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ALTERNATIVE METHOD OF STRENGTH ANALYSIS  

FOR A HEAT-POWER EQUIPMENT UNDER  

CYCLIC LOADS 
В.І. Скалозубов, Д.С. Пірковський, М. Алалі, Р. Альгербі. Альтернативний метод аналізу умов міцності при циклічних 

навантаженнях на теплоенергетичне обладнання. Проведений у роботі аналіз виявив надлишковий консерватизм вимог 
Технологічних регламентів безпечної експлуатації ВВЕР щодо максимально допустимої кількості циклів навантаження на 
теплоенергетичне обладнання класу безпеки В та С. Необхідність перегляду вимог до максимально допустимої кількості циклів 
навантаження визначається в основному тим, що різне обладнання може мати різні конструкційно-міцнісні характеристики, а в 
ідентичних перехідних і аварійних режимах може нести різні циклічні навантаження. Представлено альтернативний 
консервативний метод аналізу умов міцності при циклічних навантаженнях, який враховує в загальному випадку різницю 
конструкційно-міцнісних характеристик теплоенергетичного обладнання систем, важливих для безпеки, а також різницю 
циклічних навантажень на різне обладнання/елементи обладнання в ідентичних перехідних і аварійних режимах. На основі 
представленого метода проведено аналіз умов міцності на циклічні навантаження в перехідних і аварійних режимах зварних 
з’єднань колекторів (критичні для міцності елементи) на корпусах парогенераторів 1-го енергоблоку Південно-Української АЕС,  
1-го і 2-го енергоблоків Рівненської АЕС. У результаті встановлено, що для всіх розгляданих прикладів умови міцності по 
циклічним навантаженням на зварні з’єднання колекторів парогенераторів виконуються. Розходження в отриманих розрахункових 
оцінках визначаються в основному різницею кількості циклів навантаження в аварійних режимах і в режимах порушення 
нормальних умов експлуатації. Розроблений альтернативний метод аналізу умов міцності при циклічних навантаженнях є 
обґрунтованим і для інших видів теплоенергетичного обладнання – насосів, арматури і теплообмінників. Представлений метод 
може бути використано для вдосконалення вимог нормативних документів, які регламентують допустиму кількість циклів 
термічного навантаження на теплоенергетичне обладнання. Результати представленої роботи визначають обмеженість підходу 
роботи ядерних енергоустановок зі змінною потужністю реактора в робочих режимах експлуатації. 

Ключові слова: міцність, цикл навантаження, теплоенергетичне обладнання 

V. Skalozubov, D. Pirkovsky, M. Alali, R. Algerby. Alternative Method of Strength Analysis for Heat Power Equipment under 
Cyclic Loads. The analysis realized in the work revealed excessive conservatism of the requirements of the Technological Regulations for 
the WWER Safe Operation regarding the maximum allowable number of loading cycles for thermal power equipment of B and C safety 
class. The need to revise the requirements for the maximum allowable number of loading cycles is determined mainly by the fact that differ-
ent equipment can have different structural and strength characteristics, and it can be subjected to different cyclic loads in identical transient 
and emergency modes. There is presented an alternative conservative method for analyzing the strength conditions under cyclic loads. It 
takes into account in the general case the difference in the structural and strength characteristics of the heat power equipment of safety related 
systems, as well as the difference in cyclic loads on different equipment/equipment elements in identical transient and emergency conditions. 
Based on the presented method, the strength conditions for cyclic loads on welded joints of collectors (critical for strength elements) on the 
cases of steam generators of South Ukrainian 1 and Rivne 1&2 have been analysed in transient and emergency modes. As a result, it was 
found that the strength conditions for cyclic loading on the welded joints of the steam generator collectors are fulfilled for all the considered 
examples. The disagreements in the calculated estimates are determined mainly by the difference in the number of loading cycles in emer-
gency conditions and in modes of violation of normal operating conditions. The developed alternative method for analyzing the strength 
conditions under cyclic loads is acceptable for other types of heat power equipment – pumps, valves and heat exchangers. The presented 
method can be used to improve the requirements of regulatory documents governing the permissible number of thermal loading cycles for 
heat power equipment. The results of the presented work determine the limited approach to the nuclear power plant operation with variable 
reactor power in operating conditions. 

Keywords: strength, loading cycle, heat power equipment 
 
Introduction 
Norms for strength calculation of the equipment and pipelines [1] defines strength conditions un-

der cyclic loads as ratio of the actual number of loading cycles to their admissible number: 
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 0[ ]i i iN Nη = , (1) 
where Ni is a total number of the loading cycles for the mode i during operation (according to opera-
tion data), [N0]i is admissible number of the loading cycles for the mode i (as on the design).  

Three generalized groups of the modes are usually allocated: 
Transient processes under normal operation conditions (NOC), 
Transient processes at the violation of normal operation conditions (VNOC), 
Design accidents (DA). 
In this case, strength condition for a heat power equipment (heat exchangers, pumps, and arma-

ture) of B and C groups [2] under cyclic loads: 
 (NOC) (VNOC) (DA) [ ]Naη + η + η ≤ .      (2) 

The coefficient of the cumulative fatigue damage [aN] is determined in 5.6.18 [1]: 

 1 2 3

2

max [ ],N

a a a
a

a∗

+ + 
≤ 

 
          (3) 

where а1 are damages in operation loading cycles without high-frequency stress, a2 are damages be-
cause of high-frequency stress in steady conditions, 2a∗  is the damage because of high-frequency stress 
in steady conditions leading to the greatest damage during the operation, a3 is the sum of damages be-
cause of high-frequency stress during fluctuation cycles in the transient operational modes 3a∗  and for 
resonance frequencies 3a∗∗  in the same cycles: 

 * **
3 3 3a a a= + . (4) 

For the equipment of group B, limit coefficient of the cumulative fatigue damage [aN] has to be 
no more than 0.4, for group C – no more than 1 [1]. 

The maximum permissible number of loading cycles for NOC, VNOC and DA is given in Tech-
nical Regulations for Safe Operation (TRSO) [3]. 

The monograph [4] analyzes satisfiability of the strength condition (2) taking into account opera-
tion data of Rivne-1&2 as of 2003. As a result, for Unit 1: 
 (NOC) 5.02, (VNOC) 1.73, (DA) 1η = η = η = . (5) 

For Unit 2: 
 (NOC) 4.21, (VNOC) 2.30, (DА) 2η = η = η = . (6) 

Thus, the results (5) and (6) say that strength conditions (2) are not met for heat power equipment 
(HPE) of B and C groups at Rivne-1&2. 

Analysis of these results [4] has revealed excess conservatism of TRSO requirements for admis-
sible number of loading cycles and suitability of review of these requirements for the following basic 
reasons: 

– the different equipment can have different constructional and strength characteristics, and re-
spectively, different admissible loading cycles; 

– the different equipment can carry different cyclic loads in transient and accident operation 
modes; 

– it is necessary to consider possibility of redistribution of allowable cyclic loads in NOC, VNOC 
and DA. So, according to TRSO requirements, even one accident event leads to non-fulfillment of 
strength conditions (2) for all HPE. 

Thus, review of excessive conservative TRSO requirements for admissible number of cyclic 
loads on HPE is reasonable. It is defines relevance of the represented work. 

Analysis of recent publications and problem statement 
The regulatory document [1] presents requirements for strength calculations of equipment and 

pipelines of nuclear power plants. However, the methodological support for the analysis of strength 
conditions under cyclic loads is not specified.  

https://translate.academic.ru/cumulative%20fatigue%20damage/ru/en/
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The regulatory document [2] presents the requirements for the safe operation of equipment at nu-
clear power plants. However, methods for modelling cyclic loads on the equipment of nuclear power 
plants are not presented.  

The work [3] presents general provisions for the degradation mechanisms and prediction of the 
residual life of equipment of nuclear power plants. However, the determination of the residual life by 
thermal loading cycles is not sufficiently considered.  

The work [4] considers general approaches to ageing management and extension of the operation 
life of nuclear power plants. Methods for predicting the residual life by loading cycles were not con-
sidered in this work. 

An actual analysis of operational data on defects in the heat exchange tubes of a steam generator 
is presented in [5]. These data are necessary to predict the residual life of steam generators. However, 
methodological support for the analysis of permissible cyclic loads is not presented. 

An analysis of the failures of armature at nuclear power plants is given in [6]. It is necessary for 
predicting the residual life of armature. However, methodological support for the analysis of permissi-
ble cyclic loads is also not presented. 

Representative databases on the reliability of HPE for various nuclear power plants are presented 
in [7]. However, methods for analyzing permissible cyclic loads are not given in this work. 

The work [8] presents the basic requirements for methods of analysis of the strength conditions 
for HPE under cyclic loading. However, the methods for modelling the strength conditions were not 
directly considered in this work. 

The above analysis of literature data defines the purpose and objectives of the proposed work. 
Purpose and objectives of the study is to develop an alternative method for analyzing the 

strength conditions for heat power equipment under loads. 
The main tasks of the work. 
1. Development of the main provisions and the mathematical model of an alternative method. 
2. Analysis of the results of computational modelling. 
Alternative method of the analysis of strength conditions for HPE under cyclic loadings 
Basic provisions and assumptions. 
1. The principles of test calculations of cyclic strength according to [1] are the basis for a method. 

The calculations are performed for the following limit states: cyclic accumulation of plastic defor-
mation leading to inadmissible change of the sizes or quasistatic destruction, microcrack initiation un-
der cyclic loading. 

2. Admissible design values of loading cycles [N0] for each group j of the operational modes are 
determined from the maximum design value of the mode of the group or from total admissible number 
of loading cycles for group j. Each group j of the operational modes is characterized by the maximum 
admissible value of design number of loading cycles max [N0]j. 

3. According to 3.2 of Appendix 12 [1], an assessment of strength conditions for the equipment 
of B and C groups can integrate and reduce different types of cycles to one calculation cycle. Thus the 
number of calculation cycles is equal to the sum of numbers of the integrated cycles, and the allowed 
number of cycles [N0] corresponds to the maximum stress amplitude of the integrated cycles. From 
conservatism, the maximum stress amplitude [σaF] can be used as the last parameter. 

4. The principle of necessary conservatism for an assessment of strength conditions from loading 
cycles of HPE is provided by: 

Admissible number of loading cycles [N] corresponding to maximum stress amplitudes [σaF] in 
the operation temperature range, 

Stress safety factor (nσ = 2) and load safety factor (nN = 10) [1], 
Maximum influence coefficients of the operational modes. 
5. HPE of B and C groups from [2] is an application area of a method at NPP. 
Nominal allowable stress for the elements of the equipment and pipelines loaded with internal 

pressure accept as minimum of the following values [1]: 
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  (7) 

where: nm = 2.6, n0.2 = 1.5, nmt = 1.5. 
According to 5.6.6 [1], the maximum permissible number of loading cycles for group j of the 

modes is defined from combined equations: 
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where nσ, nN is stress safety factor and load safety factor, respectively, m, me are material characteris-
tics, r is stress ratio, T

cR  is strength characteristic: 

 2(1 1.4 10 )T T T
c mR R Z−= + ⋅ ,       (10) 

T
ce  is the plasticity characteristic: 

 max 0.2( )1001.151lg
100 2

T
F pT

c T T
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R
e

Z E

∗σ −
= −

−
.      (11) 
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c T
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e
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−
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From Appendix 1 [1] with the guaranteed mechanical characteristics: 
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If test results for static tension are known: 
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Characteristics E, ZTT, T
mR  are accepted equal to the minimum values in the operation temperature 

range taking into account ageing. Stress safety factor nσ = 2 and on load safety factor nN = 10. 
From two values of [N0] determined from (8) and (9) we select the smallest one.  
Exponents m, me and endurance limit 1

TR−   are accepted according to Table 1 [1]. 
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Table 1  

Exponents m and me and endurance limit 1
TR−   

Designation 700 МРаT
mR ≤   700 1200 МРаT

mR< ≤   

1
TR−  (for symmetric cycle) 0.4 T

mR   4(0.54 2 10 )T T
m mR R−− ⋅   

m 0.5 40.36 2 10 T
mR−+ ⋅  

mе 2

1

0.132lg (1 1.4 10 )
T
m T
T

R
Z

R
−

−

 
+ ⋅ 

 
 

 
For 

 maxmin min ( )( ) ( )
max 0.2 0.2 0.2( ) and 2( ) [ ]TT T

F p aF p pR R Rσ < σ < +            (15) 
stress ratio is calculated from a formula 

 max

max

( ) 2( ) .
( )

F aF

F

r σ − σ
=

σ
    (16) 

If stress ratio r < –1 or r > 1, calculation accepts r = –1. 
For maxmin min ( )( ) ( )

max 0.2 0.2 0.2( ) and 2( ) [ ]TT T
F p aF p pR R Rσ > σ < +  stress ratio is determined from a formula: 
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0.2

2( )T
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R
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R
− σ

= .  (17) 

Amplitude of the reduced local engineering elastic stress in a cycle i is found from a formula: 
 1

,( ) ( ) ( ) ,aF i F i a i sK −σ = σ ϕ        (18) 
where φs is a cyclic strength reduction coefficient, KF,i is stress concentration coefficient in a cycle i: 
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         (19) 

0.2
T
pR  is a material yield strength at a specified temperature, Kσ is the theoretical stress concentration 

coefficient determined from Appendix 3 [1]. 
To obtain the maximum stress amplitudes it is necessary to consider such modes when parameter 

changes cause the minimum and maximum stresses into the considered zone.  
The allowed amplitude of engineering elastic stress for temperatures specified in 5.6.4 [1] is de-

termined by multiplying the calculated values by the ratio of the elastic modulus at the set temperature 
to the elastic modulus at a maximum temperature: 

 
max

[ ] ( )
T

aF a T

E
E

σ = σ . (20) 

For conditions of corrosive medium, nominally admissible amplitude of elastic cyclic stresses is 
accepted as: 

 [ ][ ] aF
aF k

k

σ
σ =

ϕ
 – for the pipeline, (21) 

 [ ][ ] aF
aF ks s

ks

σ
σ = ϕ

ϕ
 – for a welded joint, (22) 

where ,k ksϕ ϕ   is the coefficient of corrosion reduction in cyclic strength of the main metal and a 
welded joint defined according to requirements [1], respectively. 

According to the accepted assumptions, strength condition for loading cycles on the separate 
equipment / element of the equipment: 
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where αj is the coefficient depending on a type of the mode: α1 = 1 (NOC), α2 = 1.2 (VNOC), α3 = 1.4 
(DА) [1], 
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ja max
σ  is the maximum stress amplitude for group j of the low-frequency modes, 
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T
m
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σ
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.      (25) 

Analysis of results of calculation modelling. The vessels of steam generators of South-Ukrain-1 
and Rivne-1&2 are considered as an example of application of the obtainable strength condition (23), 
(24). The insert node of a primary coolant collector is a strength critical WWER steam generator ele-
ment. This zone is most loaded because of the welded joints that are the increased stress concentrators. 
Vessel material is 10ГН2MФA steel. 

The generalizing transient and accident processes are: 
– start of the main circulating pump of loop earlier not operating (NOC); 
– loss of feedwater supply in the steam generator (VNOC); 
– unfitting of the safety valve in the steam generator (PA). 
Strength characteristics of metal change of heathydrodynamic parameters in transient and acci-

dent operation modes, operational data on loading cycles and failures, constructional and technical 
parameters and other basic data are taken from [1, 4 – 8]. 

Results of calculations are provided in Table 2. 
Table 2 

Results of calculations of strength conditions of an insert node of a collector of the steam generator 

NPP, Power unit Year of operation Strength condition 
South-Ukrain-1 2010 ΚА = 0.12 < [aN] 

Rivne-1 2003 ΚА = 0.21 < [aN] 
Rivne-2 2003 ΚА = 0.38 < [aN] 

 
Disagreement in estimates of criterion ΚA are generally defined by difference of number of load-

ing cycles in the DA and VNOC modes. 
Conclusions 
1. The analysis realized in the work revealed excessive conservatism of the requirements of the 

Technical Regulations for WWER Safe Operation regarding the maximum allowable number of load-
ing cycles for thermal power equipment of B and C safety class. The need to revise the requirements 
for the maximum allowable number of loading cycles is determined mainly by the fact that different 
equipment can have different structural and strength characteristics, and it can be subjected to different 
cyclic loads in identical transient and emergency modes. 

2. There is presented an alternative conservative method for analyzing the strength conditions 
under cyclic loads. It takes into account in the general case the difference in the structural and strength 
characteristics of the heat power equipment of safety related systems, as well as the difference in cy-
clic loads on different equipment/equipment elements in identical transient and emergency conditions. 

3. Based on the presented method, the strength conditions for cyclic loads on welded joints of 
collectors (strength critical elements) on the cases of steam generators of South-Ukraine-1 and Rivne-
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1&2 have been analysed in transient and emergency modes. As a result, it was found that the strength 
conditions for cyclic loading on the welded joints of the steam generator collectors are fulfilled for all 
the considered examples. The disagreements in the calculated estimates are determined mainly by the 
difference in the number of loading cycles in emergency conditions and in modes of violation of nor-
mal operating conditions. 
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