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ABSTRACT 
The integrity of the Reactor Coolant System (RCS) boundary is required to maintain the reactor coolant at pressure, 
temperature and flow conditions adequate to protect the reactor core from damage. In the paper the operating limitations 
during heatup, cooldown and test conditions together with normative requirements are outlined. The basic approach of 
the Linear Elastic Fracture Mechanics (LEFM) method used to determine the relationship between postulated flaw size, 
stress and material toughness are presented. The principles of fatigue crack growth and fatigue accumulation due to 
Nuclear Power Plant (NPP) operation are described. For the assessment of component fatigue, at NPP Krško, the 
repeated transients, that are relevant for fatigue degradation, have been counted and classified against design fatigue 
limits. The major trends of NPP Krško operational cycles and transients during the period (1981 – 2000) have been 
analyzed. 

1 INTRODUCTION 
The safety of the NPP can be affected by aging degradation of key components or structures if the 
degradation is not detected prior to the loss of functional capability and if timely corrective action is not 
taken. Fatigue is a degradation process due to repeated loading that leads to microdamage accumulation. 
With an increasing number of repeating loading cycles, the existing microcracks can grow to macroscopic 
size. Finally, the fracture and the complete failure of the affected component can occur. 

For design limits evaluation, the transients and operational cycles were selected to represent a conservative 
estimate of the magnitude and frequency of the resulting temperature and pressure transients. Review and 
classification of NPP Krško transients and operational cycles has been performed according to four 
categorization systems: 

1) Design Transient Specification according to USAR NEK provides the categorization of plant events 
and determines the design number of occurrences over the life of the plant. The categorized transients are 
considered to be of magnitude and/or frequency that are significant in the component design and fatigue 
evaluation. 

2) The American Nuclear Society (ANS) categorization of plant conditions (Regulatory Guide 1.70, 
Rev. 3) divides plant conditions into four categories in accordance with anticipated frequency of occurrence 
and potential radiological consequences to the public. This classification does not consider the fatigue 
evaluation. 

3) Classification of transients and accidents according to NEK Technical Specifications summarizes 
component cyclic or transient limits into 12 categories. The components identified in the categorization 
system are designed and shall be maintained within the defined cyclic or transient limits. 
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4) Categorization of NPP Krško transients and operational cycles based on main transient parameters 
and plant operation experience has been performed. The criteria have been established to classify plant 
events regarding their importance for component design, transient statistics and fatigue evaluation process: a) 
transient classification (normal condition transients, upset condition transients), b) ranking of events 
regarding to the magnitude of the Reactor Coolant System (RCS) transient (reactor power level, resulting 
temperature difference), c) statistics of various failures that did not lead to RCS transients and are of no 
significance for fatigue evaluation. 

The NPP Krško transients and operational cycles database has been developed according to component 
cyclic and transient limits. The performed classification of the NPP Krško transients and operational cycles 
has indicated the continuous reduction of unnecessary occurrences throughout the plant operation. 

 

2 LIMITS ON REACTOR COOLANT PRESSURE BOUNDARY – NORMATIVE 
INSIGHT 

Equipment which serves as part of the pressure boundary in the RCS include the reactor pressure vessel, the 
steam generators, the reactor coolant pumps, the pressurizer and the control rod driving mechanism. This 
equipment is ANS Safety Class 1 and the pressure boundary requirements are defined by the American 
Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, Section III, Subsection NB. In 
the following two chapters the main aspects of the structural integrity of RCS components are discussed. 

2.1 Operating Limitations for Preserving the Reactor Coolant System Boundary 
The imposition on Pressure-Temperature (P-T) limits on Reactor Coolant Pressure Boundary (RPCB) 
equipment of Pressurized Water Reactors (PWRs) follows formal needs for meeting the requirements given 
by US Nuclear Regulatory Commission (NRC) in General Design Criteria (GDC) 1, 14,31 and 32 of 10 CFR 
Part 50, Appendix A, 10 CFR Part 50 App. G, and Sections 50.55a, 50.60 and 50.61 of 10 CFR Parrt 50. 
Detailed description can be found in NRC Standard Review Plan (SRP) NUREG-0800, publication prepared 
by the NRC staff and freely available to the public via internet (http://www.nrc.gov ), ref. /1/. 

Besides general requirements (10 CFR Part 50, GDC 1 of App. A) that should assure proper safety 
functioning it is remarked that RCPB equipment should have an extremely low probability of abnormal 
leakage, rapid failure or gross rupture. The prevention of rapidly propagating rupture of RCPB requires 
sufficient design stress margin that should assure non-brittle boundary behavior when stressed under 
Operating, Maintenance and Testing Conditions (GDC 31). In order to assess the structural integrity of the 
reactor vessel, an appropriate material surveillance program for reactor vessel beltline region is required by 
GDC 32. The evaluation of material susceptibility to Pressurized Thermal Shock (PTS) through the 
Reference Temperature (RTPTS) calculations, PTS screening criterion check, as well as safety analyses that 
support reactor operation have to be performed. To assure adequate safety margins of structural integrity for 
the ferritic components of the RCPB equipment, P-T limits are imposed for any condition of normal 
operation, including anticipated operational occurrences and hydrostatic tests. P–T limits that should provide 
safety margins during heatup, cooldown and test conditions are conservatively chosen to be at least as great 
as those recommended in ref. /2/. Established P-T limits for RCPB equipment ensure that RCPB material 
fracture toughness requirements are satisfied and the probability of RCPB material failure minimized in 
order to ensure RCPB equipment safety functions (i.e., to prevent a loss of reactor coolant through leakage or 
gross failure of RCPB piping and components, and acting as containment barrier to the release of fission 
products). The basis for Quality standards for Design, Determination and Monitoring of material fracture 
toughness, in particular fracture toughness requirements for protection of PWRs against PTS events are 
provided in 10 CFR Part 50, Sections 50.55a, 50.61 and App. G. Technical bases used in determination of 
safe operational conditions are explained in paragraphs 2a to 2d, Sect. II in ref. /1/. P-T limits for preservice 
hydrostatic tests, inservice leak and hydrostatic tests, as well as heatup, cooldown and critical core operations 
are explicitly defined in ref. /1/, Sect. II, paragraphs 3a to 3d. Specific criteria necessary to meet the relevant 
requirements of NRC regulations listed above are described by applicable Regulations, Codes and Basic 
documents, Technical bases, P-T requirements and Material reference temperature limits for PWR thermal 
shock events, ref. /1/, (Sect. 5.3.2.II.1 to 4). 
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Safe operational conditions are determined using principles of Linear Elastic Fracture Mechanics (LEFM)  
that applies when the nonlinear deformation is confined to a small region near the crack tip. A basic 
assumption in LEFM is that a crack or crack-like defect exists in the structure. The method determines the 
relationship between the stress field developed in the vicinity of the crack tip to the applied stress, the 
material properties, and the size of defect necessary to cause failure. The principles of LEFM are also 
applicable to crack propagation due to cyclic loading of a postulated flaw at the vessel inlet nozzle and 
beltline region. The stress field at the crack tip is described by a Stress Intensity Factor (SIF factor) KI, which 
is a function of the geometry containing the crack, the size and location of the crack, and the magnitude and 
distribution of the stress. If the crack is present, the failure will occur whenever the SIF factor KI exceeds 
some critical value KIC. For material, critical stress intensity factor can be directly measured as a function of 
temperature, or can be conservatively estimated using results from fracture toughness tests for similar 
materials. Very complex, expensive and time consuming measurement of critical SIF value (KIC) can be 
replaced with approximative and conservative computer calculations using appropriate and approved Finite 
Element (FE) packages, or with less accurate but even more conservative hand calculations.  

The ASME code specifies the maximal SIF value for specific material, known as reference stress intensity 
factor KIa. The acceptance criteria for KIa is defined by the requirement that combined thermal and pressure 
stresses at any time (KI) cannot be greater than KIa. The principles of the LEFM were used as a basis for 
calculating the reactor operation limit curves. In the calculation, a semielliptical surface defect with a depth 
of one-quarter of the wall thickness, and a length of three-half thickness is assumed to exist at the inside of 
the vessel wall as well as the outside of the vessel wall. The ASME approach for calculating the allowable 
limit curves for various heatup and cooldown rates specifies that the total stress intensity factor must not be 
greater than the reference stress intensity factor KIR at any time during heatup or cooldown. The reactor 
operation limit curves provide sufficient safety margin against nonductile failure, i.e. they assure that the 
temperature will be held above the Reference Nil-Ductility Transition temperature (RTNDT). The RTNDT is the 
temperature above which only plastic deformation accompanies fracture propagation. Reactor operation and 
fast neutron irradiation can cause an increase in the RTNDT. Therefore, an adjusted RTNDT has to be calculated 
taking into account composition of the steel (particularly the copper and nickel content) and the neutron flux, 
both being key parameters defining the effects of radiation on the fracture toughness of the material in 
beltline region. In mandatory Material Surveillance Program (App.H of CFR Part 50) the conservatism of 
adopted predictions is verified. The reference stress intensity factor for heatup and cooldown is defined by 
the equation: 

KIR = C1+C2 · exp [C3 (C4 + T - RTNDT)]  (1) 

where T is the metal temperature at the tip of postulated flaw and the RTNDT is the metal nil-ductility 
reference temperature. The constants: C1 to C4 are determined in App. G in Sect III of ASME Code. For any 
heatup and cooldown, the combined thermal and pressure stresses cannot be greater than the reference stress 
intensity factor, KIR, 

C · KIM + KIT < KIR (2) 

where KIM is the stress intensity factor caused by membrane (pressure) stress, and KIT is the stress intensity 
factor caused by thermal gradients. 

C = 2.0 for level A and B service limits and C = 1.5 for inservice hydrostatic and leak test operations. The 
allowable pressure versus coolant temperature during cooldown is calculated using composite limit curves 
generated for both finite cooldown rates and steady state, for postulated flaw assumed to exist at the inside of 
the vessel wall. Three separate calculations are required to determine the limit curves for finite heatup rates, 
i.e., the thermal gradients calculation for finite heatup rate and steady state assuming the one-quarter 
thickness crack at the inside of the vessel wall and the heatup analysis with one-quarter outside surface flaw. 
Finally, the composite curve is constructed based on a point-by-point comparison of the steady state and 
finite heatup rate data. 

2.2 Fatigue Concern 
In the previous section the basic principles of the P-T requirements to preserve the structural integrity of the 
RCS components following a single loading were discussed. On the other side, the RCS is subjected to lots 
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of moderate or very low stresses that arise from pressure and/or temperature cycles. Cyclic stress can lead to 
fatigue crack growth and finally to the failure. Fatigue failure is usually initiated by microstructural defects, 
such as inclusion particles, voids, slip-bands or machining marks on the surface. The microdamage 
accumulation results through the subcritical crack growth, where the crack extension takes place at stress 
intensities well below critical stress intensity factor KIC. As the crack grows the stress intensity at the crack 
tip increases so that crack growth is accelerated with repeated loading. Unless timely detected, the crack 
propagates and the failure can occur. The basic principles of fatigue crack growth are presented below. 

The stress intensity for a loading consisting of constant amplitude stress cycles in the range ∆σ = σmax – σmin 
is defined by the following equation: 

∆K = ∆σ · a⋅π  (3) 

Where a is the dimension of the crack. If a crack is present, it grows under the cyclically applied load during 
each load cycle depending on the stress intensity amplitude ∆K, 

( )RKf
dn
da ,∆=  (4) 

where ∆a is defined as the crack extension during a small number of cycles dn and R is the stress ratio (R= 
σmin/ σmax). 

Operating transients in a nuclear power plant cause time-varying thermal and pressure stresses across the 
component wall. To provide the necessary high degree of integrity of the RCS, the design transients that are 
sufficiently severe or frequent are selected for fatigue evaluation. Complex calculations for all possible load 
set combinations and peak stress intensities are necessary to calculate fatigue reduction factors and 
cumulative usage factors. The design transients and the number of cycles for fatigue evaluation are provided 
in USAR NEK, ref. /3/. The emergency (infrequent incidents) and faulted conditions are not included in 
fatigue evaluations. 

3 CLASSIFICATION OF NPP KRŠKO TRANSIENTS AND OPERATIONAL CYCLES 
Review and classification of NPP Krško transients and operational cycles has been performed according to 
four categorization systems: 

1) Design transient specification according to USAR NEK 

2) American Nuclear Society (ANS) categorization (based on Regulatory Guide 1.70) 

3) Categorization of transients and accidents according to NEK Technical Specifications 

4) Categorization of transients and operational cycles based on main transient parameters and plant 
operation experience. 

The results of the classification are presented by relative numbers where the referent number is either the 
total number of events that occurred at the plant or the design number (component cyclic or transient limits). 
The transients that occurred in the period between years 1981. and 2000. have been counted. 

3.1 Classification of NPP Krško transients and operational cycles according to USAR NEK 
Design transient specification according to USAR NEK provides the categorization of NPP transients that 
are considered to be of such magnitude and/or frequency to be significant in the component design and 
fatigue evaluation process. Design transients are subdivided according to operating conditions into five 
categories, ref. /3/: 

1) Normal conditions 

Any condition in the course of startup, operation in the design power range, hot standby and system 
shutdown, other than upset, emergency, faulted, or testing conditions. 



5th International Conference on Nuclear Option in Countries with Small and Medium Electricity Grids 
Dubrovnik, Croatia, May 16-20, 2004. 

 5

2) Upset conditions (incidents of moderate frequency) 

Upset conditions are defined as deviations from normal conditions anticipated to occur often enough that 
design should include the capability to withstand the conditions without operational impairment, i.e., upset 
conditions do not result in a forced outage. 

3) Emergency conditions (infrequent incidents) 

Emergency conditions are defined as deviations from normal conditions, which require shutdown for 
correction or repair of damage. Although the emergency conditions have a low probability of occurrence 
they are included in the analysis in order to provide assurance that no gross loss of structural integrity will be 
accompanied with any damage developed in the system. 

4) Faulted conditions (limiting faults) 

Faulted conditions are associated with postulated events whose consequences may impair the integrity and 
operability of the NPP to the extent that consideration of public health and safety are involved. Faulted 
conditions have an extremely low probability. 

5) Testing conditions 

Testing conditions are those tests in addition to the hydrostatic or pneumatic tests permitted by the ASME 
Code Section III including leak tests or subsequent hydrostatic tests. 

 

These transient loadings cause variations in component stress levels and induce fatigue of the affected 
components. The brief description of transient events, which have been found to be pertinent for NPP Krško 
and are significant for fatigue evaluation is summarized below. 

Heatup and cooldown at 55.6 K/hour 

The design heatup and cooldown cases are conservatively represented by continuous ramp power change 
equal to 55.6 K/hour for temperature change between shutdown temperature (322 K) and no-load 
temperature (564.8 K). The RCS design pressure variation during cooldown is based on temperature change 
rate equal to 111.1 K/hour. The expected rates are approximately 17 K/hour for heatup and 28 K/hour for 
cooldown, respectively. 

Large step load decrease with steam dump 

The transient is described by a step load decrease in turbine load from full power to 5 % power. The rapid 
increase in pressure as well as temperature on the secondary side causes the decrease in the transferred heat 
from primary to secondary side. Consequently, the increase in primary side temperature and pressure results. 
The NPP Krško is designed to accommodate the full load rejection (90 %) without reactor trip and without 
opening of the pressurizer as well as steam generator relief valves. This is accomplished by a combined 
action of steam dump that provides the heat sink to accept approximately 80 % of the turbine nominal load 
and the rod control system, which is able to accommodate the 10 % step load change. 

The following three transients on the RCS under upset conditions represent the most severe cases regarding 
the pressure and temperature stresses pertinent to fatigue crack growth.  

Loss of load (without immediate reactor trip) 

A major loss of load can result from loss of external load due to some electrical system disturbance. For a 
loss of external load without subsequent turbine trip, no direct reactor trip signal will be generated. The 
reactor eventually trips as a consequence of pressurizer pressure-high, pressurizer water level-high, steam 
generator water level-low-low or overpower delta T trip. The Loss of load transient represents the most 
severe pressure transient on the RCS under upset conditions.  
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Loss of power 

A complete loss of non-emergency AC power may be caused by a complete loss of the offsite grid 
accompanied by a turbine generator trip or by a loss of the onsite AC distribution system. The complete loss 
of non-emergency AC power may result in the loss of all power to the plant auxiliaries, including Reactor 
Coolant Pumps (RCPs), condensate pumps, etc. This transient is more severe than the single turbine trip 
event because of the fact that the decrease in heat removal following the turbine trip is accompanied by a 
flow coastdown, which further reduces the capacity of the primary coolant to remove heat from the core. 

Partial loss of flow 

A partial loss of forced reactor coolant flow can result from a mechanical or electrical failure in a reactor 
coolant pump, or from a fault in the pump power supply. The protection against a partial loss of flow 
accident is a reactor trip on low coolant flow and subsequent turbine trip. A portion of the flow from the 
intact loop bypasses the core and flows back to the cold leg of the affected loop. The reversed cold leg flow 
is further cooled in the steam generator, flows through the hot leg piping and enters the reactor vessel outlet 
nozzles. The net result of the flow reversal is a reduction in the hot leg temperature of the affected loop. 

Reactor trip from full power 

A reactor trip may occur from a variety of causes. A reactor trip from full power with subsequent turbine trip 
results in temperature and pressure transients in the RCS and in the secondary side of the steam generator. 
During the first seconds of the transient, the RCS temperature and pressure increase following the turbine 
trip because of temperature rise on the secondary side due to turbine trip. Thereafter, the RCS temperature is 
lowered rapidly by the combined effects of the reduced power generation because of reactor trip and heat 
removal from the secondary side by means of steam dump. On the secondary side the automatic steam dump 
together with auxiliary feedwater operating prevent the steam generator relief and safety valves from lifting. 
Reactor coolant temperatures and pressure do not increase significantly if the steam dump and pressurizer 
pressure control system function properly. Various temperature and pressure transients may result depending 
on the transient scenario as well as the extent of steam generator secondary side cooling. Three basic cases 
are considered. 

1. Reactor trip with no inadvertent cooldown – Steam and feedwater flow are both controlled to bring 
the plant to the no-load conditions and maintain it at no-load. 

2. Reactor trip with cooldown and no safety injection – In this case it is assumed that normal feedwater 
is not isolated in a due time following the Low average temperature & reactor trip signal. A high heat 
transfer rate through the steam generator causes the RCS temperature and pressure decrease to just above the 
safety injection point. After the main feedwater flow is isolated, the plant is brought back to no-load 
conditions. 

3. Reactor with cooldown and safety injection – This transient is similar to the previously analyzed (2), 
but it is assumed that RCS pressure decreases below safety injection setpoint. The high head safety injection 
operation lowers the RCS temperature and raises the RCS pressure. The plant is brought back to the no-load 
condition after safety injection is terminated. 

Inadvertent Safety Injection actuation 

The transient is represented by a spurious actuation of the SI high head pumps, while the plant is operating at 
100 % power. The reactor trips and the continued SI injection causes the RCS pressure increase and cooling 
below the Tno load temperature. Later in the transient, the pressurizer relief valves open thus limiting the 
RCS pressure increase. The operator is assumed to stop the high head SI pumps 10 minutes after transient 
begin. The plant is then assumed to return to no-load conditions. 

NPP Krško operational transients were classified based on data provided in ref. /5/. The results of the 
classification according to NEK USAR  are presented in Table 1. In the table the number of occurrences and 
the time to operate (in percent of design) are provided. The predicted time to operate was calculated under 
assumption of the constant event frequency, which was obtained for each category as the ratio of the number 
of occurrences and the time in operation (19-years). 
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Table 1  Classification of NPP Krško transients and operational cycles according to NEK USAR till the year 2000. 

Design transient Number of 
occurrences 

(percent of design) 

Predicted time to operate with 
respect to the trend observed in 
the first 19 years of operation1  

(percent of design life) 

1.  Heatup cycles at ≤ 55.6 K/hr 26 % 183 % 
2.  Cooldown cycles at ≤ 55.6 K/hr 26 % 183 % 
3.  Large step load decrease with steam dump 1 %2 (7 %)3 > 250 % (> 250 %)3 

4.  Loss of load 5 % > 250 % 
5.  Loss of power 12.5 % > 250 % 
6.  Partial loss of flow 2.5 % > 250 % 
7.  Reactor trip from full power without 

cooldown 
13 % (26 %)4 > 250 % (183 %)4 

8. Reactor trip from full power with 
cooldown and no SI 

2.5 %5 

 
> 250 % 

9. Reactor trip from full power with 
cooldown and SI 

20 % 237.5 % 

10. SI actuation without cooldown 10 %6 > 250 % 
1 Predicted time=100 % · 19/design life/number of occurrences (relative to design) 
2 Large load rejection cases from 100 % load 
3 All load rejection cases (Load rejection from power < 100 % does not comply with design) 
4 All reactor trip from power ≥ 50 % (Reactor trip from power < 100 % does not comply with design) 
5 All cases regardless the power are classified in the category 
6 The design number for transient “Inadvertent Safety injection actuation” was chosen for the referent number. 

The analysis of the results of the classification of NPP Krško transients has indicated that the plant heatup 
and cooldown at 55.6 K per hour consumed the major part of the available design number (26 %), Table 1. 
However, the calculated available plant lifetime assuming linear dependence (based on the first 19 years in 
operation) is still very large (183 % of design life). Reactor trip without cooldown is the most frequent event 
in the category: Upset conditions, but it has consumed only 13 % of design life during first 19 years in 
operation. If reactor trip from power ≥ 50 % had been counted as a design, it would have consumed the same 
amount as the heatup/cooldown cycle, i.e. 26 %. Other events were rare at NPP Krško and consumed less 
than 20 % of their design number. 

3.2 Classification of NPP Krško transients and operational cycles according to ANS 
categorization (based on Regulatory Guide 1.70, Rev. 3) 

The ANS categorization of plant conditions (based on Regulatory Guide 1.70, Rev. 3) divides plant 
conditions into four categories in accordance with anticipated frequency of occurrence and potential 
radiological consequences to the public. The ANS categorization does not provide the design number of 
transients for fatigue evaluation. When compared to the design transient categorization according to USAR 
NEK it provides more transient subcategories. The subcategories are mainly defined with respect to transient 
cause (e.g., for Condition II: Faults of moderate frequency).  

The results of the classification of NPP Krško transients and operational cycles are presented in Table 2. 
Because of the great number of subcategories in the original ANS table, only transients, i.e. subcategories 
that are pertinent to NPP Krško are provided. In the category: “Normal operation and operational transients” 
two subcategories were counted: 1. Plant heatup and cooldown and 2. Load rejection up to and including 
design full load rejection transient. Following conclusions can be drawn from the classification of the NPP 
Krško transients. 

1) The faults of moderate frequency represent the majority of NPP Krško events (66 %). 

2) The great majority of transients were caused by the fault or disturbance on the secondary side. 
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Table 2. Classification of NPP Krško transients and operational cycles according to ANS categorization (based on 
Regulatory Guide 1.70, Rev. 3) till the year 2000. 

CONDITION 7 NUMBER OF EVENTS 
(fraction of the total 

number)8 

1. Normal operation and operational transients 34 %9 

1.c 1 Plant heatup and cooldown (up to 55 K/hour for the RCS and up to 111.1 
K/hour for the pressurizer) 

78.8 %10 

1.c 4 Load rejection up to and including design full load rejection transient 21.2 %10 

2. Faults of moderate frequency 66 %9 

2.a Feedwater system malfunction  causing a decrease in feedwater temperature 1.5 %11 

2.b Feedwater system malfunction  causing an increase in feedwater flow 4.6 %11 

2.c Excessive increase in secondary steam flow 6.2 %11 

2. f Loss of external load 3.1 %11 

2.g Turbine trip 54 %11 

2.h Inadvertent closure of main steam isolation valves 3.1 %11 

2.i Loss of condenser vacuum and other events causing a turbine trip 5.4 %11 

2.j Loss of non emergency AC power to the plant auxiliaries 3.9 %11 

2.k Loss of normal feedwater flow 15 %11 

2.l Partial loss of forced reactor coolant flow 1.5 %11 

2.r Inadvertent operation of Emergency Core Cooling System during power 
operation 

1.5 %11 

 

2.t Inadvertent opening of a pressurizer relief or safety valve 0.8 %11 

2.x Failed transient test 15 %11 

2.y Miscellaneous reactor trip 10 %11 

3. Infrequent Faults 0.0 

4. Limiting Faults 0.0 
7 Category labels correspond to labels in ref. /3/ 
8 Event is described by a sequence of relevant occurrences, i.e., it may consist of more than one transient (e.g., event =2a+2g+Ic1) 
9 fraction of the total number of all events at NEK 
10 fraction of the total number of the recorded events in the category: “Normal operation and operational transients” 
11 fraction of the total number of the recorded events in the category: “Faults of moderate frequency” 
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3.3 Classification of NPP Krško transients and operational cycles according to NEK 
Technical Specifications 

The categorization according to NEK Technical Specifications provides 12 categories of design cycles and 
transients together with the design number of cycles, ref. /4/. In the categorization the components are 
identified that are designed and shall be maintained within the defined cyclic or transient limits. The results 
of the classification of NPP Krško transients and operational cycles according to Technical Specifications are 
presented in Table 3. The seven out of twelve categories were considered. When compared with USAR NEK 
(chapter 3.1) the categorization provides only one subcategory for reactor trip cycles. 

Table 3. Classification of NPP Krško transients and operational cycles till the year 2000. According to NEK Technical 
Specifications (for seven out of twelve categories) 

Transient Component Cyclic or transient limit Number of 
occurrences 

(percent of design) 

1 RCS Heatup cycles at ≤ 55.6°C/hr (for Tavg from ≤ 
93.3°C to ≥ 287.8°C)  

26 % 

2 RCS Cooldown cycles at ≤ 55.6°C/hr (for Tavg from ≥ 
287.8°C to ≤ 93.3°C) 

26 % 

3 RCS Pressurizer cooldown cycles at ≤ 111.1°C/h (for 
temperatures from ≥ 343.3°C to ≤ 93.3°C)  

26 % 

4 RCS Loss of load cycles, without immediate turbine or 
reactor trip (≥ 15% to 0% of rated thermal power) 

5 % 

5 RCS Loss of offsite A.C. electrical power (Loss of offsite 
A.C. electrical ESF Electrical System.) 

12.5 % 

6 RCS Loss of flow in one reactor coolant loop 2.5 % 

7 RCS Reactor trip cycles (100% to 0% of rated thermal 
power) 

10 % 

 

3.4 Classification of NPP transients and operational cycles based on main transient 
parameters and plant operation experience 

In addition to the classification according to the criteria described in previous three chapters, NPP Krško 
transients and operational cycles were classified against the criteria that were derived from the main transient 
parameters that are important for fatigue evaluation on one side and plant operation experience on the other 
side. The intention of this classification is not to oppose the design approach, but to point out at the facts that 
are important for realistic fatigue evaluation. The trends of the transient occurrences that have occurred most 
frequently throughout the observed period (1981. – 2000.) were investigated. 

The NPP Krško transients have been ranked regarding to the resulting pressure and temperature stresses. For 
reactor trip the power prior to the transient has been chosen as a classification criteria unless the resulting 
temperature change is greater than the programmed value. Four power ranges have been distinguished: 1) P1 
(power ≥ 90), 2) P2 (50 % ≤ power < 90 %), 3) P3 (10 % ≤ power < 50 %) and 4) P4 (power < 10 %). For 
transients that are most important for fatigue evaluation (e.g., transients with cooldown and pressure stress) 
100 % contribution will be conservatively assumed. However the number of the occurrences of these 
transients is very small when compared with design, Table 1. The results of the classification are presented in 
Table 4. The analysis of the results for the category that is represented most frequently (Reactor trip without 
cooldown) shows that only 27 % in the category complies with design. The cases with power less than 50 % 
that cause a very little stress represent almost 50 % (32 % + 13 % = 45 %) in the category. 
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Table 4. Classification of NPP Krško transients and operational cycles till the year 2000. – ranking the transients into  
subcategories regarding the resulting power change (categories are derived from Table 1) 

Design category (from Table 1) Subcategory Percent of the total number of NEK  
events in the category 

Loss of load - 100 % 

P2   (50 % ≤ power < 90 %) 25 % Loss of power 

P4   (power < 10 %) 75 % 

Partial loss of flow - 100 % 

P1 (power ≥ 90) - design 27 % 

P2   (50 % ≤ power < 90 %) 28 % 

P3 (10 % ≤ power < 50 %) 32 % 

Reactor trip from full power without 
cooldown 

P4   (power < 10 %) 13 % 

Reactor trip from full power with 
cooldown and no SI 

- 100 % 

Reactor trip with cooldown and SI - 100 % 

 

The results of the analysis of the trends of the NPP Krško transients in the first 19 years in operation are 
presented in Figure 1 through Figure 3. Transient trend analysis has been made for the most frequent events:  
1) Heatup/cooldown cycle at ≤ 55.6 ºC/hour, Figure 1 and 2) Reactor trip without cooldown, Figure 2. The 
analysis has not been made for other categories because the number of their occurrences is very low. In 
Figure 3 the time dependence of the occurrences for all events is presented. In general, a decreasing trend for 
all occurrences has been observed. For the category: Heatup/cooldown cycle <55.6 ºC/hr the least decrease 
of the occurrences was obtained because it accompanies the outage and cannot be avoided. However, the 
general trend is decreasing. The obtained results indicate that the assumption of the constant frequency of the 
occurrences for the calculation of the projected plant lifetime in Table 1 is too conservative. Realistic  
lifetime estimates are considerably larger than the conservative values in Table 1. The decreasing trend for 
the category: Reactor trip without cooldown (Figure 2) and for the all events (Figure 3) is far more distinct.  

Category: Heatup/cooldown cycle <55.6 C/hr 
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Figure 1. Fraction of the total number of events in the category: Heatup/cooldown cycle at ≤ 55.6 ºC/hour 
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Category: Reactor trip without cooldown
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Figure 2. Fraction of the total number of events in the category: Reactor trip without cooldown 
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Figure 3.  All events: fraction of the total number 

 

4 CONCLUSION 
The NPP Krško transients and operational cycles database that contains the information about each event that 
occurred at the plant in the period (1981. – 2000.) has been developed. The event is described by a set of 
data, i.e., by the date of occurrence, type of event and the major parameters related to pressure and 
temperature stresses caused by the event. The events have been classified according to four categorization 
systems: 1. Design Transient Specification according to USAR NEK, 2. ANS categorization of plant 
conditions, 3. NEK Technical Specification classification and 4. the categorization based on main transient 
parameters and plant operation experience. The major intent of the classification according to Design 
Transient Specification was to assess the NPP Krško against design fatigue limits. Thereby, a total plant 
lifetime assuming a constant number of events per year has been roughly predicted. The classification of 
NEK events indicated that the largest part of design life during first nineteen years of operation was 
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consumed by heatup/cooldown cycles (26 % of the total number). The ANS classification does not provide 
the design number of events for fatigue evaluation, but provides the cause of the transient. At NEK, the faults 
on the secondary side have caused the majority of events. The categorization based on main transient 
parameters considered the most frequent events for statistic review. A great number of "insignificant" events 
has been identified when compared with the total number of events. Finally, the statistics of event 
occurrences for the most frequent categories (heatup/cooldown and reactor trip without cooldown) and for  
all events that have occurred at NPP Krško has been performed. The distinctly decreasing trend for all events 
has been observed, suggesting that the calculated predicted lifetime based on the assumption of the constant 
frequency of events over the lifetime of the plant is too conservative. 
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