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ABSTRACT 

The water/steam mixture exhausted from the low - pressure turbine is directed to 

the A-frame steel heat exchange structure via lower/upper ducts in both fossil and 

combined cycle plants. FAC (flow accelerated corrosion) has been described as the 

degradation or dissolution of the surface layers of low carbon steel at a relatively low 

temperature and pressure. FAC can cause serious damage in thin-walled heat 

exchange tubing in air cooled condensers. The appearance of the protective layers on 

the interior of carbon steel equipment depends largely on the chemistry of the water and 

steam cycle. This research investigates the influence of operating variables conditions 

on FAC, these variables include temperature, pH, and fluid velocity. This investigation 

also studies the performance of different type of inhibitors (ammonia, film forming 

amines (FFA), and neutralizing amines) and their effects on the growth and dissolution 

of the oxide layers on the heat exchanger steel tubes. This investigation is 

accomplished by performing a dynamic fluid electrochemical measurement using 

Electrochemical Impedance Spectroscopy (EIS) technique and Rotating Cylinder 

Electrode (RCE) set-up. Two temperatures were used; 25 and 50oC and two pH 9.0 and 

9.50 values were tested. The rotating speeds were selected based on the operating 

conditions to confirm the turbulence flow conditions. The pH values were controlled by 

auto feeding of the ammonia to the electrochemical corrosion cell which mainly contains 

three electrodes; working electrode, reference electrode and counter electrode. EIS 

technique provided quantitative information about the electrochemical reaction at the 
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electrode/electrolyte interface as it explains how the system response to the AC current 

used at EIS such as the charge transfer resistance and phase angle.  

A good correlation of impingement test with the flow accelerated corrosion was 

achieved by testing the electrochemical behavior of the electrode surface using 

electrochemical impedance spectroscopy technique and liquid drop impingement (LDI) 

test. 
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INTRODUCTION 

1.1   Flow accelerated corrosion (FAC) 

Flow accelerated corrosion (FAC) of carbon steel equipment is a known issue 

in the power plants [1], causing a metal thickness loss (wall thinning) of the 

components that are exposed to wet steam or water as shown in Figure 1.1. If the wall 

thickness of the component becomes less than a certain thickness required for 

supporting the operating stresses, the component can rupture and cause the release 

of high energy steam or water. All types of steam-generating plants (fossil, nuclear, 

and concentrated solar) must address this major issue. Two phase steam-water 

mixture that exhausts from the low pressure turbine, or a single phase deoxygenated 

water, can cause the formation of magnetite on the carbon steel surfaces, which is 

known as a protective film against corrosion [2]. However, when velocity is high 

enough, the flow accelerated corrosion process occurs as a result of the dissolution of 

the magnetite protective layer on low carbon steel and low alloy steel surfaces, 

removing the oxide into the bulk flow and resulting in a thinner oxide layer and higher 

corrosion rate.  

When the conditions are suitable for FAC, the protective oxide layer presents 

on the steel surface dissolves, and the rate of base metal dissolution beneath the 

oxide film accelerates. With high fluid velocities, the rate of metal dissolution through 

the oxide film enhances the corrosion by electrochemical dissolution and mass 

transport rather than by mechanical process [2], which characterizes FAC from the 

erosion corrosion. 
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Figure 1.1 The dissolution of the carbon steel oxide layer and transport of the 
dissolving species into the electrolyte [3]. 

1.1.1  Mechanism of flow accelerating corrosion 

Flow accelerating corrosion (FAC) occurs under a certain condition of 

chemistry, hydrodynamic flow, and materials which is common in most power plants. 

FAC is mainly the dissolving of the oxide film that is formed on the low alloy or low 

carbon steel components when they are exposed to flowing two phase steam-water 

mixture, water, or steam. In comparison with other damages, such as pitting, FAC is 

characterized by the general reduction of the wall thickness over an area at least of 

one meter of turbulent flow region. FAC may occur at single or two-phase conditions, 

and it cannot occur in regions containing dry or superheated steam since water is 

necessary for removing the protective oxide layer. When water is flowing in the pipes 
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or tubes, various materials degradation processes such as cavitation corrosion, 

impingement erosion, flow accelerated corrosion can occur.  

As shown in Figure 1.2 , Flow accelerated corrosion can be divided into two 

chemical processes:  

1) Producing of iron oxide at oxide-water interface. This initial process can be 

divided into: 

a) Iron oxidation at the deoxygenated water according to the following reaction:  

 Fe + 2H:O ⟹	Fe:<	2OH= + H: 	⟺ Fe(OH): +H: (1.1) 

  3Fe + 4H:O	 ⟺ FeBOC + 4H: (1.2) 

b) The ferrous ions transport to the flowing water. Concentration diffusion 

through the oxide layer process controls the iron species transportation, and the 

hydrogen molecules formed in two previous reactions diffuse to the water through the 

porosities in the porous oxide layer.  

  c) The presence of hydrogen can promote the dissolving of magnetite oxide 

layer by the flowing water according to Sweeten and Baes reaction: 

 1
3 FeBOC + (2 − b)H< +

1
3H: ⟺ Fe(OH)E(:=E)F + G43 − bH H:O 

(1.3) 

where b can be 0, 1, 2, or 3, expressing the degree of hydrolysis of the ferrous ion [4]. 

At steady state conditions, the rate of magnetite dissolution at the oxide/water 

interface equals the rate of magnetite formation and growth at the metal/oxide 

interface. These conditions can be controlled by the pH of the solution as the 

hydrogen ions (H<) are involved in the Reaction (1.3)  
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2) Transformation of ferrous ions into the flowing water which is driven by the 

diffusion gradient across the diffusion boundary layer. The ferrous species come from 

the metal/oxide interface and from the dissolving of the oxide at oxide/water interface,  

diffuse into the solution because the concentration of these species at the 

oxide/solution interface is assumed to be very high compared to the concertation at 

the bulk (CI), i.e. (CJ ≫ CI). At Air Cooling Condensers (ACC) tubes, sometimes the 

oxide layer can be thin to the point of appearance of the bare metal surface.  

 

Figure 1.2. Schematic representation of flow accelerated corrosion steps at carbon 
steel interior surface [5]. 

1.1.2   Ammonia as a pH agent for carbon steel 

Ammonia is a weak base, and it is partially iodized in water according to the 

reaction: 

 NHB +	H:O	 ⟹	NHC< + OH= (1.4) 
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Ionization constant KE determines the base strength of the amine to raise the pH value 

[6]. In case of ammonia, the ionization constant, KE can be described as: 

 KE = [NHC<][OH=][NHB]  
(1.5) 

 where	[NHC<]  is the molar concentration of ammonium ion, [OH=]	is the molar 

concentration of hydroxide ion, and [NHB] is the molar concentration of unionized 

ammonia (for ammonia at 25oC, KE	is	1.8 ∗ 10=S ). From Equation ((1.5), as the 

concentration of ammonia increases, the ionization percentage decreases. The 

ionization constants pKE are used more often: 

 pKE = − logWX KE (1.6) 

The corrosion protection of the amine throughout the system depends on the 

base strength and the volatility of the amine. For the ammonia, the relative volatility 

(RV) is given by: 

 RV = [NHB][\][NHB]^_`  
(1.7) 

where [NHB][\]	is the concentration of ammonia in the vapor phase, [NHB]^_` is the 

concentration of ammonia in the liquid phase.  

Another term called the distribution coefficient of the amine ( Ka), which is 

defined as: 

 Ka = RV
1 − α_cd_efa 

(1.8) 

where α_cd_efa is the ionized fraction of ammonia. Both ionization constants pKE, and 

distribution coefficient Ka, are highly temperature dependent as shown in Figure 1.3. 
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(a) 

 

(b) 

Figure 1.3 Effect of temperature on (a) Ionization constants, KE, (b) and distribution 

coefficient, Ka of ammonia [6]. 

In power plants, it is very important to maintain adequate pH values in the liquid 

phase in the areas subjected to FAC problems. Since ammonia favors the steam 

phase more than the liquid phase, the pH of the liquid will be lower than the tested pH 

of the steam [7].  
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1.1.3   Requirements for FAC (flow accelerated corrosion) 

In power plants, the observed conditions that cause FAC can be summarized 

as: 

1.1.3.1   Water chemistry 

Flow accelerated corrosion rates depend strongly on the pH of the feedwater. 

According to [4], if the pH is high (9.6 -10.0 at 25oC), FAC of carbon steel can be 

reduced, since alkaline solution can reduce the rate of magnetite removal from the 

surface. However, raising the pH should be done under caution because it might affect 

the corrosion of other components especially the copper-based alloys. 

1.1.3.2   Hydrodynamics 

The turbulence of fluid flow adjacent to the metal surface enhances the FAC 

rate, since it increases the diffusion of soluble iron species from the oxide/water 

interface through the turbulent boundary layer into the bulk solution and reduce the 

magnetite formation at the oxide/solution interface.  

1.1.3.3    Materials 

Flow Accelerated Corrosion (FAC) was observed on the carbon steel and low 

alloy steels such as ASTM A36 steel, which is very similar to AISI 1018 steel used in 

this investigation. 

1.1.3.4   Temperature 

The temperature range of FAC was documented at the range of 212 to 572 F 

(100 -300 C) [4]. However, recent researchers [8] [9] have modeled and described the 

low temperature FAC. 
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1.2   Air cooled condensers (ACC) 

As the demand of environmental concerns rises, as well as decreasing the 

availability and increasing the cost of the cooling water, the power plants have 

employed air cooling condensers (ACC) to condensate the turbine exhaust steam. 

(Figure 1.4). 

 

Figure 1.4  Air cooled condensers system at power plants. 

Air cooled condenser units consist of low carbon steel finned tubes (Figure 1.5) 

arranged in the form of A-frame to increase the surface area and to drain the 

condensate efficiently. These tubes are 0.059 inch thick, 0.75 x 8.2 inch cross section 

and 35 feet in length. Typically, there are about 20,000 tubes in air cooled 

condensers.    
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Figure 1.5 Carbon steel finned tubes used for steam condensation in air cooled 
condensers (ACC). 

The steam flows inside the finned tubes while the cooling air is forced by fans 

to flow between the fines of finned tubes and to condensate the steam. The latent heat 

removal from the steam converts it gradually to condensed water which is returned to 

the turbine (Figure 1.6). 

Inspection of air cooled condenser tubes during the shutdown indicates that 

there are two mechanisms of corrosion that can take place in these tubes. The first 

one is at any surface exposed to a high steam velocity at the top of the distribution 

duct where the steam is wet, and the velocity steam in this region is between 35 and 

116 m/sec. The steam exhausted from LP (low pressure) turbine contains about 5.4 

percent moisture. This liquid is separated from the steam by centrifugal forces around 

the bends when the steam direction changes by 90 degrees. The steam drains from 
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the distribution duct and finds its way into the finned tubes. At this point, the steam 

enters the top of the finned tubes for horizontal distribution. 

 

Figure 1.6 Schematic representation of typical air cooled condenser unit. 

The second mechanism was seen in the areas exposed to steam gravitating 

down the finned tubes where the steam velocity is gradually decreasing, and the liquid 

ratio increases due to the air cooling. Our research is mainly focused in the second 

mechanism investigations where the steam velocity is relatively low, and the liquid 

phase ratio is high. 

 Figure 1.7 and Figure 1.8 illustrate the oxide layer and the surface appearance 

in air cooled condensers (ACC) at the upper ducts with red arrows showing the steam 

flow direction.  

Exhaust	steam	from

LP	turbine

Fans

Condensed	steam	steam	

to	the	boiler

Upper	duct

Air flow
Air	flow
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Figure 1.7 The characteristics behavior of FAC (flow accelerated corrosion) in the 
upper ducts of air cooled condensers [10]. 

 

Figure 1.8 The severity of the FAC of the tubes in the direction of the steam flow (as 
indicated by red arrow) in the air cooled condensers [10]. 
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1.3   Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) technique is known as a 

powerful nondestructive tool for determining the mechanistic and kinetic information 

about corrosion of materials. EIS is basically giving information of interfacial 

interaction between the electrodes and the electrolyte by analyzing the 

electrochemical system response to an alternating current (AC) at a certain range of 

frequency [11].  

EIS mainly consists of two steps; (1) obtaining electrochemical behavior data 

and physical modeling these data by suitable equivalent electric circuit, (2) fitting EIS 

data to estimate the parameters of the electrical model. 

1.3.1   Corrosion in aqueous systems: 

Degradation of metallic materials can occur in the aqueous and gaseous 

environments. The basic concept of aqueous corrosion is that it is electrochemical in 

nature. The electrochemical process involves charge transport between the electrode 

and the surrounding environment. This charge transfer is affected by the potential at 

the electrode/electrolyte interface. Charges transfer through the electrode by 

movement of electrons and holes and they transfer through the electrolytes by ion 

carriers. It is easier to study one interface, but the electrochemical reaction occurs at 

electrochemical cells, these cells contain two electrodes; anode and cathode which 

are connected by the electrolyte. The potential difference at the electrochemical cell 

controls the direction and the rate of charge transfer which makes this potential a very 

important aspect in the electrochemical experiments.  
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The electrode potential usually is measured with respect to a constant potential 

electrode called a reference electrode. If the energy of the electrons is increased by 

connecting the electrode to a negative potential, they will be able to transfer to the 

vacant electronic states in the electrolyte (reduction process). Similarly, in the case of 

connecting the electrode to the positive potential, the electrons will transfer from the 

electrolyte to the electrode (oxidation process).  

1.3.2   Corrosion as an electrochemical process 

Corrosion is an electrochemical process where the charge and mass transfer of 

the species occurs across the metal/electrolyte interface. The charge and mass 

transfer are related according to Faraday’s law: 

 W = ItA
nF (1.9) 

where	W is the mass of species that has corroded,	I is current in amperes,	t is time in 

seconds, n is the number of equivalents transferred per mole of metal, and F is 

Faraday’s constant (96,485 C /equivalent). The electrolyte contains a variety of 

dissolved ions which can conduct the current. The aqueous solutions mainly contain 

water. The water molecule contains two O-H bonds with 1050 angle. Since the oxygen 

atom has more electronegativity than the hydrogen atom, the water molecule has 

partial negative charge at oxygen end, which makes the water molecule act as a 

dipole Figure 1.9, the net charge of these dipoles is zero. 
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(a)                                                              (b) 

Figure 1.9 (a) Schematic representation of water dipole. (b) Randomly oriented water 
dipoles.  

Water molecules orient toward positive or negative ions in the ionic solutions. 

Figure 1.10 shows the sodium and chloride ions as a two dimensions example of what 

is called primary waters of hydration. 

         

 

(a)                                                     (b) 

Figure 1.10 The primary hydration of (a) Na<and ( b) Cl=	ions from [12]. 
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Outside the primary region, the water dipoles partially orient and form a secondary 

water of hydration. The overall charge due to the ionic hydration is zero. 

1.3.3 Charged Surfaces 

When the metal electrode is exposed to the aqueous environment, it interacts 

with the electrolytes to produce a surface film. If the electrolyte contains water dipoles, 

the negative charge side at the metal surface will attract the positive side of the water 

dipole, this situation makes the negative part of the water dipoles are attracted toward 

the environment. Keep in mind that the positive charge species in the aqueous 

environments have their electric field, they will accumulate the water dipoles sheath in 

the same way as the charged interface. Because the charged interface has covered 

by the water dipoles, the solvated cations will be at a specific distance from the 

interface, this distance is known as the Outer Helmholtz Plane (OHP). Part of the 

anions in the solution will be attracted to the charged interface which makes what is 

known as the Inner Helmholtz Plane (IHP). An excess production of negative charge 

at the metal surface will result in a higher electrons concentration compared with the 

water molecules. This charge density should be neutralized by the cations at the OHP. 

The two charged layers are important because these layers control the transport of 

species and charges that are necessary for electrochemical reaction and corrosion 

product formation. These two charged layers are called ‘the double layer’ Figure 1.11. 

The behavior of the double layer is similar to the capacitor behavior, where the 

metal surface represents one of the capacitor’s plates, and the other is the cation 

charges at OHP Figure 1.12. 
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Figure 1.11 Formation of Helmholtz Planes [13]. 

 

Figure 1.12 Similarity of the double layer and the capacitor behavior [13].  
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If AC potential is applied to the electrode, the electric double layer is 

continuously charged and discharged in the same way as a capacitor [14].  

The capacitor behavior is governed by Equation (1.11): 

 C = q
E (1.10) 

where C is the capacitance in Farad, q	is the charge stored on the capacitor in 

Coulomb and E is the potential across the capacitor in Volts. At the 

electrode/electrolyte interface, there is a charge in the metal side qo  and charge in the 

solution side qJ. At any moment  qJ = −qo	whether the solution charge is negative or 

positive with respect to the metal surface.  

The properties of the double layer have a significant importance in controlling 

the corrosion behavior of the electrodes. Usually, this layer is modeled by a capacitor 

in parallel with a resistor (polarization or charge transfer resistance (Rp)) (Figure 1.13). 

This resistor represents the faradic resistance across the double layer, which is 

inversely proportional with reaction rate at the electrode surface. RJ is the ohmic 

resistance of the solution. The capacitance of parallel plates can be expressed by 

Equation (1.11).  

 C = εA
d  

(1.11) 

where ε is the dielectric constant in F/m, A is the area of the plate in m2, d is 

separation distance between the plates in m. 
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 Figure 1.13 Simple equivalent circuit model of electric double layer [15].  

1.3.4 The concept of electrochemical impedance spectroscopy 

There is no a doubt that the electrochemical impedance spectroscopy is a 

powerful nondestructive technique for study and analysis of the corrosion processes 

and the surface/ electrolyte interaction. However, because of the complexity of the 

data analysis, some corrosion engineers and scientists may find these data quite 

confusing [11]. The basic concepts are introduced in the following discussion:  

1.3.4.1   Complex impedance 

The ability of the electrical component to resist the current flow is called the 

electrical resistance. According to Ohm’s law, the resistance (R) is the ratio between 

the applied voltage (V) and the output current (I): 

 R = V
I  

(1.12) 

In case the of AC current, this relationship is limited for the ideal resistor where 

the voltage and the current are in phase, and the resistance value is independent on 
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the AC frequency [16]. Taking the phase shift between the input voltage and the 

output current into account, impedance is more general than the resistance. 

Impedance is the complex resistance of the electrical component because it has the 

imaginary part that can be used to find the current flows through a circuit containing 

resistor, capacitor, or inductor. The alternating potential applied to the electrode has a 

form of: 

 V(t) = Vr sin(2πft) = Vrsin	(ωt) (1.13) 

where Vr is the voltage amplitude in volt, f is the frequency in Hertz, t is time in 

seconds, and ω is the radial frequency in rad/sec (ω = 2πf). 
The applied potential perturbation to the electrode produces a corresponding 

sinusoidal current with the same frequency and with phase shifted forward or 

backward depending on the system exists (Figure 1.14). 

 

Figure 1.14 The phase shift (∅) between AC voltage and AC current.  

If the phase shift between the voltage V(t), and the current I(t)	is ∅, I(t) can be 

expressed by the equation: 
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 I(t) = Irsin(ωt + ∅) (1.14) 

The impedance is the ratio between the alternating voltage and the corresponding 

current: 

 Z(t) = V(t)
I(t) =

Vr	sin	(ωt)Ir sin(ωt + ∅) = Zr sin	(ωt)
sin	(ωt + ∅) 

(1.15) 

Using Euler’s conversion: 

 exp(j∅) = cos(∅) + jsin(∅) (1.16) 

where j = √−1. Both the voltage and the current can be expressed as a complex 

function: 

 V(t) = Vre}~� (1.17) 

 I(t) = Ire(}~�=∅) (1.18) 

The impedance is given by the ratio between the voltage and the current:  

 Z = V
I = Zre}∅ = Zr(cos∅ + jsin∅) 

        

(1.19) 

 

 = Z�f\^ + 	jZ_o\� 
(1.2

0) 

 

 tan∅ = z_o\�Z�f\^  
(1.2

1) 

1.3.5 Impedance data representation 

Graphical representation of electrochemical impedance data is the first step 

toward the interpretation and evaluation of the impedance data. Two traditional 

methods often used for impedance representation; Nyquist plots (complex impedance 

planes) and Bode plots.  
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1.3.5.1  Nyquist Plots 

For uniform corrosion on the homogeneous surfaces, the corrosion system can 

be under charge transfer control and described by a RC circuit as shown in  Figure 

1.15 which called is Randles circuit which represents the analogs between the 

electrical components and the electrochemical parameters.       

 

 Figure 1.15 Equivalent electric circuit model for simple corrosion system, (Randles 
circuit).  

From  Figure 1.15, Ca^	is the double layer capacitance, R��		and  R]	are the 

charge transfer resistance and polarization resistance respectively. Usually, both 

resistances are considered the same and they are related inversely to the corrosion 

current according to the equation: 

 I�c�� = β\βE2.303(β\ + βE)	�
1
R]� 

(1.22) 

where I�c�� is the corrosion current in ampere, β\ and βE are the anodic and cathodic 

beta coefficient in Volt/decade, R] is polarization resistance in ohm and  RJ is the 

solution resistance which includes cable resistances and all ohmic resistances. The 
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resistance of the electrolyte is a function of the concentration of ions, and it is related 

to the solution conductivity by: 

 R = ρ ^
r = W

� 
^
r ⇒ 	κ = W

�r (1.23) 

where ρ is the solution resistivity, and κ = W
�  is the solution conductivity in Siemens per 

meter (S/m). The total impedance of the Randles circuit is expressed as: 

 Z(jω) = RJ + R](1 + jωCa^R]) 
(1.24) 

 Z(jω) = RJ + R]
1 +	ω:R]:Ca^: − j

ωR]:Ca^
1 + ω:R]:Ca^:  

(1.25) 

Rewrite Z as a complex number: 

 Z = Z� + jZ�� (1.26) 

where: 

 Z� = RJ + R]
1 +	ω:R]:Ca^:  

(1.27) 

and 

 		Z�� = − ωR]:Ca^
1 + ω:R]:Ca^:  

(1.28) 

rearrangement of these equations results: 

 �Z� − GRJ + R]2 H�
: +	[Z��]: = GR]2 H

:
 

(1.29) 

Equation (1.29) is a semicircle, with a center at (RJ + ��
: , 0), and intersects with 

Z�  and Z�� axis at RJ	and �RJ + R]�,	respectively. A plot of imaginary impedance 

versus real impedance as shown in Figure 1.16 at a certain range of frequency is 
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usually used for displaying the experimentally determined impedance (Z(jω)). This 

plot is called Nyquist plot or complex plan. By taking 
a���
a~ = 0, 	ωo\�	becomes: 

 ωo\� = 1
R]Ca^ 

(1.30) 

 

Figure 1.16 Schematic representation of complex plane (Nyquist plot).  

The absolute value of the impedance |Z| can be calculated as the distance from the 

original: 

 |Z| = √Z� + Z�� (1.31) 

1.3.5.2   Bode plots 

The main disadvantage of Nyquist plots is that the frequency information of the 

applied signal is not shown. Plots of impedance amplitude and phase difference as a 

function of frequency which are called (Bode Plots), are usually used to show more 

details about frequency dependence information as shown in Figure 1.17 [5]. The 
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phase angle	ϕ, which varies between (−90X) to (90X) depending on the circuit 

elements and frequency ω [17]. The AC current and AC voltage are only in phase 

(ϕ = 0)	in the case of pure resistor. For the capacitor, the phase difference is 

(−90X),	and for the inductor the difference is (90X).	In the case of a capacitor and a 

resistor in parallel, the phase difference will depend on where the current will pass 

through either the resistor or capacitor.  

    

(a)                                                         (b) 

Figure 1.17 Bode plot, (a) Impedance amplitude |Z|, (b) Phase angle (ϕ) as a function 
of frequency.  

If the resistance is high, the capacitive response will be expected and the 

phase angle will be near (−90X). On the other hand if the resistance is low the 

response will be conductive and the phase angle will be near zero degree [18]. 

RJ and R] can be determined at high and low frequency, respectively: 

 RJ = lim�→I |Z| (1.32) 
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 RJ	 + R] = lim�→X |Z| (1.33) 

The capacitance of the double layer can be determined from the impedance at 

maximum frequency fo\� as follows: 

 Ca^ = (2πfo\�R��)=W (1.34) 

1.3.6   Constant phase element 

Constant phase element (CPE) is widely used for modeling the corrosion 

behavior of metals and alloys. When the film formed on the surface is inhomogeneous 

due to the presence of defects or porosity, the capacitive behavior cannot be modeled 

by a pure capacitor. The frequency response to the applied AC voltage is usually 

represented by constant phase element [19]. 

The total impedance of RC circuit that has a CPE instead of pure capacitance 

have accounted by Mansfeld [20] and Kendig and Tsai [21]  according to the equation: 

 Z(jω) = 	Rs	 +	 R](1 + (JωCa^				R]		)�) 
(1.35) 

where 0 < α ≤ 1. 

The values of RJ, R], Ca^ and α can be determined by modeling the EIS data 

with the equivalent circuit and using computer software such as Gamry Echem Analyst 

[22] .  

For CPE: 

 Z�p  = 1
YX(jω)� 

(1.36) 

 C = YX(ωo\�)�=W (1.37) 



26 

 

where  YX is the CPE constant, α is the CPE exponent, ω is the angular frequency in 

rad/sec.  

 

Figure 1.18 Equivalent circuit model using CPE (constant phase element) instead of 
pure capacitance. 

1.3.7   Mass transfer control 

The electrochemical system may contain a diffusion control component [12], 

where the modeling of semi-infinite diffusion is needed. The impedance of the 

diffusing reacting species is called Warburg impedance (Z¢). Warburg impedance 

depends on the frequency of the applied AC potential according to this equation: 

 Z¢ = σ
ωW :¤ − j σ

ωW :¤  (1.38) 

The absolute value that can be calculated from: 

 |Z¢| = √2	 σ
ωW :⁄  (1.39) 

where σ	is the Warburg coefficient. The Warburg impedance effect appears at low 

frequency since at high frequency the reactants do not have enough time to move far 



27 

 

from the surface. In the complex plan, the effect of the diffusion component makes a 

straight line of  45X with the real axis at low frequency region. The corresponding 

effect at Bode plot appears as a slanted line with a slope of 0.5 corresponding to 450.  

The Warburg coefficient can be calculated from: 

 σ = RT
n:F:A√2�

1
C∗X¨DX +

1
C∗X¨D�� 

(1.40) 

where DX is the diffusion coefficient of the oxidant, D� is the diffusion coefficient of the 

reductant, A	is the surface area of the electrode, n is the number of electrons involved. 

Usually Warburg coefficients are written in the form of admittance YX where: 

 YX = 1
σ√2 

(1.41) 

 

Figure 1.19 Equivalent circuit containing diffusion impedance (Warburg impedance). 
From McCafferty [12]. 
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Figure 1.20 Nyquist plot with representation of diffusion component (Warburg 
impedance). 

1.4   Rotating cylinder electrode 

The effect of hydrodynamic variables on the corrosion mechanisms can be 

simulated by using a rotating cylinder electrode. Fluid flow on the corroded surfaces 

can influence the way that surfaces are corroded. Over later twenty years, the rotating 

cylinder electrodes have been of much interest to simulate the field conditions in the 

laboratories [23]. 

Fluid flow can affect the corrosion by two distinct ways: the effect of flow during 

the oxide formation and the effect of flow when the oxide is present. Oxide formation 

can be affected by diffusion of the species that involved the corrosion reaction [24]. At 

very low rotation speed, the flow near the electrode surface has a regular and smooth 

flow called laminar flow. As the speed of rotation increases, the turbulence and 

complexity of the flow increases. The layer near the solution keep adhering to the 

surface, while the further layers start to spin off vortices and develop a shear stress 

between the solution layers. Due to the shear stresses formed between the layers, the 
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flow changes from laminar to turbulent. The change depends on Reynold’s number 

(RE). In the case of rotating cylinder electrode, Reynold’s number can be given by [25]: 

 R  = U�«d�«ρµ  
(1.42) 

where U�« is the linear velocity of the solution (cm/sec), d�« is the outer diameter of 

the electrode (cm), µ is the viscosity of the solution (g	/cm. sec), and ρ is the density of 

the solution (g/cmB). The linear velocity can be calculated from: 

 U�« = ωr�« =	πd�«F�60  
(1.43) 

where r�« is the cylinder’s radius, F� and ω are the rotation frequency in RPM and 

rad/sec respectively. For the rotating cylinder electrode, the flow is a turbulent flow 

when  Reynold’s number exceeds 200 [25]. When the rotating electrode is spinning, 

the turbulent flow can bring the species from the electrolyte to the corroding surface 

and transfer the reaction products from the surface to the electrolyte. This 

phenomenon is important in the corrosion study because it controls the mass transport 

factor, especially when the corrosion is under concentration control.  

According to Eisenberg [26], the mass transfer coefficient for the rotating 

cylinder electrode is given by: 

 K° = � Dd�«�Sh 
(1.44) 

 K° 			= � Dd�«� [0.0791	(R )X.´	(SC)X.BSµ] 
(1.45) 

 Sh = 0.079(R )X.´(SC)X.BSµ (1.46) 
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where D is the diffusion coefficient (cm:	/sec)	of the diffused molecules or ions, Sh is 

the dimensionless Sherwood number, Sc = ¶
�· . Depending on how the rotation rate is 

expressed, the mass transfer coefficient can be calculated from: 

 K° = 0.0791(d�^)=X.B 	GµρH
=X.BCC 		(D)	<X.µµC�U�«�<X.´	 (1.47) 

 K° = 0.0487(d�^)<X.C 	GµρH
=X.BCC 		 (D)	<X.µµC(ω)<X.´ (1.48) 

 K° = 0.0051(d�^)<X.C 	GµρH
=X.BCC 		(D)	<X.µµC(F)<X.´ (1.49) 

The fluid turbulent flow near the rotating cylinder surface induces a wall shear stress τ 
(g / cm. sec) which can be given from [27] : 

 τ�« = 0.0791ρ(R )=X.B(U�^): (1.50) 

1.4.1   Rotating cylinder electrode in electrochemical measurement 

In the conventional three electrodes cell system, the corrosion behavior of the 

rotating cylinder electrode can be monitored by continuous applying of various 

potential to the cylinder electrode and measuring the corresponding current. The 

applied potential can be in a small range around the open circuit potential (Linear 

Polarization Resistance), or in sinusoidal alternate signal over a certain frequency 

range (Electrochemical Impedance Spectroscopy). In three electrodes system, the 

other two electrodes in addition to the rotating cylinder electrode are the reference 

electrode and the counter electrode. The relationship between the mass transport 

limited current density j¹º° in (A/cm:) and the mass transfer coefficient is expressed 

as: 
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 J^_o = i^_oA = zFcK° 
(1.51) 

where i^_o is the limiting current in Amperes, F is Faraday’s constant (96,484.6	C/mol), 
A is the area of electrode in (cm:), z is the number of the electrons exchanged, and c 
is the concentration of the species involved in the electrochemical reaction.
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OBJECTIVES 

The objective of this research is to build and conduct a fluid flow laboratory-

scale for investigating FAC mechanisms in operating ACCs (air cooled condensers).   

Ø To provide an expanded knowledge and overall understanding of FAC 

mechanisms in specific environments related to the operating ACCs. 

Ø To investigate two phase fluid flow in static and dynamic conditions using 

Electrochemical Impedance Spectroscopy (EIS) and Rotating Cylinder 

Electrode. 

Ø To investigate the performance of different types of inhibitors (ammonia, film 

forming amines, and neutralizing amines) and their effects on the growth of the 

oxide layers on the heat exchanger tube steel. 

Ø To evaluate the flow accelerated corrosion by using drop liquid impingement 

and compare it with the rotating test.  
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SIMULATION OF FAC (FLOW ACCELERATED CORROSION) 

3.1  Physical simulation of FAC (flow accelerated corrosion) 

Conditions matching the corrosive environment associated with the ACC 

condensing tubes must be created for the laboratory experimental setup to effectively 

simulate the real-world situation. Inspection of Air Cooled Condenser tubes during the 

shutdown indicates that there are two mechanisms of corrosion which can take place. 

The first one is on any surface exposed to a high steam velocity at the top of 

the distribution duct where the steam is wet and its velocity in this region is between 

35 and 116 m/sec. The steam exhausted from the LP (low pressure) turbine contains 

about 5 to 8 percent moisture. The steam flows from the distribution duct and finds its 

way into the finned tubes Figure 3.1.  

The second mechanism was seen in the areas exposed to steam gravitating 

down the finned tubes where the steam velocity gradually decreases, and the liquid 

ratio increases due to the air cooling. To produce one mole of water, 538 calories of 

heat extraction is needed. The steam transforms heat to thin wall steel tubes while 

making water, which goes down the wall to finally collect at the bottom of 9 meters 

tubes for the return water. There are commonly 2000 of these vertical tubes coming 

off the manifold in an advanced air cooling system. This research mainly focuses on 

the second mechanism investigations where the steam velocity is relatively low, and 

the liquid phase ratio is high. 
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Figure 3.1 Schematic representation of steam condensation through air cooled 
condensers finned tubes. 

When the two-phase steam goes down the vertical thin wall steel tubes, the 

volume change involved with steam to water transformation causes a significant 

change in the pressure inside the tubes. This volume change produces a vacuum 

which becomes the primary driving force in pulling the steam from the manifold and 

causes a significant change in the partial pressure of oxygen (<10 ppb). The low 

oxygen partial pressure became the major parameter for this simulation. The 

conditions needed to replicate the corrosion environment associated with the 

condenser tubes for the experimental setup are:  

Ø The vacuum generated in the tubes produces an oxygen partial pressure 

content in the range of 1-10 parts per billion. 

Ø The water fluid flow system can vary from single-phase flow at the bottom of 

the tube to two-phase turbulent flow near the top of the condenser tubes.  

Ø Constant temperature. 

Ø pH control within the normal ACC range. 
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Ø Sufficient charge carriers in the electrolyte (conductivity) to perform the EIS 

interpretation. 

According to the Pourbaix diagram shown in  Figure 3.2, at pH from 9.0 to 9.50 

and potential between about (-350 to -600 mV) the most dominant iron oxide is Fe3O4. 

The chemical reactions are: 

Fe:< + 2e= 	⟹ Fe(S) 
{pure redox reaction - no pH dependence} 

(3.1) 

FeB< + e= 	⟹ Fe:< 

{pure redox reaction - no pH dependence} 

(3.2) 

2FeB< + 3H:O	 ⟹ Fe:OB(S) + 6H< 

{pure acid-base, no redox} 

(3.3) 

 

Figure 3.2 Pourbaix diagram (E vs pH) of iron in water at 25oC with working pH and 
potential values. 
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3.2 Experimental approach 

To replicate the working conditions associated with condenser tubes and 

measure the effectiveness of specific inhibitors, the rotating cylinder electrode set-up 

used with electrochemical impedance spectroscopy technique are used. 

3.2.1   Rotating cylinder electrode (RCE) 

The EIS experiments were performed by using a Rotating Cylinder Electrode 

(RCE) assembly which was designed for electrochemical application by Pine 

Research Instrumentation Company, with rotator model AFMSRCE Figure 3.3. The 

water-jacketed glass cell of capacity one liter was used for all the experiments. The 

electrochemical cell consisted primarily of the three-electrodes system, a working 

electrode made of carbon steel, a reference electrode (silver-silver chloride), and a 

graphite counter electrode as shown in Figure 3.4. 

The working electrodes used for all experiments were made from AISI 1018 

steel, which has the chemical composition displayed in Table 3.1 . From this steel 

composition, it is expected that the corrosion product film would be complex having 

oxide/hydroxide mixtures. The composition, adherence, strength, uniformity, and 

thickness of this protective film determine the ability of this film to improve the 

corrosion resistance property. 

2Fe:< + 3H:O	 ⟹ Fe:OB(S) + 6H< + 2e= 

{both pH and potential dependence} 

(3.4) 

2FeBOC +H:O	 ⟹ 3Fe:OB(S) + 2H< + 2e= 

{both pH and potential dependence} 

(3.5) 
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Figure 3.3 Pine-water jacketed glass cell with the rotator. 

 

Figure 3.4 Exhibits the three electrodes corrosion cell used for electrochemical 
Impedance Spectroscopy measurements. 
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Table 3.1 The chemical composition of (AISI 1018) steel (wt.%) balanced by iron for 
specimens used for this investigation. 

C Mn P S Si Sn Cu Ni 

0.193 0.73 0.004 0.004 0.2 0.008 0.09 0.03 

Cr Mo N Al V B Ca  

0.03 0.006 0.0069 0.002 0.002 0.0002 0.0022  

 

The working electrode has dimensions of 1.5 cm diameter and 0.64 cm length, 

which makes 3 cm2 exposure area as shown in  Figure 3.5 which exhibits the 

mechanical drawing of the working electrode. The working electrodes were pre-

polished with 600-grid, cleaned ultrasonically, and rinsed with distilled water directly 

before immersing into the electrochemical cell. 

 

Figure 3.5 Mechanical drawing of 15 mm OD (outer diameter) rotating cylinder 
electrode. 

3.2.2   Test solution 

The electrolyte used in all experiments was DI (demineralized water). To 

improve the number of ion carriers that is necessary to perform EIS, 0.01M of 
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ammonium sulfate, (NH4)2SO4 (non-reactant) buffer is added to the solution. Also, the 

diammonium phosphate (NH4)2HPO4 were used as a non-reactant buffer. The 

solutions were deareated by sparging nitrogen to reach the low oxygen level (below 

10 ppb O:) that matches the operating conditions of ACC (air cooled condensers) 

tubes. The nitrogen sparging was kept until the end of the experiments. A fresh new 

solution was prepared for each experiment. Once the deoxygenating process, the 

desired temperature, and pH were reached, the cleaned working electrode was 

inserted into the solution and electrochemical measurements started. 

3.2.3   Test conditions 

The experiments were performed with a rotating cylinder electrode 

arrangement to simulate fluid flow conditions at different rotation rates; stagnant (zero 

RPM), 500 (39.27 cm/s), 1000 (78.5 cm/s), 1500 (117.8 cm/s), and 2500 RPM (196.3 

cm/s). For rotation rates above 2500 RPM, the electric signal through the corrosion 

cell was lost. It is anticipated that as the rotation rate reaches 2500 RPM, the fluid is 

experiencing cavitation flow which generates two-phase vacuum bubbles and water 

conditions. Above 2500 RPM, the cavitation damage disrupts the passage of the 

electric current. For the rotating cylinder electrode, Reynold’s number is given by: 

 R  = U�^d�^ ρµ (3.6) 

where dcl is the outer diameter. the wall shear stress τ�^ for rotating cylinder electrode 

can be calculated from the following equation: 

 τ�^ = 0.0791	R =X.BρU�:̂  (3.7) 
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where ρ is the density of the electrolyte (0.997 g.cm-3), μ is the absolute viscosity of 

the electrolyte (0.00891 g.cm-1. s-1), and Ucl is the linear velocity which is given by:  

 											U�^		 = 	ωr�^ = πd�^	F�60  
(3.8) 

 ω = 2�
60 F� 

(3.9) 

where ω is the angular rotation rate (rad/s), F� is the rotation frequency (RPM).  

According to [9], for RCE, if Reynold’s number exceeds 200, the fluid flow is 

turbulent. Table 3.2 represents the hydrodynamic values of 1.5 cm outer diameter 

rotating cylinder electrode. Reynolds numbers corresponding to the rotation rates 

used confirmed that the flow conditions were turbulent flow.  

Two temperatures were used in this work; 25 and 50oC. The temperature was 

controlled by using Julabo circulating bath Figure 3.6.  

 

Figure 3.6 Julabo circulating water bath is used to keep the experimental solution at a 
constant temperature. 
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Table 3.2 The hydrodynamic values for 1.5 cm outer diameter rotating cylinder 

electrode. 

Rotation frequency 

Fr 

(RPM) 

Rotation rate 

� 

(rad/sec) 

Linear velocity 

U�^ 
(cm/sec) 

Wall shear stress 

τ�^ 
g.cm-1. s-2 

Reynold’s number 

R  

unit less 

500 52.36 39.3 8.7 6596 

1000 104.7 78.5 28.2 13146 

1500 157.1 117.8 56.3 19772 

2500 261.8 196.3 134.1 32948 

 

The conductivity, pH, ORP (oxidation reduction potential), temperature, and 

oxygen level were measured by multi-parameter transmitter model M-800 from 

Mettler-Toledo (Figure 3.7). Two pH values were used; 9.0 and 9.50. The pH values 

were controlled by auto-injection of ammonia using Masterflex Digital Drive pump 

which is shown in Figure 4.4 at flow rates depending on the experimental variables.  

Impedance measurements were performed using AC signals of amplitude 10 

mV from peak to peak at open potential frequency range from 0.1 to 10 KHz. The 

open circuit potentials were measured as a function of immersion time before taking 

the impedance measurements data to reach the quasi-stationary values of open circuit 

potentials. For each experiment, OCP (open circuit potential), EIS (electrochemical 

impedance spectroscopy) and LPR (linear polarization resistance) measurements 

data were taken. Figure 3.8 shows the complete experimental set up used for 

Electrochemical Impedance Spectroscopy measurements.                                                        
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(a) 

                         

     (b)                                    (c)                                      (d) 

Figure 3.7 (a) Multi-parameter transmitter (M800 Transmitter) (b) Optical dissolved 
oxygen sensor (c) pH sensor, (d) Conductivity sensor. 

 

Figure 3.8 Exhibits the complete experimental set-up used for Electrochemical 
Impedance Spectroscopy measurements. 
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SUMMARY OF THE RESULTS 

4.1 Materials and microstructure 

The chemical composition of carbon steel used in this research was shown in 

Table 3.1. The microstructure shown in Figure 4.1 shows the ferrite-pearlite structure of 

the specimens as the ferrite percentage is about 75 Vol % which is controlled by the 

carbon content 

 

Figure 4.1 The microstructure of AISI 1018 steel specimen shows the ferrite-pearlite 
structure.  

4.2 EIS data with limited ammonia control 

EIS is the most powerful tool that has been used to explain the mechanistic and 

kinetic information about the electrochemical processes occurring at electrodes/ 

electrolyte interfaces. The initial experimental data are represented in Figure 4.2 where 

the ammonia used for pH adjustment was injected manually during the experiment. As it 

can be seen from this plot the semicircle diameter of the EIS data is depressed with 



 44 

time, i.e., the intersections of the curves with real impedance (Z�) axis (which represents 

the charge transfer resistance) are decreased with time, so the corrosion rates of the 

electrode were increasing. 

 

Figure 4.2 Nyquist plot for first data at 1000 RPM, 25oC for ammonia-AISI 1018 steel 
system. 

The same trend was observed when the rotating speed was increased to 1500 RPM, 

and temperature increased to 50oC. The result shows the corrosion rate increases with 

time as shown in Figure 4.3. 

It was not clear if the increase in corrosion rate with time was due to oxide 

formation and removal mechanisms, or to the small drop in pH due to the ammonia loss 

by nitrogen sparging. Constant pH values over the experiment’s time was established 

by auto feeding of ammonia which is accomplished by using Masterflex Digital Pump as 

shown in Figure 4.4. 
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 Figure 4.3 Nyquist plot for first data at 1500 RPM, 50oC, pH 9.50 for ammonia-AISI 
1018 steel system. 

 

Figure 4.4 Masterflex Digital Pump used for auto feeding ammonia into the 
electrochemical set-up to maintain a constant pH. 

4.3 EIS data with more ammonia control 

From Figure 4.5  it can be seen that when pH was maintained constant over the 

experimental time, the corrosion rate had the opposite trend, i.e. the charge transfer 
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resistance (the diameter of the semicircle) increases with time so the corrosion rate 

decreases; since the corrosion rate is inversely proportional to the charge transfer 

resistance.  

 

Figure 4.5 Nyquist plot for first data at 1000 RPM, 25oC, pH 9.0 with better ammonia 
control for ammonia inhibitor system. 

4.4 Week experimental conditions 

Since the feeding of ammonia to the corrosion cell was performed automatically 

to keep pH variation in small range, running the experiment for an extended period was 

possible. The week experiments were conducted under these conditions: two pH 

values; 9.0 and 9.50, and two temperatures values; 25 and 50oC as follows:  

Ø 2500 RPM, 25 C, pH 9.0 with pH variation (8.99-9.01). 

Ø 2500 RPM, 25 C, pH 9.50 with pH variation (9.50-9.51). 

Ø 2500 RPM, 50oC, pH 9.0 with pH variation (9.0-9.01). 

Ø 2500 RPM, 50oC, pH 9.50 with pH variation (9.50-9.51). 

Ø Stagnant Condition, 50oC, pH 9.50 with pH variation (9.50-9.51). 

0.0 2.0k 4.0k 6.0k 8.0k 10.0k 12.0k 14.0k

0.0

2.0k

4.0k

6.0k

8.0k

10.0k

12.0k

14.0k

 0.5 hr

 1 hr

 3 hrs

 6 hrs

 10 hrs

-Z
²
(o

h
m

.c
m

2
)

Z¢(ohm.cm2)

1000 RPM

25°C

pH 9.0



 47 

4.5 EIS data analysis and interpretation  

Since the impedance data in this work have the shape of deviation from the ideal 

semicircle with depressed shape that has a center below the real axis, these data were 

modeled by using the circuit shown in Figure 4.6 which has CPE (Constant Phase 

Element) instead of pure capacitor as in the case of Randles circuit displayed in  Figure 

1.15. 

 Constant phase element (CPE) is widely used for the corrosion behavior 

modeling of the metals and alloys. If the film formed on the surface is inhomogeneous, 

the frequency response cannot be modeled by simple circuit elements such as resistor, 

capacitor, or inductor and usually is explained by constant phase element behavior [19]. 

 

Figure 4.6 Equivalent electrical circuit used for fitting impedance data. 

The equivalent electric circuit proposed for fitting the EIS data represents the 

metal /film /solution interface. The components in this circuit are the working electrode 

(WE), reference electrode (RE), charge transfer resistance (Rct), solution resistance 

(Rs), (YX) and (α) are CPE constant and CPE’s exponent respectively. 
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According to Brug [28], the impedance of the constant phase element can be 

found from the following equation which represents the deviation from the ideality:                                   

 Z�p  = YX=W[jω]=� (4.1) 

The total impedance of the proposed circuit at Figure 4.6 can be obtained from: 

 Z(jω) = 	RJ 	+	 R��(1 + (jωCa^				R��		)�) 
(4.2) 

where 0< α ≤ 1. The α value is the measure of the quality of the dielectric properties of 

the capacitor, so it can measure the quality of the capacitance of the protective film 

formed by the inhibitor under consideration. This capacitance value depends on the 

non-uniformity, degree of inhomogeneity, presence of porosity, etc. It assesses the film 

integrity due to the fluid nature and cavitation damage. It may also be an indication of 

damage caused by the two- phase steam impingement. 

As it can be seen from Figure 4.7 (a), at a given resonance frequency, as the α 

value increases the phase angle curve goes toward the capacitive behavior indicating 

that the quality of the capacitance of the protective film formed on the surface increases. 

Also, as the α value increases, the impedance at low frequency which represents (R�� + 

RJ) increases Figure 4.7 (b). 

The values of RJ, R��, Ca^, and α can be determined by using a computer 

software such as Gamry Echem Analyst [16] by fitting the experimental data with the 

appropriate electrical circuit. The advantages of using this software become apparent 

when the used frequency range is not enough to obtain complete semicircle or when 

there is a deviation from ideality.  
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(a) 

                                                          
(b) 

Figure 4.7 Exhibits the effect of α value on (a) Phase angle (b) Impedance amplitude. 

The capacitance C for metal/oxide interface is given as follows: 

 C = ((YX. R��)W/�)R��  
(4.3) 

where	R��	is the charge transfer resistance,	YX	is the CPE constant, and α	is the CPE’s 

exponent. It is apparent that the value of α is very descriptive of the nature of the film, 

and it should be a valuable quantity in comparing the effectiveness of various inhibitors 
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and their applications. Charge transfer resistance (faradic resistance) can be obtained 

from the Nyquist plot by finding the diameter of the semicircle.  

Macdonald at al.[29] developed the Point Defect Model (PDM) for the passive 

layers formation and dissolution on the metals and alloys. There were three generations 

for PDM development the first generation (PDM-I) assumed that the passive oxide layer 

contains both cation vacancies and oxygen vacancies. This model was valid in gas-

phase systems where the passive film cannot dissolve. With aqueous environments, the 

second generation (PDM-II) was developed. The model basically introduced the two 

layers of the oxide, the inner compact layer and the outer porous layer. Recently 

developed generation III mode (PDM-III) introduced the high resistivity of the outer layer 

which makes it control the impedance and the corrosion rate of the interface. 

Iron oxidation is a good example of multi-layered scales, where the oxide scale 

consists of layers of FeO, 	FeBOC,	and Fe:OB depending on the existing environmental 

conditions. The wustite (FeO) is a p-type semiconductor with metal-deficit, it has a high 

cation-vacancies concentration which makes the mobility of electrons and cations via 

electron holes and vacancies very high. The magnetite FeBOC (which has more of our 

interest in this research) has an inverse spinel structure, where the octahedral sites are 

occupied by divalent  Fe:< ions and the tetrahedral sites are occupied by half of the 

trivalent FeB<ions. Diffusion of ions can occur in both sites. Hematite	Fe:OB has a 

rhombohedral structure, Schwenk and Rahmel [30] proposed that the growth of 

hematite occurs by outward cations migration. 
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4.5.1 Effect of rotation speed  

The influence of the hydrodynamic conditions on the electrochemical behavior 

was studied by performing EIS, LPR (linear polarization resistance) at three different 

speeds of RCE; 1000, 1500 and 2500 RPM. By comparing Nyquist and Bode plots 

shown in Figure 4.8, Figure 4.9 and Table 4.1, it can be noticed that R�� decreased from 

≈100 to ≈ 9 kohm.cm2 when the rotation rate increased from 1000 to 2500 RPM, that 

means the iron oxidation at the electrode/ electrolyte interface is increased by removing 

the oxide layer at high spinning rate. The open circuit potentials decreased from (-556) 

to (-802) mV which indicates that the electrode has higher oxidation rate when the 

spinning rate increased from 1000 RPM to 2500 RPM. The double layer capacitance 

increases with increasing rotation rate due to the fact that the capacitance decreases 

with increasing thickness of the oxide layer according to the equation: 

 C = ϵA
d  

(4.4) 

where ϵ is the permeability of dielectric, A	is the area and d	is the distance or the 

thickness, and with increasing the spinning rate, the oxide layer became thinner and the 

quality of the film decreased with increasing rotation rate as represented by the � 

values.  

Phase angle analysis shows more details about the double layer behavior at the 

electrode/ electrolyte interface. From Bode plots, Figure 4.9, it can be seen that as the 

rotation speed decreases, the impedance amplitude at low frequency which represents 

(RJ + R��)	decreases with increasing rotation rate. On the other hand, the phase angle 

at low frequency becomes more negative as the rotation rate decreases, this behavior 
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may be attributed to the more capacitive response to the applied potential. Since R�� 
and Ca^ are  parallel in the equivalent circuit (Figure 4.6), at higher R�� it is harder for the 

current to pass through the resistor and the response will be more capacitive [18].  

 

Figure 4.8 Nyquist plots for 1000,1500, and 2500 RPM at 500C, pH 9.0, and ten hours 
for ammonia-AISI 1018 steel system. 

    

(a)                                                     (b)                                                                  

Figure 4.9 Bode plots shows the effect of rotation rate at 50oC, pH 9.0, and 10 hrs for 
ammonia-AISI 1018 steel system. (a) Impedance amplitude, (b) Phase angle.  
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Table 4.1 Effect of rotation speeds on the electrochemical impedance spectroscopy 
parameters at 50oC, and pH 9.0 for ten hours. 

Rotation 
speed 
(RPM) 

OCP 
(mV) 

YX 
(Ss�cm:) � 

Ca^ 
( F
cm:) 

R�� ohm. cm: 
RJ 

(ohm. cm:) 
Corr. 
rates 

(mpy)* 

1000 -556 4.19E-04 0.805 1.04E-03 1.03E+05 27.1 0.216 

1500 -793 5.76E-04 0.791 1.15E-03 2.36E+04 25.6 0.619 

2500 -802 8.20E-04 0.781 1.44E-03 9.06E+03 26.1 1.600 

 
*Corrosion rates are calculated from LPR (linear polarization resistance). 

According to [31], the polarization resistance (the inverse of corrosion rates) is 

related to the linear velocity of rotating cylinder electrode according to the equation:  

 1
Rp = KUd 

(4.5) 

where K and n are constant which can be found by plotting logarithm of U and logarithm 

of (1/Rp). Table 4.2 shows the experimental values of polarization resistance at different 

rotation speed. 

Table 4.2 The values of polarization resistance and linear velocity at different rotation 
speeds, 50oC and pH 9.0 for ten hours. 

Rotation speed 

RPM 

RP 

(Ohm.cm2) 
1/RP Log(1/RP) 

U 

cm/sec 
Log (U) 

500 2.30E+05 4.35E-06 -5.362 39.3 1.594 

1000 1.03E+05 9.71E-06 -5.0128 78.5 1.895 

1500 2.36E+04 4.24E-05 -4.3723 117.8 2.071 

2500 9.06E+03 1.10E-04 -3.957 196.3 2.293 
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Figure 4.10 The variation of polarization resistance with the linear velocity of rotating 
cylinder electrode at 50oC, pH 9.0, and ten hrs for AISI 1018 steel and ammonia 
system. 

From Figure 4.10, the value Log k ≈ -5.62 ⟹	K = 2.4E-6, and n = 2.09. 

From Field Emission Scanning Electron Microscope (FE-SEM) images shown in 

Figure 4.11, it can be seen that as the speed of spinning increases the machining 

grooves start to disappear, which means the thinning of the oxide film increases with 

increasing spinning speed. 

The images in Figure 4.11 can be explained on the basis of mechanism of the 

iron oxide formation, where the oxidation of carbon steel takes place by releasing Fe:< 

ions toward the electrolyte, also, Fe:<can be produced from the dissolution of 

magnetite. These ferrous ions may diffuse to the electrolyte or may cause the growth of 

the oxide film on the surface depending on the solubility limit of these species in the 

solution Figure 4.13. After the solubility limit of ferric iron is exceeded, a fraction of 

dissolved Fe:< ions could precipitate back to form the oxide film. The solubility limit of 
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Fe:< depends mainly on the electrolyte chemistry and the temperature. As the solubility 

limit of Fe:<  ions in environment increases, the diffusion of these species from the 

surface to the bulk increases and they can remain as a dissolved species in the 

solution. On the other hand, if the solubility limit is less, the participation of the Fe:< ions 

and the formation of oxide will take place.                        

      

   (1000 RPM)                                        (1500 RPM) 

 

(2500 RPM)   

Figure 4.11 FE-SEM images at 50oC, pH 9.0, ten hours, and at three rotation speeds for 
ammonia-AISI 1018 steel system.  
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According to [32], there are three types of film growth on a substrate as shown  in 

Figure 4.12. Volmer-Weber or three-dimensional (3-D) island model, where the 

nucleated clusters on the substrate continue to grow into islands. Frank-van der Merwe 

or two dimensions (2-D) model, is where the bond between the film atoms is less than 

the bond between the film and substrate. The third model is known as Stranski – 

Krastanov model, which is the combination of the two first models. In this model the 

transition from 2-D to 3-D occurs after the first layer is formed by monolayers and grow 

by 3-D islands. 

  

Figure 4.12 Schematic representation of the three film growth models [33]. 
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Magnetite film formation on carbon steel has a duplex morphology, the outer 

layer is porous and has a coarse crystal structure, and the inner layer is protective, 

compact and has fine crystal structure [34] [35]. The reaction mechanism of formation of 

inner is basically by the oxidation of iron and reduction of hydrogen ion according to the 

reaction: 

 3Fe + 4H:O = FeBOC + 4H: (4.6) 

The outer layer formed by participation of cations back from the bulk 

environment, where the dissolved oxidized species ( Fe:<) forms magnetite on the 

surface according to Schikorr’s reaction: 

 3Fe(OH): = FeBOC +H: + 2H:O (4.7) 

 

Figure 4.13 Schematic representation formation and dissolution of magnetite process 
on carbon steel. 
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From FE-SEM images, at 1000 RPM the compact inner layer is still homogenous 

with some fine precipitation of outer layer, while at 1500 and 2500 RPM, the inner layer 

has been damaged from the high spinning rate of the electrode, which might explain 

why the corrosion rate increases with increasing the rotation rate.     

In the case of comparing the stagnant condition (zero RPM) with 2500 RPM for a 

week, the opposite behavior was observed; if the complex plots for both 2500 RPM and 

stagnant condition with the identical other variables are compared as shown in Figure 

4.14, it can be seen that R�� for stagnant condition is much less than R�� for 2500 RPM, 

which means that the corrosion rate in the case of stagnant condition is higher than 

rotation condition. This observation might be attributed to the fact that as the scale was 

built up, it retarded the inhibitor (ammonia) from reaching the substrate which might 

accelerate the oxidation of the iron underneath the scale with rate more than that in the 

case of rotating condition.  

 

Figure 4.14 Nyquist plot for stagnant condition compared to 2500 RPM, for one week 
(168 hrs) experiment at 50oC, pH 9.50 and ammonia-AISI 1018 steel system. 
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The surface images shown in Figure 4.15 show how the scale in the stagnant 

conditions is thicker than that on the rotating electrode.  

The open circuit potentials (OCP) were measured as a function of time for all 

experiments before EIS and LPR were performed. OCP is shifted toward a more 

negative value as shown in Figure 4.16 as the rotation speed increases from 1000 to 

2500 RPM with the identical other experimental conditions. This behavior is attributed to 

the increase of charge transfer of the metallic cations to the bulk as the spinning speed 

increases; so, the potential is shifted toward a higher oxidation rate as the speed 

increases. And with increasing rotation rate of the electrode, the oxide film formed on 

the surface is more susceptible to dissolve and hydrate into the bulk. 

    

(a)                                                                 (b) 

Figure 4.15 The FE-SEM (a) Stagnant condition (b) Turbulent condition at 2500 RPM 
for one week (168 hrs) experiment at 50oC, pH 9.50 and ammonia-AISI 1018 steel 
system. 
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Figure 4.16 Open Circuit Potential (OCP) with time of exposure at 50oC, and pH 9.50 for 
ammonia-AISI 1018 steel system.  

4.5.2 Effect of pH change 

It is known that the carbon steel is not a corrosion resistant alloy [36], but in 

alkaline electrolyte the iron oxide may reduce the corrosion rates of carbon steel to low 

rates. One week (168 hours) experiments were performed at two different temperatures, 

25 and 50oC, with two pH 9.0 and 9.50 values. The pH values were adjusted 

automatically by auto-feeding of ammonia at a rate of 0.1 mL/min. Since the ammonia 

acts as a base with water it produces OH- ions according to the reaction: 

 NHB +	H:O	 ⟹	NHC< + OH= (4.8) 

It was reported that steel passivation in the alkaline solutions is attributed to a 

very thin oxide/hydroxide layer formation [36]. The modeling of the double layer formed 

on steel in the alkaline media have approved that this layer consists of inner compact 

magnetite layer and outer porous magnetite layer. The stability of magnetite depends on 

the potentials and oxygen content [37] . Figure 4.17 and Figure 4.18 show the effect of 
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adding ammonia as an inhibitor with 2500 RPM and 50oC. The corrosion behavior of the 

electrode is completely different. The blank condition (no ammonia) has pH ≅	6.0. 

The charge transfer resistance (≈ 25 kohm) of blank solution is smaller than that 

for pH 9.50 solution (≈ 116 kohm), which indicates that the blank solution has a higher 

corrosion rate. 

More details related to the frequency in Bode plots (Figure 4.18), the impedance 

amplitude at low frequency for blank solution is lower than 9.50 pH electrolyte. Also, the 

phase angle at low frequency which represents the response of the metal/oxide 

behavior, indicates that the film in case of pH 9.50 is more compact and protective.  

 

Figure 4.17 Nyquist plot represents the effect of adding ammonia as an inhibitor at 
50oC, 2500 RPM, and for 24 hrs. 
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(a)                                                       (b) 

 Figure 4.18 Bode plot shows the effect of adding ammonia as an inhibitor at 2500 
RPM, 50oC, and 24 hrs. for ammonia-AISI 1018 steel system. (a) Impedance amplitude, 
(b) Phase angle. 

At 25oC changing pH from 9.0 to 9.50 has a noticeable effect on the corrosion 

behavior of the electrode. Nyquist plot in  Figure 4.19 (a) shows that as the pH 

increases from 9.0 to 9.50, the diameter of the semicircle increases for both as an 

indication of decreasing the corrosion rate. The phase angle plot shown in Figure 4.19 

(c) has the same trend. It can be seen that at pH 9.50 the low frequency impedance 

amplitude increases with increasing pH Figure 4.19 (b), phase angle is more negative 

than that for pH 9.0, which indicate that the double layer at the electrode/electrolyte 

interface has more capacitive behavior than in the case of pH 9.0. This behavior is 

attributed to high R�� which makes the AC current prefer the Ca^ path since they are in 

parallel connection, ending up by more capacitive behavior of the circuit.  
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(a) 

    

   (b)                                                           (c) 

Figure 4.19 The effect of pH changes from 9.0 to 9.50 at 2500 RPM, 25oC, and one 
hour of exposure for ammonia-AISI 1018 steel system. (a) Nyquist plot, (b) Impedance 
amplitude, (c) Phase angle. 

At 50oC, the effect of pH changes for a week (168 hrs) is shown in Figure 4.20. 

The values of charge transfer resistance R�� increased as the pH was changed from 9.0 

to 9.50. it was reported that the defect density of an oxide that formed at neutral pH 

increases with time, and that formed at higher pH remained almost constant, thus the 

oxide protection is destroyed with time at lower pH [34]. The higher defect density can 
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accelerate both the metal diffusion at metal oxide interface and the dissolution rate at 

metal /solution interface which leads to higher corrosion rate. 

 

Figure 4.20 Effect of pH change from 9.0 to 9.50 on charge transfer resistance values at 
2500 RPM, and 50oC for ammonia-AISI 1018 steel system.  

OCP data show that as pH increases, the OCP shifted toward positive direction 

i.e. more noble direction. Figure 4.21 shows this behavior at 1000 RPM, 50oC where the 

OCP is shifted from about (-550) to (-350 mv) with pH changes from 9.0 t0 9.50 over a 

four hours period. (from the end of six hours to the end of ten hours).    

 

Figure 4.21 Effect of pH change from 9.0 to 9.50 on OCP values at 1000 RPM, and 
50oC for ammonia-AISI 1018 steel system. 
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4.5.3 The efficiency of ammonia as an inhibitor 

The efficiency of the inhibitor can be calculated from the equation [12]: 

 			E�ÀÁ = �R��´ − R��
R��´ � ∗ 100	 (4.9) 

where R��� 	and R�� are the charge transfer resistance values with and without inhibitor. 

Inhibitor efficiency can be calculated from the corrosion rate as well by using the 

equation: 

 			E�� = �C�=�Ã�C� � ∗ 100 
(4.10) 

where C� and	C��  are the corrosion rate values with and without inhibitor respectively. 

Table 4.3 shows the calculated ammonia efficiency in both ways. From this table, it is 

clear that the ammonia has a very high inhibition efficiency the first half hour because 

the ammonia can reach the electrode surface more easily before the scale formation.  

Table 4.3 The calculated efficiency of the ammonia as an inhibitor for AISI1018 steel at 
pH 9.50, 2500 RPM, and 50oC  

Time 

(hrs) 

R�� 
(Ohm.cm2) 

E��� % 
Corr. rate 

(mpy)* 
E��% 

 Blank pH 9.50  Blank pH 9.50  

0.5 1.36*103 1.22*105 99 5.976 7.60*10-2 99 

1 4.87*103 1.09*105 96 2.552 7.94 *10-2 97 

3 1.88*104 1.03*105 82 0.834 6.13*10-2 93 

6 2.15*104 1.24*105 83 0.738 5.38*10-2 93 

10 2.47*104 1.57*105 84 0.593 4.91*10-2 92 

24 2.36*104 1.16*105 80 0.710 7.54*10-2 89 

*Calculated from linear polarization resistance (LPR). 
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4.5.4 Effect of temperature change 

It was reported that in the power plants where the water is oxygen-free or very 

low partial pressure of oxygen due to the nature of operation conditions, the main oxide 

is formed on the steel equipment is magnetite. The effect of temperature can be 

explained on the basis of oxide formation mechanism. Oxide film formation basically 

occurs due to the materials oxidation where the base material produces ions (ferrous 

ions in case of iron) and these ions form the oxide. In case of protective oxides, 

temperature may affect either oxide formation or oxide dissolution [34]. The literature 

reported that the formation of iron oxide is easier at a higher temperature, since the 

higher temperature drives the following reaction in the forward direction [3]: 

 Fe + 2H:O ⟹ Fe(OH): + H: . (4.11) 

Also, the temperature change can affect the oxide solubility, as the temperature 

increases the dissolution rate of the magnetite increases [38]. 

The data obtained in this work is in agreement with the previous chemical 

reaction. Figure 4.22 (a) shows how the temperature change from 25 to 50oC decreases 

the charge transfer resistance (the diameter of the semicircle) which indicates the rate 

of oxidation and dissolution of the oxide film increases with temperature.  

Figure 4.22 (b) shows the change in charge transfer resistance over a week (168 

hrs). Corrosion rate depends on the rate of oxide formation and dissolution, since 

magnetite is n-type semiconductor in nature, the metal loss depends on the point defect 

concentration of the film. The density of the point defects increases with increasing the 

temperature [39]. Increasing the point defects increases the diffusion of iron ions 

through the oxide film and the rate of dissolution into the solution. 
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(a) 

 

 (b) 

Figure 4.22 The effect of temperature at 2500 RPM, pH 9.0, for one week for ammonia-
AISI 1018 steel system. (a) Nyquist plot (b) Charge transfer resistance values. 
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4.6 Comparison of EIS data with linear polarization resistance (LPR)  

By comparing the EIS data with corrosion rate calculated from LPR, it can be 

seen that corrosion rates have the same trend as the EIS data, i.e. how the velocity, pH, 

or temperature affect the electrochemical behavior of steel, but with different exact 

numbers of polarization resistance. LPR has the disadvantage to explain the 

electrochemical parameters in the electrode /electrolyte interface such as double layer 

capacitance or the nature of the film formed on the surface. In LPR, applying a small 

perturbation potential away from open circuit potential (from -12 to +12 mV in this work) 

basically polarizes the electrode. This polarization causes current to flow as a result of 

electrochemical reaction at the electrode surface. The ratio ΔE/Δi measures the 

polarization resistance of the electrode: 

 R] = GΔEΔi H∆ →X 
(4.12) 

where ΔE is the applied potential,	Δi is the resulting polarization current. 

From the above, it can be understood why LPR results may be different from EIS 

since the current results from electrode polarization may affect the oxidation rate of the 

electrode because it is a direct current (DC). This DC causes a large perturbation 

(polarization) of the electrode surface and a lack of accuracy especially with low 

conductivity electrolytes, but still it can give the same trend as EIS data. Figure 4.23 

shows that corrosion rate calculated from LPR and the value (1/Rct) obtained from EIS. 

The data have the same trend at 2500 RPM, pH 9.50, 50oC, and over 18 days. 
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 Figure 4.23 Changes of corrosion rates and inverse of charge transfer resistance 
values with time at 2500 RPM, pH 9.50, 50oC, and 18 days for ammonia-AISI 1018 
steel system. 

4.7 X-ray Diffraction (XRD) and Energy Dispersive Spectroscopy (EDS) 

Characterization 

The x-ray diffraction (XRD) can identify the phases by analysis of the information 

about unit cell dimensions. Figure 4.24 shows the X-ray diffractogram (by using Cu Ka 

incident radiation, 1.5406 Ao), from this figure, it is clear that most of the oxides 

produced on the steel surface by using the ammonia as inhibitor are mainly magnetite 

(Fe3O4) with other kinds of iron oxides depending on the experimental conditions. The 

other oxides include Fe:OB, FeX.ÆBO, and FeX.ÆO. 

The iron oxides have their anodic (oxygen ion) in the close-packed sublattice 

structure. The cathodic ions (Fe:<and FeB<)	located in a vacant arrangement at 

octahedral and tetrahedral interstitial sites to make the various stoichiometric 

Fe�O«	expressions.  
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  (a)                                                                   (b) 

         

(c)                                                               (d) 

Figure 4.24 XRD Patterns of 2500 RPM, (a) at 25oC, pH 9.0, (b) at 25oC, pH 9.5, (c) at 
50oC, pH 9.0, (d) at 50oC, and pH 9.50 for ammonia-AISI 1018 steel system.  

EDS analysis shows the difference of the ratio of the oxygen to iron in the oxides 

depending on the experimental variables. Table 4.4 shows that these differences and 

the values are the average values over a couple of spots for each sample. These ratios 

make an indication of the stability of the oxide since the electrode is rotating so as the 

oxygen to iron ratio is higher means the oxide is stable and did not dissolve. The 

highest ratio of oxygen to iron in the rotating conditions was observed in the case of 50 
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C, pH 9.50 which agrees with the EIS results. From EIS data it is observed that the best 

conditions were obtained as the stability of the corrosion rate and charge transfer 

resistance were in the case of 50oC and pH 9.50.  

Table 4.4 Oxygen to iron atomic ratios obtained from EDS analysis for ammonia 
system.  

 Average O/Fe atomic ratio 

New sample 0.15 

1000 RPM ,25oC and pH 9.50 0.263 

1000 RPM ,50oC, and pH 9.0 0.235 

1000 RPM ,50oC, and pH9.50 0.412 

1500 RPM, 25oC, and pH 9.0 0.673 

1500 RPM, 25oC, and pH 9.50 0.283 

Week stagnant, 50oC, and pH 9.50 3.22 

Week 2500, RPM 25oC, and pH 9.0 0.153 

Week 2500 RPM, 50oC, and pH 9.50 2.42 
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SELECTED INHIBITORS FOR ANALYSIS AND COMPARISION FOR  

THE PROTECTION OF AISI 1018 STEEL 

5.1 Film-forming products 

Flow accelerated corrosion of carbon steel in power plants cooling systems is a 

known problem [40][41][42]. In addition to severe damage of the equipment, this 

corrosion has significant economic and environmental effects [43][44][45]. Corrosion 

inhibitors are usually added to the feeding water circuits to eliminate these problems 

[46][47].  

Film forming amines are long chain organic compounds when they are added to 

the steam line, they deposit on the metal surfaces in a form of protective layer as a 

waterproof barrier between the metal and the condensate [48]. This coating barrier 

isolates the metal surface from the corrosion agents (for example dissolved oxygen, 

carbon dioxide) that might exist in the condensate, and prevent the direct contact 

between the water and the surface Figure 5.1. For many years, protective treatment of 

carbon steel was achieved by the chemical addition of inorganic inhibitors (such as 

chromates, nitrates) to the cooling water, but nowadays the use of these inhibitors was 

restricted due to their high toxicity. Since the 1960's, organic compounds such as 

phosphonates, molybdates have been used due to their non-toxicity. However, high 

concentration was needed to achieve a good inhibition. Film forming products (FFPs) 

are assumed to be adsorbed to the metal surface. Many of these early FFPs were 

amines, so it has been common to use the terminology “film-forming amines” (FFAs). 

Filming effectiveness is believed to be accomplished as a monolayer, but because there 
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is an equilibrium exchange between the water and metal surface, maintenance of a 

residual of the FFPs in the water phase is necessary.  

 

Figure 5.1 A non-wettable- film formed on the metal surface by film forming amines [49]. 

5.1.1 Structure and composition of film forming amines 

Recently, film forming amines are receiving more attention due to their 

application in power plants. Aliphatic (fatty) amines are the most known effective film 

forming amines. These amines have a general chemical formula {RW − [NH(R:)]d −
NH:}, where n is the number of monomers (between 0 to 7), RW is unbranched alkyl 

chain (from 12 to 18 carbon atoms), R:	is a short chain alkyl group (from 1 to 4 carbon 

atoms). Additional alkyl chains and amine functional groups may be included in various 

formulations. Other film forming products are not amine-based, but in all cases, a 

carbon chain is present to provide hydrophobicity [50]. The barrier protective film formed 

on the metal surface comes from the strong affinity of the amine or other functional 

groups to the metal surface, while the carbon chains extend outward in hair brush style. 
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The dosing of the film forming amines can be detected as low as (0.5 ppm) in the 

condensate, feed water, and boiling water. Reliable system testing at the low residual 

concentrations employed has been a challenge for some film forming products. The 

mechanism of protective film formation of amines on metal surfaces of equipment and 

pipelines is not completely understood. Many documents and papers 

[51][52][53][54][55] have adopted the concept of the positively charged hydrophilic (tail) 

end of the amine or other FFP molecules being attracted to the negatively charged 

metal surface and forming its film with the concept of charge neutralization. 

In this research, the performance of film forming amines as corrosion inhibitors 

for AISI 1018 carbon steel was investigated by using electrochemical impedance 

spectroscopy and rotating cylinder electrode techniques. 

5.1.2 Properties of film-forming amines 

The barrier film formed on the metal surface produced from the strong affinity of 

film forming amines molecule to the metal surface. For monoamines, the bond with 

metal surface can be formed where the carbon chain projects outwards in hair brush 

style, while in the case of polyamines, the large number of amino groups can make the 

bonding between the amines and metal surface occur at several points, which make the 

bonds stronger Figure 5.2. 

Film forming amines are proposed for corrosion protection of condensate piping 

from corrosion agents such as oxygen and carbonic acid. This protection is 

accomplished by producing a non wettable film between the metal surface and the 

surrounding environment. The pH value of the condensate is a very important 

parameter to form the film, for example, Octadecylamine is a common film forming 
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amine which works in the pH range 8.0 to 8.5. Out of this range the film will strip off and 

cause deposits in the condensate lines. Most of the film forming amines are stable in 

the pH range of 8.50 to 9.50 [56]. 

                       

 (a)                                                     (b) 

Figure 5.2 Film formation on metal surface with (a) monoamine, (b) Polyamines. 

To obtain a proper distribution through the entire treated system, filming amines 

must be injected into the steam header since most of them are non-volatile. Film 

forming amines could be lost in the boiler blow-down if they fed to the boiler or boiler 

feed water. The inhibitors must be supplied continuously in all treatment programs to 

ensure corrosion prevention of the condensate system. To obtain an optimum 

distribution throughout the condensate system corrosion inhibitors should be fed in the 

undiluted (neat) form. Diluted inhibitors can introduce impurities to the system 

depending upon the source of dilution water. At temperatures higher than 32oC amines 

may flash from the dilution tank due to the high vapor/liquid ratio, which leads to the 

releasing of the amine vapor and causes the disproportionation of the amine’s feeding. 

If electrolytes contain different types of ions with various concentrations , treatment of 
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iron samples with ODA (Octadecylamine) showed that the film on the surface was 

composed of three layers; outer, middle and inner layer, which were principally ODA, 

ODA -iron oxides mixtures, and iron oxides respectively [51]. 

5.2  Neutralizing amines 

Neutralizing amines are nitrogen-based compounds that are used for steam line 

treatment. Carbon dioxide can reduce the pH of condensate water to pH 5.0 by forming 

carbonic acid which is corrosive to the iron equipment. Neutralizing amines can 

maintain the pH in the range of 8.50-9.0. This range is effective for mild steel corrosion 

control. The most common neutralizing amines are cyclohexylamine, 

monoethanolamine (MEA), diethylaminoethanol (DEAE), mehoxypropylamine(MOPA), 

dimethylisopropanolamine (DMIPA), and aminomethylpropanol (AMP) [56].  

Ammonia is a volatile alkaline material; it is added to the steam line where there 

is a significant amount of carbon dioxide. Ammonia has the advantage of low cost 

compared with the other neutralizing amines, and disadvantage of lack of using with 

copper and nickel systems. The effectiveness of the neutralizing amines varies 

depending on pressure. For example, Cyclohexylamine is used in low pressure 

systems, while Diethylaminoethanol has low effectiveness at low pressure. Specific 

volatility, acid neutralization ability, basicity, and thermal stability are the characteristics 

of the neutralizing amines. In condensate systems, all gases have a vapor to liquid 

distribution ratio (V/L) or specific volatility, where V/L is the ratio of the concentration in 

the vapor or the steam phase to the concentration in the liquid or condensate phase. 

V/L ratio indicates how much the species present in the steam phase to condensate 

phase, this ratio depends on pressure, temperature, and other operating variables. 
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Acid neutralizing ability is an important characteristic of amines. Carbonic acid in 

the solution reacts with the amine according to the reaction: 

 RNH: +H< + HCOB= = RNHB< +HCOB= (5.1) 

This ability depends on the molecular weight of the amine; the lower molecular weight, 

the more carbonic acid neutralizing ability of the amine. 

Basicity of the amines can be defined as the measure of amine hydrolysis, when 

the amine is added to the condensate it hydrolyzes and raises the pH of the condensate 

according to the reaction: 

 RNH: +H:O = RNHB< + OH= (5.2) 

Different neutralizing amines have different basicity, for example, morpholine is a 

weaker base than cyclohexylamine. Further addition of morpholine over a certain pH 

level will have a small effect on increasing pH.  

Under high temperature and pressure, amines can break down to ammonia and 

other amines. The thermal stability of the amines depends on the amine type, 

temperature, pressure, and oxygen content of the condensate. To make the filming 

amines effective, they are usually added with neutralizing amines. Filming amines are 

not able to adjust pH into the required range which is necessary for making the filming 

amine effective. Filming amines overfeeding, or lack of pH adjustment can cause sticky 

deposits or “gunk balls”, which may go to pump strainer, control valves. It is 

recommended to start with low feeding rate and increase it gradually.  
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5.3 Experimental set-up and conditions 

Four film forming products (Anodamine HPFG, “Anodamine”, Nalco Powerfilm 

10000, “Nalco”, ChemTreat BL8100, “ChemTreat”, and GE Steamate HRSG02, “GE”) 

and two neutralizing (Ethanolamine, and 3-Methoxypropylamine) amines were tested to 

investigate the performance of these inhibitors under conditions designed to be typical 

of condensed steam in air cooled condensers (ACCs). Impedance measurements were 

performed using AC signals of amplitude 10 mV from peak to peak at open potential 

frequency range from 0.1 to 10 KHz. The open circuit potentials were measured as a 

function of immersion time before taking the impedance measurements data to reach 

the quasi-stationary values of open circuit potentials. 

 Electrochemical measurements were performed by using rotating cylinder 

electrode (RCE) as a working electrode, at 50oC, pH 9.0 and different rotation speeds 

(0, 500, and 2500 RPM). The pH was adjusted by automatic feeding of ammonia at a 

rate of 0.1 mL/min and the temperature was held constant by using a circulating water 

bath. The oxygen was kept below 10 ppb by purging the nitrogen gas continually to the 

corrosion cell. Different concentrations of FFPs were used, including 20, 100, 200, and 

500 ppm (diluted as product). These concentrations were injected into the test vessel 

which has the pH adjusted by ammonia addition. In case of neutralizing amines, the pH 

was adjusted by injection of the neutralizing amines without ammonia’s feeding. Open 

circuit potentials (OCP), Electrochemical Impedance Spectroscopy (EIS) and Linear 

Polarization Resistance (LPR) were measured for each experimental condition.  
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5.4 Results and discussion 

Iron oxidation is a good example of multi-layered scales, where the oxide scale 

consists of layers of FeO, 	FeBOC,	and Fe:OB depending on the existing environmental 

conditions. Wustite (FeO) is a p-type semiconductor with metal-deficit, it has a high 

cation-vacancies concentration which make the mobility of electrons and cations via 

electron holes and vacancies very high. Magnetite FeBOC (which has more of our 

interest in this research) has an inverse spinel structure, where the oxygen ions occupy 

the close-packed cubic structure while the divalent iron ions ( Fe:<and FeB<) occupy the 

octahedral and tetrahedral sites. The diffusion of ions can occur in both sites depending 

on temperature. Hematite	Fe:OB has a rhombohedral structure, Schwenk and Rahmel 

[30] proposed that the growth of hematite occurs by outward cations migration. Figure 

5.3 shows the schematic representation of metal, oxide film, and the expected film 

formed by the film forming inhibitor. 

The corresponding equivalent electrical circuit proposed for fitting 

electrochemical impedance data is represented in Figure 5.4 .This equivalent electrical 

circuit is a result of an integrating AC current passing through the film on the surface. 

The interfaces behave as capacitors due to the interfacial charge separated by non- 

metallic dielectric materials (film forming product or oxide film). From Figure 5.4 Rs is 

the ohmic resistance of the solution between the outer surface layer and the luggin 

tube, Rin is the pore resistance of the adsorbed film layer, Cin  is the capacitance of the 

outer adsorbed film layer, Cdl is double layer capacitance, Rct is charge transfer 

resistance, Rf is the faradic impedance at metal/oxide interface, W1 is the Warburg 

impedance of the diffusion of defects through the oxide layer , W2 is  the Warburg 
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impedance of the diffusion of reduction species (OH-/O2) from the electrolyte through 

the pore exists in the film formed by the inhibitor, Cc� is the capacitance of the oxide, 

and L is the inductance between the electrolyte and outer surface. The total impedance 

of the proposed circuit can be calculated as: 

 Z�c� = ( 1
RÉ + ZÊË

+ 1
Z�ÌÍ)

=W +			� 1
Z�ÎÏ +

1
R_d + 	Z: 	�

=W
+ RJ + Z¹ 

(5.3) 

where: 

 Z: = ( 1
R�Ð + ZÊÑ

+ 1
Za^)=W 

(5.4) 

For electrochemical impedance data obtained from using amines as inhibitors, an 

equivalent electrical circuit was proposed (Figure 5.4) which is different from the one 

that was proposed for ammonia (Figure 4.6).  

 

Figure 5.3 Schematic representation of metal/oxide interface with film forming product. 
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Figure 5.4 Equivalent electrical circuit used for fitting EIS data for AISI 1018 steel and 
filming forming products. 

The impedance of the constant phase element is expressed as:     

 Z�p  = YX=W(jω)=� (5.5) 

where YX	is CPE constant, �	is angular frequency in rad/s, (�) is the exponential term 

varying from one for pure capacitor and zero for pure resistor. The impedance of the 

conductor Z¹ is given by: 

 ZL = jωL (5.6) 

where L is the inductance in Henry (H).  

Warburg impedance ZÊ is used to model the diffusion where the real and 

imaginary components of the impedance are equal at all frequencies with phase angle 

450 and α	= 0.5.  ZÊ is given by the equation: 

 ZÊ = 	σ(ω)=X.S − jσ(ω)=X.S (5.7) 

where σ is Warburg coefficient which is defined as: 
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 σ = RT
n:F:A√2 (

1
C∗X¨DX +

1
C∗�¨D�) 

(5.8) 

where DX is the diffusion coefficient of the oxidant, D� is the diffusion coefficient of the 

reductant, A is the surface area of the electrode, and n is the number of the electrons 

involved in the reaction. 

5.5 Anodamine FFP (film forming product) testing 

The first experiment was conducted using Anodamine for 96 hours at 50oC, pH 

9.0, 2500 RPM rotation speed at a concentration of 200 ppm, Figure 5.5 (a) shows the 

Nyquist plots obtained over 96 hours of exposure. A good corrosion protection and 

inhibition was obtained through the first sixty hours. However, between 60 and 72 

hours, the film formed by the inhibitor completely lost its corrosion mitigation benefit. It 

can be seen from the Bode plot Figure 5.5 (b) that the impedance values at low 

frequency dropped suddenly between 60 and 72 hours which agrees with Nyquist plots. 

The phase angle at low frequency can be used to estimate the domination of the 

capacitive behavior of the surface films, as this angle becomes more positive, the 

capacitance behavior becomes smaller and the film is less protective.  

By fitting the EIS data at 60 and 72 hrs with the proposed electrical circuit, Error! 

Reference source not found., it can be seen how the corrosion behavior at the 

electrode surface changes at this period where the Anodamine lost its inhibition. Since 

all the capacitors used in the equivalent electrical circuit are constant phase elements 

(CPE) instead of pure capacitors, the α quantities indicate the homogeneity and ideality 

of the films. 
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(a) 

 

(b) 

Figure 5.5 The effect of Anodamine on the corrosion behavior of AISI 1018 steel at 
2500 RPM, 50oC, and pH 9.0, for 96 hours. (a) Nyquist plot, (b) Bode plot. 

 Table 5.1 shows the electrochemical impedance spectroscopy parameters by 

using Anodamine as an inhibitor at 60 and 72 hrs, 50oC, 2500 RPM rotation speed, and 

pH 9.0. From this table, the pore resistance falls from 26 to 7.22 (Kohm.cm2) over the 

period from 60 to 72 hrs, and the quality of the film forming amine ( α_d factor) changed 
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from 0.997 to 0.8789, which indicates the homogeneity of the hydrophobic layer on the 

metal surface decreased. The diffusion impedance coefficient �W through the oxide layer 

decreased from 10600 to 149 ohms. s=X.S. cm:. These changes might explain the reason 

for losing the Anodamine inhibition in this period. The oxide capacitance decreased at 

this period since the oxide layer is expected to grow with time and the capacitance is 

inversely proportional to the oxide thickness, (C = Ôr
a   ), where ϵ is the permeability of 

dielectric, A	is the area and d	is the distance. However, the oxide became less 

homogeneous since  αc� decreased from 0.9987 to 0.8366. 

Table 5.1 Electrochemical impedance spectroscopy parameters with using Anodamine 
as an inhibitor for AISI 1018 steel at 50oC, pH 9.0, and 2500 RPM from 60 to 72 hours. 

Time 

(hrs) 

Rs 

(ohm.cm2) 

YXÕÖ 
Ss�/cm: 

αc� 
 

L 

(H.cm2) 

YX×Ø 
Ss�/cm: 

αa^ 
 

YXÎÏ  

Ss�/cm: 
60 37.47 2.43E-02 0.9987 4.42E-05 5.76E-04 0.977 2.21E-04 

72 37.37 9.80E-03 0.8366 4.54E-05 9.03E-04 0.880 7.42E-04 

 

Time 

(hrs) 

α_d 

 

R�  
(ohm.cm2) 

R_d  

(ohm.cm2) 

R��  
(ohm.cm2) 

�W 

ohm. s=X.S. cm:
 

�: 
ohm. s=X.S. cm:

 

60 0.997 164.7 2.60E+04 3.688E+3 1.06E+04 1.72E+02 

72 0.8789 174.8 7.22E+03 1.663E+2 1.49E+02 1.56E+02 

 

The open circuit potential (OCP) Figure 5.6 shows specifically when the film 

degradation started. There is a sudden potential drop corresponding to the time when 

the film was destroyed. To be consistent, the time of film degradation was taken as the 

time corresponding to the midpoint between the two potentials. For Anodamine this time 

is ≈ 62 hrs.  
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Figure 5.6 Open circuit potential (OCP) with time of immersion, 200 ppm Anodamine, 
AISI 1018 steel at 2500 RPM, 50oC, and pH 9.0 

5.6 Comparison between Anodamine and ammonia as an inhibitor for AISI 

1018 steel 

 Figure 5.7 (a) shows the comparison between electrochemical behavior of the 

carbon steel electrode in case of using just the ammonia as a pH adjutant and in case 

of injecting Anodamine to the working solution. For the first sixty hours, Anodamine 

made a significant improvement in corrosion reduction compared with ammonia. 

However, after sixty-two hours the behavior was completely different since the 

protective film was degraded rapidly and the corrosion rate was almost as in the case of 

ammonia without Anodamine injection. This behavior can be represented by the 

corrosion rates, where the corrosion rate raised rapidly between sixty and 72 hours in 

case of using Anodamine as an inhibitor (Figure 5.8). 
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(a)                                                (b) 

Figure 5.7 Nyquist plot shows the comparison between the corrosion behavior of AISI 
1018 steel with (ammonia) and (ammonia with Anodamine) at 2500 RPM, 50oC, and pH 
9.0. (a) at 48 hours. (b) at 96 hours. 

   

Figure 5.8 shows the comparison of corrosion rates between (ammonia) and (ammonia 
with Anodamine) as inhibitors for AISI 1018 steel at 2500 RPM, 50oC, and pH 9.0, for 
96 hours. 

 



 87 

XPS (X-ray Photoelectron Spectroscopy) spectra Figure 5.9 show that the oxide 

film formed on the electrode in case of using Anodamine is thicker than with using just 

Ammonia. Also, XPS results show the presence of magnetite FeBOC	as the main oxide in 

addition of hematite Fe:OB. FESEM images (Figure 5.10) show the difference of the 

appearance of these oxides. Apparently, the oxide film in case of Anodamine is thicker 

but it has more cracks and defects. The corrosion acceleration occurring with 

Anodamine may be attributed to the defects formed in the film, these defects might lead 

to pitting formation. 

 

Figure 5.9 XPS spectra show the comparison between (ammonia) and (ammonia with 
200 ppm Anodamine) as inhibitors for AISI 1018 steel at 2500 RPM, 50oC, and pH 9.0, 
for 96 hours.  
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(a)                                                                      (b)    

Figure 5.10 FESEM images show the surface of AISI 1018 steel at 2500 RPM, 50oC, 
and pH 9.0, for 96 hours. (a) with ammonia (b) with (ammonia and 200 ppm 
Anodamine). 

5.7 Effect of Anodamine concentration  

Four concentrations of Anodamine were tested; 20, 100, 200, and 500 ppm with 

holding the other variables constant; 2500 RPM rotation speed, 50oC, and pH 9.0. At 

the end of 96 hours the corrosion rate of 20 ppm was the lowest. Figure 5.11 shows that 

the film layer in the case of 500 ppm deteriorated very early (at the end of 10 hours) 

compared with 20, 100 and 200 ppm. This situation comes in agreement with [50] 

where the protection was proposed for the formation of a non-wettable film on metal 

surfaces and the film effectiveness was recommended with low film forming 

concentration. Continuous treatment beyond a certain concentration does not increase 

the protection and the high concentration of the inhibitor may promote the pitting 

formation. 
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Figure 5.11 Effect of Anodamine concentration on the corrosion rates of AISI 1018 steel 
at 2500 RPM rotation speed, 50oC, and pH 9.0. 

FESEM images Figure 5.12 shows that the steel surface treated with 500 ppm, 

Anodamine has the machine markers on the surface, that might be because the oxide 

film became thick then dissolved easily than in case of lower concentrations, which 

might explain why 500 ppm of Anodamine shows higher corrosion rate compared with 

lower concentrations. This observation consisted with the concept of flow accelerated 

corrosion when the protective oxide is dissolved with the fluid flow and the protection is 

lost. 
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(a)                                                                     (b) 

   

(c)                                                                     (d) 

Figure 5.12 FESEM images show the surface of AISI 1018 steel electrodes tested at 
2500 RPM, 50oC, and pH 9.0, for 96 hours and with (a) 20 ppm Anodamine (b) 100 ppm 
Anodamine, (c) 200 ppm Anodamine, (d) 500 ppm Anodamine. 

5.8 Effect of rotation speed 

Three rotation speed (zero, 500, and 2500 RPM) were tested to evaluate the 

effect of hydrodynamic condition on the corrosion behavior of AISI 1018 steel at, 50oC, 

and pH 9.0. The electrochemical investigation shows that as the rotation speed 

increases the electrode deterioration increases as shown in Figure 5.13. This 
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observation may be caused by the increase of removal rate of the oxide protective film 

from the electrode surface as the rotation increases.  

 

Figure 5.13 Nyquist plot shows the effect of rotation speed on the electrochemical data 
of AISI 1018 steel at 50oC, pH 9.0, 96 hours, and 200 ppm Anodamine. 

5.9 Nalco film forming amine testing 

Another type of film forming amine (Nalco) was tested at the same working 

conditions (2500 RPM rotation speed, 50oC, pH 9.0, and O2 < 10 ppb for 96 hours 

exposure time). 200 ppm of Nalco was injected in the working solution after the pH was 

adjusted by auto-controlled ammonium hydroxide solution at a rate of 0.1 ml/min. Figure 

5.14 shows that the hydrophobic layer formed by Nalco was initially strongly beneficial, 

but it lost its corrosion inhibition effect between 10 and 24 hours (at ≈ 14.5 hrs). At the 

end of 24 hours, the semicircle of the EIS curve has depressed dramatically. By 

observing the open circuit potential from 10 to 24 hours (Figure 5.15), a sudden drop of 



 92 

this potential toward the negative values occurred, which indicates that the metal 

surface had become more negative due to the increase of iron oxidation rate. 

 

Figure 5.14 Nyquist plot shows the effect of Nalco on the corrosion behavior of AISI 
1018 steel at 2500 RPM, 50oC, and pH 9.0, for 96 hours. 

 

Figure 5.15 The open circuit potential values with using Nalco as an inhibitor for AISI 
1018 steel at 2500 RPM, 50oC, and pH 9.0. 
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FESEM image (Figure 5.16) shows that Nalco could protect the oxide from 

dissolving which allowed the oxide film to become thicker. However, once the protective 

layer was lost, the corrosion rate of the electrode returns to a high value, this high 

corrosion rate may be attributed to defects formation on the oxide film.  

 

Figure 5.16 FESEM images show the surface of AISI 1018 steel at 2500 RPM, 50oC, 
and pH 9.0, for 96 hours and with Nalco injection. 

5.10 Comparison between Nalco and ammonia as an inhibitor for AISI 1018 steel 

At the first ten hours, the comparison between Nalco and ammonia shows that 

Nalco gives good protection compared with the ammonia. However, the protective layer 

formed by the product was lost and the corrosion rate fell to a similar level as with 

ammonia only Figure 5.17.  
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.  

(a)                                                     (b) 

Figure 5.17 Nyquist plot shows the comparison between the corrosion behavior of AISI 
1018 steel with ammonia and Nalco as inhibitors at 2500 RPM, 50oC, and pH 9.0 (a) at 
one hours. (b) at 96 hours. 

5.11 EDS data summary 

Table 5.2 shows the ratio of atomic percent between iron and oxygen of oxide 

formed on the electrode surface by using ammonia, Anodamine, and Nalco at three 

points. The largest O/Fe ratio was found by using Anodamine. This observation could 

be attributed to the ability of Anodamine to protect the iron oxide (magnetite) layer 

formed on the working electrode from dissolution by forming a hydrophobic layer.  

Table 5.2 EDS summary compares the ratios of atomic percent between iron and 

oxygen of oxide formed on the electrode surface by using ammonia, Anodamine, and 
Nalco at three points. 

 Point 1 Point 2 Point 1 
Average  

O/Fe ratio 

 Fe (at%) O (at%)  Fe (at%)  O (at%) Fe (at%)  O (at%)   

Anodamine 30.89 35.96 31.44 35.26 32.3 34.62 1.12 

Nalco 45.2 37.74 49.09 37.11 48.5 38.49 0.79 

Ammonia 62.91 26.41 61.2 25.85 63.29 27.93 0.43 
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5.12 ChemTreat film forming amine testing 

ChemTreat Film Forming Amine was tested by injecting 200 ppm of ChemTreat 

product to an electrolyte at 50oC, pH 9.0, with the electrode rotating at 2500 RPM, and 

oxygen was kept below 10 ppb for 96 hours. The EIS data was taken at 0.5, 1, 3, 6, 10, 

and 24 hrs. After that, the EIS was taken every 12 hours. EIS data showed a breakdown 

of the protective film layer in the period between 1 and 3 hours (Figure 5.18) and the 

OCP shows that the breakdown of the corrosion inhibition of ChemTreat at about two 

hrs Figure 5.19. At the end of three hours, a significantly depressed semicircle was 

obtained, this situation means that the protective layer formed by ChemTreat was 

broken at two hours, after which time the corrosion behavior became similar to that with 

ammonia only. 

 

Figure 5.18 Nyquist plot shows the effect of ChemTreat on the corrosion behavior of 
AISI 1018 steel at 2500 RPM, 50oC, and pH 9.0, for 96 hours. 
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Figure 5.19 OCP with time for AISI 1018 steel at 2500 RPM, 50oC, and pH 9.0, and 200 
ppm ChemTreat. 

5.13 GE Film forming amine testing 

GE Film Forming Amine was tested using the same set-up and working condition 

(2500 RPM rotation speed, 50oC, pH 9.0, 200 ppm concentration of GE, and O2 < 10 

ppb. Because GE contains a neutralizing amine, one difference from the other FFPs 

was the pH increase with addition of this product, compared with the other FFPs. 

However, after adding 200 ppm of GE, the pH was still below 9.0 (about 8.3), so routine 

automated ammonia feed was necessary to maintain the pH at 9.0. From Figure 5.20, it 

can be seen that the protection effect of hydrophobic was lost between 10 and 24 (at 

about 16 hrs). However, at the end of 96 hours it can be seen that GE FFP gave better 

inhibition than ammonia (Figure 5.21).  
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Figure 5.20 Nyquist plot shows the effect of GE film forming amine on the corrosion 
behavior of AISI 1018 steel at 2500 RPM, 50oC, pH 9.0, and 96 hours. 

 

Figure 5.21 Nyquist plot shows comparison between GE film forming amine and 
ammonia on the corrosion behavior of AISI 1018 steel at 2500 RPM, 50oC, pH 9.0 and 
200 ppm of the Film forming amine. 
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5.14 Comparison between the tested film forming amines as inhibitors for AISI  

1018 steel 

EIS data show that the inhibition mechanism for the four inhibitors is similar. 

However, they differ in the time required for the protective layer to break down. Figure 

5.22 shows the corrosion rate comparison between the four inhibitors in addition to the 

ammonia. This figure shows the difference between these inhibitors at the time when 

the corrosion rate suddenly rises. Anodamine lasted the longest time before 

degradation of the protective layer while ChemTreat lasted the shortest time. At the end 

of 96 hours, the lowest corrosion rate was obtained with GE, which was slightly better 

than ChemTreat; both showed lower corrosion rates than ammonia only. On the other 

hand, both Anodamine and Nalco had higher corrosion rates than ammonia only. 

 

Figure 5.22 Comparison of corrosion rate patterns for the four filming forming amines 
over an exposure time of 96 hours at 2500 RPM, 50oC, pH 9.0, and 200 ppm of inhibitor 
for AISI 1018 steel electrode. 
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XPS (X-ray Photoelectron Spectroscopy) spectra show that the oxide film 

thickness formed on the electrode by using GE as a film forming product is thicker than 

that formed with Nalco Figure 5.23.  

 

Figure 5.23 XPS spectra for AISI 1018 steel at 2500 RPM, 50oC, and pH 9.0, for 96 
hours with using Nalco and GE FFPs. 

Pore resistance, R_d  can be used to measure the effectiveness of the inhibitor, 

since it describes the ability of the film formed by this kind of inhibitors to isolate the 

surface from the electrolyte. Figure 5.24 shows the comparison of R_d  values over 96 
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hours of exposure to electrolytes containing 200 ppm of Anodamine, Nalco, ChemTreat 

and GE at 50oC, 2500 RPM rotation speed, and pH 9.0. This figure shows that at the 

end of 96 hours, GE filming form product had the highest pore resistance compared 

with other inhibitors, slightly better than ChemTreat. 

 

Figure 5.24 Pore resistance (R_d) for the four film forming amines over 96 hours at 2500 
RPM, 50oC, pH 9.0, and 200 ppm of each product for AISI 1018 steel electrode. 

5.15 Effect of the conductivity of the electrolyte on EIS data measurement 

For all previous experiments, 10 mM of ammonium sulfate (1.32 g) was added as 

ions carrier to improve the conductivity of the solution. The conductivity corresponding 

to this concentration was in the range of 2.5 mS/cm. The lowest concentration that 

allowed the EIS experiment to be run was 2.5 mM (0.33 g of (NH4)2SO4). The EIS 

response at this concentration had some errors at high frequency due to the relatively 
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low conductivity of the solution (about 650 µS/cm). Figure 5.25 shows how the low 

conductivity affects the phase angle values at high frequency. At low frequency (0.1-1 

Hz) the impedance value drops with increasing conductivity of the electrolyte, i.e., with 

increasing the ammonium sulfate concentration. This behavior is companied with slight 

phase shift toward low frequency. However, this impedance drops, and phase angle 

shift values are small enough to realize that the ammonium sulfate concentration 

change doesn’t affect the corrosion behavior of the steel because ammonia addition can 

compensate any drops in pH caused by ammonium sulfate hydrolysis. 

   

       (a)                                                              (b) 

Figure 5.25 Bode plot shows the effect of electrolyte conductivity change by changing 
ammonium sulfate concentration from 10 mM to 2.5 mM. (a) Impedance amplitude 
change with frequency. (b) Phase angle change with frequency.  

5.16 Effect of the addition of Anodamine without pH adjustment in the stagnant 

conditions 

To study the effect of Anodamine film forming amine on the blank condition 

(without pH adjustment), 100 ppm Anodamine was injected into a solution of DI 
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(deionized) water containing ion carriers (1.32 g of ammonium sulfate) without ammonia 

addition, at zero rotation (stagnant). After addition of ion carrier (ammonium sulfate), the 

pH value was 5.97 due to acidic hydrolysis of ammonium sulfate. The addition of the 

inhibitor did not affect the pH value of the solution.  

At the beginning of the experiment (0.5 hour), there was a noticeable effect of 

Anodamine in corrosion behavior as shown Figure 5.26. The addition of 100 ppm 

Anodamine increased the corrosion resistance of the electrode as it is indicated by the 

larger semicircle at Nyquist plot, Figure 5.26 (a), and the higher value of impedance at 

low frequency in the Bode plot (Figure 5.26 (b)). 

   

(a)                                                                 (b) 

Figure 5.26 shows the effect of 100 ppm Anodamine addition to the blank solution at the 
stagnant conditions, 50oC, pH 9.0 on the corrosion behavior of AISI 1018 steel 
electrode at 0.5 hour. (a) Nyquist plot, (b) Impedance change with frequency. 

With increasing the time, Anodamine protection was decreasing which may be 

attributed to hydrophobic layer breaking at this low pH value (Figure 5.27). 
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(a) 

 

     (b) 

Figure 5.27 shows the effect of 100 ppm Anodamine addition to blank solution at the 
stagnant condition, 50oC, and pH 9.0 to AISI 1018 steel electrode at 24 hours. (a) 
Nyquist plot, (b) Impedance values with frequency. 

5.17 Effect of preconditioning with Anodamine 

For preconditioning, the sample was put in deionized water with 100 ppm 

Anodamine at 50oC for five days before running EIS experiments. The sample was 

pitted, and it showed a high corrosion rate compared with the non-conditioned 

specimen. Figure 5.28 shows the visual difference between the new and pre-
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conditioned samples with 100 ppm Anodamine. Figure 5.29 shows a higher 

magnification of the pits formed on the surface.  

    

(a)                                                                               (b)  

Figure 5.28 Comparison between (a) new sample, and (b) Preconditioned sample for 
five days in deionized water and 100 ppm Anodamine. 

 

 Figure 5.29 Pitted sample due to preconditioning for five days in deionized water and 
100 ppm Anodamine. 
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After preconditioning the sample was tested by conducting EIS at 50oC, pH 9.0, 

zero RPM and with injection of 100 ppm Anodamine, Figure 5.30 shows the EIS data 

after 24 hours of exposure. The corrosion rate increases from 0.141 mpy to 27.93 mpy 

due to the conditioning with Anodamine. This corrosion acceleration for the 

preconditioned samples may be attributed the pitting formation.  

For the preconditioned sample surface, XRD detected the presence of iron 

carbide in addition to iron oxides, which is attributed to the pitting formation at sample’s 

surface. 

 

Figure 5.30  Nyquist plot shows the effect of preconditioning the working electrode with 
deionized water and 100 ppm Anodamine for five days before running EIS experiments 
at 2500 RPM, 50oC, pH 9.0 and 100 ppm of Anodamine for 24 hours. 
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Figure 5.31 XRD pattern shows the film composition formed on the preconditioned AISI 
1018 steel electrode with deionized water and 100 ppm Anodamine for five days before 
running EIS experiment at 2500 RPM, 50oC, pH 9.0 and 100 ppm Anodamine for 24 
hours. 

5.18 Effect of shutdown condition 

 The EIS experiments were run for 72 hours with 2500 RPM, 50oC, and pH 9.0, 

after that the experiment was shut down for 72 hours, with keeping the sample in the 

solution, then rerun for 72 hours with the same variables. Figure 5.32 shows corrosion 

rates over 72 hours during shut down. Corrosion rates are higher with the addition of 

Anodamine than with ammonia only (Figure 5.33) which may be caused by pitting. 
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Figure 5.32 Comparison of corrosion rates between ammonia and Anodamine during 
shut down for 72 hours at room temperature, stagnant, pH 9.98, and O: about 5890 
ppb. 

 

Figure 5.33 Comparison of corrosion rates between ammonia and 200 ppm Anodamine 
during rerun the EIS experiment over 72 hours at 2500 RPM, 50oC, pH 9.0, and O:< 
ppb. 
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FESEM images (Figure 5.34) show that the film formed on the electrode with 

shut down and rerun condition using Anodamine has more defects and cracks than that 

with using ammonia only. 

    

 (a)                                                             (b) 

Figure 5.34 FESEM images show the effect of shutting down and rerun on film 
appearance formed on the electrode (a) with ammonia only (b) with 200 ppm 
Anodamine. 

5.19 Effect of ion carrier change 

For all EIS previous results, ammonium sulfate (NH4)2SO4 was used as the ion 

carrier to obtain suitable test solution conductivity, which is necessary to complete the 

electric circuit for the EIS experiments. By changing ammonium sulfate to diammonium 

phosphate (NH4)2HPO4, (DAP), noticeable improvement of corrosion behavior was 

observed. 

Phosphating has been used widely for pre-treatment of metal surfaces to 

improve surface finishing, corrosion resistance, adhesion, and wear resistance. Despite 

there is a variety of corrosion prevention or improving, the most efficient methods of 
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corrosion protection are by alloying the metals or by improving the surface finishing. 

However, surface finishing is more economical than alloying. These surface 

modifications are based on the formation of physical barriers between the metals and 

the corrosive environments. The phosphating process is one of the surface treatments 

that gives insoluble and adherent phosphate coating. In general, DAP molecule Figure 

5.35 has a high water solubility, (588 g/L) at 20oC, releasing ammonium and phosphate 

ions with a solution of pH 7.50 to 8. 

 

 Figure 5.35. Diammonium hydrogen phosphate (NH4)2HPO4, (DAP) molecule. 

5.19.1 With ammonia 

By comparing surfaces of samples using ammonium sulfate and diammonium 

phosphate as ions carriers, a noticeable difference can be seen between the visual 

appearance of two samples. A shiny surface was obtained by using diammonuim 
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phosphate, which is corresponding to a low corrosion rate (≈ 5	 × 10=B	mpy, compared 

to ≈ 2 mpy in case of using ammonium sulfate) as illustrated in Figure 5.36. 

       

(a)                                        (b)                                           (c) 

Figure 5.36 Visual comparison between sample surfaces; (a) new sample, (b) using 
ammonium sulfate as ion carriers, 2500 RPM, pH 9.0, 50oC. (c) Using diammonium 
phosphate as ion carriers, 2500 RPM, pH 9.0, 50oC. 

Figure 5.37 (a) shows the comparison of EIS data between using ammonium 

sulfate and ammonium diphosphate as ions carriers. From Nyquist plot, it can be seen a 

dramatic increase of impedance semicircle diameter by using diammonium phosphate 

instead of ammonium sulfate. This effect is explicit in Bode plot, where the value of 

impedance at low frequency is changed at 120 hours from about 2 to about 170 kohm  

(Figure 5.37 (a)), which is corresponding a decrease of corrosion rate from 1.252 x10-4 

to 1.63 mpy. The phase angle at low frequency as shown in Figure 5.37 (b) shifted 

toward more negative values which mean more capacitive behavior of the film formed 

on the surface. This behavior of corrosion improvement may be attributed to the 

formation of iron phosphate protective barrier between steel surfaces and the solution 

and prevent the dissolution of iron ions. 
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       (a) 

        

            (b)                                                                  (c)     

Figure 5.37 shows the comparison between using ammonium sulfate and ammonium 
diphosphate as ions carriers. (a) Nyquist plot (b) Impedance amplitude. (c) phase angle. 

 

 

0.0 40.0k 80.0k 120.0k 160.0k

0.0

40.0k

80.0k

120.0k

160.0k

0.0 4.0k 8.0k 12.0k 16.0k 20.0k

0.0

4.0k

8.0k

12.0k

-Z
²
(o

h
m

.c
m

2
)

Z¢(ohm.cm2)

Diammonium Phosphate

Ammoinum Sulfate

2500 RPM

50°C

pH 9.0

120 hrs

0.01 0.1 1 10 100 1000 10000

0.0

40.0k

80.0k

120.0k

160.0k

2500 RPM

50°C

pH 9.0

120 hrs
Diammonium phosphate

Z
(o

h
m

.c
m

2
)

F(Hz)

Ammonium Sulfate

0.01 0.1 1 10 100 1000 10000

-100

-80

-60

-40

-20

0

20
2500 RPM

50°C

pH 9.0

120 hrs

Ammonium Sulfate

Diammonium Phosphate

P
h

a
s
e
 a

n
g

le
(d

e
g

re
e
)

F(Hz)



 112 

 

Figure 5.38 Comparison of corrosion rates between using ammonium sulfate and 
diammonium phosphate as ions carriers. 

5.19.2 With Anodamine 

By using diammonium phosphate as an ion carrier while testing Anodamine as 

an inhibitor, the surface at the end of the experiment was shiny, indicating that good 

protection was obtained (Figure 5.39). The EIS data and corrosion rate measurements 

did not show the breakdown of the protective layer that was formed by Anodamine 

during the 168 hours. 
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Figure 5.39 The shiny surface obtained by using diammonium phosphate as ions carrier 
instead of ammonium sulfate with injecting 200 ppm Anodamine at 2500 RPM, 50oC, 
pH 9.0 at the end of 168 hours.   

  

Figure 5.40 Nyquist Plot shows the comparison between using ammonium sulfate and 
ammonium phosphate as ions carriers with the addition of 200 ppm Anodamine at 2500 
RPM, 50oC, pH 9.0 at the end of 168 hours.  

At low frequency, the impedance represents the total impedance at the 

electrode/oxide interface. This impedance showed a major increase by changing the ion 

carries from ammonium sulfate to diammonium phosphate. (Figure 5.41 (a)). 
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        (a) 

 

         (b) 

Figure 5.41 Bode plot shows the comparison between using ammonium sulfate and 
ammonium phosphate as ion carriers with inject of 200 ppm Anodamine at 2500 RPM, 
50oC, pH 9.0 at the end of 168 hours. (a) Impedance amplitude. (b) Phase angle. 

The phase angle has the same trend (Figure 5.41(b)) by shifting the curve toward 

the high frequency which means the corrosion behavior of the electrode was improved. 

Corrosion rates measured by LPR (linear polarization resistance) technique showed a 

reduction in corrosion rates values by changing the ions carriers from ammonium 

sulfate to diammonium phosphate. (Figure 5.42) 
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Figure 5.42 Comparison of corrosion rates between using ammonium sulfate and 
ammonium phosphate as ions carriers with the injection of 200 ppm Anodamine at 2500 
RPM, 50oC, pH 9.0 for 84 hours. 

5.20 Neutralizing amines testing 

Two neutralizing amines were tested, Ethanolamine and 3-Methoxypropylamine 

(MPA). Figure 5.43 shows the comparison of corrosion rates by using Ammonia, 

Anodamine, Ethanolamine, and (MPA) as an inhibitor for AISI 1018. From Figure 5.43, 

Ethanolamine lost its protection at 4 hrs and (MPA) at 2 hrs with high corrosion rate 
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Figure 5.43 Comparison of corrosion rates between ammonia, Anodamine, 
Ethanolamine, and 3-Methoxyprpylamine at 2500 RPM ,50C, and pH 9.0, for 96 hrs as 
inhibitors for AISI 1018 steel.   

      

(a)                                       (b)                                         (c) 

Figure 5.44 Visual comparison of the electrode surfaces appearance by using (a) 
Anodamine, (b) Ethanolamine, and (c) 3-Methoxyprpylamine at 2500 RPM ,50oC, and 
pH 9.0, for 96 hrs as inhibitors for AISI 1018 steel. 
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(a) 

     

(b) 

Figure 5.45 FE-SEM images at low and high magnifications of AISI steel electrode with 
using neutralizing inhibitors at 50oC, 2500 RPM , and pH 9.0 for 96 hrs (a) 
Ethanolamine and (b) 3-Methoxyprpylamine.  

Visuals Figure 5.44 and FE-SEM images Figure 5.45 show the electrode surface 

with using neutralizing amines as inhibitors. These images show that the surface was 

damaged by treating it with neutralizing amines.   

By raising pH value from 9.0 to 9.50, the corrosion rates decreased dramatically.   
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Figure 5.46 Effect of pH change from 9.0 to 9.50 on the corrosion rates by using 
Ethanolamine as a corrosion inhibitor for AISI1018 steel, at 2500 RPM, and 50o C for 96 
hrs.
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CORRELATION OF FLOW ACCELERATED CORROSION  

WITH LIQUID DROP IMPINGEMENT 

6.1 Impingement corrosion 

Flow accelerated corrosion (FAC) of carbon steel equipment is an important 

concern for power plants where the damage of this equipment can decrease the 

lifetime and even shut-down the line. In FAC, fluid flow regime controls the corrosion 

behavior of the surfaces. Mass transport rate and /or wall shear stress are mostly 

responsible for the acceleration of the corrosion rates [57].  

Increasing flow velocities generally accelerate the corrosion rate. However, fluid 

flow may eliminate the accumulation of scales and aggressive agents which decrease 

the chance of pitting and crevice corrosion. On the other hand, the fluid flow may 

enhance the passivation and inhibition by accelerating the inhibitor transport to the 

metal surface. 

6.2 Basics of hydrodynamics 

The laws of hydrodynamics govern the flow pattern along a given geometry, for 

example, in case of pipe flow, there are various types of flow; laminar, turbulent, and 

separated, depending on the interaction of the flowing fluid with the solid wall  Figure 

6.1. 

Laminar flow is rare from a practical point of view. Turbulent flow can be divided 

into a nondisturbed flow and a disturbed flow; the latter may be caused by a step on 

the wall or elbows in the pipes, and it is more considered on the corrosion 

investigations. 
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Figure 6.1 Types of pipe flow, laminar flow (parabolic velocity profile), Turbulent flow 
(logarithmic velocity profile), and turbulent flow with separation (complex velocity 
profile) [58]. 

6.2.1 The interaction of solid walls with flowing fluids in the flow system 

The interaction of flowing liquid with solid walls may include electrochemical 

and chemical reactions in addition to the mechanical and physical effects as shown in 

Figure 6.2, which shows the distinction between single-phase flow and multi-phase 

flow. 

 

Figure 6.2 Interaction of fluid with wall in flow system. (a) One phase, (b) Multiphase 
[58]. 
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6.2.1.1   Shear stresses 

For laminar flow, the friction between the flowing fluid and the solid wall causes 

a pressure loss. This loss of pressure has a linear relationship with the average 

velocity according to Hagen-Poiseuille equation [58]: 

 ∆P = 8µL
R: U 

(6.1) 

where P is the pressure (Pa), µ is the absolute viscosity, (Pa. s), U is the average 

velocity (m.s-1), L is the pipe length (m), and R is the pipe radius (m). The shear stress 

and the average velocity are related according to the given equation: 

 τX = 4µ
R U 

(6.2) 

where τX is the shear stress (N.m-2).  

For turbulent flow, the motion of ordered laminar flow is replaced by irregularly 

fluctuating axial and radial turbulent velocity components. In this case, additional 

energy losses in the bulk occur, which leads to higher pressure drop. The shear stress 

cannot be calculated from the pressure drop at the wall as in case of laminar flow, but 

it is evaluated by the following equations instead: 

 τX = λ
8ρU: 

       

(6.3) 

where λ is friction coefficient, and ρ is the density (kg.m-3). The coefficient of friction is 

related to Reynold’s number according to: 

 λ = 0.3164Re=X.:S (6.4) 

substituting in Equation (6.3): 
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 τX = .039Ýνdß
X.:S ηUW.´S (6.5) 

where � is the kinematic viscosity (m2. s-1). 

6.2.1.2   Cavitation 

As shown in Figure 6.2 cavitation damage is caused by collapsing of the 

bubbles near the wall surface. Cavitation intensity is correlated with the bubble size, 

rotational velocity, static pressure, in the following proportionality: 

 I~a GRXR�H
W.S U:. P. σãX.S 

(6.6) 

 where I is the cavitation intensity (W.m-2), RX and R� are the initial and the final bubble 

radius (m) respectively, U is the circumferential velocity (m.s-1), a is the velocity of the 

sound in water (m.s-1), P is the static pressure (N.m-2), and σã is the cavitation factor. 

6.2.1.3   Mass transport 

Corrosion reactions, from the physio-chemical point of view, are heterogeneous 

reactions, where the reactants and the corrosion products are transferred from and to 

the metal surface. Diffusion of ions and molecules to the metal surface occurs as a 

result of the concentration gradient. Because the diffusion coefficients in the liquid are 

relatively small, the reaction rates in stagnant conditions is low, and increases as the 

fluid flow increases as a result of the transport of the reactants and products to and 

from the metal surface respectively. For turbulent flow, the mass transport correlation 

is expressed in the following expression: 
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 Sh = a		ScE	Re� (6.7) 

which contains three dimensionless numbers: 

• Sherwood Number: which describes the ratio of total mass transport to the 

molecular diffusion mass transport: 

 Sh = KL
D  (6.8) 

• Reynolds Number: which describes the fluid flow if it is a laminar or turbulent,  

 Re = ρUL
µ = UL

ν  (6.9) 

• Schmidt Number: which describes the ratio of momentum transport to the 

molecular diffusion mass transport: 

 Sc = ν
D (6.10) 

where U is fluid velocity, L is the characteristic length (m), k is the mass transfer 

coefficient (m.s-1), ρ  is fluid density,	µ is dynamic viscosity, � is the kinematic viscosity 

=	¶	�  (m2.s-1), and a, b, and c are constant [58].  

6.2.2 Fluid flow and electrochemical aspects of corrosion 

Fluid flow influences the electrochemical reactions of corrosion by: 

Ø Accelerating supply of reactants and removal of products from the metal 

surface by the mass transport. 

Ø Enhancing the removal of the oxide layer and producing a new active layer. 

Ø Increasing the transport of the inhibitors to the reacting surfaces.  
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6.3  Single phase and multi-phase flow 

It is helpful to compare between single phase and multi-phase flow. Mechanical 

damage of the surface layer generally is restricted to single-phase flow, with no 

damage to the base metal. The critical shear stress above which the erosion- 

corrosion starts can be correlated with the mechanical properties of the surface layer.   

For liquid-solid flow, solid particles interact with the base metal, so the 

mechanical damage is a function of the mechanical properties of the material which is 

a function of the chemical composition. This concept includes the cavitation damage 

where the damage is related to the cavitation intensity.  

Impingement corrosion is corrosion enhanced by physio-chemical degradation 

of the surface due to the impact of high velocity fluids against the surface. This type of 

corrosion has significant importance in the industry such as power plant, 

petrochemical, and other industries.  

Monitoring impingement corrosion is necessary for minimizing catastrophic 

failures of critical equipment such as heat exchanger tubes, boiler tubes, and 

condensers. Surface damage occurs due to the relative movement of the metal 

surface and corrosive fluid. If the fluid velocity exceeds a certain value, any equipment 

components exposed directly to this fluid can suffer from impingement corrosion. For 

example, in the boiler tubes, turbulent flow can accelerate the internal corrosion and 

lead to tube leakage. Cavitation is a special case of impingement where the gas 

bubbles collapse in the fluid near the metal surface. 
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6.4 The correlation between flow accelerated corrosion and liquid drop 

impingement 

In power plant cooling systems, water droplets are generated due to steam 

acceleration as a result the heat transfer through the cooling tub walls. Liquid droplet 

impingement may produce high impact pressure on the inner surface of the pipes. The 

impact pressure may be in the range of hundreds MPa, which exceeds the elastic 

strength of the pipe wall. The damage of the pipe wall by the impact pressure of the 

droplets is called liquid droplet impingement (LDI) erosion or liquid impingement 

corrosion (LIC). The liquid droplet impingement usually occurs at T-joints and valves. 

Modeling of LDI erosion in laboratories have been established in the literature 

[59][60] by expressing the relationship between LDI erosion rates and the droplet 

variables such as diameter, velocity, and number of droplets. 

Drop impingement test can be used to simulate high turbulent fluid flow 

conditions since it can be controlled under certain variables. The combination of drop 

impingement and electrochemical corrosion investigation has the advantage of 

simulating field conditions.  

6.4.1 Experimental set-up 

To correlate the pipe fluid flow with spray impingement the experimental set up 

consists of electrochemical impedance spectroscopy, rotating cylinder electrode, and 

spray impingement set up.   

6.4.1.1    Electrochemical measurements 

Experiments were conducted to correlate the flow accelerated corrosion with 

drop impingement and electrochemical impedance spectroscopy. For electrochemical 
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impedance measurements, the electrochemical cell used is similar to that used in the 

rotating tests. It is a three electrodes system with carbon steel as a working electrode, 

graphite electrode as a counter electrode, and silver/silver chloride as a reference 

electrode. Figure 3.8.  

6.4.1.2   Liquid drop impingement set-up 

To perform the drop impingement test for AISI 1018 steel, a dual piston pump 

for high flow application from Scientific Systems, Inc. was used. This pump circulates 

the solution from the electrochemical cell and impinges the working electrode 

continually during the experiment. The flow rate used is 250 ml/min and the nozzle is 

650017-SS tip from Spraying Systems, Co., with 0.011-inch diameter. The droplet 

diameter and the average velocity were measured by Spray analysis and Research 

Services [61].  

The droplet diameters in micrometers are: DX.W = 30,		DX.S = 50, DX.Æ = 108, and 

average velocity is 53 m/sec, where 	DX.W indicates that 10 percent of the total volume 

of liquid sprayed has diameter < 30 µm, DX.S is a value where 50 percent of the total 

volume of liquid sprayed. DX.Æ is value where 90 percent of the total volume of liquid 

sprayed.  

To perform drop impingement, the sample was held out of the solution as 

shown in Figure 6.3, and it was impinged by spray solution comes from the nozzle. To 

ensure the solution impinge the whole surface, the rotating cylinder electrode was 

rotating at a low rate (50 RPM).  
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Figure 6.3 Schematic representation of jet impingement set-up used for flow 
accelerated corrosion of AISI 1018 steel. 

After the impingement is done, the pump is stopped, and the sample was 

immersed into the solution to conduct the electrochemical measurements as shown in 

Figure 6.4.    

 

Figure 6.4 Electrochemical impedance measurement for jet impingement correlation of 
flow accelerated corrosion.  
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6.5 Results and discussion 

The visual observation (Figure 6.5) and the FE-SEM images (Figure 6.6) of the 

impinged surface showed that there was no mechanical damage that occurred to the 

surface Figure 6.6 (a). Since the main difference between the flow accelerated 

corrosion and the liquid droplet impingement (LDI) is that the (LDI) has a rough and 

irregular surface [62], the corrosion mechanism under these droplet parameters is flow 

accelerated corrosion more than LDI.   

 

(a) 

   

(b) 

Figure 6.5 Visual Comparison between the appearance of the electrode surface after 
rotation and impingement test performed at 50oC, pH 9.0 for 96 hours with ammonia 
for AISI 1018 steel. (a) Rotation. (b) Impingement.                                              
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(a) 

    

 (b) 

Figure 6.6 FESEM images shows the comparison between the appearance of 

the electrode surface after rotation and impingement test performed at 50oC, pH 9.0 

for 96 hours with ammonia for AISI 1018 steel.(a) Rotation. (b) Impingement. 

Figure 6.7 shows the pressure and wall shear stress profile of the impinged 

electrode with the liquid film formed on the surface during the impingement. 
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Figure 6.7 (a) Schematic representation of spray nozzle droplet impingement, (b) 
Pressure distribution profile, (c) Shear stress distribution profile.                                                            
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By comparing the drop impingement with the rotating tests in case of using the 

ammonia with ammonium sulfate as ion carrier, electrochemical impedance data are 

shown in Figure 6.8.  

   

(a) 

   

(b)                                                       (c) 

Figure 6.8 Comparison between rotating and impingement test using at 50oC, pH 9.0 
for ammonia AISI 1018 steel system. (a) Nyquist plot, (b) Impedance amplitude, (c) 
Phase angle. 
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From Figure 6.8, it can be seen that the electrochemical behavior at electrode 

surface for the rotating and impingement test are similar. Nyquist plot show that the 

charge transfer resistance values are almost equal, and Bode plots shows the 

capacitance values of the formed films are identical. This result indicates that the 

hydrodynamic variables such as shear stress and the degree of turbulence are almost 

the same values, and the droplet variables (velocity, diameter, and flow rate) in this 

test causes flow accelerated corrosion rather than plastic deformation of the surface.  

According to [63] the droplet pressure can be calculated from: 

 P = ρcV (6.11) 

where � is the liquid density, C is the sound speed and V is impact velocity. From the 

drop analysis report made by Spray analysis and Research Services [61], the droplet 

pressure in the range of 79.5 MPa which is below the yield strength of the AISI 1018 

steel (370 MPa).  

By adding 200 ppm Anodamine to the working solution, the EIS data shows the 

identical electrochemical behavior at the electrode/ solution interface. As in case of the 

ammonia test, this result confirms that the corrosion type is flow accelerated corrosion 

without mechanical damage on to the surface. 

From this result, the rotating cylinder electrode set up can effectively simulate 

the multiphase flow effect on the corrosion behavior without using the more 

complicated impingement set up. The rotating cylinder electrode is a good tool to 

study the electrochemical behavior of the corroded electrodes especially in turbulent 

flow.  
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(a) 

    

(b)                                                         (c) 

Figure 6.9 Comparison between rotating and impingement test using 200 ppm 
Anodamine, 50oC, pH 9.0 for 96 hours (a) Nyquist plot, (b) Impedance amplitude, (c) 
Phase angle 
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6.6 Impingement with high rotation rate  

Another test was performed to investigate the effect of liquid film stability on the 

corrosion behavior of the electrode. The sample was rotating at a rate of 2500 RPM 

and impinged at a flow rate of 250 ml/min before putting in the electrolyte to take EIS 

data and measure the corrosion rates. After 96 hrs of testing, the surface was pitted 

due to the effect of rotation and impingement. 

To make analogues between the wall and the curved surface (rotating cylinder 

electrode), two forces act on the surface of the rotating electrode, gravitational 

acceleration (g) and centrifugal acceleration ( ω:r),as shown in Figure 6.10, where r is 

the radius of the electrode and �  is the rotation rate. 

 

Figure 6.10 The centrifugal acceleration (	g«) and gravitational acceleration (	g�) act 

on a liquid film formed on impinged rotation cylinder electrode. 
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Body force ratio (G) is the ratio between the centrifugal acceleration and 

gravitational acceleration. For the rotation electrode: 

 G = ω:r
g  

(6.12) 

As the G value increases, the rate of droplet detachment from the surface increases. 

At the rotation rate 50 RPM, G = 0.021, and at rotation rate 2500 RPM, G = 52.4. 

According to [64], at low G value (< 0.56), the film formed is stable and at high values 

(G > 2.19) the film is in Rayleigh-Taylor instability regime, and the film flies off the 

surface. Stable liquid film formation at low spinning rate (50 RPM) makes the 

electrode corrodes uniformly causing flow accelerated corrosion, while high spinning 

rate (2500 RPM) helps the spray impingement hit the un-wetted surface and enhance 

the pitting formation. Figure 6.11 shows the visual observation of the electrode surface 

after impinging the rotating electrodes at 2500 RPM, 50oC, and pH 9.0 for 96 hours. 

                 

(a)                                               (b) 

Figure 6.11 Impinged rotating cylinder electrode at 2500 RPM, 50oC, and pH 9.0 for 
96 hours using (a) Ammonia, (b) 200 ppm Anodamine. 
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Electrochemical impedance data (Figure 6.12)shows dramatic decrease on the 

charge transfer resistance in case of impinging the electrode at high rotation speed 

due to the pitting formation. Fitting these data with the equivalent electrical circuit 

(Table 6.1) shows that the film formed on the surface is inhomogeneous in case of 

high spinning impingement as it is indicated from � values.  

 

Figure 6.12 Nyquist plot shows the comparison between rotation, low speed and high-
speed impingement of AISI steel ammonia system at 50oC, and pH 9.0. 

Table 6.1 Electrochemical impedance spectroscopy parameters shows the 
comparison between rotation, low speed and high-speed impingement of AISI steel- 
ammonia system for 96 hours at 50oC, and pH 9.0. 

 RJ R�� � YX 
Rotation at 2500 RPM 27.19 6.05E+06 0.8954 3.29E-04 

Impingement at 50 RPM 30.23 4.46E+06 0.844 8.22E-04 

Impingement at 2500 RPM 18.4 5.27E+02 0.7692 2.47E-03 
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Figure 6.13 Shows the corrosion rates comparison between rotation, 

impingement, and rotation and impingement test for ammonia and Anodamine. This 

plot shows how the corrosion rates increase due to pit formation and removal of the 

oxide layer at impingement with high rotation rate.  

 

Figure 6.13 Comparison of corrosion rates between rotation, impingement, and 
rotation and impingement using ammonia and 200 ppm Anodamine as inhibitors at 
50oC and pH 9.0 for AISI 1018 steel. 
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OBSERVATIONS AND CONCLUSIONS        

7.1 Observations 

1) The electrochemical impedance spectroscopy technique and rotating 

cylinder electrode set-up were successfully applied to an experimental design 

intended to duplicate operating conditions in air cooled condensers used in power 

plants including turbulent flow conditions.  

2) The experimentation showed the effect of ammonia steam inhibitor on 

carbon steel corrosion in high purity water by evaluating the behavior of the oxide 

formed at different temperatures and pH values. It was noted that with increased 

spinning rate of the rotating cylinder electrode, there was an increased tendency for 

the protective scale to dissolve into the electrolyte leading to metal loss. FESEM, 

XRD, and EDS matched the electrochemical data. 

3) The effect of fluid flow corrosion of steam inhibitors on AISI 1018 steel was 

assessed by physical simulations by using the rotation cylinder electrode at selected 

rotation speed from stagnation, 500, 1000, 1500 to 2500 RPM. EIS measurements, 

surface morphology assessment, XPS, XRD, and EDS were used to evaluate these 

inhibitor specimens at selected pH and temperature. These rotation speeds correlated 

to locations in air cooled condensers finned tubes where 2500 RPM represents 

expected behavior near the top of these tubes where the two phase steam impinges. 

This impingement location represents the most severe damage. The reduction of the 

rotation speed (1500, 1000, and 500 RPM) represents locations near the top with 
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single fluid interacting with the inner surface of the 35 feet tall finned tubes. The 

stagnation test represents locations near the bottom of these tubes.   

4) Film-forming steam inhibitors products showed a highly-effective corrosion 

protection at 2500 and 500 RPM. Under these high fluid speeds, Anodamine protected 

the electrode for approximately sixty hours, after which the protective layer formed on 

the surface was apparently disrupted. GE and Nalco provided similar protection 

initially (15 and 14 hours to film degradation, respectively), and ChemTreat provided 

protection for only two hours. GE showed the best long-term protection stability 

compared with the other products, although the extent of corrosion protection also 

dropped dramatically before settling out at a somewhat improved level. 

Preconditioning the sample electrode with Anodamine in deionized water with 

no chemical addition produced significant pitting on the electrode surface in five days. 

5) Changing the ion carrier from ammonium sulfate to diammonium phosphate 

to assist the electrochemical measurements had a major effect on the corrosion 

behavior of AISI 1018 steel, keeping the surface shiny with very low corrosion rates. 

The phosphate products are known as inhibitors and in this test  it interfered with the 

inhibitor specimen evaluation.    

6) Correlation of flow accelerated corrosion results of liquid drop impingement 

test with 2500 RPM RCE test was achieved. The impinged electrode results showed 

identical electrochemical behavior of the rotating cylinder electrode surface. This 

correlation suggested that the laboratory physical simulation practice can achieve 

evaluation of damage at two phase steam impinged surfaces.  
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7.2 Conclusion 

1) Laboratory physical simulation of electrochemical corrosion of low carbon 

steel in flowing fluids including two phase fluids was created in specific environment 

found in large industrial plants. The process variables of temperature, fluid flows, 

specific chemical environment including pH and partial pressure of oxygen, were 

created and used. With the simulation results, advanced electron microscopy, surface 

morphology and XPS analyses were used to evaluate corrosion outcomes.  

2) Laboratory physical simulation of the electrochemical and impingement 

characteristics, behavior, and performance of steam inhibitors were evaluated in high 

velocity fluid flow including two phase fluids. These simulations using the specific 

process parameters of air cooled condensers systems for large steam turbines in 

power plants. The performances of a specific steam inhibitors were compared with the 

traditional ammonia steam inhibitor benchmark. 

3) Laboratory physical simulation of the electrochemical and impingement 

damage has demonstrated promise as an industrial measuring practice for selection 

and performance of steam inhibitors with significant time and economic attributes. It 

offers alternatives to use long exposure corrosion test coupons and extensive surface 

inspection.   

 

 

 

 

 



141 

 

7.3  Future work recommendation 

1. Evaluate the flow accelerated corrosion by perform the experiments in vacuum 

conditions to simulate the vacuum conditions in the plants. 

2. Correlate the corrosion rates by evaluation the iron ions concentrations in the 

working solutions using Inductively coupled plasma mass spectrometry. 

3. Higher temperature investigation might be useful for modeling the high 

temperature flow accelerated corrosion. 

4. More variables of liquid impingement tests can be used to model the flow 

accelerated corrosion.  
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