in 

deionized water 

The flow curves of bentonite and bentonite/polymer dispersions are represented in Figure 5.5 and 

Figure 5.6 at 25°C and 85°C, respectively. All the flow curves of bentonite and bentonite/polymer 

dispersions exhibit non-Newtonian shear thinning behavior at 25°C and 85°C. The shear stress vs 

shear rate data was fitted to Herschel-Bulkley model at 25°C and 85°C and the rheological 

parameters are listed in Table 5.1. At low shear rate and 25°C, the shear stress of bentonite dispersion 

has the lowest value compared to bentonite/polymer dispersions.  BT/P3 dispersion showed the 

highest value of shear stress compared to all other dispersions. The order of increment in shear stress 

was given as BT<BT/P1< BT/P2< BT/P3. The shear stress values at 85°C followed the same trend 
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but with slightly higher values. The yield stress values showed that BT/P1 dispersion has the 

minimum, while BT/P3 dispersion has the maximum value of yield stress at 25°C. The yield stress 

values increases for all dispersions at 85°C due to the enhanced flocculation of bentonite in 

bentonite/polymer dispersions. The higher value of yield stress is needed in drilling fluid operations 

for cutting transport to the surface.   

 

Figure 5.4 Steady shear viscosity of bentonite and bentonite/polymer suspensions at 85°C in 

deionized water 

The rheological parameters extracted using Herschel-Bulkley model for bentonite and 

bentonite/polymer dispersions at 25°C and 85°C are listed in Table 5.1. Consistency coefficient ‘K’ 

represents the dependence of shear stress on shear rate, interactions of drilling fluid components with 

each other and the hole cleaning efficiency. The increase in consistency coefficient was observed 

from 25°C to 85°C for all the formulations. But at 85°C, the consistency coefficient ‘K’ has higher 

values compared to the values at 25°C which depict that at higher temperature the shear stress is 
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more dependent on shear rate and better hole cleaning efficiency. The value of flow behavior index 

‘n’ represents that all the formulations have shear thinning (pseudo-plastic) behavior. The flow 

behavior index at two temperatures 25°C and 85°C are listed in Table 5.1. The comparison of ‘n’ 

values shows that at elevated temperature bentonite and bentonite/polymer dispersions indicates the 

significant shear thinning (pseudo-plastic) behavior.  

 

Figure 5.5 Flow curves of bentonite and bentonite/polymer dispersions at 25°C in deionized water 

Gel strength is one of the key property of drilling fluids which shows the ability of solid suspension 

during the drilling process. Gel strength of water-based drilling fluids strongly affected by the solid 

contents, bacteria, acidic gases, and salts. Temperature also affects the performance of water-based 

drilling fluids which contain polymers and bentonite as a principle component. The gel strength of 

bentonite and bentonite/polymer dispersions at 25°C and 85°C are presented in Figure 5.7 and Figure 

5.8respectively. The higher gel strength is required in drilling operations to suspend rock cuttings. 

The order of 10-seconds and 10-minutes gel strength for bentonite and bentonite/polymer dispersion 
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follow the trend of BT<BT/P1< BT/P2< BT/P3. The higher gel strength of BT/P3 is attributed to the 

strong interactions of bentonite and P3 polymer due to the presence of acrylate functional group. 

Acrylate functional group is small and offers less stearic hindrance. The gel strength at 85°C 

represents a substantial increase in values due to the flocculation of bentonite and bentonite/polymer 

dispersions. 

 

Figure 5.6 Flow curves of bentonite and bentonite/polymer suspensions at 85°C in deionized water 

Table 5.1 Rheological parameters of Herschel-Bulkley model at 25°C and 8°5 for different 

formulations of bentonite and polymers 

Formulations 

Herschel-Bulkley Model at 25°C Herschel-Bulkley Model at 85°C 

Yield 

stress 

 

Consistency 

Index “K” 

(Pa.sn) 

Flow 

behaviour 

index “n” 

Yield 

stress 

Consistency 

Index “K” 

(Pa.sn) 

Flow 

behaviour 

index “n” 

BT 0.83 2.83e-4 0.48 1.72 1.19 0.38 

BT/P1 3.18 0.58 0.68 3.62 3.2 0.29 

BT/P2 3.25 0.91 0.63 3.88 3.6 0.29 

BT/P3 13.7 1.11 0.69 21.6 1.14 0.34 
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In summary, rheological properties of bentonite improved significantly using high molecular weight 

polymers. The addition of polymers in bentonite dispersion enhances the rheological properties such 

as viscosity, yield stress, and gel strength. The superior rheological properties of the P3 polymer 

solution in BT/P3 dispersion at 25°C and 85°C makes it a suitable candidate for drilling fluids. These 

excellent rheological properties of BT/P3 dispersion is due to the strong chemical interactions among 

the polymer functional groups with positively charged edges of bentonite platelets. It was observed 

that the increase in DOH of polymer chains would improve the rheological properties of 

bentonite/polymer dispersions. 

 

 

Figure 5.7 Gel strength of bentonite and bentonite/polymer suspensions at 25°C in deionized water 
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Figure 5.8 Gel strength of bentonite and bentonite/polymer suspensions at 85°C in deionized Water 

5.3 Thermal stability of bentonite/polymer dispersions 

The flow stability test was performed to study the viscosity of bentonite and bentonite/polymer 

dispersions at 25°C and 85°C with a constant shear rate (10 s-1) for 2 hours. Figure 5.9 represents the 

viscosity vs time curves for bentonite and bentonite/polymer dispersions at 25°C. The addition of 

polymers in bentonite dispersion sufficiently improves the viscosity of bentonite dispersion. 

Bentonite dispersion represents the low viscosity while bentonite/polymer dispersion shows higher 

viscosities. The viscosities follow the trend BT< BT/P1<BT/P2<BT/P3 at 25°C and no meaningful 

change in viscosities were observed over the entire range on time. The highest viscosity was observed 

for BT/P3 dispersion that shows favorable behavior for drilling fluids. Figure 5.10 represents the 

viscosity vs time curves for bentonite and bentonite/polymer dispersions at 85°C. The curves follow 

the same trend of increase in viscosity at an elevated temperature as observed at 25°C. The viscosity 

of bentonite and bentonite/polymer dispersion increased at 85°C compared to low-temperature 
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viscosity values. This increment of viscosities was attributed to the flocculation of bentonite and 

bentonite/polymer dispersions. The highest viscosity was observed for BT/P3 dispersion at 85°C. 

With the increase in time, the viscosity of BT/P3 dispersions increases slightly and then becomes 

constant.   

Thermal stability of bentonite/polymer dispersions is tested by aging at 90°C for 16 hours. The 

rheological properties and filtration properties of all the formulations are compared before and after 

aging at 25°C. The comparison of rheological and filtration properties of all the formulations are 

listed in Table 5.2. The constituents of drilling fluids are strongly affected by the elevated 

temperatures in deep wells. The main component of all the formulations is bentonite that is stable at 

elevated temperature but it shows flocculation which results in the increase in rheological properties 

such as yield stress. On contrary, the elevated temperature for bentonite dispersion leads to the high 

volume of fluid loss compared to the low temperature.  

 

Figure 5.9 Comparison of viscosities of bentonite and bentonite/polymer suspensions at 25°C in 

deionized water 
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For bentonite/polymer dispersions, the rheological properties after aging are slightly increased 

indicating the flocculation during the aging process. Rheological data was fitted to the Herschel-

Bulkley model to study the non-Newtonian behavior of drilling fluids. The yield stress of all the 

formulations slightly increased after the aging process indicating the dominant response of 

bentonite/polymer flocculation. The yield stress of bentonite and bentonite/polymer dispersions 

before and after aging follow the given trend BT< BT/P1<BT/P2<BT/P3. The consistency 

coefficient ‘K’ increases from BT dispersion to BT/P3 dispersions before and after aging but after 

aging ‘K’ values are slightly greater due to the flocculation. the. The higher values of ‘K’ for BT/P3 

dispersion indicates that shear stress is strongly dependent on shear rate. The high ‘K’ values also 

describe that the well cleaning efficiency is better compared to the formulation which has low ‘K’ 

values. The flow behavior index ‘n’ indicates the shear thinning (pseudo-plastic) behavior for all the 

formulations before and after aging. But the flow behavior index ‘n’ has slightly higher values for 

the formulations after aging which indicates that the formulations before aging are more shear 

thinning (pseudo-plastic) in behavior.    

Table 5.2 Rheological (Herschel-Bulkley model) and filtration characteristics of bentonite and 

bentonite/polymer suspensions before and after thermal aging 

Formulations 

Before Aging After Aging 

YS (Pa) 
K 

(Pa.sn) 
n 

GS 

10 

sec 

(Pa) 

GS 

10 

min 

(Pa) 

YS (Pa) 
K 

(Pa.sn) 
n 

GS 10 

sec 

(Pa) 

GS 

10 

min 

(Pa) 

BT 0.83 2.8e-4 1.48 0.39 0.67 0.96 0.066 0.81 0.67 1.1 

BT/P1 3.18 0.58 0.68 2.82 2.95 3.19 0.266 0.75 2.83 3.03 

BT/P2 3.25 0.91 0.63 3.69 4.31 3.28 0.594 0.68 3.65 4.59 

BT/P3 13.7 1.11 0.69 11.5 13.9 19.62 0.754 0.75 14.34 16.1 

YS = yield stress, K= consistency coefficient, n = flow behaviour index, GS = gel strength, FL = fluid loss  
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The 10-seconds and 10-minutes gel strengths were measured for all the formulations before and after 

aging which are presented in Table 5.2. The gel strength of formulations after aging was slightly 

increased due to the flocculation or the enhanced interactions of bentonite with polymer molecules. 

The order of 10-seconds and 10-minutes gel strength before and after aging follows the given trend 

BT< BT/P1<BT/P2<BT/P3. 

 

Figure 5.10 Comparison of viscosities of bentonite and bentonite/polymer suspensions at 85°C in 

deionized water 

 

5.4 Filtration measurements  

The API fluid loss test for all drilling formulations was performed at 25°C before and after aging at 

90°C to determine the filtration performance. For all formulations, the filtrate had no color, which 

demonstrates that the filtrate was mainly water. The effect of different polymers on filtration 

performance without aging is shown in Figure 5.11. It was noticed that in the initial 5 minutes, the 
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filtration rate was considerably high. This high filtration rate was ascribed to the absence of filter 

cake in the start of filtration experiment. After 5 minutes, the rate of filtration was prominently 

decreased due to the formation of the filter cake. Bentonite dispersion showed the highest fluid loss 

compared to other bentonite/polymer dispersions. In bentonite filtration experiment, the filter cake 

had small pores and channels which allowed to penetrate the water through it giving high filtrate 

volume. The addition of polymers into bentonite dispersions distinctly decreased the rate of filtration 

and total fluid loss. The decreased fluid loss for bentonite/polymer dispersion was ascribed to the 

adsorption of polymer molecules on bentonite platelets. The long chain polymer molecules offer 

considerable hindrance in penetrating water through filter cake and it also forms a thin layer with 

blocking the pores of the filter cake. 

 

Figure 5.11 Fluid loss volume vs time before aging for bentonite and bentonite/polymer dispersions 

The effect of polymers on the filtration performance after aging is shown in Figure 5.12. The 

filtration performance of the bentonite and bentonite/polymer dispersions showed similar trend but 

with a higher value of fluid loss volume of aged samples. The rate of filtration of bentonite and 



83 

 

bentonite/polymer dispersions was considerably high in the initial 5 minutes. However, after 5 

minutes, a sudden drop in the rate of filtration was observed due to the formation of the filter cake. 

The fluid loss volume of bentonite dispersion was increased after aging the bentonite dispersion. The 

aging process induces the flocculation among bentonite platelets and adsorbed water on bentonite 

was given out which increased the filtrate volume. The performance of bentonite/polymer 

dispersions (aged) was slightly decreased compared to the bentonite/polymer dispersions (without 

aged). The aging of formulation induces the flocculation which resulted in the increase in filtrate 

volume. The comparison of total fluid loss volume per 30 minutes for all the formulation before 

aging and after aging is presented in Figure 5.13. It indicates that incorporation of polymer in 

bentonite dispersion enhances the filtration performance of drilling fluids. Further, the aging of 

drilling fluid formulations severely affects the filtration performance of bentonite dispersions but it 

has a slightly less effect on bentonite/polymer dispersions.  

 

Figure 5.12 Fluid loss volume vs time after aging for bentonite and bentonite/polymer dispersions 
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The overall filtration results showed that the addition of polymer in bentonite dispersion would 

sufficiently reduce the filtration volume. As the DOH of polymer chains increases, the interactions 

of polymer chains with positively charged edges of bentonite increases which results in the slight 

increase in fluid loss. The acrylamide-based copolymers containing bulky comonomers showed 

slightly better filtration properties compared to the copolymer containing smaller comonomers. 

However, the effect of DOH and comonomers size has not significant effect on filtration properties 

and all polymers showed similar filtration properties before and after aging.    

 

 

Figure 5.13 Total fluid loss volumes of bentonite and bentonite/polymer suspensions at 25°C 

before and after aging 
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6 CHAPTER 6 

Rheological and filtration properties of clay-polymer systems: 

Impact of polymer structure 

The discussion of this chapter is divided into four different sections. The first section describes the 

rheological properties of the copolymer (P1) and terpolymer (P4) in deionized and salt water at 25°C 

and 85°C. The second and third section explains the rheological behavior of BT and BT/polymer 

dispersions at 25°C and 85°C in deionized and salt water and gel strength of drilling fluid 

formulations. The fourth section represents the filtration characterizes of BT and BT/polymer 

dispersions at 25°C in deionized and salt water. 

6.1 Rheological properties of polymer solutions  

Figure 6.1 and Figure 6.2 represents the viscosity profiles of polymer P1 and polymer P4 at 25°C 

and 85°C respectively in the presence of deionized and salt water. All the polymer solutions present 

pseudoplastic (shear thinning) behavior at both temperatures. The steady shear viscosities of polymer 

solutions are distinct from each other based on the polymer structure, the chemical structure of 

monomer in the backbone, charge distribution in monomer groups and their distribution along the 

polymer chain. The presence of electrolyte in polymer solution and temperature also affects the shear 

viscosity of polymer solutions. All the polymer solutions in deionized and salt water showed non-

Newtonian behavior as the increase in the shear rate causes a deacrease in the viscosity of the polymer 

solutions. In Figure 6.1, the polymer solution P4 showed maximum shear viscosity compared to the 

P1 polymer solution in deionized water due to the presence of three distinct monomers in the polymer 
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chain. When copolymer and terpolymer dissolved in water separately, the functional groups along 

the backbone of polymer chains get hydrolyzed and becomes negatively charged. These negatively 

charged functional groups induce repulsive forces between the monomers (segments) of the same 

polymer chain and as a results polymer chains starts swelling. The combined effect of repulsive 

forces and swelling of polymer chains results in the increase in viscosity. The polymer solution P4 

has three distinct monomers such as AM, AMPS and NVP monomers in the backbone of the polymer 

chain. The first two monomers (AM and AMPS) hydrolyzed in water giving the negative charge on 

their functional groups and third monomer (NVP) also has a partial negative charge on it. The 

maximum shear viscosity of P4 polymer solution is due to the enormous number of repulsive forces 

compared to the P1 polymer solution.  

The presence of electrolyte in polymer solutions affects the shear viscosity. The polymer solution 

P4/S showed high shear viscosity compared to the polymer solution of P1/S. The presence of 

monovalent cations produced by (NaCl) solution offers considerable shielding to the negatively 

charged functional of polymer chains. Consequently, the interaction between cations and negatively 

charged functional groups arises and repulsive forces among the negatively charged functional 

declines, then polymer chains start to coil up and giving the decreased viscosity of polymer solutions. 

Figure 6.2 shows that the increase in temperature of the polymer solutions up to 85°C decreased the 

viscosity of polymer solutions compared to the polymer solutions at 25°C. The decrease in viscosity 

was attributed to the reduction of repulsive forces among the polymer chains and mobility of polymer 

chains enhanced at higher temperature which results in the decrease in viscosity.  
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Figure 6.1 Steady shear viscosity of polymer solutions at 25°C in deionized and salt water 

 

Figure 6.2 Steady shear viscosity of polymer solutions at 85°C in deionized and salt water 

The flow curves of polymer solutions at 25°C and 85°C in deionized and salt water are represented 

in Figure 6.3Figure 6.3 and Figure 6.4. In Figure 6.3, the polymer solution P4 has higher shear stress 

compared to the polymer solution P1 at 1 s-1 shear rate in deionized water. Similarly, the polymer 

solution P4/S has higher shear stress compared to the polymer solution P1/S at 1 s-1 shear rate in salt 
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water. The shear stress changes more prominently at low shear rate due to the strong repulsive 

interactions among the polymer chains. While at high shear rates, the change in shear stress was not 

prominent due to the alignment of polymer chains along the direction of flow. In Figure 6.4, the 

similar trend of shear stress of polymer solutions was observed in deionized and salt water at 85°C. 

But the overall shear stress of polymer solution decreases at 85°C compared to the 25°C due to the 

increased mobility of polymer chains and fewer interactions among the polymer chains.  

 

Figure 6.3 Flow curves of polymer solutions at 25°C in deionized and salt water 

 

In summary, the rheological properties of polymer solutions in deionized and salt water suggest that 

terpolymer (P4) comprising of AM, APMS and NVP monomers have a higher viscosity in deionized 

water at 25°C and 8°5C compared to the copolymer (P1) of AM and APMS. The presence of NVP 

monomer in terpolymer imparts the additional interactions among the polymer chains which 

enhanced the viscosity of polymer solutions. Further, NVP monomer is less affected by the presence 

of electrolyte solution at both temperatures. After measuring the rheological properties of copolymer 

and terpolymer in deionized and salt water at 25°C and 85°C, we were additionally interested to see 
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how these polymers interact with polymers in deionized and salt water. Further details of rheological 

measurements of BT/polymer dispersions are presented in next section. 

 

Figure 6.4 Flow curves of polymer solutions at 85°C in deionized and salt water 

 

6.2 Rheological properties of drilling fluid formulations 

The rheological properties of BT and BT/polymer dispersions were investigated in deionized and 

salt water at 25°C and 85°C. Figure 6.5 indicates the steady shear viscosity of BT and BT/polymer 

dispersions at 25°C in deionized and salt water. The incorporation of the copolymer (P1) and 

terpolymer (P4) in BT dispersion enhanced the rheological properties. The minimum steady shear 

viscosity of BT dispersion was ascribed to the weak inter-particle interactions of BT platelets in 

deionized and salt water. The enhanced rheological properties of BT/polymer dispersions by the 

inclusion of copolymer (P1) and terpolymer (P4) in BT dispersion could be explained by the 

interactions among BT platelets and polymer chains. The positively charged edges of BT platelets 

interact with the negatively charged moieties along the backbone of polymer chains. The polymer 
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P4 has three distinct moieties along the backbone compared to the polymer P1 and makes strong 

interactions with positively charged edges of BT resulting the highest steady shear viscosity of BT/P4 

dispersion in Figure 6.5. The BT/P1 dispersion showed less steady shear viscosity compared to the 

BT/P4 dispersions due to the less number of interactions among BT platelets and negatively charged 

moieties of polymer (P1).  

The presence of electrolyte in BT and BT/polymer dispersion results in the decrease in steady shear 

viscosity. The electrolyte solution produces metal cations in the BT dispersion and BT/polymer 

dispersions. In BT dispersion, metal cations shrink the double layer of charges around the BT 

platelets releasing the adsorbed water on BT platelets and result in the increase in flocculation of BT 

platelets. The enhanced flocculation consequently decreased the steady shear viscosity of BT/salt (S) 

dispersion. The inclusion of electrolyte in BT/polymer dispersion also affects the steady shear 

viscosity of dispersions. The metals cations produced by electrolyte offers considerable screening to 

the negatively charged moieties along the backbone of polymers and restricts the interactions of 

polymer functional group with BT platelets. The BT/P4/S dispersion showed high steady shear 

viscosity compared to the BT/P1/S dispersion because of the presence of NVP monomer in P4 

polymer which shows high stability towards the salinity. All these results are impressive and support 

the results that were observed for polymer solutions in deionized and salt water.  

The steady shear viscosities of BT and BT/polymer dispersions in deionized and salt water at 85°C 

are presented in Figure 6.6. The rise in temperature of BT dispersions increases the steady shear 

viscosity slightly because of thermal induce swelling and flocculation of BT platelets. Likewise, the 

rise in temperature of BT/polymer dispersions to 85°C results in the rise in steady shear viscosity 

compared to the BT/polymer dispersions at 25°C. At 85°C in deionized water, the BT/P4 dispersion 
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shows maximum steady shear viscosity compared to the BT and BT/P1 dispersion. Similarly, 

BT/P4/S dispersion shows maximum steady shear viscosity at 85°C in salt water compared to the 

BT/S and BT/P1/S dispersions. In summary, NVP monomer based terpolymer (P4) showed excellent 

rheological properties in BT/polymer dispersions compared to the AMPS monomer based copolymer 

(P1) at 25°C and 85°C in the presence of deionized and salt water. The NVP monomer provides 

excellent stability towards the salinity and temperature which results in the enhanced rheological 

properties.  

 

Figure 6.5 Viscosity profiles of BT and BT/polymer dispersions at 25°C in deionized and salt water 

The flow curves of BT and BT/polymer dispersions are represented in and Figure 6.7 and Figure 6.8 

at 25°C and 85°C in deionized and salt water, respectively. All the flow curves of BT and 

BT/polymer dispersions exhibit non-Newtonian behavior at 25°C and 85°C. In Figure 6.7, the shear 

stress of BT dispersion has a minimum value at 25°C compared to the BT/polymer dispersions. The 

addition of polymers in BT dispersion exhibits the considerable increase in shear stress of 

BT/polymer due to the interactions of negatively charged moieties in the polymer chains and BT 
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platelets. BT/P4 dispersion displayed maximum value of shear stress in deionized water compared 

to the BT dispersion and BT/P1 dispersion. 

 

Figure 6.6 Viscosity profiles of BT and BT/polymer dispersions at 85°C in deionized and salt water 

The presence of electrolyte affects the shear stress of BT and BT/polymer dispersions. The metal 

cations produced by the electrolyte solution hinders the attraction among polymer moieties and BT 

platelets and BT/polymer dispersion exhibit slightly lower value of shear stress. In the presence of 

an electrolyte, BT/P4/S showed highest shear stress compared to the BT/S and BT/P1/S dispersion. 

The order of shear stress of all the dispersions are presented as BT/P4>BT/P4/S>BT/P1>BT/P1/S> 

BT>BT/S. In Figure 6.8, the shear stress of all the dispersions are presented at 85°C in deionized and 

salt water. The higher temperature shear stress of all the dispersions follows the same trend as 

presented at 25°C but with the slight increase in shear stresses of all the dispersions. The polymer P1 

and P4 are stable at elevated temperature but the slight increase in shear stress at high temperature 

was attributed to the flocculation of BT platelets due to thermal induce swelling in BT/polymer 

dispersions.  
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Figure 6.7 Flow curves of BT and BT/polymer dispersions at 25°C in deionized and salt water 

 

Figure 6.8 Flow curves of BT and BT/polymer dispersions at 85°C in deionized and salt water 

The experimental data of shear stress vs shear rate was fitted to the Herschel-Bulkley model to study 

non-Newtonian behavior at 25°C and 85°C in deionized and salt water. The rheological parameters 

such as yield stress, consistency coefficient ‘k’ and flow behavior index ‘n’ obtained from Herschel-

Bulkley model for BT and BT/polymer dispersions are presented in Table 6.1. The yield stress of 
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BT and BT/polymer dispersion explained the attractive forces among the particles and defines the 

ability of drilling fluid to lift the drilled cutting from the wellbore. It was observed that the inclusion 

of polymers in BT dispersion significantly enhanced the yield of stress of BT/polymer dispersions 

in deionized and salt water. The rise in temperature from 25°C to 85°C increase the yield stress of 

all BT and BT/polymer dispersions due to the interparticle flocculation of BT platelets. At 25°C, the 

yield stress of BT/P4 and BT/P1 dispersion increased compared to the yield stress of BT dispersion 

in deionized water. Similarly, at 85°C the yield stress of BT/P4 and BT/P1 dispersion increased 

compared to the yield stress of BT dispersion in deionized water.  

The presence of electrolyte considerably affects the yield stress of all BT and BT/polymer 

dispersions. The yield stress of BT/P4/S dispersion decreases 5.8% and 6.3% at 25°C and 85°C 

respectively compared to the BT/P4 dispersion. Similarly, the yield stress of BT/P1/S dispersion 

decreased 39% and 50% at 25°C and 85°C respectively compared to the BT/P1 dispersion.  In Table 

6.1, consistency coefficient ‘k’ and flow behavior index ‘n’ of BT and BT/polymer dispersion are 

presented at 25°C and 85°C in deionized and salt water. Consistency coefficient shows the 

dependence of shear stress on shear rate and defines the hole cleaning efficiency of drilling fluids. 

The highest value of consistency coefficient was observed for BT/P4 and BT/P4/S dispersions at 

25°C and 85°C.  It was observed that all the BT and BT/polymer dispersions have flow behavior 

index ‘n’ less than unity which indicates the shear thinning (pseudoplastic) behavior of all the 

formulations. The fascinating fact was observed about flow behavior index which indicates that by 

the increase in temperature, the pseudo-plastic behavior of all the formulations increases.  
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Table 6.1 Rheological parameters of BT and BT/polymer dispersions in deionized and salt water at 

25°C and 85°C 

Dispersions 
Yield stress τo (Pa) 

Flow behavior index 

(n) 

Consistency 

coefficient K (Pa. sn) 

25°C 85°C 25°C 85°C 25°C 85°C 

BT 0.36 1.16 0.60 0.64 0.084 0.69 

BT/S 0.33 0.67 0.68 0.77 0.065 0.26 

BT/P1 1.86 3.85 0.38 0.61 0.349 0.55 

BT/P1/S 1.13 1.93 0.64 0.79 0.266 0.40 

BT/P4 14.15 15.9 0.61 0.54 1.31 1.84 

BT/P4/S 13.33 14.9 0.55 0.60 0.98 1.25 

In summary, the rheological properties of BT dispersion enhanced significantly by adding copolymer 

(P1) and terpolymer (P4). The rheological properties such as viscosity and yield stress significantly 

improved using polymers. The excellent rheological properties of BT/P4 and BT/P4/S dispersions 

are observed due to the addition of P4 polymer in BT dispersion in deionized and salt water at 25°C 

and 85°C which makes it suitable additive for high temperature and high salinity applications of 

drilling fluids. The exceptional rheological properties of BT/P4 and BT/P4/S dispersions are 

observed due to the strong interactions of P4 polymer (terpolymer) with BT platelets and the presence 

of NVP monomer in P4 polymer which improves the stability towards high temperature and salinity.  

6.3 Gel strength of drilling fluid formulations 

Gel strength of drilling fluids describes the capability to suspend the drilled cuttings in the drilling 

process. Various parameters affect the gel strength of water-based drilling fluids such as salts, acidic 

gases, additives in the drilling fluids, amount and size of solid contents and most importantly the 

temperature. In this study, the effect of temperature and electrolyte on gel strengths of BT and 

BT/polymer dispersions were studied. The gel strength of BT and BT/polymer dispersions were 

measured in deionized and salt water at 25°C and 85°C. The inclusion of a polymer in BT dispersion 

enhanced the 10-seconds and 10-minutes gel strength significantly at both temperatures. The gel 
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strength of BT and BT/polymer dispersions in deionized and salt water at 85°C have higher values 

compared to the gel strength of BT and BT/polymer dispersions at 25°C. The enhanced gel strength 

at elevated temperature was attributed to the interactions among polymer molecules and BT platelets.  

The incorporation of electrolyte in BT and BT/polymer dispersions affects the gel strength at both 

temperatures.  The metal cations produced by electrolyte screens negatively charged moieties of 

polymer chains thus reducing the interactions among BT platelets and polymer molecules. 

Consequently, the gel strength of BT and BT/polymer dispersions were affected by the presence of 

an electrolyte (NaCl). Table 6.2 represents the 10-seconds and 10-minutes gel strength of BT and 

BT/polymer dispersions in deionized and salt water at 25°C and 85°C. At 25°C, the 10-seconds and 

10-minutes gel strength of BT/P4 dispersion increased 2840% and 2300%, respectively, compared 

to the BT dispersion. Similarly, 10-seconds and 10-minutes gel strength of BT/P1 dispersion 

increased is 860% and 728%, respectively compared to the BT dispersion. In the presence of an 

electrolyte, the 10-seconds and 10-minutes gel strength of BT/P4/S dispersion decreased 23% and 

18%, respectively, compared to the BT/P4 dispersion. The 10-seconds and 10-minutes gel strength 

of BT/P1/S dispersion decreased 65% and 63%, respectively, compared to the BT/P1 dispersion.  

At 85°C, the 10-second and 10-minute gel strength of BT/P4 dispersion increased 815% and 431% 

respectively compared to the BT dispersion. Furthermore, 10-seconds and 10-minutes gel strength 

of BT/P1 dispersion the increased is 245% and 112% respectively compared to the BT dispersion. 

In the presence of an electrolyte, the 10-seconds and 10-minutes gel strength of BT/P4/S dispersion 

decreased 25% and 20% respectively compared to the BT/P4 dispersion. The 10-seconds and 10-

minutes gel strength of BT/P1/S dispersion decreased 30% and 37% respectively compared to the 

BT/P1 dispersion. 
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In summary, the gel strengths follow the order BT/S<BT<BT/P1/S<BT/P1< BT/P4/S< BT/P4 at low 

and high temperature. The higher value of gel strength of BT/P4 dispersion is attributed to the strong 

interactions of BT and P4 polymer due to the presence of NVP monomer in the backbone of polymer 

chains. The presence of NVP monomer improves the thermal stability at elevated temperature and 

high salinity and offers considerable electrostatic attractions towards BT platelets. Therefore, high 

values of gel strengths of BT/P4 and BT/P4/S suggest that P4 polymer would be a suitable candidate 

for high temperature and high salinity applications of drilling fluids. 

Table 6.2 Gel strengths of BT and BT/polymer dispersions at 25°C and 85°C in deionized and salt 

water 

Dispersions 
Gel strength (Pa) at 25°C Gel strength (Pa) at 85°C 

10-sec 10-min 10-sec 10-min 

BT 0.5 0.7 2 4.2 

BT/S 0.38 0.52 1.3 2.3 

BT/P1 4.8 5.8 6.9 8.9 

BT/P1/S 1.85 2.13 4.8 5.6 

BT/P4 14.7 16.8 18.3 22.3 

BT/P4/S 11.3 13.7 13.7 17.8 

 

 

6.4 Filtration characteristics of drilling fluid formulations 

API filtration experiments for all BT and Bent/polymer dispersions were carried out at 25°C in the 

presence of deionized and salt water. All the BT and BT/polymer dispersions filtrate had no color 

which exhibits that filtrate was chiefly water. The effect of salinity and polymers on filtration 

performance of BT and BT/polymer dispersions is presented in Figure 6.9. The initial fluid loss into 

the formation during first 5 to 7 minutes is known as spurt loss. During the spurt loss, the rate of 

fluid loss in the formation is usually high because of the absence of filter cake. The filter cake formed 
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during the initial spurt loss in the formation. In Figure 6.9, it was observed that the rate of fluid loss 

of filtration experiment was high in the initial 5 minutes and subsequently the rate of fluid loss 

declined due to the formation of the filter cake. In deionized water, BT dispersion showed maximum 

fluid loss compared to the other BT/polymer dispersions. The incorporation of polymers in BT 

dispersion explicitly reduced the fluid loss and rate of filtration. The fluid loss of BT/P4 and BT/P1 

dispersions was reduced 32% and 40%, respectively, compared to the BT dispersion. In electrolyte 

solution, BT/S dispersion showed maximum fluid loss compared to the BT/S/polymer dispersions. 

The fluid loss of BT/P4/S and BT/P1/S was reduced 68% and 72% respectively compared to the 

BT/S dispersion.  

 

Figure 6.9 Fluid loss vs time profiles of BT and BT/polymer dispersions at 25°C in deionized and 

salt water 

Filter cakes were obtained after filtration experiments. The prominent features of filter cakes include 

compactness, smoothness, thickness and surface texture. Figure 6.10 represents Digital photographs 

of filter cakes were taken after immediately filtration experiments. The surface texture shows that 

the addition of polymer produces smooth and defect free filter cakes. Filter cake thicknesses were 
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presented in Table 6.3, which shows that BT/P4 dispersion produced minimum filter cake thickness. 

Minimum filter cake thickness is one of the desired features for efficient and smooth drilling 

operations and it also reduces the pipe sticking problem   

 

Figure 6.10 Digital photographs of filter cakes taken immediately after filtration experiments 

 

Table 6.3 Filter cake thickness of BT and BT/polymer dispersions in deionized and salt water 

Formulations BT BT/S BT/P1 BT/P1/S BT/P4 BT/P4/S 

Filter cake 

thickness 

(mm) 

2.04 1.45 1.38 1.1 1.19 1.8 

        

In summary, the filtration experiments showed that incorporation of polymers in BT dispersion 

reduced the filtrate volume significantly. The polymer which contains NVP monomer in the 

backbone showed an excellent reduction in fluid loss for Bent/P4 and Bent/P4/S dispersion. If 

Bent/polymer dispersion has superior rheological properties, then it will produce minimum filtrate 

volume. The filtration experiment results were also supported by rheological experimental results 

which exhibited that Bent/P4 in deionized water and Bent/P4/S dispersion in salt water have superior 

rheological properties.   
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7 CHAPTER 7 

Investigation of polymer and nanoparticles impact on rheology, 

fluid loss and filter cake properties 

7.1 Rheological properties of drilling fluids 

The optimization of rheological properties of drilling fluids such as apparent viscosity, plastic 

viscosity, gel strength and yield point are very important for smooth drilling operation. These 

properties can be controlled by adding various drilling fluid additives such as viscosifiers, pH control 

agents, fluid loss agent, and rheological modifiers to the water base drilling fluids. Water based 

drilling fluids are shear thinning (Non-Newtonian) in nature, which shows the decrease in viscosity 

of drilling of drilling fluids with the increase in shear rate. The high gel strength of drilling required 

for suspending drilled cutting during the intermittent drilling process. Yield point describes the 

interactions among the particles of drilling fluid additives, which means that strong interaction 

among the additives of drilling fluid results high yield point of drilling fluid and high yield point of 

drilling fluids is required to transport the drilled cuttings to the surface. Investigation of Polymer and 

Nanoparticles Impact on Drilling Fluid Rheology, Fluid loss and Filter Cake Properties 

In this section, the effect of different polymers and nanoparticles on the rheological properties of 

base fluid (bentonite dispersion in water) was studied. All the rheological properties were measured 

at 25°C and before measuring rheological properties all the drilling fluid formulations were subjected 

to the 10-minutes high shearing to get the homogenous dispersions for better results.  
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Figure 7.1 present the apparent viscosities of various drilling fluid formulations and it’s an important 

property of drilling of drilling fluids that describes about thixotropy of drilling fluids. The BT 

dispersion (base drilling fluid) shows (7 Pa.s) apparent viscosity and addition of different 

nanoparticles (N1) and (N2) slightly affect the apparent viscosity (6.5 Pa.s) and (6 Pa.s) compare to 

the base drilling fluid. The decrease in apparent viscosity of base drilling fluid is due to the presence 

of nanoparticle that resist to make the interaction among bentonite particles and ultimately affected 

the apparent viscosity.  

 

Figure 7.1 Apparent viscosity of drilling fluid formulations 

The addition of polymer (P) has significant impact on the increment of apparent viscosity of base 

fluid. The increase in apparent viscosity of base drilling fluid by the addition of polymer is attributed 

to the presence of hydrophilic groups in polymer chain that attach with the water molecules present 

in the clay platelets. Secondly, the polymer chains adsorb on clay platelets and giving three-

dimensional network of polymer-clay system that results the increase in apparent viscosity. The 

addition of polymer and nanoparticles has increased the apparent viscosity of base drilling fluid from 
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7 Pa.s to 47.5 Pa.s for BT/N1/P and 7 Pa.s to 35.5 Pa.s for BT/N2/P drilling fluid. Out of all the 

drilling fluid formulations, BT/N1/P shows superior results of apparent viscosity. Hence, the addition 

of polymer and nanoparticles in base drilling fluid increased the rheological properties such as 

apparent viscosity. However, high values of apparent viscosity should be in the controlled range for 

smooth and efficient drilling operation in oil and gas wells.   

 

Figure 7.2 presents the plastic viscosity of drilling fluid formulations. The plastic viscosity of drilling 

fluid is affected by various parameters which include the weight of drilling fluid, temperature and 

presence of solid contents. Plastic viscosity represents the ability of drilling fluid to perform the 

drilling operation under high shear rates and its shear rate dependent. The problems associated the 

high plastic viscosity are high surge and swab pressure, high affinity of pipe sticking during the 

drilling operations, and high circulation density. Here the base drilling fluid shows 5 Pa.s plastic 

viscosity and addition of (0.8 g) of different nanoparticles to the based drilling fluid not affected the 

plastic viscosity of drilling fluid. While the addition of (0.4 g) of polymer to the base fluid increased 

the plastic viscosity of drilling fluid up to (40 Pa.s). The high plastic viscosity of BT/P drilling fluid 

may affect the smooth drilling operations. The addition of nanoparticles and polymer to the base 

drilling has raised the plastic viscosity compared to the base drilling fluid and decreased compared 

to the BT/P drilling fluid. In this study, the increase of plastic viscosity was observed in the range of 

(45-50 Pa.s) by the addition of polymer and nanoparticles. The selection of plastic viscosity values 

also depends on the drilling parameter of oil and gas well.  
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Figure 7.2 Plastic viscosity of drilling fluid formulations 

Figure 7.3 represent the yield point of different drilling fluid formulations. Yield point of drilling is 

one of the important parameter that describes the ability of drilling of drilling fluid to transport the 

drilled cutting from the bottom hole to the surface. The high value of yield point is required for 

efficient better lifting capacity of drilled cuttings. If the yield value is out of range for the given deep 

well drilling operations, then it may cause pressure and swab fluctuations. In this study, the addition 

of nanoparticles (N1) and (N2) to base drilling fluid decreased the yield point of drilling fluid from 

4 to 3 Pa for BT/N1 and 4 to 2 Pa for BT/N2 drilling fluid. While the addition of polymer in base 

drilling fluid has raised the yield point from 4 to 6 Pa for BT/P drilling fluid. This increase in yield 

point due to the addition of polymer is because of interaction among the bentonite platelets and 

hydrophilic groups in the polymer chains. The addition of nanoparticles and polymer to the base 

fluid also increased the yield point greatly from 4 to 21 Pa for BT/N1/P and 4 to 19 Pa for BT/N2/P 

drilling fluid. The increase values of yield point by the addition of polymer and nanoparticles is due 

to the adsorption of polymer chains on the platelets of clay minerals. The highest yield point value 

of BT/N1/P drilling fluid would be a suitable choice for drilling operations. 
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Figure 7.3 Yield point of drilling fluid formulations 

Gel strength of drilling fluid is the ability to hold the drilled cuttings for specific period due to the 

intermittent drilling operations. Figure 7.4 presents the 10-sec and 10-min gel strengths of all drilling 

fluid formulations. The incorporation of nanoparticles such as N1 and N2 has not significantly 

increased 10-sec and 10-min gel strengths. The gel strengths of drilling fluid formulations also show 

the gelation among the drilling fluid additives. The addition of polymer (P) to the base drilling fluid 

raised the 10-sec gel strength from 2 to 8 Pa and 10-min gel strength from 4 to 23 Pa for BT/P drilling 

fluid. This increase of gel strength is due to the gelation forces among the clay minerals and 

hydrophilic groups of polymer chains. The incorporation of nanoparticles and polymer to base 

drilling fluid has more significant increase in the gel strengths compared to the base drilling fluid. 

The increase in 10-sec and 10-min gel strength (2 to 10) Pa and (4 to 25) Pa respectively, for BT/N1/P 

drilling fluid has observed compared to the base drilling fluid.  While, the increase in 10-sec and 10-

min gel strength (2 to 9) Pa and (4 to 16) Pa respectively for BT/N2/P drilling fluid has observed 

compared to the base drilling fluid. Among all the drilling fluid formulations, BT/N1/P drilling fluid 

formulation shows better values of gel strengths.  
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Figure 7.4 Gel strengths of drilling fluid formulations 

 

7.2 LPLT filtration tests and filter cake permeability analysis 

Water based drilling fluid formulations are designed in such a way to maintain slightly higher 

hydrostatic pressure in the column of well bore compared to the formation pressure. During the 

drilling process of well bore, a part of drilling fluid invades to permeable formation of well bore and 

make a thin, low permeable filter cake on the wall of well bore. The solid components of drilling 

fluids deposited on the wall of well bore and prevent the further invasion of drilling fluid to the well 

bore formation. The use of bentonite only as drilling mud can cause many problems during drilling 

process due to the formation of thick permeable filter cake such as pipe sticking, high drag and torque 

is required, high pumping efficiency required. So, the addition of other filtrate loss additives such as 

polymer and nanoparticles help to make a thin and impermeable filter cake, less filtrate loss, 

minimum formation damage and borehole stability issues in the production zone.  
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Figure 7.5 presents the total fluid loss of drilling fluid formulation during the period of 30 minutes 

from low pressure and low temperature filter press apparatus. The base drilling fluid shows 19.4 ml 

filtrate volume while the addition of nanoparticles in the base drilling fluid slightly increase the 

filtrate volume from 19.4 ml to 20.6 ml for BT/N1 drilling fluid and from 19.4 ml to 22.8 ml for 

BT/N2 drilling fluid compared to the base drilling fluid. The increment of filtrate volume of by the 

addition of nanoparticles to the base has not significantly affected the filtrate volume. These results 

agree with the results of rheology of BT/N1 and BT/N2 drilling fluid formulations such as the 

addition of nanoparticles to the base drilling fluid affected the rheology of drilling fluid and in the 

equivalent way filtrate volume has increased slightly. The increase of filtrate volume by the addition 

of nanoparticles is due to the formation of small channels in the filter cake adjacent to the 

nanoparticles that increase the filtrate volume and related results were reported in literature [33]. The 

addition of polymer (P) to the base fluid has reduced the filtrate volume from 19.4 ml t0 10.7 ml only 

due to the adsorption of polymer with clay platelets and it was also considered as polymer makes 

thin layer of filter cake along with the presence of clay that further prevent the flow to drilling fluid 

through filter cake.  

In the last, the incorporation of nanoparticles and polymer to the base drilling fluid has significantly 

reduced the filtrate volume of drilling fluids. The drilling fluid formulation BT/N1/P filtrate volume 

reduced from 19.4 ml to 8.6 ml and for BT/N2/P formulation filtrate volume reduced from 19.4 ml 

to 9 ml compared the base drilling fluid. It reduction of filtrate volume for the formulations of 

BT/N1/P and BT/N2/P results agree with the results of rheological properties such as plastic 

viscosity, apparent viscosity, gel strength and yield point. If the given formulation has high 

rheological properties, then the formulation of drilling fluid will produce less filtrate volume. 
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Figure 7.5 Total fluid loss of drilling fluid formulations 

 

Figure 7.6 presents the filter cakes thickness corresponding to the different drilling fluid 

formulations. The base drilling fluid filter cake has 0.17 cm thickness while the addition of 

nanoparticles to the base drilling fluid has slightly increased the thickness of filter cake from 0.17 

cm to 0.18 cm for BT/N1 drilling fluid and from 0.17 cm to 0.19 cm for BT/N2 drilling fluid. The 

addition of polymer to the base drilling fluid has significantly reduced the filter cake thickness from 

0.17 cm to 0.13 cm thickness due to the compact structure of filter cake. The addition of nanoparticles 

and polymer to the base drilling fluid has reduced the filter cake thickness from 0.17 cm to 0.09 cm 

for BT/N1/P drilling fluid and from 0.17cm to 0.1 cm for BT/N2/P drilling fluid.  The overall results 

show that the incorporation of polymer and nanoparticles to the base drilling fluid reduced the filter 

cake thickness and giving the compact structure filter cakes.   
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Figure 7.6 Filter cake thickness of drilling fluid formulations 

Figure 7.7 presents the digital photographs of filter cake that were taken immediately after filtration 

experiment. After drying the filter cakes at room temperature, the thickness of filter cakes was 

measured using digital Vernier caliper and reported in centimeters. In Figure 7.8, the filtrate volume 

and square root of time shows the linear relationship. This linear relationship could be explained by 

Darcy’s law for the measurement of filter cake permeabilities.  

 

Figure 7.7 Digital photographs of filter cake samples obtained from LPLT filtration test. (a) BT, (b) 

BT/N1, (c) BT/N2, (d) BT/P, (e) BT/N1/P, (f) BT/N2/P 
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Figure 7.8 Filtrate volume vs square root of time for drilling fluid formulations under LPLT 

conditions 

Table 7.1 presents the filter cake permeabilities corresponding to the six water based drilling fluid 

formulations. Darcy’s law was used to measure the filter cake permeabilities for drilling fluids that 

pass through the filter medium. It was observed that base drilling fluid has 5.18 μD permeability and 

filter cake permeability is directly related to the filter cake thickness and filtrate volume. Higher the 

filter cake thickness and filtrate volume, then high would be the permeability of filter cakes.  The 

addition of nanoparticles to the base drilling fluid has increase the permeability of BT/N1 (12.5%) 

and BT/N2 (31.4%) of drilling fluid filter cakes. This increased permeability is due to the reason 

which shows that nanoparticle and base fluid are not miscible with each other and the interface 

between nanoparticles and clay results the small channels in the filter cake that shows the increase 

in permeabilities [33]. The addition of polymer to the base drilling fluid has reduced the permeability 

(57.7%) of BT/P drilling fluid. The decrease in the value of permeability is due to less filtrate volume, 

decrease in the thickness of filter cake and compact structure of filter cake. The incorporation of 

polymer (P) and nanoparticles to the base drilling fluid has further reduced the permeabilities of filter 
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cake of BT/N1/P formulation by (76.6%) and BT/N2/P formulation by (66%) compared to the base 

drilling fluid. The overall results of permeability data show that the drilling fluid formulation 

containing polymer and nanoparticles in them produce the filter cake with minimum thickness, less 

filtrate volume, thin and impermeable filter cakes. 

Table 7.1 Fluid loss, thickness and permeabilities of filter cakes of six drilling fluid formulations 

under LPLT condition 

Formulations 
Filtrate volume 

Vf (cm3) 

Filter cake 

thickness 

hc (cm) 

Permeability of 

filter cakes 

k (μD) 

Ratio of 

permeability to 

thickness 

k/ hc (μD/cm) 

BT 19.4 0.17 5.18 30.51  

BT/N1 20.6 0.18 5.83 32.38  

BT/N2 22.8 0.19 6.81 35.84  

BT/P 10.7 0.13 2.19 16.84  

BT/N1/P 8.6 0.09 1.21 13.44  

BT/N2/P 9 0.10 1.35 13.5  

 

7.3 Filter cake SEM analysis 

Figure 7.9 presents the scanning electron microscope images of six filter cake obtained after filtration 

experiments. The image (a) shows the filter cake of base drilling fluid in which the small pores and 

agglomerated clay particles can be seen that ultimately resulted 19.7 ml filtrate volume. The 

incorporation of nanoparticles in the base drilling fluid resulted two filter cakes such image (b) from 

BT/N1 formulation and image (c) from BT/N2 formulation. Both images show that open structure 

of filter cakes and agglomerated nanoparticles with clay platelets. The nanoparticles are immiscible 

with the components of base drilling fluid which creates the interface among the particles of BT/N1 

and BT/N2 drilling fluid formulations. Due to the presence of interface among the particles, there 

are small channels through which liquid pass and results a high filtrate volume. The addition of 

polymer in image (d) to the base drilling fluid result a smooth filter cake in which clay particles and 
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polymer is homogeneously distributed. The polymer present in the base drilling fluid make a thin 

layer on the filter cake which prevent the passage of liquid through the filter cake. The incorporation 

of polymer and nanoparticles in the base drilling fluid results in reduced filtrate volume and 

permeability. The image (e) represent the BT/N1/P drilling fluid which shows that homogeneous 

distribution of nanoparticles in the filter cake. Here N1 represent TiO2 nanoparticles and these 

nanoparticles shows electrostatic repulsion among the particles at high pH values [90]. There is 

electrostatic repulsion among the polymer chains and nanoparticles (N1) which results the evenly 

distribution of nanoparticles in the image (e) filter cake. The image (f) represents the BT/N2/P 

drilling fluid filter cake. This filter shows the aggregation of polymer and clay platelets along with 

uneven distribution of nanoparticles in the filter cake which resulted the large crakes and channels 

in the filter and ultimately filtrate volume is slightly increased compared to the BT/N1/P drilling 

fluid formulation.  

The overall results of SEM analysis show that BT/N1/P drilling fluid formulation shows maximum 

distribution of nanoparticles in the matrix of polymer and clay. This formulation also shows 

minimum filtrate volume and filter cake thickness. The SEM analysis also reveal that the presence 

of electrostatic repulsion among nanoparticles and nanoparticle with polymer chains would produce 

homogeneous dispersion of nanoparticles in filter cake.  
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Figure 7.9 SEM images of filter cakes obtained from LPLT filtration test. (a) BT, (b) BT/N1, (c) 

BT/N2, (d) BT/P, (e) BT/N1/P, (f) BT/N2/P 
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8 CHAPTER 8 

Conclusions and recommendations 

8.1 Conclusions 

The conclusion of each chapter is written as a separate paragraph to highlight the major findings and 

results.  

Effect of electrolyte concentration and temperature on rheological properties of bentonite dispersions 

was investigated and experimental data were fitted to different rheological models including Cross 

model, Carreau model, Bingham model and Herschel-Bulkley model. The huge increases in yield 

stress, plastic viscosity and gel strength with the increase in bentonite concentration illustrate the 

three-dimensional edge-to-edge and edge-to-face association of bentonite particles. The decrease in 

flow index ‘n’ of Herschel-Bulkley model indicates the shear thinning behavior with an increase in 

bentonite concentration. While the increase in consistency index ‘k’ of viscosity models with an 

increase in concentration represents the onset of shear thinning at low shear rates. The presence of 

electrolyte strongly affects the associations among the bentonite particles and rheological parameters 

of Bingham and Herschel-Bulkley models. Yield stress, apparent viscosity, plastic viscosity and gel 

strength decrease with increase in electrolyte concentration. Bingham yield stress, Herschel-Bulkley 

yield stress, apparent viscosity, and gel strength decrease with the increase in the concentration of 

the electrolyte due to double layer compression and stronger face-to-face interactions among 

bentonite particles. High concentration of electrolyte produces enormous number of cations which 

accelerates the rate of flocculation among the platelets of bentonite. This flocculation is attributed to 
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the increased interactions of negatively charged silicate layers through the bridging of cations by 

diffusing the double layer structure. Hence, a further increase in temperature at fixed bentonite 

concentration in deionized water and salt water shows the improvement in rheological properties due 

to thermal induced swelling. 

The rheological and filtration properties of bentonite/polymer dispersions were investigated using 

high molecular weight acrylamide-based copolymers. These polymers have a different degree of 

hydrolysis and different comonomers. The rheological experiments reveal that the polymer solution 

containing a higher degree of hydrolysis have better rheological properties compared to the polymer 

with a lesser degree of hydrolysis. The nature of comonomers is also important and the copolymer 

containing bulky comonomers (2-acrylamido-2-methylpropane sulfonic Acid) showed higher steady 

shear viscosity compared to the copolymer containing smaller comonomers (acrylic acid). The 

addition of high molecular weight into the bentonite dispersion significantly enhanced the 

rheological properties of bentonite. These rheological properties considerably depend on the nature 

and contents of comonomer of the acrylamide-based copolymer. Steady shear rheology data of 

bentonite and bentonite/polymer dispersions was obtained by fitting experimental data into Herschel-

Bulkley model at 25°C and 85°C. The polymer containing acrylic acid showed the lowest viscosity 

in deionized water, however, when used in bentonite dispersion showed the highest viscosity. This 

suggests that the acrylamide-based copolymer containing smaller comonomers are a better choice 

over copolymers containing bulky comonomers. This behavior was consistent both at low and high 

temperatures. The yield stress of BT/ (polymer containing acrylic group) dispersion increased 1550% 

at 25°C and 1155% at 85°C compared to the bentonite dispersion. The flow behavior index ‘n’ at 

25°C and 85°C was less than 1 indicating the non-Newtonian shear thinning behavior but the flow 

behavior index values at 85°C temperature are small compared to the 25°C depicting enhanced shear 



115 

 

thinning behavior at high temperature. The consistency coefficient ‘K’ is higher at an elevated 

temperature for all bentonite/polymer dispersions indicating the dependence of shear stress and 

viscosity on shear rate. The improved gel strength was observed for BT/ (polymer containing acrylic 

group) dispersion and increasing temperature increased the gel strength for all the dispersions. After 

aging the bentonite/polymer dispersions at 90°C, the rheological properties were enhanced but 

filtration properties were affected giving slightly higher fluid loss compared to the bentonite/polymer 

dispersions without aging. All added polymers improved the filtration properties significantly. 

However, they showed similar improvement and nature of comonomers and DOH has no major 

impact on filtration properties. 

The rheological and filtration properties of Bent and Bent/polymer dispersions were examined using 

copolymer and terpolymer in deionized and salt water at 25°C and 85°C. These polymers contain 

two same monomers (AM and AMPS) but terpolymer has additional NVP monomer which contain 

five membered ring structure. The rheological properties of polymer solutions exhibit that terpolymer 

has better rheological properties in deionized and salt water at 25°C and 85°C compared to the 

copolymer. The superior properties of terpolymer were attributed to the presence of NVP monomer 

group in the backbone and offer additional interactions among the polymer chains which leads to 

higher rheological properties of the polymer solution. The rheological properties of Bent dispersion 

were significantly improved by the addition of polymers. The rheological properties of Bent/polymer 

dispersions mainly depend on the polymer structure, nature of monomers in the polymer chain, the 

chemical structure of monomer in the backbone, charge distribution in monomer groups and their 

distribution along the polymer chain. Out of all the Bent/polymer dispersions, BT/terpolymer 

dispersion in deionized water and BT/terpolymer/salt dispersion in salt water showed best 

rheological properties at 25°C and 85°C. The impressive results of BT/terpolymer and 
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BT/terpolymer/salt dispersions demonstrated that terpolymer polymer have better structural stability, 

have three distinct monomers including NVP which has ring structure and high charge distribution 

along the polymer chains compared to copolymer. All these distinctive features of terpolymer makes 

it suitable for one of the promising additive of water-based drilling fluids. The yield stress of 

BT/terpolymer and BT/copolymer dispersion was higher compared to the yield stress of Bent 

dispersion in deionized water. The presence of electrolyte considerably affects the yield stress of all 

Bent and Bent/polymer dispersions. The flow behavior index ‘n’ was less than 1 for all the Bent and 

Bent/polymer dispersions at 25°C and 85°C illustrating the non-Newtonian behavior.  The enhanced 

gel strength of BT/terpolymer and BT/terpolymer/salt dispersions in deionized and salt water also 

supported the results of steady shear rheology. The addition of polymers in Bent dispersion results 

in the decrease in filtrate volume. The presence of an electrolyte (salt) results in the slight increase 

in filtrate volume of Bent/polymer dispersions. The filtration experiments showed that 

Bent/terpolymer dispersion has minimum filtrate volume compared to the other Bent and 

Bent/polymer dispersion in deionized and salt water. Hence, the terpolymer polymer would be a 

suitable candidate for water-based drilling fluids due to its enhanced rheological properties with 

minimum filtrate volume.    

The rheological properties such as apparent viscosity, plastic viscosity, yield point, and gel strengths 

were measured for six water base drilling fluid formulations. The polymer used in the drilling fluid 

formulation has hydrophilic and hydrophobic moieties in its structure which interacts with other 

drilling fluid additives such as bentonite and nanoparticles to enhance the rheological properties. The 

incorporation of nanoparticles in the base drilling fluid has no significant impact on rheological 

properties. But the addition of polymer in the base fluid significantly increased the rheological 

properties of base drilling fluid. The combined addition of polymer and nanoparticles has noticeable 
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increase in rheological properties. Among all the six drilling fluid formulations, BT/N1/P 

formulation shows maximum rheological properties. The filtration properties of six drilling fluid 

formulation shows that addition of nanoparticles in the base drilling fluid increased the filtrate 

volume, filter cake thickness and permeability due to the improper distribution of nanoparticles and 

formation of channels adjacent to interface of clay and nanoparticles.  The incorporation of polymer 

in the base drilling fluid has significantly reduced the filtrate volume, filter cake thickness and 

permeability due to the adsorption of polymer on clay platelets which forms a thin layer on filter 

cake and reduced the filtrate volume with compact filter cake structure. The combined addition of 

polymer and nanoparticles in the base drilling fluid has maximum reduction in filtrate volume, 

thickness of filter cake and reduced permeability. This is due to the even distribution of nanoparticles 

in clay and polymer matrix on the filter cake. The electrostatic repulsion among the nanoparticles 

and polymer chains also help for the distribution of nanoparticles. Among all the formulations, 

BT/N1/P shows superior filtration characteristics such as 54% reduction in filtrate volume, 47% 

reduction in filter cake thickness and 76.6% reduction in permeability compared to the base drilling 

fluid. The SEM analysis also shows that BT/N1/P drilling fluid filter cake has maximum distribution 

of nanoparticles in clay and polymer matrix. 

8.2 Recommendations 

The use of nanoparticles in the drilling fluid formulation results in the form of aggregation. To avoid 

this problem, the surface modified nanoparticles could be used to improve the dispersion stability of 

drilling fluid formulations.  
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