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of WWER-1000 Core

In preparation of few-group cross-section libraries to be used in WWER
macro-calculations, change in the nuclide composition during fue! burnup
is commonly defined under invariable characteristics, averaged over
the entire core (power, fuel and moderator temperature, moderator density
etc.). In reality, conditions of fuel burnup are changing and this factor
affects the fuel nuclide composition (the so-called spectral history effect).
To account for real burnup history, it is necessary to take into consideration
the dependence of cross-sections not only on burnup but also on history
of neutron spectrum in the fuel burnup process.

This paper analyzes fuel burnup history effect on neutronic
characteristics of WWER- 1000 core with use of the DYN3D code. The DYN3D
code employs the local Pu-239 concentration as an indicator of burnup
spectral history. The calculations have been performed for the first four fuel
loadings of Khmelnitsky NPP unit 2 and stationary fuel loading with TVSA.
The effect of fuel burnup history is shown both on macro-characteristics
of the reactor core (boric acid concentration, fuel cycle duration, reactivity
coefficients) and on local values of burnup and power.
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Bnnuve  ypaxyBaHHSA icTopil  BUIrOpsiHHA nanuvea

Ha po3paxyHkosi HOX BBEP-1000

Sazsuyai vy npoueci nigroroskK manorpynosoi GibnioTeky koHCTaHT
AN8 BUKOPUCTaHHA B BENWKOCITKOBMX NMporpamax pospaxyHKy peaxTopis
BEBEP 3mineHHs izoTOnNHOro ckhagy nanuea B Xofl BUropaHHS sBW3Haya-
ETLCH 3a HE3IMIHHMX, YCEepeOqHeHuX Mo BCiA axkTHUBHI 30HI, xapakTepuc-
TUK (MOTYXHICTE, TEMMEpaTypa nanusa i CcnoBinbHIOBaYa, WiNLHICTL Crio-
BinsHIOBaYa ToWo). ¥ peansHoCTi yMOBW BHUrOPAHHA NannBa 3MIHIOOTLCS
i ue, B cBOIO Hepry, BrAMBAE Ha I30TONHWA cknah (Tax 3saHuil icTopudHIi
abo cnexTpansHui egekr). LLlo6 ypaxysatu peansHy iCTOPIO BUrOpaHHA
(cnexTpansHui egext), Tpeba BpaxyBaTi 3anexHicTs nepepizie B3agMo-
AiT He Tinbky Big BUropaHHA, a il caMmol icTopil 3MiHeHH: crnexTpa HedTPoHIB
NPOTArOM BArOPAHHS Nannsa.

Y cratri Hasegeno pesynsTati ouinki BNMBY CrieKTpansHoro egex-
Ty Ha PO3paxyHKoBi HEHTPOHHO-GIZUYHI Xapak TEPUCTIKI aKkTUBHOI 30HK
BBEP-1000, BukoHani 3 BukopucTaHHAM pospaxyHkosoro kody DYN3D.
Y kogni peanizoearo MeToa ypaxyBaHHA criekTpansHoro egexry, sacHosa-
Huii Ha BUKOpUCTaHH] KoHUeHTpay il 29 Pu ak ingukatopa icTopii BuropaHHa.
PoapaxyHkoBi gocnigxeHHs BUKOHAHO A0S 4O0TUPLOX ManWBHUX 3asBaHTa-
#xeHs 2-ro Bnoka XmensHuyskoi AEC. [Mokazano snnne ypaxysaxna icTo-
PUYHOrD eekTy AK Ha MaKpoxapaKTepucTUKK aKkTHBHOT 30H1 (KoHUeHTpa-
uin BopHoOl kMcAoTH, TpHUBaNicTe kamnanil, koegiuieH T peakTHBHOCTI), Tak
i Ha po3MTOLIn NOKaNbHUX IHAYEHb BUrOPAHHS Ta eHeproBugineHHs.

Knwovosi cnosa: BBEP, cnexktpansHuil eexT, BUropaHHsa nannsa,
HEeNTPOHHO-DI3NHHI KOHCTaHTH.

® Yu.N. Ovdiienko, M. L. Yeremenko, V. A. Khalimonchuk, A. V. Kuchin,
Yu. M. Bilodid, 2014

he procedure for preparing few-group cross-section

libraries to be used for WWER macro-calculations

commonly involves calculation of the change

in nuclide composition during fuel burnup under

invariable characteristics, averaged over the entire
core (power, fuel and moderator temperature, moderator density
etc.). In reality, conditions of fuel burnup are changing and
this factor influences the fuel nuclide composition (the so-called
spectral history effect).

For example, considering change of coolant density in axial
direction typical of WWER-1000 (0.68+0.76 g/cm?® [rom core
bottom to upper part), the difference of 23Pu concentration due
to spectral change can reach 10 % (Fig. 1) under fuel burnup
50+60 MW#*days/kgU and for eigenvalue up to AK; = 0.026
(Fig. 2).

Besides coolant density, the fuel temperature, boron acid
concentration and presence of absorber rods have valuable
impact on change in nuclide composition during fuel burnup.
Neglect of spectral effect during few-group cross-section library
preparation may lead to an additional error in neutronic
characteristics of the reactor core. Therefore, to account for
actual burnup history, it is necessary to take into consideration
the dependence of cross-sections not only on burnup, but also
on history of neutron spectrum during fuel burnup.
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Fig. 1. 23Pu concentration under different moderator
density burnup histories for FA 398G0O

7— v yh,=0.685g/cm’

s dnssnna s snan

O---0 y::fo.ﬂsg}'cm: "

hist
Tmod

o— -0 4" =0 753g/em’ [—

Kinf

08 v : . -
0 20 40 60
burnup, MW*d/kgHM
Fig. 2. Multiplication factor for FA 398GO
under different moderator density burnup histories

ISSN 2073-6237. Sdepia ma padiauiina Gesnexa 3(63).2014




Effect of Fuel Burnup History on Neutronic Characteristics of WWER-1000 Core

The objective of this paper is to assess the fuel burnup
history effect during few-group cross-section library preparation
on neutronic characteristics of WWER-1000 core. The studies
are performed with use of the DYN3D code [1].

Account of Burnup History Effect

The studies of the burnup history effect on few-group cross-
sections for PWR reactors are presented in |2, 3]. The studies
were conducted with the HELIOS spectral code and involved
assessment of change in cross-sections under variation of one
or several parameters characterizing fuel burnup conditions
(coolant and fuel temperature, coolant density, boric acid
concentration). Based on the studies, the method to account for
burnup history effect with use of 23°Pu concentration as a burnup
history indicator was proposed by Helmholtz-Centre Dresden-
Rossendorf [2]. The proposed method of accounting for burnup
history effect suggests the following correction of cross-section
dependence on burnup history:

neminal
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where XP9%¢ js the nodal macroscopic cross-section calculated
in the standard way; Np/"al js concentration of “Pu
in the standard depletion; Ny, is actual local ?Pu concentration;
ky, is history coefficient, proportionality factor between difference
in ?Pu concentration and difference in macroscopic cross-section.

History coefficients are relation between relative change
of the cross-section and relative change of the history indicator:

VN pa 2

I -Z
= A% ==, .
B APH 2y YNpa —Npw

The proposed method was introduced in the DYN3D code.
Assessment of accounting for burnup history effect on neutronic
characteristics of WWER-1000 core is performed with use of this
code.

To analyze the steady value of accounting for burnup history
effect, it is necessary to model more than four fuel cycles for
obtaining both steady burnup and plutonium distributions.
In transitional fuel loadings (the term “transitional fuel
loadings” is used in terms of transition to account of burnup
history effect but not fuel pattern), the effect of compensation
of multiplication capacity increases by higher burnup rate and
contrariwise.

In this work, the fuel burnup history effect for the first four
fuel loadings of Khmelnitsky NPP unit 2 and for eight sequential
fuel loadings of stationary fuel cycle with TVSA fuel assemblies
of Russian design is assessed.

Results of Calculations for Stationary Fuel Loading

Eight fuel loadings were simulated for assessment of the fuel
burnup history effect in stationary fuel cycle with TVSA fuel
assemblies of Russian design: the first four are transitional fuel
loadings and loadings 5 to 8 are stationary in terms of fuel
loading pattern. Modeling of eight fuel loadings is stipulated by
necessity of obtaining of steady value of accounting of burnup
historical effect.
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Fig. 3. Boric acid concentration during stationary fuel cycle

The analysis has shown that the account of historical effect
does not make an essential impact on integral core characteristics.
So fuel cycle durations that account for the historical effect
(signed Ast in the presented figures) and do not account for
the historical effect (std) differ by less than 1.5 fpd. However,
in the middle of fuel cycle. the difference in boric acid
concentration can reach =0.15 g/kg (Fig. 3); but up to the end
of the fuel cycle the difference decreases up to the hundredth
part (=0.02+0.03 g/kg). It is caused by the effect of compensation
of multiplication capacity increase: the reactor core parts with
greater plutonium concentration due to account of historical
effect (boric acid concentration is greater) are burning more
intensively (the difference in boron acid concentration for cases
with and without account of the historical effect decreases after
the middle of fuel cycle).

Another factor that leads to the minimal influence of the
account for historical effect on integral core characteristics
is definition of isotope composition for the fuel and moderator
temperature averaged over the core, moderator density
corresponding to rated level of power. Therefore, under rated
level of power, the influence of the historic effect will more
likely concern local characteristics: for example, axial power
distribution owing to a steady gradient of moderator density
in the axial direction.

The analysis of the historical effect account has revealed
insignificant impact on relative fuel assembly (FA) power
distribution as well (Fig. 4). It is caused, first, by insignificant
difference of real integral concentration of plutonium in FA,
second, by small difference between the real plutonium
concentration in FAs and plutonium concentration introduced
in the standard cross-section library and prepared with use
of rated power FA parameters, third, by sufficiently smooth
radial power distribution and, fourth, the aforementioned effect
of self-compensation of multiplication capacity by burnup.

As it is supposed above, the historical effect account makes
the most essential impact on the axial power profile. Owing
to decrease of moderator density in the axial direction (on the
average from 0.76 to 0.68 g/cm?), the neutron spectrum
in the top core part leads to greater accumulation of plutonium
and, accordingly, to increase of multiplication capacity. Thus,
there is displacement of the axial power profile in the top core
part: the maximum value of displacement for stationary fuel
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loading amounts to AKz = (.02 at height =90 % from the core
bottom (Fig. 3, 6).

Concerning the axial power profile in individual Fas,

the following can be noted. The greatest difference in FA axial
profiles under account of the historical effect are is observed
in the bottom layers (up to 5 %) and in the top layers at the level
of 90 % from the core bottom (up to 3 %, Fig. 7).

Results of Calculations for Khmelnitsky NPP Unit 2

Calculations for Khmelnitsky NPP unit 2 have been performed
beginning from the first fuel loading fully composed by fresh
fuel. Under these calculations, there is possibility to compare
the received results with experimental values of axial power
distribution in FAs, boric acid concentration and efficiency
of control rods (CR) [4].
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Results of the analysis show that influence of the historical
effect on concentration of boric acid during the first fuel cycle is
similar to the results presented in the previous section for stationary
fuel cycle. However, in this given case the effect on boric acid
concentration is greater and amounts to AC,=0.12 g/kg. It is
caused by the essential difference of the reactor power diagram
for the first fuel cycle from rated power, which is = 100 fpd.
Considering that further (2+4 fuel cycles) power diagrams were
close to the rated value, the effect of account decreased for C,
to = 0.05+0.07 g/ke.

Results of computer modeling have revealed the essential
influence of historical effect on axial power distribution already
at the end of the first cycle (264 fpd). So, the burnup historical
effect on axial power distribution reaches 2.5+3 % (for FAs with
average initial enrichment of 1.3 % and =10 MW-days/kgU,
Fig. 8). In the fourth fuel cycle, the effect of burnup history
account for FAs of the first year of operation decreases to 1 %,
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year of operation (end of the fourth fuel cycle)
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of operation (end of the fourth fuel cycle)
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and for FAs of the third and fourth year of operation amounts
to approximately 1.5+2 % (Fig. 9—12). It is necessary to note
that influence of the historical effect account on axial power
distribution of individual FA depends not only on the year
of operation (fuel burnup), but also on its location in the reactor
core because of the impact of surrounding FAs. Because of the
influence of historical effect on the axial power profile, it is
necessary to assume its influence on the differential efficiency
of control rods as well (Fig. 13).

Conclusions

1. The neglect of the burnup history leads to an additional
error component in the calculation of 23*Pu concentration up
to £6 % for burned WWER-1000 FAs.

2. The account of the historical has no essential influence
on integral core characteristics under reactor operation at
power close to the rated value in comparison with the results
of calculations with use of the standard cross-section library,
in which isotope composition was defined under parameters
averaged over the core (fuel and moderator temperature,
moderator density etc.) corresponding to the rated level of power.

3. The account of the historical effect increases the accuracy
of calculations of FA axial power profile by 2.5+3 %. Comparison
of the calculated and experimental data shows that the account
of historical effect leads to similar calculated axial power distribution
and differential efficiency of control rods in the working group
and experimental data in all considered cases.
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