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Abstract 
 
Understanding wall-thinning erosion of pipelines in nuclear or steam power plants is critically important for predicting and preventing 

human and material accidents. Wall thinning of pipelines in power plants occurs mainly by flow acceleration corrosion (FAC), cavitation 
erosion (C/E), and liquid droplet impingement erosion (LIE). Wall thinning by FAC and C/E has been well-investigated; however, LIE in 
plant industries has rarely been studied due to the experimental difficulty of setting up a long injection of highly pressurized air. We de-
signed a long-term experimental system for LIE and investigated the behavior of LIE for three kinds of materials (A106B, SS400, 
A6061). The main control parameter was the air-water ratio (α), which was defined as the volumetric ratio of water to air (0.79, 1.00, 
1.72). To clearly understand LIE, the spraying velocity (v) of liquid droplets was controlled larger than 160 m/s and the experiments were 
performed for 15 days. The surface morphology and hardness of the materials were examined every five days. Since the spraying veloc-
ity of liquid droplets and their contact area (Ac) on specimens were changed according to the air-water ratio, we analyzed the behavior of 
LIE for the materials using the impulse (I), which was defined as I = (α × v) / Ac. Finally, the prediction equations (the erosion rate) for 
the LIE of the materials were determined for the air-water ratios.  
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1. Introduction 

The pipelines in nuclear and stream power plants suffer 
from time-dependent wall-thinning erosion [1-5] that leads to 
cracks and holes, ultimately causing the sudden fracture of 
pipelines. Based on the scale of plant systems, such accidents 
might result in tragic human injuries or huge economic loss. It 
is essential to predict and prevent the damage of pipelines in 
plant systems. Generally, wall thinning of pipelines in power 
plants occurs by flow acceleration corrosion (FAC) [6-8], 
cavitation erosion (C/E) [9-12], and liquid droplet impinge-
ment erosion (LIE) [13-17]. FAC occurs when the corrosion 
and dissolution of the surface oxide layer of carbon steels and 
low alloy steels are accelerated by fluidic flow in a pipeline. 
Wall thinning of pipelines by FAC usually happens along the 
whole surface of the pipe, causing large-sized fractures in 
large caliber pipelines. FAC has been studied extensively in 
the past, and many research centers are still actively investi-
gating this type of corrosion. C/E is the damage of pipelines 
by the saturated pressure that is generated when cavitation 

bubbles pop at the neck of pipelines. C/E occurs locally and is 
currently suppressed by the designed shape of pipelines. LIE 
takes place when pipelines are damaged by the strong impulse 
induced when a droplet is mixed with a high-speed steam flow. 
LIE has been studied mainly in the aircraft industry to under-
stand the damage of turbine blades from raindrops, but it has 
rarely been investigated in industrial plants. Some studies 
have been performed, but only under the constricted condition 
of short-time space (within 24 hours) and low impulses (less 
speed than 100 m/s) due to the difficult experimental setup for 
a long-term injection of highly-pressurized air [18-20]. These 
experiments limit the ability to predict fractures in pipelines 
by LIE since the detecting the cause and initiation of the ero-
sion is critically important. An experimental investigation with 
a long-term scale and highly-pressurized air are therefore nec-
essary, but it has not been accomplished yet.  

We have developed an experimental system with a long in-
jection of high-pressure air by using two compressors and a 
two-phase nozzle. Using this experimental system, we are able 
to investigate the behavior of LIE for several days and with 
high-speed spray of liquid droplet over 160 m/s. We use three 
kinds of materials (A106B, SS400, A6061) as a function of 
the air-water ratio (α), which is defined as the volumetric ratio 
of water to air. The air-water ratio is controlled from 0.79 to 
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1.72. The results are analyzed by examining the impulse (I) at 
the surface of the materials. Finally, we determined the LIE 
erosion rate equations for the materials used in this study. 

 
2. Experiments 

2.1 Experimental system for a long-term continuous test 
with highly-pressurized air  

Based on the condition for the flux of water and air cur-
rently used in most plant systems, we designed and developed 
an experimental system that can be operated under long-time 
(several days) an extended time and high-speed spraying (over 
160 m/s) condition. There are two kinds of erosion machines 
used worldwide: a whirl arm type (US, Bell Aerospace Com-
pany), and a disk rotary type (UK, Cambridge University). 
Those machines cannot provide a fluidic velocity larger than 
100 m/s and only use water without air flow, so experimental 
investigations as a function of the air-water ratio are not im-
possible for these machines. However, the fluid in pipelines of 
nuclear or stream power plants usually includes air, so the air-
water ratio is a critically important parameter to understand 
the erosion behavior of pipeline materials. For this reason, we 
used a two-phase nozzle to perform our experiments as a func-
tion of the air-water ratio. To be more specific, we designed 
our experimental set-up to be able to simultaneously control 
the flux and the pressure of water and air, as well as the dis-
tance between the specimen and the nozzle. As shown in Fig. 
1(a), the experimental system consists of (i) two air compres-
sors, (ii) a compressed air reservoir tank, and (iii) a test stage. 
The detailed design of the experimental setup is illustrated in 
Fig. 1(b). The air compressors (1,2) are connected together in 
parallel, and operated in the range of 6.5 - 8.5 bar, which is the 
condition that the pressured air and liquid form two-phase 

fluid. Air produced from the air compressors was first saved in 
the compressed air reservoir tank (3), and then passed through 
the dryer (5) to cool to 15°C and to dry, leading to the removal 
of foreign matters. Finally, the air was supplied to the test 
stage with a gauge pressure of 5.5 bar. 

The test stage was designed to simulate real field condition 
for LIE by using a two-phase nozzle (11), which is an internal 
mixing type. Air was provided into the middle of the nozzle, 
and water was supplied to the other sides of the nozzle. The 
regulator (7) at the end of the air flow control valve (10) was 
used to maintain the air flux that was provided by the air com-
pressors. The water flux supplied by the pump (16) was con-
trolled by the water flow control valve (12). To monitor the 
flux of air and water, flow meters (8, 14) and a display set (20) 
were installed. The feed and drain valves (17, 18) were used to 
control the amount of water in the water tank (21) so that the 

Table 1. Experimental condition. 
  

Air flux 
QA [m3/s] 2.90 × 10-5 

2.28 × 10-5 

2.90 × 10-5 
Water flux 
QW [m3/s] 

5.00 × 10-5 

0.79 

1.00 
Air-water ratio α 

(QW / QA) 
1.72 

181 

175 
Velocity 
v [m/s] 

168 

452.16 

486.95 Contact area AC [mm2] 

538.31 

3.16 × 105 

3.60 × 105 
Impulse, I 

v × α / AC [105/s·m] 
5.37 × 105 

 
 

 
(a) 

 

 
(b) 

 
Fig. 1. Experimental set-up: (a) photograph for the core instruments of 
(i) two air compressors, (ii) a compressed air reservoir tank, and (iii) a 
test stage; (b) schematic diagram of experimental apparatus: (1) No.1 
air compressor, (2) No.2 air compressor, (3) compressed air reservoir 
tank, (4) main air control valve, (5) refrigerated air dryer, (6) air filter, 
(7) regulator, (8) air flowmeter, (9) air pressure gauge, (10) air flow 
control valve, (11) air atomizing nozzle, (12) water flow control valve, 
(13) water pressure gauge, (14) water flow meter, (15) water strainer, 
(16) pump, (17) drain valve, (18) feed valve, (19) specimen, (20) dis-
play set box, (21) water tank. 
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water lost during the experiment was able to be refilled. 
 

2.2 Experimental conditions 

Fig. 2(a) shows the schematic arrangement for the two-phase 
nozzle and a specimen. The distance of the specimen from the 
nozzle was fixed at 45 mm, which is the optimized distance for 
the rebounded droplets not to have an effect on the specimen 
[21]. The specimen size was 30 × 30 mm2. We prepared the 
specimens by cutting pipelines that are actually used in the 
industry, which include two kinds of carbon steel (A106B and 
SS400) and aluminum (A6061). A106B contains a high level 
of carbon steel which is also widely used and is the material 
used most often in industrial plants; SS440 is a reference mate-
rial for a low carbon steel. A6061 was selected as a representa-
tive material for non-ferrous metals. The contact area (Ac) of 
liquid droplets on the specimen was determined by measuring 
the spraying angle (θ) of the injected droplets from photo-
graphic images during the experiments, as shown in Fig. 2(b). 
The contact area of liquid droplets on the specimen is an im-
portant parameter to quantitatively analyze the LIE behavior 
since this contact area can alter the impulse (I).  

The main parameter for our long-term LIE experiments is 
the volume ratio of water and air per time, referred to the air-
water ratio (α) in this study. As shown in Table 1, the maxi-
mum air flux QA (m3/s) was determined to be 2.90 × 10-5 m3/s 
based on the performance of the air compressors, and the wa-
ter flux QW (m3/s) was determined by considering different 
air-water ratios. To analyze the behavior of the LIE in terms of 
impulse, we needed to measure the velocity (v) of the liquid 
droplets according to the air-water ratio, since the velocity was 
significantly affected by the air-water ratio. The velocity was 
measured in the range of the air-water ratio from 0 to 2 by 
both a pitot-tube and bi-directional flow tube, as shown in 
Figs. 3(a)-(d). Since the bi-directional flow tube was designed 
by McCarrey to measure the local velocity of a flame with 
complex fluidic directions, it was adequate to monitor the 

velocity of the liquid droplets. The measurement positions 
were the left (L), right (R), and center (C) positions at the 
same distance (D) from the nozzle, as shown in Fig. 2(a). To 
determine the velocity, we used the following equation: 

 
2 PV k
r
D

= .                               (1) 

 
In the LIE test, we applied the air-water ratios of 0.79, 1, and 

1.72 to the three kinds of specimens, and measured the weight 
difference and the hardness every five days, and continued the 
test for 15 days. The surface was investigated by photographs 
and scanning electron microscopy (SEM) images. Because the 
LIE might be similar according to the radial positions from the 
center of a specimen, the SEM images were taken from the 
highly damaged regions, which were the solid circles on the 
photographic images, as shown in Fig. 5(a). The weight change 
was obtained by using a digital scale with a resolution on the 
order of 10-4 g. The hardness was determined with a Vickers 
hardness tester and measured at the 16 different positions. 

 
3. Results and discussion 

3.1 Impulse in the experiment 

Fig. 4(a) presents the velocity of liquid droplets according 
to the air-water ratio. The results measured from the two tubes 
similarly showed that the velocity decreased as the air-water 
ratio increased. The velocity was in the range of 165 m/s to 
231 m/s, which is suitable for investigating the behavior of 

 
                   (a)                           (b)   
 
Fig. 2. (a) Schematic arrangement for the two-phase nozzle and a 
specimen. The contact area (Ac) of liquid droplets on the specimen was 
determined by measuring the spraying angle (θ) of the injecting drop-
lets. The distance (D) of the specimen from the nozzle was fixed to 45 
mm; (b) Photographic image for spraying liquid droplet during the 
experiments. 

 

 
               (a)                         (b) 
 

 
               (c)                         (d) 
 
Fig. 3. (a)-(b) Photographic images for velocity measurement by a 
pitot-tube; (c)-(d) Photographic images for velocity measurement by a 
bi-directional flow tube. The distance (D) between the measuring 
position of the tubes and the two-phase nozzle was the same. 
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long-term LIE since the LIE of a two-phase fluid main-ly 
occurs when the liquid droplet velocity is larger than the criti-
cal velocity (90 m/s for a carbon steel and 30 m/s for a general 
steel) [23]. Consequently, these results suggest that the long-
term LIE behavior of plant materials can be understood by 
using our experimental system. 

In this study, the main parameter was the air-water ratio, but 
the actual factor for the LIE might have been the impulse of 
the liquid droplets on the specimens. Impulse is defined by the 
momentum change of an object, and the momentum is the 
product of the mass and the velocity of the object. In our ex-
periments, the total mass of liquid droplets increased as the 
air-water ratio increased. However, the mass of the liquid 
droplets before and after the impingement test did not change; 
velocity was the only factor that changed. The initial velocity 
of the liquid droplets before impingement was much higher 
after the impingement, so we could assume that the impulse of 
the liquid droplets was mainly affected by the product of the 
air-water ratio and the initial velocity of the liquid droplets (α 
× v). Furthermore, the impulse on specimens decreases when 
the contact area (Ac) of the liquid droplets on the specimen 
increases. Finally, we assume that the impulse from the liquid 
droplets in this experiment is α × v / Ac (i.e., I µ α × v / Ac). 
Fig. 4(b) shows the impulse behavior of the liquid droplets 
according to the air-water ratio. When the contact area was not 
considered, α × v increased linearly with α. 

However, we measured the contact area of liquid droplets 
for three air-water ratios, which are shown in Table 1. Based 
on these contact areas, we again investigated the impulse as a 
function of α × v / Ac, as shown in Fig. 4(b). Consequently, the 
impulse of liquid droplets increased non-linearly with the air-
water ratio. We subsequently applied this result to analyze the 
LIE behavior on the specimens. 

 
3.2 Surface characterizations 

After the LIE was tested for 15 days, discoloration of the 

 
(a) 

 

 
(b) 

 
Fig. 4. (a) Velocity of liquid droplets according to the air-water ratio;
(b) proposed impulse of the liquid droplets according to the air-water 
ratio. 

 
 

 
(a) 

 

 
(b) 

 
Fig. 5. Surface characterizations: (a) Photographs for the specimens 
((i) A106B, (ii) SS400, (iii) A6061) for every 5 day; (b) SEM images 
for the specimens after LIE tests for 15 days at the position of the solid 
circle in the photographic images. 
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specimens by corrosion was clearly observed for all the 
specimens, as shown in Fig. 5(a). Furthermore, the impulse by 
the liquid droplets was radially symmetric, so the erosion ap-
peared differently in the radial directions (see the circles in the 
photographs). In particular, the median position of the speci-
mens showed less erosion than the other positions due to the 
flow patterns from our two-phase nozzle. Fig. 5(b) presents 
the SEM images at the solid circle in Fig. 5(a), at which the 
highest erosion occurred. As these figures indicate, the surface 

erosion by the liquid droplet impingement progressed for all 
the specimens as the air-water ratio increased. Furthermore, 
the erosion behaviors were clearly different among the materi-
als. In case of the carbon steels A106B and SS440, the erosion 
process could be divided into two steps: first, the formation of 
line cracks in one direction, and then main erosion by the de-
lamination of layers, as shown in Figs. 5(b-i) and 5(b-ii). For 
aluminum A6061, the initial erosion formed pores, which was 
followed by the growth of the pores and then the delamination 
of the material. 

 
3.3 Weight change analysis 

To directly evaluate the LIE, we measured the reduction of 
the weight for the specimens, as shown in Fig. 6. For the 
specimen of A106B, the erosion by liquid droplet impinge-
ment was minimal due to the high erosion resistance of the 
high carbon steel, even though the experimental erosion con-
dition was much more severe than real field conditions (Fig. 
6(a)). As shown in Fig. 5(a-ii), high carbon containing SS440 
eroded much more due to the liquid droplet impingement (Fig. 
6(b)). Over time, high carbon steels showed less reduction of 
weight (Fig. 6(a)) than low carbon steel and aluminum cases 
(Figs. 6(b) and (c)). In all cases as the air-water ratio increased, 
the reduction rate of weight increased. This process might be 
attributed to the fact that the erosion of carbon steels is accel-
erated by high air-water ratios due to a number of line cracks. 
Once cracks form, high-pressure air and water can quickly and 
easily infiltrate the inside of the material. As a result, the ero-
sion of the surface and the inside occurs simultaneously, and 
thus accelerates erosion. In case of aluminum A6061, the re-
duction rate of the weight due to LIE was initially high, but it 
gradually decreased over time. The reduction rate of weight 
also decreased with the air-water ratio (Fig. 6(c)). This result 
might stem from the localized formation of pores and the in-
stant formation of an oxide layer on the surface of the alumi-
num. Even though, the total reduction of weight was the larg-
est for the A6061 due to its low mechanical property; however, 
the LIE behavior was clearly different for aluminum and the 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 6. Weight change according to the air-water ratio and test time for 
(a) A106B; (b) SS400; (c) A6061. 

 

Table 2. Hardness results according to the air-water ratio and experi-
mental time. 
 

HV changes 
Material Air-water 

ratio, α Initial 5 days 10 days 15 days 

0.79 172 151 142 

1 168 150 140 A106B 

1.72 

198 

170 152 143 

0.79 168 121 108 

1 170 118 99 SS400 

1.72 

204 

164 119 100 

0.79 104 100 98 

1 105 103 100 A6061 

1.72 

107 

105 104 103 
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carbon steels (Fig. 6(c)). 

 
3.4 Hardness analysis 

Table 2 shows the average values of the hardness of the 
specimens under different air-water ratios during the test pe-
riod of 15 days. Interestingly, the hardness rarely changed by 
the different air-water ratio during the same test. This phe-
nomenon can be understood by the fact that the hardness is a 
bulk property in the depth direction. Although the surface 
erosion was quicker with higher air-water ratios, the mechani-
cal property in the depth direction did not change because the 
deterioration of material in the depth direction is significantly 
dependent on time by infiltrating the air and water. During the 
test, the carbon steels A106B and SS400 exhibited large 
changes in hardness, but the aluminum A6061 showed only a 
minute change. Similar to the reduction rates of the specimen 
weight, these changes in hardness might stem from the differ-
ent behaviors of surface erosion by LIE. Since the carbon 
steels showed many line cracks, the inside of the materials 
was easily deteriorated by LIE, thus leading to significant 
decreases in the hardness. On the other hand, A6061 made 
localized pores and instantly oxidized the surface, thereby 
preventing the fast corrosion of the inside causing only a small 
change in the hardness. 

 
3.5 Erosion rate for LIE 

Based on the weight reduction of the specimens according 
to the erosion time, we estimated the erosion rate (ER) using 
Eq. (2), in which the ER can be determined by the ratio of the 
weight reduction of the specimen (Wspecimen) to the weight of 
the injected liquid droplet (Werodent). 

 

specimen

erodent

W
ER

W
= . 

                               
(2)

 
 
The results are shown in Fig. 7. As the air-water ratio in-

creased, the ERs for the specimens were saturated for α from 0 

to 1.72. The ER was the largest for A6061 and the smallest for 
the A106B. By using the ER as a function of α in Fig. 7, the 
relationship between the air-water ratio and ER was deter-
mined. Eqs. (3)-(5) give these relationships for A106B, SS400, 
and A6062, respectively. Note that these equations are only 
valid for air-water ratios from 0 to 1.72. 

 
ER = -1.0868 · α2 + 3.0395 · α                          (3) 
ER = -8.5003 · α2 + 26.074 · α                          (4) 
ER = -14.898 · α2 + 41.561 · α .                          (5) 

 
4. Conclusions 

We have designed and developed an experimental system to 
investigate the behavior of long-term LIE of pipelines used in 
plant industries with high-speed liquid droplets. In previous 
reports, the behavior of LIE was only studied for a short time 
span and under a mild condition compared to the real field 
condition. In our experimental system, we were able to inves-
tigate the behavior of pipeline LIE for long time span and 
under a relatively severe condition. The results of our experi-
ment showed that the erosion rates of carbon steels increased 
linearly with the erosion time, but the erosion rate of alumi-
num was saturated over time. These different behaviors can be 
understood by the different crack initiation for the specimens. 
In the carbon steels, many line cracks were initially formed, 
but in aluminum, localized pores were formed. Furthermore, 
the mechanical hardness changed significantly in the carbon 
steels, but it changed marginally in the aluminum. These dif-
ferences were also attributed to the initial crack formation and 
the different corrosion properties in the inside of the speci-
mens. Finally, we determined the erosion rate (ER) according 
to the air-water ratio for each specimen, which may provide 
valuable data to predict and prevent damage to the pipelines 
by LIE in plant industries. 
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Nomenclature------------------------------------------------------------------------ 

α  : Air-water ratio 
I    : Impulse 
Ac    : Contact area 
θ  : Spraying angle 
QA   : Air flux 
QW    : Water flux 
v  : Velocity of liquid droplets 
∆P  : Pressure difference 
ρ     : Density of air 
k     : Calibration factor 
ER  : Erosion rate 

 
 
Fig. 7. Erosion rate as a function of the air-water ratio for the specimens. 
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