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ABSTRACT

The purpose of this paper is to understand the mechanism of non-axisymmetric wall-thinning that caused a pipe break
in the pipeline of the Mihama nuclear power plant in 2004. The wall thinning was caused by the flow accelerated corro-
sion which affects low carbon steel pipelines. The mass transfer rate measurement of the wall thinning behind an office
in a curved swirling flow is carried out in a closed-circuit water tunnel using a benzoic acid dissolution method. The
experimental results indicate that the high mass transfer rate is observed on one side of the pipe behind the orifice,
which is similar to the observation of the wall-thinning rate in the Mihama case. This result suggests that the influence
of the secondary flow in the long elbow combined with the swirling flow can produce the non-axisymmetric mass
transfer phenomenon behind the orifice.
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1. Introduction the magnitude of which was estimated by the swirl num-
ber defined by the ratio of the circumferential momentum
to the axial one and equal to 0.26 in the upstream of the
orifice. Since then, several studies have been carried out
in literature [8-13] to elucidate the mechanism of wall-

thinning of the pipe.

The wall thinning is one of the important topics of inter-
ests for the safety management of the pipelines in nu-
clear/fossil power plants. Most of pipe-wall thinning is
caused by the flow accelerated corrosion (FAC) of low
carbon steel pipelines. The mechanism of FAC is mainly

governed by the mass transfer phenomenon of the ferrous
ions from the low carbon steel into the bulk flow and is
highly accelerated by turbulent flow. Therefore, FAC is
often observed in the flow behind an orifice and in an
elbow with highly turbulent flows [1-5].

In 2004, a pipeline accident has occurred in the Mi-
hama nuclear power plant in Japan, which resulted from
pipe-wall thinning by FAC [6,7]. The geometry of pipe-
line in Mihama is illustrated in Figure 1. It is known that
the non-axisymmetric pipe-wall thinning occurs behind
the orifice in the A-line, while the wall thinning in the
B-line behind the orifice keeps almost symmetric. The
most interesting point of the pipe-wall thinning is the
non-axisymmetric wall thinning in the cross-section of
the A-line behind an orifice, which results in a higher
thinning rate on one side of the pipe than on the other
side. It was also found from the scaled model experiment
that the swirling flow was observed in the pipeline [7],
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One of the cause of the non-axisymmetric wall-thin-
ning is the orifice bias error [8,11]. This bias error can
occur in the pipeline, when a circular orifice plate is in-
stalled to the pipeline, while the pipeline has a minor
diameter error smaller than 0.8% of the diameter by the

Figure 1. Prototype pipeline of Mihama power plant.
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Japanese Industrial Standard (JIS G3456). Due to the
unstable nature of the flow behind the orifice under the
influence of swirling flow, the flow reattaches on one
side of the pipe wall and results in the non-axisymmetric
flow field behind the orifice [11]. The critical bias error
is known to be 0.4% of the pipe diameter, which is com-
bined with the swirl number 0.2 of the swirling flow,
generates the non-axisymmetric flow behind the orifice
[12]. This mechanism is supported by the measurement
of mass transfer rate behind the orifice by naphthalene
sublimation method [12]. On the other hand, the flow
behind the orifice can be influenced by the pipeline ele-
ments, such as the elbow and the some other complex
pipeline shape in the upstream. This is the case of A-line
in the Mihama. However, the influence of the pipeline
elements in the upstream has not been fully understood
yet due to the complex nature of the flow field related to
the FAC case.

The purpose of this paper is to provide a key to under-
stand the complex mechanism of non-axisymmetric wall-
thinning of a pipeline by the mass transfer rate measure-
ments using a benzoic-acid dissolution technique.

2. Experimental Apparatus and Procedures

The measurement of mass transfer rate was carried out
using a closed-circuit water tunnel, which was described
in Ref. [11]. A schematic layout of the experimental ap-
paratus is shown in Figure 2. A honeycomb is located in
the upstream of a swirler to remove the influence of the
secondary flow in the upstream. The swirl flow was gen-
erated by the swirler, which is made of 6 plate vanes of
inclined angle of 45 degrees. In the downstream, the long
elbow, the straight pipe section of length 104, the circu-
lar orifice having a diameter ratio of 0.6 are placed be-
fore entering into the test section for the measurement of
mass transfer rate behind the orifice. The long elbow has
an inner diameter 52.7 mm and the radius of centerline
curvature 76.2 mm (JIS B2313-1991). The inner diame-
ter of the test pipe is d = 51.4 mm and the water tem-
perature is kept at 323 K during the experiment. There-
fore, the present experiment was carried out at the Rey-
nolds number Re (=Ud/v) = 3 x 10* and the Schmidt
number Sc = 300, while the Reynolds number of Mihama
case is Re = 5.8 x 10° [7]. It should be mentioned that the
Schmidt number in this experiment is closer to the Mi-
hama case (Sc = 30 - 100) than that of the previous meas-
urements using the electrochemical method at Sc = 1460
[2] and the naphthalene sublimation method at Sc = 2.3
[11].

The PIV measurements of the circumferential and ax-
ial velocities are shown in Figure 3, which are measured
at x/d = —3 upstream of the orifice and at Re = 3 x 10*.
The details of the PIV measurement are described in Ref.
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[11]. The swirl number was evaluated from Figure 3 as
0.35 at Re = 3 x 10*, which is slightly larger than the
swirl number 0.26 in the scaled model experiment at Re
= 4.6 x 10°[7] of the Mihama case.

The test section for mass transfer measurement behind
the orifice is made of two half-pipes of aluminum ma-
terial, and the picture is shown in Figure 4. The inner
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Figure 3. Circumferential and axial velocity distributions
(x/d = =3). (a) Circumferential velocity; (b) Axial velocity.
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Figure 4. Test section for mass transfer measurement.

diameter of the test section is 55.4 mm, on which the
benzoic acid forms a layer. The thickness of the ben-
zoic-acid layer is 2 mm to keep the inner diameter of the
test section equal to the pipe diameter. The axial length
of the benzoic-acid layer is 200 mm, which is long enough
to measure the mass transfer rate behind the orifice.

Benzoic acid is solid at room temperature and its phase
changes to liquid at temperature higher than 395 K. The
molten benzoic acid is casted into each half-pipe of the
test section to form a thin layer of benzoic acid. The ben-
zoic acid layer is supported by the aluminum cylindrical
rod during the casting. It is noted that the test section is
heated to 405 K before the casting, which allows a uni-
form benzoic acid layer over the inner surface of the test
section. Then, the test section and the casted benzoic acid
layer are gradually cooled down to the room temperature.
Finally, the surface of the benzoic acid is made smooth
by using an emery paper #1000. The rms surface rough-
ness was measured by the scanning digital microscope as
12 pm before the experiment and 13 pm after the ex-
periment, so that the surface is considered hydraulically
smooth.

The measurement of surface depth of the benzoic acid
layer before and after the experiment was carried out
using a linear variable differential transformer. The sen-
sor was placed on the traversing stage driven by the step-
ping motors, which allowed the measurement of surface
depth on the benzoic acid layer. The measurement of
mass transfer rate in the circumferential direction was
made by rotating the test section for every 30 degrees at
some fixed distances from the orifice. The sensor resolu-
tion of the depth measurement is +0.1 pm. Note that the
maximum removed thickness of the benzoic acid layer
was smaller than 300 um during the experiment of 10
minutes.

The mass transfer coefficient K was evaluated from
the following equation:

« _ POh/St

C,—C

(M

where 0h/dt: wall thinning rate, p: density of benzoic acid,
¢, concentration of benzoic acid on the wall, ¢;: concen-
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tration of benzoic acid in the bulk flow. Note that ¢,, is
assumed as the saturated concentration of the benzoic
acid and ¢, is negligibly small in the present experiment.
The Sherwood number Sk (=Kd/D) is evaluated by using
the molecular diffusion coefficient D (=1.8 x 10° m/s” at
temperature 323 K) from the empirical formula [14]. The
uncertainty in the Sherwood number measurement is esti-
mated as 6.9% at 95% in the confidence level.

3. Results and Discussion

Three experiments are carried out in this study. One is
the mass transfer rate measurement of the curved swirl-
ing flow, the others are that of the curved pipe flow
without swirl and that of the straight pipe flow without
swirl.

Figure 5 shows the circumferential distributions of the
Sherwood number along the pipe wall behind the orifice
of the curved swirling flow, which is compared with the
results of curved pipe flow and straight pipe flow without
swirl. The angle in degrees in the figure shows the pipe
wall position observed from the downstream. Note that
the results are shown at an axial distance of x/d = 1 be-
hind the orifice, where the maximum pipe-wall thinning
was observed in the Mihama case. The Sherwood num-
ber distribution indicates that the mass transfer rate is en-
hanced on the top left side of the pipe and the rates on
other sides of the pipe are lower. These results indicate
that the Sherwood number distribution behind the orifice
in the curved swirling flow becomes non-axisymmetric,
while that in the curved pipe flow and the straight pipe
flow without swirl keeps axisymmetric. The non-axisym-
metric behavior in the Sherwood number distribution
behind the orifice in the curved swirling flow is expected
to be caused by the secondary flow generated in the long
elbow combined with the swirling flow.

The circumferential pipe-wall thinning distribution in
Mihama case is described in Figure 5 at x/d = 1 as a ref-
erence. The result shows the growth of the pipe-wall
thinning on the top and the reduction on the bottom of
the pipe. Note that the Mihama case is not the Sherwood
number but the pipe-wall thinning in the unit of mm. It
should be mentioned that the position of the maximum
Sherwood number is deviated from the pipe-wall thin-
ning of Mihama case, which may be due to the deviations
of the swirl number and the Reynolds number between
the Mihama case and the present one. This point should
be clarified in the future research.

Figure 6 shows the downstream variations of the
Sherwood number distribution on the pipe wall behind
the orifice for the three cases of experiment. The distri-
butions at four different circumferential positions are
shown for the curved swirling flow, while the perime-
ter-averaged distributions are plotted for the curved and
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Figure 5. Circumferential distributions of Sherwood num-
ber in a pipe behind an orifice (x/d = 1).

Figure 6. Downstream variation of Sherwood number dis-
tribution behind an orifice.

straight flows, which is due to the axisymmetry of the
Sherwood number distribution. The maximum Sherwood
number was observed in the region near the orifice x < d
and it decreased gradually in the downstream. Thus, the
non-axisymmetric behavior of Sherwood number distri-
bution was clearly observed in the region near the orifice
x < d, where the high mass transfer rate occurs.

4. Conclusion

The measurement of mass transfer rate behind an orifice
in a curved swirling flow is carried out by using a ben-
zoic acid dissolution method, which allows the meas-
urement of mass transfer rate in water flow near the
Schmidt number of the Mihama case, but at lower Rey-
nolds number. The experimental result shows that the
non-axisymmetric Sherwood number distribution is
found in the flow behind the orifice of curved swirling
flow, while the curved flow without swirl does not indi-
cate such non-axisymmetry. The mechanism of the non-
axisymmetric mass transfer rate in the curved swirling
flow is due to the influence of the secondary flow in the
long elbow combined with the swirling flow in the up-
stream of the elbow.
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