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Abstract: Low-carbon steel is widely used in industrial pipelines, and corrosion studies are focused

mostly on erosion-corrosion, its prediction and control. In this paper, the corrosion rate in pipelines

is modeled using a flow loop and measured by linear polarization resistance method (LPR) using

a 3-electrode corrosion setup for API-5L-X65 QT steel. Optical microscopy and SEM studies are

conducted to examine the surface of the sample and the corrosion products. The effect of NaCl

concentration on the corrosion rate is studied at different pH, temperature range, and flow velocities

with dissolved oxygen content in the solution maintained at 6 mg/L (6ppm). The corrosion rate is

found to be varying from 1 mil per year (0.0254 mmyr−1) to 10 mils per year (0.254 mmyr−1), and the

corrosion rate increases with the flow velocity and reaches a maximum at Reynolds Number above

10,000. Further increase in fluid velocity shows corrosion is flow insensitive, and uniform corrosion

is predominant in the region.

Keywords: pipeline corrosion; flow loop; linear polarization resistance; predictive equation

1. Introduction

Corrosion is a natural phenomenon associated with metals that leads to material
destruction. Corrosion is an engineering problem, as well as an economic problem as the
financial losses associated with corrosion, is enormous. The cost of corrosion worldwide in
2017 [1] was shown to be approximately 3.4% of the global GDP ($2.5 trillion). The same
published study showed the cost of corrosion in the US to be 3.1% of GDP ($276 billion).
In India, the cost of corrosion was estimated as 2.4% of the GDP in 2011-12 [2]. Pipeline ac-
cidents, due to corrosion, are frequent in the oil and gas industries. A study conducted by
Saudi Aramco in 2013 concluded that the cost of corrosion for their operations was around
$900 million per year [3]. Corrosion is not completely avoidable, so the industry needs
to find ways to monitor, control, mitigate, and reduce corrosion. Implementing a proper
corrosion management approach in the industry requires an in-depth understanding of
corrosion mechanisms and implementing reliable methods to assess the corrosion rate [4].

Corrosion assisted by flow causes severe damages to oil and gas pipelines, heat ex-
changer systems in process industries. Maintenance and replacement of these corroded
components are very expensive. The corrosion rates depend upon many factors, such as
dissolved oxygen concentration, temperature, total dissolved salts, pH, fluid dynamics,
and presence of scale on internal surfaces [5]. H.R Copson [6], in his studies summarizes
that the corrosion assisted by flow varies according to the material under investigation and
with the exposure conditions. He also states that flow generally increases the corrosion
rates, but in some special cases, the effect can be the opposite. Rotating disk electrode
method and impingement jet systems are two conventional methods used to measure the
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corrosion rates in a flow system. In the work of Namboodhiri et al. [7], a correlation between
mass transfer and flow is developed using the rotating cylinder method to evaluate the
corrosion of High Strength Low Alloy (HSLA) steel in 3.5% NaCl solution. However, it is
not always possible to reproduce the exact flow patterns occurring in the pipeline system
in the rotating cylinder device. A flow loop system provides a more realistic environment
to evaluate the actual corrosion rates in a pipeline system [8].

The corrosion rate of steel in a flow loop system can be estimated using weight loss
methods, electrochemical methods, and other methods, such as corrosion characterization,
and acoustic emission measurements. Y. Utanohara et al. [9] investigated the corrosion
rate at a pipe elbow using the electric resistance method to study the effect of the thermal
flow field on corrosion rates. The corrosion rates were measured at a temperature range
of 50–150 ◦C and flow velocities of 0–6 m/s, and the corrosion rate was found to have a
nonlinear relationship with velocity [9]. Temperature and fluid velocity were the only two
parameters that varied. Weight loss methods give an average corrosion rate over a period
of time, but the measuring process takes a long time. The great difficulty with the weight
loss method is the ability to hold all process parameters constant for a long period of time
to see the effect of one parameter on the corrosion rate.

For a pipeline, there are so many parameters that can affect its corrosion rate, each of
which tends to have an exponential effect on the corrosion rate that most methods give poor
and irreproducible results. Electrochemical techniques are ideal for the study of corrosion in
pipelines—particularly the linear polarization resistance (LPR) method, since the measure-
ment is rapid (less than 5 min), does not affect the sample, and can be automated to perform
continuous measurement of corrosion rate. For this method to work, the material should
be polarized typically on the order of ±10 mV compared to the Open Circuit potential,
when there is no net current is flowing. By taking the slope of the potential versus current
curve, as the current flow is induced between the working and counter electrodes [10] and
using the Stern-Geary equation, the resistance can then be used to find the corrosion rate of
the material. Corrosion rate measurements in the flow loop have been done by various
researchers to evaluate the flow accelerated corrosion and erosion. Zafar et al. [11] used a
flow loop to investigate the corrosion resistance of SA-543 and X65 steels in an oil-water
emulsion containing H2S and CO2 using polarization curves. LPR was measured using a
potentiostat and two-electrode system for 24hrs at an interval of 30 min. The effect of salt
concentration and pH on corrosion rate was not considered in this work. Ajmal et al. [12]
investigated the flow accelerated corrosion of oil field water in the loop system at pipe
elbows at turbulent conditions using the LPR method and correlated the corrosion rates
with fluid velocities and shear stresses, and the electrochemical results were validated
using CFD simulation results. Huang et al. [13] used the polarization method to evaluate
the corrosion behavior of X52 steel at an elbow of a loop system and its correlation with
flow velocity, shear stress, and the volume fraction of particles. The work by Sun et al. [14]
did a parametric study to evaluate the effects of CO2 on corrosion rates of carbon steels
(C1010, C1018, and X65) using a flow loop. Localized corrosion rates were determined
at two temperatures (40 ◦C and 90 ◦C), pH, salt concentrations, flow regimes, and CO2

partial pressure using the LPR method. In [14], the salt concentration was varied from 0
to 1%. The effect of flow rate on corrosion rate was not considered in this work, and the
superficial gas and liquid velocities were assumed as 10 m/s and 0.1 m/s, respectively.

One of the earliest corrosion prediction models was by de Waard and Milliams [15] in
1975, where the authors studied the relationship between the corrosion rate on grit blasted
steel specimens (X52) and partial pressure of CO2. De Waard-Milliams provided a model to
determine the corrosion rates incorporating the effects of pH and temperature. The relation
was modified in his later works and provided a modified equation [16], which accounts
for the effect of dissolved iron at lower and higher temperatures. Corrosion studies of
316 Stainless Steel were performed by Jepson et al. [17] using oil-water in a flow loop,
and the rates were determined using electrical resistance probes and weight loss methods.
The findings were used to develop a predictive equation for corrosion rates at different
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temperatures, flow velocities, and carbon dioxide partial pressure for the oil-water mixture.
In recent works, the CO2-multi-phase flow corrosion model is presented by Nesic et al. [18],
which considers the kinetics of electrochemical reactions, diffusion effects, and the effect of
steel type. The model also considers the kinetics of scale growth and precipitations and
accounts for the effect of steel types, multi-phase flow, and H2S. Nothing is mentioned of
the steel types in the paper except they are mild steels. Pots [19] developed a corrosion
prediction tool HYDROCOR, a computer-based engineering spreadsheet for localized
corrosion in carbon pipelines considering various scenarios in the field. The model ac-
counts for various environments with corroding agents like CO2, H2S, (organic) acids,
bacteria, and oxygen, and the spreadsheet model is coupled with models for water chem-
istry, multi-phase flow, oil protectiveness, heat transfer, and thermodynamics using FOR-
TAN to predict different scenarios. Khajotia et al. [20] used “a Case-based Reasoning-Taylor
Series (CBR-TS) model” to predict the corrosion behavior in field pipelines considering
operation parameters. Case-based reasoning model and Taylor expansion method are
employed to predict the corrosion rate as a function of pipeline material, pH, CO2, and H2S
content and temperature. The CBR-TS model was tested using a field database and a
hypothetical database. NORSOK M-506 [21] developed a semi-empirical corrosion rate
model using laboratory data that investigates the corrosion rates in a flow loop by vary-
ing parameters, such as temperature, solution pH, and CO2 partial pressure, but it has
limitations to predict the interaction between CO2 and H2S.

The aforementioned corrosion rate models do not include the interaction of chlorine
ions and the corrosion effects. Whilst predictive software for pipeline corrosion is commer-
cially available (11 commercial software packages), the results of each predictive package
do not agree with each other. Even different versions of the same software have been
known to give different corrosion rate results. There are many reasons for this, but it is
clear that there is still a need for self-consistent predictive software for pipeline corrosion.
Rolf Nyborg [22] has reviewed the models available to predict Corrosion rate in different
CO2 partial pressures, temperatures, and other flow parameters, and the work concludes
that all the models have limitations depending upon the philosophy used in developing
these models. A general prediction of the corrosion rates is difficult as the corrodents
and the environmental factors are varying in different field data. The work concludes
that the prediction of corrosion rates by these models vary considerably from case to
case—most models are successful in predicting their respective data, but very unsuccessful
when predicting other field data. This is concluded in Figure 1 below, where six different
models are analyzed by our research team, which is similar to the comparison done by
Nyborg in his work, and the results show a large deviation in corrosion prediction in all
these models.
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Figure 1. Different Corrosion models and predicted corrosion rates (Field data from [22] for the oil well 5).

In the oil industries, the corrosion rates of pipelines are intensified when the hydro-
carbons phase is transported with corrosive brines, and the composition and its effects
should be analyzed to predict the rates [23]. The presence of NaCl complicates the ki-
netics and the mechanism of pipeline corrosion depending on whether it is deaerated or
aerated systems. The effect of chloride ions on corrosion rates varies depending upon
the environment as it affects anodic kinetics, scale formation, CO2 solubility, and pH [24].
However, in the literature, there are limited studies that provide corrosion rate models
with detailed parametric studies in NaCl solutions. To improve the prediction of corrosion
rates a parametric study incorporating the different parameters which affect corrosion is
desirable, especially in pipelines in the industries where the flow conditions and rates are
not stable. In his later work, Nesic et al. updated his previous work [18] to develop an H2S
Corrosion model [25] which includes the kinetics of iron sulfide growth with experimental
results at very low temperatures (5 ◦C to 20 ◦C) and high salinity brines (up to 25 wt%
NaCl). In CO2-saturated solutions, the effect of NaCl concentration on corrosion rates in
carbon steel is studied by [26] exposing the sample for 100 h by changing NaCl concentra-
tions from 0.001 wt% to 10 wt% at room temperature. The corrosion rates were determined
using Electrochemical Impedance Spectroscopy (EIS) and linear polarization method under
the freely corroding condition and authors also studied anodic and cathodic kinetics using
microelectrode technique. According to this study, the corrosion rate tends to decrease
with NaCl concentration, which is opposite to the naturally aerated seawater. The effect
of NaCl concentration on mild steel in CO2-saturated brines is studied by [24,27] using a
mechanistic model that considers mass transfer and electrochemical kinetics. The corrosion
rates predicted by the model is compared with corrosion rates obtained using experiments
conducted in a deaerated, CO2-saturated brine environment. The study was conducted
using a three-electrode electrochemical glass cell, and the corrosion rates were measured
using LPR and EIS techniques. The flow rates are changed by changing the stirrer speed
from 100 to 800 rpm. The authors studied the effect of pCO2, NaCl concentrations on
corrosion rates of the mild steel, and the experimental results show corrosion rates are
independent of flowrate at high salinity. The proposed model could not predict this flow
insensitive behavior at high flow rates.

In this paper, corrosion studies of the pipeline carbon steel (API-5L-X65 QT steel)
are done in a flow loop using the LPR method to investigate the parameters which will
affect the corrosion rates. Parametric studies have been conducted by changing flow rate,
NaCl concentration, temperature, and pH, while bubbling oxygen into the solution. Key to
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this work, however, was the rigorous control of all parameters save one. This parameter
was varied, and the corrosion rate was determined as a function of flow velocity, which was
continuously varied from 0 to 0.8 m/s. Upstream pipelines in oil industries exhibit flow
fluctuations, and the material degradation will be maximum because of corrosion and
erosion. This work focuses on identifying the flow regions where the uniform corrosion is
dominating and to predict a range of flow velocities where the corrosion rates can be kept
constant. In that flow regions, parametric studies are conducted to develop a correlation
with flow conditions and other parameters aiming to develop a predictive equation to
obtain corrosion rates. In this research, we intend to measure the corrosion rate in a pipeline
system using tight control of parameters. This is necessary, since corrosion rates are affected
by so many different parameters, some of which have exponential effects.

2. Materials and Methods

2.1. Experimental Test Set-Up

The test solutions are prepared from deionized water (1 × 104 Ohm-cm−1) produced
from a Metrohm Ion exchange still, with pH 5.8 supplied from a 20L reservoir. Solutions are
then made according to the required parameters. The concentration of NaCl in the test
solution is varied from 1% to 3.5%. The pH of the test solution is maintained to the desired
values using acetic acid sodium acetate buffer solutions. The pH of the test solution is
measured using an Orion pH meter and monitored at infrequent intervals. The Orion
pH meter is manually calibrated before each use. The dissolved oxygen content in the
solution, which is a vital factor in the corrosion rate, is maintained by bubbling air into
the reservoir at 6 mg/L (6ppm) and measured using a Milwaulkie D.O meter every hour.
The corrosion electrode sensor is a 3-electrode sensor where the material sample is the
working electrode, a graphite electrode is the counter electrode, and Ag/AgCl is the
standard reference electrode. The three-electrode sensor is designed to fit into the flow and
arranged such that the working electrode faces the oncoming flow. Microbial corrosion is
prevented by the periodic addition (each day) of disinfectant (Dettol) to the solution.

A circulating loop system, as shown in Figure 2, was used for measuring the corrosion
rate. The schematic diagram of the flow loop and the actual flow loop are shown in
Figures 3 and 4. The flow loop consists of a plastic reservoir, a 0.50 horsepower/0.37 kW
submersible pump (made of plastic) with a float switch, a pipe (made of PVC plastic)
of internal diameter 28.9 mm and an outer diameter of 33.55 mm, PVC pipe fittings,
PVC valves, a plastic calibrated flow meter, and the electrode test section. A 20 L test
solution is supplied from the reservoir using the submersible pump, and the flow velocity
is changed and continuously monitored using the flow meter. The entire flow loop is
purposely made from plastic to make sure the only corroding component in the flow
loop is the test specimen. The operating conditions are maintained in desired values,
and the temperature of the test solution is varied from 25 ◦C to 40 ◦C (±0.5 ◦C) in the
study and the operating conditions are maintained at desired values. The temperature
is maintained using a heating and cooling system and continuously measured using a
thermocouple and a mercury thermometer at infrequent intervals. The corrosion electrode
system is connected to Gamry 600 potentiostat and a computer with Gamry instruments
software. After mounting the electrode system in the flow loop, the required flow rate is
obtained by adjusting the manifold valves in the loop and varying the amount of bypass,
and monitoring the LPM values in the digital gauge. Once the flow is stable, the potentiostat
is turned on, the readings can be recorded, and further analysis can be performed using
the respective Gamry software. After recording one reading, the sample is removed and
cleaned before continuing the experiments. There is a 2.02 m run of straight unaffected
pipe, equivalent to 69 diameters, to allow for a fully developed flow to occur and for pump
noise to dissipate. The test specimen is at the bottom of a vertical flow loop, as shown
in Figure 4. This is to ensure that only single-phase flow impinges on the test specimen.
On the top (return) side of the loop, there is an additional deaerator that catches bubbles
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and ensures that, after a few minutes of flushing, the loop has no trapped bubbles in it and
is a single phase.

Figure 2. Flow loop for investigating corrosion using LPR method.

Figure 3. A layout of the experimental setup.

Figure 4. The actual flow loop.
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2.2. Pipeline Steel

The working electrode was a 0.5 cm diameter API-5L-X65 QT (Quenched and Tem-
pered) material. The microstructure of the steel is shown in Figure 5a,b from the optical
micrograph of the samples consisting of ferrite and pearlite. The volume fractions of ferrite
and pearlite have been measured to be ~77% and ~23%, respectively. The average ferrite to
pearlite ratio is around 80% to 20%, as evident from the figure. The average grain size has
been found to be ~15 µm. Figure 5c shows the SEM photograph of the mild steel sample
after polishing. Like the optical micrograph, the grain distribution of the samples is clearly
visible in the SEM images. The microstructure shows the carbon content is very low.

μ

 

𝐼 = 𝐼 𝑒 . ( )
    

β

Figure 5. The microstructure of the steel is studied using optical microscopic images of the metal sample and shown

(a) 20-micrometer (b) 100-micrometer (c) SEM images of the surface.

Three electrode (Specimen, Graphite, Ag/AgCl ) setup was constructed using a nylon
support material (shown in white color) and the electrodes fixed in place using marine
grade epoxy (PC 10—marine) to prevent movement and crevice corrosion, as shown in
Figure 6. The electrode, covered by an orange cap, is the Ag/AgCl electrode, the dark
gray electrode is the graphite, and the light gray electrode, is the API-5L-X65 QT specimen.
The electrodes were designed to sit in the full flow of the system.

μ

 

𝐼 = 𝐼 𝑒 . ( )
    

β

Figure 6. (a) Projection of sensor electrodes into the flow (b) isometric view of the sensor (c) side view.

The orange rubber cap keeps the reference sensor (Ag/AgCl) from drying out.

2.3. Linear Polarization Resistance

In this model, the corrosion process is assumed to be controlled by the kinetics of
electron transfer reaction at the metal surface, and the electrochemical reaction can be
expressed using the Tafel equation,

I = Ioe
2.303(E−Eo)

β (1)

where I is the current resulting from the reaction, Io is a reaction-dependent constant called
the exchange current, E is the electrode potential, Eo is the equilibrium potential, and β is
the Tafel constant (volts/decade).
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The Tafel equation is generally used to express the behavior of one reaction, and it is
modified to Butler-Volmer equation, which can express both anodic and cathodic reactions,
and it is given by,

I = Icorre
−2.303(E−Ecorr)

βa e
−2.303(E−Ecorr)

βc (2)

where I is the current (amperes), Icorr is the corrosion current, E is the electrode potential,
Ecorr is the corrosion potential, and βa and βc are the anodic and cathodic Tafel constants in
volts/decade.

From the Tafel analysis shown, the current-voltage curve at Ecorr can be considered as
linear, and Equation (2) can be modified to obtain the Stern-Geary equation.

Icorr =
1

RP
×

βaβc

2.303(βa + βc)
(3)

The corrosion current can be related to the corrosion rate using Faraday’s law,

Q = n × F × M (4)

where Q is the charge in coulombs, n is the no of electrons transferred, F is Faraday’s
constant (96,485 coulombs/mole), and M is the number of moles equal to M = m/AW,
where AW is the atomic weight. Substituting the equivalent weight in terms of M in
Equation (4), the mass of the species m can be written as,

m =
(EW)Q

F
(5)

where EW is the equivalent weight. Modifying Equation (5) and substituting the value of
Faraday’s constant, the corrosion rate (CR) is found to be:

CR =
Icorr × K × EW

d(A)
(6)

where d is the density (g/cm3), A is the sample area in cm2, and K is a constant.
Electrochemical measurements are performed using Gamry Reference 600 potentiostat.

The experiments were conducted till the system reached the open circuit potential (OCP)
before linear polarization resistance was measured. Figure 7 shows the OCP measurement
where potential is plotted against time for 1%, 2%, and 3.5% NaCl concentrations at 25 ◦C
when the flow velocity is kept at zero. OCP, also called corrosion potential, is the Potential
difference between the working and reference electrode when no external current is flowing
in the cell. OCP measurement allows us to determine the Ecorr and gives a broad view
of the stability of the system. The plot shows the OCP value becomes stable after 3600 s
for three concentrations, and the test time for the experiments are kept at 1 h throughout
the study. The area of the cylindrical electrode is 1.6cm2 with a density of 7.87 g/cm3,
the potential was swept between −0.02 Volts to 0.02 volts with a scan rate of 0.2 mV/s.
The sample period was kept as 2 s, and Tafel analysis is conducted to determine the Tafel
constants by running a potentiodynamic scan from −250 mV to 250 mV.
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Figure 7. Potential is plotted against time for 1%, 2%, and 3.5% NaCl concentrations at 25 ◦C when

the flow velocity is kept at zero.

3. Discussion of Results

3.1. Experimental Observations and Analysis

Prediction of corrosion rate in the flow loop is a challenging task as various parameters
affect the rates depending upon the material properties. The dissolved oxygen in the system
is an important factor that controls the corrosion rate, since the corrosion mechanism is
different whether the system is aerated or deaerated. The temperature of the fluid in
contact, the flow rate of the fluid, the concentration of the chloride ions, dissolved salts,
and pH are parameters that can enhance and reduce the corrosion rate of the mild steel in
a flow system.

In this study, we investigated the effects of flow rate, temperature, pH, and NaCl
concentration on corrosion rate by changing one of the parameters and keeping the other
parameters constant. The study is conducted in two different pH levels, namely, pH-7
and pH-5. The pH is maintained by adding sodium acetate buffer solution and is moni-
tored using a well-calibrated pH meter. The temperature of the feed solution is changed
from 25–40 ◦C every 5 ◦C degrees, the flow rate of the solution in the loop is varied from
0–0.8 m/s (Reynolds number up to 22,000), and the salt concentration of the solution
is varied from 1% to 3.5% by adding NaCl. The effect of velocity on corrosion rate has
been studied previously, and the application of these findings in practical flow systems is
very difficult. The corrosion rate and its relationship with flow velocity varies differently
for different metals and alloys; thus, it is very challenging to form a specific conclusion.
The changes in velocity alter the oxygen supply to the material and remove corrosion prod-
ucts from the specimen surface, thus resulting in different corrosion rates. Generally, at low
flow rates, the corrosion rate will be uniform at the surface, and at higher flow rates,
corrosion will be more localized, resulting from the formation of oxygen concentration cells.
At higher flow rates, corrosion rates can sometimes increase because of increased oxygen
supply and can decrease due to the destruction of thermal and concentration gradients.
Here are the corrosion rate results, obtained from the flow loop of Figure 4.

Figure 8 presents the corrosion rate of API-5L-X65 steel in millimeter per year
(1 mm = 0.0393 inches = 39.3 mils) versus flow velocity (between 0 and 0.8 m/s), as NaCl
concentration varies from 1% to 3.5%, and temperature varies from 25 ◦C, 30 ◦C, 35 ◦C to
40 ◦C with the feed solution maintained at pH-7. The change in corrosion rate with the
parameters, such as flow velocity, temperature, and NaCl concentrations is discussed in
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the figure. For flow velocities up to 0.2 m/s, the corrosion rate increases as the oxygen
supply to the material increases, and at higher flow velocities (0.2 to 0.8 m/s), the corrosion
rate appears to reach a steady value. It is assumed a stable oxide film is formed on the
material surface, which provides a constant corrosion rate. At zero velocity, the corrosion
rate is significant and shows an increasing trend with an increase in NaCl concentration
and temperature. The formation of the black iron oxide layer is also observed on the metal
surface when there is no flow. It can be observed from Figure 8, that at pH-7, the corrosion
rate varies from 0.0254 mm/yr to about 0.2032 mm/yr when the NaCl concentrations vary
from 1% to 3.5%. At a temperature of 25 ◦C, the corrosion rate is less than 0.0254 mm/yr
for 1% NaCl concentration and the corrosion rates reach 0.0508 mm/yr and 0.1143 mm/yr
at 2% and 3.5% NaCl, respectively. A corrosion rate of 0.0558 mm/yr is observed for
2% NaCl solution at 30 ◦C, and 0.0635 mm/yr at 35 ◦C. At 40 ◦C, the corrosion rates
increase from 0.0508 mm/yr to 0.08636 mm/yr when NaCl concentration changes from
1% to 2%. Corrosion rate further increases and reaches a value of 0.1727 mm/yr is at 3.5%
NaCl concentration.

Figure 8. Corrosion rates of API-5L-X65 QT are shown at different flow velocities for feed solution maintained at pH-7,

varying NaCl concentrations and temperatures (25 ◦C, 30 ◦C, 35 ◦C, and 40 ◦C).

The effect of flow velocities on the corrosion rates of API-5L-X65 QT is shown at
different temperatures in Figure 9. When the feed solution is maintained at 1% NaCl
concentration shown with black color lines (see Figure 9), the corrosion rate reaches
0.0782 mm/yr at 30 ◦C, 0.1028 mm/yr at 35 ◦C, and 0.1424 mm/yr at 40 ◦C. An increase in
NaCl concentration to 2%, shown with blue color lines, causes an increase in the corrosion
rates in the range of 0.1143 mm/yr to 0.2032 mm/yr when flow velocity and the temper-
ature is varied. The red line shows corrosion rats at 3.5% NaCl concentration, and the
corrosion rates are increased up to 15–28% than the 2% NaCl concentration conditions.
At 40 ◦C, the corrosion rate reaches a maximum value of about 0.254 mm/yr (10mpy)
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at a flow velocity of 0.4 m/s, and a further increase in flow velocity is not affecting the
corrosion rates. The increase in temperature shows a 5% to 10% increase in corrosion rates
in all concentrations except for some data points.

Figure 9. Corrosion rates of API-5L-X65 QT are shown at different flow velocities for feed solution maintained at pH-5

varying NaCl concentrations and temperatures (25 ◦C, 30 ◦C, 35 ◦C, and 40 ◦C).

In Figure 10, a study is conducted to determine the influence of pH on the corrosion
rate. The results are shown at a temperature of 25 ◦C at different flow rates and NaCl
concentration. In the literature, significant studies have been done that analyze the relation
between pH and the corrosion rates, but very limited studies to model the effects in a
flow loop, as discussed earlier. The physical and chemical properties of the corrosion
products and the corrosion layer formed on the surface lead to variation in corrosion rates
in different pH and flow velocities [28]. The studies show conflicting results at different
pH as the high testing period leads to different corrosion mechanisms depending upon
the material property [28]. As the LPR technique is short term method, observed trends
eliminate the possibilities of different corrosion mechanisms at different pH and show a
consistent trend in corrosion rates. At zero velocity for pH 7, the corrosion rate observed
is about 0.04321 mm/yr for 2% concentrated solution and 0.05419 mm/yr for 3.5% NaCl
solution. When the pH is maintained at 5, at zero velocity, the corrosion rate observed is
0.0732 mm/yr for 2% NaCl solution, and at 3.5% NaCl concentration, the corrosion rate
shows an increase of 75% than pH 7 and records a value of 0.0956 mm/yr. As shown in
the previous results (Figures 8 and 9) at different pH and temperatures, the majority of the
data suggests that the corrosion rate is insensitive to flow at high velocities and maintains
a steady rate. The results of Figures 8 and 9 show the corrosion rate tends to increase when
the hydrogen ion concentration in the feed solution increases.
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Figure 10. Corrosion rates of API-5L-X65 QT metal are shown at different flow velocities maintaining

the feed solution pH of 5 and 7 and varying NaCl concentrations at 25 ◦C.

3.2. Parametric Study in Flow Insensitive Region

The results discussed in the previous section consistently shows two different regimes.
A flow-sensitive region, where small changes to the flow or Reynolds number (Re) results
in an exponential increase in corrosion rate and a flow insensitive region where the increase
in flow rate does not affect the corrosion rate of the sample. This constant rate corrosion
flow region is visible in most graphs, but not all.

Figure 11 shows the flow insensitive region, the corrosion rates are shown at different
Reynolds number for 1% NaCl concentration for pH of 7 and 5 at different temperatures.
In all the cases shown in Figure 11, the flow insensitive region is visible, corrosion rates are
increasing with Reynolds number, and when Re is above 5000, the corrosion rates reach a
plateau. It is assumed that a corrosive oxide layer formed on the surface limits the flow to
the metal surface, and it minimizes the diffusion of hydroxides from the steel surface to the
flowing water, which reduces the ion concentrations in the interfaces. The corrosion rate in
the corrosion insensitive flow region is where uniform corrosion is predominant, and that
region can be utilized to derive correlations for corrosion behavior at different operating
parameters. The identification and analysis of this flow insensitive region in pipelines will
be valuable in corrosion prediction and control.
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Figure 11. Corrosion rates are shown at different Reynolds number for feed solution maintained at

pH–7 on the left, and at pH-5 on the right at 1% NaCl, at following temperatures (25 ◦C, 30 ◦C, 35 ◦C,

and 40 ◦C).

The corrosion rates in the flow-insensitive region are taken as constant when the
Reynolds number are greater than 10,000, and the corrosion rates are plotted with tem-
perature, salinity, and pH to find the correlation between the parameters. pH and NaCl
concentrations have a significant effect on corrosion rate like temperature, and the rela-
tionship is derived using the corrosion rates obtained in the flow insensitive region. The
analysis, shown in Figure 12, provides the relation between NaCl concentration and cor-
rosion rates. The corrosion rate, influenced by the presence of chloride ion, can cause the
acceleration of both the anodic and cathodic reactions. The plot is analyzed, and the corro-
sion rate seems to increase as the power of NaCl concentration (X = NaCl concentration)
and from the figure, the experimental data shows a good match with the power equation.
It can be seen from Figure 12 that there is a good fit between the experimental data and the
power equation with the coefficient of determination (R2) above 0.9. To create one equation
that can define the corrosion rate as a function of NaCl concentration (X), an average
constant exponent value around 1.4 was chosen. The corrosion rates can be expressed as
Ax1.4 and a constant, which depends on the other flow parameters. Thus, the following
relations CR = A (NaCl Concentration)1.4 can be obtained to correlate the corrosion rates
with NaCl concentration.
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Figure 12. Corrosion rates for flow insensitive region are fitted with varying NaCl Concentration.

The corrosion rates from the flow insensitive region are plotted against the tem-
perature, and the corrosion rates at pH 7 and 5 are plotted for 1%, 2%, and 3.5% NaCl
solution. The corrosion rate in the mild steel samples seems to increase with the temper-
ature in the flow insensitive region. At pH 7 for 2% NaCl concentrations, the corrosion
rates increase from 0.0484 mm/yr to 0.0660 mm/yr when the temperature increases from
25 ◦ to 40 ◦C, whereas for the 3.5% NaCl concentration the corrosion rate changes from
0.1143 mm/yr to 0.1524 mm/yr. The data in the flow insensitive region is analyzed to
predict the corrosion change with temperature. The exponential relationship between cor-
rosion rates and temperature given by Arrhenius is widely used in the corrosion prediction.
Arrhenius gave the equation in static conditions as K = A exp(-Ea/RT), where K = rate
constant, R = gas constant (8.314 J\mole), T = temperature in degree Kelvin, Ea = activation
energy (J\mole.K), and A = Modified frequency factor (pre-exponential factor). An attempt
was made to fit the Arrhenius equation to the experimental data, but the fit was not good.
The analysis, shown in Figure 13, reveals that the corrosion rate can be expressed as a
power equation of temperature, showing a much better fit than the Arrhenius equation.
In all the cases studied, the power constant varies when the NaCl concentration changes
from low (1%) to high (3.5%). For both pH 5 and 7 at 1%NaCl concentration, the power
constant is found to be about 2.7, but when the NaCl concentration is increased to 3.5%,
the power constant is found to be about 0.9. The corrosion rates can be expressed as AT0.9

for high NaCl concentration. Therefore, the following relation between the corrosion rate
and the temperature is proposed: Corrosion Rate = A (Temperature)0.9 for high salinity.
The value of the coefficient A was found to be varying with both NaCl concentration and
pH. The correlation for temperature concludes that more data points need to be obtained
in order to be able to generalize an empirical formula.
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𝑐 = 𝑎 + 𝑏𝑒

Figure 13. Corrosion rates at different temperatures for flow insensitive regions are fitted using

Power-law.

The parametric study was conducted by maintaining constant oxygen concentration in
the system. The oxygen concentration affects the corrosion rate of mild steel in NaCl, and the
solubility of the oxygen will be an important factor in the predictive equation. In the work
presented in this paper, individual equations (as shown in Figures 12 and 13) relating the
corrosion rate in low flow velocities are developed. In future studies, the work will look at
the synergistic effects of changing two or more parameters at the same time at different
oxygen concentrations. This eventually leads towards a predictive model of the corrosion
in pipelines and identifying the flow regions where corrosion rates can be minimized.

4. Conclusions

Using the linear polarization resistance (LPR) method and the work presented in
this paper, we have been able to make repetitive measurements of the corrosion rate of
API-5L-X65 QT steel—taking an average of at least three measurements per parameter.
For each test condition, one parameter was varied, while all other parameters were kept
constant. This level of detail is essential to assess the true effect of each parameter on the
corrosion rate.

Experimental data presented in this work indicates a complex relationship between
pH level, temperature, salt concentration, flow velocity, and corrosion rate. For the majority
of combinations of experimental parameters, one can observe a range of flow velocities
where the corrosion rate reaches a quasi-steady state or exhibits a linear behavior. The com-
plex behavior where the corrosion rate is best described by exponential functions is mostly
observed for cases with pH = 5. For pH = 5, the exponential function, that fits the experi-
mental data very well, has the form cr = a + be−cv where cr is the corrosion rate, v is the
fluid velocity, and a, b, and c are the fitting constants. The majority of the experimental data,
but not all, suggests that in the velocity range of 0.2 m/s to 0.8 m/s, the corrosion mecha-
nism appears to be uniform corrosion, and erosion corrosion is not occurring. Near fluid
velocity of 0.8 m/s, an increase in corrosion rate is observed in most cases but not all.
Turbulence-induced erosion corrosion maybe occurring. The highest corrosion rate occurs
at 40 ◦C and 3.5% salt concentration, and the corrosion rate is about 0.25 to 0.3 mm/yr.
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In this paper, we have also produced individual equations relating to the corrosion
rate to a given parameter. In the future, it is our intention to look at the synergistic effects of
changing two or more parameters at the same time and study their effects on the corrosion
rate of oil pipelines. Eventually, this work will lead towards a predictive model of the
corrosion rate in mild steel pipelines. Since API-5L-X65 material is widely used in the oil
industry, the experimental data collected and published in this paper can be very useful to
corrosion engineers working in the oil industry.
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