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Abstract

A theoretical study was carried out to analyze the corrosion of iron pipe
and iron rotating cylinder in aerated hydrochloric acid using mixed potential
theory equations under turbulent flow of Reynolds number of 5000, 10000,
20000, 40000, and 60000, temperature of 25 °C, 40 °C, and 60 °C, and pH 1,
2, and 4. The theoretical investigation included: the effect of Reynolds
number, temperature, pH, relative roughness (e/d), and heat flux on corrosion
rate and corrosion potential. The relation between the corrosion rate and
corrosion potential in case of pipe flow and rotating cylinder was analyzed
and discussed.

Polarization diagrams were constructed using theoretical equations that were
proposed to describe the activation and concentration polarization of anodic
and cathodic reaction for the whole investigated range of Reynolds number,

temperature and pH.

The theoretical results showed that corrosion rate and corrosion
potential increase with increasing velocity and temperature and decrease with
increasing pH for both pipe flow and rotating cylinder. The corrosion rate of
iron pipe increases with increasing relative roughness and the corrosion
potential shifted to more positive as the relative roughness increases and with

increasing velocity, temperature, and pH.

The corrosion rate and corrosion potential of iron smooth pipe
increases with increasing the heat flux because of its effect on the wall
temperature which in turn affect the fluid physical properties especially the

diffusivity and solubility of oxygen.



The theoretical results showed good agreement with previous
experimental works of other workers. For iron smooth pipe the following
correlation was obtained with 6.51% error:

C. R(gmd) =10.20697 Re0.208226 TO.312849 pH—O.70156
For rotating cylinder the folowing relation was obtained with 6.31% error:

C.R(gmd) = 5.53953 Re0260848 T0.364818 [} ~0.65343

For iron rough pipe flow the following relation was obtained with 3.74%

Crror:

C.R(gmd) = 18.2175 Re0-269075 T0:300839 nj-0.68342 £0.224908
Theoretical correlation between Reynolds number of pipe and Reynolds

number of rotating cylinder was attained:

dp (/) Re06971
Rep = 247.889 (E) 038095

The percentage error of this equation is 5.35%.
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CHAPTER ONE
INTRODUCTION

"Corrosion is largely an electrochemical phenomenon, which may be
defined as destruction by electrochemical or chemical agencies...” as defined
by Evans [Evans, 1948]. Corrosion in an aqueous environment and in an
atmospheric environment (which also involves thin aqueous layers) is an
electrochemical process because corrosion involves the transfer of electrons
between a metal surface and an aqueous electrolyte solution. It results from
the overwhelming tendency of metals to react electrochemically with oxygen,
water, and other substances in the aqueous environment. Fortunately, most
useful metals react with the environment to form more or less protective films
of corrosion reaction products that prevent the metals from going into solution
as ions [Kruger, 2001]. Corrosion affects safety and health, safety is
compromised by corrosion contributing to failures of bridges, aircraft,
automobiles, gas pipelines etc. the whole complex of metal structures and
devices that make up the modern world. In the handling of chemicals at high
temperatures and pressures, explosive materials, and acids such as
hydrofluoric and concentrated sulfuric demand materials of construction
which minimize corrosion failures if severe injury or losses of life are to be
avoided [Brasunas, 1970].

Results of the study, entitled “Corrosion Costs and Preventive
Strategies in the United States,” show that the total annual estimated direct
cost of corrosion in the U.S. is a staggering $276 billion approximately 3.1%
of the nation’s Gross Domestic Product (GDP). It reveals that, although
corrosion management has improved over the past several decades, the U.S.
must find more and better ways to encourage« support, and implement optimal

corrosion control practices; this study 1is published recently in 2002



[Gerhardus, el, al., 2002]. Studies of the cost of corrosion in Australia, Great
Britain, Japan, and other countries have also been carried out. In each of these
countries studied, the cost of corrosion is approximately 3 — 4 % of the Gross

National Product [Uhlig and Winston 2008].

Uniform corrosion, or general corrosion, 1S a c€OITOSion process
exhibiting uniform thinning that proceeds without appreciable localized
attack. It is the most common form of corrosion and may appear initially as a
single penetration, but with thorough examination of the cross section it
becomes apparent that the base material has uniformly thinned. Uniform
chemical attack of metals is the simplest form of corrosion, occurring in the
atmosphere, in solutions, and in soil, frequently under normal service
conditions. Excessive attack can occur when the environment has changed
from that initially expected. All metals are affected by uniform corrosion in
some environments; the rusting of steel and the tarnishing of silver are typical
examples of uniform corrosion. In some metals, such as steel< uniform
corrosion produces a somewhat rough surface by the oxidation/reduction
reaction, in which the end product (oxide) either dissolves in the environment
and 1s carried away or produces a loosely adherent, porous coating now
greater in thickness. Because of the porosity in the oxidation (rust), this metal
is still considered active or able to continue degrading [Kent, 1987]. The
application of protective coatings, cathodic protection, and material selection
and the use of corrosion inhibitors usually serves to control uniform
corrosion. Some of these methods are used in combination. For example, on
buried oil and gas pipelines the primary corrosion protection is provided by
organic coatings, with the cathodic protection system playing a secondary role
to provide additional protection at coating defects or weaknesses [Roberge,

2000].



Iron and steel are the most commonly used metals; corrode in many
media including most outdoor atmospheres. Usually they are selected not for
their corrosion resistance but for such properties as strength, ease of
fabrication, and cost. These differences show up in the rate of metal lost due
to rusting. Iron is a generic term that identifies a large family of ferrous
alloys. Irons are primarily alloys of iron that contain more than 2% carbon
and 1% or more silicon, which is generally not considered an alloying
element in cast irons until levels exceed 3%. Low raw material costs and
relative ease of manufacture make irons the least expensive of the engineering
metals. [rons may often be used in place of steel at considerable cost savings
[Brasunas, 1970].

Environmental factors at normal atmospheric temperatures the
moisture in the air is enough to start corrosive action. Oxygen is essential for
corrosion to occur in water at ambient temperatures. Other factors that affect

the tendency of a metal to corrode are [Landrum, 1994]:

1) Acidity or alkalinity of the conductive medium (pH factor).
2) Stability of the corrosion products.

3) Biological organisms (particularly anaerobic bacteria).

4) Variation in composition of the corrosive medium.

5) Temperature.

Metal ions go into solution at anodic areas in an amount chemically
equivalent to the reaction at cathodic areas. At anodic areas, the following
reaction takes place [Uhlig and Winston 2008]:

M Mmooy ¢ (1.1)
atom in metal surface ™ ion in solution | electron(s)inmetal -\

The cathodic reaction proceeds rapidly in acids and can be accelerated by

dissolved oxygen as in the following reaction:
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0, + 4H* + 4e = 2H,0 .. (1.2)

Dissolved oxygen reacts with hydrogen atoms adsorbed at random on the iron
surface, independent of the presence or absence of impurities in the metal.
The oxidation reaction proceeds as rapidly as oxygen reaches the metal
surface [Uhlig and Winston 2008].

The aim of present work is to investigate the effect of velocity, pH,
temperature, heat flux and surface roughness on the corrosion rate and
corrosion potential of carbon steel in aerated hydrochloride acid solution
through theoretical simulation of the investigated system by using proposed
equation describing this mixed control system in which both oxygen transport
and hydrogen reduction control the system for pipe flow and rotating cylinder
electrode which to be compared the results with available experimental of
other workers. Also it is aimed to compare between the results of pipe flow
and rotating cylinder to know the effect of electrode geometry on the

corrosion rate and corrosion potential.



CHAPTER TWO

ACID CORROSION

2.1 Definitions of Corrosion

Corrosion has been defined as the undesirable deterioration of a metal
or alloy, i.e. an interaction of the metal with its environment that adversely
affects those properties of the metal that are to be preserved [Uhlig, 1948]. The
scope of the term "corrosion" is continually being extended, and Fontana and
Stachle in 1990 have stated that "corrosion" will include the reaction of
metals, glasses, ionic solids, polymeric solids and composites with
environments that embrace liquid metals, gases, non-aqueous electrolytes and
other non-aqueous solutions. Vermilyea, 1962 who has defined "corrosion" as
a process in which atoms or molecules are removed one at a time, considers
that evaporation of a metal into vacuum should come within the scope of the
term, since atomically it is similar to other corrosion processes. Evans, 1960
considers that corrosion may be regarded as a branch of chemical
thermodynamics or kinetics, as the outcome of electron affinities of metals
and non-metals, as short-circuited electrochemical cells, or as the demolition
of the crystal structure of a metal. The definition of "corrosion" as the
"unmaking of metals" seems to be particularly. In brief; it is descriptive; and
it ties together the two subjects of corrosion and metallurgy, the studies of
which have been mutually dependent upon one another. It does lack
something of completeness, however; and there seems to be some justification
for combining the two definitions and calling corrosion "the unmaking of
metals by chemical action between the metal and the external agencies which

constitute its environment'" [James Landrum, 1994].



2.2 Forms of Corrosion

It is convenient to classify corrosion by the forms in which it
manifests itself, the basis for this classification being the appearance of the
corroded metal. Each form can be identified by mere visual observation. In
most cases the naked eye is sufficient, but sometimes magnification is helpful
or required. Valuable information for the solution of a corrosion problem can
often be obtained through careful observation of the corroded test specimens
or failed equipment. Examination before cleaning is particularly desirable
[Fontana and Greene, 1984]. In general, most types of corrosion¢ with some
exceptions, occur by electrochemical mechanisms, but corrosion products are
not necessarily observable and metal weight loss need not be appreciable to
result in major damage. The five main types of corrosion classified with
respect to outward appearance or altered physical properties are as follows

[Uhlig and Winston, 2008]:

1. General Corrosion or Uniform Attack.

2. Pitting.

3. Dealloying, Dezincification, and Parting.
4. Intergranular Corrosion.

5. Cracking.
2.3 Uniform Attack

Uniform attack is the most common form of corrosion. It is normally
characterized by a chemical or electrochemical reaction which proceeds
uniformly over the entire exposed surface or over a large area. The metal
becomes thinner and eventually fails. For example, a piece of steel or zinc
immersed in dilute sulfuric acid will normally dissolve at a uniform rate over
its entire surface. A sheet of iron roof will show essentially the same degree

of rusting over its entire outside surface. Uniform attack, or general overall



corrosion, represents the greatest destruction of metal on a tonnage basis. This

form of corrosion, however, is not of too great concern from the technical

standpoint, because the life of equipment can be accurately estimated on the
basis of comparatively simple tests. Merely immersing specimens in the fluid
involved is often sufficient. Uniform attack can be prevented or reduced by

(1) proper materials, including coatings, (2) inhibitors, or (3) cathodic

protection [Fontana and Greene, 1984]. Rates of uniform attack are reported in

various units, with accepted terminologies being millimeters penetration per
year (mm/y) and grams per square meter per day (gmd). Other units that are

frequently used include inches penetration per year (ipy), mils (1 mil = 0.001

inch) per year (mpy), and milligrams per square decimeter per day (mdd). For

handling chemical media whenever attack is uniform, metals are classified
into three groups according to their corrosion rates and intended application.

These classifications are as follows [Uhlig and Winston, in 2008]:

A. <0.15 mm/y (< 0.005 ipy) —Metals in this category have good corrosion
resistance to the extent that they are suitable for critical parts, for
example, valve seats, pump shafts, impellors, and springs.

B. 0.15 to 1.5 mm/y (0.005 to 0.05 ipy) —Metals in this group are
satisfactory if a higher rate of corrosion can be tolerated, for example, for
tanks, piping, valve bodies, and bolt heads.

C. > 1.5 mm/y (> 0.05 ipy) —Usually not satisfactory.

2.4 Acid Corrosion

The majority of corrosion reactions in aqueous environments occur by an
electrochemical mechanism. So, many factors affect the distribution, rate,
and mode of corrosion that selection of an appropriate material for
particular application requires a sound understanding for the fundamental

processes which occur during chemical attack [Stern, 1957].



When discussing the ionic content of an aqueous medium, the question often
arises as to how acid (or alkaline) is the solution. Quite simply, this refers to
whether there is an excess of H' (hydrogen) or OH™ (hydroxyl) ions present. The
H" ion is acid while the OH ion is alkaline or basic. The other ionic portion of an
acid or alkali added to water can increase its conductivity or change other
properties of the liquid, but does not increase or decrease its acidity. For
instance, whether a given amount of H' ion is produced in water by introducing
hydrochloric (HCI), sulfuric (H,SO,), or any other acid is immaterial. The pH of
the solution will be the same for the same number of dissolved hydrogen atoms
[Roberge, 2006]. Corrosion is the primary means by which metals deteriorate. Most
metals corrode on contact with water (and moisture in the air), acids, bases, salts,
oils, aggressive metal polishes, and other solid and liquid chemicals. Metals will
also corrode when exposed to gaseous materials like acid vapors, formaldehyde
gas, ammonia gas, and sulfur containing gases. The best known case is that of
the rusting of steel. Corrosion processes are usually electrochemical in nature
having the essential features of a battery. When metal atoms are exposed to an
environment containing water molecules they can give up electrons, becoming
themselves positively charged ions provided an electrical circuit can be
completed. This effect can be concentrated locally to form a pit or, crack, or it
can extend across a wide area to produce general wastage. Pitting corrosion also
occurs much faster in areas where microstructural changes have occurred due to
welding operations. The corrosion process (anodic reaction) of the metal
dissolving as ions generates some electrons, as shown in Fig. 2-1, that are
consumed by a secondary process (cathodic reaction). These two processes have

to balance their charges. The sites hosting these two processes can be located



close to each other on the metal's surface, or far apart depending on the

circumstances [Brasunas, 1970].

Figure 2-1: The simple shape [Roberge, 1970].

Metallic corrosion is the result of basic chemical reaction. Like most
other reactions, corrosion can be separated into two or more partial reactions.
These partial reactions are divided into two classes: oxidation and reduction.
Oxidation is the loss of electrons. This can be illustrated by the reaction of iron

to produce ferrous irons.
Fe = Fe*? + 2e (Anodic reaction) .. (2.1)

This reaction is the basis of the corrosion of iron. There are reduction reactions.

The discharge of hydrogen ions is typical of such reactions [Steigerwald, 1968]:

H, =2 2H" + 2e (Cathodic reaction) .. (2.2)
2



The anodic reaction is dissolution of the metal to form either soluble or insoluble
ionic products or an insoluble compound of metal usually an oxide [Steigerwald,
1968]. Several cathodic reactions are possible depending on what reducible
species are present in the solution. Typical reactions are the reduction of

dissolved oxygen gas or the reduction of hydrogen ions
0, + 2H,0 + 4e = 40H~ (Neutral environment) E=+0.401V ... (2.3)

0, + 4H* 4 4e 2 2H,0 (Acidic environment) E=+1.229V .. (2.4)
2HY + 2e @ H,  (Acidic environment) E=00V .. (2.5)

The flow of electrons between the corroding anodes and non-corroding
cathodes forms the corrosion current, the value of which is determined by the
rate of production of electrons by the anodic reaction and their consumption by
the cathodic reaction. A driving force that causes the electrons to flow between
anode and cathode is the difference in potential between the anodic and cathodic
sites.  This difference exists because each oxidation or reduction reaction has
associated with it a potential determined by the tendency for the reaction to take

place spontaneously. The potential is a measure of this tendency [Kruger, 2001].

2.5 Effect of pH

The effect of pH may be different in hard water, in which a protective
film of CaCO; forms on the metal surface [Roberge, 2008]. The effect of pH of
aerated pure, or soft, water on corrosion of iron at room temperature is shown in
Fig. 2-2. Within the range of about pH 4 - 10, the corrosion rate is independent
of pH and depends only on how rapidly oxygen diffuses to the metal surface.

The major diffusion barrier of hydrous ferrous oxide is continuously renewed by
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the corrosion process. Regardless of the observed pH of water within this range,
the surface of iron is always in contact with an alkaline solution of saturated

hydrous ferrous oxide [Kruger, 2001].
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Figure 2-2: Effect of pH on corrosion of iron in aerated soft water,
room temperature [Uhlig and Winston, 2008].

On the other hand some investigators, using different natural waters and
different chemicals to control pH, have observed that the corrosion rate does
change with pH in the pH range 6 to 9. This behavior has been attributed to
reduced buffer capacity of HCO; (an inhibitor) as pH increases, causing a pH at
local sites that is lower than the pH that would otherwise exist in a solution of
saturated hydrous ferrous oxide [Peabody, 2001]. Within the acid region pH < 4,
the ferrous oxide film is dissolved, the surface pH falls, and iron is more or less
in direct contact with the aqueous environment. The increased rate of reaction is
then the sum of both an appreciable rate of hydrogen evolution and oxygen
depolarization; above pH 10, an increase in alkalinity of the environment raises

the pH of the iron surface. The corrosion rate correspondingly decreases because
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iron becomes increasingly passive in the presence of alkalis and dissolved
oxygen. In the region of pH 4 — 10, the corrosion rate depends only on the rate of
diffusion of oxygen to the available cathodic the extent of the cathodic surface is
apparently not important. The corrosion rate of most metals is affected by pH
[Roberge, in 2008]. Acid-soluble metals such as iron have a relationship as shown
in Fig. 2-3. In the middle pH range (=4 to 10), the corrosion rate is controlled by
the rate of transport of oxidizer (usually dissolved O,) to the metal surface. Iron

is weakly amphoteric.
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Figure 2-3: Effect of pH the on corrosion rate of iron
[Perry, 2008].

At very high temperatures such as those encountered in boilers, the
corrosion rate increases with increasing basicity, as shown by the dashed line
[Uhlig, 1976]. Charng and Lansing [1982] studied the corrosion rate of carbon
steel in low velocity, room temprature, and pH range 2 to 10, in the acidic
environment (HCI) and in alkaline environment (NaOH), their results are shown

in Fig. 2-4.
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Figure 2-4: Effect of solution acidity on corrosion rate
[Charng and Lansing, 1982].

2.6 Dissolved Oxygen

In neutral or near - neutral water at ambient temperatures, dissolved
oxygen is necessary for appreciable corrosion of iron in air-saturated water, the
initial corrosion rate may reach a value of about 10 gmd. This rate diminishes
over a period of days as the iron oxide (rust) film is formed and acts as a barrier
to oxygen diffusion. The concentration of dissolved oxygen in air-saturated,
natural fresh waters at ordinary temperatures is 8 to 10 ppm. In the absence of
dissolved oxygen, the corrosion rate at room temperature is negligible both for
pure iron and for steel. Higher partial pressures of oxygen although increase
oxygen concentration at first accelerates corrosion of iron, it is found that,
beyond a critical concentration, the corrosion drops again to a low value. In
distilled water, the critical concentration of oxygen above which corrosion
decreases again is shown in Fig, 2-5.This value (critical concentration of oxygen)
increases with dissolved salts and with temperature and it decreases with an

increase in velocity and pH [Roberge, 2008].
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Figure 2-5: Effect of oxygen concentration on corrosion of mild steel in slowly
moving distilled water Uhlig, [Uhlig et. al., 1955].

Dissolved oxygen can cause severe corrosion at very low concentrations
(less than 100 ppb or 0.1 ppm) and if either or both CO, and/or H,S are present,
it further increases their corrosivity [Uhlig et. al., 1955]. Fig. 2-6 is a composite
graph from results of three different studies showing corrosion rates as a function
of oxygen concentration [Frank, 1972]. The solubility of oxygen in water is a
function of pressure, temperature, and chloride content. Although it is not
usually present in produced water, it is often introduced into oilfield water
handling systems through failures to maintain oxygen free gas blankets on water
handling vessels, vacuums created by positive displacement pumps or separator
dump valves and/or exposure to the atmosphere. Water from lakes, streams,
fresh water aquifers, rain or oceans usually will be oxygen saturated. Oxygen is
more soluble at high pressures and lower temperatures and is less soluble in salt
water than in fresh water. Oxygen accelerates corrosion under most
circumstances because it is a strong and rapid oxidizing agent in cathodic

reactions. It will easily combine with electrons at the cathode and allow the
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corrosion reactions to proceed at a rate limited by the rate at which oxygen can

diffuse to the cathode.
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Figure 2-6: Relation of Dissolved Oxygen to the General Corrosion

Rate of Steel [Frank, 1972].

2.7 Physical Variables

The variables of temperature, pressure, and velocity need to be accounted
for when designing and implementing a corrosion control program. Correct
application of inhibitors and cathodic protection as corrosion control methods are
very dependent on these variables. Temperature and pressure are interrelated,
and the corrosivity of a system is further influenced by velocity [Jones, 1988].
2.7.1 Temperature

As a general rule increasing temperature increases corrosion rates. This 1s
due to a combination of factors- first; the common effect of temperature on the
reaction kinetics themselves and the higher diffusion rate of many corrosive by-
products at increased temperatures. This latter action delivers these by-products

to the surface more efficiently. Occasionally, the corrosion rates in a system will
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decrease with increasing temperature. This can occur because of certain
solubility considerations. Many gases have lower solubility in open systems at
higher temperatures. As temperatures increase, the resulting decrease in
solubility of the gas causes corrosion rates to go down. Like most chemical
reactions corrosion rates generally increase with temperature, for example, in a
system open to the atmosphere as shown in Fig. 2-7, the corrosion rate generally
increases with increasing temperature until the concentration of dissolved gases
decreases when corrosion is attended by hydrogen evolution [Uhlig and Winston,
2008]. And the corrosion rate continues to increase with temperature until all the

oxygen is consumed [Speller, 1951].
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Figure 2-7: Effect of temperature on corrosion of iron in water containing

dissolved oxygen [Speller, 1951; Uhlig and Winston, 2008].
2.7.2 Pressure

Pressure also affects the rates of corrosion reactions. More gas goes into
solution as the pressure increases, which may, depending on the dissolved gas,
increase the corrosivity of the solution [Jones, 1988].

2.7.3 Velocity
Velocity has a significant effect on corrosion rates. Stagnant or low velocity

fluids usually give low general corrosion rates, but pitting rates may be high.
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Corrosion rates generally increase with increasing velocity due to the
depolarizing effect on the cathode. High wvelocities and the presence of
suspended solids or gas bubbles can lead to erosion corrosion, impingement, or
cavitations [Jones, 1988].Velocity primarily affects corrosion rate through its
influence on diffusion phenomena. It has little effect on activation controlled
processes. The manner in which velocity affects the limiting diffusion current is
a marked function of the physical geometry of the system. In addition the
diffusion process is affected differently by velocity when the flow conditions are
laminar as compared to a situation where turbulence exists. For most conditions
the limiting diffusion current can be expressed by the equation:

i = Ku" ... (2.6)
where K is a constant, u is the velocity of the environment relative to the surface
and n is a constant for a particular system. Values of n vary from 0.2 to 1[Shreir,
1994]. Fig. 2-8 shows the effect of velocity on the limiting current density [Fontana

and Greene, 1984].
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Figure 2-8: Effect of velocity on ii, [Fontana and Greene, 1984].
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2.8 Polarization

Polarization methods such as  potentiodynamic  polarization,
potentionstaircase, and cyclic voltammetry are often used for laboratory
corrosion testing. These techniques can provide significant useful information
regarding the corrosion mechanisms, corrosion rate and susceptibility of specific
materials to corrosion in designated environments. Polarization methods involve
changing the potential of the working electrode and monitoring the current which
is produced as a function of time or potential [Roberge, 2008]. In practical
situations polarization sometimes defined as the potential change away from
some other arbitrary potential and in mixed potential experiments, this is the free
corrosion potential [Trethewey and Chamberlain, 1996]. If equilibrium at an electrode
is disturbed, a net current flows across its surface displacing the potential in a
direction and to an extent depending on the direction and magnitude of the
current. The shift in potential is called polarization and its value, n, is the
overpotential. There are three distinct types of polarization in any
electrochemical cell, activation, concentration, and resistance polarization [David
and James, 1998].

2.8.1 Activation Polarization (n,.)

When some steps in a corrosion reaction control the rate of charge or
electron flow, the reaction is said to be under activation or charge-transfer
control. The kinetics associated with apparently simple processes rarely occur in
a single step [Roberge, in 2000]. In the case of activation polarization, the rate of the
corrosion reaction is limited by the electron transfer reaction at the metal surface.
This electron transfer process has associated activation energy and the rate of

this process is exponentially related to the free energy change. Since the free
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energy is directly related to the potential, and the rate is directly related to the

electrical current, the relationship becomes equation 2.7:

Al « ¢ /RT .27

in which I is the corrosion current, R is the gas constant, and T is the
absolute temperature. Upon taking the log of both sides of the equation 2.7, the

relationship becomes the following:
n
log(AI)ocﬁ ... (2.8)

Rather than using equations, a better way of visualizing the relationship
between potential and current is by means of Evans diagrams (E-log 4 plots),
where potential is plotted on the vertical (Y) axis and log current or log current
density is plotted on the horizontal (X) axis, see Fig. 2-9. The equilibrium
potentials for the reduction reaction, hydrogen reduction, and the metal oxidation

reaction are indicated as E + /H, and E 2+ IM> respectively [Peabody, 2001].
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Figure 2-9: Evans diagram (potential versus logarithm of current density) for

metal M in acid solution [Peabody, 2001].
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There is an associated current; this current is referred to as an exchange
current 4,. At equilibrium, the exchange current for the oxidation and reduction
reactions are equal and the net rate is zero. The exchange current of a reaction is
different depending on the type and nature of the surface on which it is
occurring. The corrosion potential for a metal in an environment is established at
a potential where the net sum of the reduction reactions is equal to the net sum of
the oxidation reactions. This is because there can be no net accumulation of
charge; all of the electrons liberated by the oxidation of the metal must be
consumed by the reduction reactions. The value of the corrosion potential, E.,
is indicated in Fig. 2-9. Note in the example in Fig.2-9 that the oxidation reaction
for hydrogen and the reduction reaction for the metal are ignored in the
summation process. This is because the current scale is logarithmic and the rates
for these reactions are negligible near the free corrosion potential. The curves in
Fig. 2-9 show the current-potential relationships of the individual oxidation and

reduction reactions.

2.8.2 Concentration polarization (nconc)

When the cathodic reagent at the corroding surface is in short supply, the
mass transport of this reagent could become rate controlling. A frequent case of
this type of control occurs when the cathodic processes depend on the reduction
of dissolved oxygen, because the rate of the cathodic reaction is proportional to
the surface concentration of the reagent, the reaction rate will be limited by a
drop in the surface concentration. For a sufficiently fast charge transfer, the
surface concentration will fall to zero, and the corrosion process will be totally
controlled by mass transport [Roberge, 2000]. Concentration polarization refers to

electrochemical reactions which are controlled by the diffusion in the electrolyte.

20



It is the slowing down of a reaction due to an insufficiency of the desired species
or an excess of the unwanted species at the electrode [Fontana and Greene, 1984].
This type of polarization occurs at the cathode when reaction rate or the cathode
current is so large that the substance being reduced cannot reach the cathode at a
sufficiently rapid rate. Since the rate of reaction is determined by the slowest
step, the diffusion rate will be the rate determining step. At very high reduction
rates, the region adjacent to the electrode surface will become depleted of ions. If
the reduction rate is increased further, a limiting rate will be reached which is
determined by the diffusion rate of ions to the electrode surface. This limiting
rate is the limiting diffusion current density 1. It represents the maximum rate of

reduction possible for a given system; the expressing of this parameter is:

zcziL=% .. (2.9)

where 1. is the limiting diffusion current density, D is the diffusion coefficient of
the reacting ions, Cg is the concentration of the reacting ions in the bulk solution,
and 9 is the thickness of the diffusion layer. When the cathodic current is smaller
than iy, n..e can be evaluated using an expression derived from Nernst equation
[Uhlig, 1976]. Fig.2-10 illustrates the concentration- distance profile at the electrode
surface approximated by a simple gradient. In this diagram the metallic surface
is positioned at the ordinate axis while the x-axis expresses the distance away
from the electrode and the y-axis the concentration of the chemical species being
reacted [Roberge, 2008].

2.303RT j
E; — Eeq =77conc=—10g(1—.i) ... (2.10)

nF i
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Equation 2.10 is shown in Fig. 2-11.
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Metal surface
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Figure 2-10: Nernst diffusion layer for a limiting current situation
[Roberge, 2008].
2.8.3 Resistance Polarization

In corrosion the resistance of the metallic path for charge transfer is
negligible. Resistance overpotential nr is determined by factors associated with
the solution or with the metal surface. Resistance polarization nr is only
important at higher current densities or in higher resistance solution. It may be

defined as [Fontana and Greene, 1984; Uhlig and Winston, 2008]:

nr = I(Rsom + Ry) .. (2.11)
where Ry, is the electrical resistance of solution, which is dependent on the

electrical resistivity (€ cm) of the solution and the geometry of the corroding

system, and R, 1s the resistance produced by films or coatings formed on the
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surface of the sites, which block contact between the metal and the solution, and

increase the resistance overpotential.
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Figure 2-11: Concentration Polarization Curve (Reduction Process)
[David Talbot and James Talbot, 1998].
2.9 Combined Polarization

Both activation and concentration polarization usually occur at an
electrode. At low reaction rates activation polarization usually controls, while at
higher reaction rates concentration polarization becomes controlling [Fontana and
Greene, 1984]. The total polarization of an electrode is the sum of the contribution
of activation polarization, concentration polarization, and resistance polarization

[David and James, 1998]:

Ntotal = Mact T Nconc +1p . (2.12)
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The effects of these forms of polarization are illustrated by the characteristics of
hydrogen evolution and oxygen reduction reactions that feature prominently in

corrosion processes shown in Fig. 2-12.
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Figure 2-12: Evans diagram for Combined Polarization (Activation and Concentration)
[Peabody, 2001].
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CHAPTER THREE

REVIEW

3.1 Corrosion in History

Interest in the corrosion science and engineering has been increasing for
many years. This has inspired investigators and writers to such an extent that it is
now difficult to follow the voluminous technical literature relating to this subject
and select that which is useful. The wastage of metals due to corrosion has
become an important engineering problem. Probably no other source of waste,
except that affecting human life, is of greater concern to all [Speller, 1935]. For
many centuries there seems to have been little curiosity regarding the causes of
corrosion, although a few significant observations were made. As early as 1788,
Austin noticed that water, originally neutral, tends to become alkaline when it
acts on iron. The belief that corrosion is an electrochemical phenomenon was
expressed in a paper published in 1819 by an anonymous French writer, thought
to be Thenard. Faraday's researches, especially those conducted between 1834
and 1840, afforded evidence of the essential connection between chemical action
and the generation of electric currents. One of the most interesting chapters of
Faraday's work was concerned with the study of passivity-the subject of a
famous correspondence in 1836 with Schonbein. Schools of Ostwald and Nernst
and culminating in an important paper by Wilsmore (1900). Between 1888 and
1908 the view was frequently advanced that acids were the agents mainly
responsible for corrosion; particularly it was held that the rusting of iron would
only take place if carbonic acid was present. It was shown, however, by Dunstan,

Jowett and Goulding in 1905, by Tilden in 1908, and by Heyn and Bauer in the
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same year, that iron exposed to water and oxygen, with exclusion of carbon
dioxide, underwent rusting [Evans, 1948].
3.2 Review of Previous Work

Butler and Ison [1960] computing the diffusional flow of dissolved
oxygen in a corrosion reaction under flow conditions, have assumed the
transferring surface to be smooth, in practice, due to the deposition of the
corrosion product, the transferring surface becomes very rough with time,
changing the nature of the flow vary materially.

Brenan and Trass [1964] studied the effect of surface roughness on the
dissolution rate of cinnamic acid, benzoic acid and succinic acid, with the
specific variables and their ranges being: temperature, 10-50°C; roughness
height, 100-400 micro-in.; Reynolds number, 8000-60000, and Schmidt number,
294-1884. The observed mass transfer rate increased by about four times with
the increase in roughness.

Were made by Mahato et. al., [1980] Corrosion tests of commercial steel
pipe in aerated natural water under variable flow isothermal conditions by weight
loss determinations over periods up to 210 days. They concluded that dissolved
oxygen acts as a depolarizer, transfer phenomena under flowing conditions were
very complex due to such unsteady process characteristics of the system as (i)
building up of corrosion product on the surface; (i1) growth of surface roughness;
(111) changing physico-chemical properties of the corrosion products; and (iv)
changing mechanics of flow.

Poulson [1983] studied the influence of fluid flow on the corrosion rate

for different geometries (rotating disk, rotating cylinder, impinging jet, nozzle,
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and tube) using electrochemical technique. For pipe flow he obtained a
correlation for fully developed turbulent flow using rotating cylinder electrode.

Silverman [1984] studied the effect of fluid flow on the corrosion rate.
Experiments were carried out at room temperature on mild steel sample at
rotation rate of 500 and 5000 rpm, weight loss was measured for 30 min, 60 min,
lhr, and 24hr. The purpose was to estimate the degree of mass transfer control.
He found that the current density at anodic nose increases with fluid velocity.
Thus the corrosion rate is highly depended on fluid velocity.

Speller [1951] showed that the initial corrosion rate of Fe in water at
constant O, concentration increased linearly with temperature, and that the
corrosion reaction was mainly influenced by the rate of transfer of O, to the
metal surface. In a pipe corrosion process under turbulent flow conditions, the
rate of transfer of dissolved O, will be determined largely by the nature of (i) the
damped turbulence layer near the solid product surface and (ii) the corrosion
product layer through which O, must diffuse to reach the reaction zone. With
increase in temperature the solubility of O, decreases and the diffusion
coefficient of O, increases, with the net effect that the corrosion of mild steel in
aerated water goes through a maximum at about 80°C.

Wang and Postlethwaite [1997] studied effects of the mass transfer on the
corrosion of metals throughout the mass transfer entry lengths in turbulent flow
in pipes. Profiles of corrosion rate, surface metal ion concentration and surface
pH for corrosion under charge transfer control; oxygen-mass transfer control;
and anodic partial mass transfer control were presented. They found that the
corrosion is solely controlled by the mass transfer of oxygen from bulk solution
to the metal/solution interface, the corrosion rate increases with Reynolds

number and decrease along the mass transfer entrance length.
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Cox and Roetheli [1931] obtained data for steel specimens in aerated
natural water (Cambridge, Mass., U.S.A.) by varying the rotational speed of the
specimen and the O content in the water, and found that corrosion rate increased
with the increased O content (up to 6 ppm) and increased peripheral velocity (up
to 1.2 ft/s). Roetheli and Brown [1931] further reported that the corrosion rates
increased to a maximum, as the rotational velocities of their steel specimens, in
oxygenated water, increased, then decreased to a very low value and increased
again to a somewhat higher value at very high velocities.

The model of Nesic et. al. [1996] takes into account the electrochemical
reactions of hydrogen ion H™ reaction, carbonic acid (H,COs) reaction, direct
water reaction, oxygen reduction, and anodic dissolution of iron. The corrosion
process was monitored using polarization resistance, potentiodynamic sweep,
electrochemical impedance, and weight-loss measurements. The model was
calibrated for two mild steels over a range of parameters: temperature 20 °C to
80 °C, pH 3 to 6, velocity 0 to 5,000 rpm (u =0 m/s to 2.5 m/s). The model was
applicable for uniform corrosion with no protective films present, the model
gave clearer picture of the corrosion mechanisms by considering the effects of
pH, temperature and solution flow rate on the participating anodic and cathodic
reactions.

Under controlled conditions of heat and mass transfer, asset of
experiments using deionizer water containing 1,000 ppm of chloride ions,
pH=7.5, and in presence and absence of different inhibitors were carried out by
AL-Darbi, et al. [2002] using a rotating cylinder electrode (RCE) system. The
heat flux from the working electrode to the solution was controlled to be 3.45
KW/m®. They found that the corrosion potential became more negative (less

noble) with heat flux. This finding agreed with the study of Sparrow and Gregg
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[1959] for RCE; it was found that the corrosion potential values under the heat
transfer conditions were more negative than the corresponding values under the
isothermal condition.

Damborenea et al. [1987] made new contribution to corrosion rate
calculation from polarization curves. The Butler-Volmer equation analysis was
used to develop a new calculation method which analyses the data corresponding
to intermediate values of anodic and cathodic polarization in 2M HCI solution.
The solutions were maintained at 278, 288, 298, and 308 K. They calculated

steel corrosion in 2M HCI solution.

Silverman [2004] studied the rotating cylinder electrode for examining
velocity-sensitive corrosion of the laboratory devices available for examining the
effects of single-phase fluid flow on corrosion; the rotating cylinder electrode
was probably one of the simplest devices to construct and operate under defined
hydrodynamics in the turbulent flow regime and studied the effect of surface
roughness on corrosion. Silverman was serving of a variety of corrosion-related
studies using the rotating cylinder electrode to provide an overview of the large
number of applications of this technology and a source for further reading. He
found that simulation the velocity sensitive, mass transfer influenced corrosion
mechanism in other geometries should be possible when the hydrodynamic and
mass transfer boundary layers are fully developed and there is no separation of
boundary layer.

Zhang et. al. [2007] developed a mechanistic model is to predict the general
corrosion rate at the top of pipe line. This model covered the three main
processes involved in the top-of-the line corrosion phenomena: the dropwise

condensation, the behavior of the chemistry in the condensed water, and the
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corrosion at the steel surface. The dropwise condensation process was modeled
based on the heat and mass-transfer theory and was used to predict the condition
rate. They studied the effect of heat flux on the dropwise from changing the wall
temperature.
3.3 Friction Factor in Smooth and Rough Tubes

The Fanning friction factor is the relation between the wall shear stress
and kinetic energy of flow and is defined as [Thomson, 2000]:

f= 2 .. (3.

2
=pu
zp

Nikuradse [1932] from experimental data obtained the following equation:

— = 4log(Revf) — 0.4 .. (3.2)

This equation is valid to Re of 3200000 for turbulent flow of fluids in smooth
tubes. It is superior to any other correlation now in existence, although simpler

correlations such as Blasius [1931] have been proposed:
f=0.0079 Re-1/% ..(3.3)

This is used to predict friction factor for smooth pipe for Re 3000 to 100000
[Welty et. al., 2001; Brodkey and Hershey, 1989]. Also, an empirical equation

relating friction factor and Re was presented by Drew et. al. [1932] this equation

holds for Re of 3000 to 3000000.
f=0.0014 + 0.125 Re™0-32 ... (3.4)

Chen [1985] has developed an explicit friction factor equation which is valid for

all regions of turbulent flow with an accuracy of about +8%:
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f=0.0791[ ! +o.11(§)]0'3 ... (3.5)

Re0-83

It is found experimentally that for commercial steel pipe e=4.572x10 mm and for

cast iron pipe €=0.2591 mm [Brodkey and Hershey, 1989].
3.4 Mass Transfer

Many investigators over years ago have interested in the theoretical
development of an accurate mass transfer correlation as a function of Reynolds
number and Schmidt number.

The Friend-Metzner [1958] used an equation of substantially different form in
order to correlate over wide range of Sc for smooth tube. The mass transfer

correlation is [Brodkey and Hershey, 1989]:

Re Sc (f/z)

1/2
1.2+11.8 (f/z) (Sc—1) Sc=1/3

Sh = .. (3.6)

The authors demonstrated the applicability of equation (3.6) to turbulent mass
transfer in tubes for Sc up to 3000. Znad [1996] analyzed the mass transfer
coefficient for rotating cylinder electrode in turbulent flow conditions using
experimental data of other investigators .He obtained the following relation for

mass transfer coefficient:

Sh = 0.38073 \E Re0-83450.334 .. (3.7)

For Sc < 10* and Re=10*-10°. The following correlation for the mass transfer has

been proposed by Berger and Hau [1977] for fully developed region:

Sh = 0.0165Re%865¢033 .. (3.7)
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Eisenberg, et al. [1954] proposed the following correlation for calculating the

mass transfer coefficient for polished rotating cylinder.
Sh = 0.0791 Re®75c0336 ... (3.8)

Shaw and Hanraty [1977] studied the influence of Sc on the rate of mass transfer
between turbulently flowing fluid and pipe wall using electrochemical method
and proposed the following equation for mass transfer coefficient in terms of Sc

and friction factor:
Sh = 0.0889 ./(f/2) Re Sc?246 ... (3.9

3.5 Heat Transfer

There are many correlations presented to describe heat transfer
coefficient for turbulent flow. The form of heat transfer equation was derived

through dimensional analysis; the results can be expressed as [Brodkey and Hershey,

1989]:

Nu = E—d = aRePPre¢ ... (3.10)

T

Where a, b and c are empirical constants, Eq. (3.10) is widely used for all fluids
except liquid metals. The form of Dittus-Bolter [1930] correlation which is based

on equation (3.10) is:

Nu = == = 0.023Re®®Pr" .. (3.11)
T
where n has values of 0.4 for heating and 0.3 for cooling. In this equation all

. . ., Tij+T,
physical properties are taken at the mean bulk temperature of the fluid %,
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where T; and T,are the inlet and outlet temperatures, Eq. (3.11) is valid for Re >

10000 and Pr lying between 0.7 and 160 [Coulson and Richardson, 1998].

Friend-Metzner [1958] used an equation of substantially different form
in order to correlate the heat transfer coefficient over wide range of Pr. Their

correlation of heat transfer for 0.5< Pr < 600 and Re > 10000 for pipe flow is:

RePr(f/,) 1y /1)

1
12+11.8(%) /Z(Pr—l)Pr_l/B»

Nu = .. (3.12)
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CHAPTER FOUR

THEORETICAL WORK AND ANALYSIS

This chapter describes the theoretical methods followed in this thesis.
The theoretical methods involve the use of proposed equations to obtain the
results for various values of Re, temperatures, pH, surface roughness, ant heat
flux, and comparison with other experimental results to provide information to
fill identified gaps in knowledge and to verify the defined hypotheses. The
results will be presented in the subsequent chapters.
4.1 Activation and Diffusion Control
4.1.1 Equilibrium Potential

The potential of any two half-cell reactions can be calculated using the
following equation (4.1), where the EMF series is written as reduction reactions
[Peabody, 2001]

E = Ereduction) — E(oxidation) . (4.1)
The EMF series is calculated for the reactants at unit activity. These potentials
shift as a function of concentration according to the Nernst equation. For any

electrochemical reaction

E=E°—§1n(ar—ed) .. (4.2)

Aoxid
Since it 1s more convenient to work with logarithms to the base 10, the value of

the coefficient RT/F is multiplied by the conversion factor 2.303 as equation
(4.3) [Uhlig and Winston, 2008].

E=E — 2225 (a—d) .. (4.3)

nF doxid
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in which E is the cell potential, R is the gas constant (8.314 J/K .mol), T is the
absolute temperature (K), F is Faraday’s constant (96487 coulomb/equiv.).
Hydrogen ion activity is commonly expressed, for convenience, in terms of pH,

defined as [Soren, 1909]:

pH = —log[H*] .. (44

2H* + 2e” - H, ... (4.5)
The standard potential for this reaction is equal to zero at all temperatures.
Hence,

Ey, = 2 n 2tz .. (4.6)

2 = 2F U (HY)2
where Py, the fugacity of hydrogen in atmospheres and H' is the activity of
hydrogen ions. With the pressure of hydrogen equal to 1 atm and temperature 25
°C, equation (4.6) becomes

En, = —0.0592pH .. (4.7)
4.1.2 Tafel Equation (Tafel Constants)
In activation polarization the overvoltage (1) increases with current density i, in

accord with the Tafel equation [Uhlig and Winston, 2008]:

n= Blogii (for general) ... (4.8)
n, =B, logii—j (for anode reaction) ... (4.9)
n. = B, logii—: (for cathode reaction) ... (4.10)

where p is Tafel slopes and i, exchange current density, they are constants for a
given metal and environment and are both dependent on temperature, 1 is the rate
of oxidation or reduction in terms of current density. The Tafel coefficient that

can be obtained from the slope of a plot of n against log i, with the intercept
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yielding a value for i, [Roberge, 2000]; Tafel slopes are determined from the

following equations [Fontana and Greene, 1984]:

B, = 2.303 % (for anode reaction) ... (4.11)

RT

B. = —2.303 —a)nF

(for cathode reaction) ... (4.12)

By using natural logarithm Tafel slopes in equation (4.11) and (4.12) become:

__RT
4= —

(for anode reaction) ...(4.13)

onF
RT
(1—a)nF

b, = (for cathode reaction) ... (4.14)

The term a is approximately 0.4 — 0.6 for Fe, Ni, Cu, Hg, and several other
metals [Uhlig and Winston, 2008].

4.1.3 Exchange Current Density

The effect of changing pH is to change the value of the exchange current density
of 1iron 1on as follows [Nesic et. al., 1996]:

dlogif® logigfz)—logigfl) _
OpH pHz—-pH,

... (4.15)
The effect of changing pH is to change the value of the exchange current density
of hydrogen 1on as follows [Nesic et, al., 1996]:

ut ut
dlogill" _ log itz —10g if(1y _
JpH pH;—pH;

0.5 ... (4.16)

The temperature dependence of the exchange current density was modeled with

an Arrhenius-type relation [Nesic et. al., 1996]:

i —(AH) 11 1
L= (R)[E_Tref] L (417)

The enthalpy of activation for the H' reduction reaction is AH y'; = 30 kJ/mol,
and for iron AH [g,"*; =26.25 kJ/mol for temperature range 20 to 60 °C [Nesic et.
al., 1996].

36



4.1.4 Current Density and Electrode Area

The anodic and cathodic sides of a reaction can be studied individually by using
some well-established electrochemical methods in which the response of a
system to an applied polarization, current or voltage is studied. A general
representation of the polarization of an electrode supporting one redox system is

given in the Butler-Volmer equation (4.18) [Roberge, 2000].

Ireaction = 1o {exp (areaction :—inreaction) — €xp [—(1 — Oreaction) :_:rlreaction]} ... (4.18)
where 1 eucion = anodic or cathodic current o e,ion= charge transfer barrier or
symmetry coefficient for the anodic or cathodic reaction, close to 0.5 [Roberge,
2000]:
N reaction—Eapplied - Eeq» 1.€., positive for anodic polarization and negative for
cathodic polarization. E,ypicq 1S the electrode potential relative to the standard
hydrogen electrode SHE, Volte, E.q 1s the equilibrium potential (Volt) and i, 1s
the exchange current density, (A/cmz). When N reaction 18 @anodic (i.e., positive), the
second term in the Butler-Volmer equation becomes negligible and i, can be
more simply expressed by Equation (4.19) [Roberge, 2000].

iy = igqe(BFeaa/P) ... (4.19)
When M reaction 18 cathodic (i.e., negative), the first term in the Butler-Volmer
equation becomes negligible and i. can be more simply expressed by Equation
(4.20).

ic = igc(exp~(E-Feac/Pe)) ... (4.20)
when the area of the cathode equals the area of the anode I can be replaced by i
which may be regarded as the criterion for the uniform corrosion of a single
metal [Shreir, 1994]. However, if the area of the anode 1s smaller or greater than

that of the cathode, anodic reaction is [Cifuentes, 1987]:
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o = igaAqexp [aana a— Eeq,a)] ... (4.21)

or

la = igafaexp [2227 (E, — Eeqa)| .. (4.22)
and the cathodic rate:

Ie = igcAcexp [ (“C“C ) (B - Eeq'c)] .. (4.23)
or

e = igcfoexp [ (%) (B - Eeq,c)] .. (4.24)
And the area fractions are:

f, = ;‘—T ... (4.25)

Q=% ... (4.26)

where A, and Ac are the anodic and cathodic electrode areas respectively and At
1s the summations of anode and cathode area, and f, and f, are the anodic and
cathodic electrode area fractions.

4.1.5 Current Density Equivalent to a Corrosion Rate of 1 gmd

The corrosion rate of a metal in terms of weight loss per unit area (gmd) or rate
of penetration (mmy’') can be calculated from Faraday’s law if the current

density is known [Shreir, 1994].

m MXixt
S .. (427)

Since (m=pxSxd), then from equation (4.27)

MxXxixSxt Mxixt
r pd =

de: nF 0 nF

.. (4.28)

and from equation (4.28) the rate of penetration (d/t) when 1 1s in (A m?) is given

by
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d __ Mxi
t pnF

(m.day™) ... (4.29)

To convert rate of penetration into weight loss per unit area per unit time

2 dav-1=px 3 =M
g.m™“.day =pXT= ... (4.30)

The following symbols and units have been adopted in deriving these
relationships in which it is assumed that corrosion is uniform and the rate is
linear, m = Mass of metal corroded (g), M = Molar mass (g.mol"), n = Number
of electrons involved in one act of the corrosion reaction, F = Faraday’s constant
(96487 C/g.equiv.), i = Current density (A.m?), t = Time (day), p = Density of
metal (g.cm™), S = Area of metal involved (m?), and d = Thickness of metal
removed (m). Simple equation to convert millimeters penetration per year

[Shreir, 1994]:

mmy~! = 36?)'25 x gmd (p in kg m™) .. (431)

4.2 Limiting Current Density

Fick’s first law 1s introduced as [Brodkey and Hershey, 1989]:

1=-0(3)

where J is the transport flux, D is is called the diffusion coefficient, C is the

{T — constant} ... (4.32)

P = constant

concentration of material which has units of (moles per volume), x is the
distance, and P is the pressure. From Fick’s first law and equating the transport

flux J with the rate of an electrochemical reaction [Shreir, 1994].

(Cb_cs) _ L

-D
) nF

... (4.33)

where C, solubility of oxygen in water or liquids (shown in table A-3 in
appendix A), C, concentration of ions at the surface, 6 the thickness of diffusion

layer, n the number of electrons transferred.
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i = —DzF =% . (434
The concentration gradient will be a maximum when Ci= 0, and this will

correspond with the maximum or limiting current density i,

i = ‘DZTFCb ... (4.35)

where the mass transfer coefficient is defined as [Cifuentes, in 1987]:

K =§ ... (4.36)

Then the limiting current density becomes:

i, = —zFKC, .. (437)

4.3 Relationships Between Hydrodynamic Parameters
To calculate the overall values of the mass transfer coefficients;
relationships between K and other hydrodynamic parameters are expressed in

terms of non-dimensional groups as outlined below [Poulson and Robinson, 1986]:

Sh = KFd (Sherwood number) ... (4.38)
Re = d—ﬁ“ (Reynolds number) .. (4.39)
Sc = Dip (Schmidt number) ... (4.40)

where K is the mass transfer coefficient (m. s™), d is the tube diameter, D is the
diffusivity of the relevant species, u is the velocity (m/s), p is the solution
viscosity (Pa/s), and p is the solution density (kg/m’).
4.4 The Mass Transfer Coefficient

The mass transfer coefficient can be calculated from Sherwood number

in the case of turbulent regime.
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K= (g) Sh . (4.41)
4.4.1 Smooth Pipe

For smooth pipe the friction factor is calculated from Blasius correlations
[Blasius, 1913]:

f = 0.0079Re-1/% ... (4.42)
This equation used to predict friction factor for smooth pipe for Re 3000 to
100000 [Welty et. al., 2001; Brodkey and Hershey, 1989].
Shaw and Hanraty, [1977] proposed the following equation for mass transfer

coefficient in terms of Sc and friction factor:

Sh = 0.0889 /(f/2) Re Sc?%%¢ ... (4.43)
4.4.2 Pipe flow with roughness
Sherwood numbed calculated from Eq. 4.43 for pipe flow in terms of Sc and
friction factor [Shaw and Hanratty, 1977].
Chen, [1985] developed an explicit friction factor equation for rough surface
pipe which is valid for all regimes of turbulent flow with an accuracy of within

about +8%:

f=0.0791 [ L1011 (g)]o3 . (4.44)

Re0-83

4.5 Pipe Flow With Heat Flux

Friend-Metzner, [1958] proposed an equation of substantially different
form in order to correlate the heat transfer coefficient in smooth pipe over wide
range of Pr and Sc. Their correlation of heat transfer for 0.5< Pr < 600 and Re >
10000 for pipe flow is:
RePr(f/,)

Nu = 7
1.2+11.8(§) 2(Pr=1)Pr /3

... (4.45)
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__ hd

Nu = — ... (4.46)
The surface temperature is calculated from heat flux as:

Ty ="TW+T,, ... (4.47)
The film temperature is:

T, = TW2—+Tb ... (4.48)

Where Pr is the Prandtl number, h is the heat transfer coefficient (Wm = K ™), Ty
is the wall temperature (°C), qw is the heat flux (W/mz), Ty 1s the bulk
temperature (°C), and T¢is the film temperature. The mass transfer from Friend-
Metzner correlation is

Re Sc (f/z)

1.2+11.8( /2) (Sc—1)Sc=1/3

... (4.49)

The friction factor is calculated from Blasius correlation as shown in equation

4.42.

4.6 Rotating Cylinder

The mass transfer coefficient can be calculated from correlation of

Eisenberg, et al., [1954] for rotating cylinder:

Sh = 0.0791 Re%75c"336 ... (4.50)

4.7 Uniform Corrosion

For any corroding metal, the chemical equivalents of metal going into
solution at the anodic sites are equal to the chemical equivalents of reduction
products produced at cathodic sites. In terms of corrosion current, for a given

area of metal surface [Uhlig and Winston, 2008]:
X1, =21 ... (4.51)
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That is, the anodic and cathodic currents are equal in magnitude, if A, = A, that
is, if 50% of the surface is anodic and 50% is cathodic.
i, =Xi. ... (4.52)
In an aerated aqueous solution, the reduction reaction (cathode reaction) currents
equal the oxidation (anodic reaction) currents and Eq. (4.52) becomes:
ip=1i.+1 ... (4.53)
To determine E., and I it is possible to solve these problems
mathematically, as illustrated in the following transformations. The applied

potential is:

E = E.q + B log(l) —log(l-) ... (4.54)
or
E—Eeq _ I
5 = log A ... (4.55)
and the applied current can then be written as
B E-Eeq
I = Ipexp ; ) ... (4.56)
At Ecor, L, =1 =l.or and E,=E.=E..,;, Then one can obtain E . or I ;:
Ecorr = Eeqa + Balog (Ilc‘ﬂ) (anode reaction) ... (4.57)
0.a
Ecorr = Eeqc + Bc log (I?’J) (cathodic reaction) ... (4.58)
0.c
or
Ecorr_Ee a .
Leorr = loa€Xp (B—q> (anode reaction) ... (4.59)
Ecorr_Eeq,c . .
Leorr = Ipc€Xp —5 (cathodic reaction) ... (4.60)

In aerated neutral or basic aqueous solution the dissolved oxygen affects the

reduction reaction then in concentration region, the assumptions in the derivation
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of the Volmer- Butler equation is the uniformity of concentration near the
electrode. This assumption fails at high current densities because migration of
ions towards the electrode from the bulk is slow and may become rate
determining. A larger overpotential is then needed to produce a given current
because the supply of reducible or oxidizable species has been depleted [Pierre,
2000].

For reduction reaction:
E,=E +-InG, .. (461)
When passages of external current is made through the cell the interfacial

concentration changes to a value of Cg, resulting in change of electrode potential.

o  RT

E,=E +ElnCS ... (4.62)
The concentration overpotential is:

RT, (C,

m:%—azﬁm@) .. (4.63)
Deriding Eq. (4.34) by Eq. (4.33):

. C

=i (1 —= ... (4.

1=1p ( Cb) (4.64)

% = 11 Then equation (4.64) becomes:
b 1

i=i (1 —:) ... (4.65)

The overpotential becomes:
i
Neonc,e = Bc log (1 - Z) ... (4.66)

Concentration polarization is usually negligible on anodes and usually ignored

[Jones, 1996]:

ia
N, = Mo = B, log (g) ... (4.67)
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Total Cathodic Polarization:

O =1 M. = B log (%) + B log (1 - —L) .. (4.68)
By combining the laws governing diffusion with the Nernst equation, the
following expression can be developed [Speller , 1935]

Ny = Eeon — E ... (4.69)

€q

i

Econ = Eeq + B, log (%) + B, log (1 - ) .. (4.70)

1L

4.8 Analysis

The above equations were employed to calculate the corrosion rate and
corrosion potential for iron corroding in aerated HCI solution for temperatures of
25, 40, and 60 °C, for pH of 1, 2, and 4, in the turbulent flow for the Reynolds
number of 5000, 10000, 20000, 40000, and 60000, the physical properties of
solution are presented in table (A-5) in appendix A. The diameter of pipe and
rotating cylinder is 0.0255 m, ag=0.5 [Uhlig and Winston, 2008] and 0,=0.5 [Nesic

et. al., 1996], and 0p,=0.5 [Wang and Postlethwaite, 1997].

4.8.1General Analysis
1. In all different cases of corrosion the equilibrium potentials is calculated
from Nernst equation (4.3) for iron, hydrogen and for oxygen at temperature
25, 40 and 60 C.
ii. Hydrogen ion concentrations with different pH values are calculated using
equation (4.4).
i11. Tafel slopes for cathode and anode are determined from equations (4.11) and
(4.12) with 0p=0.5 [Uhlig and Winston, 2008] and o;,=0.5 [Nesic et. al., 1996],

and 00,=0.5 [Wang and Postlethwaite, 1997].
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1v.

Vi.

Vii.

Changing pH leads to change the value of exchange current density for iron
and hydrogen, equation (4.15) is used to calculate the new value of exchange
current density for iron and equation (4.16) is used to calculate the new
exchange current density of hydrogen. The exchange current density change
with temperature (25, 40, and 60 °C) is calculated using an Arrhenius-type
relation from equation (4.17). The activation energy (AH) for the H' reaction

1s AH (] =30000 J/mol, and for iron AH [Fet2] = 2625 [Nesic et. al., 1996].

. The anodic and cathodic currents are estimated from equations (4.21) and

(4.23) with A,=A=1m’. The corrosion current density of iron can be
converted to grams per square meter per day (gmd) and millimeters
penetration per year (mm/y) by using equations (4.30) and (4.31)
respectively.

The mass transfer coefficient (K) is calculated from Sherwood number
equation (4.43) then calculated iy from (K) using Eq. (4.41).

Sherwood number, Reynolds number, and Schmidt number, values from
equations (4.38), (4.39), and (4.40) respectively, the diameter is (d=.0255 m),
the solution viscosity (p), and the solution density (p), them values from
physical properties of water at atmospheric pressure shown in table (A.5),and

the value of diffusivity (D) from table (A.2).

4.8.2 Calculations of Mass Transfer Coefficient in Smooth and Rough Pipe

Flow

The Sherwood number of smooth pipe is obtained from equation (4.43) and the

friction factor from Blasius correlations equation (4.42). For pipe flow with

rough surface, the Sherwood number is obtained from equation (4.43), with
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friction factor correlation from equation (4.44). The values of relative roughness

are considered namely, 0.0001, 0.0004, and 0.004.
4.8.3Calculation of Corrosion Under Heat Transfer Flux

The heat flux effect through the surface of the pipe, leads to change the surface
temperature which in turn change the oxygen diffusivity as has been mentioned
by previous studies [Mahato et. al., 1968; Raa and Trass, 1964] and other physical
properties such as viscosity and density etc. The film temperature is calculated
using equation (4.48), and the wall temperature using equation (4.47). The heat
transfer coefficient (h) is calculated from Nusselt number from Friend-Metzner
equation (4.45). To obtain the mass transfer coefficient Sherwood number is
calculated using equation (4.49) and the friction factor from Blasius correlations
in equation (4.42). Four different heat fluxes (3000, 5000, 15000, 30,000 W/m?)

are employed.

4.8.4Calculation of Mass Transfer Coefficient Using Rotating Cylinder of

Smooth Surface

From general analysis values needed in this case are obtained. The mass transfer
coefficient (K) can be calculated from equation (4.41), Sherwood number
depends on the surface (rough or smooth), and the flow region, in rotating
cylinder without roughness (smooth surface) the Sherwood number is calculated

from equation (4.50).

4.8.5Calculation of Corrosion Current Densities (I.,) and Corrosion
Potential (E,,)
To calculate corrosion currents (i..) for anode or cathode equations (4.21), or

(4.23) are used, by use trial and error method by assuming the initial value of
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corrosion potential (E... ), until the summation of anode currents equal the
summation of cathode currents as in equation (4.52), then the right value of
corrosion potential (E,) is obtained and from which corrosion currents (icor.) 1S
obtained. Substituting corrosion potential (E.,; ) in equation (4.21) and (4.23) to
obtain the anodic and cathodic currents. The anodic current is the iron oxidation
currents (ir.) and the cathodic currents are the hydrogen reduction reaction Eq.
(2.4) and oxygen reduction reaction Eq. (2.4). Substituting the anodic and

cathodic current, equation (4.54) becomes:

+ H
-Fe nFeXFXOCFe(Ecorr_Egg _ H /Fe _ nHzxpxaHz(Ecorr_Eeé
1o exp( e ) = 1, exp —e" +np, X
Fbexngh .. (4.71)
+ H,
.Fe nFeXFX(xFe(Ecorr_Eg(e] . H /Fe . ny, XFxay, (Ecorr—Eeq
1o exp( —E" ) = 1, exp AT + ng, X
F X Cy X = x (0.0889 /(f/2) Re Sc°24%) .. (4.72)

Table 4-1: Lists the condition that were used for calculating the corrosion currents individual

currents, and corrosion potentials in this analysis

Re 5000 10000 20000 40000 | 60000
T (°C) 25 40 60 - -
pH 1 2 4 - -
e/d 0.0001 | 0.0004 0.004 - -
q (W/m?) | 3000 5000 15000 30000 -
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CHAPTER FIVE

RESULTS AND DISCUSSION

Chapter five introduced the calculation results under number of variables
involved, 1.e., Re, temperature, pH, roughness, heat flux, and their interactions.
To explain the effect of these variables on corrosion process, the following
sequence is followed: section 5.1 explains the effect of Re, temperature, pH, wall
roughness, and heat flux, for pipe flow and section 5.2 deals with the effect of
Re, temperature, pH, on the rotating cylinder. Also the polarization curves were

constructed for various conditions using the proposed theoretical models.

5.1 Pipe Flow

Practical importance of the corrosion of Fe has led to vast literature in the
field. In the case of corrosion in aqueous environment the important variables
recognized have been the amount of dissolved O,, temperature, flow conditions,
pH, metal composition, duration of exposure, and composition of solution [Uhlig,
1963].

5.1.1 Effect of Reynolds Number

5.1.1.1 Corrosion Rate

The rate of reduction (oxygen reduction) is limited by diffusion from the bulk
solution to the electrode surface. Corrosion rates generally increase with
increasing velocity due to the depolarizing effect on the cathode. Fig. 5-1 gives
the variation of corrosion rate of Fe measured in gram per square meter per day

(gmd) with Re at three temperatures in aerated HCI.
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Figure 5-1: Variation of Corrosion Rate of Fe with Re at
three temperatures.

The corrosion rate increases with increasing Reynolds number (or velocity)
because the increase in O, transport to the surface. Within the range investigated,
the velocity increases the corrosion rate for all temperatures [Mahato et. al., 1968;
Levlch, 1943]. Speller and Kendall [1923] found that the rate is low under laminar
flow conditions, rapidly increases in the transition range, and more slowly
increases under turbulent flow conditions. Butler and Ison [1960] investigated
the corrosion of mild steel pipe specimens in flowing water of Teddington
(England) mains and presented data for different flow rates and different
temperatures. They found that an increase in both speed of flow and temperature
promotes the deposition of a protective scale. Other workers tend that the
corrosion rate increases by one order of magnitude when the Reynolds number
increasing [Wang and J. Postlethwaite, 1997; Berger and Hau, 1977]. Fig. 5-2 gives

the wvariation of current density of H, with Reynolds number at three
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temperatures .The rate of hydrogen evolution (hydrogen current) decreased with
increasing Reynolds number. This decrease in H, current density is because the
bulks supply the surface with high rate of oxygen with increasing Reynolds
number. Shifting the corrosion potential to more positive leading to decrease the
hydrogen evolution rate. The cathodic current for H' reaction is negligible
compared to that for O, reduction in pH >4 [Wang and Postlethwaite, 1997]. Fig 5-3
shows the variation of current density of H, and O, with Reynolds number at
temperature 25 °C and pH 4. The sum of currents densities of hydrogen
evolution and oxygen reduction represents the cathodic reaction, and when the
current density of oxygen increase the current density hydrogen decrease to be

equal to the current density of Fe as in equation (6.1)

lpe = lg, + Liim, ..(5.1)
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Figure 5-2: Variation of current density of H,  Figure 5-3: Comparison between the current
density of H, and limiting current density
of O, at T=25° C and pH=4.

15 —

05 —

with Re at three temperatures.
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5.1.1.2 Limiting Current Density and Mass Transfer Coefficient

Fig. 5-4 shows the variation of the limiting current density i with
Re at three temperatures. Increasing Re leads to decrease the thickness of
diffusion layer in the wall vicinity which represents the main resistance
to oxygen transport; the diffusion layer thickness (0) is dependent on the
velocity of the solution past the electrode surface. As the velocity
increases, 0 decreases and the limiting current increases [Steigerwald,
1987]. At sufficiently high velocities, enough oxygen may reach the
surface to cause partial passivity; the rate of oxygen transport is basically
function of flow rate, and temperature [Mahato et. al., 1968; Wormwell,
1946]. Mahato et. al. [1968] reported that corrosion rates were determined
largely by the rate of oxygen supply to the metal surfaces, Hatch and
Rice [1945] observed that the change in the oxygen concentration
gradient near the metal surface is due to the effect of velocity, since the

corrosion of iron in aerated solution is a mass transfer controlled process
[Speller, 1938; Coaen, 1948; Copson, 1952; Btrrler and Stroud, 1965; Whitman

et. al,, 1924]. Fig. 5-5 shows the variation of mass transfer coefficient with
Re at three temperatures. The values of mass transfer coefficient (k)
increased as the flow rate (or Re) increases. Increasing flow turbulence
leads to decrease the thickness of the diffusion boundary layer that

represents the main resistance to mass transfer, and provide the surface
with oxygen leading to increase k, Ross and Badhwar [1965] found that

mass transfer coefficient increased as the flow rate increased. This
finding is in agreement with previous investigations Speller [1951]; Son

and Hanratty [1967].
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Figure 5-4: Variation of limiting current Figure 5-5: Variation of mass transfer
density with Re at three temperatures. coefficient with Re at three temperatures.

5.1.1.3 Corrosion Potential

Fig. 5-6 shows the variation of corrosion potential with Re at three temperatures.
It is generally accepted that the corrosion potential of iron is under mixed control
of anodic and cathodic processes [Shreir, 1994; Trethewey and Chamberlain 1996].
Generally corrosion potential shifts to more positive values with increasing
Reynolds number. Ross et, al. [1966] stated that the increase of E.,, with Re is
due to the increase in oxygen transport to the metal surface and when the system
is free from oxygen, Re has no effect on E,,. This finding is in agreement with
previous investigations [Nesic et. al., 1995; Makrides, 1960; Tobias and Nobe, 1975;
Chin and Nobe, 1977; Eremais and Prazk, 1973]. In other words, increasing O,
transport to the surface leads to shift the potential to more positive because of
following reaction:

0, + 4H* + 4e = 2H,0 E’ = +1.22 Volt (SHE) ... (5.2)
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Figure 5-6: Variation of Corrosion Potential with Re at three

temperatures.

5.1.2 Effect of Temperature

5.1.2.1 Corrosion Rate

The effects of temperature on a chemical reaction is of practical and theoretical
importance. When the temperature rises the corrosion rate increases. This trend
is in agreement with revise studies. To explain this variation there are four
variables dependedent on temperature which are the exchange current density 1i,,
the equilibrium potential (E.,), diffusion coefficient of oxygen, the solubility of
oxygen. Increasing temperature leads to increase the value of exchange current
density 1, according to Arrhenius relation equation 4.17, change the equilibrium
potential (E.y) according to Nernst equation 4.3, decrease the equilibrium
potential of Fe and H, but increase the equilibrium potential of O, [Cifuentes,

1987], increase the diffusion rate of oxygen species by increasing the molecular
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diffusion coefficient (Table A-2 list values of oxygen diffusivity in appendix A),
and decreases the oxygen solubility (TableA-3 list values of solubility of oxygen
in HCI). Fig. 5-1 shows the effect of temperatures on corrosion rate of Fe
variation with Re measured in gram per square meter per day. The rate of
corrosion of iron increases with temperature especially in media in which
evolution of hydrogen accompanies corrosion, e.g. during corrosion of steel in
acids [Ehteram A. Noor, 2007]. Temperature effects on acidic corrosion of iron and
steel most often in HCI and H,SO, solution had been the object of large number
of investigations [Jiang et. al., 1995; Bentiss et. al.,1999; Popova et. al.,2007; Abd El-
Rehim et. al.,2001; Wang et. al., 2003]. Fig. 5-2 shows the effect of temperature on
the current of hydrogen evolution variation with Re. When the temperature
increases the current density of hydrogen increases because the temperature
effect on the exchange current, equilibrium potential, diffusion rate of hydrogen,
and activation energy of hydrogen. The rate for iron corroding in hydrochloric
acid, for example, approximately doubles for every 10 °C rise in temperature
[Uhlig and Winston 2008]. Increasing temperature leads to increase i, [AL-Darbi,
2002]. For metals that corrode by hydrogen evolution, decreasing hydrogen
overpotential is one factor accounting for increase of corrosion as the
temperature 1s raised [Uhlig and Winston 2008].

5.1.2.2 Limiting Current Density

The most pronounced effect of increasing temperature was the increase in the
mass transfer controlled i, which resulted from an increase in the diffusion
coefficient (D) (Table A-2 gives values of oxygen diffusivity in appendix A) and
decrease in viscosity at higher temperatures (TableA-5 physical properties of
water in appendix A). Fig 5-3 shows the temperature effect on limiting current

density variation with Re. Speller [1951] found in an open vessel, when allowing
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dissolved oxygen to escape, the rate increases with temperature to about 80 °C
and then falls to a very low value at the boiling point (Fig. 2-7). The low
corrosion rate above 80 °C is related to a marked decrease of oxygen solubility
in water as the temperature is raised, and this effect eventually overshadows the
accelerating effect of temperature alone [Speller, 1951; Skaperdas and Uhlig, 1942].
5.1.2.3 Corrosion Potential

Fig. 5-6 shows the temperature effect on the corrosion potential. Increasing
temperature shifts the corrosion potential at which positive direction. This agrees
with previous investigators [Ross et. al, 1966]. E.,. values obey the mixed
potential theory; E.. are affected by both the anodic (activation controlled) and
cathodic (concentration controlled). The anodic and cathodic processes are
stimulated by increasing temperature and velocity [Shreir, 1994; Steigerwald, 1968].
The cathodic and anodic partial reaction rate are electrically equivalent at the
corrosion potential, the cathodic reaction rate is controlled by the rate of arrival
of oxygen at the metal surface and is significantly increases [Qian and Chagnon,
2001]. Increasing temperature accelerates the reaction rate and decreases the
Tafel constant for anodic dissolution and increases the maximum current density
in the active region [Finley and Myers, 1970; Steigerwald and Greene, 1962;
Bonhoeffer, 1955].

5.1.3 Effect of pH

5.1.3.1 Corrosion Rate

Figure 5-7 shows the variation of corrosion rate of Fe with Re at three values of
pH. For pH values below 4.0, ferrous oxide (FeO) is soluble. Thus, the oxide
dissolves as it is formed rather than depositing on the metal surface to form a
film. In the absence of the protective oxide film, the metal surface is in direct

contact with the acid solution, and the corrosion reaction proceeds at a greater
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rate than it does at higher pH values [Beddoes and Parr 1999]. The corrosion rate
for iron as a function of pH is illustrated in Fig. 2-4 obtained by Charng and
Lansing [1982]. The corrosion rates of Fe were decreasing with pH increase.
Acidic solution is one of the most important factors in corrosion combating
[Uhlig et. al., 1955; Kirby, 1951; Leckie, 1075]. Fig. 5-8 shows the variation of
hydrogen current density with Re at three values of pH. The clear effect of pH
appeared on the corrosion current of hydrogen because when hydrogen

concentration decreases the current density of hydrogen decreases.
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Figure 5-7: Variation of corrosion rate of Fe ~ Figure 5-8: Variation of current density of H,
with Re at three values of pH. with Re at three values of pH.
5.1.3.2 Limiting Current Density

Fig 6.9 shows variation of i, with Re at three values of pH. There is no effect on
the limiting current density by increasing or decreasing the pH [Whitman et. al.,
1924]. In the acid range, pH < 4, oxygen is not controlling, and the corrosion
reaction is established, in part, by the rate of hydrogen evolution. The rate
becomes sufficiently high in this pH range to make anodic polarization a

possible contributing factor (i.e., mixed control) [Bond, 1958; Whitman et. al., 1923;
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Foroulis and Uhlig; 1964]. The oxygen limiting current is not affected too much by
pH because the increase in hydrogen ion concentration has a slight effect on

oxygen concentration.
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Figure 5-9: Variation of limiting current density with Re
at three values of pH.

5.1.3.3 Corrosion Potential

Figure 5-10 gives the variation of corrosion potential with Re at two different
values of pH. It is clear that when pH increases corrosion potential shifts to more
negative. The decreased corrosion potential of iron as pH increases is not caused
by decreased hydrogen evolution alone; in fact, greater accessibility of oxygen to
the metal surface on dissolution of the surface oxide favors oxygen
depolarization, which is often the more important reason [Whitman and Russell,
1952; Bond, 1958; Brenan and Trass, 1964]. Also when hydrogen ion concentration
decreses (pH increases), the corrosion potential shifts to equilibrium potential of

iron.
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Figure 5-10: Variation of corrosion potential with

Re at three values of pH.

5.1.4 Effect of Wall Roughness
5.1.4.1 Corrosion Rate

The corrosion rate is calculated for various values of surface roughness (e/d=
0.0001, 0.0004, and 0.004). Fig. 5-11 shows the variation of corrosion current of
Fe with Re at three of relative roughness (e/d) and in smooth pipe. The corrosion
rate increases with Re as have been shown. The higher the pipe wall roughness is
the higher the corrosion rate. Increasing surface roughness increases the local
mass transfer coefficient by increasing the turbulence in the wall vicinity. On the
other hand increasing surface roughness leads to increase the surface area
between the fluid and pipe wall leading to increases the mass transfer rate. Hence

the mass transfer rate increases with the increase in roughness [Brenan and Trass,
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1964]. For rough pipe, if the Reynolds number was large, the laminar sublayer
would be small and roughness would be controlling. On the other hand, if the
Reynolds number was low and the sublayer relatively large, then the roughness
would be buried in the sublayer, and the pipe would act if it was smooth [Brodkey
and Hershey, 1989]. In turbulent flow Levich [1962] postulated two zones within
the hydrodynamic boundary layer: a damped turbulence layer near the solid
interface in which the momentum transfer takes place primarily because of
friction, and a turbulent boundary layer beyond where the exchange of
momentum occurs entirely by the random eddy movements of turbulent flow. He
also stated that diffusion layer is present next to the interface within the
hydrodynamic boundary layer in which mass is transported mainly by molecular
diffusion. In the corrosion of mild steel pipe in flowing aerated water, the main
problem to be resolved is to determine the manner in which the growth of the
corrosion product layer and changing surface roughness affect both the
hydrodynamics and the transfer of reactants (dissolved oxygen) to the reacting
surface. It is accepted that the corrosion of mild steel is controlled here by the
rate of cathodic reduction of oxygen and hence by the rate of transport of oxygen
from the main stream [Mahato et. al. 1980]. King and Broodie [1937]; Litt and
Friedlander [1959]; and Meyerink and Friedlander [1962] pointed out that mass
transfer is sensitive to surface roughness. Brenan and Trass [1964] studied the
effect of surface roughness on the dissolution rate of cinnamic acid, benzoic acid
and succinic acid. They observed that mass transfer rate increased by about four
times with the increase in roughness. The turbulence in the main stream will be
damped down near the solid interface and roughness peaks layer of corrosion
products protrode. This finding is in agreement with previous investigations [Litt

and Friedlander, 1959; Meyerink and Friedlander, 1962].. In smooth pipe the friction
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factor depends on the Reynolds number which represented by the Blasius
equation (4.42). In case of rough pipe the friction factor is almost dependent on
the Reynolds number and the relative roughness of the surface which represented

by Kntnasen and Katz [1958].
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Figure 5-11: Variation of corrosion Rate of Fe with Re

in smooth and rough pipe at pH=1.

Fig. 5-12 shows variation of current density of H, with Reynolds number at three
values of relative roughness (e/d) and in smooth pipe .In the rough surface the
supply of oxygen to the surface increases with increasing the relative roughness
and Reynolds number by increasing eddy diffusion of oxygen from bulk to the
surface, then the corrosion potential shifted to more positive values leading to the

current density of hydrogen decreases with increasing relative roughness. It can
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be seen from Fig. 5-12 that the current density in smooth pipe is greater than

rough pipe.
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Figure 5-12: Variation current density of H, with Re
in smooth and rough pipe at pH=1.
5.1.4.2 Limiting Current Density and Corrosion Potential

The limiting current density increases with increase of relative roughness. Fig.
5-13 shows variation of ip with Reynolds number at three values of relative
roughness and in smooth pipe. It is evident that the 1. increases with increasing
roughness because in rough pipe the random eddy movement of turbulent flow
occurs because of friction effect near the solid interface. This random eddy
movement transports the oxygen through the pores to the metal increasing the

corrosion rate and the limiting current density.
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5.1.4.3 Corrosion Potential

Fig 5-14 shows variation of corrosion potential with Reynolds number at three
values of relative roughness and in smooth pipe .The corrosion potential shifts to
more positive with increase relative roughness because the large amount of
oxygen arriving to the surface [Edwards et. al., 1978]. Gabe and Walsh [1984]
found that the mass-transfer rate increased in the case of the rough surface. The
approach of using the mass-transfer coefficients to relate flow effects between
geometrical configurations has been shown to provide reasonable predictions if

corrosion is controlled by mass transfer.
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5.1.4.4 Effect of Temperature on Rough Surface Corrosion

The effect of temperature was explained in section 5.1.2 and shown by Fig. 5-1
to Fig. 5-6. These figures show that temperature affect the corrosion rate, current
density of H,, limiting current density of dissolved O,, mass transfer coefficient,
and corrosion potential variation with Re. There is no effect of temperatures on

the friction factor or roughness but its effect appears in the increase of corrosion.

63



The change in temperature affects the nature of the corrosion reaction because of
the significant temperature coefficient for the chemical or physical processes
involved in the changes in either or both the reactants and the products. With
increase in temperature the solubility of O, decreases and the diffusion

coefficient of O, increases.
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Figure 5-15: Variation of Corrosion Rate with Re
in smooth and rough pipe at pH=4.
5.1.4.5 Effect of pH on Rough Surface Corrosion

There is no variation in friction factor with changing pH; the effect of pH on
corrosion rate is the increase in pH decrease the corrosion rate. The corrosion
rate decreases with increased pH by observing Figs. 6-15 and 6-11. It can be
noted that the values of corrosion rate decrease with increase pH. Fig. 5-16
shows variation of current density of H, with Re at three values of relative
roughness and in smooth pipe. The increased corrosion rate of iron as pH

decreases is not caused by increased hydrogen evolution alone; in fact, greater
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accessibility of oxygen to the metal surface on dissolution of the surface oxide
favors oxygen depolarization, which is often the more important reason [Uhlig
and Winston, 2008]. The current density of H, decreases with increasing pH and

decreases with roughness.
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Figure 5-16: Variation of current density of H,
with Re in smooth and rough pipe at pH=4.

Fig 5-17 gives variation of oxygen limiting current density with Re at three
values of relative roughness and in smooth pipe. Limiting current density
increases with increased relative roughness, and decreases with increased pH
because hydrogen evolution could control the corrosion rate in the absence of
oxygen; an increase of corrosion rate with increase [H'] would be expected for
dissolution or diffusion limited current density (oxygen), [Robertson and Forrest,
1991]. Fig. 5-18 shows variation of corrosion potential with Re at three values of

relative roughness and in smooth pipe for pH = 4. The corrosion potential shifts
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to passive direction with increase relative roughness. Increase pH shifted

corrosion potential to negative direction (decrease corrosion potential).
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Figure 5-17: Variation of limiting current density Figure 5-18: Variation of corrosion potential

with Re in smooth and rough pipe at pH=4. with Re in smooth and rough pipe at pH=4.

5.1.5 Effect of Heat Flux

5.1.5.1 Corrosion rate

Fig 5-19 shows the variation of corrosion rate with Re at four values of heat flux.
The effect of heat transfer on corrosion decreases with increased Reynolds
number in turbulent flow. It can be noted that at low Re the effect of heat flux is
high and this effect decrease with increasing Re, it is nearly disappears at
Re=60000. In heat transfer with convection, the fluid properties such as viscosity
and density affect the velocity profile, and hence the rates of heat transfer and
mass transfer [Kudryashova and Turkovskaya, 1971]. The effect of heat flux on the
corrosion process is mainly due to its effect on the wall temperature. The wall
temperature increases leading to increase the fluid temperature. Increasing

surface temperature leads to change the physical properties mainly the viscosity
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and the diffusivity of oxygen toward the surface. Considerations of temperature
effects must be based, of course, on the fact that the solubility of O, decreases
with increasing temperature while its diffusivity increases; [Mahato et. al., 1968].
The corrosion rate in the presence of heat flux is high value at low velocity then
become small at higher velocity. This behavior can be interpreted as follows: at
low velocity the thickness of momentum sub-layer, diffusion layer and thermal
layer in the near wall region is relatively high and when the velocity increases
the thickness becomes smaller and smaller leading to decrease the effect of heat
flux. Many authors [Shreir, 1994; Samh, 1994; Atia, 1996; Ross, 1967; Proter et. al.,
1968] attributed the increase in corrosion rate with heat flux to the increase in
temperature at the interface between the metal and the solution which has an

effect on the diffusion coefficient and viscosity.
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Fig. 5-20 shows variation of current density of hydrogen with Re at four values
of heat flux. The current density of hydrogen is affected by increasing oxygen
transport to the surface and the limiting current decreases with decreases
temperature and the summation of current of hydrogen and limiting current of O,
equal the anode current of iron. Fig. 5-21 shows variation of wall temperature (or
surface temperature T,,) with Re at four values of heat flux. At high Re the
surface temperature decreases because high thermal eddy transport between bulk
and surface leading to decrease the thickness of thermal sub-layer in the wall
vicinity causing high heat transfer rate, as the heat flux increases and since h is

slightly affected by heat flux the wall temprature increases.
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5.1.5.2 Limiting Current Density

Fig. 5-22 gives variation of the limiting current density with Re at four values of
heat flux. The limiting current density increases with Re because the high
amount of oxygen arrived to the surface. Under effect of heat flux the limiting

current density increases when the heat flux increases. Increasing heat flux leads
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to increases the diffusivity of oxygen and hence increases the corrosion rate
[Zhang et. al., 2007].The limiting current density under heat flux effect is higher
than under isothermal condition. Jaralla [1984] attributed this tend to the high
increase in the solubility of O,, the large increase in the solubility of the passive
film due to the high interfacial temperature under heat transfer condition. The
presence of heat flux increases the surface temperature leading to increase the
mass transfer rate by increasing molecular diffusion coefficient and thinning the
diffusion layer and creation of thermal plumes enhancing the mass transfer rate
[Warrg and Nasiruddin, 1973; Proter et. al., 1968] .

5.1.5.3 Corrosion Potential

Fig. 5-23 shows variation of the corrosion potential with Re at four values of
heat flux. The corrosion potential was shifted to more active values by increasing
the temperature of the bulk. The trend agrees with previous work [AL-Darbi et.
al.,, 2002; Hassan, 2003]. With increasing Re the corrosion potential shifted to
positive direction. Flynn, in 1972 obtained this behavior to higher diffusion
under heat transfer condition for Fe .There is an opinion that the rate of
nonisothermal corrosion processes limited by kinetic steps is determined by the
temperature of the metal wall, but there are no convincing proofs of this [Flynn,
1972; Brown et. al.,, 1992]. The effect of variations of film temperature on the
equilibrium potential is shown in appendix D for Ty 25, 40, and 60 °C from table
D-1 to D-12. In addition, the greater the temperature drop, the greater was the
change in the dissolution rate caused by the appearance of the temperature drop.
Thus, the rate of the anodic process on the heat-transferring surface was not
determined simply by its temperature, but depended on the value and direction of
the heat flow. Under heat-transfer conditions, an increase in the metal surface

temperature leads to increases the temperature of the solution [Kolotyrkin et. al.,
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1980]. Heat-transfer can be initiated simply by changing the metal temperature
since this factor influences the diffusivity and solubility [Andreev and Kuznetsov,
2002]. Figures at Ty, of 40 and 60 °C are in appendix D from fig.D-1 to Fig D-14.
Ross [1967] suggested that heat transfer might affect the rate of corrosion
reaction by influencing the temperature of corroding surface, the solubility and
diffusivity of oxygen and the solubility of corrosion products deposits attached
to the corroding surface. Ashford et. al. [1974], in their study of corrosion of
mild steel under heat transfer conditions in aerated sodium chloride solution by
weight loss method, they ascribed the increase in corrosion rate with heat load to

the acidic nature of the formed corrosion products.
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5.2 Rotating Cylinder
5.2.1 Effect of Reynolds Number
5.2.1.1 Corrosion Rate

with Re in smooth and rough pipe at pH=1.

Fig. 5-24 gives the variation of corrosion current measured in ampere per square
meter of Fe with Re at three different temperatures. Corrosion rates increase with

increasing velocity (Reynolds number or rotational speed). The corrosion rate
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increases with increasing Reynolds number (or velocity) because the amount of
oxygen arrived to the surface increases. In the context of a corrosion study, the
rate of mass transport to and from the metal surface is often the factor which
governs the rate of corrosion. Significant flow velocities may increase the pitting
and crevice corrosion susceptibility of stainless steels in chloride solutions
[Brown et. al., 1992; Roetheli and Brown, 1931]. Fundamental hydraulic concepts are
applied to corrosion and the rate of transfer of interacting chemicals in flow over
plates, rotating disks and through pipes. The velocity of the solution, degree of
turbulence, geometry of pipes, and other physical factors have a direct influence
on the movement of dissolved oxygen and ions throughout the fluid. These
factors in turn exert effects on the formation of corrosion products, and on
depolarization and thus on the corrosion reaction itself [Eliassen et al., 1956; Romeo
et. al., 1958; Silverman, 2003]. Fig. 5-25 shows the variation of current density of
H, with Re at the three different temperatures. The increases in velocity lead to
increase amount of oxygen at the surface which affects the current density of H,

to decrease with increase Reynolds.
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5.2.1.2 Limiting Current Density

Fig 5-26 shows variation of limiting current density with Re at three different
temperatures. By increasing the velocity the amount of oxygen increases at the
surface of metal which then increases the limiting current density. As the rotation
rate increases, the solution flow becomes more complex; while the layer of
solution in direct contact with the cylinder continues to cling to the surface
[Eisenberg et. al., 1955]. Early reports by Eisenberg et. al. [1954] provide the most
commonly accepted description for Rotating Cylinder Electrode mass transport;
a corrosion process is limited by how fast oxygen can be transported from the
solution to the metal surface .Increasing turbulence leads to decrease in the
thickness of the viscous sub-layer and the diffusion layer that represents the main
resistance to momentum and mass transport respectively [Poulson and Robinson,
1986; Brodkey and Hershey, 1989].

Corrosion rate depends on mass transfer of a reactant to or from the surface,
hence the corrosion being sensitive to fluid motion [Silverman, 2004]. The increase
in oxygen supply from the bulk of the solution to the metal surface leads to high
1, this behavior is in accordance with mass transfer theory and previous studies,
e.g. rotating cylinder [Vilambi and Chin, 1982; Nesic et. al, 1995; Parshin and
Pakhomov, 1982], rectangular duct [Hubbard and E. N. Lightfoot, 1966], and rotating
disc [Parshin and Pakhomov, 1982; Zurubin and Zasita, 1965].

5.2.1.3 Corrosion Potential

Fig. 5-27 gives variation of corrosion potential with Re at three temperatures.
Corrosion potential is shifted to more positive values with increasing Re. Ross
et. al. [1966] stated that the shifting of corrosion potential with Re is due to the

increase in oxygen transport to the metal surface and when the system is free
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from oxygen the effect of Re on E, is negligible. The present findings are in
agreement with previous work [Ross et. al., 1966; Tobias and Nobe, 1975; Chin and

Nobe, 1977; Eremais and Prazk, 1973].
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5.2.2 Effect of Temperature

5.2.2.1 Corrosion Rate

Fig. 5-24 shows the effect of temperature on corrosion current. Increasing
temperature leads to affect two major factors that are the diffusivity of oxygen
increases with increasing temperature, and the oxygen solubility decreases with
increasing temperature [Shreir, 1994; Popovers, 2003; Mahato et. al., 1968]. The
effect of temperature is also to change the value of exchange current density i,
according to Arrhenius relation Eq. (4.17) and equilibrium potential (Eg,)
according to Nernst equation Eq. (4.3). Fig. 5-25 shows the effect of temperature
on the current of hydrogen with Reynolds number. When the temperature

increasing the current density of hydrogen increases because increasing
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temperature leads to increase the exchange current density and equilibrium
potential.

5.2.2.2 Limiting Current Density

Figure 5-26 shows the effect of temperature on 1y, variation with Reynolds
number. The increase in the limiting current density with the rising temperature
is due to the increased diffusivity of O,. An other effect of temperature is to
decrease the O, solubility which leads to decrease the corrosion rate [Raa and
Trass, 1964].

5.2.2.3 Corrosion Potential

Figure 5-27 shows variation of corrosion potential with Re at three temperatures.
The most likely explanation for shifting corrosion potential to more positive
values based on the fact that the solubility of O, decreases with increasing
temperature while its diffusivity increases [King et al., 1995; Deslouis et. al., 1988;
Dhar et. al., 1985; Sherryl et. al., 2005; Mahato et. al., 1968].

5.2.3 Effect of pH

5.2.3.1 Corrosion Rate

Figure 5-28 shows variation of corrosion current measured in ampere per square
meter of Fe with Re at three different values of pH. The increase of pH decreases
the rate of corrosion because the hydrogen reduction decreases. Long experience
has taught value of pH control for corrosion protection, but it has also shown that
factors (temperature and velocity etc.) other than pH and dissolved oxygen
influence corrosion rates [Larson, 1975]. Fig. 5-29 shows variation of current
density of H, with Re at three different values of pH. The increases in pH
decrease the current density of H, because the concentration of H' decreases

with increasing the pH.
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Figure 5-28: Variation of corrosion current

of Fe with Re at three pH.

5.2.3.2 Limiting Current Density

Fig. 5-30 shows variation of limiting current density with Re at three pH. There
is no effect of pH on the limiting current density of oxygen reduction; it is
affected by the flow of fluid and temperature. The change in H' concentration
has little effect on the O, solubility and thus has little effect on the limiting
current density.

5.2.3.3 Corrosion Potential

Fig 5-31 gives variation of corrosion potential with Re at three values of pH. The
corrosion potential is shifted to more negative direction by increasing pH caused
by decreased hydrogen evolution alone; in fact, the increase in oxygen solubility
with pH has little effect on corrosion potential [Shreir, 1994; Mahato et. al., 1980;
Smith et. al., 1989; Akimov, 1958; Speller, 1951; Wilson , 1923].
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5.2.4 Construction of Polarization Diagrams from Proposed Equations

The polarization curves and the mixed potential in a particular environment can
be used to determine the magnitude of the corrosion potential or current effects
as well as the type of corrosion and the important reason is to know the
equilibrium state of the system to understand the various factors that control the
rate at which the system tends toward equilibrium, that is, the rate of corrosion.
Electron flow occurs between metal surface and surrounding solution. This
current flow between the metal and solution causes shifts in potential, because
the potentials of the metals and solution approach each other over time. Fig 5-32
shows the polarization curve of rotating cylinder in aerated acid in pH=1 at

temperature 25 °C and Re=60000.
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Figure 5-32: Polarization curves of iron rotating cylinder in HCI at

T=25 °C, pH=1 and Re=60000.

In experimentally establishing a polarization diagram, the first measurement is
usually that of the corrosion potential, E.,,, when the applied current, 1,1, 1S zero
as equation (6.2):

lappt = la — Ic ... (53)
To graph mixed-potential models from activation and concentration controls.
Fig. 5-33 shows the polarization curve of rotating cylinder in aerated acid in
pH=2 at temperature 25 °C, and Re=20000. To draw Fe anodic polarization line

and H, cathodic polarization line using equations 4.59 and 4.60 respectively by

assuming different values of corrosion potential.
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Figure 5-33: Polarization curve of iron rotating cylinder in HCI at

T=25 °C, pH=2 and Re=20000.

The O, reduction line includes activation and concentration polarization.

Equation 4.67 is used to draw the line under activation control and equation 4.66

to draw the line under concentration control; the polarization curves of O, were

obtained from equation 4.68. Fig. 5-34 shows the polarization curve of iron

rotating cylinder in aerated acid in pH=4 at temperature 25 °C, and Re=60000.
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It is clear in Figs. 5-32, 5-33, and 5-34 that the current of Fe increase and the
potential shifts to more noble but on the contrary in H, reaction, the currents
densities increases and the potentials shift to more negative valuse. This applies
also to O, reaction. The i, value for a particular electrochemical system 1is
derived at the intersection of linearly extrapolated anodic and cathodic current
curves. At point of net i.,, and E.,, the current density of anode (ir.) equal to
cathode current density (i, + 102). The corrosion potential is obtained at the
point of intersection of the two curves; at this potential the total currents for both
reactions are equal [Stanislaw et al., 1982]. The plot of the corrosion potential
(Ecorr) versus the logarithm of the corrosion current (i) determined by the
linear polarization method shows that there is direct proportion between E, and i,

values of anode (Fe) but there is undirected proportion between E. and 1. values
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of cathode (H, and O,) .The corrosion current can be used to determine the
corrosion rates through the modified Faradays law [Pound et al., 1979; Ruperto et
al., 2000]. The effect of Re on iron current is to increase it, and decrease the
current density of H, but in plotted polarization curve the velocity is constant.
The major effect of velocity on current density of oxygen is to supply the surface
with oxygen. The cathodic reduction rate is controlled by the rate of arrival of
oxygen at the metal surface [Qian and Chagnon, 2001]. It is to be noticed from
Figs. 5-32 to 5-34 that where pH increased from 1 to 4 the cathodic current
decreases while the O, cathodic current increases, the limiting current density in
Fig. 5-32 is 6.7 while in Fig. 5-34 is about 6.8. Comparing Fig. 5-32, 5-33 and
5-34 indicates that the corrosion current is 12.8, 5.5 and 7.2 respectively, so
increasing Re leads to increase the corrosion rate and decreasing pH leads to
increase the corrosion rate [Pierre, 2000]. The solubility of O, decreases with
increasing temperature while its diffusivity increases [Mahato et. al., 1968]. Fig. 5-
35 shows the polarization curve of iron rotating cylinder in aerated acid at pH=1
at temperature 40 °C, and Re=60000. The difference between polarization curves
at 25 °C and 40 °C is the corrosion rate increases with increasing temperature
[Finley and Myers, 1970]. This agrees with a number of investigators that have
repotted on the anodic polarization behavior of iron in relatively dilute, acid
solution [Bonhoeffer, 1955; Economy et. al., 1961; Steigerwald, and Greene, 1962;
Mottern and Myers, 1968]. Fig. E-1 and Fig. E-2 in Appendex E show the
polarization curves of iron rotating cylinder at temperature 40 °C in aerated acid

at pH=2 and 4.

80



2.0 — Re=60000 T=40°C pH=1

1.8 — —f—  iH2
1.6 — —h— iFe
. —A— L
1.4 — ytotal 1 i
] =0 loo (_':) + (4 ot i .
1.2 — © I ER Y rjt 1 ; —e— i02+iH2

E, Volt
o
N
|

0.0 —
-0.2 —
Ecorr
0.4 —
-0.6 —

_|_|_|'|'|'|T|'| IIIII|T|'| IIIII|'|T| IIII|'|T|'| IIII|'|T| IIIII|'|T| IIIII|T|'| IIIII|'|T|

2 468 2 468 2 468 2 468 2 468 2 468 2 468 2 468
1E-4 1E-3 1E-2 0.1 1 1E+1 1E+2 1E+3 1E+4
i (AIm?)
Figure 5-35: Polarization curve of iron rotating cylinder in HCI
T=40 °C, pH=1 and Re=60000.

The corrosion current at 60 °C is greater than the corrosion rate at
tempratures of 25 °C and 40 °C for example at Re= 20000 and pH=1 the

ICOIT

corrosion rate in temperature 60 °C is 322.51 gmd, in temperature 40 °C is
264.18, and temperature 25 °C is 240.46 . Fig. 5-36 shows the polarization
curves of iron rotating cylinder in aerated acid for pH=1 at temperature 60
°C, and Re=5000. Fig. E-3 and Fig. E-4 in Appendex E show the
polarization curve of iron rotating cylinder at temperature 60 °C in aerated
acid at pH=2 and 4. The polarization method is very useful for determing
corrosion rates of materials in aqueous media [Rodney, 1975; Damborenea,
1987]. The increase of E., with Re is due to the increase in oxygen transport
to the metal surface, as Re (or velocity) increases, i, increases shifting the
intersection point between the cathodic polarization curve of O2 reduction
and anodic polarization line of Fe dissolution to more positive potential

value.
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Figure 5-36: Polarization curve of iron rotating cylinder in HCI

T=60 °C, pH=1 and Re=5000.

5.1 Comparison with the Experimental Results

In this section it is aimed to compare the theoretical results of corrosion rate of
rotating cylinder obtained from theoritical analysis with experimental results
obtained by previous workers concerning the corrosion rates of iron in HCI at

different temperatures and pH.

5.3.1 Present Results Comparison with Turki [2009]

Fig. 5-37 reveals the comparison of results of present analysis with Turki, 2009
results at temperature 35 °C, and pH = 3 in aerated hydrochloric acid solution. It
is very good agreement of the theoretical result of present analysis with

experimental result of Turki.
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Figure 5-37: Comparison between present analysis and Turki result

C.R, (gmd)

of rotating cylinder at T=35 °C and pH=1.

5.3.2 Present Result Comparison with Bahar [2002]

Fig 5-38 shows the comparison between present analysis with Bahar [2002]
result. This comparison of rotating cylinder is at temperature 40 °C and pH=1. It
is clear that the present results are in good agreement with experimental results at

the specified condation.
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Figure 6-38: Comparison between present analysis and Bahar result
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Rotatiog Cylinder at T=40°C, and pH=1
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of rotating cylinder at T=40 °C and pH=1.

5.3.3 Present Analysis Comparison with Scheers [1992]

Finger 5-39 shows the comparison between present analysis and Scheers, 1992
results. This comparison gives the corrosion rate of rotating cylinder measured
by millimeter per year in acid at temperature 45 °C and pH= 3. The figure
reveals that the theoretical results are in fair agreement with the experimental

results but with some deviation at high Re.
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Figure 6-39: Comparison between present analysis and Scheers result

of rotating cylinder at T=45 °C and pH=3.

5.4 Comparison Corrosion Potential in Smooth Pipe Flow and

Smooth Surface Rotating Cylinder
Figure 5-40 shows the comparison of corrosion potential in smooth pipe flow
and smooth surface rotating cylinder of three temperatures at Re =5000 and
pH=1. it is clear that at the same Re (or velocity) for both pipe and rotating
cylinder the geometry has no effect on the corrosion potential. This indieates that
the corrosion potential is affected by the nature of solution and the type of metal

and is not affected by geometry. Figs. C-7 and C-8 (Appendix C) show the
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comparison of corrosion potential in smooth pipe flow and smooth surface

rotating cylinder of three temperatures at pH=2 and 4.
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Figure 5-40: The comparison of Corrosion Potential in Smooth Pipe Flow and Smooth

Surface Rotating Cylinder of three temperatures at Re =5000 and pH=1.

5.5 Relationships between Rotating Cylinder Corrosion

Measurements and Corrosion in Pipe Flow

The main obstacle to relating rotating disk flow to pipe flow is the nonsimilarity
of the geometry of the two systems. As has been elaborated by Levich [1962],
equating the geometric (equal boundary conditions) and dynamic (equal
Reynolds number) characteristics of the systems is sufficient to relate them.
Silverman [1988] discussed the corrosion rate relationship between pipes,

rotating cylinders, and impinging jets assuming that the process was controlled
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by diffusion. He demonstrated that mechanisms other than diffusion control were
possible. Therefore, a model for different geometries must allow for the
possibility of rate control. Silverman [1988] and Nesic et. al. [1997] provided
similar information, at least as far as relating mass transfer in the rotating
cylinder electrode to mass transfer in a straight pipe section. Liu et. al. [1994]
studied the relationship of corrosion in a rotating disk system to that in a
turbulent pipe flow system. In the present work, relationships were established
between rotating cylinder and pipe flows of carbon steel corrosion. Fig. 5-41
shows the corrosion rate of rotating cylinder and pipe flow with Reynolds

number at T=25 °C and pH=1.

380

36;)70—_ Smooth pipe and smooth surface rotating cylinder at T=25 °C and pH=1
350 | —=f— gmdpipe
340 — —A—  gmd rotating Cylinder
330 —
320 —
310 o
300 —
g‘, 290
~ 280 —
5 270 o
260 —
250 =
240 —
230 o
220 —
210 —
200 —
190 —
180 T T T T T T
5000 15000 25000 35000 5 55 65000
0 10000 20000 30000 40000 50000 60000

Re
Figure 5-41: The corrosion rate of rotating cylinder and pipe

flow various with Reynolds number at T=25 °C and pH=1.
The theoretical results can be applied to any other system in which the corrosion

product may form on the corroded surface. The main objective of this work was

to determine what kinds of experimental data are relevant in predicting the
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corrosion rate for pipe flow and rotating cylinder data. By Fick’s first law

introduced as [Brodkey and Hershey, 1989]:

i=-D (Z_S)yzo (5.4

The corrosion rate of rotating cylinder was being equal exactly to the corrosion
rate of pipe. Hence, either of this rate could be used in expressing the flux in
Equation (5.4). The following expression for mass flux of rotating cylinder (jr)

can be obtained:

-DC
The mass flux of pipe flow (jp) can be obtained:
-DC
Jp = 6P” ... (5.6)

The following expression for the Nernest diffusion layer of rotating cylinder

was obtained by previous workers [Eisenberg, 1954; Vilambi and Chin, 1982]:

5 = 0.36 ( dr ) .. (5.7)

Rep®?
According to the turbulent boundary layer theory the diffusion layer for pipe is

calculated as [Davies, 1972]:

5, = 44.8 (d—Pm> .. (5.8)
P

Sc1/3 Re
The next step is the most critical in the model development. To relate the two
systems with different flow conditions, fluxes of the two systems are equated.
Equal fluxes guarantee that the two systems will have the same corrosion rates.
The different flow conditions in the two systems already have been taken into
account in the calculation of overall fluxes. From Equations (5.5) and (5.6):

8
(®/7) ReQ6971
5038095

Rep = 247.889 (d—”)

- ... (5.9)
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Where jr and jp are the mass flux (mol/m.s), for rotating cylinder and pipe flow
respectivly, 0g and Op are the diffusion sub-layer thickness (m) for rotating
cylinder and pipe flow respectivly, Rer and Rep are the Reynolds number
(dimensionless) for rotating cylinder and pipe flow respectivly,dr and dp are the
dimeters (m) for rotating cylinder and pipe flow respectivly, Sc is Schmidt
number (dimensionless). For exampel Where the Reynolds numper of rotating
cylinder is 10000 and from Fig. 5-41 and Reynolds number of pipe is 14000 and
from Eq. (5.9) for Reynolds number of pipe is 15952.77715 because Eq. (5.9) is
theoritical equation based on the theoretical correlation of diffusion sub-layer
thickness 8. The percentage error of Eq. (5.9) is %.5.35.

Using statistical analysis the following relation of corrosion rate can be
obtained for smooth pipe flow:

C.R(gmd) = 10.20697 Re?208226 0312849 15 py=070136 ... (5.10)

For smooth surface of rotating cylinder the following relation is obtained:

For rough pipe flow and by using Statstical analysis the fallowing relation can be

obtained:

C.R(gmd) = 18.2175 Re%209075 0300839 10,6832 £0.224908 .. (5.12)
Where C.R is the corrosion rate in gram per meter per day (gmd), Re is the
Ryenolds number of range 5000-60000, T is the temperture in °C of ring 25-60
°C, and pH of ring 1-4. The correlation coefficint of Eq. (5.10) is R=0.94878, the
correlation coefficint of Eq. (5.11) is R=0.9 and the correlation coefficint of Eq.
(5.12) is R=0.9468. By using Eq. (5.10) , Eq. (5.11) and Eq. (5.12) one can
calculat the corrosion rate without need to the the polarization equations. The

percentage error of Eq. (5.10) is #6.51. The percent error for Eq. (5.11) is 7%6.31
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and the percentage error of Eq. (5.12) is /.3.74. It is to be noticed from equation
(5.10) that the dependence of corrosion rate on the Re is 0.208, the temperature
1s 0.312, and on pH is -0.702. That means increasing Re and temprature leads to
increase the corrosion rate while increasing pH leads to decrease the corrosion
rate. Equation (5.11) indicates that the dependence of corrosion rate on Re,
temperature and pH for rotating cylinder is close to pipe flow. Eqation (5.12) for
rough pipe flow indicates that the friction factor plays important role in
increasing the corrosion rate exhibiting dependence of 0.2249. Also from Egs.
(5.10) to (5.12) it can be concluded that the most important factor that affect the
corrosion rate for the investigated system within the investigated ranges is the

pH or heydrogen concentration.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

FOR FUTURE WORK

7.1 CONCLUSIONS

1. The polarization equations can be successfully employed to calculate the
corrosion rate and corrosion potential for iron in mixed control system that is
under both activation and mass transfer control.

2. Corrosion rate of iron for pipe and rotating cylinder generally increases with
increasing velocity (Reynolds number), and temperature, while it decreases

with increasing pH.

3. Corrosion potential is shifted to more positive (noble) with increasing Re
and temperature, while it is shifted to more negative with increasing pH.

4. The higher the pipe wall roughness is the higher the corrosion rate.
Increasing surface roughness increases the local mass transfer coefficient by
increasing the turbulence in the wall vicinity. The dependence of corrosion
rate on rough pipe friction factor is 0.2.

5. Corrosion rate of iron increases with increasing heat flux through pipe wall
due to the increased surface temperature which in turn decrease the solution
viscosity and increase the oxygen diffusivity. The heat flux effect becomes
little with increasing flow rate (Reynolds number).

6. The corrosion rate is obeying the following correlations:

e For smooth pipe flow:

C.R(gmd) = 10.20697 Re?2%22¢ 0312849 [y=0.7016
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e For smooth surface rotating cylinder:

C.R(gmd) = 5.53953 Re260848 0364818 1 py-0.68343
e For rough pipe flow:

C.R(gmd) = 18.2175 Re%269075 0300839 1 y-068342 £0.224908

7. Comparison between pipe flow and rotating cylinder result show that at the

same Reynolds number, temperature, and pH, the corrosion rate in case of
rotating cylinder is higher than in pipe flow. Also the corrosion potential
does not affect by the geometry of electrode. The Reynolds number for the
two geometries are correlated as:

8
(3/-) ReQS971
5¢0.38095

Rep = 247.889 (Z—Z)

7.2 RECOMMENDATIONS FOR FUTURE WORK
The following suggestions are to be considered in greater detail for future
work:

1. Carrying out experimental work to investigate the influence of Re,
temperature, and pH, on the corrosion rate and compare the results with
present theoretical work.

2. Study the effect of temperature higher than 60 °C and pH higher than 4.

3. Carrying out the theoretical study to other metals like Copper and Zinc.

4. Carrying out the theoretical study for galvanic coupling of two metals in

aerated acids.
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Appendix A

Table A-1: Atomic Weight of Metal; Density of Metal [Mor and Beccaria, 1975].

Metal | Atomic Weight of Metal | Density of Metal (kg/m°)

Fe 55.847 7833

Table A-2: Values of oxygen Diffusivity [Perry, 2008].

o D, x 10° (m?/s)

( pure water)
10.0 1.54
15.0 1.66
16.0 1.87
20.0 2.01
22.0 2.24
25.0 241
29.6 2.49
30.0 2.80
37.0 3.0
40.0 3.55
50.0 4.20
55.0 4.50
60.0 5.70
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Table A-3: Solubility of oxygen in HCI (mol/m®) [Shreir, 1994].

pH 1 2 4
T°C
25 0.1248 | 0.125555 0.126
40 | 0.1190133 0.11976333 | 0.1202133
60 0.1 0.10075 0.1012

Table A-4: Exchange Current Density[Pierre, 2001; Uhlig and Winston, 2008]; and
Standard Potential at 25 ‘C[Uhlig 2008].

Metal |[Exchange Current Density(A/m”)| Metal | Standard Potential(Volte)
Fe*’/Fe 10™ Fe -0.44

H*/Fe 107 H, 0.0
OH'/0, 10”7 0, 1.229
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Table A-5: Physical Properties of Water at Atmospheric Pressure [Perry, 2008].

T(C)| Cp (kJ/kg. C) | p (kg/m’)| px10* (kg/m.s) |kr (W/m. C)| Pr
0.00 4.225 999.8 17.9 0.566 [13.25
4.44 4.208 999.8 15.5 0.575 [11.35
10.0 4.195 999.2 13.1 0.585 |9.40
15.56 4.186 998.6 11.2 0.595 |7.88
21.11 4.179 997.4 9.80 0.604 |6.78
26.67 4.179 995.8 8.60 0.614 |5.85
32.22 4.174 994.9 7.65 0.623 |5.12
37.78 4.174 993.0 6.82 0.630 | 4.53
43.33 4.174 990.6 6.16 0.637 | 4.04
54.44 4.179 985.7 5.13 0.649 |3.30
60.0 4.179 983.3 471 0.654 |3.02
65.55 4.183 980.3 4.30 0.659 |2.73
71.11 4.186 977.3 4.01 0.665 |2.53
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Appendix B

Table B-1: The comparison between present analysis and Scheers result of corrosion rate of

rotating cylinder in acid at temperature 45 °C and pH 3 [Scheers, 1992].

. Present Corrosion Rate/Scheers Corrosion Rate
u(ms~)| Re 3 9
(mmy™) (mmy™)
0.5 [16779.66 22.02779 18
0.75 [25169.49 22.68958 23
1.25 |33559.32 23.26898 26.5
1.5 141949.15 23.81092 28.5
2 50338.98 24.28547 30.5

Table B-2: The comparison between present analysis and Bahar result of corrosion rate of

rotating cylinder in acid at temperature 40 °C and pH 1 [Bahar, 2002].

Re ire Present IFe Present Corrosion | Bahar Corrosion
Analysis (A/m?)| Bahar(A/m?) Rate (gmd) Rate (gmd)
8199.5 9.632375 6.32017 240.8508 158.538
16399.1 10.29429 7.9077 257.4016 197.727
24598.6 10.92841 9.13579 273.2572 228.438
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Table B-3: The comparison between present analysis and Turki result of corrosion rate of

rotating cylinder in acid at temperature 35 °C and pH 1 [Turki, 2009].

Re Present Corrosion | Turki Corrosion
Rate (gmd) Rate (gmd)
5729 225.8536 201.3369
10025.78 241.318 232.3151
14322.55 262.3049 270.8047
20051.58 286.5935 377.1662
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C.R, (gmd)

Graphs of Effect wall Roughness at T=25 and pH=4
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Appendix D

D.1 Results of Effect Heat Transfer
Table D-1: Pipe flow under g,=3000 W/m? at T,=25 °C, pH=1, in aerated solutions.

Re | Tw°C |[lorex10%(A/M) | Iopx10%(A/M?)|  Eeqre | Eeqrax10°
5000 [28.01512| 1.005345 3.361009 [-0.5723955|-5.942439
10000(26.69551| 1.003009 3.272785 [-0.5721039(-5.929348
20000(25.95511| 1.001696 3.224137 |-0.5719402-5.922002
40000(25.53899| 1.000957 3.197065 [-0.5718482|-5.917875
60000/25.38601| 1.000686 3.187157 |-0.5718144|-5.916357

Table D-2: Pipe flow under g,=5000 W/m? at T,=25 °C, pH=1, in aerated solutions.

Re | Ti°C [lopeX10%(A/M) [ lonox10°(A/M?) | Eegre | Eeqrax10°
5000 | 27.5126 | 1.008895 3.499197 [-0.5728398|-5.962379
10000(26.41293| 1.005011 3.348235 |-0.5723537|-5.940561
20000(25.79593| 1.002825 3.265939 [-0.5720809|-5.928319
40000(25.44916| 1.001595 3.220433 |-0.5719277|-5.921439
60000(25.32167| 1.001143 3.203834 |-0.5718713|-5.918909

Table D-3: Pipe flow under q,=15000 W/m? at T,=25 °C, pH=1, in aerated solutions.

Re | Tw °C [lorex10° (A/M?)[lox10° (A/M?)|  Eegre | Eeqrox10°
5000 | 40.0756 | 1.026475 4.263195 |-0.5750611|-6.062082
10000(33.47755| 1.014965 3.747582  |-0.5736028/-5.996628
20000(29.77554|  1.008455 3.481778 |-0.5727846|-5.959902
40000[27.69493|  1.004779 3.339423 |-0.5723248|-5.939262
60000(26.93003| 1.003425 3.288324 |-0.5721557|-5.931674
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Table D-4: Pipe flow under q,=30000 W/m? at T,=25 °C, pH=1, in aerated solutions.

Re | Tw °C [lorex10% (A/M?)[lopx10° (A/M?)|  Eegre | Eeqrax10°
5000 [55.15119| 1.052325 5.665311 |-0. 5783932|-6.211638
10000| 41.9551 | 1.016846 4420407 |-0. 5754765|-6.080728
20000(34.55109| 1.008455 3.827748 |-0.5738401|-6.007278
40000[30.38987| 1.009538 3.524769 |-0. 5729204|-5. 965997
60000/28.86005| 1. 006839 3.41853  |-0.5725822| -5. 95082

Table D-5: Pipe flow under g,=3000 W/m? at T,=40 °C, pH=1, in aerated solutions.

Re | Tuw °C |lopex10%(A/M) | Iopx10°(A/M?)|  Eeqre | Eeqrax10°
5000 |43.31484| 1.057672 6.003257 |-0.5790924-6.243022
10000(41.87373|  1.05524 5.847309 [-0.5787739|-6.228726
20000/41.06108| 1.053866 5.760857 |-0.5785943| -6.22066
40000| 40.602 | 1.053089 5712483 |-0.5784928| -6.21611
60000/ 40.4325 | 1.052802 5.69471 |-0.5784553-6.214428

Table D-6: Pipe flow under g,=5000 W/m? at T,=40 °C, pH=1, in aerated solutions.

Re | Tw °C [lopeX10°(A/M) [lopox10°(A/M?) | Eegre | Eeqrax10°
5000 [45.52473| 1.061391 6.249059 |-0.5795808|-6.264945
10000(43.12289| 1.057349 5.982288 | -0.57905 |-6.241118
20000(41.76847| 1.055062 5.836054 |-0.5787506/-6.227682
40000(41.00337| 1.053768 5.754755 |-0.5785815|-6.220092
60000(40.72083|  1.05329 5.724972 |-0.5785191|-6.217289
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Table D-7: Pipe flow under q,=15000 W/m? at T,=40 °C, pH=1, in aerated solutions.

Re | Tuw °C |lopex10%(A/M) |lopx10°(A/M?)|  Eeqre | Eeqrax10°
5000 |56.57419| 1.079793 7.605977 | -0.582023 | -6.37456
10000(49.36866| 1.06783 6.696375 [-0.5804304-6.303078
20000(45.30542| 1.061023 6.284301 |-0.5795324| -6.26277
40000(43.01001| 1.057158 5.969989 | -0.579025 |-6.239998
60000(42.16249| 1.055728 5.878285 |-0.5788377| -6.23159

Table D-8: Pipe flow under g,=30000 W/m? at T,=40 °C, pH=1, in aerated solutions.

Re | Ty °C [lorex10% (A/M?)[lgx10° (A/M?)|  Eegre | Eeqrox10°
5000 |73.14838 1.106798 10.08789  |-0.5856863|-6.538981
10000(58.73733| 1.083358 7.898036 |-0.5825011/-6.396019
20000(50.61085| 1.069902 6.846444 | -0.580705 |-6.315401
4000046.02003|  1.062223 6.305274 |-0.5796903|-6.269859
60000(44.32499| 1.059374 6.114608 |-0.5793157|-6.253044

Table D-9: Pipe flow under g,=3000 W/m? at T,=60 °C, pH=1, in aerated solutions.

Re Tw °C |0Fex103(A/m2) IoHZ(A/mZ) Eequ EeqHle02
5000 |63.84569| 1.123856 |0.1201532|-0.5880506|-6.645103
10000(62.19471| 1.121242 |0.1169969|-0.5876857 |-6.628724
20000|61.25484| 1.119751 |0.1152305| -0.587478 | -6.6194
40000| 60.7188 1.1189 0.1142329-0.5873595(-6.614083
60000(60.51931| 1.118583 |0.1138633|-0.5873154|-6.612103
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Table D-10: Pipe flow under q,=5000 W/m? at T,=60 °C, pH=1, in aerated solutions.

Re | Ty °C |lopex10%(A/M) [ lo2(AIM?) | Eegre | Eeqrox10°
5000 |66.40948| 1.127902 [0.1251917/-0.5886173|-6.670536
10000(63.65784| 1.123559 [0.1197906|-0.5880091 [-6.643239
20000| 62.0914 | 1.121079 [0.1168017|-0.5876629| -6.6277
40000(61.19799| 1.11961 |0.1151244(-0.5874694|-6.618837
60000/60.86551| 1.119133 [0.1145051|-0.5873919|-6.615537

Table D-11: Pipe flow under ,=15000 W/m? at T,=60 °C, pH=1, in aerated solutions.

Re Tw °C |0Fex103(A/m2) IoHZ(A/mZ) Eequ EeqHle02
5000 |79.22844| 1.147886 |0.1530291|-0.5914506|-6.797705
10000(70.97353| 1.135063 | 0.134586 | -0.589626 |-6.715813
20000(66.27421| 1.127689 0.1249216|-0.5885874|-6.669194
40000|63.59398| 1.123458 |0.1196676| -0.587995 |-6.642605
60000/62.59653| 1.121879 |0.1177588|-0.5877745|-6.632711

Table D-12: Pipe flow under g,=30000 W/m? at T,=60 °C, pH=1, in aerated solutions.

Re | Ty °C |loeex10%(A/M) | lo2(A/M?) | Eegre | Eeqrox10°
5000 |98.15483| 1.176664E [0.2031015/-0.5956337|-6.985461
10000(81.76448| 1.151792 [0.1590888| -0.592011 |-6.822863
2000072.43823| 1.137351 |0.1377195|-0.5899498-6.730343
40000(67.12155| 1.129022 [0.1266212|-0.5887747/| -6.67760
60000/65.14371| 1.125906 | 0.122683 |-0.5883375|-6.657979
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D.2 Graphs of Effect Heat Transfer
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Figure D-12: Variation of limiting current density
with Re under effect of heat flux at T,=60 °C.
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Appendix E

Graphs of Polarization Curve of Rotating Cylinder
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Figure E-1: Polarization curve of iron rotating cylinder in HCI at T=40 °C, pH=2 and Re=20000.
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Figure E-2: Polarization curve of iron rotating cylinder in HCI at T=40 °C, pH=4 and Re=5000.
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Figure E-3: Polarization curve of iron rotating cylinder in HCI at T=60 °C, pH=2 and Re=40000.
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Figure E-4: Polarization curve of iron rotating cylinder in HCI at T=60 °C, pH=4 and Re=5000.
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Appendix F

TABLES

The concentration of dissolved [Fe™] =3.5x10°M, [0,] =107 M [West, 1976],
and [H+2] = 10"™. The standard potentials are -0.44, 0, and 1.229 V for iron,
hydrogen, and oxygen respectively, numbers of electrons are ng.=2, ny,=1, and
no,=4, Alpha values are og. =0.5 [Uhlig and Winston, 2008], ay,=0.5 [Nesic et. al.,

1996], the diameter of rotating cylinder and pipe flow is 0.0255 m, and the

exchange current density are

[Uhlig and Winston, 2008], and 1

[Roberge, 2000].

F.1Smooth pipe flow

.(Fe*?/Fe) —1 0_4

Io

(()H+ /Fe)_ 1073

(A/m’) at temperature of 25 °C

(A/m®) at temperature of 25 °C

Table F-1: Results of smooth pipe flow at T=25 °C and pH=1 in aerated acid solutions.

Re | fx10° |Kx10°(m/s)| Eeo(V) | i(A/mY) |ipp(A/m) | ip(A/m°)
5000 |9.406628 | 1.231248 [-0.34042770.5930465 | 7.566024 | 8.1655
10000 7.91 | 2.258118 |-0.3393763| 1.087652 | 7.412696 | 8.5082
20000 | 6.65149 | 4.141407 |-0.3375037 | 1.994763 | 7.147281| 9.1519
40000 | 5.593215 | 7.595374 |-0.3342794 | 3.658411 | 6.712334| 10.376
60000 | 5.05404 | 10.83001 [-0.3314655| 5.216417 |6.354453 | 11.578

Table F-2: Results of smooth pipe flow at T=25 °C and pH=4 in aerated acid solutions.

Re | fx10° |Kx10°(m/s)| Eeou(V) |in(A/m?) | im(A/m?) | ip(A/m?)
5000 |9.406628 | 1.231248 |-0.5664995 |0.598789 |0.6175482| 1.2259
10000 7.91 | 2.258118 |-0.5589993| 1.09811 |0.5336356| 1.6417
20000 | 6.65149 | 4.141407 |-0.5486252|2.013943|0.4360288 | 2.459
40000 | 5.593215 | 7.595374 |-0.53585793.693588]0.3400532| 4.043
60000 | 5.05404 | 10.83001 |-0.5276475]5.266575|0.2898107 | 5.5666
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Table F-3: Results of smooth pipe flow at T=40 °C and pH=1 in aerated acid solutions.

Re | £10° |[Kx10°(m/s)| Eeon(V) | il(A/m’) |igp(A/m) |ip(A/m®)
5000 |9.406628 | 1.230469 |-0.3404248(0.5926716|7.565603 | 8.1678
10000 7.91 2.25669 |-0.3393734| 1.086964 | 7.412283 | 8.5092
20000 | 6.65149 | 4.138788 |-0.3375109| 1.993501 |7.148276 | 9.1493
40000 | 5.593215 | 7.590571 |-0.3342765 | 3.656098 | 6.71196 | 10.378
60000 | 5.05404 | 10.82317 |-0.3314727| 5.213119 |6.355338| 11.575

Table F-4: Results of smooth pipe flow at T=40 °C and pH=4 in aerated acid solutions.

Re | x10° |Kx10°(m/s)| Eeon(V) | il(A/m?) | iip(A/m’) |ip(A/m?)
5000 |9.40663 | 1.230469 |-0.566501| 0.59837 [0.6175719| 1.2258
10000 7.91 | 225669 |-0.559011|1.097416|0.5337601| 1.641
20000 | 6.65149 | 4.138788 |-0.548637| 2.01267 |0.4361306| 2.4579
40000 | 5.59322 | 7.590571 [-0.535869[3.691253|0.3401325| 4.0411
60000 | 5.05404 | 10.82317 [-0.527669 |5.263246|0.2899309 | 5.5616

Table F-5: Results of smooth pipe flow at T=60 °C and pH=1 in aerated acid solutions.

Re | fx10° |Kx10°(m/s)| Eeon(V) | il(A/m?) |in(A/m?) | ip(A/m?)
5000 |9.406628 | 2.025587 |-0.324212]0.532621|10.14591 | 10.686
10000| 7.91 3.714943 |-0.323411]0.976831|10.00526 | 10.989
20000 | 6.65149 | 6.813236 |-0.321969|1.791516|9.656994 | 11.555
40000 | 5.593215 | 12.49553 [-0.319426|3.285654| 9.134 | 12.626
60000 | 5.05404 | 17.817 [-0.317163|4.684915| 8.73076 | 13.663

Table F-6: Results of smooth pipe flow at T=60 °C and pH=4 in aerated acid solutions.

Re | £10° |[Kx10°(m/s)| Econ(V) | il(A/m’) |igp(A/m) |ip(A/m?)
5000 |9.406628 | 1.230469 |-0.3404248(0.5926716|7.565603 | 8.1678
10000 7.91 2.25669 |-0.3393734| 1.086964 | 7.412283 | 8.5092
20000 | 6.65149 | 4.138788 |-0.3375109 | 1.993501 |7.148276| 9.1493
40000 | 5.593215 | 7.590571 |-0.3342765 | 3.656098 | 6.71196 | 10.378
60000 | 5.05404 | 10.82317 |-0.3314727| 5.213119 |6.355338| 11.575

F-2




F.2Pipe flow with roughness
F.2.1 Pipe flow with (e/d) =0.0001 at pH=1

Table F-7: Results of pipe flow with (e/d) =0.0001 at T=25 °C and pH=1 in aerated acid

solutions.

Re | £10° |Kx10°(m/s)| Eeor(V) | il(A/m’) |igp(A/m) |ip(A/m?)
5000 |9.523718| 1.23887 [-0.3404248(0.5967261|7.565603 | 8.1678
10000 | 8.037794 | 2.276286 |-0.3393634| 1.096463 | 7.410838 | 8.5125
20000 | 6.798876 | 4.187039 |-0.3374608 | 2.016742 | 7.141311| 9.1672
40000 | 5.772956 | 7.716449 |-0.3341663 | 3.716729 | 6.697579 | 10.422
60000 | 5.260585 | 11.04909 |-0.3312824 | 5.321941 |6.331847 | 11.661

F.2.2 Pipe flow with (e/d) =0.0004 at pH=1

Table F-8: Results of pipe flow with (e/d) =0.0004 at T=25 °C and pH=1 in aerated solutions.

Re | £x10° |Kx10°(m/s)| Een(V) | iL(A/m®) |im(A/m?) | ip(A/m)
5000 |9.523718| 1.23887 |-0.34042480.5967261 | 7.565603 | 8.1678
10000 | 8.037794 | 2.276286 |-0.3393634| 1.096463 | 7.410838 | 8.5125
20000 | 6.798876| 4.187039 |-0.3374608 | 2.016742 | 7.141311| 9.1672
40000 | 5.772956 | 7.716449 |-0.3341663 | 3.716729 | 6.697579 | 10.422
60000 | 5.260585| 11.04909 |-0.3312824| 5.321941 | 6.331847 | 11.661

F.2.3 Pipe flow with (e/d) =0.004 at pH=1
Table F-9: Results of pipe flow with (e/d) = 0.004 at T=25 °C and pH=1 in aerated acid

solutions.

Re | 10° |Kx10°(m/s)| Een(V) | i(A/m°) |imp(A/mY)|ip(A/m?)
5000 [10.75077 | 1.31628 |-0.3403447|0.63340033 | 7.55381 | 8.1933
10000 |9.707752| 2.501599 |-0.3391331| 1.204928 |7.377677| 8.5892
20000 | 8.982869 | 4.812779 | -0.33686 | 2.318138 | 7.05825 | 9.3834
40000 | 8.50655 | 9.36688 |-0.3327144| 4.511682 |6.510871| 11.028
60000 |8.314816| 13.891 |-0.3289893| 6.69082 |6.055329| 12.75
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F.2.4 Pipe flow with (e/d) =0.0001 at pH=4
Table F-10: Results of pipe flow with (e/d) =0.0001 at T=25 °C and pH=4 in aerated acid

solutions.

Re | fx10° |Kx10°(m/s)| Eeon(V) | i(A/m) | imp(A/mY) |ip(A/m?)
5000 |9.523718| 1.238887 |-0.56644010.6024638 |0.6168348 | 1.2287
10000 | 8.037794 | 2.276286 |-0.5588899 | 1.106945 |0.5324997 | 1.6487
20000 | 6.798876 | 4.187039 [-0.5484056| 2.036134 |0.4341685 | 2.4801
40000 | 5.772956 | 7.716449 |-0.5354981| 3.752467 |0.3376793| 4.1

60000 | 5.260585| 11.04909 |-0.5271769 | 5.373114 | 0.287167 | 5.6692

F.2.5 Pipe flow with (e/d) =0.0004 at pH=4
Table F-11: Results of pipe flow with (e/d) =0.0004 at T=25 °C and pH=4 in aerated acid

solutions.

Re | x10° |Kx10°(m/s)| Een(V) |i(A/mY) | imp(A/m?) |ip(A/mY)
5000 | 9.63168 | 1.245889 | -0.56638 |0.605869| 0.616114 | 1.2316
10000 [ 8.196619 | 2.298665 [-0.5587397|1.117828|0.5309445| 1.6584
20000 | 7.029769 | 4.257542 |-0.5480852|2.070419|0.4314679| 2.5113
40000 | 6.102278 | 7.933492 |-0.5348773|3.858014 |0.3336216| 4.2003
60000 | 5.660842 | 11.46173 [-0.5263057|5.573776]0.2823366| 5.8649

F.2.6 Pipe flow with (e/d) =0.004 at pH=4
Table F-12: Results of pipe flow with (e/d) =0.004 at T=25 °C and pH=4 in aerated acid

solutions.

Re | x10° |Kx10°(m/s)| Eeon(V) | i(A/m?) | im(A/m?) |ir(A/mY)
5000 |10.75077 | 1.31628 |-0.5658092 |0.6400995 | 0. 6093038 | 1.2593
10000 |9.707752| 2.501599 |-0.5574479| 1.216514 |0.5177562| 1.744
20000 | 8.982869 | 4.812779 |-0.5456519| 2.340428 |0. 4115011 2.7609
40000 | 8.50655 | 9.366884 |[-0.5310621| 4.555064 |0.3097353 | 4.8732
60000 [8.314816| 13.89108 |-0.5216794| 6.755155 |0.2580148 | 7.0227
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F.3 Smooth pipe flow in presence of heat flux

F.3.1 Smooth Pipe flow under heat flux with T,=25 °C
Table F-13: Results of pipe flow under q,=3000 W/m? at T,=25 °C, and pH=1 in

aerated s

olutions.

Re

T (°C)

Nu

h(W/m”.°C)

K x10°(m/s)

Econ(V)

i (A/m”)

i2(A/m?)

ir(A/m’)

5000

26.50706

40.77052

981.223

1.89048

-0.339073

0.9011438

7.576143

8.485773

10000

25.84776

73.06459

1755.043

3.457408

-0.3378013

1.662616

7.302492

8.971794

20000

25.47755

130.2819

3126.026

6.322373

-0.3352078

3.055269

6.89609

9.95911

40000

25.26949

231.4602

5550.335

11.55976

-0.3306916

5.60157

6.291559

11.89788

60000

25.193

323.5065

7755.829

16.45175

-0.3268664

7.980134

5.831763

13.81511

Table -14: Results of pipe flow under q,=5000 W/m” at Ty=25 °C, and pH=1 in aerated

solutions.

Re

T: (°C)

Nu

h(W/m”.°C)

K x10°(m/s)

Ecorr(V)

i (A/m”)

i2(A/m?)

ir(A/m)

5000

27.5126

40.25618

971.6982

1.890748

-0.3386324

0.8891463

7.650867

8.54933

10000

26.41293

72.53802

1745.286

3.458175

-0.337571

1.650513

7.346051

9.002599

20000

25.79593

129.7395

3115.925

6.323378

-0.3350976

3.042908

6.922336

9.970201

40000

25.44916

230.8999

5539.825

11.56085

-0.3306316

5.588844

6.305077

11.90281

60000

25.32167

322.935

7745.058

16.45284

-0.3268364

7.967155

5.8428803

13.81932

Table F-15: Results of pipe flow under q,=15000 W/m"” at Ty=25 °C, and pH=1 in acrated

solutions.

Re

T:(°C)

Nu

h(W/m”.°C)

Kx10°(m/s)

Ecorr(V)

iL(A/mY)

i2(A/m”)

ire(A/m”)

5000

32.5378

37.54028

919.4478

1.881236

-0.3369494

0.8243499

8.118667

8.860992

10000,

29.23878

69.82666

1693.968

3.455967

-0.3364094

1.587142

7.728593

9.160046

20000

27.38777

126.9835

3063.993

6.324954

-0.3345168

2.979421

7.33263

10.03468

40000

26.34747

228.0731

5486.455

11.5643

-0.3303612

5.524224

6.823585

11.91344

60000

25.96501

320.0594

7690.614

16.45684

-0.3266662

7.901533

6.439921

13.820719,
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Table F-16: Results of pipe flow under q,=30000 W/m” at T,=25 °C, and pH=1 in acrated

solutions.

Re

T (°C)

Nu

h(W/m?”.°C)

K x10°(m/s)

Ecorr(V)

iL(A/mY)

i2(A/m”)

iro(A/m°)

5000

40.0756

32.90535

823.4221

1.827634

-0.333175

0.712955

8.611623

9.329783

10000,

33.47755

65.48501

1608.219

3.432409

-0. 334687

1.483484

7.897569

9.388644

20000

29.77554

122.7035

2981.385

6.316151

-0.333646

2.879039

7.243614

10.13085

40000

27.69493

223.752

5403.773

11.56311

-0. 329961

5.424235

6.493433

11.92698

60000

26.93003

315.6882

7607.067

16.45822

-0. 326426

7.800851

5977718

13.78706

F.3.2 Smooth Pipe flow under heat flux with T,=40 °C

Table F-17: Results of pipe flow under q,=3000 W/m?at T,=40 °C, and pH=1 in acrated

solutions.

Re

T:(°C)

Nu

h(W/m”.°C)

Kx10° (m/s)

Ecor(V)

iL(A/m’)

i2(A/m”)

iro(A/m°)

5000

41.65742

36.96713

909.764

2.303427

-0.3321129

0.875311

8.674803

9.559606

10000,

40.93687

65.21566

1606.124

4.161795

-0.3310514

1.600632

8.402589

10.01033

20000

40.53054

114.9705

2832.633

7.553366

-0.3287819

2.924614

8.001034

10.93031

40000

40.301

202.4461

4989

13.74173

-0.3247064

5.340844

7.389894

12.74049

60000

40.21625

281.6817

6942.239

19.51351

-0.3212116

7.594648

6.916298

14.51461

Table F-18: Results of pipe flow under q,=5000 W/m”at Ty=40 °C, and pH=1 in aerated

solutions.

Re

T (°C)

Nu

h(W/m”.°C)

Kx10° (m/s)

Ecorr(V)

iL(A/m%)

i2(A/m’)

ire(A/m?)

5000

42.76237

37.13507

912.8832

2.342533

-0.3316057

0.873654

8.75653

0.638567

10000

41.56144

65.39209

1609.459

4.202189

-0.3307646

1.599419

8.447923

10.0563

20000

40.88424

115.1551

2836.177

7.595104

-0.3286217

2.923637

8.026278

10.95678

40000

40.50167

202.6389

4992.746

13.78492

-0.3246263

5.339976

7.404988

12.75166

60000

40.36042

281.8792

6946.103

19.55758

-0.3211516

7.593807

6.926332

14.52427
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Table F-19: Results of pipe flow qu=15000 W/m? at Ty=40 °C, and pH=1 in aerated solutions.

Re

T:(°C)

Nu

h(W/m”.°C)

Kx10° (m/s)

Ecorr(v)

iL(A/m?)

i2(A/mY)fipe(A/m?)

5000

48.28709

37.96026

927.9868

2.536852

-0.3297723

0.856693

9.168373|10.03388

10000,

44.68433

66.26537

1625.84

4.403395

-0.3293627

1.588254

8.98066 (10.27444

20000

42.65271

116.0732

2853.717

7.803369

-0.3278406

2.915748

8.155828|11.08107

40000

41.505

203.5998

5011.374

14.00054

-0.3242057

5.333871

7.477841(12.81694

60000

41.08125

282.8645

6965.345

19.7777

-0.3208511

7.588305

6.976583| 14.5724

Table F-20: Results of pipe flow qw=30000 W/m® at Ty=40 °C, and pH=1 in acrated

solutions.

Re

T (°C)

Nu

h(W/m”.°C

)

K x10°(m/s)

Ecorr(v)

iL(A/mY)

i

2(A/m?ire(A/m?)

5000

56.57419

39.15534

949.1844

2.825111

-0.325317

0.804646

9.802169

10.6137

10000,

49.36866

67.5487

1649.508

4.703047

-0.327269

1.555758

9.034546

10.59846

20000

45.30542

117.4342

2879.481

8.114389

-0.326699

2.894609

8.355872

11.25515

40000

43.01001

205.0315

5038.99

14.32313

-0.323575

5.319217

7.587588

12.91471

60000

42.16249

284.3354

6993.968

20.10723

-0.320411

7.576013

7.053512

14.63912

F.3.3 Smooth Pipe flow under heat flux with T,=60 °C

Table F-21: Results of pipe flow under q,=3000 W/m’at Ty=60 °C, and pH=1 in aerated

solutions.

Re

T (°C)

Nu

h(W/m”.°C)

Kx10° (m/s)

Ecorr(V)

iL(A/m”)

i2(A/m)ipe(A/m”)

5000

61.9228429.97816,

770.8917

2.594005

-0.3230925

0.650291

10.25319/10.91055

10000,

61.09735

52.83548

1357.13

4.69954

-0.3224717

1.202858

10.01782|11.22654

20000

60.3594

92.73059

2380.337

7.530859

-0.320938

2.209115

9.680938|11.89914

40000

60.3594

162.2232

4162.634

15.50031

-0.3180309

4.040401

9.161911{13.20805

60000

60.25965

224.7227

5765.574

21.98434

-0.3153973

5.74456

8.737431(14.49099
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Table F-22: Results of pipe flow q,=5000 W/m?at Ty=60 °C, and pH=1 in aerated solutions.

Re | T¢(°C)

Nu

h(W/m”.°C)

Kx10° (m/s)

Ecorr(v)

iL(A/m?)

i2(A/m”)

iro(A/m’)

5000

63.20474

29.68187

764.6155

2.616251

-0.322522

0.634466

10.35439

10.99791

10000,

61.82892

52.52512

1350.515

4.72336

-0.322161

1.186928

10.07728

11.27188

20000 61.0457

92.40529

2373.351

8.555963

-0.320795

2.192779

9.717505

11.91777

40000, 60.599

161.8825

4155.26

15.52632

-0.317951

4.023446

9.183969

13.21357

60000

60.43275

224.3728

5757.971

22.0108

-0.315347

5.727163

8.754036

14.4907

Table F-23: Results of pipe flow under q,=15000 W/m?at Ty=60 °C, and pH=1 in aerated

solutions.

Re Tf(oC)

Nu

h(W/m”.°C)

K x10°(m/s)

Ecorr(v)

iL(A/m?)

i2(A/m?)

ire(A/m’)

5000

62.61422

28.14656

731.4333

2.705769

-0.3196979

0.545512

10.87058

11.42038

10000,

65.48677

50.97164

1316.378

4.829929

-0.3206192

1.100972

10.38089

11.48729

20000

63.1371

90.73003

2337.794

8.673668

-0.319984

2.107193

9.899302

12.01489

40000

61.79699

160.1678

4118.021

15.65168

-0.317561

3.936282

9.2962

13.23645

6000061.29826,

222.6156

5719.677

22.13958

-0.315107

5.638398

8.838821

14.48434

Table F-24: Results of pipe flow under q,=30000 W/m?at Ty=60 °C, and pH=1 in aerated

solutions.

Re

Tr(°C)

Nu

h(W/m?”.°C)

K x10°(m/s)

Ecorr(V)

iL(A/m?)

i2(A/m?)

ire(A/m’)

5000

79.07742

27.00191

709.7638

2.914579

-0.3154822

0.411614

11.63717

12.05441

10000

70.88224

50.00537

1300.542

5.107722

-0.3183261

0.988444

10.82503

11.82133

20000

66.21912

90.18262

2331.226

9.02637

-0.3187266

2.015363

10.15847

12.18291

40000

63.56078

160.2566

4128.208

16.10805

-0.3168741

3.869764

9.444323

13.3209

60000

62.57185

223.3359

5745.647

22.68274

-0.314621

5.592389

8.943779

14.5414
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F.4 Rotating cylinder
F.4.1 Rotating cylinder at T=25°"C

Table F-25: Results of rotating cylinder at T=25 °C and pH=1 in aerated acids solutions.

Re |Kx10°(m/s)| Eeor (V) | iL(A/M®) |imp(A/m?) | ip(A/m?)
5000 | 1.660593 |-0.3399871[0.7998463 | 7.50139 |8.308228
10000 | 3.01404 [-0.3386152| 1.451752 | 7.303658 |8.764175
20000 | 5.470598 | -0.336232 | 2.6395 |6.972465[9.919549
40000| 9.929344 |-0.3322266| 4.782598 | 6.44932 [11.23994
60000 | 0.1407211 | -0.32808 | 6.778014 | 6.037891 | 12.82355
Table F-26: Results of rotating cylinder at T=25 °C and pH=2 in aerated acid solutions.

Re |K x 10°(m/s)| Econ (V) | i(A/m?) |iip(A/m?) | ip(A/m’)
5000 | 1.660593 |-0.4168529|0.804653 |3.350937 |4.163508
10000| 3.01404 |-0.4194059 | 1.46047 |3.173513 |4.642067
20000| 5.470598 |-0.4094328| 2.65082 [2.900131 |5.558488
40000 | 9.929344 [-0.4022887| 4.81134 |2.523498 | 7.341519
60000 | 0.1407211 |-0.3967913| 6.81874 |2.267322 |9.094226

Table F-27: Results of rotating cylinder at T=25 °C and pH=4 in aerated acids solutions.

Re |Kx10°(m/s)| Eeor (V) | iL(A/M®) | imp(A/m?) | ip(A/m?)
5000 | 1.660593 |-0.5631598]0.8075372|0.5786663 | 1.396161
10000 | 3.01404 |-0.5544079 | 1.465711 |0.4879968|1.963171
20000 | 5.470598 |-0.5430024 | 2.660322 | 0.390897 |3.060987
40000 | 9.929344 |-0.5296944 | 4.828586 | 0.301595 | 5.19771
60000 | 0.1407211 |-0.5213731| 6.843187 |0.2564804 | 7.106956
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F.4.2 Rotating cylinder at T=40 °C

Table F-28: Results of rotating cylinder at T=40 °C, and pH=1 in aerated acids solutions.

Re |Kx10°(m/s)| Eeor (V) |iL(A/m?)|ip(A/m?) | ip(A/m?)
5000 | 1.94576 [-0.33312610.75092 |8.592713|9.353535
10000 | 3.531628 [-0.3319345 | 1.33025 | 8.404971 | 9.776063
20000 6.410041 [-0.3298405 | 2.73943 | 8.084933 | 10.56534
40000 0.116344 [-0.3262656 | 4.4903 |7.566483 | 12.0628
60000 | 0.164885 [-0.3231915| 6.3671 | 7.14714 | 13.5191

Table F-29: Results of rotating cylinder at T=40 "C and pH=2 in aerated acids solutions.

Re [Kx10°(m/s)| Eeorw (V) | iL(A/M") |ipp(A/m®) | ip(A/m?)
5000 | 1.94576 |-0.4142078|0.7565942 |3.863198 | 4.627458
10000 | 3.531628 [-0.4117359| 1.373247 |3.690162 |5.071608
20000| 6.410041 | -0.407503 | 2.492497 |3.416543 | 5.91647
40000 | 0.1163447 [-0.4009849 | 4.523977 |3.023326 | 7.555556
60000 | 0.164885 |-0.3957778| 6.411489 |2.745119 |9.164615

Table F-30: Results of rotating cylinder at T=40 °C and pH=4 in aerated acids solutions.

Re |[Kx10°(m/s)| Eeorw (V) | iL(A/m®) | imp(A/m?) | ip(A/m°)
5000 | 1.94576 |-0.5695599|0.7599735 | 0.6882432 | 1.457984
10000 | 3.531628 |-0.5613154 | 1.379381 |0.5906931 | 1.979304
20000 6.410041 [-0.5501602| 2.50363 |0.4803392[2.993232
40000 | 0.116344 [-0.5367191| 4.544184 |0.3743938 | 4.92696
60000 | 0.164885 | -0.528151 | 6.446125 |0.3194069 | 6.769363
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F.4.3 Rotating cylinder at T=60 °C

Table F-31: Results of rotating cylinder at T=60 °C and pH=1 in aerated acid solutions.

Re |Kx10°(m/s)| Ecor (V) | i(A/m?) |ipp(A/m?) | ip(A/m®)
5000 | 2.0738  [-0.3231714[0.952571 |9.963449 | 10.91602
10000| 3.7641  |-0.3215793 | 1.728954 |9.690822 | 11.41978
20000  6.832 -0.3188155[3.138117]9.235175 | 12.37329
40000  0.124  |-0.3141792|5.695802 | 8.518414 | 14.21422
60000 | 0.1757 | -0.310284 [8.0722287.959395 | 16.03162

Table F-32: Results of rotating cylinder at T=60 °C and pH=2 in aerated acid solutions.

Re |K x 10°(m/s)| Econ (V) | i(A/m?) |iip(A/m?) | ip(A/m’)
5000 | 2.07383 |-0.4089778|0.958743 | 4.443999 | 5.402742
10000 | 3.764081 |-0.4057434 | 1.79849 |4.200459 | 5.998949
20000 6.83195 |-0.4003962 |3.157893 | 3.826749 | 6.984642
40000 | 0.1240025 |-0.3921829|5.731696 | 3.316454 | 9.04815
60000 | 0.1757393 | -0.385918 |8.123097 | 2.973462 | 11.09656

Table F-33: Results of rotating cylinder at T=60 "C and pH=4 in aerated acid solutions.

Re |K x10°(m/s)| Eeor (V) | i(A/m°) | ipp(A/m) | ir(A/m’)
5000 | 2.07383  |-0.5720942]0.962176 | 0.762437 | 1.724613
10000 | 3.764081 |-0.5620664 | 1.746386 | 0.6401997 | 2.3865857
20000| 6.83195 |-0.5491359 [3.169758|0.5110467 | 3.6808047
40000 | 0.1240025 |-0.5341356|5.753232]0.3934968 | 6.1467288
60000 | 0.1757393 |-0.5247865 | 8.15362 |0.3343406 | 8.4879606
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F.5 Current density equivalent to corrosion rate of 1 gmd and
mmy™*

F.5.1 gmd and mmy™ in smooth pipe flow with at T=25 °C and pH=1 and 4

Table F-34: Results of smooth pipe flow at pH=1 in aerated acids solutions.

T (°C) 25 40 60

Re

gmd

T
mmy

gmd

T
mmy

gmd

|
mmy

5000

204.1737

9.52037

204.2301

9.52317

273.9951

12.4599

10000

212.7075

9.91859

212.7662

9.92138

287.4131

12.8124

20000

228.7726

10.6674

228.7726

10.6674

312.8499

13.4727

40000

259.4825

12.0994

259.4825

12.0994

361.7308

14.7214

60000

289.4206

13.4955

289.4206

13.4955

409.7254

15.9296

Table F-35: Results of smooth pipe flow at pH=2 in aerated acids solutions.

T(°C)

25

40

60

Re

gmd

T
mmy

gmd

T
mmy

gmd

T
mmy

5000

100.4539

4.684129

115.504

5.38591

134.6891

6.280505

10000

109.3248

5.097776

126.6444

5.905383

147.5332

6.87942

20000

126.3925

5.893637

148.1261

6.907067

172.2594

8.032394

40000

159.837

7.453142

190.2442

8.871019

220.8486

10.29809

60000

192.89

8.994392

231.9618

10.8163

268.8904

12.53826

Table F-36: Results of smooth pipe flow at pH=4 in aerated acids solutions.

T (°C) 25 40 60
Re emd |mmy'| gmd |mmy'| gmd | mmy'
5000 | 30.6501 [1.42919] 30.6501 |1.42919|43.59792| 2.0329
10000 |41.03125(1.91326|41.03125]1.91321| 60.2298 | 2.8085
20000 [61.45735| 2.8657 |61.45735(2.86585(92.875044.33072
40000 | 101.044 |4.71145| 101.044 {4.70959|155.6717|7.25883
60000 [139.0651(6.48478]139.0651(6.48618|215.8097|10.0631
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F.5.2 gmd and mmy™ in pipe flow with relative roughness at T=25°C and
pH=1, 2, and 4

Table F-37: Results of pipe flow with relative roughness at pH=1 in aerated acids solutions.

e/d 0.0001 0.0004 0.004

Re gmd | mmy’' gmd | mmy’ gmd mmy”’
5000 | 204.23 | 9.52317 | 204.31 | 9.5269 | 204.81 | 9.5502
10000 | 212.85 | 9.92511 | 213.1 | 9.93677 | 214.77 | 10.0146
20000 | 229.22 | 10.6884 | 229.85 | 10.7178 | 234.65 | 10.94164
40000 | 260.6 | 12.1516 | 262.52 | 12.2412 | 275.76 | 12.8585
60000 | 291.57 | 13.5958 | 295.46 | 13.7772 | 318.81 | 14.8659

Table F-38: Results of pipe flow with relative roughness at pH=2 in aerated acids solutions.

e/d 0.0001 0.0004 0.004

Re gmd mmy”’ gmd mmy’' gmd | mmy’
5000 | 100.49 |4.66207 | 100.572 | 4.66517 | 101.16 | 4.69308
10000 | 109.49 |5.07973 | 109.709 | 5.689627 | 111.47 | 5.17169
20000 | 126.83 | 5.88417 | 127.531 | 5.91643 | 132.75 | 6.15891
40000 | 161.088 | 7.47327 | 163.238 | 7.57296 | 177.79 | 8.24814
60000 | 195.23 ]9.05791 | 199.624 | 9.26097 | 225.45|10.4591

Table F-39: Results of pipe flow with relative roughness at pH=4 in aerated acids solutions.

e/d 0.0001 0.0004 0.004
Re gmd mmy” gmd mmy” gmd mmy’
5000 [30.723]1.4326025]30.795| 1.4359599|31.488 | 1.4682742
10000{41.226| 1.9223537|41.468| 1.9336381|43.607| 2.0333789
20000]62.014]2.8916907|62.793|2.9280152|69.034 | 3.2190308
40000]102.52|4.7804711/105.03|4.8975115|121.85| 5.6818221
60000 | 141.75| 6.609752|146.65| 6.8382373| 175.6 | 8.1881655
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F.5.3 gmd and mmy™ in pipe flow with relative roughness at T=40°C and
pH=1,2, and 4

Table F-40: Results of pipe flow with relative roughness at pH=1 in aerated acids solutions.

e/d 0.0001 0.0004 0.004

Re gmd mmy” gmd mmy”’ gmd mmy”’
5000 | 231.21]10.78124 | 231.36 | 10.78823 | 231.81 | 10.80922
10000 | 239.78 | 11.18086 | 239.96 | 11.18925 | 241.66 | 11.26852
20000 | 255.97 | 11.93579 | 256.54 | 11.96237 | 261.35 | 12.18666
40000 | 286.98 | 13.38177 | 288.91 | 13.47177 | 301.96 | 14.08029
60000 | 317.48 | 14.80398 | 312.39 | 14.56663 | 344.37 | 16.05785

Table F-41: Results of pipe flow with relative roughness at pH=2 in aerated acids solutions.

e/d 0.0001 0.0004 0.004

Re gmd mmy” gmd mmy”' gmd mmy’'
5000 | 113 5.26915 | 113.04 | 5.271015 | 113.63 | 5.298526
10000 | 121.94 | 5.686019 | 122.12 | 5.694412 | 123.9 | 5.777413
20000 | 139.07 | 6.484784 | 139.74 | 6.516026 | 144.86 | 6.75477
40000 | 172.8 | 8.057602 | 174.93 | 8.156923 | 189.33 | 8.82839
60000 | 206.51 | 9.629488 | 210.77 | 9.82813 | 236.22 | 11.01485

Table F-42: Results of pipe flow with relative roughness at pH=4 in aerated acids solutions.

e/d 0.0001 0.0004 0.004
Re gmd mmy” gmd mmy” gmd mmy”
5000 |33.329 | 1.554119| 33.39 | 1.556964|34.067 | 1.588532
10000 | 43.688 | 2.037156|43.916 | 2.047787|46.019 | 2.14585
20000 | 64.206 | 2.993903| 64.973 | 3.029668| 71.161 | 3.318212
40000 | 104.39 | 4.867668| 106.9 | 4.984709|123.64 | 5.765289
60000 | 143.44 | 6.688556| 148.32| 6.916109|177.18 | 8.26184
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F.5.4 gmd and mmy™ in pipe flow with relative roughness at T=60°C and
pH=1, 2, and 4

Table F-43: Results of pipe flow with relative roughness at pH=1 in aerated acids solutions.

e/d 0.0001 0.0004 0.004

Re gmd mmy” gmd mmy”’ gmd mmy”
5000 | 274.102 | 12.78128 | 274.197 | 12.78575 | 275.0603 | 12.825
10000 | 287.726 | 13.4165 | 288.02 | 13.4306 | 290.652 | 13.553
20000 | 313.518 | 14.6192 | 314.504 | 14.6652 | 322.170 | 15.022
40000 | 363.517 | 16.9507 | 366.703 | 17.0992 | 387.761 | 18.081
60000 | 413.044 | 19.2601 | 419.289 | 19.5513 | 456.716 | 21.296

Table F-44: Results of pipe flow with relative roughness at pH=2 in aerated acids solutions.

e/d 0.0001 0.0004 0.004

Re gmd mmy”' gmd mmy’' gmd mmy”’
5000 | 134.78 | 6.284743 | 134.88 | 6.289406 | 135.73 | 6.329041
10000 | 147.79 | 6.891395 | 148.05 | 6.903519 | 150.66 | 7.025222
20000 | 172.92 | 8.063198 | 173.89 | 8.108429 | 181.45 | 8.460949
40000 | 222.63 | 10.38116 | 225.84 | 10.53084 | 246.94 | 11.51472
60000 | 272.29 | 12.69679 | 278.63 | 12.99242 | 316.15 | 14.74196

Table F-45: Results of pipe flow with relative roughness at pH=4 in aerated acids solutions.

e/d 0.0001 0.0004 0.004
Re gmd mmy” gmd mmy” gmd mmy”
5000 | 43.737 | 2.039441 | 43.844 | 2.04443 | 44.944 | 2.095723
10000 | 60.57 | 2.824357 | 60.93 | 2.841144 | 64.362 | 3.001177
20000 | 93.725 | 4.370363 | 95.01 | 4.430282 | 104.95 | 4.893781
40000 | 158.03 | 7.368882 | 162.05 | 7.556334 | 188.62 | 8.795283
60000 | 220.08 | 10.26225 | 227.81 | 10.6227 | 273.43 | 12.7499%4
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F.5.5 gmd and mmy™ in smooth pipe flow under qw=3000, 5000, 15000, and

30000 W/m?

Table F-46: Results of Pipe flow under qw=3000 W/m?, at pH=1 in aerated acids solutions.

Re

T(°C)

25

40

60

gmd

T
mmy

gmd

T
mmy

gmd

T
mmy

5000

212.1809

9.8938778

239.0313

11.145884

272.8106

12.721033

10000

224.3335

10.460428

250.3013

11.6714

280.7118

13.089407

20000

249.0332

11.61218

273.3047

12.743882

297.5297

13.873718

40000

297.4981

13.872319

318.5672

14.854806

330.2582

15.399906

60000

345.5373

16.112407

362.9276

16.923297

362.3372

16.895785

Table F-47: Results of Pipe flow under qw=5000 W/m?, at pH=1 in aerated acids solutions.

T(°C)

25

40

60

Re

gmd

T
mmy

gmd

T
mmy

gmd

T
mmy

5000

213.7701

9.968019

241.0057

11.23821

274.9951

10000

225.1037

10.496333

251.4509

11.725024

281.8455

20000

249.2979

11.62477

273.9667

12.775124

297.9957

40000

297.6215

13.877915

318.8464

14.867862

330.3961

60000

345.4425

16.107744

363.1693

16.934488

362.3299

Table F-48: Results of pipe flow under qw=15000W/m?, at pH=1 in aerated acids solutions.

Re

T(°C)

25

40

60

gmd

T
mmy

gmd

T
mmy

gmd

T
mmy

5000

221.563

10.331264

250.8902

11.698911

285.5587

13.315561

10000

229.046

10.680054

256.9052

11.979622

287.2316

13.393433

20000

250.9101

11.699844

277.0746

12.919675

300.4241

14.008478

40000

297.8872

13.890505

320.4786

14.943868

330.9683

15.433013

60000

345.2491

16.098418

364.3727

16.990443

362.1708

16.887858
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Table F-49: Results of pipe flow under qw=30000W/m?, at pH=1 in aerated acids solutions.

T(°C)

25

40

60

Re

gmd

T
mmy

gmd

T
mmy

gmd

T
mmy

5000

233.2847

10.877763

265.3883

12.375041

301.4123

14.054641

10000

237.7565

10.946775

265.0071

12.357322

295.5842

13.78279

20000

253.315

11.812221

281.4273

13.122981

304.6251

14.204788

40000

298.2259

13.906359

322.9232

15.057645

333.0798

15.531402

60000

344.7358

16.075103

366.0409

17.068315

363.5977

16.954538

F.5.6 gmd and mmy™ of Rotating cylinder at pH=1, 2, and 4

Table F-50: Results of rotating cylinder at pH=1 in aerated acids solutions.

T(°C)
Re
5000
10000
20000
40000
60000

25

mmy'1
9.6868422
10.21842
11.212564
13.105261
14.951329

40

mmy'1
10.905741
11.39815
12.318619
14.064433
15.762685

60

mmy'1
12.920142
13.657356
15.038526
17.675433
20.245659

gmd
277.08
292.89
322.51
379.06
434.18

gmd
207.74
219.14
240.46
281.05
320.64

gmd
233.88
244.44
264.18
301.62
338.04

Table F-51: Results of rotating cylinder at pH=2 in aerated acids solutions.

T(°C) 25 40 60

Re gmd mmy'1 gmd mmy'1 gmd mmy'1
5000 104.114.8546122|115.71[5.3955161 | 139.28 | 6.4945768
10000 |116.07[5.4123028|126.81(5.9131051| 155.9 |7.2695615
20000 |138.99|6.4810542|147.94|6.8983895|187.83 | 8.758446
40000 |183.57|8.5598037|188.92|8.8092723[250.08|11.661141
60000 [227.39]10.603115(229.15(10.685183 | 311.1 |14.506482
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Table F-52: Results of rotating cylinder at pH=4 in aerated acids solutions.

T(°C) 25 40 60

Re gmd mmy’' gmd mmy” gmd mmy”
5000 | 24.91 |1.1615444|36.456|1.6999303 |47.318[2.2064215
10000 |49.088 | 2.288956 [49.491 (2.3077477 |67.112|3.1294087
20000 |76.538|3.5689397 |74.844 3.4899491|105.324.9110341
40000 |128.5215.9928418| 123.2 |5.7447721|177.64 | 8.2832899
60000 | 177.7 |8.2860877|169.26 | 7.8925335|246.07 | 11.474156

F.6 Sample of Calculations

F.6.1 General Calculation
This Sample of Calculations at T=25 °C, pH=1, and Re=10000

Standard potentials are -0.44, 0, and 1.229 Volt for iron, hydrogen, and oxygen
respectively as given in table A-4 in appendix A, numbers of electrons are ng.=2,
nyp=1, and np,=4, Alpha are ar.=0.5 [Uhlig and Winston, 2008], ay,=0.5, [Nesic, et.

al., 1996], the diameter of rotating cylinder and pipe flow is 0.0255 m, and the
exchange current density are

[Uhlig and Winston, 2008], and igH /Fe)ZIO'3 (A/m’) at temperature of 25 °C

[H*] = 107"

[H*] =101 = 0.1

Io

.(Fe™/Fe) —1 O_4

[Roberge, 2000] as given in table A-4 in appendix A.

Equilibrium Potential

E=E -

2.303RT a
log( red)
nF

Aoxid

[Fe]=3.5x10"M, [0,] 10" M [west, 1976], and [H"*] = 10"
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Ege = EFe

2. 303RTl (
nF

= Ege = —0.5717291 volt

H o 2303RT 1 H
Eeq = En, — — log (H) = E.¢ = —0.059 volt

0, _ 2.303RT 1 0, _
Ee? = Eg, — ==X log (=) = Eg = 1.254678 volt

Tafel slopes are determined from the following equations:

b, = & b, = =28y, = 0.02512 V\decade
oan F 0.5X2%x96487
RT 8.314X%298
b. = T i—eOnF = b. = 0.01256 V\decade

The enthalpy of activation for the H'" reduction reaction is AH '; = 30000 J/mol,
and for iron AH [F;z] =2625 J/mol for temperatures 20 to 60 °C [Nesic et. al., 1996].

Exchange current density for H, [Nesic et. al., 1996]:

.HT .HT
dlogif’ _ logige—logit)

—-0.5
OpH pH,—pH;

ifl5) = i) X 10705CPHPH) — {1 /= 1073 x 107050~ = jfl’ ) = 10715

The exchange current density was modeled with an Arrhenius Equation:

b— (R4

‘ref —

10 T Tref

o, (30000 1 ) + 1 )
=e \8314/) | — — —| > 1 =1 =10"">A/m

oY 298 298 OH, — "0(2) /

Exchange current density for Fe [Nesic et. al., 1996]:

dlogif® logigfz)—logigfl) .
dpH pH>-pH,

g2y = docy X 10PH27PHL) — 8 - = 1074 x 10(1-0)

10(2) = 1073 A/m?
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By Arrhenius Equation:

2625
i — jFe _(8314) 1 ] i = jfe . = -3 2
lope = lo(z) X € & 558~ 798| = lope =10y = 1077 A/m

F.6.2 Smooth Pipe

The Physical Properties of Water at Atmospheric Pressure from table A-5
in appendix A [Perry, 2008]. The values of oxygen diffusivity from table A-2 in
appendix A [Perry, 2008]. The solubility of oxygen in HCI (mol/m’) from table A-
3 in appendix A [Shreir, 1994]

Sc=4£ —5c= 220 __ . 5¢=366.6117
Dp 996x2.41%x10

The friction factor equation calculated from Blasius equation:
f =0.0079Re"/% = f = 0.0079 x 10000 = f =79 x 1073

From Sherwood (Eq. 4.43) number calculate the mass transfer coefficient:

Sh = KTX“ — 0.0889 /(f/2) Re Sc0246

K = (g) x 0.0889 /(f/2) Re Sc0-246

_ (2.41x107° 3 0.246
K = (2227-) x 0.0889 x /(7.9 X 103/2) x 10000 X 366.6117

K = 2.25669 x 107> m/sac

Then the limiting current density is calculated from:

i, = —zFKC,

ip = —4 X 96487 x 2.25669 X 107° x 0.1248 = i, = 1.086964 A/m?
To determine i using Eq. (4.59) and (4.60):

Ecorr_Egg)

icorr = igeexp( o ... (4.59)
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. .H Ecorr_E?2
icorr = i,2€Xp <b—cq> ... (4.60)

Assume E .= -0.339 and subs in Eq. (4.59) and Eq. (4.60):

-0.339—(—0.5717291)
0.02512

ipe = 10-3exp( ) = ip, = 8.631011837 A/m?

—0.339—(—0.059)
0.01256

i, = 107 S exp ( ) = iy, = 7.34886 4/m?

At E o, 1, =1 =1y and E,=E=E_.; then

Jig =2, = lipe =iy, +1i

ire — (iy, +1i,) = 0 = 8.631011837 — (7.34886 + 1.086964) = 0.19

New E.o, is assumed until i, = Yi. then Ecorr will be the true E.,, and i=i .
By used trial and error the i.,,=8.508236 A/m” subs. In equation (4.57) to obtain
Ecorr

Ecorr = BE§ + Ba log (“527) .. (457)

E..rr = —0.5717291 + 2.303 x 0.02512 log (8-51‘:)8_2336)

E.orr = —0.3393763 V

F.6.3 Rough Pipe
The friction factor equation calculated from Chen equation (Eq. 4.44) by taking
the relative roughness of 0.004:

f=0.0791 [# +0.11 (%)]03

Re0.83

1

f=0.0791 [—(10000)0_83

0.3
+ 0.11(0.004)]
f=9.707752 x 1073

M 0.00088

Sc=— = Sc= ————— = Sc=366.6117
Dp 996x2.41Xx10
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The Sherwood number is calculated via Eq. 4.43
Sh = 0.0889 /(f/2) Re Sc?246

Sh = 0.0889 \/(9.707752 X 1073/2) x 10000 x 366.6117 0246
Sh=264.6920239

The mass transfer coefficient is calculated from Sherwood number:

ShxD 264.6920239%2.41x1073

K = =K =
0.0255

K=2.51599x10" m/s

i, = —zFKC,

ip = —4x96487 X 2.51599 X 107> X 0.1248 = i, = 1.2049284/m?
Assume E .= -0.339 and subs in Eq.1 and Eq.2:

= ipe = 8.631011837 A/m?

iFe — 10_3exp (—0.339—(—0.5717291))

0.02512

—0.339—(—0.059)
0.01256

i, = 107 S exp ( ) = iy, = 7.34886 4/m?

At Ecorr, 1o =1¢ =leorr and E,=E=E,; then

Sig=2Ji, = ipe =iy, +1i,

ipe — (iy, +1i,) = 0 = 8.631011837 — (7.34886 + 1.204928 ) = 0.07722
Assume new E_,; by used trial and error the i.,,=8.5892 A/m” subs. In Eq. (4.57)

to obtain E .,

Ecorr = Eggl + Ba log (lig%) ... (4.57)

E.orr = —0.5717291 + 2.303 x 0.02512 log (85)8_?)

E,orr = —0.3391331 volt

F.6.4 Smooth Pipe Corrosion in Presence of Heat Flux
At Ty=25 °C, pH=1, Re=10000, and q,,=3000

The physical properties at T=25 are:
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Cp = 4.179 kJ/kg.°C; u = 8.960431 x10™* kg/m.s; Pr = 6.129334; k= 0.6109964
W/m.°C; p = 996.2806 kg/m’
The friction factor is calculated from Blasius equation (Eq. 4.42):

f =0.0079Re"/% = f = 0.0079 x 1000004 = f =79 x 1073

Nusselt number 1s calculated from Friend-Metzner equation (Eq. 4.45) for 0.5<

Pr <600 and Re > 10000:
RePr(f/Z)

Nu = y
1.2+11.8(§) 2(Pr-1)Pr /3

10000x6.129334x(7.9x1073/2
Ny = ( )

1 —
1.2411.8X(7.9x103/2) /2(6.129334-1)x6.129334 /3

Nu= 73.8452

Nu K 73.8452X0.6109964
= h =

h = =
d 0.0255

= 1769.379 W/m?.°C

The surface temperature is calculated from heat flux as:

Ty =+ Ty = Ty = —2—+25 = Ty = 26.69551°C
The film temperature is:
Tp = D00 = 7, = 200959028 s 17 = 25.84776 °C

The physical properties at T=25.84776 °C are:

Cp = 4.179kJ/kg. °C; n = 8.777463x10* kg/m.s; Pr = 5.987534;
k=0.6125212W/m. °C; p = 996.0366 kg/m’; C,=0.1245984; D=2.366571x10" by

Substituting physical properties in Nu equation becomes:

Nu=73.06459 and h= 1755.043W/m>.°cC

8.777463X10—4
Sc=-+- = Sc= — = Sc = 372.3695
Dp 996.0366%2.41x10~°

F-23



The exchange currents densities for H, and Fe 3.272785x107 and 1.003009x10~

respectively.

The equilibrium potential for H, and Fe become -5.929348x107 Volt and
-0.5721039 Volt respectively.

The Sherwood number from (Eq. 4.49) is:

_ Kxd _ ReSc(f/Z)
Sh=—= —7
12+118(//,) " (Sc-1)sc-1/3
K=(3) x rese(( /)
~\d /
d 1.2+11.8(f/2)1 2(Sc—1)5c—1/3
K = (2.366571)(10_9) 10000x372.3695x(7-9><10"3/2)
0.0255

- 1/2
1.2+11.8><(7-9><10 3/2) x(372.3695—1)x372.36951/3

K = 3.457408 x 10> m/s
Then the limiting current density is calculated from:

i, = —zFKC,

i, = —4 X 96487 x 3.457408 x 1075 x 0.1248 = i; = 1.662616 A/m?

by = —— = b, = SIXERETTE _, 2569766 X 1072
anF 0.5X2X96487

bc — RT 8.314%x298.84776 — bc — 513953 x 10—2
(1—a)nF (1-o)nF

To determine i, use the equations (4.59) and (4.60) and assume E = - 0.3378
and subs in Eq. (4.59) and Eq. (4.60):

ire = 1.003009 x 10 3exp (_0'3378 ‘(‘0-5721039))

2.569766X10~2

ipe = 9.14276—
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-0.3378 —(—5.929348><10-2))

iy, = 3.272785 X 10 2exp (2T

iy, = 7.426774 A/m?

At E o, 1, =1 =leor and E,=E=E,; then

Lig=Ji, = ipe =1y, +1i

ipe — (ig, +1i1) = 0= 9.14276 — (7.426774 + 1.662616) = 0.0533

By trial and error to find icor= 8.971794 A/m” substitution in equation (4.57) to

obtain E_;

Ecorr = ngl + Ba log (lilg%) .. (3)

Ecorr = —0.5717291 + 2.303 X 002512 log (*2-2>*)

1073

Eoorr = —0.3378013 V
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