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a b s t r a c t

A FAC (flow-accelerated corrosion) test was performed for a straight pipe composed of the SA335 Gr P22
and SA106 Gr B (SA106-SA335-SA106) types of steel with welds as a function of the flow rate in the range
of 7e12 m/s at 150 �C and with DO < 5 ppb at pH levels ranging from 7 to 9.5 up to a cumulative test time
of 7200 h using the FAC demonstration test facility. Afterward, the experimental pipe was examined
destructively to investigate opposite effects as well as entrance effects. In addition, the FAC rate obtained
using a pipe specimen with a 50 mm inner diameter was compared with the rate obtained from a
rotating cylindrical electrode. The effects of the complicated fluid flows at the elbow and orifice of the
pipeline were also evaluated using another test section designed to examine the independent effects of
the orifice and the elbow depending on the distance and the combined effects on orifice and elbow. The
tests were performed under the following conditions: 130e150 �C, DO < 5 ppb, pH 7 and a flow rate of
3 m/s. The FAC rate was determined using the thickness change obtained from commercial room-
temperature ultrasonic testing (UT).
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Wall thinning in pipes made of SA106 due to flow-accelerated
corrosion (FAC) is one of the major degradation phenomena in
fossil and nuclear power plants. This has led to human injuries and
economic losses due to accidents such as those at Surry Unit 2 in
1986 and Mihama Unit 3 in 2004 [1e3]. Research on pipe thinning
has been active around the world with such accidents as a pivot
point, and a number of experimental test facilities have been
developed (e.g., EDF-CIROCO, France; AREVA-BENSON, Germany;
B&W FAC Loop, Canada and CRIEPI-PRINTEMPS, Japan) to evaluate
the various factors that affect pipe thinning [4e6].

FAC is usually affected by chemical parameters in aqueous en-
vironments, such as dissolved oxygen (DO), the flow velocity and
the pH and temperature as well as by the pipe materials affected by
those parameters [7,8]. Much of the research on FAC examines the
effects of a single parameter on rotating coupon specimens [9,10].
by Elsevier Korea LLC. This is an op
However, the pipelines of a nuclear plant consist of numerous
curved sections with elbows, valves and orifices bywhich thewater
flow is strongly disturbed, thereby leading to asymmetric fluid
formation [11,12]. As a result, pipes can become asymmetrically
thinned [13]. However, the effects of FAC on an asymmetric flow
and related complex components have mainly been simulated us-
ing CFD (computational fluid dynamics) rather than by experi-
ments [14e18].

Moreover, most studies have utilized small coupons or pipe
pieces as samples for the experiments, which are not appropriate
for non-destructive examinations (NDE) using ultrasonic testing
(UT) despite the fact that plants use UT as a thickness measurement
method [15,19e21].

In this study, pipes with an inner diameter of 50 mm (two
inches) were subjected to UT as NDE. FAC tests were conducted on
two types of test sections (a straight pipe test section composed of
SA335 Gr P22 and SA106 Gr B: SA106-SA335-SA106) steels and a
second test section to investigate the effects of the complicated
fluid flows which form at the elbow and orifice of the pipeline. The
FAC rate was determined using the thickness change obtained from
commercial room-temperature ultrasonic testing (UT) before and
en access article under the CC BY license (http://creativecommons.org/licenses/by/
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after each test.
Higher FAC rate was observed in a low Cr steel at the weld area,

comparedwith a low Cr steel far from theweld bead, irrespective of
flow direction. This suggests that the weld bead area in the flowing
direction from the carbon steel to the low alloy steel should be
inspected carefully, comparable to the weld bead area in the
flowing direction from the low alloy steel to the carbon steel (well
known as the entrance effect) [22].

Moreover, a combined effect of the orifice and elbow on the FAC
was demonstrated experimentally, showing the highest FAC rate
and asymmetric FAC behavior compared to a straight pipe
following a single orifice and a straight pipe flowing along a single
elbow.
2. Experimental procedure

2.1. Test sections

A straight test section (pipe test section 1) with dissimilar metal
welds between SA106 Gr B of 0.04 wt% Cr and SA335 Gr P22 of
2.08 wt% Cr (Table 1) composed of a 50 mm-inner-diameter pipe
was designed as shown in Fig. 1 to investigate the entrance effect
(SA335-SA106) and the opposite effect (SA106-SA335). The dis-
tance from the dissimilar welds was designed to be 15 times greater
than the inner diameter of the two-inch pipe.

To measure the thinning phenomenon in various parts of the
pipeline, a second test section (pipe test section 2) was designed to
have an elbow (radius of 76 mm, SA234WPB equivalent to SA106)
and a 40-mm-diameter orifice, as presented in Fig. 2. Each section is
defined as follows: WeP03, the straight pipe section following
orifice 1, W-E01, the first elbow section, WeP04, the straight pipe
section following the first elbow (W-E01) and W-E02, and the
second elbow section following orifice 2.

WeP03, W-E01 and WeP04 were designed to evaluate the ef-
fect of the distance from the orifice and from the elbow on pipe
thinning, respectively. W-E02 was designed to allow the observa-
tion of the pipe-thinning phenomena associated with the compli-
cated flow caused by the combined conditions of the orifice and the
elbow (Fig. 2).

GTAW (gas tungsten arc welding) was carried out using EWTh-2
and ER70S-6 as a tungsten electrode and a filler metal, respectively,
for the straight pipe weld and the straight pipe/elbow weld at an
interpass temperature in the range of 170e190 �C at an Ar gas flow
rate of 10e15 L/min. In total, three layers were welded in the input
current and voltage ranges of 90e100 A and 11e12 V for the first
layer and 140e170 A and 12e14 V for the other layers, respectively.
A post-heat treatment was not carried out. Soundness of the weld
was confirmed by PT (liquid penetration testing) and RT (radio-
graphic testing) examinations. After welding themetal with 0.15 wt
% Cr (ER70S-6), the back bead inside the pipe was machined and
then selectively removed while avoiding damage to the base
material.

Regarding the plate coupon test, a rotating cylindrical electrode
with a 120 mm diameter was designed to rotate in an autoclave
connected tomotor outside. Plate-type specimens were attached to
a rotating cylinder with a gap of 3.5 mm between the rotating
Table 1
Chemical composition of the pipe materials (wt%) as manufactured by Nippon Steel
& Sumitomo Metal Corporation.

Alloy C Si Mn Cu Cr Ni Mo Fe

SA106 Gr B 0.19 0.24 0.98 0.02 0.04 0.02 0.01 Bal.
SA335 Gr P22 0.1 0.22 0.42 2.08 0.94 Bal.

3004
cylinder and the autoclave wall, following an earlier procedure
[10,23].

2.2. FAC test and thickness measurement

The straight pipe test section (pipe test section 1) was exposed
to the conditions of 150 �C, DO< 5 ppb in a pH range from7 to 9.5 as
a function of the flow rate in the range 7e12 m/s with 1200 h for
each run using the FAC demonstration test facility designed and
manufactured by the Korea Atomic Energy Research Institute
(KAERI) in 2016 [24]. In total, six runs were performed up to a cu-
mulative test time of 7200 h for pipe test section 1. After the
experiment, the pipe was examined destructively to investigate the
entrance and opposite effects.

A test was also performed during 1100e1200 h under the con-
ditions of 130e150 �C, DO < 5 ppb, pH 7 and a flow rate of 3 m/s for
the second test section with an orifice and elbow (pipe test section
2).

The flow rate was determined from the volumetric flow divided
by the flow area for the pipe. A 10 m/s flow rate corresponds to
1141 L/min in the experimental system.

Deaeration was achieved by nitrogen purging in a water tank,
after which deaerated water was pumped into the test section
using an injection pump. Let-down water of the same amount was
then flowed into an ion exchanger for purification and then back to
thewater tank. The system pressure is controlled by a pressurizer. A
high-pH experiment is carried out through an additional ammonia
injection into the chemical tank before the injection pump
operates.

The pipe thickness was measured ten times using a commercial
room-temperature UT (Olympus 38DL Plus, resolution 10 mm) in
the center of each grid (15 � 15 mm) before the experiment. The
grid was drawn along the length and circumference of the straight
pipe and elbow prior to the experiment. Every UT measurement
was carried out after calibration using a SS304 block.

For the rotating cylindrical electrode experiment, the FAC test
was performed at 150 �C and with inlet water at a pH of 7 as a
function of the flow rate up to 3000 h. The test solution is circulated
to control the pH and to remove dissolved ionic species with a flow
rate of 50 cc/min through a test loop equipped with an ion
exchanger. Dissolved oxygen below 5 ppb was controlled by ni-
trogen purging throughout the experiment. The FAC rate was
determined from the weight loss after the test [10,23]. It should be
noted that the flow rate was determined from the peripheral ve-
locity for a rotating cylinder electrode, unlike the flow rate for the
pipe specimen mentioned above.

The straight pipe test section was destructively examined to
observe its surface morphology and surface oxide by means of
optical microscopy (OM) and TEM (transmission electron micro-
scope, JEM-2100F, JEOL) for specimens prepared using a FIB
(focused ion beam). Entrance and opposite effects at the weld areas
were also investigated using CT (computed tomography). The
characteristics of the surface and the cross-section of the plate
coupon specimen from the rotating cylindrical electrode were
observed using OM and TEM for samples prepared with a method
identical to that used for the straight pipe specimen and the results
were compared.

3. Results and discussion

Fig. 3 shows the wall thinning outcome of SA106 as measured
from the middle region of the pipe with the flow direction as a
function of the flow velocity during 1200 h in each test. The thin-
ning rate increasedwith the flow velocity irrespective of the SA106-
SA335 (P22) or SA335 (P22)-SA106 flow direction. The FAC rates



Fig. 1. Schematic and photograph of the experimental straight pipe test section.

Fig. 2. Photograph and schematic of the test section with the orifice and elbow.

Fig. 3. Wall thinning of SA106 measured from the middle region of the pipe with the
flow direction as a function of the flow velocity during 1200 hrs in each test.
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obtained from the straight pipe test section and rotating cylindrical
electrode are shown in Table 2 [10,24]. It has been reported [25e27]
that the FAC rate remains constant over time, except for the initial
period of tens of hours. In this work, every experiment using a pipe
test section and the coupon tests using the rotating electrode lasted
Table 2
Average FAC rate and Reynolds number for the rotating cylindrical electrode and
straight pipe test section with the flow rate.

Flow rate (m/s) 2 4 7 10 12
FAC rate (mm/yr) for cylindrical specimen 0.83 1.38 9.1
Reynolds number (xE6) for cylindrical specimen 1.1 2.2 5.5
FAC rate (mm/yr) for pipe specimen 0.54 0.8 0.99
Reynolds number (xE6) for pipe specimen 1.6 2.3 2.7
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1200 and 3000 h, respectively, durations which are long enough to
attain a steady state. Therefore, the total wall thickness change for
the test was converted to the average FAC rate (mm/yr) in this work.

The FAC rate increased with the flow rate for the carbon steel
(SA106 Gr B) irrespective of the testing method used (i.e., rotating
cylindrical electrode or pipe test section). There was a significant
difference between the FAC rates with the experimental method at
an identical flow rate, e.g., 9.1 mm/yr and 0.8 mm/yr for the cy-
lindrical coupon test and pipe specimen at a flow rate of 10 m/s,
respectively. However, it was also found that the range of the FAC
rates with the experimental method became much narrower when
the Reynolds numbers as determined in the experimental condi-
tion were similar to each other (The FAC rate (1.38 mm/yr in the
coupon test) for a Reynolds number of 2.2� 106 is similar to the FAC
rate (0.8 mm/yr for the pipe specimen) for a Reynolds number of
2.3 � 106) considering the broad data scattering of the FAC rate.

It was also noted that the Reynolds number is defined as the
density x mean velocity x hydraulic diameter/dynamic viscosity.
The density, mean velocity, hydraulic diameter and dynamic vis-
cosity are the water density at the test temperature (150 �C in this
work), the average flow velocity, the diameter of the flow and the
dynamic viscosity of the water at the test temperature (150 �C in
this work), respectively. The mean velocity is determined from the
volumetric flow divided by the flow area for the pipe and from the
peripheral velocity of the rotating cylinder. The diameter refers to
the cylinder diameter (120 mm) of the rotating cylinder as well as
the inner diameter (50 mm) of the pipe.

It is presumed that the geometry differs greatly between the
two experimental methods, leading to different hydrodynamic
conditions. Accordingly, it appears that the FAC rate is more closely
related to the hydrodynamic parameter than to the apparent flow
rate. Chen et al. reported [25] that the corrosion rate for a flow-
through pipe channel, annular flow channel and a rotating cylin-
der system was independent of the geometry when plotted as a
function of the mass transfer coefficient on a log-log scale. This
indicates that hydrodynamic parameters containing geometrical



Fig. 5. TEM image from the SA106 specimen prepared using a FIB from the straight
pipe test section after a cumulative experimental duration of 7200 hrs.
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information such as the mass transfer coefficient and Reynolds
number are more important with regard to the FAC rate than the
apparent flow rate and should be considered in a FAC analysis.

Fig. 4 shows an OM image taken after the experiment with the
straight pipe test section (pipe test section 1). A typical orange-peel
surface texture was observed on the SA106 specimen but not
observed with P22 (SA335), whereas the orange peel texture was
not found on the rotating cylindrical electrode irrespective of the Cr
content in the alloy during the test up to 3000 h [23]. It appears that
the surface texture difference stems from the experimental method
despite the fact that the Reynolds numbers are similar and the flow
is in the same regime (turbulence regime). The precise turbulence
pattern of the rotating electrode is not identical to that of the pipe.
This difference from the experimental method should be clarified
in the future.

The cross-sectional morphologies obtained from the TEM sam-
ple prepared using the FIB are correspondingly presented in Figs. 5
and 6 for the pipe and rotating electrode specimens. Both of the
surface oxides which formed during the test are not dense
compared to the dense image of the metal side. The oxide thick-
nesses do not differ greatly in the range of 1e2 mm irrespective of
the experimental method used, unlike the difference in the surface
texture for these two dissimilar specimens (i.e., the straight pipe
and rotating coupon. Hence, the oxide formation behavior depends
less on the turbulence pattern, unlike the surface texture.

Fig. 7 presents a CT image of the straight pipe section, specif-
ically showing the SA106-SA335 (P22) flow direction. A weld bead
on the outside was noted, whereas an inside weld bead is absent
because the weld bead inside the pipe after welding was removed
before the experiment to investigate the effect of the chemical
composition on the FAC, as mentioned in the experimental section.
There was a thickness difference of 470 mm between the P22 and
SA106 cases due to the different FAC rates caused by the Cr content
difference (2.08 wt% for SA335 and 0.04 wt% for SA106) during the
experiment. There is only a slight thickness change for P22 with a
relatively high Cr content. According to the room-temperature UT
Fig. 4. Optical microscopy images after a cumulative experimen
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and the results shown in Fig. 3, the cumulative thinned thickness
during the entire experiment of 7200 h was approximately 420 mm,
similar to the value of 470 mm from the destructive examination.

It is interesting that there was a steep barrier wall at the
boundary between the weld metal and the SA106 material. The
weld metal of 0.15 wt% Cr is resistant to FAC in water at pH 7 and
150 �C, while SA106 with 0.04 wt% Cr is relatively readily thinned
during the experiment. Consequently, a barrier layer approxi-
mating a wall would be produced due to the difference in the
corrosion rate in the initial stage, after which the wall serves to
tal duration of 7200 hrs with the straight pipe test section.



Fig. 6. TEM image of the SA106 specimen prepared using a FIB for a rotating cylindrical
electrode.

Fig. 7. CT image of the section with the flow in the SA106-P22 direction obtained after
a cumulative experimental duration of 7200 hrs.

Fig. 8. CT image of the section with the flow in the P22 (SA335)-SA106 direction
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create additional turbulence, such as an eddy flow, causing FAC
acceleration near the boundary wall. It should also be noted that
the FAC rate was more increased for SA106 closer to the boundary
wall due to additional turbulence.

Accordingly, it is suggested that the FAC acceleration effect
should be carefully considered for dissimilar welds when cooling
water flows in the low Cr alloy to the high Cr alloy direction. Barrier
3007
layer formation and hence the FAC acceleration effect may also be
facilitated by galvanic corrosion caused by electrochemical poten-
tial difference between the low Cr alloy and high Cr alloy. This wall
thinning behavior caused by the local thinning rate difference was
not discriminated in the UT data which can be obtained from the
wider area relative to the local hump area.

On the other hand, higher FAC was also observed at weld bead
area for the opposite flow direction (SA335 (P22)-SA106), as shown
in Fig. 8. It is known that the entrance effect occurs when single-
phase water flows from a resistant material to a susceptible ma-
terial [22]. The susceptible low Cr material dissolves easier than a
resistant material with a high Cr level inwater. Water flowing along
a resistant material contains fewer Fe ions than water from a sus-
ceptible material. The Fe ion concentration gradient at the
boundary region between a resistant material with a high Cr level
and a susceptible material with a low Cr level is caused by the
different dissolution rates between the two materials, providing
the driving force for the additional dissolution of the susceptible
material. Therefore, a susceptible material at the boundary be-
tween a resistant material and a susceptible material thins more
rapidly.

The weld metal, more susceptible than P22 (SA335), and SA106,
more susceptible than the weld metal, were thinned more at the
boundary, indicating an entrance effect. However, it is worthwhile
to note that there is slight difference in shape of the weld bead area
with the flow direction, compared with Fig. 7. An obvious steep
barrier wall was not observed in Fig. 8 unlike inset circle in Fig. 7. It
is reasonable that a steep barrier wall does not form easily when
water flows from the high Cr steel (low FAC rate) to the low Cr steel
(high FAC rate) (water flow in the downhill direction).

Apart from water flow in the downhill direction, when water
flows from the susceptible low Cr steel to the resistant high Cr steel
(water flow in the uphill direction), initially the difference in FAC
from high to low rate caused by the chemical compositional dif-
ference may introduce a shallow barrier layer such as a wall, after
which a steeper wall such as a high hump develops relatively easily
due to the additional turbulence caused by the wall, leading to
locally rapid thinning over time.

Considering long-term maintenance aspects, the opposite effect
(susceptible material to resistant material direction of flow) would
be also a significant threat with regard to pipe thinning, compa-
rable to the well-known entrance effect (resistant material to sus-
ceptible material direction of flow) which is regarded as an
important wall thinning phenomena. Nevertheless, more precise
experimental data to support this result are needed for general-
ization of the opposite effect. Moreover it seems that the difference
in width of the two welds in Figs. 7 and 8 can also somewhat
contribute to the profile development of weld bead area.

At this point, we discuss the experimental result using pipe test
section 2. Fig. 9 shows the FAC rate with the distance of a straight
pipe following the first orifice (WeP03) for the second test section
including an orifice and an elbow. The error bar indicates the
obtained after a cumulative experimental duration of 7200 hrs.



Fig. 9. FAC rate with the distance of a straight pipe following the first orifice (WeP03) for the second test section.

Fig. 10. FAC rate with the distance of the straight pipe following the first elbow (WeP04) for the second test section.
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standard deviation of the UT data in Figs. 9e12. Runs 2 and 3
represent the experimental tests performed at 150 �C and 3 m/s for
1100 h and at 130 �C and 3 m/s for 1200 h, respectively.

It is convenient to explain the circumferential position of the
pipe over time when water flows along the pipe. The top and
bottom edges as the angular positions refer to 0 and 6 o'clock,
respectively. Right and left edges as the angular positions similarly
denote 3 and 9 o'clock. Therefore, each time and distance in the
WeP03 case will indicate a UT grid point along the circumference
of pipe and the distance from the orifice, respectively.

The FAC rate of Run 2 is higher than that of Run 3. FAC de-
pendency on the temperature is known to balance the reaction rate
related Fe ion solubility and the mass transfer related to the
diffusion of ionic species. Earlier work reported [9] that the FAC rate
is highest near 150 �C, consistent with this work. The FAC rate
decreased slightly with the distance and then remained constant
after 300 mm (around 6D, where D is the inner diameter of the
pipe). Another report found [20] that the FAC rate decreased to a
constant level after 4D according to measurements of the plate
thickness using an electrochemical method.

There appears to be a higher FAC rate at 1.5, 5.5 and 10.5 at the
angular positions in the radial direction, indicating that positions
near the top and bottom are readily thinned compared to other
circumferential positions after the first orifice. This can be related to
the geometry of the test section or the symmetric position of the
orifice assembled before the test. The FAC rate based on UT datawill
be analyzed through a CFD program and via a destructive exami-
nation in the future.

Fig. 10 shows the FAC rate with the distance for the straight pipe
following the first elbow (WeP04) of the second test section. Each
Fig. 11. FAC rate with the radial angle of the first
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time and distance value in theWeP04 case indicates a UTgrid point
along the circumference of the pipe and the distance from the
elbow, respectively. The FAC rate of Run 2 is also higher than that of
Run 3, as with the WeP03 section. The FAC rate decreased slightly
with the distance, but was as high as to 380 mm (around 7.6D,
where D is the inner diameter of the pipe), greater than that in the
WeP03 section. This indicates that the change in the flow distri-
bution caused by an elbow leads to a longer distance in the straight
pipe section compared to the flow distance modified by an orifice.
Higher FAC rates at 1.5 and 6.5 as angular positions are likely, an
outcome somewhat consistent with the WeP03 results. The data
distribution at 1.5 for Run 2 was wider than that in the WeP03
section. This may be due to the development of an asymmetric flow
caused by the elbow.

Figs. 11 and 12 show the FAC rate with the angle from the
entrance to the exit of the first elbow (W-E01) for the second test
section and the FAC rate with the angle of the second elbow (W-
E02) following the second orifice in the second test section,
respectively. For the elbow, it is convenient to explain the distance
from the entrance to the exit of the elbow as the angles of the elbow
of 0� and 90�, respectively. It is also convenient to explain the
circumferential position of the elbow over time when water flows
along the elbow. The top and bottom edges refer to 0 and 6 o'clock
as the angular positions, respectively. Similarly, the right and left
edges refer to 3 and 9 o'clock as the angular positions.

The FAC rate of Run 2 is also higher than that of Run 3, as with
the straight pipes and the WeP03 and WeP04 sections at the first
elbow (W-E01). It was also noted that the FAC rate is higher and
widely distributed at 0 and 0.9 as the angular positions, compared
to the outcomes at other positions. The FAC rate decreased with the
elbow (W-E01) for the second test section.



Fig. 12. FAC rate with the radial angle of the second elbow (W-E02) following the second orifice for the second test section.

Fig. 13. FAC rate for various sections at 50 and 95 percentiles in the data.
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angle (distance). It has been reported [14,16,18] that the angular
velocity is highest at the intrados of the elbow, with CFD simula-
tions used to assess this via a combination of the turbulent in-
tensity, velocity and shear stress terms.

From the result in Fig. 11, based on room-temperature UT data, it
appears that the extrados is more susceptible to FAC than the
intrados. It also appears that the wide distribution is due to the
complicated flow caused by the elbow. The high FAC rate near the
extrados is related to the high FAC rate near the top area (1.5 as the
3010
angular position in Fig. 10) for WeP04 following W-E01. However,
FAC is not high near 6.5 as the angular position for W-E01, where
the FAC rate was found to be higher than at other positions for
WeP04 (6.5 as the angular position in Fig. 10), meaning that other
flows would be generated toward the bottom area of WeP04 when
water flows into the straight pipe along the elbow.

In Fig. 12, obtained from the second elbow (W-E02), the FAC rate
varies most widely among the four sections (WeP03, WeP04, W-
E01 and W-E02), indicating the combined effect of the orifice and
elbow. The FAC rate changed with the angle of the elbow; it
increased at 0.9 and 11.1 as the angular positions near the extrados
but decreased relatively at 7.5 and 10.2 as the angular positions for
Run 2when cooling water flowed from the entrance to the exit. The
nonuniformity of FAC rate for W-E02 increased with the angle
(distance) compared to that for W-E01. Given this different
behavior between the W-E01 and W-E02 sections, it is likely that
the flow became more asymmetric under the combined effect of
the orifice and elbow compared to the effect of a single elbow.

The circumferential position at which the FAC occurs rapidly
varies with the components, such as the orifice, elbow, straight pipe
and combinations of these components. This will be elaborated on
via destructive examinations of straight pipes and elbows in the
future.

Fig. 13 shows the FAC rate as a function of section (WeP03,
WeP04,W-E01 orW-E02) for Run 2 and Run 3 as the 50th and 95th
percentiles of the data. It was found that Run 2 at 150 �C and 3 m/s
resulted in awider data band compared to Run 3 at 130 �C and 3 m/
s according to a comparison of the 50th and 95th data percentiles.
The width of the data band is consistent with the FAC rate, which
was higher for Run 2 than Run 3. The data band was widest in the
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W-E02 section in particular, which is related to the complexity of
the flow.

The FAC rate increased in the order of WeP03 < WeP04 < W-
E01 <W-E02 from the 95th percentile data. It should also be noted
that the highest FAC rate was obtained at the elbow following the
orifice, indicating a synergistic effect of the complex flow devel-
oped from the combination of the orifice and elbow compared to
those at a single elbow or a single orifice on the FAC. The FAC rate
based on UT data in this work requires additional analyses through
CFD programs and destructive examinations.

4. Summary

1) A typical orange-peel surface texture was observed for a straight
pipe SA106 specimen, whereas the orange peel texture was not
found for the rotating cylindrical electrode in earlier work.
Unlike the difference in the surface appearance, an oxide
morphology showed similar patterns in terms of the thickness
and porosity irrespective of the experimental method used with
the pipe specimen and rotating electrode.

2) Higher FAC rate in a low Cr steel at the weld bead area was
found, compared with a low Cr steel far from the weld bead,
irrespective of flow direction (from high to low Cr alloy
(entrance effect) and from low to high Cr alloy (opposite effect))
for a straight pipe test section.

3) The FAC rate increased in the order of ‘straight pipe following a
single orifice’, ‘straight pipe following a single elbow’, ‘single
elbow’ and ‘elbow following the orifice’ (WeP03 <WeP04 <W-
E01 < W-E02) from the 95th percentile data, indicating a syn-
ergistic effect on the FAC of the flow caused by the combined
conditions of the orifice and elbow, as opposed to a single elbow
or a single orifice.
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