Approved by 
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SAFETY GUIDE 
IN THE USE OF ATOMIC ENERGY "RADIATION LOAD MONITORING AND DETERMINATION OF RADIATION DURABILITY OF VVER EQUIPMENT" 

(RB-145-18)

I. General

1. The safety guide in the use of atomic energy "Radiation load monitoring and determination of radiation durability of VVER equipment" (RB-145-18) (hereinafter referred to as the Safety Guide) has been developed in accordance with Article 6 of the Federal law No. 170-FZ dated November 21, 1995 No. 170-FZ "On the use of atomic energy" for the purpose of compliance with the requirements of the Federal rules and regulations in the field of atomic energy use "Rules of inspection of the base metal, welded joints and deposited surfaces while operating equipment, pipelines and other components of nuclear power plants" (NP-084-15) approved by the order of the Federal Environmental, Industrial and Nuclear Supervision Service No. 502 dated December 07, 2015 (registered by the Ministry of Justice of Russia on March 10, 2016, registration N 41366) (hereinafter referred to as NP-084-15).

2. This Safety Guide contains recommendations of the Federal Environmental, Industrial and Nuclear Supervision Service on the monitoring of radiation load and determination of radiation durability of pressurized water reactor equipment.

3. This Safety Guide applies to equipment of pressurized water reactors exposed to reactor radiation, which requires monitoring of the current value of neutron irradiation parameters in the control zones obtained as a result of monitoring in accordance with NP-084-15.

4. This Safety Guide is recommended for use by legal entities engaged in the design, engineering, manufacturing, operation and decommissioning of equipment of nuclear power plants.

5. The provisions of this Safety Guide should be taken into account when developing requirements of the operating organization for the monitoring of radiation load of equipment in the operation of nuclear power plants.

6. This Safety Guide has been developed with due regard to domestic and foreign experience in the monitoring of radiation load and determination of radiation durability of NPP equipment.

7. The list of abbreviations used in this Safety Guide is given in Appendix 1. Terms and definitions are given in Appendix 2.

II. Organization and conduct of radiation load monitoring

8. RL monitoring is performed for equipment of VVER reactors, which requires in-service inspection of radiation-induced metal embrittlement according to NP-084-15, and for other equipment whose metal properties are subject to degradation due to neutron irradiation. RL monitoring is carried out for the purpose of periodic or continuous accounting and monitoring of neutron irradiation parameters in the control zones.

9. It is recommended to assess equipment state (reserve before the equipment reaches the limit state) using the RL parameter implemented to predict changes in the metal properties of this equipment under irradiation and comparing the value of RL parameter with its limit value obtained with due regard to the established criteria for radiation damage. When determining parameters and criteria, it is recommended to use the calculation and experimental method. It is recommended to evaluate parameters and criteria with an acceptable degree of conservativeness.

10. It is recommended that the operating organization should organize RL monitoring of VVER reactor equipment of operating power units of the NPP with the involvement of specialized organizations that have the appropriate license, qualified employees with appropriate experience.

11. RL monitoring includes:

calculation and experimental assessment of the neutron field functionals at the control sites;

calculation and assessment of current values of RL parameters;

forecast of RL parameters at the end of a power unit's service life;

assessment of the uncertainty of RL parameter;

monitoring of RL parameters of equipment using SS;

determination of conservative limit values of RL parameters;

comparison of the results of RL parameter estimates with their limit values;

assessment of the reserve before the limit value of RL parameters is reached;

documenting based on the results of monitoring.

12. It is recommended to monitor RL  at typical points of VVER equipment (points that are characterized by the maximum value of radiation damage criteria) throughout the operation, including during the extension of service life. If RL monitoring was not provided for these points earlier, it is recommended to evaluate the neutron field functionals on VVER equipment for the entire period of operation for all equipment which requires the monitoring of current value of neutron irradiation parameters in the control zones obtained as a result of monitoring. It is recommended to select the typical points of equipment based on the analysis of maximum values of radiation damage criteria, which were evaluated also based on the results of destructive test of the equipment metal, including SS tests. It is recommended that the operating organization should analyze the maximum values of radiation damage criteria with the involvement of organizations that designed and manufactured the equipment.

13. It is recommended to provide monitoring results in reports developed at the NPP when justifying operation in each reactor operation cycle.

14. The value of RL parameter at the typical points of equipment is associated with the value of radiation damage criterion, according to the predictive dependence of radiation damage established in the design. At the same time, the uncertainty (error) of the current RL value determines the limits of the uncertainty of radiation damage criterion assessment according to the predictive dependence.

15. It is recommended that a design organization should establish limit values of RL parameters of equipment at the design stage for each of the parameters set for this equipment based on:

the requirements of the Federal Rules and Regulations in the field of atomic energy use;

the requirements of rules and regulations in predictive dependence of radiation damage established in the design;

selected criteria for radiation damage to equipment from the strength analysis of the equipment in question;

requirements of design documentation.

16. If there are no limit values for the RL parameters of equipment, it is recommended that the operating organization should establish and coordinate the criteria for radiation damage with the involvement of the organization that designed and manufactured the specified equipment.

17. As the parameter obtained from the monitoring results approaches its limit value, the operating organization should decide on the possibility and conditions for further operation of the equipment, including the development of compensating measures to mitigate aging mechanisms. It is recommended to coordinate the decision with the organization that designed and manufactured the equipment.

III. Groups of equipment and parameters for the monitoring of radiation load

18. The range of groups of equipment for monitoring should be justified in the NPP design and presented in the NPP SAR. Recommendations on the objects and scope of RL monitoring to be included in the range are given in Appendix 3 to this Safety Guide. Based on the recommendations of Appendix 3 to this Safety Guide, the operating organization should develop ranges of equipment groups for monitoring for each NPP unit.

19. The operating organization, in agreement with the RP and NPP developers, should supplement the range of equipment groups with other equipment, based on operating experience, experience of monitoring of equipment RL or new assessments of radiation damage criteria. At the same time, it is recommended to provide a justification for assigning equipment to the above range in the NPP SAR.

20. It is recommended to provide a list of RL parameters and service life for all equipment selected for monitoring in the NPP design.

21. An approximate list of RL parameters recommended for record and control during monitoring is given in Appendix 4 to this Safety Guide. It is recommended to select the parameters for monitoring based on the analysis of maximum values of radiation damage criteria that were also evaluated based on SS test results.

22. The list of RL parameters of the equipment established by the design or operating organization should be justified with due regard to:

experience in design, manufacturing, installation, commissioning, and operation of equipment;

results of analytical studies and strength analyses;

results of SS tests, including accelerated aging test results;

predicted mechanisms of aging and degradation of the equipment.

IV. Recommendations for the establishment of radiation load monitoring methods

23. Control (record) of RL parameters on the reactor equipment and on the OS during reactor operation provided in the course of monitoring should be carried out according to the procedures developed by the operating organization, based on the calculation and experimental method.

24. The following should be considered in this case:

the procedure of accounting for RL parameters on reactor equipment during operation should enable calculation of the accumulated RL parameter (with a reasonable error estimate) at the typical points of equipment, individually for each cycle;

it is allowed to determine the values of parameters averaged for the cycle and reduced to the nominal power, but with due regard to all changes in the reactor operation over the cycle;

it is recommended to additionally consider the actual reactor data on core loading when evaluating the current values of RL parameters;

the procedure of RL parameters calculation on the equipment of particular power unit should be supported by measurements (e.g. neutron activation, in accordance with the safety guide "Procedure of neutron monitoring on the outer surface of VVER reactors of NPP" (RB-018-01), approved by the Decree of Gosatomnadzor of Russia No. 14 dated December 17, 2001 (hereinafter referred to as RB-018-01)) on this power unit at least once every 6 years;

it is recommended to carry out additional qualification and validation of the software used in the calculation procedure for typical points, taking into account the placement of VVER equipment subjected to monitoring. In the absence of software verification and validation results, it is recommended to introduce additional safety margins (for example, in accordance with the safety guide "Accounting for fast neutron fluence on VVER vessels and surveillance samples for further forecasting of the radiation durability of vessels" (RB-007-99), approved by the Decree of the Gosatomnadzor of Russia No. 2 dated April 21, 1999 (hereinafter referred to RB-007-99)).

25. Besides, additional measurements should be carried out to confirm the obtained estimates of all neutron field functionals used to determine the RL parameters:

in the first three cycles (to confirm the design values of parameters);

where the forecast calculation showed a deviation of neuron field functionals with the maximum distribution across the equipment of more than 10% compared to the same value of neuron field functionals in completed cycles, confirmed by measurements;

in case of switching to increased power operation of the RP, increase of intervals between repairs, introduction of new types of fuel, and any structural changes to the equipment that affect the change in RL parameters.

26. It is recommended to forecast the RL parameters at the typical points of the reactor equipment for the design life of the reactor equipment after the completion of each cycle using the current values of RL parameters. The obtained value is compared with the limit value of RL parameters at the typical points of the reactor equipment.

27. At the same time, in order to ensure conservativeness, it is recommended to present the forecast of RL parameters with due regard to its error, that is, in the form of:
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28. It is recommended that the operating organization should develop a forecast procedure, monitoring criteria and measures taken with due regard to the fact that the design values of RL parameters are not exceeded by the end of design life.

29. In order to ensure the conservatism of input data used in the assessment of equipment RL parameters, it is recommended to evaluate the uncertainty of the calculated values of all neutron field functionals at the typical points of equipment.

30. Components of the uncertainty of the calculated value of neutron field functionals on VVER equipment that are random in nature should be considered as independent and having normal distribution.

31. If experimental data obtained at a specific power unit are available, it is recommended to use an improved parameter assessment approach when evaluating RL parameters, taking into account the uncertainty of calculation and experimental methods. Recommendations for the improved conservative assessment of critical parameters are given in Appendix 5 to this Safety Guide. If experimental data are not available, it is recommended to use substantiated safety margins (for example, in accordance with RB-007-99).

32. It is recommended to scale down the results of forecasts subject to detailing of conservative safety margins as the calculation method, which allows for a better match with the measurements made earlier, improves, or when additional measurements are carried out at the NPP followed by testing of calculated results.

V. Recommendations for the monitoring of criteria of radiation damage to equipment using surveillance samples

33. Radiation damage criteria as per SS should be monitored (accounted) in accordance with the program for the monitoring of radiation damage criteria as per SS. It is recommended to prepare a monitoring program (procedure) for each RP. The program should be developed by an operating organization. The approximate program content is given in Appendix 6 to this Safety Guide.

34. Monitoring of criteria for radiation damage to equipment using SS should be provided by specialized organizations that have the appropriate license, qualified employees with appropriate experience and are engaged by the operating organization for the implementation of materials research of SS.

35. It is recommended to provide metal cutting sites for in-service destructive testing, a list of samples made from the cut metal, and appropriate destructive test methods for equipment subjected to monitoring of radiation damage criteria. The need to cut samples from the equipment is justified by the operating organization and is performed after making the appropriate decision and making changes to the NPP SAR.

36. The procedure for the monitoring of radiation damage criteria as per SS includes:

input data analysis;

implementation of the monitoring of radiation damage criteria using SS;

evaluation of the results of radiation damage criteria monitoring.

37. It is recommended to analyze the input data using the following monitoring results:

maximum permissible values of the criteria for radiation damage to equipment metal established by the RP design;

conservative predictive dependences of the criteria for radiation damage to equipment metal on RL parameter established by the RP design;

values of RL corresponding to the design life, and the relationship of values of various RL parameters (such as FNF to DPA) in typical points of the equipment metal established in the RP design.

38. The recommended procedure for the monitoring of radiation damage criteria using SS includes the following steps:

the current value of RL parameter is determined at the typical point of the equipment, with the assessment of parameter uncertainty, corresponding to the confidence level of 0.95 at the time of unloading of SS batch (or cutting out equipment metal samples) <1>;

--------------------------------

<1> Hereinafter, unless otherwise specified, SS will refer to a batch of unloaded SS or cut-out samples of reactor vessel metal intended for the assessment of the current value of RL parameter.

based on the tests of unloaded SS batch (or cut-out samples of equipment metal), the value of radiation damage criteria is determined and the values of RL parameters obtained using NAD support and neutron transfer calculations are established for it (them). The values of radiation damage criteria and RL parameters are presented with an uncertainty assessment corresponding to the confidence level of 0.95;

the expected (average) value of the criteria of radiation damage to equipment metal is determined for the established value of RL parameter on SS using RP design established predictive dependence of criteria of radiation damage to equipment metal on RL parameter;

the value of criteria of radiation damage to equipment metal assessed by SS is compared to the expected (average) value of the criteria of radiation damage to equipment metal, given the uncertainty of radiation damage criteria values on SS, the uncertainty of RL parameter on SS and the uncertainty of predictive dependence of radiation damage determined by the uncertainty of the current RL parameter value at the typical point of equipment.

39. It is recommended to take into account the following factors when evaluating the results of radiation damage criteria monitoring:

the monitoring results are considered satisfactory if the value of the criteria for radiation damage to the equipment metal evaluated by SS does not exceed the predicted criterion value, taking into account their uncertainty, that is, the areas of uncertainty do not overlap;

the monitoring results are considered acceptable if the areas of uncertainty overlap, but the value of the criteria for radiation damage to the equipment metal evaluated by SS does not exceed the lower limit of uncertainty of the predicted parameter value. During further operation of the equipment, it is recommended to take measures to reduce RL on the equipment (or other appropriate decisions), with appropriate adjustment of the NPP SAR;

the monitoring results are considered acceptable if the value of the criteria for radiation damage to the equipment metal evaluated by SS is within the limits of the uncertainty of predicted parameter value. During further operation, it is recommended to perform unloading and testing of next SS batch before the time when the conservativeness of predictive dependence is ensured with due regard to the uncertainty;

the monitoring results are considered unsatisfactory (not acceptable), if the value of the criteria for radiation damage to the equipment metal evaluated by SS exceeds the upper limit of uncertainty of the predicted value of radiation damage criteria. The possibility of further operation of RV is determined by the respective decision of the operating organization, which supports non-exceedance of the maximum permissible values of the criteria of radiation damage to RV metal by the end of design life specified in the SAR.

40. Monitoring of RL on SS is recommended for each SS.

41. The procedure of accounting for RL parameters on SS provides for the evaluation of the distribution of RL parameters (with a reasonable error estimate) around the SS, averaged over the time of exposure of SS container in the reactor and reduced to the nominal power. If SS is a parallelepiped with a V-shaped cut (Sharpie type), RL parameters are determined at the eight corners of the parallelepiped, as well as at the base of the V-shaped cut. It is recommended to develop an algorithm for the interpolation (determination) of RL parameters by SS volume.

42. The procedure of accounting for RL parameters on SS is justified with due regard to neutron activation measurements using NAD support (or measurements of the activity of SS material).

43. When comparing and evaluating the results of monitoring of the criteria for radiation damage to equipment using the results of SS monitoring, it is recommended to use the values of DPA-based lead factors, if the DPA-based lead factor is less than FNF-based lead factor (subject to the recommendations for the use of DPA parameter in Appendix 7 to this Safety Guide), instead of FNF-based lead factors.

44. It is recommended to determine the criterion for the correctness of the value of radiation damage criteria evaluate by SS, based on the necessary and sufficient number of SS in the unloaded batch of SS test results.

45. At the same time, it is recommended to consider that the variety of RL parameter (FNF and/or DPA) across the group of SSs used for the determination of radiation damage criteria should not exceed [image: image4.wmf]±

10% of the mean group value of RL parameter (FNF and/or DPA). The SS irradiation temperature should not differ from the operating temperature of the equipment by more than 10 °C.

46. It is recommended to supply a reference set of SS for the base material of all shells and the material of all welded joints of RV, for which FNF value will exceed 1018 neutrons/cm2 by the end of design life and which:

have difference in the chemical composition of the main elements and impurities;

have difference in heat treatment;

have difference in the welding technology and in the batch of welding materials.

47. It is recommended to unload and test SS at least 6 times over the RV design life. The first unloading and testing of SS should be carried out 3 years after the start of operation (when using new, unproven materials). It is recommended to establish unloading frequency with due regard to the fact that FNF on RV will be at least 1018 neutrons/cm2 by the time of the first unloading (with an energy more than 0.5 MeV). It is recommended to select the range of SS for the first unloading in accordance with the range of SS from the reference set in order to check the sensitivity of RV metal to neutron irradiation and evaluate lead factors. The frequency of SS unloading should be confirmed based on test results of SS from previous unloadings, and with due regard to the fact that FNF on SS from the latest unloading should exceed design FNF on RV. The intervals between the first and the last unloading should be distributed  equally depending on the accumulated FNF value; at the same time, the FNF accumulated between successive unloadings should correspond maximum to 10-year RV operation.

48. Depending on test results of SS from the first unloading, the subsequent terms of unloading can be changed by agreement between the operating organization, developer of RP design and materials science organization.

49. It is recommended to establish SS in such a way that the lead factor as per RL parameter value for equipment is within the range from 1 to 2 compared to the maximum values of RL parameter on the equipment.

VI. Recommendations for an alternative assessment of radiation durability of equipment with due regard to monitoring results

50. In accordance with the principle of assessment of radiation damage to VVER equipment metal exposed to RL, the RL parameter correlates with the radiation damage criterion.

Note. For example, according to the "Rules of equipment and pipelines strength analysis of nuclear power plants" (PNAE-G-7-002-86) approved by the Decree of the Gosatomenergonadzor of the USSR No. 5 dated November 05, 1986, FNF correlates with ductile to brittle transition temperature.

51. The limit value of RL parameter should be selected based on the achievement of the limit value by the radiation damage criterion. It is recommended to determine the limit value of the radiation damage criteria at the end of the specified service life of the equipment and provide it in the design and engineering documentation. If there is no limit value for the radiation damage criteria, the operating organization should select the limit value of RL parameter based on the available design estimates of RL parameters at the end of substantiated design life.

52. It is recommended to use RL parameters and neutron field functionals obtained during monitoring for the assessment of radiation durability. The following dependencies are recommended for use:

1) radiation durability of reference structures [image: image5.wmf]τ

 (typical points of equipment) exposed to neutron irradiation (for example, if FNF is used as RL parameter) is determined as follows:
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where:

[F] is the maximum allowed neutron fluence at the typical (critical) point of the reference structure;

Fmax is the accepted maximum FAR of neutrons at the typical point of reference structure;

2) residual radiation durability of structures [image: image7.wmf]*
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where:

Ft is the accumulated neutron fluence at the time of evaluation at the same point.

Any other RL parameters set for different equipment can be used instead of fluence in formulas (2) - (3).

53. From the point of view of conservative approach, where the attenuation of one RL parameter (for example, fluence) is greater than the attenuation of another parameter (for example, DPA), it is recommended to use the attenuation coefficients obtained as per DPA. Recommendations for the use of DPA parameter are given in Appendix 7 to this Safety Guide.

VII. Recommendations for the collection, systematization and storage of radiation load monitoring and durability assessment data

54. For NPPs under construction and design, it is recommended that the operating organization should organize and debug a system for the collection, processing, systematization, analysis and storage of information on the results of RL monitoring before the commissioning of a NPP power unit.

55. This information should be stored throughout the service life of equipment in the form of a database, which allows, if necessary, to quickly compare the limit and actual RL parameters at any stage of the life cycle.

56. This DB should contain the following data for each type of equipment selected for the monitoring:

all data sheet information for the equipment;

data on specialized organizations that provide services to the operating organization for operation support and RL monitoring;

information about the presence or absence of deviations from the design documentation for the equipment;

test results for the SS of equipment during the NPP operation;

data on the experience of equipment operation;

results of equipment RL monitoring;

data on damages, their accumulation and development, aging mechanisms, failures and malfunctioning;

results of equipment RL monitoring and used limit values of parameters;

data on the obtained estimates of the residual equipment life.

57. The operating organization should establish a procedure for the collection and systematization of data on RL monitoring for information support of the DB. NPP design shall justify measures and the procedure for the recovery of missing data, if it is absent.

58. It is recommended to develop mathematical support and software of DB so as to compare RL parameters and to analyze information about the operating conditions of NPP equipment and their impact on the residual radiation durability at any stage of the NPP power unit life cycle.

59. The procedure for creating and keeping DB updated is determined by the instructions and depends on the choice of its management system.

60. DB should be stored both in electronic and print format. Access to the database should be limited to the number of personnel responsible for the monitoring of RL parameters.

61. Provision should be made for a backup copy on a separate accounted medium to restore the data included in the database in case of logic or physical failures.

62. For NPPs at the stage of operation, where DB maintenance is not provided, the operating organization should be encouraged to arrange the development and installation of the DB specified in paragraph 56 of this Safety Guide.

Appendix 1
 to the safety guide in the use of atomic energy "Radiation load monitoring and determination of radiation durability of VVER equipment", approved by the order of the Federal Environmental, Industrial and Nuclear Supervision Service 
No.  _____ dated ______________ , 20__  

ABBREVIATIONS

	NPP
	-
	nuclear power plant

	DB
	-
	Database

	VVER
	-
	pressurized water reactor

	RI
	-
	Reactor Internals

	RPV
	-
	Reactor Pressure Vessel

	NAD
	-
	Neutron Activation Detector

	RSS
	-
	Reactor Support Structures

	SS
	-
	Surveillance Sample

	SAR
	-
	Safety Analysis Report

	ST
	-
	Software Tool

	RL
	-
	Radiation Load

	RF
	-
	Reactor Facility

	DPA
	-
	Displacements per Atom

	FAR
	-
	Fluence Accumulation Rate

	FNF AR
	-
	accumulation rate of FNF with the energy of more than 0.5 MeV

	FNF
	-
	fluence of fast neutrons with the energy of more than 0.5 MeV


Appendix 2 
to the safety guide in the use of atomic energy "Radiation load monitoring and determination of radiation durability of VVER equipment", approved by the order of the Federal Environmental, Industrial and Nuclear Supervision Service 
No.  _____ dated ______________ , 20__  

TERMS AND DEFINITIONS

The following terms and definitions are used in this Safety Guide.

1. Extended service life refers to the calendar duration (period) of a NPP unit power operation beyond the specified service life.

2. Lead factor is a value equal to the ratio of the average value of calculation and experimental FNF AR or FNF with energy above 0.5 MeV that affected the SS over the entire period of their exposure to the corresponding maximum value in the concerned area of the inner RPV surface over the period of irradiation of SS.

3. Radiation load monitoring is a system of record and control of radiation load carried out regularly according to a specific program to assess the parameters of radiation load and forecast their changes during the NPP operation.

Note. There are two types of monitoring:

calculation and experimental monitoring is monitoring that is carried out based on the measurements of a parameter that characterizes the radiation load, as well as calculation based on certified software; the results of such monitoring allow to move from the measured value of one parameter at the measurement point to the value of critical parameter at the critical point that needs monitoring;

calculation radiation load monitoring is monitoring that is carried out only based on calculations of the radiation load on equipment using certified software. This type of monitoring is used for the equipment and control points where, for various reasons, measurements and calculation and experimental monitoring are impossible at this stage of development of science and technology.

4. Radiation damage is degradation of the structure and properties of metals under exposure of neutron and gamma radiation (the most typical manifestations of this process are swelling, creep, hardening, embrittlement and changes in the physical properties of the metal). The condition for achieving critical radiation damage is characterized by reaching the limit value by radiation damage criterion (for example, the radiation damage criterion for radiation embrittlement is the ductile to brittle transition temperature).

5. Degraded state is an event that involves impairment of an object's perfect state while maintaining its up state (GOST 27.002-2015 "Dependability in technics. Terms and definitions" enacted by the Order of Federal Agency for Technical Regulation and Metrology No. 654-ст dated June 21, 2016 2016) (hereinafter referred to as GOST 27.002-2015).

Note. 1) A defect and/or degraded state may cause a partial or complete failure of the object. 2) A defect and/or degraded state causes imperfect state of the object.

6. Limiting state is a state of an object when its further operation is neither allowable nor feasible, or the recovery of its up state is neither possible nor feasible (GOST 27.002-2015).

7. Service life extension refers to activities aimed to prepare the NPP power unitt for operation within the additional period.

8. Radiation embrittlement is the reduction of plastic properties and fracture toughness due to neutron irradiation (the criterion of radiation damage is the ductile to brittle transition (fracture toughness) temperature).

9. Radiation load is the effect of reactor neutrons on the metal of reactor equipment that causes radiation damage to the metal lattice (parameters of radiation load, parameters of neutron irradiation or gamma-guanta irradiation) - FNF and damaging dose (the number of displacements per atom from neutrons and gamma-rays).

10. Radiation durability is the predicted operating time of the reactor at rated power, when conditions are met that ensure the preservation of the properties of equipment material, depending on the degree of radiation damage.

11. Accumulation rate of fast neutron fluence (Ф, neutron/(cm2*s) is an average density of the neutron flux with an energy greater than 0.5 MeV during the accumulation of fast neutron fluence (for example, during the cycle or irradiation), reduced to the nominal level of thermal power of the reactor.

12. Specialized organization is a legal entity engaged under a contract or civil contract to conduct design, engineering, materials science works on life characteristics management, having the conditions to perform works, personnel trained in accordance with the established procedure to carry them out, and having a license from Rostechnadzor to carry out this type of work.

13. Operating conditions refer to a combination of factors affecting the product during its operation (GOST 25866-83 "Operation of technical devices. Terms and definitions", approved by the Decree of the National Standards Committee of the USSR No. 3105 dated July 13, 1983).

14. Fast neutrons fluence (F, neutrons/cm2) is the neutron fluence with energy above 0.5 MeV.

Note. FNF can be expressed as the product of FNF AR and the effective operating time of the reactor.

15. Typical points of equipment are points of the maximum value of RL parameter on the base metal and welds of the equipment over the specified service life (for RPV, points within the limits of FF values of more than 1 · 1018 neutrons/cm2).

16. Damaging dose (number of displacements per atom) is an integral characteristic that reflects the degree of radiation damage to a metal, defined as the number of displacements of one atom from the lattice site accumulated over a certain time under the influence of neutron and gamma radiation. It depends on the spectrum of ionizing radiation, the time of irradiation, the number of atoms per unit volume, and the cross section of collisions that cause displacements.

Appendix 3
 to the safety guide in the use of atomic energy "Radiation load monitoring and determination of radiation durability of VVER equipment", approved by the order of the Federal Environmental, Industrial and Nuclear Supervision Service 
No.  _____ dated ______________ , 20__  

RECOMMENDATIONS FOR 
OBJECTS AND SCOPE OF RADIATION LOAD MONITORING

1. VVER-440 reactors.

1) Reactor pressure vessel.

Recommended monitoring places:

inner surface (base metal, welded joints No. 4, No. 5) - calculation and experimental monitoring (RB-007-99, RB-018-01);

internal surface (base metal, welded joints No. 4, No. 5) - calculation and experimental monitoring (RB-007-99, RB-018-01);

1/4 of thickness (base metal, welded joints No. 4, No. 5) - calculation monitoring.

2) Internals (core baffle, basket shell, core barrel with shield).

Recommended monitoring places:

inner surface - calculation monitoring.

3) First-generation VVER-440 support structures (ring tank, support, support ring).

Recommended monitoring places:

internal wall of ring tank - calculation and experimental monitoring;

ring tank ribs - calculation monitoring;

support - calculation and experimental monitoring;

support ring - calculation and experimental monitoring.

4) Second-generation VVER-440 support structures (support truss, support ring).

Recommended monitoring places:

inner surface of support truss - calculation and experimental monitoring;

ribs of support truss - calculation monitoring;

support ring - calculation and experimental monitoring.

2. VVER-1000 reactors.

1) Reactor pressure vessel.

Recommended monitoring places:

inner surface (anti-corrosion weld overlay, base metal, welded joints No.3, No. 4, No. 5) - calculation and experimental monitoring (RB-007-99, RB-018-01);

outer surface (base metal, welded joints No.3, No. 4, No. 5) - calculation and experimental monitoring (RB-007-99, RB-018-01);

1/4 of thickness (base metal, welded joints No.3, No. 4, No. 5) - calculation monitoring.

2) Internals (core baffle, core barrel).

Recommended monitoring places:

inner and outer surface of core baffle, core baffle channels - calculation monitoring;

inner and outer surface of core barrel - calculation monitoring.

3) Support structures (support truss, support ring).

Recommended monitoring places:

inner surface of support truss - calculation and experimental monitoring;

ribs of support truss - calculation monitoring;

support ring - calculation and experimental monitoring.

3. VVER-1200 and VVER-TOI reactors.

1) Reactor pressure vessel.

Recommended monitoring places:

inner surface (anti-corrosion weld overlay, base metal, welded joints No.2, No. 3 - VVER-1200, No. 1 and No. 2 - VVER-TOI) - calculation and experimental monitoring (RB-007-99, RB-018-01);

outer surface (anti-corrosion weld overlay, base metal, welded joints No.2, No. 3 - VVER-1200, No. 1 and No. 2 - VVER-TOI) - calculation and experimental monitoring (RB-007-99, RB-018-01);

1/4 of thickness (base metal, welded joints No. 2, No. 3 - VVER-1200, No. 1 and No. 2 - VVER-TOI) - calculation monitoring.

2) Internals (core baffle, core barrel).

Recommended monitoring places:

inner and outer surface of core baffle, core baffle channels - calculation monitoring;

inner and outer surface of core barrel - calculation monitoring.

3) Support structures (support truss, support ring).

Recommended monitoring places:

inner surface of support truss - calculation and experimental monitoring;

ribs of support truss - calculation monitoring;

support ring - calculation and experimental monitoring.

Appendix 4
 to the safety guide in the use of atomic energy "Radiation load monitoring and determination of radiation durability of VVER equipment", approved by the order of the Federal Environmental, Industrial and Nuclear Supervision Service 
No.  _____ dated ______________ , 20__  

APPROXIMATE LIST 
OF RADIATION LOAD PARAMETERS RECOMMENDED FOR RECORD AND CONTROL DURING MONITORING

1. RL parameters are considered in relation to the metal (steel) of structures and items of a VVER reactor that are in the area of constant exposure to neutron and gamma radiation: RPV, reactor support structures, SS placement positions, and internals.

2. RL parameters are evaluated in the entire space of control structures and items.

3. Determination of RL parameters:

1) FNF and FNF AR according to RB-007-99;

2) Damaging dose (DPA) from neutrons or gamma quanta (D) in the form of:
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where:

F(>0) is the fluence of neutrons or gamma quanta with energies above 0 MeV;
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 is the cross-section of metal damage by neutrons or gamma quanta;
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 is the function of the spectrum of neutrons or gamma quanta, normalized to unity.

3) Accumulation rate of damaging dose (DAP) from neutrons or gamma quanta:
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where:

Ф(> 0) is FAR of neutrons or gamma quanta with energies above 0 MeV, s is second.

4. Fluence, FAR, neutron and gamma quanta spectrum in control structures and items are evaluated by calculation.

5. Parameters of DPA rate and the number of displacements per atom are calculated as follows:
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D = D/c · Tэфф, (4)

where:

G is the number of energy groups in the library;
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 is group cross-section of displacement, barn;

Фg is full FAR of neutrons in the group, 1/(cm2·s).

6. In order to correctly assess the aging of existing VVER equipment, it is also recommended to use the following RL parameters and neutron field functionals within the equipment RL monitoring program, which are calculated as follows:

spectral indices - SI:

SI(E1/E2) = Ф(E > E1)/Ф(E > E2), (5)

where:

Ф(E > E1) and Ф(E > E2) are rates of accumulation of FNF with energy E > E1 and E > E2;

accumulation rate attenuation factor from point i to point j - AF:

AF(E0,i -> j) = Ф(E0,i)/Ф(E0,j), (6)

where:

Ф(E0,i) and Ф(E0,j) are accumulations rates of FNF with energy E > E0 in points i and j.

Appendix 5
 to the safety guide in the use of atomic energy "Radiation load monitoring and determination of radiation durability of VVER equipment", approved by the order of the Federal Environmental, Industrial and Nuclear Supervision Service 
No.  _____ dated ______________ , 20__  

PROCEDURE OF 
IMPROVED CONSERVATIVE ASSESSMENT OF CRITICAL PARAMETERS BASED ON RESULTS OF CALCULATION AND EXPERIMENTAL ANALYSIS

1. The improved assessment of critical parameter is carried out with due regard to calculation and experimental uncertainties. Any parameter for which a calculation and experimental assessment is performed (for example, RL parameter or a radiation damage criterion) can be considered as a critical parameter.

Figure 1 shows a schematic diagram of the calculation and experimental procedure for the assessment of critical parameters. Possible uncertainties are indicated at each stage of the calculation and experimental analysis.
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Fig. 1. Schematic diagram of a calculation and experimental procedure for the assessment of critical parameters

2. The results of experimental data are characterized by an upward or downward uncertainty of the measurement result, respectively, UE+-.

3. Each part of the indicated uncertainty can be expressed as follows:
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where:
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 is statistical uncertainty of the measurement result;
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 are uncertainties caused by errors in measuring tools and measurement methods,

where:
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 is confidence uncertainty of the applied measuring tools and method;
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 is uncertainty of the measuring tools used;
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 is uncertainty caused by the method of measurement result processing.

4. According the existing practice of calculation and experimental studies, the confidence level for uncertainty estimates is assumed to be P = 0.95.

5. The results of calculation studies are characterized by uncertainty UC, which can be expressed by the following ratio:
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where:
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 is uncertainty associated with the procedure error of software;
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 is uncertainty caused by errors in the source data;
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 is uncertainty associated with inaccuracies in the calculation model.

6. It is recommended to use the level of 10 - 15% as an acceptance criterion for the comparison of calculated and experimental results (in calculated data to experimental data relation).

7. An improved conservative assessment of the parameter can be expressed in terms of a certain factor that depends on the identified calculated and experimental uncertainties, taking into account the comparison of calculated and experimental results.

8. It is recommended to use the following expression in the parameter assessment during reviews:
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where:
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 is the improved parameter assessment;

C is the calculated assessment of parameter;
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 is a conservative correction to account for uncertainties, which depends on the ratio of calculated (C - calculation) assessments to experimental (E - experimental) assessments - C/E, as well as calculated and experimental uncertainties.

9. It is recommended to use the following approach for available comparisons of calculated and experimental results. The expression for the conservative correction is chosen depending on the ratio of calculated and experimental data.

1) Calculation assessments coincide with experimental ones within the experiment uncertainty, i.e. if the condition is met:
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then, the conservative correction can be expressed as follows:
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Due to the fact that, according to the practice of calculation and experimental studies, the uncertainty of measurement result is quite small, it is recommended to use the uncertainty assessment for the confidence level at P = 0.99.

2) Calculation assessments are close to experimental ones, but the discrepancy between the calculated and experimental data exceeds the experiment uncertainty, i.e. if the condition is met:
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then it is necessary to analyze the ratio of calculation and experimental data (C/E).

3) If calculated assessments are lower than experimental ones, i.e. the calculation gives a less conservative assessment and the condition is met:
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then, the conservative correction can be expressed as follows:

[image: image36.wmf]α1

E

C

U

E

+

=-+

. (9)

3) If calculation assessments are lower than experimental ones, i.e. the calculation gives a less conservative assessment and the condition is met:
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then, the conservative correction can be expressed as follows:
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Appendix 6
 to the safety guide in the use of atomic energy "Radiation load monitoring and determination of radiation durability of VVER equipment", approved by the order of the Federal Environmental, Industrial and Nuclear Supervision Service 
No.  _____ dated ______________ , 20__  

RECOMMENDED CONTENT
 OF PROGRAM FOR RADIATION DAMAGE CRITERIA MONITORING BASED ON SURVEILLANCE SAMPLE

1. List of controlled area of equipment.

2. List and places of SS installation.

3. Inspection types and scope for each of the controlled areas.

4. Number of SS sets, types and number of SS in the set.

5. Frequency and timing of container unloading and SS testing.

6. The number of sets in the first unloading and each subsequent one with arrangement diagrams with respect to the reactor core.

7. Information about location and fastening of SS.

8. Coordinates of SS unloading areas for destructive test.

9. Description of inspection procedure.

10. Requirements for equipment used in tests.

11. Criteria of the correctness of test results.

12. List of special controls (if any).

13. List of technical and organizational measures required for the monitoring of RL parameters as per SS.

14. Links to documents describing the procedure of assessment and use of monitoring results.

15. Instructions for the methods of processing the results obtained, monitoring criteria and reporting documents.

Appendix 7
 to the safety guide in the use of atomic energy "Radiation load monitoring and determination of radiation durability of VVER equipment", approved by the order of the Federal Environmental, Industrial and Nuclear Supervision Service 
No.  _____ dated ______________ , 20__  

RECOMMENDATIONS
 FOR THE USE OF DAMAGING DOSE PARAMETER (DPA), NEUTRON AND GAMMA QUANTA FLUENCE WHEN EVALUATING THE EQUIPMENT LIFE AND PREDICTING THE DEGRADATION OF RPV PROPERTIES BASED ON SURVEILLANCE SAMPLES

Use of damaging dose parameter (DPA), neutron fluence and gamma quanta when evaluating the justification of radiation durability

1. According to the principle mentioned in paragraph 54 of this Safety Guide, FNF (E > 0.5 MeV) should be associated with another RL parameter that is inextricably linked to it in physical terms. Then it is recommended to express DPA parameter through FNF as follows:
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where:
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 is the fluence of neutrons or gamma quanta with energies above 0 MeV;

SP is the factor that takes into account the contribution of the neutron or gamma quanta spectrum to metal damage.

2. It is recommended to consider structures and items related to equipment (for example, base metal, welds, RSS, internals). In these structures, it is recommended to determine the typical points (the most stressed ones from the point of view of radiation damage), designated with "TP" index. A reference point should be selected among "TP", for example, the maximum FNF (E > 0.5 MeV) in the base metal of RPV, whose characteristics will be used to estimate the maximum permissible RL parameters. Let's denote this point by "RPV" index.

3. The maximum allowable neutron fluence at the point "RPV", [FRPV], should be associated with the maximum allowable value of DPA  from neutrons and gamma quanta (for example, their sum), [DRPV], at the same point. The neutron fluence at the point "TP", FTP, should be associated with the value of DPA from neutrons and gamma quanta (for example, their sum), DTP, at the same point.

	Consultant Plus: note.

There must be a misprint in the official document text: paragraph 53, not 52, is meant.


4. The radiation durability at the point "TP" by analogy with the formula (2) of paragraph 53 of this Safety Guide should be determined as follows:
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then, taking into account the formulas (1), (2) and (3), we can write:
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where [image: image44.wmf]КР

XT

SP

SP

æö

ç÷

èø

 is a factor that characterizes the effect of differences in the neutron and gamma quanta spectra at different points of structures on radiation damage at these points.

5. It is recommended to use the formula (4) for the evaluation of the radiation durability of equipment when evaluating the life of structures based on typical points with "spectrum factor" less than one. Such points are determined in the calculation analysis of neutron field functionals and assessments of RL parameters on the equipment.

Use of DPA parameter, neutron and gamma quanta fluence for the assessment of properties degradation forecast based on surveillance samples

1. The degradation of RPV steel properties is predicted as follows:

a set of samples is irradiated in the field of neutrons and gamma quanta at the locations of SS with a lead factor according to FNF;

after irradiation (for example, after 3 years), a set of samples is unloaded from SS locations and tested to determine the criteria of radiation damage (for example, the critical ductile to brittle transition temperature - TC);

the measured value of radiation damage criteria is associated with FNF assessed on SS irradiated in the locations of SS, FSS;

the forecast means that when the RPV reaches FRPV fluence equal to FSS, the property of RPV steel will be equal to the value of radiation damage criteria assessed based on samples irradiated in SS channels.

2. If the irradiation conditions in SS and RPV channels in terms of neutron spectrum differ for the same fluences FRPV and FSS, the forecast condition can be written as follows:
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where "SS" and "RPV" indices refer to the location of VVER SS and the critical point of VVER RPV, according to which the radiation durability is evaluated.

From condition (5) we have:
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3. It is recommended to use expression (6) when predicting the critical property of equipment evaluated according to SS irradiated in the locations of SS, if factor [image: image47.wmf]ОС
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 is less than one.

