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Abstract 
It has been thought that wall thinning on the secondary side piping in nuclear 
power plants is mostly caused by Flow-Accelerated Corrosion (FAC). Recent-
ly, it has been seen that wall thinning on the secondary side piping carrying 
two-phase flow is caused by not only FAC but also Liquid Droplet Impinge-
ment Erosion (LDIE). Moreover, it turns out that LDIE in nuclear power 
plants does not result from a single degradation mechanism but also from the 
simultaneous happenings of LDIE and FAC. This paper presents a compari-
son of the mass loss rate of the tested materials between carbon steel (A106 B) 
and low alloy steel (A335 P22) resulting from degradation effect. An experi-
mental facility was set up to develop a prediction model for clarifying multiple 
degradation mechanisms that occur together. The experimental facility allows 
examining liquid droplet impingement erosion in the same conditions as the 
secondary side piping in nuclear power plants by generating the magnetite on 
the surface of the test materials. The magnetite is formed by controlling the 
water chemistry and the temperature of fluid inside the facility. In the initial 
stage of the experiments, the mass loss rate of A106 B was greater than that of 
A335 P22. However, after a certain period of time, the mass loss rate of A335 
P22 became greater than that of A106 B. It is presumed that the results are 
caused by the different yield strengths of the test materials and the different 
degrees of buffer action of the magnetite deposited on their surfaces. The layer 
of magnetite on the surface of A106 is thicker than that of A335 P22, due to 
the different amount of chrome content. In nuclear power plants, carbon steel 
piping having experienced wall thinning degradation is generally replaced 
with low-alloy steel piping. However, the materials of pipes carrying two- 
phase flow should be selected considering their susceptibility to LDIE. 
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1. Introduction 

It has been thought that the wall thinning on the secondary side piping in nuc-
lear power plants is mostly caused by FAC. Recently it has been found that the 
wall thinning on the secondary side piping carrying two-phase flow is caused by 
not only FAC but also LDIE. Recently, damage caused by LDIE in South Korea 
consists of leakage from the vent header connected to the high pressure feed wa-
ter heater in Wolsong Unit 1 (2008) [1], leakage from the branch line connected 
to the high pressure turbine in Hanul Unit 2 (2010), and leakage from the end 
cap connected to the reheater vent line in Hanbit unit 2 (2011) [2]. In all of these 
cases, magnetite was formed on the surface of the damaged piping, and the sur-
face was pitted with pockmarks. 

The theoretical models, which can predict LDIE damages, are the Sanchez- 
Caldera model [3] of the Massachusetts Institute of Technology (MIT), and the 
Heymann model [4] of Westinghouse. In addition, several papers related to 
LDIE have been published [5] [6] [7]. Magnetite is formed on the surface of 
carbon steel piping in two-phase flow systems in nuclear power plants. In these 
systems, steam flows through the center of the pipe and liquid flows in the form 
of water film along the pipe wall. The liquid on the pipe wall is changed into the 
droplets when the shear stress is greater than the surface tension at the interface 
of each phase, and the droplets are accelerated due to the steam flow. When 
droplets collide with the pipe wall, LDIE damages occur. Therefore, the wall 
thinning of the piping is affected by multiple degradation mechanisms, i.e., FAC 
and LDIE. FAC is caused by water flowing on the inside surface of the pipes, 
while LDIE is caused by liquid droplets colliding with the pipe wall. However, 
the previous LDIE prediction models did not consider the multiple degradation 
mechanisms, and also did not consider some key factors among droplet size, 
impact frequency, impact angle, hardness of the material, etc. 

Therefore, in this study, an experimental facility was set up to develop predic-
tive models for the multiple degradations of FAC and LDIE occurring in carbon 
steel piping. The experimental facility consists of water treatment equipment 
which can generate magnetite on the materials by adjusting amine concentra-
tion, pH, and dissolved oxygen, and a rotating disk-and-droplet repetitive im-
pact apparatus for liquid droplet impingement tests. The test materials were 
carbon steel (A106 B) and low-alloy steel (A335 P22), which are widely used in 
the secondary system of nuclear power plants. 

2. Influential Factors to FAC and LDIE 

FAC is associated with mass transfer and dissolution of the magnetite which is 
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formed on the surface of carbon steel piping under the operating conditions of 
high-temperature and high-pressure. On the other hand, LDIE results from the 
shock wave of high-pressure caused by high-speed collision of droplets to the sur-
face of piping and the spreading water jet with radial shape by droplet disruption. 

Figure 1 shows a droplet collision process on the rigid surface which is de-
scribed in a previous study [8], in which 1) shows the moment when the shock 
wave initiates immediately after impacting a liquid droplet on the rigid surface, 
2) is the attached shock front formation step when the contact angle is smaller 
than the critical contact angle (φ < φc), and 3) depicts the lateral jet formation 
step along the rigid surface when the contact angle is larger than the critical 
contact angle (φ > φc). At the critical contact angle (φc), the conditions for an at-
tached shock are no longer met; the shock front then detaches from the solid 
surface and moves up along the surface of the droplet. The solid surface is re-
peatedly affected by the attached shock, detached shock, and lateral jet. The af-
fected surface can be thinned by falling off of the grain particles, which is dam-
aged by the fatigue-crack at the grain-boundary on the solid surface. 

The inside of the carbon steel piping of two-phase flow systems such as the 
extraction steam system, the main steam system, and the feed water heater vent 
system of nuclear power plants is operated at saturated steam condition, and 
therefore the liquid film is formed on the surface of the pipe wall. The liquid 
flows along the pipe wall by steam flow when the shear stress is smaller than the 
surface tension at the interface of each phase. On the other hand, the liquid is 
separated in the form of droplets and accelerated by the steam flow when the 
shear stress is greater than the surface tension. And then, the droplets collide 
with the pipe wall. In fact, the droplets hit the water film formed on the surface, 
not the rigid surface directly. Therefore, the wall thinning of the carbon steel 
piping under two-phase condition is considered as the multiple degradations 
caused by FAC and LDIE. Figure 2 shows a typical example of the multiple de-
gradations of FAC and LDIE. The leaked 1 inch pipe was installed in the main 
steam system of a Korean nuclear power plant. An orifice was installed at the 
upstream of the pipe and the black magnetite was formed on the surface of the 
pipe wall. As shown in the figure, the portion of 1) was damaged coarsely by 
LDIE with FAC, the portion of 2) was damaged only by FAC having the orange 
peel surface, but the portion of 3) was not damaged. 
 

 
(a)                                       (b)                                      (c) 

Figure 1. Liquid droplet collision process on a rigid surface. 
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(a)                         (b)                      (c) 

Figure 2. Typical example of the multiple degradations of FAC and LDIE. 
 

The influential factors of FAC and LDIE are as follows, and the key factors of 
multiple degradations can be considered as the sum of the following variables: 

- LDIE dominant factors: droplet size, droplet velocity, impact frequency, im-
pact pressure, geometry of pipe, steam quality, hardness of material, 

- FAC dominant factors: velocity, temperature, pH, alloy content, geometry of 
pipe, dissolved oxygen, mass transfer coefficient. 

3. Experimental Facility 

To replicate the multiple degradations caused by LDIE and FAC, the experi-
mental facility was designed by applying the rotating disk method presented in 
ASTM G73-10 [9]. The rotating disk method is that the rotating test specimens 
are placed at outer circle with the sprayed droplets from a nozzle. And, this me-
thod can easily adjust the colliding velocity with the droplets by controlling the 
velocity of the disk rotation. And it can easily measure the size of droplets using 
an ultrahigh-speed camera. On the other hand, it takes time to damage the spe-
cimen since the collision frequency is relatively low compared to using the water 
jet method. 

Figure 3 shows the schematic diagram of the experimental facility for replica-
tion of the multiple degradations. The experimental facility consists of the water 
treatment equipment and the rotating disk-and-droplet repetitive impact appa-
ratus. The water treatment equipment can generate the magnetite on the surface 
of the specimens by adjusting temperature, amine concentration, and dissolved 
oxygen. A nozzle for generating the liquid droplets and eight test pieces for test-
ing several specimens at the same time were equipped in the rotating apparatus. 
The water chemistry balancing system and the rotating disk-and-droplet repeti-
tive impact apparatus are shown in Figure 4 and Figure 5. 
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Figure 3. Schematic diagram of the experimental facility. 

 

 
Figure 4. Water chemistry balancing system. 

 

 
Figure 5. Rotating apparatus. 

4. Experiment Execution and Results 
4.1. Characterization of the Droplets 

In order to determine the optimal experimental conditions for the droplet size 
and the Droplet Number Density (DND), which are the key factors to LDIE, the 
droplet sizes were analyzed using a strobe light source and an ultrahigh-speed 
camera, and the Stand-Off Distance (SOD), the nozzle size, and the nozzle pres-
sure differences were tested in advance of the tests for the multiple degradations. 
As the results of the preparatory experiments, the determined nozzle size and 
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spray angle were 0.9 mm and 65 degree, respectively. And, it was identified that 
the SOD of 80 - 100 mm shape in pressure difference of 0.5 atm was apparently 
possible to identify the droplet as shown in Figure 6 and Figure 7. As the pres-
sure difference of the nozzle was increased, the droplet size was inversely de-
creased gradually. 

The mean droplets diameter was defined by using the Sauter Mean Diameter 
(SMD) method. It is defined as the diameter of a sphere that has the same vo-
lume/surface area ratio as a particle of interest based on the method of deci-
phering several images with the naked eye. In the conditions of the nozzle size of 
0.9 mm, the pressure difference of 0.5 atm, and the SOD of 100 mm, the DND 
was 31 per unit area (mm2) and the SMD was 655 μm. 
 

 
Figure 6. Droplet sizes and shapes at each pressure difference of the nozzle. 

 

 
Figure 7. Process of droplets formation at each SOD. 
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4.2. Experiment Results 

The experiments for the multiple degradations of FAC and LDIE were per-
formed for the carbon steel of A106 B and the low alloy steel of A335 P22. Table 
1 shows the properties of each material, wherein the Cr content of A335 P22 is 
nearly 6 times more than that of A106 B, but the yield strength of A335 P22 is 
approximately 70 percent of the A106 B. 

For these two materials, the experiment was performed under the following 
conditions. 

- pH: 4, 4.5, and 5, 
- Velocities: 80, 100, and 120 m/s, 
- Droplet sizes: 400 and 600 μm. 
Figure 8 shows the state of the specimens before and after the experiment of 

the low-alloy steel (A335 P22) and the carbon steel (A106 B). After the experi-
ments, the magnetite was formed on the surface of each specimen. In this figure, 
the surface of the specimen A106 B is much darker than the surface of the spe-
cimen A335 P22, which means that the formed magnetite on the surface of the 
A106 B was more than that of the surface of the A335 P22 in the same time. 
Figure 9 shows SEM images of each surface by time evolution under the condi-
tions at pH 4, the droplets velocity of 120 m/s and the droplets diameter of 600 
µm. As a result, A106 B was damaged faster than A335 P22 in the beginning of 
the experiment, but it was hard to identify which specimens were more damaged 
after 100 hours. 

Figure 10 shows the mass loss rate of two materials by the impact velocity of 
droplets. The total experiment time was 96 hours. As the impact velocity and the 
elapsed time were increased, so increased the cumulative mass loss rate of both 
materials. In the initial time of the experiment, the mass loss rate of A106 B was  
 
Table 1. Properties for A106 B and A335 P22 materials. 

Materials C Si Mn P S Cu Ni Cr Mo σy (MPa) 

A106 Gr.B 0.28 0.1 1.16 0.03 0.03 0.04 0.40 0.40 0.15 288 

A335 P22 0.15 0.5 0.6 0.025 0.025 - - 2.6 1.13 210 

 

 
Figure 8. State of the specimens before and after 24 hours of experiment. 
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Figure 9. SEM images by time evolution. 
 

 
Figure 10. Cumulative mass loss rate of two materials by the impact ve-
locity of droplets. 

 
higher than A335 P22, but the mass loss rate of A335 P22 was higher than the 
A106 B after about 80 hours. 

Figure 11 and Figure 12 show the mass loss rate of two materials by the pH 
and the droplets size, in which the mass loss rate of both materials was increased 
by decrease in the pH and increase in the droplets size. Thus, if the impact fre-
quency per unit time is same, the mass loss rate of both materials will be in-
creased by the increase in the droplets size. 

The common phenomena in the Figures 9-11 are that the mass loss rate of 
A106 B was higher than the A335 P22 in the initial time of the experiments, but 
the mass loss rate of A335 P22 was higher than the A106 B after about 80 hours. 
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Figure 11. Cumulative mass loss rate of two materials by the pH. 

 

 
Figure 12. Cumulative mass loss rate of two materials by the size of 
droplets. 

5. Theoretical Prediction Model 

A small amount of sulfur ingredients are included in the carbon steel piping 
generally used in power plants. The sulfur effects on the brittleness of the ma-
terial. Therefore, it is removed as much as possible in the manufacturing process 
of the pipe and the remaining sulfur is stabilized by manganese. However, the 
alabandite (MnS) generated in this process can be vulnerable points to the pit-
ting corrosion in a corrosive circumstance. As the surface roughness is increased 
in some degree by the repetition of occurrence and growth of the pitting corro-
sion, so displays a tendency to increase the erosion effect by physical collision of 
liquid droplets. 

Figure 13 illustrates the process of material damage. Step 1 to 3 is the initia-
tion stage, and the primary degradation mechanism is corrosion. The formation 
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of MnS pits and the pit growth occurred in this stage. From the time (tc) when 
all the initial surface material is removed, the erosion caused by droplets impact 
is embossed as a major degradation mechanism. Of course, the corrosion conti-
nuously takes place. This step is the stable loss stage. 

5.1. Initiation Stage 

The Sulfur Print method [10] was applied to confirm the distribution of alaban-
dite (MnS) on the material surface. When comparing the sulfur printing results 
(large picture) with the experimental results in the condition of pH 5 at the same 
magnification, it can be identified that the damaged locations, sizes and shapes 
are similar as shown in the Figure 14. 

In other words, the stage before reaching the point tc means that the forma-
tion and growth of pitting corrosion are progressed at the locations of MnS, and 
the initial surface is damaged with the corroded points as its center. 

Figure 15 shows the relationship between the normalized mass loss rate and 
the kinetic energy in the initiation stage. In the legend of the figure, the numbers  
 

 
Figure 13. Process of material damage. 

 

 
Figure 14. Sulfer distribution confirmed by the sulfer printing and the ex-
perimental results. 
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mean pH, droplets velocity, and droplets size in order. As a result, the mass loss 
rate of materials was found to be proportional to ( )1 52mV  in the initiation 
stage. 

5.2. Stable Loss Stage 

After the point tc, the pitting corrosion is initiated again on the damaged surface, 
and the damage by physical collision of droplets occurred in the fragile parts 
structurally protuberated to the direction of thickness. As shown in Figure 16, 
the oxide layer on the surface is very thin to be about 1 μm and in irregular 
shape. It is estimated that the oxide layer was damaged by the collision of drop-
lets. 

Figure 17 shows the relationship between the normalized mass loss rate after 
the point tc and the kinetic energy. This mass loss rate is a value obtained by  
 

 
Figure 15. Relationship between the normalized mass loss 
rate and the kinetic energy in the initiation stage. 

 

 
Figure 16. Cross section of A106 B. 
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Figure 17. Relationship between the normalized mass loss rate and 
the kinetic energy (stable loss). 

 
subtracting the loss rate in the initiation stage from the mass loss rate after the 
point tc. As a result, the mass loss rate of materials was found to be proportional 
to ( )2mV  in the stable loss stage. 

From these results, it was confirmed that the mass loss rate in the initiation 
stage is related to corrosion, and the mass loss rate in the stable loss stage is re-
lated to erosion. Equation (1) is the formula for the mass loss rate in the initia-
tion stage, and Equation (2) is the formula described as the sum of the mass loss 
rate in the initiation and the stable loss stages. 

( ) ( )2
0 ,i d d d mm C m V N S f AC

α
= ⋅ ⋅ ⋅ ⋅ ⋅                  (1) 

( ) ( )2
1SL d d d im C m V N f Hv f mθ= ⋅ ⋅ ⋅ ⋅ ⋅ +                  (2) 

where, im : Mass loss rate in the initiation stage, g/cm2⋅hr. 

SLm : Mass loss rate in the stable loss stage, g/cm2⋅hr. 
C0, C1: Experimental constant (C0 = 1.15  10−11, C1 = 1.0  10−12). 
α: Experimental constant (0.2). 

dm : Mass of a droplet, g. 

dV : Velocity of droplets, g. 

dN : Number of droplets. 

mS : Solubility of magnetite, g/m3. 
( )f T : Temperature correction factor. 
( )f AC : Alloy content correction factor (Cr, Mo, Cu). 
( )f Hv : Vickers hardness correction factor. 
( )f θ : Collision angle correction factor. 

6. Conclusions 

It is recently found that the wall thinning in the secondary side piping carrying 
two-phase flow is caused by not only FAC but also LDIE. It would be hard to be-
lieve that only LDIE degradation takes place. Grains are removed from the grain 
boundary on the surface of the materials by the repeated impact of liquid drop-
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lets, causing a sharp edge in the portion damaged by LDIE to appear. However, 
the carbon steel piping carrying two-phase flow in nuclear power plants dam-
aged by LDIE has shown a special feature in the way that magnetite on the sur-
face of the pipe wall is formed and the sharp edges at the grain boundaries can-
not be identified. Also, because the water film is formed on the surface of the in-
side pipe wall, the liquid droplets cannot collide with the wall directly. Accor-
dingly, it is more reasonable to assume that the degradations of FAC and LDIE 
occur at the same time. 

In this study, an experimental facility equipped with droplet impingement and 
water treatment equipment was constructed to develop prediction models for 
multiple degradations caused by FAC and LDIE occurring in carbon steel pip-
ing. In the initial stage of the experiment, the mass loss rate of A106 B was 
greater than that of A335 P22, but after a critical period of time, the mass loss 
rate of A335 P22 was greater than that of A106 B. 

It is attributable to the fact that the chrome content in A335 P22 is more than 
that in A106 B, so the magnetite formation was relatively small in the A335 P22. 
The mass loss rate is associated with the magnetite formed on the surface of the 
pipes and the yield strength of the materials. The magnetite formed on the sur-
face of the pipes can alleviate the mass loss. Generally, the damaged carbon steel 
piping in nuclear power plants is replaced with low alloy steel. But, when select-
ing the pipe material, it should be considered as to whether the pipe will be used 
in the two-phase fluid system. 
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