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Abstract. In contrast to conventional approaches used for diagnostics (i.e. when inspection 
results are used as data for numerical calculative strength analysis) the specific feature of the 
new proposed approach consists in a fact that the approach is based on application of the 
“inverse problem” principle. As regards to implementation of the proposed new approach, 
first of all a detailed numerical calculative finite-element model of the monitored equipment 
must be developed. Results of preliminary calculations allow to make reasonable selection of 
definite installation places and types of control sensors intended for more effective and 
precise work of the calculative model. As a rule, the control sensors are high-temperature 
strain gauges, temperature probes, pressure, acceleration and displacement sensors, as well as 
acoustic-emission and ultrasonic sensors used for monitoring of actual defectiveness kinetics 
in the zone of potential damaging. All the sensors work in the on-line mode during several 
years of operation, the optimal frequency of data records is selected, all recorded data after 
prompt processing are transferred to the finite-element calculative modulus for strength 
calculations of a monitored zone. Software for strength calculation must be based on an 
individual calculative code, since it should also work in the on-line mode. Comprehensible 
strength analysis in conjunction with obtained results of defectiveness kinetics monitoring 
allow not only to foresee the most unfavorable scenario resulting to damaging, but also to 
have a possibility for prompt analysis and elaboration of compensating measures allowing to 
reduce operational loadings. In the report the results of development and practical application 
of the new approach at NPPs and corresponding technology are presented. 
 
1. Introduction 
 
Plant Lifetime Extension (PLEX) beyond the originally anticipated life is one of the most 
priority activities in the atomic industry of the Russian Federation as well as abroad. Along 
with consideration of the accumulated experience gained during long-term operation of 
different NPP units types, in the frame of PLEX activities the justified set of technical 
measures ensuring NPP’s safe and reliable operation beyond the original life should also be 
accepted. 
 
Long-term operation of NPPs stipulates the necessity of changing of traditional approaches 
accepted for the inspection of a condition and, first of all, of a rate of degradation –“ageing” 
in zones mostly subjected to operational loading and being a part of the equipment important 
to safety. Considerable experience of works as regards to justification of a service life 
extension of Russian NPPs allows to propose a new approach for diagnostics of operational 
damageability. The approach is based on implementation of conventional NDE methods in 
conjunction with on-line monitoring of actual thermo-force loading, actual defectiveness and 
numerical calculation of accumulated metal damageability in monitored zones. 
The block diagram of a lifecycle of a NPP heat-mechanic equipment is presented in Figure 1. 
It includes all main steps beginning from the design and finishing by the decommissioning. 
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FIG. 1. A lifecycle of a NPP heat-mechanic equipment. 

 
Detailed analysis of the main stages of the NPP equipment lifecycle as well as accumulated 
experience of NPP units long-term operation allow to make the conclusion that traditional 
approaches used for assessments of technical conditions of NPPs heat-mechanic equipment 
are insufficiently informative from the standpoint of solving of complicated problems of 
operational damaging appearing in the practice of NPPs long term operation. Particularly it 
concerns the main elements of the technological systems important to safety. The sharpest 
problems of operational damaging, as a rule, have the following features: 

− cases of damaging have regular and incontrollable attributes; 

− operational cracks can essentially grow during a short period of operation; this is the 
direct threat to NPP safety and contradicts to main safety requirements set by the 
industrial normative documents; 

− annual in-service inspection can not guarantee that through wall cracks will not appear 
during one fuel campaign while power operation of a NPP unit; 

− exact causes of cracks formation and growth are not clarified; 

− realized corrective measures do not led to the apparent results; 

− repairs of the damaged zones negatively effect on the life characteristics of the element, 
and can potentially cause its premature replacement. 

 
The decision for the denoted problem solving consists in development and application the 
intelligent diagnostic system of monitoring of the operational damaging and actual loaded 
state of NPP main equipment prone to cracks formation and intensive expansion. 
 

Design (strength analysis) 

Manufacturing (shop inspection, shop tests, filling of the passport including the design work 
parameters, operational modes, scopes and periodicity of in-service inspection, etc, elaboration 

of the instructions for operation, transport, storage, conservation…) 

Mounting at a NPP unit (mounting certificate, pre-service inspection, hydraulic tests on 
tightness and on strength…) 

Operation during the established design life (periodic in-service inspection, hydraulic tests on 
tightness and on strength, preventive maintenance…) 

Repair using welding  
(if defects have been revealed) 

Operation during the extended lifetime 
(justification of the lifetime extension, lifetime management programme – gives additional 

capabilities for reliable assessment of a technical state…) 

Decommissioning (decontamination, dismantling, utilization…) 

Modernization 
(if necessary) 

Replacement (if the repair is not 
feasible or inexpedient) 
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2. The philosophy of the new approach on monitoring of operational damaging and 
justification of survivability of NPP equipment during long term operation 
 
The difference of the proposed approach from conventional approaches used for diagnostics, 
when inspection results are used as data for numerical calculative strength analysis, consists 
in a fact that in the new approach it is used the “inverse problem” principle. The existing level 
of strength analysis evolution makes possible to calculate a behavior of almost any defect, but 
for proper solution getting it is necessary to know much more information than it is possible 
to obtain using even the most modern methods and means of NDT inspections. As regards to 
implementation of the proposed new approach, first of all it is created a detailed numerical 
calculative finite-element model of the monitored equipment, on the next stage there are 
executed preliminary calculations of operational loadings using corresponding records from 
existing regular sensors of a NPP unit detecting main working parameters of the equipment. 
Results of preliminary calculations allow to make reasonable selection of definite installation 
places and types of control sensors intended for more effective and precise work of the 
calculative model. As a rule, the control sensors are high-temperature strain gauges, 
temperature probes, as well as pressure, acceleration and displacement sensors. Moreover, in 
the zone of potential damaging there are also installed special high-temperature sensors 
intended for monitoring of actual defectiveness kinetics. For this purpose there are used two 
types of independent sensors: acoustic-emission sensors and ultrasonic sensors. All the 
sensors work in on-line mode during several years of operation, the optimal frequency of data 
records is selected, all recorded data after prompt processing are transferred to the finite-
element calculative modulus for strength calculations of a monitored zone. Periodically, as a 
rule, one time per year in the monitored zone it is also carried out comprehensible non-
destructive inspection of: mechanical properties (by the kinetic indentation method), metal 
integrity (by the phased array techniques), residual stresses (by the magnetic method). These 
data allow to execute the current assessment of structural material quality in the monitored 
zone as well as serve as additional verifying information with respect to the work of the 
diagnostic system as a whole and of the calculative modulus in particular. Software for 
strength calculation must be based on an individual calculative code, since it should also work 
in on-line mode. Such approach allows to execute a prompt verification of the calculative 
model using actual records of control sensors. Mutual usage of the thermo-force loading 
sensors and of the defectiveness monitoring sensors as the control sensors in conjunction with 
simultaneously working calculative modulus for strength analysis allows not only to foresee 
the most unfavorable scenario resulting to damaging, but also to have a possibility for prompt 
analysis and elaboration of compensating measures allowing to reduce operational impacts. 
Such recommendations for compensating measures implementation allow to elaborate an 
effective plan of actions for modernization which is considered as the most effective 
procedure for assurance of the NPPs lifetime extension beyond the design service life. 
 
The block diagram of the work implementation links with respect to monitoring of 
operational damageability and justification of survivability of NPP equipment during long 
term operation is presented in Figure 2 taking into consideration the philosophy described 
above. 
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FIG. 2. The block diagram of work implementation links. 

 
Thus, application of the new approach for elements diagnostics gives to the NPP the 
necessary toolkit which allows promptly and, above all, effectively to solve the following 
main tasks: 
− improvement of safety of NPP units operation; 
− determination of cause-effect links of defects formation and propagation in the critical 

zone, clarification of dominating mechanisms and factors responsible for damaging. 
− development of effective compensating measures intended for elimination or considerable 

mitigation of influence of the main damaging factors which facilitate defects formation 
and growth. 

− development of new criteria for acceptation of revealed operational cracks (depending on 
length, height, equivalent square, orientation, location along the perimeter) in order to 
make justified reduction of conservatism which is now applied for defects rejection in 
accordance with ongoing industrial norms for quality assessment. 

− reduction of the number of preventive unreasonable repairs of «not dangerous» acceptable 
defects by means of their continuous on-line monitoring during operation. 

 
3. Example of practical application of the new approach in NPP and main work stages 
 
The above described conception of the new approach have been recently applied at the 
operating NPP equipment in a full scope. The system of on-line monitoring of operational 
damaging and thermo-force loading is successfully working at present time. Since the 
proposed approach is universal and can be easily adapted for monitoring of almost any critical 
zone of any equipment or pipeline, hereinafter while describing the main work stages it was 

Diagnostics of the technical state of the monitored object 

Non-destructive inspection of 
of the metal condition during 

scheduled maintenance 

Ultrasonic inspection of the 
metal integrity by the 

phased-array techniques 

Continuous monitoring of the metal condition and  
of the actual thermo-force loading during NPP unit 

operation 

Measuring of the actual 
mechanical properties 

Assessment of residual 
stresses using magnetic 

methods  

Ultrasonic on-line 
monitoring of the metal 

integrity 

Acoustic-emission 
on-line monitoring of the 

propagating defects 

Design-experimental modeling of the operational damageability 
and justification of strength and survivability 

of the monitored object 

Preliminary strength 
analysis 

Selection of places for 
mounting of sensors of the 
on-line monitoring system 

Calibration of the finite-element 
modulus using experimental data 

Monitoring of the thermo-force loading: 
- deformations in the most loaded zones, 
- relative displacements, 
- local temperature fields, 
- work parameters (pressure, temperature, etc.)  

Development of 
compensating 

measures 
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decided to abstract one's mind from the particular example and to concentrate the main 
attention on the features of the new approach in general.  
 
At the first stage the primary finite-element model of the closed-circuit technological system 
was built (see Figure 3). The chosen system was of particular interest due to the necessity of 
solving several tasks listed above in chapter 2. It should be noted that building of the model of 
the closed system implies making maximum detailed modeling of the system components – 
pressure vessels, conjunctive pipelines, supports, hangers, etc, which effect on the stress-
deformed state of the circuit elements. 
 

 
 

FIG. 3. Primary finite-element model. 
 
At the second stage preliminary strength calculations were performed using the built finite-
element model. The results of calculations (see Figure 4) were used in order to determine 
definite zones which suffer maximum stresses and are potentially dangerous with relation to 
propagation of operational defects. It is important to note that preliminary results of strength 
analysis are considered together with the results of analysis of periodic in-service inspection 
data and history of operation. Such approach in a maximum objective manner allows to select 
the zones being most dangerous and requiring accomplishment of detailed monitoring. To 
achieve more effective work of the monitoring system it is necessary to build the system in 
such a way that data from the additional control sensors (strain gauges, thermocouples, 
displacement sensors, ultrasonic and acoustic sensors, etc) in conjunction with data obtained 
from regular sensors (pressure, thermocouples, flow rates, etc.) would allow to receive 
maximum comprehensive information on the monitored object state. Then for one or several 
selected zones the required types of the control sensors are to be determined, including their 
number, technical performances. Definite places of control sensors mounting at the inspected 
object are determined as well. The principle of optimization of the sensor location scheme is 
to be followed by all means. 
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FIG. 4. Preliminary strength analysis considering the design operational modes. 

 
At the third stage the architecture of the monitoring system of operational damaging and 
thermo-force loading was developed. One of the main tasks pursued by the monitoring system 
application consists in acquisition of reliable information on the actual stress-deformed state 
and defectiveness of the inspected object depending on different technological modes of NPP 
unit operation. Moreover, monitoring data should be collected in such a volume that it would 
be necessary and sufficient for making maximum correct design-experiment justification of 
the monitored object’s strength, accumulated damageability (residual lifetime) and 
survivability by use of the finite-element model. 
 
Considering operational features of the inspected object, the following requirements have 
been taken into account during development of the monitoring system: 
− the system must operate continuously during, at least, one fuel campaign with no 

possibility of personnel access for any service works execution and taking into account 
the necessity of system location inside the sealed compartments; 

− reliability, service lifetime, survivability and optimal temperature modes of the system 
work should be guaranteed taking into consideration strict conditions in which the system 
must be operated (increased temperature, humidity); 

− it is necessary to provide the possibility for remote control by the system work, storage of 
the considerable scope of collected data, operative data transfer to the end user and their 
prompt analysis; 

− the measuring components (sensors, lubricant for acoustic coupling, accessories) must be 
optimally selected taking into account that the temperature on outer surface of the 
inspected metal reaches up to 300 0

С. 
 
Taking into account the requirements set above and the intended functions of the monitoring 
system, the following sub-systems have arranged the system as a whole: 
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− sub-system of on-line ultrasonic monitoring with high-temperature US-sensors intended 
for assessment of the speed of defects growth in different operational modes; 

− sub-system of on-line acoustic-emission monitoring with high-temperature AE-sensors 
scanning definite sectors of the monitored zone intended for definition of the moment of 
cracks formation and its intensive growth in different operational modes; 

− sub-system of on-line monitoring of thermo-deformation loading and displacements with 
control sensors of temperatures, deformations, displacements intended for collection of 
reliable data on actual thermo-mechanical loading of the monitored zone. 

 
Architecture of the developed monitoring system is demonstrated in Figures 5, 6. 

 
FIG. 5. Integral structure of the monitoring system. 
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FIG. 6. Base scheme of the data exchange links. 

 
At the forth stage the design and fabrication of the hardware and measuring components of 
the monitoring system was carried out. 
 
Taking into account the multi-functional tasks which must be performed by the system and 
with the purpose of unification of separate constructive modules (subsystems) it was made a 
decision to build the monitoring system on the base of multi-channel microprocessor 
measuring modules on the National Instruments chassis, integrated into the common 
measuring-calculating complex (see Figure 7). 
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a) Data acquisition and processing block b) Data storage and transfer block 
FIG. 7. Hardware of the monitoring system. 

 

For the purpose of specific tasks solving it was elaborated the special software intended for 
remote control by the system work, testing of the system operability, data acquisition, storage 
and transfer, preliminary analysis of collected data, etc. 
 

Taking into account constructive features of the monitored object and accepted scheme of the 
control sensors arrangement, the special accessories for fastening of system’s elements on the 
monitored object were designed and manufactured (see Figure 8). 
 

    
a) Fastening of the AE-sensors b) Fastening of the US-sensor 

 

    
c) Control of equipment displacements d) Control of pipeline displacements 

FIG. 8. General view of the special accessories for fastening. 
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At the fifth stage the works on mounting, adjustment and testing of all modules of the 
monitoring system were executed. Trial operation of the system in a continuous mode was 
performed during one month. Tests were carried out in a laboratory using the full-scale test 
bench which precisely models the monitored zone. The test bench included the real segment 
of the monitored zone which was cut-off from the dismantled equipment (see Figure 9). 
 

    
FIG. 9. Laboratory testing of the monitoring system on the full-scale test bench. 

 

At the sixth stage the works on mounting, adjusting and testing of the monitoring system in 
the NPP unit were executed (see Figures 10-12). 
 

     
FIG. 10. Mounting of the acoustic-emission and ultrasonic sensors. 

 

    
FIG. 11. Mounting of the displacement sensors. 
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FIG. 12. Mounting of the strain gauges and thermocouples. 

 
At the seventh stage the works on adjustment and calibration of the finite-element 
calculation modulus were carried out. Special software elaborated for the design-experimental 
analysis of stressed state and survivability of the monitored zone becomes the central core of 
the monitoring system. This software works in parallel with acquisition of diagnostics data 
through the measuring channels of the monitoring system. The finite-element model of the 
monitored object contains control nozzles in the places of the control sensors location. In the 
control nozzles the calculation results must be compared to the really measured data on 
temperatures, displacements and deformations. Distinctive feature of the motel consists in 
ability of using results of continuous monitoring of the object (fields of temperatures, 
deformations, displacements, pressure) both as actual input data for calculations and as testing 
data for the finite-element modulus adjustment and calibration. 
 
Calibration of the finite-element modulus was performed by means of comparison of 
calculation data in the control nozzles and experimental data on deformations, displacements 
and temperatures in different operation modes and at different loading levels of the monitored 
object. Data on pressure and temperatures registered by the regular NPP unit sensors were 
used in the finite-element modulus as the actual force parameters of the object loading. If 
satisfactory coincidence of calculative and experimental data is not obtained in this case 
definite improvements in the calculative core are to be implemented, i.e. revision of the 
software, refinement of the monitored object’s geometry, changing of the finite-element mesh 
in definite zones, correction of the boundary condition, etc. As a rule, only after several 
iterations satisfactory agreement of calculative and experimental data can be achieved. 
 
After adjustment and calibration of the finite-element calculation modulus and subsequent 
comparative analysis of experimental and calculative data w the good agreement as achieved 
(see Figure 13). It allowed to make the conclusion on efficiency of the developed model and 
on adequacy of modeling of object’s stressed state in different operational modes.  
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FIG. 13. Comparison of calculative (black triangles and squares) and experimental (red and 

blue curves) data on deformations in the monitored zone at different loading parameters 
 
At the eighth stage the continuous record of the monitoring data in parallel with working 
calculative core is performed. The monitoring system provides the possibility to make on-line 
assessments of kinetics of operational cracks initiation and propagation, and the 
corresponding calculative analysis allows to build pictures of stressed states in the monitoring 
zone at any time moments using actual loading parameters as input data. Finally it allows to 
assess the actual accumulated damageability taking into consideration the recorded cycles of 
operational loading, as well as to give the justified forecast on longevity and survivability of 
the monitored object. Moreover, all events recorded by the monitoring system are analyzed 
with consideration of the operational modes occurred during the specified time period, its 
characteristics and technological features. It allows to realize the stable feedback of the metal 
defectiveness behavior depending on actual technological factors and parameters, and to 
understand the cause-and-effect relation responsible for defects initiation and growth. 
 
For the definite time period the data base (knowledge base) on behavior of the monitored 
equipment in different operational modes was accumulated. Corresponding comprehensive 
analysis of stressed state and defectiveness behavior was also performed in the described 
example of practical application of the new approach. The obtained data allowed to elaborate 
effective compensating measures intended for mitigation of the main damaging factors effect 
and for improvement of longevity of the monitored object. 
 
4. Conclusion 
 
Analysis of the results of operation of the intelligent on-line monitoring system of equipment 
operational damaging shows that the system is high-effective and reliable. Similar system 
intended for monitoring of concrete constructions is now under development. 
 
Installation of the regular diagnostic system for monitoring of defects growth in critical zones 
allows to improve safety of a NPP unit as a whole and to minimize risks of critical cracks 
formation during unit’s power operation. 
 
Taking into consideration the positive experience being gained, as the effective compensating 
measure it is recommended to install similar diagnostic systems for monitoring of NPP units’ 
critical components susceptible to cracks formation and intensive growth during operation. 
 
Specialists of the Center of Material Science and Lifetime Management, Ltd are ready to 
share experience as well as execute works on equipping of NPPs by universal intelligent 
monitoring systems and promote its incorporation as regular diagnostic systems. 


