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ABSTRACT 

 

This project is on the enhancement of the performance of an Ubakala clay sample 

for use as drilling mud. A sample of Nigerian clay (Ubakala clay) was used for the 

project. The clay sample was collected in a raw state, processed and experiments 

conducted on viscosity which is a very important property of drilling mud. Various 

concentrations of sodium carbonate were mixed with the clay sample and 

experiments were conducted to determine the viscosities of the control and the 

clay-sodium carbonate mixture at periodic time intervals and various speeds of 

agitation. Response Surface Methodology was used, and with the aid of a 

MATLAB  programming,  to  study  the  data  obtained  from  the  experiment.  The 

results showed that sodium carbonate concentration, speed of agitation and their 

various interactions terms and quadratic terms are the significant variables in the 

statistical model with time being the least significant of the three factors studied. 

Furthermore, on analysis of the kinetics of the process, a Gaussian model, having 

2 the highest values of R (50% for Gaussian model, and 25% each for Exponential 

and Exponential Power models) and the lines of best fit, effectively describes the 

kinetics of the process and the viscosity of the clay samples in relation to time, 

concentration of sodium carbonate and speed of agitation. Further work on the 

Gaussian model gave rise to a new model that can be used to determine the values 

of the kinetic constants. This new model showed that a Na2CO3 concentration of 2 
4wt% and speed of agitation of 300 – 600rpm are the optimum operating 

parameters for enhancing the Ubakala clay sample for use as drilling mud. 

 

Key words: Ubakala clay, viscosity, sodium carbonate, concentration, speed of 

agitation, time, statistical models, Gaussian, MATLAB, kinetics. 
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CHAPTER ONE 

INTRODUCTION 

1.1 BACKGROUND OF THE STUDY 

Nigeria’s economy is largely based on its oil resources and she is the largest oil 

producer in sub-Saharan Africa. In view of the fact that hydrocarbon and water 

beneath the ground could only be exploited through drilling wells, the petroleum 

industry especially has continued to make increasing use of clay which is the main 

constituent of drilling fluids. 

Research over the past several years has clearly shown that drilling activities in the 

petroleum and ground-water development industries in Nigeria have consumed, 

and are still consuming, large amounts of clays for drilling muds, all of which are 

imported despite the presence of large reserves of clay in Nigeria (Omole et 

al.,1989). This is because Nigerian clays have poor viscosity due to high calcium 

content unlike the imported clays that are rich in sodium. Prior to the government’s 

initiative to develop local content, the cost of importation of bentonite for drilling 

activities in Nigeria was running into millions of dollar annually which has been 

detrimental to the economy of the country considering that about 5 to 15% of the 

cost of drilling a well which ranges between $1 million to $100 million accounts 

for drilling fluids (Ben Bloys et al.,1994) Therefore, it is  imperative to locally 

outsource these clay materials in order to conserve foreign exchange, create 

employment and to enhance Nigerian content development in the drilling 

component of oil and gas industry. 

It was reported by Emofurieta (2010) that Nigeria bentonite proven reserve has 

risen above four billion metric tons. Thus, its abundant reserve cannot be ignored 

because of increased revenue it will generate when fully exploited and more so as 
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means of developing economy of the country through creation of more industries 

which will consequently lead to local skill transfer and man power development. 

The selection of the most suitable mud type and mud properties, and the efficient 

engineering support whilst drilling will help to ensure a safe and successful 

operation. Any problem where the mud fails to meet its requirements can not only 

prove extremely costly in materials and time, but also jeopardize the successful 

completion of the well and may even result in major problems such as kicks or 

blowouts. (Rabia, 2002) 

Hence  it  is  necessary  to  critically  examine  the  suitability  of  Nigerian  clays  in 

regards to their rheological properties. 

Raw materials used for the mud making are usually selected clays and are judged 

by their behaviour  in water (Nestle,  1944). Their  suitability is  determined by 

various criteria, among which are the volumetric yield of  given clay, soluble 

impurities, abrasives content, and filtration characteristics. The raw material which 

meets most of these requirements for drilling is the bentonite clay. Bentonite is 

formed by the weathering of volcanic ash. The weathering process, by which the 

clay minerals  are  formed  from  the  parent  minerals  are  complex  but  the  main 

factors are climate, topography, vegetation, and time of exposure (Jackson, 1957). 

Bentonite was named after Fort Benton (Wyoming, USA), the locality where it 

was first found. In addition to montmorillonite, bentonite may also contain 

feldspar, biotite, kaolinite, illite, cristobalite, pyroxene, zircon, and crystalline 

quartz (Parkes, 1982). By extension, the term bentonite is applied commercially to 

any plastic, colloidal, and swelling clay regardless of its geological origin. Such 

clays are ordinarily composed largely of minerals of the montmorillonite group. 

2 

 



 

Research performed in the early 90’s by the Bureau of Mines of the U.S.A, showed 

that the sum of bentonite deposits in the world was about 1.36 billion tons, and the 

U.S.A. has more than 50.0% of the total (Amorin et al., 2007). 

The need to search for local alternatives to bentonite and other additives, which are 

used  in  the  drilling of oil and gas, is  imperative and  timely. Apart from the 

significant infrastructural development in the area of mining (Falode et al., 2007), 

the industry could be developed to the extent of exporting locally produced 

bentonite out of the country hence increase the country’s revenue. 

This research work focuses mainly on enhancing the performance Nigerian clay 

deposits for use as drilling mud. 

1.2 PROBLEM STATEMENT 

Nigeria,  a  country  greatly  blessed  with  abundant  reserve  of  crude  oil  deposit, 

spends millions of dollars yearly in importing bentotite clay as drilling mud despite 

the fact that she is equally blessed with proven reserve of clay deposits and if these 

Nigerian clay deposits are beneficiated and enhanced, they would be readily used 

as drilling mud. Thus, its abundant reserve cannot be ignored because of increased 

revenue it will generate when fully exploited and more so as means of developing 

economy of the country through creation of more industries which will 

consequently lead to local skill transfer and man power development. 

1.3 OBJECTIVES OF THE STIDY 

The main objective of this study is to enhance the performance of Ubakala clay 

deposits for use as drilling mud. 

The specific objectives are: 

 To study clay viscosity enhancement as a function of sodium 

carbonate concentration, time and speed of agitation. 

3 

 



 

 To show by means of graphs clay viscosity and its relationship with 

sodium carbonate concentration and speed of agitation. 

 To develop appropriate models to describe viscosity enhancement of 

clay samples. 

 

1.4 JUSTIFICATION OF THE STUDY 

The importance of carrying out this project stems from the cost associated with the 

importation of drilling mud by the petroleum industry and the attendant effect on 

the economy and the need to develop the economy through the exploitation of the 

more than four billion metric tons of Nigerian clay deposit for use as drilling mud. 

A model will be developed to assist in achieving this. 

 

1.5 SCOPE OF THE STUDY 

This project covers a very important rheological property of drilling mud; 

viscosity. Nigerian clays samples fall short of this important property for use as 

drilling mud due to high calcium content and hence do not meet  the American 

Petroleum Institute (API) specification. 
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CHAPTER TWO 

LITERATURE REVIEW 

This chapter is a review of clay, its types and structures and drilling muds, the 

properties which clay must possess to be used as drilling mud, previous work done, 

the properties of Ubakala clay as compared to Wyoming clay and the occurrence of 

clay deposits in Nigeria. 

2.1 CLAY 

Clay is one of the earliest mineral substances utilized by man. It played an 

extremely important part in ancient civilizations, records of which were preserved 

in brick buildings, in monuments and in pottery, and as inscriptions upon clay 

tablets. Clay is still an indispensable raw material today. The present uses of clay 

and clay products are too numerous to list completely. Because of its characteristic 

plastic property, clay has several industrial uses, which include manufacturing of 

refractories as well as in drilling mud in the water, oil and gas industries. Several 

clay  occurrences have been investigated  and  reported  in  Nigeria  (Nweke  et  al, 

1998). 

Despite  the  abundance  of  clay  and  its  wide  industrial  uses,  it  is  essential  that 

certain property specifications be met by either the raw or refined clay. The 

refining of clays usually alters the geotechnical properties of the natural clays, 

hence,  could  boost  their  industrial  potentials.  Raw  materials  used  for  the  mud 

making are usually selected clays with appreciable amount of montmorillonite and 

are judged by their behaviour in water (Nestle, 1944). Their suitability is 

determined by various criteria, among which are the viscosity, the volumetric yield 

of given clay and filtration characteristics (Apugo-Nwosu et al., 2011). The raw 

material which meets most of these requirements for drilling is the bentonite clay. 
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Bentonite is formed by the weathering of volcanic ash. The weathering process, by 

which the clay minerals are formed from the parent minerals are complex but the 

main factors are climate, topography, vegetation, and time of exposure. Clay is a 

naturally-occurring  material which is essentially composed of extremely small 

crystalline particles having colloidal particle size of one or more members of small 

group of hydrous silicates. 

In addition to montmorillonite, bentonite may also contain feldspar, biotite, 

kaolinite, illite, cristobalite, pyroxene, zircon and crystalline quartz (Parkes, 1982). 

By extension, the term bentonite is applied commercially to any plastic, colloidal 

and swelling clay regardless of its geological origin (Apugo-Nwosu et al., 2011). 

Such  clays  are  ordinarily  composed largely  of  minerals of the  montmorillonite 

group. Bentonite  is clay  that  expands to  many  times  its original volume  when 

wetted; it is also characterized by a high cation-exchange capacity, by an ability to 

form viscous suspensions and thixotropic gels when mixed with large amounts of 

water, by a high adsorption capacity, and by an ability to form an impervious seal 

(Rath, 1986). 

It is also a plastic, soft, variously coloured earth commonly consist of hydrous 

silicate of alumina formed by the decomposition of feldspar and other aluminium 

silicates which are rock constituents. Clay minerals are hydrous aluminium 

silicates with layers of structures usually containing alkalis and iron in appreciable 

quantities. The diameters of clay particles do not exceed 0.004mm. 

However, a possible origin of clay mineral is the in-situ dehydration of igneous 

rock. The parent minerals are the micas and feldspars with formula 

CaK2Al2O3SiO2 and ferro-magnesium minerals. 

The commercial clays used in drilling fluids are the sodium montmorillonites and 

attapulgite. Sodium montmorillonites are the highest grade of clay used in drilling 
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fluid  and  is  commonly  called  Wyoming  bentonite  or  Wyoming-type  bentonite. 

This is used to impart viscosity, gel strength, good suspension characteristics and 

good  wall-cake  properties.  Calcium  montmorillonite,  which  is  also  called  sub- 

bentonite, is used for the same reason as the Wyoming-type bentonite but the yield 

is not so good. 

2.1.1 Clay and colloid chemistry 

Colloids  are  not  a  specific  kind  of  matter.  They  are  particles  whose  size  falls 

roughly between that of the smallest particles that can be seen with an optical 

microscope and that of true molecules, but they may be of any substance. Colloidal 

systems may be consist of solids dispersed in liquids, i.e., clay suspensions, liquid 

droplets  dispersed  in  liquids,  i.e.,  emulsions,  or  solids  dispersed  in  gases,  i.e., 

smoke. 

One characteristic of aqueous colloidal systems is that the particles are so small 

that they are kept in suspension indefinitely by bombardment of water molecules, a 

phenomenon known as Brownian motion. Another characteristic of colloidal 

systems is that the particles are so small that properties like viscosity and 

sedimentation velocity are controlled by surface phenomena. 

Some kinds of clay are capable of forming colloidal suspension in liquid. Colloidal 

suspension consists of small particles of ultra-microscopic size swimming in 

aqueous solution. Colloidal clay in fresh water absorbs water and swells until the 

forces holding them become weak and individual layers of clay separate and form 

dispersion. 

Deflocculation is defined as the state of a dispersion in which solid particles in a 

liquid remain geometrically independent and unassociated with adjacent particles. 

In good drilling fluids, clay is in a state of deflocculation. Flocculation is defined 

as the state of dispersion in which there is a formation of clusters of particles 
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separable by relatively weak mechanical forces. This may be caused by a change in 

chemical composition of the dispersion neutralization of negative charges on clay 

particles. 

When clay is added to water any of the following conditions which explain the 

state of colloidal clay dispersion in water may prevail: 

Separated deflocculated: The separated deflocculated state exists when bentonite 

is mixed in fresh water with a small amount of chemical deflocculated added, such 

as lignosulphonate, just sufficient a neutralize forces. In this equilibrium state the 

greater number of clay plates of the smallest size exist with the attractive forces 

between them at least partially neutralize. Because of this the plastic viscosity is 

the highest of the other states and yield point is low. The filtration rate is the lowest 

of the other states as the particles size is small and the inter particle forces 

neutralized. 

Separated flocculated: In this state the clay and its associated water volume is 

somewhat reduced as the platelets have been randomly drawn together into ‘flocs’. 

The plastic viscosity is reduced relatively to the separated de flocculated state but 

the yield point is increased due to the higher attraction forces between the clay 

particles. The filtration rate is much increased and a soft, thick filter case is created 

by the large flocs. The separated flocculated state will exist when a monovalent 

salt such as sodium chloride (NaCl) is added to the separated deflocculated system. 

Aggregated flocculated: In this state, the plastic viscosity is reduced still further 

due  to the face-to-face  stacking  of  the  clay  platelets  thereby  reducing the clay 

volume even more. Adding a divalent salt such as calcium chloride can create the 

aggregated flocculated state or time to the separated deflocculated state. 

Flocculation occurs rapidly and then with time and shear, the clay platelets will 
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start to stack face-to-face to give the aggregated state as well as remaining 

flocculated and joined edge-to-face and bridge. 

 

 

Figure 2.1: Association of clay particles (adapted from Adam et al., 1986) 

Clay minerals which occur in all types of sediments and sedimentary rocks 

constitute the most abundant class of minerals in these rocks, comprising 40% of 

all the  minerals  present. Clay  minerals mostly  belong  to  the  group  of  silicates 

having layer  structures, but differ  from  most  layer  silicates  by  having  hydrous 

nature. 

Over 50% of the clay minerals in the earth’s crust are illites. The order of relative 

abundance of clay minerals is as follows: 

 Illite 
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 Montmorillonite and mixed-layer illite-montmorillonite 

 Chlorite and mixed-layer chlorite-montmorillonite 

 Kaolinite and septechlorite 

 Attapulgite, palygorskite and sepiolite 

Most layer silicates are usually in microscopic size, also occur as sub-microscopic 

particles. Although initially water was used as the carrying fluid, the advantages of 

using suspensions of clay-in-water became apparent as clay minerals were 

inadvertently incorporated in the fluid as a result of drilling through argillaceous 

strata. Subsequently, it became the usual practice to add surface clays to water in 

order to prepare a mud for circulation. As the primary function of a drilling fluid is 

to remove cuttings, thick slurry facilitated this action as compared to a liquid of 

low viscosity and devoid of shear strength, i.e., water. Also, clay-in-water 

suspensions served to keep the formation fluids confined to their respective 

formations during drilling operations. 

2.1.2 Properties of clay minerals 

Two characteristic physical properties of clay minerals are size and shape of 

particles. The physicochemical properties of clays which are of great interest to the 

petroleum engineers and petroleum geologists are: 

 Base exchange capacity 

 Adsorption and retention of water 

 Deflocculation and flocculation 

Some clay do not swell upon hydration, e.g., kaolinite clay exhibits little or no 

swelling on hydration. Sodium-montmorillonite, on the other hand, swells in water 

to many times its dry volume. Swelling properties of different clays are a function 

of 
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 Structure 

 Chemical composition 

 The amount and types of exchangeable cations 

There are two types of swelling due to hydration; swelling due to the expansion of 

the crystal lattice itself, and swelling due to the adsorption of water on surface of 

the clays particles. 

2.2 CLASSIFICATIONS, TYPES AND STRUCTURES OF CLAY 

Clay has been found to be of great importance; scientifically and economically. 

One of its importance is its usefulness as a drilling mud. Clay is composed of small 

particle size minerals which have great surface activity that enhances its use as 

drilling mud. 

Clay is broadly classified into expendable and non-expendable types. The 

expendable clay absorbs large volume of water especially fresh water during 

hydration process. This hydration results from the absorption of monomolecular 

layers from the water on the basal crystal surface thereby expanding the lattice of 

the clay. Example of this type of clay includes the smectite (montmorillonites), 

sepiolite (attapulgite), etc. 

The non-expendable clay absorbs less water and includes the following: the 

kaolinites, the illites, the chlorites, etc. 

2.2.1 Montmorillonite 

Montmorillonite  is  a  sheet  structure  consisting  of three  layers. These  three  are 

made up of two tetrahedral layers; the silicon layer between them. Montmorillonite 

is the principal constituent of Wyoming bentonite and of much other clay added to 

2+ 2+ 3+ drilling fluid. The predominant substitutes are Mg and Fe for Al in the 

3+ 4+ octahedral sheet, but Al may be substituted for Si in the tetrahedral sheet. They 
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are extremely fine-grained and swell on addition of water or organic liquid and 

with  these  characteristics;  they  could  well  perform  the  functions  required  of  a 

drilling  fluid.  The  function  of  the  montmorillonite  is  to  make  the  mud  slurry 

viscous, which helps in keeping the drill bit cool and also in removing broken rock 

fragments in the drill hole (Irawan et al., 2010). 

The empirical formula for montmorillonite is Al4Si8O20 (OH) 4 and is the 

commonest member of the smectite group. 

2.2.2 Attapulgite (sepiolite). 

Attapulgite is commonly called ‘fuller earth’ and is mostly found in Attapulgun, 

Georgia (USA) and Normoiron (France). It is hydrous aluminium-magnesium 

silica with double silica chain linked with oxygen. Attapulgite can also be 

described as an analogous clay mineral with different structure and normally used 

in well drilling because their rheological properties are not affected at high 

temperatures. They are most active when used in salt water (Irawan et al., 2010). 

2.2.3 Kaolinites. 

This is two-layer clay with one silicon-oxygen tetrahedral in the octahedral sheet. 

They do not expand due to strong hydrogen bonding holding the clay particles 

together which prevents lattice expansion. Most kaolinites occur in large, well- 

ordered crystals, which do not readily disperse to smaller units in water. 

2.2.4 Illites 

Illites are hydrous micas with a structure similar to that of montmorillonites except 

that the substitutes are predominantly aluminium for silicon in tetrahedral sheets. 

They differ from montmorillonites in that they do not have expendable lattice and 

no water can penetrate between the layers. As such, they are regarded as non- 

expendable clay and are restricted for use as material for drilling fluid. 
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2.3 CLAY USED IN DRILLING FLUIDS 

The suitability of clay for use in drilling fluids may be determined by 

 Yield, i.e., the number of barrels of mud of a given viscosity obtained from a 

ton of clay in fresh water 

 Suspension capacity in salt water 

 Plastic viscosity 

 Apparent viscosity 

 Yield strength 

Thixotropic properties, i.e., the difference in gel strength determined immediately 

after agitation and after quiescence (usually 10 min) 

 Wall building properties as measured by water loss through a filter paper 

 Thickness of filter cake produced 

2.4 DRILLING MUD (FLUID) 

Drilling  mud  is  a  complex  mixture  of  clay,  water  chemicals  and  certain  other 

additives that aid the problems of removal of cuttings, cooling, and lubricating of 

the drill bits during any drilling operation. 

Drilling fluid (mud) is usually a mixture of water, clay, weighing material and a 

few chemicals. Sometimes oil may be used instead of water, or oil added to the 

water to give the mud certain desirable properties. Drilling fluid is used to raise the 

cuttings made by the bit and lift them to the surface for disposal. But equally 

important, it also provides a means of keeping underground pressures in check. 

The heavier or denser the mud, the more pressure it exerts. So, weighing materials 

(barite)  are  added  to  the  mud to  make  it  exert as  much  pressure  as needed to 

contain formation pressures. The equipment in the circulating system consists of a 

large number of items. The mud pump takes in mud from the mud pits and sends it 

out a discharge line to a standpipe. The standpipe is a steel pipe mounted vertically 
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on one leg of the mast or derrick. The mud is pumped up the standpipe and into a 

flexible, very strong, reinforced rubber hose called the rotary hose or Kelly hose. 

The rotary hose is connected to the swivel. The mud enters the swivel the swivel: 

goes down the Kelly, drill pipe and drill collars and exist at the bit. It then does a 

sharp U-turn and heads back up the hole in the annulus. The annulus is the space 

between the outside of the drill string and wall of the hole. Finally the mud leaves 

the hole through a steel pipe called the mud return line and falls over a vibrating, 

screen like device called the shale shaker. Agitators installed on the mud pits help 

maintain a uniform mixture of liquids and solids in the mud. If any fine silt or sand 

is being drilled, then devices called desilters or desanders may be added. Another 

auxiliary in the mud system is a device called degasser. 

2.5 PROPERTIES OF DRILLING MUD 

Among the many factors to consider when choosing a drilling fluid are the well's 

designs, anticipated formation pressures and rock mechanics, formation chemistry, 

the need to limit damage to the producing formation, temperature, environmental 

regulations, logistics, and economics (Falode et al., 2007). To meet these design 

factors, drilling fluids offer a complex array of interrelated properties. 

Five basic  properties are usually defined by the well program and monitored 

during drilling: viscosity, density, filter cake or filtration of water loss and wall 

cake  thickness,  solids  content  and  quality  of  water  make  up.  For  any  type  of 

drilling mud, all of these five properties may, to some extent, be manipulated using 

additives. However, the resulting chemical properties of a fluid depend largely on 

the type of mud chosen. And this choice rests on the type of well. 

2.5.1 Rheology 

The rheological properties are viscosity and gel strength. 
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Viscosity: This is a measure of the internal resistance offered by a fluid (liquid or 

gas) to flow. The thicker a particular fluid is, the higher its viscosity and the greater 

the resistance, the higher the viscosity. 

Plastic viscosity is a measure of the internal resistance to fluid flow attributable to 

the amount, type and size of solids present in a given fluid (Garvey et al., 1988). 

The value expressed in centipoises, is proportional to the slope of the consistency 

curve determined by the region of laminar flow for materials obeying Bingham’s 

Law  of  Plastic  Flow.  When  using  the  direct  indicating  viscometer,  the  plastic 

viscosity is found by subtracting the 300rpm reading from the 600rpm reading. The 

yield point is the resistance to initial flow and represents the stress required to start 

fluid movement (Garvey et al., 1988). This resistance is believed to be due to 

electrical charges located on or near the surfaces of the particles. It is used to 

evaluate the ability of a mud to lift cuttings out of the annulus (Lyons, 1996). 

Accurate measurement of the viscosity of drilling mud is dependent on a number 

of factors and requires special equipment. The carrying capacity of a drilling mud 

also depends upon the relationship between conditions to flow. The higher the 

viscosity as the rate of shear exists, the more effectively are the cuttings removed. 

If viscosity is too high, it requires an excessive pump pressure to circulate the 

drilling mud and this cause fracture and permit loss of drilling mud to the 

formation and flocculation results. Polymers help to increase viscosity. The basic 

factors, which affect the viscosity of a mud, are the viscosity of the base fluid 

(water), the size, shape and number of suspended particles and the fluid. 

As a general rule, viscosity should be maintained as low as possible to provide the 

required hole’s stability and water loss control. This mud does the best job of 

cleaning the bit and optimizing the drilling rate. Thick muds are needed to remove 

coarse gravel from the hole. 
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Gel strength: The gel strength is the ability or measure of the ability of a colloid to 

form gel as a function of time (Garvey et al., 1988). It is believed to be a measure 

of the same inter-particle forces of a fluid as determined by the yield point except 

that gel strength is measured under static conditions. The 10-seconds gel strength 

measurements are initial measurements. The 10-minutes gel strength 

measurements are later measurements. 

Gel strength is simply a  measure of the  minimum shearing stress necessary to 

produce slip-wise movement for drilling operation. The measure of the capability 

of a drilling fluid to hold particles in suspension after flow cease is also referred as 

to as gel strength (thixotropic). Gel strength results from the electrical charges on 

the individual clay platelets. The positively charged edges of the platelet are 

attracted to the negatively charged surfaces of the adjacent platelets. 

In a bentonite mud in which the particles are completely dispersed, essentially all 

the bonds between particles are broken while the mud is flowing. When the mud 

pump is shut off and flow ceases, the attraction between clay particles causes the 

platelets to bond to each other. This coming together and bonding is termed 

flocculation. This edge-to-face flocculation results in an open card-house structure 

capable of suspending cutting and sand and gravel particles. This property also 

suspends  finely  ground  high  specific  gravity  material  such  as  barite  (Gs=4.28) 

when high density drilling mud is required. 

Measurements made on the rig include funnel viscosity using a Marsh funnel-an 

orifice viscometer-and plastic viscosity, yield point and gel strength using a Fann 

35 viscometer or equivalent. 

2.5.2 Density 

Density is the weight of a given mud per unit volume. It is commonly reported as 

3 kilograms per cubic meter (kg/m ) as well as pound per gallon (lb/gal) or pounds 
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3 per cubic foot (lb/ft ) .The drilling mud should have sufficient density to provide a 

greater pressure than that exerted by the formation mud. The greater the buoyant 

effect on the cuttings and hence the greater the carrying capacity. If the density is 

too high, this causes excessive hydrostatic pressure on the mud resulting to high 

concentration on solids. The higher the density of the mud compared to the density 

of the cuttings, the easier it is to clean the hole; the cuttings will be less inclined to 

fall through the mud. If the mud weight is too high, rate of drilling decreases, the 

chances of differential sticking accidentally fracturing the well increase, and the 

mud  cost  will  be  higher.  The  density  of  the  drilling  mud  should  be  routinely 

determined. Although there are situations when dense drilling fluids are desirable, 

measures should be taken when the density becomes too high. The density of a 

bentonite mud can be decreased by adding water or increased by adding a high 

specific gravity additive such as barite (barium sulphate). Density is measured in 

the field using a mud balance. 

2.5.3 Filtration property 

Filtration refers to the ability of the drilling fluid to limit fluid loss to the formation 

by depositions of mud solids on the walls of hole. This deals with the ability of the 

solid components of the mud to form a thin, loco-permeable, filter cake. During 

drilling operations, drilling fluid tends to move from the borehole into the 

formation as a result of hydrostatic pressure, which is greater in the hole than in the 

formation. This property is dependent on the amount of solids and colloidal 

particles in the mud. As the flow of drilling fluid (water) occurs, the drilling fluid 

solids are deposited on the walls of the borehole and thereby significantly reduce 

additional fluid loss. The solids deposit is referred to as a filter cake. The ideal 

filter cake is thin with minimal intrusion into the formation. 
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A mud, low in colloids and high inert solids, deposits a thick filter cake on the wall 

of  the hole. This thick  filter  cake  prevents  the passage  of tools  and  allows  an 

excessive amount of filter cake to pass into the formation thus causing caving in 

and drill pipe sticking. The thickness of the filter cake for a particular mud is 

generally a function of the permeability of the formation. For example, the filter 

cake in a clay interval of the borehole would be thinner than in a sand interval. Q- 

Broxin (Lignosulphonates) is a good additive geared to reducing filtrate loss and 

filter cake thickness of drilling mud. 

There are two types of filtration namely static filtration and dynamic filtration. 

Dynamic filtration: This is a filtration process in which the slurry being filtered is 

being circulated over the filter cake, so that the cake is simultaneously eroded and 

deposited. The erosion rate depends on the shear rate of the fluid at the face of the 

cake. If the shear remains constant, cake thickness and filtration rate reach steady 

state, usually in a matter of hours. When the conditions change a new steady state 

will be established. 

Static  filtration:  This  is  a  filtration  process  in  which  the  slurry  being  filtered 

remains static. Filter cake continues to grow thicker as filtration continues. Under 

static conditions, no cake erosion occurs. In theory, the filtrate volume increases as 

the square root of elapsed time ignoring spurt loss. Static fluid loss is measured on 

the rig using a standard cell that forces mud through a screen, and also using a 

high-temperature, high pressure test cell. 
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Figure 2.2: Graph of filtration (cm ) against filtration time (min) 

From the graph, static filtrate volume increases as square root of time, while the 

dynamic filtrate volume increases proportionally to time. 

This plot of filtrate volume versus time shows that the dynamic filtrate volume 

increases linearly, whereas the static filtrate volume increases with the square root 

of time. In dynamic filtration case, filter is being built or eroded at approximately 

the same rate of shear. In the static filtration process, the filter cake continues to 

grow  because  no  erosion  occurs  in  the  absence  of  shear.  Control  of  fluid  loss 

restricts the invasion of the formation by filtrate and minimizes the thickness of 

filter cake that builds up on the borehole wall, reducing formation damage and the 

chances of differential sticking. 

2.5.4 Solid content 

Solids are usually classified as high gravity (HGS)-barite and other weighing 

agents-or low gravity (LGS)-clays, polymers and bridging materials deliberately 

put in the mud, plus drilled solids from dispersed cuttings and ground rock. The 

amount and type of solids in the mud affect a number of mud properties. High 
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solids content, particularly LGS, will increase plastic viscosity and gel strength. 

High-solids muds have much thicker filter cakes and slower drilling rates. Large 

particles of sand in the mud cause abrasion on pump parts, tubular, measurement- 

while-drilling equipment and down hole. Measurement of total solids is 

traditionally carried out using a retort-which distils off the liquid allowing it to be 

measured, leaving the residual solids. 

2.5.5 Chemical properties 

The chemical properties of drilling mud are central to the performance and hole’s 

stability. Properties that must be anticipated include the dispersion of formation 

clays or dissolution of pH and calcium; and corrosion in the well. 

Sodium montmorillonite particles are laminar in shape carrying surface electrical 

charge not homogeneously distributed. The faces bear a permanent negative charge 

while the edges are conditionally charged depending on the pH of medium 

(Kelessidis et al., 2005). It is the imbalance in the electrical charge that 

characterizes the type of interactions of clay particles with other materials. 

pH (Hydrogen Ion Concentration): pH is the degree of acidity or alkalinity of a 

drilling fluid and ranges from 1 to 14 on a pH scale. Substances with PH between 1 

and 6 are acidic, 7 are neutral and between 8 and 14 are alkaline. For drilling 

operation, the mud must be alkaline with pH range of 8 to 12 ppg (pound mass per 

gallon). Chemicals such as caustic soda, NaOH and slaked lime, Ca (OH)2 are used 

to affect pH changes. 

Cation  Exchange  Capacity:  The  cation  or  Base  Exchange  capacity  of  a  clay 

mineral is a measure of the ability of the clay to carry exchangeable cations. Before 

preparing mud, it is usually necessary to get information about the nature and types 

of clay that are present in it. The exchangeable ions normally held around the 
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outside of the lilac alumina units and this exchange does not affect the structure of 

the alumina. The cation exchange capacity of a clay mineral is due to either broken 

bond substructure replacement of hydrogen thus resulting to high cation exchange 

capacity. Since it is partially through hydration of the exchangeable cations that 

clay  derives  its  swelling  ability  from,  the  cation  exchange  capacity  is  a  rough 

indicator of the rheological and filtration characteristics of clay suspension. The 

size and shape of the particles and type of cation exchange will also influence these 

properties. Both the replacing power and the firmness with which the cation 

exchange is held unto the clay surface are increased by a high valence cation and 

by  increased  size  of  the cation. The  relative replacing  power  of  one  cation by 

another is shown in the following series, with lithium being the easiest to replace. 

 

+ + + 2+ 2+ 3+ Li < Na < K < Mg < Ca < Al 

 

Since calcium is more difficult to replace than sodium, the ionic concentration of 

sodium must be higher than that of calcium before it will replace calcium on the 

cation exchange. This may result to a change in temperature since many salts have 

different solubility to temperature relationship. 

2.6 FUNCTIONS OF DRILLING MUDS 

Removal of cuttings: 

The removal of cuttings from the face of the well bore is still one of the most 

important functions of drilling fluids. Fluid flowing from the bit nozzles exerts a 

jetting action that keeps the face of the hole and edge of the bit clear of cuttings. 

This insures longer bit life and greater efficiency in drilling. The circulating fluid 

rising from the bottom of the well bore carries the cuttings toward the surface. 

Under the influence of gravity the cuttings tend to sink through the ascending fluid; 
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but by circulating a sufficient volume of mud fast enough to overcome this effect, 

the cuttings are brought to the surface. The effectiveness of mud in removing the 

cuttings from the hole depends on several factors. 

 

Velocity is the rate at which mud circulates, and the annular velocity is an 

important  factor  in  transporting  the  cuttings  to  the  surface.  Annular  velocities 

between  30-60  m/min.  are  frequently  used.  Velocity  is  dependent  upon  pump 

capacity, pump speed, borehole size and drill pipe size. 

Calculations for annular velocity are made as follows: 

 
 = (2.1) 

 

Where = / 

3 
 = / 

3 
 = 

Density  is  weight  per  unit  volume  of  mud  and  has  a  buoyant  effect  upon  the 

particles. Increasing mud density increases its carrying capacity both by buoyancy 

and particles due to additional solids in interference. 

Viscosity is significant in affecting the lifting power of mud. Viscosity depends 

upon the concentration, quality, and dispersal of the suspended solids. In the field 

it is measured as a timed rate of flow using a Marsh funnel. Viscosity is also 

measured with the Fann viscometer. These instruments are valuable aids in 

measuring the effectiveness of drilling mud controls, as shown by viscosity 

changes in pilot tests. 

Cooling and Lubrication 

Considerable heat is generated by friction in the bit and where drill string is in 

contact-with  the  formation  or  casing.  There  is  little  chance  for  this  heat  to  be 

conducted away by the formation; therefore, the circulating fluid must remove it. 
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The heat, having been transmitted from points of friction to the mud, is transmitted 

to the atmosphere at the surface. Solids in the mud help to lubricate. The 

application of conventional oil emulsion mud coupled with various emulsifying 

agents increases this lubricity. This shows up in decreased torque, increased bit 

life, reduced pump pressure, etc. 

Wall building 

A good drilling fluid should deposit a good filter cake on the wall of the hole to 

consolidate the formation and to retard the passage of fluid into the formation. This 

property of the mud is improved by increasing the colloidal fraction of the mud by 

adding bentonite and chemically treating the mud to improve de-flocculation and 

solids distribution. In many cases it may be necessary to add starch or other fluid 

loss control additives to reduce the fluid loss. 

Control of sub-surface pressures 

The proper restraint of formation pressures depends upon density or weight of the 

mud. Normal pressure gradient  is equal to  0.105 bar/m of depth. This  is  the 

pressure exerted by a column of formation water. Normally the weight of water 

plus the solids picked up from drilling is sufficient to balance formation pressures. 

However, at times abnormal pressure requires the addition of a higher specific 

gravity material, such as barite, to increase the hydrostatic head of the mud 

3 column. The density of mud is measured with a mud balance in g/cm , lb./gal, 
3 lb./ft or psi/1000 ft of depth. The hydrostatic pressure that a column of mud exerts 

upon any point in the hole can be calculated as follows: 

Hydrostatic pressure: 

 = (     ℎ ,  )  (         ℎ  ,  /   )  ( 0 . 1  (2.2) 

 = (     ℎ ,   )  (         ℎ  ,   . /    )  ( 0 . 0 5 2 )  (2.3) 
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3  = ( ℎ, ) (         ℎ  ,   /  (0.00695) (2.4) 

Suspension, transportation and separation of cuttings and sand 

Good drilling fluids have properties that cause the solids particles being carried to 

the surface to be held in suspension, due to a gel or thixotropy that develops after 

circulation has stopped. Upon resumption of circulation, the mud reverts to its fluid 

condition  and  these  coarse  particles,  together  with  the  sand  are  carried  to  the 

surface. The sand tube and screen are used to measure the sand content of the mud. 

A comparison of the sand content of samples taken at the flow line and suction will 

tell whether or not the sand is being properly removed at the surface or is being re- 

circulated through the system. High sand content of the flow line discharge is to be 

expected if sandy formations are being drilled. Sand is extremely abrasive and if it 

is being re-circulated through the system, pumps, and fittings will be damaged. 

Regular tests for sand content should be made on the mud, and the sand content not 

allowed to run over two percent at the pump suction. 

Support of weight of drill pipe and casing 

With increasing depths, the weight supported by the surface equipment becomes 

increasingly important. Since a force equal to the weight of mud displaced buoys 

up both the drill pipe and casing, an increase in mud density necessarily results in a 

considerable reduction in total weight, which the surface equipment must support. 

Equally, if the casing is not completely filled up during running, some of the hook 

load is alleviated and the string can be "floated in". 

Protection of well bore and assurance of maximum hole information 

Optimum values of all the properties of drilling fluid are necessary to offer 

maximum protection of the formation, yet sometimes these values must be 

sacrificed to gain maximum knowledge of the formations penetrated. For example, 
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salt may upset mud and increase the fluid loss, yet it may be added to control the 

resistivity in order to get the proper interpretation of an electric log. Again, oil may 

improve  the  performance  of  mud  and  even  the  production  of  a  well,  but  if  it 

interferes with the work of the geologist or ecologist, it may be forbidden for use in 

the drilling fluid. 

Transmit hydraulic horsepower to the bit 

The drilling fluid is the medium for transmitting available hydraulic horsepower at 

the surface to bit-. Hydraulics should be considered when planning a mud program. 

In  general,  this  means  that  circulating  rates  should  be  such  that  utilization  of 

optimum power is used to clean the face of the hole ahead of the bit. The flow 

properties of the mud, plastic viscosity and yield point, exert a considerable 

influence upon hydraulics and should be controlled at their proper values. 

2.7 TYPES OF DRILLING MUD (FLUID) 

There are different types of drilling mud. Though, they are broadly classified into 

water base mud and oil base mud, they can be further sub-divided. 

Many types of drilling fluids are used in industry. Major categories include air, 

water and oil base fluids. Each has many subcategories based on purpose, 

additives, or clay states. 

2.7.1 Water-based muds 

Water based muds consist of four basic phases; 

 Water 

 Active colloidal solids 

 Inert solids 

 Chemicals 

Water is the continuous phase of any water-based mud. Primary function of the 

continuous phase is to provide the initial viscosity which can be modified to obtain 
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any desirable rheological properties. The second function of the continuous phase 

is to suspend the reactive colloidal solids, such as bentonite, inert solids, such as 

barite. Water also acts as a medium for transferring the surface available hydraulic 

horsepower to the bit on the bottom of the hole. Water is also a solution medium 

for all conditioning chemicals which are added to the drilling fluid. In water base 

muds, clay is added to increase density, viscosity, gel strength and yield point, and 

to decrease fluid loss. Clays used in water based drilling fluids are mainly in three 

groups: 

 Montmorillonites (bentonite) 

 Kaolinites 

 Illites 

Chemicals used in water based muds can be grouped according to their functions 

as: 

 Thinners 

 Dispersants 

 Deflocculants 

Types of Water-based muds: 

Clear-water  muds:  Fresh  water  and  saturated  brine  can  be  used  to  drill  hard 

formations, compacted and near normally pressured formations. This mud is made 

by pumping water down to the hole during drilling and letting it react with 

formations containing clays or shale. The water dissolves the clays and returns to 

the surface as mud. This mud is characterized by its high solids content and a high 

filter loss resulting in a thick filter cake. 

Calcium muds: Calcium  muds are superior to fresh water muds when drilling 

massive sections of gypsum and anhydrite as they are susceptible to calcium 
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contamination. When calcium is added to a suspension of water and bentonite, the 

calcium cations will replace the sodium cations on the clay plates. When calcium 

mud comes into contact with shaly formations, the swelling of shale is greatly 

reduced in the presence of calcium cations. The major advantage of calcium mud is 

their ability to tolerate a high concentration of drilled solids without these affecting 

the viscosity of mud. Calcium muds are classified according to the percentage of 

soluble calcium in the mud. 

Lime mud; which contains up to 120 ppm of soluble calcium and it is prepared by 

mixing bentonite, lime  [Ca  (OH) 2], thinner, caustic soda and  filtration  control 

agent. 

Gyp mud; which contains up to 1200 ppm of soluble calcium. It is similar to lime 

mud except that the lime is replaced by gypsum and they have higher temperature 

stability. 

Lignosulphonate mud; this mud type is considered to be suitable when: 

 high mud densities are required, 

 working under moderately high temperatures 

 high tolerance for contamination by drilled solids 

 low filter loss is required. 

This  type  of  mud  consists of  fresh  water  or  salt  water, bentonite, ferrochrome 

lignosulphonate, caustic soda, CMC  or  stabilized starch. It  is  not suitable for 

drilling shale sections due to adsorption of water. 

Potassium chloride/polymer mud; the basic components of KCl/polymer muds 

are: 

 fresh water or sea water 
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 KCl 

 inhibiting polymer 

 viscosity building polymer 

 stabilized starch or CMC 

 caustic soda 

 lubricants 

This  mud  is  suitable  for  drilling  shale  sections  due  to  its  superior  sloughing- 

inhibition properties. It is also suitable for drilling potentially productive sands. 

The advantages of this type of mud are: 

 higher shear thinning 

 high true yield strength 

 improved bore hole stability 

 good bit hydraulics and reduced circulating pressure losses. 

o The disadvantage is their instability at temperatures above 250 F. 

2.7.2 Oil-based muds 

Oil based muds has been defined as a system the continuous or external phase of 

which  is  any  suitable  oil.  At  the  present  time,  there  are  two  mud  systems  the 

external phase of which is oil, i.e., true oil muds and invert emulsion muds. 

True oil mud systems consist of the following components: 

 Suitable oil 

 Asphalt 

 Water 

 Emulsifiers 

 Surfactants 

 Calcium hydroxide 
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 Weighting materials 

 Other chemical additives 

Among all of these, only oil and asphalt are necessary for the proper functioning of 

oil muds. The others are only used for the purpose of enhancing and stabilizing 

rheological properties and plastering characteristics. 

Different types of oils have been used as the continuous phase in oil muds. The 

following commonly available oils have gained widespread acceptance: 

 Lease crude oil 

 Refined oils 

The following specifications are used as guidelines for the selection of oil: 

 Specific weight (API gravity); for viscosity purposes. 

 Aniline point; a measure for the aromatic content of the oil. 

 Flash point; the temperature at which oil vapour ignites upon passing 

flame over the hot oil. 

 Fire point; the temperature at which continuous fire is sustained over the 

oil surface when flame is passed over it. 

Although presence of water is not required in oil muds, some water is generally 

added to react with chemical additives in order to enhance the rheological 

properties and plastering characteristics of oil. A number of bodying agents have 

been used in oil muds to achieve the desired rheological and filtration loss 

characteristics. Bodying agents can be classified into two groups: 

 Colloidal size materials 

 High molecular weight metal soaps 
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Asphalts which are colloidal-size organophilic materials are used in oil mud have 

to impart required properties and control fluid loss, mainly through their absorptive 

characteristics. Asphalt work with the same principle as clays in water-based muds. 

Heavy metal soaps of fatty acids (emulsifiers) are added to the oil muds in order to 

emulsify the water in oil. The functions of emulsifiers in oil muds are as follows: 

 Imparting weak gel strength to oil muds because gel strength is necessary for 

suspension of weighting materials, 

 Emulsification of any water picked up during drilling operation, 

 Controlling the tightness of any water emulsion resulting from water 

contamination, thus, controlling fluid loss. 

2.7.3 Aerated muds 

Interest in under-balanced drilling is increasing worldwide. In under balanced 

drilling operations, pressure of the drilling fluid in the borehole is intentionally 

maintained below the formation pore fluid pressure, in the open hole section of the 

well. As a result, formation fluids flow into the well when a permeable formation 

is penetrated during under balanced drilling. Usually, aerated fluids are used in 

under balanced drilling operations. Most frequently used aerated fluids are air- 

liquid mixtures, foams, mist and gas. 

2.8 DRILLING FLUID ADDITIVES 

There  are  fundamental  aspects  that  have  to  be  controlled  in  order  to  have  an 

effectively and successfully purposing drilling fluid. Garvey (1988) categorized 

these aspects as: 

 Viscosity Control 

 Fluid Loss Control 

 Weight Control 
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 Corrosion Control 

2.8.1 Viscosity control additives 

Viscosifiers: Many different products are classified as viscosifiers. Bentonite, 

attapulgite clays, sub-bentonites and polymers are most widely used viscosity 

builders. Bentonite, attapulgite clays and sub-bentonites all form colloidal 

suspensions  in  water.  They  increase  viscosity, yield  point  and  gel-strength  by 

intersurface friction and by chemically binding-water. Polymers are multi-purpose 

additives that may simultaneously modify viscosity, control filtration properties, 

stabilize shale and create or prevent clay flocculation. 

Thinners: Mud thinners or dispersants reduce viscosity by breaking the attachment 

of clay plates through the edges and faces. The thinners absorb to the clay plates, 

thus disturbing attractive forces between the sheets. Thinners are added to a mud to 

reduce viscosity, gel strength and yield point. Most thinners can be classified as 

organic materials or as inorganic complex phosphates. Organic thinners include 

lignosulfonates, lignin and tannins. Inorganic thinners include sodium acid 

pyrophosphate, tetrasodium pyrophosphate, sodium tetraphosphate and sodium 

hexametaphosphate. Organic thinners are good for higher temperatures. 

Phosphates: 

 Useful as effective thinners in most bentonite water-based muds at shallow 

depths, 

 Small amounts of thinner are very effective at temperatures less than 130°F 

 pH  is  around  5,  so  caustic  soda  or  some  other  hydroxyl  ion  containing 

additive is required to maintain pH above 7.0, 

 They have very low temperature stability, 

 They have no fluid loss ability, 
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 At relatively low temperatures, they revert to orthophosphates, which 

severely flocculates clays and increase viscosities and gel strengths. 

Lignites: 

 They have a temperature stability of 400°F, 

 They are organic thinners serving both as dispersants and as fluid loss 

control agents due to their colloidal structure, 

 They are not suitable for high-salt content fluids due to the insolubility of 

lignite in salt, 

 They may cause disintegration of active solids. 

Tannins: 

 They are dual-purpose materials serving as dispersants and fluid loss control 

agents, 

 They are effective in thinning lime muds and cement contaminated muds. 

Lignosulphonates: 

 They are effective for lime muds, 

 They are effective as general purpose thinners due to the heavy metal-ions 

attached, 

 They have temperature stability in the range of 300°F to 350°F, 

 They are dual-purpose additives serving as both dispersants and fluid loss 

additives, 

 They may cause disintegration. 

2.8.2 Fluid loss additives 

The reasons for fluid loss control are: 

 To maintain hole integrity, 

 To protect water sensitive shale, 

 To minimize hole washout to achieve better casing cement jobs, 
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 To  reduce  fluid  loss  to  productive  formation  and  to  minimize  formation 

damage, 

 To reduce log analysis problems. 

Bentonite: 

 A multipurpose additive that aids in fluid loss control, barite suspension, 

viscosity generator for hole cleaning purposes, 

 It is not suitable for use in environments high in concentration of sodium, 

calcium or potassium without pre-hydration, 

 It may contaminate formations such as salt or anhydrite, 

 Slurries  are  susceptible  to  the  effect  of  high  temperature  gelation which 

could cause an increase in the fluid loss. 

Starch: 

 They work well as fluid-loss agents in the presence of low soluble calcium 

or sodium ions, 

 They are suitable for salt-water or gyp muds, 

 An increase in viscosity is observed when it is used, 

 A bactericide must be used to prevent degradation and fermentation, 

 It degrades at temperatures over 200°F. 

Carboxymethyl cellulose, CMC: 

 It is active in low to moderate contaminating-concentrations, which makes it 

suitable for use in inhibited muds, 

 It has a temperature stability up to 400°F, 

 A thinner may be necessary to counteract the viscosity effects of the 

additive, 

 It may cause a thinning effect in some salt muds. 
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Cypan: 

 It can be used successfully in high-temperature regions due to its stability up 

to 400°F, 

 It is highly sensitive of calcium ion contamination, 

 It may cause dynamic filtration. 

XC Polymer: 

 It builds viscosity, 

 It increases gel structure, 

 It has low viscosity at high shear rates, 

 It has high viscosity at low shear rates, 

 Suspends barite. 

Lignites and Tannins: 

 They have good temperature stability in the range of 300°F to 350°F, 

 They have colloidal structure that aids in fluid-loss control, 

 The dual action of fluid loss control and dispersing tendencies makes these 

products suitable for single-product usage in some cases, 

 They are susceptible to calcium-ion contamination and subsequent mud 

flocculation due to sequestering nature of the additive. 

2.8.3 Weight control additives 

Weighting  materials  are  used  as  additives  and  these  are  substances  with  high 

specific gravity which can be added to the mud to increase its density, usually to 

control formation pressure. 

Barite: Barite  is  by  far  the  most  common  weighting  material  used  in  drilling 

fluids. It has an API defined specific gravity of 4.2, which makes it possible to 
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increase mud weight up to 21 ppg. It is cheap and readily available. However, 

suspension of barite requires high gel strength and viscosity. Hematite is 

sometimes used depending on the availability. 

Calcium carbonate: This is an additive used in drilling muds, work-over fluids 

and packer fluids to increase the fluid density. It has a specific gravity of 2.7; 

therefore, the fluid density can be increased up to 12 ppg. It is more economical 

than other agents, and can be suspended easier than barite. Also it is acid soluble. 

Lost Circulation Materials: 

 Fibrous materials – for seepage losses and in combination with other 

materials, 

 Flake materials – for seepage losses, 

 Granular – for losses in fractures, 

 Slurries that develop strength over time. 

2.8.4 Corrosion control additives: pH adjusters 

Due to the acid pH of some mud additives and to the operating pH of some mud 

systems,  it  may  be  necessary  to  add  materials  to  increase  the  pH  of  the  mud 

system. The three most common pH adjusters are: 

 Sodium hydroxide (caustic soda) 

 Potassium hydroxide 

 Calcium hydroxide 

They are corrosive, so additional care is required when used. 
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2.9 MIXTURE OF DRILLING FLUIDS 

If  two  substances  having  different  densities  are  mixed  then  the  density  of  the 

mixture is a function of the quantity and density of the components of the mixture. 

This relationship can be expressed as follows: 

1 1 + 2 2 = ( 1 + 2)( ) (2.5) 

Where, 1 = , 

 2 = , 

 1 = , 

 2 = , 

 = ℎ                    .  

Increasing the weight of drilling mud with a material such as barite can be related 

in a similar manner. 

1 1 + 2 2 = ( 1 + 2)( 2 (2.6) 

Where, 1 = ℎ     ,  

 2 = , 

 1 = , 

 2 = , 

 = ,(35.4    )  

Assuming an average density for barite of 35.4 ppg (4.25 Sp.gr.) then a barrel of 

barite weighs 35.4 x 42 or 1490 lbs. Barite for oil field applications is packaged in 

100 lb sacks. 

Therefore, if V1 is 100 bbl. and W2 is 35.4 ppg, then 

[1490( 2− 1)] 
 = (2.7) 

35.4− 2 
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Where, = / 1 0 0 0     .       .  

2.10 SELECTION OF DRILLING FLUIDS 

Selection of the best fluid to meet anticipated conditions will minimize well costs 

and reduce the risk of catastrophes such as stuck drill pipe, loss of circulation, gas 

kick, etc. Consideration must also be given to obtain adequate formation evaluation 

and maximum productivity. Some important considerations affecting the choice of 

muds to meet specific conditions are presented as follows: 

Location: The availability of supplies must be considered, i.e., in an offshore well, 

the possibility of using salt water should be considered. 

Mud-making  shale:  Thick  shale  sections  containing  dispersible  clays  cause  a 

rapid rise in viscosity as cuttings become incorporated in the mud. When the mud 

is unweighted, it is easy to reduce the excessive viscosity, however, when the mud 

is weighted, costly chemicals such as barite should be used to restore the mud 

properties. 

Pressured formations: The density of the mud should be adjusted as pressurized 

formations  are  to  be  drilled.  However,  high  density  muds  increase  the  cost  of 

drilling and have risks of stuck pipe, loss circulation, etc. 

High temperature: Most of the mud additives degrade with time and elevated 

temperatures,  which  are  higher  than  degradation  temperature.  Special  additives 

must be used to make mud resistive to high temperatures. 

Hole instability: Two basic forms of hole instability are hole contraction and hole 

enlargement. If the lateral earth stresses bearing on the walls of the hole exceed the 

yield  strength of the  formation, hole slowly  contracts. The density  of the  mud 
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should  be high  enough to  resist  contracting. Hole  enlargement  occurs  at  water 

sensitive shale zones. Shale stabilizers should be used to prevent hole enlargement. 

Rock salt: To prevent the salt from dissolving and consequently enlarging the 

hole, either an oil base mud or saturated brine must be used. 

Hole inclination: In highly deviated holes, torque and drag are a problem because 

the pipe lies against the low side of the hole and the risk of pipe stuck is high. 

Proper muds should be selected to prevent such problems, and keep cutting to be 

removed from the well properly. 

Formation evaluation: The selected mud should be suitable for logging tools, 

MWD (measurement while drilling), etc. 

Productivity impairment: Solids control or density adjustments should be 

considered properly to keep the formations non-damaged or blocked. 

2.11 FIELD TESTS ON DRILLING FLUIDS PROPERTIES 

It is necessary to perform certain tests to determine if the mud is in proper 

condition to perform the functions previously discussed. The frequency of these 

tests will vary in particular areas depending upon conditions. A standard API form 

should be provided for reporting the results of these tests: 

3 
Density or mud weight: Density is reported in g/ml or in lb/gal, lb/ft , or psi/1000 

ft. of depth. Density or mud weight is the mass per unit volume. In the field, it is 

measured with a mud balance and is most often reported in pounds per gallon 

(lb/gal or ppg); specific gravity or SG (g/ml); kilograms per cubic meter (kg/cu m); 

or pounds per cubic foot (lb/cu ft). Density is used to determine the hydrostatic 

pressure of the mud column and can also be measured and expressed as a gradient 

such as pounds per square inch per thousand feet (psi/1,000 ft). This allows for 
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easy calculation of the hydrostatic pressure at any depth. The mud scale is 

calibrated  with  water  (freshwater  weighs  8.34  lb/gal  and seawater  weighs 8.55 

lb/gal). The mud scale has four units scales graduated on the beam: lb/gal or ppg, 

g/cc, lb/cu ft and psi/1,000 ft. Instrument should be calibrated once a day when 

weight is critical. 

 

 

Figure 2.3: Mud balance for measuring mud density 

Viscosity: Marsh  funnel  viscometer  is  used  for  routine  field  measurement  and 

reports viscosity in seconds per quart. Plastic viscosity (cP) and yield point (lb/100 

2 ft ) are measured with the Fann viscometer. Viscosity is a measure of the drilling 

fluids internal resistance to flow, or how thick or thin it is. Drilling fluids are non- 

Newtonian, meaning that their viscosity is not constant for all shear rates. These 

non-Newtonian fluids behave very differently than liquids like water or oil which 

are Newtonian with a constant viscosity regardless of shear rate. Non-Newtonian 

drilling fluids are shear thinning such that they have lower viscosity at high-shear 

rates and higher viscosity at low-shear rates. This is desirable for drilling where 

minimum pressure losses are wanted for the high-shear conditions inside the 

narrow bore of the drill string. Higher viscosity is wanted in the low-shear 

conditions of the larger annulus (IADC, 2014). 
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A direct indicating rotational viscometer is used to measures the viscosity at 

different shear rates to determine the rheology model coefficients. For field 

operations, the Bingham plastic rheology model coefficients of plastic viscosity 

(PV) and yield  point (YP) are monitored. These two coefficients are  used  to 

monitor  the non-Newtonian properties  of the  drilling fluid.  These viscometers 

indicate the shear stress as a “dial unit” or “degree” (Ɵ) at a given shear rate (one 

dial  unit  equals  about  1  lb/100  sq  ft). The  dimensions  of  the  direct  indicating 

viscometer are selected so that the PV and YP can be quickly calculated from the 

shear stress values measured at shear rates of 600 and 300 rpm. The PV in 

centipoise (cps) is calculated from the 600-rpm dial reading (Ɵ600) minus the 300- 

rpm dial reading (Ɵ300). The YP in lb/100 sq ft is then calculated from the 300- 

rpm dial reading minus the PV (IADC, 2014). 
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Figure 2.4: Marsh funnels and balance for measuring mud rheological properties 

 

 

Figure 2.5: Direct indicating viscometer 
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2 
Gel  strength:  Reported  as  lb/100  ft .  Gel  strength  is  simply  a  measure  of  the 

minimum  shearing  stress necessary  to  produce slip-wise  movement  for  drilling 

operation. The measure of the capability of a drilling fluid to hold particles in 

suspension after flow cease is also referred as to as gel strength (thixotropic). Gel 

strength results from the electrical charges on the individual clay platelets. The 

positively  charged  edges  of  the  platelet  are  attracted  to  the  negatively  charged 

surfaces of the adjacent platelets. Gel strengths refer to the shear stress required to 

initiate  flow  after  static  periods  of  time.  They  are  a  measure  of  the  degree  of 

gelation that occurs due to the attractive forces between particles over time. Higher 

gel strengths are reported in the same units as YP (lb/100 sq ft). Sufficient gel 

strength will suspend drill cuttings and weighting materials during connections and 

other static conditions. Gel strengths directly affect surge and swabbing pressures 

when making connections, tripping pipe or running casing. They also affect the 

pressure required to “break circulation” and the ease of releasing entrained gas or 

air. Gels are determined using the same direct indicating rotational viscometer as is 

used for viscosity (see Fig. 2.5). They are measured by observing the maximum 

shear stress value while slowly turning the rotor or by using the 3-rpm setting after 

being static for some period of time. Standard values for gel strength are taken 

after 

10 sec, 10 min and sometimes after 30 min. The change in gel strength values 

between these time periods also give an indication if the fluid is continuing to gel 

with longer periods of time (called progressive gels) or if it has reached a relatively 

constant value (called flat gels). 

Fluid loss: Fluid loss measures the cubic centimetre of filtrate at the end of thirty 

minutes, measures and records cake thickness in mm. Filtration or fluid loss is a 

relative measure of the liquid that could invade a permeable formation through 
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deposited mud solids. This liquid is called filtrate and the deposited solids are 

called filter cake or mud cake. There are two standard filtration tests that measure 

the volume of filtrate collected after a 30-min period of time using filter paper. 

These tests are the low temperature/low-pressure fluid loss test, often called the 

American Petroleum Institute (API) test, and the high-temperature high-pressure 

(HTHP) test. Results are reported as the milliliters (ml) which flow through a 7.1- 

sq in. area. The HTHP filtration test unit is a half-area (3.5-sq in.) press; therefore, 

the measured filtrate value is doubled for reporting. Filter cake thickness is 

measured and reported in units of 1/32 in. (or millimeters where SI units are used). 

A filter cake thickness of 3 means 3/32 in. The basic filtration test is called the 

low-temperature/ low-pressure or API fluid loss test and is performed at ambient 

temperatures and 100 psi. The more advanced test is the HTHP filtration test that is 

performed at a temperature closer to the bottom hole temperature and at a 500-psi 

differential pressure. While there is no standard temperature for the HTHP test, 

temperatures  between  275°F  and  325°F  are  often  set  as  the  standard.  This,  of 

course, is dependent on the area and operator. The HTHP test should preferably be 

run at the actual bottom hole temperatures and differential pressures existing in the 

wellbore, if possible. Filtration rate and filter cake thickness are both monitored 

and reported properties. High fluid loss and thick filter cakes significantly increase 

the possibility of having differentially stuck pipe. A desirable filter cake is one that 

has ultralow permeability and is thin, tough, and compressible and slick 

(lubricious). These desirable properties cannot be determined from the fluid loss 

values alone and many low fluid loss drilling fluids do not have a good quality 

filter cake. A desirable filter cake is achieved by minimizing the drill solids content 

(colloidal-sized solids) of the drilling fluid and maintaining the proper 

concentration of filtration control additives. For most WBMs, the best quality filter 

cake is achieved by using an adequate quantity of high-quality bentonite. 
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There are many factors affecting filtration control including: thermal stability of 

the system; concentration, size, and type of solids; the type and concentration of 

filtration control additives being used; and the presence of any contaminants in the 

mud. Filtration control comes with increased cost. Local experience and the 

frequency of stuck pipe should be used to establish the target values for fluid loss 

and filter cake for the formation and hole interval (IADC, 2014). 

 

Figure 2.6: API low-temperature, low-pressure filter press 
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pH: Measured with p-Hydrion paper or pH meter. pH is the degree of acidity or 

alkalinity of a drilling fluid and ranges from 1 to 14 on a pH scale. Substances with 

PH between 1 and 6 are acidic, 7 are neutral and between 8 and 14 are alkaline. For 

drilling operation, the mud must be alkaline with PH range of 8 to 12 ppg (pound 

mass  per  gallon).  Chemicals  such  as  caustic  soda,  NaOH  and  slaked  lime,  Ca 

(OH)2 are used to affect pH changes (IADC, 2014). 

Sand content: Reported as percent by volume. Sand content refers to the volume 

percent of whole mud that are “sand sized” particles, meaning they are larger than 

74 microns and do not pass through a 200 mesh screen. These may be actual quartz 

sand  or may be the coarse-sized  barite particles, sized bridging solids, LCM, 

drilled solids or any other particles larger than 74 microns. Sand content is 

measured using a sand content graduated glass tube, funnel and 200 mesh sieve. It 

is  monitored  to  gauge  the  effectiveness  of  solids  control  equipment,  the  shale 

shaker screen condition and the potential for increased abrasion to mud pumps and 

other  equipment  in  the  circulating  system  including  drill  string  and  downhole 

equipment. 

Salt content: Reported as ppm chloride, or ppm sodium chloride. Chemical tests 

are  carried out  on  the  whole  mud  and  filtrate  to  monitor  specifications  and to 

identify contamination. Depending on the type of drilling fluid being used, these 

tests may include: pH, various measures of alkalinity, lime content, chloride (or 

salt), calcium (or total hardness), carbonate/bicarbonate, sulphate, methylene blue 

test (MBT), hydrogen sulphide, electrical stability, water activity and others. 

Retort Analysis: This determines the liquid and solid content of a drilling fluid in 

percent by volume. Solids, oil and water content are measured using a distillation 

report. With this information and other data from the chemical analysis, a complete 
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breakdown of the composition of the drilling fluid can be made, often called a 

solids analysis. This will include oil content, water or brine content, low-gravity 

solids (mainly drill solids) and high-gravity solids (normally barite). Solids content 

affects drilling rate, flow properties, gel strengths and the overall stability of the 

mud. Often, the frequency of dilution and chemical treatments are based on the 

results from this analysis. Optimum solids content and good solids control is 

essential for overall superior mud performance (1ADC, 2014). 

Other tests which may enter into the evaluation of a mud system are as follows: 

Apparent viscosity, Pf, Pm, lime content, ppm calcium (hardness), percent solids 

by volume, temperature, resistivity, etc. The API has recommended standard 

methods of conducting these tests, and detailed procedures may be found in their 

publication, "Recommended Practice on Standard Field Procedure for Testing 

Drilling Fluids".(API RP 13B). 

2.12 CONTAMINANTS 

The cost of the drilling fluid on any given well is strongly influenced by 

contaminants to which it is exposed. Any substance that is both undesirable 

detrimental to the drilling process is classified as a contaminant. 

Contaminants are encountered at every phase of the drilling operation. They exist 

in the drilling formation, in the water supply and in materials used to formulate and 

maintain the drilling fluid properties. Contaminants could alter both the physical 

and chemical characteristics of a drilling fluid, often, in the period of circulation. 

The severity of the problems experienced depends upon the type of contaminant 

and the composition of the drilling fluid in use. The vast majority of problems 

associated with the control of drilling fluid properties can be directly attributed to 

the type of contaminant. The overall economic success or failure of the drilling 

operations  depends  on  the  detection  and  response  to  the  contaminant  before  it 
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jeopardizes the drilling operation. This instability may manifest as a difficulty in 

controlling the fluid loss, alkalinity, rheology, etc. Contaminants can have a 

“masking” effect on each other, creating a situation where accurate determination 

of the  contaminant most  responsible  for  the  problem  is  made  difficult  or  even 

impossible by the presence and effect of another. The most reliable method for 

determining the presence of contaminants is the regular and accurate analysis of 

both the physical and chemical properties of the drilling fluid. Also, having a good 

database of daily mud report is necessary. In this way, trends for determination of 

any contaminant are established. 

Contaminants encountered while drilling include: 

 Active solids: clay, fractions of shale. 

 Inactive solids: sand, limestone, etc. 

 Evaporated salts: sodium chloride, calcium chloride, magnesium chloride, 

calcium sulphate. 

 Water flows: mixed water at various condensations. 

 Acid gases: carbon dioxide, hydrogen sulphide. 

 Hydrocarbons: light or heavy oils, coal. 

 Contaminants introduced at the surface (accidental or detrimental) such as 

cement, seawater (mixed salts), completion or work over fluids. 

 Chemically-treated contaminants: calcium ions, magnesium ions, 

trioxocarbonate ions, etc. 

2.13 OCCURRENCE OF BENTONITE CLAY IN NIGERIA 

Recent investigations by the Nigerian Mining Corporation established the 

existence of bentonitic clay reserves of over 700 million tonnes in the country, 

with the largest single deposit at Afuze in Edo State holding 70–80 million tonnes. 
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In Abia state alone, 5.8 million tonnes of bentonite have been proven while 7.5 

million tonnes are inferred (RMRDC, 2005). Clays of various kinds and grades 

abound throughout Nigeria's sedimentary basins and on the basement (Falode et 

al., 2007). A bentonite deposit of a probable reserve has been found in North- 

eastern  Nigeria. The  clay  (Yola bentonite)  in its  natural  form  has  property  the 

standard required for drilling mud application. 

Presently, there is no significant exploitation of Nigerian clay for the purpose of 

drilling mud formulation, despite its proven large deposits at different locations of 

the country (Omole et al., 1989; RMRDC, 2005, Falode et al., 2007). Most of the 

bentonite used for drilling activities in Nigeria is imported into the country thereby 

increasing the demand for scarce foreign exchange and import dependency on the 

economy. 

However,  Nigerian  clays  are  found  to  be  calcium-based  and  have  little  or  no 

minerals of the montmorillonite group. This affect the rheological properties 

adversely  and  hence  they  do  not  meet  the  American  Petroleum  Institute  (API) 

specification for use as drilling muds. 
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Figure 2.7: Map of Nigeria showing states with occurrence of Bentonitic Clay 

(Modified from Raw Materials Research Development Company Bulletin (RMRDC.), 2005). 

2.14 PREVIOUS WORKS DONE. 

A lot of researches on the possible uses of Nigerian local clay as drilling mud have 

been  carried  out. These  works  have  proved  that  Nigerian clay;  in their natural 

states do not meet the American Petroleum Institute (API) standard specification 

hence they are unsuitable for use as drilling mud. 

Nweke et al., (2015) in their work on the comparative evaluation of clays from 

Abakaliki formation with commercial bentonite clays for use as drilling mud 

concluded that the Abakaliki clays were all characterized as dominantly Illite as 

well as montmorillonite with low percentages of kaolinite. The chemical 

composition of the clays indicates low percentages of Na2O when compared with 

that of Wyoming bentonite with fairly higher percentages of CaO and K2O than are 
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required for drilling mud clays. The clays are plastic; with liquid limit (LL) of 58.8 

to 72.8, plastic limit (PL) of 25 to 30 and plasticity index (API) of 26 to 45.8. 

The natural pH values are greater than 8.10, while the viscosity values varied from 

5.9 to 8.0 centipoises for  10g clay per 350 ml water. Some of these natural 

properties (Na2O and CaO contents, LL, PI and viscosity) of these Nigerian clays 

failed to satisfy the required specifications outlined for clays used as drilling mud 

when compared with the properties of Wyoming bentonite. This clay will possibly 

yield low  plastic viscosities but with additives such as  sodium carbonate  and 

carboxymethyl cellulose, the rheological properties for Abakaliki clay will 

remarkably improve. 

Omole et al., (2013) in their work on the investigation into the rheological and 

filtration properties of drilling mud formulated with clays from northern Nigeria 

carried out analysis on seventy-four clay samples collected from different locations 

in North-West Nigeria and labelled NWY001-NWY074 and concluded thus: 

 None of the samples tested in their natural state exhibited remarkable 

improvement in rheological properties. 

 The samples that contained vermiculite as the suspected dominant clay 

mineral have swelling ability higher than those that contained calcium 

smectite  /  chlorite  /  illite  /  kaolinite  /  mixed  minerals  as  their  suspected 

dominant clay minerals. 

 Optimal  average  concentration  of  sodium  carbonate  needed  to  exchange 

sodium for calcium in the investigated northern clay samples is 10%. 

 Addition of 10% analytical grade of sodium carbonate increased the local 

clay plastic viscosities, yield points and apparent viscosities. 
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 Increase in clay concentration by 11 and 24% of API specification also add 

to  the  improvement  of  the  local  clay  plastic  viscosities,  yield  point  and 

apparent viscosities. 

 Considering the API requirements for yield point (that is, YP ≤ 3*PV) only 

sample NWY 053 failed at 28 g / 350ml. 

 Samples NWY 033, 028, 013 and 053 are the most promising and have 

shown increase  of 950, 1140, 1100  and  1200%  in  yield point properties 

respectively. 

Apugo-Nwosu et al., (2011) in the studies on the suitability of Ubakala bentonitic 

clay for oil well drilling mud formulation concluded thus:  The local clay samples; 

Ubakala clay samples possess no property at all on their own for use as drilling 

mud for oil well drilling. However, when beneficiated with Na2CO3 and PAC-R or 

CMC; depending on the concentration of additives, much better results that 

satisfied American Petroleum Institute (API) specifications were derived. From the 

results obtained Ubakala clay when beneficiated with 2g of CMC and 1.5g Na2CO3 

per 350ml of water gave the best result when compared with Wyoming bentonite. 

This can be observed by a geometric increase of plastic viscosity by about 1207%. 

Ubakala clay showed a remarkable ability to develop a gel structure when 

beneficiated with the required amount of additives. 

James et al., (2008) in their work on beneficiation and characterisation of a 

bentonite from North-Eastern Nigeria concluded thus: Beneficiation and 

characterisation of Yola bentonite revealed that the clay is a low grade calcium 

montmorillonite, making it unsuitable for drilling fluid applications, even when 

treated with sodium salts. However further investigations are required into other 

forms of processing for other uses such as acid activation for vegetable oil refining 

applications. 
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The work of Okogbue and Ene (2008) revealed that some southeastern Nigeria 

natural clays possess properties that are somewhat similar to those of naturally 

active bentonitic clays from Wyoming and Texas which are used in the industry as 

drilling mud. Physical and rheological properties of the clays were however, said 

to be poor. The characteristics of Abakaliki clay for use as drilling mud have not 

been evaluated. 

Ezeribe and Oyedeji (2005) added lignite to clay mud to improve its rheological 

and  filtration  properties.  The  lignite  was  activated  with  sodium  hydroxide  and 

added to fresh water mud at different concentrations. The authors concluded that 

the addition of lignite improved the suitability of the clay with a significant 

improvement observed when 3% of lignite was introduced. 

Mihalakis et al. (2004), observed that the rheological properties of the black cotton 

clays improved with addition of Na2CO3, such that the upgraded clay can be used 

as multipurpose drilling mud. 

2.15 LOCATION AND GEOGRAPHY OF THE STUDY AREA 

The study area chosen for this work was Ubakala town. The town is located in 

Umuahia South Local Government Area of Abia State, south-eastern Nigeria and 

o o lies on longitude 7 24’E and latitude 5 10’N on the geological map of Nigeria 

(Encarta, 2009). 
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 Figure 2.8: Map of Abia State showing study area with map of Nigeria 

 

 

2.16 COMPARISON BETWEEN UBALAKA CLAY AND WYOMING 

CLAY 

Apugo-Nwosu et al., (2011) in their work did an evaluation on the properties of 

Ubakala clay sample and compared the result with those of imported drilling mud, 

the Wyoming clay. 

2.16.1 Physical properties 

The  particle  size  distribution  showed  that  Ubakala  clay  is  predominantly  clay, 

hence can be consider as a pure clay sample. 
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Figure 2.9: Particle size distribution of clay samples 

 

The  results  of  the  Cation  Exchange  Capacity  of  the  Ubakala  clay  samples  are 

shown below. The explanation of the results from literature indicates that Ubakala 

clay is bentonitic and is calcium dominant while Wyoming clay is sodium 

dominant (Taylor, 1985). 

 

Figure 2.10: Methylene blue cation exchange capacity of clay samples 
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The  results  of  the  determination  of  the  density  of  the  mud  prepared  from  the 

Ubakala  clay  sample  show  that  as  concentration  of  clay  and  concentration  of 

additives increased, the density also increased in turn (Fig. 2.12). The increase in 

density was gradual as additive increased in concentration. The sand content did 

not show significant increase with increase in concentration of additive in the clay 

sample (Fig. 2.11), this implies that the coarseness of the mud is not affected by 

beneficiation  of  the  clay  sample.  The  sand  content  signifies  solids  that  do  not 

contribute to beneficial mud properties. Ubakala clay shows a sand content value 

of  about  1%,  signifying  that  the  sand  content  is  within  desirable  limit  (0-4%) 

(Amorim et al., 2004). This implies that the Ubakala mud formulation can provide 

lubrication to the drill-string and other drill tools, since the mud contains solids 

softer than the pipe and casing. 

 

 

Figure  2.11:  Sand  content  of  Ubakala  clay  sample  at  varying  concentrations  of 

PAR-C and CMC 
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Figure  2.12:  Density  of  Ubakala  clay  sample  with  varying  concentrations  of  (a) 

PACR (b) CMC 

2.16.2 Rheological Properties 

The  rheological  properties  including  plastic  viscosity,  apparent  viscosity,  yield 

point and gel strength of the mud samples (24.5g in 350ml of water) with 

increasing concentration of viscosifiers compared with that of the Wyoming mud 

sample showed a significant increase in apparent viscosity, plastic viscosity and 

yield point as concentrations of PAC-R and CMC increased in the clay samples. 

This indicated capability for drilling purposes. 
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Figure 2.13: (a) Plastic Viscosity (b) Yield Point; of Ubakala mud at various 

concentrations of Na2CO3 compared to that of Wyoming clay 
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Figure 2.14: Plastic viscosity of Ubakala clay sample at various concentrations of (a) 

CMC; (b) PAC-R; compared with Wyoming clay 
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Figure 2.15: Yield point of Ubakala clay sample with various concentrations of (a) 

CMC; (b) PAC-R; compared with Wyoming clay 

The increase in yield point values suggest that the inter-particle attraction between 

the particles increase with increase in concentration of the viscosifiers. Though, 

there seem to be fluctuations in the values due to attraction and repulsion between 

the particles. As shown in Fig. 2.15 the gels formed from Ubakala clay and PAC-R 

were fragile gels (Uba, 1988). From the results, it showed that the attractive 

electrical forces were minimal. The gels formed from Ubakala clay and PACR 

were fragile gels (Uba, 1988). Fragile gels have extremely low values where the 

ten seconds and ten minute gel strengths are almost alike (e.g. 1/1, 2/2, 2/3 lb/100 

sq. ft). Favourable gels are those with low to intermediate 10 seconds gel strength 

that build up to intermediate values in 10 minutes (e.g. 2/4, 3/6, 4/8 lb./100 sq. ft.), 

while progressive gels have low to intermediate 10 seconds gel strengths building 
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up rapidly to high levels in 10 minutes (3/20, 6/35, 8/50 lb./100 sq. ft.) (Uba, 

1988). 

 

 

Figure 2.16: Strength of Ubakala clay sample with various concentrations of (a) 

CMC, (b) PAC-R 
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As seen in Fig, 2:16(a) for Ubakala mud with various concentrations of CMC, the 

highest value of gel strength found was at the amount 2g CMC, with 1g of Na2CO3 

per barrel (24.5g of clay/350ml of water) while the lowest value was gotten when 

concentration of CMC was zero. From the results, it showed that the attractive 

electrical forces were minimal. The gels formed from Ubakala clay and CMC were 

fragile gels (Uba, 1988). However, when Na2CO3 was added to the sample, the 

attractive electrical forces in the mud system seemed to improve immensely into a 

progressive gel (Uba, 1988); this implies that the mud has the ability to prevent the 

cuttings from settling in the hole and sticking to the drill stem (Lyons, 1996). 

2.16.3 Mineralogical and Chemical Analysis: 

X-ray diffraction analysis was carried out in order to identify the mineralogical 

structure of the Ubakala clay samples studied. The clay samples composed mainly 

of smectite, kaoline and albite. For Ubakala clay, there is a complete absence of 

o basal reflections in the 2-20 2Ѳ (CuKα) range it is suspected that there is 

interstratifications between kaolinites and montmorillonite (Cradwick and Wilson, 

1972). The mineralogical composition of Ubakala clay is summarized below and 

compared with that of Wyoming clay as reported by Falode et al, (2007). 

Table 2.1: Summary of crystalline minerals in clay samples 
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Impurities which can constitute problems can be identified. The presence of quartz, 

which acts as an abrasive, could lead to poor physio-chemical performance of the 

clay. The presence of kaolinite in the local clay could lead to poor rheological 

properties since this clay have low swelling capabilities (Apugo-Nwosu, 2011). 

Chemical analyses results showed that Al2O3/SiO2 ratio was approximately 1/3 in 

Wyoming bentonite as expected for montmorillonite, which is the main component 

of  bentonite.  In  the  Ubakala  clay,  the  Al2O3/SiO2 ratio  was  about  1/4.35.  The 

presence of alkalis and magnesia in the samples suggests significant presence of 

montmorillonite. The Wyoming clay is richer in MgO than the Ubakala clay 

sample. This compound is normally used to enhance gel strength of mud samples 

(Falode et al., 2007). Ubakala clay showed low value of Fe2O3, this indicates low 

laterite concentrations. Wyoming showed higher sodium ion concentration, which 

shows increase in attraction of clay and water. Potassium may act as an 

exchangeable cation, located between unit layer and acts as interlayer cations. 

Bentonites with higher clay percentages (lower non-clay mineral content) as 

Wyoming should show high rheological properties. Clay such as montmorillonite 

that has a high cation exchange capacity swells greatly and forms viscous 

suspensions  at  low  concentrations of  clay,  particularly  when  sodium  is  in  the 

exchange position. Considering the relative higher swelling volumes of Wyoming 

bentonite indicated by higher montmorillonite content, it should make better 

suspensions with water and therefore good rheological properties can be obtained 

whereas the Ubakala bentonitic clay would require some beneficiation to improve 

the swelling properties. 
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Table 2.2: Chemical composition of Ubakala clay samples 
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CHAPTER THREE 

RESEARCH METHODOLOGY 

This chapter treats the experimentation and the methods used in the analysis of the 

clay samples. The experiment was carried out on the clay sample to determine the 

viscosities of the pure clay sample and that of the clay sample added with various 

weight percentage of sodium carbonate at various time intervals and speeds of 

agitation. The experiment was conducted at room temperature. 

3.1 EXPERIMENTATION 

3.1.1 Materials 

 Ubakala clay 

 Sodium carbonate 

 Distilled water 

3.1.2 Equipment 

 Ostwald viscometer (Model NDJ95N) 

 Thermometer 

 Pipette 

 Weighing balance 

 Measuring cylinders 

 Stopwatch 

 Mechanical agitator 

 200 mesh Tyler Sieve (approx. 75 µm size) 

 Hammer mill 

 Mortar and pestle/grinder 

 Plastic buckets 
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The apparatus consists of an Ostwald viscometer which is a U-shaped glass 

tube with two arms and is made of clear borosilicate and constructed in 

accordance with the dimension as shown below. In one arm, N, an upper bulb C 

is connected with a fine capillary, R. The lower end of the capillary is 

connected with a U-tube, P, provided with bulb A in the second arm, L. This 

bulb is necessary to maintain the hydrostatic pressure during flow of liquid. 

Through the capillary tube, the liquid flows with measurable speed. There are 

two marks E and F above and below the upper bulb C. 

 

 

Figure 3.1: Ostwald viscometer (with dimensions in mm) 
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3.1.3 Processing the clay samples 

The collected clay sample is sun-dried to remove moisture and then pounded with 

the aid of a mortar and pestle to reduce the particle size and increase the surface 

area. The pounded clay sample is the put in a furnace for further drying to remove 

the possible moisture content in sample. After drying, the sample is taken to mill 

for further grinding to get the desired particle size. A hammer mill is mounted 

vertically and is designed to have two funnels. The upper funnel serves as the clay 

sample inlet while the bottom one serves as the clay sample outlet. The mill has a 

hammer at the centre which is driven by an electric motor part of the mill. The 

function of the hammer is to continuously reduce the particles of the clay to obtain 

the desired size. Below the hammer is a sieve with mesh of size 75 µm. The mesh 

is changeable and the mesh size used determines the size of the clay particle to be 

obtained. After passing through the mill, the clay gotten is packaged for 

experiment. 

It was by this treatment that the clay sample used for the experiment was processed 

and is illustrated by Fig. 3.2 below. 
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Figure 3.2: Flow chart for clay processing 
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3.1.4 Sample preparation 

Four different samples were prepared and labelled as follows: 

 Sample A: 100g of clay/1400ml of distilled water. 

 Sample B: 100g of clay/1400ml of distilled water + 2 wt. % Na2CO3(s) 

 Sample C: 100g of clay/1400ml of distilled water + 4 wt. % Na2CO3(s) 

 Sample D: 100g of clay/1400ml of distilled water + 6 wt. % Na2CO3(s) 

 

3.1.5. Aim: To determine the viscosities of the clay samples (A-D) at periodic time 

intervals and at different speed of agitation. 

3.1.6 Procedure: 

The clay was collected and processed as shown in Fig. 3.2 and the experiment was 

conducted at room temperature. 

Sample A was stirred with the aid of a mechanical agitator by setting the rotor at 

300  rpm. The  viscometer  is  washed  with  distilled  water  and completely  dried. 

Sample A is then introduced through tube L to slightly above the mark G, using a 

long pipette to minimize wetting the tube above the mark. The tube is 

clamped vertically and allowed to stand to maintain equilibrium. The volume of 

the liquid sample is adjusted so that the meniscus settles at the mark G. It is then 

sucked through arm N about 5 mm above the mark E. After releasing pressure or 

suction, the time taken for the bottom of the meniscus to fall from the top edge of 

mark E to the top edge of mark F is taken at intervals of 5, 10, 15, 20, 25, 30 and 

35 sec. 

The equation for the reaction is: 

 

2 32 2( )2 2 ( ) + 2 3( ) 

→ 2 32 2( 2 ) 2 2 ( ) + 3( ) (3.1) 
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The measuring cylinder is then weighed empty. It is then filled with Sample A and 

weighed. The density, of Sample A is calculated thus: 

2 – 1 
 (3.2) 

 

Where 2 = ℎ 

 1 = ℎ 

 = 

 

The viscosity in Pa.s (Paschal second) is then calculated thus. 

 = (3.3) 

Where 

 = 

 = 

 = ℎ                                   ℎ  ,  

 , . 

 

This was repeated for speed of agitation of 600 rpm and 900 rpm. 

The above procedure was repeated for Samples B, C and D. 

3.2 METHODS OF ANALYSIS 

3.2.1 Response Surface Methodology 

Response surface methodology (RSM) explores the relationship between several 

explanatory variables and one or more response variables. It consists of a group of 

mathematical and statistical techniques used in the development of an adequate 

functional relationship between a response of interest, y, and a number of 

associated control (or input) variables denoted by x1, x2 …xk. The main objective 
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of  a  response  surface  methodology  is  to  a  response  (output  variable)  which  is 

influenced by several independent variables (input variables). 

Both the RegStat command and Anovan command were used in the Analysis of 

Regression Statistics and the Analysis of Variance. Excerpts of the experimental 

data were gathered in the required format for the statistical study, and the collated 

data  were  used  in  the  analysis  to  generate  the  necessary  statistical  parameters 

useful in the statistical model development and were studied based on the analysis  

of the variance of the variables of the variables, the estatic value of the model, the 

2 2 goodness of fit (R ) and Adj. R values of the model and the t-stat values of the 

variables. The equation for response surface modelling is given as: 

2  = 0 + 1 1 + 2 2 + 3 3 + 4 1 2 + 5 1 3 + 6 2 3 + 7 1 + 

2 2 
8 2 + 9 3 +... (3.4) 

Where, 

 = 

0 − 9 = 

1 = 

2 = 2 3 

3 = 

Which reduces to, 
2 2  = 0 + 1 2 + 2 3 + 3 2 3 + 4 2 + 5 3 (3.5) 

3.2.2 Surface Plots 

The surface plot defines a surface by the z-coordinates of points above a grid in the 

x-y plane, using a straight line to connect the adjacent points. The mesh and surf 

functions display surfaces in three dimensions. 
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 Mesh produces wireframe surfaces that colour only the lines connecting the 

defining points. 

 Surf displays both the connecting lines and the faces of the surface in colour. 

To display a function of two variables, z = f (x, y), the following steps are taken. 

 Generate X and Y matrices consisting of repeated rows and columns, 

respectively over the domain of the function. 

 Use X and Y to evaluate and draw a graph of the function. 

The mesh grid function transforms the domain specified by a single vector or two 

vectors x and  y  into  matrices  X  and  Y for use in  evaluating  functions of two 

variables. 

In this project, the mesh grid command was used to discretize the points with the 

range of the factors and the surfc command was used for the surface plot with its 

contour lines using model obtained from section 3.2.1. 

3.2.3 Kinetic Study of the Process Using Data-Driven Model 

The following models were used in determining the best fit. 

Gaussian model: A Gaussian model is a statistical distribution where observation 

occur in a continuous domain e.g. time and space. In a Gaussian process, every 

point in some continuous input space is associated with normally distributed 

random variable. Gaussian functions are important in statistical modelling because 

of  properties  inherited  from  the  normal.  For  example,  if  a  random  process  is 

modelled as a Gaussian process, the distribution of various derived quantities can 

be obtained explicitly. Such quantities include the average value of the process 

over a range of time and the error in estimating the average using sample values at 

a small set of time. Gaussian function is shown by the equation below. 
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2 
− 

 ( ) = exp (− ) (3.6) 
 

Where 

( ) = = ;  ,  ,  = = 

Exponential model: An exponential function is of the form 

 ( ) = exp (3.7) 

The input variable t occurs as an exponent hence the name. The exponential model 

is used to model a relationship in which a constant change  in the independent 

variable gives the same proportional change (i.e. percentage increase or decrease) 

in the dependent variable. 

Exponential power model: An exponential power function simply called Power 

function is similar to exponential function and of the form 

 
 ( ) = exp (3.8) 

In a power function, the independent variable t is raised to a (constant) power c but 

in an exponential function, the independent variable is the exponent while the base 

is the constant. 

The data so-obtained from the experiments were used in developing the above 

models. 

3.2.4 New Reverse Engineered Model 

This new reversed engineered model creates a physical data model by extracting 

information from an already existing data sources. In other words, it works on a 

model  to  create  a  data.  The  method  of  analysis  using  the  kinetic  study  of  the 

process using data-driven model showed that Gaussian model appropriately 
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describes the behaviour of clay viscosity. The new engineered model then uses this 

Gaussian model so-obtained to generate data for further uses. 

Therefore using the equation for the Gaussian data-driven model, 

− 2 
 = (− ) (3.6) 

 

Differentiating wrt t 

 2( − ) − 2 
= − .      ( −  ) (3.9)  2 

− 2 
But = (− ) 

 

Substituting in eqn. (3.8) above gives 

 2( − ) 
= − . (3.10)  2 

2 
Letting = 2 

 
= ( −  ) (3.11) 

 

Thus this is a separable variable. 

 
= .   (  −  ) (3.12) 

 

On integration within = 0 = 0 

 2 
 ( ) = − ( ) (3.13) 

0 2 

 
Letting =∝ = , eqn. (3.12) becomes 

2 

2  = 0 exp( − ) (3.14) 

Eqn. (3.14) is thus the equation for the new engineered model and can be used in 

solving the viscosity of the clay sample at any given time. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

In this chapter, the results of the experiment carried out and the analysis as detailed 

in chapter three are presented. The significance of the result is also discussed. 

4.1 RESULTS 

4.1.1 Results of the experiment 

Table 4.1: Results of the experiment on Samples (A- D) at 300rpm 

time(s) 100g (clay) 2wt% 4wt% 6wt% 

Na2CO3 Na2CO3 Na2CO3 

5 0.246Pa.s 0.290Pa.s 0.133Pa.s 0.042Pa.s 

10 0.253 0.273 0.144 0.032 

15 0.216 0.246 0.152 0.028 

20 0.207 0.238 0.160 0.025 

25 0.201 0.212 0.161 0.021 

30 0.199 0.126 0.175 0.020 

35 0.195 0.111 0.171 0.018 
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Table 4.2: Results of the experiment on Samples (A- D) at 600 rpm 

time(s) 100g (clay) 2wt% 4wt% 6wt% 

Na2CO3 Na2CO3 Na2CO3 

5 0.398Pa.s 0.332Pa.s 0.333Pa.s 0.093Pa.s 

10 0.388 0.355 0.339 0.091 

15 0.378 0.314 0.341 0.087 

20 0.373 0.305 0.341 0.087 

25 0.341 0.302 0.339 0.087 

30 0.332 0.294 0.335 0.087 

35 0.330 0.268 0.333 0.086 

 

 

Table 4.3: Results of the experiment on Samples (A- D) at 900 rpm 

time(s) 100g (clay) 2wt% 4wt% 6wt% 

Na2CO3 Na2CO3 Na2CO3 

5 0.412Pa.s 0.408Pa.s 0.216Pa.s 0.021Pa.s 

10 0.417 0.418 0.210 0.023 

15 0.433 0.423 0.183 0.025 

20 0.430 0.431 0.179 0.027 

25 0.412 0.426 0.153 0.039 

30 0.412 0.426 0.153 0.039 

35 0.402 0.423 0.137 0.041 
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4.1.2 Result of the analysis using Response Surface Modelling 

The result of the MATLAB programming of the response surface modelling is 

presented below. (See Appendix A for the MATLAB programming) 

 

Table 4.4: Result of the MATLAB programming of the response surface 

modeling 

Variables C0 –C9 se t-stat pval F-stat 

C -0.1170 0.086917 -1.3461 0.184 sse = 0.11843 

X1 -0.0042 0.0034896 -1.2169 0.22903 dfe = 53 

X2 0.0582 0.028013 2.0785 0.042516 dfv = 9 

X3 0.0014 0.00018675 7.5718 5.4282e-10 ssv = 1.0053 

X1X2 6.5536e-04 0.0003647 1.7970 0.078036 f = 49.987 

X1X3 1.7341e-06 2.4313e-06 0.71325 0.47882 pval = 0 

X2X3 -8.5119e-05 1.4899e-05 -5.7170 5.0869e-07 

X 2 -1.5026e-06 6.8768e-05 -0.21851 0.82787 
1 

X 2 -0.0109 0.0031584 -3.4413 0.0011369 
2 

X 2 -8.1323e-07 1.4037e-07 -5.7934 3.8527e-07 
3 

2 2  R =0.8946 Adj.R =0.8767 mse=0.0022 

 

The result of the analysis of variance is presented below: 

Table 4.5: Analysis of Variance 

Source Sum of sq. d.f Mean sq. F Prob.>F 

X1 0.00914 6 0.00152 0.4 0.8778 

X2 0.77366 2 0.38683 100.76 0 

X3 0.14124 2 0.07062 18.39 0 

Error 0.19964 52 0.00384 

Total 1.12368 62 
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4.1.3 Result of the analysis using Surface Plots 

Using the programming for the mesh grid, the surface plots are presented below. 

(See Appendix B for the MATLAB programming) 
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Figure 4.1: Surface plot of Interaction between Time and Sodium Carbonate 

Concentration 
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Figure 4.2: Surface plot of Interaction between Time and Speed of Agitation 
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Figure 4.3: Interaction between Sodium Carbonate Concentration and Speed 

of Agitation 
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4.1.4 Result of the analysis of the kinetic study of the process using data- 

driven model 
Using the equations, Eqns. (3.6 – 3.8) and solving the constants, the following 

tables and graphs were obtained. 

Table 4.6: Numerical fit data for data-driven model for control at 300 rpm 

2 2 
Model a b c R Adj. R 

Gaussian 15.48 -907.2 448.6 0.8382 0.7573 

Exponential 0.2597 -0.009273 - 0.8399 0.8079 

Exponential power 0.2166 0.003627 1.155e-5 -4.862e-08 -0.5 
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Figure 4.4: Graph of data-driven model for control at 300 rpm 
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Table 4.7: Numerical fit data for data-driven model for control at 600 rpm 

2 2 Model a b c R Adj. R 

Gaussian 0.4217 -21.14 108.3 0.9433 0.9150 

Exponential 0.4158 -0.006935 - 0.9432 0.9119 

Exponential power 0.4073 -0.002623 1.256 0.9474 0.9211 
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Figure 4.5: Graph of data-driven model for control at 600 rpm 
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Table 4.8: Numerical fit data for data-driven model for control at 900 rpm 

2 2 Model a b c R Adj. R 

Gaussian 0.4264 17.5 68.32 0.7503 0.6254 

Exponential 0.4255 -0.001029 - 0.1805 0.01656 

Exponential power 0.0927 1.515 -0.002777 0.03295 -0.4506 
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Figure 4.6: Graph of data-driven model for control at 900 rpm 
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Table 4.9: Numerical fit data for data-driven model for 2wt. % Na2CO3 at 300 rpm 
2 2 Model a b c R Adj. R 

Gaussian 0.2838 6.367 29.26 0.9528 0.9291 

Exponential 0.3551 -0.02705 - 0.8566 0.8280 

Exponential power 5.201e-05 8.97 -0.02639 0.5834 0.3751 
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Figure 4.7: Graph of data-driven model for 2wt. % Na2CO3 at 300 rpm 
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Table 4.10: Numerical fit data for data-driven model for 4wt. % Na2CO3 at 300 rpm 

2 2 Model a b c R Adj. R 

Gaussian 0.1735 39.77 67.83 0.9622 0.9433 

Exponential 0.1321 0.008318 - 0.9169 0.9002 

Exponential power 0.07874 0.3705 0.2134 0.9597 0.9395 
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Figure 4.8: Graph of data-driven model for 4wt. % Na2CO3 at 300 rpm 
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Table 4.11: Numerical fit data for data-driven model for 6wt. % Na2CO3 at 300 rpm 

2 2 Model a b c R Adj. R 

Gaussian 0.06968 -41.8 61.89 0.9245 0.8867 

Exponential 0.04582 -0.02949 - 0.9580 0.9496 

Exponential power 1.263 -2.789 0.1192 0.9869 0.9804 
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Figure 4.9: Graph of data-driven model for 6wt. % Na2CO3 at 300 rpm 
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Table 4.12: Numerical fit data for data-driven model for 2wt. % Na2CO3 at 600 rpm 

2 2 Model a b c R Adj. R 

Gaussian 0.3474 -7.007 84.24 0.8315 0.7472 

Exponential 0.3588 -0.007445 - 0.8518 0.7742 

Exponential power 0.3442 -0.0007081 1.635 0.8331 0.7497 
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Figure 4.10: Graph of data-driven model for 2wt. % Na2CO3 at 600 rpm 
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Table 4.13: Numerical fit data for data-driven model for 4wt. % Na2CO3 at 600 rpm 

2 2 Model a b c R Adj. R 

Gaussian 0.3414 19.18 90.66 0.8903 0.8354 

Exponential 0.3387 -0.0002101 - 0.04698 -0.1436 

Exponential power 0.3116 0.06222 0.07692 -0.1564 -0.7345 
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Figure 4.11: Graph of data-driven model for 4wt. % Na2CO3 at 600 rpm 
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Table 4.14: Numerical fit data for data-driven model for 6wt. % Na2CO3 at 600 rpm 

2 2 Model a b c R Adj. R 

Gaussian 0.09315 -20.51 179.5 0.6389 0.4583 

Exponential 0.09255 -0.002371 - 0.7324 0.6788 

Exponential power 0.08828 6.7e-05 9.98e-5 -4.334e-07 -0.5 
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Figure 4.12: Graph of data-driven model for 6wt. % Na2CO3 at 600 rpm 
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Table 4.15: Numerical fit data for data-driven model for 2wt. % Na2CO3 at 900 rpm 

2 2 Model a b c R Adj. R 

Gaussian 0.4287 24.13 87.05 0.9370 0.9054 

Exponential 0.4132 -0.001072 - 0.4432 0.3318 

Exponential power 0.2218 0.5726 0.04098 0.6336 0.4504 
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Figure 4.13: Graph of data-driven model for 2wt. % Na2CO3 at 900 rpm 
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Table 4.16: Numerical fit data for data-driven model for 4wt. % Na2CO3 at 900 rpm 

2 2 Model a b c R Adj. R 

Gaussian 7.715e07 -1856 420.7 0.9265 0.8898 

Exponential 0.2723 -0.02123 - 0.9275 0.9130 

Exponential power 5.164 -2.561 0.09604 0.9854 0.9781 
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Figure 4.14: Graph of data-driven model for 4wt. % Na2CO3 at 900 rpm 
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Table 4.17: Numerical fit data for data-driven model for 6wt. % Na2CO3 at 900 rpm 

2 2 Model a b c R Adj. R 

Gaussian 0.04786 52.52 48.98 0.9081 0.8621 

Exponential 0.01824 0.02457 - 0.9026 0.8831 

Exponential power 0.01631 0.05748 0.7912 0.9052 0.8577 
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Figure 4.15: Graph of data-driven model for 6wt. % Na2CO3 at 900 rpm 
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4.1.5 Results of the analysis of the new engineered model 

Solving Eqn. 3.14 using the data from the experiment, the following tables and 

graphs were obtained. 

 

 Table 4.18: Numerical fit data for new reverse engineered model of control 

2 2 
Speed (rpm) α β µ0 R Adj. R 

300 2.312e-14 0.0002179 0.2407 0.7255 0.6707 

600 2.128e-12 0.0001727 0.3946 0.9209 0.9050 

900 0.007502 0.0002143 0.3993 0.7503 0.6254 
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Figure 4.16: Graph of new reverse engineered model for control 
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Table 4.19: Numerical fit data for new reverse engineered model at 300 rpm 

2 2 wt. % α β µ0 R Adj. R 

2 0.01482 0.001167 0.2707 0.9528 0.9291 

4 0.01725 0.0002165 0.1231 0.9622 0.9433 

6 2.221e-04 0.0007599 0.03697 0.8380 0.7981 
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Figure 4.17: Graph of new reverse engineered model at 300 rpm 
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Table 4.20: Numerical fit data for new reverse engineered model at 600 rpm 

2 2 wt. % α β µ0 R Adj. R 

2 0.006395 0.0001326 0.3969 0.9570 0.9097 

4 2.745e-14 0.0005142 0.2305 0.9518 0.9048 

6 0.03991 0.0003466 0.01589 0.9102 0.8653 
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Figure 4.18: Graph of new reverse engineered model at 600 rpm 
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Table 4.21: Numerical fit data for new reverse engineered model at 900 rpm 

2 2 wt. % α β µ0 R Adj. R 

2 6.207e-08 0.0001919 0.3400 0.8279 0.7934 

4 0.003979 0.0001049 0.3282 0.9128 0.8692 

6 2.715e-05 5.943e-05 0.09089 0.5410 0.3115 
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Figure 4.19: Graph of new reverse engineered model at 900 rpm. 
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4.2 DISCUSSION 

Using  the  result  of  the  experiments  in  Tables  (4.1  -  4.3)  and  the  equation  for 

response surface modelling, 
2  = 0 + 1 1 + 2 2 + 3 3 + 4 1 2 + 5 1 3 + 6 2 3 + 7 1 + 

2 2 
8 2 + 9 3 +.. (3.3) 

Where 

 = 

1 − 9 = 

1 = 

2 = 2 3 

3 = 

The result of the MATLAB programming of the response surface modelling for 

solving Eqn. 3.3 is shown in Table 4.4. 

Using a confidence interval of 95% and significance of 

|t-start| ≥ 2 

pval ≤ 0.05, 

Eqn. 3.3 reduces to 

2 2  = 0 + 1 2 + 2 3 + 3 2 3 + 4 2 + 5 3 (3.4) 

From Table 4.4 it can be deduced that time (X1) is the least significant of the 

variables while concentration and speed of agitation are significant variables. 

Removing terms containing X1 from Eqn. 3.3 reduced the model to Eqn. 3.4. 
2 The R value reveals that the statistical model explains about 89% of the observed 

variability in the experimental data. This is a measure of the model accuracy. The 

F-statistical p-value is zero. Thus the model is adequate since the value is <0.05. 
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The mean square error (mse) value is expected to be close to zero and the fit has a 

value of 0.0022 which is acceptable. 

The t-stat value (which should be a magnitude of 2 or more) and its p-value (which 

should be ≤0.05 at 95% confidence) reveals that concentration of Na2CO3, speed of 

agitation, interaction between concentration of Na2CO3 and speed of agitation and 

the  quadratic  terms  of  concentration  of  Na2CO3 and speed  of  agitation  are  the 

significant terms. Interaction between time and concentration of Na2CO3 is only 

significant at 90% confidence interval. 

The Analysis of variance table, Table 4.5 based on prob. > F-value reveals that 

concentration of Na2CO3 and speed of agitation are the significant variables, since 

they have values ≤ 0.05. Time is not a significant variable. 

This corroborates the observation from the t-stat values of Table 4.4 that time is 

not significant. 

From Fig 4.1, the surface plot shows a progressive change in the colour gradient as 

the concentration of sodium carbonate increases while there is very little change in 

the colour gradient as time increases. This means that time is insignificant. 

In addition, viscosity has a somewhat quadratic relationship with Na2CO3 

concentration but a linear relationship with time as can be seen by the profile of the 

plot. The contour lines are not all parallel to each other. This indicates that the 

interaction between time and Na2CO3 concentration may be significant. Thus, 

though  time  may  not  be  significant  as  a  variable,  its  interaction  with  Na2CO3 

concentration shows some significance at 90% confidence as can be seen from the 

t-stat and p-value. 
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From Fig 4.2, the surface plot shows a progressive change in the colour gradient as 

the  speed  of  agitation  increases  while  there  is  very  little  change  in  the  colour 

gradient as time increases. This means that time is insignificant. 

In addition, viscosity has a somewhat quadratic relationship with speed of agitation 

but a linear relationship with time as can be seen by the profile of the plot. The 

contour lines are not all parallel to each other. This indicates that the interaction 

between time and speed of agitation may be significant. Thus, though time may not 

be significant as a variable, its interaction with speed of agitation shows some 

significance at 90% confidence as can be seen from the t-stat and p-value. 

From Fig 4.3, the surface plot shows greater change in the colour gradients as 

speed  of  agitation  increases  and  no  change  as  sodium  carbonate  concentration 

increases. 

In addition, viscosity has a somewhat quadratic relationship with both Na2CO3 

concentration and sped of agitation as can be seen by the profile of the plots. The 

not-too-parallel nature of the contour lines indicates that the parameters are 

significant both as variables and in interaction. This clearly agrees with the t-stat 

and p-values. 

Therefore, both  speed of agitation and concentration of  sodium carbonate are 

significant both as variables and in interaction in the analysis of viscosity of clay 

while time is the least significant as a variable but may be significant in interaction 

with both Na2CO3 concentration and speed of agitation. 

2 From Table 4.6, the R of the Exponential model is 0.8399 as against 0.8382 and - 

4.826e-08 for Gaussian model and Exponential power model respectively. This 

showed that the Exponential model describes the behaviour of the viscosity of the 
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clay sample for control at 300rpm. Similarly, the Exponential model has the line of 

best fit as shown in Fig. 4.4. 

2 From Table 4.7, the R of the Exponential power model is 0.9474 as against 0.9433 

and 0.9432 for Gaussian model and Exponential model respectively. This showed 

that the Exponential power describes the behaviour of the viscosity of the clay 

sample for control at 600rpm. Similarly, the Exponential power model has the line 

of best fit as shown in Fig. 4.5. 

2 From Table 4.8, the R of the Gaussian model is 0.7503 as against 0.1805 and 

0.03295 for Exponential model and Exponential power model respectively. This 

showed that the Gaussian model describes the behaviour of the viscosity of the 

clay sample for control at 900rpm. Similarly, the Gaussian model has the line of 

best fit as shown in Fig.4.6. 
2 From Table 4.9, the R of the Gaussian model is 0.9528 as against 0.8566 and 

0.5834 for Exponential model and Exponential power model respectively. This 

showed that the Gaussian model describes the behaviour of the viscosity of the 

clay sample at 2 wt. % and 300rpm. Similarly, the Gaussian model has the line of 

best fit as shown in Fig. 4.7. 

2 From Table 4.10, the R of the Gaussian model is 0.9622 as against 0.9169 and 

0.9597 for Exponential model and Exponential power model respectively. This 

showed that the Gaussian model describes the behaviour of the viscosity of the 

clay sample at 4wt. % and 300rpm. Similarly, the Gaussian model has the line of 

best fit as shown in Fig. 4.8. 

2 From  Table  4.11, the  R of the  Exponential power  model is 0.9869  as  against 

0.9245 and 0.9580 for Gaussian model and Exponential model respectively. This 

showed that the Exponential power model describes the behaviour of the viscosity 
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of the clay sample at 6wt. % and 300rpm. Similarly, the Exponential power model 

has the line of best fit as shown in Fig. 4.9. 

2 From Table 4.12, the R of the Exponential model is 0.8518 as against 0.8 315 and 

0.8331 for Gaussian model and Exponential power model respectively. This 

showed that the Exponential model describes the behaviour of the viscosity of the 

clay sample at 2wt. % and 600rpm. Similarly, the Exponential model has the line 

of best fit as shown in Fig. 4.10. 

2 From Table 4.13, the R of the Gaussian model is 0.8903 as against -0.04698 and - 

0.1564 for Exponential model and Exponential power model respectively. This 

showed that the Gaussian model describes the behaviour of the viscosity of the 

clay sample at 4wt. % and 600rpm. Similarly, the Gaussian model has the line of 

best fit as shown in Fig. 4.11. 

2 From Table 4.14, the R of the Exponential model is 0.7324 as against 0.6389 and - 

0.4.334e-07 for Gaussian model and Exponential power model respectively. This 

showed that the Exponential model describes the behaviour of the viscosity of the 

clay sample at 6wt. % and 600rpm. Similarly, the Exponential model has the line 

of best fit as shown in Fig. 4.12. 

2 From Table 4.15, the R of the Gaussian model is 0.9370 as against 0.4432 and 

0.6336 for Exponential model and Exponential power model respectively. This 

showed that the Gaussian model describes the behaviour of the viscosity of the 

clay sample at 2wt. % and 900rpm. Similarly, the Gaussian model has the line of 

best fit as shown in Fig. 4.13. 

2 From  Table  4.16, the  R of the  Exponential power  model is 0.9854  as  against 

0.9265 and 0.9275 for Gaussian model and Exponential model respectively. This 
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showed that the Exponential power model describes the behaviour of the viscosity 

of the clay sample at 4wt. % and 900rpm. Similarly, the Exponential model has the 

line of best fit as shown in Fig. 4.14. 

2 From Table 4.17, the R of the Gaussian model is 0.9081 as against 0.9026 and 

0.9052 for Exponential model and Exponential power model respectively. This 

showed that the Gaussian model describes the behaviour of the viscosity of the 

clay sample at 6wt. % and 900rpm. Similarly, the Gaussian model has the line of 

best fit as shown in Fig. 4.15. 

2 The Gaussian model, in addition to having the higher values of R (50% of the total 

2 R compared to 25% each for Exponential model and Exponential power model) 

2 and  the  lines  of  best  fit,  has  57.14%  of  the  total  R that  fall  with  confidence 

intervals of 90% and above as against 42.86% for Exponential power model and 

0% for Exponential model. 

Hence Gaussian model describes the viscosity of the clay samples in relation to 

time, concentration of sodium carbonate and speed of agitation. 

Solving equation for Gaussian model, Eqn. 3.6 further gives rise to Eqn. 3.14 

Hence Eqn. 3.14 is therefore the relationship between the initial viscosity, µ0 and 

time, t to viscosity, µ at any given time. This process consists of a forward and 

reverse reaction. The reaction is first order with respect to time while the reverse 

reaction is second order with respect to time. α and β are forms of rate constants 

for the forward and reverse reactions respectively and may be functions of speed of 

agitation and treatment concentration. 
2 

 = 0 exp( − ) (3.14) 

Solving for µ0, α and β gives rise to Tables (4.18 – 4.21) and graphs of Fig. (4.16 – 

4.19) at the various speed of agitation. 
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From  Table  4.18,  result  is  poor  for  the  new  reverse  engineered  model  for  the 

2 control at various rpm as none of the R ≥ 0.95. This is illustrated by Fig 4.16. 

Comparing this result with those with various concentration of sodium carbonate 

shows that sodium carbonate actually modifies the viscosity of the clay sample. 

2 From Table 4.19, the new reverse engineered model at 300 rpm, the R of 2 wt. % 

2 and 4 wt. % are 0.9528 and 0.9622 respectively as against the R of 6 wt. % of 

0.8380. This is illustrated by Fig. 4.17. Hence the experiment gives a very good 

result at 300 rpm. 

2 From Table 4.20, the new reverse engineered model at 600 rpm, the R at 2 wt. %, 

4 wt. % and 6 wt. % are 0.9570, 0.9518 and 0.9102 respectively. This is illustrated 

by Fig. 4.18. Hence the experiment gives a very good result at 600 rpm. 

2 From Table 4.21, the new reverse engineered model at 900 rpm, the R at 2 wt. %, 

4 wt. % and 6 wt. % are 0.8279, 0.9126 and 0.5410 respectively. This is illustrated 

by Fig. 4.19. Hence the experiment gives a poor result at 900 rpm with none of the 

2 R ≥ 0.95. 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 CONCLUSION 

A Nigerian local clay sample; the Ubakala clay sample possess little property on 

their own for use as drilling mud. This is because their viscosity and other 

properties do not satisfy the American Petroleum Institute (API) specifications. 

However, when beneficiated with various concentrations of sodium carbonate, ion 

exchange occurred. The calcium ion in the clay samples is replaced with sodium 

ion and this greatly altered the viscosity. 

From the results obtained, the viscosity of Ubakala clay can be enhanced through 

beneficiation with different concentration of sodium carbonate. 

The response surface model through the t-stat value (which should be a magnitude 

of 2 or more) and its p-value (which should be ≤0.05 at 95% confidence) reveals 

that concentration of Na2CO3, speed of agitation, interaction between concentration 

of  Na2CO3 and speed  of  agitation  and  the  quadratic  terms  of  concentration  of 

Na2CO3 and speed of agitation are the significant terms. Interaction between time 

and concentration of Na2CO3 is only significant at 90% confidence interval. 

The Analysis of variance table based on prob. > F-value reveals that concentration 

of Na2CO3 and speed of agitation are the significant variables, since they have 

values ≤ 0.05. This corroborates the observation from the t-stat values that time is 

not significant. 

The surface plots showed that both speed of agitation and concentration of sodium 

carbonate are significant both as variables and in interaction in the analysis of 

viscosity  of  clay  while  time  is  the  least  significant  as  a  variable  but  may  be 

significant in interaction with both Na2CO3 concentration and speed of agitation. 

The quadratic nature of the plots quite agrees with the t-stat values. 

103 

 



 

The kinetic study of the process showed that the Gaussian model appropriately 

2 describes the performance of the clay samples as greater number of R fall under 

Gaussian model. The new reversed engineered model; an offshoot of the Gaussian 

model showed that speed of agitation between 300rpm and 600rpm gives the best 

result. Comparing the control experiments with the clay-sodium carbonate mixture 

2 experiments showed that the control experiment performed poorly as their R fall 

short of the required confidence interval of 95%. The graphical representation of 

the control showed a decreasing rate in viscosity within the required range of speed 

of agitation unlike those of the clay-sodium carbonate mixture. 

Therefore, the optimum operating parameters for enhancing the clay are Na2CO3 

concentration of 2 – 4wt % and speed of agitation of 300 – 600 rpm. 

 

Contribution to knowledge: Findings from the research show: 

 That the viscosity of a Nigerian clay sample can be improved by reducing 

the calcium content through enhancement with sodium carbonate. 

 The optimum operating parameters required for enhancing a clay sample for 

use as drilling mud. 

 That  the  viscosity  of  a  clay  sample  can  be  determined  at  any  point  by 

employing the new reversed model. 

Hence the objectives of this project work as stated in pages 3-4 has been achieved. 
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5.2 RECOMMENDATION 

Nigeria is blessed with abundant reserve of clay but none is being tapped for use as 

drilling mud and a lot of money is spent yearly in importing drilling mud for use 

by the oil industry. This research has bridged the gap by proving that Nigerian clay 

can be enhanced for use as drilling mud. 

This  research  work  has  come  up  with  solutions  that  if  employed  will  help  in 

making clays readily available for use as drilling mud. I hereby recommend this 

research work to government, universities, research institutes and the private sector 

especially the oil industries to be used as a model in developing Nigerian clays. 

Carrying out experiments on viscosities of clay require very sensitive viscometers 

like  the  direct  rotating  viscometer  and  Fann  viscometer  and  a  Pycnometer  for 

accurate density determination. These were non-existent in all laboratories visited. 

To this end, I strongly recommend that government should build well-equipped 

laboratories where research work like this will easily be carried out. 
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APPENDICES 

APPENDIX A: MATLAB programming for the Response surface modelling 

>> x1= [5 10 15 20 25 30 35 5 10 15 20 25 30 35 5 10 15 20 25 30 35 5 10 15 20 

25 30 35 5 10 15 20 25 30 35 5 10 15 20 25 30 35 5 10 15 20 25 30 35 5 10 15 20 

25 30 35 5 10 15 20 25 30 35]'; 

>> x2= [2 2 2 2 2 2 2 4 4 4 4 4 4 4 6 6 6 6 6 6 6 2 2 2 2 2 2 2 4 4 4 4 4 4 4 6 6 6 6 6 

6 6 2 2 2 2 2 2 2 4 4 4 4 4 4 4 6 6 6 6 6 6 6]'; 

>> x3= [300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 

300 300 300 300 600 600 600 600 600 600 600 600 600 600 600 600 600 600 600 

600 600 600 600 600 600 900 900 900 900 900 900 900 900 900 900 900 900 900 

900 900 900 900 900 900 900 900]'; 

>> y= [.29 .273 .246 .238 .212 .126 .111 .133 .144 .152 .16 .161 .175 .171 .042 

.032 .028 .025 .021 .02 .018 .332 .355 .314 .305 .302 .294 .268 .333 .339 .341 .341 

.339 .335 .333 .093 .091 .087 .087 .087 .087 .086 .408 .418 .423 .431 .426 .426 

.423 .261 .21 .183 .179 .153 .153 .137 .021 .023 .025 .027 .039 .039 .041]'; 

>> regstats(y,[x1 x2 x3],'quadratic') 

Variables have been created in the current workspace. 

>> anovan(y,[x1 x2 x3],'linear') 

 

ans = 0.8778  0  0.0000 

 

MAXIMUM 

Active inequalities (to within options.TolCon = 1e-006): 

lower      upper     ineqlin   ineqnonlin 

1 

2 

x = 5.0000    2.0000   602.2687 
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MINIMUM 

Active inequalities (to within options.TolCon = 1e-006): 

lower      upper     ineqlin   ineqnonlin 

2 

 

x = 20.0168    6.0000  599.9965 

 

function g=viscosity(x) 

g=(-0.117-0.0042*x(1)+0.0582*x(2)+0.0014*x(3)+6.5536e-4*x(1)*x(2)+1.7341e- 

6*x(1)*x(3)-8.5119e-5*x(2)*x(3)-1.5026e-6*x(1)^2-0.0109*x(2)^2-8.1323e- 

7*x(3)^2); 
 

>> x0=[20 4 600];lb=[5 2 300];ub=[35 6 900];A=[1 1 1];b=[941]; 

>> [x,fval]=fmincon(@viscosity,x0,A,b,[],[],lb,ub) 

 

Large-scale (trust region) method does not currently solve this type of problem, 

using medium-scale (line search) instead. 

> In fmincon at 317 

Optimization terminated: magnitude of directional derivative in search direction 

less than 2*options.TolFun and maximum constraint violation is less than 

options.TolCon. 

Active inequalities (to within options.TolCon = 1e-006): 

lower      upper     ineqlin   ineqnonlin 

2 

x = 20.0168    6.0000 599.9965 

fval = 0.0955 
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APPENDIX B: Mesh Grid Programming for the Surface Plot 

>> [x1,x3]=meshgrid(5:1.5:35,600:15:900); 

>>x2=4;y=-0.117-0.0042*x1+0.0582*x2+0.0014*x3+6.5536e-4*x1.*x2+1.7341e- 

6*x1.*x3-8.5119e-5*x2.*x3-1.5026e-6*x1.^2-0.0109*x2.^2-8.1323e-7*x3.^2; 

>> surfc(x1,x3,y) 

>> [x2,x3]=meshgrid(2:.15:6,600:15:900); 

>>x1=20;y=-0.117-0.0042*x1+0.0582*x2+0.0014*x3+6.5536e- 

4*x1.*x2+1.7341e-6*x1.*x3-8.5119e-5*x2.*x3-1.5026e-6*x1.^2-0.0109*x2.^2- 

8.1323e-7*x3.^2; 

>> surfc(x2,x3,y) 
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APPENDIX C: X-ray Diffractogram of the investigated Clays :(a) Ubakala 

Clay (b) Wyoming Clay (Falode et al., 2007) 

 

 

K = Kaolinite; Q = Quartz; I = Illite; M = Montmorillonite, B = Biotite; C = 

Calcite; A = Feldspar (Albite) 
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APPENDIX D: Chemical composition of Ubakala clay sample (Apugo-Nwosu 

et al…2011) 
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APPENDIX E: Summary of crystalline minerals in Ubakala clay sample 

(Apugo-Nwosu et al…2011) 
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APPENDIX F: Ostwald Viscometer 
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