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ABSTRACT

     The actually existing quality status of a system or a component is determined by damage mechanisms that occur
during the period of operation. Quality of design and manufacture is only the basis of component quality; for important
components, this quality has to be guaranteed for the designated life time of the utility (life time management). It is
obvious that only sufficient in-service monitoring of the causes for operational damage results in a reliable quality status
assessment in operation. Thus monitoring plays a key role in ageing management measures.
     Consequently, the monitoring of the causes for operational damage has first priority in the measures to guarantee
integrity of a component. The analysis of the results of this monitoring enables an optimisation of operation parameters
and it enables a specific application of necessary measures regarding life time management. Mechanical and thermal
loads are the major damage mechanisms, therefore global and local monitoring of the loads is highly important. In this
context, unspecified loads often cause significant problems; they have to be discovered and assessed before failure.
     Non-destructive testing methods are redundant measures within this concept; they are used to find possible results of
damage mechanisms. NDT can only be successful, if test method, test regions and test intervals are appropriate; this
depends on the existing quality and knowledge about possible damage mechanisms (this knowledge results from
consequent monitoring of the causes for possible damage mechanisms).
     The paper reviews an appropriate monitoring concept (selection of components, choice of the measurement locations
and the measurement chains). Additionally, an example of not specified loads is discussed.

INTRODUCTION

     Integrity and function has to be maintained for the entire life cycle of important systems and components of a nuclear
power plant. The measures to maintain resp. guarantee integrity and function of components (or the safety status) are
part of an ageing management / life time management [1].
     The initial step to establish a reliable safety status of systems and components of a nuclear power plant is done during
the state of design. Main goal of the design is to consider every possible damage mechanism of the future operation (by
specification of loads, medium and environment and the selection of the materials). The knowledge during the state of
design determines the reliability of the procedure. Goal of the design analysis - stress, fatigue and fracture mechanics
analysis - is to demonstrate, that the results are within given limits. It is obvious that this formal procedure does not
provide conclusions regarding the state of integrity after a given period of operation.
     The manufacturing process is important for the safety status of components, too. Integrity can only be proved if there
is a thorough control of material composition and behaviour, of constructive details and of the desired fault-free state.
     The integrity of a component in operation (safety, remaining life) is determined by the real operation history. As
operation experience showed, failures, defects and not specified (new) loads were discovered during operation, e.g.
stratification effects in feedwater pipes [2] or in surge lines [3] or thermal effects in the region of valves, see example
below. Therefore a quantification of the state of integrity of a component after a certain period of operation can only be
made, if there is an intensive monitoring of the operation parameters. Monitoring is a tool to limit possible damage
mechanisms; monitoring must include the causes for possible damage mechanisms. Only the evaluation of monitoring
results gives the regions where possible damage can occur and which are therefore of interest for e.g. non-destructive
testing (which is a tool to monitor the result of a damage mechanism).
     If a reliable ageing management has to be established after a certain period of operation, it must be demonstrated,
first, that the actual state of integrity is high enough to match the demands; second, a qualified set of measures must be
established, to limit possible damage mechanisms in future operation. Monitoring plays a key role within this procedure.
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SELECTION OF SYSTEMS AND COMPONENTS

     In Germany, the monitoring of damage mechanisms started under the title “fatigue monitoring” in the early 1980´s;
the nuclear power plant GKN was one of the first plants where an extensive monitoring was established. The selected
systems and components were identical with the safety relevant systems that were listed by the guidelines of the nuclear
safety commission, e.g. the nuclear pressure vessel, main coolant loops etc.. In the early 1990´s, the procedure was
expanded to cover the entire “integrity management”. Regarding not only safety but also economical aspects (follow-up
failures), components like the feedwater and the steam system, as well as the charge lines and the emergency and the
after-cooling system were included. And in recent years, the measures to monitor, assess and control possible damage
mechanisms were incorporated into the “ageing management” resp. the “life time management” of components.
Actually, the list of selected components for life time managements in GKN for example, Fig. 1, includes both

- components for which the integrity has to be guaranteed and
- components for which the integrity has to be maintained.

For the first group of components, monitoring plays a key role in the procedure to assess and to guarantee integrity, for
the second group monitoring results provide additional information to assist maintenance measures [1].

Fig. 1:    Systems and components for monitoring

MONITORING OF THE CAUSES FOR DAMAGE

     During operation the damage mechanisms destruction (large scale deformation), fatigue and corrosion may be
possible. Additionally, changes in material behaviour can reduce existing safety margins. The causes for these damage

Fig. 2:    Parameters causing damage
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mechanisms can - generally spoken - be found in material, loads, medium and in combinations / interactions of these
parameters, Fig. 2. Regarding life time management the causes and the results of these damage mechanisms have to be
monitored and thus controlled using an appropriate set of measures, Fig. 3. The monitoring of the causes for damage in
operation is more effective because the assessment of damage is in an earlier stage which leaves more time for corrective
action.

Fig. 3:    Monitoring methods

Changes in Material Behaviour
     A change in material behaviour of the nuclear pressure vessel core region is possible due to radiation effects. This
effect is assessed by means of a special program. The test program and procedure are standardised; on the base of actual
knowledge there is no need for additional measures.
     There are no changes in material behaviour to consider at all other components. Within discussions about
temperature induced embrittlement the material of the pressurizer of GKN I was suspected to have changed. However,
tests of de-mounted parts showed that there is no problem.
Loads in Operation
     Significant dynamic loads – either continuous (e.g. vibrations) or not continuous (e.g. waterhammer effects) - can not
be managed by monitoring and analysis. Therefore it is important that there are no significant dynamic loads; this has to
be proved, e.g. by measurements during initial startup or after major redesigns. If dynamic loads are detected they must
be prevented by construction measures and/or by change in operation mode.
     As a redundant measure, there is a monitoring of the vibration level in the main coolant loops especially in the area
of the main coolant pumps and the nuclear pressure vessel internals (not continuously).
     Quasi-static loads can be of mechanical and thermal nature. Usually these loads are specified and assessed in the
state of design. However, for a lot of components it is almost impossible to specify the loads in advance (startup and
shutdown, leaking valves, not specified switching). Monitoring is essential to manage these types of loads.
     Quasi-static mechanical loads can be monitored using global monitoring (plant instrumentation). Thermal loads can
be classified into pure time dependant effects (thermal changes are uniform across the cross section of a component) and
into transients that change with time and locally (e.g. stratification in a pipe cross section or temperature distribution
along a piping system). Purely time dependant effects can be monitored using global monitoring (plant instrumentation);
local temperature distributions only can be monitored using local transducers, especially installed for monitoring
purposes. An example of extensive local monitoring and its benefits is shown below.
Water Chemistry
     Corrosion effects can be reduced by the choice of materials and an appropriate water chemistry. Therefore, it is also
important to monitor and assess the data of water chemistry. If there are changes they have to be detected in an early
stage so that a resulting damage can be prevented or minimized at least. Regarding important components, local
variations of water chemistry data can be excluded, thus, global monitoring - as it is installed in most plants – is
sufficient.

MONITORING OF THE RESULTS OF DAMAGE

     Monitoring of the results of possible damage is used as a redundant measure to guarantee integrity of systems and
components. Results of damage mechanisms can be reduction of wall thickness, initiation of notches, crack initiation,
crack growth and leakage.
     For monitoring of these effects, non-destructive testing methods are used, mainly. These methods depend on the
knowledge about possible damage mechanisms, about the causes for the damage mechanisms and the grade of the
evaluation of the causes. Only if the knowledge is detailed enough, parameters like type/method of measurement,
procedure, measurement point location and test repeat cycle can be tailored.

monitoring of causes monitoring of results 
loads non-destructive testing 
vibration visual inspection 
water chemistry function tests 
 pressure tests 
 monitoring of loose parts 
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EXAMPLE

     The effects of not specified loads can be demonstrated drastically using the example of the charge lines of GKN I. A
principle schema of the system is given in Fig. 4. In normal operation, the charge lines are used to control variations in
the volume of the primary coolant loop medium (mainly during startup and shutdown); additionally and continuously, a
certain (small) amount of medium is extracted from the primary coolant loop #2 (between steam generator and main
coolant pump; nominal diameter 80 mm, austenitic material), cooled down, expanded, cleaned and treated, then heated
again in a recuperative heat exchanger and finally fed back into all 3 loops of the primary coolant system (between
pumps and nuclear pressure vessel; nominal diameter 50 mm). There are additional “cold” legs of this system (cold
feeding lines) staring at the pumps; these pipes are connected to the “hot” legs (hot feeding lines) via T´s near the main
coolant pipe inlet nozzles. There are check valves in both the hot and the cold feeding line right before the connecting T.
     An isometric drawing of the pipes of loop #1 around the connecting T is given in Fig. 5, as an example. The hot
feeding line is running through check valve TA01S002 from bottom to top in this drawing; this is the direction of flow
in normal operation. The check valve TA01S002 in the hot leg is open in normal operation, the check valve TA01S003
in the cold leg should be closed (cold feeding line normally not in operation). Fig. 4 also shows the location of the local
temperature measurement points in the region of these valves; these thermocouples had been installed to check the
temperature distribution in this region and the function (tightness) of the valves.
     An example of the temperatures vs. time during a startup after a refuelling outage is shown in Fig. 6. As expected,
the temperatures in the hot feeding line are around 275 °C (in operation) and the temperatures in the cold leg show
around 50 °C (valve “closed”). In the region between the check valve of the cold leg (TA01S003) and the T, temperature
cycles were measured (measurement point TA01T715). These temperature cycles were especially high during startup
and shutdown periods, when the pressure difference across the check valve TA01S003 was low: the check valve was

leaking.
Fig. 4:    Volume control system / charge line of GKN I (schematic drawing)

rekuperative
heat exchanger

high pressure pumps

cold feeding line
hot feeding line

Sperrwasser HKP

RA

RPV

sg II

sg III main coolant
loops

main coolant
loop

sg I

pressurizer

RL

RX

TH

TH

TH

TH

TH

TH

surge line

M

M

M

M

M

M

MM M

RZ

high pressure
coolers

RA

RL

RX
RZ

RA

RL

RX
RZ

M

M

M
M

TA03S003

TA03S002

TA01S002

TA02S002

TA45S027

TA02S003

TA01
S003 TA00

S005

M



5

Fig. 5:    Location of measurement points at pipes of the charge line (connection between cold and hot feeding line)

Fig. 6:    Temperatures measured at the charge line during startup after refuelling
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     Depending on the state of operation (internal pressure, flow rate) small amounts of medium could flow through the
“closed” check valve and induce these thermal cycles. This flow was possible due to the fact that the 3 cold feeding pipes
are connected to each other. Maintenance of the check valves in the cold leg was not successful; the leakage could not be
prevented. The system was redesigned in the mid 1990´s: the T´s were replaced and new check valves were placed closer
to the T´s. As a result the temperature cycles were smaller and the number of cycles was smaller but the effect of the
leaking valve was still there. Actually a final attempt to solve the problem is made: the flow through the 3 cold feeding
pipes is stopped by motor driven valves.
     Cracks have been found in the dismounted T´s in the region where the temperature cycles had been detected (cracks
in base material of the T). These cracks were a result of the temperature cycles. Without monitoring, the dismounted
parts would not have been inspected for damage with this intensity.

CONCLUSIONS

- For a long-term guarantee of integrity in operation it is necessary to prove / quantify the existing quality of the
component in a first step; from this point on, this quality has to be conserved in the future operation using
appropriate measures.

- The existing quality of a component is determined by damage mechanisms during operation; therefore only
sufficient monitoring of the causes for operational damage results in a reliable quality status review.

- Consequently, the monitoring of the causes for operational damage has first priority in the measures to guarantee
integrity of a component.

- The analysis of the results of this monitoring enables an optimisation of operation parameters and a life time
management of components.

- Non-destructive testing methods are redundant measures within this concept; they are used to find possible results
of damage mechanisms.

- NDT can only be successful, if test method, test regions and test intervals are appropriate; this depends on the
existing quality, knowledge about possible damage mechanisms and consequent monitoring of the causes for
possible damage mechanisms.

- An integral concept for a long-term life time management / ageing management not only improves the safety of a
utility, it improves economic aspects, too.
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