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FORECASTING CHANGES IN THE NEUTRON-PHYSICAL CHARACTERISTICS
OF FUEL - CONTAINING MATERIALS

The paper presents the results of calculations for determining neutron-physical characteristics (NFC) of fuel-
containing materials (FCM), including the possibility of formation of critical masses. The lack of reliable information at
present about the material composition of some places of FCM requires additional studies to substantiate the nuclear
safety of such clusters of FCM. An important and, in some cases, the only, method of investigating nuclear safety of
places of FCM accumulation is the calculation method for determining the criticality parameters of FCM and predicting
the change of neutron-physical characteristics important for nuclear safety during the planned time of FCM location in
the «Ukryttya» object. Ensuring a reliable control of the intensity of fissions in FCM, as well as clarifying the
supplementary cementitious material composition, requires the introduction of additional methods and channels for
monitoring FCM, for example, on the activity of air and water environments determined by short-lived products of
fission of nuclear fuel in FCM. The paper presents information on the predicted change in the neutron-physical
characteristics of FCM for 120 years from the time of formation of FCM. In particular, the following characteristics are
considered: neutron activity; alpha-activity; power of residual energy releases; change in the ratio of main alpha and
neutron emitters; the effect of changes in other characteristics of FCM on subcriticality, as well as the conditions and
configuration of possible criticality in FCM. For a long period of "planned” storage of FCM in the «Ukryttya» object
facility, some NFC FCM will undergo significant changes. The main decline in residual energy releases, and,
accordingly, FCM activity, including neutron activity, occurred in the first years after the accident. After more than 30
years, the rate of change of these characteristics of FCM significantly decreased.

Keywords: neutron-physical characteristics, fuel-containing materials, criticality parameters, nuclear safety,
«UKryttya» object.

The code system

To calculate the NFC FCM, the SCALE code [1] was applied, as well as the analytical dependencies
between the amount of nuclide and its activity.

The SCALE software system was developed at the Oak Ridge National Laboratory of the United
States, commissioned by the US Nuclear Regulatory Commission. SCALE is a software tool for analyzing
nuclear safety and designing fuel-based systems. The first version of the SCALE was released in 1980, and
since then it has been widely used both in the US and abroad to perform analyzes of criticality, radiation
safety, heat transfer, burnup [2].

The SCALE software complex was used to justify the nuclear safety of the Spent Fuel Storage
Facility (SFSF) of the ZNPP, SFSF-2 of the ChNPP and the Central Spent Fuel Storage Facility (CSFSF) [3].
In accordance with [2] SCALE is used to substantiate the nuclear safety of spent nuclear fuel (SNF) storage
systems in many countries, including: Bulgaria, Germany, Hungary, Slovakia, Sweden, USA, Japan.

Validation of the radionuclide concentration determination model for fuel burnup.

The estimation of the number of radionuclides in RBMK nuclear fuel at the time of the accident was
carried out by simulating the operation of the RBMK fuel channel for 700 effective days at a capacity of
2 MW, which corresponds to fuel burn-out of ~ 11 MW-day/kg U, defined as the average fuel burnup at the
time Accident [4, 5]. Validation of the calculation model was performed by comparing the calculated and
experimental values [6] of the concentration of the determining radionuclides for the fuel burn-out depth
RBMK-1000 ~ 11 MW-day/kg U.

Residual energy releases of FCM

In Fig. 1 shows the calculated values of the change in the contribution of B-, y- and a-emitters to the
power of residual energy releases. The contribution to the power of residual energy releases of FCM from a-
emitters is now less than 10 %, and the contribution from stimulated fission caused by spontaneous neutrons
and neutrons (o, n) reactions is insignificant and can be ignored. Analytical assessment of the contribution to
the residual energy release of FCM from the forced fuel division into FCM is presented below.

© V. I. Borysenko, V. V. Goranchuk, N. M. Sidoruk, 2017

ISSN 1813-3584 IIPOBJIEMU BE3IEKHM ATOMHUX EJIEKTPOCTAHLIIN I YOPHOBMJIA 2017 BUIL 29 56


mailto:vborysenko@ispnpp.kiev.ua

FORECASTING CHANGES IN THE NEUTRON-PHYSICAL

1.E+02 +\\
=+=Dbetta
1.E+01 =#—gamma |
: \\ —&— alfa
1.E+00 \

‘Tl
+

Power of residual energy releases, W/kg

0 20 40 60 80 100 120
Time, Years

Fig. 1. Changes in the contribution of B-, y- and a-emitters to the power of residual energy releases.
Change in the activity of a-emitters

In contrast to the intensity of B- and y-emitters, which are continuously decreasing after their
accumulation in the spent fuel, the intensity of the a-emitters after the decay, in the first years after
"unloading" the fuel from the reactor, grows up to a 60-year storage life, and then begins continuous decline.
In Fig. 2 graphs of the activity of the main a-emitters are presented.

Despite the high activity of the a-emitters, their contribution to the power of the residual energy
releases is currently less than 0.04 W/kg, which is equivalent to ~ 10 % of the total residual energy release,
but over time, the contribution of a-emitters to the total power of the residual energy releases increases, and
110 years later will exceed the relative contribution from the other radiators. At the same time, the total
power of residual energy releases throughout the entire period is constantly decreasing (see Fig. 1).
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Fig. 2. Change in the a-activity of FCM Fig. 3. The change in the total a-activity of FCM.

The change in the total a-activity is shown in Fig. 3. After reaching an intermediate minimum of
~ 20 % of the initial a-activity of FCM, the relative increase in a-activity after 60 years from accident will
reach its maximum ~ 32 % of the initial a-activity of FCM, after which there will be a continuous decrease.

The contribution of spontaneous fission neutrons to the residual energy release of FCM

Consider the algorithm for determining the upper estimate of energy release from fission of fuel
nuclei in FCM, based on the following provisions.

For today (~ 30 years after the accident), the estimated neutron activity of fuel due to spontaneous
fission neutrons and neutrons from the (a-n) reaction on light nuclei is ~ 2.5-10°n/t (see Fig. 4).
At K = 0.999, ignoring the neutron loss, we get that the maximum number of neutrons produced in the
subcritical state is 2.5-10° n/t. If even ALL neutrons cause the fission of nuclear fuel - this will correspond to
—2.5-10° acts of fissions per ton of fuel. Considering that 200 MeV of energy is released in the fission event,
3.1-10" fissions/s are needed for 1 W power. Thus, the contribution from fission to energy release of FCM
is: 0.082 Wit.
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Variations in the power of the neutron source to 1.0-10" n/t, as well as other "assumptions", can give
an upper estimate of the power output from fission to 1 W/t, which is less than 0.5 % of the residual energy
release on "today".
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Fig. 4. Contribution to neutron activity of FCM from spontaneous fission neutrons
and neutrons (0, n) reactions.

Some authors [7] use another algorithm for determining the forced fission power in a subcritical
reactor, which requires additional "justifications". For example, it is necessary to point out the incorrect
application in formula (2) [8] (analogue of formula (1) of the present paper) instead of the lifetime of the
instantaneous neutrons l;.s, the effective lifetime of the neutrons y,.
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Let us consider why such a replacement is erroneous. From the definition:

FLUX OF NEUTRONS - ¢ = n, is the product of the neutron density (n/cm®) of a given energy and the
neutron velocity (cm/s) of a given energy.

Despite the deceptive dimension of n/(cm?-s), these are not neutrons in cm® per 1s, but, in
accordance with the definition - the neutron flux - the total path traveled by neutrons of a given energy, in
1 cm? per 1s.

Thus, a neutron can contribute to the neutron flux only when it "lives" and has the corresponding
energy. To determine the thermal neutron flux at an energy of 0.0253 eV, and, correspondingly, the velocity
v =2200m/s, it is necessary to know how long this thermal neutron lives at an "average" velocity
v =200 m/s. This time corresponds to the neutron diffusion time. Therefore, in formula (1) there should not
be linst = lmoa,+ lgir, Where lgi is the diffusion time of a thermal neutron, and |,.q, is the moderation time of a
neutron, which can be neglected in this analysis. Usually, the condition that I, < lqis is fulfilled, therefore the
formula (1) is acceptable.

If we consider the effect of delayed neutrons on the formation of the thermal neutron flux, then they
practically do not differ in any way from the instantaneous neutrons. Namely, they have the same diffusion
time as the instantaneous neutrons - therefore, there is no difference in the contribution to the neutron flux
between instant neutrons and delayed neutrons.

The delayed neutron contributes to the neutron flux only when it "lives”, i.e. already emitted from
the precursor nucleus and slowed down to thermal energies, and by formula (2) [8] it turns out that the
delayed neutron already "forms" the neutron flux, while still in the precursor nucleus - which does not
correspond to the neutron flux definition.

It should also be noted that as the degree of subcriticality increases, the neutron lifetime will
decrease due to an increase in neutron absorption macro cross-section.

A correct application of formula (1) gives:

p=nv=—SL 4y y= — 1 __10%.22.10°=22000—1 .
1-Kg 1-0.999 cm®-s
The macro-section of the *°U fission can be obtained based on the conditions that the density of the FCM is
3 glcm?, the uranium content is 10 %, the enrichment is 1.15 %, respectively: X = 0.00509 cm™.
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Accordingly, the number of fission reactions (the upper bound)
Regp-x, =112 15
cm
And the number of fission reactions in 1 m® = 1.12.10%, or the number of fission reactions per 1 ton
of fuel = 3.7-10%. Thus, the contribution to the energy release from stimulated fission in FCM caused by the

spontaneous fission neutron flux does not exceed 0.1 W/t of fuel, which correlates well with the maximum
estimation of the forced fission power given above.

Nuclear Safety of FCM

A large number of publications [4, 5] is devoted to the nuclear safety of places of FCM clusters.

Let us consider the conservative conditions under which criticality can be attained in the various
locations of FCM clusters in the chemical composition.

In accordance with the accepted classification, the main FCM can be divided by chemical
composition into brown and black ceramics [4, 5, 9].

In Fig. 5 shows the dependence of the neutron multiplication factor K¢ on the water volume content
for homogeneous FCM with the following parameters: density 3 g/cm®, mass content UO,— 60 %,
enrichment according to **°U — 1.15 %.

Figures 6 and 7 show the dependence of the neutron multiplication factor on the water volume
content for heterogeneous FCM with the following parameters: the volume filled with cylindrical fuel rods
located in 2.0 cm steps is a cylinder of radius 2 m and height 1 m surrounded by a concrete reflector
thickness 0.5 m, enrichment at “*U — 1.15 %. The density and size of the fuel pellet are chosen on the basis
that the mass fraction of fuel in the simulated volume remains constant and is 60 %.

In Fig. 6 simulation data are presented for the case when only fuel and water are present in FCM.
Fig. 7 shows the modeling data for the case when there are some other materials in FCM, in addition to fuel
and water, according to [9].
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Fig. 5. Change in the coefficient of neutron multi- Fig. 6. The change in the multiplication factor of
plication in homogeneous FCM: 1 - for an infinite neutrons in heterogeneous FCM, consisting of fuel (UO,)
FCM medium; 2 - for a cylinder with a radius of 2 m, and water. (Tablet radius and density UO,, respectively:
and a height of 1 m, surrounded by a concrete reflector 1-575mm, 10.0g/cm®, 2-75mm, 5.88g/cm’,
0.5 m thick. 3-9.0 mm, 4.084 g/cm?)

Thus, it can be concluded that for the material composition of black and brown ceramics, under the
assumption of a homogeneous model of the multiplying medium, it is impossible to obtain conditions for
achieving criticality. Criticality in a homogeneous model of the multiplying medium at a ceramic density of
3 glem® can be achieved starting with a mass content of 60 % in fuel, which is not yet found in any of the
fuel core samples.

For the case of a heterogeneous model of the multiplying medium, the criticality estimates are
sufficiently identical.

In Table the simulation results for determining the minimum cylinder size consisting of fuel rods
with a diameter of 11.5 mm and surrounding water are presented. Fuel rods are presented in the form of
tablets UO, enrichment of 1.15 %, density of 10 g/cm®.
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The dependence of K¢ on the radius of the multiplying medium 1.0 m high, consisting
of fuel cells arranged along a triangular lattice

Cylinder radius, m 0.5 0.55 0.60 0/65 0.75 1.00 1.50
Ket 0.9937 | 1.0015| 1.0089 | 1.0149 | 1.0227 | 1.0356 | 1.0437

Fig. 8 shows the results of modeling to determine the most optimal step in the location of RBMK
fuel to achieve the greatest K.

1.1 -4l o 11
5 -5 2 —
T 1.0 —— = M
%’_ //0’ v 'NN, £ 10 // ~—
Z 09 7 g
= /! s
£ 08 = 0.9
> (<5}
: |/ :
‘S 0.7 s /
= c 0.8
3 0.6 3 /
L= b=
O <5}
o Q
o 05 © 07

0.0 0.2 0.4 0.6 0.8 1.0 12 14 16 18 20 22
Volume fraction of water Step of a triangular fuel grid, mm

Fig.7. The change in the multiplication factor of F
neutrons in heterogeneous FCM, depending on the
density of water in the interstitial space. The radius of

the fuel pellet is 5.75mm. In the figure, numbers
indicate the simulation results for conditions with
different fuel tablet compositions: 4 - 60 % UO,, 31 %
SiOy, 5 - 45.7% UO,, 31% SiO,, 4% Ca, 4 % Zr,
4% Na, 3% Mn, 2.3 % Mg.

The density of the tablet material is 10 g/cm®.

g. 8. The dependence of K on the pitch of the fuel grid.

Conclusions

The results of the predictive modeling of the change in important NFC FCM show that during the
period of forced storage of FCM in the «Ukryttya» object, the continuous decline is observed in terms of
residual energy release, B-, y-activity, and neutron activity. As for a - activity, after a significant decline in
the first 4 years after the accident o - activity will increase up to 60 years, after which its continuous decline
will begin. The growth of a-activity is determined by the accumulation of **Am, due to p-decay of **'Pu
with a short half-life of ~ 14 years.

The modeling results show that for a multiplying medium with the most conservative parameters,
chosen from the experimental determination of the material composition of brown and black ceramics,
subcritical conditions are ensured, including for possible flooding with water in an amount optimal for
obtaining the maximum multiplying properties of FCM.
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MMPOTHO3YBAHHS 3MIHA HEUTPOHHO-®I3UYHUX XAPAKTEPUCTHUK
ITAJIMBOBMICHHUX MATEPIAJIIB

[IpencraBneHo pe3yibTaTH PO3PAXyHKIB IO BU3HAUYCHHIO BAKIMBHUX MapaMETPiB MANTWBOBMICHHX MaTepiajiB
(IIBM), mo BW3HA4alOTh iXHI HEHTpOHHO-(i3myHI Xapakrepuctuku (HDPX), y ToMy dncii # MOXIMBICTE YTBOPESHHS
KPUTHIHHUX Mac. BiACyTHICT y AaHUH 9ac MocTOBipHOI iH(pOpMAIil Tpo MaTepialbHU CKIa JSIKUX MICIb CKyIMUeHb
I[IBM Bumarae mpoBeneHHsS TOJATKOBUX IOCHIIDKEHBb IUTS OOTPpYHTYBaHHA sSACpPHOI Oe3lekd Takux cKymdeHb [IBM.
BaxnuBumM, y AeSKUX BHIIAIKaX 1 €AMHUM, METOJIOM JIOCHI/PKCHHS saepHOI Oe3nekn Micupb ckymueHHs [IBM e pospa-
XYHKOBHUI METOZ BU3HauCHHS MapaMeTpiB kputudHocTi [IBM i mporHo3yBaHHS 3MiHM Ba)XXJIMBUX IUIS SIIEPHOI Oe3mexn
HEHTPOHHO-(PI3UYHAX XaPAKTEPUCTUK MPOTIrOM IUIAHOBAHOTO Yacy 3HaxojpkeHHs I[IBM B 00'ekTi «YKpUTTS».
3abe3nedeHHs] HAJAIHHOTO KOHTPOJIO 3a iHTeHCHBHicTIO noziny y [IBM, a Takoxk yTOYHEHHS MarepialbHOIO CKIIaay
[IBM BuMarae BIIpOBa)KEHHS JOJATKOBHX MeTOAIB KoHTpoiro [IBM, Hanpuknaa no akTUBHOCTI TOBITPSIHOTO W
BOJIHOTO CEpENIOBHUIN, BU3HAUYEHHX 338 KOPOTKOXKMBYYMMH IPOAYKTaMH HOALNY sinepHoro manusa B [IBM. Y poGori
MPe/ICTaBICHO iHPOPMAIIiIO ITPO MPOTHO30BaHy 3MiHY HEHTPOHHO-(i3MuHKX Xapakrepuctuk [IBM npotsirom 120 poxis
i3 yacy ctBopenHs [IBM, 30kpema Takux sK: HCHTPOHHA aKTUBHICTH, ab()a-aKTHBHICTh, 3MiHA CITiBBIJHOIICHHSI
OCHOBHHX HEHTPOHHHX 1 anb(a-BUIIPOMIHIOBAYiB, BIUIMB 3MIHH IHIMHX XxapakrepucTuk [IBM Ha migkpuTHYHICTB, a
TaKOX YMOBH i KOH]irypatis MoxmuBoi kputrugHocti [IBM. 3a TpuBanwmii epiox «miaHoBaHoroy» 30epiranas [IBM B
00'exTi «YkpurTs» geski HOX IIBM 3a3HaroTh icToTHHX 3MiH. OCHOBHHMH CIiaj] 3ajWIIKOBHX CHEPTOBUAUICHB, a
BiINOBigHO i akTUBHOCTI [IBM, BKIIfOYaroun i HEHTPOHHY aKTHBHICTH, IPUMAB HA IMEPIIi POKW mmicis aBapii. [licis
Oimprre 30 pokiB MIBUAKICTH 3MIHU 3a3HAYCHHUX XapakTepucTHK [IBM icTOTHO 3MeHITIIacs.

Kniouosi cnosa: HeNTpOHHO-(I3NYHI XapaKTEPUCTHKH, TaJMBOBMICHI Marepialid, MapaMeTpH KPUTHYHOCTI,
saepHa Oe3reka, 00'eKT «YKpUTTSI».
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IPOTHO3UPOBAHUE U3MEHEHUS HEUTPOHHO-®U3NYECKHAX XAPAKTEPUCTHK
TOIVINBOCOJEPKAIIINX MATEPUAJIOB

[IpencraBneHsl pe3yabTaThl pacueToB MO OMPEAETICHUIO BaXKHBIX MapaMEeTPOB TOILIMBOCOAEPXKAIIMX MaTepH-
anoB (TCM), ompenmensronmx HX HeHTpoHHO-¢pu3ndeckue xapakrepuctuku (HOPX), B ToM ymciae ¥ BO3MOXKHOCTH
oOpa3oBaHus KpUTHUeCKMX Macc. OTCyTCTBHE B HACTOsILEe BpeMs JOCTOBEPHOW MHpopMamuu o MaTepHaJbHOM
COCTaBe HEKOTOPHIX MecT ckoruieHnid TCM TpebyeT npoBeACHHS ITOTIOTHUTEIbHBIX UCCICTOBAHHUMA TS 0OOCHOBaHUS
saepHoit Oe3omacHocTH TakuxX ckormueHnidt TCM. BaxHbIM, B HEKOTOPBIX CIydasx W €IUHCTBEHHBIM, METOIOM
UCcIeIoBaHus siiepHoi Ge3omacHocTH MecT ckoruieHnst TCM siBisieTcst pacdeTHBIH METOA OIpeZeIeHus! TapaMeTpoB
kpurtnyHoctTd TCM W NpOrHO3MPOBaHMS W3MEHEHMS BaXKHBIX JUIS SJEPHOM 0e30macHOCTH HEHTPOHHO-(PU3NYECKHX
XapaKTEepUCTHK B T€UYEHHE IUIAaHHpyeMoro BpeMeHn HaxoxzaeHuss TCM B o0bekTe «YkpbiTne». OOecrieueHne Hamex-
HOTO KOHTPOJI MHTeHCUBHOCTH JiesieHnid B TCM, a takke yroyHeHHe MarepuasibHoro cocraBa TCM, Tpebyer BHeape-
HUS IOTIOJIHUTENbHBIX METOA0B KoHTposd TCM, HanpuMmep N0 aKTUBHOCTH BO3AYIIHOM U BOJHOM Cpejl, ONpeaesieMbIX
KOPOTKOXXMBYIIIMMH MPOJXYKTaMH JelieHus sinepHoro TtorumBa B TCM. B pabore mpencraBneHa wH(pOpMaus o
MIPOTHO3HOM M3MEHEHHH HEeHTpOHHO-(pm3ndecknx xapakrepuctuk TCM B teuenue 120 jmer ¢ MmomeHTa 00pa30BaHUSA
TCM, B 4acTHOCTH TaKMX KaK: HEUTPOHHAs aKTHBHOCTh, anb(a-aKTUBHOCTH, M3MEHEHHE COOTHOIIEHHS OCHOBHBIX
HEUTPOHHBIX U anb(a-u3ydaTeiei, BIMIHIe W3MEHEHHs Opyrux xapakTepuctuk TCM Ha MOAKPUTHYHOCTH, a TaKKe
ycroBuS W KOH(MUTypamus BO3MOXKHOW KpHTHYHOCTH B TCM. 3a NMpOmOKHUTENBbHBIA MEpHO] «IUITAHHPOBAHHOTOY
xpanerns TCM B o6bexTe «YkpoiTHe» HekoTopble HOX TCM mpereprnsT cymecTBeHHbIE W3MeHeHNs . OCHOBHOM criaf
OCTaTOYHBIX YHEPrOBBIIECNIECHUH, a COOTBETCTBEHHO M akTHBHOCTU TCM, BKIIOYas U HEHTPOHHYIO aKTUBHOCTb, MpPHU-
IIeJICSl Ha TIepBbIe oAbl rmoce aBapuu. [1o npomectsun 6onee 30 €T CKOPOCTh N3MEHEHHS yKa3aHHBIX XapaKTepPUCTHK
TCM cylIecTBEeHHO yMEHBIINIACh.

Kniouegvie cnosa: HEWTPOHHO-(PU3NYECKUE XAPAKTEPUCTUKH, TOIUIMBOCOEPIKAIME MaTepuaibl, MapameTphl
KPUTHUYHOCTH, sJiepHasi 0€3011aCHOCTh, 00BEKT « Y KPBITHE.

Hapiiimna 29.09.2017
Received 29.09.2017

ISSN 1813-3584 IIPOBJIEMU BE3IEKHM ATOMHUX EJIEKTPOCTAHLIIN I YOPHOBKMJIS 2017 BUIL 29 61



