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Abstract

The aim of present work isto use the analysis of variance (ANOVA) to
study the effects of several variables on the corrosion process at different
conditions of different metals under isothermal and heat transfer conditions. A
study was carried out to investigate the effect of hydrodynamic variables as
well as temperature and heat flux on corrosion of copper and iron metals.

Two hydrodynamic geometries were investigated: cylinder in cross
flow and rotating cylinder system under different ranges of temperature,
Reynolds number and heat flux. The analysis of variance is used which

involves comparison either of several different treatments or the influence of
two or three factors at the same time.

The data obtained from different electrochemica techniques were
analyzed to determine the influence of Reynolds number, temperature and
heat flux on cathodic region. The responses considered are limiting current
density, mass transfer coefficient, heat transfer coefficient, and interfacial
(skin) temperature.

It was found that the limiting current density of carbon steel is
influenced by flow more than temperature and therefore by a diffusion
component of oxygen while the anodic limiting current density of copper is
affected by temperature more than velocity under isothermal conditions. It is
also shown that limiting current density of carbon steel and copper under heat
transfer conditions is influenced by velocity followed by heat flux and then
temperature to different extents at 0.01 and 0.05 significant levels.

The mass transfer coefficient is basically flow dependent, because it
Increases as the rotation rate or Re increases under isothermal conditions. Its
vaue on copper in the anodic region is amost equally affected by

hydrodynamics and temperature. It was found that mass transfer coefficients



under heat transfer conditions are also basically influenced by velocity
more than other variables.

The heat transfer coefficients are influenced by bulk temperature
followed by heat flux and then rpm or Re; it increases as temperature
increases. The interfacial (skin) temperature is influenced basically by bulk
temperature more than other variables, i.e., heat flux and velocity. These
influences are dictated by ANOVA dtatistical analysis.

Under isothermal conditions, the thickness of hydrodynamic boundary
layer decreasesas Re or (rpm)increases at constant temperature, also
it decreases with increasing temperature at constant Re or (rpm). Diffusion
boundary layer decreases as Re or (rpm) increases at constant temperature. On
the other hand it increases with increasing temperature at a given Re or (rpm).
The ratio between hydrodynamic and diffusion boundary layersis not affected
by Re or (rpm), but it decreased with increasing temperature. Under heat
transfer conditions, hydrodynamic and thermal boundary layer decrease as
temperature increases at constant Re or (rpm). Also they decrease with
increasing Re or (rpm) at constant temperature. Diffusion boundary layer
Increases with increasing temperature at constant Re or (rpm) and it decreases
with Re or (rpm) increasing at constant temperature. The ratio of thermal
boundary layer to diffuson boundary layer is higher than one, which shows
that thermal boundary layer is always greater than diffusion boundary layer.

As the diffuson boundary layer is appreciably smaller than the
hydrodynamic boundary layer, this indicates a negligible convection within
the diffusion layer. This means that in the major part of the hydrodynamic
layer, motion of liquid completely levels concentration gradients and
suppresses diffusion, but not perhaps within the thermal layer which may
induce some convection in the diffusion layer and hence higher corrosion

rates.
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Notations

Symbols
Ae Cross sectional area of an electrolyte.
c Number of columns,
C,  Bulk concentration, mole/m°,
Ci Concentration of species | , mole/m?>.
Co Specific heat, kJKg.°C
Cs  Surface concentration, mole/m°.
d Pipe diameter, m.
D  Diffusion coefficient ,m*/s
D, diffusivity of pure water , m%s
DF Degree of Freedom
E,E, Electrode potential, mV.
f Friction factor.
F Faradays constant (96500 Columb/equivelent).
g Number of groups.
h Heat transfer coefficient, W/m2K.
i eation  Anodic or cathodic current, A/m?.
ic Corrosion current density, A/m?.
i Limiting current density, A/m?.
lo Exchange current density, A/m>.
J(y)  Flux of speciesi ,mol/m?.s
Km Mass Transfer Coefficient, m/s.
Kt Therma conductivity, W/m.°C.
L Resistance path (i.e. separation distance between
e
electrodes).
n Number of participating electron.
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N Number of total observation.
Nu Nusselt number.
Pr Prandtl number.
Q Heat transfer rate, Watt.
q Heat flux, W/mZ.
r Number of rows.
R Gas constant.
Re Reynolds number.
Sc Scmhidt number.
Sh Sherwood Number.
SS Sum of squares.
T Temperature, °C or K.
Te Total for each column.
T, Total for each row.
Ty total for each group
T, Total for each column —row combination.

Trg Total for each row —group interaction.
Teg Total for each column-group interaction.
T Interfacial temperature, °C or K.

Ts Surface temperature , °C or K.

T, Total for each row.

Terg Total for each column —row-group interaction.
X Each observation.
V(Y)  Fluid velocity ,m/s

T Temperature gradient.
X
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1Q(Y) Electrode potential gradient

Y
fICi(Y)  Concentration gradient.
T
Greek Symbols
OH Hydrodynamic boundary layer thickness, m.
dp Diffusion boundary layer thickness, m.
Ot Thermal boundary layer thickness, m.
M Viscosity, K g/m.sec®.
s Viscosity at surface temperature, K g/m.sec’.
v Kinematics viscosity , m?/s.
n Polarization overpotential, mV.
Na Activation overpotential, mV.
Ne Concentration overpotential, mV
Nr Resistance overpotential, mV.
T Total overvoltage, mV.
Nreaction E applied-Eeq
P Density, kg/m?.
B Charge transfer barrier or symmetry coefficient for the
anodic or cathodic reaction.
S Conductivity of the electrolyte solution.

Abbreviations

ANOVA Analysis of variance.
lim. Limiting current density.

MANOVA Multivariance analysis of variance.



MS Mean Square.
MSR Mean Square Ratio .

r.p.m Revolution per minute.
r.d.s Rate determine step.
RCE Rotating cylinder electrode.
ppm Part per million.
Subscripts

a Activation polarization.

C Concentration polarization.
Lim Limiting current condition.

T Total over voltage.

o Exchange current density.
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Chapter One

| ntroduction

1.1 Introduction

Corrosion of metal is the degradation of materials by chemical or
electrochemical reactions. It is most commonly seen on metals in the form of
oxide films. However, similar processes also occur in non-metals, such as
plastic, concrete and ceramics but the processis not corrosion [1].

Corrosion robs industry of million of dollars annually through loss or
contamination of products, replacement cost and overdesign of equipment,
reductions in efficiency and waste of valuable resources [2] .A recent survey
on the costs of corrosion showed that the direct cost of corrosion was $276
billion in the United States for the year 2002, which is approximately 4% of
their Gross National Product [3].

From an economical viewpoint, some of the corrosion damage cannot
be completely avoided. However, many losses can be reduced. This can be
accomplished through programs that promote public awareness and further
development in mitigation technologies. Corrosion takes on two basic forms:
uniform corrosion and localized corrosion. Uniform corrosion is characterized
by corrosive attack that takes place evenly over the entire surface area or a
large fraction of the total area of a metal surface. In contrast, localized
corrosion has some selectivity, which often occurs in small areas or zones on
a metal surface in contact with corrosive media. Some of the more common
forms of localized corrosion are pitting corrosion, crevice corrosion, galvanic
corrosion and erosion-corrosion [4].

Compared to uniform corrosion, localized corrosion is more
problematic since it is very difficult to detect, predict and design againgt. This

Is because localized corrosion morphologies are typically small in size and the



locations of corrosion (e.g., pit or crevice) are often covered with corrosion
products. In addition, localized corrosion is difficult to measure quantitatively
by any instrument [4].

The analogy of mass transfer with heat transfer has led to successful
methods regarding the mass trangport interaction with fluid flow, since the
behavior of heat is in many ways smilar to mass transport depending as it
does on a driving force, i.e., the temperature gradient may be regarded as
analogous to concentration gradient. Most of the experimental studies showed
that there is a relation exists between heat (or mass) transfer and skin friction.
The determination of this relationship, both theoretically and experimentally,
has been the concern of many investigators in the field of fluid flow, heat
transfer and mass transfer. A thorough knowledge of relationship would allow
prediction of rate of heat (or mass) transfer from friction loss data [5].

The study of controlled mass transfer electrochemical and corrosion
process is of fundamental importance that allows the provision of the
corrosion data for various metals in a process plant. However, many industrial
chemical processes usually involve heat input or extraction from the chemical
plant components such as power plant installations, refrigeration units and oil
and gas recovery units. Here, the presence of heat transfer will play an
important role in choosing the appropriate metals and assessing the plant life.
Although the knowledge of the complicated problem of the interaction
between mass, heat transfer and corrosion is fragmentary, the corrosion
process in these units is likely to be under the influence of the combined
action of the mass and heat transfer [6].

In many corrosion problems, there is strong evidence that the rate of
uniform corroson is controlled by the rate of mass transfer. This is true
whether the corrosion fluid remains static or in fast motion with respect to the

metal surface. However, molecular diffusion is not the only factor which



influences the rate of corrosion. In addition, in turbulent fluids, the rate of
transport of eddy diffusion appears to participate in the control of the over-all
transfer rate. It is only in situations where both anodic and cathodic processes
are activation controlled that will be unaffected by the relative movement

between surface and environment [5].

In equipments such as cooling towers and heat exchangers, a cold fluid
Is preferred for removing unusable heat from the process stream or reducing
the temperature of the hot fluid. Hence, these equipments are usualy
subjected to different conditions of heat transfer .Metals;, and especially tubes,
due to their high cost are the most critical components of these units. They are
usually chosen so that they have a high resistance to general corrosion to
secure a high rate of heat transfer and gives better heat transfer characteristics
[7].

Removing unwanted heat from heat transfer surface is carried out by
using cooling fluid. Water is commonly used as cooling fluid in industry.
Because water is one of the most common heat transfer fluids, it is not
surprising that most of the problems associated with corrosion and deposits
are water related [7].

Carbon Steel is the most commonly used as engineering material. It is
cheap; available in wide range of standard form and sizes; can be easily
worked and welded; and it has good mechanical properties like good tensile
strength and ductility [5].

Copper alloys are widely used in many fields, especially for marine
applications, such as seawater valves and heat exchangers. As a
comparatively noble metal, copper has good resistance to corrosion in most
cases. However, it ill will undergo corroson in such forms as pitting,

crevice and stress corrosion cracking, and its alloys are subject to selective



leaching [8]. Among these types of corroson, crevice corrosion is of
particular interest to copper since valves are connected to piping systems with

flanges and they contain numerous internal crevices.

1.2 The Aim of Present Work

The aim of this work is to analyze theoretically the relative influences
of Reynolds number (or velocity), temperature, and heat flux on corrosion
rate is used (copper and iron) metals under different conditions .Use the
analyss of variance to show the effects and interactions between various
variables and factors according to the world of heat and mass transfer and

fluid flow.



Chapter Two
Corrosion
2.1 Introduction

Corrosion is the degradation of a metal by chemical or electrochemical
reaction with its environment [9,10], or it is an interaction of a metal with its
surroundings [11,12]. Corrosion in agqueous environment and atmospheric
environment is an electrochemical process because corroson 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 agueous
environment [13].

Corrosion is a natural process, just like water flows to the lowest level,
all natural processes tend toward the lowest possible energy states.Thus, for
example, iron and steel have a natural tendency to combine with other
chemical elements to return to their lowest energy states .In order to return to
lowest energy dates, iron and steel frequently combine with oxygen and
water, both of which are present in most natural environments, to form
hydrated iron oxides(rust).,similar in chemical composition to the origin of

iron ore. Figure 2.1 illustrates the corrosion life cycle of a steel product [14].

Firizhad Steal Product

[ u,w\\ . Form
Smalém‘—l \“/ Fust
Refining | Adding Giving Up |

c@ﬁ Energy | Energy /

-1.5-‘.\

Mining Ora\
S

Iren Qixide (Cre & Rust)

Fig. 2-1 The corrosion cycle of steel [14].



2.2 Importance of Corrosion

The importance of corrosion studies is threefold. The first area of
significance is economic including the objective of reducing material losses
resulting from the corrosion of piping, tanks, metal components of machines,
ships, bridges, marine structures, and so on. The second area is improved
safety of operating equipment which, through corrosion, may fail with
catastrophic consequences. Examples are pressure vessels, boilers, metallic
containers for toxic materials, turbine blades and rotors, bridges, airplane
components, and automotive steering mechanisms. Third is conservation,
applied primarily to metal resources, the world’s supply of these is limited,
and the wastage of them includes corresponding losses of energy and water

reserves associated with the production and fabrication of metal structureq1].

2.3 Electrochemistry of Corrosion

The metallic surface exposed to an aqueous electrolyte usually
possesses Stes for an oxidation (an anodic chemical reaction) that produces
electrons in the metal, and a reduction (or cathodic reaction) that consumes
the electrons produced by the anodic reaction .These sites together make up a
corrosion cell. The anodic reaction is the dissolution of a metal to form either
soluble ionic products or an insoluble compound of the metal, usualy an
oxide. Several cathodic reactions are possible depending on what reducible
species are present in the solution. Because these anodic and cathodic
reactions occur simultaneoudy on a metal surface, they create an
electrochemistry cell.

The sites where the anodic and cathodic reactions take place, the anodes

and the cathodes of the corrosion cell, are determined by many factors: they



are not necessarily fixed in location, they can be adjacent or widely separated
so that, for example, if two metals are in contact, one metal can be the anode
and other the cathode |eading to galvanic corrosion of the more anodic metal
,there can exist variations over the surface of oxygen concentration in the
environment that results in the establishment of an anode at those Stes
exposed to the environment containing the lower oxygen content ,i.e,
differential aeration or similarly , variations in the concentration of metal
ions or other species in the environment, arising because of the gspatia
orientation of the corroding metal and gravity ,or finaly variations in the
homogeneity of the metal surface, due to the presence of inclusions leading to
the establishment of anodic and cathodic sites.

The process occurring at the anodic sites is the dissolution of a metal as
metallic ions in the electrolyte or the conversion of these ions to insoluble

corrosion products such asrust [1].

2.4: Corrosion Reactions

2.4.1 Anodic Reactions of Corrosion

The anode is that portion of the metal surface that is corroded. It is the
point at which metal dissolves, or goes into solution. When metal dissolves,
the metal atom loses electrons and is oxidized.
Equation (2.1) represents the generalized anodic reaction that corresponds to
the rate-determining step of atmospheric corrosion.

M—>M"™+ne e (22)
The reaction for ironiis:

Fe — Fe™ +2¢ ... (2.2)

The iron ion goes into solution and two electrons are left behind in the

metal. The formation of corrosion products, the solubility of corrosion



products in the surface electrolyte, and the formation of passve films affect
the overall rate of the anodic metal dissolution process and cause deviations

from simple rate equations [4].

2.3.2 Cathodic Reactions of Corrosion
In cathodic reduction of hydrogen ions and oxygen molecules, these

species must be adsorbed on the metal surface in order to react .Thus the
hydrogen ions and oxygen molecules must be transported from the bulk
solution up to the metal/solution interface . The transport occurs by the process
of diffuson and convection, and in the case of hydrogen ions
electromigration.As the potential of the metal is made more negative in the
Tafel region, the rate of reduction of hydrogen ions and oxygen molecules
may increase to such an extent that it exceeds the rate at which these species
can be transported to the metal surface. Then the rate of transport of the
reducible species controls the rate of reduction. The cathodic current density
attains a limiting value equivalent to the rate of transport and independent of
potential .This is termed the limiting diffusion current density and its
magnitude increased with increasing concentration of the reducible species
and increasing movement of the solution [12].

The transport of oxygen from the atmosphere to the metal/solution
interface involves the following steps [15]:
1. Transport of oxygen across the atmosphere /solution interface.
2. Transport through the solution (by diffuson and by natural and forced

convection) to the diffusion layer.
3. Transport across the static solution at the metal /solution interface (the

diffusion layer 6p) by diffusion.

4. Proceeding chemical and electrochemical reactions.



All of previous steps are fairly rapid compared with step three which is
the rate determining during the process.

The reaction occurs on this mechanism:

©)a U O L (2.3)
oHo U oHt+20w L (2.4)
(02) as+ H + & %YBE®  (H20) aas ....(2.5)
(HOD) ws+H+e U (H02) ass . (26)
(H202) + 2¢ U 20H" (27

2.5 Corrosion of Iron and Steel

Stainless steels continue to be one of the most widely applied alloy
systems for the chemica industry. Total tonnage in the United States has
leveled off in recent years, world-wide consumption continues to increase.
Stainless steel technology continues to be broad, complex, and ever-
expanding. The mgjority of the developments are in applications of stainless
steels in handling chemicals. Corrosion resistance continues to be the primary
attribute of stainless steels and studies on the resstance of these alloys to
specific environments are reported.

Stainless steels are economical materials of construction only if they
can provide a useful and predictable service life. The factors which tend to
produce unpredictability are constantly under study. Under certain conditions
stainless steels may fail by selective attack. These forms of corrosion, usually

sudden, are among the most important areas of investigation. Much effort is



also being expended to determine those services where an economical service
life is possible even though general attack is being experienced. Such service
information is vitally important to the chemical industry since it makes the
task of proper selection of materials much simpler [16].

Bare iron and steel are liable to rust in most environments but the
extent of the corrosion depends upon a number of factors, the most important
of which are the composition and surface condition of the metal, the corrosive
medium itself and the local conditions.

In pure dry air at normal temperatures a thin protective oxide film
forms on the surface of polished mild steel. Unlike that formed on stainless
steels it is not protective in the presence of electrolytes and usually breaks

down in air, water and soil. The anodic reaction is:

Fe® Fe?* +2¢ E=0.44V ... (2.2)

In de-aerated solutions, the cathodic reaction is
2H" +2¢" ® H, E=0.0V ... (2.8)

Thisoccurs fairly rapidly in acids but very slowly in alkaline and neutral
solutions. In the presence of oxygen the following reaction occursin dightly

akaline and neutral solutions:

Op+2H;0+4e ® 40H"  £_q 4091y e (229)

This is the common form of cathodic reaction in most environments. The
OH " ions react with Fe** ions to form ferrous hydroxide
Fe?* +20H™ ® Fe(OH), .....(2.10)

Thisis oxidized to ferric hydroxide Fe (OH) 3, which is a simple form of rust.
The final product isthe familiar reddish brown rust Fe,Os, .H,0 [16].
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2.6 Corrosion of Copper

The purest grade of copper commercially available, and that with the
highest electrical conductivity, is oxygen-free high-conductivity copper .The
minimum copper content required by some specifications is 99.99%, and the
method of manufacture is such that no residual deoxidant is present.

Copper occurs in combined state in nature and is relatively easily
obtained by the reduction of its compounds. It is not very active chemicaly
and oxidizes only very dowly in air at ordinary temperatures.

In the electrochemical series of elements, copper is near the noble end
and will not normally displace hydrogen, even from acid solutions. Indeed, if
hydrogen is bubbled through a solution of copper salts, copper is dowly
deposited (more rapidly if the processis carried out under pressure).

As copper is not an inherently reactive element, it is not surprising that
the rate of corrosion, even if unhindered by films of insoluble corrosion
products, is usually low. Nevertheless, although the breakdown of a protective
oxide film on copper is not likely to lead to such rapid attack as with a more
reactive metal such as, say, auminum, in practice the good behavior of
copper (and more particularly of some of its alloys) often depends to a
considerable extent on the maintenance of a protective film of oxide or other

insoluble corrosion product [16].

2.7 Polarization

Since the corrosion reactions involve the transfer of electrons and ions
between the metal and the solution the rates are equivalent to electric currents.
The rates of these reactions depend on the potential difference between the
metal and the solution.As the potential of the metal becomes more positive

than equilibrium potential , the rates of anodic reactions increase and the
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rates of cathodic reactions decrease .The converse effect on the reaction rates
occurs as the potential of the metal becomes more negative than equilibrium
potential, as electrode is no longer at equilibrium when a net current flows to
or from its surface .The measured potential of such an electrode is altered to
an extent that depends on the magnitude of the external current and its
direction [13] .The direction of potential changes always opposes the shift
from equilibrium and hence opposes the flow of current, whether the current
Is impressed externally or is of gavanic origin. When current flows in a
galvanic cell, for example, the anode always becomes more cathodic in
potential and the cathode always becomes more anodic, the difference of
potential becoming smaller .The extent of potential change caused by net
current to or from an electrode, measured in volts, is called polarization.
Polarization can be conveniently divided into three different types; activation,

concentration and IR drop [1].

2.7.1 Activation Polarization
This is polarization caused by a slow electrode reaction. The general
representation of the polarization of an electrode is given by the Bulter-
Volmer [17] equation (2.11)
i cion = égxp?%hmg expg? [1- brmion]%hrmm% ... (2.11)
When n reaction is anodic (i.e., positive), the second term in the Bulter-
Volmer equation becomes negligible and i, can be more simply expressed by

equation (2.12) and its logarithm, Equation (2.13)

. e F

iy :|0§exp§%a%ha% ... (2.12)

h, =b, log,£> % o (213)
0@
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where baisthe Tafel dope coefficient that can be obtained from the slope of a

plot of N against log i ,with the intercept yielding avalue for io

b, = 2303~ e (2.24)
bnF

Similarly, When n reaction is cathodic (i.e., negative), the first term in the
Bulter-Volmer equation becomes negligible and ic can be more smply
expressed by equation (2.15) and its logarithm, equation (2.16), with bc
obtained by plottingn versuslogi equation (2.17):

. _. e e nF,_ al

i =i aexpe-(1-b. )—h % 2.15

c og pg ( C)RT c&i ( )

h,=blogoees L (2.16)
Iy g

b, =-2.303"_ e (217)
bnF

2.7.2 Concentration Polarization

Concentration polarization refers to electrochemical reactions that are
controlled by the diffuson in the electrolyte [4].Concentration polarization
changes are not a problem with the anodic reaction. However concentration
polarization is a factor in determining the rate of cathodic reaction [10].

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 diffuson current
density i.. It represents the maximum rate of reduction possible for a given
system; the expressing of this parameter is

- DnFC,

- o (2.18)
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where i, isthe limiting diffusion current density, D is the diffusion coefficient

of the reacting ions, C, is the concentration of the reacting ions in the bulk

solution, and dp is the thickness of the diffusion layer. The limiting current

density is a function of diffusion coefficient, the concentration of the reacting

ionsin solution, and the thickness of the diffusion layer.

By combining the laws governing diffusion with Nernest equation:

E=E, +2303°" |ogeid
nF a, o

the following expression can be developed :

E-E =, < 230RT | & IL

6
nkF P

This equation isshown in Fig. 2.2

.

he N

|

logi

. (2.20)

Fig. 2-2 Concentration polarization curve (reduction process) [4].
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2.7.3 Combined Polarization

Both activation and concentration polarization usually occur at an
electrode. At low reaction rates, activation polarization usually controls,
whereas at higher reaction rates concentration polarization becomes
controlling. The total polarization of an electrode is the sum of the

contribution of activation polarization and concentration polarization [4]:

Nr=MNa+ Me e (2.21)
where nr is total overvoltage. During anodic dissolution, concentration
polarization is not a factor and the equation of kinetics of anodic dissolutionis

given by:
h issouion = 0109 ng e (2.22)
0@

During reduction process such as hydrogen evolution or oxygen reduction,
concentration polarization becomes important as the reduction rate
approaches the limiting diffuson current density. The overpotential for
reduction process is given by combining equation (2.16) and (2.20) with
appropriate sings.

N =- b|og§‘_0$+ 2.303%Iog§[- ILE o (2.23)
equation (2.13) isgraphically illustrated in Fig. 2.3.

The importance of equation (2.22) and (2.23) cannot overemphasized since
they are the basic equation of all electrochemical reaction equation (2.23)
applies to any reduction reaction, and equation (2.22) applies to amost all
anodic dissolution reactions. Exceptions to equation (2.22) are metals which
demondtrate active-passive behavior. Using only three basic parameters
namely, b, io, and i, the kinetics of virtually every corrosion process can be

precisely described [4].
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Activation pdarization

logi

Fig. 2-3 Combined Polarization [4].

2.7.4 Resistance Polarization

Polarization measurement includes a so—called ohmic potential drop
through a portion of the electrolyte surrounding the electode, through a metal-
reaction product film on the surface, or both. This contribution to polarization
iIsequal to IR [15, 1]

Le
SA

R=

o (2.24)

2.8 Nernest Boundary L ayer

One of the first approaches to mass transfer in electrode processes was
given by Nernest in 1904[18]. He assumed a stationary thin layer of solution
in contact with electrode. Within this layer it was postulated that diffusion
alone controlled the transfer of substances to the electrode. Outside the layer,
diffusion was negligible and concentration of electro-active material was

maintained a the value of bulk concentration by convection. This
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hypothetical layer has become known as “Nernst diffusion layer (6p)”. Fig.
(2.4) gives a schematic diagram of this layer. Nernst assumed that the
concentration varied linearly with distance through layer. The thickness of

thislayer isgiven by:

oo (2.25)

Aqueous Solution

Ch

.

“~

Cs .~
Metal

Fig. 2-4 Diffusion boundary layer [19].

The diffusion layer thickness is dependent on the velocity of the
solution past the electrode surface. Asthe velocity increases, op decreases and
the limiting current density increases [10]. The time interval required to set up
the diffusion layer varies with the current density and limiting diffusion rate,
but it is usually of the order of 1 second while it is 10* second needed to
establish the electrical double layer, which makes it possible to distinguish
between n, and . experimentally. The diffuson layer may reach a thickness
of 100-500 um, depending upon concentration, agitation (or velocity), and
temperature [15].
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2.9 Factors Effecting on Corrosion Rate
Frequently in the process industries, it is desirable to change process

variables. This will usualy have an effect on the corrosion rate of the metal
involved.

Many factors were found to have an influence on the corrosion rate, these
factors are:
1. Velocity
2. Temperature
3. Corrosive concentration
4, Heat flux

5. Galvanic coupling.

2.9.1 Effect of Velocity

The effects of velocity on corrosion rate are complex and depend on the
characteristics of the metal and the environment to which it is exposed. For
corrosion process is under cathodic control, then agitation or velocity
Increases the corrosion rate as shown in Fig. (2.5) in curve A, section 1. This
effect generally occurs when an oxidizer present in very small amounts asin
the case of dissolved oxygen in acids or water. If the process is under
diffusion control and the metal is readily passvated, then the behavior
corresponding to curve A, section 1 and 2 will be observed. That is, with
increasing agitation, the metal will undergo an active-to-passive transition.
Easlly passvited materials such as stainless steel and titanium frequently are
more carrion resistant when the velocity of the corroson medium is high.

If corrosion processes which are controlled by activation polarization,
agitation and velocity has no effect on the corrosion rate asillustrated in curve

B. Some metals owe their corrosion resisance in certain medium to the
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formation of massive bulk protective films on their surface. These films differ
from the usual passvation film in that they are readily visible and much less
tenacious. When materials such as these are exposed to extremely high
corrosive velocities, mechanical damage or removal of these films can occur,
resulting in accelerated attack as shown in curve C. This is called erosion

corrosion[4].

Curve A:
/ 1 Fein H,O +0O,
C

CuinH>O +0O,
1-2

w

18 Cr-8Ni in H,S0,+Fe™
Ti in HCI +Cu*?
Curve B:
Fein dilute HCI
1 ; 18 Cr-8Ni in H>S04
' 2 CurveC:
Pb in dilute H,SO,
Fein concentrated H,SO4

Corrosion Rate

Velocity

Fig. 2-5 Effect of Veocity on the Corrosion Rate [4].

2.9.2 Effect of Temperature
Temperature increases the rate of aimost all chemical reactions [4]. An
increase in temperature of corroding system has effect on the rate of chemical
reaction is increased, the solubility of gases in solution is decreased, the
solubility of reaction products may change resulting in different corrosion
reaction products and viscosity is decreased and may thermal difference will
result in increased circulation.
Temperature changes have the greatest effect when the rate determining

step is activation process. In general, if diffuson rate is double for a certain
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increase in temperature, activation process may be increased by 10-100 times,

depending on the magnitude of activation energy [16].

2.9.3 Effect of Corrosive Concentration

The effect of oxidizer additions or the presence of oxygen on corrosion
rate depends on both the medium and the metals involved. The corrosion rate
may be increased by the addition of oxidizers, oxidizers may have no effect
on the corrosion rate, or a very complex behavior may be observed. By
knowing the basic characteristics of a metal or aloy and the environment to
which it is exposed, it is possible to predict in many instances the effect of
oxidizer additions [4].

For diffusion-controlled process, an increase in concentration of the
diffusing species in the bulk of the environment increases the concentration
gradient at the metal interface. The concentration gradient provides the
driving force for the diffusion process. Thus the maximum rate at which
oxygen can be diffused to the surface (the limiting diffusion current) would be
essentially directly proportional to the concentration in solution. Fig 2. 6isan
example of the cathodic polarization diagram which is operative for this
system [20].

Ecas Cl< C2< C3
Ecaz

Ecaa

Potential

Ea

logi

Fig. 2-6 Effect of Concentration on i [20].
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2.9.4 Corrosion under Heat Transfer Conditions, Review of

Previous Wor k

In the last 10 years many workers had studied the problem of corrosion
in the presence of heat flux, but there had been little agreement as to whether
the different corrosion rates were due to the heat flux itself, to the changed
surface temperature or to some other causes such as an uneven surface.

In most cases a heat flux into the solution had been found to increase the
corrosion rate but sometimes decreased attack had also been observed,
particularly if an inhibitor was present. The reason for this uncertainly was
that only in a few cases had the heat flux been related to the type or
mechanism of corrosion although clearly thisisimportant.

Knowledge of the controlling step would make the predication of the
effect of heat flux on the overall corrosion rate much more reliable [21].

Fisher and Whitney [22] had found that the corrosion rate of cast iron
and stainless steel disc under heat transfer is determined by the wall
temperature. This was confirmed by Zarubin et. al. [23] for iron disc in
concentrated sulfuric acid.

Kerst [24] confirmed the enhanced corrosion rates under heat flux
circumstances for a series of metal and quoted rate increases between 3.5 to
8.2 times greater than the rate observed under isothermal conditions. Such
increase in corrosion rate was entirely attributed to the higher metal surface
temperature compared to that of solution [25].

Krzysztof [26] confirmed Ross observation and found that corrosion
rates of steel in 80% H,SO, during heating of steel were higher than observed
under isothermal conditions at the same bulk temperature, which was ranged

between 353-393K. However, corrosion rates lower than those measured
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under isothermal conditions were observed with steel cooling and stated that
metal surface temperature greatly affects the rate of corrosion.

Porter et al. [21] studied the rate of dissolution of Cu into 50% H3PO,
in the range 20-65 °C in the absence of heat flux and in the presence of either
positive or negative heat fluxes up to 80 kW/m?. The limiting current was

found to be proportional to Cy, D, and v, such that;

i =433 10°(C_- C )D¥3 ¥ L (2.26)

It was concluded that heat flux alters the mass transfer rate of diffusion
controlled reaction mainly because it alters the surface/solution interface
temperature. According to Zarubin [23], corrosion rate under heat transfer is
consistent with that under isothermal conditions at some mean temperature of
a given temperature drop. With the increasing liquid flow velocity this mean

temperature shifts from the metal temperature to the solution temperature.

Ross [27] observed about the direction of the heat flux upon corrosion
of nickel in alkaline salt solution. He showed that, with increasing heat flux,
the corroson rate was increased with metal heating and conversely was
decreased with metal cooling.

lonic mass transfer from iron pipe by free convection (stationary
conditions) with simultaneous heat transfer was studied by Wragg and
Nasiruddin [28]. They found that the effect of temperature gradient upon the
limiting current is very clear and at maximum surface temperature an increase
of some 65% above the isothermal case was observed and they showed that
the higher electrode surface temperature would result in even greater mass
transfer rates (thinner diffusion layers).

The corrosion rate of mild steel was monitored in oxygenated and
de-oxygenated 100 ppm sodium chloride solutions at temperature between
200 and 350°C at heat fluxes of 110-260 kW /m? which were studied by
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Ashford et al. [29] They attributed the increase in corrosion rate to the
formation of acidic solutions at the corroding surface by a mechanism
analogous to the pitting corrosion mechanism a room temperature in
oxygenated chloride solutions. Acidic solutions are generated at anodic Sites
which form particularly at heated surfaces because of the higher temperature
and reduction of oxygen.

Alwash [30] studied electrochemical behavior of rotating nickel disc
emitting heat in deaerated and oxygen saturated 0.01N H,SO,. He found that
in the absence and presence of oxygen, the effect of heat transfer in increasing
the reaction rates on the nickel electrode depends on the interfacial
temperature.

Jaralla [31] found that the activation energy of iron dissolutionin 1 N
H,S0O, is the same under both isothermal and heat transfer condition which
indicates that the mechanism of iron dissolution was unchanged in the
presence of heat transfer. Besides, he showed that corrosion rates were
increased with increasing temperature (that of bulk or interfacial).

Kolotyrkin et. a. [32] investigated the problem of metal corrosion
under heat transfer conditions. They showed that the corrosion and
electrochemical behavior of metal and alloys during heat transfer depends on
all the electrochemical; hydrodynamic, heat and mass transfer conditions in
the system. Besides, studies of the electrochemical behavior of iron in
sulphate solutions made it possible to establish that under heat transfer the
rate of the active dissolution of the metal at a constant potential depends not
only on the temperature of the metal, but also on the magnitude and direction
of the heat flux.

Pakhomove et. al. [33] studied the corroson behavior of iron disc

rotated in sulfate solution of varying conditions of bulk temperature, acidity,
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and heat flux. They stated that the change in metal dissolution rate under heat
transfer may be due to the temperature drop between metal and liquid.

Andon et. a. [34] studied the corrosion of stainless steel under
controlled heat fluxes. In this investigation the corrosion of stainless steelsin
nitric acid test at various heat fluxes with steel surface temperature kept
constant had shown that the cooler acid present at the surface under higher
heat fluxes lead to dlightly smaller corrosion rates than under isothermal
conditions. They attributed such decrease in corrosion rate to the presence of
cooler acid in contact with the metal surface as the heat flux was increased.
This was confirmed by other investigators [35].

Jaralla [36] compared the variation of corrosion rates, of iron rotating
discs emitting heat in water containing 200 ppm NaCl, with interfacial
temperature and concluded that heat transfer stimulated the reaction more
than the increase in interfacial temperature. Furthermore, the influence of heat
transfer on the corrosion rate was decreased with increasing flow velocity,
due to the decrease in the interfacial temperature.

Sameh [37] studied the corroson of carbon steel rotating cylinder
electrode (RCE) in 600 ppm chloride solution under controlled conditions of
heat and mass transfer. She reported that the anodic dissolution of iron
depends on the temperature at reaction site. She also found that higher
corrosion rates were obtained under heat transfer conditions compared with
those under isothermal conditions which were due to higher stimulation of the
anodic dissolution and oxygen transfer rate accompanied with higher
interfacial temperature.

Al-Tal [38] investigated the electrochemical behavior of rotating carbon
steel cylinder in natural aerated neutral chloride/sulphate solution and
performance of an inhibitor blend on the corrosion process. He found that the

heat transfer from specimen to the electrolyte bulk enhances the rate of mass
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transfer of oxygen towards the electrode/electrolyte interface. Hence, the
limiting current density of oxygen reduction reaction increases

Atia [39] found that the heat flux increasesi_ for oxygen reduction on
steel plate.

Mashta [40] studied the corrosion of carbon steel cylinder in cross flow
in 0.01 N NaCl solutions under controlled conditions of heat and mass
transfer. He found that limiting current density under heat transfer conditions
Is higher than under isothermal conditions and anodic active current densities
are increased when the specimen was subjected to heat transfer.

Wathiq [41] studied the corrosion of copper rotating cylinder in 0.03 N
NaCl solutions under controlled conditions of heat and mass transfer. He
found that copper dissolution is increased with increasing temperature and
velocity. He found that heat transfer from the specimen to the electrolyte bulk

with anodic limiting conditions of concentration polarization enhances the

rate of masstransfer of CuCl,” away from the electrode/electrolyte interface.

2.9.5 Effect of Galvanic Coupling

In many practical applications the contact of dissimilar materials
unavoidable. In complex process streams and piping arrangements, different
metals and alloys are frequently in contact with each other and the corrosive
medium. The effect of galvanic coupling will be considered a piece of zinc
immersed in a hydrochloric acid solution and contacted to a noble metal such
as platinum show in Fig. (2.7).Since platinum is inert in the medium; it tends
to increase the surface at which hydrogen evolution can occur. Further,
hydrogen evolution occurs much more readily on the surface of platinum than

on zinc.
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These two factors increase the rate of the cathodic reaction and
consequently increase the corrosion rate of zinc .Note that the effect of
galvanic coupling in this instance is instances, the rate of electron
consumption is increased and hence the rate of metal dissolution increases .It
IS important to recognize that galvanic coupling dose not always increase the

corrosion rate of a given metal; in some cases it decreases the corrosion rate

[4].

Fig. 2-7 Electrochemical reactions occurring on galvanic couple of zinc and platinum [4].
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Chapter Three
Corrosion with Mass and Heat Transfer

3.1 Introduction
Most of corrosion involves some relative motion between the corroding
metal and its environment. Such movement can increase or decrease process
occurring under static condition.
Electrochemical measurements in flowing solution can provide data on
(a) the rate of general corrosion and the possbility of other forms of attack,
(b) mechanism by using the effect of flow as a diagnostic criterion, (c) the
characteristic hydrodynamic parameters, e.g. the rate of mass transfer, the
degree of turbulence or the surface shear stress, and (d) the composition of the
solution by electro-analytically monitoring composition or measuring redox
potentials, pH etc [42].
When a component of afluid acts upon the surface of a solid, the rate of
any reaction occurring isinfluenced by:
1. The chemical nature of the reactants, solid and fluid.
2. The physical nature of the solid surface, the state of the exterior portion
of the crystal lattice.
3. The impurities present on the surface of the solid.
4. The activation energy of reactions taking place between solid and fluid
phases.
5. Therate of transfer of fluid phase reactant to the surface of the solid, as
influenced by: film of inert fluid, layer of solid reaction product and the
diffusion coefficient of reacting fluid component through inert fluid

component.
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Apparatus for examining the effects of flow on corrosion is similar to
that in datic tests except that either the specimen (rotating discs and
cylinders) or the solution must be moved, and more thought must be given to
the placement of reference and counter electrode. Units with rotating
electrodes in the form of discs or cylinders were to obtain reliable and
producible results; they also offer practical advantages [43]:

1. Convenience based i.e. they are cheap and easy to use, small and steady
state condition.

2. There are no problems of entry lengths.

3. It is easy to control accurately and the results obtained should be highly
reproducible.

4. Need relatively small quantities of test fluid and ease of cleaning.

3.2 Hydrodynamic Boundary L ayer

When a fluid moves past a gationary, hydraulically smooth surface,
there is an implicit assumption that the fluid is stationary at that surface. That
assumption is often called "no dip at the wall". In many flow configurations
and especially when turbulent flow conditions prevail, the velocity profile
shows an increase from O at the solid-fluid interface to the free stream value
across a relatively short distance into the fluid. Though in the rotating
cylinder the surface is moving, the fluid adjacent to that surface moves at the
same velocity as the cylinder so, in effect, the fluid is stationary relative to the
surface and fulfills the no dlip at the wall criterion. The boundary layer
thickness is independent of position on the surface meaning that the velocity

profile, momentum transfer, and wall shear stress are independent of position.
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The rotating cylinder electrode as traditionally constructed cannot examine
situations where such uniformity does not exist without some modification.
Mass transfer requires a concentration gradient between the surface and fluid
bulk. Such a gradient implies that the concentration changes across some
small distance between the surface and the bulk. This region is called the
concentration or mass transfer boundary layer. For the large Schmidt
Numbers normally encountered in liquids the fully developed mass transfer
boundary layer for hydraulically smooth surfaces is much thinner than the

fully developed hydrodynamic boundary layer [44].

Thisrelationship is shown in thisfigure (3.1)

b f ( Extends Farther
Into Fluid)

Turbulent

Fig. 3-1 Relationship between the hydrodynamic boundary layer and the mass-transfer
boundary layer [44].

The hydrodynamic boundary layer is represented as having two sections, a
viscous sub layer and a turbulent outer layer and that the fluid is moving
relative to a surface. Since the flow is turbulent, the profiles are time-averaged

profiles and are not drawn to actual scale. Asin the case of the velocity
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profile, the mass transfer boundary layer thickness is independent of position

meaning that the mass transfer rate isindependent of position [44].

3.3 Effect of Mass Transfer
3.3.1 Introduction

Mass transfer can result from several different phenomena. There is
mass transfer associated with convection in that mass is transported from one
place to another in the flow system. This type of mass transfer occurs on a
macroscopic level and is usually treated in the subject of fluid mechanics.
When a mixture of gases and liquid is contained such that there exists a
concentration gradient of one or more of the constituents across the system,
there will be a mass transfer on a macroscopic level as the result of diffusion
from regions of high concentration to region of low concentration.

Not only may mass diffusion occur on a molecular bass, but also in
turbulent flow system accelerated diffusion rates will occur as a result of the
rapid -eddy mixing processes, just as these mixing processes created

increased heat transfer and viscous action in turbulent flow [45].

3.3.2Mass Transfer Controlled Corrosion Reactions

Mass transfer plays a big role in chemical and electrochemical dynamic
process. It is the movement of materials from one location in the solution to
another arises from difference in electrical or chemical potential at the two
locations or from the movement of a volume element of solution.
The understanding of this process has been enhanced by the application of the

basic principle of mass transfer .There are three modes of mass transfer [46]:
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Migration:

This occurs when charged particles placed in an electric field. Thus a
negatively charged ion is attracted towards a position electrode and vice
versa. This movement is due to agradient in the electrical potential [47].
Diffusion:

This occurs whenever a species moves from a region of high
concentration to one of low concentration, thus it is movement due to
concentration gradient [47].

Convection:

This occurs from a movement of the fluid by forced means (stirring, for
example), or from density gradient within fluid. Generally fluid flow occurs
because of natural or forced convection.

Mass transfer to an electrode is governed by the Nernest-plank equation
which may be expressed [46, 48]:

Ji(y) =- Di ﬂCﬂiYm - ';'; DiCi “?Ts() +CiV(Y) ... (3D

and the 1% term of equation (3.1) is diffusion term ,2™ ismigration term and
3" is convection term .

In many practical cases the cathodic reaction is under diffusion control.
In this case the reaction current is governed by Fick’s first law .Fick’s first
law states that the flux proportional to the concentration gradient:

Ji(y,t):-Di%;’t)+ Xi (Jj + Ji) ... (32)

In flowing system the convection term is small compared with the diffusion
term, the equation (3.2) becomes

Ji(y) = - Di 1Y) o (33)

Ty
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The negative sign in equation (3.3) has been omitted as it indicates only that
the direction of transfer from a region of high concentration to one of low
concentration.

dCi

.
J=—=-D,— |y=0 ....(34
'ThF ay Y (3.4)
or it isequivalent (for any species) to
i =nFDp S~ Cs ..... (3.5)
dp

At agiven current or more exactly, at a given reaction rates, the concentration
right at the electrode surface is determined by a mass transfer process. If this
current is increased, the reaction rate is increased due to a faster consumption

of the reactive species at the electrode, resulting in a lower interfacial
concentration C . However ,this concentration can not, drop below zero, thus
the current at which the interfacial concentration reaches zero is called the
limiting current .This current is determined by setting C, equals to zero in

equation (3.5) [46] .

i|m :nFRCb (36)
dp
i,., = NFKC, e (37)
where: k=D/dp .....(3.8)

3.4 Diffusion Boundary L ayer
A thin, uniform, and stationary diffusion boundary layer isimportant in
obtaining high-quality electrodeposits. Limiting current depends on thickness

of the diffusion boundary layer for a given reactant concentration .
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If concentration gradient exists within a fluid flowing in a surface, mass
transfer is usually created. The whole concentration gradient of the resistance
to mass transfer lies within a thin layer known as diffusion boundary layer in
the vicinity of the surface. Outside this layer, the concentration is maintained
at its bulk value[49].

According to Nernest, the mass is transferred across this layer by
diffusion alone. Following Fick's law of diffusion transfer, the mass transfer
rate could be determined using concentration gradient across this layer,
species diffusion coefficient and layer thickness as[46]:

:%(Cs' Cp) e (39)

A general expression for the thickness of the diffuson boundary layer
formed on a smooth surface under turbulent flow is[44]:

dp =62 Re 0% .....(3.10)

The diffuson boundary layer thickness for rotating cylinder is given by the
equation[50, 51]:

d O.% O.344DO.356

dp =12.64 7 e (311)

With a known concentration of ionsin the solution and limiting current,
the diffusion layer thickness [49]:
DC,

d, =nF ....(3.12)

At mass-transfer limiting condition, the mass-transfer coefficient can be
expressed as

k:n::'—rg o (313)
b
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Therefore, the diffusion layer thickness in equation (3.13) may be expressed

in terms of the mass-transfer coefficient and the diffusivity

Therefore the thickness of diffusion boundary layer depends on the
velocity or rotation (for rotating system) and it is a function of the physical
properties of the system. However, under turbulent flow conditions for most
aqueous solution, the thickness of the hydrodynamic layer may be related
indirectly to diffusion boundary layer using [52]:

di —go 18 ... (3.15)

dD
The thickness of diffusion boundary layer depends upon the hydrodynamic

flow conditions.

3.5Mass Transfer Correlations

As shown the dimensionless analysis is a useful tool to relate the
experimental variables of a diffusion-convection controlled electrochemical
process. In most correlation these dimensionless groups correlated by general

form for fully developed flow [44]:

Sh=f(Re, S¢) . (3.16)
These groups are usually related to each others via the following equation:
Sh=aRe” °

Extensive data are available on mass transfer correlations for rotating cylinder
electrode and cylinder in cross flow were seen in appendix B in Tables (B.1
and B.2)
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3.6 Rotating Cylinder
3.6.1 Introduction

The rotating cylinder electrode offers an interesting alternative for
electrochemical studies in that it has simple construction, reproducible
response and reaches the turbulent flow conditions at low Reynolds number.
Its application in corrosion studies for example, permits the use of samplesin
the form of tubes, smulating the hydrodynamic conditions in which the
material is commonly employed.

The lack of an exact mathematical solution for the turbulent flow case
has been responsble for the empirical approach used to describe mass
transport to a rotating cylinder electrode surface [51].Eisenberg, Tobias and
Wilke [53] were the first to carry out a detalled investigation on mass
transport to rotating cylinder electrode under turbulent flow .From

measurement of limiting current density at a smooth Ni RCE using Fe(CN);®
/Fe(CN) .*couple in akaline medium they obtained:

i, =knCd % 3D osHy X ... (3.17)
Wherek = 0.0791 and x = 0.7

Pang and Ritchi [54] minimized the end effects by installing inert ends

and obtained the following equation:
i, = knFCd %% -0 posy x ... (3.18)

Wherek = 0.086 and x = 0.71
Gabe and Walsh [55] obtained the value x=0.74 for cupric ion
electroreduction to metallic copper on a smooth cylinder and observed that x

changes to 0.9 asthe electrode surface becomes rougher.
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3.6.2 Mass Transfer to Rotating Cylinder Electrode

Eisenberg et al. [53] were the earlier who studied the mass transfer to
R.C.E. comprehensively using both chemical dissolution and limiting current
density, and they suggested that in the range of Reynolds number (1000-
100000), the best representive relationship can be expressed by:

'i/—m S04 = 0,0791Re%3 .....(3.19)

Recalling that mass transfer coefficient;

Ky = . (3.20)

Cb' Cs

For steady state to be maintained, all the reagent transport down the
concentration gradient must react electrochemically giving a current:
i
— =N ....(3.21
nF (3.21)
Therefore,
i
Kpy=———"—— o (3.22
™ nF(C, - Co) (3:22)
Under limiting condition, C; @ 0, a limiting current density i, is obtained,
therefore:
i
nFCb

m

. (3.23)

Substituting equation (3.19) in equation (3.23), the following relation for the

limiting current density is obtained:

.-03 , .-0.644
évdu  énu

i| = O.O79nFCngn—H gBH P (324)

Rearranging equation (3.22)
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Therefore

i =nF 2, o (3.26)
dp

Where:
dp wasgiven by Eisenberg et al [50,51] to be:

do.% O.344DO.356
Using equation (3.19) adimensional equation was obtained:
Sh=0.079Re*" Sc*° ... (3.28)

3.7 Effect of Heat Transfer

The transfer of heat can be found throughout industrial processing .
Heat must be removed when it is generated in compressions or in chemical
reaction such as found in process reactors, power plants using chemical
combustion or nuclear sources, etc. Heat or other energy must be provided in
purification process and is often needed in mass transfer operation such as
drying and distillation .The conservation of heat in plantsisimportant because
heat loss is costly: thus in large plants one finds extensive use of heat
exchangers, which are pieces of equipment to remove heat from one stream

and transfer it to a second stream [45].
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3.8 Thermal Boundary layer

Heat will flow between a wall and the fluid adjacent to it when a
temperature gradient is established between the wall and the fluid. Near the
wall the fluid velocity increases from zero at the wall to the bulk velocity,
sometimes not too distant from the wall relative to the radius of curvature.
Likewise, the temperature changes from that at the wall to that in the free
stream. The result is that the fluid temperature adjacent to the wall is assumed
to be equal to the surface temperature of the wall at the interface and is equal
to the bulk fluid temperature at some point in the fluid. Thisdistanceis called
the thermal boundary layer. A momentum boundary layer also is present if the
fluid isflowing past the wall. The momentum (hydrodynamic) boundary layer
and the thermal boundary layer can affect each other. The distances over
which the velocity changes from zero to the free stream velocity and the
temperature changes from the wall temperature to the free stream temperature
are often different.

From a corrosion standpoint, the wall temperature or more specificaly,
the temperature at the wall-fluid boundary is the important parameter driving
corrosion. The fluid temperature and even the average temperature in the wall
could be vasly different. The two temperatures are related through an
equation of the form

Q=KAT -T)/Md, (3.29)

Q=hA(T -T.) ... (3.30)
The science of heat transfer enables "h", the heat transfer coefficient, to be
estimated from the fluid properties and fluid dynamics. Once the value of his
estimated, the interfacial temperature can be estimated (at least in principle).
[44].
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However, under turbulent flow conditions for most aqueous solutions,
the thickness of the hydrodynamic layer may be related indirectly to d, using
[52]:

Y3

= _gema (3.31)
& kr

Hydrodynamic
Boundary Layer Vi

Surface (V=0 & T=T,_,& C=C,__)

Fig. 3-2 The hydrodynamic, thermal and diffusion boundary layer [44]

3.9 Heat Transfer Correlations

In the absence of thermal or hydrodynamic entry effect. It had been
seen that the heat transfer correlation is

Nu=aRe’Pre (3.32)

with the Nusselt number related to the Prandtl number and the mean flow
velocity in the form of the Reynolds number. Some classical correlations, for
turbulent pipe flow are generally available. One of the first equation
developed to compute the heat transfer coefficients in pipes is the Dittus-

Bolter equation [56]:
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Nu = 0.023Re*'® Pr®* .....(3.33)
with the coefficients 0.023 recommended by McAdams (0.0243 originaly).
The above equation is a dightly different version of the Colburn equation
[56]:

Nu = 0.023Re"'® prt'® ..... (3.34)
These equations are used for fully developed turbulent flow in smooth
circular tube. For flows characterized by large property variations, a
correlation determined by Seider -Tate is used [56]:

. .0.14
emu
Nu =0.027Re*® Pri/3z2—
&ms g

where p and s are the viscosities determined by the bulk and surface

... (3.35)

temperatures, respectively. In most cases, this correction term is neglected
leaving just the Nusselt-Reyonold/Prandtl number relationship [56].
Kramers [57] published analysis of heat transfer for fully developed

cylinder in cross flow, was found to be correlated by the following equation:

Nu = 0.57Re®° prl/3 ... (3.36)

Churchill and Bernstein [58] proposed the following equation for heat

transfer cylinder in cross flow:

1/2 5, 1/3
NU = 0.3+ 0.62Re™ “ Pr :
5 21354

e
a+F40
g ePro g

e (3.37)
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3.10 Presence of Heat Transfer

The presence of heat transfer between a metal wall and an aggressive
medium has a significant influence on corrosion processes, changing the
corrosion rate and frequently its mechanism. Despite this, as a rule
constructional materials and methods of protection from corrosion for heat
exchange apparatus are selected without taking into consderation the possible
influence of heat transfer on corrosion. The specifics of corrosion processes,
the rate of which is limited by the transport stages, are related to the possible
influence of heat exchange on the hydrodynamics and mass transfer in the
metal-solution system. In heat transfer the temperature distribution in the near
electrode zone depends upon the hydrodynamic conditions [59].

Under heat transfer condition, the metal can be at a temperature
different from the fluid bulk; this difference in temperature will affect the
corrosion process. This effect may be direct or indirect .A direct effect could
be that of the wall temperature on the kinetics of the reaction at the
metal/solution interface. Indirect effects would include the physical and
chemical changes that occur a and next to the metal /solution interface
because of temperature gradients. In particular, this concerns the stability of a
protective film and the solubility and transfer (i.e. diffusion coefficient) of the
reactive species[12].

The discussion to date has assumed isothermal conditions, but in many
practical situations corrosion reactions have to be consdered when the
electrode is acting as a cooler or a heater.

From various studiesit is, becoming clear that in spite of a heat flux, the
overriding parameter is the temperature at the interface between the metal
electrode and the solution, which has an effect on diffusion coefficients and

viscosity.
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When film-forming reactions occur and activation control is the rate
determining factor then the interfacia temperature again will determine the

extent of corrosion [5, 16].

3.11 Analysis of Variances

Analysis of variance is the simultaneous testing of two or more
treatment means by examination of the variances among and within groups
(treatments). The t-test can test a single mean versus a hypothesized value or
the difference between two means of two groups, but not more than two. Even
though the ANOVA is an analysis of variances among data, its primary useis
the test of differences among group means [60].

Statistically, analysis of variance (ANOV A) is a collection of statistical
models, and their associated procedures, in which the observed variance is
partitioned into components due to different explanatory variables.

The initial techniques of the analysis of variance were developed by
Fisher'sin the 1920s and 1930s and is sometimes known as Fisher's ANOV A
or Fisher's analysis of variance, where F- distribution is part of the test of
statistical significance.

There are a number of ways in which analysis of variance might be
further extended, but the assumptions of normality and equa standard
deviation till need to hold. First, perhaps the observations could be grouped
according to two different categorical variables .The extension allowing for
two factors is called two-way ANOVA. A second extension of one way
ANOVA is when we have two dependant variables that we wish to compare
simultaneously across two or more groups. This extension is called

multivariate analysis of variance (MANOVA). In practice, there are severa
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types of ANOVA depending on the number of treatments and the way they
are applied to the subjects in the experiment [61].

ANOVA isincomplete on its own if you have more than two samples.
If a significant difference is found you will only know that the samples with
the highest and lowest means are different. You will not know with any
certainty whether the intermediates are significantly different from either of
the extremes. One of the multiple comparison tests must be used for this
reason. The multiple comparison tests need to be associated with ANOV A
since the latter is more reliable for detecting differences. An important
technique for analyzing the effect of categorical factors on a response is to
perform an Analysis of Variance. An ANOV A decomposes the variability in
the response variable amongst the different factors. Depending upon the type
of analysis, it may be important to determine: (a) which factors have a
significant effect on the response, and/or (b) how much of the variability in

the response variable is attributable to each factor [62].

3.11.1 The Purpose of Analysis of Variance

In general, the purpose of analysis of variance (ANOVA) isto test for
significant differences between means. Elementary Concepts provides a brief
introduction into the basics of statistical significance testing. If we are only
comparing two means, then ANOVA will give the same results as the t- test
for independent samples (if we are comparing two different groups of casesor
observations), or the t- test for dependent samples (if we are comparing two

variables in one set of cases or observations) [61] .
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3.12 Two Ways ANOVA

Two Way Analysis of Variance is away of studying the effects of two
factors separately (their main effects) and (sometimes) together (their
interaction effect). Analyzing by two factors is often a first step in
investigating whether an association is confounded or likely to be causal.

Understanding the interrelated causesis very important [63].
The parameter symbolstypically used in ANOVA are described below:

1. Source: The source includes the controlling factors (column, row) and the

error factor, and the sum of all observations, T.

2. SS (sum of sguares).SS;, SS, SS;..., denote the sum of the squares of
column, row, interaction; SS; denotes the error sum of squares;, SSr denotes

the total variation.

3. DF (degree of freedom): DF denotes the number of independent variables.
In ANOVA table, the degree of freedom for each factor is the number of its
level minus one. The total degree of freedom is the number of total variables
value minus one. The error degree of freedom is the total degree of freedom

minus the sum of degree of freedom of each factor.
4. Mean Square (MS): is defined as the sum of squares deduced by the total
degree of freedom, i.e., MS :i

(DF)i

5. F-ratio: Thisvalue is defined as the variance of each factor deduced by the

. . MS, .
error variance, i.e. F, = MS (i=column, row ...)

e
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2

F- digribution: F = % measures difference between two variances with the
2

following characteristics:

I. Always positive, since variance positive

Ii.Two degrees of freedom, onefor s;, onefor s,

In order to find Fgit which isthe critical value as extracted from the f-
distribution in statistical tables based on two values of degrees of freedom DF
as shown in appendix C in Tables (C.27,28) .

The analysis of variance depends on the number of independent
variables, and whether the experimental are carried out with replication or

without replication in order to assess the presence of all degrees of

Interactions between variables asin the following tables:

Table 3-1 Two ways ANOVA without replication [62]

Source of Sum of Degreeof | Mean Square | Mean Square
variation squares SS | Freedom DF MS Ratio
o 2 -
Among at. T2 c-1l S MS,
Columns -— DF MS eaa
nr N
Among é T2 T2 r-1 Ss MS,
Rows - DF \UIS
nc N
Residual Total SS-all | Total DF-al
above above
Total 2 N-1
ax
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Table 3-2 Two ways ANOVA with replication [62]

Source of Sum of squares SS Degreeof | Mean | Mean Square
variation Freedom | Square Ratio
DF MS
o 2 _
Among a Tc T2 c-1 SS MS,
Columns -— DF MS, iqua
nr N
Among é T2 T2 r-1 Ss MS,
Rows -— DF MS . .
nc N
Column-row | §T,> T2 (c-D)(r-1) Ss
interaction n N S-S5 DF
Residua Total SS-all above | Total DF-
al above
X2 —
a N
3.13 ThreeWays ANOVA

Computationaly, the threeeway ANOVA adds nothing new to the
procedure for the two-way; the same basic formulae are used a greater
number of times to extract a greater number of SS components from SSqa
(eight SSs for the three-way as compared with four for the two-way).
However, anytime you include three factors, you can have a three-way
interaction, and that is something that can get quite complicated, as will be
seen. To give a manageable view of the complexities that may arise when
dealing with three factors [60]. The ANOV A table has six columns:

The first shows the source of the variability.
The second shows the sum of squares (SS) due to each source.

The third shows the degrees of freedom (DF) associated with each source.
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The fourth shows the mean squares (MS), which isthe ratio SS/DF.

The fifth shows the F statistics, which are the ratios of the mean squares.

Table 3-3 Three ways ANOVA [62]

Source of Sum of squares SS Degree of Mean Mean
variation Freedom DF | Square | Square
MS Ratio
Among artr’? T2 c-1 Ss MS,
Columns mg N DF ST
Among aT’ T2 r-1 Ss MS,
ROWS an ) W DF MSreﬁiduaI
Among atg® T g-1 s MS,
GYOUDS necr i W DF MS, e
Column- art,’ T2 (c-1)(r-1) S
Row nga N S-S5 DF
g N
Interaction
Column- aTeg® T2 (c1)(gl) | S
Group nm N S-S DF
Interaction
Row-Group | §T.° T2 (r-(g-1) | Ss
Interaction ncg N S-S5, DF
Column- AT.2 2 (c-1)(r-1)
LI 2
Row-Group a ncrg N minus (0-1) DF
Interaction al six previous sum of
sguares
Residual Total SS minus all Total DF SS
seven sum of squares | minus al DF
previous DF
X2 —
a N
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The results are then compared with F found in appendix C in Tables (C.27,
C.28).

In the experimental having only one replication, the sum of squares of
the residual is always equal to zero. This is because the resdual error arises
only from replicating (repeating) the experimental under the same set of
conditions. This does not necessarily mean that the error term (experimental
error and error involved due to some other factors unknown to the test
designer) does not exist. In single replication experiments, this error term is
generally lost in the interactions (column-row, column-group, row-group and
column-row-group) .This is known as confounding; where certain effects
cannot be distinguished from others. Hence ,the sum of squares SS of the
error term (residual)and its degrees of freedom DF may be taken as the total
of SS of al the interactions and the sum of their degrees of freedom

respectively. Thisis shown in Table above (3.3).

In the single —replication experimental it is therefore not possible to
estimate or to test the interaction (interaction term) for the significance.
Therefore, only main effects (among column, among row, and among group)
have been investigated [62].
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Chapter Four
Results and Calculations

4.1 Introduction

The aim of thiswork to study and analyse the corrosion behavior under
controlled heat and mass transfer conditions with different metals and
different range of Reynolds number, temperature and heat flux. And then
followed by the analyss of these data according to statistical ANOVA to
identify the effect of individual factors.

A large amount of corroson research is currently conducted in
qguiescent solutions. Accordingly, hydrodynamic factors are frequently
ignored in the analysis of corrosion kinetics, or at best, a hydrodynamic
regime is employed that does not effectively smulate that which occursin the
industrial environment of interest. However, many industrial systems involve
the flow of corrosive fluids through pipes, channels, etc., at high velocities. In
these cases, mass transfer and surface shear stress may have a profound effect
on the rate of material degradation, either by modifying the rate of mass
transport of chemical species to or from the surface or by shear-stripping
films from the metal/ solution interface. As a result, an accurate simulation of
corrosion phenomena that take place in the plant environments can be
accomplished in the laboratory only if the hydrodynamic effects are
considered [64].

Fluid motion can influence the corrosion mechanism and from that, the
corrosion rate. Such influence would occur, for example, when the corrosion
rates are controlled wholly or partially by mass transfer of reactant to or
product from the surface, or by direct impingement of particles or
occasionally the fluid itself against the surface. When the rate of mass transfer

Is the rate-controlling step in the corrosion process, the corrosion rate can, in
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theory, be calculated from the product of the mass-transfer coefficient for that
geometry and environment and the difference in concentration of the rate-
limiting species between that at the surface and that which is in the
environment. Oxygen is usually sparingly soluble in agueous media [65].

A number of sysems have been proposed as laboratory devices,
including a stirrer housing coupons, a stirrer moving fluid relative to
stationary coupons, rotating electrodes of various geometries, impinging jets,
and flow loops with cylindrical spool piecesin avariety of configurations. All
of these systems have some positive and some negative characteristics with
respect to construction, corrosion measurement, and prediction. The rotating
cylinder electrode is one such apparatus that has seen increasing popularity
for examining corrosion in the presence of fluid motion. The reason is that
this apparatus has a number of appealing characteristics, including the
following [65]:

— defined hydrodynamics that are turbulent even at low rotation rates.

— reasonably well-defined empirical correlations that relate such quantities
as mass-transfer coefficient (Sherwood number), fluid flow rate (Reynolds
number), and fluid physical properties (Schmidt number).

— auniform current and potential distribution.

— fluid characteristics independent of position on the electrode surface.

— reasonably easy assembly, disassembly, and use.

The most common type of flow conditionsfound in industrial processes
Is turbulent; however, corrosion studies in controlled turbulent flow
conditions are available. With the increasing necessity to describe the
corrosion of metalsin turbulent flow conditions some laboratory
hydrodynamic systems have been used with different degrees of success.
Among these hydrodynamic systems, rotating cylinder electrodes (RCEs),

pi pe segments, concentric pipe segments, submerged impinging jets and close
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- circuit loops have been used and have been important in the improvement of
the understanding of the corrosion process taking place in turbulent flow
conditions. It has been found that for a RCE enclosed in a concentric cell, the
transition between the laminar and turbulent flow occurs at values of
Reynolds number (Re) of 200 approximately. The RCE in corroson
laboratory studiesis a useful tool for the understanding of mass transfer
processes, effects of surface films, inhibition phenomena, etc., taking placein
turbulent flow conditions. However, the use of the RCE has been questioned
by some researchers, due to the differences found between the values of
corrosion rates measured on pipe flow electrodes and on the RCE [66].

The most convenient method to present the resultsisto split them into
three sections:

1. Corrosion of carbon stedl cylinder in cross flow

2. Corrosion of carbon steel as Rotating Cylinder Electrode.

3. Corrosion of copper as Rotating Cylinder Electrode.

Each section is divided into isothermal and heat transfer conditions and each

part contains cathodic region.

4.2 Corrosion of Carbon Steel Cylinder in Cross Flow

This corrosion study of carbon steel cylinder isunder cross flow [40] in
0.1N sodium chloride solution. These experimental data are found at different
flow rates (Re = 5000, 8000, 10000 and 12000) and different bulk temperatures
(T =30, 40, 50 °C).

Similar conditions were used under heat transfer conditions (Q = 10,
30, and 50 kW/ m?) and different bulk temperature (T = 30, 40°C).The results
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are to be split into two sections: isothermal conditions and heat transfer

condition.

4.2.1 Isothermal Conditions
The limiting current densities of oxygen in 0.IN NaCl were

determined from the polarization curves. Table (4.1) [40] is for isothermal

conditions.
Table 4-1 The limiting current densities, A/m?
Re 30°C 40°C 50°C
5000 2.3277 2.1978
8000 2.8723 2.5252 2.2595
10000 3.4050 3.1425 2.8201
12000 3.9496 3.5416 3.2118

It is clear from Table (4.1) that limiting current density at constant
temperature, increases as Reynolds number increases, and limiting current

density at constant Reynolds number, decreases as temperature increases.

4.2.2 Heat Transfer Conditions

The limiting current densities of oxygen in 0.1N NaCl were determined
from the polarization curves with different heat fluxes. Tables (4.2-4.7) [40]
show results under cross flow for heat transfer conditions with the interfacial

temperatures.
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Table4-2 The limiting current density and interfacial temperature

at bulk temperature 30°C and Q =10kW/m?

Re Ti(°C) Limiting current density,
Alm?
5000 38 2.4964
8000 36 2.9060
10000 35 3.6657
12000 34 4.0257

Table4-3 The limiting current density and interfacial temperature

at bulk temperature 40°C and Q =10kW/m?

Re Ti(°C) | Limiting current density,
Alm?
5000 47 2.2107
8000 45 2.7448
10000 44 3.5290
12000 43 3.7230

Table 4-4 The limiting current density and interfacial temperature
at bulk temperature 30°C and Q =30kW/m?

Re Ti(°C) | Limiting current density,
Alm?
5000 43 2.8708
8000 40 3.4605
10000 38 4.7091
12000 36 5.3733

Table4-5 The limiting current density and interfacial temperature
at bulk temperature 40°C and Q =30kW/m?

Re Ti(°C) Limiting current density,
Alm?
5000 51 2.5862
8000 49 3.2155
10000 47 4.3535
12000 45 5.1969
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Table4-6 The limiting current density and interfacial temperature
at bulk temperature 30°C and Q =50kW/m?

Re Ti(°C) Limiting current density,
Alm?
5000 46 3.2388
8000 44 4.3956
10000 41 4.8053
12000 39 6.1016

Table4-7 The limiting current density and interfacial temperature
at bulk temperature 40°C and Q =50kW/m?

Re Ti(°C) Limiting current density,
Alm?
5000 53 3.0201
8000 51 3.9466
10000 49 4.5786
12000 47.5 5.3014

It is clear from Tables (4.2, 3,4,5,6 and 7) that limiting current density
at constant temperature, increases as Reynolds number increases. Also
limiting current density at constant Reynolds number decreases as
temperature increases. It is also shown that at constant temperature and
Reynolds number, limiting current density increases as heat flux increases.
The interfacial temperature decreases with the increasng Reynolds number at

a given temperature and heat flux.

4.3 Corrosion of Carbon Steel Rotating Cylinder Electrode
This work presents the electrochemical kinetic results measured during
the corrosion of carbon steel immersed in aqueous environments, containing

600 ppm chloride (CI") solution under turbulent flow conditions.
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In order to control the turbulent flow conditions, a Rotating Cylinder
Electrode (RCE) [67, 68] was used. Four different rotation rates were studied
(also one under static conditions) (50,200,300 and 400) rpm and different bulk
temperatures (T = 30, 40, 50 °C). Similar conditions were used under heat
transfer conditions (Q =20kW/ m?) and different bulk temperatures. The
results are to be split into two sections: isothermal conditions and heat

transfer conditions.

4.3.1 | sothermal Conditions

The limiting current density of iron in 600 ppm chloride solutions were
obtained from polarization curves. These results are presented in Tables (4.8-
4.10) [67] for isothermal conditions.

Table 4-8 The limiting current density at 30°C

r.p.m Re Limiting current dengity,
(A/m?)
0 0 0.146
50 15111.10 0.97
200 60461.40 4.87
300 90675.15 54
400 120897.3 8.1
Table 4-9 The limiting current density at 40°C
r.p.m Re Limiting current dengity,
Alm?)(
0 0 0.341
50 17313.07 1.8
200 73601.20 5.23
300 113810.16 6.82
400 147172.40 8.3

55



Table 4-10 The limiting current density at 50°C

r.p.m Re Limiting current dengity,
Alm?)(
0 0 0.487
50 21848.3 2.38
200 87418.0 5.36
300 131120.5 7.3
400 174799.2 8.53

It is clear from Tables (4.8, 9, and 10) that limiting current density at
constant temperature, increases as velocity increases. And limiting current

density at constant velocity increases as temperature increases.

4.3.2 Heat Transfer Conditions

The limiting current density of iron in 600 ppm chloride solutions were
obtained from polarization curves with single heat flux (Q=20kW/m?). .
These results are presented in Tables (4.11-4.13) [68] for heat transfer
conditions. The surface temperatures under heat transfer conditions are also

shown in these tables.

Table4-11 The limiting current density and interfacial temperature
at bulk temperature 30°C and Q=20kW/m?

r.p.m Ti(°C) Re Limiting current
density, (A/m?)
50 56 19415.7 1.88
200 54.3 76320.30 4.97
300 50.3 116467.8 6.60
400 49.2 147374.2 8.10
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Table 4-12 The limiting current density and interfacial temperature

at bulk temperature 40°C and Q=20kW/m?

r.p.m Ti(°C) Re Limiting current
density, (A/m?)
50 60 22093.3 2.20
200 56 84674.7 5.10
300 52.7 122757.9 6.70
400 51.8 160898.1 8.00

Table4-13 The limiting current density and interfacial temperature

at bulk temperature 50°C and Q=20kW/m?

r.p.m Ti(°C) Re Limiting current
density, (A/m?)
50 68.2 24974.4 1.30
200 66.8 98540.9 3.30
300 62.6 143923.5 5.80
400 60.8 189399.9 7.40

It is clear from these Tables (4.11, 12 and 13) that limiting current
density at constant temperature, increases as velocity increases. At constant
velocity, it decreases generaly as temperature increases. The interfacial
temperature decreases with the increasng Reynolds number at a given

temperature and heat flux.

4.4 Corrosion of Copper Rotating Cylinder Electrode

This corrosion study of copper rotating cylinder in 3% NaCl solution.
The experimental data [41] found at different Reynolds number (r.p.m =
0,100,200,300,400) and different bulk temperatures (T = 30, 45, 60 °C).
Similar conditions were used under heat transfer conditions with (Q = 15.6,
18.75, 21.87 kW/ mA).
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The results are to be split into two sections: isothermal conditions and heat

transfer conditions.
4.4.1 | sothermal Conditions

The limiting current densities of CuCl, were also determined from

polarization curves .Tables (4.14-4.16) [41] for isothermal conditions

Table 4-14 The limiting current density at 30°C

r.p.m Re Limiting current
density, (A/m?)
0 0 0.129
100 30137 0.157
200 60137 0.170
300 89987 0.201
400 120803 0.355

Table 4-15 The limiting current density at 45°C

r.p.m Re Limiting current
density, (A/m?)
0 0 0.231
100 42500 0.306
200 85119 0.358
300 126901 0.486
400 170359 0.603
Table 4-16 The limiting current density at 60°C
r.p.m Re Limiting current
density, (A/m?)
0 0 0.282
100 50821 0.335
200 101785 0.418
300 149743 0.543
400 203713 0.628
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From Tables (4.14- 4.16) it is clear that limiting current density increases
as velocity increases at constant temperature. At constant velocity, the

limiting current density increases as temperature increases

4.4.2 Heat Transfer Conditions

The limiting current densities of CuCl, were also determined from
polarization curves .Tables (4.17-4.25) [41] for heat transfer conditions. The
surface temperatures under heat transfer conditions are also presented in these
Tables.

Table4-17 The limiting current density and interfacial temperature
at bulk temperature 30°C and Q =15.6kW/m?

r.p.m Ti(°C) Re Limiting
current density,
Alm?)(
100 68 42304.168 0.325
200 65.81 84413.175 0.382
300 63.13 .00131293 0.477
400 59.1 148782.00 0.553

Table4-18 The limiting current density and interfacial temperature
at bulk temperature 45°C and Q =15.6kW/m?

r.p.m Ti(°C) Re Limiting
current density,
(A/m?)
100 76.12 54029.51 0.339
200 75.13 101642.11 0.415
300 72.7 152067.00 0.506
400 70.15 195426.03 0.610
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Table4-19 The limiting current density and interfacial temperature

at bulk temperature 60 °C and Q =15.6kW/m?

r.p.m Ti(°C) Re Limiting
current density,
Alm?)(
100 86.3 59381.23 0.353
200 85.01 119593.76 0.428
300 84.22 177712.03 0.546
400 81.53 233518.74 0.630

Table4-20 The limiting current dendity and interfacial temperature

at bulk temperature 30°C and Q =18.75kW/m?

r.p.m Ti(°C) Re Limiting
current density,
(A/m?)
100 77.2 45550.24 0.342
200 74.8 90666.67 0.403
300 72.8 130579.0 0.518
400 71 175889.8 0.580

Table4-21 The limiting current density and interfacial temperature

at bulk temperature 45°C and Q =18.75kW/m?

r.p.m Ti(°C) Re Limiting
current density,
(A/m?)
100 83.01 52900.45 0.354
200 80.6 87781.00 0.429
300 78 153918.43 0.546
400 77.9 206104.59 0.616

Table4-22 The limiting current density and interfacial temperature

at bulk temperature 60°C and Q =18.75kW/m?

r.p.m Ti(°C) Re Limiting
current density,
(A/m?)
100 86.72 59544.65 0.366
200 83.8 120039.78 0.445
300 82.4 176148.58 0.552
400 80.3 23189241 0.641
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Table4-23 The limiting current density and interfacial temperature

at bulk temperature 30°C and Q =21.87 kW/m?

r.p.m Ti(°C) Re Limiting
current density,
(A/m?)
100 84.59 47685.8 0.368
200 83.3 95795.55 0.428
300 82.2 141864.6 0.519
400 79.8 186805.9 0.629

Table4-24 The limiting current density and interfacial temperature

at 45°C and Q =21.87 kW/m?

r.p.m Ti(°C) Re Limiting
current density,
(A/m?)
100 88.2 54929.83 0.381
200 86.7 110450.22 0.443
300 85.39 162855.85 0.561
400 81.81 212546.78 0.647

Table4-25 The limiting current density and surface temperature

at 60°C and Q =21.87 kW/m?

r.p.m Ti(°C) Re Limiting
current density,
(A/m?)
100 91.3 61163.65 0.459
200 88.7 1222154 0.492
300 87.39 180950.9 0.567
400 84 237762.2 0.653

From Tables (4.17-4.25) it is clear that limiting current density
increases as velocity increases at constant temperature. At constant velocity,
the limiting current density increases as temperature increases. The interfacial
temperature decreases with the increasng Reynolds number at a given
temperature and heat flux. Furthermore the limiting current density increases

with increasing heat flux for a given conditions of other variables.
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45Mass Transfer Correlations

4.5.1 Isothermal Conditions

Values of limiting current density were used to estimate the mass
transfer coefficients k,, for the whole range of Re and temperature. Mass
transfer studies of electrochemical system were usually conducted under
limiting condition, in which case the mass transfer coefficient k., can be
expressed as:

= 41
" nFC, (4.1)

The Sherwood number is a dimensionless number that expresses mass
transport under forced convection flow conditions. The Sh number can be

calculated according to the following equation:

k,d
=—"— 4.2
=" (42

Also, Schmidt number (Sc=v/D) is calculated as shown in the following
Tables (4.26 - 4.34) for all the system analysed in this work. All the physical

properties are found in appendix A.

Table 4-26 Mass transfer coefficientsin cross flow at 30°C [40]

Re km *10° ,(m/s) Sc
5000 2.5732 337.76
8000 3.1753 337.76
10000 3.7642 337.76
12000 4.3662 337.76

Table 4-27 Mass transfer coefficientsin cross flow at 40°C [40]

Re km *10° ,(m/s) Sc
5000 2.869 217.625
8000 3.297 217.625

10000 4.1032 217.625
12000 4.6243 217.625
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Table 4-28 Mass transfer coefficientsin crossflow at 50C [40]
Re km *10° ,(m/s) Sc
8000 3.345 155.576
10000 4.175 155.576
12000 4.755 155.576

Tables (4.26, 27 and 28) show that at a constant temperature, mass
transfer coefficient increases as Reynolds number increases. At constant
Reynolds number, mass transfer coefficient increases as temperature

increases.

Table 4-29 Mass transfer coefficient for rotating cylinder at 30°C [67]

r.p.m Re km * 10" ,(m/s) Sc
50 151111 1.1489 305.14
200 60461.4 5.7683 305.14
300 90675.15 6.39612 305.14
400 120897.3 9.59418 305.14

Table 4-30 Mass transfer coefficient for rotating cylinder at 40°C [67]

r.p.m Re km *10% (m/s) Sc
50 17313.07 2.19474 184.67
200 73601.2 6.3769 184.67
300 11381.16 8.3156 184.67
400 147172.4 10.12023 184.67

Table4-31 Mass transfer coefficient for rotating cylinder at 50°C [67]

r.p.m Re km *10% ,(m/s) Sc
50 21848.3 3.18277 140.68
200 87418 7.16793 140.68
300 13112.5 9.7623 140.68
400 174799.2 11.40718 140.68
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Table4-32Mass transfer coefficient for rotating cylinder at 30°C [41]

r.p.m Re km *10° ,(M/s) S
100 30137 1.784 715
200 60395 2.929 715
300 89987 3.877 715
400 120803 4,757 715

Table4-33 Mass transfer coefficient for rotating cylinder at 45°C [41]

r.p.m Re km *10° ,(m/s) Sc
100 42500 2.472 334
200 85119 4,054 334
300 126901 4.367 334
400 170359 6.586 334

Table4-34 Mass transfer coefficient for rotating cylinder at 60°C [41]

r.p.m Re km *10° ,(m/s) Sc
100 50821 3.286 226.5
200 101785 5.392 226.5
300 149743 7.138 226.5
400 203713 8.770 226.5

The above Tables (4.29-4.34) show that mass transfer coefficient

increases as velocity increases at a constant temperature while at constant

velocity, mass transfer coefficient increases as temperature increases.

45.2 Heat Transfer Conditions

When there is heat transfer, the value of heat transfer coefficient can

be calculated according to this following equation:

Q = hA(Ts - Tb)

Cnm
and pr=-2"

T
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The following Tables (4.35-4.52)for all system analyzed show that at a
constant temperature, mass transfer coefficient increases as velocity or (Re)
increases ,while at constant velocity, it increases as temperature increases.
The mass transfer coefficient increases as heat flux increases with constant
temperature and velocity.

Also, the same trend and behaviors are observed regarding heat
transfer coefficient as related to velocity, temperature and heat flux, as given

in the following tables:

Table4.35 Mass transfer coefficients and heat transfer coefficients for cross

flow at 30°C and Q =10 kW/m? [40]

Re |ky*10°(m/s) Sc h(W/m* K) Pr
5000 2.76 287.4 1250 4.96
8000 3.21 300.65 | 1666.67 5.07
10000 4.05 307.33 2000 5.13
12000 4.45 314.53 2500 5.19

Table 4-36 Mass transfer coefficients and heat transfer coefficients for cross

flow at 40°C and Q =10 kW/m? [40]

Re kn* 10°,(m/s) Sc h(W/m* K) Pr
5000 2.89 19459 | 142857 4.04
8000 358 202.16 2000 4.13
10000 4.60 206.10 2500 4.17
12000 4.86 21431 | 3333.33 4.26

Table 4-37 Mass transfer coefficients and heat transfer coefficients for cross

flow at 30°C and Q =30 kW/m? [40]

Re kn* 10°,(m/s) Sc h(W/m* K) Pr
5000 3.17 257.71 | 2307.69 4.69
8000 3.83 274.96 3000 4.84
10000 5.21 287.40 3750 4.96
12000 5.94 300.65 5000 5.07
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Table 4-38 Mass transfer coefficients and heat transfer coefficients for cross
flow at 40°C and Q =30 kW/m? [40]

Re | kn*10°,(m/9) Sc h(W/m* K) Pr
5000 3.38 180.62 | 2727.27 3.89
8000 4.20 187.42 3333.3 3.96
10000 5.68 19459 | 4285.71 4.04
12000 6.79 202.16 6000 4.13

Table 4-39 Mass transfer coefficients and heat transfer coefficients for cross
flow at 30°C and Q =50 kW/m? [40]

Re km *10° ,(M/9) Sc h(W/m* K) Pr
5000 358 241.97 3125 454
8000 4.86 25230 | 3571.43 4.64
10000 5.31 269.03 | 4545.45 4.79
12000 6.74 281.08 | 5555.56 4.90

Table 4-40 Mass transfer coefficients and heat transfer coefficients for cross
flow at 40°C and Q =50 kW/m? [40]

Re km *10° ,(m/9) Sc h(W/m* K) Pr
5000 3.94 171.06 | 3846.15 3.76
8000 5.15 180.62 | 4545.45 3.89
10000 5.98 187.42 | 555555 3.96
12000 6.92 192.76 | 6666.67 4.02

Table 4-41Mass transfer coefficients and heat transfer coefficients for
rotating cylinder at 30°C and Q =20 kW/m? [68]
r.p.m Re ke*10°,(m/s) |  Sc | h(W/m*.K) Pr
50 19415.7 2.222 168.93 753.30 4.067
200 76320.3 5.900 174.03 775.93 4.140
300 | 116467.8 7.816 184.67 964.876 4.307
400 | 147374.2 9.600 185.2 1029.687 4.377
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Table 4-42 Mass transfer coefficients and heat transfer coefficients for
rotating cylinder at 40°C and Q =20 kW/m? [68]

r.p.m Re kn* 10°,(m/s) Sc h(W/m* .K) Pr
50 22093.3 2.682 140.68 942.75 3.548
200 84674.7 6.217 155.45 1201.25 3.588
300 | 122757.9 8.168 156.08 1556.690 3.847
400 | 160898.1 9.753 157.86 1613.389 3.850

Table 4-43 Mass transfer coefficients and heat transfer coefficients for
rotating cylinder at 50°C and Q =20 kW/m? [68]

r.p.m Re kn* 10°,(m/s) Sc h (W/m?*.K) Pr
50 24974.4 2.566 93.20 1086.26 3.075
200 98540.9 6.5133 99.00 1165.89 3.140
300 143923.5 11.448 110.98 1583.570 3.244
400 189399.9 14.6100 118.75 1779.722 3.281

Table 4-44 Mass transfer coefficients and heat transfer coefficients for
rotating cylinder at 30°C and Q =15.6kW/m? [41]

r.p.m Re ke 10°,(m/s) Sc h (W/m~.K) Pr
100 | 42304.168 2.627 335.66 408.42 3.703
200 84413.175 4.284 349.57 428.93 3.722
300 131293.00 5.539 367.954 451.82 3.808
400 148782.00 6.523 399.841 477.11 3.967

Table 4-45 Mass transfer coefficients and heat transfer coefficients for
rotating cylinder at 45°C and Q =15.6kW/m? [41]

r.p.m Re kn* 10°,(m/s) Sc h(W/m*K)| Pr
100 |45029.51 3.407 206.03 498.71 2.756
200 |101642.11 5.410 224.48 499.50 3.010
300 |152067.00 6.996 235.27 548.74 3.067
400 | 195426.03 8.636 245.60 596.42 3.128
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Table 4-46 Mass transfer coefficients and heat transfer coefficients for
rotating cylinder at 60°C and Q=15.6kW/m? [41]

r.p.m Re kn* 10°,(m/s) Sc | h(W/m%K) Pr
100 59381.23 4.126 146.4 590.11 2.458
200 | 119593.76 6.701 149.2 614.15 2.478
300 | 177712.03 8.804 151.5 628.5 2.490
400 | 233518.74 10.56 158.1 700 2.546

Table 4-47 Mass transfer coefficients and heat transfer coefficients for
rotating cylinder at 30°C and Q =18.75kW/m? [41]

r.p.m Re ke 10°,(m/s) Sc h (W/m~>.K) Pr
100 45550.24 2.926 282.43 396.39 3.341
200 90666.67 4.698 295.24 417.41 3.407
300 130579.0 6.052 310.82 435.05 3.507
400 175889.8 7.352 317.09 453.90 3.539

Table 4-48 Mass transfer coefficients and heat transfer coefficients for
rotating cylinder at 45°C and Q =18.75kW/m? [41]

r.p.m Re ke 10°,(m/s) Sc h (W/m~>.K) Pr
100 52900.45 3.537 196.37 485.92 2.810
200 87781.00 5.675 204.09 516.8 2.868
300 | 153918.43 7.336 214.85 564.24 2.937
400 | 206104.59 8.998 215.64 565.9 2.961

Table 4-49 Mass transfer coefficients and heat transfer coefficients for
rotating cylinder at 60°C and Q =18.75kW/m? [41]

r.p.m Re kn* 10°,(m/s) Sc | h(W/m%K) Pr
100 59544.65 4.14 145.5 685.76 2.4507
200 | 120039.78 6.73 147.92 726.65 2.4682
300 | 176148.58 8.66 155.76 846.36 2.5178
400 | 23189241 10.45 161.08 917.24 2.5470
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Table 4-50 Mass transfer coefficients and heat transfer coefficients for
rotating cylinder at 30°C and Q =21.87kW/m? [41]

r.p.m Re kn* 10°,(m/s) Sc | h(W/m%K) Pr
100 47685.8 3.125 249.67 400.07 3.152
200 95795.55 5.067 255.45 407.50 3.186
300 141864.6 6.640 260.50 416.09 3.215
400 186805.9 8.003 271.78 436.34 3.280

Table 4-51 Mass transfer coefficients and heat transfer coefficients for
rotating cylinder at 45°C and Q =21.87kW/m? [41]

r.p.m Re kn* 10°,(m/s) Sc | h(W/m%K) Pr
100 54929.83 3.703 179.63 503.93 2.6903
200 | 110450.22 6.001 183.89 521.11 2.7181
300 | 162855.85 7.824 189.38 538.46 2.7566
400 | 212546.78 9.322 200.66 586.14 2.8377

Table 4-52 Mass transfer coefficients and heat transfer coefficients for
rotating cylinder at 60°C and Q =21.87kW/m? [41]

r.p.m Re ke 10°,(M/9) Sc | h(W/m*.K) Pr
100 61163.65 4.72 135.76 696.47 2.377
200 122215.4 6.904 141.09 761.67 2.418
300 180950.9 9.037 144.15 791.57 2.441
400 237762.2 10.79 151.63 905 2.495
4.6 Boundary Layer

For all systems studied, other effects such as transport and natural
convection are small compared to the diffusion rate and so the overall mass
transfer coefficient ky, is directly dependent on the diffusivity, the eddy
diffusivity and inversely proportional to the diffusion boundary layer
thickness[21]:

« -D+eg
m dD

... (4.5)
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For cylinder in cross flow 6p can be calculated by the above equation.
In the absence of eddy diffusivity, calculate k from equation (4.1) and
estimate D from appendix A .The dp values are calculated and given in Tables
(4.53-4.61).
For rotating cylinder, o can be calculated by the following equation [50,
51]:

d 0.3n 0.344 D 0.356

d, =12.64 . (4.6)

For those cases where there is a temperature difference between the
metal surface and the electrolyte a heat flux is flowing and the third boundary
layer &; is present .Under steady heat flow conditions the rate of heat flux is
dependent on the temperature gradient across the layer and the thermal
conductivity of the layer. Assuming the thermal boundary layer lies entirely
within the hydrodynamic boundary layer, heat is transferred across the
boundary layer by conduction alone and the layer thickness is given as
fellows [21]:

Q=hAT.-T,) (4.7)
Both temperatures are known so h can be calculated and then 6; is obtained
from the following equation:

h=kt / &; ... (4.8)
where Kkt : thermal conductivity.

However, under turbulent flow conditions for most agueous solutions, the
thermal boundary layer thickness and the hydrodynamic layer may be related
indirectly using [52]:

d%t =V e (4.9)

And using equation below to calculate the hydrodynamic boundary layer

according to diffusion boundary layer [52] :
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d — 1/3
Y =

In the present analysis of the different systems studied the thicknesses

. (4.10)

of the various boundary layers are calculated as explained above for
isothermal and heat transfer conditions and presented in the following tables

with the relevant values of Sc and Pr.

Table 4-53 Mass and hydrodynamic boundary layer thickness over cylinder
with cross flow at 30°C [40]

Re 8p*10°(m) | &4 *10% (m) Sl
5000 9.216 6.418 6.964
8000 7.468 5.201 6.964
10000 6.299 4.387 6.964
12000 5.431 3.782 6.964

Table 4-54 Mass and hydrodynamic boundary layer thickness over cylinder
with cross flow at 40°C [40]

Re 8p*10°(m) | 8y *10" (m) ScU3¥
5000 10.524 6.330 6.015
8000 9.158 5.509 6.015
10000 7.359 4.426 6.015
12000 6.529 3.927 6.015

Table 4-55 Mass and hydrodynamic boundary layer thickness over cylinder
with cross flow at 50°C [40]

Re 8p*10° (m) 810" (m) S
8000 10.64 5.722 5.378
10000 8.520 4582 5.378
12000 7.481 4.023 5.378
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Table 4-56 Mass, thermal and hydrodynamic boundary layer thicknesses over
cylinder with cross flow at 30°C and Q =10 kW/m?[40]

Re | 6p*10° | S | §1+10% [ Pr%¥ | 54*10°=6p | 64*10%=6¢
(m) (m) ¥ m) | Pr**(m)
5000 | 9225 | 6.599 4912 | 1.704 6.107 8.370
8000 | 7.738 | 6.698 3684 | 1.716 5.183 6.322
10000 | 6.056 | 6.747 3070 | 1.725 4.086 5.296
12000 | 5.442 6.799 2456 | 1.731 3.700 4.251

Table 4-57 Mass, thermal and hydrodynamic boundary layer thicknesses over
cylinder with cross flow at 40°C and Q =10 kW/m?[40]

Re | 8p*10° | S™*® | §r*10° | Pro® [ 5,*10°=8p | 54*10°= o7
(m) (m) SCO.333 (m) Pr 0.333 (m)
5000 | 10.853 | 5794 | 4.396 | 1.596 6.288 7.016
8000 | 8583 | 5.868 | 3.140 | 1.604 5.039 5.037
10000 | 6.616 | 5.897 | 2512 | 1.609 3.901 4.042
12000 | 6.134 | 5973 | 1.880 | 1.620 3.663 3.046

Table 4-58 Mass, thermal and hydrodynamic boundary layer thicknesses
over cylinder with cross flow at 30°C and Q =30 kW/m? [40]

Re | 8p*10° | ™% | §1*10% | Pr2* [ §4%10%° = 8p | 6 *10%= &7
(m) (m) g0-338 (m) pr 0333 (m)
5000 | 8.514 6.363 | 2.660 | 1.673 5.417 4.450
8000 | 6.819 6.491 | 2.046 | 1.649 4.426 3.374
10000 | 4.892 6598 | 1.637 | 1.704 3.228 2.789
12000| 4.182 6.608 | 1.228 | 1.718 2.801 2.109

Table 4-59 Mass, thermal and hydrodynamic boundary layer thicknesses over
cylinder with cross flow at 40°C and Q =30 kW/m? [40]

Re | 8p*10° | Sc™* | 10" | Pr%®*® [ 54*10%°=8p | 8*10%= &7
(m) (m) gc033 (m) pr 0333 (m)
5000 | 9.659 | 5652 | 2303 | 1.573 5.459 3.623
8000 | 7.619 | 5722 | 1.884 | 1.582 4.359 2.980
10000| 5518 | 5794 | 1465 | 1.593 3.197 2.334
12000| 4531 | 5.869 | 1.047 | 1.604 2.659 1.679
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Table 4-60 Mass, thermal and hydrodynamic boundary layer thicknesses over
cylinder with cross flow at 30°C and Q=50 kW/m? [40]

Re | 8p*10° | S | 51*10* | Pro3 | 5,%10% = 5p | 54*10%= &7
(m) (m) S0-338 (m) | Pr 0.333 (m)
5000 | 7.633 | 6231 | 1.965 | 1.656 4.756 3.254
8000 | 5622 | 6319 | 1719 | 1.668 3.552 2.867
10000 | 4.968 | 6.455 | 1351 | 1.686 3.207 2.277
12000 | 3.821 | 6550 | 1.105 | 1.699 2.503 1.877

Table 4-61 Mass ,thermal and hydrodynamic boundary layer thicknesses
over cylinder with cross flow at 40°C and Q =50 kW/m? [40]

Re | 6p*10° | Sc™® | §r+10° | Pr®®® [ 5,4*10%=5p | 64 *10°= &7
(m) (m) SCO.333 (m) Pr 0.333 (m)
5000 | 8513 | 5550 | 1.632 | 1.555 4.725 2.538
8000 | 7.462 | 5562 | 1381 | 1573 4.150 2,172
10000 | 5249 | 5723 | 1130 | 1582 3.004 1.788
12000 | 4554 | 5767 | 0.942 | 1590 2.626 1.498

Table 4-62 Mass and hydrodynamic boundary layer thickness over rotating
cylinder at 30°C [67]

rpm | 8p*10°(m) | 84*10% (m) ScU%
50 13.736 4,059 6.732
200 5.525 1.538 6.732
300 3.946 1.158 6.732
400 3.234 0.947 6.732

Table 4-63 Mass and hydrodynamic boundary layer thickness over rotating
cylinder at 40°C [67]

rpm | 8,*10°(m) | 84 *10%(m) Sc¥3%
50 13.870 7.899 5.695
200 5.255 2.992 5.695
300 3.957 2.254 5.695
400 3.235 1.842 5.695
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Table 4-64 Mass and hydrodynamic boundary layer thickness over rotating
cylinder at 50°C [67]

rpm | 85*10° (m) 810" (m) Sco3%3
50 13.540 7.042 5.201
200 5.133 2.669 5.201
300 3.865 2.010 5.201
400 1.501 0.781 5.201

Table 4-65 Mass, thermal and hydrodynamic boundary layer thicknesses
over rotating cylinder at 30°C and Q =20 kW/m? [68]

rpm | 8p*10° | S | 510 | Pro3® 5u*10*= | 5y*10%= &7
(m) (m) 8o 03 (m) | Pr 0.333 (m)
50 1291 | 5528 | 0.838 1.596 7.137 1.337
200 490 | 5583 | 0.812 1.606 2.736 1.304
300 362 | 5695 | 0.651 1.627 2.062 1.059
400 289 | 5699 | 0.609 1.636 1.647 0.996

Table 4-66 Mass, thermal and hydrodynamic boundary layer thicknesses
over rotating cylinder at 40°C and Q=20 kW/m?* [68]

rpm | 8p*10° | S | 510" | Pr%¥ | §5,*10%= | 8,*10%= &7
(m) (m) 8o 03 (m) | Pr 0.333 (m)
50 12.70 | 5200 | 0.679 1.525 6.604 1.035
200 455 | 5377 | 0531 1.531 2.447 0.813
300 346 | 5384 | 0.408 1.567 1.863 0.639
400 2.82 | 5404 | 0.393 1.581 1.552 0.621

Table 4-67 Mass ,thermal and hydrodynamic boundary layer thicknesses
over rotating cylinder at 50°C and Q=20 kW/m® [68]

rpm | 8p*10° | S | 510" | Pro® 84*10%= | 8y*10°= &7
(m) (m) 8o 0338 (m) pr 0333 (m)
50 1312 | 4533 | 0.602 1.454 5.947 0.875
200 498 | 4626 | 0566 1.464 2.304 0.827
300 374 | 4806 | 0.413 1.480 1.797 0.611
400 313 | 4915 | 0.368 1.486 1.538 0.547
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Table 4-68 Mass and hydrodynamic boundary layer thickness over rotating
cylinder at 30°C [41]

r.p.m 85*10° (m) | 810" (m) Sc¥3%
100 6.041 5.470 9.055
200 3.682 3.334 9.055
300 2.781 2.518 9.055
400 2.266 2.052 9.055

Table 4-69 Mass and hydrodynamic boundary layer thickness over rotating
cylinder at 45°C [41]

rpm | 8*10°(m) | &4 *10%(m) Sc23%
100 6.208 4543 7.318
200 3.784 2.770 7.318
300 2.858 2.091 7.318
400 2.329 1.704 7.318

Table 4-70 Mass and hydrodynamic boundary layer thickness over rotating
cylinder at 60°C [41]

rpm | 8p*10° (m) 810" (m) Sc2333
100 6.433 3.922 6.096
200 2.921 1.781 6.096
300 2.962 1.806 6.096
400 2.413 1471 6.096

Table 4-71 Mass, thermal and hydrodynamic boundary layer thicknesses over
rotating cylinder at 30°C and Q =15.6 kW/m? [41]

rpm| 8p*10° | S| §*10% | Pro¥ | §y*10% = 814*10" =
(m) (m) o g0338 (m) | &Pr 0.333 (m)
100 | 6.380 |6.949| 1510 | 1.547 4.433 2.336
200 | 3819 |7.044| 1432 | 1549 2.690 2.218
300 | 2873 |7166| 1.324 | 1561 2.059 2.067
400 | 2328 |7367| 1157 | 1583 1.715 1.832

75




Table 4-72 Mass, thermal and hydrodynamic boundary layer thicknesses over
rotating cylinder at 45°C and Q =15.6 kW/m? [41]

rpm| 6p*10° | S | §+10% | PrO®¥ | §4*10°=8p | 84*10%=
(m) (m) g0338 (m) St Pr 0.333 (m)
100 | 6275 | 5906 | 1.267 | 1.402 3.706 1.776
200 | 3911 | 6.077 | 1.226 | 1.444 2.377 1.770
300 | 2950 | 6.173 | 1.128 | 1.453 1.821 1.639
400 | 2397 | 6262 | 1024 | 1.462 1.501 1.498

Table 4-73 Mass, thermal and hydrodynamic boundary layer thicknesses over
rotating cylinder at 60°C and Q =15.6 kW/m?[41]

rpm| 8p*10° | S | 510 | Pr%¥ [ §,%10%=5p | 64*10% =87
(m) (m) gc0333 (m) pr 0333 (m)
100 | 6.633 | 5270 | 1.096 1.349 3.496 1.479
200 | 4.035 | 5304 | 1.042 1.353 2.140 1.409
300 | 3.042 | 5331 | 1.008 1.355 1.622 1.366
400 | 2475 | 5407 | 0.89 1.365 1.338 1.223

Table 4-74 Mass, thermal and hydrodynamic boundary layer thicknesses over
rotating cylinder at 30°C and Q =18.75 kW/m?[41]

rpm| 8p*10° | S | 510" | Pr?¥F [ §4*10%=8p | 84*10% = 8¢
(m) (m) gc0333 (m) pr 0333 (m)
100 | 6.321 | 6561 | 1.626 1.495 4.139 2.429
200 | 3.842 | 6.659 | 1.541 1.505 2.557 2.318
300 | 2.803 | 6.774 | 1.444 1.519 1.959 2.193
400 | 2.355 | 6.819 | 1411 1.524 1.605 2.148

Table 4-75 Mass, thermal and hydrodynamic boundary layer thicknesses over
rotating cylinder at 45°C and Q =18.75 kW/m?[41]

rpm| 8p*10° | S | §*10° Pr%% [ §,*%10%=8p | 84*10% = 8¢
(m) (m) 0333 (m) pr 0333 (m)
100 | 6.478 | 5.812 1.353 1.411 3.765 1.909
200 | 3.942 | 5888 1.270 1.421 2.321 1.805
300 | 2.971 | 5.989 1.160 1.432 1.779 1.661
400 | 2.420 | 5.997 1.147 1.436 1.451 1.647
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Table 4-76 Mass, thermal and hydrodynamic boundary layer thicknesses over
rotating cylinder at 60°C and Q =18.75 kW/m? [41]

rpm| 8p*10° | S | 510" | Pr% [ §4*10%=5p | 81*10%= 67
(m) (m) 0333 (m) pr 0333 (m)
100 | 6.635 | 5259 | 0.972 1.349 3.489 1.311
200 | 4.038 | 5289 | 0917 1.351 2.136 1.239
300 | 3.031 | 5380 | 0.785 1.360 1.631 1.068
400 | 2472 | 5441 | 0723 1.366 1.345 0.988

Table 4-77 Mass, thermal and hydrodynamic boundary layer thicknesses over
rotating cylinder at 30°C and Q =21.87 kW/m? [41]

rpm| 8p*10° | S¥¥ | 510" | Pr%® [ §4*10%=5p | 61*10%= 67
(m) (m) 0338 (m) pr 0333 (m)
100 | 6.396 | 6.297 1.628 1.466 4.028 2.387
200 | 2.893 | 6.345 | 1597 1.472 1.836 2.351
300 | 2937 | 6.387 1.563 1.476 1.876 2.307
400 | 2.377 | 6.477 1.487 1.486 1.539 2.209

Table 4-78 Mass, thermal and hydrodynamic boundary layer thicknesses over
rotating cylinder at 45°C and Q =21.87 kW/m? [41]

rpm| 8p*10° | S | 510" | Pr%® [ §4*10%=5p | 61*10%= 67
(m) (m) 0333 (m) pr 0333 (m)
100 | 6.513 | 5642 1.309 1.391 3.675 1.821
200 | 3.961 | 5.687 1.265 1.396 2.253 1.766
300 | 2987 | 5743 | 1.213 1.402 1.715 1.701
400 | 2428 | 5854 | 1121 1.416 1.421 1.587

Table 4-79 Mass, thermal and hydrodynamic boundary layer thicknesses over
rotating cylinder at 60°C and Q =21.87 kW/m?[41]

rp.m | 6p*10° | S% | §*10* | Pro®® | 5y*10% = 6p | 84*10%= 57
(m) (m) 0333 (m) pr 0333 (m)
100 | 6674 | 5139 | 0959 | 1.335 3.427 1.280
200 | 4055 | 5206 | 0.876 | 1.342 2.110 1.176
300 | 3.057 | 5243 | 0842 | 1.346 1.603 1.133
400 | 2480 | 5332 | 0735 | 1.356 1.322 0.997
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4.7 Analysis of Variances

An important technique for analyzing the effect of categorical factors
on a response is to perform an Analysis of Variance. ANOVA decomposes
the variability in the response variable amongst the different factors.
Depending upon the type of analysis, it may be important to determine: (a)
which factors have a significant effect on the response, and/or (b) how much

of the variability in the response variable is attributable to each factor [61].

4.7.1 Twoways ANOVA

When more than one factor is present and the factors are crossed, a
multifactor ANOVA is appropriate. Both main effects and interactions
between the factors may be estimated. The following example illustrate two
way ANOVA analysis to demonstrate the effect of Reynolds number (or
r.p.m) and temperature on the limiting current density without replication for
the results given previoudy in Table (3.1) for two way ANOVA without

replication.

The experiential data are obtained from Tables (4.11-4.13) as follows:

30 40 50
50 1.88 2.2 13
200 4.97 5.1 3.3
300 6.6 6.7 5.8
400 8.1 8 74
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The ANOV A calculations are presented in the following tables:

Table 4- 80 Two waysANOVA

Source of SS DF MS MSR Foos Foo1
Variation
Columns (Temp.) 2.65875 2 1.329375 | 14.6053957 5.14 10.92
Rowd(r.p.m) 61.26856 3 | 20.4228528 | 224.379009 4.76 9.78
Error 0.546117 6 0.09101944
Tota 64.47343 11

This Table shows that Re (r.p.m) and temperature are both significant at

0.01 and 0.05 levels, but Re (r.p.m) is more effective than temperature.

4.7.2 Three Ways ANOVA

The following example illustrates three way ANOVA analysis to
demondtrate the effect of Reynolds number (or r.p.m), temperature and heat
flux on the limiting current density without replication for the method and
procedure given previously in Table (3.3).The experimental data from Tables
(4.2-4.7) leading to the following ANOVA :
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Table 4-81 ANOV A results showing effect of each variable in the cathodic
region under heat transfer conditions

Source of Variation Sum of DF MS MSR Foos | Foo1
Square

Among Columns(Re) 16.799764 3 | 55999213 | 81.9555697 | 3.20 | 5.18

Among Rows(Q) 6.5271462 2 | 3.2635735 | 47.762893 | 3.59 | 6.11

Among Groups 0.55282176 1 | 055282176 | 8.0906302 | 445 | 84

(Temp.)

Column-Row 0.98577954 | 6

Interaction(Re* Q)

Column-Group 0.031751669 | 3

Interaction

(Re*Temp.)

Row-Group 0.0451987 2

Interaction (Q* Temp.)

Column-Row —Group | 0.099053493 | 6

Interaction

(Re*Q*Temp.)

Residua 1.161586889 | 17 | 0.06832864

4.7.3 Higher Order Interactions

So far, the interactions that have been described are called "two-way"
interactions. They are two-way interactions because they involve the
interaction of two variables. A three-way interaction is an interaction among
three variables. These interactions can not be determined because the
experimental data were not repeated [63] .The purpose of this method is to
show the mean effect of variables and interactions as in the following Table
(4-82) .Theremaining Tables are in Appendices (C.19-27)
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Table 4.82 The mean effect of variables and their interactions using two level
responses under heat transfer conditions
(Limiting current density)[40].

Response Mean | DF
Effect

1 2.4964
H 3.2388 130152 | 1
T 2.2107 01493 | 1
HT 3.0201 014125 | 1
R 4.0257 204643 | 1
HR 6.1016 0525 | 1
TR 3.723 014963 | 1
HTR 5.3014 -0.14113 | 1
Total 30.1177
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Chapter Five
Discussion

5.1 Introduction

This chapter serves as an introduction for the effect of velocity,
temperature and heat flux on the corrosion behavior of different metals.
Specificaly two systems are selected for the study: cylinder in cross flow and
rotating cylinder electrode in order to show the effect of this variance on the
corrosion and their interactions.

Corrosion and electrochemical materials wastage processes take on
many different forms. Most of these forms are dramatically affected by the
relative flow rates of the reactants in the corroding system. It is well known
that relative electrolyte velocity can strongly influence rates and mechanisms
of corrosion. One of the most important factors affecting corrosion reactions
in the presence of aflowing liquid isthe linear velocity of the flowing fluid at
the interface of the metal or metal oxide surface. Thislinear velocity is not of
necessity, equal to the bulk flow rate [69]. The other factors are temperature
and heat flux which affect on corrosion .All of these factors will be discussed
in this chapter.

Although it has been recognized for many years that hydrodynamic
effects are often important in determining the rate of corrosive attack on
metals, little attention has been paid to the influence of hydrodynamic factors
on the analysis of the kinetics of materials degradation .Several approaches
have been used to obtain some assessment of the magnitude of these
hydrodynamic effects .These have included techniques such as pumping the
corrosive fluid through tubular specimen or rotating the specimens [64].

This chapter presents a discussion of their significance under isothermal

and heat transfer conditions as fellows:
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5.2 Isothermal Conditions
5.2.1 Cathodic Region
5.2.1.1 Effect of Velocity

It was shown in Tables (4.1, 8, 9,10,14,15 and 16) that under isothermal
conditions, increasing velocity at constant bulk temperature tends to increase
cathodic current density. This is because that limiting current density
Increases with increasing r.p.m or (Re).This may be attributed to breakdown a
hydrodynamic boundary layer and diffusion layer is formed. It is also
observed that the higher the r.p.m or (Re), the higher the solution flows and
thinner the diffusion layer [70], according to this equation:

_DnFG, e (52)
Im = dD

This would give a higher rate of transfer oxygen to the metal surface and,
consequently enhances the rate of cathodic reaction.

The effect of the speed of rotation on the rate of cathodic reaction can
also be used to determine whether the cathodic process is diffusion or
chemically controlled process. If the rate of the process increases by
increasing the speed of rotation, then the reaction is diffusion controlled.
However, if the rate of the process is independent of the rotation, so the
reaction is likely to be chemically controlled [16].

The effects of velocity and temperature on cathodic region were
examined. Results were analysed using a two-way independent samples.i.e,
ANOVA.

It is shown from Table (C.1) that velocity and temperature have
significant effects because mean square ratio is higher than the tabulated F

value at 95% and 99%, but the effect of velocity is more significant than
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temperature. It is shown from table (C.2) that velocity has significant
influence at value 95% and 99% while the temperature is significant at 95%
and the effect of velocity is more significant. It is aso shown from table (C.3)
that temperature has significant influence because mean square ratio is higher
than the tabulated F value at 95% and 99%, and velocity is less significant at
both levels.

Flow affected only those corrosion processes which are controlled by
transfer of reactants or/and and products to/from the metal surface, i.e., mass
transfer controlled processes, but has no effect on activation controlled
process. On mild steel and large number of other metals and alloys, transfer of
the oxygen to the cathodic area is often rate controlling, whereas with
relatively noble metals such as copper the rate of diffusion of metal ions away
from the surface may be the controlling factor, in either case, flow is
important. It is well known that velocity leads to increase the corrosion rate
only if the process is under concentration polarization control [16, 1].

The corrosion of steel in neutral solution is process controlled by transfer
of oxygen to the metal so it is concentration control [4]. Thisis shown in the
analysis of variance in Tables (C.1, 2) where velocity is more significant.

The corrosion of copper in neutral solution is activation controlled
because the corrosion resistance of copper is due to its being relatively noble
metal. Its satisfactory service in water depends on formation of relatively thin
adherent films of corrosion products (e.g., cuprous oxide and basic copper
carbonate).It has only a weak tendency to passivation, and hence the effect of
differential aeration is very digh.However, the influence of copper ion
concentration on the potentiad of copper solution is very marked.
The reduction of copper ions takes place through two steps [71]:
Cu?+e-9® Ccu* Step(l)
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Cu'+e- #® Cu Step (2)
It is assumed that the first step in this process occurred slowly and the rate is

controlled by the equilibrium between Cu* and Cu'. For this reason, when
there are varying solution velocities over a copper surface (e.g., when the
solution is stirred, the parts exposed to solution with the higher rate of
movement becomes anode and not cathode as would be the case for iron [72,
16]. Thisis seen in the analysis of variance in Tables (C.3) where temperature

IS more significant.

5.2.1.2 Effect of Temperature

It isshown from Tables (4.1, 8, 9, 10, 14, 15 and 16) that current density
increases with increasing bulk temperature at constant velocity. Temperature
plays a significant role in the solubility of metal in water, particularly at
neutral to acidic pH [1].

It is shown from Table (C.1) that velocity and temperature have
significant effect, but the effect of velocity is more dggnificant than
temperature. It is shown from table (C.2) that velocity has significant
influence at 95% and 99% levels while the temperature is significant at 95%
so the effect of velocity is more significant. Also shown from table (C.3) that
temperature has significant influence because mean square ratio is higher than
the tabulated F value at 95% and 99% and velocity is significant at both
levels. As the temperature of the environment increases, the rate of oxygen
diffusion to the metal surface also increases, the viscosity of solution
decreases and the electrical conductivity of the solution increases. All these
factors can enhance the corrosion rate. This behavior can be interpreted as
follows: the temperature increment accelerates both the cathodic reaction rate

and diffusion rate of oxygen by increasing the molecular movement of the
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ions. Additionally, one factor that plays an important role in determining the
corrosion rate is Re number. The increment in the Re number enhances the
eddy diffusion of oxygen ions, from the bulk of solution to the metal surface,
leading to a higher corrosion rate. When Re increases, the amount of oxygen
supplied to the surface from the bulk will aso be increased. Then the
combined effect of two variables, namely, hydrogen molecular diffusivity and
solution velocity (eddy diffusion), will determine the trend of the corrosion
rate with increasing temperature[73].
Iron is affected by velocity more significantly than temperature because it
IS activation controlled so it increases the solubility of oxygen and decreases
the resistivity on iron surface [16].
Copper dissolution is under diffuson control, so it is affected by both
temperature and velocity, the decrease in the diffusion coefficient (D) of Cu*
ion in solution which is due to the increase in the interfacial viscosity () is

in accordance with Stokes-Einstein equation as shown in [74]:

rr?D:Constant .....(5.2)

The increase in interfacia viscosity is caused by the adsorption of surfactant
molecules at the copper surface towards the solution.It has been observed for
many metals that the magnitude of limiting current density increases with
temperature and that the activation energy for dissolution islow, suggestive of
diffusion — limited anode process when the migration of corrosion products

away from the surface is rate controlling.
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5.3 Heat Transfer Conditions
5.3.1 Cathodic Region
5.3.1.1 Effect of Velocity

It is shown from Tables (4.2, 3, 4, 5, 6, 7, 11, 12, 13, 17- 25) that
cathodic current density increases as heat transfer rate increases. This is
because a decrease of diffuson boundary layer as the velocity increases.
When the velocity increases, this will lead to increase the amount of oxygen
arriving to the metal surface and decrease the fluid temperature and the
temperature gradient. A third boundary layer, thermal boundary layer, is
established under steady state heat flow conditions, the temperature in this
layer is higher than bulk temperature [75]. The rate of heat flow is dependent
on the temperature gradient across the layer and its thermal conductivity.
The effects of velocity, temperature and heat flux were examined to visualize
their effect on cathodic region. Results were analysed using two way and
three-way independent samples ANOVA. It is shown from Table (C.4) that
velocity and heat flux are significant because mean square ratio is higher than
the tabulated F value at 95% and 99%, and temperature is significant only
dightly at 95%. It is shown from Table (C.5) that velocity and temperature
are significant because MSR is higher than the tabulated F value at 95% and
99% with temperature much less significant. And in Table (C.6) that velocity,
heat flux and temperature are significant because mean square ratio is higher
than the tabulated F value at 95% and 99%.1n all three Tables (C.4, 5 and 6)
show that velocity is more sgnificant, followed by heat flux and then
temperature because the interfacial temperature is higher than bulk
temperature, thus leads to increase the diffusion coefficient and decrease the
thermal boundary layer .

Mechanistic studies have revealed that electrochemical is a diffusion

controlled reaction which takes place at the limiting current, being this
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parameter attained most probably when the diffusion layer becomes saturated
with Cu?*. The limiting current depends on the rate of mass transfer of Cu®*
from the diffusion layer to the bulk of the solution. The rate of mass transfer
depends on the relative movement of the anode and the electrolyte, physical
properties of the electrolyte, temperature and geometry of the anode
[74].Table (C.19) shows that the mean effect of the velocity (Re) is more
significant than that heat flux and temperature, this agrees with the analysis of
variance in Table (C.4).So the main effect (velocity and heat flux) is more
significant than other. Table (C.19) indicates the presence of second order
mean effects, i.e.,, HT, HR and TR. The third order effect interaction (HRT) is
dightly negative. Table (C.20) shows that mean effect of the velocity (Re) is
more significant than that heat flux and temperature .So the main effect
(velocity) is more significant than other. Table (C.20) indicates the presence
of second order mean effects, i.e.,, HT, HR and TR. The third order effect
interaction (HRT) is slightly negative.

5.3.1.2 Effect of Temperature
Tables (4.2, 3,4,5,6,7,11,12,13,17-25) shows the effect of temperature
on cathodic region under heat transfer condition as that under isothermal
conditions. At constant heat flux and velocity, increasing temperature will

decrease the limiting current density
It is shown from Table (C.4) that velocity and heat flux have significant
effect because mean square ratio is higher than the tabulated F value at 95%
and 99%, and temperature is significant slightly only at 95% . It is shown
from Table (C.5) that velocity and temperature are significant because mean
square ratio is higher than the tabulated F value at 95% and 99%. The

influence of velocity is much more than temperature. Table (C.6) shows that
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velocity, heat flux and temperature are sgnificant at 95% and 99% as the
reaction is also activation controlled .In all three Tables (C.4, 5 and 6) it is
clearly shown that velocity is more significant than heat flux and temperature.
The presence of heat transfer leads to form the thermal boundary layer
near the electrode. Thus it may be expected that a temperature in this layer is
ranging from surface temperature to solution temperature. The presence of
this temperature will lead to increase the dissolution of the electrode by
decreasing the surface concentration of thision and enhancing their transfer to
the bulk. Temperature also affects on the physical propertiesv, and C,[21].
Since the growth of magnetite involves diffusion of ions through the oxide
layer into the solution, an increase in flow velocity will increase the rate of
their removal as a result of the decrease in the thickness of the boundary
layer. The increase in temperature increased the solubility of the magnetite
that resulted in dissolution of the film [75].
The presence of heat transfer may lead to form thermal eddies adjacent
to the metal surface. The thermal convection which depends on temperature

gradient as the velocity increases the surface temperature decreases [59].

5.4 Mass Transfer Coefficient

5.4.1 I sothermal Conditions

Tables (4.26 - 34) show that mass transfer coefficient values increase
as velocity increases at constant temperature.
Thus because increasing velocity will decrease the diffusion boundary layer
and increase a concentration gradient according to this equation [73]:

D

Ky = —
m dD

e (53)

The effects of velocity and temperature on mass transfer coefficient

were examined. Results were analysed using a two-way independent samples
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ANOVA .1t is shown from Table (C.7) that velocity and temperature are
significant because mean square ratio is higher than the tabulated F value at
95% and 99%. In Table (C.8) shows that velocity and temperature are
significant effects because mean square ratio is higher than tabulated F value
at 95% and 99%.Table (C.9) shows aso that velocity and temperature are
significant at the two levels. The tables show that velocity is more significant.

Mass transfer coefficient is flow dependent, because it increases as the
rotation rate also increases. The effect of increasing velocity is to increase the
surface concentration of the corroding metal or to decrease the surface
concentration of the corrosion product. Therefore, the rate of corrosion
increases with increasing velocity. At higher velocities, the rate of mass
transfer is much faster than the rate of charge transfer reaction at the metal
surface. Changing Sc by temperature leads to the change of many physical
properties that have a direct influence on k.. These physical properties are
diffusivity, bulk concentration C, and kinematic viscosity. The present results
indicate that, at least for the higher Reynolds numbers, reduced dependence of
km on the Reynolds number exists and, hence, k,, may no longer be diffusion
limited (mass transfer will not influence reaction rate).Flow structure could be
such that the diffusion layer of the whole of electrode surface may not be well

within alaminar wall layer [64].

5.4.2 Heat Transfer Conditions

Tables (4.35 -4.52) show that mass transfer coefficient values, increase
as velocity increase at constant temperature. Thus because increased velocity

will decrease the diffusion boundary layer.
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The effects of velocity, temperature and heat flux on mass transfer
coefficient were examined. Results were analysed using a three-way
independent samples ANOVA.

It is shown from Table (C.10) that velocity and heat flux have
significance because mean square ratio is higher than the tabulated F value at
95% and 99%, and temperature is not significant. It is shown from Table
(C.11) that velocity has significance because mean square ratio is higher than
the tabulated F value at 95% and 99%, and temperature is not significant.
Table (C.12) that velocity and temperature only at 95% are significant
because mean square ratio is higher than the tabulated F value at 95% and
99% but the heat flux is not significant. In all Tables (C.10, 11 and 12) show
that velocity is more significant than heat flux and temperature.

Corrosion rate dependence on mass transfer of areactant to or a product
from the surface is one of the most common causes for corroson being
sengtive to fluid motion. In the absence of films, the primary effect of flow
on corrosion is through mass transfer of the species involved in the corrosion
reaction at the metal surface. For mass transfer in turbulent liquid flow, due to
very large Schmidt numbers, all the concentration changes occur in a very
narrow layer adjacent to the metal surface, deep within the viscous sub layer
in the so-called mass-transfer boundary layer. The thickness of this layer isa
function of the flow rate (Reynolds number) and flow geometry. Mass
transfer usually is associated with limiting currents (i.e., with situations where
the electrochemical processes at the metal surface proceed so fast that it is
difficult to transport enough reactants from the bulk). Conversely, sufficiently
rapid removal of corrosion products from the surface also can become
limiting, which can lead to accumulation, (super) saturation and precipitation

of surface films. However, if the corrosion process is under charge transfer
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(activation) or chemica reaction rate control, changes in the flow and
associated mass transfer will have no effect on the corrosion rate [76].

Table (C.21) shows that mean effect of the velocity (Re) is more
significant than that heat flux and temperature, this is which agrees with the
analysis of variance in Table (C.10).So the main effect (velocity and heat
flux) is more dgnificant than other. Table (C.21) indicates the presence of
second order mean effects, i.e., HT, HR and TR. The third order effect
interaction (HRT) is dlightly negative. Table (C.22) shows that mean effect of
the velocity (Re) is more significant than that heat flux and temperature, this
Is which agrees with the analysis of variance in Table (C.12) .So the main
effect (velocity and temperature) is more significant than heat flux. Table
(C.21) indicates the presence of second order mean effects, i.e,, HT, HR and
TR. Thethird order effect interaction (HRT) is dightly negative.

5.5 Heat Transfer Coefficient

Tables (4.35 - 52) show that heat transfer coefficient increases as
velocity increases at constant temperature. Thus because increasing velocity
leads to increasing in temperature gradient and decrease a thermal boundary

layer according to this equation:

= .....(5.4)
Changing temperature changes many physical properties, namely, kr,

v,and C,

The effects of velocity, temperature and heat flux on heat transfer
coefficient were examined. Results were analysed using a three-way

independent samples ANOV A.
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It is shown from Table (C.13) that heat flux, velocity and
temperature have significant effect because mean square ratio is higher than
the tabulated F value at 95% and 99%, and heat flux is more significant. It is
seen from Table (C.14) that velocity and temperature have significance at
95% and 99%, and temperature is more significant. Table (C.15) shows that
velocity and temperature are significant at 95% and 99% with temperature

more influential.

Heat transfer in production tubular, flow lines and pipelines generadly is
not sufficient to affect the corroson process to the same degree as momentum
transfer and mass transfer. Momentum transfer is the physical force within the
fluid acting through turbulence at the solid material surface. When a fluid
moves past a solid surface, the flow is characterized as laminar or turbulent.
Fully developed turbulent flow consists of a turbulent core, where the mean
velocity is essentially constant, and a boundary layer at the solid - interface.
The magority of the changes in fluid stress characteristics, turbulence, mass
transfer, and fluid interaction with the wall occur in the boundary layer.

Table (C.23) shows that mean effect of the heat flux is more significant
than that velocity (Re) and temperature, this is which agrees with the analysis
of variance in Table (C.13).So the main effect (velocity and heat flux) is more
significant than temperature. Table (C.23) indicates the presence of second
order mean effects, i.e.,, HT, HR and TR. The third order effect interaction
(HRT) is dightly negative. Table (C.24) shows that mean effect of the
temperature is more significant than that heat flux and velocity. So the main
effect (temperature) is more significant than other. Table (C.21) indicates the
presence of second order mean effects, i.e.,, HT, HR and TR. The third order

effect interaction (HRT) is effect.
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5.6 Effect of Heat Flux

Corrosion of heat exchangers in many cases is controlled by the rate of
diffusion process. So far there is no common opinion about the influence of
heat transfer on the corrosion rate in diffusion control. Thus, some authors
consider that out of all the heat transfer parameters only the metal temperature
affects corroson .Ross attributes this effect to the increasing of diffusion
coefficient with temperature gradient growth. According to Zarubin corrosion
rate under heat transfer is consistent with that under isothermal conditions at
some mean temperature of a given temperature drop. With the increasing
liquid velocity this mean temperature shifts from the metal temperature to the
solution temperature[59].

Corroson under Heat Transfer provides accurate, on-line performance
information for corrosion and fouling parameters within critical cooling water
exchanger applications. Unique electrochemical measurement techniques,
precise flow, heat input and temperature measurements coupled with
innovative instrument design make this possible [21].

From the data it is shown that limiting current density increases as heat
flux increases. It is shown from Table (C.4) that velocity and heat flux are
significant because mean square ratio is higher than the tabulated F value at
95% and 99%, and temperature is significant only at 95%. It is shown from
Table (C.5) that velocity and temperature are significant effects because mean
square ratio is higher than the tabulated F value at 95% and 99%. In Table
(C.6) velocity, heat flux and temperature are significant because mean square
ratio is higher than the tabulated F value at 95% and 99%.All three Tables
(C.4, 5 and 6) show that velocity is more significant that heat flux which isin
turn more significant than temperature.

A number of reasons can be given why heat transfer is responsible for

such accelerated corrosion:
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1. The metal in thisregion will be hotter than in adjacent area and temperature
may rise even further as corrosion product build up on the surface[77].

2. The presence of heat transfer leads to form the thermal eddies adjacent to
the metal surface which leads to increase the rate of mass transfer of oxygen
towards the electrode surface so limiting current density increases [77].
3. Water temperature has long been recognized an important influencing
factor, largly used on theoretical consideration .It affected matter such as
corrosion (ion) kinetic, oxygen concentration and diffusion[21].

There is an additional way in which thermal gradients over ametal surface
immersed in an electrolyte can induce failure and this arises because of the
possibility of a thermochemical cell being generated between the hot zone,
acting as anode, and the colder regions acting catholically. The detailed
mechanisms involved in thermochemical cells are complex and it should not
be assumed that temperature variations over a metal surface will result
invariably in corrosion from such a source, which isjust aswell in view of the
impossibility of designing any heat exchanger without some temperature
gradients. However, the problem does arise in some of the commonly used
metals in certain environments, especialy if the hot, anodic area is small in
comparison with the colder, cathodic area[21, 77].

To investigation the influence of hydrodynamic factors on oxygen
diffusion, the heat flux was so controlled that temperature of surface and
solution did not change with the velocity, i.e.,, a constant temperature drop

was maintained in the thermal boundary layer [77] .
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5.7 Effect of I nterfacial Temperature

It is shown from Tables (4.2, 3, 4, 5, 6, 7, 11, 12, 13, 17 - 25) that
interfacial temperature decreases with increasing Reynolds number at a given
temperature and heat flux.

The effects of velocity, temperature and heat flux on skin temperature
were examined. Results were analysed using three - way independent samples
ANOVA

It isclear from Table (C.16) that velocity, heat flux and temperature are

significant at 95% and 99% and the effect of temperature is more significant.
Table (C.17) shows that temperature and velocity are significant at both levels
95% and 90% and the temperature is more significant. Table (C.18) shows
that velocity, heat flux and temperature are also significant at 95% and 99%
and the effect of temperature is more significant. These Tables (C.16, 17 and
19) show clearly that significance of variables isin the following decreasing
order: Bulk temperature > Heat Flux > Re or (velocity)
Although oxygen solubility tends to fall with a rise in temperature, the higher
temperature tends to increase reaction rate. Evidence from work on steel in
potable waters suggests that the temperature effect is more important and that
corrosion, for steel, will increase with temperature. For copper aloys,
increase in temperature accelerates film formation. For diffusion controlled
corrosion reactions, the effect of temperature which increases diffuson rates,
viscosity, diffusion coefficients and Schmidt No., changes the corrosion
rate [78].

It is clear from Tables (4.2,3,4,5,6,7,11,12,13,17-25) that interfacia
temperature of copper is higher than that iron, so Reynolds number is higher
and also diffusion coefficient in the case of copper than iron.

Table (C.25) shows that mean effect of the temperature is more

significant than that heat flux and velocity, this is which agrees with the
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analysis of variance in Table (C.13).So the main effect (temperature and heat
flux) is more significant than velocity. Table (C.25) indicates the presence of
second order mean effects, i.e.,, HT, HR and TR. The third order effect
interaction (HRT) is effect. Table (C.26) shows that mean effect of the
temperature is more significant than that heat flux and velocity. So the main
effect (temperature and heat flux) is more significant than other. Table (C.26)
indicates the presence of second order mean effects, i.e., HT, HR and TR. The

third order effect interaction (HRT) isdlightly negative.

5.8 Boundary Layer
5.8.1 Isother mal Condition

When afluid isflowing along the surface of a solid body where thereisa
mass transfer process, a boundary layer is formed known as diffusion
boundary layer. This region is in the vicinity of an electrode where the
concentrations are different from their value in the bulk solution. The
definition of the thickness of the diffuson layer is arbitrary because the
concentration approaches asymptotically the value C, in the bulk solution
[49]. Diffusion boundary layer decreases at Re (r.p.m) increases as seen in
Fig. (5.1, 2 and 3).

In the Fig. (5.2 and 5.3), it found that the curvesis so near to each other
thus due to experimental work.

Tables (5.1, 2 and 3) show the ratio is almost constant and that there is
no effect of Re at constant temperature, but the ratio is decreased by
increasing temperature. The large Schmidt numbers normally encountered in
liguids mean that the fully developed mass-transfer boundary layer for
hydraulically smooth surfaces is much thinner than the fully developed

hydrodynamic boundary layer. This relationship should exist in all sStuations
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in which mass and momentum transfer are governed by the presence of fully
developed boundary layers. Under turbulent flow conditions most of the
change in velocity between the wall and free stream occurs over a fairly
narrow distance from the wall. The hydrodynamic boundary layer on the
rotating cylinder electrode is independent of postion on its surface. This
characteristic means that the rotating cylinder electrode would not be able to
detect corrosion accelerated by regions of differential velocity or differential
turbulence on the same surface causing one region to corrode differently from
another [65].

Table5-1 The ratio of 64/ op at different temperatures [40].

Re on/ Op at 30°C on/ Op at 40°C dn/ Op at 50°C
5000 6.964 6.015
8000 6.964 6.015 5.378
10000 6.964 6.015 5.378
12000 6.964 6.015 5.378

Table5-2 The ratio of 64/ op at different temperatures [67].

r.p.m onl 8p at 30°C on/ Op at 40°C onl dp at 50°C
50 6.732 5.695 5.201
200 6.732 5.695 5.201
300 6.732 5.695 5.201
400 6.732 5.695 5.201
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Table5-3 The ratio of 6,/ op at different temperatures [41].

r.p.m ol Op at 30°C o/ 6p a 40°C o/ 6p a 60°C
100 9.055 7.318 6.096
200 9.055 7.318 6.096
300 9.055 7.318 6.096
400 9.055 7.318 6.096
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Fig.5-1 Therelationship between Re and 6p in different temperatures40].
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5.8.2 Heat Transfer Conditions

Stirring sets up a velocity gradient between the vessel wall and the bulk of
the liquid and a hydrodynamic boundary layer, dependent upon the shear
properties of the solution, is developed .In the region adjacent to the
specimen/solution interface the concentration gradient for diffuson control
extends for only a short distance from the surface and beyond this the
concentration is essentially that in the bulk of the solution [21].

The thickness of thermal layer &;, in which the temperature is linear and

heat transfer by conduction can be estimated using the following equation:

k
8 == ... (5.5)

Tables (4.56-61, 65-67 and 71-79) show the values of d, for the whole

investigated range of Re and temperature. A comparison of the estimated

boundary layer thickness show that dp is much smaller than either d, or
dy ,when considering thermal effects on the diffusion process, the process

would be expected to depend basically on conditions at the specimen surface.
That is, on the specimen surface temperature, not on the heat flux through the
boundary layer or the solution bulk temperature.

The thickness of diffusion boundary layer depends upon the
hydrodynamic flow conditions, while the rate of diffusion across the layer
depends on the temperature concentration gradient and viscosity of the layer .
Under steady heat flow conditions the rate of heat flux is dependent on the
temperature gradient across the therma boundary layer and the thermal
conductivity of thislayer [21]. Tables (5.4, 5, 6, 7, 8, 9 and 10) show also that
the ratio of thermal boundary layer to diffuson boundary layer is higher than
one, this shows that thermal boundary layer is greater than diffusion boundary
layer. Figures (5.4, 5, 6, 7, 8, 9 and 10) show the variation of dp with Re at
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different temperatures. It is obvious that as Re increases d  decreases for all

temperatures due to the increased turbulence near the wall causing increasing
thermal eddies reaching to the surface. In the Fig. (5.7, 8, 9 and 10), it found

that the curves are so near to each other thus due to experimental work.

Table 5-4 Theratio of boundary layers at different temperatures
at Q =10 kW/m? [40]

Re Temp.(°C) d,/dg d,/d; d;/d,
5000 30 6.599 1673 5.325
8000 30 6.698 1.649 4.761

10000 30 6.747 1.704 5.069
12000 30 6.799 1.718 4513
5000 40 5794 1573 4.050
8000 40 5.868 1.582 3.656
10000 40 5.897 1.593 3.797
12000 40 5.973 1.604 3.065

Table5-5 Theratio of boundary layers at different temperatures
at Q =30 kW/m? [40]

Re Temp.(°C) | d,/d, d,/d; d;/d,
5000 30 6.363 1.6729 3.124
8000 30 6.491 1.6862 3.000
10000 30 6.598 1.7043 3.335
12000 30 6.698 1.7915 2.936
5000 40 5.652 1573 2.384
8000 40 5.722 1.582 2473
10000 40 5.794 1593 2.655
12000 40 5.869 1.604 2.301
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Table 5-6 Theratio of boundary layers at different temperatures
at Q =50 kW/m? [40]

Re Temp.(°C) d, /d, d, /d; d; /d,
5000 30 6.231 1.656 2574
8000 30 6.319 1.668 3.056

10000 30 6.455 1.686 2.719
12000 30 6.550 1.699 2.892
5000 40 5.550 1.555 1917
8000 40 5.562 1.573 1.851
10000 40 5.723 1.582 2.153
12000 40 5.767 1.590 2.069

Table5-7 Theratio of boundary layers at different temperature
and Q =20 kW/m? [40]

rp.m | Temp.(°C) | d, /d, d,/d; d;/d,
50 30 5.528 1.596 0.649
200 30 5.583 1.606 1.657
300 30 5.695 1.627 1.798
400 30 5.699 1.636 2107
50 40 5.200 1.525 5.346
200 40 5377 1531 1.167
300 40 5.384 1567 1.179
400 40 5.404 1.581 1.394
50 50 4533 1454 4.588
200 50 4.626 1.464 1.137
300 50 4.806 1.480 1104
400 50 4915 1.486 1176
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Table 5-8 The ratio of boundary layers at different temperatures
at Q =15.6 kwW/m? [41]

Re | Temp.(°C)| d,/d, d,/d; d;/dp
100 30 6.949 1547 2.367
200 30 7.044 1.549 3.750
300 30 7.166 1561 4.608
400 30 7.367 1.583 4.969
100 45 5.906 1.402 2.019
200 45 6.077 1.444 3.135
300 45 6.173 1.453 3.824
400 45 6.262 1.462 4272
100 60 5.270 1.349 1.652
200 60 5.304 1.353 2.582
300 60 5.331 1.355 3.314
400 60 5.407 1.365 3.620

Table 5-9 The ratio of boundary layers at different temperatures
at Q =18.75 kW/m? [41]

rp.m | Temp.(°C)| d,/d, d,/d; d;/d,
100 40 6.561 1.495 2.572
200 40 6.659 1.505 4.010
300 40 6.774 1519 4,991
400 40 6.819 1.524 5.991
100 45 5.812 1411 2.088
200 45 5.888 1421 3.222
300 45 5.989 1432 3.904
400 45 5.997 1.436 4,739
100 60 5.259 1.349 1.464
200 60 5.289 1351 2.270
300 60 5.380 1.360 2.589
400 60 5.441 1.366 2.294
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Table5-10 The ratio of boundary layers at different temperatures
and Q =21.75 kW/m? [41]

rp.m | Temp.(°C) | d,/d, d,/d; d; /dp
100 40 6.297 1.466 2.545
200 40 6.345 1472 5.519
300 40 6.387 1.476 5.321
400 40 6.477 1.486 6.256
100 45 5.642 1.391 2011
200 45 5.687 1.396 3.194
300 45 5.743 1.402 4.060
400 45 5.854 1416 4.616
100 60 5.139 1.335 1.436
200 60 5.206 1.342 2161
300 60 5.243 1.346 2.754
400 60 5.332 1.356 2.965
12
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Fig. 5.4 The relationship between Re and & at different temperatures at Q =10kW/m?[40]
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This review examines several important areas by the analysis of variance as
related to corrosion:

From the analysis of data of carbon steel cylinder under cross flow [40]
and carbon steel rotating cylinder [67], it isfound that limiting current density
under isothermal conditions is significantly affected by velocity than
temperature while copper rotating cylinder [41] shows that temperature is
more significant than velocity. Mass transfer coefficient under isothermal
conditions is affected by velocity more than temperature.

Under heat transfer conditions, the limiting current density on carbon
steel cylinder under cross flow [40], carbon steel rotating cylinder [68] and
copper rotating cylinder [41] show that velocity is more significant followed
by heat flux and temperature. Mass transfer coefficients are also dependent on
velocity and then heat flux and temperature. Heat flux and Re or (r.p.m.) are
the more effective.

And below there are a summary of all ANOV A tables under isothermal

and heat transfer conditions.

Table5.11 ANOVA for limiting current density under isothermal conditions

Ref. | Sourceof Variation MSR F 005 F 001
40 | Columns (Temp.) 91.29334 5.14 10.92

Rows(Re) 293.3482 4.76 9.78

67 | Columns (Temp.) 8.0727959 514 10.92

Rows (r.p.m) 162.48408 4.76 9.78

41 | Columns (Temp.) 54.324759 5.14 10.92

Rows(r.p.m) 28.016502 4.76 9.78
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Table5.12 ANOVA for mass transfer coefficients under isothermal

conditions
Ref. | Sourceof Variation MSR F 005 F 001
40 Columns (Temp.) 32.60304 514 10.92
Rows(Re) 500.4345 4.76 9.78
67 Columns (Temp.) 22.86808 5.14 10.92
Rows (r.p.m) 178.0944 4.76 9.78
41 Columns (Temp.) 21.34109 514 10.92
Rows (r.p.m) 24.52144 4.76 9.78

Table5.13 ANOVA for limiting current density under heat transfer

conditions

Ref. Source of Variation MSR F o005 F o001
Among Columns(Re) 81.9555697 3.20 5.18

40 | Among Rows(Q) 47.762893 3.59 6.11

Among Groups (Temp.) 8.0906302 4.45 8.4
68 | Columns (Temp.) 14.6053957 5.14 10.92
Rows(r.p.m) 224.379009 4.76 9.78
Among Columns(Re) 79.555 2.95 457

41 | Among Rows(Q) 70.6667 3.34 554
Among Groups (Temp.) 59.5556 3.34 5.54

Table5.14 ANOV A for masstransfer coefficients under heat transfer

conditions

Ref. Source of Variation MSR F 005 F oo
Among Columns(Re) 17.820237 3.20 5.18

40 Among Rows(Q) 10.464548 3.59 6.11

Among Groups (Temp.) 1.9309152 4.45 8.4
68 Columns (Temp.) 3.70923684 5.14 10.92
Rows(r.p.m) 23.9727517 4.76 9.78
Among Columns(Re) 13.967198 2.95 4.57

41 Among Rows(Q) 0.713667 3.34 554
Among Groups (Temp.) 5.0182721 3.34 5.54
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Table5.15 ANOVA for heat transfer coefficients under heat transfer

conditions
Ref. Source of Variation MSR F 005 F o001
Among Columns(Re) 5.7068148 3.20 5.18
40 Among Rows(Q) 123.42833 3.59 6.11
Among Groups (Temp.) 23.380943 4.45 8.4
68 Columns (Temp.) 23.14892 5.14 10.92
Rows(r.p.m) 14.55659 4.76 9.78
Among Columns(Re) 54125261 2.95 4.57
41 Among Rows(Q) 3.9663922 3.34 5.54
Among Groups (Temp.) 110.20107 3.34 5.54

Table5.16 ANOVA for Interfacial temperature under heat transfer

conditions
Ref. Source of Variation MSR F 005 Foo
Among Columns(Re) 69.66407 3.20 5.18
40 Among Rows(Q) 148.18644 3.59 6.11
Among Groups (Temp.) 861.66253 4.45 8.4
68 Columns (Temp.) 417.7431 5.14 10.92
Rows(r.p.m) 91.02562 4.76 9.78
Among Columns(Re) 6.8258 2.95 457
41 Among Rows(Q) 42.3752 3.34 554
Among Groups (Temp.) 44.6421 3.34 5.54
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Chapter Six

Conclusions and Recommendations

6.1 Conclusions

The present work analyzed the effect of two and three variables on
corrosion under isothermal and heat transfer conditions using the statistical
technique, ie, Analysis Of Variance (ANOV A) and using matlab program to
check the results . The following conclusions are drawn from this analysis:
1. The limiting current density of dissolved oxygen on carbon steel under
isothermal conditions are affected by rotation rate or Re of the electrode more
than the solution bulk temperature because the mean square ratio of velocity
and temperature are higher than the tabulated F value at 95% and 99% but the
effect of velocity or (r.p.m) is more significant than temperature.
2. The limiting current density of copper rotating cylinder under isothermal
conditions is affected by temperature more than Re or (r.p.m) because mean
square ratio of temperature is higher than the tabulated F value at 95% and
99%, and velocity isless significant at both levels.
3. The limiting current density of carbon steel and copper under heat transfer
conditions are sgnificantly affected by Re or (r.p.m) of the electrode followed
by heat flux and then temperature because mean square ratio of Re or (r.p.m)
Is higher than the tabulated F value at 95% and 99%.
4. The mass transfer coefficient is dependent on flow, because it increases as
the rotation rate or Re increases, followed by temperature, under isothermal
conditions because mean square ratio Re and temperature are higher than the
tabulated F value at 95% and 99% but the velocity is more significant
5. The mass transfer coefficients under heat transfer conditions are affected by
flow more than heat flux followed by temperature because mean square ratio
of velocity is higher than the tabulated F value at 95% and 99%.
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6. Heat transfer coefficients are significantly affected by temperature followed
by heat flux and then Re or (r.p.m) because mean square ratio of temperature
Is higher than the tabulated F value at 95% and 99%.

7. Interfacial temperature is affected by bulk temperature more significantly
than heat flux, followed by Re or (r.p.m) because mean square ratio of
velocity, heat flux and temperature are significant at 95% and 99% and the
effect of temperature is more significant more than other .

8. Under isotherma conditions, hydrodynamic boundary layer decreases as
temperature increases at constant Re or (r.p.m) ,also decreases with
increasing Re or (r.p.m) with constant temperature. Diffuson boundary layer
Increases with increasing temperature at constant Re or (r.p.m) and at constant
temperature, it increasing with Re or (r.p.m) increasing.

9. Under heat transfer conditions, hydrodynamic and thermal boundary layer
decreases as temperature increases as constant Re or(r.p.m) ,also decreases
with increasng Re or (r.p.m) with constant temperature and diffusion
boundary layer increases with increasing temperature at constant Re or (r.p.m)

and it increasing with Re or (r.p.m) decreasing at constant temperature.

6.2 Recommendations

1. Application of ANOVA in the anodic region of various corrosion processes
under isothermal and heat transfer conditions.

2. Application of ANOVA in order to investigate the influence of inhibitors
on corrosion processes under isothermal and heat transfer conditions.

3. Usng ANOVA to show the effect of pH, various sats and acids
concentrations on different corrosion processes.

4. A four ways ANOVA to show concurrently the effect of temperature,
hydrodynamics, various aggressive solutions concentrations and heat flux.

5. Study the effects of metallurgical factor on corrosion.
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Appendix A

Table A-1 Physical Propertiesof Water at Atmospheric Pressure [79]

B X 104 kT

T Cp b 4 0
(OC) (KJ/Kg. OC) (Kg/m ) (Kg/m.sec) (W/m C)
0.00 4.225 999.8 17.9 0.566
4.44 4.208 999.8 155 0.575
10.0 4.195 999.2 131 0.585
15.56 4.186 998.6 11.2 0.595
2111 4.179 997.4 9.80 0.604
26.67 4.179 995.8 8.60 0.614
32.22 4.174 994.9 7.65 0.623
37.78 4.174 993.0 6.82 0.630
43.33 4.174 990.6 6.16 0.637
54.44 4.179 985.7 5.13 0.649
60.0 4.179 9833 471 0.654
65.55 4.183 980.3 4.30 0.659
7111 4.186 977.3 4.01 0.665
82.22 4.195 970.2 3.47 0.673
93.33 4.204 963.2 3.06 0.678

A.2 Diffusivity of Oxygen

Many workers showed that the diffusivity of the electrolyte is lower
than that in water, and it proportionally decreased with increasing
el ectrolyte concentration according to this equation [80]:

D =D, (1-K VC)
where D,: diffusivity of pure water.
D: diffusivity of electrolyte.
K: isan empirical constant.

C= concentration of the electrolyte solution (mol/l).
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Table A.2 Values of oxygen diffusivity

T(°C) Do x 10° D x 10° D x 10°
(m?/sec) (m?/sec) (m?/sec)
( pure water) (0.2IN NaCl) (in 600ppm CI")

20 201 23714 2.034
40 3.55 3.0194 3.563
50 4.20 3.5571 3.938
60 5.70 4.8276 5.345

Table A.3 Oxygen Solubility at atmospheric Pressure

T(°C) Solubility ( mg/l)

Distilled Water
30 7.559
35 6.625
40 6.401
45 6.001
50 5.477
60 4501

A.3 Diffusivity and Solubility of CuCl,
To caculate the diffusion coefficient of the CuCl, from the

following relationship:

where Ep: is the activation energy for diffuson and equals to 4.5
Kcal/mole.
D, : isthe diffusivity and equalsto 1.9*10° m?/s.

While the concentration of CuCl,is calculated from limiting current

density from the equation:
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. nF(CUCIZ)

0.3, 0.344+0.356
Wherethe dp 212.64d h D

VO.7

Table A.4 Vaues of copper diffusivity and solubility at 30°C

r.p.m D*10%(m? /s) Concentration of CuCl, *10* (mole/m?®)
100 1.12 8.78
200 1.12 5.89
300 1.12 5.22
400 1.12 7.42

Table A.5 Values of copper diffusivity and solubility at 45°C

r.p.m D*10°(m? /s) Concentration of CuCl, *10* (mole/m?®)
100 1.6 13
200 1.6 94
300 1.6 9.6
400 1.6 10.0

Table A.6 Values of copper diffusivity and solubility at 60°C

r.p.m D*10°(m? /s) Concentration of CuCl, *10* (mole/m?®)
100 22 10.1
200 22 7.85
300 2.2 7.63
400 22 7.12
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Table A.7 Vaues of copper diffusivity and solubility at 30°C and Q=15.6kW/m?

r.p.m D*10°(m? /9) Concentration of CuCl, *10* (mole/ny)
100 174 12
200 1.70 8.96
300 1.65 8.56
400 1.58 8.23

Table A.8 Values of copper diffusivity and solubility at 45°C and Q=15.6kW/m?

r.p.m D*10°(m? /9) Concentration of CuCl, *10* (mole/m?®)
100 2.86 8.41
200 281 6.42
300 2.79 6.16
400 2.72 5.49

Table A.9 Values of copper diffusivity and solubility at 60°C and Q=15.6kW/m?

r.p.m D*10°(m? /9) Concentration of CuCl, *10* (mole/m?®)
100 1.92 11.8
200 1.86 8.84
300 1.82 8.64
400 1.80 7.84

Table A.10 Values of copper diffusivity and solubility at 30°C and Q=18.75kW/m?

r.p.m D*10°(m? /9) Concentration of CuCl, *10? (mole/m?)
100 2.38 10
200 2.33 7.68
300 2.27 7.47
400 2.24 6.86
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Table A.11Vaues of copper diffusivity and solubility at 45°C and Q=18.75kW/m?

r.p.m D*10°(m? /9) Concentration of CuCl, *10* (mole/ny)
100 2.22 10.2
200 2.20 7.79
300 2.15 7.24
400 2.10 6.72

Table A.12 Values of copper diffusivity and solubility at 60°C and Q=18.75kW/m?

r.p.m D*10°(m2 /s) Concentration of CuCl, *10? (mole/ny)
100 2.86 8.81
200 271 6.84
300 2.73 6.54
400 2.70 6.32

Table A.13 Values of copper diffusivity and solubility at 30°C and Q=21.87kW/m?

r.p.m D*10%(m? /9) Concentration of CuCl, *10? (mole/m?)
100 2.07 116
200 2.02 8.49
300 2 7.77
400 1.98 7.63

Table A.14 Values of copper diffusivity and solubility at 45°C and Q=21.87kW/m?

r.p.m. D*10°(m? /9) Concentration of CuCl, *10? (mole/m?)
100 251 101

200 2.45 74

300 243 6.72

400 2.35 6.51
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Table A.15 Values of copper diffusivity and solubility at 60°C and Q=21.87kW/m?

r.p.m. D*10%(n? /9) Concentration of CuCl, *10? (mole/ny)
100 2.98 10.6
200 291 7.2
300 2.87 6.28
400 247 6.43
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Appendix B

TableB-1 Mass transfer Correlation rotating cylinder [44]

3 3
Sh=aBRe” Scf

Experimental Conditions

Sh=0079] Re"7 5"

Ferricyanide-ferrocyanide on nickel electrode
10°<Re<10°

Sh = 00964 Re "7 5"

Ferricyanide-ferrocyanide on platinum electrode
10%Re<2x10"

Sho=00791 Re" 5"

Theoretical calculation with constant assumed
to be 0.0791

Sh o= 00791 Re" 504

Cathodic deposition of copper from copper sulfate
10*<Re<5x10°

Sh=0217 Re* 5"

Copper-copper sulfate deposition on copper electrode
10°<Re<1.9x10*

Sh=0.1327 Re"™ 5"

Copper-copper sulfate deposition on copper electrode
10°<Re<1.9x10*

Sh=0.165Re" ™ 50
Sh=0144Re"™ 5"

Oxygen reduction in sodium chloride on monel
and sodium sulfate on steel
2x10°<Re<1.2x10°

Sho= 00429 Re"™® 5%

Derived from curve-fit of Theodorsen and Regier over
range
2x10°<Re<4x10°

Table B-2 Mass transfer Correlation cylinder in cross flow

Sh=aRe® 8c° Experimental Conditions
Sh=0.322Re® %% | Evaporation of water into gases[81]
1x10°<Re<30x10%
Sh=0.281Re%® s | Liquids [82]
1<Re<4x10°
Sh=0.16Re*” Sublimation naphthalene in air [83]
4x10°<Re<33x10°

Sh=0.3Re** 50333

Electrochemical reduction of ferric ions [84]
10<Re<10*
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Appendix C

Analysis of Variance

The ANOVA procedure is one of several procedures available in for
analysis of variance. The ANOVA procedure is designed to handle balanced
data . ANOVA help researchers to design an experiment properly and
analyzed the data it produces in correctly way and using Matlab program to
check the resuilts.

There are two method of ANOVA were discussed in (3.11). In this
section find the detailed calculation of ANOVA for two ways ANOVA and
three ways ANOVA.

The two ways ANOV A calculation of the experiential data are obtained from
Tables (4.11-4.13) asfellows:

30 40 50

50 1.88 2.2 13
200 4.97 51 3.3
300 6.6 6.7 5.8
400 8.1 8 7.4

The detailed cal culations are shown below:
No. of rows =4, No. of columns =3
N=total no. of observation=12

On completion of the 2-way ANOV A the results will look something like this

SUMMARY Count Sum
Row 1 3 5.38
Row 2 3 13.37
Row 3 3 19.1
Row 4 3 23.5
Column 1 4 21.55
Column 2 4 22
Column 3 4 17.8




The ANOV A tables are shown below

Source of SS DF MS MSR Foos Foo1
Variation
Columns (Temp.) 2.65875 2 1.329375 | 14.6053957 5.14 10.92
Rows(r.p.m) 61.26856 3| 20.4228528 | 224.379009 476 9.78
Error 0.546117 6| 0.09101944
Tota 64.47343 11

And three ways ANOV A are from the experimental datafrom Tables (4.2-

4.7):
5000 8000 10000 12000

30 2.4964 2.9060 3.6657 4.2057
10

40 2.21107 2.7448 3.5290 3.723

30 2.8768 3.4605 47091 5.3733
30

40 2.5862 3.2155 4.3535 5.1969

30 3.2388 4.3956 4.8053 6.1016
50

40 3.0201 3.9466 45786 5.3014

r= number of rows=3, c= number of columns=4, g= number of groups=2,

n=1, N=24

T= § x =92.4551, T°=8547.945516
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1.Among Column:

_ (16.423)* +(20.669)* +(25.6412)* +(29.7219)*  8547.945516
13 2 24

=16.799764

2. Among rows

at’ T2

ncg N

_ (25.3013)° +(31.7658)* +(35.388)>  8547.945516
14 2 24

=6.5271462

3. Among Groups

_aTe’ T
necr N

_ (48.0488)° +(44.4063)>  8547.9455.16
143 24

=0.55282176

4. Column-Row Interaction

o 2

a.TCr T2

== - —-S5-SS
g N S - SS

_ (47070 + (565092 +(7.19472 + (7.74772 + (5.457)* + (6.6 76 +(9.0629° + (105702 + (6.2589°
12

, (8:3422)% +(9.3839)” +(11.4030)” _ 8547.945516

1 2 - 16.799764- 6.5271469

=0.985779545
5. Column-group Interaction

_aTeg® T
- nr N =% - 5%
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_ (8:606)” +(10.76.1)* + (13.1801)° + (15.5006)* + (7.817)* + (9.9069) * + (12.4611)* + (14.223)°  8547.945516

12

- 16.799664 - 0.5528.1708 = 0.317516692

6. Row-Group Interaction

24

_ (13.0938)* + (12.2075)° + (16.4137)° + (15.3521)° + (18.5413)* + (16.8467)°  8547.945516

12
- 6.5271469- 0.5528.2176 = 0.450021817

7. Column-Row-Group Interaction:

o 2

Tcrg z
=8 e L -S5- S5 -5, ~SSy - S5 -SSy

nc

24

_ (2.4964)” +(2.906)° +(3.6657)* +(4.0257)° +(2.2107)° +(2.7448)* + (3.529)° +(3.723)°

1

.\ (2.8709)2 +(3.4605)2 + (4.709])? + (5.37332 + (2.5862)2 +(3.21552 + (4.3535)° + (5.1969)>

1

.\ (3.2388)2 +(4.3956)° + (4.8053) + (6.1016)? +(3.0201)? + (3.9466)2 + (4.5786) + (5.3014)>

1
_ 8547.945516

24

- 0.450021817 =0.0990534933
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8. Totd :

. T?
SSiota =@ X2 - W

=(2.4964)% + (2.906)2 + (3.6657)2 +(4.0257)2 +(2.2107)? + (2.7448)? + (3.529)?

+(3.723)%+ (2.8708)2 + (3.4605)2 + (4.7091)2 + (5.3733)2 + (2.5862)2 + (3.21565) 2

+(4.3535)2 + (5.1969) + (3.2388)2 + (4.3956)2 + (4.8053) + (6.1016)2 + (3.0201)2

+(3.9466)2 + (4.5786)2 + (5.3014) - w = 25.04151955

9. Residual and errors:

SS esidua =SSita — @l previous SS
=2.504151955 — [16.799764 + 6.5271462 + 0.55282176 +0.98577954
+0.031751669 + 0.0451987 +0.099053493] = zero

The ANOV A tables are shown below

Source of Variation SS DF MS MSR Foos | Foor
Among Columns(Re) 16.799764 3 | 55999213 | 81.9555697 | 3.20 | 5.19
Among Rows(Q) 6.5271462 2 | 3.2635735 | 47.762893 | 3.59 | 6.11
Among Groups (Temp.) 0.55282176 1 | 055282176 | 8.0906302 | 445 | 84
Column-Row 0.98577954 | 6

Interaction(Re* Q)

Column-Group 0.031751669 | 3

Interaction (Re* Temp.)

Row-Group Interaction 0.0451987 2

(Q*Temp.)

Column-Row —Group 0.099053493 | 6

Interaction

(Re*Q*Temp.)

Residua 1.161586889 | 17 | 0.06832864
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Cathodic Region

| sother mal Conditions

TableC-1 ANOVA for limiting current density in cylinder of acrossflow
under isothermal conditions [40]

Source of SS DF MS MSR Foos Foo1
Variation
Columns (Temp.) 0.767687 2 0.383844 91.29334 5.14 10.92
Rows(Re) 3.700154 3 1.233385 293.3482 476 9.78
Error 0.025227 6 0.004205
Total 4.493068 11

Table C-2 ANOVA for limiting current density of arotating cylinder under
isothermal conditions [67]

Source of SS DF MS MSR Fo.os Foo1
Variation
Columns (Temp.) 2.317116667 | 2 | 1.158558333 | 8.0727959 5.14 10.92
Rows (r.p.m) 69.95616667 | 3 | 23.31872222 | 162.48408 4.76 9.78
Error 0.861083333 6 | 0.143513889
Totd 73.13436667 | 11

Table C-3 ANOVA for limiting current density of arotating cylinder under
Isothermal conditions [41]

Source of SS DF MS MSR F0_05 F 0.01
Variation

Columns (Temp.) 0.155819 2 0.0779093 | 54.324759 5.14 10.92
Rowsg(r.p.m) 0.120539 3 0.0401796 | 28.016502 476 9.78
Error 0.008605 6 0.0014341

Tota 0.284962 11
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Heat Transfer Conditions

TableC-4 ANOVA for limiting current density of acylinder in cross flow
cylinder under heat transfer conditions [40]

Source of Variation Sum of DF MS MSR Fo.os Foo
Square

Among Columns(Re) 16.799764 3 | 55999213 | 81.9555697 | 3.20 5.19

Among Rows(Q) 6.5271462 2 | 3.2635735 | 47.762893 3.59 6.11

Among Groups (Temp.) 0.55282176 1 | 0.55282176 | 8.0906302 4.45 8.4

Column-Row 0.98577954 | 6

Interaction(Re* Q)

Column-Group 0.031751669 | 3

Interaction (Re* Temp.)

Row-Group Interaction 0.0451987 2

(Q*Temp.)

Column-Row —Group 0.099053493 | 6

Interaction

(Re*Q*Temp.)

Residud 1.161586889 | 17 | 0.06832864

Table C-5 ANOVA for limiting current density of arotating cylinder under

heat transfer conditions [68]
Source of SS DF MS MSR Foos F ool
Variation

Columns (Temp.) 2.65875 2 1.329375 | 14.6053957 5.14 10.92
Rows(r.p.m) 61.26856 3 | 20.4228528 | 224.379009 4.76 9.78
Error 0.546117 6 | 0.09101944
Tota 6447343 | 11
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Table C-6 ANOVA for limiting current density of arotating cylinder under
heat transfer conditions [41]

Source of Variation SS DF | MS MSR Fo.os F 001
Among Columns(r.p.m) | 0.0053816 | 3 0.00179 | 79.555 2.95 4.57
Among Rows(Q) 0.0031721| 2 | 0.00159 | 70.6667 | 3.34 5.54
Among Groups (Temp.) | 0.0026802 | 2 0.00134 | 59.5556 | 3.34 5.54
Column-Row 0.000213 6

Interaction(r.p.m* Q)

Column-Group 0.00011 6

Interaction

(r.p.m*Temp.)

Row-Group Interaction 00001221 | 4

(Q*Temp.)

Column-Row —Group 0.00018 12

Interaction

(r.p.m*Q*Temp)

Residua 0.0006251 | 28 | 0.00002

Mass Transfer Coefficients

| sother mal Conditions

Table C-7 ANOVA for mass transfer coefficient of a cylinder in cross flow
under isothermal conditions[40]

Source of SS DF MS MSR F o005 Foo1
Variation
Columns 244075*10"™ | 2 | 1.22*10™ | 32.60304 5.143249 10.92485
(Temp.)
Rows(Re) 561958¢10° | 3 | 1.87*10° | 500.4345 | 4.757055 | 9.779569
Error 22458810 | 6 | 3.74*10F
Total 5.88611*107° | 11

Table C-8 ANOVA for mass transfer coefficient of arotating cylinder under
isothermal conditions [67]

Source of S DF MS MSR F0_05 F 0.01
Variation
Columns 9.27938*10° | 2 | 4.64*10-° | 22.86808 5.14 10.92
(Temp.)
Rows (r.p.m) | 1.084*10%° | 3 | 3.61*10% | 178.0944 4.76 9.78
Error 1.21734*10° | 6 | 2.03*10%°
Total 1.18897*10% | 11
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Table C-9 ANOVA for mass transfer coefficient of arotating cylinder under
Isothermal conditions [41]

Source of SS DF MS MSR Fo.os Foo1
Variation
Columns 1.61563*10° | 2 | 8.07817*10° | 21.34109| 5.14 10.92
(Temp.)
Rows(rp.m) | 2.78461*10° | 3 | 9.28202*10%° | 2452144 | 476 9.78
Error 2.27116*10™° | 6 | 3.78527*10™
Total 4.62736*10° | 11

TableC -10 ANOVA for mass transfer coefficient of acylinder in cross flow
under heat transfer conditions [40]

Source of Variation SS DF MS MSR Foos | Foor
Among Columns(Re) | 3.45342*10> | 3 |1.15114*10> | 17.820237 | 3.20 | 5.19
Among Rows(Q) 1.35196*10° | 2 |6.7598*10° 10.464548 | 3.59 | 6.11
Among Groups 1.24732*10° | 1 |1.24732*10° | 1.9309152 | 445 | 8.4
(Temp.)

Column-Row 9.83639*10-° | 6
Interaction(Re* Q)

Column-Group 3

Interaction (Re* Temp.) | 6.520898* 107’

Row-Group 3.5464* 10 2

Interaction(Q* Temp.)

Column-Row-Group | 1.38429*10" | 12

Interaction

(Re*Q*Temp.)

Residual 10.98155*10° | 17 | 6.4597*10”

Table C-11 ANOVA for mass transfer coefficient of a rotating cylinder under
heat transfer conditions[68]

Source of SS DF MS MSR Foos F o001
Variation
Columns (Temp.) | 1.3583*10" 2 6.79*10° |3.70923684 | 5.14 10.92
Rows(r.p.m) 1.3168*10°° 3 439*10" |23.9727517| 476 9.78
Error 1.09858*10" | 6 1.83*10°
Total 1.56249*10° | 11
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Table C-12 ANOVA for mass transfer coefficient of a rotating cylinder under

heat transfer conditions[41]

Source of Variation SS DF MS MSR Foos | Fool
Among Columns(Re) 2.77707*10° | 3 | 9.2569*10° | 13.967198 | 2.95 | 457
Among Rows(Q) 04598810 | 2 | 4.7299*10" | 0.713667 | 334 | 545
Among Groups 6.65183*10° | 2 | 3.3259*10° | 5.0182721 | 3.34 | 545
(Temp.)
Column-Row 1.96208+10° | 6
Interaction(Re* Q)
Column-Group 1.40852¥10 | 6
Interaction (Re* Temp.)
Row-Group 85734*10" | 4
Interaction(Q* Temp.)
Column-Row-Group 1.65266*10° | 12
Interaction
(Re*Q*Temp.)
Residual 18.55728*10° | 28 | 662.76*10”

Heat Transfer Coefficients:

TableC-13 ANOVA for heat transfer coefficient of acylinder in cross flow
under heat transfer conditions[40]

Source of Variation SS DF MS MSR Foos | Fool
Among Columns(Re) 19284262.9 3 642807.6 | 5.7068148 | 3.20 | 5.19
Among Rows(Q) 27805588 2 13902794 | 123.42833 | 359 | 6.11
Among Groups 2633596.5 1 2633596.5 | 23.380943 | 445 | 8.40
(Temp.)

Column-Row 1355834.4 6

Interaction(Re* Q)

Column-Group 247651.8 3

Interaction (Re* Temp.)

Row-Group 267339.5 2

Interaction(Q* Temp.)

Column-Row-Group 44030.4 6

I nteraction

(Re*Q*Temp.)

Residual 1914856.1 17 | 112638.59
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Table C-14 ANOVA for heat transfer coefficient of arotating cylinder under
heat transfer conditions[68]

Source of SS DF MS MSR Fo.os F o001
Variation
Columns 639264.9 2 319632.4 23.14892 5.14 10.92
(Temp.)
Rows(r.p.m) 602977.1 3 200992.4 14.55659 4,76 9.78
Error 82845.95 6 13807.66
Totd 1325088 11

Table C-15 ANOVA for heat transfer coefficient of arotating cylinder under
heat transfer conditions [41]

Source of Variation SS DF MS MSR Foos | Foom
Among Columns(Re) 48515 3 16171.7 54125261 | 295 | 457
Among Rows(Q) 23701.7 2 118509 | 3.9663922 | 3.34 | 5.45
Among Groups 658523.7 2 3292619 | 110.20107 | 3.34 | 545
(Temp.)

Column-Row 1418.9 6

Interaction(Re* Q)

Column-Group 8470.3 6

Interaction (Re* Temp.)

Row-Group 69271.9 4

Interaction(Q* Temp.)

Column-Row-Group 4498.1 12

I nteraction

(Re*Q*Temp.)

Residual 83659.2 28 | 2987.8286
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Interfacial Temperature:

Table C-16 ANOVA for interfacial temperature of a cylinder in cross flow
under heat transfer conditions[40]

Source of Variation SS DF MS MSR Fo.os F o.01
Among Columns(Re) 104.115 3 34.705 69.66407 | 3.20 5.19
Among Rows(Q) 147.646 2 73.823 148.18644 | 3.59 6.11
Among Groups (Temp.) 429.26 1 429.26 861.66253 | 4.45 8.40
Column-Row 5.104 6
Interaction(Re* Q)

Column-Group Interaction 0.615 3

(Re*Temp.)

Row-Group Interaction 2.146 2

(Q*Temp.)

Column-Row —Group 0.604 6

Interaction (Re*Q* Temp.)

Residua 8.469 17 | 0.4981764

TableC-17 ANOVA for interfacial temperature of a rotating cylinder under
heat transfer conditions[68]

Source of Variation SS DF MS MSR Fo.os Foo
Columns (Temp.) 326.0717 2 163.0358 | 417.7431 5.14 10.92
Rows (r.p.m) 106.5758 3 35.52528 | 91.02562 476 9.78
Error 2.341667 6 0.390278
Total 434.9892 11

TableC-18 ANOVA for interfacial temperature of a rotating cylinder under
heat transfer conditions[41]

Source of Variation SS DF MS MSR Foos Foo1
Among Columns(r.p.m) 187.03 3 62.344 | 6.8258 2.95 457
Among Rows(Q) 773.07 2 387.037 | 42.3752 | 3.34 5.45
Among Groups (Temp.) 815.48 2 407.742 | 44.6421 | 3.34 5.45
Column-Row 4.6 6
Interaction(r.p.m*Q)

Column-Group Interaction 1.3 6
(r.p.m*Temp.)

Row-Group Interaction 242.57 4

(Q*Temp.)

Column-Row-Group 7.27 12

Interaction

(r.p.m*Q*Temp.)

Residua 255.74 | 28 | 9.13357
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Table C-19 The mean effect of variables and their interactions using two
level responses under heat transfer conditions (limiting current density) [40]

Response Mean | DF
Effect

1 2.4964
H 3.2388 130152 | 1
T 2.2107 014963 | 1
HT 3.0201 014125 | 1
R 4.0257 204643 | 1
HR 6.1016 05256 | 1
TR 3.723 0.14963 | 1
HTR 5.3014 -0.14113 | 1
Total 30.1177

Table C-20 The mean effect of variables and their interactions using two
level responses under heat transfer conditions (limiting current density) [41]

Response Mean DF
Effect

1 0.325
H 0.368 0.062 1
T 0.353 0.055 1
HT 0.459 0.0025 1
R 0.553 0.24 1
HR 0.629 -0.0125 1
TR 0.630 -0.0045 1
HRT 0.653 -0.029 1
Total 3.97

Table C-21 The mean effect of variables and their interactions using two
level responses under heat transfer conditions (mass transfer coefficients) [40]

Response Mean Effect | DF

1 27610

H 3.58*10° 027*10° |1
T 2.89*10™ 0 1
HT 3.94*10° 24510° |1
R 4.45%10° 1
HR 6.74*10™ 0.62*10° |1
TR 4.86*10° 0.025*10° |1
HRT 6.92*10™ -0.115*10° | 1
Total 3.614*10°
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Table C-22 The mean effect of variables and their interactions using two
level responses under heat transfer conditions (mass transfer coefficients) [41]

Response Mean Effect | DF
1 2.627*10°
H 3.125 *10° 0.7005*10 |1
T 4.126 *10™ 2479510 |1
HT 472107 -0.2885*10° | 1
R 6.523 *10° 5.3195*10° |1
HR 8.003*10™ 0.1545*10° |1
TR 10.56*107 0.9325*10° |1
HRT 10.79%10° -0.3365*10° | 1
Total 5.0474%10°

Table C-23 The mean effect of variables and their interactions using two
level responses under heat transfer conditions (heat transfer coefficients) [40]

Response Mean DF
Effect

1 1250
H 3125 267037 | 1
T 1428.57 711.04 1
HT 3846.15 205.09 1
R 2500 210146 | 1
HR 5555.56 524.08 1
TR 3333.33 261.18 1
HRT 6666.67 -66.2 1
Total 27705.28

Table C-24 The mean effect of variables and their interactions using two
level responses under heat transfer conditions (heat transfer coefficients) [41]

Response | Mean DF
Effect

1 408.42

H 400.07 65.665 1
T 590.11 202515 |1
HT 696.47 90.015 |1
R 477.11 105.95 1
HR 436.34 16.45 1
TR 700 53.26 1
HRT 905 32.87 1
Total 4613.1
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Table C-25 The mean effect of variables and their interactions using two
level responses under heat transfer conditions (interfacial temperature) [40]

Response | Mean DF
Effect
1 38

H 46 5.875 1
T 47 8.375 1
HT 53 -0.625 1
R 34 -5.125 1
HR 39 -1.125 1
TR 43 0.375 1
HRT 47.5 0.375 1

Total 347.5

Table C-26 The mean effect of variables and their interactions using two
level responses under heat transfer conditions (interfacial temperature) [41]

Response | Mean DF
Effect
1 68

H 84.59 11.19 1
T 86.3 12.91 1
HT 91.3 -7.455 1
R 59.1 -6.44 1
HR 79.8 0.395 1
TR 81.53 0.405 1
HRT 84 -1.66 1

Total 634.62

Analysis of Variance:

A significant difference between treatments is suggested if the calculated F
value exceeds the tabulated F value. But this significant differences between
the treatments as a whole. There are two Tables below to show the F-
distribution at 0.01 and 0.05 [61].

C-15



TableC.27 F-distribution at 0.01 [61]

dfi2\df1| 1 2 3 4 5 6 7 8 9 10 11 12 13
3 34.12 | 30.82 | 20.46 | 28.71 | 28.24 | 27.91 | 27.67 | 27.49 | 27.35 | 27.23 | 27.13 | 27.05 | 26.98
4 21.20 | 18.00 | 16.69 | 15.98 | 15.52 | 15.21 | 14.98 | 14.80 | 14.66 | 14.55 | 14.45 | 14.37 | 14.31
5 16.26 | 13.27 | 12.06 | 11.39 | 10.97 | 10.67 | 10.46 | 10.29 | 10.16 | 10.05 | 9.96 | 9.89 | 9.82
6 13.75( 1092 | 978 | 915 | 875 | 847 | 826 | 810 | 798 | 7.87 | 7.79 | 7.72 | 7.66
7 1225 955 | 845 | 785 | 746 | 719 | 699 | 6.84 | 6.72 | 6.62 | 6.54 | 6.47 | 6.41
8 1126 865 | 759 | 701 | 6.63 | 6.37 | 618 | 6.03 | 591 | 581 | 573 | 5.67 | 5.61
9 1056 | 802 | 699 | 6.42 | 6.06 | 580 | 561 | 547 | 535 | 526 | 518 | 511 | 5.05
10 10.04| 756 | 655 | 599 [ 564 [ 539 | 520 | 506 | 494 | 485 | 477 | 471 | 4.65
11 965 | 721 | 6.22 | 567 | 532 | 507 | 489 | 474 | 463 | 454 | 446 | 440 | 434
12 933 | 693 | 595 | 541 | 506 | 482 | 464 | 450 | 439 | 430 | 422 | 416 | 410
13 907 | 670 | 574 | 521 | 486 | 462 | 444 | 430 | 419 | 410 | 402 | 3.96 | 391
14 886 | 651 | 556 | 504 | 470 | 446 | 428 | 414 | 403 | 394 | 3.86 | 3.80 | 3.75
15 868 | 6.36 | 542 | 489 | 456 | 432 | 414 | 400 | 389 | 380 | 3.73 | 3.67 | 361
16 853 | 623 | 529 | 477 | 444 | 420 | 403 | 389 | 3.78 | 369 | 3.62 | 355 | 3.50
17 840 | 6.11 | 519 | 467 | 434 | 410 | 393 | 3.79 | 3.68 | 359 | 352 | 3.46 | 3.40
18 829 | 601 | 509 | 458 | 425 | 401 | 3.84 | 3.71 | 360 | 351 | 3.43 | 3.37 | 3.32
19 819 | 593 | 501 | 450 | 417 | 394 | 377 | 363 | 352 | 343 | 3.36 | 3.30 | 3.24
20 810 | 585 | 494 | 443 | 410 | 387 | 3.70 | 356 | 346 | 3.37 | 3.29 | 323 | 3.18
22 795 | 572 | 482 | 431 | 399 | 376 | 359 | 345 | 335 | 326 | 3.18 | 3.12 | 3.07
24 782 | 561 | 472 | 422 | 390 | 367 | 350 | 3.36 | 3.26 | 3.17 | 3.09 | 3.03 | 2.98
26 772 | 553 | 464 | 414 | 382 | 359 | 342 | 329 | 318 | 3.09 | 3.02 | 296 | 290
28 764 | 545 | 457 | 407 | 375 | 353 | 336 | 323 | 312 | 303 | 296 | 290 | 2.84
30 756 | 539 | 451 | 402 | 370 | 347 | 3.30 | 317 | 3.07 | 298 | 291 | 284 | 279
35 742 | 527 | 440 | 391 | 359 | 337 | 320 | 3.07 | 296 | 288 | 2.80 | 274 | 2.69
40 731 | 518 | 431 | 383 | 351 | 329 | 312 | 299 | 289 | 280 | 273 | 266 | 261
45 723 | 511 | 425 | 377 | 345 | 323 | 3.07 | 294 | 283 | 274 | 267 | 261 | 255
50 717 | 506 | 420 | 372 | 341 | 319 | 3.02 | 289 | 279 | 270 | 263 | 256 | 251
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TableC.28 F-distribution at 0.05 [61]

df2\dfi| 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13

3 1013 1 9551 928 | 912 | 901 | 894 | 889 | 885 | 881 | 879 | 8.76 | 8.74 | 8.73

771 [ 694 [ 659 | 6.39 | 6.26 | 6.16 | 6.09 | 6.04 | 6.00 | 596 | 594 | 591 | 5.89

661 [ 579 [ 541 | 519 [ 5.05 | 495 | 4.88 | 4.82 | 477 | 474 | 470 | 4.68 | 4.66

559 (474|435 | 412 (397 | 387 | 3.79 | 3.73 | 3.68 | 3.64 | 3.60 | 3.57 | 3.55

532 | 446 | 407 | 3.84 [ 3.69 | 358 | 350 | 344 | 339 | 335| 331 | 3.28 | 3.26

4
5
6 500 | 514 | 476 | 453 | 439 | 428 | 421 | 415 | 410 | 406 | 403 | 4.00 | 3.98
-
8
9

512 | 426 | 3.86 | 3.63 | 3.48 | 3.37 | 329 | 323 | 318 | 3.14 | 3.10 | 3.07 | 3.05

10 496 | 410 | 3.71 | 348 | 333 | 3.22 | 3.14 | 3.07 | 3.02 | 298 | 294 | 291 | 2.89

11 484 | 398 | 359 | 3.36 | 3.20 | 3.09 | 3.01 [ 295 | 290 | 285 | 2.82 | 279 | 2.76

12 475 | 389 | 349 | 326 | 3.11 | 3.00 | 291 | 285 | 280 | 275 | 2.72 | 2.69 | 2.66

13 467 | 381|341 | 318 | 3.03 | 292 | 283 | 277 | 271 | 267 | 2.63 | 260 | 2.58

14 460 | 3.74 | 334 | 311 | 29 | 285 | 276 | 270 | 265 | 260 | 257 | 253 | 251

15 454 | 368 | 3.29 | 3.06 | 290 | 279 | 271 | 264 | 259 | 254 | 251 | 248 | 2.45

16 449 | 363|324 | 301 | 285 | 274 | 266 | 259 | 254 | 249 | 246 | 242 | 2.40

17 445 | 359 | 320 | 296 | 281 | 270 | 261 | 255 | 249 | 245 | 241 | 238 | 2.35

18 441 | 355|316 | 293 | 277 | 266 | 258 | 251 | 246 | 241 | 237 | 234 | 231

19 438 | 352|313 | 290 | 274 | 263 | 254 | 248 | 242 | 238 | 2.34 | 231 | 2.28

20 435 | 349 | 310 | 287 | 271 | 260 | 251 | 245 | 239 | 235 | 231 | 228 | 2.25

22 430 | 344 | 305 | 282 | 266 | 255 | 246 | 240 | 234 | 230 | 226 | 223 | 2.20

24 426 | 340 | 301 | 278 | 262 | 251 | 242 | 236 | 230 | 225 | 222 | 218 | 2.15

26 423 | 337 | 298 | 274 | 259 | 247 | 239 | 232 | 227 | 222 | 218 | 215 | 2.12

28 420 | 334 | 295 | 271 | 256 | 245 | 236 | 229 | 224 | 219 | 215 | 212 | 2.09

30 417 | 332 | 292 | 269 | 253 | 242 | 233 | 227 | 221 | 216 | 213 | 2.09 | 2.06

35 412 | 327 | 287 | 264 | 249 | 237 | 229 | 222 | 216 | 211 | 208 | 204 | 2.01

40 408 | 323 | 284 | 261 | 245 | 234 | 225 | 218 | 212 | 208 | 2.04 | 2.00 | 1.97

45 406 | 320 | 281 | 258 | 242 | 231 | 222 | 215 210 | 205 | 2.01 | 1.97 | 1.94

50 403 | 318 | 279 | 256 | 240 | 229 | 220 | 213 | 207 | 203 | 1.99 | 1.95 | 1.92
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