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ABSTRACT 

Long term fatigue evaluation of relevant primary circuit components is being realized since the beginning 

of plant operation. During years of operation measurement techniques have been refined continuously and 

numerical abilities have been improved significantly. Today’s capabilities on the one hand and significant 

amount of measured temperature data on the other hand allow the engineer to numerically simulate the 

behaviour of fatigue relevant components in a detailed way. 

Depending of the prevailing temperature event (stratification or plug flow) the number and the location of 

thermocouples has been optimized continuously depending on the accuracy needed. Additionally the 

sampling rate for data point recording has been increased substantially in order to register fast events 

more precisely. This information is used to numerically model primary circuit components of a 

pressurized water reactor with a detailed Finite Element model and simulate condition of temperature 

events realistically.  

Within this publication operational events, which resulted in lessons learned, will be presented and 

discussed in detail: Firstly the stratification event in the main coolant line caused by a surge out event 

from the pressurizer during shutdown of the plant will be presented. Secondly a plug flow event in the 

area of an auxiliary spray line causing temperature loading will be discussed. By help of these two events 

the ability of finite element calculations will be shown while aspects like the consideration of inertia 

effects of thermocouples are taken into account additionally. Operational optimization potential will be 

discussed, identified and demonstrated at examples, finally showing the beneficial application of long 

term fatigue evaluation procedure. It results in a successful re-evaluation of component’s health status 

with the aim to guarantee integrity of pressurized components, to optimize maintenance activities, to 

minimize radiation exposure of the staff and to improve the plant operation in general. 

INTRODUCTION 

During recent years of operation, measurement technique and the equipment have been refined according 

to the state-of-the-art. Since commissioning of the plants, temperature monitoring equipment had been 

installed at fatigue relevant locations. Furthermore multiple measurement planes have been added to 

fatigue relevant locations, especially of pressurized water reactor’s primary circuit piping. This extensive 

setup of measurement equipment enables the engineer to access component’s fatigue health status on a 

detailed level by evaluating comprehensive measurement data.  

HARDWARE MEASUREMENT REQUIREMENTS FOR FATIGUE EVALUATION 

A component based fatigue evaluation requires a suitable hardware measurement setup as a basis as well 

as detailed assessment of recorded data. Fatigue monitoring systems are predominantly based on 

temperature measurement. Piping systems are usually instrumented with permanent thermocouples at the 

outside of the pipe wall. At PWRs operated by E.ON Kernkraft GmbH leading fatigue relevant locations 

are observed by temperature measurement installations.  
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To guarantee an adequate measurement of all relevant loads occurring at fatigue relevant regions of a 

piping system, e. g. nozzles, pipe bends, welds or t-junctions, thermocouples have to be installed as close 

as possible to those locations. At components with varying wall thickness, for instance at nozzles, 

thermocouples need to be installed in the pipe section with the smaller wall thickness to ensure that fast 

changes of temperature can be measured with sufficient accuracy. However, temperatures have to be 

‘transferred’ by analytical or numerical procedures to fatigue relevant locations. Long horizontal pipe 

sections can require several measuring planes along the pipe run for detection of transient stratifications. 

Thermal Loading Profiles 

In general, two main types of fatigue relevant thermal loading exist: stratification and plug-flow. Hence, 

different types of measurement planes have been applied, depending on the expected loading scenario. In 

plug-flow conditions the loading is characterized mainly by the temperature change in time (temperature 

gradient) caused by the velocity of the fluid. If only plug-flow conditions occur in the region of 

consideration, two thermocouples over the circumference of the pipe are sufficient, because the expected 

temperature difference over the circumference of the piping is negligible small. If thermal stratification 

may occur, five respectively seven thermocouples are needed to provide a sufficient knowledge of the 

profile and the corresponding loading. This is due to the fact that the temperature over the circumference 

varies. For the determination of the exact position of the boundary layer, being a pre-requirement for an 

appropriate numerical model, more than two thermocouples are needed. 

Figure 1: Different Boundary Layer Locations caused by Thermal Stratifications. 

As a matter of course plug-flow events can be registered also with the thermocouple installation designed 

for stratification. In Figure 1 two different types of thermal stratifications are shown. The stratification 

depicted in top of the figure illustrates a boundary layer between cold and hot fluid in 3 o’clock position 

which results into high bending stresses in the pipe. A boundary layer in 1 o’clock position results into a 

different bending moment of the piping which is smaller than the one described before. Thus, especially 

for stratification events the number of applied thermocouples defines the quality of the measurement data 

and the accuracy achievable. 
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Regarding the deformation due to thermal stratification two effects can be observed. On the one hand 

global bending leads to a “banana effect” (Figure 2) whereas on the other hand local bending leads to a 

“pear effect” at the cross-section (Figure 3). 

Figure 2: “Banana Effect” due to Thermal Stratification. 

Figure 3: “Pear Effect” due to Thermal Stratification. 

Influence of Measurement Quality  

A variety of different types of thermocouple installations are applied at fatigue relevant locations. The 

main difference is the design of the thermocouple fixation which can be adjusted for example by 

tightening straps and with or without insulation pads. This design influences the inertia of measurement 

equipment and the quality of the data significantly. This sensitivity is based on the fact that both the wall 

of the piping and the thermocouple installation act as delay and filter elements transferring the 

temperature signal from inside the pipe to its outside. Thus, most pronounced temperature transients occur 

at the inner wall surface, while registered temperature transients by thermocouples on the outside are 

generally smoother. Subsequently additional masses being directly connected to the thermocouple itself 

act as a heat-sink and may “distort” the measurement results.  
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When taking detailed evaluation methods into account, the temperature data registered on the outside has 

to be transferred analytically or iteratively to the inner wall temperature by numerical methods. The level 

of accuracy needed is defined by the method chosen for fatigue evaluation. 

Older measurement planes provide data allocation in ten seconds interval. Current measurement planes 

provide data allocation once per second, being more accurate. 

OPERATIONAL LESSONS LEARNED 

Having a good quality of measurement data available for fatigue relevant locations, it is up to the engineer 

to accomplish a suitable interpretation of the temperature data. Having a closer look to the temperature 

curves, it is relatively easy to identify the existence of temperature fluctuations. Beyond that the 

identification of specific events causing higher fatigue relevance than normal needs a high level of 

knowledge of the engineer. Additionally application of Finite Element Methods is extremely useful when 

assessing the fatigue relevance of a specific measured temperature transient for example at a specific 

component like a nozzle.  

During start-up and shut-down phases of the plants many operations are driven by hand control. 

Subsequently the sequence of procedures may have an impact to fatigue relevance. In general the 

sequence of relevant procedures is pre-defined in the operations handbook and has stringently to be 

followed from safety point of view. But there are some procedures e.g. the exact point in time when 

valves of the auxiliary volume control system are actuated or when the power of the pumps are changed 

which is in the responsibility of the plant operators controlling the process. 

Stratification Events in the Surge-Line of a PWR 

The only fatigue relevant operational loading of the surge line is the temperature stratification occurring 

regularly during start-up and shut-down of the plant as a result of in-surge and out-surge events of the 

pressurizer (Figure 4).  

Figure 4: Stratification in Surge Line and Main Coolant Line. 

During the evaluation of the temperature transients, registered for one years’ loading, at shut-down of the 

plant a conspicuous event has been identified where the temperature stratification between two 

measurement points was about 15 K higher than during other representative shut-down procedures of the 

plant. Beyond that, further evaluation has shown that the out-surge directly occurs when main coolant 

pumps have been switched off. It was observed as well that the temperature of the pressurizer was 

beginning to decrease after the significant stratification event allowing the conclusion that a notable 

amount of outflowing water is causing the stratification event essentially. The temperature decrease of the 

pressurizer was accomplished by several spray events of the operational spray system and the auxiliary 

spray system. 
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Further investigation of the temperature measurement data allows a detailed assessment. Subsequently, a 

Finite Element analysis was used to evaluate the impact of the additional stratification event in terms of 

integrity- and fatigue assessment. The result of the assessment was that the fatigue as well as the integrity 

assessment yield to valid results within the framework of the regulatory specifications. 

Anyhow, in order to minimize fatigue relevant loadings in the future, a comparison to other plant cycles 

has been accomplished with the result that the newly registered profile comprises an additional 

temperature event. The reason for this additional stratification event was the slightly varied point in time 

when the inception of the volume control system was switched from high pressure injection to low 

pressure injection. With the aim to avoid additional loadings in future plant operation the point in time for 

switching the pumps has been optimized, subsequently. Additionally the time period after turning-off the 

last main coolant pump and the initial spray-event to cool down the pressurizer should be reduced to a 

period as short as possible in order to minimize the formation of temperature stratification in the surge-

line.  

Stratification Event in the Auxiliary Spray Line (ASL) of a PWR 

But not only in the surge line; stratifications may also occur in other systems of the plant, detectible by 

local temperature measurement. Evaluations of temperature variations directly after the so called “swan 

neck” of the auxiliary spray system indicated a conspicuous stratification event.  

It was identified that during one start-up of the plant the maximum stratification was significantly higher 

than during comparable start-ups of the NPP. As a matter of course higher stratifications are causing 

higher fatigue. A Finite Element calculation was accomplished with the result, that the additional 

stratification had a relevant impact to the component specific fatigue usage factor. Additionally it was 

shown by the integrity assessment that all resulting loadings to the component were admissible according 

to the Codes and Standards. Anyhow, additional further similar loading scenarios at future start-up 

processes should be avoided. 

Figure 5: Stratification in vertical Part of ASL next to the Pressurizer. 
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Among other things the auxiliary spray system is used during the start-up process of the plant to control 

the pressure of the primary circuit by bringing colder water to the hot pressurizer with the aim to decrease 

the pressure. A minimal opened valve causes a small flume current of cold water flowing downwards at 

one side of the piping, while the other side of the piping is still heated up through the pressurizer. The 

control of the amount of cold water flow is realized by a valve which can be operated automatically or 

manually. It was found out that sometimes the three port solenoid valve is operated in automatic mode, 

sometimes in manual mode. During automatic operation it can happen that the requisition of the valve is 

done at suboptimal conditions by means of the fatigue impact. It was decided to operate the valve 

manually if possible in future operations. 

CONCLUSION 

Comprehensive temperature measurement installation at fatigue relevant locations provide a detailed 

knowledge of component’s thermal loading. Operational measurements have been used to continuously 

optimize the operational procedures and to minimize fatigue usage in terms of avoiding significant 

temperature loading. Two examples have shown that a detailed assessment allows the engineer to identify 

optimization potential in terms of minimizing fatigue loading of relevant components. Having in mind the 

complex start-up and shut-down process, anyhow it is always worth to sensitize the operational staff 

concerning the relevance of their actions in context to components’ fatigue as fatigue is being one of the 

most relevant degradation mechanisms of primary circuit components. 
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