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This study investigates the corrosion of steel samples immersed in water with a dy-

namic corrosion setup at different pH values for three different velocities and three dif-
ferent exposure time. The characteristics of material surface were observed by utilizing 
Atomic Force Micrographs (AFM). Under the dynamic and static conditions, the rate of 
corrosion of the steel samples in deionized water (DIW) was calculated through the 
weight loss measurements. It has been found that the corrosion rate of steel samples un-
der static conditions was higher with the lower pH values. It was observed that the corro-
sion rate was maximum at pH = 4 and the minimum at pH = 6. The static corrosion tests 
suggest that the corrosion rate was high in the first two days then decreased with the in-
creasing of time of tests. The effect of wall shear stress and time of immersion was eval-
uated under the dynamic corrosion tests. The results suggest that increased wall shear 
stress lead to an increase the corrosion rate specially at pH = 4.     
 
Keywords: material corrosion, immersion tests, wall shear stress, electrochemical anal-
yses, material surface roughness 
 
 

1. INTRODUCTION 
 

Carbon steel pipelines are commonly used in petroleum industry, for transporting 
the products, because of their good mechanical properties, low cost and wide availability, 
despite having low corrosion resistance [1]. Corrosion of pipelines in petroleum industry 
is not only an economic loss but also a dangerous mode of failure, puts the safety of re-
sources at risk. Corrosion of pipelines occurs due to an electrochemical reaction occur-
ring at the surface of the pipeline in the presence of an electrolyte in an aqueous media, 
usually soil water [2, 3]. 

There are several factors that influence the rate of corrosion such as humidity, ionic 
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strength of the electrolyte environment, the type of metal and the relative movement be-
tween the corroding environment and the metal [4]. In petroleum industry pipelines the 
corrosion is mainly affected by fluid flowing inside the pipelines, this corrosion type is 
often referred to as flow-dependent corrosion [5-7]. Although fluid hydrodynamics play 
an important role in flow induced corrosion, the corrosive nature of the fluid is also a 
factor that should be taken into consideration. The fluid flow may be either laminar or 
turbulent, which determined by the value of the Reynolds number (Re).   

The rate of corrosion gradually increases when the flow velocity increases because 
the high flow rate leads to higher levels of disturbance and increases the mass transfer 
rates of the corrosive species from the bulk solutions to the steel surface [8]. An another 
important factor influencing the rate of flow induced corrosion is Wall Shear Stress 
(WSS), which expresses the force per unit area exerted by the fluid on the solid bounda-
ry [9-11]. The correlation between the flow rate and the WSS for a single phase flow is 
well known and is best expressed in terms of non-dimensional parameters i.e. Reynolds 
number (Re) and the Fanning friction factor (Cf), as given in equation 1 below [12].  

{Cf = 0.079Re-0.25}    (1) 

WSS from the friction factor is calculated as: 

2

2
{ }f

C V
      (2) 

where  is fluid density (kg.m-3); V is mean flow velocity (m.s-1) and  is wall shear stress 
(N.mm-2). 

Supat and co-authors examined the influence of the pH on corrosion product layer 
formation in a controlled water chemistry system. In their study, similar corrosion prod-
ucts characteristics and corrosion rates were observed. It was found that a higher solution 
pH is likely to give a slightly better protection to the steel surface [13, 14].  

Heyn and co-workers found that increasing flow velocity results in a sudden in-
crease in the corrosion rate [15]. The effect of the surface finish of steel sample was in-
vestigated by Russel and found that in case of unclean or rusted steel, the rate of corro-
sion increases continually up to maximum flow velocity [16]. The passivation occurring 
on the surface of the steel, and the resulting low corrosion rate, can be attributed to the 
formation of the oxide layer on the surface. This oxide layer works as a protective film 
against corrosion and as a result, the corrosion rate decreases [17]. Rabald and co-au- 
thors, studying the effect of flowing tap water and distilled water on the corrosion rate of 
steel and cast iron, found that in flowing tap water cast iron corroded faster than steel 
while in distilled water, it corroded about 300 times faster [18]. 

Seheers utilized a rotating-cylinder electrode (RCE) to simulate the effect of flow 
velocity on the pipe corrosion and found higher corrosion rates at lower pH values [19]. 
Fredj and Burleigh observed very high initial corrosion rate and rapid decrease after a 
few hours in a high purity deionized water with oxygen. They also found increased cor-
rosion rate at higher velocities even after 7 days of immersion tests but with a lower slope 
[20]. Several researchers have studied the effect of flow velocity and pH on the rate of 
corrosion in different media. Table 1. Provides a brief insight into the literature available. 
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Table 1. Corrosion rate and WSS available in literature. 

Reference Materials Medium Time 
(Hours) Methods pH CR 

(mm/year) 
WSS 

(N/m2) 

[19] Mild steel Mine water 0.5 RCE 
Flow loop 

7 
7 

7 
8 
9 
5 
6 

7.25 

0.907 
1.844 
3.05 
0.907 
1.844 
3.05 

[21] X65 Carbon dioxide 
environments 24  

RCE 
4 1 0.8 
5 0.5 2 
6 0.4 6.8 

Flow loop 
4 1.05 0.6 
5 0.47 1.2 
6 0.38 5 

[22] X52 steel NACE  
3.5NaCl 24  RCE 4.2 

4.1 
064 
1.1 5.06 

[23] X70 steel 

Brine prepared 
according to 
NACE standard 
1D-196 

0.5  RCE 3.89 

12.2 at 
V=1m/s 
14.25 at 

V=3.74m/s 

2.64 
26.56 

[24] N80 steel 

oilfield simulated 
extraction liquid 
containing CO2 
and HAC 

Not  
available 

DF-101S 
collector 
magnetic 

stirrer 

Not 
available 4.676 1.162 

 

Despite the availability of a great deal of literature, there is a gap in understanding 
the corrosion in pipe flow in terms of wall shear stress, pH and exposure time. For an in- 
depth understanding of corrosion in petroleum pipes, a combination of parameters such 
as the generated wall shear stress, range of pH values, and various exposure time needs 
to be investigated. This work takes into accounts all the above parameters and their ef-
fect on the corrosion rate of carbon steel in DI water pH 4-7. The corrosion has been 
studied with an experimental setup to imitate the real behavior of corrosion in pipe flow. 
The experiments were conducted over a range of wall shear stress which represents flow 
in an Iraqi oil field. The dynamic corrosion rate was determined via weight loss meas-
urements. Furthermore, the surface roughness of the steel samples after the electrochem-
ical analysis was investigated using Atomic Force Micrography (AFM). 

2. MATERIALS AND METHODS 

The carbon steel having composition given in Table 1 used in this study was ob-
tained from Al AHDAB Iraqi Oil Field Company in the form of pipe. The specimens 
with 10*10*2 mm2 dimensions were cut from the pipe using electric discharge machine. 
The surface was initially smoothened with 180-grit SiC paper and then polished with 320, 
400, 600, 1000 grit silicon carbide paper until previous coarse scratches were removed. 
All the experiment tests were done using DIW at different pH values adjusting by adding 
0.01M HCl and/or 0.01NaOH. 
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Table 2. Chemical composition (wt.%) of steel sample. 
elements C Si Mn P Cr Mo Fe 

% 0.0946 0.0204 0.903 0.00054 0.0353 0.0222 Balance 

 

2.1 Electrochemical Analysis Methods 

Potentiostatic scans and potentiodynamic polarization techniques were utilized to 
understand the electrochemical behavior of the corrosion of carbon steel. DI water at 
different pH values was used as electrolyte. The pH values of the electrolyte were ad-
justed to the desired values using 0.01 M HCl and/ or 0.01M NaOH. All electrochemical 
measurements were performed with a three electrodes cell in a Gamry 1000 Interface 
potentiostat. Saturated calomel electrode (SCE) was used as reference, a helical platinum 
wire as counter electrode and steel sample was used as working electrode,  

 
(A) Potentiostatic (Current vs. Time) Scans 

The time period for potentiostatic scan was set to 1800 seconds with an input poten-
tial of 0V vs. Eref (the real value shown during the test were ~90-100 V which was 
negligible and assumed to be zero). The total volume of electrolyte used was 200ml. 

 
(B) Atomic Force Micrography 

Atomic Force Micrographs (AFM) were taken to evaluate the average surface rou- 
ghness of the steel samples after potentiostatic tests. Three images were taken for a scan 
area of 10*10m with scan speed of 6m for each sample. 

 
(C) Potentiodynamic Polarization 

Potentiodynamic analyses of the samples were done in DIW with different pH val-
ues. The Potentiodynamic polarization data were measured through changing the elec-
trode potential automatically from 500mV to 1600mV at a sweep rate 1mV.s-1. The 
tests were done at room temperature. 

 
2.2 Static Corrosion 

 
The static corrosion of the samples was studied by dipping samples as shown in Fig. 

1 for 7 days in DIW having different pH values. The corrosion rate was measured by the 
measuring weight loss every 24 hours. The weight loss was measured with Swiss-Made 
ES125SM model high precision  scientific balance (0.01 mg accuracy). Corrosion rates of 
carbon steel were calculated by expression: 

{ }o
a

W W

At
V C




      (3) 

where, Va is the corrosion rate or the annual speed, mm/y, C is the conversion factor, 
which is equal to 8.76  104, Wo is weight of specimen before test(g), W is weight of 
specimen after test(g),  is the density of the sample, which is equal (7.85g.cm-3), A is 
working area of the specimen (cm2), t is the testing time (hour). 
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2.3 Dynamic Corrosion 

The dynamic corrosion was experimentally measured with the flow loop shown Fig. 
1. The setup consists of tank (1), an electrical pump (2), a digital flowmeter (3), steel 
samples (4) and a regulator (5). The flow meter was utilized to measure the flow rate and 
a pump for providing flow energy to the fluid. The experiments were conducted at three 
flow rates and 4 pH values. All the tests were conducted at room temperature. Each test 
was repeated three times samples. Therefore, the result of each test case is averaged over 
9 samples. The corrosion rate was calculated by weight loss measurement using Eq. (4).  

 

 
Fig. 1. Experimental setup of dynamic corrosion testing: (1) Tank; (2) Electric pump; (3) Digital 
flow meter; (4) Steel samples; (5) Regulator. 

 

The flow velocity was calculated from the equation of flow rate as follows, 

{ }
Q

A
V      (4) 

where Q is the flow rate (m3.s-1), A is the cross section area of the pipe (m2), and V is the 
flow velocity (m.s-1). The flow velocity, the Reynolds numbers, the Fanning friction fac-
tor and WSS for each case were calculated as shown in Table 2. Table 2 provides as 
comparison of the calculated wall shear stress in our developed setup with WSS calcu-
lated in Iraqi oil field. 

It can be seen from Table 2 that the calculated wall shear stress from the experi-
mental setup was in close agreement with calculated wall shear stress in the Iraqi oil field. 
This calculation expected to help in mimicking the real pipe flow corrosion behaviors in 
real applications. 

 
Table 3. Wall shear stress calculation. 

Flow velocity 
(m.s-1) 

Reynolds 
number (Re) 

Friction factor 
(Cf) 

WSS(experimental 
set up (N/mm2)) 

WSS (Iraqi oil 
field (N/mm2)) 

0.55 1.854*104 6.77*10-3 1.012 0.5692 
0.74 2.494*104 6.2286*10-3 1.716 1.154 
0.96 3.236*104 5.893*10-3 2.707 1.914 
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3. RESULTS AND DISCUSSION 

3.1 Electrochemical Evaluation 

(A) Potentiostatic Scan 
Fig. 2 illustrates the potentiostatic scans of the samples in DIW at different pH val-

ues. Generally, carbon steel shows a passive behavior, that is, it becomes covered by an 
oxide layer that protects it from corrosion. However, in the acidic medium, that passive 
layer formation is not promoted and the surface is prone to corrosion and with the in-
creasing time of exposure higher current has been observed. Also, it has been noticed 
that a sharp increase of current with increasing time at pH 4 which indicate that the cor-
rosion rate still increases with time, while at pH 7 there is a slight increase of the current 
with time at the beginning, then fluctuating increment in pH 7 and then it goes to a near 
steady state with time which indicate that the corrosion rate in this case near be stable 
with time. Moreover, there is an increase of the current during the test with time at pH 5 
but with a lower slope than pH 4 on the other hands, in a case of pH 6 it changes with 
constant slope along the time which indicate the corrosion rate in this case is minimium 
which means that there is a protective layer formed on the steel surface. These results 
show a high degree of congruence with the results obtained through the potentiodynamic 
polarization as shown in Fig. 5 below. 

 

 
Fig. 2. Potentiostatic (Im vs time) of steel samples at different pH values. 

 

(B) Atomic Force Microscopy 
The surface morphology of the steel samples was examined via Atomic Force Mi-

croscopy (AFM) after potentiostatic tests. Figs. 3 (a) and (b) illustrate the surface rough-
ness and the 3D images after potentiostatic scans at different pH values. It can be seen 
that the average roughness decreases with the increase in pH values. The decrease in 
roughness can be contributed to the formation of a uniform oxide layer on the surface as 
we go from acidic to basic environment. However, the presence of a layer of corrosion 
products causes some surface roughness [19]. 

 
(C) Potentiodynamic Polarization 

Fig. 4 illustrates potentiodynamic polarization curves of steel samples immersed in 
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DIW having pH 4, 5, 6 and 7. The electrochemical parameters such as corrosion poten-
tial (Ecorr), Icorr and corrosion rate in (mm/year) are presented in Table 2. Icorr was calcu-
lated through a series of steps involving the Tafel constants a and c, respectively, to 
calculate the corrosion rate of the sample [25]: 

 

 
(a)                                         (b) 

Fig. 3. (a) Root mean square (RMS) surface roughness measurements of the steel samples treated 
by static corrosion at PH = 4, pH = 5, pH = 6 and pH = 7; (b) AFM surface micrographs of the sam-
ples treated at pH = 4, pH = 5, pH = 6 and pH = 7. 

 

 
Fig. 4. Potentiodynamic polarization curves of steel samples at different pH values. 

2.3( )
{ }.corr

a

a c

I

E
I



 



 
     (5) 

The corrosion rate was evaluated using the expression [26]. 

0.13 ( . )
{  ( ) }corrI

density

E W
corrosion rate CR      (6) 
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where E.W. is the equivalent weight, Icorr is the current density in A/cm2, the density of 
corroding species in g/cm3, and I

E



 is the slope of the polarization resistance plot, where 
E is expressed in volts and I is expressed in A. 

From the table it is clear that the rate of corrosion increases as we go from basic to 
acid environments. The lowest corrosion was observed at pH 6 due to growth of oxide 
layer on the steel surface, which protected the surface and minimizing the corrosion. On 
the other hand, pH 7 shows high corrosion value in spite natural or basic medium. Also, 
pH 4 shows high corrosion rate and it is still high with the increasing of potential.  

 
Table 4. Tafel plot data of steel sample obtained based on potentiodynamic data analyses. 

Tafel plot variables pH = 4 pH = 5 pH = 6 pH = 7 
Icorr(A)*10-6 18,20e-6 25,20e-6 7,610e-6 15,80e-6 

Ecorr(mV) 133.0      206.0 172.0      290.0      
CR (mm/year) 8.353   11.84  3.579  7.253     

 

3.2 Static Corrosion 

Fig. 5 illustrate the relationship between the corrosion rate and the time of immer-
sion. It can be observed that the corrosion rate is high after the first 24 hours for all the 
samples and decreases by the increasing of the time of immersion because of the passive 
layer formation on the surface of the metal, which prevented it from further attack. Simi-
lar behavior was observed by S. Peng [27] The steady increase in the rate of corrosion at 
the beginning in the region of active corrosion was caused by the high interaction be-
tween the metal surface and the medium. Moreover, in the range pH 4-7 the behavior of 
all samples at the beginning was quite similar. After two days of immersion a decrease in 
corrosion has been observed which is a result of an increase in the formation of corrosion 
products over time. Since the corrosion tests of this part under study are conducted in 
static conditions, so this layer grows thicker over time and thus the corrosion rate de-
creases [28]. 

 

 
Fig. 5. static corrosion measurements of steel samples at different pH values. 
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3.3 Dynamic Corrosion 

Turbulent flow usually affects the surface water chemistry by changing the mass 
transfer rate of species moving from the bulk to the steel surface and/or vice versa [29, 
30]. Figs. 6-8 show the dynamic corrosion results for steel samples in a range of flow 
velocities of DIW at different pH values. It can be observed that the rate of corrosion 
increases with increasing flow velocity. In other words, increasing the wall shear stress 
along the wall increase the rate of corrosion as shown in Fig. 6. This variation by the 
dependence of the corrosion rate on the flow velocity is generally attributed to a change 
by the corrosion mechanism [31]. 

Higher corrosion rates were observed when the testing time was increased. It can be 
seen that the corrosion rate at 0.25 m/s reached 0.005 mm/year after 3.30 hours while it 
reached 0.015 after 10.30 hours at the same velocity as shown in Figs. 6 and 8, this gives 
indication that increasing time test leads to an increase in the corrosion rate specially in 
the acidic medium. Moreover, it can be seen that in case of dynamic corrosion tests a 
decrease in the value of pH leads to an increase in the corrosion rate and this is evident 
with the value of pH=4. These results are in a good agreement with those of Rhee [14].  
The corrosion behavior of the steel samples at pH=7 is similar to the behavior at pH=4 in 
all times and velocities except that corrosion rate at pH=4 is higher than in pH 7 as 
shown in Figs. 6-8. However, at pH=6 corrosion is lowest as shown in Fig. 7. This gives 
an indication that there is an access amount of corrosion products growing on the steel 
surface and these products are denser and work as a protective layer against corrosion.   

The highest corrosion rate was observed at pH=4 and is further accelerated by the 
increasing velocity as a result of higher interactions between the WSS and the steel sur-
face. The results showed that the corrosion at high velocity but short time give corrosion 
value less than the value when the time is long as we can see in all the figures. The value 
reached 0.015 mm/year at time 3.30 hours with velocity 0.96m/s while it reached 0.025 
mm/year at time 10.30 hours at the same velocity which can be attributed to the com-
bined effect of the flow velocity over longer periods of time as shown in Fig. 6 and 8. 
Similar behavior was by Seheers [19], Fredj and Burleigh [20], Z. Li [31] and Young 
[33]. 
 

 
Fig. 6. The relation between corrosion rate and wall shear stress with different pH values after 3.30 
hours. 
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Fig. 7. The relation between corrosion rate and 
wall shear stress with different pH values after 
7 hours. 

Fig. 8. The relation between corrosion rate and 
flow velocity with different pH values after 10.30 
hours. 
 

From mechanic’s point of view increasing the flow rate increases the friction force 
and has a significant impact on the surface of the sample installed on the surface of the 
tube, in the developed setup this means increasing turbulence and finally the mass trans-
fer of the corrosive species from the bulk to the pipe wall which may result in an in-
crease in the rate of corrosion. Moreover, the increased turbulence in the bulk as a result 
of a high flow rate will bring the faster moving fluid closer to the wall (making the 
boundary layer thinner), results in a higher velocity gradient and higher wall shear stress 
[10, 20]. The interaction between the surface of the metal and the acid media led to the 
formation of a visible thin layer on the surface but the increase in WSS as a result of in-
creasing flow velocity leads to the breakage of this layer and which increases the rate of 
corrosion, this phenomenon was observed for 3.50 hours’ tests. As a result of a corrosion, 
a thin layer forms on the surface of the metal which leads to an increase in the weight of 
the sample and this was evident even at low velocity specially at pH=5.  

4. CONCLUSIONS 

In this experimental work, static and dynamic corrosion were studied through an 
experimental set up to evaluate the effect of flow velocity and wall shear stress with dif-
ferent pH values from acid to basic on the corrosion behavior of steel samples. 

In static tests, it is concluded that the corrosion rate decreases with increasing time 
and it was high in the first two days of the test then it decreases after that, but the acidic 
medium still has the high corrosion rate. Moreover, in the active corrosion region the 
corrosion rate was high for all samples in the static tests. The potentiodynamic polariza-
tion measurements suppose that the corrosion rate decreases with the increase of pH 
values. AFM measurement shows that the average roughness decreases with the increas-
ing of pH values and vice versa because of the type of corrosion products formed on the 
sample’s surface. 

This study concludes that increasing WSS as a result of flow velocity increases the 
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corrosion rate for different time tests. Increasing flow rate with pH 4 medium leads to 
increased corrosion rate as compared to medium with pH 7. Increasing the testing time 
causes an increase in the corrosion rate in both high and low velocity. 
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