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ABSTRACT 

Aged nuclear piping has been reported to undergo corrosion-induced accelerated failures, often without 
giving signatures to current inspection campaigns. Therefore, we need diverse sensors which can cover wide area 
in the on-line application. We suggested integrated approach to monitor the FAC-susceptible piping. Since FAC 
is a combined phenomenon, we need to monitor as many parameters as possible, and that cover wide area, since 
we don’t know where the FAC occurs. For this purpose, we introduced wearing rate model, which concentrates 
on the electrochemical parameters. By the model, we can predict the wearing rate and then can compare the 
testing result. After we identified feasibility by analytical way, we developed electrochemical sensors for high 
temperature application, and introduced mechanical monitoring system, which is still under development. To 
support the validation of the monitored results, we adopted high temperature UT, which shows good resolution 
in the testing environment. By this way, all the monitored results can be compared in terms of thickness. 
Validation test shows the feasibility of sensors. To support direct thickness measurement for wide-area, Direct 
Current Potential Drop method will be researched to integrate to the developed framework.  

 
Keywords: FAC (Flow Accelerated Corrosion), on-line monitoring, integrated approach 

1. INTRODUCTION 
Severe pipe rupture accident was occurred in 1986 at Surry unit 2. It was one of cases that show importance 

of monitoring of the passive components. It has been reported that the piping made of carbon or low-alloy steel 
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in pressurized water reactors (PWRs) and CANDU type reactors have suffered from continuous wall thinning, 
which is known to cause by Flow Accelerated Corrosion (FAC). [1] 

Though the cause of the wall thinning, and dominant parameters to affect it is widely studied, accidents 
induced by FAC are still problematic. Moreover, as nuclear power plant become aged, material degradation 
becomes severe, and thus, aged nuclear piping can undergo corrosion-induced accelerated failures, often without 
giving signatures to current inspection campaigns. [2, 3] 

In this work, we focused on development of advanced sensor and evaluation algorithm to monitor FAC for 
nuclear systems. 

Since the FAC would occur even in the unexpected region, we tried various sensors to monitor the target 
system in a multi-disciplinary manner.  

We focused on electrochemical parameters, ECP and pH, which give us information on corrosion occurrence. 
Propensity to corrosion can be identified by ECP-pH diagram. There is a specific ECP-pH combined region, 
where corrosion rate is increasing. To monitor these parameters in the Nuclear Power Plant (NPP) environment, 
we need electrodes applicable to high temperature and pressure condition. We developed and tested electrodes fit 
to our purpose. However, they are indirect evidence of the FAC and we cannot quantify how much the piping is 
reduced. We derived wearing rate model as a function of monitored parameters. We also adopted UT system. 
Thinning can be monitored by directly measure the thickness with Ultrasonic transducer (UT). UT for high 
temperature application is available, however, its long-term use, feasibility in our geometry, which is inevitable 
for the on-line monitoring purpose, is still questionable. Thus, we decided this option as a backup.  

In this paper, we will show the process how to choose and develop the sensors to monitor FAC, and how to 
combine monitoring results from diverse sensor. And also we will show the validation test results to identify 
feasibility and performance for the on-line monitoring in the high temperature environment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Overall approach 
 

2. PRELIMINARY WORKS 

2.1 Related Parameters 
It is reported that FAC is affected by many parameters. They include material composition of the target 

material, temperature, pH, dissolved oxygen content, pipe geometry, and flow velocity. The flow path through 
elbows and other complex geometry creates turbulence, which can weaken the protective oxide layer of carbon 
steel piping, contributing to accelerate FAC process. [1]  

To develop the monitoring system that can effectively inspect piping reduction, we examined the FAC 
accelerating parameters. ECP and pH were chosen as parameters, which are indirect but globally hold parameters 
to inform us corrosion-susceptibility. They can be monitored by electrodes. We developed electrodes: EREP for 
the ECP and AUEN for the pH. Developed electrodes are designed for the Pressurized Water Reactors (PWRs) 
and that applicable also for the primary side. Preliminary test results from the static test loop showed that they 
can work until 300°C. Preliminary test procedure and results are shown in the [4]  

Since electrochemical parameters are not direct measure of the thickness, we chose one more parameter 
which can be directly affected by thickness reduction. Vibration of the piping is determined by structural 
characteristics, without external force. But it will change when the external force is applied. We assumed that the 
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amplitude and characteristic mode of vibration will change with thickness change. To monitor the vibration 
mode change, we introduce fiber optic displacement sensors, capacitive sensor and 3-axis accelerometers.  

To validate the performance and applicability of the developed sensors, we planned to test sensors in the 
simulated environment. To measure the piping thickness during the test, we adopted direct-thickness 
measurement system, UT.  

Monitored ECP and pH will give us corrosion related information, which is an evident of material 
degradation, and can be converted to thickness using wearing rate prediction model. Monitored vibration mode 
change will give us information on thickness change. Monitored diverse thickness information will be compared 
with direct measurement result by UT. It is a main idea of this work, and we will explain detailed approach in the 
following sections.  

2.2 Wearing Rate Model 
As we described in the previous section, electrochemical parameters are not quantifiable. Therefore, we 

introduced wearing rate model to convert monitored variables to thickness information, and thus compare the 
result with other sensors.  

To predict the thickness of the piping by FAC, we introduced a wearing rate model and then modified it 
considering the test condition. Sanchez-Caldera’s Model is a theoretical model that can predict the rate of 
materials reduction induced by FAC, which is shown in the equation (1). [5, 6] 
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Where,    dm
dt

 represents wearing rate [kg/m2s] 

  kg is geometrical factor, 7.5 for elbow piping 
  Ce is equilibrium concentration of iron species 
  C∞ is iron species concentration in the bulk water 
  θ is porosity and 0.03 below 150 °C 
  k=Aexp[-Q/RT], the reaction rate constant 

f is fraction of oxidized metal converted into magnetite at the metal-oxide interface. f=0.5 
hD is a mass transfer coefficient 
δ is oxide thickness, 10 μm 
D is a diffusion coefficient of the dissolved ferrous species  

 
In the equation (1), kg is not included in the original Sanchez-Caldera’s model. It assumed straight pipe 

condition. To apply this model to complex geometry, such as piping elbow, kg was introduced. In the Kastner 
et.al.’s work, which is an empirical FAC model, they introduced a geometrical factor. In that model, geometrical 
factor for piping elbow is around 7.5, while the value for straight piping is unity. [7] Ce is equilibrium 
concentration of iron species. To calculate the solubility of magnetite, Sanchez-Caldera introduced the work of 
Sweeton and Baes [8] that provides the experimental data on the solubility of magnetite as a function of 
temperature, hydrogen concentration, and pH. In this work, we acquired the thermodynamic data for ferrous ions 
from the commercially available computer code, HSC Chemistry®. Here, we assumed the iron species 
concentration in the Bulk Water, ∞C  as negligible. All other values were adopted from references. [5, 6, 10, 11]  

By this way, all the variables used in the equation can be expressed as a function of temperature, fluid 
velocity, dissolved hydrogen and pH.  

In the validation test, we can fix temperature, fluid velocity as design parameters, and we can set the 
constant hydrogen level. Other parameters required to calculate the model can be detected by developed 
electrodes.  

2.3 FAC Test Loop and Test Condition 
 
In this work, we designed the test loop to accelerate the FAC to induce continuous thickness change. By 

simulation test, we expect to identify on-line applicability of sensors. FAC rate becomes increasing when the 
environmental temperature is between 130-150ºC. In the validation test, we decided to operate the test loop at 
125ºC. Flow velocity is 3 m/s and pressure is 20 bars to simulate the secondary part of the NPP. However, 
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different to the secondary part of the nuclear power plant water chemistry, we chose low pH condition to 
accelerate  FAC.  

FAC is also affected by geometrical feature. We chose piping elbow as a testing target, which is known to 
the most FAC-affected region. Testing material is made of carbon steel. It is reported that if the contained  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     (a)         (b) 

Fig. 2 (a) FAC test loop (b) Monitoring screen of the test loop 
 

Chromium weight is more than 0.04 %, FAC rate becomes steeply decreased. Since we cannot find carbon steel 
elbow piping with Cr content under 0.04%, we manufactured the elbow with carbon steel contains 0.01% Cr. 

We constructed FAC test loop to perform the on-line feasibility test for developed sensors. It is shown in the 
figure 2(a). It is composed of two separate skids: one has both charging and circulation pumps and it is 
connected to the other skid, where other piping components are built, by flexible tubes. It helps isolate test loop 
from the vibration effect of pumps. On the first skid, we installed water tank to supply chemically controlled 
water.  

Two sets of Electrodes were installed to monitor the chemical conditions around the elbow piping. Each set 
is composed of ECP and pH electrode.  

In the figure 2(b), we showed the monitoring screen for the FAC test loop. It shows important monitoring 
parameters of each location. It includes environmental monitored parameters such as temperature and pressure at 
each section of the test loop. For the operation, it provides the on-off status of active components, such as heaters 
and pumps. For the monitoring purpose, it shows the monitored values of two sets of electrodes. Monitored 
voltage values are converted as pH and ECP values and displayed in the screen. It also shows whether the 
operating condition is susceptible to corrosion. 

Using the wearing rate model, we estimated required test duration. To calculate the wearing rate, we 
assumed that the test temperature as 125ºC, flow velocity is 3 m/s and dissolved hydrogen as 150 ppb. To 
determine the chemical condition to accelerate FAC, we fixed all the other parameters except for pH. We decided 
to use HNO3 and HBO3 to achieve the determined test condition, pH 4. We used MULTEQ code to calculate the 
required amount of chemicals. [12] 

Fig. 3 pH changes with iron oxidation 
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In the preliminary test, however, monitored pH value was higher than we expected. At the beginning, 
monitored pH is consistent with the expected value. But, after then, it becomes higher over the expected initial 
value. We investigated test conditions and calibrated electrodes to see if there is any error. When we recalculated 
the pH considering iron oxidation reaction, which releases OH-, we found pH was drastically increased. The 
increase of pH according to the iron oxidation reaction is shown in the figure 3. It changes steeply when we 
assumed the reaction, and then saturated. To solve this problem, we calculated the amount of chemicals again to 
lower the initial pH of the inlet water. 

 
The normal water chemistry of secondary coolant system is deaerated with hydrazine and slightly alkaline 

with ammonia. In a laboratory-scaled experiment, acceleration test should be conducted due to the limit of 
available time. Therefore, we consider a slightly reducing environment with 150 ppb hydrogen and acidic 
solution.  

The pH of test solution is one of key parameters in the acceleration test. There are certain regions where 
corrosion is accelerated or activated. Figure 4 shows the predicted wall thickness reduced by FAC as a function 
pH, which is based on modified Sanchez-Caldera’s model.  

To predict the thickness changing rate, we calculated the wearing rate using the modified Sanchez-Caldera’s 
model as introduced in the previous section. Temperature, flow velocity and dissolved oxygen are fixed. We 
changed the pH values. By investigating the thickness change, we could get the reasonable test duration. Using 
the model we can also extract other test conditions, such as temperature, flow velocity as well as pH, once we 
fixed the test duration. 
 

 
   (a)      (b) 

Fig.4. Calculation of thickness based on the modified Sanchez-Caldera’s model. 
(a) Thickness reduction according to pH change (b) Thickness reduction with fixed pH 

according to time 

2.4 Vibration Analysis and Tests 
 

As an indirect thickness measurement method, we introduced vibration. There are many sources of vibration, 
including fluid fluctuation. Piping geometry is one of the important FAC inducing parameters.  
Since we determined vibration as a mechanical monitoring parameter, which detects the mechanical change of 
the target piping, we surveyed sensors that can detect vibration or displacement of piping. Vibration 
characteristics are analyzed with Finite Element Method (FEM) and they are verified with tests. Each test is 
designed to concentrate on the specific feature of the monitoring target.  

FEM analysis was performed by assuming that the fluid affects the vibration only with its weight: fluid was 
added as weight, which would not generate any fluid fluctuation. Instead, it would give us only the information 
whether the vibration mode changes with thickness reduction.  

FEM analysis result shows that when we changed the thickness or weight of the piping, there are characteristic 
frequency shift.  

To validate the FEM analysis results whether there is vibration mode change when the thickness is changed, 
we designed the test strategies and performed test as follows: 
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First, we performed a pull-down test to obtain the basic understanding about the relationship between applied 
force and vibration induced. We installed electromagnet and changed the direction of the applied force. 
Perpendicular, right-left direction and rocking mode were designed and then tested, respectively. It is aimed for 
checking reacting vibrations induced by unknown forces, and thus, we didn’t control other parameters such as 
fluid, and temperature. By changing position of electromagnet, we generated different modes, and then measured 
signals from each case of different amount and direction of the force of electromagnet.  

Second, preliminary, simulated FAC test was designed to identify the effect of the thickness reduction of the 
pipe. For this purpose, specimens with different thickness are used in the test, and thus we could get preliminary 
data of the test condition similar to FAC occurrence. To set up the corrosive condition similar to real FAC 
condition, water will be controlled as low pH, high temperature with high-speed flow. Once the real FAC 
condition is implemented, piping will start being corroded. Therefore, test should be finished at one stroke. For 
this reason, we need to identify sensor performance prior to the main test, and thus, simulated FAC test would be 
helpful. In this test, we measured signals with both charging and circulation pumps on. Pumps are expected to be 
the main source of vibration. Amplitude and frequency of vibration are expected to change with thickness.  

After the first trial, we separated the simulated FAC test into two different conditions: one is using the 
different thickness specimen, which maximizes the effect of the thickness reduction, and the other is to use the 
grinded piping, which is similar to the real FAC condition. 

Third, validation test in the high temperature with controlled water chemistry was performed to identify the 
applicability of the chosen sensors to the high temperature environment and the resolution of the sensor in the 
environment where there are many unknown source of vibration. 

From those testing, we could characterize the vibration sensing capability of sensors as follows; 
1. In the pull down test, we identified the characteristic vibration modes are consistent with the analysis 

results. 
2. In the simulated FAC test, characteristic vibration mode shows distinguishable shift when the thickness 

is changed. However, relations between pipe thickness and the amount of the shift doesn’t show clear 
trend. Therefore, we need to monitor continuously to detect the small change of vibration. 

3. Vibration modes show differences according to the location. In fact, they depend on the direction of the 
location, which means vibration is affected by flow inside the piping. Therefore, we need to monitor 
different locations, respectively. 

From the experience, we learned that when we change the sensor position, signals vary according to it. 
Therefore, we welded sensor plates at each sensor locations. 
We determined to use one more 3-axis accelerometer to monitor vibration signals from three different locations 
at the same time. Two of them are located in the U-section, which is less rigid and vibrate with bigger amplitude. 
Elbow part, however, is close to heavy flange, which makes it difficult to move. 

But we are interested in the thickness reduction in the elbow part, and we also expect severe erosion at the 
very vertical, elbow part. So, we installed one of sensor to monitor the vibration behavior. Determined sensor 
locations and types of sensors are specified in the figure 5. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5 (a) Test set up for the Pull-down test (b) Determined sensor locations 

Tests are performed in the well defined environment, where the unknown vibration sources are ignored. 
Monitored results show that there are no clear dependencies between thickness and the vibration mode change: 
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neither the direction of the shift and the amplitudes. We decided to investigate more thoroughly during the 
continuous, validation test. 

 

2.5 FAC Test Results and Discussion  
 

FAC simulation test objectives are as following: 
1. Identify sensor applicability to high temperature and on-the-pipe installation and performance to monitor 

the FAC environmental status or thickness identification. 
2. Construct FAC test loop for the validation of sensors: Design electrochemical environment and induce 

more than 10% of thinning of the target piping, which corresponds to the resolution target of sensors. 
3. Validate FAC wearing rate model with monitored parameters. Using wearing rate model, thickness can be 

calculated with monitoring parameters. We can compare the predicted values with UT measuring result to 
validate the monitoring results. 

      

 
 

   (a)        (b) 
 

Fig. 7 Monitoring results (a) Monitored ECP (b) Monitored pH 
 
 

 
 

Fig. 8 ECP-pH diagram 
 
 

 
Test Results of Electrodes 

Figure 6 shows the monitored results of electrochemical parameters. It shows that the test condition was 
maintained in the corrosive region of the ECP-pH diagram in the figure 7. When the test started, measured pH 
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become increasing far over than we expected, as shown in the figure 6(b). We assumed that the increase of pH is 
caused by the iron oxidation reaction described in the previous section. Therefore, we lowered the pH after the 
startup which induced the pH becomes decrease afterwards.  

 
From the derived wearing rate model, we found that the reduction rate is very fast in the low pH level 

(below 4). It can cause through-wall crack which is danger. We check the thickness everyday using UT 
monitoring system. Figure 8 (a) shows monitored UT signals during the test. It shows comparison among the 1st, 
6th and 12th day result. Figure 8 (b) shows the converted results from UT. It shows the thickness reduction as a 
function of time. There are two steep decrease regions in the curve, which will be discussed in the next section.  
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Fig. 8 (b) Thickness measurement using UT 

 
 

Thinning and UT Monitoring Results 
We investigated the possible reasons of discrete reduction rate. They are as following:  

- Resolution of the UT sensor 
- Erosion induced by flow, which breaks the corroded surface into pieces 
- Change of chemical environment, which induces the chemical environment from active to passive region 

 
UT resolution was reconsidered. In the original plan, the thickness of the test specimen was 3.6 mm. To 

improve the UT performance, however, we grinded the surface to 1.3 mm. 5Mz transducer was used in this work. 
Considering the thickness of the specimen, we had better use UT with higher frequency. But, to prevent the 
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signal attenuation, we used transducer of 5 MHz, sacrificing the resolution. It can be one reason of steep change 
of the thickness.  

Flow effect was raised when we investigated the corroded inner surface of the testing specimen. Figure 9 
shows the cutting face of the elbow specimen. Elbow was removed from the test loop after the test duration and 
then cut. When we investigated the surface, it shows the clear evidence of FAC occurrence. Inner surface was 
corroded and showed partly removed surface as if it is eroded. It can be one reason of the discrete change of the 
thickness.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9 Inner surface of the elbow specimen 
 
Change of chemical environment is suspected since the steep decreases were occurred when we changed the 

water supply tank. When we changed the water tank, small amount of oxygen is also inserted. Dissolved oxygen 
level was monitored using DO (dissolved oxygen) meter. But monitored ECP doesn’t change much, which 
shows that the DO effect is small.  

 
Reduced thickness was measured from the center cut using micrometer to compare with UT monitoring 

result. Thickness measurement results both by micrometer and UT are summarized in the Table 1.  
 

Table 1 Summary: Monitored thickness 
Initial thickness of the elbow (error 5.5 %) 

Micrometer 1.27 mm 

UT monitoring 1.2 mm 

After 3 weeks of FAC experimental (error 14.9 %) 

Micrometer 0.94 mm 

UT monitoring 0.8 mm 
 
For both measurements, monitoring locations are not exactly the same. We welded support structure for the 

UT sensor on the surface of the elbow specimen to fix the monitoring location. However, micrometer tip is small 
and we cannot measure the same location. Although we measured several times and then used the mean value, it 
should have differences between each measurement. But the measured and monitored values are close and we 
assumed that it is reasonably acceptable. 

 
Comparison between Model and Monitoring Results 

 
When we calculate the thickness reduction rate using Sanchez-Caldera’s model, we assumed constant pH. But, 

it changed during the validation test. Since pH is the major parameter that affects the wearing rate, we calculated 
the mean value of pH in a day basis. We calculated the amount of wearing everyday, and then accumulated for 
the whole test duration. It is plotted in the figure 10.  
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Fig. 10 Comparison between monitored thickness and prediction model 

 
In the figure 10, we showed the mean pH, thickness predicted from the model, and the UT monitoring results. 

It shows clear decrease of the thickness when the pH was lowered. After 250 hours of operation, however, 
measured and predicted values show difference. The model shows continued reduction, whereas UT monitored 
result shows no reduction afterwards. According to the model, piping should be penetrated, which is not.  

We reviewed the model again. In the equation (1), we assumed C∞ as negligible. When the FAC rate is 
increased, ions in the bulk water will increase. It means that C∞ is no more negligible. As time passed, ion 
concentration in the bulk water will build up until close to Ce, which will mitigate the reduction rate 
 

2.6 Complementary Monitoring Method 
 
In this work, we suggested vibration as one of the indirect parameter that reacts sensitively to the thickness 

change. Test results, however, showed that it is difficult to identify thickness dependent trend or quantitative 
change. We are still working on this in view of signal processing correlated with vibration characteristics. 

We introduce another method to on-line measure the thickness, instead.    
The Direct Current Potential Drop (DCPD) method is widely used in measuring the crack length during the 
fracture test. When we applied current to the target specimen, the potential drop would increase when the crack 
length increased. This corresponds to the case of thickness change. 

We are analyzing the DCPD in case of elbow or other curved surface susceptible to FAC using Finite 
Element Method. We finished 3-D modeling with various shapes of defect, which shows big difference of 
potential drop when the thickness changed. We are planning to test it off line according to the strategies applied 
to the vibration testing, and then will test it in the high temperature test loop.  
 

3. CONCLUSIONS  
 

In this work, we suggested integrated approach to monitor the FAC susceptible piping. Target system is NPP 
secondary part with lower temperature range than the primary side. FAC is a combined phenomenon, which no 
one parameter is negligible. To monitor the system thoroughly, we need to monitor as many parameters as 
possible, and that cover wide area, since we don’t know where the FAC occurs. 
For this purpose, we introduced wearing rate model, which concentrates on the electrochemical parameters. By 
the model, we can predict the wearing rate and then can compare the testing result. After we identified feasibility 
by analytical way, we developed electrochemical sensors for high temperature application, and introduced 
mechanical monitoring system, which is still under development. To support the validation of the monitored 
results, we adopted high temperature UT, which shows good resolution in the testing environment. By this way, 
all the monitored results can be compared in terms of thickness.  
Validation test shows the feasibility of sensors. However, we still need direct thickness measurement system to 
increase confidence to the indirect, but wide-area monitoring. DCPD was suggested for this purpose and shows 
promising results in the 3-D modeling. This result will also be integrated in the developed frame for the precise 
monitoring.  
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