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Abstract
The corrosive environment in long-distance natural gas pipeline was simulated by the online high shear stress flow test

platform. The interaction between flow fields and local corrosion in different local corrosion stages was studied by

machining different depths rectangular defect pit (RDP) on X80 pipe steel specimens. The electrochemical signals of each

specimen under high shear stress flow were measured online using an integrated three-electrode and electrochemical

system. Raman spectroscopy confirmed that the corrosion scale of X80 pipeline steel in CO2-saturated National Associ-

ation of Corrosion Engineers solution was composed of FeCO3. The scanning electron microscope images displayed

variations in microstructure of the corrosion scale at different RDP depths and different areas. The flow field fluctuations

induced by RDP were analyzed by computational fluid dynamics simulations and the development of local corrosion pits

was discussed in terms of integrity of corrosion scale, convective mass transfer, and diffusion mass transfer.
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1 Introduction

The economic losses caused by corrosion in oil and gas

transportation industries are considerable due to extensive

use of carbon steel pipelines [1–4]. In natural gas trans-

portation pipelines, it is particularly easy to produce

corrosion on carbon steel due to the presence of both

condensate water and CO2 [5–9]. Numerous studies have

shown that the uniform corrosion in pipelines is a

stable and slow process and does not affect the safety of

operations [10, 11]. However, local corrosion occurs more

often and there exists greater threat to safe operation of

pipelines, especially in high-speed flow media [12–20].

The corrosion mechanism of carbon steel has been studied

in carbon dioxide aqueous solutions [21, 22]. However, the

flow fluid in pipelines rendered the corrosion process more

complex, especially in terms of interactions between the

corrosion and flow during the development of local cor-

rosion. Therefore, it has great significance to study the

development process of local corrosion for safe operation

of gas and oil pipelines.

The occurrence of local corrosion would change the

surface morphology of pipelines, leading to inhomoge-

neous local flow fields. Different from corrosion under

stable flow field, locally produced uneven flow fields will

result in locations with different corrosion characteristics.

The fluctuation in flow field will directly affect the con-

vection mass transfer process at the solid–liquid interface

[23]. Meanwhile, the specific positions would be
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mechanically affected by uneven flow fields, which can

effectively destroy some formed corrosion scale, as well as

affect the porosity and diffusion mass transfer processes

[24, 25]. CO2 corrosion of carbon steel produces iron

carbonate (FeCO3) mostly, and the dense FeCO3 corrosion

could slow down the corrosion process by preventing ions

transfer between the solution and iron matrix effectively

[26–28]. However, loose corrosion scale provides micro-

channels for mass transfer to accelerate the corrosion

process. On the other hand, total destruction of local cor-

rosion scale and exposure of the matrix will accelerate the

corrosion process of matrix. Therefore, the influence on

corrosion process under flow would mainly include mass

transfer, integrity, and porosity of corrosion scale.

Numerous studies have reported changes in mass

transfer process caused by fluctuations in local flow field

and established mass transfer models of related flow field

parameters [29–33]. However, these studies on corrosion

under flow conditions were carried out by conventional

experimental apparatus mostly [22, 34–40]. The influence

of fluid boundary layer at low flow rates will limit flow

systems from forming strong wall shear stress on solid

walls. Hence, it is hard to evaluate the wall shear stress on

walls caused by local turbulence. To evaluate the effect of

local turbulence accurately, the flow field fluctuation near

solid–liquid interfaces need be strengthened.

In this work, X80 pipeline steel specimens with rect-

angular defect pit (RDP) were used to simulate local cor-

rosion pits. The relationships between flow field parameters

and local corrosion processes of vertical wall and bottom

surfaces of RDP were analyzed. The corrosion tests were

performed to improve thin liquid film channel of three-

electrode system in National Association of Corrosion

Engineers (NACE) solution. After the solution was deox-

idized, CO2 was purged until it was saturated. The corro-

sion was studied by online electrochemical measurements,

including open circuit potential (OCP), electrochemical

impedance spectroscopy (EIS), and linear polarization

resistance (LPR). The composition of corrosion scale was

detected by Raman spectroscopy and microstructures at

different locations were observed by scanning electron

microscopy (SEM). The flow field fluctuations induced by

RDP were further analyzed by combining with computa-

tional fluid dynamic (CFD) calculations. The results

revealed that different RDP depths induced variable flow

fields, resulting in development of different regions and

mechanisms of local corrosion.

2 Experimental

2.1 Setup

The flow system was composed of anti-corrosion plastic

and the cooling system was made of 316L steel (Fig. 1)

[38]. The test channel was made of plexiglass with size of

600 mm 9 100 mm 9 4.5 mm. The inlet and outlet of the

channel were equipped with solution distribution box to

ensure uniform distribution of solution in test channel

(Fig. 2). The test port was located at test channel bottom

and connected the integrated electrode by thread. The

three-electrode system was arranged as equilateral trian-

gular on the same plane with distance between the center of

each electrode set to 15 mm (Fig. 3) [40]. The reference

electrode and the counter electrode are arranged on the

same side of the work electrode and parallel to the flow

direction, to avoid the flow field of the work electrode

surface from being interfered by other electrodes. During

the experiments, the flow velocity was set to 5 m/s.

2.2 Materials and specimen preparation

To ensure consistent composition and metallurgical state of

each specimen, all specimens were cut from the same piece

of X80 pipeline steel. The chemical compositions are listed

in Table 1. The specimens were cube-shaped with side

length of 10 mm. RDP with depths of 0.3, 0.6, 0.9, 1.2 and

1.5 mm was machined on the test surface (Fig. 4). Before

the experiments, the test surface was ground with 400, 600,

800 and 1000 grit sandpapers in sequence, then degreased

with acetone and dried.

Fig. 1 Experimental setup. 1–CO2 cylinder pressure meter; 2–CO2

cylinder valve; 3–CO2 cylinder; 4–gas flowmeter; 5–CO2 flow valve;

6–cooling medium outlet; 7–cooling medium inlet; 8–solution

container; 9–solution pump; 10–solution flow master valve; 11–

electrochemical test system; 12–data storage computer; 13–rear

solution distribution box; 14–test channel; 15–test electrode; 16–

front solution distribution box; 17–solution flowmeter; 18–solution

control valve; 19–solution return valve
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To simulate condensate solution in natural gas trans-

portation pipelines, corrosion test solution was used as

recommended by NACE. The solution was made by dis-

solving 0.5 wt.% acetic acid and 5 wt.% sodium chloride

in water, and then purged by CO2 to CO2-saturation after

deoxygenation with N2. The pH of the solution was kept at

2.7 ± 0.02 and temperature was set to 40 ± 1 �C under

atmospheric pressure.

2.3 Electrochemical measurements

An integrated three-electrode system was used to achieve

online testing under the dynamic flow system (Fig. 3). To

this end, X80 pipeline steel specimen with RDP surface

characteristic was employed as working electrode (WE),

high purity zinc as reference electrode (RE), and platinum

as counter electrode (CE). The electrochemical tests were

performed on Solartron 1280C electrochemical workstation

and each test lasted for 16 h. EIS measurements were

obtained at 5 mV sinusoidal potential excitation and

frequencies from 1 to 10 mHz. LPR was obtained

from - 5 to 5 mV relative to OCP at scan rate of 0.01 mV/

s.

2.4 Surface analysis

The micro-morphologies of specimens subjected to corro-

sion testing under flow were analyzed by SEM (FEI

QUANTA FEG2500). Note that the iron matrix affected

the detection results in regular component detection

methods (X-ray diffraction and energy dispersive spec-

troscopy) due to the very thin aspect of corrosion scale.

Therefore, compositions of corrosion scale were analyzed

by Raman spectroscopy (Renishaw RM-3000) at wave-

lengths of 50–1600 cm-1 under He–Ne laser signal exci-

tation of 10 lW and wavelength of 632.8 nm. The flow

field induced by RDP varied with position. To detect cor-

rosion scale of each RDP area, SEM test was performed by

labeling.

2.5 Computation of flow field

The flow parameters near RDP were calculated by CFD

(ANSYS FLUENT 15.0). A two-dimensional model of

longitudinal cross-section of the testing channel with size

of 600 mm 9 4.5 mm was built due to symmetry of flow

field. RDP was located at the center of bottom of the testing

channel. The grid measured 10 mm in length and centered

on RDP of 0.025 mm 9 0.025 mm with grid size of both

ends measuring 0.5 mm 9 0.025 mm. The fluid was con-

sidered as incompressible and the wall was considered as

adiabatic. Standard k-e with enhanced wall treatment

Fig. 2 Details of test channel

Fig. 3 Details of test channel and integral electrochemical probe. 1–

Insulation material; 2–reference electrode; 3–counter electrode; 4–

work electrode

Table 1 Chemical composition of X80 pipeline steel (wt.%)

Mn Si Mo C Nb V Cr Ni Ti P S Fe

1.83 0.28 0.22 0.063 0.061 0.059 0.03 0.03 0.016 0.011 0.0006 Balance

Fig. 4 Specification of RDP with flow direction. a Side view; b top

view
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model was used for the simulations. The inlet was set as

uniform velocity inlet (5 m/s) and outlet as outflow with

standard atmospheric pressure of 0.1013 MPa. The simu-

lations converged when residuals of all equations became

stable and below 0.0001.

3 Results

3.1 Electrochemical measurements

EIS results of specimens with different RDP depths in

CO2-saturated NACE solution are depicted in Fig. 5. Note

that specimens with different RDP depths induced various

spectral characteristics. At RDP depths of 0.3, 1.2 and

1.5 mm, capacitive semicircle and inductive loop were

identified at high and low frequencies, respectively. By

comparison, two capacitive semicircles were observed at

RDP depths of 0.6 and 0.9 mm. Thus, local defects at

different depths had various effects on the corrosion of X80

pipeline steel under the flow.

The equivalent circuits and the fitting parameters are

shown in Fig. 6. In the equivalent circuit, Rs represents the

solution resistance, Rct is the charge transfer resistance, L is

the inductance, RL is the inductive resistance, Qdl is con-

stant phase element (CPE) related to the double-layer

capacitance, Rf is the resistance of corrosion scale, Rdf is

the resistance of dense film, and Qf is CPE of corrosion

scale [41]. Considering the inhomogeneity and roughness

of the surface, Qdl (constant phase angle element) was

employed instead of ideal capacitance.

3.2 Corrosion rate

The corrosion rates of X80 steel specimens with different

RDP depths were obtained by measuring and fitting the

LPR test data. The polarization resistance (Rp) of the cor-

rosion is given by [38]:

Rp ¼
DE
DI

ð1Þ

where DE and DI are the potential and current changes due

to the input of the electrical signal. Based on the Stern-

Geary equation, the corrosion current (Icorr) is given as

follows:

Icorr ¼
babc

2:303 ba þ bcð Þ
1

Rp

¼ B

Rp

ð2Þ

where ba and bc are the Tafel constants; and B is the Stern-

Geary constant, 18 mV. The corrosion rate (Vcorr) can be

calculated by:

Vcorr ¼
MIcorr
nqFA

ð3Þ

where M is the molar mass of iron; n is the number of

transferred electrons; q is the density of iron; F is the

Faraday constant; and A is the surface area of the

specimens.

As shown in Fig. 7, maximum corrosion rate was

obtained at RDP depth of 0.3 mm. When the depths of

RDP increased to 0.6 mm, the corrosion rates decreased

significantly but slowly rose as depth continued to increase.

Fig. 5 EIS for specimens with different RDP depths. a Nyquist plots; b bode and |Z| plots
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3.3 Corrosion scale microstructure
and composition

After 16 h of corrosion testing under the flow, the

microstructures of specimens were characterized by SEM

and the results are illustrated in Fig. 8. Complete corrosion

scale was exhibited on upstream of RDP. Hence, single

wall shear stress could not sufficiently destroy dense and

complete corrosion scale under 5 m/s flow. For specimens

with 0.3 mm depth RDP, the corrosion scale in the pit and

in its downstream looked obviously damaged by fluid flow.

Complete corrosion scale formed in all areas of the tested

surfaces with RDP depths of 0.6 and 0.9 mm. Specimens

with RDP depths of 1.2 and 1.5 mm only in RDP area

showed damaged corrosion scale, where complete corro-

sion scale formed at upstream and downstream of RDP. In

Fig. 9, the bands of Raman spectroscopy were consistent

with siderite (FeCO3) reported in the literature, confirming

that corrosion scale was composed of FeCO3 mainly

[42–44].

3.4 Flow parameter calculation

The flow parameter distribution was simulated by CFD.

The flow parameters in both horizontal and vertical direc-

tions near the wall were obtained for analyzing the reaction

process occurring at solid–liquid interface. The parameters

in horizontal direction near the wall are depicted in Fig. 10.

The upstream distribution of Reynolds number (Re) for

different RDP depths looked basically the same and dis-

played a peak in RDP. As RDP depth rose, the peak

position moved backward and tended to be stable. The

maximum Re was visible at turn point of RDP downstream.

By comparison, another Re peak appeared in RDP down-

stream at 0.3 mm depth RDP. The wall shear stress (WSS)

distribution in horizontal direction near the wall of differ-

ent RDP depths appeared basically the same as that of Re.

However, no WSS peak was visible at RDP downstream

for 0.3 mm depth. The absolute pressure (ABP) distribu-

tion in the horizontal direction near the wall showed that

maximum and minimum pressures of specimens with dif-

ferent RDP depths both appeared at turn point of RDP

downstream. At RDP depth of 0.3 mm, the maximum

pressure difference at turn point of RDP downstream

reached 9000 Pa. As RDP depth increased, the pressure

difference decreased and tended to be stable.

The flow field parameters of RDP upstream vertical wall

are displayed in Fig. 11. Two Re peaks were observed and

attributed to the turn point and the main reflux vortex in

RDP. Three WSS peaks were noticed at RDP upstream

Fig. 6 Equivalent circuit for test impedance with different corrosion pit depths. a 0.3, 1.2, and 1.5 mm; b 0.6 and 0.9 mm

C
or

ro
si

on
 ra

te

Fig. 7 Corrosion rate of X80 steel specimens with RDP (error bar

represents standard deviation of three set tests under same conditions)
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vertical wall, attributed to the turn point, the main reflux

vortex in RDP, and the small reflux vortex in the back-flow

negative pressure zone. The absolute pressure distribution

showed much lower value at RDP upstream vertical wall at

depth of 0.3 mm when compared to those obtained with

deeper RDP specimens. Overall, Re of RDP upstream

vertical wall looked low, and the effect on corrosion scale

was insufficient.

The flow field parameters of RDP downstream vertical

wall are gathered in Fig. 12. As RDP depth rose, Re at RDP

downstream vertical near-wall also rose gradually. For

specimens with fixed RDP depth, Re decreased with ver-

tical depth. When RDP depth was above 0.9 mm, a Re

peak with low intensity was recorded due to the small

reflux vortex formed in the positive pressure region. WSS

distribution showed two peaks at RDP vertical wall

downstream. The first peak was located at turn point of

RDP downstream and decreased with RDP depth. The

second peak reflected the influence of fluid impact on the

vertical wall downstream of RDP, where WSS rose rapidly

with RDP depth and then tended to be stable. The absolute

pressure on RDP downstream vertical wall decreased

Fig. 8 SEM of corroded surface. a RDP upstream; b RDP upstream corner; c RDP bottom; d RDP downstream corner; e RDP downstream

Interaction between local corrosion and flow field of natural gas long-distance pipeline by… 1031

123



rapidly with depth, and the shallow pit showed higher

pressures in RDP downstream.

4 Analysis of flow affected local corrosion

4.1 Mechanism of reaction

The reaction mechanisms of steel–carbon dioxide corro-

sion have been investigated widely. Some studies revealed

that the reaction mechanisms mainly depend on pH and

temperature of the solution [9, 40, 45]. Here, pH of the

corrosion solution was kept at 2.7 ± 0.02 at temperature of

40 �C. The cathodic reactions mainly included the reduc-

tion of hydrogen ions and carbonic acid according to

Eqs. (4) and (5):Fig. 9 Raman spectrum of corrosion scale and downstream of 0.3 mm

RDP

(a) (b)

(c)

Fig. 10 Flow field parameters near-wall in direction of flow to horizontal direction. a Re; b WSS; c ABP

1032 Z.W. Tan et al.

123



2Hþ þ 2e ! H2 ð4Þ

H2CO3 þ 2e ! CO2�
3 þ H2 ð5Þ

The anodic reaction would mainly consist of the iron

dissolution following Eqs. (6)–(8):

Feþ H2O ! FeOHads þ Hþ þ e ð6Þ

FeOHads ! FeOHþ þ e ð7Þ

FeOHþ þ Hþ ! Fe2þ þ H2O ð8Þ

The inductive loop shown at low frequencies in EIS

corresponded to the adsorption and dissolution process of

the intermediate products FeOHads [22], particularly for

specimens with RDP depths of 0.3, 1.2 and 1.5 mm

(Fig. 5). Hence, the matrix of X80 steel with these three

RDP depths would always be in state of activation and

dissolution during corrosion testing. Also, no complete and

dense corrosion scale was formed on the test surface. The

generated Fe2? and CO3
2- (or HCO3

-) during the corro-

sion reaction led to excess FeCO3 at the solid–liquid

interface to reach super-saturation. Hence, some FeCO3

was deposited on the test surface and other infiltrated into

the bulk solution through diffusion and convection mass

transfer processes. The generation reaction of FeCO3 could

be expressed according to Eqs. (9) and (10) [18]:

Fe2þ þ CO2�
3 ! FeCO3 ð9Þ

Fe2 þ HCO�
3 þ e ! FeCO3 þ H ð10Þ

Raman spectra showed that the corrosion scale was

mainly composed of FeCO3, confirming the corrosion

reaction of X80 steel in CO2-saturated NACE solution. The

anodic reaction control step consisted of Fe dissolution,

and cathodic reaction control step was based on diffusion

of H? toward the solid–liquid interface. However, some

studies reported that dense and complete FeCO3 scale

could hinder ion diffusion, preventing charge transfer

between interfaces effectively [46]. Therefore, the integrity

and denseness of the corrosion scale composed of FeCO3

significant impacted the corrosion process under flow

conditions. Meanwhile, the influence of convective mass

transfer during mass transfer process also played an

important role in the corrosion process.

At RDP depths of 0.3, 1.2 and 1.5 mm, EIS (Fig. 5) and

SEM (Fig. 8) data showed no formation of complete cor-

rosion scale. Also, the damage position of the corrosion

scale looked different from one specimen to another. By

(a) (b)

(c)

Fig. 11 Flow field parameters near vertical wall on upstream of RDP. a Re; b WSS; c ABP
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comparison, only the specimens with RDP depths of 0.6

and 0.9 mm formed complete corrosion scale. The corro-

sion rates obtained by LPR also confirmed rapid reduction

in corrosion rates upon formation of complete corrosion

scale, such as for specimens with RDP depths of 0.6 and

0.9 mm.

4.2 Mass transfer process

CO2 corrosion of iron in CO2-saturated NACE solution can

be summarized by two processes. The first one consisted of

filtration of the reactive ions from the solution or corrosion

scale to reach the iron matrix and participate in the cor-

rosion reaction. The second process was the dissolution of

iron matrix to yield Fe2?, which will then be transported to

the bulk solution or converted into FeCO3 to deposit on the

surface. Therefore, mass transfer process on corrosion

process would have crucial influence.

4.2.1 Mass transfer of reactant

The reaction rate of medium transfer from the solution to

reaction interface (metal surface) would determine the

corrosion reaction rate under the flow conditions. The

limiting current densities of the electrochemical reactions

caused by mass transfer of the reactant in the solution

(ilim;j) can be written according to Eq. (11) [45]:

ilim;j ¼ nFkj Cb;j � Cs;j

� �
ð11Þ

where F is the Faraday constant; kj is the mass transfer

coefficient involved in reactant j; and Cb;j and Cs;j are the

concentrations of the reactant j in the bulk solution and at

the reaction interface, respectively.

Note that Cs;j can be calculated using the kinetics of

charge transfer reaction. However, the data showed surface

concentration of the reactant close to zero under pure mass

transfer conditions. Hence, limiting current density can be

expressed by:

ilim;j ¼ nFkjCb;j ð12Þ

However, the convection mass transfer and the diffusion

mass transfer under flow field simultaneously occur. The

dimensionless Schmidt (Sc) and Sherwood (Sh) numbers

were defined to link both the mass transfer processes and

the influence of flow field parameters according to

Eqs. (13) and (14):

(a) (b)

(c)

Fig. 12 Flow field parameters near vertical wall on downstream of RDP. a Re; b WSS; c ABP
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Scj ¼
l
qDj

¼ v

Dj
ð13Þ

Shj ¼
kjl

Dj
ð14Þ

where l is the viscosity of solution; q is the density of

solution; v is the kinematic viscosity of the solution; l is the

characteristic length of the test channel; and Dj is the dif-

fusion coefficient of the reactant j in the solution.

When combined with limiting current density, Shj can

be described by Eq. (15):

Shj ¼
ilim;j

nFDjCb;j
ð15Þ

Therefore, Shj can be used to evaluate the corrosion

reaction rate under the mass transfer process. Reported

study suggested that Re, Shj and Scj can be described by

Eq. (16) [47]:

Shj ¼ aRebSccj ð16Þ

where a, b and c are constants related to the mass transfer

process and obtained by experiment. Using Eq. (13), the

dynamic viscosity and diffusion coefficient could be used

to calculate Scj as independent flow parameter. Therefore,

the intensity of mass transfer can be evaluated by the value

of Re under the flow.

In Fig. 10a, the distribution of Re values in the hori-

zontal direction near the wall showed basically stable at

upstream and downstream of RDP. However, Re showed

obvious local fluctuations under RDP, and different RDP

sizes led to variable effects. As RDP depth rose, Re peak in

the horizontal direction of RDP gradually moved back-

ward, and the peak value gradually dropped to reach the

same Re outside the plane of RDP. Therefore, the mass

transfer process in horizontal direction near the wall sur-

face of shallow pit was stronger than that in the deeper

position. In addition, the mass transfer process looked

mainly concentrated in front part of the shallow pit. As

RDP depth developed, the mass transfer process in front

part of horizontal direction of the pit obviously decreased,

and rear part value became close to that of the plane out of

RDP. Re peak at turn point of RDP downstream demon-

strated the presence of strong mass transfer process.

Meanwhile, Re peak value was present in downstream

plane of the shallow pit (0.3 mm). By comparison, speci-

mens with deeper RDP did not show such features, indi-

cating strong mass transfer processes in downstream plane

of local area of the shallow pit. In sum, the mass transfer

process of shallow RDP front part can promote deepening

of the pit. Also, the mass transfer process in the pit may

inhibit further deepening of the corrosion pit as it devel-

oped a certain depth. Thus, Re peak at downstream of the

shallow pit would promote formation of new corrosion pits

through strong mass transfer processes in surrounding local

area of the pit.

In Fig. 11a, RDP upstream vertical wall showed a peak

located in middle of the wall, mainly induced by the large

vortex inside RDP and leading to enhanced mass transfer

process at this position. Therefore, corrosion pits under the

flow tended to expand upstream and toward the inside of

RDP.

As shown in Fig. 12a, Re at RDP downstream vertical

wall decreased with depth of the vertical wall but gradually

increased with RDP depth. This indicated that gradual

weakening of mass transfer processes in the downstream

vertical walls from top to bottom of pit. Hence, down-

stream walls tended to develop at inclined surface

extending downstream.

4.2.2 Mass transfer of reaction product

Corrosion scale composed of FeCO3 would form on X80

pipeline steel surfaces during corrosion processes. The

deposited corrosion scale would prevent direct contact

between the metal and solution. Hence, ions must be

transferred through the corrosion scale through diffusion

mass transfer. The metal mass loss rate _mFe at metal–

corrosion scale interface can be described by Eq. (17) [48]:

_mFe ¼
dmFe

dt
¼ KrhFeCO3;ads Ce � C0ð Þ ð17Þ

where dmFe

dt
is the mass change of Fe in unit time; hFeCO3;ads

is the porosity of formed FeCO3 scale; Ce is the solubility

of FeCO3; C0 is the actual concentration of FeCO3 at

metal–corrosion scale interface; and Kr is the reaction rate

constant.

Some Fe2? will be transported to the solution by dif-

fusion and convection mass transfer. Thus, fraction f

(representing the ratio of Fe2? converted into FeCO3 and

then deposited) should be introduced. The other part of

Fe2? transported to the bulk solution could be expressed as

1� f . The diffusion process of metal surface in the cor-

rosion scale would mainly use the micro-pores of corrosion

scale as mass transfer channels. The diffusion at

stable corrosion scale can be described according to

Eq. (18):

1� fð Þ _mFe ¼
DFe2þhFeCO3;ads

dFeCO3;ads
C0 � C1ð Þ ð18Þ

where dFeCO3;ads is the thickness of the corrosion scale; C1

is the concentration of Fe2? at corrosion scale–solution

interface; and DFe2þ is the diffusion coefficient of Fe2? in

corrosion scale given by Eq. (19).

DFe2þ ¼ 1:04� 10�7 T=ls ð19Þ
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where ls is viscosity of the solution; and T is temperature

of the solution.

Note that Fe2? ions would then be transported from the

corrosion scale–solution interface to bulk solution by

convection following Eq. (20):

1� fð Þ _mFe ¼ KFe2þ C1 � Cbð Þ ð20Þ

where KFe2þ is the mass transfer coefficient of Fe2? by

convection at the corrosion scale–solution interface; and Cb

is concentration of Fe2? in bulk solution.

Therefore, the rate of metal loss from the steel surface

can be described by Eq. (21):

_mFe ¼
hFeCO3;ads Ce � Cbð Þ

1� fð Þ dFeCO3 ; ads
DFe2þ

þ 1
KFe2þ

h i
þ 1

Kr

ð21Þ

where DFe2þ is related to the reaction temperature only; and

Ce and Cb are associated with the solution and material

only. f is considered as 0.5.

hFeCO3;ads and KFe2þ would control the diffusion mass

transfer rate of Fe2? at the corrosion scale, as well as

interact with the formation of corrosion scale during flow.

Kr will also influence the corrosion reaction but be con-

trolled by the reaction conditions.

The micro-pores in corrosion scale would directly affect

the diffusion mass transfer process as micro-channels of

diffusion mass transfer. Under local flow, corrosion scale

with different densities was formed in various regions of

the test surface, where corrosion scale looked even

destroyed in some areas (Fig. 8). In EIS results, specimens

with depths of 0.3, 1.2 and 1.5 mm showed damaged

corrosion scale with smaller charge transfer resistances

(Fig. 5). Hence, surfaces showed higher mass transfer rates

for the corrosion scales with bigger porosity, as confirmed

by corrosion rate results (Fig. 7). On the other hand, the

mass transfer process in corrosion scale will not be affected

under flow but diffusion mass transfer will be influenced by

flow at the microstructure level of the corrosion scale.

4.3 Mechanical effect of flow on corrosion scale

In addition to affecting mass transfer and porosity of cor-

rosion scale, flow also affects the integrity of the corrosion

scale. To this end, complete and dense FeCO3 corrosion

scale formed may block ion transfer and protect the metal

matrix effectively. However, partial destruction of com-

plete and dense corrosion scale under the mechanical

action will accelerate the corrosion process of damaged

areas. Reported studies showed mainly two mechanical

mechanisms of corrosion scale damaged under flow: wall

shear stress and cavitation.

Fluids flowing in pipes should slow down by the static

solid wall surfaces due to viscosity. Therefore, velocity

gradient should be formed in the vertical direction to that

of the flow, and WSS can be described according to

Eq. (22) [49]:

s ¼ l
du

dy
ð22Þ

where du
dy

is the velocity gradient of the vertical wall.

WSS distribution near the horizontal wall depicted an

increase at both upstream and downstream turn points of

RDP (Fig. 10b). As RDP depth rose, the peak point of RDP

internal WSS moved downstream and the peak data were

reduced. At RDP depth of 0.6 mm, the distribution of WSS

in the pit was stable mostly.

The distributions of WSS near RDP upstream vertical

wall displayed increase in WSS peak with RDP depth.

However, RDP upstream vertical wall was located in the

negative pressure region with maximum WSS peak of only

36.5 Pa. The latter could not produce enough WSS to the

corrosion scale.

WSS distribution on the vertical wall downstream of

RDP also illustrated increase in WSS peak with RDP

depth. For instance, WSS peak at depth of 1.5 mm was

recorded as 164.5 Pa. This value was much higher than that

obtained at RDP upstream vertical wall.

The results of EIS (Figs. 5 and 6) and SEM (Fig. 8)

revealed the formation of complete corrosion scale in all

regions of the surface at RDP depths of 0.6 and 0.9 mm.

This demonstrated that WSS was insufficient to destroy the

corrosion scale. As RDP further deepened to 1.2 and

1.5 mm, the corrosion scale was destroyed by WSS with

damaged area located inside RDP due to the maximum

WSS at RDP downstream vertical wall. At RDP depth of

0.3 mm, WSS value looked much smaller than that of other

specimens but EIS and SEM still showed destruction of the

corrosion scale due to cavitation.

Cavitation would mainly be caused by sudden changes

of pressure in flow field. The bubbles will be induced due

to the vaporization of liquid phase at low-pressure position.

On the other hand, gas dissolved in liquid at low pressure

could lead to the collapsed bubbles after recovery of the

pressure. The mechanical strength produced by cavitation

can reach 105–106 kPa, which is enough to induce

destructive effect on the corrosion scale sufficiently.

The absolute pressure distribution showed dramatic

changes in horizontal wall and downstream vertical wall at

RDP depth of 0.3 mm. Note that the horizontal wall

located at the turn point of RDP downstream showed an

increase in pressure to 99,195.9 Pa, then suddenly dropped

to 90,296.4 Pa and stabilized at 95,000 Pa in the plane of

RDP downstream. The vertical near-wall surface on

downstream of RDP from top to bottom, showed raise with

pressure from the lowest point of 93,702.5 up to

99,520.3 Pa. As depth rose, the pressure improved to more
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than 91,000 Pa. The variation in pressure at the horizontal

wall was estimated to about 9000 Pa and that of RDP

downstream vertical wall was about 6000 Pa. However,

under the condition in this experiment, minimum pressure

point should be insufficient to vaporize water and form

bubbles. Therefore, the formation of bubbles was due to the

release of dissolved gas from the solution.

On the other hand, the dissolved carbon dioxide in CO2-

saturated NACE solution should be present in unsta-

ble states. Hence, the sudden change in pressure of flow

field would release CO2 [50, 51], leading to formation of

CO2 bubbles movement with the flow. In turn, collapse

impact of CO2 bubbles with the wall in pressure recovery

zone would form cavitation. EIS (Figs. 5 and 6) and SEM

(Fig. 8) showed formation of complete corrosion scale for

specimens with RDP depths of 0.6 and 0.9 mm, indicating

occurrence of no cavitation. The fluctuations in surface

pressure of specimens with depths of 1.2 or 1.5 mm looked

smaller than those of specimens with RDP depths of 0.6

and 0.9 mm. This led to no cavitation and only specimens

with RDP depth of 0.3 mm presented cavitation. Thus,

CO2 was released from CO2-saturated NACE solution at

pressure fluctuations around 9000 Pa. According to pres-

sure distribution in specimen with RDP depth of 0.3 mm

(Fig. 10), the area with cavitation damage should be in

downstream plane of RDP (SEM images in Fig. 8).

5 Conclusions

1. At RDP depth of 0.3 mm, the vertical wall WSS on

both sides of RDP was low and insufficient to damage

the corrosion scale. However, CO2 was released and

then collapsed at pressure recovery area as pressure

dropped in RDP downstream turn point around

9000 Pa. Cavitation caused impact and damage to the

corrosion scale, leading to corrosion increase in RDP

downstream plane.

2. At RDP depths of 0.6 and 0.9 mm, WSS was

insufficient to destroy the corrosion scale. Meanwhile,

pressure fluctuation was not enough to release CO2 and

form cavitation. This led to formation of complete and

dense corrosion scale covering the entire surface.

3. At RDP depths of 1.2 and 1.5 mm, the pressure

fluctuation was insufficient to release CO2 and form

cavitation. However, WSS at RDP downstream verti-

cal wall was enough to destroy the corrosion scale.

Thus, corrosion was mainly located in the interior of

RDP.
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