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Abstract: This work investigated the flow-accelerated corrosion (FAC) behavior of 13Cr in a wet CO,-containing environment at different
flowing gas velocities and impinging angles, with the natural-gas pipeline environment simulated by a self-assembled impingement jet sys-
tem. Surface morphology determination, electrochemical measurements, and hydromechanics numerical analysis were carried out to study
the FAC behavior. The results demonstrate that pitting corrosion was the primary mode of corrosion in 13Cr stainless steel. High-flow-rate
gas destroyed the passive film and decreased the pitting potential, resulting in more serious corrosion. The corrosion degree with various im-
pact angles showed the following order: 90° > 60° > 45°. The shear force and the electrolyte from the flowing gas were concluded to be the

determinant factors of FAC, whereas the shear force was the main factor responsible for destroying the passive film.

Keywords: flow-accelerated corrosion; jet loop; flowing velocity; impact angle; CO,

1. Introduction

Corrosion in the natural-gas transportation infrastructure
often results in security accidents [1]. H,S, CO,, and other
corrosive agents in natural gas dissolved in H,O are corro-
sive to the pipeline steel [2]. Because of the normal shortage
of deep dehydration of natural gas in real environments,
water vapor can condense to an electrolyte film containing
corrosive agents on the pipeline walls when the humidity
levels reach saturation, leading to corrosion [3—4]. Some
studies have shown that the humidity of the natural gas af-
fects the corrosion of pipeline steel [5—7]. Furthermore, flu-
ids with a high flow velocity, especially fluids containing

CO,, have been demonstrated to accelerate corrosion [8—10].

Thus, corrosion resulting from flowing gas containing CO,
in wet environments should be given more attention.
Flow-accelerated corrosion (FAC) occurs in a corrosive
environment in which the flowing gas accelerates the corro-
sion rate; specifically, the common effect of the electro-
chemical action and mechanical factor from the fluid in-
creases the corrosion rate [11-13]. FAC has been reported to
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strongly influence the corrosion and to be the main factor
responsible for the failure of the pipeline material [14].
Many authors have reported that damage to the protective
film and the metal surface from the fluid can cause more se-
rious corrosion [15-16], especially when the fluid contains
solid particles or corrosion products [17-18]. In addition,
FAC has been speculated to result from the interaction be-
tween electrochemical action and damage to the protective
film resulting from the shear force of the fluid [8]. Thus,
FAC should be investigated more intensively, especially in
natural-gas environments, because only a few studies on gas
environments have been reported and because the differ-
ences between flowing gas environments and liquid/solid or
multiphase environments are substantial. Notably, an actual
pipeline will suffer severe barometric surges from different
scouring angles at bends associated with the use of special
components such as elbow and tee joints, resulting in a
change in the shear stress [19]. Most gas pipeline failures
occur in these areas; however, research on this aspect is
scarce. Therefore, FAC behavior and the effects of scouring
angles on this behavior in natural-gas environments warrant
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further investigation.

Generally, three methods are used to study FAC: loop
systems [20], impingement jet systems [21], and the rotat-
ing-disc electrode (RDE) or the rotating-cylinder electrode
(RCE) method [22]. However, loop systems and RDE/RCE
are suitable only in liquid-dominated environments and
cannot be used in natural-gas environments. The process in
which the natural gas scours the surface can be simulated
with an impingement jet system. Therefore, FAC behavior
can be investigated by simulating actual natural gas trans-
port with an impingement jet system [23-24].

To meet the challenges in the exploitation of natural gas,
stainless steels have been used in mechanical engineering
efforts. 13Cr stainless steel can be used in a wide range of
applications because of its good ductility, machinability,
weldability, and especially good corrosion resistance. The
passive film of 13Cr stainless steel, consisting of FeCOs,
Cr(OH)s, and Cr,0s, is considered to exhibit strong protec-
tive characteristics in environments containing CO, [25-26].
Thus, studying the FAC behavior of 13Cr stainless steel in
simulated natural-gas environments is vital for the steel’s
use in mechanical engineering.

In the present work, a self-assembled impingement jet
system was used to simulate the natural gas with different
flowing velocities and impinging angles. The effect of
flowing velocity and impact angle on the FAC behavior of
13Cr in a gas environment containing CO, was investi-
gated by hydromechanical numerical analysis, corrosion
morphology analysis, and electrochemical measurements.
Such research provides essential insights into the FAC
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The flowing gas velocity from the nozzle was calculated
by

(M

where v, is the flow velocity from the nozzle. However, the

Int. J. Miner. Metall. Mater., Vol. 25, No. 7, Jul. 2018

behavior of 13Cr stainless steel in an actual gas pipeline
environment.

2. Experimental
2.1. Material and environment

The experimental material used in this work was 13Cr
stainless steel with a chemical composition (wt%) of 0.18 C,
0.85 Si, 0.18 Ni, 13.1 Cr, 0.95 Mn, 0.01 S, 0.17 Cu, and
0.02 P, with the balance comprising Fe.

The actual natural gas transportation environment was
simulated in a flow-accelerated corrosion apparatus with 80%
relative humidity, atmospheric pressure, N, as a noncorro-
sive gas, a No/CO, ratio of 9:1, and a temperature (25 + 1)°C.
The gas flow rate, humidity, and ratio were controlled by
adjusting valves, as shown in Fig. 1. A flow meter was in-
stalled between the outlet in Fig. 1(a) and the inlet in Fig.
1(b) to calculate the gas flow (L). Fig. 1(a) shows the natural
gas simulation device, in which the ratio of N,/CO, was
controlled via adjusting valves V1 and V2 according to the
values of pressure gauges P1 and P2, respectively. The wet
gas was achieved by passing the dry gas through vapor to
achieve a certain humidity level in the gas, as indicated by
the humidity sensor, the value of which was controlled via
adjusting valves V3, V4, and V5 according to the values of
pressure gauges P3 and P4. The distance and impinging an-
gle between the nozzle and the surface of the sample were
altered via adjustment of the position fixed on the sample
holder, where the nozzle-to-sample distance was 2 mm and
the nozzle diameter (d) was 1 mm.
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Schematic of the flow-accelerated corrosion apparatus: (a) natural gas simulation; (b) scouring apparatus.

actual flow velocity scouring on the surface of the sample
was smaller than the v, value calculated by Eq. (1) because
of the distance between the nozzle and the surface, as shown
in Fig. 2. The actual flow velocity impinging on the sample
was calculated by the software FIoEFD 12.1, and the results



Y. Li et al., Flow-accelerated corrosion behavior of 13Cr stainless steel in a wet gas environment containing CO, 781

are shown in Table 1. The impacting angles in the study
were 45°, 60°, and 90°.
A Laminar region

B Transition region
C Wall jet region

Boundary of jet
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Hydrodynamic
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Fig. 2. Simulation of fluid mechanics in the injection scouring
model.

Table 1. Actual scouring velocities according to the initial
flow velocities

Initial flow velocity / (m-s™) Actual flow velocity / (m-s™)

10 2
15 6
30 14
50 28

2.2. Electrochemical test

The dual-electrode model was used for electrochemical
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impedance spectroscopy (EIS); the auxiliary and working
electrodes (titanium alloy and 13Cr steel) were arranged in
alternating fashion, as shown in Fig. 3. The dimensions of
all of the electrodes used in the EIS experiments were 1 mm
x 1 mm x 3 mm, and copper wires were soldered onto their
back surfaces. The electrodes were coated with epoxy resin,
leaving a work area of 1 mm % 1 mm, with a distance of
0.5 mm. In the tests, the electrodes were placed parallel to
each other and were insulated from their neighboring elec-
trodes.

The polarization curves were recorded with a concentric
three-electrode system. Fig. 3(b) shows the sample, with an
Ag/AgCl electrode as the reference electrode, the 13Cr steel
sample as the working electrode, and a titanium alloy elec-
trode as the auxiliary electrode. The samples were coated
with epoxy and soldered with copper wires at their back.
The diameter of the reference electrode was 1.5 mm, the
inner and outer diameters of the working electrode were 2
mm and 3 mm, respectively, and the inner and outer di-
ameters of the auxiliary electrode were 4 mm and 5 mm,
respectively. The electrodes were positioned in an alter-
nating arrangement and were insulated from their neigh-
bors, as shown in Fig. 3(b).
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- Work
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Fig. 3. Samples for the electrochemical tests: (a) EIS; (b) polarization curves.

All of the samples were polished to 5000 grit with
fine-grain emery paper and then cleaned with acetone. The
Ag/AgCl electrode was checked by referring to a standard
hydrogen electrode in 1 mol/L KCI solution; the corres-
ponding reference electrode potential was 0.25 V and
changed by 0.5 mV over 12 h, which completely conformed
to the requirements for a reference electrode. After 2 h of
scouring, all tests were carried out on a Gamry Reference
3000 electrochemical workstation. After the open-circuit
potential (OCP) stabilized, EIS was carried out in the fre-
quency range from 100 kHz to 10 mHz, with a sinusoidal
disturbance signal of 10 mV at OCP. The polarization curves
were recorded at a scanning rate 0.5 mV/s over the scanning
range from —0.5 Vto 1.2 V vs. OCP.

2.3. Surface morphology

Samples with dimensions of 15 mm x 15 mm x 3 mm
were embedded in phenolic molding powder, leaving a
working surface 15 mm x 15 mm, for observation of their
surface morphology. The samples were polished from 60 to
5000 grit with fine-grained emery paper and were then
cleaned with acetone and dried with a dryer. After being
scoured for 12 h, the samples were withdrawn from the
vessel, cleaned with acetone, and dried under a stream of ni-
trogen. The surface morphology of the samples was ob-
served by optical microscopy and scanning electron micro-
scopy (SEM; Cambridge S-360 SEM); the corrosion com-
position was analyzed by energy-dispersive spectrometry
(EDS). After the samples were derusted at 60°C for 20 min
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with a solution composed of 100 mL of HNO; and 1000 mL
of distilled water, the samples were cleaned sequentially
with distilled water and acetone and then dried in a dryer.
The pit depth was analyzed according to the distance of the
position from the center of the scouring point; the distribu-
tion and pitting depth were observed with a stereoscopic
microscope (Keyence VHX-2000).

According to the mass transfer coefficients (K) [27], the
surface subjected to FAC was divided into three parts ac-
cording to the value of x/d (where x is the distance of the
position from the center of the scouring point): central area
A (x/d < 1.1), transitional area B (1.1 <x/d <2.2), and lateral
area C (x/d >2.2), as shown in Fig. 2. The mass transfer
coefficient at the central area (K..,) and the transitional area
(Kiran) are defined as [27]
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where y is the kinematic viscosity, v is the flow velocity and
D is the diffusion coefficient.
All the tests were carefully conducted in triplicate to en-
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sure the reproducibility and reliability of the results.

3. Results
3.1. Effect of flow velocity

Fig. 4 shows the microscopic microstructure of the cen-
tral area of the sample after FAC for 12 h at an impact angle
of 90° under various flow velocities. The number and radius
of pits increased with increasing flow velocity. The most
severe corrosion occurred at the flow velocity of 28 m/s, as
judged by the number of pits. When the flow velocity in-
creased from 2 m/s to 14 m/s, the increase in FAC was small;
we concluded that 28 m/s was the critical velocity for the
80% humidity condition.

Fig. 5 shows the Nyquist plots for 13Cr stainless steel in
the central area at an impact angle of 90° with different
flow velocities. As shown in Fig. 5(a), only a capacitive loop
can be observed. The arc radius with the flow velocity of 2
m/s was the biggest. Increasing the flow velocity decreased
the radius, indicating that corrosion resistance decreased
with increasing flow velocity. Fig. 5(b) shows the corres-
ponding Bode diagram. The phase angle was higher than 45°
at low frequencies, and a break occurred at high frequencies.

Fig. 4. SEM surface morphologies in the central area of 13Cr stainless steel samples under flow velocities of 2 m/s (a), 6 m/s (b), 14

m/s (c), and 28 m/s (d) at an impinging angle of 90°.
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Fig. 5. Nyquist (a) and Bode plots (b) of 13Cr stainless steel at different flow velocities with an impinging angle of 90°.

The impedance data in Fig. 5 were fitted using the
ZsimpWin software; the equivalent circuit is shown in Fig. 6,
and the results are shown in Table 2. In Fig. 6, R; is the solu-
tion resistance, QO is the capacitance of the corrosion film, Ry
represents the resistance of the corrosion film, Qy is the
charge transfer capacitance of the electric double layer, and
Ry is the charge transfer resistance of the electric double
layer. Table 2 shows that R; and R; decreased with increas-
ing flow velocity and that the values corresponding to flow
velocity of 28 m/s were the smallest. These results indicate
that high flow velocity enhanced the transport of the

electrolyte and destroyed the passive film. The value of re-
sistance was mainly controlled by Ry; the variation is shown

in Fig. 7. The value of Ry decreased with increasing flow
velocity, indicating that high flow velocity increased the
transfer resistance of the electric double layer.

R, O

Fig. 6. Equivalent circuit used to model the EIS data.

Table 2. The fitting results

Flow velocity /(ms™) R,/ (Qem®)  Of/ (Fem>Hz'™")  n R/ (Qem®)  Qu/(Fem>Hz' ™" n,  Ry/(Qemd)
2 34.15 1.010 x 107 0.6978 16.029 5276 x10°° 09166  1.782 x 10°
6 26.39 1721 x 107 0.8596 17.93 7.185x10°° 0.6291  7.798 x 10°
14 14.32 1.482x 107 0.6512 15.51 1.861 x 107 08765  6.909 x 10°
28 2.638 1.881 x 10 0.7925 13.23 4816 x 107 08137  3.323x10°
2500 velocity were not obvious. The pitting potential (determined
by the intersection of the tangent lines of current density in
2000 the passive range and the breakdown stage) at a flow of 2
c 1500 m/s was the highest, and the pitting potential at a flow ve-
5 1500 . . .
é locity of 28 m/s was the lowest. The high flow velocity ob-
= 1000 L viously decreased the pitting potential. The results are con-
= sistent with the results in Figs. 4 and 5. We concluded that a
s00 L high flow velocity destroyed the passive film, accelerating
the pitting corrosion.
0 3 14 28 3.2. Corrosion analysis and evaluation
Velocity / (m's™) ) .. . .
Fig. 9 shows the statistics of pit depth after derusting at
Fig. 7. The charge transfer resistance as a function of flow . . . .
velocity various locations according to the distance from the center

Fig. 8 shows the polarization curves of 13Cr stainless
steel impacted at 90° with different flow velocities. Changes
in the corrosion potential and current with increasing flow

of the scouring point on the surface of samples scoured at
different flow velocities and at an impinging angle of 90°.
As shown in the figure, the deepest pits were observed for
the flow velocity of 28 m/s; pit corrosion with the flow
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Fig. 8. Polarization curve for 13Cr stainless steel scoured at
different flow velocities and at an impinging angle of 90°.
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Fig. 9. Statistics of pit depth at various locations on the sur-
face at different flow velocities with an impinging angle of 90°.

velocity of 2 m/s was weak, and high flow velocity in-
creased the pit depth. The most serious pit corrosion oc-
curred at the transportation area (distance 500 um to 1500
um from the center) with the flow velocities of 14 m/s and
28 m/s. The corrosion of the lateral area (distance greater
than 1500 um from the center) was weak, whereas that of
the center area (distance smaller than 1500 wm) was mod-
erate. Hence, 14 m/s was the critical flow velocity of FAC
for 13Cr stainless steel.

Fig. 10 shows the statistics of corrosion pit depth after
derusting for FAC of 13Cr stainless steel at different im-
pinging angles. Because the FAC of 13Cr stainless steel at
low flow velocities was weak, the statistics of corrosion pit
depth with the flow velocity of 28 m/s was conducted, as
shown in Fig. 10. The greatest depth value of the corrosion
pits was 0.66 um, 0.55 pm, and 0.32 pm at impinging angles
of 90°, 60°, and 45°, respectively. The deepest pits were ob-
served in the curve at an impinging angle of 90°. The loca-
tion where the deepest pits occurred moved outward from
the center with decreasing impinging angle. At impinging
angles of 60° and 45°, the corrosion in the flow direction
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was more serious than that on the other side. Overall, the
corrosion degree with various impact angles showed the
following order: 90° > 60° > 45°.

F —=—45°
—e—60°
L —a—90°
§ 0.0
=
S 02F
a
0.4F
0.6 F

1 1 1 1 1 1 1
—2000-1500-1000 =500 0 500 1000 1500 2000
Distance / pm

Fig. 10. Average corrosion rate at various locations on the
surface, with a flow velocity of 28 m/s at different impinging
angles.

4. Discussion
4.1. Effect of flow velocity on FAC

To investigate the reaction mechanism, we used EDS to
analyze the corrosion products after FAC; the results are
shown in Table 3. After Fe, C, and O, Cr was the dominant
element in the corrosion products; the Cr concentration was
greater than 13.1%, indicating that Cr was enriched in the
corrosion products. These results demonstrate that the oxid-
ative product of Cr generated in the electrochemical reaction
and attached to the metal surface could protect metal from
corrosion.

Table 3. Results of EDS analysis of the corrosion products
under different flow velocities

Velocity / (m-s ™) C o Fe Cr
2 3.55 15.63 60.91 19.91
6 3.34 17.27 61.83 17.56
14 3.30 16.32 62.85 17.53
28 2.51 1591 62.73 18.85

Cr can enhance the stain resistance of metals, especially
in environments that contain CO, gas. The main corrosion
mechanism of 13Cr is summarized as follows [25-26]:

Fe — Fe’" +2¢” )
Fe+HCO; — FeCO; +2¢” +H' 5)
Fe+CO3 — FeCO; +2¢” (6)
Cr+30H™ — Cr(OH), + 3¢~ @)

Cr(OH); would dehydrate to generate Cr,O; and other Cr
compounds:
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2Cr(OH); — Cr,04 +3H,0 )

The corrosion products mainly consisted of FeCO; and
Cr(OH); when 13Cr stainless steel was scoured under the
electrolyte with CO,. As shown in Fig. 4, most of the sam-
ples’ surfaces were protected from corrosion, meaning that a
compact passive film formed and protected the metallic ma-
trix, which mainly consisted of Cr compounds.

FAC behavior was affected by the electrochemical reac-
tion and by scouring. In the presence of H,O, the electro-
chemical reaction occurred on the surface of the metal while
the flowing electrolyte accelerated the transport of the ions
in the electrochemical reaction process, resulting in a high
corrosion rate. As shown in Figs. 5 and 7, high flow velocity
decreased the resistance of the 13Cr stainless steel, espe-
cially the charge transfer resistance of the electric double
layer (Table 2). In contrast, the destruction of the passive
film (Fig. 4) decreased the pitting potential (Fig. 8), which
reduced the protection ability of the passive film and in-
creased the corrosion rate. Furthermore, the shear force from
the flowing gas damaged the protective film on the surface
of the metal [11-12]; in addition, solid corrosion particles
containing additional corrosion products, which led to high
shear force, resulted in more serious damage to the film,
which increased the corrosion rate, leading to more corro-
sion products. The shear force of the flowing gas was related
to the flow velocity and size and density of the corrosion
products.

As shown in Fig. 4, high gas flow rates led to the forma-
tion of more pits in the metal surface as a result of damage
to the protective film. The damage of the passive film acce-
lerated the reaction. The region where the passive film was
damaged acted as an anode in the electrochemical reaction,
the rate of which was higher than at the other regions, result-
ing in pits on the surface of the metal. Thus, we concluded
that FAC of 13Cr stainless steel was caused by the combined
effect of shear force and electrochemical reaction [13].

4.2. Analysis of pit distribution

The shear stress resulting from the flowing gas was one
of the main factors affecting the FAC. The distribution of
the direction and velocity of the flowing gas on the surface
of the metal was not uniform, which caused an asymmetric
distribution of the pitting locations. As shown in Fig. 2, ac-
cording to hydromechanics and the effect of the shear stress
on the surface of the metal, the degree of corrosion on the
surface was divided into three areas: laminar zone A (central
area), transitional area B, and jet region C (lateral area). We
speculate that the central area A experienced a low velocity
and smaller shear stress; the effect of the flow gas on the

electrolyte process and the shear force was not obvious, and
few pits were observed. The transitional area B suffered
great shear force and electrochemical reaction, resulting in
many pits, whereas lateral area C mainly suffered electro-
chemical reaction resulting from the gradual decrease in the
shear force and mass transfer, as shown in Fig. 9.

The shear force from the flow gas on the surface of the
metal can be divided into two components: the force in the
normal direction and that in the tangential direction. The ef-
fect of the flow gas can be expressed by energy (E) as

P
E= B Q)
where p is the fluid momentum, m is the fluid quality. In ad-
dition, the energy of the shear force in the normal direction
(Enormar) and that in the tangential direction (Ejyerny) can be

expressed as

: 2 2
sin my .
Enormal = (psing) = 51n2¢ (10)
2 2
2 2
Elateral = (pcos¢) = e COSz¢ (11)
2m 2

where ¢ is the eroding angle, and v is the flow velocity. Thus,
with the impinging angle of 90°, the eroding angle was 0°,
indicating that the central area suffered only the electro-
chemical reaction without the shear force parallel to the sur-
face and that the outer area of the center suffered the shear
stress. Thus, we concluded that the pit depth influenced by
the flowing velocity in Fig. 10 was caused by the shear force
and the impinging angle.
According to Refs. [28-30], the shear force can be de-
fined as
d
7, = AP4_Z (12)
where 1, is the shear force, / is the flow distance, d is the
nozzle diameter, and AP is the pressure drop over the
flow distance. The AP can be calculated by
AP = lp_"z (13)
d 2
where v is the flow velocity, f'is the D’ Arcy friction coeffi-
cient of the flow, and p is the density of the fluid. Thus,

1
7 =g PR’ (14)
The f'can be represented by the Reynolds number Re as
64
=— 15
A Re (15)
where Re is defined as [31]
Re = Ci (16)
e

where d is the diameter of the nozzle, v is the flow velocity,



786

and y is the kinetic viscosity of the fluid. In this work, y =
0.01 cm*s ™", Therefore, Eq. (12) can be represented by Egs.
(14)—(16) as
8pyv

7, = % (17)

We therefore concluded that the shear force is propor-
tional to the velocity; the shear force increases with increas-
ing flowing velocity. Thus, the shear force determined by
flowing velocity was the main factor responsible for severe
pitting, as shown in Fig. 9.

5. Conclusions

In this study, the FAC behavior of 13Cr stainless steel
was investigated at different gas flow velocities and impact-
ing angles in a wet gas environment containing CO,. Pitting
corrosion was observed, which accelerated with increasing
flow rate of gas. The transition area obviously suffered the
most serious pitting corrosion when the gas flow was greater
than 14 m/s. With a decrease in the impact angle, the loca-
tions where the deepest pits occurred moved outward from
the scouring center and the pitting degree decreased (90° >
60° > 45°),

The FAC behavior was controlled by the electrolyte dif-
fusion rate and by the shear stress from the flowing gas. The
shear force was the main factor responsible for destroying
the passive film, thereby accelerating the corrosion rate.
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