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ABSTRACT 

Flow-accelerated corrosion (FAC) causes a wide range of pipe wall thinning, and there is a risk that serious 
accidents are caused by significant pipe rupture and coolant leakage due to FAC. The purpose of this paper is to 
specify what kind of turbulence parameters affects wall thinning rate and to evaluate the influence of frequency 
characteristics of velocity fluctuations on wall thinning rate by conducting an accelerated wall thinning test 
using benzoic acid as thinning wall and a flow visualization test using sodium iodide solution and acrylic 
channel. Benzoic acid can simulate wall thinning of carbon steel in terms of mass transfer in high Schmidt 
number flow, and flow visualization was conducted by particle image velocimetry (PIV). From the evaluation of 
frequency characteristics of velocity fluctuation, it was found that the characteristic could not explain how large 
the wall thinning rate was. After scrutinizing the correlation between wall thinning rates and turbulent quantities, 
it was found that the total shear stresses composed of contribution by molecular viscosity and Reynolds stress 
evaluated not on and in the vicinity of the wall but also far from the wall have much to do with the wall thinning 
rate. In addition, the profile of the total shear stress to the power of 0.25 corresponds with that of wall thinning 
rate reasonably well.  
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1.  Introduction 
           
 Since it makes a wide range of pipe wall thinning, flow-accelerated corrosion (FAC) is one of 
the most serious pipe wall thinning phenomena, and there is a risk of a significant pipe rupture caused 
by FAC. A large-size pipe rupture behind an orifice was actually caused in Mihama nuclear power 
plant in Japan, 2004. It is thought that the pipe rupture was caused by FAC. However, the relationship 
between FAC rate and flow of water, which is one of the factors affecting the rate, was not elucidated 
in detail. Hence, it is important to explore the relationship between them, and many studies for 
clarifying the mechanism of FAC have been carried out from a perspective of fluid dynamics. 
According to the survey of flow field in ruptured pipe in Mihama, there is a gap between residual pipe 
wall thickness and turbulent energy profile on the inner wall evaluated by numerical simulations [1]. 
Utanohara et al. reported that the profile of root-mean-square value of wall shear stress resembles wall 
thinning rate profile behind an orifice [2]. Nevertheless, these profiles do not show good agreement. 
The flow factor which strongly affects thinning rate has yet to be clarified. Hence, it is considered that 
to examine which turbulent quantities are effective to the wall thinning more precisely and 
comprehensively. On the other hand, Hasegawa et al. reported that concentration field responded to 
only low-frequency velocity fluctuations in high Schmidt number flow, while high-frequency velocity 
fluctuations are filtered out [3]. Although FAC is affected by the water chemistry, the wall-thinning 
rate is considered as a mass transfer phenomenon driven by the concentration gradient of the iron ions 
on the wall surface which can be influenced by a near-wall flow [4]. These arguments imply that there 
is a possibility that FAC rate is affected by low-frequencies velocity fluctuations.  
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 From the above, the purposes of this paper are to specify what kind of turbulence parameters 
affects wall thinning rate and to evaluate influence of frequency characteristics of velocity 
fluctuations on wall thinning rate by conducting an accelerated wall thinning test using benzoic acid 
as thinning wall and a flow visualization test using sodium iodide solution and acrylic channel. 
Benzoic acid can simulate wall thinning of carbon steel in terms of mass transfer in high Schmidt 
number flow, and flow visualization was conducted by particle image velocimetry (PIV). 
 
2.  Experimental Apparatus and Procedures 
  
2.1. Accelerated wall thinning test 
  
 A schematic of apparatus for accelerated thinning test and flow visualization is shown in 
Figure1. These tests are conducted under the condition of Re = 75,000. The inflow condition upstream 
of the orifice was almost fully-developed pipe turbulence. The thinning test was conducted to confirm 
wall thinning rate profile downstream of the orifice. In this paper, FAC is modeled as mass transfer of 
iron to water, and benzoic acid was used as thinning wall of the test section shown in Figure 2 [5]. In 
order to simulate mass transfer in the high Schmidt number flow like the ruptured pipe case in 
Mihama (Sc = 30~100 [5]), water temperature was adjusted to 45 ℃   (Sc = 360). 
 The orifice’s aperture and thickness are 0.6 D (D: pipe diameter, 56 mm), which is same as 
that in the Mihama case, and 5 mm, respectively. Working fluid was driven by a circulating pump for 
a specified period of time, and, before and after the experiment, the shape of the inner wall was 
measured by a 3-dimensional coordinate measuring machine (Carl Zeiss, UPMC550CARAT) to 
evaluate the mass transfer rate k from the following equation: 
 

 
              

(1)
            

  

                                
where ρs is density of solid benzoic acid, dh/dt is wall thinning rate, and Cw, Cb are concentration of 
benzoic acid in aqueous solution on the wall and in bulk flow, and they are estimated to be the 
saturated concentration of benzoic acid in water and zero, respectively. Geometry factor is used to 
express the mass transfer rate, which is a ratio of the corresponding mass transfer rate, k, to that 
observed in a fully-developed turbulent flow, k0, calculated from an empirical equation [6]. 
 

       
  Fig. 1. Schematic of experimental apparatus 
  

Fig. 2. Test section for the accelerated wall thinning test

2.2. Flow visualization test 
 
 The flow visualization test was conducted to obtain the details of the flow field especially in 
the vicinity of the wall. The flow field was evaluated by PIV using sodium iodide solution as the 
working fluid and acrylic channel as shown in Figure 3. The refractive index of the solution can be 
adjusted by setting the concentration of the solution adequately, and this enables to get distortion-free 
particle images even near the wall. Diode laser with wavelength of 808 nm (Oxford Lasers, FireFly), a 
high speed camera with resolution of 1,280×1,024 pixel (Ditect, HAS-D72) and silver coated hollow 
glass spheres with diameter of 10 μm were used to take particle images. The frame rate was set to 500 
fps for taking turbulent flow near the channel wall in close-up photographing. The number of images 
was 4,098 per one shot, and flow velocity vector data was 2,048. VidPIV 4.6 (Oxford Lasers), which 
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is PIV software, analyzed the images into velocity vector field data. Analysis conditions for PIV are 
shown in Figure 4, and accuracy of most instantaneous velocity fields is over 80%. 

        
Fig. 3. Test section for the flow visualization test Fig. 4. Analysis condition of particle images  

 
3. Results and Discussion  
 
3.1. Wall thinning rate profile behind an orifice 
  
 Figure 5 shows Keller coefficient profiles behind the orifice obtained in two experiments and 
the profile of the mean Keller coefficient of them. The results show that largest thinning appears at x = 
1.2 D. There is not much to choose between the thinning rate at 0.4 D and 4.0 D, 0.8 D and 2.2 D. 
Thinning rate at 2.8 D is mean value of that at 1.2 D and 4.0 D. Figure 6 shows the time-averaged 
velocity field. The re-adhesion point of the separated flow, Xr, is located around 2.0 D, and 0.4 D, 1.2 
D, etc. can be expressed as 0.2 Xr, 0.6 Xr, etc. respectively. 
 

                  
Fig. 5. Keller coefficient profiles behind an orifice    Fig. 6. Streamwise mean velocity field

 
3.2. Frequency characteristics of velocity fluctuations 
  
 In this section, the results obtained from analyzing the images taken by close-up 
photographing near the channel wall are discussed. Figure 7 shows the streamwise mean velocity 
profiles near the wall. There are some unnatural inflection points within the region of y < 0.25 mm, 
and it can be considered because of low measurement accuracy of velocity vector data due to some 
reasons. The region corresponds to that of y+ < 18.2, where y+ is a normalized wall distance calculated 
from Eq. (2), and τw is defined by Eq. (3). 
 

                                 (2) 

                   (3) 

 
Because a viscous sublayer in a fully-developed pipe turbulence is estimated to be within the region 
of y+ < 5, it can be said that accurate instantaneous velocity vectors and frequency characteristics of 
velocity fluctuations in the viscous sublayer can not be obtained in this experiment. However, 
regarding the frequency characteristics of velocity fluctuations, the characteristic in the viscous 
sublayer can be inferred from those in the outer region of the sublayer. The frequency characteristics 
of velocity fluctuations are evaluated by frequency analysis by Fast Fourier Transform (FFT) of 2,048 
time-series velocity fluctuation data in the axial and radial directions and taking the average of 4 FFT 
results. Frequency characteristics obtained by averaging 3 and 4 FFT results are almost same as 
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shown in Figure 8, therefore the number of the velocity fluctuation data is enough. Figure 9 shows the 
frequency characteristics at several distances from the wall at x = 0.6 Xr. The horizontal axes express 
Strouhal number (St = f D/Um), where f is frequency of velocity fluctuation. The shapes of the profiles 
of frequency characteristics do not change largely with the distance from the wall. Consequently, the 
frequency characteristic of turbulent velocity fluctuation in the viscous sublayer can probably be 
inferred to be almost the same with that in the outside of the sublayer. Figure 10(a) and (b) show 
comparisons of the frequency characteristics obtained where wall thinning rates are almost the same, 
and Figure 10(c) and (d) shows the comparisons of those obtained where wall thinning rates are 
different. These results show that the remarkable differences among the shapes of the profiles of 
frequency characteristics of velocity fluctuation cannot be observed, in other words, the velocity 
fluctuation frequency is not one of the effective factors to the wall thinning rate behind an orifice. 
 

 
   Fig. 5. Geometry factor    

   profiles behind an orifice 
Fig. 6. Streamwise mean 

velocity field 
Fig. 7. Streamwise mean 

velocity profiles near the wall 
 

        
Fig. 8. Frequency characteristics of velocity fluctuations obtained by averaging 3 and 4 FFT results   

 

   

 
Fig. 9.  Dependency of frequency characteristic in the axial and radial direction  

on distance from inner wall (x = 0.6 Xr) 
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Fig. 10.  Frequency characteristic of velocity fluctuations at y = 0.3 mm  

(a) (c) in the axial direction, (b) (d) in the radial direction 
 
3.3. Near-wall turbulence parameters  
  
 In this section, the results by taking the average of 2,048×4 vector data obtained by the 
close-up photographing. Figure 11 shows turbulence quantities profiles in which linear extrapolations 
are adopted for the range of y < 0.25 mm. The results suggest that RMS values of velocity fluctuation 
and turbulent energy do not correlate directly with the wall thinning rate because those values at 0.4 
Xr and 1.1 Xr are  different largely whereas the wall thinning rates at those positions are almost the 
same. Figure 12 (a) and (b) show the total time-averaged shear stress in fluid composed of molecular 
viscosity and Reynolds stress evaluated by the following equation: 
 

                                        (4) 

 
where µ, ρ are viscosity coefficient and density of the working fluid. From Figure 12(a), it is found 
that the shear stress is proportional to the distance from the wall. In addition, there is a correlation 
between the thinning rate and the shear stress in a wide range of the distance from the wall because 
the magnitude of the shear stress has the relation of  τ|x=0.6 Xr > τ|x=0.4 Xr = τ|x=1.1 Xr > τ|x=1.4 Xr > τ|x=0.2 Xr 
= τ|x=2.0 Xr just like wall thinning rate, while there is not the relation in the immediately vicinity of the 
wall as shown in Figure 11(b). And when considering the quantitative correlation between the wall 
thinning rate and the shear stress, it was found that the total shear stress to the power of 0.25 showed a 
good correlation. Figure 13 shows the comparison between the thinning rate profile and the total shear 
stresses to the power of 0.25 evaluated at y = 0, 1, 2, 5 mm. The values of shear stresses are those on 
the approximation straight line. The profile of the wall thinning rate and the total shear stresses 
evaluated at y = 1, 2, 5 mm show good agreement, whereas the total shear stress evaluated at y = 0 
mm shows different tendency. This result shows that the turbulent quantity outside of the viscous 
sublayer or boundary layer correlates strongly with the wall thinning rate. Although this fact seems to 
be strange, it is reasonable because the wall thinning is interpreted as mass transfer from the wall and 
mass transfer is subject to not only flow field near the wall but also concentration field and 
concentration gradient in the flow field. And there is a previous research reporting that the flow 
characteristic several mm away from the wall is correlated with wall mass transfer [8]. Finally, from 
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these result in this study, the mechanism of wall thinning in terms of flow mechanics is considered as 
follows; first, an intense mass transport outside concentration boundary layer is caused by the flow 
there, and then mass transfer from the inside of the concentration boundary layer to outside of the 
layer is caused, finally the wall thinning is accelerated by the concentration difference between that on 
the wall and in the concentration boundary layer which is enlarged by the mass transfer enhancement 
due to the flow outside the concentration boundary layer. 
 

   
 

   
Fig. 11.  Time-averaged turbulence quantities: turbulent energy (a, b), RMS values of velocity 

fluctuation in the axial direction (c, d) and in the radial direction (e, f) 
 

   
        Fig. 12. Shear stress τ profiles in fluid 

      (a) y < 5mm, (b) y < 1 mm 
   Fig. 13. Correlation between shear stress 

and wall thinning rate
 
4. Conclusion  
 
 In this paper, the accelerated wall thinning test and the flow visualization test were conducted 
to specify an effective flow factor to the wall thinning rate and to evaluate the influence of frequency 
characteristics of velocity fluctuations on the wall thinning rate. From the experimental results, it was 
found that velocity fluctuation frequency hardly influenced the mass transfer on the wall. The most 
influential factor was considered to be the total shear stress in fluid, and the wall thinning rate profile 
corresponded with the shear stress to the power of 0.25. 
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