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Calculation of energy deposition in metal structures under the influence of reactor irradi-
ation is an important task in analyzing the state of reactor pressure vessel (RPV). Correct
determination of energy deposition is important for obtaining initial data for assessing:
temperature fields in the RPV, radiation swelling of the RPV material, and changes in the
geometry of the RPV. The article presents the results of numerical modeling in the MCNP
code of the process of energy deposition formation in the VVER-1000 reactor pressure
vessel. The main components of energy deposition in the core baffle were considered. The
energy deposition is caused by the interaction of neutrons and gammas with the core baftle
material. Since there are prompt and delayed neutrons and gammas, it is necessary to take
them all into account. In the model of reactor core, the prompt neutron sources are fission
neutrons. Prompt gammas are produced directly during fuel fission, as well as during the
interaction of neutrons with fuel (without fission), fission products, structural materials,
and coolant (moderator). Delayed neutrons and gammas are emitted during the radioactive
decay of fuel fission products. The amount of delayed neutrons is insignificant (0.68% for
V), the amount of delayed gammas is already significant and commensurate with the
amount of prompt fission gammas. For the production of delayed particles (neutrons, gam-
mas, beta particles, alpha particles and positrons) in the MCNP6 code, the ACT card can
be used. The ACT card of the MCNP6 code is promising for modeling the delayed gammas
from the decay of radioactive fission products, but it is not suitable for this calculation be-
cause it does not work together with the NONU card. Therefore, the determination of the
delayed gammas was performed using the SCALE program package. The calculation re-
sults showed that the energy deposition is almost entirely due to the interaction of gammas
with the core baffle material, with the contribution of delayed fission gammas to the total
energy deposition amounting to 1.4-21.1%, depending on the core baffle region. Since the
contribution from delayed gammas is maximum in the area where the most energy depo-
sition is observed — on the inner surface of the core baffle — its accounting is mandatory.

In Ukraine, most of the operating VVER-1000 power
units are either in long-term operation or approaching
it. In this regard, there is a need to assess the technical
condition and predict the remaining service life of equip-
ment, including core internals (Cls), taking into account
radiation exposure — particularly energy deposition in

the reactor core baffle — throughout the entire operation-
al period.

Energy deposition in the CIs is not a cumulative pro-
cess but is determined by the current state of the reactor
core (RC) — namely, reactor power, fuel assembly (FA)
burnup depth, volumetric distribution of coolant densi-
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ty, and the critical concentration of boric acid. Therefore,
for a conservative assessment, calculations should be per-
formed for the moments of the fuel campaign that result
in the maximum energy deposition in the Cls.

The assessment of energy deposition in the core baffle
was performed using the Monte Carlo method with the
MCNP 6.1 computer code [1]. To date, a substantial body
of verification data has been accumulated regarding the use
of the MCNP code in various fields of nuclear engineer-
ing, the design of new nuclear installations, and scientific
research. Analysis of this data shows that the code, in all
calculation modes and with the cross-section libraries sup-
plied with the code distribution, accurately reproduces the
results of benchmark experiments, which provides confi-
dence in the reliability of the obtained results.

An analysis of the problem of determining radiation
loads on the CIs of VVER-1000 reactor, based on accumu-
lated experience, has shown that for this type of calcula-
tion, it is not necessary to use a full-scale reactor model. It
is sufficient to model in detail the RC, the core baftle, the
core barrel (CB), and the water layer between the reactor
pressure vessel and the CB within a 60-degree symmetry
sector (see Fig. 1). Vertically, the model is bounded by the
upper plate of the protective tube unit (PTU) and 15 cm
from the bottom of the faceted belt.

According to [2], the simulation model must use
data on the materials and geometric parameters of the
modeled reactor unit. These data include the composi-
tion of materials, temperatures and densities of materials
by regions, as well as the geometry of the reactor unit,

Core barrel

Core baffle

-100 -50 o 50 100

Fig. 1. Diagram of the simulation model

which comprises a detailed description of the RC, down
to sub-assembly level modeling of the FAs and in-vessel
components (baffle, core barrel).

The model was developed based on the following
components:

reactor core;

core baffle;

PTU;

core barrel;

reactor pressure vessel.

The model includes a 60-degree sector of the RC, in
which FAs with detailed geometry, including top and bot-
tom nozzles, are modeled. In the MCNP code, the core
baffle is represented as a series of rings with grooves and
flanges on the outer surface, as well as a faceted inner
surface that precisely replicates the external contours of
the core. A corresponding gap filled with coolant is de-
fined between the inner surface of the baffle and the outer
boundary of the core. The baffle model also accounts for all
vertical cooling channels, as well as horizontal and vertical
grooves on its outer surface, which further enhance the
cooling of the baffle material. Beyond the baffle, separated
by a coolant-filled gap, CB lies. Structurally, the CB is a cy-
lindrical shell with a flange and an elliptical bottom head.

It is evident that the sections of the core baffle and
the CB located opposite the fuel region of the RC are sub-
jected to the highest neutron irradiation. This area also
corresponds to the maximum neutron fluence and energy
deposition within the baffle.

The RC serves as the source of neutrons and defines
the conditions for neutron transport from the point of
generation to the point of detection within the model.
Therefore, to accurately simulate neutron fluxes in the
core baffle and CB, it is essential to model the geometry
and material composition of the RC in detail, taking into
account the axial variation in coolant density and fuel
burnup in each FA.

When defining the neutron source for energy deposi-
tion calculations, all FAs within one-sixth of the RC were
used. A sub-assembly level distribution of neutron source
intensity was specified within each FA.

The isotopic composition was calculated using
the ORIGEN-ARP computational sequence from the
SCALEG6.1 code package [3]. The isotope composition
of the spent fuel included the following 29 isotopes:
234U, 235U, 236U, 238U, 238Pu, 239Pu, 240Pu, 241Pu, 242Pu,
147Pm, 149Pm, 103Rh, 105Rh, 147Sm’ 148Sm, 149Sm) ISOSm,
ISISm) ISZSm) 131X€, 135Xe, 1351’ 11511,1, 83Kr, 143Nd, 145Nd,
*¥7Np, *°Tc, and *°O. These isotopes saturate the full cross
section of neutron interaction with matter by 98%.
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In MCNP, there are two types of calculations:

criticality calculations (KCODE);

with a fixed source (SDEF).

Since the k ; calculation (KCODE) involves perform-
ing successive cycles of fission (in the MCNP code, the
computational equivalent of neutron generation is the k
cycle), the criticality calculation in MCNP follows a dlfﬁr
ferent programming logic compared to problems with a
fixed source. The calculation requires a special criticality
source, which is incompatible with user-defined sources.
Unlike fixed source problems, where the source does not
change throughout the calculation, the criticality source
changes from cycle to cycle. The spatial distribution of the
source for the KCODE calculation is as follows:

for the first cycle, the locations of the fission sourc-
es are taken from one of the cards — KSRC, SDEF, or
SRCTP;

after the first cycle, the locations of the fission sources
are taken from the previous cycle.

Energy deposition calculations in the CB were per-
formed using a fixed neutron fission source defined in the
SDEF card. Since the fission neutrons were already ac-
counted for in the fixed source, the NONU card was used
without parameters (without any entries). If the NONU
card is present but without parameters, it means that all
entries are set to “0”, indicating that fission in all cells is
treated as absorption, while gammas are still produced.
Without the ability to turn off fission, performing a fixed-
source calculation would not be possible due to system
criticality and because the fission neutrons had already
been accounted for. The use of the NONU card in non-
KCODE mode allows for the correct execution of this task
by treating fission as simple absorption.

To generate delayed particles (neutrons, gammas,
beta particles, alpha particles, and positrons) in the
MCNP6 code, the ACT card can be used. The ACT card
has the following keywords: fission, nonfiss.

The fission keyword enables the generation of de-
layed particles from the decay of fission products that
were formed as a result of fission induced by neutrons or
photons. The nonfiss keyword enables the generation of
delayed particles from the decay of activation products
that were formed due to neutron and photon interactions
(without fission). The ACT card can only be used in cal-
culations with a fixed source.

The ACT card in MCNP6 code is a promising tool for
modeling delayed gammas from fission products, but it is
not suitable for this calculation because:

a critical system requires the use of the NONU card to
suppress fission (which is already included in the source);

the ACT card cannot generate delayed gammas from
fission products when the NONU card is used.

Therefore, the SCALE code package was used to
determine the source of delayed gammas from fission
products.

The energy deposition in the core baffle is primarily
caused by the interaction of gammas with the atoms of the
baftle material. The source of these gammas is the RC of
the operating reactor. Gammas are produced as a result
of nuclear interactions between neutrons and fissile iso-
topes (prompt gammas), as well as emitted by radioactive
fission products (delayed gammas). There are three main
mechanisms of energy deposition during the interaction
of gammas with matter: the photoelectric effect, Compton
scattering (Compton effect), and electron-positron pair
production. As a result of these three fundamental mech-
anisms, the energy of the primary gamma is partially or
completely transferred to atomic electrons, which then
lose energy through ionization and radioactive deceler-
ation. This process transfers kinetic energy to the crys-
talline lattice of the material, leading to heating of the
material.

MCNP provides several options for calculation (reg-
istration) of flux-related quantities relevant to energy
deposition calculations, including the F4 (with FM card),
F6,and F7 cards [1]. The F4 card registers the neutron flux
density, and when used in combination with the FM card,
it can calculate the fission reaction rate as well as the energy
deposition in a cell based on the number of fission events.
The F6 card estimates energy deposition based on particle
track length:

- ’r’n_“ f dE f dt f dv J’ dQo, () HE)WWF QE ¢), (1)

where H; [—V is total energy deposition in the cell,
t
Pa b:n?r:m [g] is mass of the

cell, o, |barn| is mlcroscoplc total cross section,
partlc es
Y(# O E ) [

H(E) [mlhsmn is heating number, which represents the
amount of energy deposited in interactions, and is de-

fined separately for neutrons and gammas in formu-
las (2) and (3):

is atomic density, m

cm? - shake - MeV - steradian is angular flux,

H,(E)=E - Z pi,n(E) [Ei,n_out(E) + Ei,y_out(E) - Qi]'

MeV : :
Hy, (E) [Comsion] is heating number for neutrons,

Pin(E) is probability of reaction occurring upon col-
lision with a neutron of energy E,
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Ein out(E) [MeV] is average kinetic energy of outgo-
ing neutrons for reaction when the incident neutron has
kinetic energy E,

Eiy out (E) [MeV] is average kinetic energy of emitted
gammas for reaction with an incident neutron of energy E,

Q, [MeV] is energy release (or: heat, thermal effect) of
reaction (the Q-value represents the change in rest energy
of the nuclei and all particles involved in the interaction,
and is defined as the difference in rest mass before and
after the reaction, Q = Am - c?, Am where is the mass
difference, and is the speed of light).

3
Hy(E) = E = piy B Eyoue®] O
i=1
H,(E) [Col:fies‘ilon] is heating number for gammas,

piy (E) is probability of reaction upon collision with a
gamma of energy E,

Ei n_out(E) [MeV] is average energy of the outgoing y-ra-
diation for reaction upon incident gamma with energy E,

i = 1 is incoherent (Compton) scattering,

i=2ispair production; £; ,,,; (E) = 2myc? = 1.022016 MeV
(where mqc? is the electron rest energy),

i = 3 is photoelectric absorption E; ,,,.(E) = 0.

The F7 card estimates the energy deposition during
fission based on the particle track length as follows:

Hf = fn—“ Q f dE f dt f av f dQop (E)Y(7, QL E, 1), (4)
where Hy [%] is total energy deposition in the cell during
fission, oy [barn] is fission cross-section, Q [MeV] is energy
released per fission event, the remaining parameters are
the same as in equation (1).

To collect energy deposition data, the energy tally +
F6 was used, which accumulates information on all en-
ergy losses by all particles within the specified geometric
regions of the model. To separately evaluate the contri-
butions from neutrons and gammas, the tally cards F6: n
and F6: p were used, respectively. The baffle was divided
into elementary cells, within which data on total energy
losses were collected.

The components of energy deposition that were taken
into account include:

energy deposition from gammas (prompt) produced
as a result of fuel fission;

energy deposition from gammas (prompt) produced
during the interaction of neutrons with fuel material
without fission, as well as with fission products;

energy deposition from gammas (delayed) emitted by
radioactive fission products;

energy deposition from gammas (prompt) produced
during the interaction of neutrons with baffle material in
(n, y) reactions;

energy deposition from gammas (prompt) produced
during the interaction of neutrons with baffle material
without (n, y) reactions;

energy deposition from gammas (prompt) produced
as a result of the interaction of neutrons with materials in
the fuel rod cladding, guide channels, central tube, and
coolant.

As a result of the assessment, the energy deposition
profile in the baftle was obtained (see Fig. 2), which in-
cluded contributions from both neutrons and gammas.
The highest energy deposition for the considered load-
ing occurs at the central tooth of the baffle (located at a
30° angle in Fig. 1), while the lowest energy deposition
is observed on the outer surface of the baffle. The ratio
of maximum to minimum energy deposition is approx-
imately 20 times in the horizontal section.

The energy deposition from fission neutrons is negli-
gible, accounting for a maximum of approximately 3.3%
on the inner surface of the baftle (see Fig. 3).

The energy deposition is almost entirely due to the
interaction of gammas with the baftle material, account-
ing for 96.7% to 99.3% of the total energy deposition, de-
pending on the area of the baffle (see Fig. 4). Together, the
energy deposition data from Figs. 3 and 4 form 100% of
the total energy deposition.

The energy deposition from delayed gammas (pro-
duced from fission) can account for a maximum of
approximately 21.7% of all gammas, with the highest
contribution observed in the area of maximum energy
deposition in the baftle — on the inner surface (see Fig. 5).
This necessitates their mandatory inclusion in the calcu-
lations of energy deposition in the baftle.

The contribution to energy deposition from prompt
gammas relative to all gammas is maximal on the outer
surface of the baffle, reaching up to 98.6% (see Fig. 6).
Together, the energy deposition data from Figs. 5 and 6
form 100% of the total energy deposition.

Up to 71.6% of the energy deposition from all gam-
mas is due to gammas that were produced within the fuel
(see Fig. 7):

prompt, during fission;

delayed, due to radioactive decay of fission products;

prompt, during neutron interaction with fuel but
without fission.

The components of energy deposition from prompt
gammas are shown in Figs. 8—12. Energy deposition in
Figs. 8-10 together accounts for 100% of the total energy
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Fig. 5. Ratio of energy deposition from delayed
fission gammas to total gammas, %
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deposition from all prompt gammas. The energy deposi-
tion shown in Figs. 11 and 12 together forms the energy
deposition represented in Fig. 8.
The correct definition of energy deposition is import-
ant for obtaining input data for the evaluation of:
temperature fields in CL
radiation-induced swelling of the CI material.
changes in the geometry of the CI.

Conclusions

1. When calculating energy deposition in the core
baffle, it is essential to account for the contribution of
delayed fission gammas (1.4-21.1%, depending on the
core baffle region), especially considering that this con-
tribution is maximum in the area where the highest en-
ergy deposition is observed — on the inner surface of the
core baftle.

2. The contribution of neutrons to energy deposi-
tion is negligible (0.7-3.3%, depending on the core baftle
region), and for estimation (non-precise) calculations, it
may be disregarded.

3. Although the direct energy deposition from neu-
trons is insignificant, their interaction with the core baftle
metal generates secondary gammas, whose contribution
to energy deposition is considerable (24.2-89.7%, depend-
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ing on the core baffle region), with a maximum on the
outer surface of the core baffle.

4. The energy deposition in the maximum region —
on the inner surface of the core baffle — is mainly
determined by gammas generated in the fuel (up to
69.7%).
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Oco6mMBOCTi BUSHAYEHH A €HePrOBU/i/TeHH
y BKII BBEP-1000

PospaxyHOK eHeproBufilIeHHS B METaTOKOHCTPYK-
LiAX Hif] 1i€10 peaKTOPHOT'O ONPOMiHEHHS € BaXXIUBUM
3aBIaHHAM IIPU aHA/Mi3i CTAHY BHYTPIIIHbOKOPITYCHUX
npuctpois (BKII) peakropa. KopekTHe Bu3HaueHHS
€HEePTrOBUTINIEHHA Ba>K/IMBe /11 OTPMMAaHHA BUXITHNUX
TaHUX 1A OLiHKM: TeMIlepaTypHuX nonis y BKII, pagi-
alifHOro po3nyxaHHs MaTepiany Ta popmosminy BKII.
Y cTarTi HaBeEHO pe3yabTaTy YMUCIOBOTO MOJETIOBaHH A

B Kozti MCNP mporecy popmyBaHHSA eHeproBuU/liIeHHS
y Buropogui peakropa BBEP-1000. bymo posrisryTo oc-
HOBHI CK/Ia/I0Bi €eHePrOBUAIIEHHA Y BUTOPOALI.

EneproBupineHH:A 3yMOB/IEHE B3a€EMOJIIi€I0 HEMTPOH-
HOTO- Ta Y- BUIIPOMiHIOBaHHA 3 MaTepiaJloM BUTOPOf-
K11. OCKIJIbKM CK/IaZJlOBUMI BUIIPOMiHIOBAaHHA € MUTTEBI
i 3amisHini yacTMHKY (HETPOHM i Y-KBaHTM), TO HEOO-
XiJJHO BpaXoByBaTH ix BCixX. [[>kepesioM MUTTEBUX Hell-
TPOHIB € peaklifd Nofiny B nanuBi. MUTTEBI y-KBaHTH
YTBOPIOIOTBCA Oe3IOCepeHbO IIPY [i/IeHH] [Ta/INBa, a Ta-
KOXX TIpM B3a€MOJii HEIITPOHIB 3 manuBoM (6e3 fjineHHs),
INpOAyKTaMM NOA1NY, KOHCTPYKIiIHMMY MaTepialaMu,
TeIIOHOCIEM. 3ami3Hi/Ii HeITPOHM 1 Y-KBAaHTU YTBOPIO-
I0TbCA IIPY PafliocaKTMBHOMY PO3Na/li IPOAYKTiB NOZiMy
nanuBa. KiZbKiCTh 3aMisHINMX HEMTPOHIB € HE3HAYHOIO
(0,68 % s *°U), KiIbKiCTh 3aIi3HINMNX Y-KBaHTIB BXKe €
3HAYHOIO i CIIIBPO3MipHa 3 KiZIbKiCTI0 MUTTEBUX Y-KBaH-
TiB MOJiTy.

[l yTBOpeHH: 3ali3HiNMNX YacTMHOK (HEMTPOHIB,
Y-KBaHTiB, 6eTa-4acTMHOK, anbda-4acCTMHOK Ta MO3U-
TpoHiB) B Koxii MCNP6 Moxe 6y Ty BUKOpUCTaHa KapTKa
ACT. Kaprka ACT xogy MCNP6 € nepcneKTuBHOIO /15
MOJIeTIIOBAHHA 3alli3HI/NIMX Y-KBAaHTiB NIPOAYKTiB MOAi-
Ty, a7ie He MiAXOAUTD /1A LIbOTO PO3PAXyHKY OCKI/IbKM
pasom 3 kKapTkow NONU (nogin posrisgaerbes K mo-
IIMHAHHA) BOHA He IpaIfoe. ToMy BU3HAUYeHHS 3ali3-
HiJIMX Y-KBAaHTiB BUKOHYBAJIOCA 3a JOIIOMOTOI0 IIAKETy
nporpam SCALE. PesynbTati po3paxyHKy IoKasasim, o
€HEeproBHJIi/IEHH Mali>Ke MOBHICTIO 3yMOBJIEHO B3a€EMO-
Ti€l0 Y-KBaHTIB 3 MaTepiaJloM BUTOPOAKM, IIPU LIbOMY
BHECOK 3alli3HiNMNX Y-KBaHTiB IIOAi/NYy Y 3aTalbHe €HEPro-
BUTiNeHHA cKNaB 1,4-21,1 % B 3a/1eXKHOCTI BifJj pO3paxyH-
KOBOI 30HM BUToponKu. OCKi/lIbKy BHECOK Bifj 3aMi3HIMNX
Y-KBaHTiB MaKCUMAaJIbHUI B 30HI, [ie CIIOCTEPIraeThCA
Hai16i/bllle eHepProBIU/i/IeHHs — Ha BHYTPILIIHil TOBepX-
Hi BUTOPOZIKM — TO J10T0 BpPaXyBaHHs € 000BI3KOBJM.

Kntouosi cnosa: eneprosupinenss, BKII, suropopxka,
BBEP-1000, MCNP.
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