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QUALIFICATION OF NUCLEAR REACTOR NOMINAL
POWER UPGRADES

B. Cranosybos, 10. Kayapcokuii, FO. Komapos, €. Masyp, B. Kounecsa. Kanidikanis moaepHizaniii HoMiHaILHOI NOTY:KHOCTI
siIepHUX peakTopiB. B excTpeMasbHMX yMOBaX BOEHHOTO 4Yacy BHACHIJOK MOLIKOKCHHS/PYHHYBaHHs/ OKyMHalii LiIOro psmy
CHEProreHepyunx 00’€KTiB Ta Oe3MepepBHUX MOIIKOKCHB/PYHHYBaHb KPUTHYHOI IHPPACTPYKTYPH CHEPreTUKH YKpaiHU MpiOpUTETHA i
aKTyaJbHa 3aJa4a CKCIUTyaTyO4oi OpraHizamii aTOMHHX eJeKTpH4YHHX craHmiii ([epxaBHe mignpuemcrBo «HamioHampHa aTOMHA
eHeproreHepyrouda Kommasis EHeproaTtom») — mifBUIIEHHS €(QEKTUBHOCTI OE3NeyHOl eKCIUTyartalii AiF0YMX aTOMHHX EHEproOJIOKiB Ha
OCHOBI KBaniikamii Ta BHPOBAa/PKEHHS CTPATEriil IMiIBHINEHOI HOMIHAIBHOI MOTY)KHOCTI Ta TPHBAJIOCTI MaJMBHOI KaMmmaHil sAepHUX
peakrtopiB. IlpencraBieHo aHaii3 BiIOMUX MiIXOAiB oOIpyHTyBaHHsS (KBamidikamil) cTpareriii ekcruryartauii sSIEpHUX PEAKTOPIB THUILY
BBEP/PWR Ha niiBuIeHiii HOMiHaNBHIH MOTYXHOCTI. BcTaHOBNIEHO, 1110 OCHOBHI HEOMIKH BiIOMUX MiX0MiB KBaui(ikamii MogepHizalii
AKTHBHOI 30HM SJEPHOTO PEaKTOpa IMOJTaoTh y 3aJEeKHOCTI pe3ynbTaTiB kBadidikamii Bix crnocoOiB peamizamii cTparerii ekcruryaranii
SIIEPHUX EHEPTrOYCTAHOBOK Y PEKMMaX MiIBUIICHOT HOMIHAIBHOI TIOTYXKHOCTI, @ TaKOX BiJl €(eKTiB Pi3HUII JETEPMiHICTCHKHX KOJIB Ta/abo
KOpPHUCTYBa4iB KOJIaMH, 1110 3PEIITO YCKIAIHIOE 00’ €KTHBHY IHTEpIIpeTalio pe3ynbTariB kBamidikanii. Po3pobiaeHo kpuTepianbHuil MeTON
kBamiQikanii cTpaTerii ekcIuTyaTanii sIepHIX PeaKTOpiB Ha ITiBUIIEHI HOMIHABHIl MOTYXKHOCTI Ha OCHOBI MOJIEpHi3alil TermnoQiznIHuX
BJIACTHBOCTEW SJCPHOTO TajKMBa Ta KOHCTPYKIIHHO-TEXHIYHHX IAapaMeTpiB €JIEMEHTIB TBEINiB, SIKMH BUKIIOYAE BIUIMB €(EKTIB Pi3HUIL
JIETEPMIHICTCHKUX KOJIB Ta/ab0 KOPUCTYBayiB KOJAMHM Ta BpAaxOBYe YMOBH 3a0e3leueHHs Oe3MeKH LI0A0 TPAaHUYHO JIOMYCTUMHX
TeMIepaTyp 000JIOHOK TBEJIIB 1 SIIEPHOTO MAJIMBA.
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V. Skalozubov, lu. Katsarskyi, lu. Komarov, Ye. Mazur, V. Kochnieva. Qualification of nuclear reactor nominal power upgrades.
In extreme wartime conditions due to damage/destruction/occupation of a number of power generating facilities and continuous
damage/destruction of the critical energy infrastructure of Ukraine, the priority and urgent task of the operating organization of nuclear
power plants (State Enterprise "National Nuclear Energy Generating Company “Energoatom”) is to increase the efficiency of safe operation
of operating nuclear power units based on qualification and implementation of strategies for increased nominal power and duration of the
fuel campaign of nuclear reactors. An analysis of known approaches to substantiating (qualifying) strategies for operating nuclear reactors of
the VVER/PWR type at increased nominal power is presented. It is recognized that the main shortcomings of known approaches to
qualifying nuclear reactor core modernizations lie in the dependence of the qualification results on the methods of implementing the strategy
for operating nuclear power plants in increased nominal power modes, as well as on the effects of the difference in deterministic codes and/or
code users, that ultimately complicates the objective interpretation of the qualification results. A criterion-based method for qualifying the
strategy for operating nuclear reactors at increased nominal power based on the modernization of the thermophysical properties of nuclear
fuel and the structural and technical parameters of fuel elements has been developed, which eliminates the influence of the effects of the
difference in deterministic codes and/or code users and takes into account the conditions for ensuring safety regarding the maximum
permissible temperatures of fuel and nuclear fuel claddings.
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Introduction

The installed capacity utilization factor of the installed capacity is the most significant indicator
of nuclear power plant efficiency. It is determined by the ratio of the actual thermal power N for the
duration of the operating modes of the reactor ty to the design-established rated power Ny for the peri-
od of operation t;:

ty
ICUF = NSt [N(t)dt
0

Thus, the perspective direction of increasing the utilization factor of the installed power (and, ac-
cordingly, the efficiency of NPP operation) can be a relative increase in the nominal power of the reac-
tor in operating modes N and the total duration of the operating modes of the reactor at the power tg
over the period of operation t,.

The prospect of such a direction of increasing the utilization factor of the installed power of the
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nuclear power plant determines the relevance of developing and substantiating (qualifying) safety
strategies for operating at increased nominal power of the reactor in operating modes and/or increas-
ing the total duration of the reactor operating modes at power (increasing the duration of “fuel cam-
paigns”).

The need for qualification of strategies for increasing the nominal capacity to ensure nuclear safe-
ty conditions is determined by the general regulatory requirements established for the modernization
of systems important to the safety of nuclear power plants (SIS NPP).

Traditionally, the design qualification of SIS NPP upgrades is based on the results of design
modelling by deterministic codes (DC) of emergency modes.

The main disadvantage of this approach of qualification of modernization of SIS NPP is that the
results of the design modelling of the DC of emergency modes can significantly depend on the differ-
ence between different DC and/or different users of the same DC. In this case, there may be a negative
impact on the results of qualification of modernization of the effects of the DC difference and/or DC
users, which ultimately complicates the objective interpretation of the results of qualification of mod-
ernization of SIS NPP.

Thus, alternative methods of qualification of strategies of the NWP to ensure the necessary con-
ditions of nuclear safety are the actual development. This determines the goals and objectives of the
presented work.

Analysis of literature data on known results of qualification of NPP core upgrades and
problem statement

In the works [1, 2], the results of qualification of modernization of the nuclear power plant core
with VVER were analyzed by diversification of fuel assemblies (FA) of Westinghouse, based on the
design simulation of DC of postulated accidents. The analysis found a significant impact on the quali-
fication results of the negative effects of the difference between DC/DC users. In particular, separate
deterministic codes RELAP calculations established the impracticability of safety conditions when
diversifying Westinghouse FAs.

The works [1, 2] also developed an alternative method for qualification of VVER core moderni-
zation by diversification of Westinghouse FA, which does not depend on the effect of DC/DC users
difference effects on qualification results. The qualification results developed in [1, 2] by an alterna-
tive method established the fulfilment of nuclear safety conditions during the maximum design basis
accident (rupture of the main circulation pipeline), taking into account the design and technical differ-
ences between the design FA A and FA Westinghouse.

In works [3, 4] the analysis of modernization of thermophysical properties of nuclear fuel is car-
ried out. As a result:

1) preventive decrease in thermal conductivity of nuclear fuel leads to a relative increase in the
operating temperature of the fuel (other things being equal) and the corresponding increased nominal
power of the reactor;

2) however, a significant increase in the temperature of nuclear fuel can lead to degradation of
fuel matrices and their subsequent destruction, which is confirmed by numerous results of experi-
mental qualification of modernization of the thermophysical properties of nuclear fuel;

3) a promising approach can be based on a two-layer fuel matrix of the fuel element: the central
zone of the fuel matrix is modernized with chemical elements that reduce the thermal conductivity of
nuclear fuel, and the surface layer (rim-zone) with chemical elements that increase the thermal con-
ductivity of nuclear fuel.

However, regarding the prospects of a two-layer fuel matrix model of the fuel element, it is pos-
sible to give the following comments:

1) it is necessary to assess the maximum permissible increase in the temperature of nuclear fuel
in the central zone of the fuel matrix, in which in case of accidents there may be a violation of safety
conditions leading to a nuclear (severe) accident;

2) in order to ensure nuclear safety conditions during accidents, it is also necessary to determine
the optimal ratio of thermophysical properties and dimensions of the central and rim zones of the fuel
element fuel matrix.

In works [5, 6] the analysis of known approaches of substantiation (qualification) of NPP opera-
tion strategies with increase of reactor rated power based on iterative results of design modelling of
DC of design accidents is presented. In general, the qualifications of such strategies are as follows.

ENERGETICS



90 . . . . ISSN 2076-2429 (print)
IMpaui Oxecbkoro noniTexHiyHOro yHiBepcutety, 2024. Burm. 2(70) ISSN 2223-3814 (online)

1. First, a priori, the level of nominal power increase is set within the design margin before boil-
ing (heat exchange) crisis in the reactor operating mode.

2. Under initial conditions, in accordance with the adopted a priori nominal power increase of the
reactor, in the operating mode, the design simulation of accident monitoring and analysis of the feasi-
bility of safety conditions during such accidents are carried out.

3. In order to establish the maximum permissible nominal power of the reactor with provision of
the required margin for boiling crisis in operating modes and safety conditions in emergency modes at
the next stages of qualification, iterations of the initial conditions for the nominal power increase of
the reactor are carried out with repeated design modelling of accidents.

The main drawbacks/ limitations of the above approach of qualification of modernization of reac-
tor nominal power increase strategies are as follows.

1. In general, the implementation of the reactor’s nominal power increase is possible by the fol-
lowing methods: modernization of neutron-physical properties/parameters of nuclear fuel and/or
thermophysical properties of nuclear fuel and/or structural and technical parameters of core elements.
The choice of the method of implementing the nominal power increase of the reactor not only affects
the maximum temperature of the nuclear fuel (and, accordingly, the heat flux density on the fuel ele-
ment surface), but can also affect other parameters that determine the thermal power of the fuel ele-
ment. In particular, in case of reactor nominal power increase by the method of highly enriched nucle-
ar fuel /MOX fuel (modernization of neutron-physical properties of nuclear fuel), the results of quali-
fication of the reactor nominal power increase strategy may be affected by corresponding changes in
the thermophysical properties of highly enriched nuclear fuel/MOX fuel.

Thus, when qualifying the strategies of the nominal power increase reactor, it is necessary to take
into account the method of increasing the rated power.

2. A necessary condition for the boiling (heat exchange) crisis on the fuel element surface is a
stable surface steam zone.

A necessary condition for the occurrence of thermoacoustic instability of the coolant is the in-
tense surface (“underheated”) boiling of the bubble structure (for example, [7 — 10], etc.). The conse-
quences thermoacoustic instability of the coolant in the core can be high-frequency and high-
amplitude dynamic loads on the fuel element, which can lead to a violation of the tightness of the fuel
element shell (protective safety barrier) [7, 8].

Thus, the required conditions of thermoacoustic stability of the coolant are carried out at lower
thermal loads in the core than the required conditions of boiling crisis (heat exchange). Therefore, the
maximum permissible thermal power of the fuel element in the operating modes of the reactor is de-
termined not by the conditions (“reserve”) of the boiling crisis, but by the conditions of the beginning
of intensification of surface (“underheated”) boiling in the core.

3. Negative consequences of repeated deterministic modelling of accidents may be the effects of the
DC/DC user difference, which complicate the objective interpretation of qualification results [5, 6].

Thus, on the basis of the analysis of known approaches to qualification of reactor core moderni-
zation, the relevance of developing alternative methods for qualification of reactor nominal power in-
crease strategies in operating modes of NPP operation was determined.

The purpose of the study is to develop an alternative method of qualification of nominal power
increase to determine the maximum permissible rated thermal power of the reactor and the tempera-
ture of nuclear fuel in operating modes that provide the necessary conditions for nuclear safety in the
postulated process of maximum design basis accident (MDA).

The main tasks

Analysis of known approaches and methods for qualification of core modernization strategies.

Development of a criterion method for qualification of the nominal power increase strategy of the
reactor in operating modes, which does not depend on the effects of the DC/DC user difference.

Analysis of the results and practical recommendations

Criterion method of qualification of the strategy of increased nominal reactor power.

General provisions and assumptions.

1. In general, the qualification (justification) of the nominal power increase reactor strategy is
based on the following provisions:

—nominal power increase of reactor can be realized by modernization of neutron-physical and/or
thermophysical properties of nuclear fuel and/or structural and technical parameters of fuel element;
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— due to the nominal power increase of the reactor (other things being equal), there may be a rela-
tive increase in the maximum temperature of the nuclear fuel, and accordingly an increase in the depth
of combustion of the nuclear fuel.

2. Qualification criteria are set:

— limiting power of the fuel element of the beginning of intense surface vaporization (“under-
heated” boiling) in the operating mode of the Ny, reactor;

— maximum permissible temperature of fuel claddings of the beginning of intensification of the
steam-zirconium reaction during MDA maxTy;

— maximum permissible temperature of the beginning of melting/destruction of the fuel matrix
during the MDA maxTk.

3. Conditions of fuel element modernization qualification in operating and emergency modes:

max N <N, Q)
T- <maxT., T, <maxT,, (2)

where N — thermal power of fuel element;

Te, Tw— nuclear fuel and fuel cladding temperature.

4. Parameters of modernization of the reactor nominal power increase strategies are defined as
follows:

— thermophysical properties of nuclear fuel and fuel cladding;

— structural and technical parameters of fuel elements.

Influence of these parameters on qualification conditions (1) and (2) is taken into account by
thermal resistance of fuel element Ry:

R, :5—F+8—g+8—w, 3)
e Ay Ay

g9

where Jg, &4, dw — thickness of fuel matrix, fuel element gas gap and fuel element shell wall,

Ae, Ag, My — indicators of thermal conductivity of nuclear fuel, fuel element gas gap and fuel ele-
ment cladding.

Linear approximation Ry is justified for fuel element diameters d, which are much lower than fuel
element height H [6]:

d<H. (4)

5. The required qualification conditions (2) are determined on the basis of criteria of thermody-
namic similarity of non-stationary processes of the initial stage of MDA of the modernized and suc-
cessfully qualified design modes of reactor operation.

The results of design modelling of the design mode with the maximum fuel cladding temperature
during MDA are conservatively taken into account.

Taking into account the accepted assumptions, the heat balance equation of the fuel element in
the operating stationary mode of the reactor [6]:

N =GAi=aF, (T, -T,)=R:'F, (T- -T,,), ®)

where N — thermal power of fuel element;

G - mass flow of coolant, reduced by one fuel element;

Ai — difference in specific enthalpy of the coolant at the outlet and inlet of the core;

o — heat transfer parameter on fuel element surface;

Fw — fuel element surface area;

Tin — coolant temperature at the core inlet.

After the transformations of equation (5), we obtain the dependence of maximum temperatures of
nuclear fuel and fuel cladding on the maximum permissible power (1) in the upgraded operating mode
and at the initial moment of the accident:

Teon =Ten(t=0)= CAl, (R + o) + T » (6)
Ry
TWOm :TW (t = O) = GFAID +Tinm' (7)
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where Aiy, — difference in specific enthalpy of the coolant under conditions of the beginning of intensi-
fication of surface boiling at the outlet of the core.

Heat balance equation for fuel matrix and fuel element cladding at the initial stage of MDA until
connection of hydraulic accumulators of emergency core cooling system t,:

dT _
CFMF d_tFZ N - RTlFW (TF _Tw)i (8)

dT, -
CuMy = R, (T =T, )~ ot Ry (T =T, ®

where Cg, Cy — specific heat of nuclear fuel and fuel cladding;
Me, My — weight of nuclear fuel and fuel cladding;
ar — heat transfer parameter for heat exchange crises.
In the criterion (dimensionless) format of equation (6) — (9):

dT,
E =K Ky, T (t=0)=K, =1 (10)
—dthW =K, -K,, T, (t=0)=K,, =1, (11)
where T, =T—F, T, =T¢, tzl;
TFO Two tg
Nt F, (T =T, )t
K=o K;M; (12)
CFMFTFO CFMFTFO
K, = Ry (Te =Ty )tg K, = o, Ry (Ty =T, )tg ; (13)
CWI\/IWTV\IO CWI\/IWTV\IO
T
K. = (R + o)+ (14)
] I:WTFO ' TFO
K, =N To (15)

v aFyTwo  Two
Process identity conditions at the initial stage of MDA for design D and upgraded m reactor
modes:

Klm = KlD’ sz = K201 KFm = KFD; (16)
K3m = Kso' K4m = K4D’ KWm = KWD' (17)

Then, after transformations (16) and (17), conditions of qualification of the reactor operation
strategy on nominal power increase:

GAi, N

= ; (18)
CFmM FmTFOm CFDM FDTFOD
TFOm _TWOm — TFOD _TWOD . (19)
CFm M FmTFOm RTm CFD M FDTFOD RTD
TFOm _TWOm _ TFOD _TWOD . (20)
CWm MWmTW om RTm C\ND MWDTW 0D RTD
TV\/Om _Tinm _ TWOD _TinD . (21)
CWm Mvvaw om CWD MWDTWOD
GAl, (R, + 0™ + Tm __No (Rp +a ™)+ Tim_ ; (22)
FWTF om Fom FWTF ow Fom
GAIb + Tinm _ N D + Tinm ) (23)

(X‘FWTWOm TWOm aFWTFOm TWOm
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Analysis of qualification results

1. Based on the defined criteria of thermodynamic similarity (12) — (15) in the MDA process, the
conditions for successful qualification of strategies nominal power increase (16) — (23) with the max-
imum permissible thermal power of the reactor, corresponding to the beginning of intensification of
surface boiling of the coolant at the outlet of the core, are established for the modernized and qualified
design conservative modes of reactor operation (the necessary conditions for the occurrence of ther-
moacoustic instability of the coolant).

Qualification conditions of strategies nominal power increase (16) — (23) can be provided by
complex modernization:

— thermophysical properties of nuclear fuel and fuel cladding (parameters of thermal conductivity
and heat capacity);

— structural and technical parameters of fuel elements (thermal resistance, dimensions and weight
of fuel matrix and fuel element shells).

2. Unlike known approaches, the developed criterion method determines the comprehensive
modernization of the thermophysical properties of nuclear fuel/fuel element cladding, structural and
technical parameters of fuel elements to ensure the maximum permissible safety conditions of the re-
actor nominal power increase and the depth of nuclear fuel burnup, and does not require numerous
repeated calculation simulations of the DC for qualification, the results of which may significantly
depend on the negative effects of the difference between the DC/DC users.

Conclusions

1. The analysis of known approaches to substantiation (qualification) of strategies for operation
of VVER/PWR nuclear reactors at increased nominal power is presented. It has been determined that
the main disadvantages of the known approaches of qualification of modernization of the core of a
nuclear reactor are the dependence of qualification results on the methods of implementation of the
strategy of operation of nuclear power plants in modes of increased nominal power, as well as on the
effects of difference of deterministic codes and/or user codes, which ultimately complicates the objec-
tive interpretation of qualification results.

2. A criteria method of qualification of the strategy of operation of nuclear reactors at increased
nominal power has been developed on the basis of modernization of thermophysical properties of nu-
clear fuel and structural and technical parameters of fuel elements, which excludes the effect of effects
of difference in deterministic codes and/or user codes and takes into account the conditions for ensur-
ing safety for maximum permissible temperatures of fuel elements and nuclear fuel shells.
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