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Within the framework of the implementation of Measure
18101 "Seismic Resistance of Systems and Building Struc-
tures” of the "Complex (Consolidated) Safety Upgrade
Program" for NPP Power Units of the SE NNEGC Ener-
goatom, a number of report documents were developed with
the results of calculations of seismic resistance according to
the approaches in NP 306.2.208-2016 "Requirements for
seismic design and safety assessment of nuclear power
plant units", PNAE G-7-002-86 "Standards for Calculating
the Strength of Equipment and Pipelines of Nuclear Power
Plants" and the HCLPF (High Confidence Low Probability
of Failure) seismic margin value according to the ap-
proaches in the "Methods of the Design Calculation of the
Seismic Resistance of Components of Operating NPPs
within the seismic margin assessment (SMA) method MT-
T.0.03.326-13". In accordance with the basic requirements
of the SMA method, the determination of the HCLPF value
was made on the basis of the stress-strain state (SSS) analy-
sis for the zone with the maximum value of the seismic
stress component (os). However, in the framework of the
state nuclear and radiation safety examinations of report
documents of the SE NNEGC Energoatom, a number of
calculation cases were detected where the above SMA
method approach vyielded insufficiently conservative
HCLPF calculation results. It is currently relevant to de-
termine the representative cross-sections of the design
model of the elements for which the HCLPF value should
be specified. This paper considers the example-based de-
sign case that demonstrated the insufficient conservatism of
HCLPF  calculation results in choosing a
representative cross-section. Also considered are aspects of
performing the analysis of the seismic margin resistance of
NPP systems and elements with using specialized tools of
modern computational complexes to eliminate errors in
determining representative cross-sections.

non-
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The HCLPF parameter is a characteristic of the seismic margin resistance of a structure, pipeline, or
equipment related to the peak value of earthquake acceleration at the ground level. In the probabilistic sense,
the HCLPF value is defined as the 95% confidence that the element failure will occur in less than 5% of cases.
The determination of the integral HCLPF value of systems and elements is primarily caused by the necessity to
further use this parameter in performing the probabilistic seismic hazard analysis (PSHA) of Ukrainian NPPs.

In the general case, the assessment of the seismic margin resistance of NPP systems and elements by
calculation methods is performed in the following sequence:
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— a finite element model is developed;

— a modal analysis is performed;

— the seismic strength is determined in accordance with the requirements of NP 306.2.208-2016 [1];

— HCLPF parameter is determined in accordance with the requirements of the SMA method [2].

To calculate the seismic response of the element under study, depending on the results of modal analy-
sis, the SMA method [2] regulates the choice of the calculation method. In this case, the vast majority of com-
putational cases for NPP systems and elements (the first natural vibrational frequency in the range up to 20 Hz)
are analyzed on the basis of the linear spectral method (LSM), which is based on the assumption that the ele-
ments under analysis work in the linear-elastic domain. In order to reduce some conservatism in the above ap-
proach (failure to consider the elastic-plastic model of structural behavior), it is customary that an additional
dimensionless coefficient of inelastic energy absorption F, be used in the SMA method [2].

In practical calculations, to determine the HCLPF value, the factor of safety (FS) is used, which re-
flects how many times the intensity of the seismic impact on the ground must be increased in order to reach
the acceptable value of the parameter being evaluated

FS = €~ Das

1 : ey
(Ds2 +Dgyy F +8C;
where C are values of the admissible parameter (for example, admissible stresses for the calculated case of
seismic effects according to PNAE G-7-002-86 [3], which are taken to be 1.8[c], MPa); Dys is the component
of all non-seismic loads that is included in the parameter which is being evaluated for the combination of loads
under consideration (for example, this value may be o, — the calculated stress from the NO mode (normal op-
eration mode), MPa); Dy is the component of seismic inertial loads (during calculations according to the PNAE
G-7-002-86 approaches [3] this value is o, — the calculated stress from the action of the maximum design
earthquake (MDE)), MPa); D,y is the component of seismic displacement of supports (not applied in most
cases); 0Cs is the admissible parameter reduction due to seismic loading (not applied in most cases).
Considering the above, when using the PNAE G-7-002-86 [3] approaches to calculate the FS for
equipment and pipelines under pressure, formula (1) of the SMA method [2] takes the form

_(18[o]-0,)
FS= O (2)

The final HCLPF value is determined by taking into account the inelastic energy absorption coeffi-
cient (F,) by the formula

HCLPF = FS -F, - PGAyps, 3)

where PGA,p3 is the peak acceleration of the soil, or so called acceleration of the zero period on the soil at
the MDE, g.

As a rule, calculations of the seismic resistance of systems and elements of Ukrainian NPPs are per-
formed using the following structural analysis software: ANSYS; ASTRA-NPP, LIRA, dPipe, APM Win-
Machine. All of them are included in the list [6] of the calculation codes authorized by the SE NNEGC "En-
ergoatom" to substantiate the safety of nuclear installations.

Problem Formulation

Based on the need for a sustainable and systematic improvement of the quality of calculations in the
field of nuclear and radiation safety, as well as the rapid development of the capacity of structural platforms
for structural engineering analysis and geometric editors of 3D simulation, the vast majority of works pre-
sented in the assessment of the seismic resistance of computational models of complex-geometry systems
and systems of NPPs (piping systems, valves, filters, heat exchangers, air ducts, cable structures, etc.) are
simulated combinations of 3D, rod, solid, or plate elements.

In accordance with the main SMA method requirements [2], the determination of the HCLPF value is
made on the basis of the SSS analysis for the zone with the maximum contribution value of the seismic stress
component (os). However, on the basis of many years of experience in carrying out expert verification calcula-
tions of the seismic resistance of NPP systems and components within the framework of state nuclear and radia-
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tion safety (NRS) examinations, there have been identified a number of calculation cases where the above-
mentioned SMA method [2] to determine FS (see formula (2)) did not provide a sufficient level of conservatism.

In view of the above, the problem of the correct selection of the representative cross-sections of the
calculation models for determining the HCLPF value with using formulas (2)—-(3) becomes an actual subject
to be analyzed.

Development of a Finite Element Model

As an example, consider the design justification for the seismic resistance of U 26362-032 shut-off
valves (SOV) (see Fig. 1), which is given in the SS KhNPP report [5]. The report [5] underwent the state
NRS examination at the SSTC NRS [6] and was updated by the SS KhNPP with taking into account the
identified shortcomings regarding the correct determination of the HCLPF value.

The U 26362-032 SOVs understudy are the same type of equipment manufactured at one factory
with the only difference being in the tracing of connected pipelines. Therefore, according to the analysis re-
sults of the calculations of the pipeline systems with U 26362-032 SOVs, a type representative (operational
marking 1TQ30S05) was selected for further seismic resistance assessment. To correctly take into account
the operation of the pipeline-actuator system, the design model is built according to a combined approach:
pipelines are simulated as rod elements, valves are taken into account by the connected masses, and the sub-
ject of the analysis, the 1TQ30S05 SOV, is modeled as a 3D model. The investigated finite element (FE)
model is simulated from 58,582 elements, and has 74,109 grid nodes with sizes from 10 to 300 mm. The
density of the FE grid for combined 3D models, as evidenced by the practice of performing expert verifica-
tion calculations of Ukrainian NPP pipelines, allows us to determine the stress extrema for further analysis
fairly accurately.

U26362-032 valve )

Cross-section 1 \

NO,.,=21.3 MPa
MDE,,..=106.9 MPa

Cross-section 2 ‘i

NO...,=88.19 MPa
MDE,,..=104.2 MPa

Fig. 1. The design model from report [5] for the estimation of the seismic margin resistance
of the U 26362-032 (1TQ30S05) SOV and the pipelines where it is installed

The boundary conditions of anchorages are modeled according to design drawings:

— fixed supports are modeled with a rigid pinching of pipeline ends;

— guide supports are modeled with the prohibition of movements in the plane of the pipeline cross-
section and permission of movements along the pipeline;

— sliding supports are modeled with the prohibition of movements in the vertical plane and permis-
sion of movements in the horizontal plane.
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Limiting loading conditions are the following:

— internal pressure;

— pipeline load due to the weight of the environment, taken into account through the combined specific
gravity of the pipeline, which includes both the pipeline's own weight and the weight of the internal environment.

The calculations were made by the SS KhNPP with using the APM WinMachine software.

According to the SSTC NRS recommendations and in order to adhere to the conservative approach,
which is to determine the minimum value of the minimum seismic margin resistance of the structure as a whole
(for the most loaded area without taking into account the approach to differentiating stress extrema during the
formation of combinations of loads from dead weight effects), during the determination of the HCLPF value, in
addition to the standard approach of the SMA method [2], the SS KhNPP additionally verified the condition

FS = min (18 [G]_GZ ); (18 [G]TGIZMX ) ,
o5 o%)
where 6, is the stress from the NO mode, defined in the same cross-section where the extremum of stresses
from seismic loads of the MDE is localized; GJ** is the stress from the MDE mode, defined in the same cross-
section where the extremum of stresses from the MDE mode is localized.
In the case where the seismic resistance of the valves in the pipeline-valves system is analyzed, the
FS according to the SMA method requirements [2] for the system can be set according to the weakest link
principle as the minimum value obtained for all the elements of the system.

“

Analysis of Numerical Calculation Results
The results of the assessment of seismic margin resistance are shown in the table below, and the lo-
cation of representative cross-sections is shown in Fig. 1.

The results of the assessment of the seismic margin resistance of a U 26362-032 SOV with a pipeline attached
in accordance with the report [5]

Cross-section Ca, O, Admissible stress 1.8[c], .
under study MPa | MPa MPa Seismic safety factor, FS F, HCLPF
Pipeline, 21.30 | 106.9 235.26 2.00 L5 0.30
Cross-section 1
Pipeline. 88.19 | 104.2 235.26 1.41 L5 0.21
Cross-section 2
Valve body 5.70 6.2 223.20 35.08 2.0 7.01

The calculation case considered demonstrates a 30% difference in HCLPF values for those cases
where formulas (2) and (4) are used for determining FS. Thus, in some cases, the use of formula (2) leads to
insufficiently conservative results. This is primarily due to the fact that the seismic component as the de-
nominator of formula (2) has a significant effect on the HCLPF result.

An additional verification according to formula (4) is recommended to be performed if the following
situations are observed in the analysis results of the SSS received:

— there is a significant difference in the numerical values of the obtained extrema in the NO and
MDE modes (for example, NO,,,,=170 MPa, MDE,,,,,=3 MPa.);

— there is homogeneity in the nature of the picture of stress distribution in the regions where the ex-
trema of the NO and MDE modes are localized (see the example above).

It should be noted that such calculation cases are not common. The experience of performing state
NRS examinations demonstrates that in almost all cases the SMA method requirements [2] yield correct and
conservative results of calculating HCLPF values.

It should be noted that the toolkit of most modern computing platforms also includes means of graphi-
cal visualization of isopoles of any magnitude by users’ creating their own result values. Consequently, in the
post-processing calculation complex module, the user generates variables (operators) for which corresponding
result values are assigned (in our case, the stress result matrices for each node of the von Mises FE model for
the NO and MDE modes). Next, a variable is created that manages these calculation results according to a user-
defined formula (for example, in the ANSYS software package such a tool is the "User defined result"
function). Fig. 2 below shows an example of visualization of HCLPF parameter distribution isopoles.
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Fig. 2. Pipeline models (from the SSTC NRS report [7]) of the TQ33B0I tank connection
to the TQ33S27 SOV (incl.), overflow of the TQ33B01 tank of Unit 4 of SS RNPP,
visualization of the HCLPF parameter distribution isopoles in the most loaded area

The application of the above methods of using custom, user-created values in processing the ob-
tained results of seismic strength is important precisely for the principle of adherence to the conservative ap-
proach. The biggest advantage of this approach is that the HCLPF value is calculated at the hardware level
for each node of the FE model under study, which, in turn, makes it impossible for errors to be made in the
selection of representative cross-sections in determining the HCLPF value (and does not require additional
verification according to formula (4)).

Conclusions

1. Many years of experience in conducting expert verification calculations make it possible to state
that in some cases the SMA method requirements [2] do not provide a sufficient level of conservatism of
HCLPF calculation results. However, such calculation cases are not common. It is advisable to perform addi-
tional verification according to formula (4) if the following conditions are met:

— there is a significant difference in the numerical values of the obtained extrema in the NO and
MDE modes;

— there is homogeneity in the nature of the MDE stress distribution isopols in the regions where the
extrema of the NO and MDE modes are localized.

Modern computational complexes allow us to avoid errors in selecting representative cross-sections,
which is realized by the SSTC NRS in performing expert verification calculations of the seismic margin re-
sistance.

2. The use of the approaches described in this article will increase the representativeness of PSHA
results by more accurately determining the seismic margin resistance of elements.

3. Among the prospects for further research in the direction of a more accurate determination of the
HCLPF value, we should single out the following topical issues:

— correct simplification of large-scale models of pipelines with a small number of fixed supports
(among the SMA method requirements is the need to construct the pipeline segment under study to the near-
est fixed support);

— displacement of the center of mass of valve actuators in the context of its influence on the re-
sponse of the general design;

— study of the dependence of the SSS of tanks on seismic effects.
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Oco01MBOCTI 32CTOCYBAaHHS METOY IPAHNYHOI CelicCMOCTIHKOCTI PN OLiHI KOHCTPYKIii, CHCTEM Ta
eJleMEeHTIB aTOMHHX €JICKTPOCTAHLIMH 32 10IIOMOI010 PO3PaXyHKOBUX KOMILIEKCIiB

M. A. Mycradin, /1. I. Puxos, O-p I1. Illyraiino, O-ii I1. lllyraiinxo, P. 51. Bypsk,
T. B. lligraeusxnii, 5. J{. Kpyramii

JlepxaBHUIT HAYKOBO-TEXHIYHUH IIEHTP 3 SIICPHOI Ta padialliiHoi Oe3mneKH,
03142, Ykpaina, M. Kuis, Byn. Bacuns Cryca, 35-37, a/c 124

YV meorcax suxonanus 3axody 18101 «3abe3neuenns ceticmocmitikocmi cucmem ma 06y0i6eibHUX KOHCMPYKYi»
«Komnaekcnoi (36edenoi) npoepamu niosuwenns pighs be3neku enepeooioKie amoMHUX eeKmpoCmanyii» 015 eHepeo-
onoxie AEC Yxpainu J{I1 HAEK «Enepeoamom» 6y10 po3podieno HU3Ky 36imHux OOKYMeHmis 3 pe3yibmamamiu po3pa-
XyHKi6 celicmocmitikocmi 32i0no 3 nioxodamu HIT 306.2.208-2016 «Bumoeu 00 celicMOCmiliikoeo npoexmyeanus ma
OYiHKU celicMiuHOT be3neku eHepeobnokie amomuux cmanyiuy, «IIHAD I'-7-002-86. Hopmbl pacuema na npounocms
000py0osanusi u mpyoonposo008 amoMHbIX IHEPLeMULeCKUX YCMAHOB0K» Ma epanuytoi ceicmocmitxocmi (HCLPF)
32i0H0 3 nioxodamu «Memoouxku pacuemnozo anaiusa ceucmocmouxocmu snemenmos oeticmeyrowux AIC 6 pamxax
memooa epanuunou ceticmocmotxocmu. MT-T.0.03.326-13» (nadani — Memoouxa MI'C). Bionogiono 0o ocHosHux no-
noouceny Memoouxku MIC eusnauennsi nokasmuka epanuunoi ceticmocmitikocmi HCLPF (High Confidence Low
Probability of Failure — sucoxa 00cmogipHicmb HU3bKOI IMOBIPHOCII IOMOSGU) NPULIHAMO BUKOHY8AMU HA OCHOGI aHA-
T3 HANPYHCEHO-0ePOPMOBAHO20 CINAHY eNleMeHmA Olisl 30HU 3 MAKCUMANbHUM 3HAYEHHAM CellCMIYHOI CKIa0080i Ha-
npyoicerv (os). Illpome 8 pamxax GUKOHAHHA OePIHCABHUX eKCnepmu3 3 0epHoi ma padiayitinoi be3nexku 36imHUx 00Ky-
menmie I HAEK «Eunepeoamom» 6y10 6Us61€HO HU3KY PO3PAXYHKOBUX GUNAOKIB, KOAU ulye3asHadenuti nioxio Me-
moouku MI'C dasas nedocmamnvo xoncepsamushi pesyromamu pospaxyuxie HCLPF. Ha yetl uac akmyanvuum € 6u-
3HAYEHHs penpe3eHmamusHux nepepizie po3paxyHKo8oi mooeni elemMenmie, 01l AKUX MAc Oymu 6CMAHOBIeHUll NOKA3-
nux HCLPF. B cmammi na 6i0nogionomy npuxiaoi po3eisiHymuil po3paxyHKoguil unaook, sIKUil npooemMoHCmpyeas
Hedocmamuit koncepsamusm pesyiomamie pospaxynxie HCLPF 6 pasi obpanus nepenpezenmamusno2o nepepisy. Ta-
KOJIC pO32NIAHYMI ACHeKMU Npo8eOeHHs ananisy epanuunoi ceticmocmiiikocmi cucmem ma eiemenmie AEC 3 suxopuc-
MAHHAM CReYIani308aHUX THCMPYMEHMIG CYYACHUX POZPAXYHKOBUX KOMNAEKCIB Olisl VHUKHEHHS NOMUNOK NPU BUSHAYEHHI
PEnpe3seHmamueHux nepepisie.

Kniouosi cnosa: celicmocmivikicmo, 2paHudHa celcMOCMIUKICIb, KOeQIyieHm celicMIYHO20 3andacy, HANPyiCeH-
H3l, penpe3eHmamueHull nepepis.
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UDC 621.671 Among the main components that largely affect the operational reli-

ability of centrifugal pumps are bearing assemblies. Based both on

USE OF IN-HOUSE DESIGN the generalization of theoretical data and practical skills in selecting

bearings, specialists of JSC VNIIAEN developed basic design mod-

MODULES WHEN CHOOSING ules, in which a general approach to the selection and analysis of the
BEARING ASSEMBLIES performance of bearing assemblies is laid. These design modules can

work either as separate units or as part of an integrated module that
FOR PUMPS BEING DESIGNED allows us to calculate the thermal balance of the bearing assembly

system with taking into account a number of factors, such as lubrica-

Andrii A. Rudenko tion conditions, cooling methods, mandatory verification of the rec-
rudenko @ vniiaen.sumy.ua ommended design features of both individual system elements and
ORCID: 0000-0001-7267-4555 basic critical performance indicators of a bearing. Functional cause-
effect relationships of the module can help better understand the prob-

Volodymyr 1. Zaitsev lems that arise during the operation of bearings. This paper discusses
zaicev @cad.vniiaen.sumy.ua JSC VNIIAEN's in-house design modules for selecting pump bearing
ORCID: 0000-0003-1354-0703 assemblies, and proposes a new method for designing bearing assem-
" . blies, with the method based on the integrated use of individual mod-
Yuliia V. Sirobaba ules represented as an integrated module in the form of a computer-
sirobaba @vniiaen.sumy.ua aided design (CAD) system. The flexibility of the methodology used
ORCID: 0000-0003-0018-0294 allows us to supplement and improve the developed design modules

Joint-Stock Company Research and Design
Institute for Atomic and Power

Pumpbuilding (JSC VNIIAEN)
2, 2™ Zaliznychna St., Sumy, Ukraine, 40003

included in the integrated module in the form of a CAD system by
using the results of scientific research, feedback from operational
locations, and constant monitoring of various information sources.

Keywords: rolling bearings, sliding bearings, design modules, lubri-
cation, cooling, performance, thermal balance of the system.

Introduction

For more than 50 years, JSC VNITAEN has been creating high-quality pumping equipment (almost 800

types of pumps). This equipment is successfully used in many large nuclear and thermal energy complexes; oil,
chemical, sugar and food industry facilities; water supply and irrigation facilities; construction and mining
works; metro systems; agloblast-furnace and steel production; livestock complexes; public infrastructure, etc.

The durability and efficiency of a pump depends to a large extent on the correctly selected and well-

elaborated design of bearing assemblies.
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