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Abstract: The cathodic protection (CP) is widely used in the oil and gas industry to prevent (or reduce)
corrosion of structures and metal pipelines. To guarantee a more effective CP system, an applicable design for
the under-protected structures is required. The potential decay on steel structure surface, due to being away
from the power source, can cause a considerable local protection deficiency of parts of the structure due to the
enhanced corrosion attack. In the present work, the local cathodic protection of carbon steel pipe in different
concentrations (0.01 N,0,05 N, 0.IN) of NaCl solution were investigated and discussed. Quantitative values of
the effect of potential decay on the protection efficiency and on the immersed current were reported under diff
erent operating conditions such as anode to cathode area ratio, anode to cathode distance. The use high ratio o
f graphite to CS structure at 1.2 , gave high protection percentage (at a concentration 0.01 N and h= 100 mm)
reaching up to 96% for CS1 while the CS2 showed a lower protection rate of about 88%, and the CS3 th
at was farther from the energy source had a
lower protection rate of 82%, as it was noted that the corrosion rate is increase with increasing salt concentrati
on and decrease with increasing area ratio

Keywords: cathodic protection, local position, immersed current, carbon steel, salt solution.

1. Introduction

One of the biggest challenges facing our aging infrastructures is material loss and deterioration by
electrochemical reactions that cause corrosion[1-3]. A study by the Federal Highway Administration of the
United States showed that the total direct cost of corrosion in the United States alone was $279 billion per
year, which is about 3.2 percent of the nation’s present gross domestic product (GDP). Corrosion
compromise’s structure safety and is a leading factor in the catastrophic failure of bridges, nuclear facilities,
airplane components, and equipment used in chemical, petrochemical, transportation, and construction
industries. Corrosion is a spontaneous, slow-progressing phenomenon [2,4]. Corrosion is an
electrochemical process involving the passage of electrical currents on a micro or macro scale. The change
from the metallic to the combined form occurs through an anodic reaction:

M (Metal) —» M + (Soluble salt) + e — (Electron).

The mechanism of cathodic protection is simply

understood by reference to the following reactions.

02 + 2H20 + 4e — 40H™ (1)

Fe —» Fe2 + + 2e 2)

Various methods of preventing corrosion in the aquatic area had been developed. One of them is cathodic
protection using a sacrificial anode and impressed current method [5]. Cathodic protection is a more
reliable, effective, and economical method forthe protection of a variety of pipelines, tanks, marine
structures including ships hulls, and submarines against corrosion. Cathodic protection works primarily by
depressing the natural corrosion potential of the structure to be protected to a value where it does not
corrode. Cathodic protection systems are most commonly used to protect steel, water/fuel pipelines and
storage tanks; steel pier piles, ships, offshore oil platforms, and onshore oil well casings among others [6].
DOI: https://doi.org/10.61263/mjes.v3i2.101 5
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Impressed-current systems employ inert anodes and use an external source of DC power to impress a
current from an external anode onto the cathode surface, the impressed current cathodic protection is used
for larger structures that galvanic anodes could not economically deliver current to provide complete
protection[7]. Metal that has been extracted from its primary ore (metal oxides or other free radicals)
naturally tends to revert to that state under the action of oxygen and water. This phenomenon is known as
corrosion, with rusting of steel being the most common example. In seawater, the increase of the interfacial
pH due to CP induces the formation of a mineral layer on the steel surface.The increase of pH at the
steel/seawater interface is due to the increase of the cathodic reaction rate, a direct consequence of the
cathodic polarization. In most cases, the main reaction involved is the reduction of dissolved O2[8].
Making the surface more negative and increasing the concentration of electrons accelerates the rate of the
cathodic reaction and decreases the rate of the anodic reaction. (i.e. the rate of the anodic reaction becomes
zero and the whole surface of the metal becomes cathodic. Anodes in impressed current systems are usually
made of graphite, high silicon iron, and scrap iron. The system connects the anode to the structure via an
insulated wire through which current flows from the anode through the electrolyte onto the structure.
Graphite has the advantages of long-life corrosion protection, low maintenance cost, and high efficiency.
These are generally cylindrical, and although other forms are available, it has the advantage of being cheap
and abundantly available [9,10].
Extensive literature depicts numerous studies that have been conducted concerning the utilization of
immersed current for cathodic protection in diverse environmental settings, yielding a range of outcomes.
Ajeel et al., [2007] This system was used to investigate the influence of various conditions on the minimum
cathodic protection current that would provide full cathodic protection for steel tubes

immersed in sea water. The variable conditions studied are the concentration of (0.01 — 3.5) % NaCl,
temperature (30- 50°C), the distance between pipe (cathode) and graphite electrode (anode) of (10 — 20)
cm, and pH solution of (5.0 — 9.0) using a selected range of these conditions, the experimental results for
the minimum cathodic protection current were obtained and recorded. The electrochemical results show
that cathodic protection current density increases with increasing temperature and concentration. The
current density also slightly increases with increased distance between the cathode and anode. Redaelli et
al., [2014] A combined experimental and numerical investigation was carried out to determine whether
a few localized galvanic anodes per unit length could protect the reinforcement of slender carbonated
concrete elements, exposed to atmospheric conditions, Results showed that, despite the high electrical
resistivity of carbonated concrete, anodes with a spacing of 0.45 m are enough to protect corroding
reinforcement in most exposure conditions, even in thin parts of the element. Matloub et al., [2018] The
study examined the corrosion rate of pipelines in water with different salt concentrations. Cathodic
protection, along with various coatings, was found to be the best method of protection. The experiments
involved different cathodic currents, pH values, and NaCl concentrations. Full cathodic protection resulted
in a low corrosion rate of 0.3445 mm/year. However, the corrosion rate increased with decreasing pH and
increasing salt concentration. Bhuiyan et al., [2019] In this study, the effectiveness of impressed current
cathodic protection (ICCP) in preventing corrosion of steel reinforcement in concrete was investigated.
The study examined how the distance of the anode from the steel and the level of corrosion affect the
distribution of current. The researchers applied a potential sweep and measured the steel potential and
current for specimens with three layers of steel at different depths. The findings showed that there is an
inverse relationship between cathodic polarization and the distance of the steel from the anode. Additionally,
higher levels of corrosion can lead to a more non-uniform current distribution, favoring the closest bar to
the anode.Avianto et al., [2020] When carbon steel pipes touch, they can corrode faster, so we ran
simulations to determine the best distance between anodes to protect the 20-inch pipe installation project.
We found that only at a 15-meter distance could we achieve the minimum required protection. Installing
anodes at 15-meter intervals with pairs of anodes spaced 4.9 meters apart met the minimum potential for
corrosion protection according to the simulation results. BAWA et al., [2020] Investigated locally made
anodes of different materials in harsh soil saturated with sodium chloride solution. Corrosion cells were
created by burying pipelines with four anodes. I monitored their performance, depletion period, and
electrochemical behavior. The lead-based anode displayed good protection, with only 10.22% depletion
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after twenty-one days of testing. Li & Du, [2022] Chloride ions in marine environments can cause
corrosion in structural steel. A study examined the impact of chloride ion content on pitting corrosion of
Dispersion-Strengthened-High-Strength steel. High chloride ion content reduced dissolved oxygen,
slowing corrosion. In high chloride ion solutions, the formation of a-FeOOH was inhibited, weakening
corrosion product protection.

Guma et al., [2016]In the study, corrosion protection (CP) using pure magnesium and magnesium alloy
as galvanic anodes was found to be effective in preventing corrosion in structures. The research showed
that corrosion rates could be significantly reduced by polarizing structures to -0.85V versus Cu/CuSO4
electrodes with the anodes. Pure magnesium was the most cost-effective and efficient anode for CP,
followed by magnesium alloy. Each unit surface area of the anodes can protect nearly 1200 units of the
structure at the -0.85V protective potential, depending on the type of anode.

Through previous studies in this field, it has been observed that there is limited research on the topics of
local cathodic protection and potential decay. These areas require further investigation under different real-
world conditions. In practice, cathodic protection is subjected to varying circumstances, where it may be
stronger in some areas and weaker in others, leading to local deficiencies. Therefore, more studies are
needed to address these gaps.

Therefore, this work aims to assess the impact of potential decay on the local cathodic protection of carbon
steel pipes in different salt solutions, using the graphite-immersed current cathodic protection method.
Additionally, this study will examine the effect of the distance between the anode and cathode and the
anode-to-cathode area ratio on local cathodic protection.

2. Experimental work

Figure 1 shows the experimental setup which comprises a basin of dimensions 900x450%400 mm
containing the corrosive solution, a voltmeter to measure the structure potential, an ammeter to measure
the current, DC Adjustable power supply, type DAZHENG, Model APS-3005D, Voltage Output 0-30V,
Current Output 0-5A, a standard calomel electrode (SCE) as a reference electrode, and a heater and
controller to set the required temperature. Digital balance of high accuracy (4 decimal places of a gram) to
measure the weight loss. Optical Microscope (type of KRUS/ Germany) was used for surface inspection
after corrosion and after applying cathodic protection. Pure graphite (cylinder) of various dimensions
was used as anode. Three different NaCl solutions were used (0.01N, 0.05N, 0.1N) at 30 oC. The local
cathodic protection of carbon steel pipe was quantified by determining the cathodic protection percent for
three specimens of different local positions from the anode (the graphite). These specimens were connected
by a highly conductive wire to behave as different local positions on one pipe. Therefore, each specimen
represents specific location on the pipe. Each carbon steel specimen used was a cylindrical rod with
dimensions of 100 mm long and 10 mm in diameter. The graphite specimen sheet dimensions were used
as a sacrificial anode with dimensions of (40x80%240 mm). Three values of anode-to-cathode distance
were investigated namely, 100, 200, 400 mm, and Acs) different values of anode-to-cathode area ratios
(AR). The anode-to-cathode area ratios (Agr/ investigated were 5% and 10%, and the anode-to-cathode
distance (D) were 100 mm,200mm, and 400 mm. Three values of inter-specimens’ distance (h) were
investigated namely 100 mm,200 mm, and 400 mm. The setup of the local position of each specimen
relative to the anode is shown in Fig.2. The SCE was placed close to the specimens at about 1-2 mm to
measure the potential versus time of both the cathode structure and the graphite anode.

The chemical composition of the pipe is presented in Appendix (Table A-1) and Fig (A-1). The analysis of
the specimen composition was carried out in the Ministry of Science and Technology.
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Fig. 1. Experimental setup
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Fig. 2. Connection and distances between the specimens and the anode

The first part of the experiments included the determination of the free corrosion rate and potential of CS
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before applying the CP using the weight loss method. To measure the weight loss, the specimens (CS) were
carefully prepared through a series of steps. This included using emery papers at varying levels (400 and
2000) to ensure a clean and dirt-free surface. The specimen was then thoroughly washed with distilled
water and dried with a clean tissue. Next, it was immersed in methanol for one minute to remove any
remaining deposits. The specimen was then washed with distilled water, dried by clean tissue, and then
placed in an oven at 80°C for 5 minutes. Afterward, the specimen was placed in a vacuum desiccator
containing high-activity silica gel. The sample's original weight was then recorded. Next, a solution of
(0.01,0.05 and 0.1N) sodium chloride The sample was placed in the solution and allowed to corrode for
three hours[18-20]. Following this period, the sample was removed, washed with distilled water, and gently
brushed with a plastic brush to remove any corrosion product layer. Finally, the sample was dried with a
clean tissue and immersed in acetone for one minute, dried, and weighed to determine the weight loss . The
corrosion rate was obtained using the following equation [21]

CR (in gmd) _ weightloss(g)

Area(m?2)xTime (day)

Where: (gmd): gram /m?.day.

When applying the cathodic protection (CP) the same procedure was followed to obtain the weight loss in
the presence of CP. The NaCl solution was prepared and heated in the water to constant temperatures of
30°C. Then, the specimen was immersed in the solution and the electrical circuit was switched on. The
circuit current, CS potentials, potential was recorded with time until the end of the test duration which was
3 h. When applying the cathodic protection, the protection efficiency of single specimen was determined
first for different anode to cathode distance. Then, the local cathodic protection efficiency of a setup of the
three specimens connected in series was determined. The three samples were placed at different distances
from the connection point of the CS pipe with the anode in the corrosive solution. The distance between
first sample and the anode which was graphite, was D=200 mm. The inter-distance between the three local

positions (h) was varied.To determine the protection percentage (CP), the following formula was used[10]:
_ (CRy—CR
CP% = (—CRO ) X100 )
In this case, CRo and CR denote the corrosion rates in the absence and presence of sacrificial anodes,

respectively.

3)
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3. RESULTS AND DISCUSSION

3.1 Free corrosion by weight loss

Before cathodic protection was introduced, the rate of corrosion was determined by measuring the weight
loss of carbon steel under different operational conditions. Figure 3 shows the corrosion rate of carbon steel
as a function of salt concentration, which corresponds to different solution resistivities. This was
determined using the weight loss method. The data shows that the corrosion rate of carbon steel increases
with higher salt concentrations, reaching its highest point in a 0.1N NaCl solution. This is because the high
dissolved salts causing an increase in the conductivity of the salt solution [5], the steel undergoes corrosion
due to the presence of the Cl- ion where the CI- ion will break the passive layer of carbon steel[22].

Free corrosion of CS
12

10

CR,gmd
BN (o]

N

0.01N 0.05 N 0.1N
Concentration of NaCl

Fig. 3. Free corrosion of CS for different salt concertation

3.2 Cathodic Protection by ICCP

The protection potential for the carbon steel (CS) specimen was set at -0.85 V (SCE). Fig.4a shows the
variation in potential of CS over time with and without cathodic protection. The data reveal that the
protection potential of -0.85 V (SCE) decreases over time, indicating that the carbon steel is not fully
protected and remains susceptible to corrosion. Fig.4 demonstrates that the free corrosion potential is
significantly more positive than the protected specimen potential, highlighting the severe corrosion risk
without protection, as illustrated in Fig.4. This underscores the necessity for cathodic protection in such
environments The specimen was examined before and after cathodic protection using the microscope, as
shown in the Fig 4b and Fig4c, from the two figures, it is can observe that the surface of the specimen
before protection appears darker than the surface after protection. This is due to the formation of a rust
layer on the carbon steel surface.
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Fig. 4a. With and without cathodic protection curves of CS at 0.05N
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3.2.1 Effect of distance and area of anode

Figure 5a illustrates the corrosion rate of carbon steel (CS) under impressed current cathodic protection
(ICCP) in a 0.05 N NaCl solution for various distances between the cathode (CS) and anode (graphite).
The results show that a shorter distance results in a lower corrosion rate, with the optimal distance being
100 mm. Increasing the distance between the anode and the structure leads to a higher corrosion rate.

Figure 5b shows the relationship between the cathodic protection percentage (CP%) and the distance
between the anode and cathode at 0.05 N NaCl. The CP% is highest at 100 mm, reaching 96%, indicating
maximum efficiency when the anode and cathode are closest. At 200 mm, there is a noticeable decrease in
CP% compared to 100 mm, and at 400 mm, the CP% drops further to 53%, demonstrating a decline in
efficiency with increasing distance. The electrical resistance of increases with the distance between the
anode and cathode. Greater resistance leads to less efficient current flow, which decreases the CP%. A
shorter distance allows ions to move more efficiently between the electrodes, improving the reaction rates
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and increasing the CP%. As the distance increases, ion transport becomes less efficient due to longer travel
distances and potential diffusion limitations. this behavior had been observed by researchers[14,15,19].
Figures 6, to 10 show the potential of the carbon steel (CS) structure over time under various conditions
Initially, the potential is approximately -500 mV vs. SCE without cathodic protection (CP). Following the
application of impressed current cathodic protection (ICCP), the potential shifts negatively, reaching up to -
1100 mV in some instances. The potential subsequently fluctuates, increasing and decreasing over time
depending on the specific experimental conditions.

C=0.05N
3.5

3
2.5
2
15
1
0.5

CR, gmd

100 mm 200 mm 400 mm
Distance between anode and cathode

Fig. 5a. Effect of different distances on CR for CS at concentration= 0.05 N.
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Fig. 5b. Effect of different distances on CP for CS at concentration=0.05 N.
Fig.6 shows the effect of distance between the cathode and anode on the potential of CS vs. time at area
ratio (anode/ cathode) = 0.71. It indicates that when the distance is 100 mm, the potential is more positive

than other distances. When the graphite is placed away from the carbon steel at 200 mm apart and 400 mm,
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the CS potential becomes more negative leading to the increased probability of corrosion.

-0.83 * C=0.05N, AR=0.71

-0.85 m f —e—D=100 mm
> -8 —o—D=200 mm
vr-0.87
o D=400mm
G
= -0.89
g
5-0.91
[a

-0.93

-0.95

0 50 100 150 200
Time,min

Fig. 6. Cathodic protection potential vs time for different anode to cathode distance (D).

Fig.7 demonstrates the relationship between the (CP%) and the distance between the anode and cathode
for C= 0.1 N, with an anode to cathode (AR) of 0.71. It is evident that D=100 mm the CP% is highest
(75%), and for D=200 mm, the CP% remains nearly the same, suggesting a minimal impact on efficiency,
and d=400 mm the CP% drops to 56%, indicating reduced efficiency. Increasing the distance generally
increases resistance to current flow. The higher salt concentration (0.1N) facilitates better ion transport,
sustaining efficiency over shorter to intermediate distances. A smaller anode surface area compared to the
cathode helps maintain electric field distribution, contributing to stable CP% at 200 mm and this agree
with this research [24]

C=0.1N, AR=0.71

100 mm 200 mm 400 mm
Distance between Anode & Cathode

Fig. 7. Effect of different distances on CP for CS at concentration=0.1 N

232



Misan Journal of Engineering Sciences ISSN: 2957-4242
Vol. 3, No. 2, Dec 2024 ISSN-E: 2957-4250

Figure 8 shows the time history of the protection potentials for the different anode-to-cathode distances at
C=0.05N, and AR=1.29. It can be seen that for 100 mm apart, the protection potential is the most negative
indicating better protection as confirmed by Fig.5. With increasing distance between cathode and anode,
the potential becomes more positive indicating the decrease in protection efficiency leading to an increase
in the corrosion rate. Similar behavior has been observed in previous works[14,21]. Even with the increase
in the ratio of the anode area to the cathode at 1.29 between, D=100 mm and D=200mm, have close
potentials. This convergence may be due to the increase in the reactive activity of the sites exposed to
chlorine ion attack with increasing salt concentration and this is accepted with this research [17,22].

C=0.05N, AR=1.29

B ——D=100 mm
#—D=200 mm

5 -0.9
$.0.95 h‘ D=400 mm
A |

11 - E s sEEEHN

0 50 100 150 200
Time,min

Fig. 8. Cathodic protection potential vs time for different anode to cathode distance (D).

This can be attributed to the surface area of the cathode that is subjected to the corrosion and hence affects
the amount of electrons that will be released to protect the cathode and these results are in agreement with
lotto and Popoola al[6].

In Figure 9, the relationship between the potential of cathode (CS) and time is clearly demonstrated. An
increase in the distance at an area ratio of 0.71 leads to a decrease in the protection voltage below -0.95 V
for 0.1 N salt concentrations. D=100 mm the shorter distance results in lower resistance in the
electrochemical cell, leading to a quicker stabilization of the potential over time. The potential tends to be
more negative initially and stabilizes faster, and at D=400 mm the longer distance increases the resistance,
resulting in slower potential stabilization. The potential may be less negative initially and take longer to
reach a stable state. Decreasing the distance between the anode and cathode typically leads to faster and
more efficient potential stabilization in the electrochemical system.

It is furthermore, comparing Figs.9 with 10 indicates that the area ratio of the anode to cathode results in a
noticeable increase in the protection potential. As the area ratio increases, the protection potential shifts to
more negative indicating better cathodic protection. This can be attributed to the anode’s ability to provide
additional electrons as its area increases, leading to improved efficiency in cathodic protection. Similar
behavior has been observed in previous works [14].
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Fig. 9. Cathodic protection potential vs time for different anode to cathode distance (D).
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Fig. 10. Cathodic protection potential vs time at different concentrations and area ratio anode to cathode,
distance (D=200 mm).

When the area ratio of cathode to anode increases to = and concentration at 0.05N, in cathodic protection
by immersed current Fig.8 indicates the relation between carbon steel potential vs. time. The potential starts
at -0.85 V and over time begins to drop to -0.99 V providing greater protection to the cathodic structure.
After applying the protection current, the metal becomes shielded from corrosion. The decrease of the
potential with time under cathodic protection is ascribed mainly to a decrease in oxygen reduction reaction
on the cathode surface [27]. Fig.11 shows the relationship between the CP% and the distance between the
anode and cathode at C=0.05 N, with varying anode-to-cathode area ratios (AR) it can be seen that
increasing the distance generally increases resistance, which decreases CP%. This effect is more
pronounced at lower area ratios. A larger AR (anode/ cathode) maintains the highest CP% for all distances
due to better distribution of the electric field and more efficient ion transport [26]. Smaller anode areas can
result in localized high current densities, which may lead to accelerated anode consumption and non-
uniform protection of the cathode. Empirical evidence indicates that the efficancy of cathodic protection
provided by an anode is significantly influenced by its surface area. Larger anodes can supply electrons
more effectively, thereby enhancing cathodic protection and extending the interval between anode
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replacements[6]. Therefore, the strategic design of anode area is essential for achieving optimal
performance in impressed current cathodic protection (ICCP) systems and ensuring the long-term
durability of the protected structure [25-27].

C=0.05N
120 m AR=3.64
100 mAR=1.29
AR=0.71
80
S
a 60
@)
40
20
0
100mm 200mm 400mm
Distance between Anode &Cathode

Fig. 11. Effect of different distances on CP for CS at concentration=0.05 N
3.2.2 Local cathodic protection by ICCP

Fig.12 and 13 show the trend of the protection potential with time, for the three specimens of CS connected at
different locations from the connection point with the power source separated by distance “h”. Each figure
considers different “h”. It can be seen that the CS1 (location A), representing the pipe section closest to the
connection point with power source, is more negative than of CS2  (location B) which is more negative than
CS3 (location C) [1,28]. In Fig.13, when the distance between the three locations is greater, the potential
difference is more pronounced. The potential decay from the connection point to location of CS3, which is
1 meter away from the connection point, leads to enhanced local corrosion and a deficiency in local cathodic
protection, similar behavior has been observed in previous works [5,6,29].

075 h=100 mm, AR=0.24, D=200 mm

-0.8
-0.85
-0.9
-0.95
-1
-1.05
-1.1
-1.15

—e—CS1
——-CS2
CS3

Potential,V

(1
(1]

— @ L

0 50 100 150 200
Time,min

Fig.12. Protection Potential vs Time of the Three Local Positions, h= 100
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Fig.13. Protection Potential vs Time of the Three Local Positions, C=0.05 N, h= 400 mm.

In Fig.14, the cathodic protection is highest at the closest location (A) and decreases as you move away from
the anode. It can be seen that when the position is 100 mm apart from the anode, the CP decreases by 3.5%

from CS1to CS2 and about 28.6% from CS2 to CS3. Additionally,

the decrease in CP% between location

A (CS1) and location B (CS2) is 35.6% for h=400 mm, and location B(CS2) to location C(CS3) is 17.8%
for h=400 mm. The cathodic protection at position A has been higher than that at position B, whereas
position B provides more protection than position C. This implies that the pipe portion located furthest from
the power source connection point has a lower level of shielding. The main reason for this is the possibility
of corrosion occurring on the surface of the steel pipe and this agrees with previous studies and this agrees

with these papers [30,31].

C=0.05N, AR=0.24 ®h=100mm
60 ® h=400mm
50
40
2 o
2 30 28.5%
o
20
10 35.7%
0
A B C
Local position of Cathode Relative to Anode
Fig. 14. CP% vs Time of the Three Local Positions from connection for AR=0.24.
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Fig.15 shows the potential of CS vs. time for three cathode specimens placed at a distance of 200 mm from
the anode for C=0.1 N, and h=100 mm apart from each other, with area ratio of 0.24. There is an initial
fluctuation in the curves for the first 40 minutes, followed by a slight stabilization after 65 minutes.
Additionally, it is observed that the first carbon steel sample exhibits the most negative potential, followed
by the second carbon steel sample, while the third sample is more positive than the previous ones. When
the distance between the three specimens is increased to h=400 mm, as shown in Fig.16 under the same
operating conditions, a gradual increase in the potentials of all three specimens is observed when moving
away from the connection point with the power source due to potential decay. This indicates that the
specimen protection decreases with the distance from the correction point with the power sources due to
the potential decay leading to be exposed to corrosion. Additionally, there is a clear stabilization of the
three potentials over time due to the complete transfer of electrolytic charges between the cathode and the
solution.

C=0.1 N, h=100 mm, AR=0.24, D=200 mm
-0.75 | —e-CS1

CS2
0.8 Z
y ~ CS3

o
©

Potential,V(SCE)
L B
T—

0 50 100 150 200
Time,min

Fig.15. Protection Potential vs Time of the Three Local Positions, C=0.1N, h= 100 mm.
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Fig.16. Protection Potential vs Time of the Three Local Positions, C=0.1 N, h= 400 mm.
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Fig.17a lllustrates the values of cathodic protection percent for different specimen locations for different h
values. It can be seen that the local cathodic protection percentage decreases when the specimen location
moves away from the connection point with the power source. The closer the location to the power source
connection point, the higher the cathodic protection percent for all interspaces (h). The histogram shows that
the CP% for distance h=100 mm decreases by 1.9% when moving from A to B by 7.7% when moving from B
to C. Additionally, the CP% at distance h= 400 mm significantly decreases when the three specimens are
spaced 40 mm apart from the initial distance. The cathodic protection percent decrease when moving from A
to B is 9.6% and decreases by a similar percentage when moving from B to C, indicating consistent CP%
among it. The specimen was examined at different local positions of cathodic protection using the microscope,
as shown in Figures 17 b and 17c From the two figures, indicate that the specimen farther from the power
source was more susceptible to corrosion compared to the sample closer to it.
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Fig. 17a. CP% vs Time of the Three Local Positions from connection for AR= 0.24.

Fig 17b. Microscoupe for CS at h= 400 mm

Fig.18 demonstrates the projected trajectory of carbon steel over a period of time by increasing the surface
area of the graphite anode to 0.43, while operating under conditions of h = 100 mm and C = 0.05N. After
analyzing the curve, it is evident that there is a distinct fluctuation in the potentials of the three specimens,
consistently moving towards increasingly negative values. A (CS1), located close the power source
connection point, gets the most extensive protection. It is followed by component B (CS2), and eventually,
C (CS3), which is exposed to the most significant corrosion due to its distance position from the power
source. Illustrates the potential path of carbon steel over time when increasing the graphite anode area to
0.43 under operating conditions of h = 100 mm and C = 0.05N. Upon examining the curve, there is a clear
fluctuation in the potentials of the three specimens, trending towards more negative values. A (CS1), being
close to the connection point with the power source, receives the highest protection, followed by B(CS2),
and finally, C(CS3), which experiences the highest corrosion due to its far location from the power source.
This observation aligns with previous studies conducted by ([35,36]. In Fig.19 The following diagram
shows the change in the potential of CS over time at a distance farther than the previous curved distance,
with the new intesapce being h=400 mm from the cathodic location of the three electrodes. The first
specimen (CS1) started with a protection potential of -0.86 mV, which is close to the protection standard
potential for CS. The second specimen started with a slightly higher potential (more positive) but within
the approximate protective range, initially at -0.83 mV. The third specimen had a much higher initial
protection potential of -0.69 mV. Over time, within the protection system. It can be observed that the
potentials become more negative with time and stabilize after approximately 75 min, indicating a steady
state which agrees with previous observations [5,23, 34,35].

Figures 18 and 19 show that as the cathodic location moves farther away, the cathodic potential decreases.
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Fig. 18. Protection Potential vs Time of the Three Local Positions, C=0.05 N, h= 100 mm, AR=0.4, D= 200
mm.
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Fig. 19. Protection Potential vs Time of the Three Local Positions, C=0.05 N, h= 400 mm, AR=0.4, D= 200
mm.

Fig.20 shows the effect of two interspaces (h) for three specimens of CS at h=100 mm and h=400 mm for area
ratio =0.43. The histogram illustrates the relationship between the effectiveness of CP% for three specimens
at varying distances from the correction point with the power source. It shows that the highest protection level
was achieved at a distance of 100 mm. Specifically, A(CS1) reached a protection level of 82% of CP%, B(CS2)
achieved 78%, and C(CS3), the furthest from the power source, achieved 71%, the CP%. The decrease in CP%
from location A to B is 3.6% form for h=100 mm and 6.8% for h=400 mm. The decrease in CP% from A to
C is 10.7% from h=100 mm and the same for h=400 mm. This indicates that closer proximity to the connection
point with the power source results in better cathodic protection, as has been reported by previous [23,36].
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Fig. 20. CP% vs Time of the Three Local Positions from connection for AR= 0.43.

Fig.21 and 22 present the potential trend with time for AR=1.2 for the at different local cathodic protection
h=100 mm and h=400 mm. It is clear that noticeable change in the protection potential at the specified values
of local cathodic protection. The protection potential is low with an increase in the distance between three
specimens. This is due to the ability of the anode to provide additional electrons while decreasing the distance
from the connection point with the cathode. All above figures are started at a relatively different potential

range within -950 to -850 mV relative to a distance increase between three specimens of cathodes [41].
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Fig. 21. Protection Potential vs Time of the Three Local Positions, C=0.05 N, h= 100 mm, AR=1.2, D= 200

mm.
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Fig. 22. Protection Potential vs Time of the Three Local Positions, C=0.05 N, h= 400 mm, AR=1.2, D= 200
mm.

Fig.23 depicts the cathodic protection percentage (CP%) for three carbon steel specimens at two different
interspaces, h = 100 mm and h = 400 mm. At h = 100 mm, CP% is 3.6%, from A to B, and 39.3% from A to
C, and CP% at h=400 mm is approximately 15.6% from A to B, 35.7% from A to C. The data suggests that
cathodic protection efficiency decreases as the distance between the local position becomes far from the
connection point with the power supply. This trend is consistent across all three samples of carbon steel,
highlighting the importance of maintaining an optimal distance (100 mm in this case) for effective cathodic
protection. It is crucial to consider these distances for industrial applications to ensure adequate protection of
corrodible pipes and equipment that agrees with these works [23,38,39].
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Fig. 23. CP% vs Time of the Three Local Positions from connection for AR=1.2.
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Fig.24 and 25 provide bar charts showing the cathodic protection percentage (CP%) versus the location for
different distances (h) and concentrations. for 0.1N NaCl solution and 0.01N NaCl solution respectively for
AR=12.

Fig.24 shows that for 0.1N solution, the potential (V vs. SCE) for specimens CS1, CS2, and CS3 shows a
strong protective effect across all locations with CP% of 96% for Dh=100 mm at location A and decreases to
86% at location C. As the distance h increases to 400 mm, the protective effect slightly decreases, suggesting
that potential drop and time influence the effectiveness of cathodic protection leading to a decrease in CP% to
become 88.5% at location A and 67% at location C. Fig.25 For lower concentrations of 0.01N, the protective
effect is less, with CP% of 94% at A and 82% at C for h=100 mm. For h= 400 mm, the relevant values are
88% and 67%. This indicates that the potential (V vs. SCE) at lower concentrations does not sustain a high
protection level over longer distances due to the potential decay, showing a sharper decrease in effectiveness
over time [13,40]. The change in current with concentrations can be observed as shown in the Appendix table.
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Fig. 24. CP% vs Time of the Three Local Positions from connection for C=0.1N NaCl, AR=1.2.
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Fig. 25. CP% vs Time of the Three Local Positions from connection for 0.01N NaCl AR=1.2.

4. CONCLUSION

This study shows that localized cathodic protection using impressed current cathodic protection (ICCP)
significantly affects the surface of carbon steel pipes in industrial applications. At a constant temperature
of 30°C, the protection efficiency was 100% for the section nearest to the power source, but decreased
due to attenuation, reaching 87% in the middle section and 79% in the farthest section. The findings
suggest that protection efficiency improves with an increase in the area ratio between the anode and
cathode. However, increasing the area ratio among the three cathodic sections consistently reduces the

overall protection efficiency under all operating conditions.
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NOMENCLATURE
CR Corrosion rate(gmd)
CP Cathodic protection
CS Carbon steel
Appendix A
Table A. 1: Chemical composition if Carbon steel (EDX)
Element Atomic % Weight %
C 145 2
@] 16.4 7.1
Si 1.2 0.8
Fe 68.0 90.1
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