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CHAPTER 1

INTRODUCTION

Drilling fluids are used in the drilling operation primarily for the

removal of drill cuttings from the drilled hole. Apart from this, other

requirements are expected of the drilling fluid; such as to cool, clean, and

lubricate the drill bit and drill string, maintain hole stability, prevent inflow
of formation fluids, etc. The success of the operation depends largely on the
performance of the drilling fluid circulated down the hole. The drilling fluid
must be safe to both the personnel handling it and the environment. It must
not corrode or cause excessive wear of driiling equipment. Drilling fluids are
sufficiently complex that physical and chemical properties cannot be
predicted without continual performance testing. The conditions the fluid is

subjected to are constantly changing as drilling progresses deeper downhole.

The corrosiveness of drilling fluids is a deleterious property that has
to be prevented and controlled. It has been recognized to be the major cause
of drill pipe failures and damage to downhole equipment. It is, therefore, one

of the factors considered before the selection of drilling fluid for a drilling

‘operation.

Oil-base drilling fluids are suitable for most drilling operations,



especially where water-base fluids might lead to serious problems. They are
also less-corrosive because they are not electrically conductive. However,
due to problems of cost, disposal, pollution and environmental
restrictions/regulations; oil-base fluids have become less attractive for

drilling in all types of formations.

Water-base drilling fluids are cheap, available, and less polluting.
Their properties caﬁ be easi_ly controlled and maintained. More so, a lot of
work has been done to improve the properties of water-base muds in order to
make them suitable for most drilling operations. The practice in the drilling
industry nowadays is to use lightly treated, low solids, mildly alkaline muds
containing no ¢l instead of the highly treated, heavy weight, high pH muds

containing diesel.

One problem that still needs to be tackled, however, is the
corrosiveness of water-base muds. They contain a high water fraction which
comes in direct contact with the drill pipe and casing. Oxygen and carbon
dioxide are entrapped by the high gel structure of these fluids, making them
more corrosive; thereby contributing a lot to drill string and downhole
equipment corrosion. Corrosion is very difficult to control once it has
started. The onset could, however, be prevented. The problem of corrosion
are now of prominent importance in the drilling industry because of deeper
prospecting for oil and gas, with the resultant encounter of hot and sour

formations which aid and promote corrosion.
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It is necessary to have an idea of how drilling and downhole
conditions affect corrosion in order to mitigate and control the corrosiveness
of drilling fluids. It is also important to understand the mechanism and
kinetics of the corrosion reaction occurring. Laboratory experiments carried
out under simulated downhole conditions of temperature, pressure,
contaminants, etc. and drilling conditions of continuos drilling fluid
circulation through the drill pipe and the annulus with exposure to high
shear at the drill bit; will yield valuable data that can be used in controlling

this deleterious propeity.

The objective of this research, therefore, is to establish the thermal
stability, and evaluate the corrosivity of a rypical drilling fivid u.der
conditions that simulate deep, hot wells in the presence of milc steel type
1018.



CHAPTER 2

FUNDAMENTALS OF CORROSION

Corrosion can be defined as the destructive attack of a metal by
chemical or electrochemical reaction with its environment. Metals naturally
exist in a thermodynamically stable state as compounds known as ore. The
thermodynamics become unstable by extraction ana exposure of the metal to
another environm-nt. Corrosion makes the metal to revert to its nartural

state[22].

2.1 TYPES OF CORROSION

Corrosion damage occurs by rusting, loss of weight, loss of strength,
loss of ductility, and can result in catastrophic failure by cracking or through
weakening. Based on the corrosive medium, corrosion can be classified as
wet or dry. In general. wet corrosion occurs by an electrochemical
mechanisml30]. Corrosion products are not necessarily observable and metal

weight loss need not be appreciable.

The main types of corrosion with respect to outward appearance or

223

altered physical properties are as follows:[22.30]
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Uniform Corrosion: Uniform attack is the most common type
of corrosion. The entire metal surface area corrodes uniformly
as a result of a continuous shift of anodic and cathodic areas
due to polarization changes. Of the various types, uniform
corrosion is the least damaging.

Crevice Corrosion: This is a localized attack of metals in the
hidden parts such as drill pipe joints, drill collars, etc. It is
caused by concentration differences of a corrosive medium over

the metal surface.

Pittitig Corrosion: It often occurs on a crevice, but can also
occut on ciean metal surfaces. High velocity cnrrosive
medium, such as the circulation of drilling fluid promotes this
type of corrosion. Once the pit is formed, the rate of corrosion
increases.

Erosion-Corrosion: The combination of erosion and corrosion
results in severe attack of metal. Damage appears as a smooth
groove on the metal. An example is the wash out of drill pipe
which is initiated by pitting in a crevice. Erosion removes
protective film from the metal surface and expose it to the
corrosive environment.

Stress Corrosion: 1f a metal cracks when subjected to repeated
or alternate tensile stress in a corrosive environment, it is said
to fail by corrosion fatigue.  Stress corrosion cracking also
applies to hydrogen embrittlement, sulfide cracking and caustic

embrittiement.
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vi.  High-Temperature Corrosion: Oxidation is the most important
high temperature corrosion reaction. This reaction takes place
in the presence of oxygen or air. Metals are oxidized when
exposed to elevated temperatures in the presence of oxygen.
They rely upon oxidation to develop a protective oxide scale to
resist corrosion attack. The rate of oxidation increases with

increasing temperature.

2.2 CORROSION MECHANISM

The electrochemical theorv is the theory underlying wet corrosion.
For the reaction of a metal and its environment to occur, the Gibbs free
energy change, AG has to be negative. The more negative the value of AG.
the greater is the tendency for the metal to corrode. This, however. is not a
measure of the reaction rate. A large negative AG may or may not be
accompanied by a high corrosion rate. In view of the electrochemical
mechanism of wet corrosion, anode and cathode areas must be present 10
form a cell and be in contact with a corrosive medium which will conduct
current. The tendency for a metal to corrode can, therefore, be expressed
also in terms of the electromotive force (emf) existing between the anodic

and cathodic areas[22].

Since emf is directly related to AG, the greater the emf value of a
corrosion cell, the greater is the tendency for the cc= ysion reaction to occur.

The current conducted by the corrosion cell in contact with the medium can
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be self-induced or impressed on the system from an external source (e.g. as
done in instantaneous COITOSION measurements). The driving force for the

current flow is the potential difference (emf) between the electrodes.

The anode is the area where corrosion occurs, the metal ions go into
solution in amount chemically equivalent to the reaction at cathodic area.
The metal is oxidized and loses electrons, e.g.:

Fe —» Fel™ +2e- (oxidation) (1)
The rate of this reaction is controlled by the cathodic reaction which 1s

usually much slower, hence the rate of corrosion reaction is cathodirally

controlled.

The ion, Fe2* enters the solution and the cathode attracts hydrogen

ions which arise from the ionization of water:
H-O —» H™+OH- 2)

the H™ ions accept electrons at the cathode to become hydrogen atom (a

reduction reaction):

"HT +2e” - H (3)



This reaction proceeds rapidiy in acids but slowly in alkaline or metal
aqueous media. The cathodic reaction can be accelerated by dissolved

oxyvgen according to the following reaction:

+ 1 . :
AH" +502+2e - H20 (in acidic solution) 4)

or
1

191

0> + HoO +2e~ — 20H- (in neutral or alkaline solution) (35)
Adding (1). (2) and (4), we obtain:

— P RN
re~h0-502 » Fe(OH)2 (6)

Fe(OH)> is the oxide formed on the surface of the metal. Access to

dissolved oxvgen by the outer surface of this oxide converts it to Fe(OH)3,

Fe(OH)2 = Ha0 + % 0> — Fe(OH); (7)

an orange to red-brown colored oxide called RUST(=2].
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2.3 CORROSIVE ENVIRONMENTS AND THEIR EFFECT

2.3.1 Dissolved Oxvgen

At ordinary and elevated temperatures, dissolved oxygen is always
present in drilling fluids. It is necessary for appreciable corrosion of iron. In
air-saturated media, the initial corrosion rate is high. This rate reduces with
time as the iron oxide film is formed and acts as a barrier to the diffusion of
oxygen. The high velocity ﬂow}of the medium erodes the oxide film,
ensuring continuous supply of oxygen to the metal :urface, hence increasing
corrosion rate. The presence of oxygen also magnifies the corrosive effect

of acid gases - hvdrogen sulfide (H2S) and carbon dioxide (CO2).

Generally, an increase in oxygen concentration is expected 10
accelerate corrosion of iron. Temperature and salinity affects oxygen
concentration and corrosion. Saline media are more corrosive than non-
saline media because of their conductivity,. But at very high salinities, the

rate of corrosion is reduced because of the low solubility of oxygen(22-30].

2.3.2 Temperature

In an open system that allows dissolved oxygen to escape, corrosion
rate increases with temperature up to a particular temperature and then falls
to a low value. This is caus=d by the decrease of oxygen solubility in water

as temperature increases. 1nis effect eventually overshadows the
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accelerating effect of temperature alone. In a closed system, however,

corrosion rate continues to increase with temperature until all the oxygen is

consumed[22-30],

pH can be defined as the negative logarithm of hydrogen ion
concentration. Its effect is dependent on the concentration of dissolved

oxvgen and the type of acid that controls the pH. In a high alkaline ran

gs,
corrosion is under anodic control, hence it proceeds at a high rate. For mild
alkaline and neutral solutions, some corrosion pr.otection is provided
because the corrosios rate is under catiodic control. In the acid range,
corrosion is also under anodic control. hence high corrosion rate is expected.

The tvpe of acid in solution determines the pH at which corrosion increases
rapidly[22.30].

2.3.4 Carbon Dioxide

Carbon dioxide is found entrapped in water at ambient conditions and
occurs as a gas kick or slow bleed-in gas while drilling. It can also be found
present in formation water, existing as bicarbonate, HCO3- or carbonate,
CO32-. Carbon dioxide dissolves in water to form carbonic acid which

lowers the pH, making it corrosive to steel.

CO2 + HaC = HoCOs3 (8)
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Carbonic acid ionizes to form carbonate ion, CO32- which in the

f d. 1 - . - ’,_‘T_ . .
presence of divalent cations €.g. calcium ion, Ca2™ and magnesium 1o0n,
Mg2¥, usually precipitates as calcium carbonate, CaCO3, magnesium
carbonate, MgCOs3, and iron carbonate, FeCOs. The precipitate aggregates

to form scale, thus setting up corrosion cells.

The effect of carbon dioxide on corrosion rate is affected by the pH of
the medium, the system pressure afxd temperature.  As the pH decreases,
bicarbonates converts 1o carbonic acid and corrosion increases. Conversely,
as the pH increases, water tend 10 bezome scale-forming and the corrosion
rate will decrease. Generally. increased system pressure results in increased
soiubility while temperature inci.ase ncrmally decreases the solubility of

carbon dioxide in wajter[33-30].

2.3.5 Hvdrogen Sulfide

The presence of hydrogen sulfide could be detrimental to steel
because it promotes sulfide cracking and hydrogen induced corrosion.
During the drilling process, hydrogen sulfide (H»S) is associated with a gas
kick or bleed-in. Another source of HaS is the action of sulfate-reducing
microorganisms on sulfate components of mud additives, and their

degradation at high temperatures.



Hyvdrogen sulfide is relatively non-corrosive in the absence of
moisture. In the presence of carbon dioxide, oxy'gen and water, however,
H>S becomes severely corrosive. It is weakly acidic when dissolved in
water. On attack of iron it forms a black precipitate of iron sulfide which

deposits on the surface of the metal as a black scale.
2H5S + Fe2™ — FeS> + 2HT + H» 9

The hydrogen released in (9) enters the steel where it can alloy with
the stecel to embrittle it. It may form molecular hydrogen which tends to
blister ductile steel and crack high strength steel. Hydrogen sulfide gas is
very poisonous. It is heavier than air and will accumulate at ground level.
Personnel should be adequately protected in cases where it is to be

encountcred[22.30],

2.3.6 Stress Cracking and Hvdrogen Embrittiement

When a metal is subjected to cyclic stresses, it eventually fails.
Failures of this nature are known as fatigue failures. The number of stress
cycle a steel can endure before failure decreases with the applied stress, the
steel hardness, and corrosiveness of the environment. Fatigue failure is

accelerated by oxygen, carbon dioxide, and hydrogen sulfide.



bl = Al

[y
LY

Hydrogen embrittlement is another form of stress cracking. In the
absence of HaS, hydrogen is collected on the steel surface as a film of
atomic hydrogen which penetrates the steel; but in a so small quantity that
no harm is done. However, in the presence of HaS the formation of atomic
hydrogen is enhanced, more penetrates into the steel, reduces its ductility,
and tends to concentrate in areas of maximum stress. This eventually lead to

failure known as sulfide and/or hvdrogen induced stress cracking{==-30].

2.4 CORROSION MONITORIMG

Monitoring the rate of corrosion is very important because it allows
for the assessment of the rate of corrosion damages. There are variety of
methods for corrosion monitoring and measurement.  Of these methods.

those commonly used to evaluate the corrosivity of drilling fluids are:

(1) Weight-loss method. using steel coupons:
(2)  Electrochemical methods: direct current (dc) polarization and

alternating current (AC) impedance techniques.

These methods are easily applicable both in the field and in the
laboratory. AC impedance polarization. potentiodynamic polarization. and
polarization resistance techniques provide rapid. nondestructive means for
characterizing not only the corrosion rate. but also the corrosion behavior. It
is often desirable to use at least two different types of corrosion monitoring

methods to eliminate noise in measurements{29].



14

2.4.1 Weight-Loss Method

This is the simplest method of corrosion monitoring. Coupons are
relatively small specimens of the material of interest. They are exposed to
the corrosive medium for a period of time. The specimens take the form of
disks, rectangular pieces. or special devices, e.g. U-bends, to check stress

corrosion cracking[29].

One of the simplest anproach to coupon evaluation is to determine the
mass loss by weighing the coupon before and after exposure to the corrosive
medium.  This method can provide an accurate estimation of uniform
corrcsion, and allows for visual, X-ray. and Scanning Electron Microscope
(SEM) examination of specimens to determine the type of attack. However.
in cases where pitting. cracking or embrittlement occurs it might not be very
accurate. The cost of setting up and running a coupon test program is
relatively low. The laboratory experiment should. however, be set up to

represent and simulate the actual field conditions that is being investigated.

Corrosion rate is usually measured as loss in mass per unit surface

area of original specimen for a particular exposure period. thus:

Wi-Wt
AL

Weight Loss = (mg/cm-) (10)

where
Wi = mass of coupon before exposure. mg

Wf = mass of coupon after exposure. mg



a“ag®r

Aj = surface area of coupon before exposure, cm?

This can be expressed in milli-inches (mils) per year (mpy)I28] as follows:

Corrosion rate = 18.2* weight loss (mg/cm”) K

time (days)

or

Corrosion rate = 437* weight loss (mg/cm®)

: *k (11)
time (hours)

k = 1.0 for carbon steel (density correction factor)

0.976 - 1.027 for stainless steels.

The corrosion rate in mpy expresses the depth of surface in thousands of an
inch, which would be removed in a yvear, assuming that the corrosion had

occurred evenly over the entire surface.

Principle of Polarization:

The mining and alloving process disturbs a metal's equilibrium that
exist in the ore state. Before any factor that helps to bring the metal back to
equilibrium can be appreciated, we need to know the equilibrium state of the
metal. When a net current flow to or from the surface of a metal, the metal is
no longer in equilibrium. The measured potential of such a metal is alteicd

to an extent which is dependent on the magnitude of the current and its
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direction. The extent of potential change caused by net current flow to or

from the surface of the metal is called polarization[22].

The measured potential of a corroding metal is the equilibrium
potential of both polarized anodes and cathodes existing on the surface of
the metal and known as the corrosion pctential, Ecorr which corresponds to
a corrosion current, Icorr. Figure 2.1 shows an hypothetical cathodic and

anodic polarization (Tafel) plot.

By Farada, ‘s law, the corrosion rate of anodic areas on a metal surface
is proportional to Icorr, hence the corrosion rate per unit area can be
expressed as o cwient density. The causes of electrode polarization are
concentration polarization, activation polarization, and ohmic potential drop.
Concentration polarization refers to electrochemical reactions which are
controlled by the diffusion in the electrolyte. Activation polarization in an
electrochemical process is caused by a slow reaction at the electrode, i.e. the
reaction requires an activation energy in order to occur. Polarization
measurements include an ohmic potential (i R) drop through a portion of the
electrolyte surrounding the electrode, through a metal-reaction product film
on the surface, or both. Its contribution to polarization is equal to 1R, where 1
is the current density and R is the resistance of the film and/or surface of
length, { and specific conductivity, £ . Concentration polarization decreases
with agitation whereas activation and ohmic drop are not affected

significantly!23].



<37

ELECTRODE POTENTIAL VS SCE, VOLTS NOBLE ()

(-} ACTIVE

Observed Polarization Plot

Corrosion
Currenst

Density ICOIT.

M=
‘{-

Anddic

~

2HT T2 =

= Ooean Cirguis Potentia

8rarcn

Tasiel Slops E,a

U]

17

Figure 2.1: Hypothetical Cathodic and Anodic Polarization Plot Showing

the Extrapolation of Tafel Slopes to the Corrosion Potential to

ObtainCorrosion Current Density (from [28]).
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Electrode polarization limit the magnitude of current produced by a
cell and hence affects the corrosion rate. The extent of polarization depends
on the nature of the metal, the electrolyte and the exposed area of the metal.
If the anodic area of a corroding metal is very small, there may be
considerable anodic polarization accompanying corrosion, even though the
unit area of the bare anode polarizes only slightly at a given current density.
Consequently, the anode-cathode area ratio is important in determining
corrosion rate. Tafel equation (E = a + B log I) expresses polarization
behavior. The anodic and cathodic Tafel slopes are utilized in the Stern and

Geary equation[22] to calculaie the corrosion current.

I - 1appued Be Ba )
O 5 3AE Bc +Pa (12)

where
B ¢= Tafel slope for the cathodic reaction

B a= Tafel slope for the anodic reaction

I_. .. . :
Zvll'::d = Polarization slope in the region near Ecorr.

for which AE is linear with Iapplied.

Under conditions of slight polarization, for which AE is not more than
about 10 mV, the anode-cathode area ratio, which need not be known,
remains essentially constant and conditions at the surface of the corroding

metal are largely undisturbed. This equation has been used successfully for
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determining the corrosion rates of various metals in several aqueous
environments at ordinary or elevated temperatures. It has an advantage in
calculating instantaneous corrosion rates for many metals in a wide variety
of environments and under various conditions of velocity and temperature.

It can also be used to evaluate inhibitors and protective coatings, as well as
for detecting changes of corrosion with time. The equation is, however, not
applicable for calculating corrosion rates in the presence of interfering
oxidation-reduction systems that are not involved directly in the corrosion

reaction. Also, if an ohmic drop is involved in the measurement, a

calibration is required(22.23].

2.4.2 Polarization Resistance

This is a direct current (dc) electrochemical method of evaluating
corrosion. As opposed to the coupon method which provides information on
remaining mass of metal, polarization resistance provides an estimate of the
corrosion rate. It is based on the concept that corrosion rate of a probe is
inversely proportional to its polarization resistance, i.e. the slope of the

potential-current response in the vicinity of the corrosion potential,
2
Ecorrl29).

An electronic power supply polarizes the specimen about 10 mV
from the Ecqpr of the system. This slight shift of the specimen's potential is

called linear polarizationl23). The current necessary to produce such a smail



polarization is proportional to the original, undisturbed corrosion current of

the specimen. This method has two important limitations:

(1) The corroding environment needs to be an electrolyte with a
reasonably low resistivity. High resistivity electrolytes give
erroneously low corrosion rates,

(2) It provides no information on localized corrosion and type of

attack.

The .nethod has the advantage of providing an instantaneous estimate
of corrosion rate. It is best suited for determining periods when substantial
corrosion rate changes occur. and for continuous monitoring of corrosion,
especizlly in a flow process. It is necessary to employ a probe which carries
electrodes made of the specimen of material under investigation, and

installed in an area where the evaluation of corrosion is desired[23.29].

The Petrolite corrosion meter uses the Polarization Admittance
Instantaneous Rate (PAIR) principle (polarization resistance). It measures
the current required to shift the potential of a test electrode by 10 mV. From

the Stern-Geary equation (12). Icorr can be expressed as follows:

_ AL Befa X
Icorr. AE Be +Pa (13).

The probe carries three electrodes - test, reference, and auxiliary - that

establish electrical contact with the corrosive medium. The corrosion meter



has an adjustable current source, an ammeter, and a voltmeter. It compares
the potential of the test electrode with the natural potential of the reference

electrode. The auxiliary electrode supplies the current necessary for the test
electrode's 10 mV shift, and the reference electrode is unaffected by the

measurement process. All three electrodes are made of the same material.

The corrosion rate is related to the required polarization current (AI)

and electrode potential shift (AE = 10 mV) by the following equation:

corrosion rate = K 31— 14
AE ( )'

The PAIR constant, K includes several factors such as the equivalent weight
of the metal-to-metal ion, density of the metal, exposed area of electrode,

Tafel factor, voltage shift, and meter factorl(23].

2.4.3 Potentiodynamic Polarization Diagrams

This method of dc electrochemical corrosion measurement employs a
poteﬁtiostat and x-y recorder data acquisition system, to obtain a current
density-potential response to a potentiodynamic polarization sweep at a
certain rate in the cathodic and anodic modes, i.e. making the metal act as
either a cathode or anode separately, but not simultaneously. The

potentiodynamic polarization mezsurements are valuable 1.. -apidly



predicting how a material will behave when exposed to a particular
environment. This is an artificial method for corroding the sample, and it is
analogous to elevated temperature studies of corrosion; where temperature is

the driving force[32]. Here voltage drives the electrochemical reaction.

This method is advantageous because it helps to understand better,
how the specimen behaves in the corrosive medium. Analysis of the
resulting polarization diagram will provide information about the corrosion
behavior of the metal and the rate of corrosion. The results of polarization-
current density analyses can be used to identify the potential fur the
occurrence of localized corrosion. It can also be used to determine the

effectiveness of inhibitorsi29].

The electrechemical cell is set up with three electrodes: the working
electrode (test specimen), a standard reference electrode placed close to the
working electrode, and a counter (auxiliary) electrode; all placed in the
corroding medium and connected to the potentiostat. It requires a skilled
personnel to interpret the results obtained from a potentiodynamic

polarization measurement. Corrosion rate is obtained by applying Faraday's

lawl[32]:

w= M (15)
nkF
where W = weight of electroactive s—,)ecies, g

Q = quantity of electric charge, coulombs
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(V3]

M = molecular weight of electroactive species, g
n = number of electrons involved in the reaction

F = the Faraday, 96487 coulombs

with equivalent weight, m = M/n and Q =1It;

Vo_oIm g,

We can express this corrosion rate in mpy by dividing the right hand side by

the electrode area (cm2) and-density (g/cm3). Converting seconds to years

and centimeters to mils, we have:

2% *
corrosion rate (mpy) = 0.13% leorr 7 m (16)

where

Icorr = corrosion current density, /A (nA/cm?).

2.4.4 AC Impedance Polarization

The AC impedance approach to electrochemical measurement of
corrosion permits the resistive au’ capacitive elements of the

electrochemical corrosion reaction to be separated and analyzed



independently. The method is particularly attractive in the case of highly

resistive corrosive medial29].

Electrochemical impedance measurements provides a rapid,
nondestructive means for characterizing not only the corrosion rate, but also
the corrosion mechanism of metals in a variety of environments. A cause-
and-effect relationship is assumed to exist between applied electrochemical
potential and the comresponding electrochemical current. For an
electrochemical impedance to be defined correctly, it is necessary to apply a
pertubating AC signal of low amplitude over the dc potential such that the
response may define a linearity range which depends on the polarization
point. The low limit of the pertubating signal is determined by the signa!l-to-
noise ratio which can be accepted by the measuring instrument (typically
1mHz). The high limit is defined by the onset of non-linear distortion
(typically 40-50 kHz)[29,31],

Impedance measurements must be made over a wide range of
frequencies in order to attain the high frequency limit of the impedance
equal to the electrolyte resistance. To do this, it is necessary to employ a
rather sophisticated AC frequency generator and response analyzer system.
A digital frequency response analyzer analyzes the three electrode corrosion
cell's response to the pertubating (polarization) signal. This is correlated
with two synchronous reference signals, one in phase with the response and
the other 900 out of phase. The real and imaginary parts of the impedance
are thus obtained and plotted. An impedance versus frequency plot is also

made to obtain an impedance spectra. Analysis of these plots is used to
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extract information useful for characterizing the corrosion rate and
mechanism. The data is reduced from a set of hundreds of spectra to several
meaningful parameters which will allow the recognition of patterns. Figure
2.2 shows a typical AC impedance measurement set-up. This method is very
powerful in that more precise corrosion rates (compared to other techniques)

can be obtained along with the description of the corrosion characteristics

and mechanism(24.26,29],

The basis of impedance data analysis is the construction of 'equivalent
circuits' for the electrochemical interface existing between the corrosive
medium and the metal surface. The electrical elements in the circuit will
have the same impedance behavior as that measured for the sysizm. The
simplest equivalent circuit is made up of the electrolyte resistance, the
electrochemical double layer capacitance, and the charge transfer resistance.
The charge transfer resistance is equivalent to the polarization resistance of
the interface and inversely proportional to the corrosion ratel31]. Polarization
about the dc determined equilibrium corrosion potential by an AC signal of

amplitude, AE and frequency, f (i.e. AE sin ft) results in a flow of current,
Al(sin ft+ 6).

The impedance, Z (= %) has a phase angle, 6 which corresponds to

the difference between the applied potential and the resultant current. From a
complex plane plot of negative imaginary impedance versus the real

impedance (Nyquist diagram), it is possible to deduce the mechanism of the

process[31].
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2.5 FACTORS AFFECTING REPRODUCIBILITY OF CORROSION
RATE MEASUREMENTS

The complex nature of the mechanism of corrosion and the diversity
of environmental conditions that may be encountered; culminates in several
important factors which determine the reproducibility of experimental
results. These factors may be divided into two categories: those involving

the metal surface and those associated with the environment.

The factors concerning the metal surface are: cleanliness, presence
and nature of surface films, presence of more than one phase in the metal,
the preparatiuon of the surface for a test, and the polarization characteristics
of the metal. The composition of the corrosive environment, its
homogeneity, the presence of foreign matter e.g. dirt, and the freedom to
access for air are of importance from the environmental stand point. In fact,
anything that may be of importance to the electrochemical nature of

corrosion will influence the amount and nature of the corrosive attack.

Great care must be taken in the preparation and exposure of the
specimens used for corrosion measurements, either in the laboratory or in
the field, in order to obtain reproducible results. However, even when the
greatest possible care is taken, it is not to be expected that absolute
reproducibility will be achieved. There are many factors beyond the control
of the experimenter, statistical control is however, often achieved.
Consequently, the absolute error of measurement can be reduced by

increasing the number of identical specimens tested.
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The type of attack that occurs can greatly influence the reproducibility
of the results. If the attack is uniform, the reproducibility will, in general,
be much greater than if the attack is localized to a few points on the metal

surface.



CHAPTER 3

LITERATURE REVIEW

The adverse impact of drill string corrosion and corrosivity of water-
base muds came into limelight in the late 1960s. With deeper prospecting
for oil, hot and sour gas wells are encountered; and these in the presence or
absence of oxygen causes corrosion. |

It has been generally observed that corrosion sets in at the early stages
of putting well tubulars on service under sour and harsh conditions.
Corrosive environments significantly affect the corrosion fatigue
performance of well tubulars. Even the high strength steels used for deep
drilling are not spared as they are attacked by sour gases from sulfur and
carbon based mud additives or from the natural gas constituents of the
reservoir. Another source of tubular corrosion is acid stimulation. When
hydrochloric and hydrofloric acids (HCl and HF) are used for matrix
treatment of reservoirs, the acids aid and speed up the corrosive reactions
occurring on the steel tubulars. It has been found that treatment of drilling
fluid has offered the best corrosion control with minimum cost. The study
of causes and mitigation of drilling fluid corrosion under various conditions

has been carried out by quite a few researchers.

Simpson and Barbeelll, in 1967, investigated the causes of brittle
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cracking and failures of high strength tubular goods that have been exposed

to water base packer muds, the sources of sulfide deposits and iron
carbonate corrosion products found on tubings; even from wells where there
is no known sulfide in produced fluids. Lignosulfonate mud, a common mud
type thought to be non-corrosive was found to degrade at temperatures
above 300 OF to form carbon dioxide (CO3) and hydrogen sulfide (H2S).
Bacterial action on lignosulfonate mud causes a breakdown of organic

additives to form organic acids, CO7 and soluble sulfide.

Electrochemical reduction of sulfur-oxide present in iignosulfonate
was found to be the cause of iron sulfide deposit on drill pipe coupons
placed in solution containing it; at pH of 8.1, free of bacteria and aged for 16
" hours at 200 OF. The authors concluded that electrochemical reduction of
sulfur-containing organic mud additives is the cause of sulfide formed in
water-base packer fluids when bacterial or high-temperature degradation
seems unlikely. Several case histories of tubing and casing failures are cited

in situations where such electrochemical reactions are thought to have

occured.

In 1972, Zitter[2] studied the corrosion of casings exposed to sour
gases. He observed that higher corrosion rates were indicated by tubulars at
early stages. Protective surface film grows thicker with temperature increase.
The author proposed a reaction mechanism from the detection of calcium
chloride and calcium carbonate in the surface films by X-ray diffraction

studies. Although he had only few data available for judging the effect of



time on corrosion, he concluded that after the initially high corrosion depth

there is no further significant increase.

Bush[3] in 1974, identified the primary causes of drilling fluid
corrosion as oxygen, hydrogen sulfide, and carbon dioxide (with oxygen as
the major problem because of its constant presence and pitting
characteristics). He recommended the removal of dissolved oxygen with
oxygen scavenger (e.g. sodium sulfite) and hydrogen sulfide with sulfide
scavenger (zinc oxide, or other metal compounds). He also suggested the

neutralization of acid forming gases with alkaline materials to achieve

drilﬁng fluid corrosion control:

Carney and Jones[4] also in 1974 focused on the various problems
caused by hydrogen sulfide, even in small quantities during drilling and
completion. They discussed the advantages and disadvantages of using
compounds of copper, zinc, iron, hydrogen peroxide and chelates for
scavenging hydrogen sulfide; they concluded that raising the mud pH

(alkalinity) will cause the hydrogen sulfide to produce sulfide ions which do

not contribute to corrosion of drill pipe.
2HS"+2 OH- - S2- +2 H20

Even if the sulfide ions (S2-) are not available, no H2S gas can be formed.

They also cautioned that the pH must be maintained high because S2- are

dangerous at low pH.
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Mauzyl3], in 1974 gave some precautionary measures to be taken to
avoid sulfide stress cracking of drill pipes. Most important of these are the
avoidance of creating H2S in the drilling fluid by sulfate reducing organisms
and using sulfur based drilling fluid additives. He also gave some

suggestions on how to avoid these problems.

Azar and Luminus(6], in 1975, carried out experimental study of the
effect of drilling fluid pH on the corrosion fatigue performance of grades D
and E drill pipe material. He discovered that drilling fluid pH is not a valid
measurement for corrosion control. The drill pipe materials were found to
have better corrosion-fatigue life expectancy at pH of 8.0 than at 9.0, and

only one percent less than at 10.0.

Woodroof et al.l7] studied the corrosion inhibition of HCI-HF acid
mixtures with the addition of mutual solvents (ethylene glycol monobutyl
ether) at high temperatures and pressure. Their study showed that increasing
test temperatures results in increasing corrosion rates. Also, increasing the

yield strength of test coupons leads to increase in corrosion rates.

In 1978, Smith et al. [8], conducted weight loss measurements and
determined the effect of various parameters on the rate of corrosion. They
noted the importance of testing at high pressure and temperature, and under
dynamic conditions or at least with agitation. They found out the following:
(a) corrosion rate increases with acid concentration, (b) more severe
corrosion occurs at eievated temperatures, (c) at lower acid concentration,

increasing pressure reduces the rate of corrosion more effectively than with
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higher acid concentration, and (d) that test data should be compared using

both static and dynamic/agitated test procedures.

Ray et all9, in 1979, acknowledged the success of using a
combination of sodium hydroxide (NaOH) and zinc compounds for treating
drilling fluids to contain the influx of H2S. They, however, have to search
for alternate sulfide scavenger because of the disadvantages inherent in the
above. Their search indicated that iron oxide is an effective scavenger for
H2S at bottomhole temperatures and pressures, and even in high H2S

concentrations.

Also in 1979, Azar{10], canductcd corrosion fatigue tests on grade E
material, using fresh water non-dispersed bentonite, and dispersed
lignosulfonate muds containing oxygen (02), CO2 and chlorides. His study
showed a decrease in the life expectancy of drill pipe material as the

concentration of 02, CO2, and chlorides dissolved in the mud increases.

Samuels and Guptallll, in 1983, reviewed the corrosion chemistry of
carbon steel; which is the most commonly used material in drilling
operations. They discussed the effect of dissolved H2S, CO2 and O2 as well
as pH on carbon steel corrosion in aqueous solutions. The importance of
knowing the type of corrosion occuring and study of the exposed coupon's
surface by scanning electron microscopy (SEM) was stressed. They studied

the behavior of iron oxide as H2S and O2 scavenger.
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They found that general (weight loss) corrosion rates of carbon steel
are high at pH of 6-9 at all sulfide levels and that corrosion rate increases
dramatically with increase in sulfide concentration. Electrochemical and
SEM evaluation enabled the authors to identify localized corrosion on the
metal. The metal experienced severe pitting attack even at a pH of 14 and
200 ppm of soluble sulfides. The pit grew at a rate of 10 inches per year
while the corrosion rate determined by weight loss was within acceptable

limits of 10 mpy.

The authors concluded that pitting corrosion which is not frequently
detected by conventional field test methods is a major cause of drill pipe
failure in H2S environment. At pH values greater than 12, severe pitting was
observed, irrespective of sulfide levels and contrary to generally accepted
theories. Ironite sponge (a specially formulated iron oxide) was found to
completely eliminate pitting tendencies of carbon steel in solutions
containing sulfide ions at pH of 8 and above. The sponge reduces general

corrosion rate by the reduction of sulfide ions in solution.

Moussall2l, in 1983, measured corrosion rate under simulated
bottomhole conditions by using a flow loop and roller oven. He used the
weight loss method to determine the corrosion rate of flat coupons of mild
steel (1018) for temperatures ranging from ambient to 500 OF. He found
that corrosion rate increases as temperature increases at low pH, but
decreases as pH increases, even at high temperatures. He also discovered
that cow.osion rate varies with the equipment used to simulate the

bottomhole condition. The rolling technique yields lower rates than those
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measured in the hot end of the flow loop at the same temperature, and

almost equal to the rates measured at the cold end.

Using statistical analysis, Okoye et alll13] determined the
relationships of corrosion variables using data obtained under simulated
bottomhole conditions. Their regression analyses showed similar conclusion
as those of Moussall2], that the corrosion rate due to mud increases with
temperature if 1/pH is high, and decreases as pH increases, even at higher
temperatures. Furthermore, corrosion rate was found to increase with mud
weight increase, decrease :a pH, and increase in temperature. With increase
in pressure,‘ rate of corrosion increases, however, no trend was obtained at

constant temperature. All the .ibove results were obtained at 95% confidence

level.

Gilbert and Engenl!4] studied the corrosion phenomenon observed
in Khuff gas wells. Their study indicated that acid attack, caused by HCl
stimulation of these wells is the possible cause of corrosion. Although the
level of corrosion observed during the time of their study was considered
acceptable, they called for additional study because an increase of water

production will likely increase the corrosivity of the downhole equipment.

Al-Marhoun and Rahman(15] also studied the corrosive behavior of
drilling fluids under simulated bottomhole conditions, using both the
dynamic flow loop and the roller oven. They used the Polarization
Adiaittance Instantaneous Rate (PAIR) technique to measure corrosion rate.

Their study was conducted by aging water-base drilling fluids in the roller
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oven for 24 hours and in a dynamic flow loop at a shear rate of 5000 s-1 for

6 hours. Both tests were conducted at temperatures between ambient and
347°F.

The results obtained using weight loss technique for the roller oven
samples and PAIR in the flow loop showed an increase in corrosion rate
with temperature increase. They attributed this to the increase of
electrochemical activity, and the release of oxygen; associated with the
degradation of mud components as a result of temperature increase. They

noted that very severe corrosion can be obtained at temperatures above
2480°F.

Revisiting Khuff gas formation, Kasnick and Engen(16] analyzed the
result of the investigation into the cause(s) of scale deposits and underlying
corrosion in tubing strings. They concluded that exposure of the tubing

string to HCl aids corrosion and scale formation.

Abdallall7] measured the weight loss of high alloy steel coupons
after 12 hours and 6 hours exposure to various acid mixtures at 200 OF in
order to determine the optimum acid formulation that would reduce
corrosion inherent upon acid stimulation. He found that 10-20 gallons/ft
inhibited, 15% HCI is the best formulation for stimulating tight gas bearing

formations at high pressure and temperature without corroding the

completion equipment.



Ciaraldi et al.[18] carried out corrosion tests on aluminum drill pipe
alloy 2014-T6 in a water-base, low solids, non-dispersed drilling mud. Their
electrochemical tests (cyclic polarization and galvanic coupling to steel),
were carried out in stirred drilling fluid and aimed at determining the
parameter that has the greatest effect on corrosion behavior at either ambient
temperature or 160 OF. Cyclic polarization tests showed that temperature
contributed most significantly to corrosion. Raising the temperature from
ambient to 160 OF increased the equilibrium potential by approximately 100
mV. Aeration (oxygen) decreases the equilibrium potential by
approximately 70 mV and increase in chloride concentration from 3,000 to
10,000 ppm increase the equilibrium potential by 45 mV. Hence, corrosion
of aluminum is no problem at 160 OF and high chloride levels; in the
presence of oxygen. Galvanic Coupling tests indicate low corrosion rates.
The coupling effectively shifted the potential of aluminum to the positive
direction, hence reducing the corrosion rate, although not as significant as

expected.

Al-Marhoun and Rahman(!®] in 1990 studied the effects of
composition, contaminants, and temperature on the corrosion behavior of
drilling fluids. The mud composition used has a broad range of clay,
polymer, dispersant, and weighting (barite) materials. Contaminants are
mainly lime and gypsum. The study was carried out at temperatures
between ambient and 446 OF. Both the dynamic flow loop and the roller
oven were used, with corrosion rate measured with PAIR and weight loss
icchniques respectively. They were only able to measure corrosion in the

loop up to 347 OF due to the design limitations of the corrosion cell. Results
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of their study showed that corrosion rate increases with temperature increase
for all the mud formulations tested. The values obtained from the weight-

loss method, although generally lower than that from PAIR, are very

comparable.

They concluded that drilling fluid prepared from cellulose ethers or
lignosulfonates are not effective in preventing corrosion at temperatures
above 24890F. Copolymers of vinylsulfonate-vinylamide (VSVA) and
styrene sulfonate maleic acid anhydrite (SSMA) are very effective in
controlling corrosion at high temperature and high electrolyte
contamination. Finally, they suggested that the rate of corrosion can be
reduced if attzpulgite, is used instead of bentonite in drilling fluids. They
also found that the measurement obtained from the PAIR method is more

accurate than the weight-loss measurement, because it includes the localized

corrosion tendencies.

It is observed from the literature that practically no work has been
done to understand the corrosion behavior, and corrosion reaction
mechanism of drill pipe materials exposed to drilling fluids. Only few of the
studies were carried out under conditions simulating mud circulation
experienced while drilling. Among these few, electrochemical evaluation of

corrosion was not carried out extensively.
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CHAPTER 4

EXPERIMENTAL SET-UP AND PROCEDURE

4.1 EXPERIMENTAL SET-UP

4.1.1 Mud Formulation

A typical water-base mud used in drilling deep wells in hostile
forniations was used for this research. It consists of the following

components and concentrations:

Base Mud [

Fresh water - 1 bbl
Bentonite - 10 ppb
Lime - 0.2 ppb
Hydroxy Ethyl Cellulose (HEC) - 0.5 ppb
Base Mud [1

Base Mud [ - 0.2 bbl
Fresh water - 0.4 bbl
Dextrid - 2 ppb
XC-Polymer - 0.5 ppb
Calcium carbonate - 2 ppb

43



Mud Sample
Base Mud II - 0.8 bbl
Fresh water - 0.2 bbl
Thermathin - 3 ppb
Bentonite - 5 ppb
Lime - 0.25 ppb
4.1.2 Equipment

Laboratory test procedures used in simulating the conditions
encountered by the mud during circulation from the surface, threugh the
drill pipe and the annulus include equipment such as dynainic flow loop,
high pressure-high temperature (HPHT) viscometer, and roller oven. All

these equipment were used in this study.

4.1.2a Dynamic Flow Loop

A dynamic flow loop available at the Petroleum Engineering
Department of King Fahd University of Petroleum and Minerals was re-
constructed with major changes in design as part of this work. It was used to
simulate drilling fluid circulation under downhole conditions existing within
the drill pipe, the drill bit, and the annulus as well as the temperatures and
-pressure encountered. The loop is made up of stainless steel tubes of 3/8
inch and 1/2 inch outside diameters with total length of 89 m. Its schematic

is shown in Figure 4.1. The flow loop consists of the following major

components and sections:
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() Pumping Unit

The pump used to force the mud through the loop is a variable drive
triplex piston pump. It is capable of delivering 20 gal/min. at 6000 psi
pressure. The pump's delivery side is made of stainless steel, while the
pistons are made of ceramic to prevent the problems of erosion and
corrosion capable of being caused by high density, high solids content
drilling fluid. The pump is equipped with a feed pump at the suction side to
give the pump a sufficient head and to further homogenize the drilling fluid.
The delivery pressure of the pump is monitored by a pressure gauge and

pressure transducer installed on the positive side of the pump.

(i) Mud Reservoir

A stainless steel cylindrical tank is used as the mud pit. The feed
pump takes it's suction from this tank, and the mud eventually returns to the
tank after circulation through the loop to form a continuos flow system. It
is equipped with a heavy duty stirrer to homogenize the mud and prevent the
settling of solids. A pH probe and thermocouple is incorporated on the tank

to monitor the pH and temperature of the mud respectively.

(iii) Heating and Cooling Section
To raise the mud to the desired temperature of test, it is flowed
through a cylindrical tank filled with silicone oil which is heated by a

thermostated immersion heater having a capacity of 18.8 kW.
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Before returning to the reservoir, the mud is cooled down to ambient
temperature by passing it through a cooling bath filled with water. The
heating oil temperature is monitored and controlled by a thermocouple
immersed in it, and connected to the heater control panel. Temperature of
the flowing mud is also monitored at different points by thermocouples

connected to the heater control panel.

(iv) Test Section

The test section (Fig. 4.2) consists of two major parts. The first part
is the combination of a shear valve, a dynamic filtration cell, and corrosion
cells. It is made up of two sections- the cold and hot sections. These
simulates the temperature regimes experienced by ihe mnd while being
circulated through the hole. By applying shear through the shear valve, the

shear rate experienced by the mud at the drill bit is simulated. It also helps to

break up gels formed by the mud.

The electrochemical corrosion cell is a high pressure stainless steel
cell in which instantaneous corrosion measuring probe is immersed (Fig.
4.3a). This probe is hooked up to the Petrolite corrosion data acquisition

system for corrosion rate measurements by polarization resistance.

The linear corrosion cell (Fig. 4.3b) is a thick-walled stainless steel
tube. It can carry up to six rectangular flat coupons installed on Teflon
coupon carriers, designed to fit into the cell. Corrosion rate is determined by

weight loss of the coupons. This set-up allows for a comparison of the
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electrochemical and weight loss measurements.

The second part of the test section consists of three capillary
viscometers made up of 1/4 inch, 3/8 inch, and 1/2 inch outside diameter
stainless steel tubes. Absolute and differential pressure transducers
installed at the end of these viscometers enable the measurement of the

viscosity of the circulated drilling fluid.

4.1.2b HPHT Viscometer

The FANN-70 HPHT Viscometer was used to study the thermal
stability of the test mud immediately after preparation, and after aging in the
roller oven. The viscometer (Fig. 4.4) is a direct indicating coaxial cylinder
viscometer that measures drilling fluid rheological properties at high
pressures and elevated temperatures. It is made up of the control console,
the remote test station and the test cell. The control console contains all
controls, displays, power supply, the pressurization pump, and test cell
preparation station. The remote test station contains the magnetic torsion
sensor, the magnetic cell drive, and the cell heaters and cooling systems. It
also contains a cylindrical safety shield which is designed to protect the
operator in case of a cell failure at high pressure. The test station is designed
such that measurements cannot be made unless the safety shield is closed.
The test cell is designed to withstand 20,000 psi pressure at 5000F. It

includes a torsion assembly hooked onto a bob with a magnetic rotor.
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4.1.2¢ Roller Oven

The roller oven was used to simulate the heating and rotational action
of the drilling mud in the annulus, as well as the effect of aging on corrosion
and thermal stability of the mud.

The oven (Fig. 4.5) has 5 rollers which carries up to 16; 500 ml
capacity test cells at a time. The cells are rolled at an approximate speed of
50 rpm. They are designed to withstand high temperature and pressure as
well as highly corrosive mud. Steel coupons can be placed inside the cells
to study corrosion of drilling fluid by weight loss method. The oven can be

opevated at a maximum temperature of S500F.

4.1.2d  Princeton Applied Research Model 350A Corrosion Measurement
System

This is a direct current (dc) potentiostat. It is a microprocessor based
instrument which can be used for different dc corrosion measurement
techniques such as potentiodynamic, polarization resistance, Tafel plot,
pitting scan, etc. The potentiostat requires a three electrode electrochemical
cell. A potential sweep can be applied at user specified rate on both the
cathodic and anodic sides of the corrosion potential of the cell. The
corresponding current density is measured by the equipment. The equipment

is equipped with an x-y recorder/plotter that can generate potential-current

density plot in real-time.
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4.1.2e Princeton Applied Research (PAR) Model 173 Potentiostat and

Solartron-Schlumberger 1250 Frequency Response Analyzer

These equipment provides a state-of-the-art electrochemical
impedance measurement. The potentiostat with plug-in coulometer model
179 measures the corrosion potential of the cell and applies a specified dc
voltage on the test specimen. The frequency response analyzer (FRA)
applies an alternating current (AC) on this dc voltage to generate the
impedance response of the system. The FRA can be programmed to sweep
from a minimum frequency to a maximum frequency, in a number of steps,
in the required frequency range. The impedance response is analyzed and
separated into real and imaginary parts and stored by the equipment. The

. storec data can be reirieved by an attached computer and plotted for further

analysis.

4.2 PROCEDURE

4.2.1 Mud Preparation

The test mud was prepared by adding and mixing the components in
the order listed in 4.1.1. After the addition and mixture of all components,
the mud was allowed to age for at least 24 hours to allow for complete
hydration of the clay (bentonite). After this period, the pH and density of
the mud were measured and recorded. The mud is now ready for the

different tests carried out.
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To prepare mud sample with pH different from the above, 5% HCl

was added to the mud after complete hydration of the bentonite. Enough

quantity of HCl was added to bring the mud to the desired pH value.

4.2.2 Preparation of Corrosion Coupons

The steel coupons used for corrosion study by weight loss were

prepared as follows, prior to exposure and after the test:

1ii)

Before Test

1) All rough edges on the surface of coupons were smoothened.

'ii) The coupons were then dipped into trichloroethylene to degrease their

' surfaces.

iif)  They were etched in a 5% HCI solution,

iv)  Neutralized in a saturated solution of sodium bi-carbonate, and

v)  Cleaned under tap water by scrubbing with nylon brush, and rinsed
with acetone.

vi)  They were dried in a vacuum oven and then weighed.

After Test

i) On removal of the coupons from the test sample, they were immersed
in a saturated solution of sodium bi-carbonate.

i1)  The mud and corrosion products were cleaned off the coupons' surface

by scrubbing with nylon brush under tap water.

They were rinsed with acetone, oven dried and weighed.



4.2.3 HPHT Viscometer

With all parts of the test cell cleaned, and the mechanical zero of the
equipment set, 165 ml of mud sample was placed in the test cell; 140 ml
directly into cell and 25 ml through a port opening. It was lowered into the

hot well of the remote test station, ready for testing.

The dial reading at different rpm settings were measured for the
freshly prepared mud at 3000 psi for 2000F, 2500F, 300°F, and 4000F
temperatures to determine the thermal stability of the mud. After aging the
mud in the roller oven for 5, 10, 15, and 20 days at the above temperatures,
the mud was tested again in the viscometer at the same pressure to determine
the effect of éging on the ‘hermal stability of the mud. These tests are
necessary prior to the test in the flow loop in order to forestall any

unforeseen circumstance(s).
4.2.4 Roller Oven

Stainless steel aging cells of 500 ml capacity were cleaned and filled
with the mud sample. Three cylindrical corrosion test coupons, 9.35 mm in
diameter and 27.8 mm in length; made of 1018 cold-rolled mild steel were
weighed and placed in each cell containing mud sample. The coupons were

placed in such a way that they have no electrical contact with the cell.

The cells were capped, the stem valve was installed and through it the

cell was pressurized with nitrogen to prevent evaporation of water, and



eventual solidification of the mud. The applied pressure depends on the
vapor pressure of water at the test temperature. The cells were then placed
on rollers in the oven. The oven was maintained at the test temperature for
30 minutes prior to placement of the test cells in order to make sure that

samples attain the test temperature as soon as they are placed in the oven.

After the attainment of the exposure period, the test cell was removed
from the oven and allowed to cool down to room temperature. Pressure was
bled off the cell by slowly opening the stem valve. When all pressure has
been released, the cap was removed, the coupons were removed and cieaned,
and the mud in the cells not containing corrosion coupons were tested in the
viscometer. The coupons were weighed and the difference in the weight
- from the initial weight was recorded as the loss in mass. The average mass
losses of three exposed coupons were recorded for each cell. Four (4) set of
cells were placed in the oven at the same time for a particular temperature,
each for different exposure time. After 20 days when the last cell is

removed, new coupons were put in place for tests at other temperatures.
4.2.5 Flow Loop

With the thermal stability of the test mud already established at the
temperatures of interest, the mud was flowed through the dynamic flow loop
at suitable temperatures. Figures 4.6a, 4.6b and 4.6¢c show the set-up of the
flow loop. Four rectangular flat coupons of approximate dimensions: 20 mm
x 10 mm x 1.5 mm were installed in the linea: corrosion cells on the cold

and hot sections of the loop. These were removed after the completion of the
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test, cleaned and weighed. An average mass loss of the coupons was
recorded as an indication of the corrosion rate. The coupons were scanned
by an electron microscope to determine their surface characteristics after

€exposure.

Electrochemical measurements were obtained only after the flow
process becomes stable. This is determined by the stability of the operating
temperature and pressure. Instantaneous corrosion rates were measured
using the PAIR method, and recorded at 3600 psi pressure and ambient
temperature (98 OF), 105 OF, 196 OF, and 253 OF for 8 hours of flow at mud
pH of 9.5. The pH of the mud was reduced to 8.1, 6.0, and 4.1 by adding 5%
HCI soluiion tc. the mud. For each pH, corrosion rates were obtained at 161
OF and 3000 psi. After each run, the loop was cleaned by flowing water

through it to prevent plugging of the tubes and valves.

4.2.6 Potentiodynamic Polarization Tests

A cylindrical test specimen of mild steel (1018), 12.7 mm in length
and 9.4 mm in diameter was used for these tests. The test specimen was
polished to 600-grit finish with emery paper before each test. After
polishing, the specimen was rinsed with distilled water, degreased with

acetone and air-dried.

The polished sample was installed on a rotating cylinder electrode

(RCE) as the working electrode. The counter electrode is a piece oi platinum
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wire, while the reference electrode used is the saturated calomel electrode
(SCE). The three electrodes were placed in a glass cell containing the mud
sample and connected to the dc potentiostat (Fig. 4.7). The SCE was
connected remotely via a salt bridge containing saturated sodium chloride
solution to prevent its contamination. Before tests were Carried out, this

arrangement was tested for ohmic drop effect and found to be non

significant.

At static and ambient conditions, a potential sweep from 250 mV
below the corrosion potential. Ecqir (i.e. in the cathodic region) to 1.2 V
above Ecorr (anodic region) was applied to the system at 5 mV/s rate. This
was done for mud pH of 10.9 (original mud), 8.0, 6.0, 5.1, and 4.1. From the
potentiodynamic plots obtained, the corrosion behavior of the steel sample
in the mud was determined. Corrosion current density were determined by
drawing the Tafel slopes for each curve and corrosion rate calculated from

equation (16) as a function of pH.

Hydrodynamic test was carried out at pH 10.9 and 4.1 for different
rotation speed of the RCE. This equipment is ideal for the control of mass
transfer characteristics of an electrochemical processl27]- By rotation, the
effect of diffusion (concentration polarization) is eliminated. Potential sweep
was applied to the system from E¢qpr 10 2.5 V in the anodic direction at
5 mV/s rate for 0, 100, 500, 800, 1000, 1500, and 2000 rpm's. From the
potentiodynamic plots obtained. a potential of 300 mV where the corrosion
reaction was thought to be in equilibrium was chosen for AC impedance
tests. Limiting current densities were determined for each mud sample at the

different rpm's for use in the study of system kinetics.
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4.2.7 AC Impedance Tests

The same test specimen used for potentiodynamic polarization tests
was prepared as described in 4.2.6 prior to each test. These tests were carried
out at ambient conditions and RCE rotation speeds of 0, 500, 1000, and
2000 rpm's. The three electrode cell was connected to the PAR 173
potentiostat and the FRA. A pertubating sinusoidal AC signal of 5 mV
amplitude was superimposed on a dc potential of 500 mV (anodic) over the
frequency range of 50 kHz to 1 mHz, taking 4 steps per decade. Impedance
spectra were obtained and plotted for mud pH of 10.9 and 4.1. Shown in

figure 4.7 above is the potentiostat and FRA used for these tests.
4.2.8 Scanning Electron Microscope (SEM) Investigation

Surface of steel samples exposed to mud in the flow loop under
different conditions were examined under the SEM to determine
morphological changes. An unexposed sample was first observed to serve as
a basis for comparison for exposed samples. The sample was mounted on
the sample holder and made conductive with aluminium adhesive tape. The
sample holder was then mounted on the Jeol JSM 840 SEM and its
micrograph was taken at 500X magnification using 20 kV accelerating
voltage.

Properly cleaned exposed samples were similarly mounted on the
SEM and examined first at 250X magnification to observe the corrosion
damage. A typically corroded part of the surface was further examined at

500X magnification and its micrograph taken to reveal the physical nature of

the corrosion that occurred.



CHAPTERSS

RESULTS AND DISCUSSION

Tests were carried out on a typical water-base mud used in the field
for drilling deep wells in hot formations. The only component missing from
the field mud is the weighting material, barite. Barite was not included in the
test mud because it is an inert material, therefore it will not contribute to the
mud components reaction which are thought to influence corrosivity.
Furthermore, a high density mud is not desirable for tests carried out with
the flow loop because of the possible erosion of fittings, valves and pump.

More so, there is the possibility of plugging the lines which might lead to

disastrous consequences.

Analysis and interpretation of the experimental data are presented

below. The experimental data are tabulated in the Appendices.

5.1 Thermal Stability of Mud

The ability of a drilling mud to withstand progressively increasing
temperature while going downhole and decreasing temperature on coming
back to the surface is termed as its thermal stability. Apart from the

temperature regimes, the duration of time the mud is exposed to a particular
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temperature is another factor affecting its stability. The indicator for
determining thermal stability is the mud's rheological properties. The
formulae for calculation of these properties are given in Appendix A.

Figures 5.1 through 5.13 shows the results obtained for our mud

formulation.

Consistency curves shown in figures 5.1 to 5.4 were obtained at
temperatures of 200 OF, 250 OF, 300 OF, and 400 OF and time ranging from
the day of mud preparation to 20 days. The curves show measurements
obtained at 3000 psi after hot-roll aging at the above temperatures and time
in the roller oven. All rheological properties are determined from these
curves. Figure 5.5 shows a comparison of consistency curves obtained at
ambient conditions and that obtained at elevated pressure and temperature
(3000 psi, 200 OF) just after mud preparation. It shows the importance of
obtaining the consistency curves at conditions of temperature and pressure
simulating downhole conditions. The measurements made at ambient
conditions give erroneous rheological properties which will lead to wrong

conclusions on the mud's thermal stability.

Under simulated downhole conditions of temperature and pressure, it
was found that effective and plastic viscosities decrease with increase in
temperature and 'aging (Figs. 5.6 to 5.9). This is due to the aggregation of
clay platelets at high temperature. The polymer constituent of the mud
flocculates the aggregated platelets, thereby enabling them to move freely in
the suspension[21]. At 300 OF, there is an increase in the effective viscosity

for 10 and 15 days aging and then a decrease at 400 OF. Similar behavior
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was observed for the plastic viscosity for 20 days aging period. The increase
in viscosity at this point could be attributed to the degradation of the
polymer constituents of the mud and consequent dehydration of clay
platelets. The capability of the polymer in flocculating clay platelets
decreases; the platelets approach one another closely due to an increase in
interparticle attractive forces, resulting in increased viscosity. Further
increase in temperature causes the aggregation of the platelets and hence
flocculation, resulting in low viscosities[21]. Because of the increase in the
degree of dispersion with aging under agitated conditions, and the tendency
of the interparticle attractive forces to increase with temperature increase
(deflocculation)[20], it is observed that the effect of aging diminishes with

increase in aging period and temperature.

The yield strength (Figs. 5.10 and 5.11) shows a trend similar to the
plastic viscosity. It also decreases with increase in temperature and aging.
Considering the fact that our mud is a fully deflocculated suspension
(presence of thermathin), this is expected. The increase experienced at 300

OF is due to the increase in interparticle forces above the boiling point of

water[20].

The gel strength (Figs. 5.12 and 5.13) increases initially with increase
in temperature due to the increased flocculation of the clay platelets. It
decreases between 300 OF and 400 OF because of increased aggregation of
platelets with temperature increase. This reduces the number of platelet units
that can build up gel structure, and the surface area available for particle
interaction. The behavior at day zero is due to the highly deflocculaied state

of the mud as opposed to what was explained above. The decrease of gel



50

45

40—

W
n
1

A
@)
1

N
[¢]
1

N
Q
1

Yield Strength (dPa)

10+

S T Y T T 1 T T T T T
180 200 220 240 260 280 300 320 340 360 380 400 420

Temperature ( oF)

Figure 5.10: Effect of Temperature on Yield Strength.

77



Yield Strength (dPo)

50
‘ - 200°F
o
45 & 2500 F
A 300 F
o 400°F

40—

W
44
1

N
(e}
1

N
[¢]
1

10=

16,]

1 i T 1 T Ll L ] T
0 2 4 6 8 10 12 14 16 18 20

Aging Pericd (days)

Filgure 5.11: Effect of Aging on Yleld Strength.

78



Gel Strength (dPa)

22

204

—
(o]
]

Py
E-N
1

- )
N
1

-—
o
]

2 T T

180 200 220

Figure 5.12:

1 1 | k1 i i T 1 ]
240 260 280 300 320 340 360 380 400 420

Temperoture (°F)

Effect of Temperature on Gel Strength.

79



-
A
la

-

Gel Strength (dPa)
? -—

- 200°F

= 2500F
0

-4~ 300 F

- 4000F

N
)

S—
4
2 T T T T T T T T T
o) 2 4 6 8 10 12 14 16 18 20

Aging Period (days)

Figure 5.13: Effect of Aging on Gel Sirength.

80



81

strength with aging is caused by the high degree of dispersion experienced

with continuos agitation while aging.

Based on the observed behavior of the mud's rheological properties,
we can say that the mud is stable up to 400 OF, the degradation experienced
at 300 OF not withstanding. The mud can therefore, be tested in the flow

loop for temperatures up to 400 OF.

5.2 Effect of Temperature and Exposure Time on Mud Corrosivity

Visual inspection of steel coupons exposed to mud for different
temperatures and time in the roller oven shows no sign of pitting. The
surface of the coupons were smooth, indicating that uniform type of

corrosion occurred. Weight loss were calculated by using equation (10).

Figures 5.14 and 5.15 show the effect of temperature and exposure
time on weight loss of steel coupons exposed to drilling mud in the roller
oven. Weight loss and thus corrosion rates of test coupons increase with
increase in terperature. Weight loss increases with increase in exposure
time, however, the increase is not very significant; but a shift is noticed at
different temperatures. Weight loss increase with temperature increase is
inversely related to the change in mud pH during the exposure period at test
temperatures (Figs. 5.16 and 3.17). The oxygen trapped within the mud
enhances the effect of tempera.ure on corrosion. Corrosion rate is, however,

expected to be reduced as oxide film is formed on the surface of coupon and
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as the dissolved oxygen is consumed[22.30], The degradation of polymeric
compounds contained in the mud at high temperature releases oxygen from
the compounds and restores the level of oxygen in solution[21]. The decrease
of pH towards the acidic region due to the chemical reaction of the mud
components plus corrosion reaction products as temperature increases
overshadows this expectation. At any pH, hydrogen ions are available to
react with and dissolve the oxide film. As the pH decreases, there is
increased hydrogen evolution and greater accessibility of oxygen to the

metal surface, thereby increasing weight loss with temperature increase.

The increase in weight loss with time can be attributed to the fact that
more time ‘s available for the reactions to occur, chemical and corrosion
reaction products lead to decrease in pH with time and thus increase in
weight loss. The corrosion rate equation (11) is not valid for mpy
calculations from weight loss measurements because of the procedure
followed in carrying out the roller oven tests. Electrochemical methods are

thus used to monitor corrosion rate.

Results obtained from coupons exposed in the flow loop are shown in
Figures 5.18 and 5.19. No particular trend of corrosion rate with temperature
could be deduced from these results. One factor that is obvious, however, is
that the flow rate which inadvertently varied during the experiment has an
effect on the corrosion rate obtained. Due to this limitation in the system, we
decided to use more advanced electrochemical techniques; along with the
rotating cylinder electrode (RCE) which has well established hydrodynamic

characteristics, to confirm this effect.
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In the cold section of the loop, corrosion rate is highest at 98 OF for
which flow rate is about 61 cm3/s and lowest at 109 OF which corresponds
to flow rate of 22.4 cm3/s (Tables B8 and B12). Corrosion rate increases as
the flow rate increases to 51 cm3/s at 120 OF. Similar behavior was observed

at the hot section (Tables B9 and B13).

Increased flow rate reduces mass transfer resistance existing between
the bulk of the liquid and the metal surface by eroding the protective film
formed on the surface, thereby promoting the diffusion of corroding species
in the mud to the metal surface thus enhancing further corrosion. These
results also show that weight loss determined corrosion rates are higher in
magnitude than instantaneous polarization resistance measurements. This
could be due to the type of corrosion attack that occurred on the coupons,

resulting in appreciable weight loss.

Careful observation of the experimental data in Appendix B shows
that corrosion rates measured by weight loss of coupons exposed in the flow
loop for only 8 hours is comparable in magnitude to those of coupons
exposed for up to 10 days in the roller oven under similar conditions of
temperature and pH. This observation indicates the importance of
conducting tests on drilling fluid under flow conditions experienced in

practice.
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5.3 Effect of pH and Exposure Time on Mud Corrosivity

Figures 5.20 and 5.21 show the effect of pH and exposure time on the
corrosiveness of drilling mud. Roller oven tests indicate an increase in
weight loss with increased acidity. No significant effect of pH was noticed
after 5 and 10 days of metal's exposure. From 15 days, however, weight loss
and thus corrosion rate increases sharply with pH decrease. Weight loss is

significantly affected by pH and exposure time.

Result of tests carried out in the flow loop (Figs. 5.22 and 5.23) show
a decrease in corrosion rate from pH 9.5 to 6.0. A sudden increase of
corrosion rate was ovserved from pH 6.0 to 4.1. Similar trend was obtained
for both the cold and hot sections of the loop with weight loss and
polarization resistance measurements. This behavior could be due to the
protection of the metal surface at mild alkaline and neutral pH. Cathodic
reaction (hydrogen formation) proceeds slowly in this region and controls
the corrosion process. As observed for the effect of temperature in Figures
5.18 and 5.19, corrosion rate measured by weight loss are higher than

polarization resistance measurements.
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5.4 Potentiodynamic Polarization Results

Figures 5.24 and 5.25 show the results obtained from potentiodynamic
Tafel plots under static and ambient conditions by applying a 5 mV/s
potential sweep on the working electrode (steel sample), immersed in the
drilling fluid. In Figure 5.24, a shift of corrosion potential, Ecqrr to more
active potentials with decrease in pH is observed. There is an anodic current
shift of about 40 mA from pH 10.9 to 4.1, and increase in corrosion current
density, I¢orr With decrease in pH. This indicates higher corrosion tendency
of the steel sample with increase in mud's acidity. At pH 8.0, 6.0, and 5.1,
there is evidence of passivation (formation of oxide layer) which protracts
for more than 200 mV range. This behavior depicts that at this pH range, the
corrosion product is stable and adherent and thus give some immunity to the

steel from the corrosive mud medium.

Figure 5.25 shows a slight decrease in corrosion rate from 8.05 mpy at
pH 109 to 7.41 mpy at pH 8.0. Thereafter, the mud becomes more
corrosive; resulting in a sharp increase in rate from 7.92 mpy at pH 6.0 to
57.69 mpy at pH 4.1. This result is similar to what was observed in Figures
5.22 and 5.23 for the flow loop tests. It may, therefore, be desirable to
consider operating the drilling fluid at pH range 8 to 6, considering the low

corrosion rate and the inherent passivation offered within the system.

Several anodic potentiodynamic polarization curves were obtained at
different speeds of the rotating cylinder electrode (RCE) for mud pH of 4.1

and 10.9. Two set of plots showing dependence of corrosion current density
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on rate of agitation are shown in Figures 5.26 and 5.27. These curves show a
tendency towards a limiting current density, ig,,, a region of equilibrium
corrosion reaction; characterized by constant current density with potential
increase. This region is not very well pronounced in these figures. In
addition, at rotation speeds of the RCE greater than 500 rpm, the
experimental determination of ig,, becomes more difficult because the
current plateaus are even less obvious and not very well defined. This
observed behavior is due to excessive rise of current with polarization at
these speeds because of the change in energy required to detach mud gels

that formed on the working electrode at lower rpm's.

A plot of limiting current density obtained at a chosen
equilibrium potential of 500 mV versus square root of angular velocity
shown in Figure 5.28 is non-linear. This confirms the undefined and
capricious nature of the mud formulation in terms of electrode kinetics. It
shows that diffusion activities are far from the limiting range. Thus,
increased agitation or high flow rate experienced in practice will

tremendously affect the mud corrosivity(27].

5.5 AC Impedance Results

Figure 5.29 shows AC impedance spectra at different rpm's for mud
with pH of 10.9. The corresponding spectra at pH 4.1 is shown in Figure
5.30. Figure 5.29 illustrates the eftcct of agitation on impedance spectra. A

big shift of solution ohmic resistance (Rgg) is observed. This suggests that
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agitation makes the mud more conductive and also aid the diffusion of
electroactive species to the metal's surface. Figure 5.30 presents a decrease
of Rgo with increased agitation, also an indication of increased mud
conductivity. At 2000 rpm, two pseudo-capacitive loops are observed for
mud pH 10.9 and 4.1 (Figs. 5.29 and 5.34). This again demonstrates that
diffusion controls the corrosion process, although there are no clear evidence
of low frequency end distortion of the semi-circle describing the charge
transfer (Faradaic) process and diffusion impedance (the Warburg
impedance). Charge transfer resistance, Ry which is inversely proportional
to the corrosion current and hence the corrosion rate, was found to be
smaller in magnitude for mud pH 4.1 than for pH 10.9. This translates to
high corrosion rate at pH 4.1 and low corrosion rate at pH 10.G. The

magnitude of Rt at 0 rpm is 1Q2 for mud pH 4.1 compared to about 8 Q for
pH 10.9.

The decrease of Rgg with increased RCE rotation speed shown in
Figure 5.30 is an indication that the solution is non-homogenous. The
solution however becomes more conductive as homogeneity improves with
agitation. This again is a strong indication of agitation/flow rate dependency
of the corrosive activity of the mud. Corrosion products are continually

removed as the mud is agitated, resulting in renewal of metal surface and

increased corrosion.

Impedance spectrum obtained under static condition at pH 4.1 (Fig.
5.31) shows a classical case of charge transfer process characterized by high

frequency capacitive loop (semi-circle) and Warburg diffusion linef24.26.31],
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This is a combination of Faradaic process being limited by diffusion.
Figures 5.32 and 5.33 at 500 and 1000 rpm respectively shows mostly one
capacitive loop which likely corresponds to charge transfer process. The
high frequency (50 kHz - 5 kHz) inductance effect characteristic of
impedance spectra for mud pH of 4.1 could be due to extraneous ionic

activities and/or occurrence of rapid and fast non-Faradaic processes.

Due to the renewal of metal surface at high flow rate and agitation,

there is a possibility of the occurrence of erosion-corrosion.

5.6 Analysis of Scanning Electron Micrographs

Figures 5.35 through 5.41 show electron photomicrographs of mild
steel (1018) sample exposed to drilling mud in the flow loop under various
conditions. These micrographs indicate the extent of corrosion attack on the
metal. Figure 5.35 shows an unexposed sample, which depicts the grain
boundaries typical of carbon steel. The corrosion attack occurs generally at
the grain boundaries. Figures 5.36 to 5.38 for mud pH 9.5 at different

temperatures show deposition of non-conductive corrosion products on the

surface of the metal.

The observed grain boundary attack is more pronounced at low pH.
Figures 5.39 to 5.41 are samples exposed at pH 8, 6, and 4.1. They show
severe attack at the grain boundaries. Figures 5.39 and 5.40 at pH 8 and 6

show that the attack is concentrated uniformly at the grain boundaries. This
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Figure 5.35: Scanning Electron Micrograph of an Unexposed Surface of

Mild Steel (1018) Sample.
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Figure 5.36: Scanning Electron Micrograph of a Corroded Surface of Mild
Steel (1018) after Exposure to Drilling Mud in the Flow Loop
at pH 9.5 and 98 °F for 8 hours.



Figure 5.37: Scanning Electron Micrograph of a Corroded Surface of Mild
Steel (1018) after Exposure to Drilling Mud in the Flow Loop
at pH 9.5 and 161 ©F for 8 hours.



Figure 5.38: Scanning Electron Micrograph of a Corroded Surface of Mild
Steel (1018) after Exposure to Drilling Mud in the Flow Loop
at pH 9.5 and 253 oF for 8 hours.
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Figure 5.41: Scanning Electron Micrograph of a Corroded Surface of Mild
Steel (1018) after Exposure to Drilling Mud in the Flow Loop
at pH 4.1 and 161 OF for 8 hours.
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is not unexpected since corrosion occurs preferentially at the grain

boundaries, a stressful and weaker region of the steel matrix.

The grain boundaries have different atomic structures and chemical
compositions compared to the rest of the matrix. Consequently, their
electrochemical properties and corrosion resistance are different from those
of the grains. The grain boundaries become anodic to the surrounding grains
(which is cathodic), and attack is intensified by the small anode to large
cathode area ratiol23.34]. The intergranular attack is less at high pH

compared to low pH. This corroborated the low corrosion rate described

earlier.

The corrosion that occurred at pH 6 exerts a high stress on the grain
boundaries, resulting in wide cracks that will lead to early disintegration of
the grain and eventual failure of the steel. It could be recalled from
potentiodynamic and flow loop results that corrosion rates are lowest around
these pH. These micrographs, however, indicates the susceptibility to early
failure of the steel at these pH, even though corrosion rates are low. The type
of attack observed in Figure 5.41 at pH 4.1 is uniform over both the grain
boundaries and the matrix. It shows severe attack over the entire surface of

the steel and no tendency of localized attack is present.



CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

o

(73]

The following conclusions may be drawn from this work:

The drilling mud used for this study is thermally stable for
temperatures up to 400 OF.

Effective Viscosity, Plastic Viscosity and Yield Strength decreases
with increase in temperature and increase in aging time. The effect of
aging on rheological properties diminishes with increased aging time

and increase in temperature.

Weight loss of mild steel (1018) increases with increase in drilling
mud temperature. It also increase with increase in exposure time of

steel to mud, albeit not significantly.

Corrosion is high at low pH and low at high pH while mud pH

decreases with increase in temperature and increase in exposure time.

Diffusion is the corrosion rate limiting step. Once diffusion resistance
is eliminated by increased agitation or high flow rate, corrosion

reaction proceeds at a very fast rate.

118



10.

119

Mild steel (1018) shows some degree of passivation in mildly alkaline
to neutral pH region. This results in generally low corrosion rate

around this region.

Corrosion attack on mild steel (1018) occurs generally at the grain

boundaries. More stressful intergranular attack occurred at pH 6.

Weight loss and thus corrosion rates of coupons exposed in the flow
loop for 8 hours is comparable in magnitude to that of coupons
exposed in the roller oven for 10 days. It is, therefore, very important
to study corrosion of drilling fluids under flow, temperature, and
pressure conditions experienced in practiée. It is also important to
observe the physical nature ¢f corrosion occurring under the scanning

electron microscope.

pH is a critical factor whose effect should be investigated for any mud
formulation to be used in practice. This work shows that low pH (< 8)

is very corrosive.

The results obtained from all corrosion monitoring techniques used in

this work are consistent.

6.2 RECOMMENDATIONS

The following are recomni:nded based on the experience gathered

from this work:
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Based on our mud formulation, the use of mud in the mildly alkaline

to mildly acidic pH range which is the current practice in the industry

1s not recommended.

Improvement in flow loop design and capabilities:

a)

b)

d)

There is need to have a good control of fluid flow rate through
the loop. Sequel to this, flow measurement instruments and

controllers should be installed at several points in the loop.

Process control and data acquisition of measured parameters is

very critical. Attempt should be made to automate this.
The corrosion measurement system needs to be updated.

Provision of facilities for fluid (liquid and gas) injection at
selected points on the flow loop is essential to facilitate broad

based study of drilling fluid corrosion and other properties.

Further studies essential for better understanding of drilling fluid

corrosiveness:

a)

b)

Chemical and physical analysis of drilling fluid corrosion
reaction products is essential for determination of its reaction

mechanism.

Further ele-:.vochemical studies on the drilling mud used for this

work and other water-base drilling fluid compositions should be



d)
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carried out. This in conjunction with (a) will enable the
evolution of a general corrosion reaction mechanism for these
fluids, and to obtain kinetic parameters useful in

characterizing them.

These studies should preferably be carried out on actual drill
pipe/casing materials under flow rate/agitation typical of mud

circulation when drilling a well.

Electrochemical dc and AC impedance studies should be

carried out at high rotation speeds to eliminate diffusion effect.

Erosion-corrosion studies should be carried out to ascertain its

contribution to drilling fluid corrosivity.



NOMENCLATURE

A Exposed area available for corrosion, cm?
E Polarization potential, mV

Ecorr Corrosion (open circuit) potential, mV
EV Effective viscosity, mPa.s

F Faraday, 96487 coulombs

GS Gel strength, dPa

I Corrosion current, LA

Icorr Corrosion current density, 1 A/cm?2

1 im Limiting current density, mA/cm?

k Consistency index (equivalent viscosity at unit shear rate), mPa.s
M Molecular weight, g

m Equivalent weight (M/n), g

mpy Corrosion rate, mils per year

n Number of electrons

n' Power law exponent

PV Plastic Viscosity, mPa.s

Q Quantity of electric charge, coulombs
Ret Charge transfer resistance, (2

Rso Ohmic solution resistance, €2

RCE Rotating Cylinder Electrode

t Time, seconds

W Weight of electroactive species, g



Yield strength, dPa

Real part of electrochemical impedance, 2
Imaginary part of electrochemical impedance, 2
Anodic Tafel slope

Cathodic Tafel slope

Density, g/cm3

Angular velocity (27 rpm), rad/s

Viscometer dial reading at X rpm

Phase Angle
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Appendix A
EXPERIMENTAL DATA FOR THERMAL STABILITY TESTS

The following relationships were used to calculate the various
parameters which describe the rheological properties of drilling fluids:
Effective Viscosity: measured as

EV =0600/2 (mPa.s)

where 0 600 is the dial reading on the viscometer at 600 rpm. This implies
that EV is measured at a shear rate of 1022 s-1.
Plastic Viscosity: measured as |

PV =0600- 0300 (mPa.s)
where 0300 is the dial reading on the viscometer at 300 rpm.
Yield Strength: it is determined from

YP =4.788026 * (6300 - PV) (dPa)

Gel Strength: a measure of the minimum shear stress required to create the
flow of the drilling fluid. It is measured immediately after the agitation of
the mud, and shows the structural viscosity of the mud under circulation.

GS =4.788026 * 63 (dPa)

where 03 is the dial reading at 3 rpm.

Power Law Exponent:

n'=3.322 * log (0600 /6300)

Consistency Index: This is equivalent to viscosity at unit shear rate

k = 4.788026*0 600/(1022)1" (mPa.s)



Table Al: Consistency Curve Data Obtained at 3000 psi after
Preparation of Mud (no aging)

Mud Density = 8.55 Ib/gal
Mud pH = 10.9
Shear Shear Stress (dPa)

Rate (s°1) 2000F 2500F 3000F 4000F
1021.80 153.30 117.53 81.76 40.88
851.50 137.46 102.20 71.54 38.32
681.20 121.62 86.87 61.32 35.77
510.90 102.20 71.54 51.10 33.21
340.60 79.72 57.23 40.88 30.66
170.20 52.12 39.86 30.66 28.10
5.11 15.35 17.88 15.33 22.99

Table A2: Consistency Curve Data Obtained at 3000 psi after
Aging for 5 days

Shear Shear Stress (dPa)
Rate (s-1) 2000F 2500F 3000F 4000F
1021.80 86.87 4343 38.33 25.55
851.50 77.67 38.84 35.26 22.99
681.20 67.45 35.26 31.68 20.44
510.90 56.21 30.66 28.11 17.88
340.60 43.43 25.60 24.02 15.33
170.30 28.10 19.42 19.42 12.77
5.11 10.22 10.22 12.78 10.22
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Table A3: Consistency Curve Data Obtained at 3000 psi after

Aging for 10 days.

Shear Shear Stress (dPa)

Rate (s'1) 2000F 2500F 3000F 4000F
1021.80 71.54 33.21 35.77 25.55
851.50 62.34 29.13 32.19 22.99
681.20 52.12 24.53 28.62 20.44
510.90 43.43 20.44 25.55 17.88
340.60 31.68 16.35 21.97 15.33
170.30 19.93 12.26 18.91 12.77
5.11 5.11 7.66 12.78 10.22

Table A4: Consistency Curve Data Obtained at 3000 psi after

Aging for 15 days

Shear Shear Stress (dPa)

Rate (s-1) 2000F 2500F 3000F 4000F
1021.80 61.32 28.10 30.66 17.88
851.50 53.65 24.55 28.10 16.35
681.20 45.48 21.44 25.55 14.82
510.90 35.77 17.88 22.99 12.77
340.60 23.55 15.33 20.44 11.24

170.30 15.33 11.24 17.88 9.71
5.11 5.11 7.66 15.33 7.66
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Table AS5:

Table A6:

Consistency Curve Data Obtained at 3000 psi after
Aging for 20 days
Shear Shear Stress (dPa)

Rate (s’l) 2009F 2500F 3000F 4000F
1021.80 58.76 20.44 30.66 15.33
851.50 50.08 18.86 28.10 14.56
681.20 41.39 17.27 25.55 13.54
510.90 33.21 15.33 22.99 12.78
340.60 24.02 12.78 20.44 10.63
170.30 15.80 10.22 17.88 7.92

5.11 5.11 7.67 1333 5.11
Consistency Curve Data Obtained at Ambient Conditions
after Aging at 2500F.

Shear Shear Stress (dPa)

Rate (s'l) 0 day 5 days 10days | 15days | 20days
1021.80 281.05 140.52 99.64 66.43 48.55
851.50 260.61 123.66 86.87 56.21 41.65
681.20 232.50 106.29 71.54 17.01 34.08
510.90 204.40 89.42 58.76 38.32 28.11
340.60 168.65 68.98 45.99 28.10 20.80
170.30 122.64 45.99 28.10 17.88 12.78

5.11 40.88 5.11 3.11 5.11 2.56
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Table A7: Effective Viscosity Data Obtained at 3000 psi, Different
Temperatures and Aging period.

Temperature Effective Viscosity (mPas)
(°F) 0 day 5 days 10days | 15dayvs | 20 days
200 15.00 8.50 7.50 6.00 5.75
250 11.50 425 3.25 2.75 2.00
300 8.00 3.75 3.50 3.00 3.00
400 4.00 250 2.50 1.75 1.50

Table A8: Plastic Viscosity Data Obtained at 3000 psi, different
Temperatures and Aging period.

Temperature Plastic Viscosity (mPas)
(°F) 0 day 5 days 10 days | 15 davs | 20days
200 10.0 6.0 5.5 5.0 5.0
250 9.0 25 25 2.0 1.0
300 6.0 2.0 2.0 1.5 1.5
400 1.5 1.5 1.5 1.0 0.5

w



Table A9: Yield Strength Data Obtained at 3000 psi, Different
Temperatures and Aging period.

Temperature Yield Strength (dPa)
(°F) 0 day 5 days 10 days | 15 days | 20 days
200 47.88 23.94 14.36 9.58 7.18
250 23.94 16.76 7.18 7.18 9.58
300 19.15 16.76 14.36 14.36 14.36
400 23.94 9.58 9.58 7.18 9.58

Table A10: Gel Strength Data Obtained at 3000 psi, Different
Temperatures and Aging period.

Temperature Gel Strength (dPa)
(°F) 0 day 5 days 10 dayvs | 13 days | 20 days
200 14.36 9.58 4.79 4.79 4.79
250 16.76 9.58 7.18 7.18 7.18
300 14.36 11.97 11.97 14.36 14.36
400 21.55 9.58 9.58 7.18 4.79




Table A11: Power Law Exponent, n' Obtained from all Tests at 3000
psi, Different Temperatures and Aging period.

Temperature n'
(°F) 0 day S5days | 10days | 15days | 20 days
200 0.5850 | 0.6280 | 0.7199 | 0.7776 | 0.8231
250 0.7162 | 05025 | 0.7005 | 0.6521 0.4151
300 0.6781 0.4475 | 0.4854 | 0.4151 0.4151
400 0.2996 | 0.5146 | 0.5146 | 0.4854 | 0.2630

Table A12: Consistency Index, k Obtained from all Tests at 3000
psi, Different Temperatures and Aging period.

Temperature k (mPas)
equivalent viscosity at unit shear rate
(°F) 0 day 5 days 10 days | 15 days | 20 days
200 0.025 0.011 0.005 0.003 0.002
250 0.008 0.013 0.002 0.003 0.011
300 0.007 0.016 0.012 0.016 0.016
400 0.048 0.007 0.007 0.006 0.023




Appendix B

EXPRIMENTAL DATA FOR ROLLER OVEN AND FLOW LOOP

CORROSION TESTS
Table Bl: Corrosion Rate Data of Mild Steel (1018) Coupons Exposed
to Mud in the Roller Oven at 2009F. pH of Mud = 10.9
Time Coupon Initial Final Weight Aveae | WadtLos pH
(days) 7 weight | Weight Loss weight | peruntaea | afier test
(® (@) (@) Loss | (metm?)
(mg)
1 4.590 4.588 0.002
5 2 4.400 4.399 0.001 23 0.260 9.43
3 4.742 4.738 0.004
1 4.605 4.600 0.005
10 2 4.461 4.455 0.006 6.7 0.757 9.29
3 4.509 4.500 0.009
1 4.640 4.631 0.009
15 2 4.192 4.184 0.008 11.0 1.243 9.05
3 4510 4.494 0.016
1 4912 - 4.893 0.019
20 2 4.893 4.875 0.018 18.7 2.112 8.75
3 4.561 4.542 0.019
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Table B2:  Corrosion Rate Data of Mild Steel (1018) Coupons Exposed
to Mud in the Roller Oven at 2500F. pH of Mud = 10.9
Time Coupon Initial Final Weight Avaage | Wadtlos pH
(days) # weight Weight Loss weight | pruntaea | after test
(® (®) g Loss | (mgtm?)
(mg)
1 4.400 4.392 0.008
5 2 4.743 4.732 0.011 11.0 1.243 9.0
3 4.592 4.581 0.011
1 4.457 4.437 0.020
10 2 4.500 4.481 0.019 18.7 2112 9.0
3 4.600 4.583 0.017
1 4.576 4.548 0.028
15 2 4.563 4.541 0.022 247 2.790 8.8
3 4.575 4.549 0.024
1 4.636 4.605 0.031
20 2 4.578 4.544 0.034 33.0 3.728 8.0
3 4.599 4.565 0.034
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Table B3:  Corrosion Rate Data of Mild Steel (1018) Coupons Exposed
to Mud in the Roller Oven at 300°F. pH of Mud = 10.9
Time Coupon Initial Final Weight Averaze | Wetdht Loss pH
(days) # weight Weight Loss weight | pruntaea | after test
(@ (2) (2) Loss (megtm?)
(mg)
1 4.636 4.603 0.033
5 2 4.613 4.582 0.031 30.7 3.468 8.5
3 4.670 4.642 0.028
1 4.593 4.556 0.037
10 2 4.607 4.567 0.040 38.3 4.326 8.00
3 4.606 4.568 0.038
1 4.658 4.619 0.039
15 2 - - - 39.0 1.406 6.30
3 4.639 4.600 0.039
1 4.645 4.598 0.047
20 2 4.632 4.585 0.047 16.3 5.250 5.90
3 4.491 4.446 0.045
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Table B4: Corrosion Rate Data of Mild Steel (1018) Coupons Exposed
to Mud in the Roller Oven at 4000F. pH of mud = 10.9
Time Coupon Initial Final Weight Averze | Weedt Los pH
(days) # weight | Weight Loss weight | pruntaea | after test
(g () (2) Loss (et
(mg)
1 4.624 4.559 0.065
5 2 4.660 4.559 0.101 83.7 9.455 5.90
3 4.620 4.535 0.085
1 4.670 4.579 0.091
10 2 4.533 4.44]1 0.092 90.3 10.200 5.90
3 4.598 4.510 0.088
1 4.526 4.427 0.099
15 2 4.587 4.498 0.089 96.0 10.844 5.82
3 4.683 4.583 0.100
1 4.675 4.587 0.088
20 2 4.663 4.545 0.118 101.3 11.445 5.60
3 4.187 4.089 0.098




Table B5: Corrosion Rate Data of Mild Steel (1018) Coupons Exposed
to Mud in the Roller Oven at pH of 7.9. Temperature = 2500F
Time Coupon Initial Final Weight Avernee | Wadtlos pH
(days) # weight Weight Loss weight | prutaea | after test
(2) (2) (2 Loss (metm)
(mg)
1 4.734 4.722 0.012
5 2 4,585 4.377 0.008 10.0 1.130 7.7
3 4.395 4.385 0.010
1 4.609 4.591 0.018
10 2 4.603 4.577 0.026 21.7 2.451 7.5
3 4.634 4.613 . 0.021
1 4.444 4.405 0.039
13 2 4.493 4.461 0.032 35.5 4.010 8.1
3 - - -
1 4.572 4.503 0.069
20 2 4.584 4.533 0.051 60.3 6.812 6.8
3 4.582 4.521 0.061
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Table B6: Corrosion Rate Data of Mild Steel (1018) Coupons Exposed
to Mud in the Roller Oven at pH of 6.1. Temperature = 2500F
Time Coupon Initial Final Weight Avere | WedtLos pH
(days) # weight Weight Loss weight | peruntaea | after test
(2) (®) (®) Loss | (mgtm)
(mg)
1 4.686 4.676 0.010
5 2 4.350 4.341 0.009 9.5 1.073 7.7
3 - - -
1 4.564 4.547 0.017
10 2 4.603 4.574 0.029 22.0 2.485 6.9
3 4.538 4.518 0.020
1 4.563 4.506 0.057
15 2 4.557 4.509 0.048 317 5.840 6.7
3 4.532 4.482 0.050
1 4.571 4.436 0.135
20 2 4.132 3.990 0.142 135.3 15.284 6.8
3 4.540 4411 0.129
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Table B7: Corrosion Rate Data of Mild Steel (1018) Coupons Exposed
to Mud in the Roller Oven at pH of 4.9. Temperature = 2500F
Time Coupon Initial Final Weight Avere | WedtLos pH
(days) # weight Weight Loss weight | pruntaea | after test
(9 (®) (2 Loss | (mghm?)
(mg)
1 4.694 4.684 0.010
5 2 4537 4.524 0.013 9.7 1.096 6.4
3 4.353 4.347 0.006
1 4.596 4.576 0.020
10 2 4.559 4.531 0.028 233 2.632 6.5
3 4.160 4.138 0.022
1 4460 | 4338 0.122
15 2 4.609 4.490 0.119 116.3 13.1537 6.3
3 4.595 4.487 0.108
1 4.601 4.239 0.362
20 2 4.539 4.249 0.290 399.7 45.151 6.5
3 4.671 4.124 0.547




Table B8: Corrosion Rate Data of Mild Steel (1018) Coupons Exposed
to Mud in the Cold Section of Flow Loop at 3000 psi for 8
hours. pH of mud =9.5

Temp. | Coupon | Initial | Final |Weigh | Exposed | Corrosion | Average | Flow pH
(°F) # weight | weight | t Loss area Rate Corrosion | rate after
@ | @ | @ | m?) | (mpy) Rate |(cm%s) | Test
(mpy)
1R 2.705 | 2.694 | 0.011 | 5.6420 | 106.50
1L 2616 | 2.605 | 0.011 | 5.5480 1829
98 2R 2303 | 2291 | 0.012 | 4.8830 | 134.25 12434 | 60.97 9.3
2L 2.658 | 2.643 | 0.015 | 5.5245 148.32
IR 2.353 | 2.349 | 0.004 | 5.0394 43.36
IL | 2.344 | 2.341 | 0.003 | 4.9722 2%
104 2R 2.321 | 2.318 | 0.005 | 4.9278 35.26 37.24 32.78 8.9
2L 2.650 | 2.646 | 0.004 | 5.5480 39.38
IR 2.367 | 2.364 | 0.003 | 4.9950 32.82
1L 2.585 | 2.582 | 0.003 | 5.9300 2763
109 2R 2.382 | 2.578 | 0.004 | 5.4538 40.06 32.32 22.44 8.9
2L 2.718 | 2.715 } 0.003 | 5.7003 28.75
IR 2.658 | 2.658 0 5.5593 -
1L 2.651 | 2.646 | 0.005 | 5.6662 4820
120 2R 2.401 | 2.396 | 0.005 | 5.1518 53.02 40.56 50.86 9.1
2L 2,505 | 2.503 | 0.002 | 5.3370 20.47




146

Table B9: Corrosion Rate Data of Mild Steel (1018) Coupons Exposed
to Mud in the Hot Section of Flow Loop at 3000 psi for 8
hours. pH of mud = 9.5

Temp. | Coupon | Initial | Final | Weigh | Exposed | Corrosion | Average | Flow pH

(°F) # weight | weight | t Loss area Rate Corrosion | rate after
@ | & | (® | (m? | (mpy) Rate |(cm’s) | Test
(mpy)

1R 2473 | 2.463 | 0.010 | 5.2434 104.18

1L 2251 | 2237 | 0.014 | 4.7941 15951

7
105 2R 2.555 | 2.543 | 0.012 | 5.4290 120.74 130.72 | 60.97 9.3

2L 2.654 | 2.640 | 0.014 | 5.5246 | 138.44

IR 2.488 | 2.480 | 0.008 | 5.3130 82.24

1L 2.309 | 2.305 | 0.006 | 4.9054 a2

161 2R 2313 | 2.308 | 0.005 | 4.9358 55.32 66.0 32.78 8.9
2L 571 | 2.565 | 0.006 | 5.4980 39.61
2.342 | 0.008 | 4.995 87.49

.656 | 2.646 | 0.010 | 5.5728 00

196 2R 589 | 2.579 | 0.010 | 3.3951 101.25 93.74 50.86 | 9.1

2L 2.653 | 2.644 | 0.009 | 5.6432 87.12
IR 2.310 | 2.301 | 0.009 9

4
1L 2.287 | 2.276 | 0.011 | 4.8931 1250

253 2R 2.343 | 2.331 | 0.012 | 5.0150 130.71 110.33 2244 8.9
2L 2.299 | 2.291 | 0.008 | 4.9056 89.08
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Table B10: Corrosion Rate Data of Mild Steel (1018) Coupons Exposed
to Mud in the Cold Section of Flow Loop at 3000 psi for 8

hours.

Mud |Coupon | Initial | Final | Weigh | Exposed | Corrosion | Average | Flow pH

pH # weight | weight | t Loss area Rate Corrosion | rate after
@® | @ | (@ | (cm? | (mpy) Rate |(cm¥s) | Test
(mpy)
IR 2.353 | 2.349 | 0.004 | 5.0394 43.36
1L 2.344 | 2.341 | 0.003 | 4.9722 3296
9.5 2R 2321 | 2.318 | 0.003 | 4.9278 33.26 37.24 32.78 8.9
(104°F)} 2L 2,650 | 2.646 | 0.004 | 5.5480 39.38
1R 2.299 | 2.296 | 0.003 | 4.9056 33.3¢

1L 2.265 | 2.261 | 0.004 | 4.8342 4519

8.1 2R 2.546 | 2.542 | 0.004 | 5.4540 40.07 37.19 29.11 8.1

(99 °F) 2L 2.586 | 2.583 | 0.003 | 5.4423 30.11

1R 2512 1 2.509 | 0.003 | 5.4186 30.24
1L 2.265 | 2.263 | 0.002 | 4.8170 268
6.0 2R 2.246 | 2.245 | 0.001 | 4.7010 11.62 18.87 34.96 6.3
(103°F)| 2L 2.358 | 2.357 | 0.001 | 4.9944 10.93
IR 2.632 | 2.608 | 0.024 | 5.5480 | 236.29
IL 2.631 | 2.608 | 0.023 | 5.5363 2605
4.1 2R 2.643 | 2.622 | 0.021 | 5.6072 | 204.60 21845 | 31.48 4.4
(96 °F) 2L 2.643 | 2.622 | 0.021 | 5.5715 | 205.91
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Table B11: Corrosion Rate Data of Mild Steel (1018) Coupons Exposed
to Mud in the Hot Section of Flow Loop at 3000 psi for 8

hours. Temperature = 161 OF

Mud |Coupon | Initial | Final | Weigh | Exposed | Corrosion | Average | Flow pH

pH # weight | weight { t Loss area Rate Corrosion | rate after
@ | @ | @ | e | (mpy) | Rae [(m¥s) | Test
(mpy)

IR 2.488 | 2.480 | 0.008 | 5.3130 82.24

1L 2.309 | 2.303 | 0.006 | 4.9054 682

9.5 2R 2.313 | 2308 | 0.005 | 4.9358 35.32 66.0 32.78 8.9
2L 2.571 | 2.565 | 0.006 | 5.4980 59.61
IR 2.648 | 2.644 | 0.004 | 5.5836 39.11

1L 2.606 | 2.600 | 0.006 | 5.4775 ]

8.1 2R 2.199 | 2.196 | 0.003 | 4.6826 35.00 47.74 29.11 8.1

2L 2.229 | 2224 | 0.005 | 4.7886 37.05

413 | 0.001 | 5.0933 10.71

4
1L 2.440 | 2.438 | 0.002 | 5.1140 2157

6.0 2R 2.369 | 2.368 | 0.001 | 4.9710 11.01 14.36 34.96 6.

w

2L 2.597 | 2,597 | 0.000 | 5.5010 -

IR 2.666 | 2.645 | 0.021 | 5.6671 202.42

1L 2.520 | 2.500 | 0.020 | 5.3198 20535

4.1 2R 2.574 1 2552 | 0.022 | 5.4498 | 220.51 202.09 | 31.48 4.4

2L 2.733 | 2.714 | 0.019 | 5.7630 180.09




Table B12: Polarization Resistance Corrosion Rate Data of Mild Steel

(1018) Coupons Exposed to Mud in the Cold Section of Flow

Loop at Different Temperature and 3000 psi over an 8 hour

period. pH of Mud =9.5

Temperature Corrosion Rate Flow Rate pH after
(°F) (mpy) (cm3/s) Test
98 29.50 60.97 93
104 25.75 32.78 8.9
120 29.50 50.86 9.1
109 27.50 224 8.9

Table B13: Polarization Resistance Corrosion Rate Data of Mild Steel

(1018) Coupons Exposed to Mud in the Hot Section of Flow

Loop at Different Temperature and 3000 psi over an 8 hour

period. pH of Mud =9.5

Temperature Corrosion Rate Flow Rate pH after
(°F) (mpy) (cm3/s) Test
105 33.75 60.97 9.3
161 28.90 32.78 8.9
196 36.50 50.86 9.1
253 18.75 22.40 8.9




Table B14: Polarization Resistance Corrosion Rate Data of Mild Steel
(1018) Coupons Exposed to Mud in the Cold Section of Flow
Loop at Different pH and 3000 psi over an 8 hour period.

Mud pH Corrosion Rate Flow Rate pH after
(mpy) (cm3/s) Test

9.5 25.75 32.78 8.9
(104 OF)

8.1 17.75 29.11 8.1
(99 OF)

6.0 14.00 34.96 6.5
(103 OF)

4.1 182.00 31.48 4.4
(96 OF)

Table B15: Polarization Resistance Corrosion Rate Data of Mild Steel

(1018) Coupons Exposed to Mud in the Hot Section of Flow

Loop at Different pH and 3000 psi over an 8 hour period.

Temperature = 161 OF

Mud pH Corrosion Rate Flow Rate pH after
(mpy) (cm3/s) Test
9.5 28.90 32.78 8.9
8.1 22.50 29.11 8.1
6.0 8.00 34.96 6.5
4.1 127.00 31.48 4.4




Appendix C

EXPERIMENTAL DATA FOR POTENTIODYNAMIC AND

AC IMPEDANCE POLARIZATION TESTS

Table C1: Potentiodynamic Polarization Data Measured Under Static and
Ambient Conditions at Different Mud pH.
Mud pH Ecorr Tafel Slopes | Rp leorr Corrosion
(mV SCE) Pa Pe (ohm) wa/em?) | Rate (mpy)
10.9 -482 0.417 0.155 2816 17.42 8.047
80 -712 0.230 0.148 2441 16.05 7414
6.0 -680 0.225 0.151 2315 16.93 7.921
5.1 -696 0.253‘ 0.151 1349 30.44 14.060
4.1 -686 0.295 0.264 483.2 124.90 57.690
Table C2: Hydrodynamic Data Obtained at Equilibrium Corrosion

Potential of 500 mV for Mud pH 4.1

RPM Angular Velocity, © Limiting Current Density.
(rad!’2s172) i (MA/cm?)
500 7.236 25.80
800 9.153 29.02
1000 10.233 31.37
1500 12.553 27.75
2000 14.472 26.09




Table C3: Hydrodynamic Data Obtained at Equilibrium Corrosion
Potential of 500 mV for Mud pH 10.9
RPM Angular Velocity, © Limiting Current Density,
(rad12s12) i (MA/cm?)
100 3.236 9.324
500 7.236 3.479
1000 10.233 9.451
1500 12.533 5.160
2000 14.472 7.438




Table C4:
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AC Impedance Data Obtained Under Static Condition for Mud

pH 10.9

Frequency, kHz

Real Impedance, Z'

Imaginary

(ohm) Impedance, Z"
50.00 40.86 2.711
31.55 41.13 1.906
19.91 41.32 1.429
12.56 41.49 1.070
7.92 41.57 0.903
5.00 41.70 0.804
3.15 41.86 0.807
1.99 42.06 0.835
1.26 42.27 0.899
0.79 4253 1.010
0.50 42.82 1.114
0.32 43.16 1.251
0.20 43.534 1.413
0.08 4437 1.752
0.05 44.96 1.730
0.03 45.50 1.763
0.02 45.93 1.722
0.01 46.31 1.697
792 Hz 46.37




Table C5:

AC Impedance Data Obtained at 500 rpm for Mud pH 10.9

Frequency, kHz Real Impedance, Z' Imaginary
(ohm) Impedance, Z"
50.00 43.72 2.335
31.55 44.05 1.966
19.91 44.47 1.534
5.00 45.33 1.055
1.99 45.70 1.126
0.79 47.04 1.580
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Table Cé6:

AC Impedance Data Obtained at 1000 rpm for Mud pH 10.9

Frequency, kHz Real Impedance, Z' Imaginary
(ohm) Impedance, Z"

50.00 65.26 11.213
31.55 67.59 8.978
19.91 69.21 7.487
12.56 70.74 6.900
7.92 72.58 6.735
5.00 74.82 6.553
3.15 76.89 5.087
1.26 79.61 3.970
0.79 81.02 2.617
0.50 81.10 2.569
0.32 83.30 3.140
0.03 85.54 4.830
0.01 89.57 5.863
1.99 Hz 95.03 7.219
0.79 Hz 100.30 8.239
0.20 Hz 107.70 7.522
0.13Hz 121.86 5.054

W

(v}



Table C7:

AC Impedance Data Obtained at 2000 rpm for Mud pH 10.9

Frequency, kHz

Real Impedance, Z'

Imaginary

(ohm) Impedance, 2"
50.00 54.46 6.170
31.55 55.46 4.569
19.91 56.09 3.480
12.56 56.69 2.930
7.92 57.24 2.478
5.00 57.89 2.250
3.15 58.03 2.531
1.99 58.86 2304
1.26 59.24 2.457
0.79 60.18 2.634
0.50 60.96 2575
0.20 63.88 3.842
0.03 67.83 5.701
0.02 70.61 6.932
0.01 72.40 8.285
7.92 Hz 75.18 8.338
5.00 Hz 76.60 9.855
3.16 Hz 79.80 9.915
1.26 Hz 82.92 11.812
0.79 Hz 84.96 16.751
0.50 Hz 85.73 18.288
0.32 Hz 87.65 23.763




Table C8:
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AC Impedance Data Obtained Under Static Condition for Mud

pH 4.1
Frequency, kHz VA A
50.00 14.59 -8.787
31.55 13.87 -5.523
19.91 13.60 -3.437
12.56 13.51 -2.108
7.92 13.49 -1.232
5.00 13.52 -0.651
3.15 13.59 -0.253
1.99 13.69 0.024
1.26 13.82 0.209
0.79 15.98 0.333
0.50 14.15 0.382
0.32 14.31 0.363
0.20 14.42 0.304
0.13 14.52 0.209
0.08 14.55 0.206
0.05 14.56 0.148
0.03 14.57 0.133
0.02 14.63 0.137
0.01 14.59 0.143
792 Hz 14.62 0.166
5.00 Hz 14.63 0.214
3.15 1z 14.67 0.299
1.99 Hz 14.76 0.449




Table C9:

AC Impedance Data Obtained at 500 rpm for Mud pH 4.1

Frequency, kHz

Real Impedance, Z'

Imaginary

(ohm) Impedance, Z"
50.00 13.06 -8.914
31.55 12.25 -5.559
19.91 11.98 -3.509
12.56 11.85 -2.161
7.92 11.72 -1.335
5.00 11.86 -0.729
199 12.11 0.055
0.20 12.21 0.146
0.08 12.60 0.354
0.79 Hz 13.78 1.043
0.20 Hz 14.22 1.029
0.13Hz 14.68 0.160
0.01 Hz 15.10 -1.918




Table C10: AC Impedance Data Obtained at 1000 rpm for Mud pH 4.1

Frequency, kHz Real Impedance, Z' Imaginary
(ohm) Impedance, Z"
50.00 11.57 -9.021
31.55 10.91 -5.692
19.91 10.56 -3.597
12.56 10.27 -2.349
3.15 10.33 -0.436
0.79 10.56 0.235
0.£4) 10.68 0.524
0.32 11.05 0.582
1.99 Hz 11.96 0.499
1.26 Hz 12.32 0.387
0.79Hz 12.38 0.174
0.03Hz 12.34 -0.886




Table C11: AC Impedance Data Obtained at 2000 rpm for Mud pH 4.1

Frequency, kHz Real Impedance, Z' Imaginary
(ohm) Impedance, Z"
50.00 10.88 -8.746
31.55 10.02 -3.542
19.91 9.70 -3.462
12.56 9.60 -2.120
7.92 9.69 -1.355
5.00 9.65 -0.797
3.15 9.67 -0.356
1.99 9.72 -0.049
0.79 9.81 0.099
0.32 10.27 0.348
0.13 10.42 0.435
0.05 10.50 0.453
0.01 10.69 0.456
3.16 Hz 10.96 0.507
1.26 Hz 11.33 0.647
032 Hz 12.02 0.614
0.13 Hz 12.11 0.458
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