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Abstract  
The aim of present work is to 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 electrochemical 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 

value on copper in the anodic region is almost equally affected by 

hydrodynamics and temperature. It was found that mass transfer coefficients 
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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 statistical analysis.  

Under isothermal conditions, the thickness of hydrodynamic   boundary 

layer decreases as 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 layers is 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 diffusion boundary layer is higher than one, which shows 

that thermal boundary layer is always greater than diffusion boundary layer.  

As the diffusion 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. 

Cb Bulk concentration, mole/m3. 

Ci  Concentration of species I , mole/m3. 

Cp Specific heat, kJ/Kg.oC 

Cs Surface concentration, mole/m3. 

d Pipe diameter, m. 

D Diffusion coefficient ,m2/s 

Do diffusivity of pure water , m2/s 

DF Degree of Freedom 

E, Eo Electrode potential, mV. 

f  Friction factor. 

F Faradays constant (96500 Columb/equivelent). 

g Number of groups. 

h Heat transfer coefficient, W/m2.K. 

i reaction Anodic or cathodic current, A/m2. 

ic Corrosion current density, A/m2. 

iL Limiting current density, A/m2. 

io Exchange current density, A/m2. 

Ji (y) Flux of species i ,mol/m2.s  

km Mass Transfer Coefficient, m/s. 

kT Thermal conductivity, W/m.oC. 

Le 
Resistance path (i.e. separation distance between 

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/m2. 

r Number of rows. 

R Gas constant. 

Re Reynolds number. 

Sc Scmhidt number. 

Sh Sherwood Number. 

SS Sum of squares. 

T Temperature, oC or K. 

Tc Total for each column. 

Tr Total for each row. 

Tg  total for each group 

crT  Total for each column –row combination. 

Trg Total for each row –group interaction. 

Tcg Total for each column-group interaction. 

Ti Interfacial  temperature, oC or K. 

Ts Surface temperature , oC or K.  

Tr Total for each row. 

Tcrg Total for each column –row-group interaction. 

X Each observation. 
)(YV  Fluid velocity ,m/s 

X
T

∂
∂  Temperature gradient. 
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Y
Y

∂
Θ∂ )(  Electrode potential gradient  

 

Y
YCi

∂
∂ )(  Concentration gradient. 

 

Greek Symbols 

δH Hydrodynamic boundary layer thickness, m. 

δD Diffusion boundary layer thickness, m. 

δt Thermal boundary layer thickness, m. 

μ Viscosity, Kg/m.sec2.  

μs Viscosity at surface temperature, Kg/m.sec2.  

ν Kinematics viscosity , m2/s. 

η Polarization overpotential, mV. 

ηa Activation overpotential, mV. 

ηc Concentration overpotential, mV 

ηr Resistance overpotential, mV. 

ηT Total overvoltage, mV. 

ηreaction  E applied-Eeq. 

ρ Density, kg/m2. 

ßreaction 
Charge transfer barrier or symmetry coefficient for the 

anodic or cathodic reaction. 

σ   Conductivity of the electrolyte solution. 

 

Abbreviations 

 
ANOVA Analysis of variance. 

lim. Limiting current density. 

MANOVA Multivariance analysis of variance. 



 X 

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. 
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c  Concentration polarization. 

Lim Limiting current condition. 

T Total over voltage. 

o Exchange current density. 
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Chapter One 
Introduction 

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 process is 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 against. This 

is because localized corrosion morphologies are typically small in size and the 
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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 transport interaction with fluid flow, since the 

behavior of heat is in many ways similar 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 corrosion 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 
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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 usually 

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 still will undergo corrosion in such forms as pitting, 

crevice and stress corrosion cracking, and its alloys are subject to selective 
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leaching [8]. Among these types of corrosion, 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 

analysis 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.  
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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 aqueous environment and atmospheric 

environment is an electrochemical process because corrosion involves the 

transfer of electrons between a metal surface and an aqueous electrolyte 

solution. It results from the overwhelming tendency of metals to react 

electrochemically with oxygen, water, and other substances in the aqueous 

environment [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 states, 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].  

 
 
 

 

 

 

 

 

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

 

 

2.3 Electrochemistry of Corrosion  
The metallic surface exposed to an aqueous electrolyte usually 

possesses sites 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, usually an 

oxide. Several cathodic reactions are possible depending on what reducible 

species are present in the solution. Because these anodic and cathodic 

reactions occur simultaneously 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 



 7 

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   leading 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 sites 

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 spatial 

orientation of the corroding metal and gravity ,or finally 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 as rust [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 n+ + ne -                                                                           ….. (2.1)  

The reaction for iron is: 

Fe → Fe+2 + 2e-                                                                             ….. (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 
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products in the surface electrolyte, and the formation of passive 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 diffusion 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 diffusion and by natural and forced 

convection) to the diffusion layer. 

3. Transport across the static solution at the metal /solution interface (the 

diffusion layer δD) by diffusion. 

4. Proceeding chemical and electrochemical reactions. 
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      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: 

 (O2)aq     ⇔  (O2)ads                                                                                 .....(2.3) 

        2H2O     ⇔ 2H+ + 2OH-                                                           .....(2.4) 

       (O2) ads + H+ + e   → sdr ..   (H2O) ads                                            …..(2.5) 

     (HO2) ads + H++ e ⇔  (H2O2) ads                                                    …..(2.6) 

        (H2 O2 )  +  2e  ⇔  2OH-                                                                           …..(2.7) 

 

 

 

2.5 Corrosion of Iron and Steel 
           Stainless steels continue to be one of the most widely applied alloy 

systems for the chemical 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 majority 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 resistance 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 
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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: 

   −+ +→ eFeFe 22                E=0.44V                                        ….. (2.2)                                         

In de-aerated solutions, the cathodic reaction is 

   222 HeH →+ −+                E=0.0V                                          ….. (2.8) 

This occurs fairly rapidly in acids but very slowly in alkaline and neutral 

solutions. In the presence of oxygen the following reaction occurs in slightly 

 alkaline and neutral solutions: 

 

 E=0.401V                                    ….. (2.9) 
 
This is the common form of cathodic reaction in most environments. The 

−OH ions react with Fe2+ ions to form ferrous hydroxide 

     2
2 )(2 OHFeOHFe →+ −+                                                        ….. (2.10) 

This is oxidized to ferric hydroxide Fe (OH) 3, which is a simple form of rust. 

The final product is the familiar reddish brown rust Fe2O3, .H2O [16]. 

 

 

−− →++ OHeOHO 442 22
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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 chemically 

and oxidizes only very slowly 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 slowly 

deposited (more rapidly if the process is 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, aluminum, 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 galvanic 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)  

    [ ] 
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When η reaction is anodic (i.e., positive), the second term in the Bulter-

Volmer equation becomes negligible and ia can be more simply expressed by 

equation (2.12) and its logarithm, Equation (2.13) 
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where ba is the Tafel slope coefficient that can be obtained from the slope of a 

plot of η against  log i ,with the intercept yielding a value for io 

       
nF

RTba β
303.2=                                                                             ….. (2.14) 

Similarly, When η reaction is cathodic (i.e., negative), the first term in the 

Bulter-Volmer equation becomes negligible and ic can be more simply 

expressed by equation (2.15) and its logarithm, equation (2.16), with bc 

obtained by plotting η  versus log i  equation (2.17): 
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2.7.2 Concentration Polarization 

      Concentration polarization refers to electrochemical reactions that are 

controlled by the diffusion 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 diffusion current 

density iL. It represents the maximum rate of reduction possible for a given 

system; the expressing of this parameter is 
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b
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δ
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where iL is the limiting diffusion current density, D is the diffusion coefficient 

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

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

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

ions in solution, and the thickness of the diffusion layer. 

        By combining the laws governing diffusion with Nernest equation: 
 

       
red

oxid
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a
nF
RTEE log303.2+=                                                              .….. (2.19)                                                             

the following expression can be developed : 
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This equation is shown in Fig. 2.2                                   
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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]:  

ηT = ηa  + ηC                                                                              ….. (2.21) 

where ηT is total overvoltage. During anodic dissolution, concentration 

polarization is not a factor and the equation of kinetics of anodic dissolution is 

given by:                        
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o
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ib logη                                                                    ….. (2.22) 

During reduction process such as hydrogen evolution or oxygen reduction, 

concentration polarization becomes important as the reduction rate 

approaches the limiting diffusion current density. The overpotential for 

reduction process is given by combining equation (2.16) and (2.20) with 

appropriate sings:                
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equation (2.13) is graphically 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 almost all 

anodic dissolution reactions. Exceptions to equation (2.22) are metals which 

demonstrate active-passive behavior. Using only three basic parameters 

namely, b , io, and iL the kinetics of virtually every corrosion process can be 

precisely described [4]. 
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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 

is equal to IR [15, 1]        

       R=
e

e

A
L

σ
                                                                                         ….. (2.24) 

 

2.8 Nernest Boundary Layer 
   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 at the value of bulk concentration by convection. This 

η 
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Activation polarization 

log i 
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hypothetical layer has become known as “Nernst diffusion layer (δD)”. Fig. 

(2.4) gives a schematic diagram of this layer. Nernst assumed that the 

concentration varied linearly with distance through layer. The thickness of 

this layer is given by: 

     
mk

D
D =δ                                                                                 ….. (2.25)                         

 

  

 

 

 

 

 

 

  

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

 

The diffusion layer thickness is dependent on the velocity of the 

solution past the electrode surface. As the velocity increases, δD 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 10-4 second needed to 

establish the electrical double layer, which makes it possible to distinguish 

between ηa and ηc experimentally. The diffusion layer may reach a thickness 

of 100-500 μm, depending upon concentration, agitation (or velocity), and 

temperature [15]. 

 

 

δD 

Cs 
Cb 

Aqueous Solution  

Metal 

 



 18 

2.9 Factors Effecting on Corrosion Rate 
Frequently in the process industries, it is desirable to change process 

variables. This will usually 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 as in 

the case of dissolved oxygen in acids or water. If the process is under 

diffusion control and the metal is readily passivated, 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. 

Easily passivited materials such as stainless steel and titanium frequently are 

more carrion resistant when the velocity of the corrosion medium is high. 

  If corrosion processes which are controlled by activation polarization, 

agitation and velocity has no effect on the corrosion rate as illustrated in curve 

B. Some metals owe their corrosion resistance in certain medium to the 
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formation of massive bulk protective films on their surface. These films differ 

from the usual passivation 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]. 

 

 

 

 

 

 

 

 

 

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

 
 
 
2.9.2 Effect of Temperature 

Temperature increases the rate of almost 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 diffusion 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 alloy 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. 6 is an 

example of the cathodic polarization diagram which is operative for this 

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

Previous Work 
   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 this is important. 

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% H2SO4 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% H3PO4 

in the range 20-65 oC in the absence of heat flux and in the presence of either 

positive or negative heat fluxes up to 80 kW/m2. The limiting current was 

found to be proportional to Cb, D, and ν, such that;  

     61325
L ν)DC(C104.33i bs

−−×=                                          ……. (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 corrosion rate was increased with metal heating and conversely was 

decreased with metal cooling.  

Ionic 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 350oC at heat fluxes of 110-260 kW /m2 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 at 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  H2SO4. 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 dissolution in 1 N 

H2SO4 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. al. [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 corrosion 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. al. [34] studied the corrosion of stainless steel under 

controlled heat fluxes. In this investigation the corrosion of stainless steels in 

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 slightly 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 corrosion 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 increases iL 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 mass transfer of −
2CuCl 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 possibility 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 a fluid acts upon the surface of a solid, the rate of 

any reaction occurring is influenced 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. The rate 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 static 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 Layer 

             When a fluid moves past a stationary, hydraulically smooth surface, 

there is an implicit assumption that the fluid is stationary at that surface. That 

assumption is often called "no slip at the wall". In many flow configurations 

and especially when turbulent flow conditions prevail, the velocity profile 

shows an increase from 0 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 slip 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. 



 29 

 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]. 

This relationship is shown in this figure (3.1) 

 
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. As in 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 is independent 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 basis, 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]. 

  

3.3.2 Mass 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 a gradient 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]: 

      )()()()( YCiV
Y
YDiCi

RT
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YCiDiyJi i +

∂
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−
∂

∂
−=                                 ….. (3.1) 

and the 1St term of equation (3.1 ) is diffusion term ,2nd  is migration term and 

3rd 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: 
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−=                              ….. (3.2) 

In flowing system the convection term is small compared with the diffusion 

term, the equation (3.2) becomes  
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)()(                                                                      ….. (3.3) 
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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. 

0=−== y
dy

dCiD
nF
iJi i                                                             ….. (3.4) 

or it is equivalent (for any species) to 

D

sb CCnFDi
δ
−

=                                                                       ….. (3.5) 

At a given 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 sC . 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 sC  equals to zero in 

equation  (3.5 ) [46] . 

b
D

lm CDnFi
δ

=                                                                             ….. (3.6) 

blm nFkCi =                                                                                ….. (3.7) 

where : DDk δ/=                                                                                 ….. (3.8) 

 

3.4 Diffusion Boundary Layer 
A thin, uniform, and stationary diffusion boundary layer is important in 

obtaining high-quality electrodeposits. Limiting current depends on thickness 

of the diffusion boundary layer for a given reactant concentration . 

 



 33 

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]: 

)( bs
D

CCDJ −=
δ

                                                                        ….. (3.9) 

A general expression for the thickness of the diffusion boundary layer 

formed on a smooth surface under turbulent flow is [44]: 

Dδ =62 Re -0.875                                                                         ….. (3.10)    

The diffusion boundary layer thickness for rotating cylinder is given by the 

equation [50, 51]: 

7.0

356.0344.03.0
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V
Dd

D
ν

δ =                                                        …..  (3.11) 

With a known concentration of ions in the solution and limiting current, 

the diffusion layer thickness [49]: 

  
lm

b
D i

DC
nF=δ                                                                           ….. (3.12) 

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

expressed as 

b

lm
nFC

ik =                                                                                    ….. (3.13) 
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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 

k
D

D =δ                                                                                     ….. (3.14)   

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]:  

         
D

H

δ
δ =Sc 1/3                                                                                      ….. (3.15) 

The thickness of diffusion boundary layer depends upon the hydrodynamic 

flow conditions.  

 

 

3.5 Mass 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, Sc)                                                                            …..(3.16) 

These groups are usually related to each others via the following equation: 

         Sh=a Reb Scc    

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 samples in 

the form of tubes, simulating the hydrodynamic conditions in which the 

material is commonly employed. 

The lack of an exact mathematical solution for the turbulent flow case 

has been responsible 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 detailed 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) 3
6
−  

/Fe(CN) 4
6
− couple in alkaline medium they obtained: 

x
l UDknCdi 644.0344.03.0 −−= ν                                                            ….. (3.17) 

Where k = 0.0791 and x = 0.7 

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

and obtained the following equation: 
x

l UDknFCdi 644.0345.0299.0 −−= ν                                                      ….. (3.18) 

Where k = 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 as the 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: 

3.0644.0 Re0791.0=Sc
V
km                                                        ….. (3.19) 

Recalling that mass transfer coefficient; 

sb
m CC

Nk
−

=                                                                               ….. (3.20) 

For steady state to be maintained, all the reagent transport down the 

concentration gradient must react electrochemically giving a current: 

    N
nF
i

=                                                                                       ….. (3.21) 

Therefore, 

)( sb
m CCnF

ik
−

=                                                                    ….. (3.22) 

Under limiting condition, Cs →  0, a limiting current density il is obtained, 

therefore: 

         
b

m nFC
ik =                                                                                  ….. (3.23) 

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

limiting current density is obtained: 
644.03.0
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                                              ….. (3.24)                               

 

Rearranging equation (3.22)  
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D
m

Dk
δ

=                                                                              ….. (3.25)                          

Therefore 

b
D

l CDnFi
δ

=                                                                          ….. (3.26) 

Where:  

Dδ  was given by Eisenberg et al  [50,51]  to be: 

7.0

356.0344.03.0
64.12

V
Dd

D
ν

δ =                                                       ….. (3.27) 

Using equation (3.19) a dimensional equation was obtained: 
356.07.0Re079.0 ScSh =                                                                ….. (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 plants is important 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. This distance is called 

the thermal boundary layer. A momentum boundary layer also is present if the 

fluid is flowing 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 specifically, 

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 vastly different. The two temperatures are related through an 

equation of the form  

tsi TTkAQ δ/)( −=                                                                         ….. (3.29)               

)( si TThAQ −=                                                                             ….. (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 h is 

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 tδ  using 

[52]: 

 3/1Pr=
t

H
δ

δ  
31
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k
C µ

                                                           ….. (3.31) 

 

 
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 =a Reb Pr c                                                                                …..(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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4.05/4 PrRe023.0=Nu                                                                   ….. (3.33) 

with the coefficients 0.023 recommended by McAdams (0.0243 originally). 

The above equation is a slightly different version of the Colburn equation 

[56]: 

         3/15/4 PrRe023.0=Nu                                                                   ….. (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]: 

          
14.0

3/15/4 PrRe027.0 
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s
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µ
µ                                                 ….. (3.35)                              

where µ and µs are the viscosities determined by the bulk and surface 

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: 

   3/15.0 PrRe57.0=Nu                                                               …... (3.36) 

 

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

transfer cylinder in cross flow: 
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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 consideration 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 at 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 considered when the 

electrode is acting as a cooler or a heater. 

        From various studies it 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 interfacial 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 use is 

the test of differences among group means [60]. 

 Statistically, analysis of variance (ANOVA) 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's in the 1920s and 1930s and is sometimes known as Fisher's ANOVA 

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 equal standard 

deviation still 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 several 
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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 is incomplete 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 ANOVA 

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 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 [62]. 

3.11.1 The Purpose of Analysis of Variance 

In general, the purpose of analysis of variance (ANOVA) is to 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 cases or 

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 a way 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 causes is very important [63]. 

The parameter symbols typically 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 squares).SSc, SSr, SScr…, denote the sum of the squares of 

column, row, interaction; SSe denotes the error sum of squares; SST 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., MSi : iDF
SSi

)(
 

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

error variance, i.e. 
e

i
i MS

MSF =   (i=column, row …) 
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 F- distribution: 2
2

2
1

s
sF = , measures difference between two variances with the 

following characteristics: 

i. Always positive, since variance positive 

ii.Two degrees of freedom, one for s1, one for s2 

In order to find  Fcrit  which is the 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 as in the following tables: 

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

Source of 
variation 

Sum of 
squares SS 

Degree of 
Freedom DF 

Mean Square 
MS 

Mean Square 
Ratio 

Among 
Columns 

N
T

nr

T
C

22

−
∑ 

c-1 

 
DF
SS 

residual

c

MS
MS 

Among 
Rows 

N
T

nc

Tr 22

−∑ 
r-1 

DF
SS 

residual

r

MS
MS 

Residual Total SS-all 
above 

Total DF-all 
above 

  

Total 
N

TX
2

2∑ − 
N-1   
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Table 3-2 Two ways ANOVA with replication [62] 

Source of 
variation 

Sum of squares SS Degree of 
Freedom 

DF 

Mean 
Square 

MS 

Mean Square 
Ratio 

Among 
Columns 

N
T

nr

T
C

22

−
∑ 

c-1 

 
DF
SS 

residual

c

MS
MS 

Among 
Rows 

N
T

nc

Tr 22

−∑ 
r-1 

DF
SS 

residual

r

MS
MS 

Column-row 
interaction rc

cr SSSS
N

T
n
T

−−−∑ 22

 
(c-1)( r-1) 

 
DF
SS  

Residual Total SS-all above Total DF-
all above 

  

Total 
N

TX
2

2∑ − 
N-1   

  

  

3.13 Three Ways ANOVA 
 

Computationally, the three-way 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 SStotal 

(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 ANOVA 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 is the 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 
variation 

Sum of squares SS Degree of 
Freedom DF 

Mean 
Square 

MS 

Mean 
Square 
Ratio 
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T
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22
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T
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r
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Groups N

T
ncr
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−∑  
g-1 
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SS  
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g

MS
MS
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Cr SSSS

N
T

ng
T

−−−∑ 22
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SSgSS
N
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C −−−∑ 22

 
(c-1)(g-1) 
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rg SSSS
N
T
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−−−∑ 22

 
(r-1)(g-1) 

DF
SS   
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Interaction N

T
n

Tcrg 22

−∑   minus 

all six previous sum of 
squares 

(c-1)(r-1) 
(g-1) DF

SS   

Residual Total SS minus all 
seven sum of squares 

Total DF 
minus all 
previous DF 

DF
SS   

Total 
N

TX
2

2∑ −  
N-1   
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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 residual 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 all the interactions and the sum of their degrees of freedom 

respectively. This is 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 this work 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 analysis of these data according to statistical ANOVA to 

identify the effect of individual factors. 

A large amount of corrosion research is currently conducted in 

quiescent 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 simulate that which occurs in 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 aqueous media [65]. 

A number of systems 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 pieces in a variety 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). 

— a uniform 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 conditions found in industrial processes 

is turbulent; however, corrosion studies in controlled turbulent flow 

conditions are available. With the increasing necessity to describe the 

corrosion of metals in turbulent flow conditions some laboratory 

hydrodynamic systems have been used with different degrees of success. 

Among these hydrodynamic systems, rotating cylinder electrodes (RCEs), 

pipe 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 corrosion 

laboratory studies is a useful tool for the understanding of mass transfer 

processes, effects of surface films, inhibition phenomena, etc., taking place in 

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 results is to split them into 

three sections: 

  
1. Corrosion of carbon steel 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 is under 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/ m2) 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 0.1N NaCl were 

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

conditions.                                                                               

                                                            

Table 4-1 The limiting current densities, A/m2 

50°C 40°C 30°C Re 
 2.1978 2.3277 5000 

2.2595 2.5252 2.8723 8000 
2.8201 3.1425 3.4050 10000 
3.2118 3.5416 3.9496 12000 

  
         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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Table 4-2 The limiting current density and interfacial temperature 
         at bulk temperature 30°C and Q =10kW/m² 

Limiting current density, 
A/m² 

Ti(°C) Re 

2.4964 38 5000 
2.9060 36 8000 
3.6657 35 10000 
4.0257 34 12000 

 
       Table 4-3 The limiting current density and interfacial temperature         

  at bulk temperature 40°C and Q =10kW/m² 
Limiting current density, 

A/m² 
Ti(°C) Re 

2.2107 47 5000 
2.7448 45 8000 
3.5290 44 10000 
3.7230 43 12000 

 
      Table 4-4 The limiting current density and interfacial temperature        

   at bulk temperature 30°C and Q =30kW/m² 
Limiting current density, 

A/m² 
Ti(°C) Re 

2.8708 43 5000 
3.4605 40 8000 
4.7091 38 10000 
5.3733 36 12000 

 
 

Table 4-5 The limiting current density and interfacial temperature         
  at bulk temperature 40°C and Q =30kW/m² 

Limiting current density, 
A/m² 

Ti(°C) Re 

2.5862 51 5000 
3.2155 49 8000 
4.3535 47 10000 
5.1969 45 12000 
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Table 4-6 The limiting current density and interfacial temperature        

    at bulk temperature 30°C and Q =50kW/m² 
 
 
 
 
 
 
 

  
 

Table 4-7 The limiting current density and interfacial temperature          
  at bulk temperature 40°C and Q =50kW/m² 

 
 
 
 
 
 

 

 

           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 increasing 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 (Cl-) solution under turbulent flow conditions. 

 

Limiting current density, 
A/m² 

Ti(°C) Re 

3.2388 46 5000 
4.3956 44 8000 
4.8053 41 10000 
6.1016 39 12000 

Limiting current density, 
A/m² 

Ti(°C) Re 

3.0201 53 5000 
3.9466 51 8000 
4.5786 49 10000 
5.3014 47.5 12000 
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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/ m2) and different bulk temperatures. The 

results are to be split into two sections: isothermal conditions   and heat 

transfer conditions.                         
 

4.3.1 Isothermal 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 
Limiting current density, 

(A/m²) 
Re r.p.m 

0.146 0 0 
0.97 15111.10 50 
4.87 60461.40 200 
5.4 90675.15 300 
8.1 120897.3 400 

 
Table 4-9 The limiting current density at 40°C 

Limiting current density, 
A/m²)( 

Re r.p.m 

0.341 0 0 
1.8 17313.07 50 

5.23 73601.20 200 
6.82 113810.16 300 
8.3 147172.40 400 
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Table 4-10 The limiting current density at 50°C 
Limiting current density, 

A/m²)( 
Re r.p.m 

0.487 0 0 
2.38 21848.3 50 
5.36 87418.0 200 
7.3 131120.5 300 
8.53 174799.2 400 

        

         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/m²). .                                                                                              

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.                                                                           
 
 

Table 4-11 The limiting current density and interfacial temperature        
  at bulk temperature 30°C and Q=20kW/m² 

Limiting current 
density, (A/m²) 

Re Ti(°C) r.p.m 

1.88 19415.7 56 50 
4.97 76320.30 54.3 200 
6.60 116467.8 50.3 300 
8.10 147374.2 49.2 400 
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     Table 4-12 The limiting current density and interfacial temperature       
   at bulk temperature 40°C and Q=20kW/m² 

Limiting current 
density, (A/m²) 

Re Ti(°C) r.p.m 

2.20 22093.3 60 50 
5.10 84674.7 56 200 
6.70 122757.9 52.7 300 
8.00 160898.1 51.8 400 

 
  

Table 4-13 The limiting current density and interfacial temperature   
      at bulk temperature 50°C and Q=20kW/m² 

Limiting current 
density, (A/m²) 

Re Ti(°C) r.p.m 

1.30 24974.4 68.2 50 
3.30 98540.9 66.8 200 
5.80 143923.5 62.6 300 
7.40 189399.9 60.8 400 

         

          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 generally as temperature increases. The interfacial 

temperature decreases with the increasing 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/ m2).                                                                 
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    The results are to be split into two sections: isothermal conditions and heat 

transfer conditions.                                                                              

 

4.4.1 Isothermal Conditions 
      The limiting current densities of CuCl2 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 
Limiting current 
density, (A/m²) 

Re r.p.m 

0.129 0 0 
0.157 30137 100 
0.170 60137 200 
0.201 89987 300 
0.355 120803 400 

 
 

Table 4-15 The limiting current density at 45°C 
Limiting current 
density, (A/m²) 

Re r.p.m 

0.231 0 0 
0.306 42500 100 
0.358 85119 200 
0.486 126901 300 
0.603 170359 400 

 
Table 4-16 The limiting current density at 60°C 

Limiting current 
density, (A/m²) 

Re r.p.m 

0.282 0 0 
0.335 50821 100 
0.418 101785 200 
0.543 149743 300 
0.628 203713 400 
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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 CuCl2 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. 
  

Table 4-17 The limiting current density and interfacial temperature       
  at bulk temperature 30°C and Q =15.6kW/m² 

Limiting 
current density, 

A/m²)( 

Re Ti(°C) r.p.m 

0.325 42304.168 68 100 
0.382 84413.175 65.81 200 
0.477 .00 131293 63.13 300 
0.553 148782.00 59.1 400 

 
  

Table 4-18 The limiting current density and interfacial temperature       
   at bulk temperature 45°C and Q =15.6kW/m² 

Limiting 
current density, 

(A/m²) 

Re Ti(°C) r.p.m 

0.339 54029.51 76.12 100 
0.415 101642.11 75.13 200 
0.506 152067.00 72.7 300 
0.610 195426.03 70.15 400 
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Table 4-19 The limiting current density and interfacial temperature         
  at bulk temperature 60 °C and Q =15.6kW/m² 

Limiting 
current density, 

A/m²)( 

Re Ti(°C) r.p.m 

0.353 59381.23 86.3 100 
0.428 119593.76 85.01 200 
0.546 177712.03 84.22 300 
0.630 233518.74 81.53 400 

 
 

Table 4-20 The limiting current density and interfacial temperature   
      at bulk temperature 30°C and Q =18.75kW/m² 

Limiting 
current density, 

(A/m²) 

Re Ti(°C) r.p.m 

0.342 45550.24 77.2 100 
0.403 90666.67 74.8 200 
0.518 130579.0 72.8 300 
0.580 175889.8 71 400 

 
 

Table 4-21 The limiting current density and interfacial temperature       
  at bulk temperature 45°C and Q =18.75kW/m² 

Limiting 
current density, 

(A/m²) 

Re Ti(°C) r.p.m 

0.354 52900.45 83.01 100 
0.429 87781.00 80.6 200 
0.546 153918.43 78 300 
0.616 206104.59 77.9 400 

 
Table 4-22 The limiting current density and interfacial temperature         

at bulk temperature 60°C and Q =18.75kW/m² 
Limiting 

current density, 
(A/m²) 

Re Ti(°C) r.p.m 

0.366 59544.65 86.72 100 
0.445 120039.78 83.8 200 
0.552 176148.58 82.4 300 
0.641 231892.41 80.3 400 
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Table 4-23 The limiting current density and interfacial temperature  
        at bulk temperature 30°C and Q =21.87 kW/m² 

Limiting 
current density, 

(A/m²) 

Re Ti(°C) r.p.m 

0.368 47685.8 84.59 100 
0.428 95795.55 83.3 200 
0.519 141864.6 82.2 300 
0.629 186805.9 79.8 400 

 
 

Table 4-24 The limiting current density and interfacial temperature     
     at 45°C and Q =21.87 kW/m² 

Limiting 
current density, 

(A/m²) 

Re Ti(°C) r.p.m 

0.381 54929.83 88.2 100 
0.443 110450.22 86.7 200 
0.561 162855.85 85.39 300 
0.647 212546.78 81.81 400 

 
Table 4-25 The limiting current density and surface temperature     

     at 60°C and Q =21.87 kW/m² 
Limiting 

current density, 
(A/m²) 

Re Ti(°C) r.p.m 

0.459 61163.65 91.3 100 
0.492 122215.4 88.7 200 
0.567 180950.9 87.39 300 
0.653 237762.2 84 400 

 
          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 increasing 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.                                                                                       

 



 62 

4.5 Mass Transfer Correlations 

4.5.1 Isothermal Conditions  
Values of limiting current density were used to estimate the mass 

transfer coefficients km 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 km  can be 

expressed as: 

                                                          ….. (4.1)                      
b

lm
m nFC

i
k =         

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:                                           

              ….. (4.2)                                                                 
D

dk
Sh m=                                  

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 coefficients in cross flow at 30°C [40] 
Sc km *105 ,(m/s) Re 

337.76 2.5732 5000 
337.76 3.1753 8000 
337.76 3.7642 10000 
337.76 4.3662 12000 

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

Sc km *105 ,(m/s) Re 
217.625 2.869 5000 
217.625 3.297 8000 
217.625 4.1032 10000 
217.625 4.6243 12000 
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Table 4-28 Mass transfer coefficients in cross flow at 50C [40] 

Sc km *105 ,(m/s) Re 
155.576 3.345 8000 
155.576 4.175 10000 
155.576 4.755 12000 

 
        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]  
  

  
 
 
 

 
 
 

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

 
Sc km *104 ,(m/s) Re r.p.m  

184.67 2.19474 17313.07 50 
184.67 6.3769 73601.2 200 
184.67 8.3156 11381.16 300 
184.67 10.12023 147172.4 400 

 
 
 

Table 4-31 Mass transfer coefficient for rotating cylinder at 50°C [67] 
 

Sc km *104 ,(m/s) Re  r.p.m  
140.68 3.18277 21848.3 50 
140.68 7.16793 87418 200 
140.68 9.7623 13112.5 300 
140.68 11.40718 174799.2 400 

Sc km *104 ,(m/s) Re r.p.m 
305.14 1.1489 15111.1 50 
305.14 5.7683 60461.4 200 
305.14 6.39612 90675.15 300 
305.14 9.59418 120897.3 400 
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  [41]Table 4-32Mass transfer coefficient for rotating cylinder at 30°C 
 

Sc km *105 ,(m/s) Re r.p.m 
715 1.784 30137 100 
715 2.929 60395 200 
715 3.877 89987 300 
715 4.757 120803 400 

 
 

Table 4-33 Mass transfer coefficient for rotating cylinder at 45°C [41] 
Sc km *105 ,(m/s) Re r.p.m 

334 2.472 42500 100 
334 4.054 85119 200 
334 4.367 126901 300 
334 6.586 170359 400 

 
 

Table 4-34 Mass transfer coefficient for rotating cylinder at 60°C [41] 
Sc km *105 ,(m/s) Re r.p.m 

226.5 3.286 50821 100 
226.5 5.392 101785 200 
226.5 7.138 149743 300 
226.5 8.770 203713 400 

 
       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. 

 
 
 

4.5.2 Heat Transfer Conditions 
 

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

be calculated according to this following equation: 

                                                                                 ….. (4.3) )( bs TThAQ −=       

                                                                                       ….. (4.4)
T

p

k
C µ

=Pr and   
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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:                                                                      

 

Table 4.35 Mass transfer coefficients and heat transfer coefficients for cross 
flow at 30°C and Q =10 kW/m² [40] 

Pr h(W/m2..K) Sc km*105,(m/s) Re 
4.96 1250 287.4 2.76 5000 
5.07 1666.67 300.65 3.21 8000 
5.13 2000 307.33 4.05 10000 
5.19 2500 314.53 4.45 12000 

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

flow at 40°C and Q =10 kW/m² [40] 
Pr h(W/m2..K) Sc km*105,(m/s) Re 

4.04 1428.57 194.59 2.89 5000 
4.13 2000 202.16 3.58 8000 
4.17 2500 206.10 4.60 10000 
4.26 3333.33 214.31 4.86 12000 

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

flow at 30°C and Q =30 kW/m² [40] 
Pr h(W/m2..K) Sc km*105,(m/s) Re 

4.69 2307.69 257.71 3.17 5000 
4.84 3000 274.96 3.83 8000 
4.96 3750 287.40 5.21 10000 
5.07 5000 300.65 5.94 12000 
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Table 4-38 Mass transfer coefficients and heat transfer coefficients for cross 
flow at 40°C and Q =30 kW/m² [40] 

Pr h(W/m2..K) Sc km *105 ,(m/s) Re 
3.89 2727.27 180.62 3.38 5000 
3.96 3333.3 187.42 4.20 8000 
4.04 4285.71 194.59 5.68 10000 
4.13 6000 202.16 6.79 12000 

 
 

Table 4-39 Mass transfer coefficients and heat transfer coefficients for cross 
flow at 30°C and Q =50 kW/m² [40] 

Pr h(W/m2..K) Sc km *105 ,(m/s) Re 
4.54 3125 241.97 3.58 5000 
4.64 3571.43 252.30 4.86 8000 
4.79 4545.45 269.03 5.31 10000 
4.90 5555.56 281.08 6.74 12000 

 
 

Table 4-40 Mass transfer coefficients and heat transfer coefficients for cross 
flow at 40°C and Q =50 kW/m² [40] 

 
       

 

 

 
 

Table 4-41Mass transfer coefficients and heat transfer coefficients for 
rotating cylinder at 30°C and Q =20 kW/m² [68] 

Pr h(W/m2..K) Sc km*105,(m/s) Re r.p.m  
4.067 753.30 168.93 2.222 19415.7 50 
4.140 775.93 174.03 5.900 76320.3 200 
4.307 964.876 184.67 7.816 116467.8 300 
4.377 1029.687 185.2 9.600 147374.2 400 

 
 
 
 
 
 

Pr h(W/m2..K) Sc km *105 ,(m/s) Re 
3.76  3846.15 171.06 3.94 5000 
3.89 4545.45 180.62 5.15 8000 
3.96 5555.55 187.42 5.98 10000 
4.02 6666.67 192.76 6.92 12000 
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Table 4-42 Mass transfer coefficients and heat transfer coefficients for 
rotating cylinder at 40°C and Q =20 kW/m² [68] 

Pr h(W/m2..K) Sc km*105,(m/s) Re r.p.m 
3.548 942.75 140.68 2.682 22093.3 50 
3.588 1201.25 155.45 6.217 84674.7 200 
3.847 1556.690 156.08 8.168 122757.9 300 
3.850 1613.389 157.86 9.753 160898.1 400 

 
 
 

Table 4-43 Mass transfer coefficients and heat transfer coefficients for 
rotating cylinder at 50°C and Q =20 kW/m² [68] 

Pr h (W/m2..K) Sc km*105,(m/s) Re r.p.m  
3.075 1086.26 93.20 2.566 24974.4 50 
3.140 1165.89 99.00 6.5133 98540.9 200 
3.244 1583.570 110.98 11.448 143923.5 300 
3.281 1779.722 118.75 14.6100 189399.9 400 

  

 

Table 4-44 Mass transfer coefficients and heat transfer coefficients for 
rotating cylinder at 30°C and Q =15.6kW/m² [41] 

Pr h (W/m2..K) Sc km*105,(m/s) Re r.p.m  
3.703 408.42 335.66 2.627 42304.168 100 
3.722 428.93 349.57 4.284 84413.175 200 
3.808 451.82 367.954 5.539 131293.00 300 
3.967 477.11 399.841 6.523 148782.00 400 

 
 
 

Table 4-45 Mass transfer coefficients and heat transfer coefficients for 
rotating cylinder at 45°C and Q =15.6kW/m² [41] 

Pr h (W/m2..K) Sc km*105,(m/s) Re r.p.m  
2.756 498.71 206.03 3.407 45029.51 100 
3.010 499.50 224.48 5.410 101642.11 200 
3.067 548.74 235.27 6.996 152067.00 300 
3.128 596.42 245.60 8.636 195426.03 400 
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Table 4-46 Mass transfer coefficients and heat transfer coefficients for 
rotating  cylinder at 60°C and Q=15.6kW/m² [41] 

Pr h (W/m2..K) Sc km*105,(m/s) Re r.p.m 
2.458 590.11 146.4 4.126 59381.23 100 
2.478 614.15 149.2 6.701 119593.76 200 
2.490 628.5 151.5 8.804 177712.03 300 
2.546 700 158.1 10.56 233518.74 400 

 
 

Table 4-47 Mass transfer coefficients and heat transfer coefficients for 
rotating cylinder at 30°C and Q =18.75kW/m² [41] 

Pr h (W/m2..K) Sc km*105,(m/s) Re r.p.m 
3.341 396.39 282.43 2.926 45550.24 100 
3.407 417.41 295.24 4.698 90666.67 200 
3.507 435.05 310.82 6.052 130579.0 300 
3.539 453.90 317.09 7.352 175889.8 400 

  
 

Table 4-48 Mass transfer coefficients and heat transfer coefficients for 
rotating cylinder at 45°C and Q =18.75kW/m² [41] 

Pr h (W/m2..K) Sc km*105,(m/s) Re r.p.m 
2.810 485.92 196.37 3.537 52900.45 100 
2.868 516.8 204.09 5.675 87781.00 200 
2.937 564.24 214.85 7.336 153918.43 300 
2.961 565.9 215.64 8.998 206104.59 400 

 
 
 
 

Table 4-49 Mass transfer coefficients and heat transfer coefficients for 
rotating cylinder at 60°C and Q =18.75kW/m² [41] 

Pr h (W/m2..K) Sc km*105,(m/s) Re r.p.m 
2.4507 685.76 145.5 4.14 59544.65 100 
2.4682 726.65 147.92 6.73 120039.78 200 
2.5178 846.36 155.76 8.66 176148.58 300 
2.5470 917.24 161.08 10.45 231892.41 400 
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Table 4-50 Mass transfer coefficients and heat transfer coefficients for 
rotating cylinder at 30°C and Q =21.87kW/m² [41] 

Pr h (W/m2..K) Sc km*105,(m/s) Re r.p.m 
3.152 400.07 249.67 3.125 47685.8 100 
3.186 407.50 255.45 5.067 95795.55 200 
3.215 416.09 260.50 6.640 141864.6 300 
3.280 436.34 271.78 8.003 186805.9 400 

 
  

Table 4-51 Mass transfer coefficients and heat transfer coefficients for 
rotating  cylinder at 45°C and Q =21.87kW/m² [41] 

Pr h (W/m2..K) Sc km*105,(m/s) Re r.p.m 
2.6903 503.93 179.63 3.703 54929.83 100 
2.7181 521.11 183.89 6.001 110450.22 200 
2.7566 538.46 189.38 7.824 162855.85 300 
2.8377 586.14 200.66 9.322 212546.78 400 

 
 

Table 4-52 Mass transfer coefficients and heat transfer coefficients for 
rotating cylinder at 60°C and Q =21.87kW/m² [41] 

Pr h (W/m2..K) Sc km*105,(m/s) Re r.p.m 
2.377 696.47 135.76 4.72 61163.65 100 
2.418 761.67 141.09 6.904 122215.4 200 
2.441 791.57 144.15 9.037 180950.9 300 
2.495 905 151.63 10.79 237762.2 400 

 
 

 
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 km is directly dependent on the diffusivity, the eddy 

diffusivity and inversely proportional to the diffusion boundary layer 

thickness [21]: 

                                                                          ….. (4.5)
D

D
m

Dk
δ

ε+=          
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          For cylinder in cross flow δD 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 δD values are calculated and given in Tables 

(4.53-4.61).                                                             

        For rotating cylinder, δD can be calculated by the following equation [50, 

51]:                                                                                                            

 7.0

356.0344.03.0

64.12
V

Dd
D

ν
δ =                                                                ….. (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 δt 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]:                                                                        

     )( bs TThAQ −=                                                                                    ….. (4.7)  

Both temperatures are known so h can be calculated and then δt is obtained 

from the following equation: 

       h=kT / δt                                                                                        ….. (4.8) 

where kT : thermal conductivity.   

       However, under turbulent flow conditions for most aqueous solutions, the 

thermal boundary layer thickness and the hydrodynamic layer may be related 

indirectly using [52]: 

         3/1Pr=
t

H
δ

δ                                                                                    ….. (4.9) 

And using  equation below  to calculate the hydrodynamic boundary layer 

according to diffusion boundary layer [52] : 
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          3/1Sc
D

H =δ
δ                                                                                ….. (4.10)       

             In the present analysis of the different systems studied the thicknesses 

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] 

 

 
Table 4-54 Mass and hydrodynamic boundary layer thickness over cylinder 

with cross flow at 40°C [40]  
Re δD *105 (m) δH *104 (m) Sc0.333 

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 δD *105 (m) δH*104 (m) Sc0.333 
8000 10.64 5.722 5.378 

10000 8.520 4.582 5.378 
12000 7.481 4.023 5.378 

  
 
 
 
 

Re δD *105 (m) δH *104 (m) Sc0.333 
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 
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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/m2 [40] 

Re δD *105 
(m) 

Sc0.333 δT*104 
(m) 

Pr 0.333 δH *104 = δD 
Sc0.333 (m) 

δH *104 = δT 
Pr0.333 (m) 

5000 9.225 6.599 4.912 1.704 6.107 8.370 
8000 7.738 6.698 3.684 1.716 5.183 6.322 
10000 6.056 6.747 3.070 1.725 4.086 5.296 
12000 5.442 6.799 2.456 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/m2 [40] 

Re δD *105 
(m) 

Sc0.333 δT*104 
(m) 

Pr 0.333 δH *104 = δD 
Sc0.333 (m) 

δH *104 =  δT 
Pr 0.333  (m) 

5000 10.853 5.794 4.396 1.596 6.288 7.016 
8000 8.588 5.868 3.140 1.604 5.039 5.037 

10000 6.616 5.897 2.512 1.609 3.901 4.042 
12000 6.134 5.973 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/m2 [40] 

Re δD *105 
(m) 

Sc0.333 δT*104 
(m) 

Pr 0.333 δH *104 = δD 
Sc0.333 (m) 

δH *104 =  δT 
Pr 0.333  (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 6.598 1.637 1.704 3.228 2.789 
12000 4.182 6.698 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/m2 [40] 

Re δD *105 
(m) 

Sc0.333 δT*104 
(m) 

Pr 0.333 δH *104 = δD 
Sc0.333 (m) 

δH *104 =  δT 
Pr 0.333  (m) 

5000 9.659 5.652 2.303 1.573 5.459 3.623 
8000 7.619 5.722 1.884 1.582 4.359 2.980 
10000 5.518 5.794 1.465 1.593 3.197 2.334 
12000 4.531 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/m2 [40] 

Re δD *105 
(m) 

Sc0.333 δT*104 
(m) 

Pr 0.333 δH *104 = δD 
Sc0.333 (m) 

δH *104 =  δT 
Pr 0.333  (m) 

5000 7.633 6.231 1.965 1.656 4.756 3.254 
8000 5.622 6.319 1.719 1.668 3.552 2.867 

10000 4.968 6.455 1.351 1.686 3.207 2.277 
12000 3.821 6.550 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/m2 [40] 

Re 
 

δD *105 
(m) 

Sc0.333 δT*104 
(m) 

Pr 0.333 δH *104 = δD 
Sc0.333 (m) 

δH *104 =  δT 
Pr 0.333  (m) 

5000 8.513 5.550 1.632 1.555 4.725 2.538 
8000 7.462 5.562 1.381 1.573 4.150 2.172 

10000 5.249 5.723 1.130 1.582 3.004 1.788 
12000 4.554 5.767 0.942 1.590 2.626 1.498 

 
 

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

r.p.m δD *105 (m) δH*104 (m) Sc0.333 
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] 

r.p.m δD *105 (m) δH *104 (m) Sc0.333 
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] 

r.p.m δD *105 (m) δH*104 (m) Sc0.333 
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/m2 [68] 

r.p.m δD *105 
(m) 

Sc0.333 δT*104 
(m) 

Pr 0.333 δH *104 = 
δD Sc0.333 (m) 

δH *104 =  δT 
Pr 0.333  (m) 

50 12.91 5.528 0.838 1.596 7.137 1.337 
200 4.90 5.583 0.812 1.606 2.736 1.304 
300 3.62 5.695 0.651 1.627 2.062 1.059 
400 2.89 5.699 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/m2 [68] 
r.p.m δD *105 

(m) 
Sc0.333 δT*104 

(m) 

Pr 0.333 δH *104 =  
δD Sc0.333 (m) 

δH *104 =  δT 
Pr 0.333  (m) 

50 12.70 5.200 0.679 1.525 6.604 1.035 
200 4.55 5.377 0.531 1.531 2.447 0.813 
300 3.46 5.384 0.408 1.567 1.863 0.639 
400 2.82 5.404 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/m2 [68] 

r.p.m δD *105 
(m) 

Sc0.333 δT*104 
(m) 

Pr 0.333 δH *104 = 
δD Sc0.333 (m) 

δH *104 =  δT 
Pr 0.333  (m) 

50 3.121 4.533 0.602 1.454 5.947 0.875 
200 4.98 4.626 0.566 1.464 2.304 0.827 
300 3.74 4.806 0.413 1.480 1.797 0.611 
400 3.13 4.915 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 δD *105 (m) δH*104 (m) Sc0.333 
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] 
r.p.m δD *105 (m) δH *104(m) Sc0.333 
100 6.208 4.543 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] 
r.p.m δD *105 (m) δH*104 (m) Sc0.333 
100 6.433 3.922 6.096 
200 2.921 1.781 6.096 
300 2.962 1.806 6.096 
400 2.413 1.471 6.096 

 
 
 

Table 4-71 Mass, thermal and hydrodynamic boundary layer thicknesses over 
rotating cylinder at 30°C and Q =15.6 kW/m2 [41] 

r.p.m δD *105 
(m) 

Sc0.333 δT*104 
(m) 

Pr 0.333 δH *104 =  
δD Sc0.333 (m) 

δH *104 =  
δT Pr 0.333  (m) 

100 6.380 6.949 1.510 1.547 4.433 2.336 
200 3.819 7.044 1.432 1.549 2.690 2.218 
300 2.873 7.166 1.324 1.561 2.059 2.067 
400 2.328 7.367 1.157 1.583 1.715 1.832 
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Table 4-72 Mass, thermal and hydrodynamic boundary layer thicknesses over 
rotating cylinder at 45°C and Q =15.6 kW/m2 [41] 

r.p.m δD *105 
(m) 

Sc0.333 δT*104 
(m) 

Pr 0.333 δH *104 = δD 
Sc0.333 (m) 

δH *104 =  
δT Pr 0.333  (m) 

100 6.275 5.906 1.267 1.402 3.706 1.776 

200 3.911 6.077 1.226 1.444 2.377 1.770 
300 2.950 6.173 1.128 1.453 1.821 1.639 
400 2.397 6.262 1.024 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/m2 [41] 

r.p.m δD *105 
(m) 

Sc0.333 δT*104 
(m) 

Pr 0.333 δH *104 = δD 
Sc0.333 (m) 

δH *104 = δT 
Pr 0.333  (m) 

100 6.633 5.270 1.096 1.349 3.496 1.479 
200 4.035 5.304 1.042 1.353 2.140 1.409 
300 3.042 5.331 1.008 1.355 1.622 1.366 
400 2.475 5.407 0.896 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/m2 [41] 
r.p.m δD *105 

(m) 
Sc0.333 δT*104 

(m) 

Pr 0.333 δH *104 = δD 
Sc0.333 (m) 

δH *104 = δT 
Pr 0.333  (m) 

100 6.321 6.561 1.626 1.495 4.139 2.429 
200 3.842 6.659 1.541 1.505 2.557 2.318 
300 2.893 6.774 1.444 1.519 1.959 2.193 
400 2.355 6.819 1.411 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/m2 [41] 

r.p.m δD *105 
(m) 

Sc0.333 δT*104 
(m) 

Pr 0.333 δH *104 = δD 
Sc0.333 (m) 

δH *104 = δT 
Pr 0.333  (m) 

100 6.478 5.812 1.353 1.411 3.765 1.909 
200 3.942 5.888 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/m2 [41] 

r.p.m δD *105 
(m) 

Sc0.333 δT*104 
(m) 

Pr 0.333 δH *104 = δD 
Sc0.333 (m) 

δH *104= δT 
Pr 0.333  (m) 

100 6.635 5.259 0.972 1.349 3.489 1.311 
200 4.038 5.289 0.917 1.351 2.136 1.239 
300 3.031 5.380 0.785 1.360 1.631 1.068 
400 2.472 5.441 0.723 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/m2 [41] 
r.p.m δD *105 

(m) 
Sc0.333 δT*104 

(m) 

Pr 0.333 δH *104 = δD 
Sc0.333 (m) 

δH *104= δT 
Pr 0.333  (m) 

100 6.396 6.297 1.628 1.466 4.028 2.387 
200 2.893 6.345 1.597 1.472 1.836 2.351 
300 2.937 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/m2 [41] 

r.p.m δD *105 
(m) 

Sc0.333 δT*104 
(m) 

Pr 0.333 δH *104 = δD 
Sc0.333 (m) 

δH *104= δT 
Pr 0.333  (m) 

100 6.513 5.642 1.309 1.391 3.675 1.821 
200 3.961 5.687 1.265 1.396 2.253 1.766 
300 2.987 5.743 1.213 1.402 1.715 1.701 
400 2.428 5.854 1.121 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/m2 [41] 

r.p.m δD *105 
(m) 

Sc0.333 δT*104 
(m) 

Pr 0.333 δH *104 = δD 
Sc0.333 (m) 

δH *104= δT 
Pr 0.333  (m) 

100 6.674 5.139 0.959 1.335 3.427 1.280 
200 4.055 5.206 0.876 1.342 2.110 1.176 
300 3.057 5.243 0.842 1.346 1.603 1.133 
400 2.480 5.332 0.735 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 Two ways 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 previously 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 1.3 
200 4.97 5.1 3.3 
300 6.6 6.7 5.8 
400 8.1 8 7.4 
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The ANOVA calculations are presented in the following tables: 

 

Table 4- 80 Two ways ANOVA 

Source of 
Variation 

SS DF MS MSR F 0.05 F 0.01 

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    
Total 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 

demonstrate 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 ANOVA results showing effect of each variable in the cathodic 
region under heat transfer conditions 

 
F0.01 F0.05 MSR MS DF Sum of 

Square 
Source of Variation 

5.18 3.20 81.9555697 5.5999213 3 16.799764 Among Columns(Re) 
6.11 3.59 47.762893 3.2635735 2 6.5271462 Among Rows(Q) 
8.4 4.45 8.0906302 0.55282176 1 0.55282176 Among Groups 

(Temp.) 
    6 0.98577954 Column-Row 

Interaction(Re*Q) 
    3 0.031751669 Column-Group 

Interaction 
(Re*Temp.) 

    2 0.0451987 Row-Group 
Interaction (Q*Temp.) 

    6 0.099053493 Column-Row –Group 
Interaction 
(Re*Q*Temp.) 

   0.06832864 17 1.161586889 Residual 
 

 

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) .The remaining 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].  
 

DF Mean 
Effect 

Response  

  2.4964 1 
1 1.30152 3.2388 H 
1 0.14963 2.2107 T 
1 0.14125 3.0201 HT 
1 2.04643 4.0257 R 
1 0.5256 6.1016 HR 
1 0.14963 3.723 TR 
1 -0.14113 5.3014 HTR 

  30.1177 Total 
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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. 

Specifically 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 a flowing liquid is the linear velocity of the flowing fluid at 

the interface of the metal or metal oxide surface. This linear 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:                                   

                         ….. (5.1) 

      

      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 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 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]. This is 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 sligh.However, the influence of copper ion 

concentration on the potential of copper solution is very marked.                 

The reduction of copper ions takes place through two steps [71]:                           
++  →←+ CueCu Slow2     Step (1) 
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Step (2) 

It is assumed that the first step in this process occurred slowly and the rate is 

controlled by the equilibrium between Cu+2 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]. This is seen in the analysis of variance in Tables (C.3) where temperature 

is more significant.                                                                                              
 

 

5.2.1.2 Effect of Temperature 
         It is shown 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 significant 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 

CueCu Fast →←++
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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 also 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 diffusion control, so it is affected by both 

temperature and velocity, the decrease in the diffusion coefficient (D) of Cu2+ 

ion in  solution which is due to the increase in the interfacial viscosity ( µ ) is 

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

tCons
T
D tan=

µ                                                                          ….. (5.2) 

The increase in interfacial 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 is low, suggestive of 

diffusion – limited anode process when the migration of corrosion products 

away from the surface is rate controlling. 
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.3 Heat Transfer Conditions5 
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 diffusion 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 

slightly 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%.In all three Tables (C.4, 5 and 6) 

show that velocity is more significant, 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 2+. The limiting current depends on the rate of mass transfer of Cu2+ 

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 

slightly 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 significant 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 this ion and enhancing their transfer to 

the bulk. Temperature also affects on the physical properties ν, and Cp [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 Isothermal 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

m
Dk

δ
=                                                                                ….. (5.3) 

         The effects of velocity and temperature on mass transfer coefficient 

were examined. Results were analysed using a two-way independent samples 



 90 

ANOVA .It 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 also 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 km. These physical properties are 

diffusivity, bulk concentration Cb 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, km 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 a laminar 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 a reactant to or a product 

from the surface is one of the most common causes for corrosion being 

sensitive 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 is a 

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 chemical 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 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 slightly 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. The third order effect interaction (HRT) is slightly 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: 

 
t

k
x

kh
δ

=
∆

=                                                                                ….. (5.4) 

 Changing temperature changes many physical properties, namely, kT, 

ν, and Cp. 

        The effects of velocity, temperature and heat flux on heat transfer 

coefficient were examined. Results were analysed using a three-way 

independent samples ANOVA.                                                                         
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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 generally is 

not sufficient to affect the corrosion 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 majority 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 slightly 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 corrosion .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].                                                                                    

      Corrosion 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 is in 

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 this region 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 a metal 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 is just as well 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, especially 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 Interfacial 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 is clear 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 is in 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 alloys, 

increase in temperature accelerates film formation. For diffusion controlled 

corrosion reactions, the effect of temperature which increases diffusion 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 interfacial 

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) is slightly negative.                                  
 

5.8 Boundary Layer 
 5.8.1 Isothermal Condition 

       When a fluid is flowing along the surface of a solid body where there is a 

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 diffusion layer is arbitrary because the 

concentration approaches asymptotically the value Co 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 curves is 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 

liquids 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 situations 
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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 position 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]. 

  

Table 5-1 The ratio of δH/ δD at different temperatures [40]. 

 

 

Table 5-2 The ratio of δH/ δD at different temperatures [67]. 

 
 

 

 

 

 

 
 
 
 
 
 
 

δH/ δD at 50°C δH/ δD at 40°C δH/ δD at 30°C Re 

 6.015 6.964 5000 

5.378 6.015 6.964 8000 

5.378 6.015 6.964 10000 

5.378 6.015 6.964 12000 

δH/ δD at 50°C δH/ δD at 40°C δH/ δD at 30°C r.p.m 

5.201 5.695 6.732 50 

5.201 5.695 6.732 200 

5.201 5.695 6.732 300 

5.201 5.695 6.732 400 
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Table 5-3 The ratio of δH/ δD at different temperatures [41]. 

 

 

 

 

 

 

  
 
 
 

 
  

Fig.5-1  The relationship between Re and δD in different temperatures[40]. 

δH/ δD at 60°C δH/ δD at 40°C δH/ δD at 30°C r.p.m 

6.096 7.318 9.055 100 

6.096 7.318 9.055 200 

6.096 7.318 9.055 300 

6.096 7.318 9.055 400 



 100 

 
 

Fig.5-2  The relationship between r.p.m and δD in different temperatures[67]. 
 

 

 

 

 
 

Fig. 5-3  The relationship between r.p.m and δD in different temperatures[41]. 
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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 diffusion 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 δt, in which the temperature is linear and 

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

        h
kδ T

t =                                                                 ….. (5.5)   

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

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

boundary layer thickness show that Dδ  is much smaller than either tδ  or 

Hδ ,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 thermal boundary layer and the thermal 

conductivity of this layer [21]. Tables (5.4, 5, 6, 7, 8, 9 and 10) show also that 

the ratio of thermal boundary layer to diffusion 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 Dδ  with Re at 
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different temperatures. It is obvious that as Re increases Dδ 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 The ratio of boundary layers at different temperatures 
 at Q =10 kW/m2 [40]  

  
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 5-5 The ratio of boundary layers at different temperatures 

at Q =30 kW/m2 [40] 
 

 

 

 

 

 

 

  

 
 

DT δδ TH δδ DH δδ Temp.(°C) Re 

5.325 1.673 6.599 30 5000 

4.761 1.649 6.698 30 8000 

5.069 1.704 6.747 30 10000 

4.513 1.718 6.799 30 12000 

4.050 1.573 5.794 40 5000 

3.656 1.582 5.868 40 8000 

3.797 1.593 5.897 40 10000 

3.065 1.604 5.973 40 12000 

DT δδ TH δδ DH δδ Temp.(°C) Re 

3.124 1.6729 6.363 30 5000 

3.000 1.6862 6.491 30 8000 

3.335 1.7043 6.598 30 10000 

2.936 1.7915 6.698 30 12000 

2.384 1.573 5.652 40 5000 

2.473 1.582 5.722 40 8000 

2.655 1.593 5.794 40 10000 

2.301 1.604 5.869 40 12000 
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Table 5-6 The ratio of boundary layers at different temperatures 
at Q =50 kW/m2 [40] 

 
DT δδ TH δδ DH δδ Temp.(°C) Re 

2.574 1.656 6.231 30 5000 

3.056 1.668 6.319 30 8000 

2.719 1.686 6.455 30 10000 

2.892 1.699 6.550 30 12000 

1.917 1.555 5.550 40 5000 

1.851 1.573 5.562 40 8000 

2.153 1.582 5.723 40 10000 

2.069 1.590 5.767 40 12000 

 
  
 

Table 5-7 The ratio of boundary layers at different temperature 
  and Q =20 kW/m2 [40] 

DT δδ TH δδ DH δδ Temp.(°C) r.p.m 

0.649 1.596 5.528 30 50 

1.657 1.606 5.583 30 200 

1.798 1.627 5.695 30 300 

2.107 1.636 5.699 30 400 

5.346 1.525 5.200 40 50 

1.167 1.531 5.377 40 200 

1.179 1.567 5.384 40 300 

1.394 1.581 5.404 40 400 

4.588 1.454 4.533 50 50 

1.137 1.464 4.626 50 200 

1.104 1.480 4.806 50 300 

1.176 1.486 4.915 50 400 
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Table 5-8 The ratio of boundary layers at different temperatures 
 at Q =15.6 kW/m2 [41] 

DT δδ TH δδ DH δδ Temp.(°C) Re 

2.367 1.547 6.949 30 100 

3.750 1.549 7.044 30 200 

4.608 1.561 7.166 30 300 

4.969 1.583 7.367 30 400 

2.019 1.402 5.906 45 100 

3.135 1.444 6.077 45 200 

3.824 1.453 6.173 45 300 

4.272 1.462 6.262 45 400 

1.652 1.349 5.270 60 100 

2.582 1.353 5.304 60 200 

3.314 1.355 5.331 60 300 

3.620 1.365 5.407 60 400 

 
Table 5-9 The ratio of boundary layers at different temperatures 

at Q =18.75 kW/m2 [41] 
DT δδ TH δδ DH δδ Temp.(°C) r.p.m 

2.572 1.495 6.561 40 100 

4.010 1.505 6.659 40 200 

4.991 1.519 6.774 40 300 

5.991 1.524 6.819 40 400 

2.088 1.411 5.812 45 100 

3.222 1.421 5.888 45 200 

3.904 1.432 5.989 45 300 

4.739 1.436 5.997 45 400 

1.464 1.349 5.259 60 100 

2.270 1.351 5.289 60 200 

2.589 1.360 5.380 60 300 

2.294 1.366 5.441 60 400 
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Table 5-10 The ratio of boundary layers at different temperatures 
and Q =21.75 kW/m2 [41] 

DT δδ TH δδ DH δδ Temp.(°C) r.p.m 

2.545 1.466 6.297 40 100 

5.519 1.472 6.345 40 200 

5.321 1.476 6.387 40 300 

6.256 1.486 6.477 40 400 

2.011 1.391 5.642 45 100 

3.194 1.396 5.687 45 200 

4.060 1.402 5.743 45 300 

4.616 1.416 5.854 45 400 

1.436 1.335 5.139 60 100 

2.161 1.342 5.206 60 200 

2.754 1.346 5.243 60 300 

2.965 1.356 5.332 60 400 

 

 
Fig. 5.4 The relationship between Re and δD at different temperatures at Q =10kW/m2[40] 
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Fig. 5.5 The relationship between Re and δD at different temperatures at Q =30kW/m2[40] 

.  
 
 

 
 
 

Fig. 5.6 The relationship between Re and δD at different temperatures at Q =50kW/m2[40] 
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Fig. 5.7 The relationship between r.p.m.  and δD at different temperatures 
at Q =20 kW/m2 [68] 

 

 
 

 
Fig. 5.8 The relationship between r.p.m and δD in different temperatures 

at Q=15.65kW/m2 [41] 
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Fig. 5.9 The relationship between r.p.m and δD in different temperatures  
at Q=18.75kW/m2 [41] 

 
 

 
 

Fig. 5.10 The relationship between r.p.m and δD in different temperatures                                
at Q=21.65 kW/m2 [41] 
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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 is found 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 ANOVA tables under isothermal 

and heat transfer conditions. 

 

Table 5.11 ANOVA for limiting current density under isothermal conditions 

 

 

 

 

 

Ref. Source of Variation MSR F 0.05 F  0.01 

Columns (Temp.) 91.29334 5.14 10.92 40 
Rows(Re) 293.3482 4.76 9.78 
Columns (Temp.) 8.0727959 5.14 10.92 67 
Rows (r.p.m) 162.48408 4.76 9.78 
Columns (Temp.) 54.324759 5.14 10.92 41 
Rows(r.p.m) 28.016502 4.76 9.78 
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Table 5.12 ANOVA for mass transfer coefficients under isothermal 
conditions 

 
 
 

Table 5.13 ANOVA for limiting current density under heat transfer 
conditions 

 
 

Table 5.14 ANOVA for mass transfer coefficients under heat transfer 
 conditions 

 

 

 

 

F 0.01 F 0.05 MSR Source of Variation Ref. 
10.92 5.14 32.60304 Columns (Temp.) 
9.78 4.76 500.4345 Rows(Re) 

40 

10.92 5.14 22.86808 Columns (Temp.) 
9.78 4.76 178.0944 Rows (r.p.m) 

67 

10.92 5.14 21.34109 Columns (Temp.) 
9.78 4.76 24.52144 Rows (r.p.m) 

41 

F 0.01 F 0.05 MSR Source of Variation Ref. 
5.18 3.20 81.9555697 Among Columns(Re) 
6.11 3.59 47.762893 Among Rows(Q) 
8.4 4.45 8.0906302 Among Groups (Temp.) 

 
40 

10.92 5.14 14.6053957 Columns (Temp.) 
9.78 4.76 224.379009 Rows(r.p.m) 

68 
 

4.57 2.95 79.555 Among Columns(Re) 
5.54 3.34 70.6667 Among Rows(Q) 
5.54 3.34 59.5556 Among Groups (Temp.) 

 
41 

F 0.01 F 0.05 MSR Source of Variation Ref. 
5.18 3.20 17.820237 Among Columns(Re) 
6.11 3.59 10.464548 Among Rows(Q) 
8.4 4.45 1.9309152 Among Groups (Temp.) 

 
40 

10.92 5.14 3.70923684 Columns (Temp.) 
9.78 4.76 23.9727517 Rows(r.p.m) 

68 

4.57 2.95 13.967198 Among Columns(Re) 
5.54 3.34 0.713667 Among Rows(Q) 
5.54 3.34 5.0182721 Among Groups (Temp.) 

 
41 
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Table 5.15 ANOVA for heat transfer coefficients under heat transfer  
 conditions 

 
Table 5.16 ANOVA for Interfacial temperature under heat transfer  

conditions 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

F 0.01 F 0.05 MSR Source of Variation Ref. 
5.18 3.20 5.7068148 Among Columns(Re) 
6.11 3.59 123.42833 Among Rows(Q) 
8.4 4.45 23.380943 Among Groups (Temp.) 

 
40 

10.92 5.14 23.14892 Columns (Temp.) 
9.78 4.76 14.55659 Rows(r.p.m) 

68 

4.57 2.95 5.4125261 Among Columns(Re) 
5.54 3.34 3.9663922 Among Rows(Q) 
5.54 3.34 110.20107 Among Groups (Temp.) 

 
41 

F 0.01 F 0.05 MSR Source of Variation Ref. 
5.18 3.20 69.66407 Among Columns(Re) 
6.11 3.59 148.18644 Among Rows(Q) 
8.4 4.45 861.66253 Among Groups (Temp.) 

 
40 

10.92 5.14 417.7431 Columns (Temp.) 
9.78 4.76 91.02562 Rows(r.p.m) 

68 

4.57 2.95 6.8258 Among Columns(Re) 
5.54 3.34 42.3752 Among Rows(Q) 
5.54 3.34 44.6421 Among Groups (Temp.) 

 
41 
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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 (ANOVA) 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 is less significant at both levels. 

3. The limiting current density of carbon steel and copper under heat transfer 

conditions are significantly 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 isothermal 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. Diffusion 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 increasing 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. Using ANOVA to show the effect of pH, various salts 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 Properties of Water at Atmospheric Pressure [79] 
 

T 
(oC) 

Cp 
(KJ/Kg. oC) 

ρ 
(Kg/m3) 

μ x 104 
(Kg/m.sec) 

kT 
(W/m. oC) 

0.00 4.225 999.8 17.9 0.566 
4.44 4.208 999.8 15.5 0.575 
10.0 4.195 999.2 13.1 0.585 
15.56 4.186 998.6 11.2 0.595 
21.11 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 4.179 983.3 4.71 0.654 
65.55 4.183 980.3 4.30 0.659 
71.11 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 

electrolyte concentration according to this equation [80]: 

   D = Do (1-K √C)   

where Do: diffusivity of pure water. 

 .D: diffusivity of electrolyte 

K: is an empirical constant.  

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

 
 
 

Table A.3 Oxygen Solubility at atmospheric Pressure 
 

 

 
 
A.3 Diffusivity and Solubility of CuCl2  

           To calculate the diffusion coefficient of the CuCl2 from the 

following relationship: 
)/( RTE

o
DeDD −=    

where ED: is the activation energy for diffusion and equals to 4.5 
Kcal/mole.  
          Do : is the diffusivity and equals to 1.9*10-6 m2 /s . 
 
While the concentration of CuCl2 is calculated from limiting current 

density from the equation: 

D x 109 

(m2/sec) 

(in 600ppm Cl-) 

D x 109 

(m2/sec) 

( 0.1N NaCl) 

Do x 109 

(m2/sec) 

( pure water) 

T( oC ) 

2.034 2.3714 2.01 20 

3.563 3.0194 3.55 40 

3.938 3.5571 4.20 50 

5.345 4.8276 5.70 60 

T ( oC ) Solubility ( mg/l) 

Distilled Water 

30 7.559 

35 6.625 

40 6.401 

45 6.001 

50 5.477 

60 4.501 
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D
l

CuClnFi
δ

)( 2= 

Where the 7.0

356.0344.03.0
64.12

V
Dd

D
ν

δ =   

 

Table A.4 Values of copper diffusivity and solubility at 300C  

 

Table A.5 Values of copper diffusivity and solubility at 450C  

 

Table A.6 Values of copper diffusivity and solubility at 600C  

 

 

 

 

 

 

 

r.p.m D*109(m² /s) Concentration of  CuCl2  *10²  (mole/m³) 

100 1.12 8.78 

200 1.12 5.89 

300 1.12 5.22 

400 1.12 7.42 

r.p.m D*109(m² /s) Concentration of  CuCl2  *10²  (mole/m³) 

100 1.6 13 

200 1.6 9.4 

300 1.6 9.6 

400 1.6 10.0 

r.p.m D*109(m² /s) Concentration of  CuCl2  *10²  (mole/m³) 

100 2.2 10.1 

200 2.2 7.85 

300 2.2 7.63 

400 2.2 7.12 
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Table A.7 Values of copper diffusivity and solubility at 300C and Q=15.6kW/m2  

 
 

Table A.8 Values of copper diffusivity and solubility at 450C and Q=15.6kW/m2 

  
r.p.m D*109(m² /s) Concentration of  CuCl2  *10²  (mole/m³) 

100 2.86   8.41 

200 2.81 6.42 

300 2.79 6.16 

400 2.72 5.49 

 
Table A.9 Values of copper diffusivity and solubility at 600C and Q=15.6kW/m2 

r.p.m D*109(m² /s) Concentration of  CuCl2  *10²  (mole/m³) 

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 300C and Q=18.75kW/m2  

 

 

 

 

r.p.m D*109(m² /s) Concentration of  CuCl2  *10²  (mole/m³) 

100 1.74 12 

200 1.70 8.96 

300 1.65 8.56 

400 1.58 8.23 

r.p.m D*109(m² /s) Concentration of  CuCl2  *10²  (mole/m³) 

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.11Values of copper diffusivity and solubility at 450C and Q=18.75kW/m2 

 

Table A.12 Values of copper diffusivity and solubility at 600C and Q=18.75kW/m2  

 

Table A.13 Values of copper diffusivity and solubility at 300C and Q=21.87kW/m2  

   
Table A.14 Values of copper diffusivity and solubility at 450C and Q=21.87kW/m2  

 

 

 

 

r.p.m D*109(m² /s) Concentration of  CuCl2  *10²  (mole/m³) 

100 2.22 10.2 

200 2.20 7.79 

300 2.15 7.24 

400 2.10 6.72 

r.p.m D*109(m² /s) Concentration of  CuCl2  *10²  (mole/m³) 

100 2.86 8.81 

200 2.71 6.84 

300 2.73 6.54 

400 2.70 6.32 

r.p.m D*109(m² /s) Concentration of  CuCl2  *10²  (mole/m³) 

100 2.07 11.6 

200 2.02 8.49 

300 2 7.77 

400 1.98 7.63 

r.p.m. D*109(m² /s) Concentration of  CuCl2  *10²  (mole/m³) 

100 2.51 10.1 

200 2.45 7.4 

300 2.43 6.72 

400 2.35 6.51 
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Table A.15 Values of copper diffusivity and solubility at 600C and Q=21.87kW/m2 

r.p.m. D*109(m² /s) Concentration of  CuCl2  *10²  (mole/m³) 

100 2.98 10.6 

200 2.91 7.2 

300 2.87 6.28 

400 2.47 6.43 
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Appendix B 
Table B-1 Mass transfer Correlation rotating cylinder [44] 

 Experimental Conditions 
  Ferricyanide-ferrocyanide on nickel electrode 

103≤Re≤105  
  Ferricyanide-ferrocyanide on platinum electrode 

103≤Re≤2x104  
  Theoretical calculation with constant assumed 

to be 0.0791  
  Cathodic deposition of copper from copper sulfate 

104≤Re≤5x105  
 Copper-copper sulfate deposition on copper electrode 

103≤Re≤1.9x104  
 Copper-copper sulfate deposition on copper electrode 

103≤Re≤1.9x104  

 
Oxygen reduction in sodium chloride on monel 
and sodium sulfate on steel 
2x103≤Re≤1.2x105  

  
 

Derived from curve-fit of Theodorsen and Regier over 
range 
2x102≤Re≤4x106  

 

 

Table B-2 Mass transfer Correlation cylinder in cross flow 

 Experimental Conditions 
333.057.0.Re322.0 ScSh =  Evaporation of water into gases [81]  

1x103≤Re≤30x1030  
333.06.0Re281.0 ScSh =  Liquids [82] 

1≤Re≤4x103 
67.0Re16.0=Sh  Sublimation naphthalene in air [83] 

4x103≤Re≤33x10 3  
333.059.0Re3.0 ScSh =  Electrochemical reduction of ferric ions [84] 

10≤Re≤104  
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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 results. 

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 ANOVA calculation of the experiential data are obtained from 

Tables (4.11-4.13) as fellows: 

 

 

 

The detailed calculations are shown below: 

No. of rows =4, No. of columns =3 

N=total no. of observation=12 

On completion of the 2-way ANOVA 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 

 30 40 50 
50 1.88 2.2 1.3 

200 4.97 5.1 3.3 
300 6.6 6.7 5.8 
400 8.1 8 7.4 
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The ANOVA tables are shown below 
  

Source of 
Variation 

SS DF MS MSR F 0.05 F 0.01 

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    
Total 64.47343 11         

 
 

And three ways ANOVA are from the experimental data from 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 

 
4.7091 

 
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 
 

4.5786 
 

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, T2=8547.945516 
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1.Among Column: 

=
N
T

nrg
T

C
22

−∑  

24
945516.8547

231
)7219.29()6412.25()669.20()423.16( 2222

−
××

+++
=   =16.799764 

2. Among rows 

= 
N
T

ncg
Tr

22

−∑  

24
945516.8547

241
)388.35()7658.31()3013.25( 222

−
××

++
= =6.5271462 

3. Among Groups 

= 
N
T

ncr
Tg 22

−∑  

24
16.9455.8547

341
)4063.44()0488.48( 22

−
××

+
= =0.55282176 

4. Column-Row Interaction 

= rC
Cr SSSS

N
T

ng
T

−−−∑ 22

 

21
)2589.6()5702.10()0626.9()676.6()457.5()7477.7()1947.7()6508.5()071.47( 222222222

×
++++++++

=

 

5271469.6799764.16
24
945516.8547

21
)4030.11()3839.9()3422.8( 222

−−−
×

+++  

=0.985779545 

5. Column-group Interaction 

= SSgSS
N
T

nr
Tcg

C −−−∑ 22
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24
945516.8547

21
)3.22.14()4611.12()9069.9()817.7()5006.15()1801.13()1.76.10()606.8( 22222222

−
×

+++++++
=

 

 1708.5528.0799664.16 −− = 0.317516692 

6. Row-Group Interaction 

= gr
rg SSSS

N
T

nc
T

−−−∑ 22

 

24
945516.8547

21
)8467.16()5413.18()3521.15()4137.16()2075.12()0938.13( 222222

−
×

+++++
=  

2176.5528.05271469.6 −−  = 0.450021817 

7. Column-Row-Group Interaction:  

=
N
T

nc
Tcrg

22

−∑  -SSc - SSr –SSg –SScr - SScg –SSrg  

1
)723.3()529.3()7448.2()2107.2()0257.4()6657.3()906.2(2.4964)( 22222222 +++++++=

1
)1969.5()3535.4()2155.3()5862.2()3733.5()7091.4()4605.3()8708.2( 22222222 ++++++++

 

1
)3014.5()5786.4()9466.3()0201.3()1016.6()8053.4()3956.4()2388.3( 22222222 +++++++

+

 

−−
24
945516.8547 16.799764- 6.5271462 - 0.55282176 - 0.985779545 - 0.317516692  

- 0.450021817 =0.0990534933 
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8. Total : 

SStotal  = N
Tx

2
2 −∑  

= 2222222 )529.3()7448.2()2107.2()0257.4()6657.3()906.2(2.4964)( ++++++

2)723.3(+ + 222222 )2155.3()5862.2()3733.5()7091.4()4605.3()8708.2( +++++  

22 )1969.5()3535.4( ++ + 22222 )0201.3()1016.6()8053.4()3956.4()2388.3( ++++  

 

 
 
9. Residual and errors: 

 
SSresidual =SStotal – all previous SS 
      
=2.504151955 – [16.799764 + 6.5271462 + 0.55282176 +0.98577954  
 
+ 0.031751669 + 0.0451987 +0.099053493] = zero  
 
The ANOVA tables are shown below 

 
 

F 0.01 F0.05 MSR MS DF SS Source of Variation 
5.19 3.20 81.9555697 5.5999213 3 16.799764 Among Columns(Re) 
6.11 3.59 47.762893 3.2635735 2 6.5271462 Among Rows(Q) 
8.4 4.45 8.0906302 0.55282176 1 0.55282176 Among Groups (Temp.) 
    6 0.98577954 Column-Row 

Interaction(Re*Q) 
    3 0.031751669 Column-Group 

Interaction (Re*Temp.) 
    2 0.0451987 Row-Group Interaction 

(Q*Temp.) 
    6 0.099053493 Column-Row –Group 

Interaction 
(Re*Q*Temp.) 

   0.06832864 17 1.161586889 Residual 
 
 

525.0415195
24
945516.8547)3014.5()5786.4()9466.3( 222 =−+++
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Cathodic Region 
Isothermal Conditions 

 
Table C-1 ANOVA for limiting current density in cylinder of a cross flow 

under isothermal conditions [40] 
Source of 
Variation 

SS DF MS MSR F0.05 F 0.01 

Columns (Temp.) 0.767687 2 0.383844 91.29334 5.14 10.92 
Rows(Re) 3.700154 3 1.233385 293.3482 4.76 9.78 
Error 0.025227 6 0.004205    
Total 4.493068 11     

 
 

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

 
 
 

Table C-3 ANOVA for limiting current density of a rotating cylinder under 
isothermal conditions [41] 

 
 
 
 
 
 
 
 
 
 

Source of 
Variation 

SS DF MS MSR F0.05 F 0.01 

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    
Total 73.13436667 11     

Source of 
Variation 

SS DF MS MSR F0.05 F 0.01 

Columns (Temp.) 0.155819 2 0.0779093 54.324759 5.14 10.92 
Rows(r.p.m) 0.120539 3 0.0401796 28.016502 4.76 9.78 
Error 0.008605 6 0.0014341    
Total 0.284962 11     
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Heat Transfer Conditions 
 

Table C-4 ANOVA for limiting current density of a cylinder in cross flow 
cylinder under heat transfer conditions [40] 

 

 

 

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

heat transfer conditions [68] 
 

 

 

 

 

  

 

 

 
 

F 0.01 F0.05 MSR MS DF Sum of 
Square 

Source of Variation 

5.19 3.20 81.9555697 5.5999213 3 16.799764 Among Columns(Re) 
6.11 3.59 47.762893 3.2635735 2 6.5271462 Among Rows(Q) 
8.4 4.45 8.0906302 0.55282176 1 0.55282176 Among Groups (Temp.) 
    6 0.98577954 Column-Row 

Interaction(Re*Q) 
    3 0.031751669 Column-Group 

Interaction (Re*Temp.) 
    2 0.0451987 Row-Group Interaction 

(Q*Temp.) 
    6 0.099053493 Column-Row –Group 

Interaction 
(Re*Q*Temp.) 

   0.06832864 17 1.161586889 Residual 
 

Source of 
Variation 

SS DF MS MSR F0.05 F 0.01 

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    
Total 64.47343 11     
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Table C-6 ANOVA for limiting current density of a rotating cylinder under 
heat transfer conditions [41]  

 
F 0.01 F0.05 MSR MS DF SS  Source of Variation 
4.57 2.95 79.555 0.00179 3 0.0053816 Among Columns(r.p.m) 
5.54 3.34 70.6667 0.00159 2 0.0031721 Among Rows(Q) 
5.54 3.34 59.5556 0.00134 2 0.0026802 Among Groups (Temp.) 
    6 0.000213 Column-Row 

Interaction(r.p.m*Q) 
    6 0.00011 Column-Group 

Interaction 
(r.p.m*Temp.) 

    4 0.0001221 Row-Group Interaction 
(Q*Temp.) 

    12 0.00018 Column-Row –Group 
Interaction 
(r.p.m*Q*Temp) 

   0.00002 28 0.0006251 Residual 
 

  
 

Mass Transfer Coefficients 
Isothermal Conditions 

 
Table C-7 ANOVA for mass transfer coefficient of a cylinder in cross flow 

under isothermal conditions [40] 
 

Source of 
Variation 

SS DF MS MSR F 0.05 F 0.01 

Columns 
(Temp.) 

2.44075*10-11 2 1.22*10-11 32.60304 5.143249 10.92485 

Rows(Re) 5.61958*10-10 3 1.87*10-10 500.4345 4.757055 9.779569 
Error 2.24588*10-12 6 3.74*10-13    
Total 5.88611*10-10 11     

 
Table C-8 ANOVA for mass transfer coefficient of a rotating cylinder under 

isothermal conditions [67]  

 
Source of 
Variation 

SS DF MS MSR F0.05 F 0.01 

Columns 
(Temp.) 

9.27938*10-8 2 4.64*10-8 22.86808 5.14 10.92 

Rows (r.p.m) 1.084*10-06 3 3.61*10-07 178.0944 4.76 9.78 
Error 1.21734*10-8 6 2.03*10-09    
Total 1.18897*10-06 11     
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Table C-9 ANOVA for mass transfer coefficient of a rotating cylinder under 
isothermal conditions [41] 

Source of 
Variation 

SS DF MS MSR F0.05 F 0.01 

Columns 
(Temp.) 

1.61563*10-9 2 8.07817*10-10 21.34109 5.14 10.92 

Rows (r.p.m) 2.78461*10-9 3 9.28202*10-10 24.52144 4.76 9.78 
Error 2.27116*10-10 6 3.78527*10-11    
Total 4.62736*10-9 11     

 

Table C -10 ANOVA for mass transfer coefficient of a cylinder in cross flow 
under heat transfer conditions [40] 

F 0.01 F0.05 MSR MS DF SS Source of Variation 
5.19 3.20 17.820237 1.15114*10-5 3 3.45342*10-5 Among Columns(Re) 
6.11 3.59 10.464548 6.7598*10-6 2 1.35196*10-5 Among Rows(Q) 
8.4 4.45 1.9309152 1.24732*10-6 1 1.24732 *10-6 Among Groups 

(Temp.) 
    6 9.83639*10-6 Column-Row 

Interaction(Re*Q) 
    3  

6.520898*10-7 
Column-Group 
Interaction (Re*Temp.) 

    2 3.5464*10-7 Row-Group 
Interaction(Q*Temp.) 

    12 1.38429*10-7 Column-Row-Group 
Interaction 
(Re*Q*Temp.) 

   6.4597*10-7 17 10.98155*10-6 Residual 
 
 

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

Source of 
Variation 

SS DF MS MSR F0.05 F 0.01 

Columns (Temp.) 1.3583*10-7 2 6.79*10-8 3.70923684 5.14 10.92 
Rows(r.p.m) 1.3168*10-6 3 4.39*10-7 23.9727517 4.76 9.78 
Error 1.09858*10-7 6 1.83*10-8    
Total 1.56249*10-6 11     
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Table C-12 ANOVA for mass transfer coefficient of a rotating cylinder under 
heat transfer conditions [41] 

F 0.01 F0.05 MSR MS DF SS Source of Variation 
4.57 2.95 13.967198 9.2569*10-6 3 2.77707*10-5 Among Columns(Re) 
5.45 3.34 0.713667 4.7299*10-7 2 9.45988*10-7 Among Rows(Q) 
5.45 3.34 5.0182721 3.3259*10-6 2 6.65183*10-6 Among Groups 

(Temp.) 
    6 1.96208*10-6 Column-Row 

Interaction(Re*Q) 
    6 1.40852*10-5 Column-Group 

Interaction (Re*Temp.) 
    4 8.5734*10-7 Row-Group 

Interaction(Q*Temp.) 
    12 1.65266*10-6 Column-Row-Group 

Interaction 
(Re*Q*Temp.) 

   662.76*10-9 28 18.55728*10-6 Residual 
 

 

Heat Transfer Coefficients: 

Table C-13 ANOVA for heat transfer coefficient of a cylinder in cross flow 
under heat transfer conditions [40] 

F 0.01 F0.05 MSR MS DF SS Source of Variation 
5.19 3.20 5.7068148 642807.6 3 19284262.9 Among Columns(Re) 
6.11 3.59 123.42833 13902794 2 27805588 Among Rows(Q) 
8.40 4.45 23.380943 2633596.5 1 2633596.5 Among Groups 

(Temp.) 
    6 1355834.4 

 

Column-Row 
Interaction(Re*Q) 

    3 247651.8 Column-Group 
Interaction (Re*Temp.) 

    2 267339.5 Row-Group 
Interaction(Q*Temp.) 

    6 44030.4 Column-Row-Group 
Interaction 
(Re*Q*Temp.) 

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

Source of 
Variation 

SS DF MS MSR F0.05 F 0.01 

Columns 
(Temp.) 

639264.9 2 319632.4 23.14892 5.14 10.92 

Rows(r.p.m) 602977.1 3 200992.4 14.55659 4.76 9.78 
Error 82845.95 6 13807.66    
Total 1325088 11     

 
 
 

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

F 0.01 F0.05 MSR MS DF SS Source of Variation 
4.57 2.95 5.4125261 16171.7 3 48515 Among Columns(Re) 
5.45 3.34 3.9663922 11850.9 2 23701.7 Among Rows(Q) 
5.45 3.34 110.20107 329261.9 2 658523.7 Among Groups 

(Temp.) 
    6 1418.9 Column-Row 

Interaction(Re*Q) 
    6 8470.3 Column-Group 

Interaction (Re*Temp.) 
    4 69271.9 Row-Group 

Interaction(Q*Temp.) 
    12 4498.1 

 

Column-Row-Group 
Interaction 
(Re*Q*Temp.) 

   2987.8286 28 83659.2 Residual 
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Interfacial Temperature: 

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

F o.01 F0.05 MSR MS DF SS Source of Variation 
5.19 3.20 69.66407 34.705 3 104.115 Among Columns(Re) 
6.11 3.59 148.18644 73.823 2 147.646 Among Rows(Q) 
8.40 4.45 861.66253 429.26 1 429.26 Among Groups (Temp.) 
    6 5.104 Column-Row 

Interaction(Re*Q) 
    3 0.615 Column-Group Interaction 

(Re*Temp.) 
    2 2.146 Row-Group Interaction 

(Q*Temp.) 
    6 0.604 Column-Row –Group 

Interaction (Re*Q*Temp.) 
   0.4981764 17 8.469 Residual 

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

Source of Variation SS DF MS MSR F0.05 F 0.01 

Columns (Temp.) 326.0717 2 163.0358 417.7431 5.14 10.92 
Rows (r.p.m) 106.5758 3 35.52528 91.02562 4.76 9.78 
Error 2.341667 6 0.390278    
Total 434.9892 11     

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

F 0.01 F0.05 MSR MS DF SS Source of Variation 
4.57 2.95 6.8258 62.344 3 187.03 Among Columns(r.p.m) 
5.45 3.34 42.3752 387.037 2 773.07 (Q)Among Rows 
5.45 3.34 44.6421 407.742 2 815.48 Among Groups (Temp.) 
    6 4.6 Column-Row 

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

(r.p.m*Temp.) 
    4 242.57 Row-Group Interaction 

(Q*Temp.) 
    12 7.27 Column-Row-Group 

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

   9.13357 28 255.74 Residual 
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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]  

 

DF Mean 
Effect 

Response  

  2.4964 1 
1 1.30152 3.2388 H 
1 0.14963 2.2107 T 
1 0.14125 3.0201 HT 
1 2.04643 4.0257 R 
1 0.5256 6.1016 HR 
1 0.14963 3.723 TR 
1 -0.14113 5.3014 HTR 

  30.1177 Total 
 

 
Table C-20 The mean effect of variables and their interactions using two 

level responses under heat transfer conditions (limiting current density) [41]   

 

DF Mean 
Effect 

Response  

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

  3.97 Total 
 

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

 
DF Mean Effect Response  

  2.76*10-5 1 
1 0.27*10-5 3.58*10-5   H 
1 0 2.89*10-5 T 
1 2.45*10-5 3.94*10-5 HT 
1  4.45*10-5 R 
1 0.62*10-5 6.74*10-5 HR 
1 0.025*10-5 4.86*10-5 TR 
1 0.115 *10-5- 6.92*10-5 HRT 

  3.614*10-5 Total 
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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] 

 
DF Mean Effect Response  

  2.627*10-5 1 
1 0.7005*10-5 3.125 *10-5 H 
1 2.4795*10-5 4.126 *10-5 T 
1 -0.2885*10-5 54.72*10- HT 
1 5.3195*10-5 6.523 *10-5 R 
1 0.1545*10-5 8.003*10-5 HR 
1 0.9325*10-5 10.56*10-5 TR 
1 -0.3365*10-5 10.79*10-5 HRT 

  5.0474*10-5 Total 
 

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

 
DF Mean 

Effect 
Response  

  1250 1 
1 2670.37 3125 H 
1 711.04 1428.57 T 
1 205.09 3846.15 HT 
1 2101.46 2500 R 
1 524.08 5555.56 HR 
1 261.18 3333.33 TR 
1 -66.2 6666.67 HRT 

  27705.28 Total 
 

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

 
DF Mean 

Effect 
Response  

  408.42 1 
1 65.665 400.07 H 
1 292.515 590.11 T 
1 90.015 696.47 HT 
1 105.95 477.11 R 
1 16.45 436.34 HR 
1 53.26 700 TR 
1 32.87 905 HRT 

  4613.1 Total 
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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] 

 
DF Mean 

Effect 
Response  

  38 1 
1 5.875 46 H 
1 8.375 47 T 
1 -0.625 53 HT 
1 -5.125 34 R 
1 -1.125 39 HR 
1 0.375 43 TR 
1 0.375 47.5 HRT 

  347.5 Total 
 

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

 
DF Mean 

Effect 
Response  

  68 1 
1 11.19 84.59 H 
1 12.91 86.3 T 
1 -7.455 91.3 HT 
1 -6.44 59.1 R 
1 0.395 79.8 HR 
1 0.405 81.53 TR 
1 -1.66 84 HRT 

  634.62 Total 

 

 

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]. 
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 Table C.27   F-distribution at 0.01 [61] 
  
 
 

df2\df1 1 2 3 4 5 6 7 8 9 10 11 12 13 
3 34.12 30.82 29.46 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 10.92 9.78 9.15 8.75 8.47 8.26 8.10 7.98 7.87 7.79 7.72 7.66 

7 12.25 9.55 8.45 7.85 7.46 7.19 6.99 6.84 6.72 6.62 6.54 6.47 6.41 

8 11.26 8.65 7.59 7.01 6.63 6.37 6.18 6.03 5.91 5.81 5.73 5.67 5.61 

9 10.56 8.02 6.99 6.42 6.06 5.80 5.61 5.47 5.35 5.26 5.18 5.11 5.05 

10 10.04 7.56 6.55 5.99 5.64 5.39 5.20 5.06 4.94 4.85 4.77 4.71 4.65 

11 9.65 7.21 6.22 5.67 5.32 5.07 4.89 4.74 4.63 4.54 4.46 4.40 4.34 

12 9.33 6.93 5.95 5.41 5.06 4.82 4.64 4.50 4.39 4.30 4.22 4.16 4.10 

13 9.07 6.70 5.74 5.21 4.86 4.62 4.44 4.30 4.19 4.10 4.02 3.96 3.91 

14 8.86 6.51 5.56 5.04 4.70 4.46 4.28 4.14 4.03 3.94 3.86 3.80 3.75 

15 8.68 6.36 5.42 4.89 4.56 4.32 4.14 4.00 3.89 3.80 3.73 3.67 3.61 

16 8.53 6.23 5.29 4.77 4.44 4.20 4.03 3.89 3.78 3.69 3.62 3.55 3.50 

17 8.40 6.11 5.19 4.67 4.34 4.10 3.93 3.79 3.68 3.59 3.52 3.46 3.40 

18 8.29 6.01 5.09 4.58 4.25 4.01 3.84 3.71 3.60 3.51 3.43 3.37 3.32 

19 8.19 5.93 5.01 4.50 4.17 3.94 3.77 3.63 3.52 3.43 3.36 3.30 3.24 

20 8.10 5.85 4.94 4.43 4.10 3.87 3.70 3.56 3.46 3.37 3.29 3.23 3.18 

22 7.95 5.72 4.82 4.31 3.99 3.76 3.59 3.45 3.35 3.26 3.18 3.12 3.07 

24 7.82 5.61 4.72 4.22 3.90 3.67 3.50 3.36 3.26 3.17 3.09 3.03 2.98 

26 7.72 5.53 4.64 4.14 3.82 3.59 3.42 3.29 3.18 3.09 3.02 2.96 2.90 

28 7.64 5.45 4.57 4.07 3.75 3.53 3.36 3.23 3.12 3.03 2.96 2.90 2.84 

30 7.56 5.39 4.51 4.02 3.70 3.47 3.30 3.17 3.07 2.98 2.91 2.84 2.79 

35 7.42 5.27 4.40 3.91 3.59 3.37 3.20 3.07 2.96 2.88 2.80 2.74 2.69 

40 7.31 5.18 4.31 3.83 3.51 3.29 3.12 2.99 2.89 2.80 2.73 2.66 2.61 

45 7.23 5.11 4.25 3.77 3.45 3.23 3.07 2.94 2.83 2.74 2.67 2.61 2.55 

50 7.17 5.06 4.20 3.72 3.41 3.19 3.02 2.89 2.79 2.70 2.63 2.56 2.51 
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 Table C.28   F-distribution at 0.05 [61] 
 
df2\df1 1 2 3 4 5 6 7 8 9 10 11 12 13 

3 10.13 9.55 9.28 9.12 9.01 8.94 8.89 8.85 8.81 8.79 8.76 8.74 8.73 

4 7.71 6.94 6.59 6.39 6.26 6.16 6.09 6.04 6.00 5.96 5.94 5.91 5.89 

5 6.61 5.79 5.41 5.19 5.05 4.95 4.88 4.82 4.77 4.74 4.70 4.68 4.66 

6 5.99 5.14 4.76 4.53 4.39 4.28 4.21 4.15 4.10 4.06 4.03 4.00 3.98 

7 5.59 4.74 4.35 4.12 3.97 3.87 3.79 3.73 3.68 3.64 3.60 3.57 3.55 

8 5.32 4.46 4.07 3.84 3.69 3.58 3.50 3.44 3.39 3.35 3.31 3.28 3.26 

9 5.12 4.26 3.86 3.63 3.48 3.37 3.29 3.23 3.18 3.14 3.10 3.07 3.05 

10 4.96 4.10 3.71 3.48 3.33 3.22 3.14 3.07 3.02 2.98 2.94 2.91 2.89 

11 4.84 3.98 3.59 3.36 3.20 3.09 3.01 2.95 2.90 2.85 2.82 2.79 2.76 

12 4.75 3.89 3.49 3.26 3.11 3.00 2.91 2.85 2.80 2.75 2.72 2.69 2.66 

13 4.67 3.81 3.41 3.18 3.03 2.92 2.83 2.77 2.71 2.67 2.63 2.60 2.58 

14 4.60 3.74 3.34 3.11 2.96 2.85 2.76 2.70 2.65 2.60 2.57 2.53 2.51 

15 4.54 3.68 3.29 3.06 2.90 2.79 2.71 2.64 2.59 2.54 2.51 2.48 2.45 

16 4.49 3.63 3.24 3.01 2.85 2.74 2.66 2.59 2.54 2.49 2.46 2.42 2.40 

17 4.45 3.59 3.20 2.96 2.81 2.70 2.61 2.55 2.49 2.45 2.41 2.38 2.35 

18 4.41 3.55 3.16 2.93 2.77 2.66 2.58 2.51 2.46 2.41 2.37 2.34 2.31 

19 4.38 3.52 3.13 2.90 2.74 2.63 2.54 2.48 2.42 2.38 2.34 2.31 2.28 

20 4.35 3.49 3.10 2.87 2.71 2.60 2.51 2.45 2.39 2.35 2.31 2.28 2.25 

22 4.30 3.44 3.05 2.82 2.66 2.55 2.46 2.40 2.34 2.30 2.26 2.23 2.20 

24 4.26 3.40 3.01 2.78 2.62 2.51 2.42 2.36 2.30 2.25 2.22 2.18 2.15 

26 4.23 3.37 2.98 2.74 2.59 2.47 2.39 2.32 2.27 2.22 2.18 2.15 2.12 

28 4.20 3.34 2.95 2.71 2.56 2.45 2.36 2.29 2.24 2.19 2.15 2.12 2.09 

30 4.17 3.32 2.92 2.69 2.53 2.42 2.33 2.27 2.21 2.16 2.13 2.09 2.06 

35 4.12 3.27 2.87 2.64 2.49 2.37 2.29 2.22 2.16 2.11 2.08 2.04 2.01 

40 4.08 3.23 2.84 2.61 2.45 2.34 2.25 2.18 2.12 2.08 2.04 2.00 1.97 

45 4.06 3.20 2.81 2.58 2.42 2.31 2.22 2.15 2.10 2.05 2.01 1.97 1.94 

50 4.03 3.18 2.79 2.56 2.40 2.29 2.20 2.13 2.07 2.03 1.99 1.95 1.92 

 

 

 



 ةـالخالص
   

ة تأثیراِت ِعّدة متغّیرات على     لِدراَساالحصائيتحلیَل الَل استعمھو َاالعمِل الحالِي من ھدَف الإّن  

 للكشفدراسة ُنّفذْت الھذه  ان. الحرارِة  وانتقالثبوت   تاثیرعوامل مختلفة عندتحتالمعادن تآكِل 

على تآكِل      جریان الحرارة         و  ى درجِة الحرارةً        كیِة باإلضافة إل تأثیِر المتغّیراِت الھایدرودینامیعن

 .لحدید واالنحاِس

سطوانة في التدفِق المتقاطِع ونظاِم             اإل  :  وھي  لمستخدمةا  االشكال الھندسیةمن إثنان  -یوجد      

ل   . الحرارة       جریان     و عدد رینولدز          و ،   مختلفة  حرارة      ات  ِدرج    عند    ي ِردائ   اإلسطوانِة ال         حلیَل تا

ثالثة عوامِل         و أ  مختلفة َأو تأثیر إثنان          متغیرات    ِعّدة   بین مقارنًة   ال  تضّمُن  یَ  المستخدمُ     االحصائي    

 .في نفس الوقت

ثیِر  ا تعیینُحّللْت لت قدیِة المختلفِة ئ ِمْن التقنیاِت الكھروكیمیا التي تم الحصول علیھا البیاناُتان     

 یتضمن   التحلیل   إّن   .   یة  ثود  الكا   الحرارة على المنطقِة            جریانَ    الحرارَة و       درجة   عدِد رینولدز،         

 . المحلولجة حرارةدرحرارِة، وال و الكتلةِل اقتناَ، معامل التیار المحدد  كثافة

و حرارة    ال   أكثر ِمْن درجة       سرعة  بال   ُتتأّثرُ     الكاربون     د لصلب   الُمحدّ  تیارَ كثافَة ال   ان ُوِجَد وقد     

 بدرجِة    تأّثرُ ت للنحاِس الموجبقطب العلى  ِن بینما األوكسجیجزیئاتشارانِت تالي یؤثر ذلك علىبال

ا صلِبل  الُمحّدِد     تیارِ بأّن كثافِة ال           أیضا   وقد تبین    .    الحرارةِ      ثبوت    عند سرعة  ال  الحرارة أكثر ِمْن           

جریاِن الحرارِة وبعد ذلك                  یلیھا تأّثُر بالسرعةِ    تُ  الحرارِة       انتقال    تحت شروِط    والنحاسِ    لكاربوِن     ا 

 .0.05 و0.01 لمختلفة عند المستویات ادرجة حرارة 

عن د زی ادة ع دد رینول دز أو      ُددا َی ز ھ، ألنسرعة على الساسًُ الكتلة یعتمد باال   انتقالإّن معامَل        

(rpm) یت   أثر بالتس   اوي الموج   ب القط   ِب  ف   ي     النح   اِس  أن حی   ث.  الح   رارةثب   وت  تح   ت 

الح رارِة  ش روط انتق ال    تح ت  نتق ال الكتل ةِ   ا معام ل أنل وحظ  و. ودرجِة الحرارة ة  درودینامیكِیبالھ

 .تتأثر ایضا بالسرعة اكثر من المتغیرات االخرى 

 عدد  جریاِن الحرارِة وبعد ذلك                 یلیھا ِسطح تأّثُر بدرجِة حرارة ال           یَ ِل الحرارَة        اقتن ا   ّن معامل   ا      

 تأثُرتالمحلول درجة حرارة و علیھ فان .حیث انھ یزداد بزیادة درجة الحرارة ؛  rpm)( رینولدز

ان ھذه   حیثسرعِةالحرارِة والجریان ك خرىاألمتغّیرات ال أكثر ِمْن سطحأساسًا بدرجِة حرارة ال

 .حصائياالمن قبل التحلیل ھي التأثیراِت 

 رینولدز عدد زیادة معَیْنقُص  قِة الھایدرودینامیكیِة  الطب ُسمكفان،درجة الحرارةثبوت تحت      

  سمكان  ) . rpm  (  عند ثبوت عدد رینولدزاو              ة درجِة الحرارة ِ           دَ  أیضًا َیْنقُص بزَیاْ      وِ   (rpm)او   



من الناحیة      و .    درجِة الحرارة الثابتةِ              عند )   rpm  (  بزیادة عدد رینولدز او               ْنقُصیَ تشاِر  االن   طبقة  

ألخرى َیز        ة درجِة الحرار                دادِ    ا َد و   عند ثبوت عدد رینولدز             ة   بزَیْا  بین   ما النسبة  ان    .   ) (rpm َأ

 بزَیْاَدة درجِة   قل ت وانما )(rpm َأو تاثربعدد رینولدزال ت حرارةة السمك طبق ھایدرودینامیكیِة وال

ُ یقل بزیادة        ة حرار  سمك طبقة ال    و ةھایدرودینامیكیِ        ال   فانِ  ِل الحرارِة،        اقتن ا تحت شروِط      . الحرارة     

و  عند ثبوت عدد رینولدز   حرارة الدرجَة  عند   rpm)(  َأو  قل بزیادة عدد رینولدز            ی أیضاً   و rpm)(  َأ

 َأو عند ثبوت عدد رینولدز درجِة الحرارة  بزَیْاَدةیزدادنتشاِراإل  طبقُةسمك. رة الثابتِةِة الحرادرج

 )(rpm      َعدد رینولدز او           زَیْاَدة    ْنقُص َمع  و ی    )(rpm    سمك ةنسب ان   . درجِة الحرارة الثابتةِ            عند 

 ِةطبقِة الحرار     سمك  بأّن   ینتب التي ُ   و  أعلى ِمْن واحد      تكون   اإلنتشارِ     طبقةِِّ سمكالى     ةطبقِة  الحرار

 . اإلنتشاِر طبقةِِ سمكِمْناكبر  دائمًا تكوُن

 مماِ الھایدرودینامیكیِة،طبقِة لا سمك أصغر ِمنْ   ان تقدرعلى انھا   یمكن اإلنتشارَ طبقِة سمك   ان     

م  ن  ھ  ذا َیْعن  ي أّن الج  زِء الرئیس  ِي و. ض  من طبق  ِة اإلنتش  اَرالح  رارياالنتق  ال  اھم  ال إل  ىی  ؤدي 

 وثرعلىم ن المحتم ل ان ت     التي التركیَزومعدلسائِل الكَة   حر توثر على  طبقِة الھایدرودینامیكیِة   لا

 . وِنَسِب التآكِل األعلى  اإلنتشارطبقِةسمك  وثر علىبدورھا تالتي و الطبقِة الحراریِة سمك

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 شكر وتقدیر
 
 

 مشرفي   إلى   واالعمق      المخلص    قديري  ت  عن  اعرب     ان    اود   و  ،   عز وجل   في الِبداية اشكر اهللا 

 العميقه   ومساعدته ومعرفته        وتشجيعه    ودعمه     لتوجيهه   قاسم جبار سليمان     الدكتور    األستاذ    

الستاذ  ا أستاذ ك   عندي    يكون    ان  َأنا محظوظُه بما فيه الكفاية          .   البحث    سنوات  وخبرته خالل      

لدكتور     كمشرفي       ا ر سليمان  قاسم جبا ل  كسبت   ا فه     تجربه   لبحث    ومعر ني   ا منه    ا لتي ستفيد

 .مستقبال

   .اثناء دراستيتشجيع ال والمساعده  عليرضواالذين ع , أخواتيو أمي اود ان اشكر ابي و

        َأن دى قسم الهندسة الكيمياويه من تدريسيين واداريين                  الجزيل ال      اتوجه بالشكر      أخيراً أو 

  . لما ابدوه من مساعده في اكمال متطلبات هذا العملوالـى زمالئي 

 

 
 

 

                                                         لینا نائل سلیم

 

 

 

 

 

 

 

 

 

 



 

 

 لتاكل تحت دراسھ تحلیل متغیرات ا

  الحرارةتاثیر
 

 رسالة 

 مقدمة الى كلیة الھندسة في جامعة النھرین

 وھي جزء من متطلبات نیل درجة ماجستیر علوم
 في الھندسة الكیمیاویة

 

 من قبل

 ا نائل سلیملین

  ) ٢٠٠٥ بكالوریوس علوم في الھندسة الكیمیاویة( 

  

١٤٣٠                                                      محرم   

   ٢٠٠٩الثاني                                                كانون

       


