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THEORETICAL GROUNDS FOR THE EQUIPMENT'S
OPERABILITY AND SAFETY ESTIMATIONS OF NUCLEAR
POWER PLANTS WITH EMERGENT PROPERTIES TAKING

INTO ACCOUNT

O.B. €ghimos, FO.B. Pomauios. TeopeTHUHi 0CHOBM OLIHKHM NMpale3AaTHOCTiI 00/1alHAHHSI ATOMHHUX €JeKTPOCTAHWii Ta iforo
Ge3meuHoi po6oTH 3 ypaxXyBaHHsSIM CHHEPreTHYHHX edekTiB. OOroBOPIOIOTHCS MIAXOJH A0 OLIHKHU Mpale3JaTHOCTI Ta Oe3rmeku obnai-
HanHsi AEC. MeToro aHOI CcTaTTi € KOHIENTyajlbHa po3po0OKa IMiIXO0/iB, MOJENCH 1 METOAIB, SKi pOOJIATH MOXKJIMBUM OTPUMAHHS OLIHKH
nparesnataocti i 6esnexn AEC 3 ypaXyBaHHSM MOMKIMBOTO BHHUKAIOTh BJIACTUBOCTEH LMX cucTeM oOnajgHaHHsA. HaykoBa i mpakThyna
LHHICTh pe3yJbTATIB € PO3pOOKa ITiIX0AIB, MOJeIeil METOMIB, SIKi JO3BOJLSIIOTH OTPHMATH OLIIHKH IPAIe3AaTHOCTI eKCILTyaTalii 001a HaHHs
ta O6esneku AEC, Gepyuu 0 yBarum MOKJIMBI €MEpDKEHTHI BIACTHBOCTI, SKi HEXTYBaJH B IiJXOJaX, MOZEIEH 1 METOAIB, JOOpe 3HAHHUX
cporofiHi. Po3riaryro 3aranbHi migxoam a0 moOyIOBM MaTeMaTHYHUX Mojened BiamoBinansHOro oonagnanus AEC, sika 3 ypaxyBaHHAM
B3a€MOJIT Pi3HUX 30BHIMIHIX (aAKTOPIB, AKi MOXKYTh NPU3BECTH 1O CHHEPreTHYHUX edexTiB. OCHOBHMII pe3ynbTaT € BCTAHOBIEHA MOX-
JIMBICTh MaTEMaTUYHOrO MozentoBaHHs oOnaaHanHs AEC y Burisai cucrtem, moB'si3aHi KpaiioBoOi 1 MOYAaTKOBO-KpaioBHX 3a/1ad, 110 J03BO-
Jisie OpatH 0 yBark MOXKJIMBI eMEp/DKeHTHI BIaCTHBOCTI. ['OJIOBHMI BHCHOBOK IIEPCHEKTUBHHX 3aCTOCYBaHb METOAM — JMCKPETH3ALIisl JUIst
YHCeNBHOro aHali3y einemeHTiB AEC. 3HaueHHs OTpUMaHKX Pe3yJIbTaTiB IIOJSrae B po3po0ili TEOPETHIHMX OCHOB JUISl OLIIHKH Npale3/1aTHO-
cti i 6e3nekn AEC o0OnasHaHHS NUISIXOM 3 ypaxyBaHHSIM MOXKIMBUX €MEP/KEHTHHX BIACTHBOCTEH.

Kniouosi cnoea: eneMeHTH 00NaaHaHHs Ta TexHONoriuHi npouecd AEC, 30BHIIIHI BIUIMBOBI (aKTOpH, CHHEPreTHYHI eheKTH, mparie-
30aTHICTh, MiLIHICTb, PyHHYBaHHs, HAIiiHICTh, MATEMaTUYHI MOJICIi, YUCEIIbHE IHTErPyBaHHS

O.V. Yefimov, Yu.V. Romashov. Theoretical grounds for the equipment's operability and safety estimations of nuclear power
plants with emergent properties taking into account. The approaches to the evaluation of equipment's operability and safety of NPP are
discussed. The purpose of this article is the conceptual development of approaches, models and methods that make possible to obtain as-
sessments of the equipment's operability and safety of NPP taking into account possible emergent properties of the systems. The scientific
and practical value of the results of this article is to develop approaches, models and methods that allow us to obtain estimates of the equip-
ment's operability and NPP safety, taking into account the possible emergent properties that are neglected in approaches, models and meth-
ods well-known today. General approaches to the construction of mathematical models of the responsible equipment of NPP, which taking
into account the interaction of various external factors that can lead to synergistic effects, are considered. The main result is the established
possibility of mathematical modelling of NPP equipment in the form of systems of connected boundary and initial boundary value problems,
which allows us to take into account possible emergent properties. The main conclusion is promising applications semi-discretization meth-
ods for numerical analysis of NPP elements. The value of obtained results consists in developing of theoretical foundations for estimating the
equipment's operability and safety of NPP by taking into account possible emergent properties.

Keywords: nuclear power plants, equipment's operability, safety, external influencing factors, emergent properties, mathematical
models, numerical integration

Introduction. Estimation of equipment's operability and safety of nuclear power plants, such as
in-house devices of nuclear reactors and steam generators, is significantly hampered by the variety of
external factors (mechanical and thermal loads, radiations and corrosive aggressive mediums) the re-
sults of which exceed the results of these factors individually due to the possible emergent properties.
Emergent properties influence on the safety of technical systems has been significantly interested
now [1, 2]. It is important to take into account the emergent properties of the technical system that are
not expressed through the properties of the elements entering into it, including in research and ensur-
ing the reliability and efficiency of technology. Prediction of possible emergent properties has the
great importance for the safety estimations of nuclear power plants, because it allows us to identify the
initial events of the accident and more accurately assess the probability of their occurrence [3, 4].
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Evidence of emergent properties presence based on the operation experience of NPP units.
At the present time, the problem of the operability estimating of the critical elements of the nuclear
power plant equipment, including the in-house elements of nuclear reactors and steam generators, has
not been fully resolved, as evidenced by damages of different equipment's elements that occur periodi-
cally during the operation of nuclear power units, and the causes of many such damages are still accu-
rate not understanding.

Cases of failure in the operation of the control and protection system due to the delay in the fall
of the regulating rods due to the curvature of the guide channels of the fuel assemblies since 1992 have
been recorded on most VVVER-1000 units [5]. The causes of the guide channels curvature consist in
the loss of stability due to excessive compression [5], which agrees with the approximate estimates of
the critical compressive forces of the guide channels [6]. Although the measures taken to reduce the
compressive forces have led to a positive effect [5], the reasons for the excessive “clamping” of the
guide channels have not been precisely established and, apparently, are due to the emergent properties
of the complex of external factors.

There are all known cases of depressurization of fuel rod cladding [5], which can be dangerous
because of the increase in radioactivity of the coolant because the cladding is the first protective barri-
er separating nuclear fuel from the surrounding environment; exceeding the permissible number of
destroyed fuel cladding requires the shutdown of the nuclear reactor and the reloading of nuclear fuel.
Depressurization is a consequence of the destruction of the material of the fuel cladding, which occurs
with the simultaneous occurrence of many processes, including thermo elastic deformation, corrosion
damage, creep, embrittlement under mechanical contact between fuel and cladding, or high gas over-
pressure, which are determined by thermal conductivity and heat transfer, emission of gaseous prod-
ucts fission and diffusion [7]. Thus, the destruction of the fuel cladding should be considered as the
emergent properties effect, i.e. as an unobvious result of the interaction of a multitude of factors. At
the same time, there is an uncertainty of the initial data necessary for estimating the durability of the
fuel cladding [8], which leads to the possibility of destruction due to the unevenness of the neutron
flux and the probabilistic nature of nuclear reactions and other factors.

The damages of the output collectors were discovered in 1986 after several years of operation on
25 PGV-1000 steam generators and led to repairing of two and replacing the 23 steam generators at
operating NPP [9]; these damages are due to the emergent properties presence and, as noted in [9], are
caused by the complex multifactor effect of different nature factors. It was possible to develop
measures that reduce the residual stresses and allow excluding such damage of the output collectors in
the future [9], despite the lack of a deep understanding of the processes that caused damage. Neverthe-
less, the study of the damaging process of the output collectors of PGV-1000 steam generators is of
considerable interest, especially due to the fact that the damages was observed only at the output col-
lectors having a lower temperature than the input collectors.

Damages of the heat exchanging pipes of steam generators of NPPs with VVER are due to the
corrosion cracking of stainless steels [9]. The stress corrosion cracking occurs only under the com-
bined action of tensile stresses and corrosive environments [10] and must be considered as the emer-
gent properties effect. It is required the development of a model for stress corrosion cracking of stain-
less steels [10], taking into account the mechanical stress factors and chemical composition of the cor-
rosive medium, to estimate the quantitative data about the effect of mechanical stress factors and
chemical properties of the corrosive medium on cracking time and reliability parameters of heat ex-
changing pipes of steam generators of nuclear power plants with VVVER which was carried out in [11].
The results of the researches [10, 11] showed that relatively small changes in the tensile stress and
concentration of the corrosive component lead to a significant change in the time of stress-corrosion
cracking of the heat exchanging pipes of steam generators of NPP with VVER, which explains the
possibility of cracking of individual heat exchanging pipes and the normal operation of other heat ex-
changing pipes in one steam generator at the same time. More reasonable estimates of cracking time
require researches of regularities in the concentration of corrosive active components on heat exchang-
ing piped of steam generators of nuclear power plants.
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The damage to equipment elements observed during the operation of NPP units before the com-
pletion of the design life indicates some drawbacks of the approaches traditionally used to assess the
operability, for example [12]. These drawbacks are associated from the point of view of the system
approach [13] with the use of the decomposition method — dividing the system under consideration
into subsystems, as, for example, in [12], where they consider separately instant destruction due to
high mechanical loads exceeding the yield strength and long-term failure due to creep, fatigue, embrit-
tlement and other factors. Naturally, the decomposition does not allow for the consideration of emer-
gent properties, and it is therefore not surprising that the damage to the equipment observed during the
operation of NPP units before the end of the design life is due to synergistic effects that cannot be pre-
dicted by traditional approaches. Although relatively infrequent failures of NPP equipment due to
emergent properties in most cases do not create significant difficulties for further operation, the devel-
opment of approaches to a more reliable assessment of equipment performance and safety through the
consideration of emergent properties is significantly interested from the point of view of developing
prospective NPP projects.

Models of the state of NPP equipment elements for operability estimating taking into ac-
count the emergent properties. The calculated estimation of the operability of the critical elements of
the NPP equipment is based on the study of the regularities of these elements deformation by various
external influencing factors generated in different modes of operation, which eventually leads to the
achievement of the limiting state, which is realized, for example, in strength calculation stand-
ards [12]. Evaluation of the influence of some emergent properties on the operability of NPP equip-
ment elements is possible if we take into account the influence of several external factors affecting the
regularities of the deformation of the equipment elements, such as, for example, in [14], where the in-
fluence of stress-corrosion cracking and creep on the deformation and failure of pipes was taken into
account. A general approach to constructing mathematical models of the deformation of NPP equip-
ment elements, taking into account the influence of several external factors, can be proposed on the
basis of the results of [10, 11, 14 — 16], and let consider this approach further.

Let denote as u"” the vector with components, which define the stress-strain and temperature

state of the equipment's element of NPP; the vector u® can be consisted on the stress and strain ten-
sor's and displacement vector's components, temperature and heat flow vector's components. The NPP
structural element can be deformed by the external mechanical loads under the influence of creep, cor-
rosion-active compounds and other factors, which can be leaded to the material properties changing
and other changings in structural element's state. Let denote as u® the vector with components,
which define the processes influencing on the stress-strain and temperature state of equipment's ele-
ment of NPP; the vector u® can be consisted the creep deformation tensor's components, concentra-
tions of diffusing corrosive components, etc. Disregarding the forces of inertia, as is customary, for
example, in calculating the strength of NPP equipment [12], we present the model of deformation of
the NPP structural element in the form of a boundary value problem:

where A® and f® are the operator and the vector, corresponding to the differential equations, L
and p(l) are the operator and the vector, corresponding to the boundary conditions of the mathemati-

cal model of the NPP structural element deformation; z is the vector with components, which define
the external influencing factors; X, ¥ and v are the vector of the point's coordinates, domain and the

boundary surface of the body representing the NPP structural element.
The equations and boundary conditions of a deformable solid body mechanics, in which the in-

fluence of processes characterized by a vector u'® was considered, are usually the equations and
boundary conditions in problem (1). The simplest example is the equations of the theory of elasticity,
in which the constants characterizing the properties of materials (modulus of elasticity, etc.) depend on
the concentration of hydrogen diffusing into the structural material.
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Boundary value problem (1) defines the stress-strain and temperature states of the NPP structural
element for the given vector u® . To consider the influence of the processes characterized by the vec-
tor u®® on the NPP structural element deforming it is necessary to solve the boundary value problem (1)
with the equations, which define the vector u® changing during the operating time t; these equa-
tions lead us to the initial boundary value problem, which can be represent in generalized form as:

)

where A® and £ are the operator and vector, corresponding to the differential equations, L and
p‘z) are the operator and vector, corresponding to the boundary conditions of the mathematical model

of the processes influencing on the NPP structural element; u'? if the field of the vector u®® in the

beginning moment t =0 of the time.

The initial boundary value problem (2) makes it possible to describe, for example, the process of
hydrogen corrosion, which is the diffusion of hydrogen into the structural material and, as a result,
leading to a change in the properties of this material, as considered, for example, in [17]. The descrip-
tion of the creep strains can also be represented in the simplest partial form (2) corresponding to the
initial problem for the creep strain field, as discussed, for example, in [16]. We can introduce a vector

u® and the equations, boundary and initial conditions necessary for its determination to take into
account other factors affecting the deformation of NPP equipment elements and not represented in the

vector u® | etc. An example is the continuous corrosion consideration, when the vector u‘® contains
parameters characterizing the degree of corrosion damages of the structural element, the depth of the
layer destroyed by corrosion under the boundary surface of the metal for example. We take into ac-
count that solid corrosion changes the geometry of the considered element of equipment; we assume
that the rate of continuous corrosion can depend only on the stress-strain state, and as a result we ob-
tain a model of continuous corrosion in a generalized form [18]

ou®

Y=Yu®), v=ou®); =fOWU®,u®;z), u®|_=ud, 3)

where @ is the vector function, which define the continuous corrosion velocity corresponding to the
assumed mathematical model; u$ is the vector, defining the initial field of the vector u®® .

The continuous corrosion's accounting leads us to difficult mathematical problem of the solving
of the boundary value problem (1) and the boundary value problem (2) with a movable boundary,
which is defined by the relations (3). In some cases the numerical integration of the equations of the
stress-deformed state with the movable due to continuous corrosion boundary was discussed in [18]
for example.

Mathematical models presented in the form (1) — (3) for describing deformation and their appli-
cation for the operability estimations of NPP equipment elements constitute the central idea of the
work [15], in which some synergetic effects due to interference of various external factors, in particu-
lar the effect of creep on stress corrosion cracking [14].

The vector z contained in (1) — (3), which can characterize, for example, pressure, temperature,
concentration of corrosive-active components and other characteristics of working mediums, as well as
force fields and radiation acting on equipment elements, was considered in [15] as predetermined; vec-
tor's z components values was chose for the considered as the expected operating conditions. The
approach to modeling the deformation of NPP equipment elements, based on the construction of
boundary, initial and initial-boundary value problems (1) — (3) developed in [15], can be substantially
expanded due to a more valid definition of the external factors presented by the vector z . In fact, the
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vector z can be considered not predetermined a priori, but to determine it as the result of programs of
control actions corresponding to different modes of operation of NPP units, taking into account the

influence on the stress-strain vector u® and damage vector u® of the equipment's structural ele-
ments. This can be realized if we will propose a mathematical model for determining the vector z :

2—?+A‘Z)(z,u(l))zf(z)(z,u“);c),z[_ozz0 Vxe YD LDz, u®) =pP(z,u®;c) vxev?, (4)

where A® and f® are the operator and vector, corresponding to the differential equations, L and
p(z) are the operator and vector, corresponding to the boundary conditions of the mathematical model
of the external influencing factors leads to the deformations and damages of the NPP structural ele-
ments during the operation; C is a vector of the technological process control parameters; z, is the

field of the vector z in initial time moment t=0; Y® and v'® are the domain and the boundary
surface of the volume in which occur the technological processes that generate the external influencing
factors of the structural elements.

Relations (4) represent the mathematical model of the technological process of an NPP unit's
equipment (a nuclear reactor or steam generator for example) or some subsystem of its (a fuel assem-
bly or a fuel rod for example), depending on the operability of which element is researched. An exam-

ple of the dependence of the vector's z velocity of a on the vector u® is the dependence of the pres-
sure in the fuel rod (the vector's Z component) on the gap between the fuel and the cladding, which
also depends on the radial displacement of the inner surface of the cladding (the vector's u® compo-
nent) [7]. The vector ¢ corresponds to the process control program and, of course, must be predeter-

mined; different modes of operation of NPP equipment correspond to their vectors C, so that solving
the related problems (1) — (4), we can estimate the deformation of NPP equipment's elements taking
into account emergent properties in different operating modes.

Numerical integration of differential equations of mathematical models of the state of NPP
equipment elements taking into account emergent properties. It is necessary to use numerical meth-
ods for the related systems of differential equations with the boundary and initial conditions (1) — (4)
solving to the operability estimating of NPP structural elements, because analytical solutions can't be
obtained because due to the nonlinear terms present in the differential equations and boundary condi-
tions. In [15], [16] it was suggested to apply the Bubnov-Galerkin method for numerical integration of
systems of equations involving problems (1) — (3) and was shown that many problems can be effec-
tively solved by this approach. The technique of the Bubnov-Galerkin method applying for solving
problem (1) — (3) consists in the fact that this problem is represented in the form of a single operator
equation:

%l:+A(u)=f(u;z), B(u)l,=uf W¥xeY; Lu)=p(u;z) Vxev, 5)

where u is the vector including all the components of the vectors u® and u‘® ; operators and vector
functions included in the differential equations, boundary and initial conditions have a block structure
and contain corresponding operators from (1) and (2).

To satisfy boundary conditions from (1), (2) the methods of R-functions developed by academi-
cian V.L. Rvachev and his followers were used in [15], [16], but the structure of solutions that exactly
satisfy all the boundary conditions are represented in the generalized matrix form:

un:uu+Un'an(t)’ (6)
where u, is the approximation of the desired solution that exactly satisfies the boundary conditions
and corresponds to the number n of trial functions; u is the vector function and U is the matrix
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composed of trial functions whose components are constructed with the help of R-functions; a, (t) is

the vector containing the coefficients to be determined.
To determine the vector a,(t), in accordance with the Bubnov-Galerkin method, we use the

condition that the residual of the differential equations is equal to zero, which leads to a system of or-
dinary differential equations:

(I () -U,dY ]danﬂ (U -AQU, +U, -a,)dY = [(U,)" f(u,+U, -2, 2)dY. ()

dt
The initial conditions are satisfied by the method of least squares:
d
B(u,+U,-a (0)-ul®)?dy =0. 8
dan(0>£((° 2+2,(0) - uf?) (8)

Thus, the problem (1), (2) was reduced to the integration of the ordinary differential equations (7)
with allowance for the initial conditions presented in the form (8). The experience of solving creep
problems [16] shows that for the integration of differential equations (7), the Merson method [19, 20]
is very effective, in which the integration step is automatically selected in accordance with the given
permissible error of integration. In this case, the error of the resulting approximate solution should

theoretically decrease with increasing the number n of trial functions, and, as a consequence, an ap-
proximate solution obtaining with an acceptable accuracy requires the calculating a large number of
integrals representing the coefficients of the differential equations (7), which can be very laborious
even for modern computers.

The error of the approximate solutions of problem (1), (2) essentially depends on the error in cal-
culating the coefficients of the differential equations (7) by approximate integration, for example,
guadrature formulas using. As a consequence, approximate solutions obtaining with an allowable error
requires large amounts of computation, which was noted in [16] in the context of creep problems. Be-
cause of this, we have to find more efficient methods than those proposed in [15], [16] for nhumerical
integration of coupled systems of differential equations with boundary and initial conditions (1) — (4).
An analysis of the experience of Japanese specialists in modeling the behavior of fuel elements of nu-
clear reactors [7] testifies to the effective application of finite difference methods and finite elements
for the solution of such problems requiring analysis of thermal conductivity, diffusion, deformation
taking into account creep and contact interaction.

A key problem in using the finite-difference method for solving the initial-boundary value prob-
lem (5) is to determine the relationship between the time T integration step and the spatial coordinates
X, which is complicated by the fact that the operators of the initial-boundary value problem (5) have a
block structure corresponding to equations (1) — (4) of different types. In [7], the step of integration
over time changes in the process of solving the problem, when modeling the behavior of fuel elements
using finite-difference and finite elements methods. Thus, the effectiveness of the Merson method for
the theory of creep problem solving [16] is apparently connected with the possibility of automatically
choosing the time integration step.

As an alternative to the approach proposed in [15], [16] on the basis of the Bubnov-Galerkin
method for solving problems like (1) —(4), we can consider a semi-discretization method [21], in
which finite-difference formulas are applied only for spatial coordinates X and the result is a system
of ordinary differential equations with respect to time-dependent nodal values. The solution of differ-
ential equations obtained in this way should be performed numerically by the Merson method and, by
automatically selecting the integration step, coordinate the integration step with respect to time and
spatial coordinates. As applied to the initial-boundary value problem (5), this approach leads to ordi-
nary differential equations:

EHEPI'ETHUKA. TEIUVIOTEXHIKA. EJIEKTPOTEXHIKA



ISSN 2076-2429 (print) i ot . A . 51
ISSN 2223-3814 (online) Odes’kyi Politechnichnyi Universytet. Pratsi, Issue 2(52), 2017
ou
tn +An(un)=fn(un;z)’ (9)

where U is the vector of nodal values of unknowns; 1 is the number of grid nodes; A, (u,) is the

operator and f_(u,; z) is the vector function, obtained as a result of the transition from continuous

functions to their nodal values by means of finite-difference formulas for the derivatives with respect

to the spatial coordinates X .

The application of the differential-difference method (9) makes it possible, without significant
difficulties, to satisfy the initial conditions and boundary conditions, as in the method of finite differ-
ences. In this case, the matrices of the coefficients of the differential equations (9) will be band-like, in
contrast to the densely filled matrices of the coefficients of the differential equations (7), which, when
using special computational methods, will make it possible to dispense with smaller volumes of re-
quired computational memory. As applied to the solution of the problems of creep theory, considered
earlier in [18] with the help of the Bubnov-Galerkin method, recent studies have shown considerable
advantages of the semi-discretization method. The publication of the results of these studies is of par-
ticular interest.

Conclusions. The presented research results allow us to conclude:

— the consideration of possible emergent properties is the current trend in the problem of opera-
bility estimation of NPP equipment's structural elements critical for the operational efficiency and the
nuclear safety;

— mathematical models allowing to take into account possible emergent properties, can be pre-
sented in the form of related boundary and initial boundary value problems, each of which describes
the particular processes occurring during the operation of NPP equipment;

— necessary for the operability estimation mathematical models of deformation and fracture of
NPP equipment's structural elements can be considered together with mathematical models of appro-
priate technological processes that take into account the control program, which requires interdiscipli-
nary studies of mechanics of deformable solids, reactor physics, heat conductivity and heat transfer
and other areas;

— it is of considerable interest to develop numerical methods for solving systems of coupled
boundary and initial boundary value problems that combine differential equations of different types. In
this connection, a differential-difference method is promising, in which the resulting ordinary differen-
tial equations are solved using the Merson method with an automatic choice of the integration step.
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