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OF HIGH DENSITY URANIUM ZIRCONIUM CARBONITRIDE LEU FUEL

Abstract. UZrCN fuel is a high-density, high-temperature fuel that has potential for application in different type reactors.
In the past, reactor tests using UZrCN HEU (96% U-235) fuel have been performed to low burnup. However, reactor-testing
data are still needed at high burnup to confirm the optimal performance of this-type fuel. The SM-3 research reactor, which is
a high-flux reactor located at the State Scientific Center — Research Institute of Atomic Reactors, Dimitrovgrad, Russia, will
be used to test a UZrCN LEU (19.73% U-235) fuel to ~40% of burnup. The fuel will then be examined to determine its
performance during irradiation.

On the “Giacint” and “Kristal” critical facilities located at the Joint Institute for Power and Nuclear Research — SOSNY
of the National Academy of Sciences of Belarus, Minsk, Belarus, criticality experiments on multiplying systems modeling
physical features of cores with UZrCN LEU (19.75% U-235) fuel have been prepared for use in works on fast reactors with
gaseous and liquid-metal coolants. Critical assemblies represent uniform hexagonal lattices of fuel assemblies, each of which
consists of 7 fuel rods and has no clad. The active fuel length is 500 mm. Clad material is stainless steel or Nb. Three types
of fuel assemblies with different matrix material (air, aluminum and lead) are investigated. These are side radial, top and bot-
tom reflectors — beryllium (internal layer) and stainless steel (external layer).

This article desribes the design of the experiment that will be performed in the SM-3 reactor and discusses the results
of different calculations that have been performed to show that the experiment design will meet all objectives. The description
of construction and composition of critical assemblies with UZrCN fuel and the calculation results are also presented.
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106veouHennbLIl uHCMUmym snepeemuyeckux u s0ephbix ucciedoganuti — Cocrl
Hayuonanvhou axademuu nayk benapycu, Munck, beaapyce
’Hayuno-uccredosamenvckuil uncmumym Hayuno-npouzeoocmeennoe obveounenue «J1V 9y, ITooonvck, Poccus
STocydapcemeennviil Hayunwlil yenmp — Hayuno-uccie0osamenbckuil uHCIMumyn amoMHblX peakmopos,
Jumumposepao, Poccus
‘Alioaxckas nayuonanvnas nabopamopusi, Atioaxo-@ouc, CLIA
*Apeoncras nayuonanvnas rabopamopus, Jlemonm, CLIIA

PEAKTOPHBIE U IIOCJIEPEAKTOPHBIE UCIIBITAHUSA U UCCJIEJOBAHU A
HA BBICTPBIX KPUTHYECKHUX CBOPKAX BBICOKOIIJIOTHOI'O HU3KOOBOT'AIIEHHOI'O
YPAH-IUPKOHUEBOI'O KAPBOHUTPUAHOI'O TOIIJIMBA

Annotanus. ToruinBo UZrCN mpencraBisieT co00i BEICOKOIIIIOTHOE BEICOKOTEMIIEPAaTy PHOE TOILIUBO, KOTOPOE MOXKET
MPUMEHATHCA B PEakTOpax pa3idHUYHBIX TUIOB. B mpomioMm peaktopusle ucneitanus BOY (96% U-235) UZrCN-tonnuBa
ObLIN BBIIIOJIHEHBI TOJIBKO C HU3KMM BBITOpaHHEM. BmMecTe ¢ TeM JaHHBIE peaKTOPHBIX HCHBITAHUH HEOOXOIMMBI ITPH BBICO-
KOM BBITOPAHUH JUISI OATBEPKICHUSI ONTHMATIBHBIX XapaKTEPUCTHK STOTO THIA TOIIMBA. BEICOKOMOTOUHBIN HCCleoBa-
Tenbckuil peakTop CM-3, pacnionoxxeHHbli B [0cy1apcTBeHHOM Hay4yHOM LieHTpe — Hay4HO-Hccae0BaTenbCKUil HHCTUTYT
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aTOMHBIX peakTopoB (T. JumuTposrpan, Poccus), Oyaer ncrnonszoBarbses st ucnsitanus HOY (19,73% U-235) UZrCN-ron-
nuBa 10 ~40 % BeITOpaHUs. 3aTeM TOIUTHBO OyAeT NCCIEOBAThCS IS ONPEACICHNS eT0 XapaKTePUCTHK MOCTIe 00Ty deHHS.

Ha kpurnueckux crengax «'manuum» u «Kpucran» B O0beIMHEHHOM HHCTUTYTE SHEPIeTHYECKUX M SICPHBIX HCCIIe-
noBanuit — CocHel HanmonaneHoit akagemun Hayk benapycu (r. Munck, Benapycs) ocymecTsisiercst HOATOTOBKA K AKCIIe-
pUMEHTaM MO KPHUTHYHOCTH HAa PAa3MHOXKAIOMMX CHCTEMaX, MOJACNHPYIOMHUX (u3ndeckne 0COOCHHOCTH aKTHBHBIX 30H
¢ HOY (19,75% U-235) UZrCN-TonIuBoM JUIst HCHOJIb30BaHHSL B pab0OTaX O HOBOMY ITOKOJEHHIO OBICTPBIX PEAKTOPOB C ra-
3000pa3HBIMH U JKHJKOMETAJIIMUYECKUMH TEIUIOHOCUTEIsIMU. KpurtHueckue cOOpKM HpPEACTaBISIIOT coOOW OTHOPOIHBIC
TeKCaroHaJIbHBIE PEIIeTKH TOIUTMBHEIX COOPOK, KakJast N3 KOTOPBIX COCTOMT U3 CEMHU TOILTUBHBIX CTEP)KHEH M HE MMeeT
o6osouku. J[i1MHa aKTUBHOW YaCTH TOITMBHOTO CTepikHs cocTaBiseT S00 Mm. Martepuan 000104KH — HepKaBeroLast CTalb
iy HUoOui. ByyT nccneoBaHsl TPU THIIA TOINIUBHBIX COOPOK € Pa3IMYHBIM MaTepHaJIOM MAaTPHIEI B HUX (BO31YX, aJII0-
MUHUHU 1 cBHHEN). BOKOBOH pannanbHBINA, BEpXHHE U HIDKHHAE OTPaKATENN — OCpUILTHIT (BHYTPSHHHI CIION) M Hep KaBeromas
cTajb (BHELIHUI ciI0i1).

B HacTosmmielt craThe ONMCHIBAIOTCS IIPOEKTHBIE JaHHBIE YKCIIEPUMEHTA, KOTOPHI OyJIeT OCyIIeCTBIICH HAa pPeaKkTope
CM-3, u 00cykaalTcs pe3yibTaThl pacueToB, IPU3BAHHbIC TIOKA3aTh, YTO AKCIIEPHMEHT OyJEeT OTBEYaTh BCEM MOCTABIICH-
HBIM LessiM. Taxoke MpecTaBIeHbl ONMCaHNs KOHCTPYKIMH U cOCTaBa KpUTHYECKUX cOopok ¢ TormmuBoM UZrCN u pesyib-
TaTHl HX PACcUYETOB.

KuioueBble c¢j10Ba: siepHOE TOIUIMBO, YpPaH-IIUPKOHUEBBIH KapOOHUTPUM, PEaKTOPHBIC M MOCIEPEaKTOPHBIC HUCIIBITA-
HUSI, KpUTHYECKHE COOPKH

Jast uuTupoBanus. PeakTopHbIe ¥ TOCIepeaKTOPHBIE HCIIBITAHHS M HICCIIEOBAHNUS HA OBICTPBIX KPUTHUECKUX cOOpKax
BBICOKOIIJIOTHOTO HH3KOOOOTAIEHHOTO ypaH-IIUPKOHHEBOro kapoonutpunnoro torusa / C. H. Cuxopun [u ap.] / Bec.
Hamn. akan. naByk benapyci. Cep. ¢i3.-mar. HaByk. — 2017. — Ne 4. — C. 104-112.

For many years, the USSR researchers have developed and tested a high density, high temperature
uranium zirconium carbonitride UZrCN HEU fuel for potential application in different types of reac-
tors. As part of this effort, reactor tests using UZrCN HEU (96% U-235) have been performed to low
burnup of 0.6 % FIMA that show the fuel has optimal irradiation performance characteristics. In general,
UZrCN fuel has better thermo-physical properties than UO, fuel. [1] UZrCN is a high uranium density
fuel (that requires relatively low U enrichment) that can be employed at relatively high operating tempe-
ratures (>2500 K). The zirconium in the fuel stabilizes the phase composition, and the carbon blocks
relatively low temperature dissociation typical for UN. The fuel has a thermal conductivity almost 10 times
higher, a strength limit almost 3 times higher, and volumetric swelling almost 3 times lower than UO,;
has high resistance to overheating during accidents (4 times higher than UO,); has lower fission gas
emissions and swelling compared to UN fuel; and, has a relatively smooth transition to a corium dioxide
phase during extreme accidents. The main disadvantage for UZrCN is the limited amount of data
on the irradiation performance of the fuel, particularly at high burnups. The optimal characteristics
of UZrCN make it an attractive candidate for use in different types of reactors, including fast and high
temperature gas-cooled reactors.

In order to produce the high-burnup data that is needed for demonstrating the optimal characteristics
of UZrCN, a reactor test will be performed up to ~40% burnup (with some UZrCN pellets being removed
after 5 and 15% burnup) in the high-flux SM-3 research reactor located in The State Scientific Center-
Research Institute of Atomic Reactors, Dimitrovgrad, Russia. The fuel that will be tested has a com-
position of U, /Zr, C N, a density of 12.5 g/cm’, an enrichment of 19.73% (uranium-235), and an ura-
nium density of 11.3 g/em®. Over 1200 effective days of irradiation will be required to achieve the tar-
geted burnup.

It is planned to use the “Giacint” and “Kristal” critical facilities located in The Joint Institute for
Power and Nuclear Research — Sosny of the National Academy of Sciences of Belarus (Minsk, Belarus)
to carry experiments at critical assemblies on fast neutrons, simulating physical features of the cores
of fast reactors, cooled by gas and liquid-metal coolants.

This article will describe the design of the experiment and will discuss the results of performed
calculations that show a planned reactor test in the SM-3 research reactor will meet all the testing
objectives. Also describes the design and the composition of the critical assemblies, the results of cal-
culation of K ., and the program of experiments at the critical assemblies.

1. In-pile and out-of-pile tests. UZrCN LEU fuel at the SM-3 research reactor. Experiment de-
sign. Experimental capsules have been designed to allow for reactor testing of UZrCN pellets to 5, 15,
and 40% burnup contained in an irradiation device. An experimental capsule is a leak-tight cylindrical
canister with 2-mm-thick walls that is welded at the top and bottom with plugs. The capsule will be
made of W or possibly a W alloy (e.g., W-4Ta). There will be a 300 um gap between the UZrCN pellet
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Fig. 1. Schematic diagram of the irradiation device

and the capsule wall, and the capsule will be filled with pure He (with an excess pressure of ~0.01 MPa).
Each CNF pellet will be ~100 mm long and four pellets will be contained in a capsule.

The irradiation device, as shown in Fig. 1, consists of three experimental capsules Mo shells with
4-mm-thick walls contained in protective heat resistant steel (EP 912-VD or stainless steel X12HI10T).
This experimental assembly is held in X12HI10T steel. The Mo shell has grooves for six thermocouples.
The steel casing will be exposed to water at a temperature between 50 and 70 °C during the irradiation.
The irradiation device also has an external neutron absorbing Hf screen to equalize the energy released
during the irradiation test. It is planned to perform the reactor tests of the experimental capsules in the de-
signed irradiation devices in positions 10 and 11 of the second reflector row of the research reactor SM-3
(Fig. 2).

Supporting Calculations. The neutron physics conditions for the experiments were calculated using
the MCU-RR computer program, and the geometric parameters that were employed are listed in Tab. 1.

Table 1. Geometric parameters of the experimental capsule and irradiation device

Designation Beginning Campaign End of Campaign
Scheme 1 Scheme 2 Scheme 1 Scheme 2
Gap between CNF pellet and cladding (microns) 300 300 150 150
Dimensions of W cladding (mm) 12.6x2.0 12.6x2.0 12.6x2.0 12.6x2.0
Gap between cladding and cover (microns) 100 100 100 100
Dimensions of Mo cover (mm) 22.0x4.6 20.6x4.0 22.0x4.6 20.6x4.0
Gap between Mo cover and protective case (microns) 500/300 100 500/300 100
Dimensions of protective case (mm) 34.0x5.5/33.6x5.5 | 28.0x3.5/28.1x3.5 | 34.0x5.5/33.6x5.5 | 28.0x3.5/28.1x3.5
Gap between protective case and steel case (microns) 500/300 300/350 500/300 300/350
Dimensions of Irradiator Unit steel case (mm) 42.0%3.5 35.6x3.5 42.0%x3.5 35.6%3.5
Thickness of experimental capsule (mm) 5 5 5 5
Height of experimental capsule (mm) 100 100 100 100
Height of Irradiator Unit (mm) 318 318 318 318
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Fig. 2. Diagram showing a cross-section of the SM-3 research reactor core

The program implemented an algorithm for solution of the neutron transfer equation by the Monte Carlo
method. The goal of the neutron physics calculations was to determine geometric characteristics
of the absorbing hafnium screen, ensuring maximum energy release in UZrCN fuel (up to 500 W/ecm?)
in the irradiation device with a heat-resistant steel capsule. The calculations considered the conditions
of the core, correspondent to the midpoint and the end of the campaign. The neutron physics calculation
results were used to determine the outer diameter of the hafnium screen equaling 59.5 mm, and the wall
thickness equaling 2.5 mm. The screen dimensions were selected to ensure heat release with the first
circuit washed with water in a uniform manner.

Based on the calculated values of the neutron flux density in the experimental capsules for the SM-3
reactor operating at 90 MW, the duration of the tests was estimated. To reach 40% U-235 burnup, around
25 or 26 SM-3 campaigns are needed (more than 1200 days). Based on the calculated value of energy
release for the UZrCN pellets, it was shown that the target energy release of 500 W/cm? could be met
by slightly increasing the thickness of the Hf screen.

During irradiation of the UZrCN, the thermal physical properties of the gaseous medium in the gap
between the fuel and the ampoule cladding will change. The egress of volatile fission products from
the fuel (mainly, Xe'** and Kr*) results in the formation of a gaseous mixture He—Xe—Kr in the gap between
the fuel and the cladding, whose thermal physical properties deteriorate compared to the original pro-
perties of helium specified during the design of thermal physics calculations. A mixture of He—Ne, si-
mulating the mixture of gaseous fission products is fed to the original gas gaps in order to maintain
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the UZrCN and ampoule temperature at a quasi-stationary level during the irradiation. Nitrogen released
due to dissociation of UZrCN at elevated temperatures is also considered.

To aid in the selection of the optimum conditions for testing of the UZrCN in the reactor, it was ne-
cessary to predict thermal physical properties of gaseous media in the irradiation device depending
on the content of individual components and the temperature. It was determined that during the irradi-
ation the heat conductivity coefficient of the mixture He—Xe—Kr varies in a range from 0.10 W/(m K)
to 0.46 W/(m K) with the content up to 0.6 relative fractions of Xe—Kr and the temperature 1500 K.
The broad range relationship of the fission products changes the heat conductivity coefficient of
the mixture He—Xe—Kr insignificantly.

The stable heat conditions of the experiment capsules and irradiation devices are ensured by varying
the compositions of the gas media used to fill the ampoule and capsule gaps. The predicted temperatures
for the UZrCN pellets and claddings were used to determine the gas compositions in the gaps. These
temperature calculations were performed using the codes ANSYS, COMSOL, and PARAM-TG. The cal-
culations were made with iterations, taking into account changes in the model geometry due to heat
expansion, given the dependence of thermal physical properties of solids, liquids and gases on tempe-
rature. The thermal condition of the fuel section was simulated, taking into consideration variations of
the UZrCN fuel geometry and fission product gas egress. The swelling of UZrCN pellets and the com-
position of gaseous media are taken as constant for the calculations. The calculations were made for two
core conditions, correspondent to the beginning and end of the campaign, reaching 40% burnup of fis-
sionable atoms. The calculations were made for three arrangements of the UZrCN pellets and spacers.

At the beginning of life, a 60% He—40% Ne mixture is used for the capsule that is removed after 5%
burnup. For the capsule removed at 15% burnup, a 90% He—10% Ne mixture is used. For the capsule
irradiated to 40% burnup, a 100% He gas composition is used. For the 40% burnup case, estimations
show the final composition of gaseous mixture under the experimental capsule cladding is 60%
(XetKr)—40% He (mole). It was assumed that the fission product gases were fully egressed from
the UZrCN pellets. Given the mechanisms of gaseous fission product migration and diffusion from
the UZrCN, it is predicted that the share of stable Xe and Kr isotopes in the gaseous mixture will decrease
to ~ 20% (mole).

2. The program of experiments on the fast multiplying systems with UZrCN LEU fuel
at the critical facilities “Giacint” and “Kristal”. The critical facilities “Giacint” and “Kristal” are used
to prepare the experiments on the criticality of multiplying systems simulating physical features
of the core of the future fast-neutron reactors with gaseous and liquid-metal coolants. Lattices of fuel
cassettes in a matrix from air, aluminium and lead were investigated.

This fast critical assembly represents a lattice (39 mm pitch) of fuel cassettes with fuel rods based
on UZrCN (19.75% U-235) and with air or lead or aluminum as matrix materials, with a beryllium-steel
reflector. The critical assemblies included a core, a side reflector, top and bottom axial reflectors and
a control and protection system’s (CPS) rods.

The cores of critical assembly, comprising fuel cassettes, is surrounded by several rows of Be and
steel reflector units. These elements of the critical assemblies are placed on the stainless-steel support
grid. The neutron detectors are attached on special poles around the critical assemblies.

There are six types the fuel cassettes. The fuel cassette type 1 (type 2) with air as matrix materials
is unclad and comprises 7 fuel rods of type 1 (7 fuel rods of type 2) and end pieces (Fig. 3). The fuel rods
are placed in a cassette with a 14 mm pitch over the hexagonal grid and fixed by the end pieces. The turn-
key size of the design model of the cassette is 38.5 mmy; the total length of the design model of the cas-
sette is 912 mm. All upper and lower end pieces of the cassettes are made from stainless steel.

The fuel cassette type 3 (type 4) with lead as matrix materials is unclad and comprises 7 fuel rods
of type 1 (7 fuel rods of type 2) and end pieces (Fig. 4). The fuel rods are placed in a cassette with a 14 mm
pitch over the hexagonal grid and fixed by the end pieces. The lower end piece of the cassette comprises
a shank (stainless steel), a lower end piece and the lower tube plate (stainless steel); the upper end piece
of the cassette comprises the upper tube plate (stainless steel), the lead end piece and the head (stainless
steel). The turn-key size of the design model of the cassette is 38.5 mm; the total length of the design
model of the cassette is 912 mm.
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Fig. 3. The design model of fuel cassette type 1 (type 2):
1 — fuel rod of type 1 (type 2); 2 — shank; 3 — lower tube plate; 4 — upper tube plate; 5 — head; 6 — screw
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Fig 4. The design model of fuel cassette type 3 (type 4):
1 —upper steel piece; 2 — lead prism; 3 — lower tube plate; 4 — upper tube plate; 5 — lower end piece; 6 — lead matrix; 7 — pin;
8 — washer; 9 — pin; 10 — screw; 11 — the fuel rods of the type 1 or type 2

The fuel cassette type 5 (type 6) with aluminum as matrix materials is unclad and comprises 7 fuel
rods of type 1 (7 fuel rods of type 2) and end pieces (Fig. 5). The fuel rods are placed in a cassette with
a 14 mm pitch over the hexagonal grid and fixed by the end pieces. The turn-key size of the design model
of the cassette is 38.5 mm; the total length of the design model of the cassette is 912 mm. All upper and
lower end pieces of the cassettes are made from stainless steel.

The fuel rod type 1 (type 2) comprises a fuel core, cladding, and end pieces (Fig 6). The fuel rod
cladding has the outer diameter 12 mm and the wall thickness 0.6 mm. The fuel rod comprises tablets,
10.75 mm in diameter and 14.7 mm in height, from uranium-zirconium carbonitride U, Zr  C N ..
The enrichment by U-235 was 19.75%. The gaps between the fuel rod cladding tablets and the fuel rod
cladding contain He under ~0,11 MPa. The total core height is 500 mm. The total length of the fuel
rod is 620 mm. The material of the fuel rod clad and end pieces (plugs) is stainless steel (fuel rod type 1)
or alloy NbZr-1 (fuel rod type 2).

The side reflector of the critical assemblies is several rows of the beryllium and stainless steel
reflector units. The beryllium reflector unit represents a hexagonal beryllium prism with turn-key size
38.5 mm and the length 872 mm. To the bottom of the unit is attached to the shank. The head (stainless
steel) with the turn-key size 38.5 mm and the length 40 mm is fixed to the upper part of the unit.
The total length of the unit is 947 mm, and the shank length is 35 mm. The steel reflector unit represents
a hexagonal prism from stainless steel with the turn-key size 38.5 mm. To the bottom of the unit
is attached to the shank. The total length of the unit is 947 mm, 35 mm shank length.
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Fig. 5. The design model of fuel cassette type 5 (type 6):
1 — upper steel prism; 2 — lower steel prism; 3 — lower tube plate; 4 — upper tube plate; 5 — lower end piece;
6 — aluminum matrix; 7 — pin; 8§ — washer; 9 — pin; /0 — screw; /1 — the fuel rods of the type 1 (type 2)
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Fig. 6. Fuel rod type 1 (type 2):
1 —lower plug; 2 — spring; 3 — gaskets; 4 — cladding; 5 — fuel core; 6 — upper plug
The experiments are to be performed on three fast critical assemblies. The core and reflector compo-
sitions of these critical assemblies are presented in Tab. 2. The calculation results of K . made

by the Monte Carlo method using the MCNP-4C [2] and MCU-PD [3] computation codes are presented
in Tab. 3. Fig. 7 represent the loading chart of the fast critical assemblies.

Table 2. The core and reflector compositions of the fast critical assemblies

. The fuel cassette, pcs i . .
The critical assembly Beryllium reflector unit, pcs | Steel reflector unit, pcs
type | | type2 | type3 | type4 | type S | type 6
Type 1 2100 | 7 - -1 - 504 306
Type 2 | = fa0| 7| - | - 504 306
Type 3 e e S I N 504 306

Table 3. The calculation results of the fast critical assemblies

The critical K, calculation result B, calculation result
assembly MCNP-4C MCU-PD MCU-PD
Type 1 1,00494 + 0,00021 1,00993 + 0,00030 0,007408
Type 2 1,01672 + 0,00021 1,01244 + 0,00027 0,007362
Type 3 1,01412 + 0,00020 1,01619 = 0,00037 0,007367
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O — beryllium reflector unit

‘ — steel reflector unit

Fig. 7. Loading chart of the critical assembly type 1 (type 2, type 3)

Conclusions. This article has described the design of an experiment using UZrCN pellets that
will be performed in the SM-3 research reactor up to a burnup of 40 %. Calculations have been performed
that indicate the irradiation experiment will be accomplished successfully, and all testing goals will be
met. Initial gas compositions have been identified for use in technological gaps that will maintain target
temperatures, and the final gas compositions after different levels of irradiation have been determined.

It is planned to use the “Giacint” and “Kristal” critical facilities to carry experiments at critical as-
semblies on fast neutrons, simulating physical features of the cores of fast reactors, cooled by gas and
liquid-metal coolants.
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