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NEUTRON SPECTRA AND FLUXES IN HORIZONTAL CHANNELS
OF RESEARCH REACTOR WWR-M WHILE CONVERSION
ON LOW-ENRICHED FUEL

Neutron fluxes and spectra in the horizontal experimental channels of reactor WWR-M of the Institute for Nuclear
Research, National Academy of Sciences of Ukraine (Kyiv) have been calculated using neutron transport Monte Carlo
model with fuel enriched in **U both to 36 and 19.7 %. It is shown that at the very beginning operating with low-
enriched fuel, when the reactor core is 28 % filled with "fresh" fuel assemblies, and the remaining cells are filled with
beryllium displacers, there is a significant change in the parameters of neutron beams. However, after the reactor will
begin to operate at its usual mode, that will be after completing all or most part of the core with fuel assemblies partially
burnt out, spectra and fluxes in channels will restore most of their previous values. Some differences are mainly due to
changes in composition of the core — the removal of two voluminous vertical water channels located within the core.
The work can be helpful to experimenters working with extracted beams at this reactor and so at other reactors that have

been converted to low-enriched fuel.
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Introduction

Kyiv research reactor of the Institute for Nuclear
Research WWR-M is a basin type thermal reactor
with beryllium reflector and with water both as a
moderator and a coolant. Its core has a hexagonal
prism shape and consists of 271 cells, in 6 of which
rods of the reactor power control are placed, in 3
cells — all-stop channels. The core is formed of the
fuel assemblies M2, each of which consists of three
concentric tubular fuel elements. Nuclear fuel in fuel
elements is uranium dioxide, enriched in U, in an
aluminum matrix. Mass of *°U in a single fuel
assembly is 37 g.

The reactor has 17 wvertical channels for
irradiation of materials, 13 of them located in the
reflector and 4 in the thermal column (TC). Also,
there are 10 radial horizontal channels (HEC) for
experiments with extracted beams. 3 of them (HEC-
6, 7 and 8) have an inner diameter of 60 mm, 1 —
(HEC-TC) 120 mm, the other six — 100 mm.

Fuel assemblies used until 2011 had enrichment
of 36 %. In 2011, in connection with the obligations
taken by Ukraine, the reactor was converted to low-
enriched fuel — 19.7 %.

This work aims to study the fluxes and spectra of
neutrons at the outlets of horizontal channels after
conversion to low-enriched reactor fuel.

Research method
Neutron spectra and fluxes were determined by

calculating with method of statistical testing (Monte
Carlo) using the program MCNP [1] and a
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mathematical model of the Kiev research reactor [2]
which took into account its structure in detail
according to technical documentation: fuel
assemblies, Beryllium reflector, horizontal and
vertical experimental channels, the pool, thermal
column and so on. All fuel assemblies actually had
different burn-up of *°U, but in the calculations the
burn-up was assumed to be the same. Also it was
taken into account accumulation of *He and °Li in
the Beryllium reflector due to reactions under action
of neutrons during previous work of the reactor.

Density of neutron flux and spectrum in a
horizontal channel of the reactor depends mainly on
the following factors.

1. Channel diameter. Flux density is propor-
tional to the square of the diameter.

2. The location of the bottom of a channel with
respect to Be reflector: channels can penetrate
through the entire reflector (HEC-2, 4, 7, 9), only
through a portion of its thickness (HEC-1, 3, 5, 6, 8)
or originate from the outer surface of the reflector
(horizontal channel in the thermal column). General
rule is: the deeper the channel penetrates through the
reflector, the higher the portion of fast neutrons.

3. Initial fuel enrichment in *°U and the degree
of burnout.

4. The presence or absence of irradiation
channels in the core.

5. Filling the core with fuel assemblies, i.e. the
ratio between the number of fuel assemblies and
beryllium displacers.

It was supposed that all horizontal channels are
empty: no collimators, filters and mechanisms inside
them.
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Results

The beam parameters at 3 compositions of the
core are investigated in this work.
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Neutron spectra and fluxes have been calculated
at the outlets of all HECs on axes of beams 5 cm
from the biological shielding of the reactor at the
compositions A, B and C (Fig. 1).
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Fig. 1. Compositions of the core (computer model): A — before converting the reactor on low-enriched fuel, initial
enrichment is 36 %, burn-up 39.7 %; B — the core after conversion on low-enriched fuel, initial enrichment 19.7 %,
burn-up 0 %; C — after replacing all beryllium displacers with fuel assemblies, initial enrichment 19.7 %, burn-up 50 %.
1 - 9 — horizontal channels HEC-1 + HEC-9; 10 — horizontal channel in thermal column; /7 — vertical channels; 12 —
fuel assemblies; /3 — beryllium displacers; /4 — beryllium reflector; /5 — graphite of thermal column; /6 — water in the

reactor pool; /7 — vertical irradiation channels.
channels inside the core.

We can see that spectra in all channels at all
compositions consist of three parts (Fig. 2, a - j): a
low-energy peak from 0.001 to 0.5eV (thermal
spectrum with the Maxwell distribution), high-energy
peak from 56 to 20 MeV (fission neutron spectrum,
partially deformed by moderation) and a horizontal
section between the peaks (moderation spectrum 1/E).
Shapes of the spectra are similar one to another and
are typical for thermal reactors. The differences lie in
the ratios between flux densities at each of the three
parts (Table and Fig. 2, a - j) which are due to the
above factors 1 - 5. We consider the peculiarities in
each of these three compositions separately.

Composition A — it existed before conversion to
a new fuel (see Fig. 1, A). Initial enrichment of fuel
elements is 36 %. The burn-up in the calculations
was assumed to be 39.7 % (this value was obtained
by calculations from the condition K= 1 when the
lower ends of the control rods are set at the height of
the core center). Besides, six beryllium displacers
and two vertical irradiation channels filled with
water and screened off from fuel assemblies with 18
beryllium displacers are placed in the core.

Fluxes, especially epithermal, in HEC-1 and
HEC-6 are relatively low (Fig. 3, A, Table). Expla-
nation: the channels are separated from fuel
assemblies with two vertical irradiation water
channels (see Fig. 1, A). Besides, HEC-6 has a
smaller diameter.

To a lesser degree, these factors become
apparent in HEC-5 and HEC-7.

®: _ control rods; o all-stop channels; @ _ cells for vertical

Most hard spectra (highest percentage of fast
neutrons) are in channels that "look" immediately
into the core: HEC-2, 4, 7, 9. Softest spectrum is in
the horizontal channel of the thermal column.

Composition B — this loading corresponds to the
beginning of operation on low-enriched fuel (see
Fig. 1, B). Fuel assemblies have enrichment 19.7 %,
all of them are "fresh" (burn-up 0%). Both
irradiation channels have been extracted from the
core. 72 fuel assemblies (in terms of single ones)
were placed in the core. The remaining 187 cells are
filled with beryllium displacers to compensate
excess reactivity.

Total fluxes in channels HEC-1+HEC-4 and TC
fell 1.5+4 times in comparison with composition A
(see Fig. 3, A and B). At the same time, total fluxes
in channels HEC-5 and 8 have not changed and in
HEC-6, 7 and 9 increased, respectively, by 1.7, 1.4
and 1.15 times. Fluxes of epi-thermal and fast
neutrons slumped in the most of horizontal channels
(respectively, HEC-1 — 2.5 and 3, HEC-2 — 6 and 9,
HEC-3 — 11 and 14, HEC-4 — 6 and 9, HEC-8 — 1.4
and 2 times, HEC-5 and HEC-TC - twice). Such
changes can be mainly attributed to two factors:

asymmetry placing fuel assemblies in the core
(see Fig. 1, B) — of all horizontal channels only
HEC-9 is separated from assemblies with two layers
of beryllium displacers, HEC-7 and 8 — with three
layers, HEC-6 — from four to six, the others — six
layers;

removal of both vertical irradiation channels.
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Fig. 2. Neutron spectra at outlets of horizontal channels: ¢ — HEC-1; b — HEC-2; ¢ — HEC-3; d — HEC-4; ¢ — HEC-5;
f — HEC-6; g — HEC-7; h — HEC-8; i — HEC-9; j — HEC-TC (in the thermal column). Compositions of the core:
A — before converting the reactor on low-enriched fuel, initial enrichment is 36 %, burn-up 39.7 %; B — after conversion
on low-enriched fuel, initial enrichment 19.7 %, burn-up 0 %; C — after replacing all beryllium displacers with fuel
assemblies, initial enrichment 19.7 %, burn-up 50 %.
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Neutron flux densities and their components at three compositions of the reactor core

Thermal Epithermal Fast

. Loading Total neutron neutron neutron

Horizontal neutron . .

experimental the core flux ﬂu).i flux density flux density,
channel (cgrppo- density density (0.5¢eV - (0.05 MeV -
sition) 10%neutron /(::mz-s) . (<0.5¢eV), ) . 0.05 MeV), ) . 20 MeV), )
10" -neutron/(cm~s) | 10 -neutron/(cm™s) | 10 -neutron/(cm™s)

A 1.85 1.22 0.298 0.329

HEC-1 B 1.18 0.947 0.121 0.114
C 3.20 1.28 0.811 1.11
A 4.43 1.36 1.16 1.90

HEC-2 B 1.56 1.15 0.196 0.213
C 4.73 1.45 1.28 2.00

A 2.58 1.11 0.632 0.837
HEC-3 B 0.648 0.529 0.0584 0.061
C 2.97 1.18 1.07 0.722
A 3.31 1.15 0.799 1.37

HEC-4 B 1.12 0.839 0.129 0.153
C 4.47 1.63 1.16 1.69

A 1.06 0.671 0.194 0.193

HEC-5 B 1.03 0.837 0.105 0.0891
C 3.06 1.32 0.779 0.960

A 0.360 0.262 0.0514 0.0469

HEC-6 B 0.617 0.485 0.0717 0.0601
C 1.24 0.512 0.322 0.406

A 1.33 0.458 0.340 0.535

HEC -7 B 1.87 1.13 0.354 0.382
C 1.82 0.559 0.498 0.759

A 1.20 0.528 0.302 0.368
HEC-8 B 1.24 0.834 0.212 0.191
C 1.16 0.491 0.303 0.361
A 5.15 1.84 1.28 2.03
HEC-9 B 5.90 3.02 1.24 1.65
C 4.05 1.42 1.02 1.61
A 1.17 0.788 0.214 0.171

HEC-TC B 0.863 0.687 0.105 0.0717
C 0.876 0.572 0.190 0.113

Composition C — this loading corresponds to the
state of the core after gradual replacement of
beryllium displacers by fuel assemblies with initial
enrichment of 19.7 % and burn-up of 50 % (see
Fig. 1, C; with this burn-up K. =1 when the lower
ends of the control rods are set at the height of the
core center). According to estimates, this download
can be implemented after the reactor output will be
about 85,000 megawatt-hours on low-enriched fuel.

In general, the spectra and the flux densities on
the horizontal beams are similar to those that were
when the reactor operated on highly-enriched fuel
(see Figs. 2 and 3). Changes in the flux densities and
its components in comparison with composition A
are the following:

HEC-1. Thermal flux will be restored quite,

epithermal and fast fluxes will increase threefold.

HEC-2 and 8. All components (thermal, epi-
thermal and fast) will be restored.

HEC-3. Epi-thermal flux will increase by 69 %,
fast flux will fall by 14 %.

HEC-4 and 7. All components of the fluxes will
increase by about a third.

HEC-5. Thermal flux will be doubled, epithermal
increase by four, fast — by five times.

HEC-6. Thermal flux will be doubled, epithermal
increase by six times, fast — by eight times.

HEC-9. All components will decrease appro-
ximately by 20 %.

HEC-TC. The total flux will be reduced by a
quarter (thermal — by 27%, epi-thermal — 11 %, fast
—34%).
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Fig. 3. Neutron flux densities and their constituents at the outlets of horizontal channels for the core compositions
A, B and C: @ - thermal flux density, 00— epy-thermal, B — fast.

Conclusion assemblies only by 28 % to compensate the excess
reactivity. Partially these changes are also associated
It was shown by model calculations that with the removal of two large water cavities out of
conversion of the research reactor WWR-M from the core.
highly-enriched fuel (initial enrichment in *°U During the subsequent operation of the reactor, as
36 %) on the low-enriched (19.7 %) substantially fuel will be burned out, beryllium displacers in the
modifies both neutron spectra and fluxes at the core will be replaced by fuel assemblies. After full
outlets of horizontal experimental channels. These filling the core parameters of neutron beams will be
changes are caused not so much with the transition close to those which were before conversion to a
to a different fuel as with the need to start a new fuel. The remaining differences are mainly due
company with "fresh", i.e. unburned, fuel rods and to the absence of water cavities in the core.
with consequent need to fill the core with fuel
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B. ®@. Pa3oyneii

CIIEKTPHU 1 MIOTOKH HEHUTPOHIB Y TOPU30OHTAJIBHUX KAHAJIAX JOCJIIIHUIBLKOIO
PEAKTOPA BBP-M IIPU IIEPEXO/II HA HU3bKO3BAI'AYEHE ITAJINBO

Po3paxoBaHO MOTOKM Ta CHEKTPU HEHTPOHIB Y FOPU3OHTAIBHHUX EKCIIEPUMEHTAJIbHUX KaHayax peakropa BBP-M
IactutyTy saepaux nocnimkers HAH Yxkpainu (KuiB) 3 Bukopucranasim MonTte-Kapio Mozaeni TpaHCIOPTY HEUTPOHIB
31 36arauennsam o ~°U 36 i 19,7 %. [lokas3aHo, o Ha caMOMY TI0YaTKy pOGOTH Ha HH3bK030arayeHOMy MasIHBi, KOIH
aKTMBHA 30Ha PEaKTOpa 3allOBHEHA JumIe Ha 28 % “CBULKMME’ NaJTMBHUMHM 30ipKaMH, a perTa KOMipoK 30HH 3allOBHEHA
OepuiIieBUMM BHTHCKyBayaMy, Mae€ Miclle 3HayHa 3MiHa MapaMmeTpiB HEHTPOHHUX ITydKiB. AJe MICIs TOTO SIK pEaKkTop
NOYHE IPalOBaTH y CBOEMY 3BHYAMHOMY pPEXHMi, IO BiIOYAETbCS MiCIs YKOMIUIEKTYBaHHS Bcieli abo OiabLIOl
YaCTHHHU aKTHBHOI 30HU MAJMBHUMH 301pKaMH, sSIKi YaCTKOBO BHTOPLIM, CHEKTPH 1 MOTOKU B KaHajaxX BiIHOBISTH CBOT
monepenHi BenwuuHU. Jleski pi3HMIN TMOB’SA3aHI TOJOBHMM YWHOM 31 3MiHAMH B KOMIIO3UIlil aKTUBHOI 30HH —
BUJIYYCHHSM JIBOX 00’€MHHX BEPTHKAIBHHUX BOJHUX KaHAJIB, pO3TAlIOBAaHUX y cepeanHi 30HH. Poborta Moxe Oyth
KOPHCHOIO €KCHEPHMEHTATOpaM, fKi IMpAaIfOI0Th Ha BHBENCHHWX ITydyKax Ha LbOMY DPEaKTOpi, a TAKOX Ha IHIINX
peakTopax, 110 IepeBe/IeH] Ha HIU3bKo30arauyeHe MmajinBo.

Kniouosi crosa: noCHigHWIBKUN SIIEPHUH pEakToOp, HEHTPOHHI CIIEKTPU, HEHTPOHHI IOTOKH, T'OPU30HTAJIbHI
eKCIIepUMEHTaIIbHI KaHajH, po3paxyHku MonTte-Kapro.
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B. ®@. Pa3oyneii

CIHEKTPHI U IOTOKHA HEWMTPOHOB B I'OPU3OHTAJIBHBIX KAHAJAX
HNCCIIEJOBATEJBCKOI'O PEAKTOPA BBP-M IIPU IIEPEXO/JE
HA HU3KOOBOI'AIIEHHOE TOIIVIMBO

PaccuuTanbl NOTOKM M CHEKTPbl HEUTPOHOB B TOPU3OHTAIBHBIX HKCIIEPUMEHTAJIbHBIX KaHallax peakropa BBP-M
Wucturyta simepapix uccnenoBannii HAH VYikpannsl (KueB) ¢ mcnons3oBannem Monte-Kapno momenn TpaHcmopra
HelTpoHOB ¢ oboramenuem 10 ~°U 36 u 19,7 %. ITokazaHo, 4To B caMOM Hadyane paGOThl HAa HH3KOOGOTaIIEHHOM
TOTUIMBE, KOT/Ia aKTHUBHAs 30Ha peaKkTopa 3aloIHeHa TOJIbKO Ha 28 % ,,cBeKUMU’’ TOITMBHBIMUA COOpPKaMH, a OcTajabHas
YacTh SYECK 30HBI 3alIOJHEHA OEPUIITIMEBBIMU BBITECHUTENISAMH, UMEET MECTO 3HAYMTEILHOE M3MEHEHUE IIapaMeTpOB
HEWTPOHHBIX Iy4koB. OJHAKO IOCIIE TOTO KaK PEakTop HauyHeT paboTaTh B CBOEM OOBIYHOM PEXHUME, YTO IPOU30UIET
IMOCJIC YKOMIIJICKTOBAHU BCEH MIIH 60]’1}311161‘/11 YacTH aKTUBHOM 30HBI YACTHYHO BBII'OPEBIINMU TOIUIMBHBIMU 060p1<aM14,
CIICKTPbI W IOTOKKW B KaHajlaX BOCCTAHOBAT CBOU MNPEKHHUC BCIWYMHBI. HeKOTOpre pas3jiniusdg CBsA3aHbl I'JIaBHBIM
00pa3oM C M3MEHEHUSIMH B KOMIIO3WIMM aKTHBHOW 30HBI — W3BJICYEHHEM JIByX OOBEMHBIX BEPTHUKAIBHBIX BOJHBIX
KaHaJIOB, Pa3MENICHHBIX BHYTpPHM 30HBL. PaboTra MoXeT OBITh IIOJIE3HOH OSKCIIEpUMEHTAaTOpaM, paldoTaromM Ha
BBIBEJICHHBIX IIy4YKaxX Ha 3TOM pEaKkTope, a TaKkXKe Ha JPYTHX peakTopax, NepeBelICHHBIX Ha HU3KOOOOTallleHHOE
TOIUIHBO.

Kniouesvie cnoga: wuccnenoBaTenbCKUM SAEPHBIM  peakToOp, HEUTPOHHBIE CHEKTPbl, HEHUTPOHHBIE MOTOKH,
TOPU30HTAIBHbIEC IKCTIEPUMEHTAIbHBIE KaHaNbI, pacueTsl MonTte-Kapiio.
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