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Abstract  
 
In this study, the combined effects of erosion and corrosion on carbon steel were 

investigated in crude oil/water slurries. The results have been used to construct 

erosion-corrosion mechanism and wastage maps to show the transitions between the 

erosion-corrosion regimes as functions of the effect of impact angles, applied 

potentials and impact velocities at different particle sizes and at room temperature.          

In addition, the effects of synergism-additive, wastage and erosion-corrosion 

mechanisms were superimposed on the maps.  

 
For carbon steel in a water environment, the corrosion current density was greater 

than that in crude oil, which indicates that the corrosion contribution was greater than 

in crude oil. The oil film played the main role in protecting the surface of the 

specimen in the crude oil environment, while an oxide film played the main role in 

protecting the surface of the specimen in the reservoir water environment.  
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The results indicate that the corrosion contribution was increased with an increase in 

the percentage of reservoir water. There was good evidence that the corrosion rate 

(Kc) was increased with an increase in potential as the potential was swept from 

negative to positive values. However, in the crude oil environment there was little 

enhancement of the corrosion contribution (Kc).  

 
There was little enhancement of increased erosion contribution (Ke) with an increase 

in potential in all test environments due to corrosion enhanced erosion. On the other 

hand, the total volume loss erosion-corrosion (Kec) was increased with an increase in 

the impact velocities in all test environments.  The total volume loss erosion-corrosion 

(Kec) was significantly greater in the water environment compared to the other test 

environments.  

 
The effect of erosion contribution was greater than the effect of corrosion contribution 

in the crude oil environment with particle sizes 600-710µm (90% compared to 10%). 

The effect of erosion contribution (Ke) on the specimen was similar to the effect of 

corrosion contribution (Kc) in the water environment with particle sizes 600-710µm. 

Possible reasons for such behaviour are attributed to the diffusion of oxygen in the 

various solutions as evidenced by the polarization data. 
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The objective and the Layout of this study 
  

This study aims to predict and assess the effect of electrochemical erosion–

corrosion on material which is used in oil field production. Moreover, maps have 

been produced to demonstrate material performance in different environments 

and test conditions to understand the complex interactions between erosion and 

corrosion processes of carbon steel (X52) in the oil/water slurries (the chemical 

composition of this crude oil is shown in table 2.5). 

  

The effect of parameters on erosion–corrosion, such as impact angles and 

velocities, was also assessed. After each test, the results were used to produce 

maps to show the erosion–corrosion degrading mechanisms based on the 

experimental results. The extent of synergism was superimposed on the maps as a 

function of impact velocities, impact angles and applied potentials in three 

environments, crude oil, water reservoir and oil/20% water environments. From 

the findings of this study it can be predicted and the mass loss of material limited.    

The various chapter of this thesis are explained as follows; 

 

1-The introduction and literature survey for some studies are described in   

    chapter-1. 

2-Experimental work and calibration test for the test rig are explained in      

    chapter-2 

3-The erosion-corrosion behaviour for carbon steel is illustrated within; 

 
A- Chapter-3 by discussing the results for tests at different particle sizes and five 

constant applied potentials (-400,-200, 0,200 and 400mV) as function of   

impact velocities. 

B- Chapter-4 by discussing the results for tests at different particle sizes and three 

constant impact velocities (2.5, 3.5, and 4.5 m s−1) as function of impact angles. 

Moreover, the morphology of the eroded specimens was evaluated by using 

scanning electron microscopy (SEM). 
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C- Chapter-5 by discussing the results for tests at different particle size and six 

constant impact angles (15°, 30°, 45°, 60°, 75° and 90°) as function of impact 

applied potentials. 

 

4-General discussion, conclusion (chapter -6) summaries the work, presents the main 

results obtained and proposes the future work.    
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1.1. Introduction 

 
Corrosion is defined as the material degradation process that usually occurs             

due to chemical or electrochemical action, while erosion is defined as a mechanical 

wear process, such as solid particle impact [1-2]. If these two processes exist jointly, 

in a crude oil environment they cause erosion–corrosion.  

 
The combined effects of erosion-corrosion can be considerably higher than the sum of 

the effects of the processes performed separately [2, 6 and 34]. Moreover, as proposed 

by many investigators [2, 6, 20 and36], this interface effect is due to the enhancement 

of corrosion by erosion or enhancement of erosion by corrosion. In such cases the 

combined effect may be low, particular for erosion at elevated temperature where the 

presence of ductile oxide may impede erosion. 

 
The system in downhole oil wells is such that the sand is produced along with 

corrosive liquids and gases [1]. Material loss in these types of environments is more 

complex due to the combined effects of erosion and corrosion. Therefore, erosion–

corrosion due to particle impact is an increasingly major problem in oil production.  

 
There are a few studies in which synergism has been quantified, with the majority of 

works being carried out using jet impingement apparatus or rotating cylinder 

electrode systems [10-11]. The severity of erosion–corrosion in oil production 

depends on a range of factors in down hole oil wells, such as sand concentration, 

particle size, reservoir pressure, temperature, and H2S (sour corrosion) and CO2 

(sweet corrosion) concentration, which cause mechanical and chemical damage to the 

ESP (electrical submersible pump), subsequently causing economic losses due to 

maintenance, leaks and exchanging of parts, leading to a decreased production rate [2 

and 11].  
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Erosion-corrosion, being a complex process, causes major difficulties in terms of the 

ability to predict the rate of material loss. These processes are believed to be 

dependent on the erosive particle parameters such as size, shape, impact velocity at 

impact angle and the flow rate, the material parameters such as microstructure, 

hardness and the strength of adherence of the passivation layer of corrosion products, 

and the environment parameters such as temperature and pressure [16 -17].  

 

The effects of these parameters when applied to oil and gas production activities have 

not been fully understood in the past due to not being able to determine the 

relationship between environmental parameters and the erosion-corrosion of material 

during design. Therefore, this project aims to investigate and assess the erosion–

corrosion behaviour in slurry impingement containing crude oil with aluminium oxide 

(Al 2O3) as an erodent particle at room room temperature. The carbon steel (X52) was 

tested as this is used in the majority of oil production piping (downstream and 

upstream). In addition, the investigation will involve impact velocities at ranges 2.5, 

3.5, and 4.5 m s−1, impact angles of 15°, 30°, 45°, 60°, 75° and 90° at various 

electrochemical applied potentials, and two different particle sizes. The results after 

test will be used to construct erosion-corrosion maps shown mechanism, wastage rate 

and an interaction between erosion-corrosion synergism-additive behaviour.   
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1.2. Literature review 

Erosion-corrosion occurs in down stream and up stream in oil wells during the life of 

production and shut down of oil wells as shown in Figs.1.1, 1.2, and 1.3. Erosion-

corrosion can be controlled by inhibited pumping into the downhole oil well, 

controlling velocities by decreasing the flow rate, and selecting suitable material to 

make tubing [1]. Corrosion in oil production is usually electrochemical due to current 

flow, which produces a chemical reaction whereby it loses and gains electrons [2].  

 

1.2.1. Erosion theory  

Erosion is a process whereby material is removed from the surface of a target material 

through the effect of impact particles. This theory of explaining the erosion of ductile 

material was developed in the 1960s by Finnie et al. [3] to describe the mechanism of 

material removal through solid particle erosion.     

 

1.2.2. Corrosion  

In case, where the corrosion occurs on metal at a high temperature it is termed dry 

corrosion, and in an aqueous environment it is termed aqueous corrosion. In an 

aqueous environment, corrosion is an electrochemical process whereby any reaction 

will contain two partial reactions: oxidation or anodic partial reaction and reduction or 

cathodic partial reaction [4]. 

1.2.2.1. Electrochemical parts  

- Cathodes       

- Anodic  

- An electrical connection in between the anode and cathode allowing the flow of   

electrons 

- A conducting environment for ionic movement (electrolyte) 
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       Fig. 1.1: ESP destroyed by erosion–corrosion. 
 
 
 

 
 

Fig. 1.2: Erosion-corrosion of carbon steel tubing.   

  

 

 

Fig. 1.3: Erosion-corrosion of a joint. 
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1.2.2.1.1. Anodic 

The anode is that part of a metal surface that is corroded. It is the position at which 

metal dissolves or goes into solution. When metal dissolves the metal atoms lose 

electrons and go into a solution as ion. Since atoms contain number of electrons, 

protons, the loss of electrons leaves an excess of positive charge and the resulting ions 

are positively charged [4]. The chemical reaction for iron is:  

Fe                   Fe2+ + 2e-                                                                      1.1  

Iron atom                      iron ion (ferrous) +electron  

This loss of electrons is called oxidation. The iron ion goes into a solution and two 

electrons are left behind in the metal. 

 

1.2.2.1.2. Cathode 

The cathode is that part of the metal surface which does not dissolve; however, it is 

the site of another chemical reaction which is necessary to the corrosion process. The 

electrons left behind by the solution of iron at the anode travel through the metal to 

the cathode surface area, where they are consumed by the reaction with an oxidizing 

factor presence in the water. This consumption of electrons is called a reduction 

reaction [4-5]. The typical reaction is: 

2H+   +2e
-                 H2                                                                                           1.2 

Hydrogen   +   electron                   hydrogen gas  

If oxygen is presence, two other reactions are also possible: 

 O2 + 4H+ + 4e-                    2H2O                                                             1.3         

(Acid solution) 

O2 + 2H2O + 4e-                  4OH−                                                            1.4          

(Alkaline solutions) 

Therefore, the reaction at the anodic area produces electrons and the reaction at the 

cathode area consumes electrons. This is the necessary feature of an electrochemical 

reaction; electrons are generated by a chemical reaction at one point and then travel to 

another point where they are used up by another reaction [4].   
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Electrical current flow is actually the passage of electrons from one point to another 

point. The theory says that electrical current flows in the opposite direction to that 

which electrons move. Therefore, as electrons flow from the anode area to the cathode 

area, electrical current flows in the opposite direction: from the cathode to the anode 

area (all these currents flow within the metal). Thus, the metallic path between the 

anode and cathode should be a conductor of electricity [4-5].  

 

1.2.2.1.3. Electrolyte 

The metal surface (both the anode and the cathode) should be covered with an 

electrically conductive solution. Such a solution is called an electrolyte. Pure water is 

a poor electrolyte, although electrical conductivity increases rapidly with the addition 

of dissolved salts. The electrolyte conducts current from the anode to the cathode. The 

current then flows back to the anode through the metal, completing the circuit.  

This combination of anode, cathode and electrolyte is called a corrosion cell as in  

Fig. 1.4 [5]. 

 

 

 

 

 

 

 

 

Fig. 1.4: corrosion cell. 

 

1.2.2.1.4. Conductivity 

The metal surface should be covered by an electrically conductive solution (or 

electrolyte) to carry electrical current from the cathode to the anode of the corrosion 

cell. Therefore, the more conductive the electrolyte, the easier current can flow. The 

less conductive the electrolyte, the greater the resistance to current flow and the 

slower the reaction. It is important to understand that the quantity of metal which 

dissolves is directly proportional to the amount of current that flows between the 

anode and the cathode [4-5]. For example, distilled water is not very conductive and is 

not very corrosive. In contrast, salt water is very conductive and can be very 

Metal ions Fe

Current flow through the soil

electron flow

++
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Electron migration  
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corrosive, as in reservoir water. Moreover, the presence of dissolved gases, which 

cause a low pH electrolyte, may make a low conductivity electrolyte very corrosive. 

In an oilfield, if crude oil mixes with water the conductivity becomes more difficult to 

define. A mixture of salty, highly conductive water in oil may not be highly corrosive 

if the water is emulsified in oil, but if the water is produced as free water then a very 

corrosive condition may exist [4], as can be seen that  in the next results. 

 

1.2.3. pH 

The pH of water is usually expressed as a number between 0 and 14. The midpoint of 

the pH scale is seven; a solution with this pH is neutral. A number below seven 

indicates acidity while above seven indicates alkalinity. Hydrogen ions [H+] make a 

solution acidic. Hydroxyl ions [OH-] make a solution basic or alkaline and push the 

pH upward [4-5]. The corrosion rate of steel usually increases as the pH of the 

environment decreases (becomes more acidic), although particularly high pH 

solutions can also be corrosive.The general difference of the corrosion rate of steel 

based on pH is shown in Fig 1.5. The actual difference of the corrosion rate with pH 

is obviously dependent on the composition of the environment or electrolyte. 

Moreover, in many oilfields, water protective scales such as iron hydroxides or 

carbonate scales may form on the steel surface and prevent or slow down further 

corrosion attack [2].In addiation; Pourbaix [7] constructed the relation between    

potential (E) and pH in digrams for several metals. The Pourbaix diagram is a 

graphical illustration of the possible corrosion phases at equilibrium for Iron/H2O 

system at any operation temperature Fig1.6.  
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Fig. 1.5: Steel corrosion rate curve of variation related to hydrogen ion concentration 

in the electrolyte [4]. 
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Fig. 1.6: Pourbaix diagram for iron in water [7]  

 

1.2.4. Dissolving of gases 

The corrosion of carbon steel is more difficult in downhole oil wells and it might 

occur at all stages of production, from down hole to the surface of the oil well, due to 

dissolution of gases [5]. Oxygen, carbon dioxide, and hydrogen sulphide dissolve in 

water and increase its corrosivity. In fact, dissolved gases are the main cause of most 

corrosion problems in gas and oil fields. 

 
1.2.4.1. Carbon dioxide 

When CO2 dissolves in water it forms carbonic acid, decreases the pH of the water, 

and increases its corrosivity. It is not as corrosive as oxygen but it results in pitting [8-

9]. Therefore,CO2 corrosion leads to the formation of a corrosion product on the 

surface of metal, iron carbonate (FeCO3), that when precipitated can form a protective 

coating depending on several environmental conditions, such as iron concentration, 

pH of solution, temperature  in the solution [4-5]. Moreover, CO2 corrosion is an 

electrochemical process with an overall reaction mechanism as follows:    

 CO2 + H2O                      H2CO3                                                                1.5           

Carbon dioxide + water                     carbon acid 

Fe+H2CO3                     FeCO3 + H2                                          1.6  

Iron   + carbon acid                      Iron carbonate (corrosion product) + hydrogen 

 

Cui and Yang [8] investigated the influence of CO2 on carbon steel. They found that 

corrosion due to carbon dioxide causes the failure of pipelines, which is a very serious 

problem in the production of oil. Similarly, Hamzah and Stephenson [1] investigated 

the influence of CO2 on carbon steel. They found that the use of CO2 increases the 
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rate of metal loss. Moreover, Yu and Pang [9] investigated the influence of carbon 

dioxide on carbon steel. They found that the damage on the surface of pipeline could 

be due to the carbon dioxide corrosion rate, particularly localized corrosion, since that 

damage can remove or prevent the scale from depositing on the surface of a pipe. 

 

1.2.4.2. Dissolved oxygen   

The solubility of oxygen in oil is a function of velocity and temperature. Oxygen 

corrosion occurs by the following reactions: 

Anode reaction: Fe                        Fe + 2 e-                                               1.7  

Fe+2 + 2OH-                        Fe (OH) 2                                                                       1.8 

Cathode reaction: O2 +2H2O + 2 e-                2OH-                         1.9  

Oxygen accelerates corrosion under most circumstances. It does this because it is a 

strong (provides a high electrochemical potential) and fast oxidizing factor in cathodic 

reactions at the cathode, and it allows the corrosion reaction to carry on at a rate 

limited primarily by the rate at which oxygen can diffuse to the cathode [4-5]. 

Moreover, oxygen usually causes pitting on the metal. If there is sufficient oxygen in 

the fluid, the oxidation may occur very rapidly before the Fe ions have a chance to 

diffuse away from the metal surface. In this case, Fe (OH) 2 can form on the metal 

surface and become protective. However, if sufficient chloride ions are presence, they 

interfere with the formation of a protective film and corrosion rates continue to 

increase with oxygen concentration [4-5]. Even a very small oxygen concentration 

can cause damage on the surface of metal. A strongly oxidizing environment will 

drastically increase corrosivity resulting from other dissolved gases, such as hydrogen 

sulphide or CO2, by changing protective scales to be nonproductive and providing a 

higher potential to reduce resistances in the electrochemical cell, causing an increase 

in the corrosion rate [4-5].DU Cui-wei et al. [12] investigated the effect of oxygen 

concentration on carbon steel in simulated soil solution and found that with decrease 

of oxygen concentrations, the polarization resistance was increased and the corrosion 

current density decreased. 
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1.2.5. Effect of temperature 

Hamzah [1] investigated the effect of temperature on carbon steel in oil environment 

and found that with an increase in temperature there was also an increase in the 

erosion-corrosion rate; the increase in temperature increases the corrosion scale on the 

surface. G.A. Zhang et al. [13] investigated the effect of temperature on carbon steel 

in oil/water emulsion and found that with an increase in temperature there was also 

decreases the solubility of oxygen in the solution and anodic current density of steel 

increases with the increase in temperature.  

However, DU Cui-wei et al. [12] investigated the effect of temperature on carbon 

steel in simulated soil solution and found that with increase of temperature, the 

corrosion rate greatly decreased due to passivation due to low solubility of oxygen.  

In another environment (air), Stack et al. [14] found that for high temperature erosion-

corrosion, the weight loss could be visualised, as shown in Fig. 1.7. It can be seen that 

four regimes - erosion dominated, erosion-corrosion dominated, and corrosion - 

dominated in regime -3, and corrosion dominated in regime-4. They are supposed to 

be established depending on the behaviour of weight loss versus temperature in which 

the test is carried out. At T1, the rate of corrosion may be very low and thus the 

weight loss due to erosion is predominant and an erosion dominated regime results.  

 

As temperature is increased between T1 and T2, the weight loss rate increases to a 

maximum value, then the rate of scale growth begins to influence the rate of material 

loss; then an erosion-corrosion dominated regime is taking place. Between 

temperature T2 and T3, the rate of material loss begins to slow down to a lower value. 

However, the rate of scale growth increases such that the weight loss is influenced by 

the rate of corrosion. Thus, this regime is called corrosion dominated (regime-3). 

Above T3, there is no more obvious weight loss, but the rate of scale growth is at its 

maximum and the properties of the layer are hard to particle erosion; thus, it is 

corrosion dominated (regime-4).  
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In a study of the effect of temperature on material, Levy [15] found that at low 

temperature, very low wastage is due to mechanical erosion at very low velocity. The 

corrosion rate can be increased by increasing temperature at a low pH when layer 

films do not form, while at a higher pH with increasing temperature the corrosion rate 

is decreased due to protective film formation [16 and17]. It can be concluded from 

these previous investigations that the effect of temperature on materials can indicate 

an increase in erosion-corrosion, but with different percentages of mass loss 

dependant on the sort of metal and the environment. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.7: Concept of erosion-corrosion regimes [14].   

 
 
 
1.2.6. The influence of particle impact, shape, and size on the erosion of 
materials 
 
The presence of sand in the oil produced provides many challenges to the oil industry. 

Material degradation due to the mechanical action of sand particles is known as 

erosion [1-2]. If there are even small amounts of entrained particle, it can cause a 

great damage to ESP (electrical submersible pump) in a downhole oil well and 

erosion of tubing at high velocities. Cheng and Tang [11] investigated the influence of 

sand on erosion-corrosion, finding that the addition of sand in oil–water emulsion can 

increase the mass loss of material.   
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Stack et al. [20 and 34] also investigated the effect of sand, finding that with an 

increase in sand concentration, weight loss increases. Rajahram et al.[17] investigated 

the influence of particle on erosion-corrosion by using a slurry pot erosion tester, 

finding that the sand particles accelerate the steel corrosion by breaking the oxide film 

layer on the surface of steel and thus exposing the surface to the corrosion and 

damaging the surface which indicated to the formation of oxide difficult. 

 
In general, the erosion rate increases with an increase in particle size, hardness and 

angularity of the impacting angle [37]. However, these parameters are interdependent 

in the erosion process. Hard particles of a rounded shape may cause less erosion than 

relatively sharp particles [28, 32 and 36]. Stachowiak et al. [41] have investigated the 

effect of particle shape. Fig. 1.8 was derived from erosion tests on different materials, 

including graphite, steel, glass, and ceramics, by impingement of Sic erodent particle 

at an impact velocity of 152 m s−1.  

 

Fig 1.8 shows that the erosion peak shifts depending on the erodent particle size for 

both ductile and brittle materials. Moreover, it can be observed from Fig 1.8 that with 

an increase in erodent size, the erosion mechanism changes from “ductile” to “brittle”.   

In addition, it can also be observed from Fig. 1.8 that the shape of the material also 

changes with a change in erodent particle size [41]. In the majority of past studies, it 

can be observed that erosion rate increases with an increase in the particle size up to 

100 m .      

 

Particle size has the main influence on the mechanism of erosion for materials. 

Erosion by solid particle impacts on a brittle substrate is caused by the formation and 

intersection of cracking. The types of crack that form on the erodent surface are 

dependent on the erosive particle shape and size. Lawn and Wilshaw [77], and Swan 

and Hagan [42] have reported that the impact of large round particles, greater than 

200 m in size, causes cracking, while small particles cause plastic deformation of the 

surface of the specimen.  
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The effect of particle size on the erosion rate of materials generally increases with an 

increase in erodent particle size. The effect of particle hardness becomes clearer when 

the high hard particle impacts on the surface of the specimen, such as erosion of mild 

steel by alumina particles [58].  

 

 Rajahram et al. [16] have investigated the effect of various particle sizes on erosion-

corrosion for stainless steel (SS316L) and carbon steel (AISI 1020) in a slurry pot 

erosion tester. Fig. 1.9 shows that the variation of mass loss at different particle sizes. 

It can be observed from Fig. 1.9 that the medium sand size (150-300µm) produced the 

highest volume loss rate followed by coarse sand (300-600µm) with the lowest rates 

seen for investigation with fine sand (90-150µm) conditions.  

 

 

 

 

 

 

 

 

 

 

Fig. 1.8: The effect of particle size on different materials [41].  
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Fig. 1.9: Mass loss rate with sand size variation (7m s−1, 1% sand concentration) [16].   

 

 

1.2.7. Effect of impact velocity 

Velocity is a very important issue in the effect of erosion–corrosion. It often has a 

strong influence on the mechanisms of corrosive reactions and erosion is effected at 

high values, particularly when the electrolyte contains solids (slurry) [34]. Velocity 

increases the erosion rate and many researchers have investigated the relation between 

the erosion rate of materials and velocities. They have found that erosion is increased 

with an increase in impact velocity through power law relationship [1and 6].  

Stack et al. [2, 6 and 36] investigated the effect of velocity on erosion-corrosion in 

further studies and found that increased velocity causes a change in the rate of 

passivation and repassivation leading to corrosion currents increasing and then 

corrosion contribution will be increased due to removing the passive layer.  

Hamzah and Stephenson [1] also investigated the influence of velocity on erosion-

corrosion in another study. Their results show that at 25°C there is an increase erosion 

rate with an increase in impact velocity. Stack et al. [88, 97] studied the effect of 

velocity on the erosion-corrosion of mild steel. They found that the effect of impact 

velocity on erosion-corrosion is dependent on many factors, including temperature, 

alloy corrosion resistance and impact angles. 

F in e M e d iu m C o a r s e

2 5

2 0

1 5

S a n d  s iz e

0

1 0

5

 

A IS I  1 0 2 0  i n  0 . 1 M  N a O H

A I S I  1 0 2 0  in  3 . 5 %  N a C I
S S 3 1 6 L  i n  0 . 1 M  N a O H

S S 3 1 6 L  in   0 . 3 M  H C I

M
as

s 
lo

ss
 r

at
e

m
g

  
h-1



 15

Stack et al. [56] also investigated the influence of velocity on mild steel in water 

environment contains on Al2O3 particles of size between 500–710 μm with a buffer 

solution of Na2CO3 + NaHCO3. Their results show that erosion increased the 

corrosion rate when the velocity was increased.This was attributed to the removal of 

the oxide film from the metal surface by the particles impact. The change in erosion 

rate produced by a change in velocity is expressed using the relationship: 

Erosion rate α   V n   

where n is the velocity exponent, usually between 2 and 3. The velocity exponent n is 

always about 2.5 for ductile materials.    

 

1.2.8. Erosion-corrosion in an aqueous environment 

In an aqueous environment the main challenge is to understand the erosion–corrosion 

mechanisms resulting from the complex interaction between erosion and corrosion. 

The joint action of erosion and corrosion leads to synergistic effects, which are due to 

the effect of erosion on corrosion and the effect of corrosion on erosion [1]. 

It has been proposed by many researchers [10-14]that impinging particles remove 

deposits or the protective film on the surface of metal, resulting in continuous 

exposure of a clean the surface of metal to the corrosive environment, thus leading to 

a higher corrosion rate due to erosion enhanced corrosion (corrosion due to 

erosion)[17-20].  

 

On the other hand, erosion due to corrosion (corrosion enhanced erosion) by 

increasing the surface of the specimen results in more roughness and reduces the 

surface hardness of the specimen by dissolution of the specimen surface [19 and 74].  

Materials generally depend on the formation of a protective passive film (passivity 

layer) which protects the surface of the metal against any attack [1 and 2]. However, 

the oxide film is usually damaged by shear or normal stress [18-20]. The effect of 

erosion on the surface of metal can be prevented permanently by a protective film.  
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Stack et al. [34] also investigated the influence of erosion on corrosion, corrosion on 

erosion by water slurries in erosion test rig and have found that erosion affects 

corrosion by removal of surface deposits, increasing local turbulence, and corrosion 

affects erosion by roughening the surface of the specimen. Postlethwait and Rajahram 

[16 and 51] have reported that the effect of corrosion is that it roughens the surface of 

the metal, which in turn increases the erosion rate.  

 

1.2.9. General introduction of interaction between erosion and corrosion 

The interaction between erosion and corrosion depends on many process parameters, 

and one process might enhance another [34 and 36]. When the erosion enhances the 

corrosion process it is termed the additive effect ΔKc, and when corrosion enhances 

the erosion process it is called the synergistic effect ΔKe [34, 36 and 56]. Moreover, a 

new effect has recently been observed called the antagonistic effect in which 

corrosion products impedes the erosion process [95-97]. This effect has been observed 

to occur at elevated temperature, where formation of passive film or sulphide layers 

may protect the target surface. In slurry erosion, antagonistic phenomena may occur, 

which is indicative of the negative synergistic effect -ΔKe [34 and 36].  

 

The additive and synergistic effects have been used by Stack et al. [2, 6, 19 and 20] 

for construction of erosion-corrosion maps for various material and environments.  

On the other hand, according to Stack et al. [19-20,34and 36], the total wastage rate of 

erosion–corrosion (Kec) can be described and construction maps by the following 

equation: 

Kec= Keo+Kco+ ΔKe+ ΔKc                                                                     1.10   

where keo is the rate of pure erosion in absence of any corrosion, kco is the rate pure 

corrosion in the absence of erosion, and ΔKc is the  erosion enhanced corrosion, ΔKe 

is the corrosion enhanced erosion  [2,6,34and 36]. Consequently, the total rate of 

erosion-corrosion contribution can be given in the following expression: 

Kec=Ke+Kc                                                                            1.12   

Ke=Keo+ ΔKe                                                                         1.13  

Kc=Kco+ ΔKc                                                                         1.14  
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1.2.9.1. The additive effect  

The additive effect enhances the corrosion rate through an erosion process (corrosion 

due to erosion). It can be noted that many investigators do not distinguish between the 

additive and synergistic effects. The mechanism of the additive effect of erosion 

enhanced corrosion is observed to be dependent on the specific corrosive condition, 

such as active,dissolution, passivaion, or mass transfer [2- 6, 20 and 34]. Moreover, 

erosion parameters such as slurry velocity, concentration, etc., play the main role in 

the mechanism. 

  

Postlethwaite et al. [51] reported that in the erosion-corrosion of a carbon steel 

pipeline transporting particle, iron, limestone and coal slurries, at concentrations and 

velocity, the corrosion rate was increased by the presence of solid particles and the 

effect was dependent upon the solid concentration and the slurry velocity. 

Postlethwaite et al. [109] also reported that in the erosion–corrosion of a pipeline 

carrying slurry at an impact velocity ranging between 2 m s−1 and 6 m s−1, the overall 

wastage was dominated by corrosion and the process was under oxygen mass transfer 

corrosion control. It was suggested that the prevention of erosion-corrosion wastage 

of such a pipeline requires control of the effect of corrosion rather than erosion.  

 

Stack et al. [79] observed that the additive effect and the synergistic effect by using a 

rotating cylinder electrode apparatus. They found that the additive and the synergistic 

effects occur in erosion-corrosion depending on erosion parameters such as slurry 

velocity and corrosion parameters such as potential parameters, and that they can 

occur in both active and passive conditions. The corrosion rate in a passive condition 

is very low due to the formation of a protective oxide film on the surface of the 

specimen, which indicates a decrease in the current density and then a decrease in the 

corrosion rate. Therefore, the interaction between erosion and corrosion will be very 

high in passive conditions if the particles are able to remove the oxide film.  

 

 

 

 



 18

In fact, many investigators [2, 6, and 36] have concentrated on researching passive 

conditions and they agree that under passivation conditions, erosion enhanced 

corrosion can occur when particles remove completely or partially the protective 

passive film. If the film is removed, then the corrosion rate is enhanced by mass 

transfer. Rajahram et al. [16] suggest another probable mechanism of erosion 

enhanced corrosion. They suggest that surface roughening of specimen during particle 

impact causing enhanced mass loss effects and increased corrosion. 

 

Hodgkiess et al. [53] observed that for the erosion-corrosion of three materials - C-Mn 

steel, austenitic steel and a duplex stainless steel - by liquid impact, the passive film 

on stainless steel was not destroyed and was able to protect the surface of the 

specimen against particle impact, whereas the passive film on C-Mn steel was 

completely destroyed. In addition, it was observed that when the same material was 

exposed to slurry erosion conditions, with an increase in concentration, then the 

passive film on the surface of stainless steel was destroyed due to an increase in 

impact particle concentration and velocity. It can be concluded from the above review 

that erosion accelerated corrosion by removing the passive film. Hence, increase in 

the current density is indicative occurs of an increase in the corrosion rate. The 

mechanism of these effects is dependent on the erosion parameters shown in table 1.1.  

   

Table 1.1: Some of the factors affecting slurry erosion rates (6). 
 

Fluid Materiel  Particles 

          Temperature 
 

Ductility–brittleness Size, size range 

pH Target–particle velocity Shape–angularity 

Potential Melting point Angle of impact 

Viscosity Metallographic structure Density 

Density Residual stress levels Velocity 

Surface activity–lubricity hardness hardness 

Boundary layer properties   
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1.2.9.2. The synergistic effect  

Compared to the additive effect of erosion accelerated corrosion, little effort has been 

made to support the evidence that corrosion can accelerate the erosion rate (erosion 

due to corrosion). Rajahram et al. [16] observed erosion due to corrosion in an 

erosion-corrosion study of carbon steel. It was proposed that the corrosion attacks the 

grain boundaries resulting in grain loosening, which can increase the erosion rate 

(synergistic effect). In addition, the increment in the erosion rate was observed to be 

very sensitive to the impact angle of the solid particle.  

 

Zhang et al. [144] suggested the mechanism of erosion enhancement by corrosion. It 

was observed that the dissolution of the high energy regime of the sample, such as 

grain boundaries, inclusion boundary, and defect, leads to mass loss of materials from 

the metal surface by erosive action. In addition, Oka et al. [44] reported that the 

synergistic effect could either be positive or negative depending on the relative 

magnitude of the erosion and corrosion process. The positive synergistic effect 

happens when the erosion rate due to corrosion (corrosion enhanced erosion)  by  

roughness surface of metal( ΔKe) and the negative effect occur when corrosion 

impedes the erosion rate by creating the passive  film on the surface of the specimen      

(-ΔKe). 

Stack et al [58 and 88] was also reported that the synergistic effect depends on the 

slurry velocity and impact angle. It was suggested that the positive synergistic can 

occur due to dissolution of the hardened layer of the target surface and roughening of 

the surface of the specimen, while the negative effect (antagonistic) occurs due to 

occlusion of hydroxide on the specimen, which in turn inhibits the plastic deformation 

of the surface and results in a decrease in the erosion rate. 

 

Li et al. [35] also observed the antagonistic and synergistic effects of erosion 

accelerated corrosion in their study on erosion–corrosion of aluminium in aqueous 

slurry by 600- 850 m  silica sand particles. They found that the effect was positive 

in acetic acid slurry and negative in Na2CO3 slurry. On the other hand, Postlethwaite 

et al. [50] observed in their experimentation that although acetic acid is less corrosive 

compared to sodium carbonate, it has a much greater effect on the subsequent erosion 

rate.  
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Rajahram et al. [16] suggest another probable mechanism of corrosion enhanced 

erosion. They suggest that the particle impacts the passive film and damages it. 

Surface dissolution leads to the removal of the work hardened layer and increases in 

the surface roughness. The particle is able to penetrate deeper into the surface of 

specimen resulting in increasing the value of the synergism ΔKe. They suggest 

another probable mechanism of antagonism i.e. it occurs due to increased work 

hardening of specimen due to corrosion mechanism. Stack et al. [34] also observed 

that the synergistic effect can be positive or negative. They termed the negative 

synergistic effect or the ‘antagonistic’ effect, which generally occurs in the erosion-

corrosion process at elevated temperature, which indicates an increase in the passive 

film.   

It can be concluded from the above review that the positive synergistic effect of 

corrosion enhanced erosion occurs when corrosion attacks the grain boundaries 

resulting in grain loosening [16]. On the other hand, the ‘antagonistic’ effect, which 

generally occurs in the erosion-corrosion process when the passive film is reducing 

erosion [1- 4].  

 

1.2.10. Impact angle   

Impact angle is an important parameter in erosive wear. In general, impact angle is 

defined as the angle between the surface of the specimen and the flow direction of the 

slurry [10 and 11]. The impact angle is thought to have two effects on the oxide film 

of the metal: shear stress effect and normal stress effect. Shear stress is increased by 

decreasing the impact angle below 50° with enhanced erosion-corrosion by thinning 

or removing the oxide film formed on the surface of the steel. Normal stress is 

increased by increasing the impact angle more than 50° with damage to the surface 

film and generation of pores in the metal [11].  

 

However, at zero impact angles the erosion rate of both ductile and brittle materials is 

negligible because the erodent particle slips over the surface of the specimen [11].  

Cheng et al. [11] investigated the influence of impact angle on erosion-corrosion by 

using erosion test rig containing oil/water slurries, finding  that the erosion rate of 

ductile material peaks at an intermediate impact angle of about 30°-50°, whereas the 

erosion rate of brittle materials peaks at close to 90°. 
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On the other hand, in the water slurry, the effect of the impact angle on the erosion 

rate is dissimilar to that observed for erosion in oil environment [2 and 6]. Clark et al. 

[45] reported that for ductile material erosion by hard ceramic particles in aqueous 

slurry, the erosion rate peaks at intermediate angles between 20° and 40°. In addition, 

Stack et al [58] reported that in the case of aqueous slurry conditions, the anodic 

current density increases slightly at high shear stress and at high normal stress 90°.  

 

Tian et al. [10] also have investigated the influence of slurry impact angle on erosion-

corrosion, finding that the effect of slurry impact angle on erosion-corrosion of steel is 

more complex and depends on the magnitude and synergism of shear stress and 

normal stress applied to the surface of the specimen, which will enhance the steel 

erosion–corrosion by degrading the surface oxide film and damaging the surface of 

steel.  

 

The rate of mass losses due to the effect of impact angle are also dependent on the 

sort of material [2].With ductile materials, high value of erosion loss occurs at below 

a 50° angle, while for brittle materials the mass loss occurs at an impact angle of 90°, 

which is named normal incidence [10-11]. Burstein et al. [26] observed that there was 

a maximum of erosion–corrosion rate at impact angles ranging from 40° to 50° for 

304L stainless steel in silica sand/water slurry.  
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1.3. Summary 

It can be concluded that all aspects of the erosion–corrosion effect on steel in sea 

water have been covered by previous researchers. However, few researchers have 

studied the effect of erosion–corrosion on carbon steel in oil/water slurries. In fact, in 

their experiments researchers have only used chemical compositions of crude oil and 

not natural crude oil, which may have resulted in inaccurate results. Therefore, this 

thesis has studied the effect of erosion–corrosion on carbon steel in natural crude oil 

high gravity (API 52) with different parameters, such as six impact angles, three 

impact velocities, five potentials, and two different particles sizes.  
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2.0. Calibration test and experimental Methodology 
 

2.1 Introduction 

A calibration test is very important stage before beginning any experimental work 

because it ensures that the slurry impingement erosion test rig is working accurately 

[99]. Moreover, it is very important to investigate the effect of adjusting the ejector 

parts on the output of the rig, such as impact velocity and slurry particle 

concentration. 

 

2.2. Calibration test  

The ejector is an important part of erosion test rig Fig. 2.2. The ejector plays the main 

role in the erosion test rig because the ejector has a great affect on erosion-corrosion 

parameters such as impact velocity and slurry particle concentration [99]. The 

relationship between the difference in slurry particle concentration and impact 

velocity with L- distance and d/D, which is the inlet nozzle diameter divided by the 

outlet nozzle diameter, were presented in the calibration test. 

 

2.2.1. L-distance with variation of impact velocity and slurry 

concentration   

In table 2.1 it can be seen that the calibration test has been carried out at different 

impact velocities and L-distances. Moreover, the performance of the test rig has been 

assessed to chart the impact velocity as a function of L-distance. In Fig. 2.1 it can be 

seen that the variation of impact velocities with the L-distance at different distances. 

Moreover, it can be seen that the velocity is changed by the cross section area of the 

outlet nozzle, as in equation 2.1. The velocity begins to increase with an increase in 

the L-distance. The variation of L-distance changes the vacuum action power or the 

suction effect for particles from nozzle 2, as shown in Fig. 2.2. 

 

Q = A*V                                                  2.1  

Where: 

Q = flow rate of slurry (the amount of slurry per sec time) 

A = the cross section area of the nozzle (outlet nozzle) 
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V = impact velocity or velocity of slurry 

So, from 2.1 the impact velocity can be determined by:  

 

V= Q/A                                                   2.2  

 

The position effect of L-distance on the slurry particle concentration is very important 

to control the slurry concentration rate [99], as shown in Fig.2.3. It can be seen that 

there was an increase in concentration at the negative points (with decrease in the L-

distance) then it is decreased in slurry particle concentration with an increase in the L-

distance. Moreover, the results show that the position of the driving nozzle, or               

L-distance, has a great effect on the slurry particle concentration at all positions [99]. 

It can also be seen that slurry particle concentration increases when L-distance is less 

then 0, while it decreases when L-distance is more than -1.5 mm as showing in 

Fig.2.3 and that consistent with Zu et al [99]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

          Fig. 2.1: Impact velocity vs. L-distance. 

 

 

 

 

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

2

3

4

5

6

7

× 10
-3

-1
im

p
ac

t v
e

lo
ci

ty
  m

 s
ec

 

L-distance           (m)

1.5



 25

 

 

                                                                        

  

 

                      

 

             

   

                  Fig. 2.2: Schematic diagram of the ejector. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3: Slurry particle concentration vs. L-distance.  
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2.2.2 d/D ratio with variation of impact velocity and slurry particle 

concentration. 

The effect of the variation of d/D ratio (inlet nozzle diameter/outlet diameter nozzle) 

on impact velocity has been investigated and is shown in Fig. 2.4 and tables 2.2. It can 

be seen that the impact velocity increases with an increase of d/D ratio at every 

position. Moreover, the increase in the d/D ratio in such cases is attributed to a 

decrease in the outlet nozzle diameter (D). The d/D ratio effects on variation of the 

slurry particle concentration have been investigated and are shown in Fig. 2.5. It can 

be seen that the slurry particle concentration decreases with an increase in d/D 

ratio.From Fig. 2.6 it is clear that the slurry particle concentration decreases with an 

increase in impact velocity.   

 

 

  

 

 

 

 
Fig. 2.4: Impact velocity as a function of d/D.           Fig. 2.5: Variation of slurry particle   

                                                                                            concentration as a function of d/D 
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Fig. 2.6: Variation of slurry particle concentration as a function ofimpact velocity 
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Table 2.1 Calibration results of collected L-distance with variation of impact 

velocities. 

 

Parameters Unit 1 2 3 4 5 6 

Vt m3 3.00E-04 3.80E-04 4.20E-04 4.50E-04 4.20E-04 4.35E-04 

ms kg 4.60E-02 6.00E-02 5.50E-02 4.60E-02 4.07E-02 1.20E-02 

ρs kg/m3 2.60E+03 2.60E+03 2.60E+03 2.60E+03 2.60E+03 2.60E+03 

d m 
1.90E-03 

 
1.90E-03 

 
1.90E-03 

 
1.90E-03 

 
1.90E-03 

 
1.90E-03 

 

D m 
4.50E-03 

 
4.50E-03 

 
4.50E-03 

 
4.50E-03 

 
4.50E-03 

 
4.50E-03 

 

D2 m 
6.30E-03 

 
6.30E-03 

 
6.30E-03 

 
6.30E-03 

 
6.30E-03 

 
6.30E-03 

 

L m -2.7E-03 -1.35E-03 -0.67E-04 0 0.67 E-04 1.35 E-03 

d/D  0.42  0.42  0.42  0.42   0.42  0.42  

A m2 1.6E-05 1.59E-05 1.5904E-05 1.59E-05 1.59E-05 1.5904E-05 

V m/s 1.89 2.39 2.64  2.83 2.64  2.74 

Vf 
1/100 
vol. % 

0.059 0.061  0.050  0.04 0.037  0.010  

c wt. % 16. 95   16.29 13.79  10.73  10.09  2.67  

 
where Vt   is the total mass (slurry), ms   is the mass of the particle, ρs is the density of 
the particle, d is the diameter of the inlet nozzle, D is the diameter of the outlet nozzle, 
D2 is the diameter of the nozzle 2, L is the distance, A is the area of outlet nozzle, V is 
the impact velocity, Vf is the frication = sand volume/ total mass and c is the 
concentration of the particle in the solution. 
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Table 2.2 Calibration results of collected velocities by d/D ratio with variation of 
impact velocities. 
 

Parameters Unit 1 2 3 

Vt m3 5.35E-04 4.95E-04 7.00E-04 

ms kg 2.40E-02 2.30E-02 4.96E-02 

ρs kg/m3 2.60E+03 2.60E+03 2.60E+03 

d m 
1.90E-03 2.50E-03 2.50E-03 

D m 5.50E-03 4.50E-03 5.50E-03 

D2 m 
6.30E-03 6.30E-03 6.30E-03 

L m -1.35E-03 -1.35E-03 -1.35E-03 

d/D  0.346 0.556 0.456 

A m2 2.38E-05 1.59E-05 2.38E-05 

V m/s 2.25  3.11  2.95 
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Table 2.3 Calibration results of d/D ratio with variation of impact velocities. 
 
 

Parameters Unit 1 2 3 4 5 

Vt m3 7.20E-04 6.20E-04 3.80E-04 3.90E-04 5.70E-04 

ms kg 
9.99E-03 4.24E-02 9.83E-02 2.33E-02 2.33E-02 

ρs kg/m3 2.60E+03 2.60E+03 2.60E+03 2.60E+03 2.60E+03 

d m 3.10E-03 3.10E-03 2.50E-03 2.50E-03 3.00E-03 

D m 
4.50E-03 5.50E-03 6.00E-03 4.50E-03 4.50E-03 

D2 m 6.30E-03 6.30E-03 6.30E-03 6.30E-03 6.30E-03 

L m -1.35E-03 -1.35E-03 -1.35E-03 -1.35E-03 -1.35E-03 

d/D  0.69 0.56  0.42 0.56 0.67 

A m2 1.59E-05 2.38E-05 2.83E-05 1.59E-05 1.59E-05 

V m/s 4.53 2.61 1.34  2.45  3.58  
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2. 3. Experiments methodology 
 

2.3.1. Structure of erosion test rig 

The slurry impingement erosion test rig is based on Zu’s design [99], with some extra 

alterations added to the design so as to control temperatures, as in Fig. 2.7. The test 

rig can work at different impact angles, from 0°-90°. The impact velocities of the rig 

range from 1 to 7 m s-1. Moreover, it can be used with different sized particles can be 

used as erodent particles. 

 

The pump circulates fluid with variable speeds, and there is a motor to adjust the flow 

rate and the pressure of the flow to the chamber via the bypass valve. The rig contains 

a great plastic chamber with a dimension of 350 *200 *250 mm. It is made of Perspex 

sheets that can resist over 70°C. The test rig is divided into two main parts or 

chambers, the slurry part and the solution part, which are separated by a Perspex sheet 

containing a longitudinal slot with a material filter element to prevent escape of the 

erodent particles from chamber (1) to chamber ( 2). 

 

The electrolyte is transported from the pump at high pressure during the out pass of 

the pump to the ejector. Moreover, most bypass valves are connected to the delivery 

pipeline and bottom slurry chamber. Part of the delivered solution passes directly to 

the slurry chamber causing stirrer action, and the other amount of the delivered 

solution can pass to the ejector when the bypass valve is partly closed. In addition, the 

bypass valve can control the flow rate of the fluid passed to the ejector by using the 

pump speed control. The slurry usually goes from the exit nozzle of the ejector with a 

certain concentration and impact velocity subjected to the test specimen that is fixed 

on the test specimen holder. The fluid which enters the pump is filtered. The filtration 

of the electrolyte is carried out in all stages to prevent damage of the pump. 
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The fluid passes in a closed loop from the pump and after that it impacts the 

specimen. The bypass is driven into the slurry chamber to create a stirrer action for 

the solution and erodent particles are conducted instead of the stirrer. The slurry is 

created in the ejector and impacts the test specimen through the outlet nozzle (see Fig. 

2.2). The specimen angles are controlled by a holder on its axis. The dimensions of 

the test specimen are 25 mm length, 10 mm width, and 4 mm thickness. The tests 

were controlled at different angles from 15° to 90°. 

  

2.3.2. The function of the ejector 

The ejector is the main part of the test rig as it is used to control all erosion parameters 

as setting the ratio of the inlet nozzle to the outlet nozzle diameter (d/D), and the L-

distance, as shown in Fig. 2.2, has an effect on the impact velocity and slurry particle 

concentration. The ejector is made from Perspex material to avoid any 

electrochemical interaction, and all material used in manufacturing the nozzle is 

nylon. The ejector contains three threaded nozzles, the inlet for the solution (without 

particle), the inlet for solid particles, and the last is the outlet for slurry which the 

solution and erodent particles (slurry) as in Figure.2.2. The inlet nozzle of the fluid 

without erodent with a variable bore of diameters from 1.5 to 4.5 mm and distance L. 

Moreover, the inlet is used to control the solid particles concentration with solution 

because of the vacuum action, which occurs in the T-section. The outlet nozzles have 

different diameters in the experimental work, from 1.5 mm to 6 mm according to the 

required impact velocity, as can be seen in tables 2.2 and 2.3. 

 

2.3.3 The electrochemical process  

In the oil field, the electrochemical method is used to assess erosion-corrosion rates of 

equipments and therefore predict the lifetime of material in oil field. Moreover, the 

electrochemical method lets the oilfield engineer to design, maintenance and 

replacement of that equipments were damaged by erosion corrosion. The benefit of 

using electrochemical methods in the oilfield is that information is real time, 

recording the corrosion reaction as erosion -corrosion occurs in the equipment [17]. 
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Experiments were preformed in potentiostatic under fixed applied potential and 

potentiodynamic (polarization behaviour) conditions.Polarization curves were 

recorded at the required velocity and impact angle from -800 to 800mV.   

 

Potentiostatic tests have been conducted to plot the corrosion current vs time under 

constant applied potential, Fig.2.10.The average corrosion current can be substituted 

in Faraday’s Law to calculate the corrosion contribution.The corrosion rate can be 

calculated as an electrochemical process and was studied by measuring the changes 

that occurred in metal with time and current. Corrosion rates (Kc and Kco) could be 

controlled by passing anodic or cathode currents into the metal. When electrons are 

passed into the metal and reach the metal that points to the electrolyte interface (a 

cathode current), the anodic reaction will be reduced while the cathode reaction rate 

increases. If the anode is small then rapid of through thickness will occur, but if the 

anode area is large then only a small losses in the cross section will occur [4].  

 

In the case of chemical environments, it is sometimes possible to achieve anodic 

protection, passing a current which takes electrons out of the metal and raising its 

potential. However, in a good situation it will be followed by the formation of a 

protective passive surface film on the surface of the specimen. Moreover, the 

electrochemical interface is very important to study the corrosion performance of the 

materials. The electrochemical method has been done by using three electrodes 

through an ACM (Gillac) potentiostat, as shown in Fig. 2.8. The saturated calomel 

electrode (SCE) as reference electrode (RE) and a Graphite bar is used as an auxiliary 

electrode (AE), while a working electrode (WR) is connected to the test specimens. 
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2.4. Test procedure 

Erosion–corrosion of carbon steel was investigated by using an impinging jet 

apparatus, as shown in Fig. 2.7. The total value of erosion–corrosion was determined 

by weight loss measurement. The samples were weighed before and after each test. 

The test samples were set at various impact velocities, 2.5 m s−1, 3.5 m s−1 and 4.5 

m s−1, with different impact angles, such as 15°, 30°, 45°, 60°, 75° and 90° degrees to 

the impinging jet. The erosion–corrosion test continued for 30 minutes for each test 

sample. Erosion–corrosion was performed at applied potentials of -400,-200, 0, 200 

and 400 mV for half an hour using a computer controlled ACM potentiostatic 

(GILLAC) (see Fig. 2.9). The experimental error was within ±5% based on the 

experiments repeated 

 
The corrosion rate can be measured by determining the current density flowing 

between the two electrodes and the diffusion of species to and from the electrode 

surface. The corrosion rate is a measure of the quantity of material corroded on the 

surface of the specimen in a given period of time. It is often limited by the speed of 

ion transportation to and from the electrodes. Therefore, current density is an 

important factor when using corrosion rates to determine the life of equipments in a 

corrosive environment. The corrosion rate can be calculated by using the Faraday’s 

Law as follows: 

Kc = M i t / (n F)                                                                                 2.3 

where M is the atomic weight of the metal (55.85), n is the number of valence 

electrons transferred by each metal atom in the corrosion process (between 2-3), and 

F is the Faraday’s constant (F = 26.8055 A.H/mol), t is the time (h) and i is current 

density/area (A/ cm2).From the corrosion rate can be calculated Δkc, which is 

corrosion due to erosion, using the following equation: 

Kc=Kco+ ΔKc                                                                                 2.4  
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Kco is pure corrosion without erosion (no particle) can be calculated from Faraday’s 

Law as in equation 2.3.  

On the other hand, Kec is total erosion-corrosion mass loss was determined by mass 

loss measurement (using Mettler college 150 balance with an accuracy ±0.1mg and 

Ke is the erosion contribution can be determined by the following equation: 

Ke=Kec-Kc                                                       2.5  

Δke is erosion due to corrosion can be determined by the following equation: 

ΔKe = Ke-Keo                                                   2.6 

Keo is pure erosion and can be found from the weight balance at -500mV.  
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 Fig. 2.7: Schematic diagram of erosion-corrosion test rig 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Fig. 2.8: Electrochemical connection in the slurry erosion test [36]. 
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Fig. 2.9: Electrochemical interface with three electrodes ACM (Gillac).  
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                    Fig. 2.10: corrosion current vs time during potentiostat test.  
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2.4.1. Materials 

The target material for the erosion-corrosion tests was carbon steel (X52). The 

chemical composition of the carbon steel is given in table 2.4. All specimens were in 

the shape of flat sheets of 25×10 mm with a thickness of about 4 mm. At the end of 

the test the specimens were removed and cleaned with distilled water and acetone to 

remove any slurry or debris. Each test was repeated three times and the average 

results were taken. Specimens were examined using a scanning electron microscope 

(SEM) prior to and after testing to investigate the microstructure and mechanism of 

the specimens due to damage.   

 

Table 2.4: Chemical composition of carbon steel (wt %)  

 

C 0.18 

Mn 1.6 

Si 0.55 

P 0.025 

S 0.008 

Cr 0.250 

Ni 0.300 

Cu 0.350 

Fe 96.7. 
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2.4.2. Slurry 

All experiments were performed using angular aluminium oxide (Al2O3) particles 

with a particle diameter range of 150-300µm and 600-710µm as erodent (Figs. 2.11(a) 

and (b)). The particles were used for 9 working hours after this time, then replaced 

with new particles to avoid any erosion effect due to the degradation of the impacting 

particles during the erosion-corrosion test (20 wt % particles to 80% solution). The 

erosion–corrosion test of carbon steel was performed in three environments. The 

water reservoir was a buffer solution of Na2CO3 + NaHCO3, with a pH value of 8.25, 

while in pure crude oil the pH was 5 (the chemical composition of crude oil is shown 

in table 2.5) and in the oil/20% water environment the pH was 8. All experiments 

were performed at room temperature. 

 

 

 

Aluminium oxide(Al2O3)
Water reservoir

50µm

       
50µm

 

(a)                                                                  (b) 

  

Fig. 2.11: Optical microscopy of aluminium oxide used in the erosion-corrosion 

test rig :( a) 600-710µm (b) 150-300µm.  
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Table.2.5: The chemical composition of crude oil  

 

Test Result 

Colour Brown 

A.P.I gravity at 60F 52.9 

Specific gravity at 60 F 0.7674 

Density  g/ml 0.7670 

Total sulphur % wt 0.0167 

Total nitrogen %wt 0.08 

Pour point F +25 

Viscosity at 77 F 1.750 

Manganese (PPM wt) 0.11 

Calcium (PPM wt) 33.31 

Sodium (PPM wt) 04.26 

Potassium (PPM wt) 01.07 

Conradson carbon % wt 0.11 

Asphaltenes %wt 0.07 

Hydrogen sulfide % wt 0.0007 

Sediment and water % VOL 0.05 

Salt content (lbs/1000bbs) 5.2 

Wax content % wt 3.82 
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2.5. Summary of calibration results 

- The L-distance is inversely proportional to slurry particle concentration. 

- The d/D ratio value is inversely proportional to slurry particle concentration. 

- The L-distance is proportional to impact velocity.  

- The d/D ratio value is proportional to impact velocity.  
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3.0. Introduction 

 

In this chapter the carbon steel in water, crude oil and combined environments with 

different particle sizes (600-710µm and 150-300µm) as erodent particles have been 

investigated at range of impact angles and impact velocities.The polarization curves 

have been investigated at constant of impact angle and at range of impact velocities 

for large particle sizes 600-710µm and a small particle sizes 150-300µm.The total 

mass loss rate due to erosion –corrosion and erosion contribution and corrosion 

contribution have been plotted as function of impact velocity at constant applied 

potentials for large particle sizes 600-710µm and a small particle sizes 150-300µm. 

The results have been used to construct erosion-corrosion mechanism, wastage and 

additive –synergism maps as function of impact velocities and impact angles at range 

of constant applied potentials for particle sizes (600-710µm and 150-300µm). 
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3.1. Effect of impact angle, impact velocity for particle sizes 600-710µm 

on erosion-corrosion maps 

            
3.1.1 General  

The effect of impact angle and impact velocity on erosion-corrosion of carbon steel 

was investigated in a slurry erosion impingement test using a variety of environments 

(water, crude oil, and 20% water with crude oil); the electrolyte included aluminium 

oxide (Al2O3) 600-710µm. The volume loss was plotted as a function of impact 

angles and impact velocities at five constant applied potentials.  

 
3.1.2. The Conditions of the test  

The erosion–corrosion tests were undertaken using different environments (water, 

crude oil, and oil/20% water). The effect of impact velocities on erosion-corrosion 

were investigated at 2.5, 3.5 and 4.5 m s−1 with impact angles 15°, 30°, 45°, 60°, 75° 

and 90° at five constant applied potentials, -400, -200.0, 200 and 400mV.  

 

3.1.3. Polarization curves for particle sizes 600-710µm  

The polarization curves of the samples were investigated using a computer AC Gill 

potentiostat in different environments; water, crude oil, and crude oil / 20% water. 

The corrosion testing was conducted under potentiodynamic conditions, where 

samples were polarized at potentials 15°, 30°,45°, 60°,75° and 90°, and in different 

environments to observe the effect of corrosion attacks on material. The polarization 

curves for the carbon steel in three environments at various impact velocities and 

impact angles Figures 3.1-3.6. There was a clear difference between the effects of the 

environments on the carbon steel. The polarization curve tended to shift to higher 

current densities with higher velocities for all environments.  

 
However, it was found that in crude oil and combined environments there was a lower 

current density than in the reservoir water environment, indicating a higher corrosion 

resistance compared to water. In the water environment at impact angle of 15°, there 

was a general increase in current density with increasing velocity from 2.5 to 4.5 ms-1 

Fig. 3.1(a). Clear evidence of passivation was observed at low velocity 2.5ms-1. The 

average free corrosion potential (Ecorr) was approximately -410 mV for all impact 

velocities, the average current density was between 0.20-1.17 mA c m−2 Fig. 3.1(a).  
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A similar pattern was observed for the carbon steel in the crude oil environment, with 

current density increasing with velocity Fig. 3.1-(b). However, in a crude oil 

environment (Fig. 3.1-(b)) it was observed that the average free corrosion potential 

(Ecorr) was higher than in the water environment. At an impact angle of 15° in the 

20% water with crude oil environment, the average free corrosion potential (Ecorr) 

was roughly between -405 mV and -420 Fig. 3.1-(c). Moreover, there was an increase 

in the current value compared with in crude oil environment.  

 
In the water environment at an impact angle of 30° Fig. 3.2-(a), the free corrosion 

potential (Ecorr) was similar to impact angle 15°.In addition, the current density was 

increased when the impact velocity increased.   At an impact angle of 30° in the crude 

oil environment Fig. 3.2-(b), the free corrosion potential (Ecorr) was also similar to 

the corrosion potential (Ecorr) at impact angle 15°, between-400mVand-410mV. 

However, in the 20% water with crude oil environment at an impact angle of 30° 

Fig.3.2-(c), the corrosion potential (Ecorr) was around -415 mV approximately for all 

impact velocities. 

 
At an impact angle of 45° in the water environment Fig.3.3-(a) , the corrosion 

potential (Ecorr) was approximately between -415mV and -425mV, and the current 

density was increased with velocity and impact angle from 30° to 45°, which was 

identified to increase the corrosion rate [10-11]. In the crude oil environment at an 

impact angle of 45° there was a small change in average corrosion potential (Ecorr), 

with an increase to approximately -405 mV. On the other hand, the average current 

density value for three impact velocities decreased very slowly at an impact angle of 

45°  Fig. 3.3-(b).  In the crude oil/20% water environment at an impact angle of 45° 

the average corrosion potential (Ecorr) was roughly -420 mV Fig. 3.3-(c).  
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In the water environment, Fig. 3.4-(a), Fig. 3.5-(a) and Fig. 3.6-(a) at impact angles of 

60°, 75° and 90° the current density increases with an increase in the velocity. 

However, the value of current at impact angle 75° was less than at previous impact 

angles. At impact angles of 60°, 75° and 90° in the crude oil environment, there was 

no indication of a shift in corrosion potential (Ecorr) Fig. 3.4-(b), Fig. 3.5-(b) and Fig. 

3.6-(b).  

 
 In the 20% water with crude oil environment, there was an increase in current values 

due to an increased in impact velocity and the values of current density were 

increased at impact angle 90° compared with at impact angle 60° Fig. 3.4-(c), Fig. 

3.5-(c) and Fig. 3.6-(c).  It is clear that the results above for carbon steel in crude oil 

and combined environments indicate that the cathodic current densities increased as a 

function of impact velocity, and that this reaction was also reduced in the water 

conditions.  However, it is interesting that the cathodic currents in oil (Figures 3.1(b)-

3.6(b)) were significantly higher than the anodic currents and that this difference was 

not marked in the water environments (Figures 3.1(a)-3.6(a)) [10]. 
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                                                           (a) 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                           (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                     (c) 
Fig.3.1: Polarization curves for carbon steel at various impact velocities, at impact 
angle 15° and particle size 600-710µm   in (a) water (b) crude oil (c) oil /20% water. 
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                                               (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                              (b) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                  (c) 
 
Fig.3.2: Polarization curves for carbon steel at various impact velocities, at impact 
angle 30° and particle size 600-710µm   in (a) water (b) crude oil (c) oil /20% water. 
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                                                         (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                               (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                   
                                                     (c) 
Fig.3.3: Polarization curves for carbon steel at various impact velocities, at impact 
angle 45° and particle size 600-710µm  in (a) water (b) crude oil (c) oil /20% water. 
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                                                    (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                           (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                              (c) 
 
Fig.3.4: Polarization curves for carbon steel at various impact velocities, at impact 
angle 60° and particle size 600-710µm   in (a) water (b) crude oil (c) oil /20% water. 
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                                                        (a)   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                  (b)   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                       (c) 
Fig.3.5: Polarization curves for carbon steel at various impact velocities, at impact 
angle 75° and particle size 600-710µm  in (a) water (b) crude oil (c) oil /20% water. 
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                                                         (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                     (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                    (c) 
  
Fig.3.6: Polarization curves for carbon steel at various impact velocities, at impact 
angle 90° and particle size 600-710µm   in (a) water (b) crude oil (c) oil /20% water. 
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3.1.4. Volume loss for particle sizes 600-710µm 

The mass loss has been constructed as a function of impact velocity at impact angles 

and at constant potentials. The total erosion-corrosion Kec can be expressed from the 

calculation of the corrosion contribution Kc and the erosion contribution Ke [20-34 

and 36]    

Kec = Ke + Kc                                                     3.1 

Kec is the interaction between the mechanical and electrochemical damage processes, 

erosion and corrosion can enhance each other. 

Ke= Keo +ΔKe                                                     3.2 

Kc= Kco +ΔKc                                                     3.3 

where Keo is the pure erosion, Kco is the pure corrosion, ΔKc is the corrosion due to 

erosion, and ΔKe is the erosion due to corrosion. Tables 3.1-3.15 show the results of 

the calculations of volume loss for Ke, Kc and Kec for difference environments and 

impact velocities with various impact angles at various applied potentials. 

 
3.1.4.1. Mass loss in water reservoir  

With NaHCO3 and Na2CO3 of pH 8.25 solutions, at an impact velocity of 2.5 m s−1, 

the smallest effect of the corrosion rate was seen due to the protective oxide film on 

the surface of specimen. In addition, an increase in solution velocity from 3.5 m s−1 to 

4.5 m s−1 increased the opportunity to remove such a protective film and therefore the 

corrosion rate was increased to twice that obtained at a low impact velocity of 2.5 

m s−1. The volume loss for carbon steel in the water environment at applied potential  

-400mV,it is interesting that the erosion-corrosion increases when impact angle is 

increased from 30o to 60o, with further increases at an impact angle of 90o [10 -11].  

 
Moreover, the value of corrosion contribution is greater than the value of erosion 

contribution at impact velocity 3.5 m s−1. The erosion-corrosion peaks at the highest 

impact velocity 4.5 m s−1 and at impact angle 90o   about 9.47 mg cm −2 h−1  and the 

smallest value of erosion-corrosion is at 2.5 m s−1 and at an impact angle of 75o  about 

3.89 mg cm −2 h−1Figure 3.7. The total volume loss rate (kec) was in general increased 

with an increase in potential from -400mV to -200mV, impact velocity and high 

volume loss was at an impact velocity of 4.5 m s−1 and at an impact angle of 90o   

about 10.31mg cm −2 h−1 Figure 3.10.It is interesting that the percentage of erosion 

contribution (Ke) was greater than the value of corrosion (Kc) contribution at some 
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impact velocities 2.5 m s−1 at some impact angles (15o and30o) Figures 3.10. (a) and( 

f). The total volume loss rate (kec) was raised with an increase in impact velocity, and 

volume loss was at its largest value at an impact velocity of 4.5 m s−1 and at an impact 

angle of 75oabout 10.37mg cm −2 h−1 Fig. 3.13.  

 

 In addition the mass loss was increased with an increase in the applied potential from 

0mV to 200mV Fig. 3.16. Furthermore, the corrosion contribution (Kc) was increased 

with an increase in the applied potential which is consistent with the above 

polarization curves and the findings of many researchers [18] and [20]. The greatest 

value of erosion-corrosion was observed at an impact velocity of 4.5 m s−1 and at an 

impact angle of 45o   about 11.06mg cm −2 h−1.  The volume loss kc (corrosion 

contribution) reached a peak value at potential 400 mV and at an impact angle of 75o   

about 6.84mg cm −2 h−1 Fig. 3.19.   In addition the value of mass loss rate (Kec) was 

greatly increased with an increase in impact velocity as the mass loss was at its largest 

rate at an impact velocity of   4.5 m s−1.    

  
3.1.4.2. Mass loss in crude oil environment  

The chemical composition of crude oil in ppm (mass) was (Ca: 33.26, Na: 4.26, K: 

1.07, H2S: 0.0007, pH 5 and API: 52).  The specific gravity was 0.7674 and density 

was 767 g l-1. At applied potential of -400 mV, there was a general decrease in 

corrosion contribution (Kc) and erosion contribution (ke) Fig. 3.8 compared with 

water environment. Moreover, it can be seen that the corrosion contribution was 

shifted to low value of mass loss and that it was consistent with the results of 

polarization curves. On the other hand, the percentage of total erosion-corrosion rate 

(Kec) was decreased compared with water environment; in fact, the percentage of 

erosion contribution (ke) representing the value of the total erosion-corrosion rate 

(Kec) due to the value of corrosion contribution (Kc) was very small.     
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At applied potentials of -200mV, the value of mass loss due to erosion contribution 

(Ke) was decreased in some cases (30o and 75o at an impact velocity of 3.5 m s−1) 

(Figures 3.11, (b) and (e)) compared with at -400mV. The total mass loss rate (Kec) in 

general increased with an increase in impact velocity and the highest volume of mass 

loss was at an impact velocity of 4.5 m s−1 and an impact angle of 90o about                  

7.8 mg cm −2 h−1.  At potentials of 0 mV, the total mass loss was at its highest value at 

an impact velocity of 4.5 m s−1 and an impact angle of 15o about 8 mg cm −2 h−1  

Fig.3.14. In addition, there was a little increase in the value of erosion contribution 

with an increase in applied potential from -200mV to 0mV.    

 

The total volume loss erosion-corrosion (Kec) increased with an increase in 

potentials, from 0mV to 200mV Fig.3.17.Furthermore, the corrosion contribution 

(Kc) was increased with increased applied potential, but the percentage of corrosion 

contribution was continuously small compared to the amount of erosion contribution.  

The volume loss Kc (corrosion contribution) reached its peak value at an applied 

potential of 400 mV Fig.3.20. In addition, the total volume loss rate (Kec) was 

increased with an increase in potential, and was at its highest value at an impact 

velocity of 4.5 m s−1 

 
3.1.4.3. Mass loss in oil /20% water environment  

 Generally, the mass loss in the crude oil /20% water environment at potential of 

 -400mV, Fig.3.9, there was an increase in the corrosion contribution (Kc) compared 

with that recorded in crude oil environment consistent with the above polarization 

curves results and pervious investigators [2] and [11].  In contrast, the total volume 

loss of  erosion–corrosion (Kec) generally increased and the highest volume loss was 

at an impact velocity of 4.5 m s−1 and an impact angle of 90o  about 8.6 mg cm −2 h−1  

at potential of -200mV, Figure 3. 12.     
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 It is clear that the total mass loss gradually increased with a reduction in the impact 

angle from 60o to 30o and an increase in impact velocities at applied potential 0mV 

(Fig. 3.15, a-f ). In addition, the percentage of corrosion contribution was greater than 

the percentage of corrosion contribution compared at negative applied potential  

-200mV.   

 
The percentage of corrosion contribution (Kc) increased with an increase in potential, 

from 0mV to 200mV. The total volume loss erosion-corrosion (Kec) was increased 

with an increase in the applied potential Fig. 3.18, which can be attributed to an 

increase in corrosion contribution (Kc). The corrosion contribution (Kc) reached a 

peak value with an applied potential of 400 mV, confirming the terms as the current 

density increases with an increase in potential Figs. 3.21.      
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Tables.3.1: Volume loss as function of velocities for carbon steel at various impact 
angles in water at -400mV and particle size 600-710µm (a) 15° (b) 30° (c) 45° (d) 60° 
(e) 75° (f) 90°  
 

(a) 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 2.59 1.72 4.31 
3.5 1.4 4.12 5.52 
4.5 2.99 5.72 8.71 

 
(b)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.5 1.5 4 
3.5 1.81 4.21 6.02 
4.5 2.87 5.93 8.8 

 
(c) 

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.39 2.21 4.6 
3.5 2.43 4.02 6.45 
4.5 4.48 4.72 9.2 

 
 (d) 

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.16 2.04 4.2 
3.5 2.39 3.91 6.3 
4.5 3.3 5.4 8.7 

 
(e) 

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.96 1.93 3.89 
3.5 0.53 5.32 5.85 
4.5 3 5.94 8.94 

 
(f) 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 2.5 1.71 4.21 
3.5 1.9 4.31 6.21 
4.5 4.69 4.78 9.47 
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Tables.3.2: Volume loss as function of velocities for carbon steel at various impact 
angles in water at -200mV and particle size 600-710µm (a) 15° (b) 30° (c) 45° (d) 60° 
(e) 75° (f) 90°  
 

(a) 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 2.45 1.78 4.23 
3.5 1.77 4.21 5.98 
4.5 2.39 5.84 8.23 

 
(b) 

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.59 1.72 4.31 
3.5 2.11 3.91 6.02 
4.5 4.88 4.12 9 

 
(c) 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 2.17 2.43 4.6 
3.5 1.89 5 6.89 
4.5 4.17 5.85 10.02 

 
(d) 

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.89 2.12 4.01 
3.5 2.2 4.25 6.45 
4.5 4.65 5.67 10.32 

 
(e) 

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.57 2.24 3.81 
3.5 1.59 4.61 6.2 
4.5 3.45 5.89 9.34 

 
  (f)   

 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 1.9 2.21 4.11 
3.5 1.97 4.38 6.35 
4.5 5.48 4.83 10.31 
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Tables.3.3: Volume loss as function of velocities for carbon steel at various impact 
angles in water at 0mV and particle size 600-710µm (a) 15° (b) 30° (c) 45° (d) 60° (e) 
75° (f) 90°  
 

(a)   
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 2.58 1.82 4.4 
3.5 1.65 4.38 6.03 
4.5 3.82 5.91 9.73 

 
  (b)  

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.38 1.83 4.21 
3.5 2.42 3.78 6.2 
4.5 5.76 4.45 10.21 

 
  (c)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.7 2.71 4.41 
3.5 1.99 5.04 7.03 
4.5 4.71 5.56 10.27 

 
 (d)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.25 2.25 3.5 
3.5 2.7 4.51 7.21 
4.5 4.71 5.56 10.27 

     
(e) 

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.16 2.46 4.62 
3.5 2.8 4.07 6.87 
4.5 4.11 6.21 10.32 

 
 (f)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.57 2.73 4.3 
3.5 2.48 5 7.48 
4.5 3.47 6.03 9.5 

 
 
 



 58

Tables.3.4: Volume loss as function of velocities for carbon steel at various impact 
angles in water at 200mV and particle size 600-710µm (a) 15° (b) 30° (c) 45°(d) 60° 
(e) 75° (f) 90°   

 
(a)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.43 1.95 4.38 
3.5 1.73 4.48 6.21 
4.5 4.76 5.24 10 

 
  (b)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.56 1.94 4.5 
3.5 3.4 4.1 7.5 
4.5 5.51 4.81 10.32 

 
  (c)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.58 2.03 4.61 
3.5 3.88 4.12 8 
4.5 5.74 5.32 11.06 

 
  (d)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.5 2.71 4.21 
3.5 2.83 5.01 7.84 
4.5 4.88 5.87 10.75 

 
  (e)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.26 1.34 3.6 
3.5 2.8 4.5 7.3 
4.5 4.52 6 10.52 

 
  (f)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.22 2.78 4 
3.5 2.5 5.52 8.02 
4.5 4.19 6.13 10.32 
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Tables.3.5: Volume loss as function of velocities for carbon steel at various impact 
angles in water at 400mV and particle size 600-710µm (a) 15° (b) 30° (c) 45° (d) 60° 
(e) 75° (f) 90° 

 
(a)   

 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.44 1.97 4.41 

3.5 3.49 4.51 8 

4.5 5.25 5.2 10.45 
 

  (b)   
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 2.16 2.07 4.23 
3.5 3.57 4.23 7.8 
4.5 5.62 4.9 10.52 

 
  (c)  

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.84 2.16 5 
3.5 3.89 4.32 8.21 
4.5 6.11 5.73 11.84 

 
 (d)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.57 1.93 4.5 
3.5 2.79 5.21 8 
4.5 6.05 5.07 11.12 

 
  (e)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 0.71 2.74 3.45 
3.5 2.99 4.85 7.84 
4.5 3.16 6.84 10 

 
  (f)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.48 2.53 4.01 
3.5 2.11 5.81 7.92 
4.5 4.29 6.73 11.02 
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Tables.3.6: Volume loss as function of velocities for carbon steel at various impact 
angles in crude oil at -400mV and particle size 600-710µm (a) 15° (b) 30° (c) 45°(d) 
60° (e) 75° (f) 90°   

  
(a)     

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.5 2.11E-02 2.5 
3.5 4.6 1.89E-02 4.58 
4.5 7.5 2.88E-02 7.5 

 
  (b)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.9  1.22E-02 2 
3.5 3.9  2.62E-02 4 
4.5 6.2 3.28E-02 6.21 

 
  (c)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2 1.02E-02 2.01 
3.5 4.48 2.00E-02 4.5 
4.5 7.1 2.52E-02 7.12 

 
 (d)  

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.1 1.85E-02 2.1 
3.5 4.2 2.43E-02 4.21 
4.5 6.7 3.19E-02 6.7 

 
  (e)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.1 2.02E-02 2.12 
3.5 4.7 1.92E-02 4.71 
4.5 6.96  3.03E-02 7 

 
  (f)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.1 1.81E-02 2.11 
3.5 4.8 2.62E-02 4.78 
4.5 7.1  4.12E-02 7.18 
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Tables.3.7: Volume loss as function of velocities for carbon steel at various impact 
angles in crude oil at -200mV and particle size 600-710µm (a) 15° (b) 30° (c) 45° (d) 
60° (e) 75° (f) 90° 

  
(a)   

 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.6 1.63E-02 2.6 

3.5 5.1 2.09E-02 5.12 

4.5 7.2  3.78E-02 7.28 
 

  (b)   
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 2.4 1.65E-02 2.4 
3.5 4.2 3.02E-02 4.2 
4.5 6.9  3.41E-02 7 

 
   (c)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.7 1.47E-02 2.7 
3.5 4.6 2.21E-02 4.6 
4.5 6.9  2.98E-02 7.02 

 
 (d)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.8 1.93E-02 2.8 
3.5 4.7 2.53E-02 4.7 
4.5 6.8  4.19E-02 6.87 

 
  (e)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 3.1  2.12E-02 3.16 
3.5 4.8  2.02E-02 4.85 
4.5 7.0  3.48E-02 7.05 

 
  (f)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 3.1  1.97E-02 3.15 
3.5 4.9  2.74E-02 5 
4.5 7.8 3.99E-02 7.8 
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Tables.3.8: Volume loss as function of velocities for carbon steel at various impact 
angles in crude oil at 0mV and particle size 600-710µm (a) 15° (b) 30° (c) 45° (d) 60° 
(e) 75° (f) 90° 
 

(a)   
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 3.4 1.85E-02 3.401 

3.5 5.1 2.59E-02 5.1 

4.5 7.95  4.28E-02 8 
 

  (b)   
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 3.10  1.71E-02 3.12 
3.5 4.5 2.70E-02 4.5 
4.5 7.4  4.01E-02 7.48 

 
  (c)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 3.1  1.39E-02 3.14 
3.5 4.98  1.81E-02 5 
4.5 7.42 3.08E-02 7.45 

 
 (d)   

 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 3.4 1.90E-02 3.4 

3.5 4.9 2.61E-02 4.9 

4.5 6.96  3.89E-02 7 
 

  (e)   
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 3.2  1.98E-02 3.26 

3.5 4.8  2.76E-02 4.87 

4.5 6.7 3.88E-02 6.7 
 

  (f)   
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 3.38 2.00E-02 3.4 
3.5 5.18  2.91E-02 5.21 
4.5 7.40  4.56E-02 7.45 
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Tables.3.9: Volume loss as function of velocities for carbon steel at various impact 
angles in crude oil at 200mV and particle size 600-710µm (a) 15° (b) 30° (c) 45°(d) 
60° (e) 75° (f) 90°   

 
 

(a)   
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 3.76  1.94E-02 3.78 
3.5 5.57  2.61E-02 5.6 
4.5 8.43 4.50E-02 8.47 

 
  (b)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 3.5 1.49E-02 3.5 
3.5 5.2 2.78E-02 5.2 
4.5 7.9  3.91E-02 7.98 

 
  (c)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 3.5  1.51E-02 3.56 
3.5 5.85  1.92E-02 5.87 
4.5 7.7  3.58E-02 7.78 

 
 (d)  

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 3.1 2.00E-02 3.12 
3.5 4.98  1.99E-02 5 
4.5 7.1 4.09E-02 7.14 

 
  (e)   

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 3.6 2.33E-02 3.6 
3.5 5.1  3.76E-02 5.13 
4.5 6.96  3.78E-02 7 

 
 

  (f)   
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 3.97  2.42E-02 4 
3.5 5.75 3.01E-02 5.78 
4.5 7.95  4.78E-02 8 
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Tables.3.10: Volume loss as function of velocities for carbon steel at various impact 
angles in crude oil at 400mV and particle size 600-710µm (a) 15° (b) 30° (c) 45° (d) 
60° (e) 75° (f) 90° 

 
(a)   

 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 3.8 2.14E-02 3.78 

3.5 6.97  2.58E-02 7 

4.5 8.1  4.78E-02 8.12 
 

  (b)   
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 3.5 1.52E-02 3.5 
3.5 6.4 3.08E-02 6.4 
4.5 7.96 4.51E-02 8 

 
  (c)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 3.5  1.48E-02 3.56 
3.5 6.18 2.02E-02 6.2 
4.5 8.41 4.00E-02 8.45 

 
 (d)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 3.09  2.31E-02 3.12 
3.5 4.98 2.19E-02 5 
4.5 8.05 5.19E-02 8.1 

 
  (e)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 3.6 2.40E-02 3.6 
3.5 5.97  2.96E-02 6 
4.5 7.85 4.18E-02 7.89 

 
  (f)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 3.98 2.65E-02 4 
3.5 6.47 3.21E-02 6.5 
4.5 8.18 5.18E-02 8.23 
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Tables.3.11: Volume loss as function of velocities for carbon steel at various impact 
angles in oil /20% water at -400mV and particle size 600-710µm  (a) 15° (b) 30° (c) 
45° (d) 60° (e) 75° (f) 90° 
 

(a)   
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 2.31 0.8 3.11 
3.5 4.16 0.84 5 
4.5 6.45 1.35 7.8 

 
  (b)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.92 0.78 2.7 
3.5 3.71 0.89 4.6 
4.5 6.07 1.21 7.28 

 
  (c)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.16 0.84 3 
3.5 5.2 0.9 6.1 
4.5 6.66 1.34 8 

 
 (d)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.42 0.78 3.2 
3.5 4.42 0.98 5.4 
4.5 5.82 1.2 7.02 

 
  (e)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.96 1 2.96 
3.5 4.2 1 5.2 
4.5 6.6 1.4 8 

 
     (f)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.18 0.9 3.08 
3.5 5 1.1 6.1 
4.5 6.75 1.45 8.2 
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Tables.3.12: Volume loss as function of velocities for carbon steel at various impact 
angles in oil /20% water at -200mV and particle size 600-710µm (a) 15° (b) 30° (c) 
45° (d) 60° (e) 75° (f) 90° 
 

(a)   
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 2.3  0.812 3.15 
3.5 5.02 0.98 6 
4.5 6.7 1.3 8 

 
  (b)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.41 0.791 3.2 
3.5 4.56 1 5.56 
4.5 6.98 1.32 8.3 

 
  (c)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.5 0.714 3.21 
3.5 5.3 0.9 6.2 
4.5 6.7 1.5 8.2 

 
 (d)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.4  0.801 3.24 
3.5 4.98 1.12 6.1 
4.5 6.51 1.1 7.61 

 
  (e)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.61 0.89 3.5 
3.5 4.81 0.89 5.7 
4.5 6.76 1.3 8.06 

 
  (f)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.87 0.91 2.78 
3.5 5.2 1 6.2 
4.5 7.1 1.5 8.6 
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Tables.3.13: Volume loss as function of velocities for carbon steel at various impact 
angles in oil /20% water at 0mV and particle size 600-710µm (a) 15° (b) 30° (c) 45° 
(d) 60° (e) 75° (f) 90° 
 

(a)   
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 2.06 0.78 2.84 
3.5 5.11 0.89 6 
4.5 7.28 1.5 8.78 

 
  (b)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.71 0.8 3.51 
3.5 3.9 1.2 5.1 
4.5 7.08 1.32 8.4 

 
  (c)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.8  0.76 3.6 
3.5 5.2 1 6.2 
4.5 7.5  1.4 8.94 

 
 (d)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.68 0.82 3.5 
3.5 4.89 1.23 6.12 
4.5 6.79 1.21 8 

 
  (e)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.1 0.9 3 
3.5 4.53 1 5.53 
4.5 6.6 1.3 7.9 

 
  (f)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.13 0.78 2.91 
3.5 5.32 0.98 6.3 
4.5 7.12 1.6 8.72 
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Tables.3.14: Volume loss as function of velocities for carbon steel at various impact 
angles in oil /20% water at 200mV and particle size 600-710µm (a) 15° (b) 30° (c) 
45°(d) 60° (e) 75° (f) 90°   
 

 
(a)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.1 0.68 2.78 
3.5 5.47 0.93 6.4 
4.5 7.34 1.68 9.02 

 
  (b)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.4 0.9 3.25 
3.5 5.32 0.98 6.3 
4.5 7.4 1.6 9 

 
  (c)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.9 0.81 3.7 
3.5 5.3 1.2 6.5 
4.5 7.8 1.54 9.3 

 
 (d)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.64 0.96 3.6 
3.5 5.22 0.78 6 
4.5 8.68 1.32 10 

 
  (e)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.42 0.45 2.87 
3.5 4.75 1.12 5.87 
4.5 7.57 1.4 8.97 

 
  (f)   

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 2.27 0.73 3 
3.5 5.18 1.23 6.41 
4.5 7.9 1.7 9.6 
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Tables.3.15: Volume loss as function of velocities for carbon steel at various impact 
angles in oil /20% water at 400mV and particle size 600-710µm  (a) 15° (b) 30° (c) 
45°(d) 60° (e) 75° (f) 90°   
  

(a)   
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 1.89 0.71 2.6 
3.5 6.01 1.2 7.21 
4.5 7.61 1.9 9.51 

 
  (b)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.68 0.72 3.4 
3.5 5.51 1 6.51 
4.5 7.67 1.85 9.52 

 
  (c)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.1 0.9 3 
3.5 5.4 1.3 6.7 
4.5 7.42 1.7 9.12 

 
 (d)   

 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 2.02 0.78 2.8 
3.5 6.2 0.8 7 
4.5 7.32 1.68 9 

 
  (e)   

 
Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 2.23 0.67 2.9 
3.5 5.87 0.98 6.85 
4.5 7.12 1.76 8.88 

 
  (f)   

 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
2.5 2.4 0.8 3.2 
3.5 5.8 1.2 7 
4.5 7.98 1.89 9.87 
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      (a)                                                                                                   (b)                                                       
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
(c)                                                                                                                   (d) 
                                               
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(e)                                                                                                          (f) 
 

Fig.3.7 : Volume loss as function of impact velocities for carbon steel in water at -400 mV and 
particle size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90° . 
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(c)                                                                                                              (d) 
 
 
 
 
 
 
 
 
 
 
 
                                                
 
           (e)                                                                                                  (f) 
 

Fig.3.8 : Volume loss as function of impact velocities for carbon steel in crude oil at -400 mV          
and particle size 600-710µm (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°. 
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(a)                                                                                                               (b)  
 
 
 
 
 
 
 
 
                                                      
 
 
 
 
 
 
 
(c)                                                                                                                (d) 
 
 
 
 
 
 
                                                               

                
 
 
 
 
 
 

(e) (f) 
 

Fig.3.9: Volume loss as function of impact velocities for carbon steel in oil /20% water at            
-400 mV and particle size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°. 
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(a)                                                                                                                       (b) 
  
 

         
 
 
 
 
 
 
 
 
 
 
(c)                                                                                                                (d) 
 
 
 
                                               
 
 
 
 
 
 
 
 
 
 
 
(e)                                                                                                              (f) 
 

Fig.3.10: Volume loss as function of impact velocities for carbon steel in water at -200 mV and 
particle size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°. 
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(a)                                                                                                          (b) 
 
 
 
 
 
 
 
 
 
  
 
                                                        
 
 
(c)                                                                                                                           (d)  
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                    
(e)                                                                                                                       (f)     
 

Fig.3.11: Volume loss as function of impact velocities for carbon steel in crude oil at -200 mV 
and particle size 600-710µm  (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°.  
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(c)                                                                                                            (d) 
 
 
                                                  
 
  
 
 
 
 
 
 
 
 
 
(e)                                                                                                                             (f)    
 

Fig.3.12: Volume loss as function of impact velocities for carbon steel in oil /20% water at -200 
mV and particle size 600-710µm  (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°.  
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(a)                                                                                                                  (b)  
 
 
 
 
 
   
 
  
 
 
 
 
 
 
 
(c)                                                                                                                                (d) 
 
 
 
 
 
 
                                            
 
 
 
 
 
 
 
 
 
(e)                                                                                                                        (f)        
 

Fig.3.13: Volume loss as function of impact velocities for carbon steel in water at 0 mV and 
particle size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°.  
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(a)                                                                                                                         (b) 
                                                                                                                                
 
 
 
 
 
 
 
 
 
 
  
 

 
 

(c)                                                                                                                          (d) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
(e)                                                                                                                                (f) 
           

Fig.3.14: Volume loss as function of impact velocities for carbon steel in  crude oil at 0 mV and 
particle size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°.  

 
 

2.5 3.0 3.5 4.0 4.5
0

2

4

6

8

10

 Ke
 Kc
 Kec

-1
-2

V
ol

um
e

 lo
ss

 .
m

g 
cm

 .
h

-1Impact  velocity m s

2.5 3.0 3.5 4.0 4.5
0

2

4

6

8

10

 Ke
 Kc
 Kec

-1
-2

V
ol

um
e

 lo
ss

 .
m

g 
cm

 .
h

-1Impact  velocity m s

2.5 3.0 3.5 4.0 4.5
0

2

4

6

8

10

 Ke
 Kc
 Kec

-1
-2

V
ol

um
e 

lo
ss

 .
m

g 
cm

 .
h

-1Im pact  velocity m  s

2.5 3.0 3.5 4.0 4.5
0

2

4

6

8

10

 Ke
 Kc
 Kec

-1
-2

V
ol

um
e

 lo
ss

 .
m

g 
cm

 .
h

-1Impact  velocity m s

2.5 3.0 3.5 4.0 4.5
0

2

4

6

8

10

 Ke
 Kc
 Kec

-1
-2

V
ol

um
e 

lo
ss

 .
m

g 
cm

 .
h

-1Impact  velocity m s
2.5 3.0 3.5 4.0 4.5

0

2

4

6

8

10

 Ke
 Kc
 Kec

-1
-2

V
ol

um
e

 lo
ss

 .
m

g 
cm

 .
h

-1Impact  velocity m s



 78

 
                                                 
 
 
 
 
  
 
 
 
(a)                                                                                                                  (b)   
 
 
 
 
 
 
 
 
 
 
 
  
(c)                                                                                                               (d)     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(e)                                                                                                                           (f)  
 
 

Fig.3.15: Volume loss as function of impact velocities for carbon steel in oil /20% water at 0 mV 
and particle size 600-710µm  (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°. 
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(a)                                                                                                            (b)  
 
                                             
 
 
 
                                                     
 
 
 
 
  
 
 
 
 
(c)                                                                                                              (d)    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (e)                                                                                                             (f)    
 
 
 

Fig.3.16: Volume loss as function of impact velocities for carbon steel in water at 200 mV and 
particle size 600-710µm  (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°.  
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(a)                                                                                                            (b)  
 
                                             
 
 
 
                                                     
 
 
 
 
  
 
 
 
(c)                                                                                                              (d)    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (e)                                                                                                             (f)    
 
 

Fig.3.17: Volume loss as function of impact velocities for carbon steel in  crude oil at 200 mV 
and particle size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°.  
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(a)                                                                                                            (b)  
 
                                             
 
 
 
                                                     
 
 
 
 
 
 
  
 
(c)                                                                                                              (d)    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (e)                                                                                                             (f)    
 
 
 

Fig.3.18: Volume loss as function of impact velocities for carbon steel in oil /20% water at 200 
mV and particle size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°.  
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(a)                                                                                         (b) 
 
 
  
                                                           
  
 
 
 
 
 
 
 
 
 
(c)                                                                                                      (d) 
 
 
 
 
                                                             
 
 
 
 
 
 
 
 
(e)                                                                                                        (f)                                                        
 
 

Fig.3.19: Volume loss as function of impact velocities for carbon steel in water at 400 mV and 
particle size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°.  
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                   (a)                                                                                                         (b) 
 
 

 
 
 
 
 
 
 
 
 
 
  
(c)                                                                                                          (d)               
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(e)                                                                                                          (f)               
 
 
  
 

Fig.3.20: Volume loss as function of impact velocities for carbon steel in crude oil at 400 mV 
and particle size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°.  
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(a)                                                                                                          (b)               
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
(c)                                                                                                          (d)               
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
(e)                                                                                                          (f)               
 

Fig.3.21: Volume loss as function of impact velocities for carbon steel in oil /20% water at 400 
mV and particle size 600-710µm  (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°.  
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 3.2. Effect of impact angle, impact velocity for particle size150-30µm on 
erosion-corrosion maps  
  
3.2.1. Conditions of the test  

The erosion–corrosion tests were carried out in different environments (i.e. water, 

crude oil, and oil/20% water). The effect of impact velocities on erosion-corrosion 

have been investigated at 2.5, 3.5 and 4.5 m s−1 with three  impact angles  15°, 45° 

and 90°, and at three applied potentials, -400, 0 and 400 mV. The effect of erosion by 

aluminium oxide (Al2O3) in particle size range 150-300µm on the carbon steel has 

been investigated in the various environments.    

 
3.2.2. Polarization curves for particle sizes 150-300µm   

The polarization curves of the samples were investigated using a computer AC Gill 

potentiostat in the different environments. The corrosion testing was conducted under 

potentiodynamic conditions where samples were polarized at 15°, 45° and 90° in 

different environments to observe the corrosion behaviour of carbon steel. Figures 

3.22-3.24 shows the polarization curves for carbon steel in the three environments 

with particle sizes 150-300µm and at various impact velocities. It was clear that there 

was a general increase in the anodic current density with decrease of particle sizes 

from 600-710µm to 150-300µm.  

 
Polarization curves in Figures 3.22-3.24 (a) show that with corrosion in the water 

environment at 15°, 45° and 90° , there was a clear increase in current density with 

decrease in impact angle, from 90° and 45°, with an increase in impact velocity from 

2.5 to 4.5 ms-1. Thus, clear evidence of passivation was observed at low impact 

velocity and low impact angle of 15° Fig.3.22 (a). 

 
For carbon steel in the crude oil environment at 15°, 45° and 90° there was a small 

increase in current density with an increase in impact angle from 15° to 90°, with an 

increase in impact velocity from 2.5- 4.5ms-1. It was interesting that, the cathodic 

current density in oil was higher than the anodic current Figures 3.22-3.24 (b) that 

was not pronounced in the water environment. This will be addressing further in the 

discussion section.  In the mixed environments and at 15°, 45° and 90° Figs 3.22-3.24 

(c) the current density was greater than the value of the current density in crude oil 

environment.  



 86

In addition, it can be seen from the results that the value of free corrosion potential 

(Ecorr) for carbon steel in combined environments was higher than in the water 

environment, while the corrosion potential (Ecorr) for carbon steel in combined 

environment was lower than in crude oil environments. The value of current density 

for carbon steel in water was higher than in the combined environment, while current 

density for carbon steel in crude oil environments was lower than in combined 

environments.  
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                                                           (a) 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                           (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                     (c) 
 
Fig.3.22: Polarization curves for carbon steel at various impact velocities, particle size 
150-300µm and impact angle 15° in (a) water (b) crude oil (c) oil /20% water. 
 
 
 
 

- 8 0 0

- 6 0 0

- 4 0 0

- 2 0 0

0

2 0 0

4 0 0

6 0 0

8 0 0

0 . 1 10 . 0 0 1 1 0  0 . 0 1

P
ot

en
tia

l (
m

V
)

. 0 0 0 1
- 2

C u r r e n t  ( m A  c m   )

- 1
  4 . 5  m  s  

- 1
 3 . 5  m  s  

- 1
  2 . 5  m  s  

 

- 8 0 0

- 6 0 0

- 4 0 0

- 2 0 0

0

2 0 0

4 0 0

6 0 0

8 0 0

P
ot

en
tia

l (
m

V
)

- 2
C u r r e n t  ( m A  c m   )

- 1  2 . 5  m  s  

- 1
  4 . 5  m  s  

- 1
  3 . 5  m  s  

 

0 . 10 . 0 10 . 0 0 0 1 0 . 0 0 1
- 2

- 8 0 0

- 6 0 0

- 4 0 0

- 2 0 0

0

2 0 0

4 0 0

6 0 0

8 0 0

P
ot

en
tia

l (
m

V
)

- 2
C u r r e n t  ( m A  c m   )

- 1
  3 . 5  m  s  

- 1  2 . 5  m  s  

- 1
  4 . 5  m  s  

 

0 . 0 1 10 . 0 0 0 1 0 . 1



 88

 
 
 
 
 
 
 
 
 
 
                                                         (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                               (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                  (c) 
 
Fig. 3.23: Polarization curves for carbon steel at various impact velocities, particle 
size 150-300µm and impact angle 45° in (a) water (b) crude oil (c) oil /20% water. 
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                                                          (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                     (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                    (c) 
  
Fig.3.24: Polarization curves for carbon steel at various impact velocities, particle size 
150-300µm and impact angle 90° in (a) water (b) crude oil (c) oil /20% water. 
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3.2.3. Volume loss for particle sizes 150-300µm   

 
The mass loss charts have been constructed as a function of impact velocity with 

particle size 150-300µm and at three applied potentials in three environments. Tables 

3.16-3.24 show the results of the calculations of volume loss for Ke, Kc and Kec for 

difference environments and impact velocities with various impact angles at various 

applied potentials. 

     

 3.2.3.1. Mass loss in water reservoir  

For carbon steel in the water environment at -400mV,0 mV and 400mV Figures 3.25-

3.28 and 3.31(a-c), there was a general increase in mass loss rate due to erosion-

corrosion with a decrease in the impact angle from 90° to 45° and an increase in 

impact velocities from 2.5 to 4.5 m s−1. The peak value of erosion contribution (Ke) 

was about 2.48 mg cm −2 h−1 at impact angle 45° and impact velocity 4.5 m s−1, while 

the lowest value of erosion was 0.46 mg cm −2 h−1 at cathodic potential(-400mV). On 

the other hand, the greatest value of corrosion contribution (Kc) was 7 mg cm −2 h−1 at 

impact angle 90° and an applied potential of 400mV, which is consistent with the 

findings of previous research [20,34and 36]. The greatest value of erosion–corrosion 

(kec) was 8.78 mg cm −2 h−1 at impact angle 45° and velocity 4.5 m s−1.  

 
3.2.3.2. Mass loss in crude oil environment  

It is interesting to see that  the values of corrosion contribution Kc were small 

compared with the values of erosion contribution (Ke) at an applied potentials of -400 

mV, 0mV and 400mV Figures 3.26, 3.29 and 3.32(a-c). Conversely, the peak value of 

erosion contribution was about 4.9 mg cm −2 h−1 at a high impact velocity of 4.5 m s−1 

and an impact angle of 45°; while the peak value of corrosion contribution Kc was       

1 mg cm −2 h−1 at 45° in anodic condition (400mV), which is consistent with                  

[2, 6,34and36.]. This is also consistent with the results of the polarization curves.     

 
3.2.3.3. Mass loss in oil/20% water  

At applied potentials of -400 mV, 0mV and 400mV, the values of the corrosion 

contribution Kc increased compared with in the crude oil environment, and the peak 

value was about 4.55 mg cm −2 h−1 at impact angle 45°and velocity 4.5 m s−1 Figures 

3.27, 3.30 and 3.33(a-c). Moreover, the value of corrosion contribution in the 
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combined environment was similar to the value of corrosion contribution (Kc) in the 

water environment and was greater than in crude oil environment. The peak value of 

erosion contribution (ke) in the combined environments was about 2.53 mg cm −2 h−1  

at  45°  and velocity  4.5 m s−1 at cathodic potential(-400mV). However, in the 

combined environment the values of erosion contribution were smaller than the values 

of corrosion contribution, as shown in tables 3.16-3.24.      

    
By comparing between the mass loss for carbon steel in three environments 

containing small particles sizes150-300µm 3.25, 3.30 and 3.33 and large particles 

sizes 600-710µm Fig3.7-21., it can be observed that the value of total mass loss 

recorded for the small particles 150-300µm were lower that that recorded for large 

particle sizes 600-710µm.     
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Tables.3.16: Volume loss as function of velocities for carbon steel at various impact 
angles in water at -400mV and particle size 150-300µm   (a) 15° (b) 45° (c) 90°.  

 
 

                                                                    (a)   
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 
  

1.5 2.5 4 

3.5 1.22  3.98 5.2 

4.5 2  5.5 7.5 
 
 
 

  (b)   
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.59 2.6 4.19 

3.5 1.51 4.2 5.71 

4.5 2.3 5.5 7.8 
 

 
 

(c) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.14 2.4 3.54 

3.5 1.1 4.5 5.6 

4.5 1.6 5.7 7.3 
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Tables.3.17: Volume loss as function of velocities for carbon steel at various impact 
angles in water at 0mV and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
 
 

(a) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 0.47 3.74 4.21 

3.5 1.5 4 5.5 

4.5 1.01 6.2 7.21 
 
 

(b) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 0.7 3.8 4.5 

3.5 1.05 5 6.05 

4.5 2.11 5.89 8 
 
 

 
 

(c) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 0.46 3.84 4.3 

3.5 0.6 4.81 5.41 

4.5 0.65 6.4 7.05 
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Tables.3.18: Volume loss as function of velocities for carbon steel at various impact 
angles in water at 400mV and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
 

(a) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 0.46 3.84 4.3 

3.5 2 4.2 6.2 

4.5 0.95 6.5 7.45 
 
 

(b) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.51 3.9 5.41 

3.5 2 5 7 

4.5 2.48 6.3 8.78 
 
 
 

 
 

(c) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 0.5 3.9 4.4 

3.5 0.6 5.4 6 

4.5 1 7 8 
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Tables.3.19: Volume loss as function of velocities for carbon steel at various impact 
angles in crude oil at -400mV and particle size 150-300µm  (a) 15° (b) 45° (c) 90°. 

 
  

(a) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.429 3.21E-01 1.75 

3.5 3.05 4.00E-01 3.45 

4.5 4.5 7.50E-01 5 
 
 

 
(b) 

 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.7 3.42E-01 2 

3.5 3.4 5.00E-01 3.9 

4.5 4.62 8.00E-01 5.42 
 

 
 
 

(c) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.1 5.91E-01 1.65 

3.5 2.7  5.41E-01 3.25 

4.5 3.8  8.23E-01 4.65 
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Tables.3.20: Volume loss as function of velocities for carbon steel at various impact 
angles in crude oil at 0mV and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
 

 
(a) 

 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.5 3.95E-01 1.85 

3.5 3.2  5.32E-01 3.75 

4.5 4.65 8.53E-01 5.5 
 
 
 

(b) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1. 8 3.40E-01 2.11 

3.5 3.4  4.40E-01 3.85 

4.5 4.9 8.91E-01 5.75 
 

 
 

(c) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.44 4.10E-01 1.85 

3.5 2.9 6.00E-01 3.5 

4.5 4.3  8.68E-01 5.2 
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Tables.3.21: Volume loss as function of velocities for carbon steel at various impact 
angles in crude oil at 400mV and particle size 150-300µm  , (a) 15° (b) 45° (c) 90°. 

 
 

(a) 
 

 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.6 4.24E-01 1.98 

3.5 3.2  6.12E-01 3.84 

4.5 4.6 9.00E-01 5.45 
 
 
 

(b) 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.95 3.57E-01 2.304 

3.5 3.4  5.70E-01 4 

4.5 4.9 1.00E+01 5.9 
 
 

 
 

(c) 
 

 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.73 4.70E-01 2.2 

3.5 3.17 6.30E-01 3.8 

4.5 4.2 1.00E+01 5.4 
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Tables.3.22: Volume loss as function of velocities for carbon steel at various impact 
angles in oil /20% water at -400mV and particle size 150-300µm, (a) 15° (b) 45° (c) 
90°. 

 
    

 
  

(a) 
 

 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.2 1.11E+00 2.3 

3.5 1.6 2.46E+00 4 

4.5 2.53 3.37E+00 5.9 
 
 
 

(b) 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.3 1.21E+00 2.5 

3.5 1.3 2.95E+00 4.21 

4.5 2.4 3.60E+00 6 
 

 
(c) 

 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.4 1.03E+00 2.43 

3.5 1.7 2.26E+00 3.98 

4.5 2 3.52E+00 5.5 
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Tables.3.23: Volume loss as function of velocities for carbon steel at various impact 
angles in oil /20% water at 0mV and particle size 150-300µm, (a) 15° (b) 45° (c) 90°. 

 
 

(a) 
 

 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.1 1.51E+00 2.6 

3.5 1.3  2.97E+00 4.3 

4.5 2.4 4.00E+00 6.4 
 
 

(b) 
 

 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 0.9  1.75E+00 2.7 

3.5 1.5 3.00E+00 4.46 

4.5 2.1 4.45E+00 6.5 
 

 
 

(c) 
 

 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 0.85 1.65E+00 2.5 

3.5 1.15 2.85E+00 4 

4.5 1.9 4.30E+00 6.2 
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Tables.3.24: Volume loss as function of velocities for carbon steel at various impact 
angles in oil /20% water at 400mV and particle size 150-300µm, (a) 15° (b) 45° (c) 
90°. 
 

 
(a) 

 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 0.98 1.77E+00 2.75 

3.5 1.73 3.02E+00 4.75 

4.5 2.42 4.23E+00 6.65 
 

 
 

(b) 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 1.55 1.85E+00 3.4 

3.5 1.5 3.32E+00 4.8 

4.5 2.2  4.55E+00 6.78 
 

 
(c) 

 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

2.5 0.82 1.83E+00 2.65 

3.5 1.54 2.94E+00 4.51 

4.5 2.1 4.42E+00 6.5 
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                                           (a) 
 
 
 
  
 
 
 
 
 
 
 
 
 
                                               (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
                                               (c) 
Fig.3.25 : Volume loss as function of impact velocities for carbon steel in water at                          
-400 mV and particle size 150-300µm  (a) 15° (b) 45° (c) 90°. 
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                                                            (a) 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
                                                            (b) 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                               (c) 

Fig.3.26: Volume loss as function of impact velocities for carbon steel in crude oil at -400 mV 
and particle size 150-300µm  (a) 15° (b) 45° (c) 90°. 
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                                                                 (a) 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
                                                              (b) 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                             (c) 
 

Fig.3.27: Volume loss as function of impact velocities for carbon steel in oil /20% water at                   
-400 mV and particle size 150-300µm  (a) 15° (b) 45° (c) 90°.   
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                                                 (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                       (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
                                                   (c) 
 
 

Fig.3.28 : Volume loss as function of impact velocities for carbon steel in  water at 0 mV and 
particle size 150-300µm  (a) 15° (b) 45° (c) 90°.   
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                                                       (a) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                              (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                     (c) 

Fig.3.29: Volume loss as function of impact velocities for carbon steel in  crude oil at 0 mV and 
particle size 150-300µm  (a) 15° (b) 45° (c) 90°.   
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                                                       (a) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                   (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
                                                       (c) 
 

Fig.3.30 : Volume loss as function of impact velocities for carbon steel in  oil /20% water at 0 
mV and particle size 150-300µm  (a) 15° (b) 45° (c) 90°.   
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                                                           (a) 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                          (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                      (c) 

Fig.3.31: Volume loss as function of impact velocities for carbon steel in water at 400 mV and 
particle size 150-300µm  (a) 15° (b) 45° (c) 90. 
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                                                     (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                    
                                                       (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                  (c) 

Fig.3.32: Volume loss as function of impact velocities for carbon steel in crude oil at 400 mV 
and particle size 150-300µm  (a) 15° (b) 45° (c) 90. 
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                                                 (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                        (c) 
 

Fig.3.33: Volume loss as function of impact velocities for carbon steel in  oil /20% water at              
400 mV and particle size 150-300µm  (a) 15° (b) 45° (c) 90. 
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3.3. Discussion 

3.3.1. Polarization curves  

In the water environment, the current densities increased with an increase in impact 

velocity (Figures 3.1-3.6(a), and Figures 3.22 -3.24(a)). This implies that an increase 

in velocity increases the corrosion rate of the carbon steel, which is consistent with 

the findings of Stack et al. [6, 34 and36]. This could be due to surface roughening and 

an increase in exposure area, leading to higher localized dissolution rates on the 

surface of the specimen.  

 

On the other hand, in the crude oil environment and combined environment a similar 

pattern was observed, with an increase in velocity resulting in an increase in the 

overall current densities (Figures 3.1-6(b-c), and Figures 3.22-3.24(b-c)). However, 

the magnitude of such increases was not as high as in the reservoir water; probably 

due to the higher corrosion resistance of the oil film in the crude oil and combined 

environments compared to the reservoir water. 

 
In the crude oil, it can be seen that increase in the cathode current density as oxygen 

has a higher solubility in crude oil than in water environment [2, 10 and 11].  This 

increase in cathodic current density is observed particularly in the crude oil 

environment (Figures 3.1-6(b-c), and Figures 3.22-3.24(b-c)). On the other hand, the 

anodic current density is reduced, which can be attributed to the higher resistance of 

current in the crude oil environment[2,10and11], and therefore passivation is 

considered less possible to occur.  Hence, the oil film can have an important role in 

reducing erosion-corrosion (Kec) in crude oil and combined environments. 
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3.3.2. Mass loss  

There is a general increase in total mass loss (kec) with an increase in potential for 

carbon steel in all three environments, perhaps indicating that corrosion played the 

main role in the degradation process (Figures 3.7-3.21, and Figures 3.25-3.33)  

[2,6and 36]. The total erosion–corrosion mass losses are much lower for carbon steel 

in the crude oil and combined environments compared with the reservoir water, which 

could be due to a decrease in the value of current density (Figures 3.7-3.21, and 

Figures 3.25-3.33). This is in spite of the fact that the polarization data indicate a 

general increase in current density with an increase in potential in the active regime 

(Figures 3.7-3.21, and Figures 3.25-3.33).  

 

It is clear that there are general increase in the total mass loss with increase of particle 

sizes from 150-300µm to 600-710µm, however, the corrosion contribution value 

tended to increase with decrease in particle sizes from 600-710µm to150-300µm 

(Figures 3.7-3.21, and Figures 3.25-3.33).    
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3.3.3. Erosion–corrosion maps 

 

3.3.3.1. Erosion–corrosion mechanism maps 

The mechanism maps of carbon steel have been constructed to show transition 

boundary regimes between erosion-corrosion, corrosion-erosion, corrosion and 

erosion by terms of ratio Ke/ Kc [20, 34 and 36].  

Ke/Kc < 0.1  Corrosion -dominated              3.4 

1>Ke/Kc ≥0.1              Corrosion -erosion    3.5 

10>Ke/Kc ≥1   Erosion- corrosion    3.6 

Ke/Kc ≥10  Erosion-dominated    3.7 

 
The corrosion process can be dissolution, passivation, transpassivation, or pitting 

[20,34and 36]. The erosion–corrosion mechanism map results (Figures 3.34-38, and 

Figures 3.39- 3.41), based on tables 3.25-3.39, and tables 3.40-3.48) at three impact 

velocities, six impact angles and particle sizes 600-710µm show that at an applied 

potentials, i.e. -400 and −200 mV. The dissolution-erosion regime dominated in 

reservoir water and erosion-dissolution regime for both reservoir water and the 

combined environments and except in crude oil the erosion regime dominates. 

However, the degree of corrosion appears to be higher for the carbon steel in reservoir 

water compared to in crude oil and mixed environments, which is consistent with the 

mass loss results.   

 
The maps indicate, not surprisingly, that the amount of passivation is at a maximum in 

reservoir water (Figures 3.36-3.38(a), and Figures 3.39-3.41 (a)), where passivation-

erosion dominates the majority of the area of the map with an increase in potentials.  

In the crude oil environment containing large particles sized 600-710µm (Figures 

3.34-38(b)) erosion dominates. However, erosion-passivation comes to dominate all 

areas of the map in crude oil containing small particles sized 150-300µm (Figures 

3.39-3.41(b)).  
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In the combined environment containing particles sized 600-710µm erosion-

passivation dominates in anodic conditions (at 0, 200 and 400mV). However, in the 

combined environment containing small particles sized 150-300µm (Figs.3.40-41(c)) 

the passivation- erosion regime dominates in anodic conditions, which may be due to 

the lower ability of particles to remove the passive film.  

 
It is interesting that increases in impact velocity and potentials increase the corrosion 

affected regimes (Figures 3.34-38(a) and (c)). The possible reason is that increase the 

impact velocity increases the oxygen in the environment then leading to increase the 

rate of oxidation [34 and 36]. 
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3.3.3.2. Erosion–corrosion wastage maps 

Erosion-corrosion wastage maps (Figs.3.42-49) have been generated to demonstrate 

the transition between wastage regimes, where low, medium and high regimes are less 

or equal to 6 mg cm −2 h−1, between 6 and 50 mg cm −2 h−1, and greater or equal to         

50 mg cm −2 h−1. Tables 3.1-3.24 show the results of the calculations for Kec for 

difference environments and impact velocities with various impact angles at various 

applied potentials.It is clear that the low wastage regime predominates at much lower 

potentials (cathodic condition) in the crude oil, combined environments (Figures 3.42-

3.43 (b-c) comparing with that observed for the reservoir water. This could be due to 

the effect of corrosion contribution being small compared to at high potential (in 

anodic condition).  

 

 For carbon steel in the reservoir water (Figures 3.44, 3.46(a) and Figures 3.48, 

3.49(a)) the medium wastage regime dominates at higher applied potentials, i.e. more 

than 0 mV. It is interesting that only at the high impact velocity and potential, 

transitions to medium wastage dominate for the carbon steel in all three environments 

with particle sizes 600-710µm (Figures 3.42-3.46). Clearly, the passive film has some 

effect in conditions of reducing the erosion-corrosion at high impact angles and at low 

impact velocities in water (Figures 3.47-3.49(a)). It is interesting that the low wastage 

regime dominate for the carbon steel in crude oil environment with particle sizes 150-

300µm (Figures 3.47-3.49(b)). 
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3.3.3.3. Erosion–corrosion additive-synergism maps 

Additive-synergism maps of erosion-corrosion have been constructed according to the 

following regimes [18,20and 34]: 

∆Ke/∆Kc <0.1  Additive       3.8  

1>∆ Ke/∆Kc≥0.1 Additive-synergistic      3.9 

∆Ke/∆Kc>1  Synergistic       3.10 

It can be seen in tables 3.49-3.72 that the values of ΔKe/ΔKc ratio for the carbon steel 

in the various environments show the relationship between the boundaries as a 

function of impact angles and impact velocities at five applied potentials, namely 

  -400, -200, 0, 200, and 400mV.   

 

Erosion-corrosion additive-synergism maps can be defined depending on whether the 

erosion-corrosion is additive, synergistic or antagonistic. Additive behaviour is 

defined as a situation where the enhancement of corrosion due to erosion (∆kc) [2, 6 

and 36]. Where corrosion may enhance the erosion ∆Ke, this interaction is defined as 

synergistic behaviour [2 and 38]. On the other hand, where it inhibits erosion, i.e. 

where the film layer reduces erosion, then the reverse occurs and the mechanism is 

defined as antagonistic (-∆Ke) ([20,34 and 36]. Both synergistic and antagonistic 

behaviors are characteristics of erosion-corrosion processes [2, 38].  

 
If the passive film forms on the surface in the exposure conditions and is effective in 

reducing erosion, i.e. ∆Ke/∆Kc> -1, then synergistic should be replaced by 

antagonistic behavior [2,20and38].  In the reservoir water containing large particles 

sized 600-710µm (Fig. 3.52 (a)) indicates that the additive regime, where erosion 

enhances corrosion (corrosion due to erosion) - i.e. through removal and reformation 

of the passive film.  

 
On other hand, in the reservoir water environment the antagonistic regimes occupy an 

area at a lower impact velocity at 30°and between 45°-75° impact angles implying 

that synergistic is replaced by antagonistic behavior (Fig. 3.52 (a)). In the crude oil 

containing small particles sized150-300µm the synergistic regime dominates Fig. 

3.55(b). This is attributed to increase in the value of mass loss due to erosion. In the 

combined environment containing a small particle sized 150-300µm at an applied 
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potential of -400mV, the additive-synergistic regime dominates at high velocities 

(Fig. 3.55 (c)).  

 
In the crude oil and oil /20%water environments containing large particles sized 600-

710µm, the synergistic regime dominated where the film is removed by the effect of  

particle on the surface (Figures 3.50 (b-c)).The regimes of antagonism and synergism 

sit in different forms of conditions in the oil and oil /20%water slurries (Figures 3.50 

(b-c)), possibly indicating different mechanisms of protecting the surfaces in such 

cases. At higher potentials(0,200 and 400mV), different regimes transitions are 

observed, with the level of additive behaviour being reduced in water containing large 

particles sized 600-710µm (Fig. 3.52 (a)) compared with at -200mV(Fig. 3.51 (a)). 

 

 On the other hand, in water containing small particles sized 150-300µm the level of 

additive behaviour is increased (Figures 3.56-57(a)) compared with large particles 

sized 600-710µm (Fig.3.50-3.52 (a)),which suggests that  the value of corrosion 

contribution of carbon steel changes as particle size is decreased  from 600-710µm  to 

150-300µm.  

 

The regimes of antagonistic behaviour reduce and disappear on the maps in the crude 

oil and combined environments containing small particles sized 150-300µm (Figures 

3.55-57(b-c)). The passivation chemistry may have a significant effect on the ability 

of the surface to provide protection against erosion-corrosion in such conditions. 

Also, the time interval between large particles size 600-710µm is greater than by a 

small particles 150-300µm.Hence, the passive film has longer time to repair itself 

after erosion for the large particle.     
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3.4. Summary   
  

(i) The mass loss of carbon steel in the three environments containing 

particles sized 600-710µm and150-300µm have been investigated at 

constant applied potential.  

(ii) The results indicate that an increase in particle size, applied potential, 

and impact velocity, and a decrease in impact angle from 90° to 30°, 

can have a significant effect on the mass removal of carbon steel in the 

three environments containing large particles sized 600-710µm. 

(iii) The highest value of erosion contribution (ke) was at an impact angle 

of 45° for carbon steel in the three environments containing small 

particles sized 150-300µm. 

(iv) Erosion-corrosion maps have been constructed showing the change in 

erosion-corrosion mechanisms, the rank of wastage, and the extent of 

additive-synergistic/antagonistic behaviour, based on the results at 

constant applied potential. . 

(v) For carbon steel in the crude oil environment containing small particles 

sized 150-300µm showed that the erosion-passive regimes dominated 

the whole maps, while the erosion regime dominated in the crude oil 

environment containing large particles sized 600-710µm. 
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Fig.3.34: Erosion-corrosion mechanism maps for carbon steel at -400 mV and particle 
size 600-710µm   in (a) water (b) crude oil (c) oil /20% water. 
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Fig.3.35: Erosion-corrosion mechanism maps for carbon steel at -200 mV and particle 
size 600-710µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.3.36: Erosion-corrosion mechanism maps for carbon steel at 0 mV and particle 
size 600-710µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.3.37: Erosion-corrosion mechanism maps for carbon steel at 200 mV and particle 
size 600-710µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.3.38: Erosion-corrosion mechanism maps for carbon steel at 400 mV and particle 
size 600-710µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.3.39: Erosion-corrosion mechanism maps for carbon steel at -400 mV and particle 
size 150-300µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.3.40: Erosion-corrosion mechanism maps for carbon steel at 0 mV and particle 
size 150-300µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.3.41: Erosion-corrosion mechanism maps for carbon steel at 400 mV and particle 
size 150-300µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.3.42: Erosion-corrosion wastage maps for carbon steel at -400 mV and particle 
size 600-710µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.3.43: Erosion-corrosion wastage maps for carbon steel at -200 mV and particle 
size 600-710µm  in (a) water (b) crude oil (c) oil /20% water. 
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Fig.3.44: Erosion-corrosion wastage maps for carbon steel at 0 mV and particle size 
600-710µm  in (a) water (b) crude oil (c) oil /20% water. 
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Fig.3.45: Erosion-corrosion wastage maps for carbon steel at 200 mV and particle size 
600-710µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig. 3.46: Erosion-corrosion wastage maps for carbon steel at 400 mV and particle 
size 600-710µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.3.47: Erosion-corrosion wastage maps for carbon steel at -400 mV and particle 
size 150-300µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.3.48: Erosion-corrosion wastage maps for carbon steel at 0 mV and particle size 
150-300µm in ( a ) water  ( b) crude oil  ( c ) oil /20% water. 
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Fig.3.49: Erosion-corrosion wastage maps for carbon steel at 400 mV and particle size 
150-300µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.3.50: Erosion-corrosion additive-synergism maps for carbon steel at -400 mV and 
particle size 600-710µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.3.51: Erosion-corrosion additive-synergism maps for carbon steel at -200 mV and 
particle size 600-710µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.3.52: Erosion-corrosion additive-synergism maps for carbon steel at 0 mV and 
particle size 600-710µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.3.53: Erosion-corrosion additive-synergism maps for carbon steel at 200 mV and 
particle size 600-710µm  in (a) water (b) crude oil (c) oil /20% water. 
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Fig.3.54: Erosion-corrosion additive-synergism maps for carbon steel at 400 mV and 
particle size 600-710µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.3.55: Erosion-corrosion additive-synergism maps for carbon steel at -400 mV and 
particle size 150-300µm in (a) water (b) crude oil (c) oil /20% water 
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Fig.3.56: Erosion-corrosion additive-synergism maps for carbon steel at  0 mV and 
particle size 150-300µm in  ( a ) water  ( b) crude oil  ( c ) oil /20% water. 
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Fig.3.57: Erosion-corrosion additive-synergism maps for carbon steel at 400 mV and 
particle size 150-300µm in (a) water (b) crude oil (c) oil /20% water. 
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Tables.3.25: Erosion-corrosion mechanism maps for carbon steel  in water at                  
-400 mV and particle size 600-710µm  (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°   

 
 

(a)   
Velocities m s−1 

 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  
2.5 2.59 1.72 1.51  
3.5 1.4 4.12 0.34 
4.5 3 5.72 0.5  

 
  (b)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc 

2.5 2.5 1.5 1.66  
3.5 1.81 4.21 0.43 
4.5 2.87 5.93 0.48  

 
  (c)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc 

2.5 2.39 2.21 1.08  
3.5 2.43 4.02 0.60  
4.5 4.48 4.72 0.95 

 
 (d)   

 Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc 

2.5 2.16 2.04 1.06 
3.5 2.39 3.91 0.61  
4.5 3.3 5.4 0.61  

 
  (e)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc 

2.5 1.96 1.93 1.02 
3.5 0.53 5.32 0.09 
4.5 3 5.94 0.51 

 
  (f)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc 

2.5 2.5 1.71 1.46  
3.5 1.9 4.31 0.44  
4.5 4.69 4.78 0.98  
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Tables.3.26: Erosion-corrosion mechanism maps for carbon steel in water at  -200mV 
and particle size 600-710µm  (a) 15° (b) 30° (c) 45° (d) 60° (e) 75° (f) 90° 

 
 

(a)   
Velocities m s−1 

 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  
2.5 2.45 1.78 1.38 
3.5 1.77 4.21 0.42  
4.5 2.39 5.84 0.41 

 
  (b)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.59 1.72 1.51 
3.5 2.11 3.91 0.54 
4.5 4.88 4.12 1.18  

 
  (c)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.17 2.43 0.89  
3.5 1.89 5 0.38 
4.5 4.17 5.85 0.71  

 
 (d)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 1.89 2.1  0.89  
3.5 2.2 4.3 0.5  
4.5 4.65 5.7 0.82  

 
  (e)  

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 1.57 2.24 0.70  
3.5 1.59 4.61 0.34  
4.5 3.45 5.89 0.59 

 
  (f)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 1.9 2.21 0.86 
3.5 1.97 4.38 0.45 
4.5 5.48 4.83 1.13  
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Tables.3.27: for Erosion-corrosion mechanism maps for carbon steel  in water at 0mV 
and particle size 600-710µm  (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°   

 
(a)   

 
Velocities m s−1 

 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  
2.5 2.58 1.82 1.42 
3.5 1.65 4.38 0.38 
4.5 3.82 5.91 0.65 

 
  (b)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.38 1.83 1.30  
3.5 2.42 3.78 0.64  
4.5 5.76 4.45 1.29  

 
  (c)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 1.7 2.71 0.63 
3.5 1.99 5.04 0.39  
4.5 4.71 5.56 0.85 

 
 (d)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 1.25 2.25 0.56 

3.5 2.7 4.51 0.59  
4.5 4.71 5.56 0.85 

 
  (e)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.16 2.46 0.88 
3.5 2.8 4.07 0.69 
4.5 4.11 6.21 0.66  

 
  (f)   

 
Velocities m s−1 

 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  
2.5 1.57 2.7  0.58 
3.5 2.48 5 0.50 
4.5 3.47 6  0.58 
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Tables.3.28: Erosion-corrosion mechanism maps for carbon steel  in water at 200mV 
and particle size 600-710µm  (a) 15° (b) 30° (c) 45° (d) 60° (e) 75° (f) 90° 

 
(a)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.43 1.95 1.25 
3.5 1.73 4.48 0.39 
4.5 4.76 5.24 0.91 

 
  (b)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.56 1.94 1.32 
3.5 3.4 4.1 0.83 
4.5 5.51 4.81 1.15 

 
  (c)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.58 2.03 1.27  
3.5 3.88 4.12 0.94  
4.5 5.74 5.32 1.08 

 
 (d)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 1.5 2.71 0.55  
3.5 2.83 5.01 0.56  
4.5 4.88 5.87 0.83  

 
  (e)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.26 1.34 1.69 
3.5 2.8 4.5 0.62  
4.5 4.52 6 0.75  

 
  (f)   

 
Velocities m s−1 

 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  
2.5 1.22 2.78 0.44 
3.5 2.5 5.52 0.45  
4.5 4.19 6.13 0.68  
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Tables.3.29: Erosion-corrosion mechanism maps for carbon steel  in water at 400mV 
and particle size 600-710µm  (a) 15° (b) 30° (c) 45° (d) 60° (e) 75° (f) 90° 
 

(a) 
 

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.44 1.97 1.24 
3.5 3.49 4.51 0.77  
4.5 5.25 5.2 1.01 

 
  (b)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.16 2.07 1.04  
3.5 3.57 4.23 0.84  
4.5 5.62 4.9 1.15 

 
  (c)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.84 2.16 1.31  
3.5 3.89 4.32 0.90  
4.5 6.11 5.73 1.07 

 
 (d)   

 
Velocities m s−1 

 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  
2.5 2.57 1.93 1.33  
3.5 2.79 5.21 0.54 
4.5 6.05 5.07 1.19  

 
  (e)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 0.71 2.74 0.26 
3.5 2.99 4.85 0.62 
4.5 3.16 6.84 0.46  

 
(f)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 1.48 2.53 0.58  

3.5 2.11 5.81 0.36  

4.5 4.29 6.73 0.64 
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Tables.3.30:  Erosion-corrosion mechanism maps for carbon steel  in crude oil at                 
-400mV and particle size 600-710µm  (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°   
 

(a) 
 

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.5 2.11E-02 117.5 
3.5 4.6 1.89E-02 241.3  
4.5 7.5 2.88E-02 259.4  

 
  (b)   

 
Velocities m s−1 

 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  
2.5 2 1.22E-02 162.9  
3.5 4 2.62E-02 151.7 
4.5 6.2 3.28E-02 188.3  

 
  (c)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2 1.02E-02 196.1 
3.5 4.5 2.00E-02 224 
4.5 7.1 2.52E-02 281.5  

 
(d)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.1 1.85E-02 112.5  
3.5 4.2 2.43E-02 172.3 
4.5 6.6681 3.19E-02 209.0  

 
  (e)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.1 2.02E-02 104  
3.5 4.7 1.92E-02 244.3  
4.5 7 3.03E-02 230.0  

 
  (f)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.1 1.81E-02 115.6 
3.5 4.8 2.62E-02 181.4  
4.5 7.1  4.12E-02 173.3 
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Tables.3.31: for Erosion-corrosion mechanism maps for carbon steel  in crude oil at    
-200mV and particle size 600-710µm  (a) 15° (b) 30° (c) 45° (d) 60° (e) 75° (f) 90° 
 

 
(a)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.6 1.63E-02 158.5  
3.5 5.1 2.09E-02 244 
4.5 7.2  3.78E-02 191.6 

 
  (b)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.4 1.65E-02 144.5 
3.5 4.2 3.02E-02 138.1 
4.5 6.97 3.41E-02 204.3 

 
  (c)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.7 1.47E-02 182.7 
3.5 4.6 2.21E-02 207.1  
4.5 7 2.98E-02 234.6 

 
 (d)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.8 1.93E-02 144.1 
3.5 4.7 2.53E-02 184.8 
4.5 6.8  4.19E-02 163 

 
  (e)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 3.14 2.12E-02 148.1 
3.5 4.83 2.02E-02 239.1 
4.5 7.02 3.48E-02 201.6 

 
  (f)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 3.13  1.97E-02 158.9 
3.5 4.97  2.74E-02 181.5 
4.5 7.76  3.99E-02 194.5 
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Tables.3.32: Erosion-corrosion mechanism maps for carbon steel  in crude oil at 0mV 
and particle size 600-710µm  (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°   
 

(a) 
 

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 3.38  1.85E-02 182.8  
3.5 5.07  2.59E-02 195.9  
4.5 7.96 4.28E-02 185.9  

 
  (b)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 3.10  1.71E-02 181.5 
3.5 4.47  2.70E-02 165.7 
4.5 7.44 4.01E-02 185.5  

 
  (c)   

 Vlocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 3.13 1.39E-02 224.9 
3.5 4.98  1.81E-02 275.2  
4.5 7.42 3.08E-02 240.9 

 
 (d)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 3.38  1.90E-02 177.9  
3.5 4.87  2.61E-02 186.7  
4.5 6.96  3.89E-02 178.9  

 
  (e)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 3.24  1.98E-02 163.6  
3.5 4.84  2.76E-02 175.4  
4.5 6.66  3.88E-02 171.7 

 
  (f)  

 
Velocities m s−1 

 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  
2.5 3.38 2.00E-02 169 
3.5 5.18  2.91E-02 178.0  
4.5 7.40  4.56E-02 162.4 
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Tables.3.33: Erosion-corrosion mechanism maps for carbon steel  in crude oil at 
200mV and particle size 600-710µm  (a) 15° (b) 30° (c) 45° (d) 60° (e) 75° (f) 90° 
 

(a)   
Velocities m s−1 

 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  
2.5 3.8 1.94E-02 193.8  
3.5 5.6  2.61E-02 213.6 
4.5 8.4  4.50E-02 187.2  

 
  (b)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 3.49 1.49E-02 233.9 
3.5 5.2  2.78E-02 186.1 
4.5 7.9  3.91E-02 203.1 

 
  (c)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 3.6 1.51E-02 234.8 
3.5 5.9 1.92E-02 304.7  
4.5 7.7  3.58E-02 216.3  

 
 (d)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 3.1 2.00E-02 155 
3.5 4.98  1.99E-02 250.3 
4.5 7.1 4.09E-02 173.6 

 
  (e)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 3.6 2.33E-02 153.5  
3.5 5.1 3.76E-02 135.4  
4.5 6.96  3.78E-02 184.2 

 
  (f)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 3.98 2.42E-02 164.3 
3.5 5.75 3.01E-02 191.0  
4.5 7.95  4.78E-02 166.4 
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Tables.3.34:  Erosion-corrosion mechanism maps for carbon steel  in crude oil at 
400mV and particle size 600-710µm  (a) 15° (b) 30° (c) 45° (d) 60° (e) 75° (f) 90° 
 

(a) 
Velocities m s−1 

 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  
2.5 3.76 2.14E-02 175.6  
3.5 6.97  2.58E-02 270.3  
4.5 8.07  4.78E-02 168.9 

 
  (b)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 3.49 1.52E-02 229.3 
3.5 6.37 3.08E-02 206.8 
4.5 7.96 4.51E-02 176.4 

 
  (c)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 3.6 1.48E-02 239.5  
3.5 6.2 2.02E-02 305.9  
4.5 8.4  4.00E-02 210.3 

 
 (d)   

 
Velocities m s−1 

 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  
2.5 3.1 2.31E-02 134.1 
3.5 5 2.19E-02 227.3  
4.5 8.0  5.19E-02 155.1 

 
  (e)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 3.6 2.40E-02 149 
3.5 5.97  2.96E-02 201.7  
4.5 7.85 4.18E-02 187.8 

 
  (f)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 4 2.65E-02 150  
3.5 6.5 3.21E-02 201.5 
4.5 8.2 5.18E-02 157.9 
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Tables.3.35: Erosion-corrosion mechanism maps for carbon steel  in oil /20% water at 
-400mV and particle size 600-710µm  (a) 15° (b) 30° (c) 45° (d) 60° (e) 75° (f) 90° 

 
(a) 

 
Velocities m s−1 

 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  
2.5 2.31 0.8 2.9 
3.5 4.16 0.84 5 
4.5 6.45 1.35 4.777778 

 
  (b)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 1.92 0.78 2.5 
3.5 3.71 0.89 4.2 
4.5 6.07 1.21 5.0  

 
   (c)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.16 0.84 2.6 
3.5 5.2 0.9 5.8 
4.5 6.66 1.34 5 

 
 (d)  

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.42 0.78 3.1  
3.5 4.42 0.98 4.5  
4.5 5.82 1.2 4.9 

 
  (e)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 1.96 1 1.96 
3.5 4.2 1 4.2 
4.5 6.6 1.4 4.7  

 
  (f)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.18 0.9 2.4  
3.5 5 1.1 4.5  
4.5 6.75 1.45 4.7 
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Tables.3.36: Erosion-corrosion mechanism maps for carbon steel  in oil /20% water at 
-200mV and particle size 600-710µm  (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°   

 
(a) 

 
Velocities m s−1 

 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  
2.5 2.3  0.8  2.9 
3.5 5.02 0.98 5.1  
4.5 6.7 1.3 5.2 

 
  (b)  

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.409 0.8 3.0  
3.5 4.56 1 4.6 
4.5 6.98 1.32 5.29 

 
  (c)   

 
Velocities m s−1 

 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  
2.5 2.5 0.714 3.5 
3.5 5.3 0.9 5.9 
4.5 6.7 1.5 4.5 

 
 (d)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.4  0.8  3.0  
3.5 4.98 1.12 4.4  
4.5 6.51 1.1 5.9  

 
  (e)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.61 0.89 2.9  
3.5 4.81 0.89 5.4  
4.5 6.76 1.3 5.2 

 
  (f)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 1.87 0.91 2.1 
3.5 5.2 1 5.2 
4.5 7.1 1.5 4.7  
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Tables.3.37: Erosion-corrosion mechanism maps for carbon steel  in oil /20% water at 
0mV and particle size 600-710µm  (a) 15° (b) 30° (c) 45° (d) 60° (e) 75° (f) 90° 
 

(a) 
Velocities m s−1 

 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  
2.5 2.06 0.78 2.6  
3.5 5.11 0.89 5.7  
4.5 7.28 1.5 4.9 

 
  (b)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.71 0.8 3.4 
3.5 3.9 1.2 3.3 
4.5 7.08 1.32 5.4 

 
  (c)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.84 0.76 3.7  
3.5 5.2 1 5.2 
4.5 7.54 1.4 5.4 

 
  (d)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.68 0.82 3.3 
3.5 4.89 1.23 3.9  
4.5 6.79 1.21 5.6  

 
  (e)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.1 0.9 2.3  
3.5 4.53 1 4.5  
4.5 6.6 1.3 5.1 

 
 (f)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.13 0.78 2.7  
3.5 5.32 0.98 5.4  
4.5 7.12 1.6 4.45 
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Tables.3.38: Erosion-corrosion mechanism maps for carbon steel  in oil /20% water at 
200 mV and particle size 600-710µm  (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°   
 

(a) 
Velocities m s−1 

 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  
2.5 2.1 0.68 3.1 
3.5 5.47 0.93 5.9 
4.5 7.34 1.68 4.4 

 
  (b)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.35 0.9 2.6  
3.5 5.32 0.98 5.4  
4.5 7.4 1.6 4.6  

 
  (c)  

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.89 0.81 3.6 
3.5 5.3 1.2 4.4  
4.5 7.76 1.54 5.0  

 
 (d)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.64 0.96 2.6 
3.5 5.22 0.78 6.7 
4.5 8.68 1.32 6.6 

 
  (e)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.42 0.45 5.4 
3.5 4.75 1.12 4.2  
4.5 7.57 1.4 5.4  

 
  (f)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.27 0.73 3.1  
3.5 5.18 1.23 4.2  
4.5 7.9 1.7 4.6  
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Tables.3.39: Erosion-corrosion mechanism maps for carbon steel  in oil /20% water at 
400mV and particle size 600-710µm  (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°   
 

(a)   
Velocities m s−1 

 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  
2.5 1.89 0.71 2.7 
3.5 6.01 1.2 5.0  
4.5 7.61 1.9 4.0  

 
  (b)  

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.68 0.72 3.7  
3.5 5.51 1 5.5  
4.5 7.67 1.85 4.1  

 
  (c)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.1 0.9 2.3  
3.5 5.4 1.3 4.2 
4.5 7.42 1.7 4.4 

 
 (d)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.02 0.78 2.6 
3.5 6.2 0.8 7.8 
4.5 7.32 1.68 4.4 

 
 (e)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.23 0.67 3.3  
3.5 5.87 0.98 5.9  
4.5 7.12 1.76 4.0  

 
  (f)   

Velocities m s−1 
 Ke(mg cm −2 h−1 ) Kc(mg cm −2 h−1 ) Ke/Kc  

2.5 2.4 0.8 3 
3.5 5.8 1.2 4.8  
4.5 7.98 1.89 4.2  
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Tables.3.40: Erosion-corrosion mechanism maps for carbon steel  in water at                  
-400 mV and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
 

                                                                    (a)   
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) 
  

Ke /Kc  

2.5 
  

1.5 2.5 0.6  

3.5 1.22  3.98 0.31 

4.5 2  5.5 0.36  
 
 
 

  (b)   
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) 
  

Ke /Kc  

2.5 1.59 2.6 0.61  

3.5 1.51 4.2 0.36 

4.5 2.3 5.5 0.42 
 

 
 

(c) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) 
  

Ke /Kc  

2.5 1.14 2.4 0.48 

3.5 1.1 4.5 0.24   

4.5 1.6 5.7 0.29 
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Tables.3.41: Erosion-corrosion mechanism maps for carbon steel  in water at 0mV 
and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
 

(a) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) 
  

Ke /Kc  

2.5 0.47 3.74 0.13 

3.5 1.5 4 0.38 

4.5 1.01 6.2 0.16  
 
 

(b) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) 
  

Ke /Kc  

2.5 0.7 3.8 0.18  

3.5 1.05 5 0.21 

4.5 2.11 5.89 0.36 
 
 

 
 

(c) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) 
  

Ke /Kc  

2.5 0.46 3.84 0.12 

3.5 0.6 4.81 0.12  

4.5 0.65 6.4 0.10  
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Tables.3.42: Erosion-corrosion mechanism maps for carbon steel  in water at 400mV 
and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
 

(a) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) 
  

Ke /Kc  

2.5 0.46 3.84 0.12 

3.5 2 4.2 0.48 

4.5 0.95 6.5 0.15 
 
 

(b) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) 
  

Ke /Kc  

2.5 1.51 3.9 0.39 

3.5 2 5 0.4 

4.5 2.48 6.3 0.39  
 
 
 

 
 

(c) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) 
  

Ke /Kc  

2.5 0.5 3.9 0.13 

3.5 0.6 5.4 0.11  

4.5 1 7 0.14  
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Tables.3.43: Erosion-corrosion mechanism maps for carbon steel  in crude oil at              
-400mV and particle size 150-300µm  (a) 15° (b) 45° (c) 90° 

 
  

(a) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke /Kc 

2.5 1.4  3.21E-01
  

4.45  

3.5 3.1 4.00E-01  7.63 

4.5 4.5 7.50E-01 5.66  
 
 

 
(b) 

 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke /Kc 

2.5 1.7 3.42E-01 4.85 

3.5 3.4 5.00E-01 6.8  

4.5 4.62 8.00E-01 5.77  
 

 
 
 

(c) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke /Kc 

2.5 1.1 5.91E-01 1.8 

3.5 2.7  5.41E-01 5 

4.5 3.8  8.23E-01 4.65  
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Tables.3.44: Erosion-corrosion mechanism maps for carbon steel  in crude oil at 0mV 
and particle size 150-300µm  (a) 15° (b) 45° (c) 90°. 

 
 

 
(a) 

 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke /Kc 

2.5 1.5 3.95E-01 3.7 

3.5 3.2  5.32E-01 6 

4.5 4.7 8.53E-01 5.45 
 
 
 

(b) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke /Kc 

2.5 1.77 3.40E-01 5.20 

3.5 3.41 4.40E-01 7.8 

4.5 4.86 8.91E-01 5.45 
 

 
 

(c) 
 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke /Kc 

2.5 1.44 4.10E-01 3.51  

3.5 2.9 6.00E-01 4.83 

4.5 4.3  8.68E-01 4.99  
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Tables.3.45: Erosion-corrosion mechanism maps for carbon steel  in crude oil at 
400mV and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
 

(a) 
 

 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke /Kc 

2.5 1.6 4.24E-01 3.66 

3.5 3.2  6.12E-01 5.27 

4.5 4.6 9.00E-01 5.06 
 
 
 

(b) 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke /Kc 

2.5 1.95 3.57E-01 5.45  

3.5 3.43 5.70E-01 6 

4.5 4.9 1.00E+01 4.9 
 
 

 
 

(c) 
 

 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke /Kc 

2.5 1.73 4.70E-01 3.68  

3.5 3.17 6.30E-01 5.03 

4.5 4.2 1.00E+01 3.5 
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Tables.3.46: Erosion-corrosion mechanism maps for carbon steel  in oil /20% water at 
-400mV and particle size 150-300µm (a) 15° (b) 45° (c) 90°  

 
  

(a) 
 

 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke /Kc 

2.5 1.2 1.11E+00 1.07 

3.5 1.6 2.46E+00 0.63 

4.5 2.53 3.37E+00 0.75  
 
 
 

(b) 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke /Kc 

2.5 1.3 1.21E+00 1.06  

3.5 1.3 2.95E+00 0.43 

4.5 2.4 3.60E+00 0.66 
 

 
(c) 

 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke /Kc 

2.5 1.4 1.03E+00 1.36 

3.5 1.7  2.26E+00 0.76  

4.5 1.98 3.52E+00 0.56  
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Tables.3.47: Erosion-corrosion mechanism maps for carbon steel  in oil /20% water at 
0mV and particle size 150-300µm (a) 15° (b) 45° (c) 90°  

 
 

(a) 
 

 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke /Kc 

2.5 1.1 1.51E+00 0.72  

3.5 1.3  2.97E+00 0.45 

4.5 2.4 4.00E+00 0.6 
 
 

(b) 
 

 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke /Kc 

2.5 0.9 1.75E+00 0.54  

3.5 1.46 3.00E+00 0.48 

4.5 2.05 4.45E+00 0.46  
 

 
 

(c) 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke /Kc 

2.5 0.8  1.65E+00 0.51  

3.5 1.149 2.85E+00 0.40  

4.5 1.9 4.30E+00 0.44  
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Tables.3.48: Erosion-corrosion mechanism maps for carbon steel  in oil /20% water at 
400mV and particle size 150-300µm (a) 15° (b) 45° (c) 90°  
 

 
(a) 

 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke /Kc 

2.5 0.98 1.77E+00 0.55  

3.5 1.7  3.02E+00 0.57  

4.5 2.42 4.23E+00 0.57  
 

 
 

(b) 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke /Kc 

2.5 1.6 1.85E+00 0.84 

3.5 1.48 3.32E+00 0.45 

4.5 2.23 4.55E+00 0.49  
 

 
(c) 

 
 

Velocities m s−1 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke /Kc 

2.5 0.8  1.83E+00 0.45 

3.5 1.54 2.94E+00 0.53  

4.5 2.1 4.42E+00 0.47  
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Tables.3.49: Erosion-corrosion additive -synergism maps for carbon steel  in water at 
-400mV and particle size600-710µm  (a) 15° (b) 30° (c) 45° (d) 60° (e) 75° (f) 90° 
 

(a)   
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc  

2.5 0.9 -0.214 -4.16 
3.5 -0.6 1.1 -0.55 
4.5 -0.01 1.22 -0.01 

 
  (b)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.9 -0.37 -2.43  
3.5 -0.06 0.8 -0.08 
4.5 -0.11 1.11 -0.10 

 
  (c)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 -0.11 0.16 -0.7 
3.5 -0.8 0.22 -3.5 
4.5 0.6 -0.29 -2 

 
 (d)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.8 0.03 25.33  
3.5 0.6 0.5 1.2 
4.5 0.2 0.59 0.34 

 
  (e)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.86 -0.22 -3.91 
3.5 -1.17 1.32 -0.89 
4.5 0.7 0.71 0.99 

 
  (f)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.9 -0.2 -4.5 
3.5 -0.3 0.21 -1.43 
4.5 1.8 -0.07 -25.57  
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Tables.3.50:Erosion-corrosion additive -synergism maps for carbon steel  in water at  
-200mV and particle size 600-710µm   (a) 15° (b) 30° (c) 45° (d) 60° (e) 75° (f) 90° 
  

(a)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 0.75 -0.14 -5.36 
3.5 -0.23 0.73 -0.32 
4.5 -0.61 1.23 -0.50 

 
  (b)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.99 0.04 24.75 
3.5 0.24 -0.29 -0.83 
4.5 1.9 -0.81 -2.35 

 
  (c)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 -0.33 0.53 -0.62  
3.5 -1.31 0.99 -1.32  
4.5 0.27 0.12 2.25 

 
 (d)   

 
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 0.49 -0.18 -2.72  
3.5 0.4 0.75 0.53  
4.5 1.55 1.09 1.42  

 
 (e)   

 
  (f)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.3 0.28 1.07  
3.5 -0.23 0.48 -0.48 
4.5 2.58 -0.54 -4.78 

 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.47 0.09 5.22  
3.5 -0.11 0.51 -0.22 
4.5 1.15 0.99 1.16  
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Tables.3.51: Erosion-corrosion additive -synergism maps for carbon steel  in water at 
0mV and particle size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°   
 

(a)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 0.88 -0.16 -5.5 
3.5 -0.35 0.86 -0.41 
4.5 0.82 1.1 0.75 
 

  (b)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 0.78 -0.18 -4.33  
3.5 0.55 0.17 3.24 
4.5 2.78 -0.22 -12.64 
 

  (c)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 -0.8 1.47 -0.54  
3.5 -1.21 0.23 -5.26  
4.5 1.61 0.25 6.44 
 

 (d)   

 
  (e)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.06 -0.24 -4.42 
3.5 1.1 -0.6 -1.83  
4.5 1.81 1.24 1.46 
 

  (f)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 -0.03 0.48 -0.06  
3.5 0.28 0.99 0.28  
4.5 0.57 0.83 0.67 

 
 

 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 -0.15 0.08 -1.875 
3.5 0.9 0.82 1.09  
4.5 1.61 0.25 6.44 
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Tables.3.52: Erosion-corrosion additive -synergism maps for carbon steel in water at 
200mV and particle size600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°   
 

(a)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 0.73 -0.05 -14.6 
3.5 -0.27 0.87 -0.31  
4.5 1.76 0.26 6.769  
 

  (b)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 0.96 -0.16 -6 
3.5 1.53 0.6 2.55 
4.5 2.53 -0.2 -12.65 
 

  (c)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 0.08 0.08 1 
3.5 0.68 0.02 34 
4.5 1.84 0.28 6.57  
 

 (d)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 0.1 0.63 0.15  
3.5 1.03 0.41 2.51  
4.5 1.78 0.39 4.56  

 
  (e)   

 
  (f)   

 
 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.16 -0.96 -1.20  
3.5 1.1 0.7 1.57  
4.5 2.22 1.04 2.13  

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 -0.38 0.5 -0.76 
3.5 0.3 1.61 0.186  
4.5 1.29 0.63 2.05 
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Tables.3.53: Erosion-corrosion additive -synergism maps for carbon steel  in water at 
400mV and particle size 600-710µm  (a) 15° (b) 30° (c) 45° (d) 60° (e) 75° (f) 90° 
  

 
(a)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.74 -0.07 -10.57  
3.5 1.49 0.51 2.92  
4.5 2.25 0.12 18.75 

 
  (b)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.56 0.04 14 
3.5 1.7 0.75 2.27 
4.5 2.64 -0.12 -22 

 
  (c)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.34 0.31 1.09  
3.5 0.69 -0.49 -1.41 
4.5 2.21 0.84 2.63  

 
 (d)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.17 -0.47 -2.49 
3.5 0.99 0.91 1.09 
4.5 2.95 0.11 26.82 

 
  (e)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 -0.39 0.32 -1.22 
3.5 1.29 0.05 25.8 
4.5 0.86 1.74 0.49  
 

  (f)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 -0.12 0.1 -1.2 
3.5 -0.09 1.49 -0.06  
4.5 1.39 1.03 1.35 
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Tables.3.54: Erosion-corrosion additive -synergism maps for carbon steel  in crude oil 
at -400mV and particle size600-710µm   (a) 15° (b) 30° (c) 45° (d) 60° (e) 75°        (f) 
90° 

(a)   
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.5 1.10E-02 45.35  
3.5 2.3 -2.60E-03 -869.7 
4.5 3.87  1.00E-03 3871.2 

 
(b) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.8 1.00E-02 787.8 
3.5 2.2 5.10E-03 426.  
4.5 3.2 2.60E-03 1222 

 
(c) 

 
(d) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.1 4.30E-03 251.5  
3.5 2.2 -1.20E-03 -1821.42 
4.5 3.8 -1.30E-03 -2898.5  

 
(e) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.1 4.00E-03 270 

3.5 2.8  -1.00E-03 -2841 

4.5 4.7 -1.50E-03 -3113  
 

(f) 
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 0.4 -1.70E-03 -231 
3.5 2.7  4.70E-03 575  
4.5 3.9  6.90E-03 571 

 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.1 -4.00E-03 -24.95 
3.5 2.1 2.00E-04 1040  
4.5 4 -4.60E-03 -846.7 
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Tables.3.55: Erosion-corrosion additive -synergism maps for carbon steel  in crude oil 
at -200mV and particle size600-710µm   (a) 15° (b) 30° (c) 45° (d) 60° (e) 75° (f) 90° 

(a)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 0.6  2.20E-03 274.4  
3.5 2.8 -2.20E-03 -1272.3  
4.5 3.6  5.00E-03 728.4  

 
(b) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.2 2.40E-03 493.1  
3.5 2.4 4.10E-03 578 
4.5 3.97 -5.00E-04 -7931.8 

 
(c) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.8 -5.00E-04 -1570.6 
3.5 2.2 3.40E-03 640.6 
4.5 3.8 -5.00E-04 -7580.4 

 
(d) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.8 5.20E-03 342.4  
3.5 2.7 5.00E-04 5349.4 
4.5 3.9  6.00E-04 6546.8  

 
(e) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 2.1  5.20E-03 407.5 
3.5 2.98 -5.80E-03 -513.8 
4.5 4.7  2.00E-04 23576 

 
(f) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.4  7.00E-04 2043.3 
3.5 2.9  4.90E-03 596.5 
4.5 4.6 7.40E-03 616.2  
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Tables.3.56: Erosion-corrosion additive -synergism maps for carbon steel  in crude oil 
at 0mV and particle size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°   
 

(a)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 1.4  -6.00E-04 -2337.5 
3.5 2.8 5.80E-03 478.3 
4.5 4.4 1.80E-03 2420.7 

 
(b) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.9  2.00E-03 951.5 
3.5 2.7 -2.00E-04 -13365 
4.5 4.44 5.00E-03 887.98 

 
(c) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.2  -6.00E-04 -2043.5 
3.5 2.58  -1.10E-03 -2347.18 
4.5 4.22 -4.60E-03 -917.2  

 
(d) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 2.4 4.60E-03 517.6  
3.5 2.87  1.00E-04 28739 
4.5 4.06  -3.20E-03 -1269  

 
(e) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 2.2  4.60E-03 482.65  
3.5 3  8.00E-04 3740.5 
4.5 4.4 3.80E-03 1147.7 

 
(f) 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.7 5.00E-04 3360 
3.5 3.1 6.90E-03 453.8 
4.5 4.2  1.04E-02 404.3 
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Tables.3.57: Erosion-corrosion additive -synergism maps for carbon steel  in crude oil 
at 200mV and particle size 600-710µm   (a) 15° (b) 30° (c) 45° (d) 60° (e) 75° (f) 90°  
 

(a)   
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.8 5.00E-04 3561.2 
3.5 3.3 2.00E-03 1636.95 
4.5 4.8  7.00E-03 689.3 

 
(b) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 2.3 -1.20E-03 -1904.25 
3.5 3.37  -3.00E-04 -11240.7 
4.5 4.9  -1.00E-03 -4940.9 

 
(c) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.6  -4.00E-04 -4112.3 
3.5 3.5 -4.00E-04 -8627 
4.5 4.5  -1.60E-03 -2840.12 

 
(d) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 2.1 5.80E-03 362.1 
3.5 2.98  -5.90E-03 -505.1  
4.5 4.2 -2.00E-04 -20995.5 

 
(e) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 2.6 7.10E-03 360.1 
3.5 3.2  1.06E-02 305.9 
4.5 4.7 -3.20E-03 -1456.9  

 
(f) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 2.3 5.20E-03 437.7 
3.5 3.7 7.10E-03 521.1  
4.5 4.8 9.10E-03 522.2  
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Tables.3.58: Erosion-corrosion additive -synergism maps for carbon steel  in crude oil 
at 400mV and particle size 600-710µm   (a) 15° (b) 30° (c) 45° (d) 60° (e) 75° (f) 90° 

(a)   
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.8 2.90E-03 613.3  
3.5 4.7 5.00E-04 9348.4 
4.5 4.5 -2.00E-04 -22361 

 
(b) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 2.3 -1.90E-03 -1202.53 
3.5 4.6 1.60E-03 2855.75 
4.5 5 4.00E-03 1238.7  

 
(c) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.7  -1.30E-03 -1265.54 
3.5 3.8 5.00E-04 7559.6 
4.5 5.2  8.00E-04 6512.5 

 
(d) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 2.1 -1.10E-03 -1906.3 
3.5 2.98 -4.30E-03 -692.6 
4.5 5.2 1.21E-02 425.5 

 
(e) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 2.556 6.80E-03 375.9 
3.5 4.1204 1.80E-03 2289.1  
4.5 5.5482 -2.00E-04 -27741 

 
(f) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 2.3 7.00E-03 324.8 
3.5 4.4  7.80E-03 566.4 
4.5 4.98 1.01E-02 492.9 
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Tables.3.59:Erosion-corrosion additive -synergism maps for carbon steel  in oil /20% 
water at -400mV and particle size 600-710µm  (a) 15° (b) 30° (c) 45° (d) 60° (e) 75° 
(f) 90° 
 

(a)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 0.33 -0.12 -2.75 
3.5 1.86 -0.1 -26.6 
4.5 2.85 -0.1 -57 
 

 (b)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 0.72 0.22 3.3 
3.5 1.91 0.21 9.1 
4.5 3.07 -0.11 -27.90  
 

  (c)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 0.26 0.22 1.18  
3.5 2.8 0.15 18.67 
4.5 3.46 0.14 24.71  
 

 (d)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 1.42 -0.13 -10.92  
3.5 2.42 0.33 7.33  
4.5 2.92 -0.1 -29.2 

 
  (e)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.94 0.43 2.19 
3.5 2.35 0.3 7.83  
4.5 4.3 -0.1 -53.75 
 

  (f)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 0.5 0.2  2.09 
3.5 2.95 0.3  9.22 
4.5 3.55 0.3 14.2 
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Tables.3.60: Erosion-corrosion additive -synergism maps for carbon steel  in oil /20% 
water at -200mV and particle size600-710µm   (a) 15° (b) 30° (c) 45° (d) 60° (e) 75° 
(f) 90° 

(a)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 0.358 -0.04 -9.42  
3.5 2.72 0.11 24.7  
4.5 3.1 0.2 15.5 

 
  (b)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.209 0.17  7.07  
3.5 2.76 0.3 9.52 
4.5 3.98 0.2 20.20  

 
  (c)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.596 -0.03 -22.92  
3.5 2.9 0.12 24.17 
4.5 3.5 0.3 11.67 

 
 (d)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.439 -0.1 -20.86 
3.5 2.98 0.4  7.27 
4.5 3.61 -0.2  -16.41 

 
  (e)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.59 0.19 8.37 
3.5 2.96 0.09 32.89 
4.5 4.46 0.3 14.87 

 
  (f)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.17 0.3 0.57 
3.5 3.15 0.02 157.5 
4.5 3.9 0.29 13.45 
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Tables.3.61:Erosion-corrosion additive -synergism maps for carbon steel  in oil /20% 
water at 0mV and particle size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 
90°   

(a)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 0.08 -0.1 -1 
3.5 2.81 -0.03 -93.67 
4.5 3.68 0.2 18.4 

 
  (b)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.51 0.05 30.2 
3.5 2.1 0.4 5.83  
4.5 4.08 0.2 20.71  

 
  (c)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.94 -0.04 -23.5 
3.5 2.8 0.1 28 
4.5 4.34 0.2 21.7 

 
 (d)  

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.68 0.1 24 
3.5 2.89 0.4  6.57 
4.5 3.89 -0.11 -35.36  

 
  (e)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.08 0.09 12 
3.5 2.68 -0.23 -11.65  
4.5 4.3 0.1 43 

 
  (f)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.43 -0.02 -21.5 
3.5 3.27 0.2 16.35 
4.5 3.92 0.3 13.07 
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Tables.3.62: Erosion-corrosion additive -synergism maps for carbon steel  in oil /20% 
water at  200mV and particle size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° 
(f) 90°   
 

(a)   
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.12 -0.03 -4 
3.5 3.17 0.1  24.38  
4.5 3.74 -0.02 -187 

 
  (b)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.15 0.1  8.21  
3.5 3.52 -0.2  -16 
4.5 4.4 -0.1 -44 

 
  (c)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.99 -0.1 -11 
3.5 2.9 0.2 14.5 
4.5 4.56 -0.1  -32.57  

 
(d)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.64 0.1  10.25 
3.5 3.22 -0.1  -29.27  
4.5 5.78 -0.4 -15.21  
 

  (e)   
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 
2.5 1.4 -0.2  -6.09 
3.5 2.9 -0.1 -36.25 
4.5 5.27 -0.1 -52.7 

 
  (f)  

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.57 -0.1 -9.5 
3.5 3.13 0.4  7.28 
4.5 4.7 0.3 15.67 
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Tables.3.63: Erosion-corrosion additive -synergism maps for carbon steel  in oil /20% 
water  at  400mV and particle size 600-710µm  (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° 
(f) 90°   

(a)   
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 -0.09 -0.09 1 
3.5 3.71 0.2 18.55 
4.5 4.01 -0.1 -40.1 

 
  (b)   

Vvelocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.48 0.04 37 
3.5 3.71 0.1 37.1 
4.5 4.67 -0.13 -35.92  

 
  (c)  

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.2 0.15 1.33  
3.5 3 0.46 6.52  
4.5 4.22 -0.08 -52.75 

 
 (d)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.02 0.13 7.85 
3.5 4.2 -0.1 -42 
4.5 4.42 0.2 22.1 

 
  (e)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.21 -0.03 -40.33  
3.5 4.02 -0.16 -25.13 
4.5 4.82 0.16 30.13 

 
 (f)   

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.7 0.02 35 

3.5 3.75 0.36 10.42 

4.5 4.78 -0.11 -43.45  
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Tables.3.64: Erosion-corrosion additive -synergism maps for carbon steel  in water at 
-400mV and particle size 150-300µm (a) 15° (b) 45° (c) 90°.  
 

 
(a) 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 09 0.6 1.59  

3.5 0.28 1 0.29  

4.5 0.25 1 0.25 
 

(b) 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.69 1 1.25  

3.5 0.19 0.4 0.48 

4.5 0.3 0.5 0.61  
 
 

(c) 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.61 0.5 1.24  

3.5 0.18 0.4 0.45 

4.5 0.1 0.9 0.12 
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Tables.3.65: Erosion-corrosion additive -synergism maps for carbon steel  in water at 
0 mV and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
(a) 

 
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 -0.13 1.8 -0.08 

3.5 0.5  0.5 1.17 

4.5 -0.7  1.39 -0.53  
 

 
(b) 

 
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 -0.2 2.6 -0.08 

3.5 -0.27 0.2 -1.43 

4.5 0.11 0.5 0.22 
 

(c) 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 -0.1 1.6 -0.04  

3.5 -0.3  0.8 -0.4 

4.5 -0.85 1.2 -0.71 
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Tables.3.66: Erosion-corrosion additive -synergism maps for carbon steel  in water at 
400mV and particle size 150-300µm  (a) 15° (b) 45° (c) 90°. 

 
(a) 

 
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 -0.14 1.8 -0.08 

3.5 1.1 0.2 5.3 

4.5 -0.8 1.4  -0.56  
 
 

(b) 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.61 2.1 0.3 

3.5 0.68 0.19 3.6 

4.5 0.48 1.41 0.34  
 
 

(c) 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 -0.03 1.47 -0.02  

3.5 -.32 1.08 -0.296  

4.5 -0.5 1.3 -0.38  
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Tables.3.67: Erosion-corrosion additive -synergism maps for carbon steel  in oil at          
-400mV and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
(a) 

 
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.919 0.22 4.18 

3.5 2.27 0.185 12.27 

4.5 2.85 0.5 6.04 
 

(b) 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.91  0.2 4.54 

3.5 2.6 0.3  8.47 

4.5 2.92 0.5  5.82 
 
 
 

(c) 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.7 0.4 4.54 

3.5 1.95 0.33 5.98 

4.5 2.83 0.5 5.89 
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Tables.3.68: Erosion-corrosion additive -synergism maps for carbon steel  in oil at 
0mV and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

(a) 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.945 0.20  4.63  

3.5 2.438 0.33  7.37 

4.5 3.247 0.44  7.33  
 
 
 

(b) 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.02 0.195 5.23  

3.5 2.57 0.248 10.36 

4.5 3.16 0.54 5.89 
 

(c) 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.04 0.22 4.84 

3.5 2.14 0.38 5.66  

4.5 3.33  0.52 6.46  
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Tables.3.69: Erosion-corrosion additive -synergism maps for carbon steel  in oil at 
400mV and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
(a) 

 
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.1 0.24 4.38 

3.5 2.45 0.36 6.82 

4.5 3.15 0.42 7.5 
 
 

(b) 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.2 0.24 4.4 

3.5 2.6 0.4 7  

4.5 3.2 0.608 5.23 
 
 

(c) 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1.33 0.28 4.84 

3.5 2.41 0.4 6.23 

4.5 3.2 0.78 4.09 
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Tables.3.70: Erosion-corrosion additive -synergism maps for carbon steel  in oil /20% 
water at -400mV and particle size 150-300µm  (a) 15° (b) 45° (c) 90°.  

 
 

(a)   
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.68 0.19  3.55  

3.5 0.77 1.55 0.50 

4.5 1.13 1.97 0.57  
 

(b)  
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.54 0.59  0.91  

3.5 0.42 2.20  0.19  

4.5 0.7 2.4 0.29  
 
 

(c) 
 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 1 0.36  2.77 

3.5 0.96 1.5 0.65  

4.5 0.98 2.32 0.42  
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Tables.3.71: Erosion-corrosion additive -synergism maps for carbon steel  in oil /20% 
water at  0mV and particle size 150-300µm  (a) 15° (b) 45° (c) 90°. 

 
(a) 

 
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.58 0.65  0.89 

3.5 0.55 2.1 0.27 

4.5 1 2.7 0.37  
 
 

(b) 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.2 0.95  0.21 

3.5 0.62 2.1 0.295  

4.5 0.35 3.25 0.11 
 

(c) 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.45 0.85  0.53 

3.5 0.4 2.1  0.19 

4.5 0.9 3 0.3 
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Tables.3.72: Erosion-corrosion additive -synergism maps for carbon steel  in oil /20% 
water  at   400mV and particle size 150-300µm  (a) 15° (b) 45° (c) 90°. 

 
(a) 

 
Velocities m s−1 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.47 0.97  0.48  

3.5 0.95 2.02 0.47  

4.5 1.02 2.2 0.46 
 
 

(b) 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

2.5 0.8 1.1  0.73 

3.5 0.6  2.5 0.26 

4.5 0.53 2.78 0.19  
 

(c) 
 

Velocities m s−1 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc  

2.5 0.42 1.1 0.398 

3.5 0.81 2.1 0.39 

4.5 1.08 2.42 0.45 
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4.0. Introduction 

 

In this chapter the carbon steel have been investigated at range of impact angles and 

applied potentials in water, crude oil and combined environments with different 

particle sizes (600-710µm and 150-300µm) as erodent particles.The polarization 

curves have been investigated at constant of impact velocity and at range of impact 

angles for large particle sizes 600-710µm and a small particle sizes 150-300µm.The 

total mass loss rate due to erosion –corrosion and erosion contribution and corrosion 

contribution have been plotted as function of impact angle at range of potentials at 

constant impact velocity for large particle sizes 600-710µm and a small particle sizes 

150-300µm. 

 

The specimens after the test have investigated by SEM to show the effect of particle 

sizes on the specimens. The results have been used to establish erosion-corrosion 

mechanism, wastages and additive –synergism maps as function of applied potentials 

and impact angles at range of constant impact velocities for particle sizes (600-710µm 

and 150-300µm). 
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4.1. Effect of impact angle and electrochemical potential on erosion-

corrosion maps for particle sizes 600-710µm and various impact velocities 

 
4.1.1. General 

Specimens of carbon steel were subjected to a variety of impact angles and applied 

potentials in three environments containing particles sized between 600-710µm, at 

three impact velocities, 2.5, 3.5 and 4.5 m s−1. The results were used to create maps 

containing regimes as functions of the erosion–corrosion parameters. Moreover, the 

wastage regimes and synergism between erosion and corrosion were presented on 

erosion-corrosion maps. The aims of these maps were to demonstrate material 

performance in different environments and testing conditions. 

 

4.1.2. The procedure of testing 

The dimensions of the specimens were 25mm × 10mm × 4 mm. The area exposed to 

an impingement jet was 0.19cm2, whilst the remaining area was covered by a coating 

in order to ensure that all corrosion measurements were related to the erosion-

corrosion process only. Before each test the specimen was dipped in acetone, dried in 

a stream of hot air then weighed.  Moreover, after each test the specimens were dried 

in stream and re-weighed, and every experiment was repeated at least 2 or 3 times. 

The average mass losses were reported in the results. The erosion-corrosion was 

assessed at a room temperature and at six impact angles and applied potentials under 

three impact velocities. The impact angles were varied at six values, 15°, 30°, 45°, 

60°, 75° and 90°, and at three impact velocities, 2.5, 3.5 and 4.5m s−1. Erosion-

corrosion tests were achieved at potentials of -400, -200, 0, 200, 400 mV for 30 min.    

 

4.1.3. Polarization curves for particles sizes 600-710µm 

Figures 4.1-4.3 show the polarization curve of carbon steel at room temperature in 

environments containing particles sized between 600-710µm  (water, crude oil and 

20% water with crude oil) and at three constant impact velocities, 2.5, 3.5 and 4.5 

m s−1, under impact angles of 15°, 30°, 45°, 60°, 75° and 90°.  
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4.1.3.1. At impact velocity of 2.5 m s−1  

For carbon steel in the water environment there was general increase in the current 

density with an increase in impact angle from 30° to 45° Fig.4.1 (a). Conversely, in 

the crude oil environment Fig. 4.1 (b) the average free corrosion potential (Ecorr) was 

around -400mV approximately for all impact angles and there was a general decrease 

in the value of the current density at all impact angles compared with in water 

environment. In the 20% water with crude oil environment, the average corrosion 

potential (Ecorr) was between -410 and  -415mV approximately for all impact angles 

and there was some evidence of an increase in current density at all impact angles 

(Fig. 4.1 (c)). 

 
 4.1.3.2. At impact velocity of 3.5 m s−1   

The average free corrosion potential for carbon steel in the water environment was         

-425mV approximately for all impact angles Fig. 4.2 (a). In addition, there was an 

increase in the anodic current with an increase in impact velocity from 2.5 to 3.5 m s−1 

at all test conditions. In the crude oil environment (Fig. 4.2 (b)) the corrosion potential 

(Ecorr) was between -405 and -415 mV at all impact angles and the current density 

was increased gradually with an increase in impact velocities from 2.5 to 3.5 m s−1.It 

is clear that,  in the 20% water with crude oil environment(Fig. 4.2 (c), the average 

free corrosion potential for all impact angles was around -420mV approximately and 

there was a general increase in the current density  compared with in crude oil 

environment.    

 
4.1.3.3. At impact velocity of 4.5 m s−1  

In water environment there was an increase in the current density with an increase in 

impact velocity from 3.5 to 4.5 m s−1 at the all test conditions. The peak value of 

current density was 1.22 m A cm−2, at impact angle75° while the lowest value of 

current density was about 1 m A cm−2 at impact angle 30°. However, in the crude oil 

environment (Fig. 4.3 (b)) the value of current density was increased slowly with 

increase in impact angle from 15° to 45°. It is interesting to see that the peak value of 

current density was 0.009 m A cm−2 at impact angle 15° while the lowest value of 

current density was about 0.002 m A cm−2 at impact angle 60°.  
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In the oil / 20% water environment Fig. 4.3(c), the anodic current density was 

increased with an increase in velocity from 3.5 m s−1 to 4.5 m s−1 and the value of 

current density was different at each impact angle. The peak value of current density 

was 0.32 m A cm−2 at 15° while the lowest value of current density was about 0.096 m 

A cm−2 at 60°.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 194

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

 

(c) 

Fig.4.1: Polarization curves for carbon stee at various impact angles, 2.5 m s−1velocity 
and particle size 600-710µm in (a) water (b) crude oil (c) oil /20% water. 
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(a) 

 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

 

(c) 

Fig.4.2: Polarization curves for carbon steel a various impact angles, 3.5 m s−1 velocity 
and particle size 600-710µm in (a) water (b) crude oil (c) oil /20% water. 
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(a) 

 

 

 

 

 

 

 

 

 

 

                                                    (b) 

 

 

 

 

 

 

 

 

 

 

(c) 

Fig .4.3: Polarization curves for carbon steel at various impact angles, 4.5 m s−1 

velocity and particle size 600-710µm in (a) water (b) crude oil (c) oil /20% water. 
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4.1.4. Mass loss for particles sizes 600-710µm 

The total volume loss Kec was recorded at three impact velocities, 2.5, 3.5 and 

4.5m s−1. Tables 4.1-4.9 show the results of calculations of the mass loss for Ke, Kc 

and kec in the environments and at different impact velocities with various impact 

angles and applied potentials. At a low impact velocity of 2.5 m s−1 and applied 

potential -400mV in the water environment, the value of erosion contribution (Ke) 

was greater than the value of corrosion contribution at all impact angles (Fig. 4.4 

(a)).However, at higher impact velocities of 3.5 m s−1 and 4.5 m s−1, the value of 

corrosion contribution (Kc) increased at higher applied potentials (anodic condition) 

(Figures 4.7 and 4.10 (c-e)).  
 

Conversely, in crude oil environment the value of corrosion contribution Kc was very 

small compared with the value of erosion contribution (Ke) Figures 4.5-

4.11.However, in mixed environments (oil/20%water) the value of corrosion 

(Kc)gradually increased with an increase in applied potential and impact velocity 

(Figures 4.6-4.12) compared with in crude oil. The value of the erosion contribution 

Ke remained greater than the values of corrosion contribution (Kc) in mixed 

environments. It is interesting that the total volume loss (Kec) was higher at the high 

potential of 400 mV and at the high velocity of 4.5 m s−1, which is consistent with the 

results for small particle sizes150-300µm.  
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Tables.4.1: Mass loss as function of impact angles for carbon steel at various 
potentials in reservoir water at 2.5 m s−1 and particle size 600-710µm (a) -400mV      
(b) -200mV (c) 0mV (d) 200mV (e) 400mV   
                        

(a)     
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 2.59 1.72 4.31 
30° 2.5 1.5 4 
45° 2.39 2.21 4.6 
60° 2.16 2.04 4.2 
75° 1.96 1.93 3.89 
90° 2.5 1.71 4.21 

 
  (b)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 2.45 1.78 4.23 
30° 2.59 1.72 4.3 
45° 2.17 2.43 4.6 
60° 1.89 2.12 4 
75° 1.57 2.24 3.8 
90° 1.9 2.21 4.1 

 
  (c)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 2.58 1.82 4.4 
30° 2.38 1.83 4.2 
45° 1.7 2.71 4.4 
60° 1.25 2.25 3.5 
75° 2.16 2.46 4.6 
90° 1.57 2.73 4.3 

 
  (d)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 2.43 1.95 4.38 
30° 2.56 1.94 4.5 
45° 2.58 2.03 4.6 
60° 1.5 2.71 4.2 
75° 2.26 1.34 3.6 
90° 1.22 2.78 4 

 
  (e)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 2.44 1.97 4.41 
30° 2.16 2.07 4.2 
45° 3.16 2.16 5.3 
60° 2.57 1.93 4.5 
75° 0.71 2.74 3.5 
90° 1.48 2.53 4 
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Tables.4.2: Mass loss as function of impact angles for carbon steel at various 
potentials in crude oil at 2.5 m s−1 and particle size 600-710µm (a) -400mV                     
(b) -200mV  (c) 0 mV(d) 200mV (e) 400mV    

(a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 2 2.11E-02 2.5 
30° 2 1.22E-02 2 
45° 2 1.02E-02 2.01 
60° 2.1 1.85E-02 2.1 
75° 2.1 2.02E-02 2.12 
90° 2.1 1.81E-02 2.11 

 
  (b)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 
2.584 

 1.63E-02 2.6 
30° 2.4 1.65E-02 2.4 
45° 2.7 1.47E-02 2.7 
60° 2.8 1.93E-02 2.8 
75° 3.14 2.12E-02 3.16 
90° 3.13 1.97E-02 3.15 

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 3.38 1.85E-02 3.401 
30° 3.10 1.71E-02 3.12 
45° 3.13 1.39E-02 3.14 
60° 3.38 1.90E-02 3.4 
75° 3.24 1.98E-02 3.26 
90° 3.38 2.00E-02 3.4 

 
(d) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 3.761 1.94E-02 3.78 
30° 3.485 1.49E-02 3.5 
45° 3.545 1.51E-02 3.56 
60° 3.1 2.00E-02 3.12 
75° 3.58 2.33E-02 3.6 
90° 3.98 2.42E-02 4 

 
(e) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 4.29 2.14E-02 4.31 
30° 3.52 1.52E-02 3.53 
45° 4.16 1.48E-02 4.2 
60° 3.98 2.31E-02 4 
75° 3.69 2.40E-02 3.71 
90° 4.08 2.65E-02 4.11 
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Tables.4.3: Mass loss as function of impact angles for carbon steel at various 
potentials in oil /20% water at 2.5 m s−1 and particle size 600-710µm (a) -400mV(b)    
-200mV (c) 0mV  (d) 200mV (e) 400mV                            

(a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 2.31 0.8 3.11 
30° 1.92 0.8 2.7 
45° 2.16 0.8  3 
60° 2.42 0.78 3.2 
75° 1.96 1 2.96 
90° 2.18 0.9 3.08 

 
  (b)  

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 2.34 0.81  3.15 
30° 2.41 0.79  3.2 
45° 2.5 0.71  3.21 
60° 2.44 0.8  3.24 
75° 2.61 0.89 3.5 
90° 1.87 0.91 2.78 

 
  (c)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 2.06 0.78 2.84 
30° 2.7  0.8 3.51 
45° 2.8  0.76 3.6 
60° 2.68 0.82 3.5 
75° 2.1 0.9 3 
90° 2.13 0.78 2.91 

 
  (d)  

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 2.1 0.68 2.78 
30° 2.35 0.9 3.25 
45° 2.89 0.81 3.7 
60° 2.64 0.96 3.6 
75° 2.42 0.45 2.87 

90° 2.27 0.73 3 
 

  (e)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 1.89 0.71 2.6 
30° 2.68 0.72 3.4 
45° 2.1 0.9 3 
60° 2.02 0.78 2.8 
75° 2.23 0.67 2.9 
90° 2.4 0.8 3.2 
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Tables.4.4: Mass loss as function of impact angles for carbon steel at various 
potentials in water at 3.5 m s−1 and particle size 600-710µm  (a) -400mV (b) -200mV 
(c) 0mV (d) 200mV (e) 400mV                          

(a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 1.4 4.12 5.52 
30° 1.81 4.21 6.02 
45° 2.43 4.02 6.45 
60° 2.39 3.91 6.3 
75° 0.53 5.32 5.85 
90° 1.9 4.31 6.21 

 
  (b)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 1.77 4.21 5.98 
30° 2.11 3.91 6.02 
45° 1.89 5 6.89 
60° 2.2 4.25 6.45 
75° 1.59 4.61 6.2 
90° 1.97 4.38 6.35 

 
  (c)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 1.65 4.38 6.03 
30° 2.42 3.78 6.2 
45° 1.99 5.04 7.03 
60° 2.7 4.51 7.21 
75° 2.8 4.07 6.87 
90° 2.48 5 7.48 

 
  (d)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 1.73 4.48 6.21 
30° 3.4 4.1 7.5 
45° 3.88 4.12 8 
60° 2.83 5.01 7.84 
75° 2.8 4.5 7.3 
90° 2.5 5.52 8.02 

 
  (e)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 3.49 4.51 8 
30° 3.57 4.23 7.8 
45° 3.89 4.32 8.21 
60° 2.79 5.21 8 
75° 2.99 4.85 7.84 
90° 2.11 5.81 7.92 
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Tables.4.5:  Mass losses as function of impact angles for carbon steel at various 
potentials in crude oil at 3.5 m s−1 and particle size 600-710µm (a) -400mV                
(b) -200mV (c) 0mV (d) 200mV (e) 400mV                         

(a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 4.6 1.89E-02 4.58 
30° 3.98 2.62E-02 4 
45° 4.48 2.00E-02 4.5 
60° 4.19 2.43E-02 4.21 
75° 4.69  1.92E-02 4.71 
90° 4.75  2.62E-02 4.78 

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 5.1 2.09E-02 5.12 
30° 4.17 3.02E-02 4.2 
45° 4.58 2.21E-02 4.6 
60° 4.68 2.53E-02 4.7 
75° 4.83 2.02E-02 4.85 
90° 4.97  2.74E-02 5 

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 5.1 2.59E-02 5.1 
30° 4.47  2.70E-02 4.5 
45° 4.98  1.81E-02 5 
60° 4.87  2.61E-02 4.9 
75° 4.84  2.76E-02 4.87 
90° 5.18  2.91E-02 5.21 

 
(d) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 5.57  2.61E-02 5.6 
30° 5.17  2.78E-02 5.2 
45° 5.85  1.92E-02 5.87 
60° 4.98 1.99E-02 5 
75° 5.09  3.76E-02 5.13 
90° 5.75 3.01E-02 5.78 

 
(e) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 6.97  2.58E-02 7 
30° 6.37 3.08E-02 6.4 
45° 6.18 2.02E-02 6.2 
60° 4.98 2.19E-02 5 
75° 5.97 2.96E-02 6 
90° 6.47 3.21E-02 6.5 
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Tables.4.6: Mass loss as function of impact angles for carbon steel at various 
potentials in  oil /20% water at 3.5 m s−1 and particle size 600-710µm (a) -400mV      
(b) -200mV (c) 0mV (d) 200mV (e) 400mV                          

(a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 4.16 0.84 5 
30° 3.71 0.89 4.6 
45° 5.2 0.9 6.1 
60° 4.42 0.98 5.4 
75° 4.2 1 5.2 
90° 5 1.1 6.1 

 
  (b)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 5.02 0.98 6 
30° 4.56 1 5.56 
45° 5.3 0.9 6.2 
60° 4.98 1.12 6.1 
75° 4.81 0.89 5.7 
90° 5.2 1 6.2 

 
  (c)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 5.11 0.89 6 
30° 3.9 1.2 5.1 
45° 5.2 1 6.2 
60° 4.89 1.23 6.12 
75° 4.53 1 5.53 
90° 5.32 0.98 6.3 

 
  (d)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 5.47 0.93 6.4 
30° 5.32 0.98 6.3 
45° 5.3 1.2 6.5 
60° 5.22 0.78 6 
75° 4.75 1.12 5.87 
90° 5.18 1.23 6.41 

 
  (e)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 6.01 1.2 7.21 
30° 5.51 1 6.51 
45° 5.4 1.3 6.7 
60° 6.2 0.8 7 
75° 5.87 0.98 6.85 
90° 5.8 1.2 7 
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Tables.4.7:  Mass loss as function of impact angles for carbon steel at various 
potentials in water at 4.5 m s−1 and particle size 600-710µm (a) -400mV (b) -200mV 
(c) 0mV(d) 200mV (e) 400mV                         

(a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 2.99 5.72 8.71 
30° 2.87 5.93 8.8 
45° 4.48 4.72 9.2 
60° 3.3 5.4 8.7 
75° 3 5.94 8.94 
90° 4.69 4.78 9.47 

 
  (b)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 2.39 5.84 8.23 
30° 4.88 4.12 9 
45° 4.17 5.85 10.02 
60° 4.65 5.67 10.32 
75° 3.45 5.89 9.34 
90° 5.48 4.83 10.31 

 
  (c)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 3.82 5.91 9.73 
30° 5.76 4.45 10.21 
45° 5.44 5.01 10.45 
60° 4.71 5.56 10.27 
75° 4.11 6.21 10.32 
90° 3.47 6.03 9.5 

 
  (d)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 4.76 5.24 10 
30° 5.51 4.81 10.32 
45° 5.74 5.32 11.06 
60° 4.88 5.87 10.75 
75° 4.52 6 10.52 
90° 4.19 6.13 10.32 

 
  (e)  

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 5.25 5.2 10.45 
30° 5.62 4.9 10.52 
45° 6.11 5.73 11.84 
60° 6.05 5.07 11.12 
75° 3.16 6.84 10 
90° 4.29 6.73 11.02 
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Table.4.8: Mass loss as function of impact angles for carbon steel at various potentials 
in crude oil at 4.5 m s−1 and particle size 600-710µm (a) -400mV (b) -200mV (c) 
0mV(d) 200mV (e) 400mV                            

(a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 7.47 2.88E-02 7.5 
30° 6.18 3.28E-02 6.21 
45° 7.1 2.52E-02 7.12 
60° 6.7 3.19E-02 6.7 
75° 6.97 3.03E-02 7 
90° 7.14 4.12E-02 7.18 

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 7.24 3.78E-02 7.28 
30° 6.97 3.41E-02 7 
45° 6.99 2.98E-02 7.02 
60° 6.83 4.19E-02 6.87 
75° 7.02 3.48E-02 7.05 
90° 7.76 3.99E-02 7.8 

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 7.957 4.28E-02 8 
30° 7.44 4.01E-02 7.48 
45° 7.42 3.08E-02 7.45 
60° 6.96  3.89E-02 7 
75° 6.66  3.88E-02 6.7 
90° 7.404 4.56E-02 7.45 

 
(d) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 8.43 4.50E-02 8.47 
30° 7.94  3.91E-02 7.98 
45° 7.74  3.58E-02 7.78 
60° 7.099 4.09E-02 7.14 
75° 6.96  3.78E-02 7 
90° 7.95  4.78E-02 8 

 
(e) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 8.07  4.78E-02 8.12 
30° 7.96 4.51E-02 8 
45° 8.41 4.00E-02 8.45 
60° 8.05 5.19E-02 8.1 
75° 7.85 4.18E-02 7.89 
90° 8.18 5.18E-02 8.23 
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Table.4.9:Mass loss as function of impact angles for carbon steel at various potentials 
in oil /20% water at 4.5 m s−1 and particle size 600-710µm (a) -400mV (b) -200mV 
(c) 0mV(d) 200mV (e) 400mV                            
 

(a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 6.45 1.35 7.8 
30° 6.07 1.21 7.28 
45° 6.66 1.34 8 
60° 5.82 1.2 7.02 
75° 6.6 1.4 8 
90° 6.75 1.45 8.2 

 
  (b)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 6.7 1.3 8 
30° 6.98 1.32 8.3 
45° 6.7 1.5 8.2 
60° 6.51 1.1 7.61 
75° 6.76 1.3 8.06 
90° 7.1 1.5 8.6 

 
  (c)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 7.28 1.5 8.78 
30° 7.08 1.32 8.4 
45° 7.54 1.4 8.94 
60° 6.79 1.21 8 
75° 6.6 1.3 7.9 
90° 7.12 1.6 8.72 

 
 (d)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 7.34 1.68 9.02 
30° 7.4 1.6 9 
45° 7.76 1.54 9.3 
60° 8.68 1.32 10 
75° 7.57 1.4 8.97 
90° 7.9 1.7 9.6 

 
  (e)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 7.61 1.9 9.51 
30° 7.67 1.85 9.52 
45° 7.42 1.7 9.12 
60° 7.32 1.68 9 
75° 7.12 1.76 8.88 
90° 7.98 1.89 9.87 
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Fig.4.4: Volume loss as function of impact angles for carbon steel in water at 2.5 m s−1  impact 
velocity and particle size 600-710µm  (a) -400mV (b) -200mV (c) 0mV (d) 200mV (e) 400mV 
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(a)                                                                                                      (b) 
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                 (e) 
 

Fig.4.5: Volume loss as function of impact angles for carbon steel in crude oil at 2.5 m s−1 

and particle size 600-710µm (a) -400mV (b) -200mV (c) 0mV (d) 200mV (e) 400mV 
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Fig.4.6: Volume loss as function of impact angles for carbon steel in oil /20% water at 2.5 m s−1 
and particle size 600-710µm (a) -400mV (b) -200mV (c) 0mV (d) 200mV (e)400 
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Fig.4.7: Volume loss as function of impact angles for carbon steel in water at 3.5 m s−1 and 
particle size 600-710µm (a) -400mV (b) -200mV (c) 0mV (d) 200mV (e)-400mV. 
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Fig.4.8: Volume loss as function of impact angles for carbon steel in crude oil at 3.5 m s−1 and 
particle size 600-710µm (a) -400mV (b) -200mV (c) 0mV (d) 200mV (e)-400mV  

15°                             30°                             45°                             60°                             75°                             90°                             
0

1

2

3

4

5

Impact angle 

 Ke
 Kc
 Kec-1

-2
V

ol
um

e 
lo

ss
 .m

g
 c

m
 .h

15°                             30°                             45°                             60°                             75°                             90°                             
0

1

2

3

4

5

Impact angle 

 Ke
 Kc
 Kec-1

-2
V

ol
um

e 
lo

ss
 .m

g
 c

m
 .h

15°                             30°                             45°                             60°                             75°                             90°                             
0

1

2

3

4

5

 Ke
 Kc
 Kec

Impact angle 

-1
-2

V
o

lu
m

e 
lo

ss
 .m

g 
cm

 .h

15°                             30°                             45°                             60°                             75°                             90°                             
0

1

2

3

4

5

6

Impact angle 

 Ke
 Kc
 Kec

-1
-2

V
o

lu
m

e
 lo

ss
 .m

g
 c

m
 .h

15°                             30°                             45°                             60°                             75°                             90°                             
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

Impact angle 

 Ke
 Kc
 Kec

-1
-2

V
o

lu
m

e 
lo

ss
 .m

g 
cm

 .h



 212

 

 

 

 

 

 

 

 

                        (a)                                                                                   (b) 

 

 

 

 

 

 

 

 

 

                         

                    (c)                                                                                  (d) 

 

 

 

 

 

 

 

 

 

                                                

                 (e) 

Fig.4.9: Volume loss as function of impact angles for carbon steel in oil /20% water at3.5 m s−1 
and particle size 600-710µm  (a) -400mV (b) -200mV (c) 0mV (d) 200mV (e)-400mV 
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Fig.4.10: Volume loss as function of impact angles for carbon steel in water at 4.5 m s−1 and 
particle size 600-710µm (a) -400mV (b) -200mV (c) 0mV (d) 200mV (e) 400mV  
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      Fig.4.11: Volume loss as function of impact angles for carbon steel in crude oil at 4.5 m s−1 
and particle size 600-710µm (a) -400mV (b) -200mV (c) 0mV (d) 200mV (e) 400mV 
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(e) 

Fig.4.12: Volume loss as function of impact angles for carbon steel in   oil /20% water at 4.5 
m s−1 and particle size 600-710µm (a) -400mV (b) -200mV (c) 0mV (d) 200mV (e) 400mV . 
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4.1.5. SEM for particles sizes 600-710µm 

Figures 4.13-4.15 shows that scanning electron micrographs of eroded carbon steel 

test specimen were affected by a change in impact velocity and impact angle in all 

three environments containing particles sized 600-710µm. It can be seen that the 

carbon steel showed plastic deformation on the surface which tended to rise with an 

increase in impact velocity due to the presence of shallow deformation on the surface 

of the specimen. The surface of the specimen in the water slurry environment was 

rough, while the surface of the specimen was less rough in the mixed environment 

(20% water with crude oil) Figures 4.13-(c) to 4.15-(c), the surface of the specimen 

was similar to smooth, without visible corrosion in the crude oil environment Figures 

4.13-(b) to 4.15-(b).   

 

The extent of ploughing increased with an increase in impact velocity and a decrease 

in impact angle. Fig. 4.14-(a) shows that there was good evidence of an oxide film on 

the surface of the specimen at applied potential 0 mV, resulting from an increase in 

the oxidation areas on the surface with an increase in applied potential. It can be 

concluded from the above it is clear that, material removal during erosion-corrosion 

was dependent on many factors that include properties and structure of target 

material, physical and chemical characteristics of erodent particles.   
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10µm

               

                                                                           (a) 

                           
10µm

           

                                                                       (b) 

                            
10µm

                                    

 
                                                      (c)    
Fig.4.13: Scanning electron  micrographs of  eroded carbon steel  test specimen at   
2.5 m s−1,impact angle 15° and particle size 600-710µm (a)in  water (b) in crude oil 
(c)in oil /20% water 
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10µm

 
                                                                          (a) 
 

10µm

 
 
                                                                           (b) 
 

10µm

 
             
                                                        (c)                                                       
Fig. 4.14: Scanning electron  micrographs of  eroded carbon steel  test specimen at  
3.5 m s−1,impact angle 45° and particle size 600-710µm (a)in  water (b) in crude oil 
(c)in  oil /20% water. 
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50µm

      
                                                                  (a) 
 

                               
50µm

       
                                                                   (b) 

 

                             
50µm

 
                                                      (c)                                                                                                             
Fig.4.15: Scanning electron micrographs of eroded carbon steel test specimen at  
 4.5 m s−1, impact angle 90° and particle size 600-710µm (a) in water   (b) in crude oil 
(c) in oil /20% water. 
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4.2. Effect of impact angle and potential on erosion- corrosion maps in 

three environments for particle sizes150-30µm 

 
4.2.1. The procedure of testing 

The erosion-corrosion performances were assessed at room temperature and at three 

impact angles and three applied potentials under various impact velocities in three 

environments containing particles sized 150-300µm. The impact angles were varied at 

three values, 15°, 45° and 90°, and at three impact velocities, 2.5, 3.5 and 4.5m s−1. 

The erosion-corrosion tests were achieved at three potentials, -400, 0 and 400 mV for 

half an hour. 

 
4.2.2. Polarization curves for particles sizes 150-300µm 

For carbon steel in the water environment at impact velocity of 2.5 m s−1 Fig. 4.16 (a), 

the highest value of current density was at impact angle 90°, which is consistent with 

the results of mass loss of Kc (table .4.10-4.18). In the crude oil environment, at 

impact velocity 2.5 m s−1 Fig. 4.16 (b), the average corrosion potential (Ecorr) was 

between-405mV and -415 mV approximately for all three impact angles and there 

was a general decrease in the current density compared with in water environment 

Fig. 4.16 (a). The peak value of the current density in crude oil was 0.050 mA.cm−2 at 

impact angle 90°. In oil/20% water environment at impact velocity 2.5 m s−1Fig. 4.16 

(c),  the average free corrosion potential (Ecorr) was between   -410mV and -420mV 

approximately and there was a general increase in the current density compared with 

that in the crude oil environment Fig. 4.16 (b).  

 

At an impact velocity 3.5 m s−1 and in the carbon steel in water environment, there 

was an increase in the current density with an increase in impact velocity Fig. 4.17 

(a).The highest value of corrosion was at an impact angle of 45°, which is consistent 

with the findings of previous work [2, 6 and 10]. For carbon steel in the water 

environment at impact velocity 4.5 m s−1, there was an increase in the current density 

with an increase in impact velocity from 3.5 to 4.5 m s−1.The peak value of corrosion 

contribution was at an impact angle of 90°. However, the lowest value of corrosion 

contribution was at an impact angle of 45°Fig. 4.18 (a).  
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In the crude oil and combined environments, the current density was gradually 

increased with an increase in impact velocity from 3.5 m s−1to 4.5 m s−1Fig. 4.17-18(b) 

and Fig. 4.17-18(c). By comparing between the polarization curves for small particles 

sizes150-300µm and large particle size 600-710µm for three environments, it was 

observed that the anodic current values recorded for small particle sizes were higher 

than those recorded for large particle sizes.  
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(c) 

Fig.4.16: Polarization curves for carbon steel various impact angles, 2.5 m s−1        

velocity and particle size 150-300µm in (a) water (b) crude oil (c) oil /20% water. 
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(a) 

 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

 

(c) 

Fig.4.17: Polarization curves for carbon steel at various impact angles, 3.5 
m s−1velocity and particle size 150-300µm in (a) water (b) crude oil                              
(c) oil /20% water. 
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(a) 

 

 

 

 

 

 

 

 

 

 

                                                    (b) 

 

 

 

 

 

 

 

 

 

            

(c) 

Fig.4.18: Polarization curves for carbon stee at various impact angles, 4.5 
m s−1velocity and particle size 150-300µm in (a) water (b) crude oil (c) oil /20% 
water. 
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4.2.3. Mass loss for particles sizes 150-30µm 

Tables 4.10-4.18 show the results of calculation of volume loss for erosion 

contribution (Ke), corrosion contribution (Kc) and total erosion-corrosion (Kec) in the 

different environments and for different velocities with various impact angles and 

applied potentials. For carbon steel in the water environment at three impact 

velocities, it can be seen that the value of erosion contribution for small particles was 

decreased compared with the value of the erosion contribution for the largest particles 

sized 600-710µm. In addition, the value of corrosion contribution Kc was increased 

more than with large particles sized 600-710µm Figures 4.19, 4.22 and 4.25.  

 
The higher value of erosion contribution (Ke) in the water environment containing 

particles sized 150-300µm was 2.48 mg cm −2 h−1 at an impact angle of 45° at 

400mV, while, the high value of mass loss (Kec) and corrosion contribution (Kc) was 

8.78mg cm −2 h−1 and 7 mg cm −2 h−1 at impact angles 45° and 90° at potential 400mV 

and at 4.5m s−1.  In addition, the low value of total mass loss in the water environment 

containing particles sized 150-300µm was 3.54 mg cm −2 h−1 at impact angles of 90° 

and -400 mV Figures 4.19, 4.22 and 4.25.  For carbon steel in the crude oil 

environment at three impact velocities, the value of erosion contribution was 

decreased compared with the value of erosion contribution in the crude oil 

environment for the largest particles sized 600-710µm Figures 4.20, 4.23 and 4.26.  

 
Moreover, the value of erosion remained greater than corrosion Kc, even with a 

change in particle size from a large particle to a small particle size Figures 4.20, 4.23 

and 4.26. The highest value of total mass loss of carbon steel in the crude oil 

environment for particles sized150-300µm was 5.9 mg cm −2 h−1 at potential 400mV 

and impact angle 45°, while the low value of total mass loss (Kec) for carbon steel in 

the crude oil environment was 1.65 mg cm −2 h−1 at -400mV Figures 4.20, 4.23 and 

4.26.  In the oil/20%water environment containing particles sized150-300µm at three 

impact velocities Figures 4.21, 4.24 and 4.27, the value of erosion decreased 

compared with that in the crude oil/ 20% water containing particles sized600-710µm. 

The higher value of total mass loss kec was 6.78 mg cm −2 h−1 at potential 400mV and 

impact angle 45° Figure 4.27(c). 
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Tables .4.10:Volume loss as function of impact angles for carbon steel at various 

potentials in water  at 2.5 m s−1 and particle size 150-300µm (a) -400mV (b) 0mV (c)  

400mV. 

          
(a)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 1.5 2.5 4 
45° 1.59 2.6 4.19 
90° 1.14 2.4 3.54 

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 0.47 3.74 4.21 
45° 0.7 3.8 4.5 
90° 0.46 3.84 4.3 

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 0.46 3.84 4.3 
45° 1.51 3.9 5.41 
90° 0.5 3.9 4.4 

 
 
 
 
Tables.4.11:Volume loss as function of impact angles for carbon steel at various 
potentials in crude oil at 2.5 m s−1 and particle size 150-300µm (a) -400mV (b) 0mV 
(c)  400mV. 
 

(a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 1.43 3.21E-01 1.75 
45° 1.66 3.42E-01 2 
90° 1.06 5.91E-01 1.65 

 
 (b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 1.46 3.95E-01 1.85 
45° 1.77 3.40E-01 2.11 
90° 1.44 4.10E-01 1.85 

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 1.556 4.24E-01 1.98 
45° 1.95 3.57E-01 2.30  
90° 1.73 4.70E-01 2.2 
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Tables.4.12:Volume loss as function of impact angles for carbon steel at various 
potentials in oil /20% water at 2.5 m s−1 impact velocity and particle size150-300µm 
(a) -400mV (b) 0mV (c)  400mV.   

(a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 1.19 1.11E+00 2.3 
45° 1.29 1.21E+00 2.5 
90° 1.4 1.03E+00 2.43 

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 1.1 1.51E+00 2.6 
45° 0.95 1.75E+00 2.7 
90° 0.85 1.65E+00 2.5 

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 0.98 1.77E+00 2.75 
45° 1.55 1.85E+00 3.4 
90° 0.82 1.83E+00 2.65 

 
 

 
Table.4.13: Volume loss as function of impact angles for carbon steel at various 
potentials in water at 3.5 m s−1impact velocity and particle size 150-300µm                 
(a) -400mV(b) 0mV (c) 400mV. 
 

(a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 1.22 3.98 5.2 
45° 1.51 4.2 5.71 
90° 1.1 4.5 5.6 

 
 (b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 1.5 4 5.5 
45° 1.05 5 6.05 
90° 0.6 4.81 5.41 

 
 

(c) 
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 2 4.2 6.2 
45° 2 5 7 
90° 0.6 5.4 6 
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Tables.4.14: Volume loss as function of impact angles for carbon steel at various 
potentials in crude oil at 3.5 m s−1impact velocity and particle size 150-300µm             
(a) -400mV(b) 0mV (c) 400mV. 

   
                         (a)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 3.05 4.00E-01 3.45 
45° 3.4 5.00E-01 3.9 
90° 2.71 5.41E-01 3.25 

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 3.22 5.32E-01 3.75 
45° 3.41 4.40E-01 3.85 
90° 2.9 6.00E-01 3.5 

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 3.23 6.12E-01 3.84 
45° 3.43 5.70E-01 4 
90° 3.17 6.30E-01 3.8 

 
 

 
 

Tables.4.15: Volume loss as function of impact angles for carbon steel at various 
potentials in oil /20% water at   3.5 m s−1 impact velocity and particle size 150-300µm 
(a) - 400mV (b) 0mV (c) 400mV  
    

                     (a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 1.55 2.46E+00 4 
45° 1.26 2.95E+00 4.21 
90° 1.73 2.26E+00 3.98 

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 1.33 2.97E+00 4.3 
45° 1.46 3.00E+00 4.46 
90° 1.15 2.85E+00 4 

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 1.73 3.02E+00 4.75 
45° 1.48 3.32E+00 4.8 
90° 1.57 2.94E+00 4.51 
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Tables.4.16: Volume loss as function of impact angles for carbon steel at various 
potentials in water at 4.5 m s−1impact velocity and particle size 150-300µm                 
(a) - 400mV (b) 0mV (c) 400mV 
                        

    (a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 2 5.5 7.5 
45° 2.3 5.5 7.8 
90° 1.6 5.7 7.3 

 
 (b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 1.01 6.2 7.21 
45° 2.11 5.89 8 
90° 0.65 6.4 7.05 

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 0.95 6.5 7.45 
45° 2.48 6.3 8.78 
90° 1 7 8 

 
 
 

 
Table.4.17: Volume loss as function of impact angles for carbon steel at various 
potentials in crude oil  4.5 m s−1impact velocity and particle size 150-300µm               
(a) - 400mV (b) 0mV (c) 400mV 
 

    (a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 4.25 7.50E-01 5 
45° 4.62 8.00E-01 5.42 
90° 3.83 8.23E-01 4.65 

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 4.65 8.53E-01 5.5 
45° 4.86 8.91E-01 5.75 
90° 4.33 8.68E-01 5.2 

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 4.55 9.00E-01 5.45 
45° 4.9 1.00E+00 5.9 
90° 4.2 1.20E+00 5.4 
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Table.4.18: Volume loss as function of impact angles for carbon steel at various 
potentials in oil /20% water at 4.5 m s−1impact velocity and particle size 150-300µm 
(a) - 400mV (b) 0mV (c) 400mV 
  

    (a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

15° 2.53 3.37E+00 5.9 
45° 2.4 3.60E+00 6 
90° 1.98 3.52E+00 5.5 

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 2.4 4.00E+00 6.4 
45° 2.05 4.45E+00 6.5 
90° 1.9 4.30E+00 6.2 

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 
15° 2.42 4.23E+00 6.65 
45° 2.23 4.55E+00 6.78 
90° 2.08 4.42E+00 6.5 
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Fig.4.19: Volume loss as function of impact angles for carbon steel in water at 2.5 m s−1                     

impact velocity and particle size 150-300µm (a) -400mV (b) 0mV (c) 400mV   
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Fig.4.20: Volume loss as function of impact angles for carbon steel in crude oil at 
 2.5 m s−1impact velocity and particle size 150-300µm (a) -400mV (b) 0mV (c) 400mV   
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 
  
 

Fig.4.21: Volume loss as function of impact angles for carbon steel in oil /20% water at   2.5 
m s−1impact velocity and particle size 150-300µm (a) -400mV (b) 0mV (c) 400mV  
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 
 

Fig.4.22: Volume loss as function of impact angles for carbon steel in water at 
 3.5 m s−1impact velocity and particle size 150-300µm (a) -400mV (b) 0mV (c) 400mV 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                 (b) 
 
 
 
 
 
 
 
 
 

 

 

 

(c) 

Fig.4.23: Volume loss as function of impact angles for carbon steel in crude oil at 3.5 m s−1 

impact velocity and particle size 150-300µm (a) -400mV (b) 0mV(c) 400mV 
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Fig.4.24: Volume loss as function of impact angles for carbon steel in oil /20% water at 3.5 
m s−1impact velocity and particle size 150-300µm (a) -400mV (b) 0mV(c) 400mV 
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(c) 

Fig.4.25: Volume loss as function of impact angles for carbon steel in water at 4.5 m s−1impact 
velocity and particle size 150-300µm (a) -400mV (b) 0mV (c) 400mV 
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Fig.4.26: Volume loss as function of impact angles for carbon steel in crude oil at 
4.5 m s−1impact velocity and particle size 150-300µm (a) -400mV (b) 0mV (c) 400mV   
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Fig.4.27: Volume loss as function of impact angles for carbon steel in oil /20% water at 4.5 
m s−1impact velocity and particle size 150-300µm (a) -400mV (b) 0mV (c) 400mV 
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4.2.4. SEM for particles sizes 150-30µm 

Figures 4.28-4.32 show scanning electron micrographs of eroded carbon steel. The 

specimen was affected by a change in impact velocity and impact angle in all three 

environments containing particles sized150-300µm.  

 
In the reservoir water environment Fig. 4.30-(a), it can be seen that there was good 

evidence of plastic deformation on the surface of the specimen by the impact of 

erodent particles at applied potential 400 mV. The displaced lips of passive film 

remains attached to the surface of specimen. Moreover, it can be seen from Figures 

4.30. (b- d) that, the composition of spectrums 1, 2 and 3 indicates the presence of 

aluminium which is coming from the particle, while oxygen is coming from the 

environment.     

   
For carbon steel in crude oil environment the mass loss tended to rise with an increase 

in the impact velocity, resulting in the presence of deformation on the surface of the 

specimen which could be due to the impact of particles as can be seen in Fig. 4.31-(a). 

The surface of the specimens in the three environments containing particles sized   

150-300µm exhibits less damage compared with large impact particles sized 600-

710µm. Moreover, analysis of the surface of the specimen indicated the presence of 

some elements of the chemical composition of crude oil such as sodium, potassium 

and sulphur (Figures 4.31(b-d)).  

 
For carbon steel in the crude oil/20% water environments Fig 4.32(b-d) showed the 

chemical composition contain the sodium traces as consistent with experimental for 

crude oil. Other elements on the surface of the specimen indicate the chemical 

composition of carbon steel.   
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10µm

               

                                                                           (a) 

                           
10µm

           

                                                                       (b) 

                            
10µm

                                                        

 
                                                      (c)    
Fig.4.28: Scanning electron micrographs of eroded carbon steel test specimen at   2.5 
m s−1, impact angle 15° and 150-300µm in (a) water (b) crude oil                                   
(c)  oil /20% water.  
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50µm

    
                                                                          (a) 
 

                                 
50µm

       
 
                                                                           (b) 
 

                                 
50µm

                                 
             
                                                        (c)                                                       
Fig. 4.29: Scanning electron  micrographs of  eroded carbon steel    test specimen at  
3.5 m s−1,impact angle 45° and 150-300µm  in (a)  water (b) crude oil (c) oil /20% 
water. 
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50µm

      
                                                                  (a) 

 
                                                       (b) 
 

 
                                                 (c) 

 
 

                                                                   (d) 
Fig.4.30: Scanning electron micrographs of eroded carbon steel test specimen at      
4.5 m s−1, impact angle 90° and 150-300µm (a) in water (b) analysis of the spectrum-1 
(c) analysis of the spectrum-2 (d) analysis of the spectrum-3         
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50µm

      
                                                                  (a) 

 
                                                       (b) 
 

 
                                                 (c) 

 
 

                                                                   (d) 
Fig.4.31: Scanning electron micrographs of eroded carbon steel test specimen at      
4.5 m s−1, impact angle 90° and 150-300µm (a) in crude oil (b) analysis of the 
spectrum-1 (c) analysis of the spectrum-2 (d) analysis of the spectrum-3       
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50µm

 
                                                                  (a) 

 
                                                       (b) 

 
                                                 (c) 

 
 

                                                                   (d) 
Fig.4.32: Scanning electron micrographs of eroded carbon steel test specimen at  
4.5 m s−1, impact angle 90° and 150-300µm in oil /20% water (b) analysis of the 
spectrum-1 (c) analysis of the spectrum-2(d) analysis of the spectrum-3                                                  
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4.3. Discussion 

 

4.3.1. Polarization curves  
The results for carbon steel in the three environments containing two different particle 

sizes indicate that there is a significant reduction in the corrosion current density 

(Figures 4.1-4.3 (a-b) and Figures 4.16-4.18 (a-b)) when the experimental conditions 

are changed from water to crude oil and from a small particle size of 150-300µm to a 

larger particle size of 600-710µm.  However, the results for carbon steel in oil/ 

20%water slurry indicate current densities are in between those recorded in the two 

other environments (Figures 4.1-4.3(c) and Figures 4.16-4.18(c)).  

 
This indicates that corrosion contribution is reduced significantly in crude oil 

environments and this can be attributed to a decrease in the diffusion of iron (Fe) ions 

in the crude oil environment due to the oil film on the surface of specimen [10] and 

[17].  In addition, the diffusion of oxygen is higher in crude oil than in reservoir water 

and this is the possibly the reason why the cathodic current densities are higher than 

the anodic current densities in the crude oil environment [2, 10 and 11] (Figures 4.1-

4.3 (b) and Figures 4.16-4.18(b)). In the water environments containing particles sized 

600-710µm ,a maximum corrosion current density is observed at an impact angle 

between 30o and 60o (Figure 4.1 (a)). This indicates that in reservoir water 

environment where formation of a corrosion product is built, impingement at low 

impacts angle tends to cause higher degradation rates, unlike that which is observed in 

the oil environment containing particles sized 600-710µm where the maximum 

recorded is at 75o and 90o (Figure 4.1 (b)).     

 
On the other hand, in the water environments containing particles sized 150-300µm, a 

maximum corrosion current is observed at impact angles 45o and 90o (Figures 4.16-

4.17 (a)). A similar situation to that is observed in the crude oil environment 

containing the same sized particles of 150-300µm, where the maximum recorded is at 

45o and 90o (Figure 4.18 (b)).  
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4.3.2. Volume loss 

 
 In the water environment the effect of applied potentials at various impact angle and 

constant velocity shows good trends of the value of erosion contribution and corrosion 

contribution (Figures 4.4-4.10 and Figures 4.19-4.25). However, in the crude oil 

environment for carbon steel with two different particle sizes(150-300 µm and 600-

710µm), there is a marginally higher mass loss (Kec) at 400 mV and at impact 

velocities of 2.5m s−1  and 4.5m s−1  (Fig. 4.5  (e) and Fig. 4.26(c)) compared to that 

observed at lower potentials  -400 mV.  In addition, the trends for the effect of impact 

angle indicate that the maximum mass loss (Kec) is at 90o and 45o Fig. 4.19- Fig. 

4.26, consistent with the results on the polarization data, Figures 4.1-4.3(b) and 

Figures 4.16-4.18 (b). Clearly, the reduction in oil film reduces the erosion-corrosion 

resistance of the layer, whilst increasing the film formed on the surface increases the 

erosion resistance [6].   

 
It can be concluded from these results that, the corrosion rate changes extensively in 

the reservoir water environment with an increase in impact velocity and applied 

potential due to removal of the passive film during slurry impact. Since the film 

growth increases directly with an increase in potential, increases in velocity result in 

higher current densities due to removal of the passive film [16-17]. 

 
4.3.3. SEM 

For carbon steel in the three environments showed less damage due to the effect of a 

small impact particle size 150-300µm Figures 4.28-4.32 compared with the effect of a 

large impact particle sized 600-710µm(Fig.4.13-15) on the surface of the specimen. 

The effect of a small impact particle size on the surface of carbon steel in the water 

and combined environments resulted in less value of mass loss due to a decrease in 

the particle size compared with the previous large particle size, and it is interesting to 

see for a small particle size 150-300µm  that the presence of the corrosion products on 

the surface of the specimen tended to increase with an increase in potential on the 

surface of the specimen at low impact velocity 2.5 m s−1and impact angle 15°  Figures 

4.28-4.29(a and c).  
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4.3.4. Erosion–corrosion maps 

4.3.4.1. Erosion-corrosion mechanism maps 

The erosion-corrosion mechanism maps show different changes in the regimes as a 

function of impact angles and potentials. Tables 4.19-4.27 and 4.28-4.36 show the 

various Ke, Kc and Ke/Kc values. In the reservoir water environment containing 

particles sized 600-710µm at constant impact velocity of 2.5m s−1 Fig.4.33-(a ), as can 

be seen, the passivation-erosion regime dominates at intermediate and high impact 

angles. However, at potentials lower than -300 mV in cathodic conditions the erosion-

dissolution regime dominates. The erosion-passivation regime is dominated from 

intermediate to low impact angles and high potentials (i.e. at 400 mV).  

 

However, in the reservoir water environment containing particles sized 150-300µm 

(Figures 4.36-4.38 (a)) at constant impact velocities of 2.5, 3.5 and 4.5m s−1 the 

passivation-erosion regime dominates the impact angle and potential range 

studies.This confirm the higher corrosion rate for the small particle. 

 
For carbon steel in the crude oil environment containing particles sized 600-710µm at 

constant impact velocities of 2.5, 3.5 and 4.5m s−1 Figures 4.33-35(b), as can be seen, 

the total area of the map is dominated by erosion, indicating that there is very low 

value of corrosion contribution in such conditions, consistent with the results of mass 

loss (Figures 4.5-4.11). On the other hand, Figures 4.36-4.38(b) shows carbon steel in 

the crude oil environment containing small particles sized 150-300µm at constant 

impact velocities of 2.5,3.5 and 4.5m s−1, the map is dominated by erosion-passivation 

regime, indicating that particle impact has small effect on the surface of specimen.  

 

However, in the combined environments containing small particles sized 150-300µm, 

as shows in Figures 4.36-4.38 (c), the map is dominated by passivation–erosion at 

potentials greater than -400mV, which could be attributed to the passive film not 

being affected by the effect of small particles. On the other hand, erosion-passivation 

dominates at potentials lower than -400mV at impact velocity 2.5 m s −1 Figure 

4.36(c).  
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4.3.4.2. Erosion-corrosion wastage maps  

Tables 4.1- 4.9, 4.10-4.18 show the methodology for calculation of the values of 

boundaries (Kec) in three environments for particle sizes (150-300µm and 600-

710µm). The maps (Figures 4.39(a-c) and Figures 4.42) indicate that low wastage 

regime is dominant for all three environments containing particles sized 600-710µm 

and 150-300µm at constant impact velocity 2.5 m s−1, which could be due to low 

impact velocity (low oxygen solubility), indicating low mass loss due to oil and 

passivation film on the surface of specimen.  

 
However, in the reservoir water, crude oil and combined environment containing 

particles sized 600-710µm at constant impact velocity 3.5 m s−1 there is strong 

evidence of the presence of the medium wastage regime at high applied potentials due 

to removal of the passive and oil film by particles impact, indicating an increase in the 

erosion–corrosion mass loss (Fig. 4.40(a- c)).  

 
However, for carbon steel in water containing small particles sized 150-300µm the 

medium wastage regime covers the area in the anodic condition and shifts to the low 

potential at an impact angle of 45° (Fig. 4.43 (a)) that indicated to the mass loss 

increased at an impact angle of 45° which is consistent with previous researchers[10] 

and [11].The medium wastage regime becomes dominant in all the maps in the 

reservoir water, combined environment containing particles sized 600-710µm and 

150-300µm at constant  impact velocity 4.5 m s−1 and that can be attributed to an 

increase in mass loss due to impact velocity(Fig. 4.41(a & c) and Fig. 4.44(a & c)).  

 
In the reservoir water and combined environment containing particles sized 600-

710µm ,the low wastage is dominant at lower impact angle (i.e. 15° to 30°) (Fig. 4.40   

(a) and(c), which could be due to the skidding of the particle on the surface of the 

specimen and decreasing the value of erosion contribution Ke.   
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 4.3.4.3. Erosion-corrosion synergistic-additive maps 

 

Tables 4.37-4.54 show the various ∆Ke, ∆Kc and ∆ke/∆ke values. In three 

envionments the reservoir water, crude oil and oil/20%water environment containing 

particles sized 600-710µm and 150-300µm. The maps for the  synergistic-additive 

contributions (Figures 4.45 (a-c) and Figures 4.48 (a-c)) show that the synergistic 

regimes are more dominant for the carbon steel in crude oil than for the reservoir 

water containing particles sized (150-300µm and 600-710µm) at impact velocity of 

2.5 m s−1. This greater percentage of synergistic behaviour in the crude oil 

environment could be due to the action of the particle impact on the surface of the 

specimen.   

 
The synergistic regime observed at higher velocities 3.5 m s−1 and 4.5 m s−1 for carbon 

steel in the water and combined environments containing particles sized 600-710µm 

(Fig. 4.46 (a & c) and Fig. 4.47 (a & c)) may be attributed to increasing in the 

interaction between the erosion and corrosion due to increase of velocities. On the 

other hand, the antagonistic regime was also observed at higher impact velocity4.5 

m s−1 in crude oil and combined environments containing particles sized 600-710µm 

(Figure47 (b-c)). This could be due to the impact of large particles on the surface of 

the specimen taking a long time between the first impact and the second impact, 

allowing oil film and passive film to form on the surface of the specimen. 
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4.4. Summary 
 

(i) The volume loss of carbon steel in the three environments containing 

particles sized 600-710µm and150-300µm have been investigated at 

constant impact velocity 

(ii) Polarization curves for erosion-corrosion of carbon steel in the three 

environments containing particles sized 600-710µm and 150-300µm 

have been produced at constant impact velocity. 

(iii) The results on surface morphology indicate significantly more plastic 

deformation in the water environment compared to the crude oil 

environment.  

(iv) Erosion-corrosion maps have been constructed based on the results 

showing the changes in erosion-corrosion mechanisms, the rank of 

wastage, and the extent of additive-synergistic/antagonistic behaviour 

at constant impact velocity. 

(v) For carbon steel in the crude oil environment containing small particles 

sized 150-300µm showed that the low wastage regimes dominated the 

whole maps, while the medium wastage regime was presence in the 

crude oil environment containing large particles sized 600-710µm. 
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Fig.4.33: Erosion-corrosion mechanism maps for carbon steel at 2.5 m s−1 and particle 
size 600-710µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.4.34: Erosion-corrosion mechanism maps for carbon steel at 3.5 m s−1and particle 
size 600-710µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.4.35: Erosion-corrosion mechanism maps for carbon steel at 4.5 m s−1and particle 
size 600-710µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.4.36: Erosion-corrosion mechanism maps for carbon steel at 2.5 m s−1and particle 
size 150-300µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.4.37: Erosion-corrosion mechanism maps for carbon steel at 3.5 m s−1and particle 
size 150-300µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.4.38: Erosion-corrosion mechanism maps for carbon steel at 4.5 m s−1and particle 
size 150-300µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.4.39: Erosion-corrosion wastage maps for carbon steel at 2.5 m s−1 and particle 
size 600-710µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.4.40: Erosion-corrosion wastage maps for carbon steel at 3.5 m s−1 and particle 
size 600-710µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.4.41: Erosion-corrosion wastage maps for carbon steel at 4.5 m s−1 and particle 
size 600-710µm   in (a) water (b) crude oil (c) oil /20% water. 
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Fig.4.42: Erosion-corrosion wastage maps for carbon steel at 2.5 m s−1and particle 
size 150-300µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.4.43: Erosion-corrosion wastage maps for carbon steel at 3.5 m s−1and particle 
size 150-300µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.4.44: Erosion-corrosion wastage maps for carbon steel at 4.5 m s−1and particle 
size 150-300µm in( a ) water  ( b) crude oil  ( c ) oil /20% water 
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Fig.4.45: Erosion-corrosion additive-synergism maps for carbon steel at 2.5 m s−1 

and particle size 600-710µm   in( a ) water  ( b) crude oil  ( c ) oil /20% water. 
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Fig.4.46: Erosion-corrosion additive-synergism maps for carbon steel at 3.5 m s−1 

and particle size 600-710µm   in( a ) water  ( b) crude oil  ( c ) oil /20% water. 
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Fig.4.47: Erosion-corrosion additive-synergism maps for carbon steel at 4.5 m s−1 

and particle size 600-710µm   in( a ) water  ( b) crude oil  ( c ) oil /20% water. 
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Fig.4.48: Erosion-corrosion additive-synergism maps for carbon steel at 2.5m s−1and 
particle size 150-300µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.4.49: Erosion-corrosion additive-synergism maps for carbon steel at 3.5m s−1and 
particle size 150-300µm in (a) water (b) crude oil (c) oil /20% water. 
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Fig.4.50: Erosion-corrosion additive-synergism maps for carbon steel at 4.5m s−1and 
particle size 150-300µm in (a) water (b) crude oil (c) oil /20% water. 
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Tables.4.19:  Erosion-corrosion mechanism maps for carbon steel  in water at                
2.5 m s−1 and particle size 600-710µm (a) -400mV (b) -200mV (c) 0mV (d) 200mV 
(e) 400mV                       
 

(a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  

15° 2.59 1.72 1.51 
30° 2.5 1.5 1.67 
45° 2.39 2.21 1.08  
60° 2.16 2.04 1.06 
75° 1.96 1.93 1.02 
90° 2.5 1.71 1.46  

 
  (b)  

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 2.45 1.78 1.38 
30° 2.59 1.72 1.51 
45° 2.17 2.43 0.89  
60° 1.89 2.12 0.89  
75° 1.57 2.24 0.701 
90° 1.9 2.21 0.86 

 
  (c)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 2.58 1.82 1.42 
30° 2.38 1.83 1.30  
45° 1.7 2.71 0.63 
60° 1.25 2.25 0.56 
75° 2.16 2.46 0.88 
90° 1.57 2.73 0.58 

 
 (d)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 2.43 1.95 1.25 
30° 2.56 1.94 1.32 
45° 2.58 2.03 1.27  
60° 1.5 2.71 0.55  
75° 2.26 1.34 1.69 
90° 1.22 2.78 0.44 

 
  (e)  

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 2.44 1.97 1.24 
30° 2.16 2.07 1.04  
45° 3.16 2.16 1.46  
60° 2.57 1.93 1.33  
75° 0.71 2.74 0.26 
90° 1.48 2.53 0.59 
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Tables.4.20: Erosion-corrosion mechanism maps for carbon steel  in crude oil at 2.5 
m s−1 and particle size 600-710 μm (a) -400mV (b) -200mV (c) 0mV (d) 200mV (e) 
400mV   
 

 (a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

15° 2.48 2.11E-02 117.5  
30° 1.99 1.22E-02 162.9  
45° 2 1.02E-02 196.06 
60° 2.08  1.85E-02 112.51  
75° 2.1 2.02E-02 103.95  
90° 2.09  1.81E-02 115.57  

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
               15° 2.58  1.63E-02 158.51 

30° 2.38  1.65E-02 144.45  
45° 2.69 1.47E-02 182.67  
60° 2.78  1.93E-02 144.08 
75° 3.14 2.12E-02 148.06 
90° 3.13 1.97E-02 158.90 

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 3.38  1.85E-02 182.84 
30° 3.10  1.71E-02 181.46 
45° 3.13 1.39E-02 224.90 
60° 3.38  1.90E-02 177.95 
75° 3.24 1.98E-02 163.65 
90° 3.38 2.00E-02 169 

 
(d) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 3.76  1.94E-02 193.85 
30° 3.49 1.49E-02 233.90 
45° 3.55 1.51E-02 234.76  
60° 3.1 2.00E-02 155 
75° 3.58 2.33E-02 153.51 
90° 3.98 2.42E-02 164.29 

 
(e) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 4.289 2.14E-02 200.40  
30° 3.52 1.52E-02 231.24 
45° 4.19 1.48E-02 282.78  
60° 3.98 2.31E-02 172.16  
75° 3.69 2.40E-02 153.58  
90° 4.08  2.65E-02 154.09  
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Tables.4.21: Erosion-corrosion mechanism maps for carbon steel in oil /20% water at 
2.5 m s−1 and particle size 600-710 μ m(a) -400mV (b) -200mV (c) 0mV(d) 200mV 
(e) 400mV    
 

 (a) 
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

15° 2.31 0.8 2.9 
30° 1.92 0.78 2.5 
45° 2.16 0.8  2.6 
60° 2.42 0.8 3.1  
75° 1.96 1 1.96 
90° 2.18 0.9 2.4  

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 2.34 0.81  2.879 
30° 2.41 0.79  3.046 
45° 2.5 0.71  3.496 
60° 2.44 0.80  3.045 
75° 2.61 0.89 2.933 
90° 1.87 0.91 2.055 

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 2.06 0.78 2.641 
30° 2.71 0.8 3.388 
45° 2.84 0.76 3.737 
60° 2.68 0.82 3.268 
75° 2.1 0.9 2.333 
90° 2.13 0.78 2.731 

 
(d) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 2.1 0.68 3.088 
30° 2.35 0.9 2.611 
45° 2.89 0.81 3.568 
60° 2.64 0.96 2.75 
75° 2.42 0.45 5.378 
90° 2.27 0.73 3.11 

 
(e) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 1.89 0.71 2.662 
30° 2.68 0.72 3.722 
45° 2.1 0.9 2.333 
60° 2.02 0.78 2.59 
75° 2.23 0.67 3.328 
90° 2.4 0.8 3 
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Tables.4.22: Erosion-corrosion mechanism maps for carbon steel  in water                   
at 3.5 m s−1 and particle size 600-710 μ m  (a) -400mV (b) -200mV (c) 0mV (d) 
200mV (e) 400mV                 
          

     (a) 
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

15° 1.4 4.12 0.34 
30° 1.81 4.21 0.43 
45° 2.43 4.02 0.6  
60° 2.39 3.91 0.61  
75° 0.53 5.32 0.1 
90° 1.9 4.31 0.44  

 
  (b)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 1.77 4.21 0.42 
30° 2.11 3.91 0.54 
45° 1.89 5 0.38 
60° 2.2 4.25 0.52 
75° 1.59 4.61 0.35 
90° 1.97 4.38 0.45 

 
  (c)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 1.65 4.38 0.38 
30° 2.42 3.78 0.64 
45° 1.99 5.04 0.4 
60° 2.7 4.51 0.6 
75° 2.8 4.07 0.68  
90° 2.48 5 0.49  

 
  (d)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 1.73 4.48 0.386 
30° 3.4 4.1 0.829 
45° 3.88 4.12 0.942 
60° 2.83 5.01 0.565 
75° 2.8 4.5 0.622 
90° 2.5 5.52 0.453 

 
  (e)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 3.49 4.51 0.774 
30° 3.57 4.23 0.844 
45° 3.89 4.32 0.9 
60° 2.79 5.21 0.536 
75° 2.99 4.85 0.616 
90° 2.11 5.81 0.363 
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Tables.4.23: Erosion-corrosion mechanism maps for carbon steel  in crude oil at            
3.5 m s−1 and particle size 600-710 μ m(a) -400mV (b) -200mV (c) 0mV (d) 200mV 
(e) 400mV 
  

(a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

15° 4.56  1.89E-02 241.33 
30° 3.97  2.62E-02 151.67  
45° 4.48 2.00E-02 224 
60° 4.19 2.43E-02 172.25  
75° 4.69  1.92E-02 244.31  
90° 4.75  2.62E-02 181.44  

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 5.099 2.09E-02 243.98 
30° 4.17 3.02E-02 138.07  
45° 4.58 2.21E-02 207.14  
60° 4.68 2.53E-02 184.77  
75° 4.83 2.02E-02 239.09  
90° 4.97  2.74E-02 181.48  

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 5.07  2.59E-02 195.91  
30° 4.47  2.70E-02 165.67 
45° 4.98  1.81E-02 275.24  
60° 4.87  2.61E-02 186.74 
75° 4.84  2.76E-02 175.45 
90° 5.18  2.91E-02 178.04 

 
(d) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 5.57  2.61E-02 213.56 
30° 5.17  2.78E-02 186.05  
45° 5.85  1.92E-02 304.73 
60° 4.98 1.99E-02 250.26 
75° 5.09  3.76E-02 135.44 
90° 5.75 3.01E-02 191.03 

 
(e) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 6.97  2.58E-02 270.32 
30° 6.37 3.08E-02 206.79  
45° 6.18 2.02E-02 305.93  
60° 8 2.19E-02 227.31  
75° 5.97 2.96E-02 201.70  
90° 6.47 3.21E-02 201.49  
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Tables.4.24: Erosion-corrosion mechanism maps for carbon steel  in oil /20% water at 
3.5 m s−1 and particle size 600-710 μ m (a) -400mV (b) -200mV (c) 0mV(d) 200mV 
(e) 400mV    

(a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

15° 4.16 0.84 4.95  
30° 3.71 0.89 4.17 
45° 5.2 0.9 5.78 
60° 4.42 0.98 4.51 
75° 4.2 1 4.2 
90° 5 1.1 4.545 

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 5.02 0.98 5.122 
30° 4.56 1 4.56 
45° 5.3 0.9 5.89 
60° 4.98 1.12 4.45 
75° 4.81 0.89 5.404 
90° 5.2 1 5.2 

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 5.11 0.89 5.74  
30° 3.9 1.2 3.25 
45° 5.2 1 5.2 
60° 4.89 1.23 3.976 
75° 4.53 1 4.53 
90° 5.32 0.98 5.43 

 
(d) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 5.47 0.93 5.88  
30° 5.32 0.98 5.43 
45° 5.3 1.2 4.42 
60° 5.22 0.78 6.69  
75° 4.75 1.12 4.241 
90° 5.18 1.23 4.211 

 
(e) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 6.01 1.2 5.008 
30° 5.51 1 5.51 
45° 5.4 1.3 4.154 
60° 6.2 0.8 7.75 
75° 5.87 0.98 5.99 
90° 5.8 1.2 4.833 
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Tables.4.25: Erosion-corrosion mechanism maps for carbon steel  in water at 4.5 
m s−1 and particle size 600-710 μ m   (a) -400mV (b) -200mV (c) 0mV(d) 200mV   
(e) 400mV    

(a)    
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

15° 2.99 5.72 0.52  
30° 2.87 5.93 0.48  
45° 4.48 4.72 0.95 
60° 3.3 5.4 0.61  
75° 3 5.94 0.51 
90° 4.69 4.78 0.98  

 
  (b)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 2.39 5.84 0.41 
30° 4.88 4.12 1.15 
45° 4.17 5.85 0.713 
60° 4.65 5.67 0.82 
75° 3.45 5.89 0.586 
90° 5.48 4.83 1.135 

 
  (c)  

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 
15° 3.82 5.91 0.646 
30° 5.76 4.45 1.294 
45° 5.44 5.01 1.086 
60° 4.71 5.56 0.847 
75° 4.11 6.21 0.662 
90° 3.47 6.03 0.575 

   
(d)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 4.76 5.24 0.908 
30° 5.51 4.81 1.146 
45° 5.74 5.32 1.079 
60° 4.88 5.87 0.831 
75° 4.52 6 0.753 
90° 4.19 6.13 0.684 

 
  (e)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 5.25 5.2 1.01 
30° 5.62 4.9 1.147 
45° 6.11 5.73 1.066 
60° 6.05 5.07 1.193 
75° 3.16 6.84 0.462 
90° 4.29 6.73 0.637 
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Tables.4.26: Erosion-corrosion mechanism maps for carbon steel  in crude oil at 4.5 
m s−1 and particle size 600-710 μ m (a) -400mV (b) -200mV (c) 0mV(d) 200mV (e) 
400mV   
  

(a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  

15° 7.47  2.88E-02 259.42 
30° 6.18 3.28E-02 188.33 
45° 7.095 2.52E-02 281.54 
60° 6.67 3.19E-02 209.03  
75° 6.97 3.03E-02 230.02  
90° 7.14 4.12E-02 173.27  

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 7.24  3.78E-02 191.59  
30° 6.97 3.41E-02 204.28 
45° 6.99 2.98E-02 234.57  
60° 6.83 4.19E-02 162.96  
75° 7.015 3.48E-02 201.59 
90° 7.76 3.99E-02 194.49 

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 7.96 4.28E-02 185.92 
30° 7.44 4.01E-02 185.53  
45° 7.42 3.08E-02 240.88  
60° 6.96  3.89E-02 178.95 
75° 6.66  3.88E-02 171.68  
90° 7.40  4.56E-02 162.38 

 
(d) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 8.43 4.50E-02 187.22  
30° 7.94  3.91E-02 203.09  
45° 7.74  3.58E-02 216.32 
60° 7.1 4.09E-02 173.57  
75° 6.96  3.78E-02 184.19 
90° 7.95  4.78E-02 166.36  

 
(e) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 8.07  4.78E-02 168.87  
30° 7.96 4.51E-02 176.38  
45° 8.41 4.00E-02 210.25 
60° 8.05 5.19E-02 155.07 
75° 7.85 4.18E-02 187.76 

90° 8.18 5.18E-02 157.88  
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Tables.4.27: Erosion-corrosion mechanism maps for carbon steel  in oil /20% water at 
4.5 m s−1 and particle size 600-710 μ m (a) -400mV (b) -200mV (c) 0mV(d) 200mV 
(e) 400mV    
  

(a)    
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  

15° 6.45 1.35 4.78 
30° 6.07 1.21 5.017 
45° 6.66 1.34 4.97 
60° 5.82 1.2 4.85 
75° 6.6 1.4 4.71  
90° 6.75 1.45 4.66 

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 6.7 1.3 5.15  
30° 6.98 1.32 5.29 
45° 6.7 1.5 4.47 
60° 6.51 1.1 5.92 
75° 6.76 1.3 5.2 
90° 7.1 1.5 4.73  

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 7.28 1.5 4.85  
30° 7.08 1.32 5.36  
45° 7.54 1.4 5.39 
60° 6.79 1.21 5.61  
75° 6.6 1.3 5.08 
90° 7.12 1.6 4.45 

 
(d) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 7.34 1.68 4.369 
30° 7.4 1.6 4.625 
45° 7.76 1.54 5.039 
60° 8.68 1.32 6.576 
75° 7.57 1.4 5.407 
90° 7.9 1.7 4.647 

 
(e) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 7.61 1.9 4.01 
30° 7.67 1.85 4.15 
45° 7.42 1.7 4.37 
60° 7.32 1.68 4.36 
75° 7.12 1.76 4.05 
90° 7.98 1.89 4.22  
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Tables.4.28: Erosion-corrosion mechanism maps for carbon steel  in water                   
at 2.5 m s−1 and particle size 150-300µm (a) - 400mV (b) 0mV (c) 400mV 
 

 
(a) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 1.5 2.5 0.6 
45° 1.59 2.6 0.612 
90° 1.14 2.4 0.475 

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 0.47 3.74 0.126 
45° 0.7 3.8 0.184 
90° 0.46 3.84 0.12 

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 0.46 3.84 0.12 
45° 1.51 3.9 0.387 
90° 0.5 3.9 0.128 

 
 

 
Tables.4.29: Erosion-corrosion mechanism maps for carbon steel  in crude   
oil at 2.5 m s−1    and particle size 150-300µm (a) - 400mV (b) 0mV (c) 400mV 
 

(a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  

15° 1.43 3.21E-01 4.45  
45° 1.66 3.42E-01 4.85 
90° 1.1 5.91E-01 1.79  

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 1.455 3.95E-01 3.68  
45° 1.77 3.40E-01 5.21 
90° 1.44 4.10E-01 3.51  

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 1.56 4.24E-01 3.67 
45° 1.95 3.57E-01 5.45  
90° 1.73 4.70E-01 3.68  
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Tables.4.30: Erosion-corrosion mechanism maps for carbon steel  in oil /20% water      
at 2.5 m s−1 and particle size 150-300µm (a) - 400mV (b) 0mV    (c) 400mV 
   

(a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  

15° 1.19 1.11E+00 1.07  
45° 1.29 1.21E+00 1.06  
90° 1.4 1.03E+00 1.36 

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 1.1 1.51E+00 0.72  
45° 0.95 1.75E+00 0.54  
90° 0.85 1.65E+00 0.51  

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 0.98 1.77E+00 0.55  
45° 1.55 1.85E+00 0.84 
90° 0.82 1.83E+00 0.45 

 
 

Tables.4.31: Erosion-corrosion mechanism maps for carbon steel  in water at 3.5 
m s−1  and particle size 150-300µm (a) - 400mV (b) 0mV (c) 400mV 
 

(a) 
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  

15° 1.22 3.98 0.31 
45° 1.51 4.2 0.36 
90° 1.1 4.5 0.24  

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 1.5 4 0.38 
45° 1.05 5 0.21 
90° 0.6 4.81 0.125 

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 2 4.2 0.476 
45° 2 5 0.4 
90° 0.6 5.4 0.11  
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Tables.4.32:Erosion-corrosion mechanism maps for carbon steel  in crude   
oil at 3.5 m s−1    and particle size 150-300µm (a) - 400mV (b) 0mV (c) 400mV 

   
                         (a)   

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 3.05 4.00E-01 7.63 
45° 3.4 5.00E-01 6.8 
90° 2.71 5.41E-01 5.01 

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 3.22 5.32E-01 6.05 
45° 3.41 4.40E-01 7.75 
90° 2.9 6.00E-01 4.83  

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 3.23 6.12E-01 5.27  
45° 3.43 5.70E-01 6.02 
90° 3.17 6.30E-01 5.03  

 
 
 
Tables.4.33: Erosion-corrosion mechanism maps for carbon steel  in oil /20% water at 
3.5 m s−1 and particle size 150-300µm (a) - 400mV (b) 0mV    (c) 400mV 
    

                     (a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  

15° 1.55 2.46E+00 0.63 
45° 1.26 2.95E+00 0.43 
90° 1.73 2.26E+00 0.76  

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 1.33 2.97E+00 0.45 
45° 1.46 3.00E+00 0.49 
90° 1.15 2.85E+00 0.40  

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 1.73 3.02E+00 0.57  
45° 1.48 3.32E+00 0.45 
90° 1.57 2.94E+00 0.53  
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Tables.4.34: Erosion-corrosion mechanism maps for carbon steel  in water at 4.5 
m s−1 and particle size 150-300µm (a) - 400mV (b) 0mV (c) 400mV 
 

(a) 
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  

15° 2 5.5 0.36  
45° 2.3 5.5 0.42 
90° 1.6 5.7 0.28  

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 1.01 6.2 0.16  
45° 2.11 5.89 0.36 
90° 0.65 6.4 0.10  

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 0.95 6.5 0.15 
45° 2.48 6.3 0.39  
90° 1 7 0.14  

 
 

 
Tables.4.35:Erosion-corrosion mechanism maps for carbon steel  in crude   
oil at 4.5 m s−1     and particle size 150-300µm (a) - 400mV (b) 0mV (c) 400mV 
 

    (a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  

15° 4.25 7.50E-01 5.67 
45° 4.62 8.00E-01 5.78 
90° 3.83 8.23E-01 4.65  

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 4.647 8.53E-01 5.45 
45° 4.859 8.91E-01 5.45  
90° 4.33  8.68E-01 4.99  

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 4.55 9.00E-01 5.06 
45° 4.9 1.00E+00 4.9 
90° 4.2 1.20E+00 3.5 
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Tables.4.36: Erosion-corrosion mechanism maps for carbon steel  in oil /20% water at 
4.5 m s−1 and particle size 150-300µm (a) - 400mV (b) 0mV  (c) 400mV 
  

    (a)   
Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  

15° 2.53 3.37E+00 0.75  
45° 2.4 3.60E+00 0.67 
90° 1.98 3.52E+00 0.562  

 
(b) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 2.4 4.00E+00 0.6 
45° 2.05 4.45E+00 0.46  
90° 1.9 4.30E+00 0.44  

 
(c) 

Impact angle Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  
15° 2.42 4.23E+00 0.57  
45° 2.23 4.55E+00 0.49  
90° 2.08 4.42E+00 0.47  
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Tables.4.37: Erosion-corrosion additive -synergism maps for carbon steel  in water at 
2.5 m s−1and particle size 600-710µm (a) -400mV (b) -200mV (c) 0mV (d) 200mV (e) 
400mV    
 

(a)   
Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc  

15° 0.89 -0.21 -4.16 
30° 0.9 -0.37 -2.43  
45° -0.11 0.16 -0.69 
60° 0.76 0.03 25.33  
75° 0.86 -0.22 -3.91 
90° 0.9 -0.2 -4.5 

 
  (b)    

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 0.75 -0.14 -5.36 
30° 0.99 0.04 24.75 
45° -0.33 0.53 -0.62  
60° 0.49 -0.18 -2.72  
75° 0.47 0.09 5.22  
90° 0.3 0.28 1.071  

 
 (c)   

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 0.88 -0.16 -5.5 
30° 0.78 -0.18 -4.33  
45° -0.8 1.47 -0.54  
60° -0.15 0.08 -1.88 
75° 1.06 -0.24 -4.42 
90° -0.03 0.48 -0.06  

 
  (d)   

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 0.73 -0.05 -14.6 
30° 0.96 -0.16 -6 
45° 0.08 0.08 1 
60° 0.1 0.63 0.16 
75° 1.16 -0.96 -1.21 
90° -0.38 0.5 -0.76 

 
  (e)   

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 0.74 -0.1 -10.57  
30° 0.56 0.04 14 
45° 1.54 0.31 4.97 
60° 1.17 -0.5 -2.49 
75° -0.39 0.32 -1.22 
90° -0.12 0.1 -1.2 
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Tables.4.38: Erosion-corrosion additive -synergism maps for carbon steel  in crude oil 
at 2.5 m s−1and particle size 600-710µm  (a) -400mV (b) -200mV (c) 0mV                
(d) 200mV (e) 400mV     

(a)   
Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 

15° 0.5 1.10E-02 45.35  
30° 0.79 1.00E-03 787.8 
45° 0.1 -4.00E-03 -24.95 
60° 1.08  4.30E-03 251.51  
75° 1.08 4.00E-03 269.95 
90° 0.39  -1.70E-03 -230.53 

 
(b) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 0.60  2.20E-03 274  
30° 1.18  2.40E-03 493  
45° 0.79 -5.00E-04 -1570  
60° 1.78  5.20E-03 342   
75° 2.12 5.20E-03 407   
90° 1.43 7.00E-04 2043  

 
(c) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 1.40  -6.00E-04 -2337  
30° 1.90  2.00E-03 951  
45° 1.23 -6.00E-04 -2043  
60° 2.38  4.60E-03 517  
75° 2.22 4.60E-03 482   
90° 1.68 5.00E-04 3360 

 
(d) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 1.781 5.00E-04 3561  
30° 2.29 -1.20E-03 -1904  
45° 1.65 -4.00E-04 -4112  
60° 2.1 5.80E-03 362  
75° 2.56 7.10E-03 360   
90° 2.28 5.20E-03 437   

 
(e) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 1.78 2.90E-03 613   
30° 2.29 -1.90E-03 -1202   
45° 1.65 -1.30E-03 -1265   
60° 2.1 -1.10E-03 -1906  
75° 2.56 6.80E-03 375   
90° 2.27  7.00E-03 324  
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Tables.4.39: Erosion-corrosion additive -synergism maps for carbon steel  in oil /20% 
water at 2.5 m s−1and particle size 600-710µm  (a) -400mV (b) -200mV (c) 0mV (d) 
200mV (e) 400mV    
 

(a)   
Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 

15° 0.33 -0.12 -2.75 
30° 0.72 0.22 3.27  
45° 0.26 0.22 1.18  
60° 1.42 -0.13 -10.92  
75° 0.94 0.43 2.19 
90° 0.48 0.23 2.097 

 
(b) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 0.36 -0.04 -9.42  
30° 1.21 0.2 7.07  
45° 0.6 -0.03 -22.92  
60° 1.44 -0.1 -20.86 
75° 1.59 0.2 8.37 
90° 0.17 0.3 0.57 

 
(c) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 0.08 -0.1 -1 
30° 1.51 0.1 30.2 
45° 0.94 -0.04 -23.5 
60° 1.68 0.1 24 
75° 1.08 0.1 12 
90° 0.43 -0.02 -21.5 

 
(d) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 0.12 -0.03 -4 
30° 1.15 0.14 8.21  
45° 0.99 -0.09 -11 
60° 1.64 0.16 10.25 
75° 1.4 -0.23 -6.09 
90° 0.57 -0.06 -9.5 

 
(e) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° -0.1 -0.1 1 
30° 1.5 0.04 37 
45° 0.2 0.15 1.33  
60° 1.02 0.13 7.85  
75° 1.21 -0.03 -40.3  
90° 0.7 0.02 35 
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Tables.4.40: Erosion-corrosion additive -synergism maps for carbon steel  in water at 
3.5 m s−1and particle size 600-710µm  (a) -400mV (b) -200mV (c) 0mV (d) 200mV 
(e) 400mV    

(a)   
Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 

15° -0.6 1.1 -0.55 
30° -0.06 0.8 -0.08 
45° -0.8 0.22 -3.5 
60° 0.59 0.5 1.18 
75° -1.17 1.32 -0.89 
90° -0.3 0.21 -1.43 

 
  (b)   

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° -0.23 0.73 -0.32 
30° 0.24 -0.29 -0.83 
45° -1.31 -0.07 -1.32  
60° 0.4 0.75 0.53  
75° -0.11 0.51 -0.22 
90° -0.23 0.48 -0.48 

 
  (c)   

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° -0.35 0.86 -0.41 
30° 0.55 0.17 3.24 
45° -1.21 0.23 -5.26  
60° 0.9 0.82 1.09  
75° 1.1 -0.6 -1.83  
90° 0.28 0.99 0.28  

 
  (d)   

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° -0.27 0.87 -0.31  
30° 1.53 0.6 2.55 
45° 0.68 0.02 34 
60° 1.03 0.41 2.51  
75° 1.1 0.7 1.57  
90° 0.3 1.61 0.19 

 
  (e)   

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 1.49 0.51 2.92  
30° 1.7 0.75 2.27 
45° 0.69 -0.49 -1.41 
60° 0.99 0.91 1.09 
75° 1.29 0.05 25.8 
90° -0.09 1.49 -0.06  
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Tables.4.41: Erosion-corrosion additive -synergism maps for carbon steel  in crude oil 
at 3.5 m s−1and particle size 600-710µm (a) -400mV (b) -200mV (c) 0mV (d) 200mV 
(e) 400mV    
    

 (a)   
Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 

15° 2.26  -2.60E-03 -869   
30° 2.17  5.10E-03 426  
45° 2.08 2.00E-04 10400 
60° 2.19 -1.20E-03 -1821  
75° 2.84  -1.00E-03 -2840  
90° 2.70  4.70E-03 575  

 
(b) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 2.78 -2.20E-03 -1272  
30° 2.37 4.10E-03 578 
45° 2.18 3.40E-03 640  
60° 2.68 5.00E-04 5349  
75° 2.98 -5.80E-03 -513  
90° 2.92  4.90E-03 596  

 
(c) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 2.77  5.80E-03 478   
30° 2.67  -2.00E-04 -13365 
45° 2.58  -1.10E-03 -2347   
60° 2.87  1.00E-04 28739 
75° 2.99  8.00E-04 3741 
90° 3.13  6.90E-03 454 

 
(d) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 3.27  2.00E-03 1637 
30° 3.37  -3.00E-04 -11241 
45° 3.45  -4.00E-04 -8627 
60° 2.98 -5.90E-03 -505   
75° 3.24  1.06E-02 306 
90° 3.7 7.10E-03 521   

 
(e) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 4.67  5.00E-04 9348  
30° 4.57 1.60E-03 2856 
45° 3.78 5.00E-04 7560 
60° 2.98 -4.30E-03 -6930 
75° 4.12 1.80E-03 2289   
90° 4.42 7.80E-03 566  
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Tables.4.42: Erosion-corrosion additive -synergism maps for carbon steel  in oil /20% 
water at 3.5 m s−1and particle size 600-710µm  (a) -400mV (b) -200mV (c) 0mV (d) 
200mV (e) 400mV    
  

(a)   
Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 

15° 1.86 -0.1 -26.57  
30° 1.91 0.2  9.095  
45° 2.8 0.2 18.66  
60° 2.42 0.3  7.33  
75° 2.35 0.3 7.83  
90° 2.95 0.3  9.22 

 
(b) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 2.7  0.1  24.73 
30° 2.76 0.3 9.52 
45° 2.9 0.12 24.17 
60° 2.98 0.41 7.27 
75° 2.96 0.1 32.89 
90° 3.15 0.02 157.5 

 
(c) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 2.8  -0.03 -93.67 
30° 2.1 0.4 5.83  
45° 2.8 0.1 28 
60° 2.9 0.4  6.57 
75° 2.68 -0.2  -11.65  
90° 3.27 0.2 16.35 

 
(d) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 3.17 0.13 24.38 
30° 3.52 -0.22 -16 
45° 2.9 0.2 14.5 
60° 3.22 -0.11 -29.27 
75° 2.9 -0.1 -36.25 
90° 3.13 0.43 7.28 

 
(e) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 3.7  0.2 18.55 
30° 3.7  0.1 37.1 
45° 3 0.5 6.52  
60° 4.2 -0.1 -42 
75° 4.0  -0.2 -25.13 
90° 3.8 0.4 10.42 
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Tables.4.43:Erosion-corrosion additive -synergism maps for carbon steel  in water at 
4.5 m s−1and particle size 600-710µm   (a) -400mV (b) -200mV (c) 0mV(d) 200mV 
(e) 400mV    

(a)   
Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 

15° -0.01 1.22 -0.01 
30° -0.11 1.11 -0.099  
45° 0.58 -0.29 -2 
60° 0.2 0.59 0.34 
75° 0.7 0.71 0.99 
90° 1.79 -0.07 -25.57 

 
  (b)  

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° -0.61 1.23 -0.50 
30° 1.9 -0.81 -2.35 
45° 0.27 0.12 2.25 
60° 1.55 1.09 1.42 
75° 1.15 0.99 1.16 
90° 2.58 -0.54 -4.78 

 
  (c)   

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 0.82 1.1 0.75 
30° 2.78 -0.22 -12.64 
45° 1.54 -0.38 -4.05 
60° 1.61 0.25 6.44 
75° 1.81 1.24 1.46 
90° 0.57 0.83 0.69 

 
 (d)   

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 1.76 0.26 6.77 
30° 2.53 -0.2 -12.65 
45° 1.84 0.28 6.57 
60° 1.78 0.39 4.56 
75° 2.22 1.04 2.13 
90° 1.29 0.63 2.05 

 
 (e)   

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 2.25 0.12 18.75 
30° 2.64 -0.12 -22 
45° 2.21 0.84 2.63 
60° 2.95 0.11 26.82 
75° 0.86 1.74 0.49 
90° 1.39 1.03 1.35 
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Tables .4.44: Erosion-corrosion additive -synergism maps for carbon steel  in crude 
oil at 4.5 m s−1and particle size 600-710µm   (a) -400mV (b) -200mV (c) 0mV(d) 
200mV (e) 400mV    
   

(a)   
Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 

15° 3.87  1.00E-03 3871  
30° 3.18 2.60E-03 1222 
45° 3.9 -4.60E-03 -847 
60° 3.77 -1.30E-03 -2899 
75° 4.67 -1.50E-03 -3113  
90° 3.94 6.90E-03 571 

 
(b) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 3.64  5.00E-03 728  
30° 3.97 -5.00E-04 -7932 
45° 3.79 -5.00E-04 -7580  
60° 3.93 6.00E-04 6547 
75° 4.72 2.00E-04 23576 
90° 4.56 7.40E-03 616  

 
(c) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 4.36 1.80E-03 2421 
30° 4.44 5.00E-03 888 
45° 4.22 -4.60E-03 -917  
60° 4.06  -3.20E-03 -1269  
75° 4.36  3.80E-03 1148 
90° 4.20  1.04E-02 404  

 
(d) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 4.83 7.00E-03 689  
30° 4.94  -1.00E-03 -4941 
45° 4.54  -1.60E-03 -2840  
60° 4.2 -2.00E-04 -20996 
75° 4.66   -3.20E-03 -1456  
90° 4.75  9.10E-03 522  

 
(e) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 4.47  -2.00E-04 -22361 
30° 4.96 4.00E-03 1239 
45° 5.21 8.00E-04 6513 
60° 5.15 1.21E-02 425  
75° 5.55 -2.00E-04 -27741 
90° 4.98 1.01E-02 493 
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Tables.4.45: Erosion-corrosion additive -synergism maps for carbon steel  in  
oil /20% water at 4.5 m s−1and particle size 600-710µm (a) -400mV  (b) -200mV         
(c) 0mV (d) 200mV (e) 400mV    
    

(a)   
Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 

15° 2.85 -0.05 -57 
30° 3.07 -0.11 -28 
45° 3.46 0.14 25 
60° 2.92 -0.1 -29  
75° 4.3 -0.1 -54 
90° 3.55 0.3 14  

 
(b) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 3.1 0.2 16 
30° 3.98 0.2 20  
45° 3.5 0.3 12 
60° 3.61 -0.2  -16  
75° 4.46 0.3 15 
90° 3.9 0.3 14 

 
(c) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 3.68 0.2 18.4 
30° 4.08 0.2 20.71 
45° 4.34 0.2 21.7 
60° 3.89 -0.11 -35.36 
75° 4.3 0.1 43 
90° 3.92 0.3 13.07 

 
(d) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 3.74 -0.02 -187 
30° 4.4 -0.1 -44 
45° 4.56 -0.14 -32.57 
60° 5.78 -0.4 -15.21 
75° 5.27 -0.1 -52.7 
90° 4.7 0.3 15.67 

 
(e) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 4.01 -0.1 -40.1 
30° 4.67 -0.13 -35.92 
45° 4.22 -0.1 -52.75 
60° 4.42 0.2 22.1 
75° 4.82 0.16 30.13 
90° 4.78 -0.11 -43.45 

 



 293

Tables.4.46: Erosion-corrosion additive -synergism maps for carbon steel  in water at 
2.5 m s−1 and particle size 150-300µm (a) - 400mV (b) 0mV (c) 400mV 
 

(a) 
Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 

15° 0.9 0.57 1.59  
45° 0.69 0.55 1.25  
90° 0.61 0.49 1.24  

 
(b) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° -0.13 1.76 -0.07  
45° -0.2 2.56 -0.08 
90° -0.07 1.59 -0.04  

 
(c) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° -0.14 1.8 -0.08 
45° 0.61 2.05 0.297  
90° -0.03 1.47 -0.02  

 
 
 

 
Tables.4.47: Erosion-corrosion additive -synergism maps for carbon steel  in crude oil 
at  2.5 m s−1 and particle size 150-300µm (a) - 400mV (b) 0mV (c) 400mV 
 

(a) 
Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 

15° 0.92 0.22 4.18 
45° 0.91 0.2 4.54 
90° 0.66 0.4 1.68 

 
(b) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 0.95 0.2  4.63  
45° 1.02 0.2 5.23  
90° 1.04 0.22 4.84 

 
(c) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 1.05 0.24 4.38 
45° 1.2 0.2 6.11 
90° 1.3  0.28 4.84 
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Tables.4.48: Erosion-corrosion additive -synergism maps for carbon steel  in oil /20% 
water at 2.5 m s−1 and particle size 150-300µm (a) - 400mV (b) 0mV (c) 400mV 

(a) 
Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 

15° 0.68 0.2 3.55  
45° 0.54 0.6 0.91  
90° 1 0.4 2.77 

 
(b) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 0.58 0.7  0.89 
45° 0.2 1  0.21 
90° 0.45 1  0.53 

 
(c) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 0.47 0.97  0.48  
45° 0.8 1.1  0.73 
90° 0.42 1.1 0.4 

 
 
 
 
Tables.4.49: Erosion-corrosion additive -synergism maps for carbon steel  in            
water  at  3.5 m s−1 and particle size 150-300µm (a) - 400mV (b) 0mV (c) 400mV 

 
(a) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 0.28 0.96 0.29  
45° 0.19 0.4 0.48 
90° 0.18 0.4 0.45 

 
(b) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 0.56 0.48 1.17 
45° -0.27 0.19 -1.42  
90° -0.32 0.8 -0.4 

 
(c) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 1.06 0.2 5.3 
45° 0.68 0.19 3.58 
90° -0.32 1.08 -0.3 
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Tables.4.50: Erosion-corrosion additive -synergism maps for carbon steel  in crude oil 
at  3.5 m s−1 and particle size 150-300µm (a) - 400mV (b) 0mV  
(c) 400mV 
 

(a) 
Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 

15° 2.27 0.19 12.27  
45° 2.56 0.30  8.48 
90° 1.95 0.33 5.98 

 
(b) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 2.44 0.33  7.37 
45° 2.57 0.25 10.36  
90° 2.14 0.38 5.66  

 
(c) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 2.45 0.36 6.82 
45° 2.59 0.37  6.94  
90° 2.41 0.39 6.23 

 
 
 
 

 
Tables.4.51: Erosion-corrosion additive -synergism maps for carbon steel in oil /20% 
water at 3.5 m s−1 and particle size 150-300µm (a) - 400mV  (b)  0mV (c) 400mV 
 

(a) 
Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 

15° 0.77 1.55 0.495  
45° 0.42 2.20  0.19  
90° 0.97 1.48 0.65  

 
(b) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 0.55 2.05  0.27 
45° 0.62 2.1 0.3  
90° 0.39 2.07  0.19 

 
(c) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 0.95 2.02 0.47  
45° 0.64 2.48 0.26  
90° 0.81 2.1 0.39 
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Tables.4.52: Erosion-corrosion additive -synergism maps for carbon steel  in water at 
4.5 m s−1 and particle size 150-300µm (a) - 400mV (b) 0mV (c) 400mV 
 

(a) 
Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 

15° 0.25 1 0.25 
45° 0.3 0.49 0.61  
90° 0.1 0.85 0.12 

 
(b) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° -0.74 1.39 -0.53  
45° 0.11 0.5 0.22 
90° -0.85 1.2 -0.71 

 
 

(c) 
Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 

15° -0.8 1.42 -0.56  
45° 0.48 1.41 0.34  
90° -0.5 1.3 -0.38  

 
 
 
 

Tables.4.53:Erosion-corrosion additive -synergism maps for carbon steel  in crude oil 
at  4.5 m s−1 and particle size 150-300µm (a) - 400mV (b) 0mV (c) 400mV 
 

(a) 
Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 

15° 2.85 0.5  6.04 
45° 2.92 0.5  5.82 
90° 2.83 0.5 5.89 

 
(b) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 3.25 0.44  7.33  
45° 3.16 0.54 5.89 
90° 3.33  0.52 6.46  

 
(c) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 3.15 0.4  7.5 
45° 3.2 0.6  5.26  
90° 3.2 0.8  4.09 
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Tables.4.54: Erosion-corrosion additive -synergism maps for carbon steel  in  oil /20% 
water at 4.5 m s−1 and particle size 150-300µm (a) - 400mV (b) 0mV (c) 400mV 
 

(a) 
Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 

15° 1.13 1.97 0.57  
45° 0.7 2.4 0.29  
90° 0.98 2.3  0.42  

 
(b) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 1 2.7 0.37  
45° 0.35 3.25 0.11 
90° 0.9 3 0.3 

 
(c) 

Impact angle Δke(mg cm −2 h−1 ) Δkc(mg cm −2 h−1 ) Δke/Δkc 
15° 1.02 2.23 0.46 
45° 0.53 2.77 0.19  
90° 1.08 2.42 0.45 
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5.0. Introduction 

 
In this study, the carbon steel have been investigated at various of impact velocities 

and applied potentials at range of constant an impact angles, in water, crude oil and 

combined environments with different particle sizes (600-710µm and 150-300µm) as 

erodent particles.The polarization curves have been investigated at constant of impact 

angle for carbon steel in three environment for large particle sizes 600-710µm and a 

small particle sizes 150-300µm. 

 
The total mass loss rate have been plotted as function of applied potentials for large 

particle sizes 600-710µm and a small particle sizes 150-300µm. The results have been 

used to establish erosion-corrosion mechanism, wastages and additive –synergism 

maps as function of impact velocities and applied potentials at range of constant 

impact angles for particle sizes (600-710µm and 150-300µm). 
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5.1. Effect of applied potential, impact velocity for particle sizes 600-
710µm on erosion-corrosion of carbon steel maps 
 

5.1.1 General 

The effect of erosion-corrosion on carbon steel in three environments containing 

particles sized 600-710µm has been investigated in a slurry erosion impingement test 

rig with various applied potentials and impact velocities. The results of mass loss have 

been plotted as a function of applied potentials at constant impact angles.  

  
5.1.2. Materials and procedure of erosion-corrosion test 

The dimensions of the specimens were 25mm × 10mm × 4 mm. The area exposed to 

the impingement jet was 0.19cm2, whilst the remaining area was covered by a coating 

in order to ensure that all corrosion measurements were related to the erosion-

corrosion process only. Mass change measurements were made of the samples by 

using Mettler college 150 balance with an accuracy ±0.1mg. The tests were carried 

out at five applied potentials, -400, -200, 0, 200 and 400mV, and three impact 

velocities, 2.5, 3.5 and  4.5 m s−1 ,  for 30 minutes at six impact angles, 15°, 30°, 45°, 

60°,75°  and 90°.  

 

5.1.3. Polarization curves for particle sizes 600-710µm   

 
5.1.3.1. At impact angles of 15°, 90° and impact velocity 2.5 m s−1 

The corrosion testing was conducted under potentiodynamic conditions. Samples 

were in different environments to observe the corrosion behavior of carbon steel.   For 

carbon steel in the water environment at an impact angles 15° and 90° Fig. 5.1(a) and 

(b), it is interesting to see that, the current density was increased with an increase in 

impact angle, from 15° to 90° at impact velocity of 2.5 m s−1. However, for carbon 

steel in the crude oil environment Fig. 5.1(a), the average free corrosion potential 

(Ecorr) was higher value compared to the average free corrosion potential in the water 

environment. The average current density was about 0.0075 m A c m−2 at an impact 

angle of 15°. In addition, in the crude oil environment the value of cathodic current 

was greater than the anodic current consistent with [2,10and10].  
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5.1.3.2. At impact angles of 15°, 90° and impact velocity 3.5 m s−1 

In the water environment at impacts angle of 15° and 90° (Fig. 5.2 (a) and (b)), it was 

observed that the current density increased at a range between 0.8 to 1.0 m A cm−2. 

However, for carbon steel in crude oil and oil/20% water environment (Fig. 5.2 (a) 

and (b))at impact  angles of 15° and 90°the corrosion contribution was very small 

compared to corrosion contribution (Kc) in the water environment.  

 
5.1.3.3. At impact angles of 15 °, 90° and impact velocity 4.5 m s−1 

For carbon steel in the water environment at impact  angle of 15° and 90° the 

corrosion current density values were increased when  impact velocity increased  and  

the average value of current density was about 1.22 m A cm−2  Figs. 5.3 (a) and (b) . 

However, in the crude oil environment at impact angles 15° and 90° Figs. 5.3 (a) and 

(b), the corrosion current density was similar to all previous impact velocities. For 

carbon steel in oil/20% water environment Figs. 5.3 (a) and (b), it is clear that the 

current density was increased with an increase in impact velocity compared to 

corrosion contribution (Kc) in the crude oil environment.     
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(a) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
                                                                  (b) 
 
 
 
 
Fig.5.1: Polarization curves for carbon steel in three environments contain particle 
size 600-710µm and at 2.5 m s−1: (a) 15° (b) 90°   
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                                                      (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                  
                                                              (b) 
 
  
 
Fig.5.2: Polarization curves for carbon steel in three environments contain particle 
size 600-710µm and at 3.5 m s−1: (a) 15° (b) 90°   
 
 
 
 
 
 
 
 

-8 0 0

-6 0 0

-4 0 0

-2 0 0

0

2 0 0

4 0 0

6 0 0

8 0 0

0 .0 1 1 010 .10 .0 0 10 .0 0 0 0 1 0 .0 0 0 1

P
ot

en
tia

l (
m

V
)

- 2
C u r re n t  (m A  c m  )

O il /  2 0 % w a te r

O il

 w a te r  

 

-8 0 0

-6 0 0

-4 0 0

-2 0 0

0

2 0 0

4 0 0

6 0 0

8 0 0

0 .0 1 1 010 .10 .0 0 10 .0 0 0 0 1 0 .0 0 0 1

P
ot

en
tia

l (
m

V
)

- 2
C u r re n t  (m A  c m  )

O il /  2 0 % w a te r

 O il

W a te r   

 



 303

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                              
 
                                 
                                                        (b) 
 
  
 
Fig.5.3: Polarization curves for carbon steel in three environments contain particle 
size 600-710µm and at 4.5 m s−1: (a) 15° (b) 90°   
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5.1.4. Volume loss for particle sizes 600-710µm 

The volume losses of carbon steel in the three environments contain particle sizes 

600-710µm demonstrate that when the impact velocity was increased from a low 

velocity to a high impact velocity, the total volume losses (Kec) were increased in the 

three environments. However, the value of the mass losses in the reservoir water 

environment was highest, while the value of the volume losses in crude oil was less 

than in the mixed environment. Tables 5.1-5.18 show the results of the calculations of 

volume loss for Ke, Kc and Kec for difference environments contain particle sizes 

600-710µm. 

 
5.1.4.1. Mass loss in water reservoir  

In the water environment the value of the value of erosion contribution (Ke) in water 

was increased less than the value of corrosion contribution (Kc) (Figures 5.7-5.10). In 

addition, for carbon steel in the water environment Figs. 5.4 (a-f) at an impact 

velocity of 2.5 m s−1, high values of corrosion were recorded at positive applied 

potential (200 mV) was 2.78 mg cm−2 h−1 at an impact angle of 90°, while the low 

value of corrosion contribution was 1.5 mg cm−2 h−1 at impact angle of 30° and 

applied potential -400mV (Figures 5.4(a)). It is interesting to see that the value of 

erosion contribution (Ke) was also affected by an increase in the potential [6]. The 

greatest value of erosion contribution was 3.16 mg cm−2 h−1 at constant impact angle 

of 45° and applied potential of 400mV at an impact velocity of 2.5 m s−1 (Fig. 5.4(c)), 

while the lowest value of erosion contribution was 0.71 mg cm−2 h−1 at constant 

impact angle of 75° and at 400mV (Fig. 5.4(e)).  

                                                                                                                                                                        
For carbon steel in the water environment at an impact velocity of 3.5 m s−1 Fig. 5.7, it 

can be seen that the total volume of mass loss rate (Kec) generally increased with an 

increase in impact velocity from 2.5 m s−1 to 3.5 m s−1, and the highest total mass loss 

(Kec) was about 8.2 mg cm−2 h−1 at applied potential 400 mV and at constant impact 

angle of 45° (Fig. 5.7(c)). Furthermore, in the water environment the percentage of 

corrosion (Kc) was greater than the percentage of erosion (Ke) at the majority of 

impact angles and applied potentials.  
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With an increase in impact velocity from 3.5 to 4.5 m s−1 for carbon steel in water 

environment, the peak value of erosion-corrosion (Kec) was 11.84 mg cm−2 h−1 at 

impact angle of 45° and potential of 400mV(Fig. 5.10(c)). The lowest value of 

erosion contribution was at impact angle of 15° and at applied potential -200mV.  

  
5.1.4.2. Mass loss in crude oil environment  

For carbon steel in the crude oil environment at an impact velocity of 2.5 m s−1, 

Figures.5.5 (a-f), there was a general decrease in the value of corrosion contribution 

(Kc) compared with that in the reservoir water environment. In addition, it can be 

observed that the value of corrosion contribution (Kc) was very low compared to 

erosion contribution at all impact angles and all applied potentials (Figures 5.5(a-f)). 

In actual fact, the percentage of total erosion-corrosion rate (Kec) pointed to the 

percentage of erosion contribution rate (Ke). The total volume loss rate (Kec) 

generally increased with an increase in impact velocity from 2.5 m s−1 to 3.5 m s−1, and 

the peak volume loss was 7 mg cm−2 h−1 at impact angle of 15°and at applied potential 

400mV,as demonstrated in (Fig.5.8(a)). The corrosion contribution had a very small 

increase compared to the previous impact velocity 2.5 m s−1 .On the other hand, the 

values of erosion contribution increased with an increase in impact velocity, and the 

highest value recorded was 8.42mg cm−2 h−1 at an impact angle of 15° at an impact 

velocity of 4.5 m s−1 (Fig. 5.11(a)). 

 

5.1.4.3. Mass loss in oil/20% water  

The percentage of erosion in oil/20% water contain large particle sizes 600-710µm 

Figures 5.6(a-f), was greater than the percentage of corrosion at the majority of test 

condition which dissimilar for carbon steel in oil/water contain a small particle sizes 

150-300µm. The peak value of erosion at impact velocity 2.5 m s−1 was at impact 

angle 45°, about 2.89  mg .cm −2 h−1 at 200 mV, which is consistent with the findings 

of previous research [2, 10,11 and 6]. The value of corrosion  usually has a greater 

value at the anodic regime, at potential 200mV and at an impact angle of 60°, at about 

0.96 mg cm −2 h−1 (Fig. 5.6(d)).  
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In addition the total volume loss reached a maximum at about 10 mg cm−2 h−1 at 

impact angle of 60° and applied potential 200mV at impact velocity of 4.5 m s−1 and 

the minimum value was about 7 mg cm−2 h−1 at  an  impact angle of 60° and  applied 

potential -400mV(Fig. 5.12(d)). The highest value of erosion contribution was              

8.68 mg cm−2 h−1 at an impact angle 60°and applied potential 200mV (Fig. 5.12(d)).   
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Tables.5.1 Volume loss as function of potentials for carbon steel  in water at                 
2.5 m s−1and particle size 600-710µm (a) 15° (b) 30° (c) 45°  
 
 

(a)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400    2.59 1.72 4.31 

-200  2.45 1.78 4.23 

0  2.58 1.82 4.4 

200  2.43 1.95 4.38 

400  2.44 1.97 4.41 
 

 
  (b)   

 
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  2.5 1.5 4 

-200  2.59 1.72 4.3 

0  2.38 1.83 4.2 

200  2.56 1.94 4.5 

400  2.16 2.07 4.2 
 

  (c)   
 

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  2.39 2.21 4.6 

-200  2.17 2.43 4.6 

0  1.7 2.71 4.4 

200  2.58 2.03 4.6 

400  3.16 2.16 5.3 
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Tables.5.2: Volume loss as function of potentials for carbon steel in water at               
2.5 m s−1and particle size 600-710µm (a) 60°  (b) 75°   (c) 90°   
 

 (a)   
 

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  2.16 2.04 4.2 

-200  1.89 2.12 4 

0  1.25 2.25 3.5 

200  1.5 2.71 4.2 

400  2.57 1.93 4.5 
 
 

  (b)  
    

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  1.96 1.93 3.89 

-200  1.57 2.24 3.8 

0  2.16 2.46 4.6 

200  2.26 1.34 3.6 

400  0.71 2.74 3.5 
 

 
  (c)    

  
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  2.5 1.71 4.21 

-200  1.9 2.21 4.1 

0  1.57 2.73 4.3 

200  1.22 2.78 4 

400  1.48 2.53 4 
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Tables.5.3: Volume loss as function of potentials for carbon steel in crude oil at             
2.5 m s−1and particle size 600-710µm  (a) 15° (b) 30° (c) 45°  

 
(a)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 2.48 2.11E-02 2.5 

-200 
2.58  

 1.63E-02 2.6 

0 3.38  1.85E-02 3.401 

200 3.76  1.94E-02 3.78 

400 4.29 2.14E-02 4.31 
 
 
 

  (b)   
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.99 1.22E-02 2 

-200 2.38  1.65E-02 2.4 

0 3.10  1.71E-02 3.12 

200 3.49 1.49E-02 3.5 

400 3.52 1.52E-02 3.53 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 2 1.02E-02 2.01 

-200 2.69 1.47E-02 2.7 

0 3.13 1.39E-02 3.14 

200 3.55 1.51E-02 3.56 

400 4.19 1.48E-02 4.2 
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Tables.5.4: Volume loss as function of potentials for carbon steel  in crude oil at              
2.5 m s−1and particle size 600-710µm  (a) 60° (b) 75° (c) 90°  

 
 (a)   

 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 2.08 1.85E-02 2.1 

-200 2.78 1.93E-02 2.8 

0 3.38 1.90E-02 3.4 

200 3.1 2.00E-02 3.12 

400 3.98 2.31E-02 4 
 
 

(b) 
 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 2.1 2.02E-02 2.12 

-200 3.14 2.12E-02 3.16 

0 3.24 1.98E-02 3.26 

200 3.577 2.33E-02 3.6 

400 3.69 2.40E-02 3.71 
 
 

(c) 
 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 2.1 1.81E-02 2.11 

-200 3.13 1.97E-02 3.15 

0 3.38 2.00E-02 3.4 

200 3.98 2.42E-02 4 

400 4.1  2.65E-02 4.11 
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Tables.5.5: Volume loss as function of potentials for carbon steel in oil /20% water at 
2.5 m s−1and particle size 600-710µm  (a) 15° (b) 30° (c) 45°  

 
(a)   

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 2.31 0.8 3.11 

-200 2.34 0.81  3.15 

0 2.06 0.8 2.84 

200 2.1 0.68 2.78 

400 1.89 0.71 2.6 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.92 0.78 2.7 

-200 2.41 0.79  3.2 

0 2.71 0.8 3.51 

200 2.35 0.9 3.25 

400 2.68 0.72 3.4 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 2.16 0.84 3 

-200 2.5 0.71  3.2  

0 2.84 0.76 3.6 

200 2.89 0.81 3.7 

400 2.1 0.9 3 
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Tables.5.6: Volume loss as function of potentials for carbon steel in oil /20% water at 
2.5 m s−1and particle size 600-710µm  (a) 60° (b) 75° (c) 90°  

 
(a)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  2.42 0.78 3.2 

-200  2.44 0.80  3.24 

0  2.68 0.82 3.5 

200  2.64 0.96 3.6 

400  2.02 0.78 2.8 
 
 
 

  (b)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.96 1 2.96 

-200 2.61 0.89 3.5 

0 2.1 0.9 3 

200 2.42 0.45 2.87 

400 2.23 0.67 2.9 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 2.18 0.9 3.08 

-200 1.87 0.91 2.78 

0 2.13 0.78 2.91 

200 2.27 0.73 3 

400 2.4 0.8 3.2 
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Tables.5.7: Volume loss as function of potentials for carbon steel in water at                  
3.5 m s−1and particle size 600-710µm  (a) 15° (b) 30° (c) 45°  

 
  

(a)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  1.4 4.12 5.52 

-200  1.77 4.21 5.98 

0  1.65 4.38 6.03 

200  1.73 4.48 6.21 

400  3.49 4.51 8 
 
 
 

  (b)   
Applied potential  

 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  1.81 4.21 6.02 

-200  2.11 3.91 6.02 

0  2.42 3.78 6.2 

200  3.4 4.1 7.5 

400  3.57 4.23 7.8 
 

 
  (c)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  2.43 4.02 6.45 

-200  1.89 5 6.89 

0  1.99 5.04 7.03 

200  3.88 4.12 8 

400  3.89 4.32 8.21 
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Tables.5.8: Volume loss as function of potentials for carbon steel in water at                 
3.5 m s−1and particle size 600-710µm  (a) 60° (b) 75° (c) 90°    

  
 

 (a)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  2.39 3.91 6.3 

-200  2.2 4.25 6.45 

0  2.7 4.51 7.21 

200  2.83 5.01 7.84 

400  2.79 5.21 8 
 
 
 

 (b)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  0.53 5.32 5.85 

-200  1.59 4.61 6.2 

0  2.8 4.07 6.87 

200  2.8 4.5 7.3 

400  2.99 4.85 7.84 
 

 
  (c)     

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  1.9 4.31 6.21 

-200  1.97 4.38 6.35 

0  2.48 5 7.48 

200  2.5 5.52 8.02 

400  2.11 5.81 7.92 
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Tables.5.9: Volume loss as function of potentials for carbon steel in crude oil at               
3.5 m s−1and particle size 600-710µm (a) 15° (b) 30° (c) 45°  

 
  

(a)   
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 4.56  1.89E-02 4.58 

-200 5.1 2.09E-02 5.12 

0m 5.1 2.59E-02 5.1 

200 5.57  2.61E-02 5.6 

400 6.97  2.58E-02 7 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 3.97  2.62E-02 4 

-200 4.17 3.02E-02 4.2 

0 4.47  2.70E-02 4.5 

200 5.17  2.78E-02 5.2 

400 6.37 3.08E-02 6.4 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 4.48 2.00E-02 4.5 

-200 4.58 2.21E-02 4.6 

0 4.98  1.81E-02 5 

200 5.85  1.92E-02 5.87 

400 6.18 2.02E-02 6.2 
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Tables.5.10:Volume loss as function of potentials for carbon steel in crude oil at              
3.5 m s−1and particle size 600-710µm (a) 60° (b) 75° (c) 90°     

 
 

 (a)   
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 4.19 2.43E-02 4.21 

-200 4.68 2.53E-02 4.7 

0 4.87  2.61E-02 4.9 

200 4.98 1.99E-02 5 

400 4.98 2.19E-02 5 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 4.69  1.92E-02 4.71 

-200 4.83 2.02E-02 4.85 

0 4.84  2.76E-02 4.87 

200 5.09  3.76E-02 5.13 

400 5.97 2.96E-02 6 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 4.75  2.62E-02 4.78 

-200 4.97  2.74E-02 5 

0 5.18  2.91E-02 5.21 

200 5.75 3.01E-02 5.78 

400 6.47 3.21E-02 6.5 
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Tables.5.11: Volume loss as function of potentials for carbon steel in oil /20% water 
at 3.5 m s−1and particle size 600-710µm (a) 15° (b) 30° (c) 45°  

 
  

(a)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  4.16 0.84 5 

-200  5.02 0.98 6 

0  5.11 0.89 6 

200  5.47 0.93 6.4 

400  6.01 1.2 7.21 
 
 
 

  (b)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  3.71 0.89 4.6 

-200  4.56 1 5.56 

0  3.9 1.2 5.1 

200  5.32 0.98 6.3 

400  5.51 1 6.51 
 

 
  (c)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  5.2 0.9 6.1 

-200  5.3 0.9 6.2 

0  5.2 1 6.2 

200  5.3 1.2 6.5 

400  5.4 1.3 6.7 
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Tables.5.12: Volume loss as function of potentials for carbon steel in oil /20% water 
at 3.5 m s−1and particle size 600-710µm (a) 60° (b) 75° (c) 90°  

 
 (a)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  4.42 0.98 5.4 

-200  4.98 1.12 6.1 

0  4.89 1.23 6.12 

200  5.22 0.78 6 

400  6.2 0.8 7 
 
 
 

  (b)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  4.2 1 5.2 

-200  4.81 0.89 5.7 

0  4.53 1 5.53 

200  4.75 1.12 5.87 

400  5.87 0.98 6.85 
 

 
  (c)     

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  5 1.1 6.1 

-200  5.2 1 6.2 

0  5.32 0.98 6.3 

200  5.18 1.23 6.41 

400  5.8 1.2 7 
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Tables.5.13: Volume loss as function of potentials for carbon steel in water at             
4.5 m s−1and particle size 600-710µm (a) 15° (b) 30° (c) 45°     

 
(a)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  2.99 5.72 8.71 

-200  2.39 5.84 8.23 

0  3.82 5.91 9.73 

200  4.76 5.24 10 

400  5.25 5.2 10.45 
 
 
 

  (b)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  2.87 5.93 8.8 

-200  4.88 4.12 9 

0  5.76 4.45 10.21 

200  5.51 4.81 10.32 

400  5.62 4.9 10.52 
 

 
  (c)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  4.48 4.72 9.2 

-200  4.17 5.85 10.02 

0  5.44 5.01 10.45 

200  5.74 5.32 11.06 

400  6.11 5.73 11.84 
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Tables.5.14: Volume loss as function of potentials for carbon steel in water at            
4.5 m s−1and particle size 600-710µm (a) 60° (b) 75° (c) 90°  

  
 (a)                       

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 3.3 5.4 8.7 

-200  4.65 5.67 10.32 

0  4.71 5.56 10.27 

200  4.88 5.87 10.75 

400  6.05 5.07 11.12 
 
 
 

  (b)     
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  3 5.94 8.94 

-200  3.45 5.89 9.34 

0  4.11 6.21 10.32 

200  4.52 6 10.52 

400  3.16 6.84 10 
 

 
 (c)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  4.69 4.78 9.47 

-200  5.48 4.83 10.31 

0  3.47 6.03 9.5 

200  4.19 6.13 10.32 

400  4.29 6.73 11.02 
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Tables.5.15: Volume loss as function of potentials for carbon steel in crude oil at 4.5 
m s−1and particle size 600-710µm  (a) 15° (b) 30° (c) 45°  

 
(a)   

 
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  7.47  2.88E-02 7.5 

-200  7.24  3.78E-02 7.28 

0  7.96 4.28E-02 8 

200  8.43 4.50E-02 8.47 

400  8.07  4.78E-02 8.12 
 
 
 

  (b)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  6.18 3.28E-02 6.21 

-200  6.97 3.41E-02 7 

0  7.44 4.01E-02 7.48 

200  7.94  3.91E-02 7.98 

400  7.96 4.51E-02 8 
 

 
  (c)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  7.1 2.52E-02 7.12 

-200  6.9  2.98E-02 7.02 

0  7.42 3.08E-02 7.45 

200  7.74  3.58E-02 7.78 

400  8.41 4.00E-02 8.45 
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Tables.5.16: Volume loss as function of potentials for carbon steel in crude oil at        
4.5 m s−1and particle size 600-710µm  (a) 60° (b) 75° (c) 90°  

 
  
 

 (a)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 6.67 3.19E-02 6.7 

-200 6.83 4.19E-02 6.87 

0 6.96  3.89E-02 7 

200 7.1 4.09E-02 7.14 

400 8.1 5.19E-02 8.1 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 6.97 3.03E-02 7 

-200 7.015 3.48E-02 7.05 

0 6.66  3.88E-02 6.7 

200 6.96  3.78E-02 7 

400 7.848 4.18E-02 7.89 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 7.14 4.12E-02 7.18 

-200 7.76 3.99E-02 7.8 

0 7.404 4.56E-02 7.45 

200 7.95  4.78E-02 8 

400 8.178 5.18E-02 8.23 
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Tables.5.17: Volume loss as function of potentials for carbon steel in oil /20% water 
at 4.5 m s−1and particle size 600-710µm  (a) 15° (b) 30° (c) 45°  

 
(a)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  6.45 1.35 7.8 

-200  6.7 1.3 8 

0  7.28 1.5 8.78 

200  7.34 1.68 9.02 

400  7.61 1.9 9.51 
 
 
 

  (b)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  6.07 1.21 7.28 

-200  6.98 1.32 8.3 

0  7.08 1.32 8.4 

200  7.4 1.6 9 

400  7.67 1.85 9.52 
 

 
  (c)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  6.66 1.34 8 

-200  6.7 1.5 8.2 

0  7.54 1.4 8.94 

200  7.76 1.54 9.3 

400  7.42 1.7 9.12 
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Tables.5.18: Volume loss as function of potentials for carbon steel in oil /20% water 
at 4.5 m s−1and particle size 600-710µm  (a) 60° (b) 75° (c) 90°  

 
 

 (a)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  5.82 1.2 7.02 

-200  6.51 1.1 7.61 

0  6.79 1.21 8 

200  8.68 1.32 10 

400  7.32 1.68 9 
 
 
 

 (b)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  6.6 1.4 8 

-200  6.76 1.3 8.06 

0  6.6 1.3 7.9 

200  7.57 1.4 8.97 

400  7.12 1.76 8.88 
 

 
  (c)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400  6.75 1.45 8.2 

-200  7.1 1.5 8.6 

0  7.12 1.6 8.72 

200  7.9 1.7 9.6 

400  7.98 1.89 9.87 
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Fig.5.4: Volume loss as function of potentials for carbon steel in water at 2.5 m s−1and particle 
size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°. 
 
                    

-400 -200 0 200 400

1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

 Ke
 Kc
 Kec

Applied potential 

-1
-2

V
ol

um
e 

lo
ss

 .m
g

 c
m

 .
h

-400 -200 0 200 400

1.5

2.0

2.5

3.0

3.5

4.0

4.5

Applied potential 

 Ke
 Kc
 Kec

-1
-2

V
ol

um
e 

lo
ss

 .
m

g
 c

m
 .

h

-400 -200 0 200 400
1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

4.6

4.8

5.0

Applied potential 

 Ke
 Kc
 Kec

-1
-2

V
ol

um
e 

lo
ss

 .
m

g 
cm

 .
h

-400 -200 0 200 400

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

4.6

Applied potential 

 Ke
 Kc
 Kec

-1
-2

V
ol

um
e 

lo
ss

 .
m

g 
cm

 .
h

-400 -200 0 200 400
0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

Applied potential 

 Ke
 Kc
 Kec

-1
-2

V
ol

um
e 

lo
ss

 .
m

g 
cm

 .
h

-400 -200 0 200 400
0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

Applied potential 

 Ke
 Kc
 Kec

-1
-2

V
ol

um
e 

lo
ss

 .
m

g 
cm

 .
h



 326

 
 
 
 
 
 
 

 
                     

 
 
 
 
                       (a)                                                                                        (b) 
  
 
 

  
 
 
 
 
 
 
 
 
 
 
 
                (c)                                                                                        (d) 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
            (e)                                                                                        (f) 

Fig.5.5: Volume loss as function of potentials for carbon steel in crude oil at  
2.5 m s−1and particle size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90° .  
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Fig.5.6: Volume loss as function of potentials for carbon steel in oil /20% water at 2.5 m s−1and 
particle size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90° .  
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Fig.5.7: Volume loss as function of potentials for carbon steel in water at 3.5 m s−1and particle 
size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90° . 
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Fig.5.8: Volume loss as function of potentials for carbon steel in crude oil at  
3.5 m s−1and particle size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90° .  
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Fig.5.9: Volume loss as function of potentials for carbon steel in oil /20% water , 3.5 m s−1and 
particle size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90°.  
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Fig.5.10: Volume loss as function of potentials for carbon steel in water at 4.5 m s−1and particle 
size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90° .  
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            (a)                                                                                                  (b) 
 

  
 
 
 
 
 
 
 
 
 
 
 
 

            (c)                                                                                                  (d) 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 

            (e)                                                                                                  (f) 
Fig.5.11: Volume loss as function of potentials for carbon steel in crude oil 4.5 m s−1and particle 
size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90° . 
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 (e)                                                                                               (f) 
 

Fig.5.12: Volume loss as function of potentials for carbon steel in oil /20% water  4.5 m s−1and 
particle size 600-710µm   (a) 15° (b) 30° (c) 45°(d) 60° (e) 75° (f) 90° .  
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5.2. Effect of applied potential, impact velocity for particle size 150-30µm 
on erosion-corrosion maps 
 

5.2.1. Conditions of the test 

The dimensions of the specimens were 25mm× 10mm × 4 mm in the three 

environments containing particles sized 150-300µm. The area exposed to the 

impingement jet was 0.19cm2, whilst the remaining area was covered by a coating in 

order to ensure that all corrosion measurements related to the erosion-corrosion 

process only. The tests were carried out at three potentials -400, 0 and 400mV, and 

three velocities, 2.5, 3.5 and 4.5 m s−1, for 30 minutes at three impact angles, 15°, 45° 

and 90°.  

  

5.2.2. Polarization curves for particle size 150-30µm 

5.2.2.1. At impact angles of 15°, 90° and velocity 2.5 m s−1 

For carbon steel in the water environment containing particles sized 150-300µm at 

constant impact angle of 15° and impact velocity of 2.5 m s−1 Fig. 5.13(a) , it is 

interesting to see that the current density was increased with a decrease in particle size 

from 600-710µm to 150-300µm. In the crude oil environment containing particles 

sized 150-300µm Fig. 5.13(a), the current density was increase compared to that 

observed in the crude oil environment containing large particles sized 600-710µm, 

was 0.065 m A c m−2 at an impact angle of 15°, and an impact velocity of 2.5 m s−1. In 

20% water with crude oil at an impact angle of 15° and an impact velocity of 2.5 m s−1 

(Fig. 5.13(a)), there was an increased in the corrosion current density compared with 

in the crude oil containing particles sized 150-300µm, was 0.25 m A c m−2.  

 

At an impact angle of 90° and an impact velocity of 2.5 m s−1 for carbon steel in the 

water environment containing particles sized 150-300µm Fig. 5.13(b), it is clear that 

the current density was quite dissimilar to current density at the previous impact angle 

of 15° was 0.79 mA cm−2. In the crude oil environment containing particles sized 150-

300µm (Fig. 5.13(b)) at constant impact angle of 90° and an impact velocity of 2.5 m 

s−1, the corrosion current density was approximately 0.081 m A cm−2. It can be seen 

that the value of the corrosion contribution remained small compared with that in the 

water and crude oil/20%water environment containing particles sized 150-300µm.   
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5.2.2.2. At impact angles of 15°, 90° and velocity 3.5 m s−1 

For carbon steel in the water environment containing particles sized 150-300µm (Fig. 

5.14(a) and (b) at impact angles 15° , 90° and at an impact velocity of 3.5  m s−1, it can 

be observed that the corrosion potential (Ecorr) was  lesser compared with in crude oil 

environment containing particles sized 150-300µm. The current density for carbon 

steel in water environment at impact velocity of 3.5 m s−1 was greater than at impact 

velocity of   2.5 m s−1. This is consistent with the findings of some other research, 

which found that an increase in velocity indicates an increase in corrosion value [20, 

34 and 36].   

  
For carbon steel in the crude oil environment at impacts angle 15°, 90° and at an 

impact velocity of 3.5 m s−1Fig. 5.14(a) and (b),  the corrosion contribution was very 

small compared to the corrosion contribution (Kc) in the water environment. 

However, in oil /20% water containing particles sized 150-300µm at impact angles 

15, 90° and at an impact velocity of 3.5 m s−1   Fig. 5.14(a) and (b) , there was a small 

increase in the corrosion current density compared with water environment.  

 

5.2.2.4. At impact angles of 15°, 90° and velocity 4.5 m s−1 

The value of current density in water environment was increased with an increase in 

impact angles and velocities Figs 5.15 (a) and (b). The value of current density of two 

impact angles 15°, 90° was 1.1 and 1.4 m A cm−2. For carbon steel in the crude oil 

environment at impact angles 15°, 90° and at an impact velocity of 4.5ms−1 Fig. 

5.15(a) and (b), the current was similar to all previous impact velocities and  impact 

angles. In oil/20% water environment at impact angles of 15°, 90° and an impact 

velocity of 4.5ms−1 Fig. 5.15(a) and (b),it can be noticed that  the current density was 

increased with an increase in impact velocity and decrease in particle size from  600-

710µm to150-300µm.  
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 
 
Fig.5.13: Polarization curves for carbon steel in three environments contain particle 
size 150-300µm and at 2.5 m s−1: (a) 15° (b) 90°   
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 
 
 
 
Fig.5.14: Polarization curves for carbon steel in three environments contain particle 
size 150-300µm and at 3.5 m s−1: (a) 15° (b) 90°   
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 
 
Fig.5.15: Polarization curves for carbon steel in three environments contain particle 
size 150-300µm and at 4.5 m s−1: (a) 15° (b) 90°   
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5.2.3. Volume loss for particle sizes 150-300µm  

The volume losses of carbon steel in the three environments containing particles sized            

150-300µm demonstrate that when the particle size was changed from a large particle 

size (600-710µm) to a small particle size (150-300µm), the total volume losses 

decreased in the three environments. However, the value of the corrosion contribution 

(Kc) was increased for carbon steel in the reservoir water environment, being the 

highest, while the value of the corrosion contribution (Kc) in crude oil was less than 

in the mixed environments contain particle sizes 150-300µmFigs5.16-24. Tables 

5.19-5.27: show the results of the calculations of volume loss for Ke, Kc and Kec for 

difference environments contain particle sizes 150-300µm.  

 

5.2.3.1. Mass loss in water reservoir  

For carbon steel in the water environment containing particles sized 150-300µm and 

at an impact velocity of 2.5 m s−1, Fig. 5.16, it is clear that the total mass loss (Kec) 

and erosion (Ke) were decreased compared with the value of mass loss of carbon steel 

in water containing particles sized 600-710µm. However, the value of corrosion  (Kc) 

with a small particle size 150-300µm was increased compared with the value of 

corrosion (Kc) of carbon steel in water containing particles sized 600-710µm (Fig. 

5.4-12). The peak value of erosion-corrosion at an impact velocity of 2.5 m s−1 was 

5.41mg cm −2 h−1 at constant impact angle of 45° and at a high potential of 400mV 

Fig.5.16 (b). The greatest value of erosion was 1.59 mg cm−2 h−1 at an impact angle of 

45° at the low potential of -400mV Fig.5.16 (b), while the lowest value of erosion was 

0.46 mg cm−2 h−1 at potential of 0 mV and at an impact angle of 90° Fig.5.16 (c). 

 
The total mass loss (Kec) was generally increased with  decrease in impact angle from 

90° to 45° and the peak value of mass loss was 7 mg cm−2 h−1 at an applied potential of 

400 mV and at an impact angle of 45° Fig. 5.19(b). Moreover, the percentage of 

corrosion (Kc) was greater than the percentage of erosion (Ke) at the majority of test 

conditions.  
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With an increase in velocity from 3.5 to 4.5 m s−1, the peak value of erosion-corrosion 

was 8.78 mg cm−2 h−1 at constant impact angle of 45° and potential of 400mV 

Fig.5.22-(b). The peak value of corrosion was 7 mg cm−2 h−1 at an impact angle of 90° 

and a potential of 400mV Fig. 5.22(c), and the highest value of erosion was smaller 

than the percentage of corrosion was an approximately 2.48 mg cm−2 h−1 at constant 

impact angle of 45° and a potential of 400mV Fig. 5.22(b).    

 
5.2.3.2. Mass loss in crude oil environment  

For carbon steel in the crude oil environment containing particles sized 150-300µm at 

an impact velocity of 2.5 m s−1 Fig. 5.17,  there was small increase in the corrosion  

(Kc) compared with that observed for the  large particles sized 600-710µm Fig.5.5-11. 

However, in the crude oil environment containing particles sized 150-300µm at an 

impact velocity of 2.5 m s−1, the values of corrosion (Kc) were very low compared to 

the values of erosion (Ke) Fig. 5.17.    

 
At an impact velocity of 3.5 m s−1 in crude oil environment containing particles sized 

150-300µm Fig. 5.20, the total volume loss (Kec) was increased compared with at the 

previous impact velocity of 2.5 m s−1. Moreover, the values of erosion were increased. 

On the other hand, the value of corrosion saw a small increase compared to the value 

of erosion. The highest volume of total volume loss rate (kec) was 4 mg cm−2 h−1 at an 

impact angle of 45°and at applied potential 400mV, as shown in Fig. 5.20(b).  

 
The total volume loss rate (Kec) was at its highest value at an impact velocity of 4.5 

m s−1. In addition,  the values of erosion increased with an increase in impact angle 

from 15° to 45° and the peak value of erosion was recorded as 2.53 mg cm−2 h−1 at 

constant impact angle of 15° and an applied potential of 400mV Fig. 5.23(a).   

 
5.2.3.3. Mass loss in oil/ 20% water    

In the 20% water with crude oil environment containing particles sized  150-300µm at 

an impact velocity of 2.5 m s−1 Fig. 5.18-24, it is clear that the total volume loss rate 

(Kec) was generally decreased with a decrease in particle size from 600-710µm 

to150-300µm. It is interesting to see from Fig. 5.18(a-c) that there was crossover 

between Ke and Kc at potentials -400mV.  Then the values of corrosion contribution 

became higher than the values of erosion contribution at all potentials at an impact 

velocitiesof 2.5- 4.5 m s−1 Fig. 5.18-24. 
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Tables.5.19: Volume loss as function of potentials for carbon steel in water at               
2.5 m s−1  and particle size 150-300µm (a) 15° (b) 45° (c) 90° 

 
 
 

(a) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.5 2.5 4 

0 0.47 3.74 4.21 

400 0.46 3.84 4.3 
 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.6 2.6 4.19 

0 0.7 3.8 4.5 

400 1.51 3.9 5.41 
 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.14 2.4 3.54 

0 0.46 3.84 4.3 

400 0.5 3.9 4.4 
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Tables.5.20: Volume loss as function of potentials for carbon steel in water at                 
3.5 m s−1  and particle size 150-300µm (a) 15° (b) 45° (c) 90° 

 
 

(a) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.22 3.98 5.2 

0 1.5 4 5.5 

400 2 4.2 6.2 
 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.51 4.2 5.71 

0 1.05 5 6.05 

400 2 5 7 
 
 
 
 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.1 4.5 5.6 

0 0.6 4.81 5.41 

400 0.6 5.4 6 
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Tables.5.21: Volume loss as function of potentials for carbon steel in water at                
4.5 m s−1  and particle size 150-300µm (a) 15° (b) 45° (c) 90° 

 
(a) 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 2 5.5 7.5 

0 1.01 6.2 7.21 

400 0.95 6.5 7.45 
 
 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 2.3 5.5 7.8 

0 2.11 5.89 8 

400 2.48 6.3 8.78 
 
 
 
 
 

(c) 
 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.6 5.7 7.3 

0 0.65 6.4 7.05 

400 1 7 8 
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Tables.5.22: Volume loss as function of potentials for carbon steel in crude oil at             
2.5 m s−1  and particle size 150-300µm (a) 15° (b) 45° (c) 90° 

 
 

(a) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.43 3.21E-01 1.75 

0 1.46 3.95E-01 1.85 

400 1.56 4.24E-01 
 

1.98 
 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.66 3.42E-01 2 

0 1.77 3.40E-01 2.11 

400 1.95 3.57E-01 
 

2.304 
 
 
 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.1 5.91E-01 1.65 

0 1.44 4.10E-01 1.85 

400 1.73 4.70E-01 2.2 
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Tables.5.23: Volume loss as function of potentials for carbon steel in crude oil  at              
3.5 m s−1  and particle size 150-300µm (a) 15° (b) 45° (c) 90° 

 
 

(a) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 3.05 4.00E-01 3.45 

0m 3.22 5.32E-01 3.75 

400 3.23 6.12E-01 3.84 
 
 
 
 

(b) 
 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 3.4 5.00E-01 3.9 

0 3.41 4.40E-01 3.85 

400 3.43 5.70E-01 4 
 
 
 
 

(c) 
 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 2.71 5.41E-01 3.25 

0 2.9 6.00E-01 3.5 

400 3.17 6.30E-01 3.8 
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Tables.5.24: Volume loss as function of potentials for carbon steel in crude oil at           
4.5 m s−1  and particle size 150-300µm (a) 15° (b) 45° (c) 90° 

 
(a) 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 4.25 7.50E-01 5 

0 4.65 8.53E-01 5.5 

400 4.55 9.00E-01 5.45 
 
 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 4.62 8.00E-01 5.42 

0 4.86 8.91E-01 5.75 

400 4.9 1.00E+00 5.9 
 
 
 
 
 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 3.83 8.23E-01 4.65 

0 4.33  8.68E-01 5.2 

400 4.2 1.20E+00 5.4 
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Tables.5.25: Volume loss as function of potentials for carbon steel in oil /20% water 
at 2.5 m s−1 and particle size 150-300µm (a) 15° (b) 45° (c) 90° 

 
 
 

(a) 
 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.19 1.11E+00 2.3 

0 1.09 1.51E+00 2.6 

400 0.98 1.77E+00 2.75 
 
 
 

(b) 
 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.29 1.21E+00 2.5 

0 0.95 1.75E+00 2.7 

400 1.55 1.85E+00 3.4 
 
 
 

(c) 
 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.4 1.03E+00 2.43 

0 0.85 1.65E+00 2.5 

400 0.82 1.83E+00 2.65 
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Tables.5.26: Volume loss as function of potentials for carbon steel in oil /20% water 
at 3.5 m s−1  and particle size 150-300µm (a) 15° (b) 45° (c) 90° 

 
 

(a) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.55 2.46E+00 4 

0 1.33 2.97E+00 4.3 

400 1.73 3.02E+00 4.75 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.26 2.95E+00 4.21 

0 1.46 3.00E+00 4.46 

400 1.48 3.32E+00 4.8 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.73 2.26E+00 3.98 

0 1.15 2.85E+00 4 

400 1.57 2.94E+00 4.51 
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Tables.5.27: Volume loss as function of potentials for carbon steel in oil /20% water 
4.5 m s−1  and particle size 150-300µm (a) 15° (b) 45° (c) 90° 

 
(a) 

 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 2.53 3.37E+00 5.9 

0 2.4 4.00E+00 6.4 

400 2.42 4.23E+00 6.65 
 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 2.4 3.60E+00 6 

0 2.05 4.45E+00 6.5 

400 2.23 4.55E+00 6.78 
 
 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Kec(mg cm −2 h−1) 

-400 1.98 3.52E+00 5.5 

0 1.9 4.30E+00 6.2 

400 2.08 4.42E+00 6.5 
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                                                   (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
                                                    (c) 
 

Fig.5.16: Volume loss as function of potentials for carbon steel in water at 2.5 m s−1 and  particle 
size 150-300µm (a) 15° (b) 45° (c) 90° 
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Fig.5.17: Volume loss as function of potentials for carbon steel in crude oil at 2.5 m s−1 and 
particle size 150-300µm (a) 15° (b) 45° (c) 90°. 
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(a) 
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(c) 
 

Fig.5.18: Volume loss as function of potentials for carbon steel in oil /20% water  at 2.5 m s−1 and 
particle size 150-300µm (a) 15° (b) 45° (c) 90° 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 
 

Fig.5.19: Volume loss as function of potentials for carbon steel in water at 3.5 m s−1 and particle 
size 150-300µm (a) 15° (b) 45° (c) 90° .  
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(a) 
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Fig.5.20: Volume loss as function of potentials for carbon steel in crude oil at 3.5 m s−1 and 
particle size 150-300µm (a) 15° (b) 45° (c) 90° .  
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Fig.5.21: Volume loss as function of potentials for carbon steel in oil /20% water at 3.5 m s−1 and 
particle size 150-300µm (a) 15° (b) 45° (c) 90° .  
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 
Fig.5.22: Volume loss as function of potentials for carbon steel in water at 4.5 m s−1  and particle 
size 150-300µm (a) 15° (b) 45° (c) 90° . 
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Fig.5.23: Volume loss as function of potentials for carbon steel in crude oil at 4.5 m s−1  and 
particle size 150-300µm (a) 15° (b) 45° (c) 90° . 
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(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 
  

Fig.5.24: Volume loss as function of potentials for carbon steel in oil /20% water at  4.5 m s−1  
and particle size 150-300µm (a) 15° (b) 45° (c) 90° . 
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5.3. Discussion    

5.3.1. Polarization curves 

For the carbon steel in the reservoir water containing particles sized 150-300µm and 

600-710µm, the general trend is for the corrosion current densities to increase with an 

increase in impact velocity and impact angle from 15° to 90°  (Figures 5.1-5.3 and 

Figures 5.13-5.15) [10]. This means that in these impact angles with increase in 

impact velocity decreases the corrosion resistance of the carbon steel. This could 

possibly be due to the effects of deformation on the surface at higher velocities 

leading to an increase in the exposure area (due to enhanced surface roughening) for 

exposure to the corrosive environment [2, 16 and 17].  

 
For the carbon steel in the crude oil and oil/20%water environments, a similar pattern 

of increasing corrosion current density is observed, with an increase in impact 

velocity resulting in a small increase in the current densities recorded (Figures 5.1-5.3 

and Figures 5.13-5.15 (a-b)). However, the extent of such increases is not as high 

compared to those for carbon steel in the reservoir water environment, probably due 

to the higher corrosion resistance in the oil.  
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5.3.2. Erosion-corrosion mass loss 

It is interesting to see that the mass loss due to corrosion contribution (Kc) in the 

reservoir water and oil/20% water environments containing small particles sized  150-

300µm is higher than in the reservoir water and oil/20% water environments 

containing large particles sized 600-710µm (tables5.1-5.18 and tables 5.19-5.27). As 

shown in the results, the effect of increasing mass loss rate is dependent on the test 

conditions such as impact angle, potential and velocity. For the carbon steel in 

reservoir water, there is a general increase in Kec value with increasing potential and 

decrease in impact angle from 60° to 30°.  

 
The incidence of the particles impacting on the surface will increase as the impact 

velocity increases, causing a change in the rate of repassivation and passivation, and 

then leading to corrosion currents increasing [10-11]. This is consistent with the 

observed of corrosion currents density of carbon steel in the reservoir water and 

mixed environments, Figures 5.1-5.3 and Figures 5.13-5.15.   

 
It can be concluded from the results that the current density in both crude oil and 

oil/20%water environments is lower than in the reservoir water which suggests better 

corrosion resistance of carbon steel in crude oil and oil/20% water environments 

containing particles sized 600-710µm than in reservoir water containing particles 

sized 600-710µm. 

 
Moreover, the value of Kec in the three environments containing particles sized 600-

710µm is greater than the value of Kec for carbon steel in the three environments 

containing small particles sized 150-300µm, because for carbon steel in the three 

environments containing small particles(150-300µm) the value of corrosion 

contribution is increased more than with large particles(600-710µm), which indicates 

the creation of a passive film and oil film on the surface of the specimen and that film 

decreases the value of erosion contribution (Ke)[ 10-11].  
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5.3.3. Erosion-corrosion maps 

5.3.3.1. Erosion-corrosion mechanism maps 

The corrosion process can either be dissolution, passivation, or transpassivation [34]. 

The erosion–corrosion mechanism maps (Figures 5.25-5.33) show where there is 

transition between the regimes as a function of the impact velocity and applied 

potential at constant impact angle. These maps are based on the ratio of the erosion to 

corrosion rate ratio Ke/Kc for carbon steel in the three environments containing 

particles sized 150-300µm and 600-710µm. The maps indicate that the boundaries for 

carbon steel in the crude oil and 20%water/oil environments are unlike those in the 

reservoir water environment due to presence of crude oil.  

At constant impact angle of 15°, an erosion–dissolution regime is observed in reservoir 

water containing particles sized 600-710µm at lower potentials (Fig.5.25 (a)). This 

may be due to the effect of erosion on the specimen being higher than corrosion.      

On the other hand, at higher impact velocities and potentials there are a transition from 

erosion-passivation and erosion–dissolution regime to passivation-erosion regime for 

carbon steel in the reservoir water Fig.5.25(a), which may be the result of the 

formation of films on the surface of the specimen at the positive potentials (in anodic 

condition).  

For the carbon steel in reservoir water containing particles sized 600-710µm (Fig.5.25 

-5.30(a)) it is clear that there is a general tendency for the extent of corrosion to 

increase at higher potentials and impact velocities. It is possible that with increases in 

impact velocity, the amount of oxygen transferring to the surface increases, leading to 

an enhancement in the corrosion rate (passivation-repassivation) [10 and 11]. For the 

carbon steel in oil/20%water environments containing particles sized 600-710µm 

(Figs.5.25 -5.30(c)) it has been found that there is a transition between erosion–

corrosion regimes with increases in impact angles from 15° to 90°. However, the 

erosion–dissolution regime dominates below -200 mV and the erosion–passivation 

regime dominates in anodic condition. This may be due to a change in corrosion 

mechanism at higher potentials.  
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On the other hand, in the crude oil environment containing particles sized 600-710µm 

(Figs.5.25 -5.30(b)) erosion is dominant at all impact velocities and applied potentials, 

that should be attributed to the role of the oil  layer limiting the mass loss due to 

erosion-corrosion[2,6 and 11]. 

 
For carbon steel in reservoir water and combined environments containing particles 

sized150-300µm (Figures.5.31 -5.33(a) and(c)) the passivation-erosion regime is 

dominant across all maps and there is no change on the map with an increase in 

impact angle at all impact velocities and potentials, which could be attributed to 

corrosion products on the surface of the specimen creating a passive film that plays 

the main role in decreasing the effect of particle on the surface of specimen [17]. It is 

clear from Figures.5.31 -5.33(b) that for carbon steel in crude oil containing small 

particles sizes 150-300µm, the erosion-passivation is dominant, which could be due to 

presence of the oil film on the surface of specimen.  
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5.3.3.2. Erosion–corrosion wastage maps 

 
From the results of erosion–corrosion wastage maps of carbon steel in the crude oil 

environments containing particles sized 600-710µm at impact angle of 15° -90° 

Figs.5.34-39(a), it is interesting that to see that the the medium wastage regime 

predominates only at highe impact velocity 4.5 ms− 1, on the other hand,the low 

wastage regime becomes dominate  all the maps with changing in the particle sizes to 

150-300µm and there is no evidence of presence of medium wastage regimes           

(Figs. 5.40-5.42(b)).This is  attributed to the oil film on the surface of material.  

 

However, in the reservoir water and combined environment containing particles sized 

600-710µm at constant impact angle of 15°-90° the medium wastage regime 

dominates at high impact velocties 3.5-4.5 ms− 1 and applied potentials between 0mV 

and 400mV, due to removal of the passive and oil film by particles impact, indicating 

an increase in the value of Kec (Figures 5.34-5.42(a-c)).  

 
The low wastage regime predominated in all the maps in the reservoir water, 

combined environment containing particles sized 150-300µm at constant impact angle 

of 15°-90 at impact velocities between 2.5-3.5 ms− 1 and that can be attributed to 

decrease in mass loss due to the passive film and oil film Figures 5.42(a)and(-c).  
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5.3.3.3. Erosion–corrosion additive-synergistic maps 

Erosion-corrosion additive-synergism maps show the transition in the material 

degradation with change in the impact velocity and applied potentials.  Tables 5.55-81 

show the values of ΔKe/ΔKc ratio for the carbon steel in three different environments.  

From the results, at impact angles of 15°- 90°, it is clear that indicate that the additive-

synergistic regime is highest in water environment containing small particles sized 

150-300µm, Fig. 5.49-51(a). 

 
On the other hand, the synergistic regime is dominate in the water environment 

containing large particles sized 600-710µm,could be attributed to increase the value 

of erosion (Ke). Also, the antagonistic regimes occupy the area at intermediate 

potentials possibly due to the protective effect of corrosion products on the surface of 

specimen Figs.5.45-46 (a).  

 
The greater predominace of antagonistic regimes in the crude oil and oil /water 

environment containing large particles sized 600-710µm  at impact angle of 60°, is 

attributed to the presence of the oil film protecting the surface of specimen from 

corrosion, Figs.5.46 (b-c). But, at higher impact angles, Fig. 5.48 (b-c), the level of 

antagonism is disappeared in the crude oil and combined environments consistent 

with the observation that the erosion rate is higher at 90° compared to 15° impact 

angles [10-11].    

 
The synergistic regimes is dominate in the crude oil environment containing small 

particles sized 150-300µm at impact angle of 15°-90° and have been addressed in 

previous chapters (3) and (4). For carbon steel in the oil/20% water environment 

containing small particles sized 150-300µm (Figures 5.49-51(c)), the additive-

synergistic regime is dominant, could due to the presence of water.   
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5.4 Summary 

I.     Polarization curves for erosion-corrosion of carbon steel in the three environments 

containing particles sized 600-710µm and 150-300µm have been produced at 

constant impact angle. 

II.     Volume loss of carbon steel in the three environments containing particles sized 

600-710µm and 150-300µm has been investigated. 

III.     Erosion-corrosion maps for carbon steel in the three environments containing 

particles sized 600-710µm and 150-300µm have been produced at constant impact 

angles. 

IV.    The volume losses of carbon steel X52 in the three environments and five applied 

potentials, -400,-200, 0, 200 and 400mV, demonstrate that when the impact 

velocity is increased from a low impact velocity to a high impact velocity, the 

volume losses increases in the three environments. However, the value of mass 

losses from the reservoir water environment is highest, while the value of the 

volume losses in crude oil is less than in the mixed environment. 

V.     It can be concluded from the maps that the impact angles and impact velocities 

have significantly effect on determining the boundary of erosion–corrosion, as 

demonstrated in this chapter, and it can be also noted that the areas of erosion–

corrosion are changed with a change in impact angles and impact velocities. 
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Fig.5.25: Erosion-corrosion mechanism maps for carbon steel at constant impact 
angle 15°  and particle size 600-710µm   in ( a ) water  ( b) crude oil  ( c ) oil /20% 
water.   
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Fig.5.26: Erosion-corrosion mechanism maps for carbon steel at constant impact 
angle 30° and particle size 600-710µm   in ( a ) water  ( b) crude oil  ( c ) oil /20% 
water. 
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Fig.5.27: Erosion-corrosion mechanism maps for carbon steel at constant impact 
angle 45° and particle size 600-710µm   in ( a ) water  ( b) crude oil  ( c ) oil /20% 
water. 
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Fig.5.28: Erosion-corrosion mechanism maps for carbon steel at impact angle 60°and 
particle size 600-710µm   in ( a ) water  ( b) crude oil  ( c ) oil /20% water. 
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Fig.5.29: Erosion-corrosion mechanism maps for carbon steel at constant impact 
angle 75°  and particle size 600-710µm   in ( a ) water  ( b) crude oil  ( c ) oil /20% 
water. 
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Fig.5.30: Erosion-corrosion mechanism maps for carbon steel at impact angle 90° and 
particle size 600-710µm   in ( a ) water  ( b) crude oil  ( c ) oil /20% water. 
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Fig.5.31: Erosion-corrosion mechanism maps for carbon steel at constant impact 
angle 15° and particle size 150-300µm in (a) water (b) crude oil (c) oil /20% water.  
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Fig.5.32: Erosion-corrosion mechanism maps for carbon steel at constant impact 
angle 45° and particle size 150-300µm  in (a) water (b) crude oil (c) oil /20% water.  
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Fig.5.33: Erosion-corrosion mechanism maps for carbon steel at constant impact 
angle 90° and particle size 150-300µm  in (a) water (b) crude oil (c) oil /20% water. 
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Fig.5.34: Erosion-corrosion wastage maps for carbon steel at constant impact angle 
15° and particle size600-710µm  in (a) water (b) crude oil (c) oil /20% water. 
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Fig.5.35: Erosion-corrosion wastage maps for carbon steel at constant impact angle 
30° and particle size600-710µm  in (a) water (b) crude oil (c) oil /20% water. 
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Fig.5.36: Erosion-corrosion wastage maps for carbon steel at constant impact angle 
45° and particle size600-710µm  in (a) water (b) crude oil (c) oil /20% water.  
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Fig.5.37: Erosion-corrosion wastage maps for carbon steel at constant impact             
angle 60° and particle size600-710µm  in (a) water (b) crude oil (c) oil /20% water.  
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Fig.5.38: Erosion-corrosion wastage maps for carbon steel at constant impact 
angle75° and particle size600-710µm in (a) water (b) crude oil (c) oil /20% water.  
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Fig.5.39: Erosion-corrosion wastage maps for carbon steel at constant impact angle 
90° and particle size600-710µm  in (a) water (b) crude oil (c) oil /20% water. 
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Fig.5.40: Erosion-corrosion wastage maps for carbon steel at impact angle 15° and 
particle size 150-300µm  in (a) water (b) crude oil (c) oil /20% water.  
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Fig.5.41: Erosion-corrosion wastage maps for carbon steel at impact angle 45° and 
particle size 150-300µm  in (a) water (b) crude oil (c) oil /20% water.  
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Fig.5.42: Erosion-corrosion wastage maps for carbon steel at impact angle 90° and 
particle size 150-300µm  in (a) water (b) crude oil (c) oil /20% water.    
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Fig.5.43: Erosion-corrosion additive-synergism maps for carbon steel at constant 
impact angle 15° and particle size 600-710µm  in (a) water (b) crude oil (c) oil /20% 
water.  
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Fig.5.44: Erosion-corrosion additive-synergism maps for carbon steel at constant 
impact  angle 30° and particle size 600-710µm  in ( a ) water  ( b) crude oil   ( c ) oil 
/20% water.  
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Fig.5.45: Erosion-corrosion additive-synergism maps for carbon steel at constant 
impact  angle 45° and particle size600-710µm  in ( a ) water  ( b) crude oil  ( c ) oil 
/20% water.  
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Fig.5.46: Erosion-corrosion additive-synergism maps for carbon steel at constant 
impact angle 60° and particle size600-710µm  in ( a ) water  ( b) crude oil ( c ) oil 
/20% water.  
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Fig.5.47: Erosion-corrosion additive-synergism maps for carbon steel at constant 
impact angle 75° and particle size600-710µm  in (a) water (b) crude oil (c) oil /20% 
water.  
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Fig.5.48: Erosion-corrosion additive-synergism maps for carbon steel at constant 
impact angle 90° and particle size600-710µm  in ( a ) water  ( b) crude oil ( c ) oil 
/20% water.  
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Fig.5.49: Erosion-corrosion additive-synergism maps for carbon steel at constant 
impact   angle 15° and particle size 150-300µm in ( a ) water  ( b) crude oil   ( c ) oil 
/20% water.  
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Fig.5.50: Erosion-corrosion additive-synergism maps for carbon steel at impact    
 angle 45° and particle size 150-300µm in ( a ) water  ( b) crude oil ( c ) oil /20% 
water.  
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Fig.5.51: Erosion-corrosion additive-synergism maps for carbon steel at impact    
angle 90° and particle size 150-300µm in ( a ) water  ( b) crude oil  ( c ) oil /20% 
water 
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Tables.5.28: Erosion-corrosion mechanism maps for carbon steel in water at 2.5 m s−1 

and particle size 600-710µm (a) 15° (b) 30° (c) 45°  
 

(a)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc  

-400  2.59 1.72 1.506 

-200  2.45 1.78 1.376 

0  2.58 1.82 1.418 

200  2.43 1.95 1.246 

400  2.44 1.97 1.239 
 
 
 

  (b)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  2.5 1.5 1.667 

-200  2.59 1.72 1.506 

0  2.38 1.83 1.301 

200  2.56 1.94 1.32 

400  2.16 2.07 1.043 
 

 
   (c)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  2.39 2.21 1.08  

-200  2.17 2.43 0.89  

0  1.7 2.71 0.63 

200  2.58 2.03 1.27  

400  3.16 2.16 1.46  
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Tables.5. 29: Erosion-corrosion mechanism maps for carbon steel in water at 2.5 
m s−1 and particle size 600-710µm (a) 60° (b) 75° (c) 90° 

 
  (a)  

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  2.16 2.04 1.059 

-200  1.89 2.12 0.892 

0  1.25 2.25 0.556 

200  1.5 2.71 0.554 

400  2.57 1.93 1.332 
 
 
 

  (b)     
Applied potential  

mV 
 Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  1.96 1.93 1.02  

-200  1.57 2.24 0.70  

0  2.16 2.46 0.88 

200  2.26 1.34 1.69 

400  0.71 2.74 0.26 
 

 
 (c)     

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  2.5 1.71 1.46  

-200  1.9 2.21 0.86 

0  1.57 2.73 0.58 

200  1.22 2.78 0.44 

400  1.48 2.53 0.59 
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Tables.5. 30: Erosion-corrosion mechanism maps for carbon steel in crude oil at 2.5 
m s−1 and particle size 600-710µm (a) 15° (b) 30° (c) 45°  

 
 

(a)   
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 2.48 2.11E-02 117.48 

-200 2.58 1.63E-02 158.51 

0 3.38 1.85E-02 182.84 

200 3.76 1.94E-02 193.845 

400 4.29 2.14E-02 200.40 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 1.99 1.22E-02 162.93 

-200 2.38 1.65E-02 144.45 

0 3.10 1.71E-02 181.46 

200 3.49 1.49E-02 233.9 

400 3.52 1.52E-02 231.24 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 2 1.02E-02 196.06 

-200 2.69 1.47E-02 182.67 

0 3.13 1.39E-02 224.9 

200 3.55 1.51E-02 234.76 

400 4.19 1.48E-02 282.78 
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Tables.5. 31: Erosion-corrosion mechanism maps for carbon steel in crude oil at      
2.5 m s−1 and particle size 600-710µm (a) 60° (b) 75° (c) 90°  

 
 (a)   

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 2.08  1.85E-02 112.51  

-200 2.78  1.93E-02 144.08 

0 3.38  1.90E-02 177.95 

200 3.1 2.00E-02 155 

400 3.98 2.31E-02 172.16  
 
 
 

(b) 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 2.1 2.02E-02 103.95  

-200 3.14 2.12E-02 148.06 

0 3.24 1.98E-02 163.65 

200 3.58 2.33E-02 153.51 

400 3.69 2.40E-02 153.58  
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 2.092 1.81E-02 115.57  

-200 3.13 1.97E-02 158.9 

0 3.38 2.00E-02 169 

200 3.98 2.42E-02 164.29 

400 4.08  2.65E-02 154.09  
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Tables.5.32: Erosion-corrosion mechanism maps for carbon steel in  in oil /20% water 
at 2.5 m s−1 and particle size 600-710µm (a) 15° (b) 30° (c) 45°  

 
 
 

(a)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  2.31 0.8 2.9 

-200  2.34 0.8  2.9 

0  2.06 0.8 2.64  

200  2.1 0.68 3.1 

400  1.89 0.71 2.66  
 
 
 

  (b)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  1.92 0.78 2.46  

-200  2.41 0.791 3.1 

0  2.71 0.8 3.39 

200  2.35 0.9 2.611 

400  2.68 0.72 3.72  
 

 
  (c)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  2.16 0.84 2.57  

-200  2.496 0.714 3.496 

0  2.84 0.76 3.737 

200  2.89 0.81 3.568 

400  2.1 0.9 2.333 
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Tables.5.33:Erosion-corrosion mechanism maps for carbon steel in oil /20% water                          
at 2.5 m s−1 and particle size 600-710µm (a) 60° (b) 75° (c) 90°  
 

 
 (a)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  2.42 0.78 3.103 

-200  2.439 0.801 3.045 

0  2.68 0.82 3.268 

200  2.64 0.96 2.75 

400  2.02 0.78 2.59 
 
 
 

  (b)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  1.96 1 1.96 

-200  2.61 0.89 2.933 

0  2.1 0.9 2.333 

200  2.42 0.45 5.378 

400  2.23 0.67 3.328 
 

 
  (c)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  2.18 0.9 2.422 

-200  1.87 0.91 2.055 

0  2.13 0.78 2.731 

200  2.27 0.73 3.11 

400  2.4 0.8 3 
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Tables.5. 34:  Erosion-corrosion mechanism maps for carbon steel in water at                 
3.5 m s−1 and particle size 600-710µm (a) 15° (b) 30° (c) 45°  

  
 
  

(a)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  1.4 4.12 1.506 

-200  1.77 4.21 0.42 

0  1.65 4.38 0.377 

200  1.73 4.48 0.386 

400  3.49 4.51 0.774 
 
 
 

  (b)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  1.81 4.21 0.43 

-200  2.11 3.91 0.54 

0  2.42 3.78 0.64 

200  3.4 4.1 0.829 

400  3.57 4.23 0.844 
 

 
 (c)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  2.43 4.02 0.604 

-200  1.89 5 0.378 

0  1.99 5.04 0.395 

200  3.88 4.12 0.942 

400  3.89 4.32 0.9 
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Tables.5. 35:  Erosion-corrosion mechanism maps for carbon steel in water at                 
3.5 m s−1 and particle size 600-710µm (a) 60° (b) 75° (c) 90°  

 
  (a)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  2.39 3.91 0.61  

-200  2.2 4.25 0.52 

0  2.7 4.51 0.6 

200  2.83 5.01 0.57 

400  2.79 5.21 0.54 
 
 
 

  (b)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  0.53 5.32 0.1 

-200  1.59 4.61 0.35 

0  2.8 4.07 0.69 

200  2.8 4.5 0.62  

400  2.99 4.85 0.62 
 

 
   (c)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  1.9 4.31 0.44  

-200  1.97 4.38 0.45 

0  2.48 5 0.5 

200  2.5 5.52 0.45  

400  2.11 5.81 0.36  
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Tables.5. 36: Erosion-corrosion mechanism maps for carbon steel  crude oil at  
3.5 m s−1 and particle size  600-710µm (a) 15° (b) 30° (c) 45°  

 
  

(a)   
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 4.56  1.89E-02 241.33 

-200 5.1 2.09E-02 243.98 

0 5.07  2.59E-02 195.91  

200 5.57  2.61E-02 213.56 

400 6.97  2.58E-02 270.32 
 
 
 

  (b)     
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 3.97  2.62E-02 151.67  

-200 4.17 3.02E-02 138.07  

0 4.47  2.70E-02 165.67 

200 5.17  2.78E-02 186.05  

400 6.37 3.08E-02 206.79  
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 4.48 2.00E-02 224 

-200 4.58 2.21E-02 207.14  

0 4.98  1.81E-02 275.24  

200 5.85  1.92E-02 304.73 

400 6.18 2.02E-02 305.93  
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Tables.5.37: Erosion-corrosion mechanism maps for carbon steel  in crude oil at        
3.5 m s−1 and particle size 600-710µm (a)60° (b) 75° (c) 90° 
 

 
  (a)   

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 4.19 2.43E-02 172.25  

-200 4.68 2.53E-02 184.77  

0 4.87  2.61E-02 186.74 

200 4.98 1.99E-02 250.26 

400 4.978 2.19E-02 227.31  
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 4.69  1.92E-02 244.31  

-200 4.83 2.02E-02 239.1 

0 4.84  2.76E-02 175.45 

200 5.09  3.76E-02 135.44 

400 5.97 2.96E-02 201.70  
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 4.75  2.62E-02 181.44 1 

-200 4.97  2.74E-02 181.48  

0 5.18  2.91E-02 178.04 

200 5.75 3.01E-02 191.03 

400 6.47 3.21E-02 201.49  
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Tables.5. 38: Erosion-corrosion mechanism maps for carbon steel in oil /20% water at 
3.5 m s−1 and particle size 600-710µm (a) 15° (b) 30° (c) 45°  

 
 
  

(a)   
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 4.16 0.84 4.95  

-200 5.02 0.98 5.12  

0 5.11 0.89 5.74  

200 5.47 0.93 5.88  

400 6.01 1.2 5  
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 3.71 0.89 4.169 

-200 4.56 1 4.56 

0 3.9 1.2 3.25 

200 5.32 0.98 5.429 

400 5.51 1 5.51 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 5.2 0.9 5.78 

-200 5.3 0.9 5.9 

0 5.2 1 5.2 

200 5.3 1.2 4.4  

400 5.4 1.3 4.15  
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Tables.5. 39: Erosion-corrosion mechanism maps for carbon steel in oil /20% water  
at 3.5 m s−1 and particle size 600-710µm (a) 60° (b) 75° (c) 90°  
 

  (a)   
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 4.42 0.98 4.51 

-200 4.98 1.12 4.45 

0 4.89 1.23 3.98 

200 5.22 0.78 6.69  

400 6.2 0.8 7.75 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 4.2 1 4.2 

-200 4.81 0.89 5.40  

0 4.53 1 4.53 

200 4.75 1.12 4.24  

400 5.87 0.98 5.99 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 5 1.1 4.55 

-200 5.2 1 5.2 

0 5.32 0.98 5.43 

200 5.18 1.23 4.21  

400 5.8 1.2 4.83  
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Tables.5. 40: Erosion-corrosion mechanism maps for carbon steel  in water at  
4.5 m s−1 and particle size 600-710µm (a) 15° (b) 30° (c) 45°  

 
 

(a)   
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 2.99 5.72 0.523 

-200 2.39 5.84 0.409 

0 3.82 5.91 0.646 

200 4.76 5.24 0.908 

400 5.25 5.2 1.01 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 2.87 5.93 0.48  

-200 4.88 4.12 1.18  

0 5.76 4.45 1.29  

200 5.51 4.81 1.15 

400 5.62 4.9 1.15 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 4.48 4.72 0.95 

-200 4.17 5.85 0.71  

0 5.44 5.01 1.09 

200 5.74 5.32 1.1 

400 6.11 5.73 1.1 
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Tables.5. 41: Erosion-corrosion mechanism maps for carbon steel  in water at  
4.5 m s−1 and particle size 600-710µm (a) 60° (b) 75° (c) 90° 
 

 
 (a)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  3.3 5.4 0.61  

-200  4.65 5.67 0.82 

0  4.71 5.56 0.85 

200  4.88 5.87 0.83  

400  6.05 5.07 1.19  
 
 
 

  (b)   
Applied potential  

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  3 5.94 0.51 

-200  3.45 5.89 0.586 

0  4.11 6.21 0.66  

200  4.52 6 0.75  

400  3.16 6.84 0.46  
 

 
  (c)   

Applied potential  
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400  4.69 4.78 0.98  

-200  5.48 4.83 1.14 

0  3.47 6.03 0.58 

200  4.19 6.13 0.68  

400  4.29 6.73 0.64 
 

 
 
 



 407

Tables.5. 42: Erosion-corrosion mechanism maps for carbon steel  in crude oil at            
4.5 m s−1 and particle size 600-710µm (a) 15° (b) 30° (c) 45°  
 

(a)   
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 7.47  2.88E-02 259  

-200 7.24  3.78E-02 192 

0 7.96 4.28E-02 186 

200 8.43 4.50E-02 187   

400 8.07  4.78E-02 169 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 6.177 3.28E-02 188  

-200 6.966 3.41E-02 204  

0 7.44 4.01E-02 186 

200 7.941 3.91E-02 203   

400 7.955 4.51E-02 176   
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 7.1 2.52E-02 282 

-200 7 2.98E-02 235 

0 7.42 3.08E-02 241 

200 7.74  3.58E-02 216  

400 8.41 4.00E-02 210  
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Tables.5. 43: Erosion-corrosion mechanism maps for carbon steel  in crude oil at           
4.5 m s−1 and particle size 600-710µm (a) 60° (b) 75° (c) 90°  

 
 (a)   

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 6.7 3.19E-02 209   

-200 6.83 4.19E-02 163 

0 6.96  3.89E-02 179 

200 7.1 4.09E-02 174 

400 8.1 5.19E-02 155  
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 6.97 3.03E-02 230    

-200 7.02 3.48E-02 202 

0 6.66  3.88E-02 172 

200 6.962 3.78E-02 184  

400 7.848 4.18E-02 188 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 7.14 4.12E-02 173   

-200 7.76 3.99E-02 194  

0 7.40  4.56E-02 162  

200 7.95  4.78E-02 166   

400 8.18 5.18E-02 158  
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Tables.5. 44: Erosion-corrosion mechanism maps for carbon steel  in oil /20% water 
at 4.5 m s−1 and particle size 600-710µm (a) 15° (b) 30° (c) 45°  

 
(a)   

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 6.45 1.35 4.8 

-200 6.7 1.3 5.15  

0 7.28 1.5 4.85  

200 7.34 1.68 4.37 

400 7.61 1.9 4  
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 6.07 1.21 5.  

-200 6.98 1.32 5.3 

0 7.08 1.32 5.4 

200 7.4 1.6 4.7 

400 7.67 1.85 4.15 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 6.66 1.34 4.97 

-200 6.7 1.5 4.47 

0 7.54 1.4 5.39 

200 7.76 1.54 5.04 

400 7.42 1.7 4.37 
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Tables.5. 45: Erosion-corrosion mechanism maps for carbon steel  in oil /20% water 
at 4.5 m s−1 and particle size 600-710µm (a) 60° (b) 75° (c) 90°  

 
 (a)   

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 5.82 1.2 4.85 

-200 6.51 1.1 5.92 

0 6.79 1.21 5.61  

200 8.68 1.32 6.58 

400 7.32 1.68 4.36 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 6.6 1.4 4.72 

-200 6.76 1.3 5.2 

0 6.6 1.3 5.08 

200 7.57 1.4 5.41 

400 7.12 1.76 4.05 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 6.75 1.45 4.66 

-200 7.1 1.5 4.73  

0 7.12 1.6 4.45 

200 7.9 1.7 4.65 

400 7.98 1.89 4.22  
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Tables.5. 46:Erosion-corrosion mechanism maps for carbon steel  in water at              
2.5 m s−1  and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
(a) 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 1.5 2.5 0.6 

0 0.47 3.74 0.126 

400 0.46 3.84 0.12 
 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 1.59 2.6 0.61  

0 0.7 3.8 0.18  

400 0.61 3.9 0.39 
 
 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 1.14 2.4 0.48 

0 0.46 3.84 0.12 

400 0.5 3.9 0.13 
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Tables.5. 47: Erosion-corrosion mechanism maps for carbon steel in water at                    
3.5 m s−1  and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
 

(a) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 1.22 3.98 0.31 

0 1.5 4 0.38 

400 2 4.2 0.48 
 
 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 1.51 4.2 0.36 

0 1.05 5 0.21 

400 2 5 0.4 
 
 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 1.1 4.5 0.24  

0 0.6 4.81 0.13 

400 0.6 5.4 0.11  
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Tables.5. 48: Erosion-corrosion mechanism maps for carbon steel  in water at             
4.5 m s−1  and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
(a) 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 2 5.5 0.36  

0 1.01 6.2 0.16  

400 0.95 6.5 0.15 
 
 
 
 
 

(b) 
 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 2.3 5.5 0.42 

0 2.11 5.89 0.36 

400 2.48 6.3 0.39  
 
 
 
 
 

(c) 
 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400mv 1.6 5.7 0.28  

0mv 0.65 6.4 0.10  

400mv 1 7 0.14  
 
 
 
 
 
 
 

 
 



 414

Tables.5. 49: Erosion-corrosion mechanism maps for carbon steel  in crude oil at            
2.5 m s−1  and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
 
 

(a) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 1.43 3.21E-01 4.5 

0 1.46 3.95E-01 3.68 

400 1.56 4.24E-01 3.66 
 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 1.66 3.42E-01 4.85 

0 1.77 3.40E-01 5.20 

400 1.95 3.57E-01 5.45 
 
 
 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 1.06 5.91E-01 1.79  

0 1.44 4.10E-01 3.51  

400 1.73 4.70E-01 3.68  
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Tables.5. 50: Erosion-corrosion mechanism maps for carbon steel  in crude oil at        
3.5 m s−1  and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
 

(a) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 3.05 4.00E-01 7.63 

0m 3.22 5.32E-01 6.1 

400 3.23 6.12E-01 5.27  
 
 
 
 

(b) 
 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 3.4 5.00E-01 6.8 

0 3.41 4.40E-01 7.75 

400 3.43 5.70E-01 6.018 
 
 
 
 

(c) 
 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 2.71 5.41E-01 5 

0 2.9 6.00E-01 4.83  

400 3.17 6.30E-01 5 
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Tables.5. 51: Erosion-corrosion mechanism maps for carbon steel  in crude oil at     
4.5 m s−1  and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
 

(a) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 4.25 7.50E-01 5.67 

0 4.65 8.53E-01 5.44 

400 4.55 9.00E-01 5.1 
 
 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 4.62 8.00E-01 5.78 

0 4.859 8.91E-01 5.45  

400 4.9 1.00E+00 4.9 
 
 
 
 
 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 3.83 8.23E-01 4.65  

0 4.33  8.68E-01 4.99 

400 4.2 1.20E+00 3.5 
 
 
 
 
 
 
 
 
 



 417

Tables.5.52: Erosion-corrosion mechanism maps for carbon steel  in oil /20% water at  
2.5 m s−1  and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
 

(a) 
 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 1.19 1.11E+00 1.07  

0 1.1 1.51E+00 0.72  

400 0.98 1.77E+00 0.55 
 
 
 

(b) 
 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 1.29 1.21E+00 1.06  

0 0.95 1.75E+00 0.54  

400 1.55 1.85E+00 0.84 
 
 
 

(c) 
 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 1.4 1.03E+00 1.36 

0 0.85 1.65E+00 0.51   

400 0.82 1.83E+00 0.45  
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Tables.5. 53: Erosion-corrosion mechanism maps for carbon steel  in  oil /20% water 
at  3.5 m s−1  and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
 

(a) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 1.55 2.46E+00 0.63 

0 1.33 2.97E+00 0.45 

400 1.73 3.02E+00 0.57  
 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 1.26 2.95E+00 0.43 

0 1.46 3.00E+00 0.49 

400 1.48 3.32E+00 0.45 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 1.73 2.26E+00 0.76  

0 1.15 2.85E+00 0.40  

400 1.57 2.94E+00 0.53  
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Tables.5. 54: Erosion-corrosion mechanism maps for carbon steel in  oil /20% water 
at 4.5 m s−1  and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
 

(a) 
 

Applied potential 
mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 2.53 3.37E+00 0.75  

0 2.4 4.00E+00 0.6 

400 2.42 4.23E+00 0.57  
 
 
 
 

(b) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 2.4 3.60E+00 0.67 

0 2.05 4.45E+00 0.46  

400 2.23 4.55E+00 0.49  
 
 
 
 
 
 

(c) 
Applied potential 

mV Ke(mg cm −2 h−1) Kc(mg cm −2 h−1) Ke/Kc 

-400 1.98 3.52E+00 0.56  

0 1.9 4.30E+00 0.44  

400 2.08 4.42E+00 0.47  
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Tables.5. 55: Erosion-corrosion additive -synergism maps for carbon steel in water at 
2.5 m s−1 and particle size 600-710µm   (a) 15° (b) 30° (c) 45°  

 
 
 

(a)   
Applied potential  

mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc  

-400  0.89 -0.21 -4.16 

-200  0.75 -0.14 -5.36 

0  0.88 -0.16 -5.5 

200  0.73 -0.05 -14.6 

400  0.74 -0.07 -10.57  
 

  (b)     
Applied potential  

mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  0.9 -0.37 -2.43  

-200  0.99 0.04 24.75 

0 0.78 -0.18 -4.33  

200  0.96 -0.16 -6 

400  0.56 0.04 14 
 

 
  (c)     

Applied potential  
mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  -0.11 0.16 -0.69 

-200  -0.33 0.53 -0.62  

0  -0.8 1.47 -0.54  

200  0.08 0.08 1 

400  1.54 0.31 4.97 
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Tables.5. 56: Erosion-corrosion additive -synergism maps for carbon steel in water at 
2.5 m s−1 and particle size 600-710µm    (a) 60° (b) 75° (c) 90°  
 

 (a)   
Applied potential  

mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  0.76 0.03 25.33  

-200  0.49 -0.18 -2.72  

0  -0.15 0.08 -1.88 

200  0.1 0.63 0.16 

400  1.17 -0.47 -2.49 
 
 
 

 (b)   
Applied potential  

mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  0.86 -0.22 -3.91 

-200  0.47 0.09 5.22  

0  1.06 -0.24 -4.42 

200  1.16 -0.96 -1.21 

400  -0.39 0.32 -1.22 
 

 
  (c)   

Applied potential  
mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  0.9 -0.2 -4.5 

-200  0.3 0.28 1.07  

0  -0.03 0.48 -0.06  

200  -0.38 0.5 -0.76 

400  -0.12 0.1 -1.2 
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 Tables.5. 57: Erosion-corrosion additive -Synergism maps for carbon steel  in water 
at 3.5 m s−1 and particle size 600-710µm    (a) 15° (b) 30° (c) 45°  

 
 

(a)   
Applied potential  

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  -0.6 1.1 -0.55  

-200  -0.23 0.73 -0.32 

0  -0.35 0.86 -0.41 

200  -0.27 0.87 -0.31  

400  1.49 0.51 2.92  
 
 
 

  (b)   
Applied potential  

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  -0.06 0.8 -0.075 

-200  0.24 -0.29 -0.83 

0  0.55 0.17 3.24 

200  1.53 0.6 2.55 

400  1.7 0.75 2.27 
 

 
  (c)   

Applied potential  
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  -0.77 0.22 -3.5 

-200  -1.31 -0.07 -1.32  

0  -1.21 0.23 -5.26   

200  0.68 0.02 34 

400  0.69 -0.49 -1.41 
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Tables.5. 58: Erosion-corrosion additive -synergism maps for carbon steel  in water at 
3.5 m s−1 and particle size 600-710µm    (a) 60° (b) 75° (c) 90° 
 

 (a)   
Applied potential  

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  0.59 0.5 1.18 

-200  0.4 0.75 0.53  

0  0.9 0.82 1.097  

200  1.03 0.41 2.51  

400  0.99 0.91 1.09 
 
 
 

  (b)     
Applied potential  

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  -1.17 1.32 -0.89 

-200  -0.11 0.51 -0.22 

0  1.1 -0.6 -1.83  

200  1.1 0.7 1.57  

400  1.29 0.05 25.8 
 

 
  (c)     

Applied potential  
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  -0.3 0.21 -1.43 

-200  -0.23 0.48 -0.48 

0  0.28 0.99 0.28  

200  0.3 1.61 0.19 

400  -0.09 1.49 -0.06  
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 Tables.5. 59: Erosion-corrosion additive -synergism maps for carbon steel  in water 
at 4.5 m s−1 and particle size 600-710µm    (a) 15° (b) 30° (c) 45°  

 
(a)   

Applied potential  
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  -0.01 1.22 -0.0082 

-200  -0.61 1.23 -0.496 

0  0.82 1.1 0.75 

200  1.76 0.26 6.771 

400  2.25 0.12 18.75 
 
 
 

  (b)     
Applied potential  

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  -0.11 1.11 -0.099  

-200  1.9 -0.81 -2.35 

0  2.78 -0.22 -12.64 

200  2.53 -0.2 -12.65 

400  2.64 -0.12 -22 
 

 
  (c)   

Applied potential  
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  0.58 -0.29 -2 

-200  0.27 0.12 2.25 

0  1.54 -0.38 -4.05  

200  1.84 0.28 6.57  

400  2.21 0.84 2.63  
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 Tables.5. 60: Erosion-corrosion additive -synergism maps for carbon steel  in water 
at 4.5 m s−1 and particle size 600-710µm    (a) 60° (b) 75° (c) 90°  
 

 (a)   
Applied potential  

mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  0.2 0.59 0.34 

-200  1.55 1.09 1.42  

0  1.61 0.25 6.44 

200  1.78 0.39 4.56  

400  2.95 0.11 26.82 
 
 
 

  (b)   
Applied potential  

mV  Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  0.7 0.71 0.986 

-200  1.15 0.99 1.16  

0  1.81 1.24 1.46 

200  2.22 1.04 2.13  

400  0.86 1.74 0.49  
 

 
  (c)   

Applied potential  
mV  Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  1.79 -0.07 -25.57  

-200  2.58 -0.54 -4.78 

0  0.57 0.83 0.689 

200  1.29 0.63 2.05 

400  1.39 1.03 1.35 
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Tables.5. 61: Erosion-corrosion additive -Synergism maps for carbon steel  in crude 
oil at 2.5 m s−1 and particle size 600-710µm   (a) 15° (b) 30° (c) 45°     

  
(a)       

 
Applied potential 

mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.5 1.10E-03 45   

-200 0.60  2.20E-03 274  

0 1.40  -6.00E-04 -2338 

200 1.78  5.00E-04 3561  

400 1.78 2.90E-03 613   
 
 
 

(b) 
Applied potential 

mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.79 1.00E-03 788 

-200 1.18  2.40E-03 493  

0 1.90  2.00E-03 952 

200 2.29 -1.20E-03 -1904  

400 2.29 -1.90E-03 -1202  
 
 

(c) 
Applied potential 

mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.1 -4.00E-03 -24.95 

-200 0.785 -5.00E-04 -1570.6 

0 1.226 -6.00E-04 -2045 

200 1.645 -4.00E-04 -4112  

400 1.645 -1.30E-03 -1266 
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 Tables.5. 62: Erosion-corrosion additive -Synergism maps for carbon steel  in crude 
oil at 2.5 m s−1 and particle size 600-710µm   (a) 60° (b) 75° (c) 90°  
 

 
 (a)   

Applied potential 
mV 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 1.08  4.30E-03 251.51  

-200 1.78  5.20E-03 342.44  

0 2.38  4.60E-03 517.61 

200 2.1 5.80E-03 362.07 

400 2.1 -1.10E-03 -1906.27  
 
 
 

(b) 
Applied potential 

mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 1.08 4.00E-03 269.95 

-200 2.119 5.20E-03 407.46  

0 2.22 4.60E-03 482.65  

200 2.557 7.10E-03 360.098  

400 2.556 6.80E-03 375.88  
 
 

(c) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.392 -1.70E-03 -230.53 

-200 1.43 7.00E-04 2043.29 

0 1.68 5.00E-04 3360 

200 2.276 5.20E-03 437.65  

400 2.274 7.00E-03 324.79 
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 Tables.5. 63: Erosion-corrosion additive -Synergism maps for carbon steel  in crude 
oil at 3.5 m s−1 and particle size 600-710µm    (a) 15° (b) 30° (c) 45°   

  
(a)   

Applied potential 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 2.26  -2.60E-03 -869.65  

-200 2.8 -2.20E-03 -1272  

0 2.77  5.80E-03 478   

200 3.27  2.00E-03 1637 

400 4.67  5.00E-04 9348  
 
 
 

(b) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 2.17  5.10E-03 426  

-200 2.37 4.10E-03 578 

0 2.67  -2.00E-04 -13365 

200 3.37  -3.00E-04 -11241 

400 4.57 1.60E-03 2856 
 
 

(c) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 2.08 2.00E-04 10400 

-200 2.18 3.40E-03 641 

0 2.58  -1.10E-03 -2347  

200 3.45  -4.00E-04 -8627 

400 3.78 5.00E-04 7560 
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 Tables.5. 64: Erosion-corrosion additive -Synergism maps for carbon steel  in crude 
oil at 3.5 m s−1 and particle size 600-710µm    (a) 60° (b) 75° (c) 90°  

 
  (a)   

Applied potential 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 2.19 -1.20E-03 -1821  

-200 2.68 5.00E-04 5349  

0 2.87  1.00E-04 28739 

200 2.98 -5.90E-03 -505  

400 2.98 -4.30E-03 -693 
 
 
 

(b) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 2.84  -1.00E-03 -2841 

-200 2.98 -5.80E-03 -514 

0 2.99  8.00E-04 3741 

200 3.24  1.06E-02 306 

400 4.12 1.80E-03 2289   
 

(c) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 2.70  4.70E-03 575  

-200 2.92  4.90E-03 597 

0 3.13  6.90E-03 454 

200 3.7 7.10E-03 521  

400 4.42 7.80E-03 566   
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 Tables.5. 65: Erosion-corrosion additive -Synergism maps for carbon steel  in crude 
oil at 4.5 m s−1 and particle size 600-710µm (a) 15° (b) 30° (c) 45°   

 
  

(a)   
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 3.87  1.00E-03 3871  

-200 3.64  5.00E-03 728   

0 4.36 1.80E-03 2421 

200 4.83 7.00E-03 689  

400 4.47  -2.00E-04 -22361 
 
 
 

(b) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 3.18 2.60E-03 1222 

-200 3.97 -5.00E-04 -7932 

0 4.44 5.00E-03 888 

200 4.94 -1.00E-03 -4941 

400 4.96 4.00E-03 1239 
 
 

(c) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 3.9 -4.60E-03 -847 

-200 3.79 -5.00E-04 -7580  

0 4.22 -4.60E-03 -917  

200 4.54  -1.60E-03 -2840  

400 5.21 8.00E-04 6513 
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 Tables.5. 66:Erosion-corrosion additive -Synergism maps for carbon steel  in crude 
oil at 4.5 m s−1 and particle size 600-710µm (a) 60° (b) 75° (c) 90°  
 

 (a)     
 

Applied potential 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 3.77 -1.30E-03 -2899 

-200 3.93 6.00E-04 6547 

0 4.06  -3.20E-03 -1269   

200 4.2 -2.00E-04 -20996 

400 5.15 1.21E-02 425   
 
 
 

(b) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 4.67 -1.50E-03 -3113   

-200 4.72 2.00E-04 23576 

0 4.36  3.80E-03 1148  

200 4.66  -3.20E-03 -1457  

400 5.55 -2.00E-04 -27741 
 

(c) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 3.94 6.90E-03 571 

-200 4.56 7.40E-03 616  

0 4.20  1.04E-02 404  

200 4.75  9.10E-03 522  

400 4.98 1.01E-02 493 
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 Tables.5. 67: Erosion-corrosion additive -synergism maps for carbon steel  in oil 
/20% water at 2.5 m s−1 and particle size600-710µm    (a) 15° (b) 30° (c) 45°  

 
 (a)   

 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.33 -0.12 -2.75 

-200 0.36 -0.04 -9.42  

0 0.08 -0.08 -1 

200 0.12 -0.03 -4 

400 -0.09 -0.09 1 
 
 
 

(b) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.72 0.22 3.27  

-200 1.209 0.171 7.07  

0 1.51 0.05 30.2 

200 1.15 0.14 8.21  

400 1.48 0.04 37 
 
 

(c) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.26 0.22 1.18  

-200 0.59  -0.03 -22.9  

0 0.94 -0.04 -23.5 

200 0.99 -0.09 -11 

400 0.2 0.15 1.33  
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Tables.5. 68: Erosion-corrosion additive -synergism maps for carbon steel  in oil /20% 
water at 2.5 m s−1 and particle size600-710µm    (a)60° (b) 75° (c) 90°  

 
 

 (a)     
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 1.42 -0.13 -10.92  

-200 1.44 -0.1 -20.86 

0 1.68 0.1 24 

200 1.64 0.16 10.25 

400 1.02 0.13 7.85 
 
 

(b) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.94 0.43 2.186  

-200 1.59 0.19 8.368  

0 1.08 0.1 12 

200 1.4 -0.23 -6.087 

400 1.21 -0.03 -40.33  
 

(c) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.48 0.23 2.1 

-200 0.17 0.3 0.57 

0 0.43 -0.02 -22 

200 0.57 -0.1 -10 

400 0.7 0.02 35 
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Tables.5. 69: Erosion-corrosion additive -synergism maps for carbon steel  in oil /20% 
water at 3.5 m s−1 and particle size600-710µm    (a) 15° (b) 30° (c) 45°  

 
(a)   

Applied potential 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 1.86 -0.07 -26.57  

-200 2.72 0.11 24.727  

0 2.81 -0.03 -93.67 

200 3.17 0.13 24.38  

400 3.71 0.2 18.55 
 
 
 

(b) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 1.91 0.21 9.1 

-200 2.76 0.29 9.52 

0 2.1 0.36 5.83  

200 3.52 -0.22 -16 

400 3.71 0.1 37.1 
 

(c) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 2.8 0.15 18.67 

-200 2.9 0.12 24.17 

0 2.8 0.1 28 

200 2.9 0.2 14.5 

400 3 0.46 6.52  
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Tables.5.70: Erosion-corrosion additive -synergism maps for carbon steel  in oil /20% 
water at 3.5 m s−1 and particle size 600-710µm   (a) 60° (b) 75° (c) 90°  

 
 (a)   

Applied potential 
 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 2.42 0.33 7.33  

-200 2.98 0.41 7.27 

0 2.89 0.44 6.57 

200 3.22 -0.11 -29.27  

400 4.2 -0.1 -42 
 
 

(b) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 2.35 0.3 7.83  

-200 2.96 0.09 32.89 

0 2.68 -0.23 -11.65  

200 2.9 -0.08 -36.25 

400 4.02 -0.16 -25.13 
 
 

(c) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 2.95 0.32 9.22 

-200 3.15 0.02 157.5 

0 3.27 0.2 16.35 

200 3.13 0.43 7.28 

400 3.75 0.36 10.42 
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Tables.5. 71:Erosion-corrosion additive -synergism maps for carbon steel  in oil /20% 
water at 4.5 m s−1 and particle size 600-710µm (a) 15° (b) 30° (c) 45°  
 

(a)   
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 2.85 -0.05 -57 

-200 3.1 0.2 15.5 

0 3.68 0.2 18.4 

200 3.74 -0.02 -187 

400 4.01 -0.1 -40.1 
 
 
 

(b) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 3.07 -0.11 -28 

-200 3.98 0.2 20.2   

0 4.08 0.2 20.7   

200 4.4 -0.1 -44 

400 4.67 -0.13 -36 
 
 

(c) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 3.46 0.14 24.7   

-200 3.5 0.3 12 

0 4.34 0.2 22 

200 4.56 -0.14 -32.6 

400 4.22 -0.08 -52.6 
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Tables.5. 72: Erosion-corrosion additive -synergism maps for carbon steel  in             
oil /20% water  at 4.5 m s−1 and particle size 600-710µm (a) 60° (b) 75° (c) 90°  

 
 

 (a)     
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 2.92 -0.1 -29.2 

-200 3.61 -0.22 -16.41 

0 3.89 -0.11 -35.36  

200 5.78 -0.38 -15.21  

400 4.42 0.2 22.1 
 
 
 

(b) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 4.3 -0.08 -53.75 

-200 4.46 0.3 14.87 

0 4.3 0.1 43 

200 5.27 -0.1 -52.7 

400 4.82 0.16 30.13 
 

(c) 
Applied potential 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 3.55 0.25 14.2 

-200 3.9 0.29 13.45 

0 3.92 0.3 13.07 

200 4.7 0.3 15.67 

400 4.78 -0.11 -43.45  
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Tables.5.73: Erosion-corrosion additive -synergism maps for carbon steel in water at 
2.5 m s−1  and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

 
(a) 

 
Applied potential  

mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  0.9 0.57 1.59  

0  -0.13 1.76 -0.07  

400  -0.14 1.8 -0.08 
 
 

(b) 
 

Applied potential  
mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  0.69 0.55 1.25  

0  -0.2 2.56 -0.08 

400  0.61 2.05 0.3  
 

 
 
 
 

(c) 
 

Applied potential  
mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400  0.61 0.49 1.24  

0  -0.07 1.59 -0.04   

400  -0.03 1.47 -0.02  
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 Tables.5. 74: Erosion-corrosion additive -Synergism maps for carbon steel  in water 
at 3.5 m s−1   and particle size 150-300µm  (a) 15° (b) 45° (c) 90°. 
 

 
(a) 

 
Applied potential 

mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.28 0.96 0.29  

0 0.56 0.48 1.17 

400 1.06 0.2 5.3 
 
 
 
 

(b) 
 

Applied potential 
mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.19 0.4 0.475 

0 -0.27 0.19 -1.42  

400 0.68 0.19 3.58 
 
 
 

(c) 
 

Applied potential 
mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.18 0.4 0.45 

0 -0.32 0.8 -0.4 

400 -0.32 1.08 -0.296 
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 Tables.5. 75: Erosion-corrosion additive -synergism maps for carbon steel  in water 
at  4.5 m s−1 and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 
 

 
(a) 

 
Applied potential 

mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.25 1 0.25 

0 -0.74 1.39 -0.53  

400 -0.8 1.42 -0.56  
 
 
 
 

(b) 
 

Applied potential 
mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.3 0.49 0.61  

0 0.11 0.5 0.22 

400 0.48 1.41 0.34  
 
 
 
 
 
 

(c) 
 

Applied potential 
mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.1 0.85 0.12 

0 -0.85 1.2 -0.71 

400 -0.5 1.3 -0.38  
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 Tables.5. 76: Erosion-corrosion additive -synergism maps for carbon steel  in crude 
oil at 2.5 m s−1  and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 

  
(a) 

 
Applied potential 

mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.92 0.22 4.2 

0 0.95 0.20  4.63  

400 1.05 0.24 4.385 
 
 
 
 

(b) 
 

Applied potential 
mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.908 0.2 4.54 

0 1.02 0.12 5.23  

400 1.2 0.2 6.11 
 
 
 
 
 
 

(c) 
 

Applied potential 
mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.66 0.4 1.68 

0 1.04 0.215 4.84 

400 1.33 0.28 4.84 
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Tables.5. 77: Erosion-corrosion additive -Synergism maps for carbon steel  in crude 
oil at  3.5 m s−1 and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 
 

 
 

(a) 
 

Applied potential 
mV 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 2.27 0.185 12.27  

0 2.44 0.331 7.37 

400 2.45 0.359 6.82 
 
 
 
 

(b) 
 

Applied potential 
mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 2.56 0.30  8.48 

0 2.57 0.25 10.36 

400 2.59 0.37  6.94  
 
 
 
 
 
 

(c) 
 

Applied potential 
mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 1.95 0.33 5.98 

0 2.14 0.38 5.66 

400 2.41 0.39 6.22 
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 Tables.5.78:Erosion-corrosion additive -Synergism maps for carbon steel  in crude 
oil at  4.5 m s−1 and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 
 

 
(a) 

 
Applied potential 

mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 2.85 0.472 6.04 

0 3.247 0.4428 7.33  

400 3.15 0.42 7.5 
 
 
 
 

(b) 
 

Applied potential 
mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 2.9  0.50  5.82 

0 3.16 0.54 5.89 

400 3.2 0.61 5.26  
 
 
 
 

(c) 
 

Applied potential 
mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 2.83 0.48 5.89 

0 3.33  0.52 6.46  

400 3.2 0.78  4.09 
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Tables.5. 79: Erosion-corrosion additive -synergism maps for carbon steel in oil /20% 
water at 2.5 m s−1  and particle size 150-300µm (a) 15° (b) 45°  (c) 90°. 

  
(a) 

 
Applied potential 

mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.68 0.19  3.55  

0 0.58 0.65  0.89 

400 0.47 0.97  0.48  
 
 
 
 

(b) 
 

Applied potential 
mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.54 0.59  0.91  

0 0.2 0.95  0.21 

400 0.8 1.1  0.73 
 
 
 
 

(c) 
 

Applied potential 
mV 

 Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.9  0.36  2.77 

0 0.45 0.85  0.53 

400 0.42 1.05  0.398  
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 Tables.5. 80: Erosion-corrosion additive -Synergism maps for carbon steel   in oil 
/20% water at 3.5 m s−1 and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 
 

 
(a) 

 
Applied potential 

mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.77 1.55 0.5  

0 0.55 2.05  0.3 

400 0.95 2.02 0.47  
 
 
 
 

(b) 
 

Applied potential 
mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.42 2.20  0.19  

0 0.62 2.1 0.29  

400 0.64 2.48 0.26 
 
 
 
 

(c) 
 

Applied potential 
mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.97 1.48 0.65  

0 0.39 2.07  0.19 

400 0.81 2.1 0.39 
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Tables.5. 81: Erosion-corrosion additive -synergism maps for carbon steel in oil /20% 
water at 4.5 m s−1 and particle size 150-300µm (a) 15° (b) 45° (c) 90°. 
 

 
(a) 

 
Applied potential 

mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 1.13 1.97 0.57  

0 1 2.7 0.37  

400 1.02 2.23 0.457 
 
 
 
 

(b) 
 

Applied potential 
mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.7 2.4 0.291 

0 0.35 3.25 0.11 

400 0.53 2.77 0.19  
 
 
 
 

(c) 
 

Applied potential 
mV Δke(mg cm −2 h−1) Δkc(mg cm −2 h−1) Δke/Δkc 

-400 0.98 2.32 0.422 

0 0.9 3 0.3 

400 1.08 2.42 0.45 
 
 
 
 
 
 
 
 
 
 



                

                 Chapter 6 

 

            General discussion and Conclusion 
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6.1. General discussion 
 
6.1.1. Polarization curves 
 
This part of the thesis, covering polarization curves, is an extension of the previous 

work on carbon steel carried out by Tian and Tang [10-11]. They found that the 

passive film on the surface cannot be maintained in flowing fluid. This implies that 

the current density increases with an increase in impact velocity due to removal of the 

passive film, which is similar to the results of this thesis regarding carbon steel in 

oil/water environments, which indicate that the value of current density increases with 

an increase in impact velocity (Fig. 3-1-6 and Fig. 3.22-24(b-c)).  

 
Stack et al. [56] claimed that the highest value of current density was at an impact 

angle between 15°-45°, and the highest value of current density at an applied potential 

of 400mV. These results are similar to the results of this thesis regarding carbon steel 

in a water environment containing large particles sized 600-710µm (Fig. 4.1-3(a), as 

discussed in chapter 3-5). It can be observed that there are no surprises, because the 

erosion-corrosion parameters (such as impact angles and velocities) that are used in 

this thesis to investigate the carbon steel in the water environment are similar to those 

used to investigate mild steel by Stack et al. [56].      

 
On the other hand, in the crude oil and combined environments the value of current 

density decreases compared to reservoir water containing particles sized 600-710µm 

and 150-300µm (Fig. 3.1-6(a-c) and Fig. 3.22-24 (a-c)) due to the lower solubility of 

the iron ions species in the crude oil, which is consistent with the findings of Tian and 

Tang [10-11]. Moreover, it can be observed from the results of the polarization curves 

in this thesis that an increase in the oil content indicates an increase in the cathodic 

polarization current and a decrease in the anodic polarization current, which cannot be 

pronounced in the water environment and is consistent with the previous study of 

Tian et al. [10].  

 
Finally, it can be observed from the results of the polarization curves in chapter 5 of 

this thesis that the value of corrosion potentials (Ecorr) of carbon steel in the crude oil 

is higher than that of carbon steel in the water environment, and finally the corrosion 

potential of carbon steel in the reservoir water is lower than in the combined 

environments, as can be seen in Fig. 5.1-5.3 and Fig. 5.13-15. 
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6.1.2. Erosion-corrosion mass loss 

 
The results of this thesis show that the erosion-corrosion mass loss depends on many 

parameters, such as impact velocity, impact angle, applied potentials and the size of 

the particles. Some researchers [10-11] found that in an oil/water slurries environment 

containing particles sized 600 µm (silicon), the value of erosion (Ke) was 

significantly higher than the value of corrosion Kc, and the percentage of erosion and 

corrosion to erosion–corrosion was approximately 70% and 30% respectively. 

However, the results of carbon steel in the crude oil/water environment containing 

particles sized 600-710µm in this thesis show that the percentage of erosion and 

corrosion to erosion–corrosion was approximately 80% and 20% respectively (Figs. 

3.7-21). By comparing the results of Ke and Kc in this thesis to the results of Tian and 

Tang [10-11], it is very interesting to see that the value of erosion Ke in this thesis is 

increased and the value of corrosion contribution Kc decreased compared to that 

observed by Tian and Tang [10-11]. This may be attributed to the fact that they used 

silica sand as an erodent particle rather than Al2O3. The second reason may be the 

difference in the chemical and mechanical properties between the crude oil and 

simulated oil/water (which could be attributed to the mobility (viscosity)).  

 
It should also be noticed from the results of mass loss in this thesis of carbon steel in 

the crude oil environment containing particles sized 600-710µm that the percentage of 

erosion and corrosion to erosion–corrosion was approximately 90% and 10% 

respectively (Figs. 3.7-21).  

 
On the other hand, Stack et al. [36] found that the value of corrosion contribution (Kc) 

was significantly higher than the value of erosion contribution (Ke) in a sea water 

environment containing particles sized 50–250µm (silica). Also, in this thesis, 

regarding carbon steel in the reservoir water environment containing small particles 

sized 150-300µm it can be observed that the value of corrosion contribution Kc is 

higher than the value of Ke. By comparing these results to the results of this thesis 

(Figs. 5.16-22) it can be seen that the value of corrosion contribution Kc in this thesis 

is significantly lower than the value of Kc in the previous work of Stack et al [36]. 

This may be because they used silica and mild steel rather than aluminium oxide 

Al2O3 and carbon steel.  
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From the results in this thesis, it is not surprising that the value of Kec in the three 

environments containing particles sized 600-710µm (Fig. 3.7-3.21 and Fig .4.4-4.12) 

is greater than the value of Kec for carbon steel in the three environments containing 

small particles sized 150-300µm (Fig. 3.25-3.33 and Fig. 4.19- 4.27). This is because 

for carbon steel in the three environments containing small particles (150-300µm), the 

value of the corrosion product is increased more than with large particles (600-

710µm), which indicates creation of a passive film on the surface of the specimen, 

and that the film decreases the effect of impact particles on the surface of the 

specimen [16-17]. 

 
It can be observed from the results of this thesis that the magnitude of the corrosion 

contribution (Kc) for carbon steel in the three environments indicates that at applied 

potentials −400 mV and -200mV there is a minimum mass loss compared to that 

recorded at higher applied potential values (higher than 0mV) (Fig. 3.7-3.21 and Fig. 

3.25-3.33) [20, 34, and 36].  

 
It can also be noticed from the results in chapters 3-5 that the value of corrosion 

contribution Kc for carbon steel in both crude oil and oil/20% water environments 

containing particles sized 600-710µm and 150-300µm is lower than that recorded in 

the water environment, which suggests better corrosion resistance of carbon steel in 

crude oil and combined environments compared to the reservoir water in all test 

conditions (Fig. 3.7-3.21 and Fig. 3.25-3.33).  

 
Finally, it is clear that with a decrease in particle size from 600-710mm to 150-

300mm, the value of corrosion contribution Kc increases with a decrease in the value 

of erosion contribution Ke in the water and combined environments, but in the crude 

oil environment the value of erosion contribution Ke remains greater than the 

corrosion contribution Kc (Fig. 3.7-3.21 and Fig. 3.25-3.33). 
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6.1.3. Erosion–corrosion maps 
 
This part (erosion-corrosion maps) of the thesis is an extension of the previous work 

carried out by Stack et al. [18, 20, 34 and 36]. In their work, erosion–corrosion maps 

were constructed for material in an aqueous environment. However, the results in this 

thesis have been used to construct erosion-corrosion maps in oil/water slurries. 

 
6.1.3.1. Erosion-corrosion mechanism maps 
 
The methodology and boundaries for construction of erosion-corrosion mechanism 

maps have been addressed in chapter 3. Stack et al. [56] found that the erosion-

passivation regime dominated between applied potentials 0 mV and 500mV. Also, the 

erosion–dissolution regime occupied the area between 0mV and 750mV and there 

was no change in the erosion-corrosion mechanism regimes with an increase in 

impact velocity from 3 m s−1 to 4 m s−1 in a sea water environment containing 

particles sized 500–710μm (Al2O3). These results are similar to the results of this 

thesis, as for carbon steel in the reservoir water containing particles sized 600-710 µm 

it can be observed that at an impact velocity of 3.5 m s−1 the passivation-erosion 

regime dominated between applied potentials -400mV and 400mV. Also, the 

dissolution-erosion regime dominated at the low applied potential of -400mV (Fig. 

4.34 (a)).  

 
At an impact velocity of 4.5 m s−1 with carbon steel in the reservoir water 

environment containing particles sized 600–710μm (Al2O3) it is clear that the 

passivation-erosion regime predominates and shifts to a high impact angle, which may 

be attributed to the passivation-repassivation phenomenon. The erosion-passivation 

regime is dominant at a low impact angle between 15°-50° (Fig.4.35 (a)), which could 

be due to destruction of the passive film at low impact angles. This implies that the 

results of this thesis regarding carbon steel in the reservoir water environment are 

similar to the results of the previous work carried out by Stack et al. [56].  

 
Stack et al. [38] also developed an erosion–corrosion map of material in an aqueous 

environment and found that at a low impact velocity of 2 m s−1 the particles had no 

effect on the passive film, which indicates that the passive film was not destroyed. 

Moreover, when the impact velocity was increased to 4 m s−1 the current increased, 
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indicating that the passive film was being destroyed and repaired continuously. By 

comparing these results with the results of this thesis, it can be noticed that the results 

were similar to those of this thesis as the passivation–erosion regime dominates at a 

low impact velocity in the water containing large particles sized 600-710mm (Fig. 

4.33-34(a)), which can be attributed to the hardness of corrosion products on the 

surface of the specimen, indicating a decrease in the effect of the impact particles on 

the surface.  

From the results of the erosion-corrosion mechanism maps of this thesis, it can be 

observed that the passivation- erosion regime dominates in anodic conditions in the 

reservoir water and combined environments containing small particles sized 150-

300µm (Fig. 3.36-41(a) and (c)), which may be due to the impact of particles on the 

passive film being a small and the effect of erodent not being sufficient to remove the 

passive film.  

On the other hand, from the results of the erosion-corrosion maps in the crude oil 

environment containing large particles sized 600-710mm (Fig. 4.33-35(b)) it can be 

seen that the erosion regime dominates at low and high impact velocities. This can be 

attributed to the oil film on the surface of the specimen, indicating a decrease in the 

value of the corrosion.  
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6.1.3.2. Erosion-corrosion wastage maps 

Erosion–corrosion wastage maps can be used to demonstrate the differences between 

levels of wastage as a function of velocity and electrochemical potential and impact 

angle. The methodology for constructing erosion-corrosion wastage maps has been 

addressed in chapter 3. Stack et al. [56] found that the high wastage regime was 

dominant at a high applied potential of 400mV and an impact angle lower than 30°, 

and a small area at an applied potential of -400mV at an impact angle of 90.In 

addition, the low and medium wastage regimes occupied areas at intermediate impact 

angles between 30° -60° and between -100mV and 400mV. 

 
By comparing these results with the results of this thesis regarding carbon steel in the 

reservoir water environment containing particles sized 600–710μm it can be seen that 

there is no evidence of the presence of high wastage regimes on the wastage maps. In 

addition, from the results of this thesis regarding carbon steel in the reservoir water 

and combined environments, it can be observed that the medium wastage regime 

dominates and there is no presence of low wastage regime at the impact velocity  

4.5 m s−1 (Fig. 4.41 (a) and (c)). This may be attributed to the use of mild steel rather 

than carbon steel.  

     
On the other hand, from the results of the erosion-corrosion wastage maps of this 

thesis regarding the crude oil environment containing particles sized 150-300µm (Fig. 

3.47-3.49 (b)) it can be seen that the low wastage regime covers the entire map in all 

test conditions. This can be attributed to the oil film having good corrosion resistance 

[6, 10 and 11]. However, at a high impact velocity of 4.5 m s−1 in the crude oil 

environment with large particles sized 600-710µm (Fig. 4.41 (b)), the medium 

wastage regime dominates due to an increase in the value of erosion contribution.  

 
 
 
 
 
 
 
 
 
 



 453

6.1.3.3. Erosion-corrosion additive-synergism maps 
  
Corrosion may enhance erosion and this interaction is defined as synergistic 

behaviour (∆Ke) [36]. On the other hand, corrosion may also reduce erosion, i.e. by 

corrosion of the product on the surface of the specimen; this mechanism is defined as 

‘antagonistic’ (-∆Ke) [20, 34 and 36]. The additive behaviour defines the situation 

where enhancement of corrosion is due to erosion ∆Kc. Both synergistic and 

antagonistic behaviours are characteristics of erosion-corrosion processes [34]. 

 
Stack et al. [36] found that the additive–synergistic regime dominated the area 

between -100mV and -35mV for mild steel in a sea water environment containing 

particles sized 50–250µm (silica) at a constant impact velocity of 3 m s−1
. These 

results are similar to the results of this thesis for carbon steel in the reservoir water 

environment containing particles sized 150–300µm (Al2O3). The results of this thesis 

regarding carbon steel in the reservoir water environment containing particles sized 

150–300µm show that the additive–synergistic and additive–antagonistic regimes 

predominate and there is good evidence of the presence of the ‘antagonistic’ regime 

on the map (Fig. 3.54 (a)).This is possibly due to the increased oxygen concentration 

at higher impact velovity3.5 m s−1 [2].  

 
By comparing between the results of this thesis regarding carbon steel in the reservoir 

water environment containing particles sized 150–300µm and 600–710µm it can be 

observed that the synergistic regime occupies a significant area on the map in the 

reservoir water containing particles sized 600–710µm (Fig. 3.51 (a) Fig. 3.56 (a)) . 

This may be attributed to an increase in the value of erosion contribution (Ke).  

 
On the other hand, from the erosion-corrosion additive-synergism maps of this thesis 

for carbon steel in crude oil containing small particles sized 150-300µm it can be 

observed that the synergistic regime dominates and there is no evidence of the 

predominance of the antagonistic regime in all test conditions (Fig. 3.55-57 (b)). Also, 

for carbon steel in the crude oil and combined environments with an increase in 

particle size from 150-300 µm to 600-710µm it can be noticed that the synergistic 

regime is decreased at some impact angles and replaced by the antagonistic regime 

(Fig. 3.50 (b-c)). These reasons have been addressed in chapters 3 and 4.  
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6.1.3. Mechanism description of test material 

 
The analysis of the volume loss results, as function of impact angle, Fig6.1-2(a-c), 

indicates that the peak value of Kec at lower impact angles with increases in water 

content in the slurry mixture. Fig. 6.3-8 shows schematically the change in 

mechanism of erosion and corrosion on the surface with working parameters as 

follows: 

 
 

a- Clearly, at exposure to low impact velocity 2.5 m s−1 and low angle 15° for 

carbon steel in water and oil/20% water environments, a small part of the 

specimen, small parts of the passive film formed due to corrosion product are 

removed by the impact of particles, with Figs. 6.3 (a) and (c) showing 

evidence of erosion-corrosion interaction. Figs. 6.3(b), for carbon steel in 

crude oil at a low impact velocity of 2.5 m s−1 and a low angle of 15°, 

segments of the specimen are removed and there is no evidence of a passive 

film on the surface of the specimen compared with in water and combined 

environments due to lower solubility of Fe ions in the crude oil [10-11]. 

 

 It can be observed from the results that, the value of erosion contribution Ke 

in crude oil is significantly higher than in water and combined environment 

which confirm that there is no oxide film on the surface of specimen in crude 

oil. 
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(a)                                                         (b)                                                              (c) 
Fig.6.1: Volume loss as function of impact angles for carbon steel with large particles sized   
600-710µm at 200 mV and 2.5 m s−1  impact velocity in (a) water(b) crude oil  (c) oil/ 20% water 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
(a)                                                         (b)                                                              (c) 

Fig.6.2: Volume loss as function of impact angles for carbon steel with large particles sized   
600-710µm  at 200 mV and  4.5 m s−1  impact velocity in (a) water(b) crude oil  (c) oil/ 20% 
water 

 
 

 
 
 
 

 
 

(a)                                                               (b)                                                                        (c) 
 

Fig.6. 3: Schematic diagram showing changing in mechanism of erosion-corrosion for 
carbon steel with large particles sized   600-710µm at impact angle 15° and 2.5 m s−1  

impact velocity in (a) water (b) crude oil (c) oil/20% water. 
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(a)                                                               (b)                                                                                (c) 
 
Fig. 6.4: Schematic diagram showing changing in mechanism of erosion-corrosion for 
carbon steel with large particles sized   600-710µm at impact angle 45° and 2.5 m s−1  

impact velocity in (a) water (b) crude oil (c) oil/20% water. 
 

 

b- For carbon steel in reservoir water and combined environments at an impact 

velocity of 2.5 m s−1 and intermediate impact angle of 45°, the value of (Kec) 

increased compared with previous an impact angle of 15°, exhibited higher 

wastage at shallow impact angles (Figs. 6.4 (a) and (c)), and the reverse 

occurring in the crude oil conditions Figs.6.4 (b). 

 

 

  

 

 
 
 
 

(a)                                                                    (b)                                                             (c) 
Fig. 6.5: Schematic diagram showing changing in mechanism of erosion-corrosion for 
carbon steel with large particles sized   600-710µm at impact angle 90° and 2.5 m s−1  

impact velocity in (a) water (b) crude oil (c) oil/20% water.    
 
 

c- At a low impact velocity of 2.5 m s−1  and a high impact angle of 90° for 

carbon steel in water and oil/20% water environments(Figs. 6.5 (a) and (c)), it 

can be seen that , the erosion-corrosion reduced  compared to at lower impact 

angles which  attributed to the passive film on the surface of the specimen (-

∆ke). However, in the crude oil environment Fig. 6.5 (b), it can be seen that, 

there is an increase in the value of Ke compared with at an impact angle of 

45°.  
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d- The performance for carbon steel in three environments at high impact 

velocity of 4.5 m s−1 and at impact angles of 15°, 45°and 90° Fig. 6.6- Fig. 6.8, 

was similar to that observed at the low impact velocity of 2.5 m s−1.   

 

 

 

 

 
 
 
 

(b)                                                                           (b)                                                        (c) 
 
Fig. 6.6: Schematic diagram showing changing in mechanism of erosion-corrosion for 
carbon steel with large particles sized   600-710µm at impact angle 15° and 4.5 m s−1  

impact velocity in (a) water (b) crude oil (c) oil/20% water.    
 
 
 
 
 
 
 
 

(b)                                               (b)                                                                                (c) 
 
Fig. 6.7: Schematic diagram showing changing in mechanism of erosion-corrosion for 
carbon steel with large particles sized   600-710µm at impact angle 45° and 4.5 m s−1  

impact velocity in (a) water (b) crude oil (c) oil/20% water.   
  
 
 
 
 
 
 
 
 

(b)                                                          (b)                                                                    (c) 
Fig. 6.8: Schematic diagram showing changing in mechanism of erosion-corrosion for 
carbon steel with large particles sized   600-710µm at impact angle 90° and4.5 m s−1       

impact velocity in (a) water (b) crude oil (c) oil/20% water.   
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6.2. Conclusion 

From the investigation of erosion-corrosion of carbon steel in three environments 

containing different particle sizes, the following points can be concluded: 

 
-   It can be concluded from the previous studies of erosion-corrosion were in the oil 
environments that this work was the first erosion-corrosion mapping study in oil 
/water slurries.  
 
- From the values of the mass loss of carbon steel in the three environments 

containing particles sized 600-710µm and 150-300µm it can be concluded that the 

value of total erosion-corrosion (kec) of carbon steel in water environments was 

higher than the value of total erosion-corrosion (kec) of carbon steel in oil / 20% 

water environments, while the value of total erosion-corrosion (kec) of carbon steel in 

crude oil environments was the lowest. 

     
- The volumes of corrosion contribution (kc) of carbon steel were similar to the 

volumes of erosion contribution (ke) in water environments containing particles sized 

600-710µm. However, the volumes of erosion contribution (ke) of carbon steel were 

greater than the volumes of corrosion contribution (kc) in a crude oil and oil / 20% 

water environments containing particles sized 600-710µm.   

                                      
- The results show that when particle size was changed from 600-710µm to                

150-300µm, the values of corrosion contribution (kc) of carbon steel were increased 

compared to the volumes of erosion contribution (ke) in water and combined 

environments containing particles sized 150-300µm, but the values of corrosion 

contribution (kc) of carbon steel remained small compared to the volumes of erosion 

contribution (ke) in crude oil environments containing particles sized 150-300µm. 

 
-The volume of corrosion contribution (kc) was increased with an increase in the 

potentials, which were attributed to an increase in the value of current density. 

 
- The cathodic polarization current density increased and the anodic current density 

decreased with increase in oil content in the solution. 

 
- Crude oil accelerated the cathodic reduction of oxygen and inhibited dissolution of   

   ions of the steel. 
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-The increase of sand size from 150-300µm to 600-710µm decreased the anodic 

polarization curve density.  

 
- The erosion contribution (ke) was also affected by an increase in the applied 

potential through the interaction between erosion and corrosion by corrosion 

enhanced erosion, as corrosion increases with an increase in potentials. 

 
- The volume of erosion contribution (ke) of carbon steel in the three environments 

containing large particles sized 600-710µm was increased from 30° to 60°, while the 

peak value of erosion contribution (ke) was at an impact angle of 45° for carbon steel 

in the three environments containing small particles sized 150-300µm.    

 
- The wastage maps of carbon steel in crude oil environments containing small 

particles sized 150-300µm showed that the low wastage regime was dominated during 

all impact velocities and there was no evidence of the presence of medium wastage 

regime on the maps, which was attributed to the creation of the oil film on the surface 

of the specimen which protected against the impact of particles. On the other hand, 

the medium wastage regime dominated the maps for carbon steel in the three 

environments containing large particles 600-710µm at high impact velocities 4.5 

m s−1. From the results of the wastage maps there was no evidence of the presence of 

high wastage effect on the specimen at these parameters.   

 
- The erosion-corrosion additive-synergism maps showed that the synergistic regimes 

dominated the maps of carbon steel in crude oil containing small particles sized                      

150-300µm, while antagonistic and synergistic behaviour dominated the maps of 

carbon steel in crude oil containing large particles sized 600-710µm. 

 
- The erosion-corrosion mechanism maps for carbon steel in the crude oil 

environment containing small particles sized 150-300µm  showed that the erosion-

passive regimes dominated the entire maps, while the erosion regime dominated for 

carbon steel in the crude oil environment containing large particles sized 600-710µm.  
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- The erosion-corrosion mechanism maps for carbon steel in reservoir water and the 

combined environments containing small particles sized 150-300µm  showed that the 

passive-erosion regime dominated, which was attributed to a decrease in the volume 

of erosion contribution due to the thickness of the passive film on the surface of the 

specimen. 

  
- The crude oil environment exhibited a higher corrosion resistance compared to the 

reservoir water and combined environments due to inhibiting dissolution of ions of 

the steel which indicated to decrease the current density.  

 
- The erosion-corrosion tests of carbon steel showed dependency on test parameters 

  studied, such as mechanical and electrochemical conditions. 

 
- It can be concluded from the erosion-corrosion results that the contribution of 

erosion to erosion-corrosion for carbon steel in the crude oil environment containing 

large particles sized 600-710µm was about 90%, and the contribution of corrosion to 

erosion-corrosion for carbon steel in the crude oil environment was approximately 

10%.  

 
-In addition, the contribution of erosion to erosion-corrosion of carbon steel in 20% 

water in the crude oil environment containing large particles sized 600-710µm was 

about 80%, and the contribution of corrosion to erosion-corrosion of carbon steel in 

the combined environments was approximately 20%.   

 
- Finally, the contribution of erosion to erosion-corrosion for carbon steel in the crude 

oil environment containing small particles sized 150-300µm was about 85%, and the 

contribution of erosion to erosion-corrosion for carbon steel in the reservoir water 

environment containing small particles sized 150-300µm was approximately 25%.  

 
 
 
 
 
 
 
 
 



 461

6.3. Future work  
 
Based on this study of erosion-corrosion of carbon steel in three environments, the 

following future work will help with the understanding of complex mechanisms of 

erosion-corrosion of materials in different environments and parameters:      

1- Study of a wider range of operating conditions, such as increased impact 

velocities and temperatures.     

2- Study of a wider range of concentrations and pH.      

3- Study of the effect of particle shape on materials is needed because erosion-

corrosion can be changed as a function of size and shape, such as angular and 

rounded erodent particles. 

4- Investigation of the effect of crude oil at low and high API gravity on 

materials as this may have an effect on the erosion contribution. 

5- Working with different types of particles, such as silica sand, because the mass 

loss by aluminium oxide (Al 2 O3) may be different. 

6- Study of different materials in combined environments with low percentages 

of water (lower than 5%) and with crude oil, and at higher values of water 

(about 40%) with crude oil in order to study the effect of erosion-corrosion on 

the materials.    
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