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Abstract
The effect of flow velocity on the corrosion behavior of X100 steel in CO2-saturated produced water (CO2-SPW) was studied.
Potentiodynamic polarization (PDP) and electrochemical impedance spectroscopy (EIS) were used to study the corrosion
behavior of X100 steel. X-ray diffraction (XRD), a metallurgical microscope, and a scanning electron microscope (SEM) were
used to analyze corrosion product composition and morphology, respectively. The results show that the corrosion current density
increases and impedance value decreases with the increase of the flow rate. The corrosion products are mainly FeCO3 and Fe3C.
The corrosion degree of the bend segment is more serious than that of the straight segment. COMSOL simulation proposed the
correlation between X100 corrosion behavior and material concentration and flow field distribution. A corrosion model was
proposed, where the corrosion mechanism of X100 under simulated working condition was explained.
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Introduction

The development of high-strength steel pipelines is of great
economic importance to oil industry and unconventional
well drilling [1–3]. As a relative new-grade pipeline steel,
X100 steel has gained growing concerns recently [4, 5]. It
possesses superior combination performances of strength,
ductility, and corrosion resistance [6, 7]. However, the flow
state in engineering is complex, the pipeline steel is nor-
mally employed under dynamic conditions [8, 9], and the

corrosion of the pipeline usually poses great threat under
flow condition [10–12].

Several investigations on the dependence between the fluid
velocity and corrosion rules are available in the literature [8,
13–17]. Tao Liu [18] studied the corrosion behavior of X70 in
the produced water of oil field, founding that the velocity
would affect the formation of corrosion product film, and
the sudden change of velocity would lead to the transient
pressure instability in the pipeline [19]. Mahdiet et al. [20]
investigated the pitting corrosion of X100 steel by increas-
ing the electrolyte erosion speed. The results show that
pitting potentials shift towards more negative, from − 0.12
to − 0.13 V and then to − 0.17 V (SCE) with respect to
corresponding zero, 3.6 m/s and 7.7 m/s of the slurry.
Galvan-Martinez [5] et al. studied the corrosion kinetics
of turbulent X52 pipeline steel and found that turbulence
has a considerable impact on the electrochemical process
on the steel surface.

The results show that the flow rate has a great influ-
ence on the corrosion behavior of steel. But the analysis
of corrosion mechanism under dynamic corrosion condi-
tion is not perfect. So the method of simulation analysis is
used to further supplement. Numerical simulation was
used to study the effect of flow rate on corrosion except
experimental studies.
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During the process of secondary oil recovery, carbon diox-
ide injection technology has been widely used in order to
improve oil recovery, which makes most CO2 full of oil and
gas. So a large amount of produced water is generated which
contains dissolved salts, inorganic and organic constituents,
solids, oil, and dissolved gases [20]. When dissolved in the
aqueous phase of production water, CO2 serves as a reservoir
for the steady formation and replenishment of H2CO3 [21, 22].
A weak acid which attacks the surface of the steel pipeline and
leads to corrosion rates higher than those observed with strong
acids of similar concentrations [23]. The presence of CO2

significantly influenced the observed electrochemical behav-
ior of the iron dissolution reaction [24]. It led to uniform
corrosion [21], local corrosion [25], stress corrosion cracking
of piping steel [26], and other problems. It is particularly im-
portant to study the corrosion of high-strength pipeline steel in
oilfield-produced water containing CO2.

In this work, a dynamic simulation experiment platform
was built, and configured oil–produced water with saturated
CO2 was used as the corrosion solution to simulate the flow of
liquid. And the velocity is chosen as 0.2 m/s, 0.4 m/s, and 0.6
m/s. Under the experimental condition, the inner diameter of
the pipeline is 50 mm; when the average flow velocity reaches
0.2 m/s, it is enough to make the liquid turbulent flow. The
electrochemical test was used to analyze the corrosion of pipe-
line quantitatively, and the morphology and phase of corro-
sion products were analyzed. The dynamic experiment system
was analyzed with the COMSOL software, in which the flow
field and material concentration distribution in the pipeline
were simulated. The corrosion initiation point was founded,
and the corrosion mechanism of X100 under a simulated
working condition in oil-produced water was proposed.

Experimental

Electrolyte solution

The test solution contains 18.91 g/l NaCl, 18.66 g/l CaCl2,
0.32 g/l Na2SO4, 0.88 g/l MgCl2·6H2O, and 0.39 g/l
NaHCO3, which was used as the simulated produced water
(SPW) andmade from analytical grade reagents and deionized
water. The mass concentration of ion is shown in Table 1. All
tests were carried out at the temperature of 60 °C.

Dynamic corrosion test system

The study on the influence of flow velocity about internal pipe-
line corrosion is carried out on an independently built experi-
mental platform to simulate the flow of liquid under working
conditions [27, 28]. The picture of dynamic corrosion test sys-
tem (DCTS) shown in Fig. 1a and b is the schematic diagram.
DCTS includes pipeline module, control module, electrochem-
ical test module, and gas supply module. The samples of the
straight pipe section are shown in Fig. 1b①, which is a cuboid
with 5.1 cm in length, 2.2 cm in width, 0.32 cm in height, and
an exposed area of 10 cm2. The bend pipe section is an annulus
with a diameter of 1.2 cm and an exposed area of 6 cm2 (Fig. 1b
②), and the linear polarization probes (LPP) (Fig. 1b ③) are
inserted into the pipeline and contacted with the fluid. The
three-electrode system of the same material is widely used in
engineering [29] and laboratory dynamic test system [30, 31].
The LPP [32] contains three cylindrical electrodes using the
same material (X100) whose diameter is 0.5 cm and the ex-
posed area is 5.5 cm2. The gas supply module continuously
provides CO2 into the liquid tank after deoxidizing with N2 to
ensure that the CO2 is saturating state in the liquid tank.

The experiments were conducted at the temperature of 60
°C [33] and flow rates of 0.2 m/s, 0.4 m/s, and 0.6 m/s, re-
spectively. The flow velocity is set as the average velocity and
the pipeline is turbulent flow. Before the tests, the CO2 gas of
99.9% has been injected to the experimental container for 24
h. And CO2 has been continuously injected to the solution
during the experiments to maintain its saturation state with
the pH value of 5.5. The electrochemical tests were carried
out after the system runs steadily.

Material and sample

The materials used in the present work are X100 pipeline
steels with a composition (wt. %) of 0.065% C, 0.95% Si,
1.69% Mn, 0.015% P, 0.002% S, 0.04% Cr, 0.27% Mo,
0.030% Ni, and Fe balance.

All the specimens were abraded with 800# to 1500# grit
silicon carbide paper and polished with 2.5 and 1.5 μm dia-
mond suspensions. Then, the samples were ultrasonically
degreased and dehydrated with alcohol. The sample was im-
mersed in a Nital etchant (4 ml of nitric acid and 96 ml of
anhydrous ethyl alcohol) and treated with alcohol swapping
and dried in an air stream. The microstructure of X100 in
optical micrographs, as shown in Fig. 2, consists of upper
bainite and granular bainite, as well as the second phase of
martensite austenite [33, 34].

Electrochemical and surface-analysis tests

All the electrochemical measurements were recorded using
IM6 Potentiostat. Dynamic experiment was carried out in

Table 1 Composition of produced water

Components Ca2+ Cl− Mg2+ HCO3
− SO4

2

−

Mass concentration (g/l) 23.992 6.7253 0.1966 0.284.1 0.22
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DCTS. Dynamic electrochemical measurements were per-
formed by the method of linear polarization resistance
(LPR); LPR technology has been widely used in the study
on dynamic corrosion of instantaneous corrosion rate [29].
The scanning range of polarization curve is set from − 30 to
+ 30 mV with the scanning rate of 0.5 mV/s under the
simulated operating conditions. Dynamic electrochemical
measurements include potentiodynamic polarization
(PDP) and electrochemical impedance spectroscopy
(EIS), and EIS measurements were executed with a sinu-
soidal potential excitation of 10 mV amplitude in the fre-
quency range from 10−2 to 105 Hz.

A Nikon EPIPHOT 300 series optical microscope (OM),
an X-ray diffractometer (XRD) (D8 FOCUS), and an SSX-

Fig. 1 (a) Picture of dynamic corrosion test system. (b) Schematic diagram of the dynamic corrosion test systemwith installation diagram of samples for
① straight segment, ② bend segment, and ③ linear polarization probes (LPP)

Fig. 2 Microstructure of X100 as received
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550 scanning electron microscope (SEM) were used for im-
aging and chemical composition analysis.

Numerical modeling

COMSOL Multiphysics was employed to perform the flow
state of saturated CO2-produced water at different flow rates.
A one-dimensional linear model as shown in Fig. 3a is
established simultaneously to study the material transfer in
the boundary layer region at different flow rates. As shown
in Fig. 3b, a geometric model with the junction of straight pipe
section and bent pipe section as the main feature is established.
Since plane Y-Z is symmetric, only half of the pipes need to
be calculated after modeling. According to the dynamic
experimental system, the inner diameter of the pipe is 50
mm, the curvature radius at the 90° bend section is 0.1 m,
and the length of the vertical and horizontal pipe sections
in the model is 0.5 m. As shown in Fig. 3c, the grid
division uses the layer grid commonly used in the pipeline
fluid. The grid density at the wall is refined, and that near
the wall is regular processing. The triangular grid is used
in the center of the pipeline. Semi-empirical prediction
model method is adopted in this simulation. The fluid
was assumed to be incompressible, and a k-ω turbulent
model (double-equation model) was used to numerically
solve the simulation.

Results and discussion

As the reference electrode and working electrode used in the
simulated working condition are both X100 materials, so
when the OCP values are close to zero, the system is stable
last for 30 min.

Potentiodynamic polarization scans

Figure 4 shows the polarization curves measured after just
immersing and immersing for 24 h in the CO2-SPW under
different flow rates. The polarization curve is fitted to corro-
sion current density (Icorr) by linear polarization method, and
the fitting results are shown in Table 2.The current densities
were 666 μA/cm2 at 0.2 m/s, 1701 μA/cm2 at 0.4 m/s, and
2152 μA/cm2 at 0.6 m/s, which were increased in the wake of
the increasing of the flow rate.

After soaking for 24 h, the current densities were 1337 μA/
cm2 at 0.2 m/s, 1803 μA/cm2 at 0.4 m/s, and 3260 μA/cm2 at
0.6 m/s. The increase of immersion time leads to an increase in
corrosion current density.

Electrochemical impedance spectroscopy

Figure 5 shows the Nyquist and Bode plots of X100 in CO2-
SPW at different flow rates. The shape of impedance spectrum
is similar at different flow rates, indicating that the corrosion

Fig. 3 Geometric model used in
COMSOL simulation

996 J Solid State Electrochem (2021) 25:993–1006



mechanism is not changed by the change of flow rate, and the
corrosion is mainly controlled by adsorption. As shown in Fig.
5a1 and b1, the capacitive reactance arc radius decreases with
the increase of the flow rate after just immersion and im-
mersed for 24 h, indicating that the polarization resistance
decreases with the increase of the flow rate in the experimental
range. There is an inductive semicircle in the low-frequency
range, and it should be related to adsorbed intermediate prod-
uct formed during the dissolution of X100 steel. Adsorption is
maintained by intermediates of iron dissolved in a multistep
reaction [35]. It can be seen that the inductive semicircle in the
low-frequency range is not obvious at 24 h, which indicates
that the sample adsorbs less substances, and the corrosion
product film is destroyed after 24 h.

In the impedance diagram of Bode of just-immersed sam-
ples Fig. 5a2, the impedance modulus values (|Z|) of different
samples at 0.01 Hz can be obtained, of which |Z|0.2 > |Z|0.4 >
|Z|0.6. The order of the impedance values affected by the flow
velocity after 24 h immersion (Fig. 5b2) is the same order as
that of just immersed, but the values are lower than that of just
soaked. In order for further quantitative analysis, EIS data of
different samples are fitted.

The equivalent circuit is shown in Fig. 6, in which the EIS
results after just immersing were fitted by Fig. 6a, and the EIS
results after immersing for 24 h were fitted Fig. 6b. Rsoln is the
solution resistance; Cdl is capacitance of double-charge layer;
Ccp is the capacitance of corrosion product film; Rct is charge
transfer resistor; Rcp is the resistance of the corrosion product
film. RL is the inductance resistance, and L is the inductance.
The results are shown in Table 3; the charge transfer resistance

(Rct) and polarization resistance (Rct + Rcp + RL) are consistent
with the arc radius and the polarization results of Nyquist
capacitive reactance [35]. Due to higher electrolyte conductiv-
ity, simulated condition Rsoln value is very small, less than 5
Ω·cm2.

As shown in Table 3, the Rct + Rcp + RL was 19.9Ω cm2 at
0.2 m/s, 18.1Ω·cm2 at 0.4 m/s, and 12.8Ω cm2 at 0.6 m/s after
just immersing. The Rct + Rcp + RL was 16.5Ω·cm

2 at 0.2 m/s,
14.1 Ω cm2 at 0.4 m/s, and 10.9 Ω cm2 at 0.6 m/s after 24 h.
The polarization resistance decreases with the increase of the
flow velocity whether just soaked or soaked for 24 h, which
indicates that the impact of liquid flow is large under the
simulated working condition, and is not conducive to the for-
mation of corrosion product film on the substrate surface.

Corrosion product analysis

Macroscopic morphologies

The macrostructure of X100 after 24 h immersion in CO2-
SPW at different flow velocities is shown in Fig. 7.
Figure 7a1, a2, and a3 represent the straight pipe section;
Fig. 7b1, b2, and b3 represent the elbow section; it can be
clearly seen that the corrosion product coverage area of the
straight pipe section surface is less than that of elbow section.
In general, due to the turbulent liquid flow in the pipe bend
under simulated conditions, the erosion on the surface of the
specimen is more serious. Compared with the effect of differ-
ent velocity on the corrosion degree of the samples, a small
amount of bright metal matrix can still be seen in the straight
pipe section and the bent pipe section at 0.2 m/s. At 0.4 m/s,
the exposed substrate surface of straight section is no longer
bright, and a thin layer of corrosion products is formed in the
bend section. At 0.6 m/s, the matrix can no longer be ob-
served, and the product film accumulated by corrosion prod-
ucts is thicker and more uneven.

Fig. 4 Potentiodynamic polarization of X100 in CO2-SPW under a simulated working condition at 0.2, 0.4, and 0.6 m/s

Table 2 PDP fitting results

Immersed time (h) 0 (just immersed) 24

Flow (m/s) 0.2 0.4 0.6 0.2 0.4 0.6

Icorr (μA/cm
2) 666 1701 2152 1337 1803 3260
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Microstructure

Figure 8 shows the SEM images of the corroded samples for
24 h. Figure 8a1, a2, and a3 show the images of the straight
section. As shown in Fig. 8a1, the corrosion products onmem-
brane surface are relatively loose but relatively flat at the ve-
locity of 0.2 m/s. Compared with that in Fig. 8a1, the

corrosion products at the velocity of 0.4 m/s are relatively
dense, but poor flatness is found in Fig. 8a2. However, the
corrosion products appear relatively dense, but uneven topog-
raphy is found in Fig. 8a3 at the velocity of 0.6 m/s.

In Fig. 8b1, b2, and b3, discrete holes (local corrosion)
appear, and the corrosion product film is relatively dense with
the increase of flow velocity in the bend pipe section, but it is
stripped seriously because of local corrosion aggravated by
turbulent scouring. So, the corrosion degree in the bend pipe
section is more serious than that in the straight section.

XRD analysis

Figure 9 shows the XRD phases of straight segment (a) and
bend segment (b). It shows that the CO2 corrosion products of
pipeline steel are mainly FeCO3 and Fe3C [36]. It should be
pointed out that Fe3C is not the corrosion product but the
remainder of carbon steel after the preferential dissolution of
ferrite [8, 14]. CaCO3 is the most scale observed in oil pro-
duction system and often exists as mixed carbonates.
Precipitation happens when their saturation degree is greater
than unity [37]. FeCO3 and CaCO3 have the same unit cell

Fig. 5 EIS plots of X100 in CO2-SPW under a simulated working condition at the flow rates of 0.2, 0.4, and 0.6 m/s: Nyquist impedance representation,
(a1) for just immersed and (b1) for immersed for 24 h; impedance module representation plots (a2) for just immersed and (b2) for immersed 24 h

Table 3 Fitted impedance parameters of X100 just immersed and have
been immersed for 24 h in dynamic CO2-SPW of different flow rates

Components Just immersed Immersed for 24 h

0.2 m/s 0.4 m/s 0.6 m/s 0.2 m/s 0.4 m/s 0.6 m/s

Rsoln (Ω·cm
2) 4.58 4.2 3.73 3.38 3.41 4.25

Ccp (μF/cm
2) - - - 9.27 m 8.7 m 611 μ

Rcp (Ω·cm
2) - - - 2.3 1.8 1.6

Cdl (mF/cm2) 346 μ 705 μ 773 μ 1.69 m 1.58 m 111 u

Rct (Ω·cm
2) 15.59 12.58 8.7 10.27 8.67 6.96

RL (Ω·cm
2) 4.31 5.52 4.10 3.93 3.63 2.34

L (H·cm2) 1.32 1.83 1.26 2.51 1.81 1.79
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type and similar caption radii and can co-exist in a solid solu-
tion. Ca can replace Fe in the crystal structure of FeCO3 and
form a mixed substitution solid solution, as Fe1−xCaxCO3

[38].

Numerical modeling and corrosion model

The flow type in this model is viscous incompressible isother-
mal steady flow, and the effect of gravity can be ignored.
When the temperature T = 60 °C, the density and viscosity

of water are ρ = 982.673 kg/m3 and μ = 4.688 × 10−3 Pa · s,
respectively. When the average velocity at the entrance isUavg

= 0.2 m/s on the cross section of the pipeline, the value of
Reynolds number is as follows (Eq. 1):

Re ¼ ρU avgD
μ

¼ 2:1� 104 > 4000 ð1Þ

The one-dimensional model does not take into account the
variation along the length direction of the pipe and only con-
siders the interaction between various substances and steel in

Fig. 7 Image of X100 immersed in dynamic straight segment (a1–a3) and bend segment (b1–b3) CO2-SPW at 0.2, 0.4, and 0.6 m/s for 24 h

Fig. 6 Equivalent circuits used
for fitting EIS results of X100 just
immersed (a) and have been
immersed for 24 h (b) in CO2-
SPW

999J Solid State Electrochem (2021) 25:993–1006



the boundary layer near the surface of the steel. The geometric
model is shown in Fig. 3a. The thickness of boundary layer
depends on Reynolds number, and the formula is shown in
Eq. 2. The variation of diffusion boundary layer and turbulent
boundary layer is related to mass transfer parameters.

δ ¼ 25*Re−
7
8*D ð2Þ

The δ is the thickness of the boundary layer, D is the diameter
of the pipeline, and Re is the Reynolds number.

Using the electrical analysis module in COMSOL, it is
assumed that all substances are dissolved in water and the
transport of substances is simulated by diffusion.
Considering three hydrolytic ionization reactions, three reduc-
tion reactions, and iron dissolution reactions in CO2 aqueous
solution, there are seven substances in the model, and the
diffusion coefficients of each substance are shown in Table 4.

The hypothetical equation for the properties of mass trans-
fer is:

∇ � −Di∇cið Þ ¼ Ri ð3Þ

Ni ¼ −Di∇ci ð4Þ
Di is the diffusion coefficient of components, ci is the concen-
tration of components, Ri is the consumption of chemical re-
actions, and Ni is the flux of materials.

According to the conservation of matter, the following for-
mulas are:

−n � N i ¼ 0 ð5Þ

The turbulent boundary layer is treated by adding the tur-
bulent diffusion term Dt to the diffusion coefficient, which
depends on the velocity, viscosity, density, and distance from
the steel surface.

Dt ¼ 0:18*
x
δ

� �3
*
μ
ρ

ð6Þ

The diffusion coefficient of substance is treated as the sum
of the initial diffusion coefficient and turbulent diffusion term:

Di ¼ Di0 þ Dt ð7Þ

Fig. 8 Micrographs of X100
immersed in dynamic straight
segment (a) and bend segment (b)
CO2-SPW at 0.2, 0.4, and 0.6 m/s
for 24 h

Fig. 9 XRD of X100 immersed in CO2-SPW under the straight segment (a) and the bend segment (b) condition at 0.2, 0.4, and 0.6 m/s for 24 h
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Equilibrium reactions and equilibrium constants in the sys-
tem are as follows:

H20↔Hþ þ OH‐ K1 ¼ 6:418� 10‐15 ð8Þ

CO2 þ H20↔H2CO3 K2 ¼ 2:680� 10‐3 ð9Þ

H2CO3↔Hþ þ HCO‐
3 K3 ¼ 1:251� 10−4 ð10Þ

HCO‐
3↔Hþ þ CO2‐

3 K4 ¼ 1:382� 10−10 ð11Þ

The hypothetical equation of equilibrium reaction is:

Keq¼ ∏
i∈product

ci=ca0ð Þvi =

∏
i∈reactant

ci=ca0ð Þ‐vi

In the formula, Keq is the equilibrium constant of each
reaction, ci is the concentration of substance, ca0 is the unit
active concentration, and υi is the corresponding chemical
equivalent coefficient. The equilibrium constant Keq is a func-
tion of temperature T. The electrochemical reactions on the
steel surface are as follows:

The anodic reaction is the dissolution of Fe:

Fe→Fe2þ þ 2e− ð12Þ
2Hþ þ 2e−→H2↑ ð13Þ
H2Oþ O2 þ e−→Hþ þ OH− ð14Þ
H2CO3 þ 2e−→2HCO3

− þ H2↑ ð15Þ

The initial concentration of CO2 is

CCO2 ¼ KCO2*PCO2 ð16Þ

Among them, KCO2 is the Henry constant of CO2, whose
value is related to temperature, and PCO2 is the partial pressure
of CO2.

Figure 10 shows the relationship between the concentration
changes of each substance from the steel surface distance at a
different flow velocity. In this figure, the concentration lines
of H+, OH−, H2CO3, and CO3

2− coincide with the concentra-
tion ofmost areas in the solution. The concentration of Fe2+ on
the surface of the matrix is higher than that in most areas of the
solution due to the dissolution of steel. In the catholic reaction,
as a result of the hydrolysis equilibrium reaction, H2CO3 re-
acts as the reactant and HCO3

− reacts as the product; the con-
centration of HCO3

− is higher than that in most areas of the
solution. At the same time, owing to the continuous dissolu-
tion of CO2 and the constant concentration of H2CO3, the
main form of reaction is CO2 consumption as a result. Due
to the hydrolysis equilibrium reaction of HCO3

−, it can buffer
the change of pH. The concentration of H+ and OH− in the
solution does not change with the change of distance from the
steel matrix; that is, the pH of boundary layer will not change
thanks to the chemical reaction. Take the concentration differ-
ence of Fe2+ as an example: the concentration difference of c
(Fe2+) is 0.09 mmol/l, as the flow velocity is 0.2 m/s (Fig.
10a); the concentration difference is 0.05 mmol/l, as the flow
velocity is 0.4 m/s (Fig. 10b); the concentration difference is
0.035 mmol/l, as the flow velocity is 0.6 m/s; according to Eq.
1, when the flow velocity changes, the Reynolds number
changes, and the boundary layer thickness changes (Eq. 2);
Figure 10 also verifies that when the flow velocity increases,
the thickness of boundary layer also turned from 0.2 to
0.1 mm and finally to 0.08 mm. It can be seen that the increase
of the flow velocity in the pipeline can be attributed to the
closer concentration of the boundary layer area and most of

Fig. 10 Concentration difference between substance concentration in the boundary layer and solution at different inlet velocities

Table 4 Modeled species with their respective diffusion coefficients

Substance CO2 H2CO3 HCO−
3 CO2−

3 H+ OH− Fe2+

Diffusion coefficient
(m2/s)·10–9

1.96 2.00 1.11 0.92 9.31 5.26 0.72
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the desorbed concentration in the solution, which is conducive
to the mixing of substances, reducing the polarization of con-
centration difference and promoting the chemical reaction.

The flow in the experimental pipeline is turbulent. The k-ω
turbulence model which is more accurate for the near-wall
region is selected in the simulation. The model equation is
shown in Eqs. (17)-(22) [39, 40]:

ρ u � ∇ð Þu ¼ ∇ �
h
¼ pI þ μþ μTð Þ ∇uþ ∇uð ÞT

� �
þ F ð17Þ

ρ∇ � uð Þ ¼ 0 ð18Þ
ρ u � ∇ð Þk ¼ ∇ � μþ μTσ

*
k

� �
∇k

� �þ Pk−β*
0ρωk ð19Þ

ρ u⋅∇ð Þω ¼ ∇⋅ μþ μTσωð Þ∇ω½ � þ α
ω
k
Pk−ρβ0ω

2 ð20Þ

μT ¼ ρk
ω

ð21Þ

Pk ¼ μT ∇u � ∇uþ ∇uð ÞT
� �h i

ð22Þ

Each constant in the model is defined as follows: α ¼ 5
9,

β0 ¼ 3
40, β

*
0 ¼ 9

100, σω ¼ 0:5 σ*
k ¼ 0:5; p is the pressure

function, k is the turbulent energy, ω is the specific dissipation
rate, μT is the eddy viscosity coefficient, Pk is the turbulent
energy generation term, σk* is the turbulent correlation coef-
ficient, and ∇ is the Schmitt operator. The Reynolds number in
the experimental conditions is about 1 × 104, and it is assumed
that the velocity distribution at the entrance follows the law of
1/7 power.

U ¼ Umax 1−
r
R

� �1
7 ð23Þ

In the formula, Umax is the maximum flow velocity, and R is
the radius of the pipeline. The maximum velocity obeying the
1/7 power law is about 1.2 times of the average velocity, and
the multiple decreases with increasing turbulence. The flow
field and mass transfer at the inlet maximum velocity of 0.2,
0.4, and 0.6 m/s are simulated and calculated. In all the input
simulation parameters, the exchange current density of Fe ion

is the sensitive factor, which has the greatest impact on the
simulation results.

Under the setting velocity field, the transfer of CO2 in the
pipeline is simulated without considering the chemical reac-
tion. The diffusion coefficient D is set to 2 × 10−9 m2/s, and
the concentration of CO2 at the given inlet is 0.03 mmol/l. The
hypothetical equation of dilute matter transfer is shown in Eqs.
(24) and (25):

∇ � −Di∇cið Þ þ u � ∇ci ¼ Ri ð24Þ
Ni ¼ −Di∇ci þ uci ð25Þ

Di is the diffusion coefficient, ci is the concentration of
substance, and Ni is the flux of diffusion substance.

The simulation results are shown in Fig. 11. Figure 11a, b,
and c are the flow field line distribution of the turbulent, and
the bend section is partially enlarged. The velocity at the top of
the pipe is higher than that at the bottom of the pipe, because
the direction of the flow field is forced to change due to the
change of the shape of the pipe, resulting in the uneven distri-
bution of the flow field. Due to the inertia of the fluid, the fluid
particles cannot adhere to the wall immediately at the turning
point, but leave the wall surface at the elbow, resulting in a
vortex. Because of the continuity of fluid flow, the fluid then
flows and swallows the vortex until the fluid fills the entire
pipe section. In the process of analysis, it is found that the
larger the velocity, the longer the duration of vortex.

In order to analyze the pressure distribution at different
positions in the pipeline, ① a lower straight pipe section, ②
the lower elbow section, ③ the 45° elbow section, ④ the
upper elbow section, and ⑤ a upper straight pipe section are
selected for analysis, as shown in Fig. 12a. Figure 12c shows
the pressure distribution in the pipeline at 0.2 m/s, and the
pressure distribution at section① is uniform, and the pressure
difference can be almost ignored. Due to the bending of the
pipeline, the streamline will bend. Under the action of centrip-
etal force, the pressure on the outer wall of the pipeline is
higher than that on the inner wall. On the outer side of the
pipe wall, the pressure increases first and then decreases, and
the pressure on the inner side first decreases and then

Fig. 11 Distribution of flow field at different inlet velocities 0.2 m/s, 0.4 m/s, and 0.6 m/s
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increases. Negative pressure appears at the elbow section, and
the fluid flows alternately in the pipe. In the process of vortex
generation and disappearance, friction, impact, and mass ex-
change will inevitably occur, which will consume a part of
mechanical energy. Therefore, the pressure of section ⑤ is
less than that of section①. In the above sections, the pressure
difference of section ③ is the largest, and the pressure differ-
ence gradually increases with the increase of flow rate, as
shown in Fig. 12b.

Figure 13 shows the distribution of CO2 concentration near
the wall at different flow rates. The CO2 concentration in the
elbow section is higher than that in the straight pipe section,
especially in the lower elbow, upper elbow, and vortex. When
the flow rate increases, the maximum concentration turns from
0.034 and 0.036 to 0.037 mmol/l, respectively, increasing
gradually. As shown in Fig. 12, changes in flow rate lead to
changes in fluid internal pressure. When the pressure drops to
the saturated vapor pressure of the liquid, the gas dissolved in
the solution will be separated in the form of small bubbles,

resulting in cavitation. In addition, as the pressure decreases,
the partial pressure of CO2 will also change so that CO2 is
separated in the form of gas and enriched in the high flow and
low pressure areas of the pipeline network. The flow rate and
reactant concentration at different positions of the pipeline
will affect the corrosion behavior of the pipeline. The detailed
analysis results are shown in Fig. 14a and b represent the
variation of CO2 concentration and wall shear rate along the
wall from the inlet to the outlet of the pipeline, respectively. In
Fig. 14a, CO2 concentration and wall shear stress are the
highest at 0.5 m that is section ②. At the bend section, when
the fluid flow direction is forced to change, it will cause a
strong impact on the bend pipe, and the additional fluid will
produce an extra force on the metal surface. The internal fric-
tion force (F) divided by the contact area (s) is the shear stress
(τ) in the liquid [10, 41].

τ ¼ F
S
¼ μSγ

S
¼ μγ ð26Þ

Fig. 12 Simulation results of pipeline pressure distribution. (a) Location of the sections. (b) Effect of velocity on pressure distribution of 45° cross
section. (c) Pressure distribution at various sections

Fig. 13 Distribution of CO2 concentration contour at different inlet velocities: 0.2 m/s, 0.4 m/s, and 0.6 m/s
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where μ is the viscosity, 4.688 × 10−3 Pa · s, and γ is the shear
rate. With the increase of flow rate, the shear rate increases,
and the wall shear stress turns from 1.41 to 8.44 Pa. High wall
shear stress can peel off the formed corrosion product film and
be carried away by the fluid. Especially, once the corrosion
product film is destroyed, a damaged area appears, which a
small anode becomes, and the rest of the corrosion products
cover the area as a large cathode. Meanwhile, the CO2 con-
centration increased; these characteristics will accelerate the
local corrosion of the damaged area. Compared with Fig. 14a
and b, the same corrosion-prone points appear at the upper
elbow of 0.75m, but the CO2 concentration (c 0.0338mmol/l)
and the wall shear stress value (3.75 Pa) are less than those in
Fig. 14a, so the preferred corrosion initiation point is on the
inner side of the lower elbow.

Figure 15 is the corrosion model of dynamic corrosion.
Figure 15a is the coupling field of flow velocity and CO2

concentration distribution in the pipeline. The COMSOL sim-
ulation results show that the separation area of the bend seg-
ment is the easy initiation point of corrosion, therefore taking
the area with red frame to discuss the corrosion process (Fig.
15b, c, d). The main equation of the reaction is as follows:

CO2 þ Feþ H2O→FeCO3↓þ H2↑ ð27Þ

The main product is FeCO3, accompanied by other carbon-
ate precipitation, and Fe3C which is left by steel dissolution
forms product film together as shown in Fig. 15c. At the initial
stage of corrosion, the product film can protect the matrix and
slow down the corrosion. However, under the working

Fig. 14 Distribution of CO2 concentration and shear stress along the pipeline. (a) Innermost side of the pipe. (b) Outmost side of the pipe

Fig. 15 Local corrosion mechanismmodel of X100 under dynamic conditions: (a) coupling filed of fluid velocity and concentration of CO2 and (b), (c),
and (d) the corrosion process
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condition, the flow of the fluid is mainly turbulent, and high
wall shear stress will lead to the spalling of the product film
(Fig. 7, Fig. 8, and Fig. 15d), resulting in the metal surface
exposed to the corrosive medium and strongly eroded by the
fluid. The reaction of ①, ②, ③ and ④ in Fig. 15b will
continuously be carried out, which leads to serious corrosion
of the matrix and an increase of corrosion current density. The
experimental research results under simulated working condi-
tions have more real guiding significance for the project.

Conclusion

A simulated working condition platformwas built to study the
corrosion behavior of X100 steel in saturated CO2 water. The
corrosion mechanism was analyzed by using the COMSOL
software as an auxiliary tool. The results are as follows:

1. The results of PDP and EIS show that the corrosion resis-
tance of X100 in the produced water of saturated CO2

oilfield decreases with the increase of the flow rate under
simulated real conditions.

2. The increase of flow rate accelerated the corrosion degree
of the samples, and the corrosion products accumulated
more in the same corrosion time. And with the increase of
the flow velocity, mass transfer will be enhanced, the steel
matrix will dissolve continuously, and all the reaction will
be continued, resulting in serious corrosion and high cor-
rosion current density.

3. The flow regime is turbulent under simulated working
conditions; at different locations, the flow condition is
different, and with the aggregation effect of CO2, the ini-
tiation point of corrosion easily occurred in the bend seg-
ment. The corrosion of the bend segment is more serious
than that of the straight segment.

4. Pipeline corrosion failure in engineering is mostly caused
by local corrosion, so the experimental results under sim-
ulated working conditions will have more guiding signif-
icance for engineering practice.
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