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ALTERNATIVE METHOD OF STRENGTH ANALYSIS
FOR A HEAT-POWER EQUIPMENT UNDER
CYCLIC LOADS

B.1. Cranosybos, /I.C. Ilipxoscokuii, M. Anani, P. Anbeep6i. ANbTepHATUBHHI MeTOJ AHAJII3y YMOB MillHOCTi NPH HUKJIIYHHX
HABAHTAKEHHSIX Ha TelloeHepreTHyHe o@jagHanHsA. IIpoBencHuii y poOoTi aHanmi3 BUSBHB HAIMIIKOBHI KOHCEPBATH3M BHMOT
TexHOJNIOTIYHUX peryiaMeHTiB Oe3neynoi ekcrutyatanii BBEP momo MakcMManbHO JOIyCTUMOI KUIBKOCTI IIMKIIB HABAHTAXKCHHS Ha
TEIUIOEHepreTHyHe oOnanHanHs kiacy Oesneku B ta C. HeoOXxigHicTh meperisay BUMOT JO MaKCUMAJIBbHO JOIYCTHMOI KUIBKOCTI IHKIIB
HABAaHTAKCHHS BH3HAYAETHCS B OCHOBHOMY THUM, IO Pi3HE OOJagHAHHS MOXXE MaTH Pi3HI KOHCTPYKLIHHO-MIIJHICHI XapaKTepPUCTHKHU, a B
IIEHTHYHHX MepeXiTHUX 1 aBapiffHUX peXUMax MOXKE HECTH pi3HI LWKIIYHI HaBaHTaXKEHHsS. [IpeACTaBlieHO ajbTepHATHBHHI
KOHCEPBATHBHMII METOZA aHaji3y YMOB MIIHOCTI HPHM LUKIIYHAX HABAaHTAKCHHSX, SIKMH BPAaXOBYE B 3arajpHOMYy BHIIAIKY DI3HHUIIO
KOHCTPYKLIHHO-MIIHICHAX XapaKTEePHCTUK TEIIOCHEPIreTHYHOro OOJIafHAaHHS CHCTEM, BAXKIMBUX JUII O€3IEKH, a TaKOoXK PI3HULIO
LUKJIIYHIX HABaHTAXKEHb Ha pi3HE OOJaJHAHH/CIEMEHTH OONaJHAHHSA B 1NCHTHYHMX IEPEeXiJHUX 1 aBapiiiHMX pexxumax. Ha ocHOBI
MPEACTABICHOT0 METOJA TPOBEICHO aHali3 yMOB MIIIHOCTI Ha LUKJIIYHI HABAaHTAXKEHHS B MEPEXiJHUX i aBapiiiHUX PEXUMax 3BaPHUX
3’e/lHaHb KOJIEKTOPIB (KPUTHYHI JUI MIIJHOCTI €JIEMEHTH) Ha KOpIycax maporeHeparopis 1-ro eHepro6ioky IliBnenno-Ykpaincekoi AEC,
1-ro i 2-ro eHeprobGiuokiB PiBHencrkoi AEC. ¥V pesymbraTi BCTaHOBIIGHO, IO I BCIX PO3MISJAHMX NPUKIAAIB YMOBH MIIIHOCTI I10
LUKJIIYHIM HABaHTAKCHHAM Ha 3BapHi 3’€THAHHS KOJIEKTOPIB MapOreHepaTopiB BUKOHYIOThCS. PO3XO/KEHHSI B OTPUMaHUX PO3PaXyHKOBUX
OL[IHKAaX BH3HAYAIOTHCS B OCHOBHOMY DI3HHIICI0 KUIBKOCTI LVKIIB HABaHTAKCHHS B aBapilfHUX pexuMax 1 B peXUMax IOPYLICHHS
HOPMAJBHHX YMOB eKcIutyaramii. Po3poOiieHui anbTepHATHBHUI METOX aHali3y YMOB MIIIHOCTI HPH LUKIIYHUX HaBaHTAKCHHIX €
OOIPYHTOBaHUM 1 AJIs IHIIMX BB TEIUIOCHEPTETUYHOr0 OOJaJHAHHS — HACOCIB, apMaTypH 1 TeruooOMiHHUKIB. [IpeacTaBieHuii MeTon
MOXe OyTH BHKOPHCTAHO IUIsi BJOCKOHAQJCHHS BHMOI HOPMATHBHUX JOKYMEHTIB, SIKi PEIVIAMEHTYIOTh JIOIYCTHMY KUIBKICTH LHKIIB
TEpMIYHOTO HABAaHTAXKEHHS Ha TEIUIOCHEpPreTH4YHe obliagHaHHS. Pe3ynbTaTH NpencTaBieHOi pOOOTH BH3HAYAIOTh OOMEKEHICTh MiIXOmy
poOOTH SIEPHUX EHEPrOYCTAHOBOK 31 3MiHHOIO MOTY)KHICTIO PEAKTOpa B pOOOUMX PEKMMaX eKCIUTyaTarlil.
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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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N = Ni/[No]i ' 1)
where N; is a total number of the loading cycles for the mode i during operation (according to opera-
tion data), [N]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:

Nn(NOC) +n(VNOC) +n(DA) <[a,]. 2
The coefficient of the cumulative fatigue damage [ay] is determined in 5.6.18 [1]:
a,+a,+a
max{l - B}S[aN], 3
2

where a; are damages in operation loading cycles without high-frequency stress, a, are damages be-
cause of high-frequency stress in steady conditions, a; is the damage because of high-frequency stress

in steady conditions leading to the greatest damage during the operation, as is the sum of damages be-
cause of high-frequency stress during fluctuation cycles in the transient operational modes a; and for

resonance frequencies a;* in the same cycles:
a, =aj+a;. (4)

For the equipment of group B, limit coefficient of the cumulative fatigue damage [ay] 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:

N(NOC) =5.02, n(VNOC) =1.73, n(DA) =1. (5)
For Unit 2:
N(NOC) =4.21, n(VNOC) =2.30, n(DA) =2. (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 Rivhe-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.
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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 [No] 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 [No];.

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 [No] corresponds to the maximum stress amplitude of the integrated cycles. From
conservatism, the maximum stress amplitude [c.¢] 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 [c4] in
the operation temperature range,

Stress safety factor (n, = 2) and load safety factor (ny = 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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[6]=min {—m; 0oz —mt} 7)
r]m nO.Z nmt

where: np, = 2.6, ng» = 1.5, ne = 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:

ETel RT
ol = R,
ND™ a1
1-r ®)
ETe] R ’
low 1= N W
sINaD™ " an, g+ 17T
—r
TaT T
I A
n m
T n"[1+RTli+:j
n ©)
S /- S
L@ N R 1+r
RI1-r

where ng, ny is stress safety factor and load safety factor, respectively, m, m, are material characteris-
tics, r is stress ratio, R is strength characteristic:

RT =RT (1+1.4-102Z7), (10)

el is the plasticity characteristic:

100 _ (GT: )max - R;O.Z

el =1.1511 11
‘ 9100- Z7 2ET (1)
FOF (G’lﬂ:)max < R-KI;O.Z
100
el =1.151lg—————. 12
¢ J 100-27 (12)
From Appendix 1 [1] with the guaranteed mechanical characteristics:
Z7,Z7 <50%,
T (13)
50 %, ZT >50%.
If test results for static tension are known:
(GT: )max - REO.Z * .
el =0.005Z7 e (O ) max > R 14

el =0.005Z7, (0}) nx < Rjgo-

Characteristics E, Z™", RT are accepted equal to the minimum values in the operation temperature
range taking into account ageing. Stress safety factor n, = 2 and on load safety factor ny = 10.

From two values of [No] determined from (8) and (9) we select the smallest one.

Exponents m, m, and endurance limit RT, are accepted according to Table 1 [1].
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Table 1
Exponents m and m, and endurance limit RT,
Designation RF <700 MPa 700 < Rl <1200 MPa
RT, (for symmetric cycle) 0.4R] (0.54-2-10*RIR]
m 0.5 0.36+2-10*R’
RT
m, 0.1321g R—:‘(1+1.4~10-ZZT)
-1
For
(08 ) max < R{GY and 2(c,¢ ) <[RYgE +R{s'] (15)
stress ratio is calculated from a formula
r= (GF )max — 2(GaF ) . (16)

(GF)max
If stress ratio r <—1 or r > 1, calculation accepts r = -1.

For (o¢)m > R{GE and 2(c,:) <[R{u + R{Ge] stress ratio is determined from a formula:

max
- Res —2(04)

17
Re33 0
Amplitude of the reduced local engineering elastic stress in a cycle i is found from a formula:
(Cu )i =Ke i (6,):(9) ™, (18)
where o is a cyclic strength reduction coefficient, K is stress concentration coefficient in a cycle i:
2
Ke =R}, 1405 {%} -1; |/ (c,), (19)
p0.2

Rlo, is a material yield strength at a specified temperature, K, 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:

(o] = G, —— (20)

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

[o.:1, =[ci—aF] — for the pipeline, (21)

k
[o.]
~ks
where ¢,, ¢, 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:

[0.] =0, — for a welded joint, (22)
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Z[No](ot o, Pl #3)

where g is the coefficient depending on a type of the mode: a; =1 (NOC), a, = 1.2 (VNOC), a3 = 1.4
(DA) [1],

<Ga>maxj -R
o \ _ ! <Ga>maxj >R;
Hj [o+]1-R (24)

O’ <Ga>maxj < R’
<Ga>maxj is the maximum stress amplitude for group j of the low-frequency modes,

RT,

. .
n, 1_’_&&
R 1-r

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 10’ H2ZM®A 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.

R =

(25)

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 K, =0.12 < [ay]
Rivne-1 2003 K, =0.21 <[ay]
Rivne-2 2003 K, =0.38 < [ap]

Disagreement in estimates of criterion K 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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