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Abstract: Lead–bismuth eutectic (LBE), a heavy liquid metal, is an ideal candidate coolant material
for Generation-IV fast reactors and accelerator-driven systems (ADSs), but LBE is also known to pose
a considerable corrosive threat to its container. However, the susceptibility of the candidate container
material, 316L stainless steel (SS), to flow-accelerated corrosion (FAC) under turbulent LBE flow,
is not well understood. In this study, an LBE loop, referred to as JLBL-1, was used to experimentally
study the behavior of 316L SS when subjected to FAC for 3000 h under non-isothermal conditions.
An orificed tube specimen, consisting of a straight tube that abruptly narrows and widens at each
end, was installed in the loop. The specimen temperature was 450 ◦C, and a temperature difference
between the hottest and coldest legs of the loop was 100 ◦C. The oxygen concentration in the LBE
was lower than 10−8 wt %. The Reynolds number in the test specimen was approximately 5 × 104.
The effects of various hydrodynamic parameters on FAC behavior were studied with the assistance
of computational fluid dynamics (CFD) analyses, and then a mass transfer study was performed by
integrating a corrosion model into the CFD analyses. The results show that the local turbulence level
affects the mass concentration distribution in the near-wall region, and therefore, the mass transfer
coefficient across the solid/liquid interface. The corrosion depth was predicted on the basis of the
mass transfer coefficient obtained in the numerical simulation and was compared with that obtained
in the loop. For the abrupt narrow part, the predicted corrosion depth was comparable with the
measured corrosion depth, as was the abrupt wide part after involving the wall roughness effects
in the prediction; for the straight tube part, the predicted corrosion depth is about 1.3–3.5 times the
average experimental corrosion depth, and the possible reason for this discrepancy was provided.
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1. Introduction

Flowing liquid has the potential to accelerate the rate at which metal corrodes, a phenomenon
known as flow-accelerated corrosion (FAC). In fully developed turbulent flow in simple geometries
(e.g., within a pipe) and a no-slip wall condition, the flow is halted at the solid wall, meaning that
the flow will transition from turbulent in the bulk fluid to laminar very close to the wall. A so-called
“hydro-dynamic boundary layer” will thus be formed, with its boundary line where the flow velocity
equals 0.99 of the free stream flow velocity. The boundary layer can be divided into three typical
layers depending on the correlation between the dimensionless velocity (u+) and the dimensionless
distance normal to the wall (y+) with approach to the solid wall: (1) the turbulent flow layer, where u+
and y+ have a logarithmic correlation; (2) the buffer layer, where flow transition from turbulent
to laminar occurs; and (3) the laminar flow layer, also known as the viscous sublayer, where u+ is
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linearly proportional to y+, the turbulence level damps rapidly, and the viscous effects of fluid are
dominant. If a dissolution constituent of a fluid has a high Schmidt number (Sc), exceeding several
hundreds, the mass diffusion boundary layer will be very thin, and will be embedded deep in the
hydrodynamic viscous sublayer. The characteristics of the boundary layer are illustrated schematically
in Figure 1 [1,2].

Pioneering studies have linked several hydrodynamic parameters, such as flow velocity [3],
the Reynolds number [2], wall shear stress [4,5], and turbulence level [6] to the rate of FAC of metal.
For turbulent flow in structures with simple geometries, the occurrence of FAC is mainly attributable
to wall shear stress and the turbulence level in the near-wall region. The above two factors affect
the protective oxide film on the base metal and the adjacent diffusion boundary layer [6], which are
considered barriers to mass transfer, due to the particularly low mass transfer rate within them [7].
Fluctuations in turbulence can disturb the mass transfer rate from the bulk fluid to the metal surface
and vice versa [5,8]; it can also disturb the formation of the protective oxide and disrupt the protective
oxide layer [6]. Moreover, the shear stress generated at the wall may rupture or thin the protective
oxide coating. In both cases, the mass transfer coefficient across the solid/liquid interface, and thus
the corrosion rate of the metal, will be affected. In practice, the profile of wall shear stress and that
of the near-wall turbulence level are coincident with each other for flow in structures with simple
geometries because the shear stress on the wall is the main source of local turbulence [7]. This is shown
schematically in Figure 2.

When flow encounters sudden contraction or expansion in pipes, orifices, valves, elbows,
and weld heads, however, the hydrodynamic mechanisms of FAC become complex. In such situations,
flow diversion and flow separations, flow reattachments, and flow recirculation occur. Extensive
research has aimed at clarifying these mechanisms, but they are not yet thoroughly understood.
Chang et al. [9] pointed out a positive correlation between wall shear stress and wall mass transfer.
Utanohara et al. [10,11] concluded that the root mean square (RMS) of instantaneous shear stress is
a suitable parameter for evaluating the FAC rate, despite their results showing a better correlation
between the profiles of the FAC rate and the near-wall turbulence level. Their argument for discounting
this result was that the relationship between the turbulence level and FAC had not been theoretically
validated. Crawford et al. [12] indicated that the pressure drop attributed to secondary flow can
significantly increase the average and oscillatory wall shear stress. By contrast, Nesic et al. [6,13] and
Poulson [14] found that it is the high near-wall turbulence level, not the wall shear stress, which is
responsible for localized enhancement in the wall corrosion rate. In addition, many other studies have
linked the turbulence level to the rate of mass transfer and corrosion [15–18].

The majority of existing research has adopted water, sea water, or slurry as the flow medium,
but a few studies have employed heavy liquid metals (HLMs), e.g., lead and lead-based alloys such as
lead–bismuth eutectic (LBE). LBE is an ideal candidate coolant material for Generation-IV fast reactors
and accelerator-driven systems (ADSs) because of the following physical characteristics: (1) a high
boiling temperature, so that the heat generated in the reaction core can be utilized more efficiently;
(2) its inertness on contact with water, air, and steam, enabling safe operation [19,20]. However, it is also
well known that LBE poses a severe threat of corrosion on the material of its container [21], potentially
ultimately leading to structural failure. The corrosion rate, CR, under LBE flows is a complex process
involving many factors, and can be expressed as follows:

CR = f
(

Mc, T, ∆T, CO2 , Rw, Vl , τw, It, . . .
)
, (1)

where Mc is the chemical components of the test specimen, T is the temperature of the test specimen,
∆T is the temperature difference between the hot and cold legs of a loop, CO2 is the oxygen
concentration in the LBE, Rw is the wall roughness, Vl is the flow speed of the LBE, τw is the shear
stress on the wall, and It is the turbulence level in the near-wall region.

Earlier studies investigating the corrosion of structural steels by LBE looked at the loop as a
whole, focusing on the corrosion pattern and the mass transfer behavior of the corrosion products [22].
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The effects of MC, T, ∆T, CO, and Vl have attracted most attention [21,23]. There has also been a report
of unexpected tube failure in the Corrosion In Dynamic lead Alloys (CORRIDA) loop at the Karlsruhe
Institute of Technology [24]. A hole penetrated the tube, which had an initial wall thickness of 2.5 mm,
downstream of a tube junction where the flowing LBE entered the vertical tube at an angle of 30 degrees.
The study mentioning this attributed the failure to complex turbulent LBE flow. However, to the best
of the authors’ knowledge, the local mechanism of FAC under turbulent LBE flow has not been studied
in detail, either experimentally or numerically, from the perspectives of hydromechanics and wall
mass transfer behavior.

If the potential of LBE as a coolant is to be exploited, it is highly desirable to investigate FAC
of structural materials under turbulent LBE flow. To that end, the present study experimentally
investigates FAC of type 316L stainless steel (SS), which is a candidate structural material for future
ADSs, using the JLBL-1 loop installed at the Japan Atomic Energy Agency (JAEA). An orifice-type test
tube with abrupt narrowing and widening at each end of a straight section was installed in the loop.
Flow paths in the test tube show change in flow direction, fully developed flow, and recirculation.
Investigations of the behavior of corrosion under such conditions are of interest and importance to
scientific research and engineering applications. The study goes on to investigate the correlation
between the hydrodynamic parameters and the corrosion profile using computational fluid dynamics
(CFD) numerical simulations performed with STAR-CD. CFD analyses combined with a corrosion
model are used to characterize the wall mass transfer behavior, and comparisons are drawn between
the experimental and numerical results.
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2. Physical Models

2.1. Turbulent Flow Model

The “standard” k− ε low Reynolds number (LRN) eddy-viscosity turbulence model in STAR-CD
was adopted to model the flow and mass transfer [25]. The mass transfer is modelled by solving the
mass transport equation together with the hydrodynamic equations, where the turbulent Schmidt
number, Sct = µt/ρDt, defines the ratio of turbulent momentum transport to turbulent diffusive
transport. In the present study, Sct was assigned a value of 0.9. The model is founded on the k− ε

model proposed by Launder and Spalding [26], in which modelling of fully turbulent bulk flow is
achieved through the transportation equations of turbulent kinetic energy (TKE), k, and its dissipation
rate, ε. Launder and Spalding model the near-wall region, where the viscous effect is dominant, by way
of algebraic wall functions. However, this approach uses a velocity profile that is not applicable to
recirculating flow, where there is flow separation and reversal, and does not take the detailed mass
transfer characteristics in the diffusion boundary layer into account [27]. It is therefore necessary to
use a turbulence model that directly solves the flow field and mass transfer deep inside the viscous
sublayer to account for the changes due to the wall. The LRN model does so by solving the transport
equations of k and ε everywhere, including the near-wall regions.

To extend the k− ε high Reynolds number model to model low Reynolds number conditions,
Lien et al. [28] have proposed damping functions that modify the transport equations of k and ε in the
near-wall region. One such is the semi-viscous near-wall effect fu, which modifies the eddy-viscosity
term µt. An additional term for turbulence generation Pk

′, which vanishes as Rey approaches the order
of 100, is added to ensure that the correct level of TKE dissipation is returned, and the destruction
of TKE dissipation is modified with another damping factor f2. These are formulated as follows in
STAR-CD:

Pk
′ = 1.33

[
1− 0.3e−Rt

2
][

Pk + 2
µ

µt

k
y2

]
e−0.00375Rey

2
, (2)

fu =
[
1− e−0.0198Rey

](
1 +

5.29
Rey

)
, (3)

f2 = 1− 0.3e−Ret
2
, (4)

where the turbulent Reynolds numbers are Rey = ρy
√

k/µ and Ret = ρk2/µε.

2.2. Corrosion Model

In an isothermal closed liquid metal loop, corrosion may come to a halt because the corrosion
products achieve saturation. However, in a non-isothermal loop where the saturation concentration
of the corrosion products depends on temperature, continuous dissolution will occur in the
relatively high-temperature part, whereas deposition of corrosion products will occur in the relatively
low-temperature part. A kinetic equilibrium will be reached in which the amount of corrosion is
balanced by the amount of deposition; thus, the precipitation sustains the corrosion [29]. This is
particularly pertinent where metal corrosion occurs in an HLM environment, as this is a physical or
physical-chemical process, which involves species dissolution, species transport, and chemical reaction
between corrosion products and impurities, rather than an electrochemical process, as is usually the
case in an aqueous environment [21,22].

In LBE environment, the corrosion process of a steel can be divided into two types according to
the oxygen concentration in LBE [23,29]:

(1) If the oxygen concentration in LBE is sufficiently low, as in the present experimental study,
there will be no effective oxide protective layer formed on the steel surface. In this situation,
the steel contacts with the LBE directly, and the main constituents of the steel are thus dissolved
into the LBE directly.
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(2) If the oxygen concentration is within an appropriate range, oxidation of steel will occur, and an
active oxide film (Fe3O4-based) will eventually be formed on the steel surface. Direct dissolution
of steel into LBE will be prevented due to separation of the oxide film. In this case, the iron
diffuses from the base metal, and the oxygen transfers from the bulk flow to the oxide/LBE
interface to engage in the oxidation–reduction chemical reaction (3Fe + 2O2 ⇔ Fe3O4 ).

For long-term steady-state LBE loop operation without an oxide protective layer, the steel
corrosion process in the control depends on the LBE flow speed. If the LBE flow speed is rapid
enough, resulting in the mass transfer rates of constituents in liquid greater than their dissolution
reaction rates at the solid/LBE interface, then the corrosion will be controlled by the dissolution rate;
otherwise, it will be controlled by the mass transfer rate in fluid [21,23]. For the mass transfer-controlled
corrosion, if the diffusion flux of the corrosion product in the solid is less than the mass transfer rate in
the liquid, surface recession will consequently occur [22].

The selective corrosion of Cr and Ni in the steel superficial layer is common for a 316L SS
contacting with LBE that contains a low oxygen concentration. Subsequently, a phase change from
austenite to ferrite might occur in the selective corrosion layer, due to the depletions of Cr and Ni in this
layer, and as a result, a ferritic layer might be formed on the steel surface, where the concentrations of
Cr and Ni are considerably low [30,31]. Both austenite and ferrite crystal mainly consist of iron, so that
the dissolution of iron atoms will liberate other element atoms of the crystal into LBE, and therefore,
it is reasonable to assume that the corrosion rate of iron determines the surface recession rate [22,32].
Hereafter, the surface recession rate is referred to as corrosion rate (CR) and the surface recession depth
is called corrosion depth. The concentration of Cr and Ni in the solid at the solid/LBE interface can be
assumed to be zero [22]. By contrast, the concentration of Fe in the solid at the solid/LBE interface is
assumed to be equal to its saturation solubility in LBE, which will be described and discussed in detail
in Section 4.2.

The corrosion process is illustrated schematically in Figure 3, and described by the following
expression [33]:

Fe(s) ⇔ Fe(Sol) (5)

The dissolved iron is transferred into the diffusion boundary layer, where the transfer of iron
is governed by the molecular diffusion process, and thus, the transfer rate is low. Above the
diffusion boundary layer in the viscous sublayer, where the transfer rate of iron grows dramatically.
The thickness of the viscous sublayer is determined by the turbulence level of LBE flow, while the
thickness of the diffusion boundary layer for each constituent is determined by not only the turbulence
level of LBE flow, but also the Schmidt number (Sc) of each constituent. Therefore, the thickness of
diffusion boundary layers of each constituent are independently different from each other. Therefore,
lack of Ni and Cr involvement in the present corrosion model has insignificant effects on the thickness
of the viscous sublayer and the diffusion boundary layer of Fe.

For a fully developed flow in a simple geometry, the mass transfer coefficient of a constituent
across the wall can be indicated by the Sherwood number, Sh = aRebScc. However, for complex
geometries, there are no such empirical relationships, and CFD analysis must be used to aid
its calculation.

The mass flux of iron, JFe, from the reaction location to the bulk flow can be given by

JFe = Kc(Cw − Cb), (6)

where Kc is the mass transfer coefficient, Cw is the concentration of iron at the wall, and Cb is the
concentration of iron in the bulk fluid. In the simulation, if the first node (the layer of node closest to
the wall in the mesh structure) is located in the diffusion boundary layer, then mass transfer between
the wall and the first node is controlled solely by molecular diffusion. The effects of locations of the
first node are insignificant, and can be positioned extremely close to the wall or at the end of the
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diffusion boundary layer. According to Fick’s law, the mass flux between the wall and the first node
can be expressed as

JFe =
Dm

y0
(Cw − C0), (7)

where y0 is the distance from the wall to the first node, Dm is the molecular diffusion coefficient of
iron, and C0 is the iron concentration at the first node.

As mentioned previously, the rate of mass transfer in the diffusion boundary layer is very low,
so it controls the total rate of mass transfer from the wall to the bulk flow. Therefore, the mass flux
of iron is the same in Equations (7) and (6). By substituting Equation (7) into Equation (6), the mass
transfer coefficient can be expressed as

Kc =
Dm

y0

(Cw − C0)

(Cw − Cb)
. (8)

In diffusion-controlled mass transfer, the diffusion coefficient of iron to or from the reaction site
controls the rate of corrosion. The corrosion rate (in mm/h) can thus be defined as follows [34,35]:

CR =
Kc(Cw − Cb)MFe

ρFe
=

Dm(Cw − C0)MFe
y0ρFe

× 60× 60× 1000, (9)

where MFe is the molar mass of iron, and ρFe is the density of iron. In the above equation, C0 can
be obtained in the numerical simulation by solving the mass transport equations described in the
last subsection.
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3. Experiments

3.1. JLBL-1

A corrosion test was performed with the JLBL-1 loop as specified in detail by Kikuchi et al. [36,37].
Flow in the loop is illustrated diagrammatically in Figure 4. The main circulating loop consists of
an electromagnetic pump (EMP), a heater, a testing tube at high temperature (shown in Figure 5),
LBE filters, a surge tank, a cooler, an electromagnetic flow meter (EMF), a surface-level meter,
thermocouples, an observation window, and a drain tank. The JLBL-1 loop, including its main
components, was manufactured by Sukegawa electric Co., Ltd., Takahagi, Japan. The LBE filters
consist of thin, curling 430 SS foils. The EMP is linear inductive and has an annular channel. The EMF
has two electrodes in contact with the LBE that detect electromotive force in the magnetic fields.

The tube and tanks that come into contact with lead–bismuth in the loop are made of 316L SS,
and the tubes in the circulating loop, except for the testing tube, are 2.5 mm-thick cold-drawn products
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with an outer diameter of 27.2 mm. This means that the maximum velocity of the LBE will occur in the
high-temperature specimen. The chemical composition of LBE is Pb-45/Bi-55 (wt %).Metals 2018, 8, x FOR PEER REVIEW  7 of 21 
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3.2. Specimen Testing Tube

Figure 5 shows the testing tube. The testing tube is positioned downstream of the loop heater,
as shown in Figure 4. The testing tube consists of an inlet orifice, a straight section, and an outlet
orifice. The orifices are at 30◦ to the horizontal axis of the testing tube. The testing tube was machined
from solution-annealed 316L SS plate as a tubing form of 2 mm thick, 40 cm long, and 13.8 mm outer
diameter. The fabrication tolerance of the outer diameter and wall thickness is ±0.2 mm.

The chemical composition (wt %) of the type 316L austenitic SS used in this study is 16.84 Cr,
10.29 Ni, 0.73 Si, 1.02 Mn, 0.036 C, 0.030 P, and 0.005 S, balanced with Fe. The tube was solution
heat-treated at 1080 ◦C for 1.5 h, and then cooled in water rapidly. The inner surface of the tube was
polished to remove the rough layer after acid washing.

3.3. Operation Conditions

The temperature of the high- and low-temperature parts of the loop were 450 ◦C and 350 ◦C,
respectively. The test duration was approximately 3000 h. The LBE flow rate was 5 L/min,
corresponding to an average velocity of 0.7 m/s in the 9.8 mm diameter high-temperature testing tube.
The flow rate was measured using an electromagnetic flowmeter (EMF). An oxygen sensor was placed
in the loop, but did not work well, so the oxygen concentration in the LBE was neither measured nor
controlled in this study. The literature [38] indicates that when the oxygen concentration is properly
controlled to between 10−4 wt % and 10−7 wt %, an oxide film, with a thickness of several micrometers
to tens of micrometers, will form on the surface of the stainless steel. Below that concentration range,
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no oxide film is formed. We can thus deduce that the oxygen concentration in the present experiment
is below 10−8 wt %.

3.4. Post-Testing Material Characterization

After 3000 h, the specimens were cut out of the testing tube. The specimens were washed
with silicon oil then cleaned with ethanol in an ultrasonic bath. They were then mounted in resin.
After polishing, optical macroscopic (OM) and scanning electron microscopy (SEM) observations were
carried out on the cross-sections of the specimens.

4. Numerical Simulation Conditions

4.1. Hydrodynamic Study

Steady-state CFD analysis was performed with the commercially available STAR-CD code. A half
3-dimensional (3D) model was meshed as shown schematically in Figure 6. To obtain a fully developed
flow profile for the test tube, the length of each side of the specimen was extended to 250 mm in the
simulations. All other dimensions are as in the specimen. The meshes were composed of tetrahedral
cells, which were 0.75 mm in the straight part and 0.1875 mm in the two orifice sections. To study the
hydrodynamic effects, it is necessary to understand the flow behavior deep in the viscous sublayer.
This can generally be achieved by placing the first node at around y+ = 1. In this study, 45 layers of
prism cells were meshed in the near-wall region. The distance of the first node of the prism layer
from the wall is about 1.6 µm, corresponding to, approximately, y+ = 0.5. The expansion ratio of the
prism layer is 1.1. There are approximately 7.6 million cells in the fluid field in total. The uniform
flow speed at the inlet is 0.25 m/s, making the flow speed in the straight part approximately 0.7 m/s,
which corresponds to that in the experiment. Good wettability is assumed for contact between LBE
and the wall during the 3000 h operation, so the wall boundary is considered to be no-slip for the
simulation. The k− ε LRN turbulence model was adopted to obtain detailed flow characteristics in the
near-wall region using the equations detailed in Section 2.1. In addition, hydrodynamic simulation
was performed to study the effects of the corroded morphology and angle of the orifices.
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4.2. Mass Transfer Study

The mass transfer behavior of iron was investigated by integrating with the turbulent flow of
LBE. A much finer mesh in the near-wall region is required to study the mass diffusion behavior from
the wall to the bulk flow than for the hydrodynamic study, because it is necessary to place the first
node in the diffusion boundary layer. In the mass transfer study, the first node of the prism layer is
placed about 0.34 µm from the wall, corresponding to approximately y+ = 0.1, the recommended value
for mass transfer studies [27]. Fifty layers of prism cells are placed beside the wall. The cell size is
0.75 mm.
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As described in Section 2.2, for a long term non-isothermal closed loop, the concentration of
iron in the bulk fluid cannot exceed its saturation concentration at the lowest temperature, or it will
deposit on the coldest part of the wall. On the other hand, the concentration of iron increases as
operation continues. Therefore, it is reasonable to assume that the iron concentration in the bulk
fluid equals its saturation point at the lowest temperature [22,23]. The iron concentration at the
wall in the hottest part depends on the situation. If the oxygen concentration is high enough that
an Fe3O4-based protective film forms on the metal surface, the film can be reduced by the lead in
the fluid. As a result, the equilibrium concentration of iron on the wall surface is controlled by this
chemical reaction. However, if the oxygen concentration is sufficiently low that no oxide film forms,
the equilibrium concentration of iron on the wall equals its saturation concentration [29]. Therefore,
the concentrations of iron at the solid/liquid interface and in the bulk fluid are about 8.978× 10−5 wt %
and 9.576 × 10−6 wt %, respectively [39]. The molecular diffusion coefficient of iron in LBE is only
known at certain temperatures, and has a large degree of scatter, and there is no diffusion coefficient of
iron in LBE at 450 ◦C [38]. In this study, the iron diffusion coefficient in LBE is approximated to that of
pure lead, as the diffusion coefficients of the two are considered to be similar [40,41]. Therefore, it is
extrapolated from Robertson’s law that the molecular diffusion coefficient of iron in LBE at 450 ◦C is
approximately 3.16 × 10−10 m2/s [38,41].

5. Results and Discussion

5.1. Corrosion Depth Profile of the Test Tube

Figure 7a shows an OM image of cross-section of the specimen of the central straight pipe.
The corrosion depth around the pipe circumference is relatively uniform. The maximum wall thickness
of the corroded specimen is about 2.1 mm, as marked, which represents that the wall thickness of
the as-received tube is no less than 2.1 mm. The fabrication tolerance is ±0.2 mm, so that the wall
thickness of the as-received tube ranges from 2.1 to 2.2 mm, and it deviates 0.1–0.2 mm from its design
size shown in Figure 5. This also implies that the thickness of the two 30-degree orifices deviates
0.087–0.173 mm from the design size. The corrosion depth of the specimen of the central straight
pipe reaches a maximum of approximately 0.2–0.3 mm, and is 0.06–0.16 mm on average. The average
corrosion rate ranges from 0.02 to 0.053 µm/h. Figure 7b shows the SEM image of cross-section
of the specimen of the central straight pipe. No oxide film was observed on the specimen surface.
Furthermore, there is LBE penetration into the grain boundary, which illustrates a typical corrosion
scenario of 316L SS in LBE as stated previously in the corrosion model (Section 2.2). That is, Ni and Cr
dissolve into LBE in the superficial area of the steel, and vacancies in the steel matrix are created as a
result of depletion of Ni and Cr and of lower Fe content as well, and subsequently, Pb and Bi penetrate
into the steel to fill the vacancies. During the ongoing penetration, selective leaching of Ni and Cr
continues [38].

Figure 7c shows the OM images of cross-sections of the two orifices at various circumferential
angles. The two orifices are the sloping parts seen in Figure 5. Clearly, the two orifice parts have been
severely corroded, and the corrosion profiles are not uniform along the orifice surface. The quantitative
corrosion depths of the two orifices along the orifice surface at various circumferential angles are
plotted in Figure 8a,b. The corrosion depth was measured from the OM images by comparing
the morphologies of the corroded orifice surfaces to those of the original surfaces. Each corrosion
depth profile consists of forty datapoints measured equidistantly along the original orifice surface.
The deviation of the measurement is about ±0.005 mm. The measured average corrosion depth was
added by a fabrication deviation of 0.087 mm, as pointed out previously. The corrosion depth profiles
are similar for all circumferential angles at each orifice. The least corrosion is seen at a circumferential
angle of 180 degrees. It is, at present, unclear why this is so, although it may be attributable to
the deposition of corrosion products. The maximum corrosion depth is nearly 1.0 mm for both
orifices. The average corrosion depth of the inlet orifice and the outlet orifice is shown in Figure 8c,d,
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respectively. Fabrication deviations of 0.087 mm and 0.174 mm are included in the calculation results
of the average corrosion depth. The corresponding error bars are derived from the circumferential data
in Figure 8a,b. The results indicate that the average depth of corrosion is larger in the outlet orifice
than in the inlet orifice.Metals 2018, 8, x FOR PEER REVIEW  10 of 21 
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5.2. Effects of the TKE, Shear Stress, and Pressure

The TKE near the wall, and the shear stress and pressure on the wall along the two orifice
surfaces, are plotted in Figure 9 to investigate the effects of different hydrodynamic parameters on the
corrosion depth. The average corrosion depths of the two orifices, including a fabrication deviation of
0.087 mm, are also plotted for comparison. Note that the curves obtained from the simulations have
been smoothed. It can be seen that the TKE profiles are similar to those of the average corrosion depth
of the two orifices, while those for shear stress and pressure are substantially different.

The maximum shear stress on the inlet and outlet orifice walls are low, approximately 40 Pa and
12 Pa, respectively. A study of copper–nickel alloys in sea water has shown that a shear stress of
nearly 4650 Pa is insufficient to remove even the surface oxide film [42]. As pointed out previously,
no oxygen film formed on the base metal in this study because of the low oxygen concentration in
LBE. Furthermore, the critical shear stress capable of mechanically damaging the base metal is much
larger than that able to peel off the oxide film. Therefore, it is considered that shear stress is not the
main factor leading to FAC herein. Although the pressure fluctuation on the wall in a disturbed flow
imposes shear stress on the wall and perhaps causes damage [43], the results obtained under the LBE
flow conditions considered here cannot support this assumption because the complex orifice corrosion
depth profiles cannot be explained well by monotonic pressure variation along the orifice wall. Rather,
it is the variation in the turbulence level near the wall that best explains the corrosion profiles of
the orifices.
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Figure 9. Comparison of the average corrosion depth with the turbulent kinetic energy (TKE) near the
wall and the shear stress and pressure on the wall for the two orifices. (a) Inlet orifice; (b) Outlet orifice.
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5.3. Other Effects

5.3.1. Cavitation

It is well known that the passage of fluid through an orifice leads to a sudden large pressure
drop downstream, potentially decreasing the pressure below the saturated vapor pressure. As a result,
the liquid may rupture and form cavitation bubbles. The subsequent collapses of the cavitation bubbles
release microjets and/or shock waves at the wall, causing cavitation damage [44] that can give the
wall a rough morphology. The cavitation number, which is used to judge the inception of cavitation in
a liquid, is calculated by

Ca =
Pl − Pv

1
2 ρVl

2
, (10)

where Ca is the cavitation number, Pl is the local pressure, Pv is the vapor pressure of the liquid, ρ is
the density of the liquid, and Vl is the characteristic flow speed of the liquid.

Under the present flow conditions, a pressure drop to about −3.58 kPa is generated downstream
of the inlet orifice. The vapor pressure of LBE at 450 ◦C is 3.49 × 10-4 Pa [38], resulting in a cavitation
number of approximately 0.19. It has been reported that the inception cavitation number is about
0.7 for PbBi-68 liquid flow with a Reynolds number in the range 5.8–7.4 × 104 [45]. As the Reynolds
number in this study is near this range, a similar inception cavitation number can be applied, indicating
that cavitation damage is unlikely to have occurred. Thus, the rough profiles of the orifices can be
attributed solely to corrosion damage.

5.3.2. Gravity

LBE is a high-density liquid metal, so it is necessary to consider the effects of gravity on flow.
First, the direction of gravity was set to be perpendicular to the test tube. Figure 10 shows the
effects of gravity on various hydrodynamic parameters. The values of 0 and 180 degrees represent
the anti-gravity direction and the gravity direction, respectively. The profiles of the hydrodynamic
parameters are almost the same at the two circumferential angles, and only tiny differences in the
amplitude can be observed.

Secondly, gravity was set to be in the direction of the test tube, representing no gravity effect on
the flow. Figure 11 shows a comparison of the TKE along the straight central part of the test tube with
and without gravity effects. It is hard to distinguish any difference in the TKE profiles. The above
results illustrate that the hydrodynamic parameters are insensitive to gravity. This may be because
the Reynolds number is high so the strong effect of the inertial force on the flow makes the effects of
gravity negligible.
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in the near-wall region. To investigate such effects, the experimental corroded surfaces of the two 
orifices were merged into the simulation models. Figure 12 shows a schematic of the corroded surface 
profiles used in the simulation, which are the same as the corroded depth profiles at 90 degrees in 
the experiments. To connect the two orifice parts and the straight central part smoothly, the straight 
part of the specimen was also assumed to be corroded to a uniform depth of 0.65 mm, which 
represents an increase in the inner diameter of the straight part of the specimen by 1.3 mm.  

Figure 13 plots the TKE for a smooth versus a corroded orifice with distance along the orifice 
surface. For the inlet orifice, the TKE profile shows much more variability and reaches a considerably 
higher maximum value in the corroded profile than along the original smooth surface. The peaks in 
TKE usually appear downstream of sudden protuberances on the corroded surface. This is easy to 
understand because such convexity enhances the local turbulence level [46]. Interestingly, for the 
outlet orifice, the magnitude of TKE is relatively weaker for the corroded morphology than with a 
smooth surface. Furthermore, differences in TKE in the central section are insignificant. This can be 
attributed to two factors: (1) the corroded outlet orifice surface has fewer protuberances than the 
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5.3.3. Corroded Morphology

Accumulation of corrosion damage on the inner surface of the wall changes its morphology.
A corroded surface could be expected to disturb the flow pattern near the wall, and therefore, the TKE
in the near-wall region. To investigate such effects, the experimental corroded surfaces of the two
orifices were merged into the simulation models. Figure 12 shows a schematic of the corroded surface
profiles used in the simulation, which are the same as the corroded depth profiles at 90 degrees in the
experiments. To connect the two orifice parts and the straight central part smoothly, the straight part
of the specimen was also assumed to be corroded to a uniform depth of 0.65 mm, which represents an
increase in the inner diameter of the straight part of the specimen by 1.3 mm.

Figure 13 plots the TKE for a smooth versus a corroded orifice with distance along the orifice
surface. For the inlet orifice, the TKE profile shows much more variability and reaches a considerably
higher maximum value in the corroded profile than along the original smooth surface. The peaks in
TKE usually appear downstream of sudden protuberances on the corroded surface. This is easy to
understand because such convexity enhances the local turbulence level [46]. Interestingly, for the outlet
orifice, the magnitude of TKE is relatively weaker for the corroded morphology than with a smooth
surface. Furthermore, differences in TKE in the central section are insignificant. This can be attributed
to two factors: (1) the corroded outlet orifice surface has fewer protuberances than the corroded inlet
orifice surface (Figure 12), so the turbulence level is not locally enhanced; (2) the connections between
the straight pipe and the corroded outlet orifice are much smoother than the original ones, which seems
to ease the recirculation near the outlet orifice, and therefore, the TKE amplitude.
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5.3.4. Orifice Angle

The angle of the orifices was altered, from 30 degrees to 60 degrees and 90 degrees, to investigate
the effect of orifice angle on flow behavior. This is shown schematically for the inlet orifices in Figure 14,
and its effect on TKE is shown in Figure 15. For the outlet orifice, there is no significant difference
in the amplitude of TKE. Shan et al. [47] pointed out that the flow field in the recirculation region
is insensitive to the ratio between the orifice and pipe diameters. Therefore, it is deduced that the
TKE of flow in the recirculation region close to the outlet orifice wall is insensitive to the orifice angle
as well. However, for the inlet orifice, the turbulence level is very dependent on the orifice angle.
The value for TKE can grow up to several magnitudes higher if the orifice angle changes from 30 to
90 degrees. As TKE has been inferred to significantly influence corrosion depth, extensive corrosion can
be anticipated in the 90-degree case. These results provide guidance for system design with flowing
LBE—structures with sudden geometry changes should be avoided as much as possible.
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5.4. Mass Transfer

5.4.1. Effective Viscosity and Effective Diffusivity

Figure 16 shows the effective viscosity (µe f f = µ + µt) and effective diffusivity (De f f = Dm + Dt)
of iron upstream of the reattachment point. As expected, the effective viscosity remains constant
below y+ = 2, which corresponds to the viscous sublayer in the near-wall region. Beyond the viscous
sublayer, the turbulent viscosity is much larger than the molecular viscosity, so the turbulent-induced
momentum transfer is dominant in species transfer. With approach to the wall, the turbulence level
damps rapidly in the viscous sublayer and the turbulent viscosity decreases sharply to a negligible
value, indicating that turbulent momentum transfer will, likewise, become insignificant. In the viscous
sublayer, however, the effective diffusivity is much larger than the molecular diffusivity; in other
words, even weak turbulence can strongly affect species transfer through diffusion [27]. Only when
the distance from the wall reaches approximately y+ = 0.4 can the turbulent diffusivity be ignored and
the molecular diffusivity be considered dominant in species diffusion. This is in the thin diffusion
boundary layer hidden in the viscous sublayer. The relationship between the thickness of the diffusion
boundary layer, δd, and that of the viscous sublayer, δv, is close to that recommended by Nesic et al. [7]:

δd = δv/Sc0.33 (11)
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Figure 16. Effective viscosity and effective diffusivity of iron upstream of the reattachment point. (a) 
Effective viscosity; (b) Effective diffusivity. 

5.4.2. Mass Concentration Difference Close to the Wall 

Figure 17 shows the difference in the mass concentration of iron at different locations. This is 
defined as 

∆𝐶𝐶 = 𝐶𝐶𝑤𝑤 − 𝐶𝐶0.  (12) 

In the straight central section of the pipe, the ∆𝐶𝐶 profile is relatively uniform. In comparison, 
the profiles of ∆𝐶𝐶  at the inlet and outlet orifices are strongly influenced by the turbulent flow. 
Furthermore, ∆𝐶𝐶  is lower at the outlet orifice than at the inlet orifice. This contrasts with the 
corrosion depth, which, as shown in Figure 8, is larger at the outlet orifice than the inlet orifice. This 
may be because the mass transfer coefficient is closely related to the magnitude of roughness [46,48]. 
Corrosion can be expected to render the smooth wall rough, and perhaps there are differences in the 
amplitudes of the roughness at the two orifices, resulting in different mass transfer coefficients, and 
thus, corrosion depths. Prediction of the corrosion depth on the basis of ∆𝐶𝐶 will be considered in the 
next subsection. 

To clarify the correlation between turbulent flow and the mass concentration difference, the 
profiles of ∆𝐶𝐶 and TKE are plotted together for comparison in Figure 18. Clearly, the profile of ∆𝐶𝐶 
is highly coincident with that of TKE near the wall. Therefore, the mass concentration difference can 
be inferred to be significantly affected by the turbulence level. As shown by Equation (9), the 

Figure 16. Effective viscosity and effective diffusivity of iron upstream of the reattachment point.
(a) Effective viscosity; (b) Effective diffusivity.

5.4.2. Mass Concentration Difference Close to the Wall

Figure 17 shows the difference in the mass concentration of iron at different locations. This is
defined as

∆C = Cw − C0. (12)

In the straight central section of the pipe, the ∆C profile is relatively uniform. In comparison,
the profiles of ∆C at the inlet and outlet orifices are strongly influenced by the turbulent flow.
Furthermore, ∆C is lower at the outlet orifice than at the inlet orifice. This contrasts with the corrosion
depth, which, as shown in Figure 8, is larger at the outlet orifice than the inlet orifice. This may be
because the mass transfer coefficient is closely related to the magnitude of roughness [46,48]. Corrosion
can be expected to render the smooth wall rough, and perhaps there are differences in the amplitudes
of the roughness at the two orifices, resulting in different mass transfer coefficients, and thus, corrosion
depths. Prediction of the corrosion depth on the basis of ∆C will be considered in the next subsection.

To clarify the correlation between turbulent flow and the mass concentration difference,
the profiles of ∆C and TKE are plotted together for comparison in Figure 18. Clearly, the profile of ∆C
is highly coincident with that of TKE near the wall. Therefore, the mass concentration difference can
be inferred to be significantly affected by the turbulence level. As shown by Equation (9), the corrosion
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rate is proportional to ∆C, so it can be deduced that the turbulence level can impose direct effects on
the corrosion rate of metal.
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Figure 18. Comparison of mass concentration difference and TKE near the wall. (a) Inlet orifice; (b) 
Outlet orifice. 

5.4.3. Comparison of Predicted Corrosion Depth and Measured Corrosion Depth 

Figure 19 shows a comparison of the predicted corrosion depths calculated with Equation (9) by 
using the mass concentration differences and the corrosion depths measured from the OM images 
for the two orifices. The fabrication deviations of 0.087 mm and 0.174 mm are added in the 
experimental average corrosion depth. The magnitude of the predicted corrosion depth at the inlet 
orifice is slightly less than the measured corrosion depth with a deviation of 0.087 mm. Moreover, 
the predicted damage depth at the outlet orifice is much lower than the experimental value. One 
possible explanation for this is that, as pointed out previously, the effects of wall roughness should 
be involved, and the different wall roughness values of the inlet and outlet orifices result in different 
wall mass transfer coefficients; however, exact data on wall roughness is lacking in this study. As an 
alternative, the calculated corrosion depths of the inlet and outlet orifice were multiplied by a 
uniform scaler of 1.8 to take wall roughness effects into consideration [7,48]. After multiplying the 
scaling factor, the magnitudes of the predicted and the measured corrosion depths of the outlet orifice 
show good coincidence; however, the magnitude of the predicted corrosion depth is slightly higher 
than the measured corrosion depth, including a deviation of 0.174 mm, which indicates that a scaler 
less than 1.8 would be applied to the inlet orifice and illustrates that the wall roughness of the inlet 
orifice is different from that of the outlet orifice. In spite of the arresting coincidence, minor 
discrepancies can still be observed between the predicted and measured corrosion depth profiles. 
These may arise for two main reasons: (1) the numerical results are obtained from a model with a 
smooth surface, while in the experiments, the morphology of the orifice surfaces will have been 
reshaped gradually by the accumulation of corrosion, and accordingly the turbulence level, and thus, 
the mass transfer profile will have changed; (2) the wall roughness along the orifice surfaces may be 
non-uniform. Nevertheless, the results indicate that the turbulence level in the near-wall region has 
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5.4.3. Comparison of Predicted Corrosion Depth and Measured Corrosion Depth

Figure 19 shows a comparison of the predicted corrosion depths calculated with Equation (9) by
using the mass concentration differences and the corrosion depths measured from the OM images for
the two orifices. The fabrication deviations of 0.087 mm and 0.174 mm are added in the experimental
average corrosion depth. The magnitude of the predicted corrosion depth at the inlet orifice is slightly
less than the measured corrosion depth with a deviation of 0.087 mm. Moreover, the predicted damage
depth at the outlet orifice is much lower than the experimental value. One possible explanation for this
is that, as pointed out previously, the effects of wall roughness should be involved, and the different
wall roughness values of the inlet and outlet orifices result in different wall mass transfer coefficients;
however, exact data on wall roughness is lacking in this study. As an alternative, the calculated
corrosion depths of the inlet and outlet orifice were multiplied by a uniform scaler of 1.8 to take wall
roughness effects into consideration [7,48]. After multiplying the scaling factor, the magnitudes of the
predicted and the measured corrosion depths of the outlet orifice show good coincidence; however,
the magnitude of the predicted corrosion depth is slightly higher than the measured corrosion depth,
including a deviation of 0.174 mm, which indicates that a scaler less than 1.8 would be applied to
the inlet orifice and illustrates that the wall roughness of the inlet orifice is different from that of
the outlet orifice. In spite of the arresting coincidence, minor discrepancies can still be observed
between the predicted and measured corrosion depth profiles. These may arise for two main reasons:
(1) the numerical results are obtained from a model with a smooth surface, while in the experiments,
the morphology of the orifice surfaces will have been reshaped gradually by the accumulation of
corrosion, and accordingly the turbulence level, and thus, the mass transfer profile will have changed;
(2) the wall roughness along the orifice surfaces may be non-uniform. Nevertheless, the results
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indicate that the turbulence level in the near-wall region has a strong influence on the corrosion depth
profile. Furthermore, the corrosion depth can be predicted successfully by calculating the mass transfer
coefficient by integrating the corrosion model into the turbulent flow model.

Researchers in Italy have studied the corrosion of cylindrical AISI 316L SS samples using the
LECOR loop. The experiment was performed for 1500 h under the same temperature difference and
similar oxygen concentration conditions as are used in this study [49]. They reported an average
corrosion rate of 1.9 × 10−3 µm/h, which is one magnitude lower than that for the straight central
part of the current study’s experiment where flow has fully developed. This difference may result
from the combined effects of three factors: (1) the absolute temperature is higher in the present study,
so the solubility and diffusion coefficient of iron in LBE are higher; (2) the Reynolds number in the
LECOR loop is about one-fifth of that in the present study, making the diffusion boundary layer is
much thicker, and therefore, mass transfer resistance is much stronger. It has been pointed out that Sh
has a nearly linear correlation with Re for roughened wall surfaces [48,50]; (3) the dimensionless wall
roughness in the LECOR loop is much lower than that of the present study, and it is also known that
the mass transfer coefficient depends on the dimensionless wall roughness [48]. The predicted depth
of corrosion in the straight section of the pipe after 3000 h of operation is about 0.21 mm, which is
about 1.3–3.5 times the average experimental corrosion depth (0.06–0.16 mm); this ratio is similar to
that reported in another study [51]. Overestimation of the corrosion rate in the simulation may result
from [51,52]: (1) the diffusion coefficient of iron in liquid LBE at 450 ◦C not being known sufficiently
precisely; (2) the assumption that the liquid metal is saturated at the solid/liquid interface.

Furthermore, the absolute corrosion depth of the specimen is extremely high in the present
experiment, which would not be acceptable for real engineering applications. For example, one of
the future ADS concepts proposed by JAEA is an LBE spallation target that requires a significant
contraction of the LBE flow path at the beam window [53]. The Reynolds number at the beam
window is much higher than that of the present study, and the beam window would be required to
survive extreme service conditions [54]. Moreover, considering the poor wettability of LBE to 316L SS,
the corrosion depth could be larger because slip at the solid/liquid boundary enhances the turbulence
level in the near-wall region [55]. In addition, it is known that the structural steel will withstand
strong irradiation during its service period, and it has been also reported that the cold-worked steel
experiences different corrosion behaviors than the solution-annealed steel in LBE under static and flow
LBE conditions, which can be attributed to the alteration of the dominant corrosion process [56,57].
It has also been pointed out that the effects of steel microstructure on FAC depend on the relative
thickness between the selective corrosion layer in the solid and the diffusion boundary layer in the
fluid. If the former is thicker, the microstructure effects can be visible; otherwise, it can be ignored [30].
Nevertheless, the effects of microstructure on FAC under LBE flowing condition requires thorough
and systematical investigation in the future.

Those above-combined factors mean that it is extremely important to devise ways to increase
the mass transfer resistance between the base metal and the LBE. Several studies have indicated that
the formation of a protective oxide layer can greatly decrease the corrosion rate of 316L SS in static
LBE [58,59]. Controlling the oxygen concentration in LBE to a specific range is critical to form an
effective self-healing oxide film, and meanwhile avoid the deposition of uncalled-for oxide products
(e.g., PbO) on the cold legs, potentially causing blockage [39].

For future ADSs that adopt LBE as the coolant material, even once an effective protective oxide
film has formed on the structural material, it may be broken or thinned by turbulence pounding [6] and
various stresses. These include not only the shear stress resulting from turbulent flow, but the thermal
stress caused by pulsed proton beam injections and fatigue stress from thermal shocks. Such stresses
are generally very large, and their effects on oxide film should be investigated in detail. The effects of
absolute temperature and temperature difference on corrosion behavior should also be investigated.
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Figure 19. Comparison of the predicted corrosion depths calculated from Equation (9) using the
mass concentration difference and the corrosion depths measured from the OM images at the two
orifices. Note that the fabrication deviations of 0.087 mm and 0.174 mm are added in the experimental
corrosion depth, respectively, and the predicted corrosion depths of the inlet orifice and outlet orifice
were multiplied by a scaler of 1.8 to take the wall roughness into consideration. (a) Inlet orifice;
(b) Outlet orifice.

6. Conclusions

FAC behavior of 316L SS under LBE turbulent flow was studied by using the JLBL-1 loop under
non-isothermal conditions, and CFD analyses were performed to study the associated hydromechanics
and mass transfer. It was found that corrosion of the 316L SS is very severe. Corrosion can reach a
maximum depth of approximately 10% of the tube wall thickness in the straight part of the specimen
pipe, where the flow is fully developed. However, this ratio increases by as much as 50% at the
inlet and outlet orifices, where abrupt changes in the diameter of the specimen lead to changes
in the flow direction and/or recirculation. The corrosion profile is correlated with the near-wall
turbulence level, but does not seem to correlate with the local shear stress and pressure profiles.
In addition, morphological changes during the corrosion process influence the near-wall turbulence
level. Moreover, it is shown that the near-wall turbulence level is extremely sensitive to the orifice
angle, and that right-angled orifices should be avoided to suppress FAC.

Mass transfer analysis shows that the local turbulence level determines the mass concentration
distribution in the near-wall region, thus significantly affecting the mass transfer coefficient. As a
consequence, the mass transfer is an effective means of predicting the depth of FAC, which can be
calculated with the assistance of CFD analyses with a corrosion model. The corrosion depth was
calculated on the basis of the mass transfer coefficient obtained in the numerical simulation and was
compared with that obtained in the loop. For the inlet orifice part, the predicted corrosion depth is
comparable with the measured corrosion depth; for the outlet orifice part, the predicted corrosion
depth is less than the measured corrosion depth, however, this gap was filled well after taking the wall
roughness effects into consideration; for the straight tube part, the predicted corrosion depth is larger
than the average experimental corrosion depth, which perhaps can be attributed to the fact that the
iron concentration on the wall did not reach its saturation value, as assumed. Considering that many
other factors beyond the range of the present study can lead to much more severe FAC, formation of
an oxide layer is an extremely important means of preventing the rapid development of FAC. In the
future, research on corrosion behavior under precisely controlled oxygen, flow speed, and temperature
conditions will be carried out.
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Nomenclature

a, b, c constants in empirical equations linking Sh to Sc and Re
Ca cavitation number
Cb, Cw, C0 species concentration in the bulk fluid, at the wall, and in the first node, kmol/m3

CO2 oxygen concentration in a liquid, kmol/m3

Dh hydraulic diameter, m
Dm molecular diffusion coefficient, m2/s
Dt eddy or turbulent diffusivity, Dt = µt/ρSct, m2/s
De f f effective diffusion coefficient, De f f = Dm + Dt, m2/s
fu, f2 damping factor in the k− ε LRN turbulence model
It turbulence level in the near-wall region
JFe mass flux of iron, kmol/

(
m2·s

)
k turbulent kinetic energy, m2/s2

Kc mass transfer coefficient, m/s
Mc chemical component of a material
MFe molar mass of iron, kg/kmol
Pk generation of turbulence, kg/

(
m·s3)

Pk
′ additional term of turbulence generation in the k− ε LRN turbulence model,

kg/
(
m·s3)

Pl local pressure in a liquid, Pa
Pv vapor pressure of a liquid, Pa
Rw wall roughness, m
Re Reynolds number, Re = ρVl Dh/µ

Rey, Ret turbulence Reynolds number, Rey = ρy
√

k/µ, Ret = ρk2/µε

Sc Schmidt number, Sc = µ/ρDm

Sct turbulent Schmidt number, Sct = µt/ρDt

Sh Sherwood number, Sh = aRebScc

T temperature, K
∆T temperature difference, K
u+ dimensionless velocity
Vl characteristic flow speed of a liquid, m/s
y distance from the wall, m
y+ dimensionless distance from the wall
y0 distance of the first node from the wall, m
Greek
symbols
δd thickness of diffusion boundary layer, m
δv thickness of viscous sublayer, m
ε dissipation of turbulent kinetic energy, m2/s3

µ molecular dynamic viscosity, kg/(m·s)
µt eddy or turbulent viscosity, kg/(m·s)
µe f f effective viscosity, µe f f = µ + µt, kg/(m·s)
ρ density, kg/m3

τw wall shear stress, Pa
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