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ABSTRACT 

 
Wall thinning of carbon steel pipe components due to Flow-Accelerated Corrosion (FAC) is one of the most 

serious threats to the integrity of steam cycle systems in Nuclear Power Plants (NPP). If the thickness of a pipe 
component is reduced below the critical level, it cannot sustain stress and consequently results in leakage or rupture. In 
order to minimize the possibility of excessive wall thinning, Thinned Pipe Management Program (TPMP) has been set 
up and being implemented to all Korean NPPs. Important elements of the TPMP include the prediction of the FAC rate 
for each component based on model analysis, prioritization of pipe components for inspection, thickness measurement, 
calculation of wear and wear rate for each component. Additionally, decision making associated with replacement or 
continuous service for thinned pipe components and establishment of long-term strategic management plan based on 
diagnosis of plant condition regarding overall wall thinning also are essential part of the TPMP. From pre-service 
inspection data, it has been found that initial thickness is varies, which influences wear and wear rate calculations. 
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INTRODUCTION 

 
Flow-Accelerated Corrosion (FAC) of carbon steel occurs due to the dissolution of the protective film that is 

formed on the surface and directly contacted with water. FAC is a practical threat to carbon steel piping within Nuclear 
Power Plant (NPP) steam cycle systems. Without a systematic pipe management program, rupture or leakage of piping 
or pipe components due to wall thickness reduction due to FAC is inevitable. Even a single event of a high-energy pipe 
rupture can be a serious accident in terms of safety and economy. This comprehensive program includes measurement 
of wall thickness reduction, repair and/or replacement of damaged piping components. A damaged component is 
defined as an element its thickness is reduced below the required minimum thickness to sustain design pressure or is 
expected to reach its critical thickness within a relatively short time frame. Because these pipe components amount to 
more than a few thousands which have to be managed for each plant, it is an enormous task to reduce the possibility of 
pipe rupture due to FAC damage below a significantly low level with the use of a comprehensive pipe management 
program. Since the mid-1990s, secondary side piping systems in Korean NPPs have experienced wall thinning, leakages 
and ruptures caused by FAC. It is anticipated that the possibility of FAC damage would increase with lapse of operating 
time. Korea Electric power Research Institute (KEPRI) and Korea Hydro & Nuclear Power Co., LTD. (KHNP) have 
conducted a study to develop the methodology for systematic pipe management and as a result, established the Korean 
Thinned Pipe Management Program (TPMP). This paper focuses on the introduction of the Korean TPMP and technical 
criterion of its constituents. 

 
KOREAN THINNED PIPE MANAGEMENT PROGRAM 

 
Korean TPMP consists of several technical items, such as performing FAC model analyses, prioritizing pipe 

components for inspection, obtaining reliable thickness data, calculating the wear and wear rate, and making decisions 
regarding replacement necessity or continuous service acceptability based on the remaining life of the component. To 
make a diagnosis of plant wear level and to set up a long-term monitoring plan is also included. NSAC-202L guideline 
[1] was used as reference for TPMP and EPRI CHECWORKS computer code as tool [2]. 
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CHEXAL-HOROWITZ FAC MODEL 
 

The general formula of Chexal-Horowitz FAC model used in CHECWORKS is as follows [3]: 

)H(NF)(F(G)F(pH)F)(OF(MT)F(AC)F(T)FW 42876524321 ×××××××= α     (1) 

Where: W    = FAC rate 
  F1 (T)   = factor for temperature effect F2 (AC)   = factor for alloy content effect 
 F factor for mass transfer effect F4 (O2)   = factor for dissolved oxygen effect 3 (MT)   = 
 F factor for pH effect  F6 (G)   = factor for geometry effect 5 (pH)   = 
 F factor for void fraction effect F8 (N2H4)   = factor for hydrazine effect 7 (α)   = 
 
USAGE OF CHECWORKS CODE IN TPMP 

 
CHECWORKS Code can be used to predict the rate of wall thinning and remaining service life on a component-

by-component basis and to evaluate the wall thickness data taken during inspections. Its function consists of several 
analysis and support tasks. The analysis tasks comprised of water chemistry analysis, network flow analysis, wear rate 
analysis, and UT analysis. The support tasks are composed of plant data management, isometric viewer, heat balance 
editor, and FACTRAK, etc. FAC analyses using CHECWORKS are performed in three stages. These are systematic 
piping system classification, database creation and wear rate analysis as illustrated in Figure 1. 

 

 
Fig. 1 Usage of CHECWORKS code in TPMP 

 
In the first stage, piping lines and components in steam cycle systems are classified to facilitate database creation 

and site application. Because hundreds of lines and thousands of pipe components have to be established in a unit 
database, line and component names should not be duplicated. A heat balance diagram is also generated to perform 
water chemistry analysis and to serve as a gateway into the database. In the second stage, design and operating data 
such as temperature, pressure, enthalpy, power level, water chemistry, component geometry, etc., are inputted into the 
plant database. Finally, the wear rate analysis based on a generated database is performed to obtain the wear rate and 
remaining service life for each component. The FAC analyses are performed according to the processes of water 
chemistry analysis, network flow analysis, and wear rate analysis. To accurately predict the FAC wear rate, it is 
essential that the pH and dissolved oxygen levels are precisely determined at the desired location. This is the purpose of 
the water chemistry analysis. The various elements involved in water chemistry analysis are heat balance diagram, 
steam cycle data, power level data, and water treatment data. The network flow analysis is performed to calculate the 
thermal-hydraulic conditions affecting wall thinning. Network flow analysis results for a run definition include pressure 
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drop due to friction, flow acceleration due to both density and area change, and pressure changes due to variation in 
elevation. The heat loss from the piping system to the environment is also calculated in this analysis. The network flow 
analysis is mainly performed for pipe runs that contain initially sub-cooled liquid but finally flash and become two-
phase mixtures on the way to the designated equipment or to the condenser. The wear rate analysis is performed to 
calculate the wear rate of components in single-phase water and two-phase wet steam piping lines. The wear rate 
analysis is on a component-by-component basis. A component is a specific element within a piping line like an elbow, a 
tee, or a reducer, etc. The parameters such as total lifetime wear, residual thickness, and remaining service life, etc., are 
predicted from this wear rate analysis. 

 
CREATION OF GLOBAL DATABASE 

 
The global plant database has an effect on all components data stored in the FAC database. The global plant data 

contains heat balance diagram, power level, plant period, steam cycle, and water treatment data. The heat balance 
diagram enables the simulation and analysis of the secondary water treatment for subsequent FAC analyses. The heat 
balance diagram is generated using the heat balance diagram editor task. Most of NPPs in Korea are operated at full 
power to cover base loads so that the power level is defined as 100% power level. The plant periods are used to specify 
the plant's operating history. The duration of the time when the plant was operating is classified as an operating period. 
The duration of time when the plant was not operating due to refueling is classified as a maintenance period. For 
example, Kori unit 1 has 19 operating cycles, to date. The steam cycle data is used to view and edit the thermodynamic 
data associated with a plant's heat balance. The operating thermal hydraulic data based on the Final Safety Analysis 
Report (FSAR) for a given plant is inputted as steam cycle data. The corrosiveness of water used in power plants 
depends on the pH and the concentration of dissolved oxygen levels. The primary factors responsible for the variation in 
pH level are the additives used for pH control, the operating temperature, and the volatility of the additives where steam 
and water separation occurs. The water chemistry data is inputted in the FAC database with average values sampled at 
the locations of the final feed-water, steam generator blow down, and condensate. In the water chemistry analysis, the 
parametric evaluation methods are selected in order to determine the impact of water chemistry on the local piping line 
within the secondary system. Ethanolamine is being used in Kori unit 1 as the pH control amine from the 17th refueling 
outage forth while the ammonia had been used up-to-the 17th operating cycle. In Wolsong unit 1, morpholine has been 
used as the pH control amine from pre operation period. 

 
CREATION OF COMPONENT DATABASE 

 
The component data stored in the FAC database contains pipeline information such as line identification, class, 

phase, etc., design information such as geometry, size, material, design temperature and pressure, etc., and operating 
information such as operating pressure, temperature, enthalpy, steam quality, etc. The component data is used as the 
basic information for the network flow and wear rate analysis. To facilitate the site application, the pipelines of each 
plant are classified systematically based on isometric drawings and P & IDs. Component names are also determined in 
accordance with isometric drawings and placing locations in the plants. 

 
FLOW-ACCELERATED CORROSION MODEL ANALYSIS 

 
To reflect the water chemistry and thermal-hydraulic conditions of individual components, water chemistry and 

network flow analysis are performed prior to wear rate analysis. In case of Kori unit 1, water chemistry analysis was 
performed twice because of the water treatment changing from ammonia to ethanolamine at the 17th refueling outage. 
Network flow analysis was performed for 71 runs and wear rate analysis was performed for 174 pipelines and 3,736 
pipe components. For Wolsong unit 1, the water chemistry analysis for morpholine treatment was performed, and the 
network flow analysis was preformed for 65 runs. In addition, wear rate analysis was performed for 235 pipelines and 
5,076 pipe components. Figure 2 illustrates the comparison of average wear rates and Table 1 shows most susceptible 
pipelines to FAC damage on a system-by-system basis, according to the FAC analysis for Kori unit 1 and Wolsong unit 
1. As illustrated in Figure 2 and as shown in Table 1, the extraction steam system and the main feedwater system of 
Kori unit 1 are more susceptible to FAC damage than the others. 
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(a) Kori Unit 1       (b) Wolsong unit 1 

Fig. 2 Comparison of wear rates on a system-by-system basis 
 

These are the lines from high-pressure turbine to high-pressure heater 5s of the extraction system and from high-
pressure heater 6s to steam generators of the main feed-water system. In case of Wolsong unit 1, the main feed-water 
and the condensate systems are more susceptible to FAC damage than the others. These are the lines from the low-
pressure heater 3s to the deaerator of the condensate system and the lines from the high-pressure heater 6s to steam 
generators of the main feed-water systems. It can be identified that the susceptible systems and pipelines to FAC are 
different on each plant. Also, because of existing difference in pH control amine between these two plants, the wear rate 
for most of systems in Wolsong unit 1 is relatively lower than similar systems in Kori unit 1, as a whole. 

 
Table 1. Most susceptible pipelines to FAC damage 

 
Systems Kori-1 Wolsong-1 

Condensate Low Pressure Heater #3s Outlet Low Pressure Heater #3s to Deaerator 
Main Feedwater High Pressure Heater #6s to Steam Generators High Pressure Heater #6s to Steam Generators 

Main Steam High Pressure Turbine to Moisture Separators Main Steam Header to Steam Chest 
Extraction High Pressure Turbine to Heater #5s High Pressure Turbine to Heater #6s 

Heater Drain High Pressure Heater #5s Drain to Deaerator Re-Heater Drain Tank to Drain Pumps 
 
SELECTION OF INSPECTION NEEDED COMPONENTS 

 
From the FAC analyses results, components needed for inspection are selected based on the ranking of predicted 

remaining service life, as well as the wear rate. All systems on each plant are subdivided into several line groups that 
have the same function, and/or the same thermal hydraulic and water chemistry conditions. After considering the 
remaining service life as a primary and the wear rate as secondary, the representative component in each line groups is 
determined for comparison on a group-by-group basis. Line groups are re-arranged according to inspection necessity 
ranking [4]. In case of Kori unit 1, as illustrated in Figure 3, 57 line groups are re-arranged and categorized into 4 
levels. Level-1 (1~14) is for most severe line groups because of short remaining life and high wear rate, Level-2 
(15~27) is for severe line groups because of short remaining life but low wear rate, Level-3 (28~45) is for moderate line 
groups because of long remaining life but high wear rate, and Level-4 (46~57) is for mild line groups because of long 
remaining life and low wear rate. The purpose of categorization is to determine the amount of components for each line 
group in proportion to the total amount of components during a given outage time schedule and manpower. For all 
Korean NPPs, 150~200 components are generally selected and inspected for 3 or 4 outages. 

 
THICKNESS MEASUREMENT 

 
Components can be inspected for wall thinning using ultrasonic techniques (UT), radiography techniques (RT), 

or by visual observation. Because UT method can provide more complete data for measuring the remaining wall 
thickness, Korean NPPs use the UT thickness gage with electronic data loggers. Experience has shown that it is difficult  
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Fig. 3 Comparison of FAC susceptibility for Kori unit 1 (line group basis) 

 
to predict where the maximum wear will occur in a given component. To ensure that the maximum FAC wear can be 
detected, the UT grid fully covers the component being inspected. Because FAC can extend into the piping downstream 
and upstream, as illustrated Figure 4, inspection grid is being extended from the toe of the upstream weld to three grid 
lines and from toe of the downstream weld to 2 pipe diameters (2D). To ensure that the thinned region can be identified, 
the grid size should not be greater than πD/12, where D is the nominal outside diameter, and should not be larger than 6 
inches. For the repeatability of measuring, the sound velocity of thickness gage is calibrated at 5,930 m/sec for all 
components. 

 

 

(a) Elbow      (b) Tee                      (c) Reducer or Expander 
Fig. 4 Full and expansion grid layout for fittings 

 
EVALUATION OF INSPECTION DATA AND DECISION MAKING OF FOLLOWING ACTION 

 
The evaluation process consists of reviewing the inspection data for accuracy, determining the amount of wear, 

and determining the wear rate for each inspected component. This process is complicated by several factors, including 
the following: 
- Unknown initial wall thickness (if baseline data was not taken) 
- Variation of as-built thickness along the axis and around the circumference of the component 
- Inaccuracies in NDE measurements 
- The possibility of pipe to component misalignment, backing rings, or the use of counter-bore to match two surfaces 
- Data recording errors or data transfer errors 
- Obstructions that prevent complete girding (e.g., a welded attachment) 

 
The challenge is to minimize the effect of these problems by applying uniform evaluation methods and utilizing 

engineering judgment. The inspection data should be carefully reviewed to identify any data that is judged to be in error. 
Erroneous data should preferably be re-inspected, or if necessary, eliminated to obtain valid reading. Once the data set is 
acceptable, any wear region on the component should be identified. The location of the potential wear region should be 
compared with the component orientation, flow direction, and attached piping. The variation in thickness within this 
region should be compared to the adjacent region to confirm the existence of wear. If data from previous inspections are 

5 



available, they should be compared with the current measurements, and wear trends/patterns should be identified. 
There are four methods commonly used for determining the wear of piping components from UT inspection 

data. These methods are band method, area method, moving blanket method, and point-to-point method. Three of the 
methods, which are the band, area and blanket methods, estimate the components initial thickness and can be used for 
evaluation of components with single inspection data. These three methods are predicated on theory that the wear 
caused by FAC is typically found in a localized area or region. The point-to-point method can be used when data taken 
at the same grid locations exists from two or more outages (or baseline data plus data from one or more outages). In 
such cases, it is possible to obtain a difference in thickness readings for each grid inspection. The wear at each grid 
location is the thickness taken at the earlier inspection minus the thickness taken at the later inspection. The largest of 
the grid wear values is the component maximum wear between the two outages. The point-to-point method does not 
estimate the initial component thickness. Because most of Korean NPPs have no baseline data, moving blanket method 
is selected for an elbow’s main section while band method is selected for the other type of fittings and sections. To 
evaluate the initially measured inspection data, the following 4 equations are used. 
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Where: 
 T  wall thickness  P = design pressure  D = outside diameter crit = required

S  = allowable stress  y = joint efficiency  A = additional thickness  
 

The greater value between nominal thickness and measured maximum thickness is determined as the 
reference/initial thickness. According to equation (2), the difference between reference thickness and measured 
minimum thickness is determined as the amount of wear. According to equation (3), the amount of wear is divided by 
operating time so that the wear rate is determined. Required wall thickness can be determined by equation (4) presented 
in ASME Code [5]. According to equation (5), the remaining thickness is divided by the wear rate to determine the 
remaining service life. Remaining thickness is the difference between measured minimum thickness and required 
thickness. If the calculated remaining service life of a component is shorter than the amount of time until the next 
outage, the detailed analysis is performed to obtain a more accurate value of the acceptable thickness. If necessary, it 
should be repaired or replaced before the plant startup. In cases where the remaining service life of a component is 
longer than one operating cycle time, the outage corresponds to the half of the remaining life is determined as the 
second inspection timing. The second inspection is conducted to confirm the results of the first inspection and to obtain 
data for trending wear. Inspections following the second inspection are scheduled as necessary to monitor plant 
susceptibility and to inspect wearing components prior to the end of their service life. 

 
IMPROVEMENT OF WATER CHEMISTRY TO REDUCE FAC RATE 

 
Optimizing the inspection planning process is important, but reduction of FAC wear rates is needed to reduce the 

number of inspections and the probability of failure. Because of this, water chemistry for most of the Korean 
Pressurized Water Reactors (PWR) had been improved. In KORI units 1&2 and YONGGWANG units 1&2, the pH 
control amine had already changed from ammonia to ethanolamine while morpholine treatment in WOLSUNG units 
(Pressurized Heavy Water Reactor) is maintained from plant initial startup. It is anticipated that the wear rate of 
pipelines within the extraction system of PWRs can be reduced to a factor of ten. 
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THE EFFECT OF MANUFACTURE TOLERANCE ON TPMP 
 
TPMP methodology and technical criteria as described above, is very suitable to the plant that has relatively long 

operating history. It is believed that the reasonable evaluation results of wear rate and remaining service life can be 
retrieved. However, in case of the plant has relatively short operating history, the evaluation results of wear, wear rate 
and remaining service life can be very conservative. The manufacturing tolerance of a component can significantly 
affect the evaluation of the inspection data. If the tolerance is large, the amount of the reduced thickness during 
operating time can be significant. Consequently, the remaining service life related to the critical thickness will be 
extremely short. From the pre-service inspection thickness data of YONGGWANG unit 5, the variety of initial 
thickness and actual manufacturing tolerances have been revealed. The thickness data of 8 elbows (26 inch O.D) which 
were installed in the main steam lines were used to review the initial thickness distribution to find out the thicker and 
thinner regions, and to compare the amount of wear according to the three evaluation methods. Design information on 
these elbows is presented in Table 2, and the brief result of thickness data review is summarized in Table 3. As shown in 
Tables 2 and 3, the actual average thickness is thicker than the nominal thickness by 1.08 times. This means that there 
are additional margins in pipe management program. However, measured minimum thickness which is not within the 
manufacturing tolerance (like C, D and G) should be carefully inspected in a few operating cycles to determine the 
actual amount of wall reduction and the locations it occurs. Here, a point-to-point method should be used. 
 

Table 2. Design information of elbows 
 

Material Tnom Design Pr. 
(psi) 

Design Temp. 
(deg. F) 

Allow. Stress Tcrit 
(inch) 

SA420 WPL 6 1.125 1,255 575 15,000 1.052 

 
(inch) (psi) 

 
Table 3. Summary of baseline thickness data review 

 
Items A B C D E F G H 

Data point (ea) 210 210 154 196 210 210 154 196 
Tavg (inch) 1.232 1.243 1.177 1.185 1.225 1.174 1.177 1.202 

Tavg/Tnom (%) 109 111 105 105 109 113 105 107 
<0.875Tnom (%) - - 1 1 - - 1 - 
Within M.T. (%) 17 23 61 48 18 - 61 37 
>1.125Tnom (%) 83 77 38 51 82 100 38 63 

 
The average thickness of 12 regions was compared and illustrated in Figure 5. To do this, each elbow was 

divided into 3 sections along the flow direction and 4 sections along the circumferential clockwise direction. Figure 5 
and Table 4 show the comparison results of maximum/minimum thickness region. Prefix I in this table means inlet, C 
means center, and O means outlet region along the flow direction while prefix E means Extrados, R means right side, I 
means intrados, and L means left side along the circumferential clockwise direction. From Table 4, it is revealed that the 
thinner region is not mainly concentrated on the central extrados and the minimum thickness can be read on the left or 
the right side region. This is the reason why a full grid layout must to be adapted. Table 5 presents the wear amount 
results for each calculation method. If these elbows are inspected after a few operating cycles without baseline data, the 
difference of the initial thickness in a given component can be considered as thickness reduction, under any given 
method. 

 
Table 4. Comparison of max/min thickness region of unused elbows 

 
Component A B C D E F G H 
Max. Thickness I.E I.I I.E I.I O.E I.I I.E I.E 
Min. Thickness O.L O.E I.L C.L C.L O.I I.L O.L 
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(a) Extrados     (b) Intrados 
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(c) Right side     (d) Left side 
Fig. 5 Average thickness distribution of unused elbows 

 
Table 5. Comparison of determined wear among calculation methods 

 
Method A B C D E F G H 
Band 0.192 0.304 0.177 0.212 0.166 0.207 0.302 0.257 
Area 0.230 0.342 0.357 0.256 0.197 0.207 0.304 0.257 
Blanket 0.181 0.297 0.296 0.209 0.160 0.117 0.258 0.213 

 
CONCLUSION 

 
Long-term strategic thinned pipe management based on FAC model analysis provides a great deal of advantages 

over the program, depending solely on inspection. Inspection efficiency is improved by focusing on highly susceptible 
lines and components based on remaining life and wear rate. The wear level of the components hardly be inspected due 
to geometric restriction can be evaluated by a combination of analysis and measurements of nearby components. It is 
believed that the risk of pipe rupture can be significantly reduced even with decreased inspection amount in the long 
run. Considering that the wear rate prediction by the model analysis is not of quantitatively high precision and that the 
actual thickness of many components are different from design drawings, the pipe management program will not solely 
depend on the analysis. The plant models established in CHECWORKS for each plant will be updated and corrected in 
accordance with actual field situations in the future. Similar plant experiences and engineering judgment such as 
considering manufacturing tolerances will also be incorporated into the thinned pipe management program. 
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