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ABSTRACT

PERFORMANCE ANALYSIS OF DRILLING FLUID LIQUID LUBRICANTS

S6nmez, Ahmet
M.Sc., Department of Petroleum and Natural Gas Engineering

Supervisor: Prof. Dr. Mustafa Versan Kok

September 2011, 95 pages

Excessive torque is one of the most important problems in oil/gas drilling industry.
Friction between wellbore/casing and drill string causes excessive torque. This study
discusses performance analysis of drilling fluid lubricants, which are used as friction
reducers in well-bore. Three different types of commercial chemical lubricants, which
are fatty acid and glycerid based, triglycerid and vegetable oil based and polypropylene
glycol based, diesel oil, and crude oil, which consists of different API gravity, paraffin

and asphaltene value samples, were selected for the analysis.

In the analysis, different lubricant compositions with the mixture of commercial
chemical lubricants, crude oil and diesel oil, which were added to water based
lignosulfonate mud, are tested on metal-metal contact surface by Ofite Lubricity Tester

to determine the best lubricity/cost ratio of lubricant compositions.



Moreover, effects of the lubricants on mud rheology and API fluid loss of mud, foam
forming potential and cheesing/greasing of the lubricants and the influence of mud

properties on lubricants (calcium, salt, pH and mud density) are examined.

Keywords: drilling fluid, mud, lubricant, lubricity, lubricity coefficient



0z

SONDAJ SIVISINA EKLENEN SIVI KAYGANLASTIRICILARIN
PERFORMANS ANALIZi

S6nmez, Ahmet
Yiiksek Lisans, Petrol ve Dogal Gaz Miihendisligi Boliimii

Tez Yoneticisi: Prof. Dr. Mustafa Versan Kok

Eyliil 2011, 95 sayfa

Asir tork degerleri, petrol ve dogalgaz sondaj endiistrisindeki en 6nemli problemlerden
biridir. Sondaj dizisi ve kuyu cidar1 veya koruma borusu arasindaki stirtiinmeler asiri
torka yol agmaktadir. Bu ¢aligmada, sondaj operasyonlar: sirasinda, kuyu i¢inde olusan
stirtlinmeleri azaltmak i¢in sondaj sivisina eklenen sivi kayganlagtiricilarin performans
analizi ve degerlendirmesi yapilmistir. Analizler i¢in, kayganlastirici olarak; yag asidi
ve gliserid bazli, trigliserid ve nebati yag bazli, ve polipropilen glikol bazli ii¢ cesit
ticari kimyasal lubrikant, mazot ve degisik API yogunluk, asfaltit ve parafin degerlerine

sahip ham petrol numuneleri secilmistir.

Su bazli lignosiilfonat sondaj sivilarina, kayganlastiricilar degisik oranlarda
karistirtlarak, Ofite Lubricity Tester cihazinda, metal-metal temas yiizeylerinde olusan
tork degerleri icin en iyi performanst veren kompozisyonlarin belirlenmesi

hedeflenmistir.

Vi



Ayrica, bu kayganlastiricilarin, diger sondaj sivist dzelliklerine etkileri (akis 6zellikleri,
su kaybi, kopiik olusma potansiyeli ve peynirsi tabaka olusumu/yiizeyde yaglanma) ile;
sondaj sivisinin 6zelliklerindeki (kalsiyum, tuz, pH ve ¢amur yogunlugu) degisimin,

kayganlagtiricilarin performanslarina olan etkileri incelenmistir.

Anahtar Sozciikler: sondaj sivisi, camur, lubrikant, kayganlik, kayganlik katsayisi.
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CHAPTER 1

INTRODUCTION

In the process of drilling extended-reach, directional and instable hole well profiles, the
friction caused by dog-legs, keyseats, bit balling and hole instability, causes excessive
torque values. The friction and high torque and drag, that result from drill string and
wellbore/casing interaction, causes overpulls in trip-outs, pipe stucks and even lose out
the well. Also, inside the casing, energy that is formed from metal-metal surface contact

between drill string and casing, causes casing wear.

Oil-based drilling fluids and synthetic-based drilling fluids, generally produces lower
friction and lower torque values than the water-based drilling fluids while drilling the
well. However, the use of oil-based drilling fluids and synthetic-based drilling fluids, is
severely limited because of high costs and environmental concerns. As a solution, it is
seen that, it would be advantageous to identify a water-based drilling fluid system with
addition of lubricants which is environmentally friendly, cost effective and as lubricious

as oil-based drilling fluids and synthetic-based drilling fluids. [1]

Lubricants can be divided into two categories; solid lubricants and liquid lubricants.
Solid lubricants act like ball bearings, that interfere with the contact surfaces without
bonding to them. The performance of solid lubricants is independent from the drilling-
fluid type as they do not bond. [1] On the other hand, liquid lubricants form a film
between the two surfaces that are; drill string and casing/wellbore, which is thick
enough to mask surface roughness and strong enough to fight with high compressional

forces, minimizing the contact area and so the friction and torque. As liquid lubricants



interacts with other surface active additives in the drilling fluid, their performance

depends on the concentration of the lubricant. [1]

In this study, liquid lubricants are used as friction reducers. Three types of commercial
chemical lubricants which are; triglycerid and vegetable oil based, fatty acid and
glycerid based and polypropylene glycol based lubricants. On the other hand, diesel oil,
and crude oil, with different API gravity, paraffin and asphaltic value samples are
tested. Diesel oil and crude oil are much cheaper than the commercial lubricants and
they are easy to obtain in oil/gas fields. However, they are not as lubricious as
commercial chemical lubricants. Therefore, it is decided to combine chemical lubricants
and crude oils in our water-based drilling fluid and to determine the best composition

which has good lubricity performance and low cost.

Water-based lignosulfonate mud is chosen as our base drilling fluid. Water-based
lignosulfonate mud is the most common and one of the cheapest water-based drilling
fluid systems. Also, this system is not strong enough to withstand and fight with high
torque and its lubricity performance is insufficient. Therefore, this system is considered
as our base mud and add different lubricants to determine the highest lubricant
performances. Additives of this base system are; treated bentonite, lignosulfonate,
CMC, NaOH. We add OCMA and barite to this system and before testing, we aged the
drilling fluid samples for 16 hours at hot rolling conditions at 150 F, in order to provide
the field conditions.

Ofite Lubricity Tester is the equipment that we use to evaluate the lubricity values of
the samples. Ofite Lubricity Tester gives us the torque value of the samples in Ib-in. We
use calibration constant and calculate the coefficient of friction (COF). We use COF to

compare the lubricity performance of the samples.

In order to get the best performance from the lubricants, effects of the lubricants on
physical and chemical mud properties are looked up. Therefore, drilling fluid samples



are tested on mud reology; that consists of plastic viscosity (PV), yield point (YP) and
gel strengths, API fluid loss of mud, foam forming potential and cheesing/greasing

potential.

Drilling fluids samples are also been tested for the influence of the mud properties on
lubricants in order to see the effects of the lubricants in chemical and physical
contamination of the drilling fluids and at high mud density. Therefore, the performance
of the lubricants is examined at high pH, high calcium ion content, high chloride

content and high density drilling fluid samples.



CHAPTER 2

LITERATURE REVIEW

2.1. Overview of Lubricity Analysis

High torque and drag become one of the most important issues of drilling industry as
drilling in extended-reach and directional wells gain popularity. We can mention that is
true for water-based drilling fluid systems as they give higher coefficient of friction
values and so high torque and drag, between drill string and formation/casing, than
compared to oil-based drilling fluids and synthetic-based drilling fluids. However, oil-
based drilling fluids and synthetic-based drilling fluids still have environmental issues
and are not so cost effective. Therefore, it would be more advantageous to find
lubricant-treated water-based drilling fluids which are more environmental friendly,

lubricious and cost effective. [1]

In order to find the best lubricant-treated water-based mud composition, studies were
made with different water-based drilling fluid systems, different lubricants, using

different experimental approaches.

Growcock, Fredrick, Reece, Green and Ruffin [1] tested three unweighted drilling fluid
systems, which are gel(bentonite)/water, PAC (polymer-based), and lignosulfonate
based drilling-fluid system, adding various lubricants with the amount of 3%. For
testing lubricity, they used modified Temco Lubricity Evaluation Monitor (LEM) to test
as shown in Fig. 2.1. The modified LEM was used to measure the coefficient of friction
between a flat contact surface and a rotating bob which is made of steel that is typical of

drill pipe in a circulating drilling fluid. The rotating bob has a rotation of 150 rev/min



and a 40 Ib weight was applied between sandstone and steel. Test gives a torque reading

in in.-Ib and they converted these readings to COF to compare lubricity values. [1]

RPM
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Gear box >

Recorder 'I‘_I:I.I_I —+u
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Torque meter Lubricity
'S Evaluation
Torque Monitor
readout
Flexible coupling —
Bearings —
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|
Heating cartridges
Pneumatic Steel bob

controller Sandstone

Mixers

controller Test cell "ﬁ
i

D —

Figure 2.1: Modified Lubricity Evaluation Monitor

As shown in Table 2.1, lubricity test results showed that most of the lubricants reduced
the coefficient of friction of the base mud by more than 30% with the addition of 3%
lubricants. They also saw that some lubricants are less effective in polymer-based
drilling fluids than clay-based drilling fluids and surprisingly no lubricants appear to be

effective in lignosulfonate drilling fluid.



Table 2.1: Effect of Base Mud on Lubricant Performance !

Base Mud COF | Typical % A COF
Water 0.7 -50
Gel/Water 0.7 -40
PAC 0.4 -30
PHPA 0.3 -15
Lignosulfonate | 0.27 0

Quigley, Dzialowski and Zamora [2] used an operational wellbore friction simulator
(WBFS) shown in Fig.2.2, that uses full-scale components for measuring torque and
drag. The WBFS was used to predict friction coefficients of unweighted lignosulfonate
drilling fluid with and without a lubricant. For half of the test simulated cutting beds

were added.

It is marked that Although, the WBFS can simulate operating conditions better that
small-scale lubricity testers, lubricity results from WBFS lubricity tests, generally agree
with the results from small-scale lubricity testers. They also concluded that, cutting
beds can reduce friction coefficient and drag friction coefficient is reduced by tool joint
rotation [2]
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Figure 2.2: WBFS Overall View ™

Tailleur [3] run a Timken Lubricant Tester to measure lubricity of the extreme pressure
drilling fluids they designed. He looked for a longer bit bearing life and with a field
experience, he proved that if the lubricating properties of the mud can be improved,

they will lengthen bit bearing life, so enhance the drilling cost reduction.

LEM 111 lubricity test apparatus (Fig. 2.3) is another lubricity tester that the effect of
coefficient of friction for metal-metal surfaces can be tested. Knox and Jiang [4] used
this tester to measure lubricity values for various lubricants which were added 1 and 3%
v/v, for completion brines and low solids water-based muds. He also tested for

cheesing/greasing and foaming potential of the samples.
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Figure 2.3: LEM I Lubricity Test Unit !

Schamp, Estes and Keller [5] used three different torque reducing agents including
drilling fluid base oil, liquid/solid lubricants and mechanical means. After a series of
lubricity analysis, they found that solid lubricants brought on plugging problems with
BHA components and not that much lubricious, liquid lubricants achieved field torque
reductions of 5-15% when added concentrations of 2% to 6%, and come up with the
best answer for mechanical torque reduction tools, showing the largest reduction in

torque values, but are very expensive, so necessity should be considered.



Differential sticking is one of the major problems of the drilling industry and fairly
related with the lubricity of the drilling fluid. Isambourg, EIf, Benaissa and Marti [6]
used a differential sticking and lubricity apparatus to measure the coefficient of friction
between metal and mud cake which was illustrated in Fig. 2.4. The device also
measures the variation of mud filter cake pore pressure and permeability and sticking
time. They evaluated both water and oil based drilling fluids’ differential sticking
potential. They found that accurate coefficients of friction between drill pipe and mud
cake under laboratory simulated down hole conditions and differential sticking is

affected by permeability and cake compaction, more than cake thickness.

Kilter
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= Mud QOutlet
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| |

7 1 / 7
/ ;// /j{ / // ’\‘// /o / //
\ .
Mud cake + Captor
:: Data Output

Figure 2.4: Differential Pressure Sticking and Friction Measurement Cell !

Reid, Meeten, Way, Clark, Chambers, Glimour and Sanders [7] used another

differential sticking test device, called stickance tester shown in Fig. 2.5. This tester can



be seen as a high temperature/high pressure (HPHT) fluid-loss cell that allows a metal
sphere in contact with a mud filter cake and measure the torque value in order to rotate
the metal sphere free from the mud filter cake. They study the effect of the lubricants on
differential sticking and resulted that lubricants coat metal surfaces that reduces the
adhesion of steel to the mud filter cake, makes better fluid loss control and reduces the
yield stress of the mud filter cake which results thinner mud cakes and so less
probability to differential stuck. [7] Effect of various lubricants in stickance is shown in
Fig. 2.6.

Figure 2.5: Schematic Diagram of the Stickance Tester [
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Figure 2.6: Effect of Lubricants [”

For water-based muds, environmentally accepted lubricants were compared with diesel
oil and mineral oil based products by Kercheville, Hinds and Clements [8]. Coefficient
of friction values were used to measure the lubricating properties of the muds. They
found that mineral oil and diesel oil give similar lubricity values in mud, and
biodegradable lubricants shows better than them for both torque reduction and extreme
pressure lubrication (film strength). They also concluded that diesel oil, mineral oil and
environmentally acceptable lubricants reduce the risk of differential stuck and can both

be successfully used as spotting drilling fluids. [8]

Sifferman, Muijs, Fanta, Felker and Erhan [9] designed a special lubricity reduction
system, using starch-lubricant compositions which were non-toxic, environmental and
produce stable dispersions in water based drilling fluids. They used jet cooking
technique to produce aqueous starch dispersion containing 1-10 microns diameter
lubricant droplets by mixing starch, water and lubricant. They observed that 0.5%
lubricant containing muds formulated with the starch-lubricant compositions, performed
better than a conventional drilling fluids containing only 3% lubricant. They also found
that, drilling fluids with the starch-lubricant compositions have better APl and HTHP

fluid loss properties, also, starch is environmentally safer, cost effective and can be
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transported easier. In Fig. 2.7, re-dispersed starch-lubricant powder is shown at 10%
concentration in water. White circles show 1-8 microns lubricant droplets.

Figure 2.7: A 10% Aqueous Dispersion of Starch-Lubricant ©!

2.2. Effects of Lubricants on Mud Properties

Lubricants may have some positive and negative effects on mud properties like; mud
reology, API fluid loss, foaming potential, cheesing/greasing potential and some
chemical properties. Those effects are very important to benefit from the lubricant

completely.

Tyldsley [10] performed an application of a vegetable oil derivative lubricant called
SSP, to overcome the problems of torque and drag in drilling deviated wells. He came
up with a result that 30% of reduction in torque values were experiences after adding
SSP. He also concluded that SSP, helped to stabilize the lignosulfonate drilling fluid

systems by lowering the API fluid loss. However, the results showed that SSP raised the
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yield point value of the mud. Effects of diesel and SSP in various mud systems on some

mud properties can be observed in Table 2.2.

Table 2.2: Rheology, Fluid Loss Comparisons between Diesel and SSP !

KCL Polymer 600 | 300 | AV | PV | YP ’éi" Breaksz'\fv’r‘] (Ibs)
Base Mud 18| 9 | 9| 9 | 0o |66 2100
with DIESEL (10%) | 22 | 12 | 11 | 10 | 2 | 46 3000
with SSP (10%) 20 | 11 | 10 | 9 | 2 | 46 > 4500
Low Lime

Base Mud 12 6 | 6| 6 | 0 |68 2200
with DIESEL (10%) | 18 | 10 | 9 | 8 | 2 | 54 3200
with SSP (10%) 26 | 15 | 13 | 11 | 4 | 52 > 4500
GYP-LIG

Base Mud 21 [ 12 [ 11 [ 9 | 3 [166 2400
with DIESEL (10%) | 24 | 14 | 12 | 12 | 4 | 11.3 2450
with SSP (10%) 25 | 15 | 13 | 10 | 5 | 102 > 4500

In the research of Maldia and Wojtanowicz [14], lubricating properties are tested with a
medium-scale borehole friction tester with a dynamic filtration apparatus which showed
the coefficients of friction is affected by mud filter cake, mud quality, and lubricant
additions. Water based drilling fluids and oil based drilling fluid are tested for lubricity,
effects of drilled solids and chemical treatment. In some samples, they resulted with
high rheological properties of muds. They also concluded that in low-solids drilling
fluids, addition of lubricants showed better lubricating performance that high-solids

drilling fluids.

Foxenberg, Ali, Long and Vian [15] presented a new environmentally acceptable
lubricant that is compatible with completion and workover fluids. This lubricant is
soluble in most completion brines and in high hardness conditions, (magnesium and
calcium) this product does not cheese or grease, does not add to grease or oil content

and is thermally stable. It is also compatible with the workover and completion fluid
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additives like biocides, oxygen scavengers, corrosion and scale inhibitors. However,
they saw that this lubricant does produce foam especially in higher calcium brines, so

they suggest taking care of this problem using defoamers. [15]

In the research of Argillier, Audibert, Janssen and Demoulin [16], a biodegradable and
non-toxic ester based lubricant was described. Together with the good lubricity
performance of this product, they saw that it is dispersable in water based mud, does not
affect drilling fluid rheology, causes no cheesing or greasing, and as a positive effect,
the lubricant improves the API filter loss reduction of the mud. Influence of addition of
this ester based lubricant on rheological and filtration properties of a non dispersed

water based mud is shown in Table 2.3.

Table 2.3: Influence of Ester Based Lubricant on Rheological and Filtration Properties
of a Non-Dispersed Water Based Mud ™!

WBM before ageing | after 16 h at 100 °C
Ref | 1%EBL | Ref 1%EBL
Appearent Viscosity | 23 23 17 20
Plastic Viscosity 11 11 8 8
Yield Point 24 24 18 24
Gel 0/10 12/15 | 12/15 | 9/12 11/13
API Filtrate 115 8 15 8

2.3. Influence of Mud Properties on Lubricity
Drilling fluid type, additives and properties like calcium, pH, salt, and mud weight may

have negative and positive influence on mud’s lubricity values. High and low values of

these properties should be considered to get the best output from the lubricant.
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Dzialowski, Hale and Mahajan [11] investigated the torque and drag problems of shales
as their physical and chemical properties behave differently than sandstone and metal.
The interaction between mud and shale can change the chemical and mechanical
properties of shale and so affects the lubricity of shale and its wear characteristics.
They used a special lubricity test apparatus to test the lubricity values and wear
comparing Pierre shale and Berea sandstone. They concluded that coefficient of friction
values of shale were increased by additions of KCI and NaCl salts. KCI seemed more
effective in wear reduction and lubricity values than NaCl. They also tested for different
concentrations of barite and bentonite solids, and saw no effect on wear rates and
coefficient of friction values.

In the study of Skalle, Backe, Lyomov, Kilaas, Dyrli and Sveen [12], solid microbeads
are investigated as a lubricant in drilling fluids. It is known that mud additives like
bentonite & barite, and cuttings influence the friction values of the drilling fluid. Also,
there are commercial large beads, being used as a solid lubricant, but they mostly be
filtered out in solids control equipments. Therefore, they decided to use a modified
lubricity tester to test smaller polymer microbeads as a lubricant in water based drilling
fluids. Various, 7-50 um, sized spherical monosized microbeads were tested and
coefficient of friction were calculated. The results of these mixtures are shown in Table
2.4. Also, the lubricity values of bentonite and barite were tested as shown in Fig 2.8
and Fig. 2.9. Bentonite was added in a distilled water in concentrations of 0.5% to 2%
(v/v) and caused to increase the friction value by 35%. Barite, in 1% to 6% (v/v)
concentrations, reduced the frictions of an unweighted water based drilling fluid up to
25%. [12]
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Table 2.4: Friction Coefficients with 1 vol% Bead Concentration in an Unweighted
Water Based Drilling Fluid

Test No. Mud B-03* | B-16 B-17 B-18 B-14 B-19 B-20
1 0.216 | 0.137 | 0.139 | 0.144 | 0.142 | 0.175 | 0.172 | 0.162
2 0.215 | 0.126 | 0.126 | 0.135 | 0.136 0.17 0.168 | 0.165
3 0209 | 0129 | 0.121 | 0.134 | 0131 | 0171 | 0.176 | 0.174
4 0.219
Average 0.215 | 0.131 | 0.129 | 0.138 | 0.136 | 0.172 | 0.172 | 0.167
% red** 39 40 36 37 20 20 22
St.dev. 0.004 | 0.006 | 0.009 | 0.006 | 0.006 | 0.003 | 0.004 | 0.006
% dev.*** 2.3 4.2 6.9 3.6 4 14 2.3 3.6

*Bead number

**06 reduction compared to unweightes mud without

beads

***04 difference between max. and min. measured values divided by two

0.5

Friction coefficient

0.3 v }
0 1 2
Concentration (vol%)

Figure 2.8: Effect of Adding Bentonite to Distilled Water ™2
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Figure 2.9: Effect of Adding Barite to an Unweighted Water Based Drilling Fluid %

Quigley [13], analyzed the coefficient frictions of various drilling fluid liquid lubricants
evaluated in dispersed and non-dispersed mud systems using mud lubricity tester
device. Drilling fluids had a mud density, varying 9 to 16 Ib/gal. He concluded that
some lubricant additive can reduce bit balling, makes better filter cake and stabilize the
wellbore, so these effects can decrease the torque and drag. He also noted that low

density drilling fluids had a better coefficient of friction. [13]

The ester based lubricant, tested by Argillier, Audibert, Janssen and Demoulin [16],
showed high lubricant performance even in high density drilling fluids or in presence of
high salts or solids. This ester based lubricant remained stable and lubricious even at the

temperature up to 160°C.
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CHAPTER 3

STATEMENT OF THE PROBLEM

While drilling problematic formations with non-smooth well profiles, extended-reach
and directional wells, the frictional forces between drill string and wellbore or casing
can cause severe drilling problems, waste of equipment, time and money. High torque
and drag may exceed the capabilities of drill string and casing and can cause pipe stuck

and loss of the well.

Although high torque and drag are seen rarely in the wells drilled with oil-based drilling
fluids and synthetic-based drilling fluids, these systems are not preferred because of the
environmental problems and cost. Therefore, water based drilling fluids are favored to

be used with proper lubricant additives.

The main focus in this study is to determine the best lubricant compositions which are
added to the water based lignosulfonate drilling fluid, using liquid lubricants, that are
three different types of commercial chemical lubricants; fatty acid and glycerid based,
triglycerid and vegetable oil based and polypropylene glycol based, diesel oil, and crude
oil, consisting different API gravity, paraffin and asphaltene values. Ofite Lubricity

Tester is used to determine the most lubricious compositions with low cost.

Furthermore, effects of the lubricants on mud properties such as; API fluid loss of mud,
mud rheology, cheesing/greasing and foam forming potential of the lubricants, and
influence of mud properties on lubricant performance like calcium and salt content, pH

and mud density are studied.
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CHAPTER 4

EXPERIMENTAL SET-UP AND PROCEDURE

4.1. Sample Preparation

Sample preparation in drilling fluids laboratory conditions is a serious matter for the
reliability of the tests. In this section, mud additives, mixing and ageing procedures are

summarized.

4.1.1. Mud Additives

To build up a water-based lignosulfonate mud; bentonite, CMC, chrome free
lignosulfonate, NaOH, OCMA and barite are mixed as a base mud. As a lubricant, three
types of chemical commercial lubricants are used which are, diesel and two samples of
crude oil with different APl gravities. Moreover, gypsum and NaCl are used to
contaminate the mud to see the lubricant performance in contaminated media.

Composition for the base mud can be seen in Table 4.1.

Table 4.5: Composition for a Water-Based Lignosulfonate Base Mud

Additives Amount
Bentonite, Ib/bbl 20
CMC, Ib/bbl 2
Chrome Free Lignosulfonate, Ib/bbl 3
NaOH, Ib/bbl 0.75
OCMA, Ib/bbl 30
Barite, Ib/bbl 10
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4.1.1.1. Bentonite

Bentonite is the main additive for most of the fresh water-based drilling fluid systems. It
controls the API filter loss and rheological properties of the mud. The first rule for the
thin, solid and impermeable mud cake, is using the quality bentonite in required
composition. Effect of bentonite decreases in higher than 10000 mg/It CI" ions and 240

mg/It Ca*® ions concentrations.
4.1.1.2.CMC

CMC is a filter loss agent in fresh water-based drilling fluids. It is a cellulose based
anionic polymer, which is mostly used in the concentrations of 1-3 Ib/bbl. Effect of
CMC decreases in higher than 30000 mg/lt CI” ions, 500 mg/lt Ca*? ions concentrations
and in 300°F bottom hole temperatures.

4.1.1.3. Chrome Free Lignosulfonate (CFL)

CFL is a fresh water-based drilling fluid additive with an organic origin free of chrome.
The first function of this additive is to decrease the rheological properties of the mud as
a thinner. The second function is to help to decrease the filter loss. It makes maximum
impact in 9-10 pH value. Effect of CFL decreases in 350°F bottom hole temperatures

and decreases the pH, when added to the drilling fluid system.

4.1.1.4. Caustic Soda (NaOH)

NaOH is used the increase the pH of the water-based drilling fluids.
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4.1.1.5. Barite (BaSOy,)

Barite is used to increase density of all of the drilling fluid types. The specific gravity of
barite is 4.2

4.1.1.6. OCMA Clay
OCMA Clay is not a conventional additive in drilling fluids compositions. It is

composed of swelling, smectite type of minerals that represents the cuttings come from

the formation. OCMA is used to adapt the well conditions to the laboratory.

4.1.1.7. Gypsum (CaSQOy)

Gypsum is used for the treatment of carbonate/bicarbonate contamination in drilling
fluids. Ca™ ion precipitates the excess carbonate ions. In this study, it is used to
contaminate the mud with high Ca™ ions to see how lubricant performs in this

condition.

4.1.1.8. Sodium Chloride (NaCl)

NaCl is used in drilling problematic salt formations as a saturated salt drilling fluid and
in drilling wells with hydrate formation risk as a secondary hydrate inhibitor. In this
study, it is used to contaminate the mud with high CI" ions to see how lubricant
performs in this condition.

4.1.1.9. Lubricant

Lubricants are used to decrease the risk of pipe stuck and torque and drag values. They

form a strong and lubricious film between drill string and formation or casing. In this
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study, three different types of chemical commercial lubricants are used which are fatty
acid and glycerid based, triglycerid and vegetable oil based and polypropylene glycol
based lubricants. Also, diesel oil, and crude oil, which consists of different API gravity,
paraffin and asphaltene values, are used as a lubricant. In Table 4.2, the characteristics
of the crude oil samples can be seen.

Table 4.6: Characteristics of the Crude Oil Samples

Crude Qil-1 | Crude Qil-2
API 29,6 19,6
% water 0,1 0,8
% deposit 0,4 1
% paraffin 7,14 7,31
% asphaltene 3,73 11,97
% sulphur 1,09 2,91

4.1.2. Mixing and Ageing

Preparing the drilling fluid in the laboratory has to be done accurately. Before
beginning to mix the fluid, additives are weighed using Precisa Balance which can

measure in grams and up to two decimals. [17]

After weighing the additives Sterling Multimixer Model is used to mix the drilling
fluid. [18] We add the ingredients in order. The order of the base mud is; bentonite,
caustic, CMC, CFL, barite and OCMA. Lubricant is added in the last order.

After adding the additives, we mix the mud in Sterling Multimixer for 30 minutes. Later
on, mud is filled into OFITE Ageing Cell which is stainless steel grade [19] and cell is
put in an insulated and temperature controlled FANN Roller Oven Model 705 ES. [20]
Sample is aged for 16 hours at 150 °F to adapt the mud into well conditions.
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4.2. Lubricity Test

Frictional forces that resist motion come into play, when there is a relative motion
between two contacting bodies. In order to decrease the torque caused by high frictional
forces in drilling, lubricants are used in water-based drilling fluids. To test the
performance of lubricants at laboratory conditions, lubricity test is designed to simulate
the speed of the rotation of the drill string and the pressure which the drill string bears

against the bore hole wall or casing. [21]

In this study, OFITE Lubricity Tester is used to measure the lubricating qualities of the
drilling fluids, provide data to evaluate the quantity and type of the lubricating additives
and predict the wear rates of the mechanical parts in the fluid systems. [21] Overview of

OFITE Lubricity Tester can be seen in Figure 4.1.

Belt Guard

Torque Arm

Sample Cup

Torque Gauge Torque Arm Clamp

Figure 4.1: Overview of OFITE Lubricity Tester [?!
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OFITE Lubricity Tester instrument includes four main components:

= Test ring for lubricity test.

= Test block for lubricity test.

= Torque wrench

= Sample cup
Basic steps of procedure required for running a OFITE Lubricity Tester are listed below
[21]:

1. Clean the lubricity test ring and the lubricity test block with acetone and rinse
them thoroughly with deionized water. All parts of the machine in the sample
area must be clean before starting a test.

2. Place the lubricity test ring squarely onto the tapered portion of the main shaft.
Make sure the ring seats squarely on the taper of the shaft.

3. Turn the power on and let the machine run for approximately 15 minutes.

4. As illustrated in Figure 4.2, place the lubricity test block in the block holder.

Then, with the concave side facing out and align it with the test ring.

Test Block Holder

Test Block

Sample Cup

Figure 4.2: Placing Lubricity Test Block in the Block Holder
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10.

11.

12.

Rotate the speed control knob until the indicator registers 60 RPM.

After the unit has been running for 15 minutes, rotate the torque zero adjustment
knob until the torque registers zero. Run the unit approximately 5 more minutes
and adjust again if required.

Fill the stainless steel sample cup with deionized water (260 - 280 mL) and
place it on the lowered cup stand. Raise the cup stand until the test ring, test
block, and block holder are fully submerged. Tighten the thumbscrew to secure
the cup stand.

Position the torque arm so that it fits inside the concave portion of the torque
arm clamp. Turn the torque adjust handle clockwise until the torque gauge on
the arm reads 150 inch-pounds. If necessary, readjust the rotational speed to 60
RPM.

Let the machine run for 5 minutes and then record the torque reading. The

torque reading (., ) should be 34+2 (between 32 and 36).

water

Using this torque reading correction factor is calculated,

C.F.= TS—water/Twater (41)
where C.F , is correction factor, and zg_,,.,, iS 34 in-Ibs for this machine.

Rotate the torque adjustment handle counter-clockwise until the torque registers
zero. Lower the cup stand and discard the fluid. Wipe any remaining fluid from
the sample cup, block, block holder, and test ring.

Mix your test fluid (260 - 280 mL) for at least ten minutes. Pour the test fluid
into the stainless steel cup. Place the cup on the stand and raise it until the block
holder and test ring are fully immersed in the fluid. Secure the stand in place
with the thumbscrew.

Turn the speed control knob until the indicator registers 60 RPM. Adjust the
torque zero adjustment knob until the torque registers zero. Run the machine for

approximately 5 minutes and adjust again if necessary.
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13. Turn the torque adjustment handle clockwise until 150 inch-pounds of torque
have been applied to the test block. Let the machine run for 5 minutes.
14. After 5 minutes, record the torque reading and release the torque on the arm.

Using this torque reading ( ) and correction factor, coefficient of friction is

reading

calculated,

C.O.F. = (743410 /100) x C.F. (4.2)

where, C.O.F., is coefficient of friction.
4.3. Mud Properties
In order to see the effects of lubricants on mud properties and the influence of mud
properties on the lubricant performance, chemical and physical analysis of the drilling
fluids are made.

4.3.1. Chemical Analysis

In this study, hydrogen ion concentration (pH), chloride and calcium ion concentrations

are tested for chemical analysis.

4.3.1.1. Hydrogen lon Concentration (pH)

Determining hydrogen ion concentration (pH), is one of the most important
fundamentals of drilling fluids control. Solubility of various components, effectiveness
of additives and clay interactions are all very dependent on pH. [22]

There are two methods of measuring th pH of fresh water drilling fluids that are

calorimetric method using plastic pH test strips and electrometric method using a glass

electrode.
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In this study calorimetric method is prefered as the calorimetric method may not be so
reliable. In the electrometric method OAKTON Waterproof pHTestr 2 consisting of a
glass electrode system, electronic amplifier and a meter calibrated in pH units, is used.
[23]

Basic steps of procedure required for using pH meter is listed below. [24]

1. Make the necessary adjustments to standardize the meter with suitable buffer
solutions.

2. Insert the electrodes into the fluid contained in a small glass vessel. Stir the fluid
around the electrodes by rotating the container.

3. Measure the fluid pH with the instrument. After the meter reading becomes

constant, record the pH to the nearest 0.1 unit.

4.3.1.2. Determining Chloride lon Content

To determine the chloride ion content in the mud filtrate, following materials are

required:

= Silver nitrate solution, 0.0282 N

= Potassium chromate indicator solution.
= 0.02 N sulfuric acid solution

= Phenolphthalein indicator solution

= Distilled water.

= Two graduated pipettes: (1 ml & 10 ml)
= Titration vessel, 100 to 150 mi

= Stirring rod.

Steps of procedure required for determining chloride ion content is listed below [22]:

27



1. Measure 1 ml of filtrate into a titration vessel. Add two or three drops of
phenolphthalein solution. If the indicator turns pink, add acid drop by drop from
pipette, while stirring, until the color is discharged.

2. Add 25 ml of distilled water and 10 drops of potassium chromate solution. Stir
continuously and titrate with standard silver nitrate solution drop by drop from
the pipette, until the color changes from yellow to orange-red and persists for 30
sec.

3. Record the number of ml of silver nitrate required to reach the end point.

mL of silver nitrate x 1000

Chloride (mg/It) = mLof filtrate

(4.3)

4.3.1.3. Determining Calcium lon Content

To determine the calcium ion content in the mud filtrate, following materials are

required:

= EDTA (Standart Versanate) solution 0.01 M (1ml = 400 mg/It. Ca*™
= Ca'" indicator : hydroxy naphtol blue

= 1 N NaOH solution

= Distilled water.

= Two graduated pipettes: (1 ml & 10 ml)

= Titration vessel, 100 to 150 mi

= Stirring rod.

Steps of procedure required for determining calcium ion content is listed below [24]:
1. Add 25 ml of distilled water to the titration vessel.
2. Add 3 ml 1 N NaOH and Add one scoop of calcium indicator. If Ca++ is

present, the solution will turn pink and titrate sample with a versenate solution

to a violet colored end point.
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4. Measure 1 ml of filtrate into a titration vessel. If the color turns pink, titrate
sample with a versenate solution to a violet colored end point and record the

number of ml of versenate solution required.

Calcium (mg /It) = mL of versenate_solutlon x 400 (4.4)
mLof filtrate

4.3.2. Physical Analysis

In this study, density measurement, viscosity and gel strengths, filtration and foam

forming measurement are tested for physical analysis.

4.3.2.1. Density Measurement (Mud Weight)

Density or a weight of a given volume of liquid is determined by using a mud balance.
OFITE Metal Mud Balance is used in this study which permits accurate measurement

with its graduated arm in specific gravity, Ib/gal and Ib/cuft. [25] Lb / cuft unit is used
in this study. Overview of OFITE Metal Mud Balance is shown in Figure 4.3.
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Figure 4.3: Overview of OFITE Metal Mud Balance **!
Procedure required for determining mud weight is listed below [22]:

1. Remove the lid from the cup, and completely fill the cup with the mud to be
tested.

2. Replace the lid and rotate until firmly seated, making sure some mud is expelled
through the hole in the lid.

3. Wash the mud from the outside of the cup, and dry it.

4. Place the balance arm on the base, with the knife edge resting on the fulcrum.
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5. Move the rider until the graduated arm is level, as indicated by the level vial on
the beam.

6. At the edge of the rider closest to the cup, read the density or weight of the mud.

7. Report the result to the nearest scale division, either in Ib/gal, Ib/ft3, psi/1,000 ft
of depth or Specific Gravity (SG).

4.3.2.2. Rheological Analysis

In the rheological analysis section, FANN Model 35SA Viscometer is used to measure

plastic viscosity (PV), yield point (YP) and gel strengths. FANN Model 35SA
Viscometer is a direct reading instrument where viscosity measurements are made when
the outer cylinder, rotating at a known velocity, causes a viscous drag to be exerted by
the fluid, which creates a torque value on the bob. This torque is transmitted to a spring

where its deflection is measured. [27]

FANN Model 35SA Viscometer is a six speed viscometer where the speed ranges from

3 rpm to 600 rpm. Detailed cross section view of the viscometer is shown in Figure 4.4,
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Figure 4.4: Cross Section View of FANN Model 35 Viscometer !
Procedure required for determining PV, YP and gel strengths, is listed below [26]:

1. Collect the drilling fluid sample.
2. Place the sample in a thermostatically controlled viscometer cup.

3. Immerse the viscometer rotor sleeve exactly to the scribed line.
4. Heat the sample to the selected temperature. (in this study, 150 °F)
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5. Rotate the viscometer sleeve at 600 rpm until a steady dial reading is obtained.
Record the dial reading (6600).

6. Rotate the viscometer sleeve at 300 rpm until a steady dial reading is obtained.
Record the dial reading (6300).

7. Stir the sample for 10 to 15 seconds at 600 rpm, then let the mud stand
undisturbed for 10 seconds.

8. Rotate the viscometer sleeve at 3 rpm until the maximum dial reading is
obtained.

9. Record the maximum dial reading obtained as the 10-second gel strength,
Ibf/100 ft2.

10. Restir the sample for 10 to 15 seconds at 600 rpm, then let the sample stand
undisturbed for 10 minutes.

11. Rotate the viscometer sleeve at 3 rpm until the maximum dial reading is
obtained.

12. Record the maximum dial reading obtained as the 10-minute gel strength,
Ibf/100 ft2.

Using 6600 and 0300 values, plastic viscosity and yield point and gel strengths are

calculated:

PV, cp = 6600 — 9300 (4.5)
YP, Ibf /100 ft? = 6300 — PV (4.6)
Gel Strength (10 sec), Ibf/100ft* = Max. dial reading at 3 rpm 4.7
Gel Strength (10 min), Ibf/100ft* = Max. dial reading at 3 rpm (4.8)
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4.3.2.3. Determining Filtration

In this study, the American Petroleum Institute (API) low pressure / low temperature
fluid loss test is done for the filtration analysis which uses the standard API filter press
pressured to a differential of 100 psi. [24]

The OFITE low pressure filter press is used in this study which helps to determine
filtration and wall cake-building properties of drilling fluids. The filter press design
features a cell body to hold the mud sample, a pressure inlet, and a base cap with screen
and filter paper. Overview of OFITE low pressure filter press can be seen in Figure 4.5.
To obtain coherent results, one thickness of the proper 9-cm filter paper has to be used.
In this study, Whatman No. 50 Filter Paper is used. [28]

Figure 4.5: Overview of OFITE Low Pressure Filter Press %!
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Procedure for determining filtration can be observed step by step below [26]:

Collect the mud sample.

Assemble the cell with the filter paper in place.

Pour the sample into the cell to within % inch (13 mm) from the top.
Set the cell into the frame; place and tighten the top on the cell.

Place a dry, graduated cylinder under the drain tube.

© ok~ w N o=

Close the relief valve and adjust the regulator so a pressure of 100 + 5 psi (690 +

35 kPa) is applied in 30 seconds or less.

7. Maintain the pressure at 100 £ 5 psi (690 = 35 kPa) for 30 minutes.

8. Shut off the flow through the pressure regulator and open the relief valve
carefully.

9. Report the volume of filtrate in the graduated cylinder to the nearest mL.

10. Release the pressure, verify that all pressure has been relieved, and remove the

cell from the frame.

11. Disassemble the cell and discard the mud.
4.3.2.4. Determining Foam Forming Potential
High foam forming potential and high half-life of the foam can be one of the negative
effects on drilling fluid systems that we do not desire. Chandler Model 7000 Constant

Speed Mixer is used for measuring the foam forming potential, overview of this mixer

is shown in Figure 4.6.
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Figure 4.6: Overview of Chandler Model 7000 Constant Speed Mixer

Procedure for determining the half-life of the foam is defined below:

a ~ w N E

Measure 200 ml of mud into a scaled mixing vessel.

Fit up the mixing vessel in Chandler Model 7000 Constant Speed Mixer.
Run the mixer at 9000 rpm for 1 minute.

Record the highest volume of the foam reached, after mixing.

Record the time that 100 ml of liquid builds up, as the half-life of foam.
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CHAPTER 5

RESULTS AND DISCUSSION

To obtain accurate results, experiments should be conducted according to the
procedures of lubricity test, physical analysis and chemical analysis described in
Chapter 4. Repeatability of the tests can be proved by comparing the results in Table
A-19 and and Table A.2 in APPENDIX A.

5.1. Lubricity Performance Analysis

For lubricity performance analysis, OFITE Lubricity Tester is used to calculate the

coefficient of friction (COF) values.

For the analysis, three different types of commercial chemical lubricants; fatty acid and
glycerid based, triglycerid and vegetable oil based and polypropylene glycol based,
diesel oil, and crude oil, consisting different APl gravity, paraffin and asphaltene
values, are used and added to a water-based lignosulfonate mud. Name of the samples

for the lubricants that are used in this study, are tabulated in Table 5.1.
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Table 5.7: Properties and Sample Names of the Lubricants

Sample Name Properties
LUBE-1 Fatty Acid and Glycerids
LUBE-2 Triglycerid and Vegetable Oil
LUBE-3 Polypropylene Glycol
HEAVY OIL 19.6 API
LIGHT OIL 29.6 API

5.1.1. Lubricity Performance Analysis of Lubricants Added to the Water-Based

Lignosulfonate Mud Alone

First of all, lubricants are added to the base water-based lignosulfonate mud alone.
Results of the lubricity tests for the lubricants added alone are below. Figure 5.1 shows
the overall analysis of the lubricants added to the water-based lignosulfonate mud alone.
It can be seen that LUBE-1 shows the highest lubricity performance, and followed by
LUBE-2, LUBE-3, LIGHT OIL, HEAVY OIL and DIESEL. Detailed results can be
seen in APPENDIX A.
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Figure 5.1: Overall Analysis of Lubricants Added to the Water-Based Lignosulfonate
Mud Alone

5.1.1.1. LUBE-1

Fatty acid and glycerid based lubricant; LUBE-1, is added alone to the base water-based
lignosulfonate drilling fluid that is designed for this study and coefficients of friction
are calculated from the lubricity test performed with OFITE Lubricity Tester. LUBE-1
is added to the base mud; 1%, 2% and 3% by volume. Percentages above 3% are not
tested as it is not recommended by the supplier and not cost effective. Figure 5.2
represents the coefficient of frictions of LUBE-1 added to the water-based
lignosulfonate mud. It can be observed that increasing the LUBE-1 content makes a
positive effect on fluids lubricity up to 2% and lubricity begins to decrease after
exceeding 2% by volume. Therefore, adding LUBE-1 higher than 2% , is insignificant.
Detailed results are shown in Table A.1 in APPENDIX A.
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Figure 5.2: Coefficient of Frictions of LUBE-1 Added to the Water-Based

Lignosulfonate Mud

5.1.1.2. LUBE-2

Triglycerid and vegetable oil based lubricant; LUBE-2, is added alone to the base
water-based lignosulfonate drilling fluid that is designed for this study and coefficients
of friction are calculated from the lubricity test performed with OFITE Lubricity Tester.
LUBE-2 is added to the base mud; 1%, 2% and 3% by volume. Percentages above 3%
are not tested as it is not recommended by the supplier and not cost effective. Figure
5.3 represents the coefficient of frictions of LUBE-2 added to the water-based
lignosulfonate mud. It can be observed that increasing the LUBE-2 content makes a
positive effect on fluids lubricity up to 3%. Detailed results are shown in Table A.2 in
APPENDIX A.
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Figure 5.3: Coefficient of Frictions of LUBE-2 Added to the Water-Based

Lignosulfonate Mud

5.1.1.3. LUBE-3

Polypropylene glycol based lubricant; LUBE-3, is added alone to the base water-based
lignosulfonate drilling fluid that is designed for this study and coefficients of friction
are calculated from the lubricity test performed with OFITE Lubricity Tester. LUBE-3
is added to the base mud; 1%, 2% and 3% by volume. Percentages above 3% are not
tested as it is not recommended by the supplier and not cost effective. Figure 5.4
represents the coefficient of frictions of LUBE-3 added to the water-based
lignosulfonate mud. It can be observed that increasing the LUBE-3 content makes a
positive effect on fluids lubricity up to 3%. However, rate of increasing lubricity begins
to decrease after exceeding 2% by volume. Therefore, adding LUBE-3 higher than 2% ,
may not be cost effective. Detailed results are shown in Table A.3 in APPENDIX A.
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Figure 5.4: Coefficient of Frictions of LUBE-3 Added to the Water-Based

Lignosulfonate Mud

5.1.1.4. HEAVY OIL

19.6 API gravity sample HEAVY OIL, is added alone to the base water-based
lignosulfonate drilling fluid that is designed for this study and coefficients of friction
are calculated from the lubricity test performed with OFITE Lubricity Tester. HEAVY
OIL is added to the base mud; 1%, 2% and 3% by volume. Figure 5.5 represents the
coefficient of frictions of HEAVY OIL added to the water-based lignosulfonate mud. It
can be observed that increasing the HEAVY OIL content seems to make a positive
effect on fluids lubricity up to 2% but the lubricity performance and decreasing ratio of
the coefficient of friction is very low and lubricity begins to decrease after exceeding
2% by volume. Therefore, adding HEAVY OIL to the water-based lignosulfonate mud
at any percentage can be considered as insignificant. Detailed results are shown in
Table A.5 in APPENDIX A.
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Figure 5.5: Coefficient of Frictions of HEAVY OIL Added to the Water-Based

Lignosulfonate Mud

5.1.1.5. LIGHT OIL

29.6 API gravity sample LIGHT OIL, is added alone to the base water-based
lignosulfonate drilling fluid that is designed for this study and coefficients of friction
are calculated from the lubricity test performed with OFITE Lubricity Tester. LIGHT
OIL is added to the base mud; up to 5% by volume. Figure 5.6 represents the coefficient
of frictions of LIGHT OIL added to the water-based lignosulfonate mud. It can be
observed that increasing the LIGHT OIL content seems to make a positive effect on
fluids lubricity up to 3% and lubricity begins to decrease after exceeding 3% by
volume. Therefore, adding LIGHT OIL to the water-based lignosulfonate mud, over 3%

by volume is insignificant. Detailed results are shown in Table A.4 in APPENDIX A.
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Figure 5.6: Coefficient of Frictions of LIGHT OIL Added to the Water-Based

Lignosulfonate Mud

5.1.1.6. DIESEL

DIESEL, as a lubricant, is added alone, to the base water-based lignosulfonate drilling
fluid that is designed for this study and coefficients of friction are calculated from the
lubricity test performed with OFITE Lubricity Tester. DIESEL is added to the base
mud; 1%, 2% and 3% by volume. Figure 5.7 represents the coefficient of frictions of
DIESEL added to the water-based lignosulfonate mud. It can be observed that
increasing the DIESEL content seems to make a very small positive effect on fluids
lubricity up to 2% but the lubricity performance is very low and lubricity begins to
decrease after exceeding 2% by volume. Lubricity performance of DIESEL at 3% by
volume, is even worse than than the base mud lubricity. Therefore, adding DIESEL to
the water-based lignosulfonate mud at any percentage can be considered as
insignificant. Detailed results are shown in Table A.6 in APPENDIX A.
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Figure 5.7: Coefficient of Frictions of DIESEL Added to the Water-Based

Lignosulfonate Mud

5.1.2. Lubricity Performance Analysis of LUBE-1, LUBE-2 AND LUBE-3 Mixed
with HEAVY OIL, LIGHT OIL and DIESEL, Added to the Water-Based

Lignosulfonate Mud

In this section, LUBE-1, LUBE-2 and LUBE-3 are mixed with HEAVY OIL, LIGHT
OIL and DIESEL with different compositions and are added to the base water-based
lignosulfonate mud. Results of the lubricity tests for these compositions are discussed

below.

5.1.2.1. LUBE-1 and DIESEL

1% LUBE-1 is mixed with 2% DIESEL and added to the water-based lignosulfonate
mud to see the effect of DIESEL in LUBE-1’s lubricant performance and general

lubricity. Figure 5.8 represents the coefficient of frictions of 1% LUBE-1, and 2%
DIESEL mixed with 1% LUBE-1, that are added to the water-based lignosulfonate
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mud. It can be observed that the DIESEL content makes a negative effect on LUBE-1’s
performance and the fluids lubricity. Therefore, mixing DIESEL with LUBE-1 and
adding to the water-based lignosulfonate mud is useless. Detailed results are tabulated
in Table A.11 in APPENDIX A.
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Figure 5.8: Coefficient of Frictions of 1% LUBE-1, and 2% DIESEL Mixed with 1%
LUBE-1 and Added to the Water-Based Lignosulfonate Mud

5.1.2.2. LUBE-2 and DIESEL

1% LUBE-2 is mixed with 2% DIESEL and added to the water-based lignosulfonate
mud to see the effect of DIESEL in LUBE-2’s lubricant performance and general
lubricity. Coefficient of frictions of 1% LUBE-2, and 2% DIESEL mixed with 1%
LUBE-2, that are added to the water-based lignosulfonate mud is displayed in Figure
5.9. It can be observed that the DIESEL content makes a negative effect on LUBE-2’s
performance and the fluids lubricity. Therefore, mixing DIESEL with LUBE-2 and
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adding to the water-based lignosulfonate mud is useless. Detailed results are shown in
Table A.11 in APPENDIX A.
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Figure 5.9: Coefficient of Frictions of 1% LUBE-2, and 2% DIESEL Mixed with 1%
LUBE-2 and Added to the Water-Based Lignosulfonate Mud

5.1.2.3. LUBE-3 and DIESEL

1% LUBE-3 is mixed with 2% DIESEL and added to the water-based lignosulfonate
mud to see the effect of DIESEL in LUBE-3’s lubricant performance and general
lubricity. Coefficient of frictions of 1% LUBE-3, and 2% DIESEL mixed with 1%
LUBE-3, that are added to the water-based lignosulfonate mud is shown in Figure 5.10.
It can be observed that the DIESEL content makes a negative effect on LUBE-3’s
performance and the fluids lubricity. Therefore, mixing DIESEL with LUBE-3 and
adding to the water-based lignosulfonate mud is insignificant. Detailed results are
demonstrated in Table A.11 in APPENDIX A.
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Figure 5.10: Coefficient of Frictions of 1% LUBE-3, and 2% DIESEL Mixed with 1%
LUBE-3 and Added to the Water-Based Lignosulfonate Mud

Figure 5.11 shows the overall analysis of 1% LUBE-1, LUBE-2 and LUBE-3 mixed

with DIESEL and added to the fluid. DIESEL’s negative effect on lubricity can clearly

be observed in this figure.
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Figure 5.11: Overall Analysis of 1% LUBE-1, LUBE-2 and LUBE-3 mixed with
DIESEL and Added to the Water-Based Lignosulfonate Mud

5.1.2.4. LUBE-1 and HEAVY OIL

1% LUBE-1 is mixed with 2% HEAVY OIL and added to the water-based
lignosulfonate mud to see the effect of HEAVY OIL in LUBE-1’s lubricant
performance and general lubricity. Coefficient of frictions of 1% LUBE-1, and 2%
HEAVY OIL mixed with 1% LUBE-1, that are added to the water-based lignosulfonate
mud is displayed in Figure 5.12. It can be observed that the HEAVY OIL content makes
a negative effect on LUBE-1’s performance and the fluids lubricity. Therefore, mixing
HEAVY OIL with LUBE-1 and adding to the water-based lignosulfonate mud is
insignificant. Detailed results are shown in Table A.10 in APPENDIX A.
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Figure 5.12: Coefficient of Frictions of 1% LUBE-1, and 2% HEAVY OIL Mixed with
1% LUBE-1 and Added to the Water-Based Lignosulfonate Mud

5.1.2.5. LUBE-2 and HEAVY OIL

1% LUBE-2 is mixed with 2% HEAVY OIL and added to the water-based
lignosulfonate mud to see the effect of HEAVY OIL in LUBE-2’s lubricant
performance and general lubricity. Figure 5.13 represents the coefficient of frictions of
1% LUBE-2, and 2% HEAVY OIL mixed with 1% LUBE-2, that are added to the
water-based lignosulfonate mud. It can be observed that the HEAVY OIL content
makes a negative effect on LUBE-2’s performance and the fluids lubricity. Therefore,
mixing HEAVY OIL with LUBE-2 and adding to the water-based lignosulfonate mud
is useless. Detailed results are demonstrated in Table A.10 in APPENDIX A.
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Figure 5.13: Coefficient of Frictions of 1% LUBE-2, and 2% HEAVY OIL Mixed with
1% LUBE-2 and Added to the Water-Based Lignosulfonate Mud

5.1.2.6. LUBE-3 and HEAVY OIL

1% LUBE-3 is mixed with 2% HEAVY OIL and added to the water-based
lignosulfonate mud to see the effect of HEAVY OIL in LUBE-3’s lubricant
performance and general lubricity. Figure 5.14 shows the coefficient of frictions of 1%
LUBE-3, and 2% HEAVY OIL mixed with 1% LUBE-3, that are added to the water-
based lignosulfonate mud. It can be observed that the HEAVY OIL content makes a
small positive effect on LUBE-3’s performance and the fluids lubricity. However, it
does not seem to be as lubricious as it has to be and it is not cost effective. Therefore,
mixing HEAVY OIL with LUBE-3 and adding to the water-based lignosulfonate mud
can be considered as insignificant. Detailed results are tabulated in Table A.10 in
APPENDIX A.

51



0.230

0.225

0.220

0.215

COF

0.210 m1%LUBE-3

0.205

0.200

0.0% 2.0%

HEAVY OIL % (v/v)

Figure 5.14: Coefficient of Frictions of 1% LUBE-3, and 2% HEAVY OIL Mixed with
1% LUBE-3 and Added to the Water-Based Lignosulfonate Mud

In Figure 5.15, overall analysis of 1% LUBE-1, LUBE-2 and LUBE-3 mixed with

HEAVY OIL can be observed. HEAVY OIL’s insignificant effect on lubricity can

clearly be observed in this figure.
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Figure 5.15: Overall Analysis of 1% LUBE-1, LUBE-2 and LUBE-3 mixed with
HEAVY OIL and Added to the Water-Based Lignosulfonate Mud

5.1.2.7. LUBE-1 and LIGHT OIL

Firstly, 1% LUBE-1 is mixed with 1%, 2% and 3% of LIGHT OIL by volume and
added to the water-based lignosulfonate mud to see the effect of LIGHT OIL in LUBE-
1’s lubricant performance and general lubricity. Percentages over 3% of LIGHT OIL
are not considered, because it has a negative effect over 3% by volume. (See Figure 5.6)
Figure 5.16 illustrates the coefficient of frictions of 1% LUBE-1, and 1%, 2% and 3%
LIGHT OIL mixed with 1% LUBE-1, that are added to the water-based lignosulfonate
drilling fluid. It can be seen that the LIGHT OIL content makes positive effect on 1%
LUBE-1’s performance up to 3% LIGHT OIL by volume. Detailed results are shown in
Table A.7 in APPENDIX A.
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Figure 5.16: Coefficient of Frictions of 1% LUBE-1, and 1%, 2% and 3% LIGHT OIL
Mixed with 1% LUBE-1 and Added to the Water-Based Lignosulfonate Mud

Next, 2% LUBE-1 is mixed with 1%, 2% and 3% of LIGHT OIL by volume and added
to the water-based lignosulfonate mud to see the effect of LIGHT OIL in LUBE-1’s
lubricant performance and general lubricity. Coefficient of frictions of 2% LUBE-1, and
1%, 2% and 3% LIGHT OIL mixed with 2% LUBE-1, that are added to the water-based
lignosulfonate mud, is displayed in Figure 5.17. It can be observed that the LIGHT OIL
content makes positive effect on 2% LUBE-1’s performance up to 2% LIGHT OIL by
volume. 3% LIGHT OIL content makes a negative effect on mud lubricity. Therefore,
mixing 2% LUBE-1 with percentages exceeding 2% LIGHT OIL, is insignificant for
the lubricity performance. Detailed results are demonstrated in Table A.7 in
APPENDIX A.
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Figure 5.17: Coefficient of Frictions of 2% LUBE-1, and 1%, 2% and 3% LIGHT OIL
Mixed with 2% LUBE-1 and Added to the Water-Based Lignosulfonate Mud

5.1.2.8. LUBE-2 and LIGHT OIL

Firstly, 1% LUBE-2 is mixed with 1%, 2% and 3% of LIGHT OIL by volume and
added to the water-based lignosulfonate mud to see the effect of LIGHT OIL in LUBE-
2’s lubricant performance and general lubricity. Over 3% of LIGHT OIL is not
considered, as it has a negative effect over 3% by volume as seen in Figure 5.6. Figure
5.18 shows the coefficient of frictions of 1% LUBE-2, and 1%, 2% and 3% LIGHT OIL
mixed with 1% LUBE-2, that are added to the water-based lignosulfonate mud. It can
be observed that the LIGHT OIL content makes positive effect on 1% LUBE-2’s
performance up to 3% LIGHT OIL by volume. It can be noted that LIGHT OIL has
more impact on 1% LUBE-2’s performance, at 2% and 3% by volume. Detailed results
are shown in Table A.8 in APPENDIX A.
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Figure 5.18: Coefficient of Frictions of 1% LUBE-2, and 1%, 2% and 3% LIGHT OIL
Mixed with 1% LUBE-2 and Added to the Water-Based Lignosulfonate Mud

Next, 2% LUBE-2 is mixed with 1%, 2% and 3% of LIGHT OIL by volume and added
to the water-based lignosulfonate mud to see the effect of LIGHT OIL in LUBE-2’s
lubricant performance and general lubricity. Coefficient of frictions of 2% LUBE-2, and
1%, 2% and 3% LIGHT OIL mixed with 2% LUBE-2, that are added to the water-based
lignosulfonate mud, is displayed in Figure 5.19. It can be observed that the LIGHT OIL
content makes positive impact on 2% LUBE-2’s performance up to 3% LIGHT OIL by
volume. Detailed results are shown in Table A.8 in APPENDIX A.
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Figure 5.19: Coefficient of Frictions of 2% LUBE-2, and 1%, 2% and 3% LIGHT OIL
Mixed with 2% LUBE-2 and Added to the Water-Based Lignosulfonate Mud

5.1.2.9. LUBE-3 and LIGHT OIL

Firstly, 1% LUBE-3 is mixed with 1%, 2% and 3% of LIGHT OIL by volume and
added to the water-based lignosulfonate mud to see the effect of LIGHT OIL in LUBE-
3’s lubricant performance and general lubricity. Over 3% of LIGHT OIL is not tested,
as it can be observed in Figure 5.6 that it has a negative effect on lubricity over 3% by
volume. Figure 5.20 shows the coefficient of frictions of 1% LUBE-3, and 1%, 2% and
3% LIGHT OIL mixed with 1% LUBE-3, that are added to the water-based
lignosulfonate mud. It can be observed that the LIGHT OIL content makes positive
effect on 1% LUBE-3’s performance up to 3% LIGHT OIL by volume. LIGHT OIL’s
impact on mud lubricity increases at percentages of 2% and 3% by volume. Detailed
results are shown in Table A.9 in APPENDIX A.
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Figure 5.20: Coefficient of Frictions of 1% LUBE-3, and 1%, 2% and 3% LIGHT OIL
Mixed with 1% LUBE-3 and Added to the Water-Based Lignosulfonate Mud

Next, 2% LUBE-3 is mixed with 1%, 2% and 3% of LIGHT OIL by volume and added
to the water-based lignosulfonate mud to see the effect of LIGHT OIL in LUBE-3’s
lubricant performance and general lubricity. Coefficient of frictions of 2% LUBE-3, and
1%, 2% and 3% LIGHT OIL mixed with 2% LUBE-3, that are added to the water-based
lignosulfonate mud, is displayed in Figure 5.21. It can be observed that the LIGHT OIL
content makes positive effect on 2% LUBE-3’s performance up to 2% LIGHT OIL by
volume. 3% LIGHT OIL content makes a negative effect on mud lubricity. Therefore,
mixing 2% LUBE-3 with percentages exceeding 2% LIGHT OIL by volume, is
insignificant for the lubricity performance. Detailed results are shown in Table A.9 in
APPENDIX A.
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Figure 5.21: Coefficient of Frictions of 2% LUBE-3, and 1%, 2% and 3% LIGHT OIL
Mixed with 2% LUBE-3 and Added to the Water-Based Lignosulfonate Mud

Figure 5.22 and 5.23 illustrates the overall coefficient of frictions of 1% and 2% LUBE-
1, LUBE-2 and LUBE-3 mixed with LIGHT OIL and added to the drilling fluid. It can
be seen that 1% LUBE-1 mixed with 3% LIGHT OIL, 2% LUBE-2 mixed with 3%
LIGHT OIL, and 1% LUBE-1 mixed with 3% LIGHT OIL give the best lubricity

performance.
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Figure 5.22: Overall Analysis of 1% LUBE-1, LUBE-2 and LUBE-3 mixed with
LIGHT OIL and Added to the Water-Based Lignosulfonate Mud
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Figure 5.23: Overall Analysis of 2% LUBE-1, LUBE-2 and LUBE-3 mixed with
LIGHT OIL and Added to the Water-Based Lignosulfonate Mud
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5.2. Analysis of Lubricants Effects on Mud Properties

Physical analysis and chemical analysis of the drilling fluids are hold in order to see the

effects of lubricants on mud properties. Detailed results are shown in APPENDIX A.

5.2.1. Physical Analysis

Physical analysis consists of rheological analysis, fluid loss analysis, cheesing/greasing

and foam forming potential analysis of drilling fluids containing lubricants.

5.2.1.1. Rheological Analysis

In the rheological analysis section, plastic viscosity (PV), yield point (YP) and 10
sec/10 min gel strengths of the drilling fluids are tested and calculated using FANN
Model 35SA Viscometer at 120°F.

LUBE-1, LUBE-2, LUBE-3, LIGHT OIL, HEAVY OIL and DIESEL is added to the
water-based lignosulfonate mud alone with percantages of 1%, 2% and 3% by volume.

After the lubricity analysis of these samples, rheological analysis are made.

As seen in Figure 5.24, plastic viscosity analyses of the lubricants are hold. It can be
observed from the figure that, HEAVY OIL and DIESEL have increasing plastic
viscosities with increasing percentages. High plastic viscosities due to lubricant
additions are undesirable for drilling fluids. LUBE-1, LUBE-2, LUBE-3 and LIGHT
OIL have acceptable plastic viscosity values calculated from the viscosity experiments.
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Figure 5.24: Plastic Viscosity Values of Lubricants Added to the Water-Based

Lignosulfonate Mud

Plastic viscosity of compositions with LUBE-1, LUBE-2 and LUBE-3 mixed with
HEAVY OIL, LIGHT OIL and DIESEL added to the base water-based lignosulfonate
mud are calculated. It can be observed that, plastic viscosity (PV) values of samples are
slightly proportional to the PV values of the mixtures with lubricants added alone,

depending to the lubricant type and lubricant percentage.

Yield point analyses of the lubricants are displayed in Figure 5.25. It can be observed
from the figure that, HEAVY OIL and DIESEL have highly increasing yield point
values with increasing percentages. High yield point values due to lubricant additions
are undesirable for drilling fluids. LUBE-1 has a slightly increasing yield points,
however it can be considered as acceptable up to additions of 3% per volume. LUBE-2,
LUBE-3 and LIGHT OIL have acceptable yield values calculated from rheological

measurements.
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Figure 5.25: Yield Point Values of Lubricants Added to the Water-Based

Lignosulfonate Mud

Yield point values of compositions with LUBE-1, LUBE-2 and LUBE-3 mixed with
HEAVY OIL, LIGHT OIL and DIESEL added to the base water-based lignosulfonate
mud are calculated. It can be observed that, yield point (YP) values of samples are
slightly proportional to the YP values of the mixtures with lubricants added alone,
depending to the lubricant type and lubricant percentage.

10 sec/10 min gel strengths of LUBE-1, LUBE-2, LUBE-3, LIGHT OIL, HEAVY OIL
and DIESEL added alone and compositions with LUBE-1, LUBE-2 and LUBE-3 mixed
with HEAVY OIL, LIGHT OIL and DIESEL to the water-based lignosulfonate mud,

are in acceptable ranges for the drilling fluid system.
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5.2.1.2. Fluid Loss Analysis

In the fluid loss section, API low temperature fluid loss of the drilling fluids is tested
using OFITE API Filter Press.

LUBE-1, LUBE-2, LUBE-3, LIGHT OIL, HEAVY OIL and DIESEL is added to the
water-based lignosulfonate mud alone with percantages of 1%, 2% and 3% by volume

and API fluid loss analysis are made.

As seen in Figure 5.26, API fluid loss analyses of the lubricants are hold. It can be
observed from the figure that, LUBE-1, LIGHT OIL and HEAVY OIL have decreased
the API fluid loss values with increasing percentages. Low API fluid loss values are
always desirable for drilling fluids. LUBE-2, LUBE-3 and DIESEL do not have any
negative effects and have acceptable API fluid loss values.
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Figure 5.26: API Fluid Loss of Lubricants Added to the Water-Based Lignosulfonate

Mud

API fluid loss values of compositions with LUBE-1, LUBE-2 and LUBE-3 mixed with
HEAVY OIL, LIGHT OIL and DIESEL added to the base water-based lignosulfonate

mud are measured. It can be observed that, API fluid loss values of samples are slightly

proportional to the API fluid loss values of the mixtures with lubricants added alone,

depending to the lubricant type and lubricant percentage.

5.2.1.3. Cheesing/Greasing Analysis

In the cheesing/greasing analysis section, persistent curd-like phase was appeared on

the surface of some samples. This situation is not a desired case in drilling fluid

systems.

65




Cheesing appeared in all the mixtures that contain HEAVY OIL, DIESEL and LIGHT
OIL that exceeds %3 by volume and in the mud that contains LUBE-3 and LIGHT OIL.

Example of a curd-like phase is shown in Figure 5.27.

CHEESING

Figure 5.27: Example of a Curd-Like Phase on the Surface of Drilling Fluid
5.2.1.4. Foam Forming Potential Analysis
In the foam forming potential analysis section, half-life of the foam is calculated using
Chandler Model 7000 Constant Speed Mixer. In drilling fluid systems, we do not desire

high half-life of foam that is over 100 minutes.

None of the mixtures have significant foam forming potential, but mixtures containing

LUBE-2. However, those foams have half-lives lower than 100 minutes.
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5.2.2. Chemical Analysis

Chemical analysis consists of pH, chloride ion and calcium ion analysis of drilling

fluids containing lubricants.

5.2.2.1. pH Analysis

In the pH analysis section, none of the mixtures have significant pH change with the
addition of any lubricants as tabulated in Table A.1to A.11 in APPENDIX A.

5.2.2.2. Chloride lon Analysis

In the chloride ion analysis section, it can be observed in Table A.1 to A.11 in
APPENDIX A that none of the mixtures have significant change in chloride ion content

with the addition of any lubricants.

5.2.2.1. Calcium lon Analysis

In the calcium ion analysis section, none of the mixtures have significant change in
calcium ion content the addition of any lubricants as seen in Table A.1 to A.1l in
APPENDIX A.

5.3. Analysis of Influence of Mud Properties on Lubricity

Influence of pH, influence of calcium ion, influence of chloride ion and influence of
mud weight on the drilling fluids lubricating properties are tested in this section. 2%
LUBE-1, LUBE-2 and LUBE-3 is mixed separately with 1% LIGHT OIL and added to
the water-based lignosulfonate drilling fluid. Detailed results are shown in APPENDIX
A.
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5.3.1. Influence of pH

Influence of pH is tested with the addition of 1.5 ppb of NaOH to the base drilling fluid.
1% LIGHT OIL and 2 % commercial chemical lubricants are used as lubricious
additives. Performance of lubricants and the fluids lubricity do not change with pH
increasing up to 11.5. Detailed results are shown in Table A.13 in APPENDIX A.

5.3.2. Influence of Calcium lon

Influence of calcium ion is tested with the addition of 1 ppb of gypsum to the base
drilling fluid. 1% LIGHT OIL and 2 % commercial chemical lubricants are used as
lubricious additives. Performance of lubricants and the fluids lubricity do not change
with calcium ion increasing up to 500 mg/It. Detailed results are shown in Table A.12 in
APPENDIX A.

5.3.3. Influence of Chloride lon

Influence of chloride ion is tested with the addition of 4 ppb of NaCl to the base drilling
fluid. 1% LIGHT OIL and 2 % commercial chemical lubricants are used as lubricious
additives. Performance of lubricants and the fluids lubricity are affected negatively by
the chloride ion content increasing up to 10000 mg/It. Mud rheology is also affected
negatively. Detailed results are shown in Table A.14 in APPENDIX A.

5.3.4. Influence of Mud Weight

Influence of mud weight is tested with the addition of 10, 40, 80, 110, 150 ppb of barite
to the base drilling fluid. 1% LIGHT OIL and 2 % commercial chemical lubricants are
used as lubricious additives. Mud weights are in range of 68 cuft to 86 cuft. Increasing
the mud weight alone, does not change the lubricity performance of the mud. However,
increasing the mud weight with the additions of 1% LIGHT OIL and 2 % commercial
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chemical lubricants, has a positive effect on lubricity rising with the barite content.
Detailed results are shown in Table A.15, A.16, A.17 and A.18 in APPENDIX A.

Overall negative or positive effects of general properties of LUBE-1, LUBE-2, LUBE-
3, DIESEL, HEAVY OIL and LIGHT OIL added alone is tabulated in Table 5.2

Table 5.2: Overall Negative and Positive Effects of Lubricants

HEAVY | LIGHT
LUBE-1 | LUBE-2 | LUBE-3 |DIESEL OIL OlIL

Lubricity + + * - - *
PV + + + - - +
YP - * * - - "
API Fluid Loss + + + * * *
Cheesing + + * - i *
Foam Forming + + + + + +
Potential

pH + + + + + +
Chloride lon + + + + * *
Calcium lon + + + + + +
Influence of pH + + + + + +
on lubricant

Influence of CI ) ) ) ) . -
on lubricant

Influence of Ca + + + + + +
on lubricant
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CHAPTER 6

CONCLUSION

In this study, performances of drilling fluid liquid lubricants are analyzed. Three
different types of commercial chemical lubricants, which are fatty acid and glycerid
based, triglycerid and vegetable oil based and polypropylene glycol based, diesel oil,
and crude oil which consists of different APl gravity, paraffin and asphaltene value
samples are selected for the analysis and added to a water-based lignosulfonate mud.
Also, lubricants effects on mud properties and influence of mud properties on lubricant
performance are analyzed. The experiments are carried out in TPAO Research Center.
The results are analyzed and the following conclusions can be drawn from the study:

e Highest lubricity performance is obtained from the mixtures of LIGHT OIL and

chemical commercial lubricants added to the water-based lignosulfonate mud.
e 1% LUBE-1 and 3% LIGHT OIL, 2% LUBE-2 and 3% LIGHT OIL, 1%

LUBE-3 and 3% LIGHT OIL mixtures added to the water-based lignosulfonate

mud are the most lubricious and cost effective compositions.

e LUBE-1, LUBE-2 and LUBE-3 increase the lubricity performance of the mud

up to 3% by volume when used alone.

e LUBE-1 shows the highest lubricity performance when added alone to the mud.
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HEAVY OIL and DIESEL have negative influence on drilling fluid’s lubricity
performance either used alone or with chemical commercial lubricants.
Therefore, using HEAVY OIL and DIESEL in water-based lignosulfonate mud

as a lubricant is useless.

LIGHT OIL does not have sufficient lubricity performance when they are added

alone in the water-based lignosulfonate mud.

Lubricity performance of LIGHT OIL begins to decrease when added to the
water-based lignosulfonate mud at exceeding 3% by volume. Therefore, using
LIGHT OIL higher than 3% by volume is insignificant.

HEAVY OIL and DIESEL increases the rheological properties of the drilling

fluids which is an undesirable effect.

LIGHT OIL, HEAVY OIL and LUBE-1 decrease the API fluid loss of the
drilling fluids as a positive effect.

As an undesirable effect of lubricants; cheesing/greasing appears in all the
mixtures that contain HEAVY OIL, DIESEL and exceeding 3% LIGHT OIL
and in the mud that contains LUBE-3 and LIGHT OIL.

None of the lubricants have significant foam forming potential problem.

None of the lubricants have caused significant chemical mud properties problem

including pH, calcium ion content and chloride ion content.

Influence of pH and calcium ion content do not cause problems on drilling

fluid’s lubricity performance.
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High chloride ion content has a negative effect on fluids lubricity and

rheological properties.

Increasing the mud weight alone, does not change the lubricity performance of

the mud.

Increasing the mud weight with the additions of lubricants has a positive effect
on lubricity. (1% LIGHT OIL and 2% LUBE-1/LUBE-2/LUBE-3)
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APPENDIX A

TEST RESULTS OF LUBRICANTS

All the test results that we have concluded, adding LUBE-1, LUBE-2, LUBE-3,
HEAVY OIL, LIGHT OIL and DIESEL into the water-based lignosulfonate drilling
fluid with different compositions, are demonstrated in APPENDIX A.
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Table A.1: Test Results of LUBE-1 Added Alone to the Water-Based Lignosulfonate

Mud.

Sample 1 2 3 4
Water, cc 350 350 350 350
Bentonite, ppb 20 20 20 20
CMC, ppb 2 2 2 2
F()ZFr:tzome-Free Lignosulfonate (CFL), 3 3 3 3
NaOH, ppb 0.75 0.75 0.75 0.75
OCMA, ppb 30 30 30 30
Barite, ppb 10 10 10 10
LUBE-1 0.0% 1.0% 2.0% 3.0%
Viscosity temp., F 120 120 120 120
Viscosity, 600 reading 36 48 42 44
Viscosity, 300 reading 22 30 28 30
PV 14 18 14 14
YP 8 12 14 16
Gel Strengths, 10 sec. / 10 min. 3/4 3/5 2/4 3/4
API Fluid Loss, cc 55 51 5.0 4.8
Ca 60 40 40 40
Cl 2,300 2,200 2,400 2,500
pH 9.00 8.80 8.70 9.20
Ageing Time, hr 16 16 16 16
Ageing Temp., F 150 150 150 150
Foam Forming, Half-Life (minutes) No No No No
Cheesing/Greasing No No No No
Lubricity Tester Test Time (min) 5 5 5 5
Lubricity Tester RPM 60 60 60 60
Lubricity Tester Given Torque (in-Ib) 150 150 150 150
Torque (measured) @ 5 min 26 12 9.6 9.7
Calibration Torque Reading 355 34.4 34.4 34.4
Correction Factor 0.958 0.988 0.988 0.988
Mud Lubricity Coefficient 0.249 0.119 0.095 0.096
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Table A.2: Test Results of LUBE-2 Added Alone to the Water-Based Lignosulfonate

Mud.

Sample 1 2 3 4
Water, cc 350 350 350 350
Bentonite, ppb 20 20 20 20
CMC, ppb 2 2 2 2
Chrome-Free Lignosulfonate (CFL), ppb 3 3 3 3
NaOH, ppb 0.75 0.75 0.75 0.75
OCMA, ppb 30 30 30 30
Barite, ppb 10 10 10 10
LUBE-2 0.0% 1.0% 2.0% 3.0%
Viscosity temp., F 120 120 120 120
Viscosity, 600 reading 36 36 39 44
Viscosity, 300 reading 22 21 22 26
PV 14 15 17 18
YP 8 6 5 8
Gel Strengths, 10 sec. / 10 min. 3/4 3/6 3/4 3/5
API Fluid Loss, cc 55 53 5.4 54
Ca 60 60 40 60
Cl 2,300 2,700 2,600 2,400
pH 9.00 9.00 8.80 8.80
Ageing Time, hr 16 16 16 16
Ageing Temp., F 150 150 150 150
Foam Forming, Half-Life (minutes) No 13 15 16
Cheesing/Greasing No No No No
Lubricity Tester Test Time (min) 5 5 5 5
Lubricity Tester RPM 60 60 60 60
Lubricity Tester Given Torque (in-1b) 150 150 150 150
Torque (measured) @ 5 min 26 21.7 17.5 14.5
Calibration Torque Reading 35.5 35.5 35.5 35.5
Correction Factor 0.958 0.958 0.958 0.958
Mud Lubricity Coefficient 0.249 0.208 0.168 0.139
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Table A.3: Test Results of LUBE-3 Added Alone to the Water-Based Lignosulfonate

Mud.

Sample 1 2 3 4
Water, cc 350 350 350 350
Bentonite, ppb 20 20 20 20
CMC, ppb 2 2 2 2
Chrome-Free Lignosulfonate (CFL), ppb 3 3 3 3
NaOH, ppb 0.75 0.75 0.75 0.75
OCMA, ppb 30 30 30 30
Barite, ppb 10 10 10 10
LUBE-3 0.0% 1.0% 2.0% 3.0%
Viscosity temp., F 120 120 120 120
Viscosity, 600 reading 36 25 31 36
Viscosity, 300 reading 22 15 19 21
PV 14 10 12 15
YP 8 5 7 6
Gel Strengths, 10 sec. / 10 min. 3/4 2/5 2/6 3/5
API Fluid Loss, cc 55 5.7 5.5 5.6
Ca 60 80 72 68
Cl 2,300 2,500 2,400 2,300
pH 9.00 9.00 9.10 9.00
Ageing Time, hr 16 16 16 16
Ageing Temp., F 150 150 150 150
Foam Forming, Half-Life (minutes) No No No No
Cheesing/Greasing No No No No
Lubricity Tester Test Time (min) 5 5 5 5
Lubricity Tester RPM 60 60 60 60
Lubricity Tester Given Torque (in-1b) 150 150 150 150
Torque (measured) @ 5 min 26 21.9 20.1 19.2
Calibration Torque Reading 355 33 33 33
Correction Factor 0.958 1.030 1.030 1.030
Mud Lubricity Coefficient 0.249 0.226 0.207 0.198
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Table A.4: Test Results of LIGHT OIL Added Alone to the Water-Based
Lignosulfonate Mud.

Sample 1 2 3 4 5
Water, cc 350 350 350 350 350
Bentonite, ppb 20 20 20 20 20
CMC, ppb 2 2 2 2 2
ggmt:ome-Free Lignosulfonate (CFL), 3 3 3 3 3
NaOH, ppb 0.75 0.75 0.75 0.75 0.75
OCMA, ppb 30 30 30 30 30
Barite, ppb 10 10 10 10 10
LIGHT OIL 00% | 1.0% | 2.0% | 3.0% | 5.0%
Viscosity temp., F 120 120 120 120 120
Viscosity, 600 reading 36 36 46 48 44
Viscosity, 300 reading 22 23 28 30 29
PV 14 13 18 18 15
YP 8 10 10 12 14
Gel Strengths, 10 sec. / 10 min. 3/4 2/6 3/6 3/5 3/5
API Fluid Loss, cc 55 5.2 4.9 4.6 4.0
Ca 60 60 80 60 52
Cl 2,300 | 2,100 | 2,200 | 2,000 | 2,200
pH 9.00 9.00 9.10 9.30 8.90
Ageing Time, hr 16 16 16 16 16
Ageing Temp., F 150 150 150 150 150
Foam Forming, Half-Life (minutes) No No No No No
Cheesing/Greasing No No No No Yes
Lubricity Tester Test Time (min) 5 5 5 5 5
Lubricity Tester RPM 60 60 60 60 60
Lubricity Tester Given Torque (in-1b) 150 150 150 150 150
Torque (measured) @ 5 min 26 24 23 22.3 23.9
Calibration Torque Reading 35.5 35.5 35.5 35.5 35.5
Correction Factor 0.958 | 0.958 | 0.958 | 0.958 | 0.958
Mud Lubricity Coefficient 0.249 | 0.230 | 0.220 | 0.214 | 0.229
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Table A.5: Test Results of HEAVY OIL Added Alone to the Water-Based

Lignosulfonate Mud.

Sample 1 2 3 4
Water, cc 350 350 350 350
Bentonite, ppb 20 20 20 20
CMC, ppb 2 2 2 2
Chrome-Free Lignosulfonate (CFL), ppb 3 3 3 3
NaOH, ppb 0.75 0.75 0.75 0.75
OCMA, ppb 30 30 30 30
Barite, ppb 10 10 10 10
HEAVY OIL 0.0% 1.0% 2.0% 3.0%
Viscosity temp., F 120 120 120 120
Viscosity, 600 reading 36 57 63 70
Viscosity, 300 reading 22 37 40 45
PV 14 20 23 25
YP 8 17 17 20
Gel Strengths, 10 sec. / 10 min. 3/4 4/6 417 4/5
API Fluid Loss, cc 55 5.3 5.0 4.6
Ca 60 60 40 52
Cl 2,300 2,300 1,900 2,100
pH 9.00 9.0 9.20 8.90
Ageing Time, hr 16 16 16 16
Ageing Temp., F 150 150 150 150
Foam Forming, Half-Life (minutes) No No No No
Cheesing/Greasing No Yes Yes Yes
Lubricity Tester Test Time (min) 5 5 5 5
Lubricity Tester RPM 60 60 60 60
Lubricity Tester Given Torque (in-Ib) 150 150 150 150
Torque (measured) @ 5 min 26 25 24.1 24.2
Calibration Torque Reading 35.5 35.5 35.5 35.5
Correction Factor 0.958 0.958 0.958 0.958
Mud Lubricity Coefficient 0.249 0.239 0.231 0.232
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Table A.6: Test Results of DIESEL Added Alone to the Water-Based Lignosulfonate

Mud.

Sample 1 2 3 4
Water, cc 350 350 350 350
Bentonite, ppb 20 20 20 20
CMC, ppb 2 2 2 2
Chrome-Free Lignosulfonate (CFL), ppb 3 3 3 3
NaOH, ppb 0.75 0.75 0.75 0.75
OCMA, ppb 30 30 30 30
Barite, ppb 10 10 10 10
DIESEL 0.0% 1.0% 2.0% 3.0%
Viscosity temp., F 120 120 120 120
Viscosity, 600 reading 36 53 55 64
Viscosity, 300 reading 22 34 37 41
PV 14 19 18 23
YP 8 15 19 18
Gel Strengths, 10 sec. / 10 min. 3/4 3/6 4/6 417
API Fluid Loss, cc 55 5.4 5.6 5.6
Ca 60 36 60 48
Cl 2,300 | 2,000 | 2,200 | 2,000
pH 9.00 9.10 9.20 9.0
Ageing Time, hr 16 16 16 16
Ageing Temp., F 150 150 150 150
Foam Forming, Half-Life (minutes) No No No No
Cheesing/Greasing No Yes Yes Yes
Lubricity Tester Test Time (min) 5 5 5 5
Lubricity Tester RPM 60 60 60 60
Lubricity Tester Given Torque (in-1b) 150 150 150 150
Torque (measured) @ 5 min 26 25.5 25 26.4
Calibration Torgue Reading 35.5 35.5 35.5 35.5
Correction Factor 0.958 0.958 0.958 0.958
Mud Lubricity Coefficient 0.249 | 0.244 | 0.239 | 0.253
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Table A.7: Test Results of LUBE-1 Mixed with LIGHT OIL and Added to the Water-
Based Lignosulfonate Mud.

Sample 1 2 3 4 5 6
Water, cc 350 350 350 350 350 | 350
Bentonite, ppb 20 20 20 20 20 20
CMC, ppb 2 2 2 2 2 2
Chrome-Free Lignosulfonate

(CFL). ppb g 3 3 3 3 3 3
NaOH, ppb 075 | 075 | 0.75 | 0.75 | 0.75 | 0.75
OCMA, ppb 30 30 30 30 30 30
Barite, ppb 10 10 10 10 10 10
LUBE-1 1.0% | 1.0% | 1.0% | 2.0% | 2.0% | 2.0%
LIGHT OIL 1.0% | 2.0% | 3.0% | 1.0% | 2.0% | 3.0%
Viscosity temp., F 120 120 120 120 120 | 120
Viscosity, 600 reading 53 54 63 50 55 58
Viscosity, 300 reading 34 35 40 36 37 39
PV 19 19 23 14 18 19
YP 15 16 17 22 19 20
Gel Strengths, 10 sec. / 10 min. 3/5 3/6 2/4 3/5 2/3 3/4
API Fluid Loss, cc 4.8 4.5 4.3 4.4 4.3 4.2
Ca 40 48 40 52 52 40
Cl 2000 | 2,000 | 1,800 | 2,000 | 2,000 |1,800
pH 9.00 | 880 | 9.20 8.8 8.8 | 8.90
Ageing Time, hr 16 16 16 16 16 16
Ageing Temp., F 150 150 150 150 150 | 150
Foam Forming, Half-Life (minutes) | No No No No No No
Cheesing/Greasing No No No No No No
Lubricity Tester Test Time (min) 5 5 5 5 5 5
Lubricity Tester RPM 60 60 60 60 60 60
h)l;bl‘lClty Tester Given Torque (in- 150 150 150 150 150 | 150
Torque (measured) @ 5 min 11 10 5.9 9 8.3 8
Calibration Torque Reading 325 | 345 35 345 35 | 332
Correction Factor 1.046 | 0.986 | 0.971 | 0.986 | 0.971 |1.024
Mud Lubricity Coefficient 0.115 | 0.099 | 0.057 | 0.089 | 0.081 |0.082
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Table A.8: Test Results of LUBE-2 Mixed with LIGHT OIL and Added to the Water-

Based Lignosulfonate Mud.

Sample 1 2 3 4 5 6
Water, cc 350 | 350 | 350 | 350 | 350 | 350
Bentonite, ppb 20 20 20 20 20 20
CMC, ppb 2 2 2 2 2 2
g:g]gome-Free Lignosulfonate (CFL), 3 3 3 3 3 3
NaOH, ppb 0.75 | 0.75 | 0.75 | 0.75 | 0.75 | 0.75
OCMA, ppb 30 30 30 30 30 30
Barite, ppb 10 10 10 10 10 10
LUBE-2 1.0% | 1.0% | 1.0% | 2.0% | 2.0% | 2.0%
LIGHT OIL 1.0% | 2.0% | 3.0% | 1.0% | 2.0% | 3.0%
Viscosity temp., F 120 | 120 | 120 | 120 | 120 | 120
Viscosity, 600 reading 43 46 44 36 48 48
Viscosity, 300 reading 25 28 29 23 30 31
PV 18 18 15 13 18 17
YP 7 10 14 10 12 14
Gel Strengths, 10 sec. / 10 min. 2/4 2/5 3/4 3/4 3/5 3/5
API Fluid Loss, cc 5.0 4.9 4.8 4.8 4.7 4.5
Ca 40 60 36 44 40 36
Cl 1,800 | 1,900 | 1,800 | 1,800 | 1,800 | 1,700
pH 9.30 | 880 | 9.0 | 9.20 | 9.30 | 9.00
Ageing Time, hr 16 16 16 16 16 16
Ageing Temp., F 150 | 150 | 150 | 150 | 150 | 150
Foam Forming, Half-Life (minutes) 15 14 16 18 17 19
Cheesing/Greasing No No No No No No
Lubricity Tester Test Time (min) 5 5 5 5 5 5
Lubricity Tester RPM 60 60 60 60 60 60
Lubricity Tester Given Torque (in-1b) 150 | 150 | 150 | 150 | 150 | 150
Torque (measured) @ 5 min 195 | 7.7 5 8.1 6.6 34
Calibration Torque Reading 325 | 35 | 332|345 | 35 | 325
Correction Factor 1.046 | 0.971 | 1.024 | 0.986 | 0.971 | 1.046
Mud Lubricity Coefficient 0.204 | 0.075 | 0.051 | 0.080 | 0.064 | 0.036
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Table A.9: Test Results of LUBE-3 Mixed with LIGHT OIL and Added to the Water-
Based Lignosulfonate Mud.

Sample 1 2 3 4 5 6
Water, cc 350 350 350 350 350 | 350
Bentonite, ppb 20 20 20 20 20 20
CMC, ppb 2 2 2 2 2 2
Chrome-Free Lignosulfonate

(CFL), ppb g 3 3 3 3 3 | 3
NaOH, ppb 0.75 0.75 0.75 0.75 | 0.75 | 0.75
OCMA, ppb 30 30 30 30 30 30
Barite, ppb 10 10 10 10 10 10
LUBE-3 1.0% | 1.0% | 1.0% | 2.0% | 2.0% | 2.0%
LIGHT OIL 1.0% | 2.0% | 3.0% | 1.0% | 2.0% | 3.0%
Viscosity temp., F 120 120 120 120 120 | 120
Viscosity, 600 reading 32 30 32 31 32 31
Viscosity, 300 reading 19 17 19 19 19 18
PV 13 13 13 12 13 13
YP 6 4 6 7 6 5
Gel Strengths, 10 sec. / 10 min. 3/4 3/5 3/4 3/4 3/5 2/5
API Fluid Loss, cc 5.2 4.9 5.0 5.0 5.0 4.9
Ca 40 48 36 44 36 40
Cl 1,900 | 2,000 | 1,700 | 1,800 | 1,900 | 1,800
pH 9.30 8.80 9.20 9.1 9.30 | 9.00
Ageing Time, hr 16 16 16 16 16 16
Ageing Temp., F 150 150 150 150 150 | 150
Foz_im Forming, Half-Life No No No No No No
(minutes)

Cheesing/Greasing No No No No No No
Lubricity Tester Test Time (min) 5 5 5 5 5 5
Lubricity Tester RPM 60 60 60 60 60 60
'(-iﬂf’lg)c'ty Tester Given Torque 150 | 150 | 150 | 150 | 150 | 150
Torque (measured) @ 5 min 20.6 9.3 55 18,5 | 10.1 11
Calibration Torque Reading 325 35 33.2 34.5 35 | 325
Correction Factor 1.046 | 0.971 | 1.024 | 0.986 | 0.971 | 1.046
Mud Lubricity Coefficient 0.216 | 0.090 | 0.056 | 0.182 | 0.098 | 0.115
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Table A.10: Test Results of LUBE-1/LUBE-2/LUBE-3 Mixed with HEAVY OIL and
Added to the Water-Based Lignosulfonate Mud.

Sample 1 2 3 4 5 6
Water, cc 350 350 350 350 350 350
Bentonite, ppb 20 20 20 20 20 20
CMC, ppb 2 2 2 2 2 2
Chrome-Free Lignosulfonate

(CFL), ppb g 3 3 3 3 3 3
NaOH, ppb 075 | 0.75 | 0.75 | 0.75 | 0.75 | 0.75
OCMA, ppb 30 30 30 30 30 30
Barite, ppb 10 10 10 10 10 10
LUBE-1 1.0% | 1.0%

LUBE-2 1.0% | 1.0%

LUBE-3 1.0% | 1.0%
HEAVY OIL 2.0% 2.0% 2.0%
Viscosity temp., F 120 120 120 120 120 120
Viscosity, 600 reading 48 49 36 54 25 49
Viscosity, 300 reading 30 31 21 34 15 32
PV 18 18 15 20 10 17
YP 12 13 6 14 5 15
Gel Strengths, 10 sec. / 10 min. 2/5 3/5 3/5 3/6 2/3 214
API Fluid Loss, cc 51 5.0 5.3 5.0 5.7 5.5
Ca 40 44 60 52 80 40
Cl 2,200 | 2,500 | 2,700 | 1,800 | 2,500 | 2,000
pH 8.80 | 9.10 | 9.00 | 9.30 | 9.00 | 9.30
Ageing Time, hr 16 16 16 16 16 16
Ageing Temp., F 150 150 150 150 150 150
Foz_;lm Forming, Half-Life No No 13 14 No No
(minutes)

Cheesing/Greasing No Yes No Yes No Yes
Lubricity Tester Test Time (min) 5 5 5 5 5 5
Lubricity Tester RPM 60 60 60 60 60 60
hﬁﬂg?'ty Tester Given Torque | 450 | 150 | 150 | 150 | 150 | 150
Torque (measured) @ 5 min 12 129 | 217 20 219 | 214
Calibration Torque Reading 344 | 325 | 355 | 325 33 325
Correction Factor 0.988 | 1.046 | 0.958 | 1.046 | 1.030 | 1.046
Mud Lubricity Coefficient 0.119 | 0.135 | 0.208 | 0.209 | 0.226 | 0.224
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Table A.11: Test Results of LUBE-1/LUBE-2/LUBE-3 Mixed with DIESEL and Added
to the Water-Based Lignosulfonate Mud.

Sample 1 2 3 4 5 6
Water, cc 350 350 350 350 350 350
Bentonite, ppb 20 20 20 20 20 20
CMC, ppb 2 2 2 2 2 2
Chrome-Free Lignosulfonate

(CFL), ppb 3 3 3 3 3 3
NaOH, ppb 075 | 0.75 | 0.75 | 0.75 | 0.75 | 0.75
OCMA, ppb 30 30 30 30 30 30
Barite, ppb 10 10 10 10 10 10
LUBE-1 1.0% | 1.0%

LUBE-2 1.0% | 1.0%

LUBE-3 1.0% | 1.0%
DIESEL 2.0% 2.0% 2.0%
Viscosity temp., F 120 120 120 120 120 120
Viscosity, 600 reading 48 52 36 50 25 50
Viscosity, 300 reading 30 35 21 33 15 32
PV 18 17 15 17 10 18
YP 12 18 6 16 5 14
Gel Strengths, 10 sec. / 10 min. 2/4 3/4 3/4 3/5 2/4 214
API Fluid Loss, cc 5.1 5.2 5.3 5.6 5.7 5.4
Ca 40 60 60 36 80 72
Cl 2,200 | 1,800 | 2,700 | 2,200 | 2,500 | 1,900
pH 880 | 9.00 | 9.00 | 8.90 | 9.00 | 9.10
Ageing Time, hr 16 16 16 16 16 16
Ageing Temp., F 150 150 150 150 150 150
Fogm Forming, Half-Life No No 13 13 No No
(minutes)

Cheesing/Greasing No Yes No Yes No Yes
Lubricity Tester Test Time (min) 5 5 5 5 5 5
Lubricity Tester RPM 60 60 60 60 60 60
(Li‘rjflrt;;"ty Tester Given Torque | 456 | 450 | 150 | 150 | 150 | 150
Torque (measured) @ 5 min 12 16 21.7 22 21.9 24
Calibration Torque Reading 344 | 355 | 355 | 355 33 355
Correction Factor 0.988 | 0.958 | 0.958 | 0.958 | 1.030 | 0.958
Mud Lubricity Coefficient 0.119 | 0.153 | 0.208 | 0.211 | 0.226 | 0.230
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Table A.12: Test Results of Influence of Calcium lon on Mud Properties and Lubricity

Sample 1 2 3 4
Water, cc 350 350 350 350
Bentonite, ppb 20 20 20 20
CMC, ppb 2 2 2 2
Chrome-Free Lignosulfonate (CFL), 3 3 3 3
ppb

NaOH, ppb 0.75 0.75 0.75 0.75
Gypsum, ppb 1 1 1 1
OCMA, ppb 30 30 30 30
Barite, ppb 10 10 10 10
LUBE-1 2.0%

LUBE-2 2.0%

LUBE-3 2.0%
LIGHT OIL 1.0% 1.0% 1.0%
Viscosity temp., F 120 120 120 120
Viscosity, 600 reading 36 38 36 45
Viscosity, 300 reading 22 23 22 26
PV 14 15 14 19
YP 8 8 8 7
Gel Strengths, 10 sec. / 10 min. 2/5 2/5 2/4 3/4
API Fluid Loss, cc 5.7 4.7 5.2 51
Ca 500 480 500 500
Cl 2,000 | 1,800 | 2,100 | 1,800
pH 9.00 9.20 8.90 9.00
Ageing Time, hr 16 16 16 16
Ageing Temp., F 150 150 150 150
Foam Forming, Half-Life (minutes) No No 15 No
Cheesing/Greasing No No No No
Lubricity Tester Test Time (min) 5 5 5 5
Lubricity Tester RPM 60 60 60 60
Lubricity Tester Given Torque (in-1b) 150 150 150 150
Torque (measured) @ 5 min 19.8 7.5 7 16
Calibration Torque Reading 32 32 32 32
Correction Factor 1.063 1.063 1.063 1.063
Mud Lubricity Coefficient 0.210 | 0.080 | 0.074 | 0.170
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Table A.13: Test Results of Influence of pH on Mud Properties and Lubricity

Sample 1 2 3 4
Water, cc 350 350 350 350
Bentonite, ppb 20 20 20 20
CMC, ppb 2 2 2 2
Chrome-Free Lignosulfonate (CFL), 3 3 3 3
ppb

NaOH, ppb 1.5 1.5 1.5 1.5
OCMA, ppb 30 30 30 30
Barite, ppb 10 10 10 10
LUBE-1 2.0%

LUBE-2 2.0%

LUBE-3 2.0%
LIGHT OIL 1.0% 1.0% 1.0%
Viscosity temp., F 120 120 120 120
Viscosity, 600 reading 39 53 43 41
Viscosity, 300 reading 24 32 26 25
PV 15 21 17 16
YP 9 11 8 9
Gel Strengths, 10 sec. / 10 min. 3/9 4/12 3/11 3/10
API Fluid Loss, cc 5.6 53 54 5.7
Ca 60 60 80 80
Cl 1,700 | 1,800 | 1,700 | 1,900
pH 11.50 | 11.30 | 11.50 | 11.40
Ageing Time, hr 16 16 16 16
Ageing Temp., F 150 150 150 150
Foam Forming, Half-Life (minutes) No No 14 No
Cheesing/Greasing No No No No
Lubricity Tester Test Time (min) 5 5 5 5
Lubricity Tester RPM 60 60 60 60
Lubricity Tester Given Torque (in-Ib) 150 150 150 150
Torque (measured) @ 5 min 22.8 9.3 8.4 18
Calibration Torque Reading 324 324 324 324
Correction Factor 1.049 1.049 1.049 1.049
Mud Lubricity Coefficient 0.239 | 0.098 | 0.088 | 0.189
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Table A.14: Test Results of Influence of Chloride lon on Mud Properties and Lubricity

Sample 1 2 3 4
Water, cc 350 350 350 350
Bentonite, ppb 20 20 20 20
CMC, ppb 2 2 2 2
Chrome-Free Lignosulfonate (CFL), 3 3 3 3
ppb

NaOH, ppb 0.75 0.75 0.75 0.75
NaCl, ppb 4 4 4 4
OCMA, ppb 30 30 30 30
Barite, ppb 10 10 10 10
LUBE-1 2.0%

LUBE-2 2.0%

LUBE-3 2.0%
LIGHT OIL 1.0% 1.0% 1.0%
Viscosity temp., F 120 120 120 120
Viscosity, 600 reading 39 55 40 67
Viscosity, 300 reading 25 37 26 47
PV 14 18 14 20
YP 11 19 12 27
Gel Strengths, 10 sec. / 10 min. 4/16 5/22 3/17 8/32
API Fluid Loss, cc 59 53 5.7 5.8
Ca 40 48 40 52
Cl 10,000 | 9,900 | 10,000 | 10,000
pH 9.00 8.80 8.80 8.90
Ageing Time, hr 16 16 16 16
Ageing Temp., F 150 150 150 150
Foam Forming, Half-Life (minutes) No No 15 No
Cheesing/Greasing No No No No
Lubricity Tester Test Time (min) 5 5 5 5
Lubricity Tester RPM 60 60 60 60
Lubricity Tester Given Torque (in-1b) 150 150 150 150
Torque (measured) @ 5 min 20.2 14.2 13 19
Calibration Torque Reading 32 32 32 32
Correction Factor 1.063 1.063 1.063 1.063
Mud Lubricity Coefficient 0.215 | 0.151 | 0.138 | 0.202
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Table A.15: Test Results of Influence of Mud Weight without Lubricants on Mud

Properties and Lubricity

Sample 1 2 3 4 5
Water, cc 350 350 350 350 350
Bentonite, ppb 20 20 20 20 20
CMC, ppb 2 2 2 2 2
;:g]gome-Free Lignosulfonate (CFL), 3 3 3 3 3
NaOH, ppb 0.75 0.75 0.75 0.75 0.75
OCMA, ppb 30 30 30 30 30
Barite, ppb 10 40 80 110 150
Viscosity temp., F 120 120 120 120 120
Viscosity, 600 reading 36 38 49 45 54
Viscosity, 300 reading 22 23 29 26 32
PV 14 15 20 19 22
YP 8 8 9 7 10
Gel Strengths, 10 sec. / 10 min. 3/4 214 3/5 3/4 214
API Fluid Loss, cc 55 5.6 54 5.0 51
Ca 60 60 52 64.0 60
Cl 2,300 | 1,900 | 1,800 | 1,800 | 1,800
pH 9.00 9.1 8.90 8.7 9.10
Mud Weight, cuft 68 68 68 68 68
Ageing Time, hr 16 16 16 16 16
Ageing Temp., F 150 150 150 150 150
Foam Forming, Half-Life (minutes) No No No No No
Cheesing/Greasing No No No No No
Lubricity Tester Test Time (min) 5 5 5 5 5
Lubricity Tester RPM 60 60 60 60 60
Lubricity Tester Given Torque (in-1b) | 150 150 150 150 150
Torque (measured) @ 5 min 26 23 24.5 23.1 23.3
Calibration Torque Reading 35.5 34.5 35.9 34.1 32
Correction Factor 0.958 | 0.986 | 0.947 | 0.997 | 1.063
Mud Lubricity Coefficient 0.249 | 0.227 | 0.232 | 0.230 | 0.248
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Table A.16: Test Results of Influence of Mud Weight with LUBE-1 Mixed with LIGHT
OIL on Mud Properties and Lubricity

Sample 1 2 3 4 5
Water, cc 350 350 350 350 350
Bentonite, ppb 20 20 20 20 20
CMC, ppb 2 2 2 2 2
ggmgome-Free Lignosulfonate (CFL), 3 3 3 3 3
NaOH, ppb 0.75 0.75 0.75 0.75 0.75
OCMA, ppb 30 30 30 30 30
Barite, ppb 10 40 80 110 150
LUBE-1 20% | 2.0% | 2.0% | 2.0% | 2.0%
LIGHT OIL 1.0% | 1.0% | 1.0% | 1.0% | 1.0%
Viscosity temp., F 120 120 120 120 120
Viscosity, 600 reading 50 44 52 46 53
Viscosity, 300 reading 36 27 31 28 32
PV 14 17 21 18 21
YP 22 10 10 10 11
Gel Strengths, 10 sec. / 10 min. 2/4 3/6 417 3/5 4/6
API Fluid Loss, cc 4.4 53 5.2 4.7 4.6
Ca 52 60 80 40.0 60
Cl 2,000 | 2,000 | 1,900 | 1,900 | 1,900
pH 8.8 9 9.10 8.6 8.70
Mud Weight, cuft 73 73 73 73 73
Ageing Time, hr 16 16 16 16 16
Ageing Temp., F 150 150 150 150 150
Foam Forming, Half-Life (minutes) No No No No No
Cheesing/Greasing No No No No No
Lubricity Tester Test Time (min) 5 5 5 5 5
Lubricity Tester RPM 60 60 60 60 60
Lubricity Tester Given Torque (in-l1b) | 150 150 150 150 150
Torque (measured) @ 5 min 9 8.9 8.9 5.8 3.6
Calibration Torque Reading 34.5 34.5 35.9 34.1 32
Correction Factor 0.986 | 0.986 | 0.947 | 0.997 | 1.063
Mud Lubricity Coefficient 0.089 | 0.088 | 0.084 | 0.058 | 0.038
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Table A.17: Test Results of Influence of Mud Weight with LUBE-2 Mixed with LIGHT
OIL on Mud Properties and Lubricity

Sample 1 2 3 4 5
Water, cc 350 350 350 350 350
Bentonite, ppb 20 20 20 20 20
CMC, ppb 2 2 2 2 2
ggmgome-Free Lignosulfonate (CFL), 3 3 3 3 3
NaOH, ppb 0.75 0.75 0.75 0.75 0.75
OCMA, ppb 30 30 30 30 30
Barite, ppb 10 40 80 110 150
LUBE-2 20% | 2.0% | 20% | 2.0% | 2.0%
LIGHT OIL 1.0% | 1.0% | 1.0% | 1.0% | 1.0%
Viscosity temp., F 120 120 120 120 120
Viscosity, 600 reading 36 41 44 51 51
Viscosity, 300 reading 23 25 26 31 31
PV 13 16 18 20 20
YP 10 9 8 11 11
Gel Strengths, 10 sec. / 10 min. 3/4 3/4 2/3 3/6 47
API Fluid Loss, cc 4.8 5.3 5.0 5.0 4.9
Ca 44 40 60 48.0 80
Cl 1,800 | 2,100 | 2,000 | 2,000 | 1,800
pH 9.20 9 9.00 8.8 8.90
Mud Weight, cuft 78 78 78 78 78
Ageing Time, hr 16 16 16 16 16
Ageing Temp., F 150 150 150 150 150
Foam Forming, Half-Life (minutes) 18 14 12 14 13
Cheesing/Greasing No No No No No
Lubricity Tester Test Time (min) 5 5 5 5 5
Lubricity Tester RPM 60 60 60 60 60
Lubricity Tester Given Torque (in-1b) 150 150 150 150 150
Torque (measured) @ 5 min 8.1 8 8 6.8 5.4
Calibration Torque Reading 34.5 34.5 35.9 34.1 32
Correction Factor 0.986 | 0.986 | 0.947 | 0.997 | 1.063
Mud Lubricity Coefficient 0.080 | 0.079 | 0.076 | 0.068 | 0.057
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Table A.18: Test Results of Influence of Mud Weight with LUBE-3 Mixed with LIGHT
OIL on Mud Properties and Lubricity

Sample 1 2 3 4 5
Water, cc 350 350 350 350 350
Bentonite, ppb 20 20 20 20 20
CMC, ppb 2 2 2 2 2
g;t:ome-Free Lignosulfonate (CFL), 3 3 3 3 3
NaOH, ppb 0.75 0.75 0.75 0.75 0.75
OCMA, ppb 30 30 30 30 30
Barite, ppb 10 40 80 110 150
LUBE-3 20% | 2.0% | 2.0% | 20% | 2.0%
LIGHT OIL 1.0% | 1.0% | 1.0% | 1.0% | 1.0%
Viscosity temp., F 120 120 120 120 120
Viscosity, 600 reading 31 44 43 42 48
Viscosity, 300 reading 19 26 25 24 29
PV 12 18 18 18 19
YP 7 8 7 6 10
Gel Strengths, 10 sec. / 10 min. 2/4 3/4 2/4 3/5 3/5
API Fluid Loss, cc 5.0 5.2 4.9 51 5.0
Ca 44 48 52 72.0 60
Cl 1,800 | 1,600 | 1,800 | 1,700 | 2,200
pH 9.1 8.8 9.20 8.9 9.00
Mud Weight, cuft 86 86 86 86 86
Ageing Time, hr 16 16 16 16 16
Ageing Temp., F 150 150 150 150 150
Foam Forming, Half-Life (minutes) No No No No No
Cheesing/Greasing No No No No No
Lubricity Tester Test Time (min) 5 5 5 5 5
Lubricity Tester RPM 60 60 60 60 60
Lubricity Tester Given Torque (in-1b) | 150 150 150 150 150
Torque (measured) @ 5 min 18.5 17 14.8 13.6 13
Calibration Torque Reading 345 35.9 34.1 32 32
Correction Factor 0.986 | 0.947 | 0.997 | 1.063 | 1.063
Mud Lubricity Coefficient 0.182 | 0.161 | 0.148 | 0.145 | 0.138
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Table A.19: Repeatability of the Test Results of LUBE-2 Added Alone to the Water-
Based Lignosulfonate Mud.

Sample 1 2 3 4
Water, cc 350 350 350 350
Bentonite, ppb 20 20 20 20
CMC, ppb 2 2 2 2
Chrome-Free Lignosulfonate (CFL), ppb 3 3 3 3
NaOH, ppb 0.75 0.75 0.75 0.75
OCMA, ppb 30 30 30 30
Barite, ppb 10 10 10 10
LUBE-2 0.0% 1.0% 2.0% 3.0%
Viscosity temp., F 120 120 120 120
Viscosity, 600 reading 34 35 38 41
Viscosity, 300 reading 21 21 22 24
PV 13 14 16 17
YP 8 7 6 7
Gel Strengths, 10 sec. / 10 min. 3/4 3/5 2/4 3/4
API Fluid Loss, cc 54 53 55 54
Ca 60 40 60 40
Cl 2,300 | 2,600 | 2,700 | 2,500
pH 9.10 9.00 8.90 8.80
Ageing Time, hr 16 16 16 16
Ageing Temp., F 150 150 150 150
Foam Forming, Half-Life (minutes) No No No No
Cheesing/Greasing No No No No
Lubricity Tester Test Time (min) 5 5 5 5
Lubricity Tester RPM 60 60 60 60
Lubricity Tester Given Torque (in-Ib) 150 150 150 150
Torque (measured) @ 5 min 25.8 21.5 17.8 14.7
Calibration Torque Reading 35.5 35.5 35.5 35.5
Correction Factor 0.958 | 0.958 | 0.958 | 0.958
Mud Lubricity Coefficient 0.247 | 0.206 | 0.170 | 0.141
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