ISSN 1563-0315; elSSN 2663-2276 Recent Contributions to Physics. Ne3 (82). 2022 https://bph.kaznu.kz

IRSTI 29.15.53 https://doi.org/10.26577/RCPh.2022.v82.i3.08

A.S. Surayev!* ® , R.A. Irkimbekov?! ® , Z.B. Kozhabayev? ® , V.A. Vityuk? ®
L«Institute of Atomic Energy» Branch of National Nuclear Center of the Republic of Kazakhstan,
Kazakhstan, Kurchatov
2National Nuclear Center of the Republic of Kazakhstan, Kazakhstan, Kurchatov
*e-mail: suraev@nnc.kz

IMPACT ASSESSMENT OF THE IGR GRAPHITE BLOCK UNEVEN IMPREGNATION WITH URANIUM
ON THERMAL STRENGTH PROPERTIES

The paper presents the results of a numerical interdisciplinary analysis of the fuel element of a heat
capacity type research pulsed reactor (IGR). The fuel element of the IGR reactor is a graphite block
impregnated with a solution of uranyl dinitrate. During the operation of the reactor, graphite blocks can be
heated to high temperatures in a short period of time, which, together with the uneven impregnation of the
block with uranium, which is due to the technological process of its manufacture, leads to the appearance of
internal structural stresses. The purpose of this work is to make numerical estimation of the magnitude of
thermal stresses arising in a graphite block. To carry out such an assessment, two computational models of a
graphite block were built. One model is designed to perform neutron-physical calculations using a verified
model of the IGR reactor core and the MCNP code, the other is designed to perform thermal strength analysis
in the ANSYS software package. Thermal strength analysis includes two stages of calculations — thermal and
structural (strength). Both models developed in the way to have the most similar topology, since this directly
affects the correct distribution of the energy release over the volume of the block when transferring the results
of the neutron-physical calculation to the thermal model.

The operation of a graphite block as part of the reactor core was simulated during a start-up lasting 4 s at
a stationary power of 2 GW, followed by cooling down for 5 s. Numerical values and distribution diagrams of
temperature and stresses arising in the volume of the block are obtained. The results of the analysis confirm
the effect of the uneven impregnation of the graphite block of the IGR reactor with a solution of uranyl
dinitrate on its thermal strength characteristics.

Key words: IGR, graphite block, neutronic calculations, thermal analysis, structural analysis, ANSYS APDL
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NP peakTopbIHbIH, rpaduTTi 610rbIHAA YPaHHbIH BipKenKi emec CiHipinyiHiH OHbIH, TePMODEpIKTIK
cunaTTamanapbliHa acepiH 6aranay

Byn »kymbicTa UIP 3epTTey peaKkTopbIHbIH OTbIHAbIK SAEMEHTIHE KacanfaH ANCUMNAMHAE apasiblK CaHAbIK
ecenTtey HaTuxkenepi kepceTinreH. NP peaKTopblHbIH, OTbIHAbBIK 3N1eMeHTi BoMblHa YPaHUAHWUTPAT epTiHAaiC
CiHipinreH rpacduT 610rbl 60bIN TabblNaabl. PeakTopabiH KYMbIC Xacay bapbicbiHAa rpaduTTiK H10K KbiCKaA
YaKbIT apasblfbiHAA Y/IKEH TemMnepaTypara AeMiH Kbi3ybl MyMKiH. By abdeKT, OTbIHABIK 31eMeHTTEPAIH rpaduT
BN0rbIHbIH, *Kacany TEXHONOTMACLIHbIH, acepiHeH nanaa bonfaH ypaHmeH Oipkenki 6anbITbliMaybiMeH KaTtap,
iWiKi KYpbIIbIMAbBIK KepHey/epre aKkenin cofafpl. MyMbICTbIH, MaKcaTbl rpaduTTiKk BA0KTa nanga 6onaTbiH
bIYNbIK KepHeynepai 6aranay 6onbin Tabblnaapl. baranayabl XKy3ere acbipy MakcaTbiHAa rpaduT 610rbIbIH,
eKi ecenTey mogeni )acanfaH. bipiHwwici, TP peakTopbiHbIH aKTUBTI allMak, MoAeniMeH BepubuKaumsanaHfaH
woHe MCNP KofabiMeH acanfaH HeWTPOHHABIK-OU3NKaNbIK Moaenb. EkiHwici, ANSYS nporpammanbik,
KOMMAEKCIHAE Kblly-MeXaHUKablK aHanM3 »Kacayfa apHanfaH Mogenb. Hblay-mexaHWMKanblK, aHanus
KaTapblHaH OTKI3iNeTiH eKi ecenTeyAeH Typaabl — XbUIY/AbIK X3HEe MexaHWKablK. EKi mogenb makcvmanabl
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TYPFblAa YyKcac TOMOAOrMA NMpUHUMMNiIHE cyMeHin »kacanabl. Cebebi 6yn HeUTpoHAbIK-GU3MKaNbIK ecenTey
HaTUXKENEPIH XKbINY/bIK MOAE/bre eHrisy KesiHae aHepruabeniHyAiH AypbIC YAeCTipinyiHe Tikenei acep eTeai.

TP peaKTopbIHbIH, aKTUBTI aMMak, KypamMblHAaFbl TPadUTTIK BA0K KYMbICbl Y3aKTbIfbl 4 C, CybITY YaKbITbl 5
C, CTaUMOHapAbIK KyaT AeHreli 2 BT nyck KesiHae moaenbaeHreH. MpaduTTik 610K KenemiHae naraa 6onatbiH
TemnepaTypa MeH KepHey CaHAblK, M3HAEpi XaHe sntopepi anbiHAbl. HacanfaH aHanAn3 HaTuxKenepi
YPAHUAHUTPATTbIH, rapdUTTiK 6/10KKa BipKenKi CiHipiimeyi OHbIH, *Kbly-MeXaHWKabIK cMnaTTamanapbiHa acep
eTeTiHiH Aanenaenai.

TyliH cesnep: VTP, rpadumTTi 610K, HENTPOHOBIK-OU3NKANLIK ecenTey, Kblayabl Tanaay, bepikTikTi Tanaay,
ANSYS APDL
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OueHKa BAWAHWA HEPAaBHOMEPHOCTM NPONUTKK rpaduToBoro 6noka peaktopa UIMP ypaHom Ha ero
TEPMOMPOYHOCTHbIE XaPaKTEPUCTUKM

B paboTe npeactaBneHbl pe3yabTaTbl YMCAEHHONO MEXKAMCUMMAMHAPHOIO aHaaM3a TOMJAMBHOMO
3/1EMEHTa MCCNenoBaTe/IbCKOro MMMY/IbCHOMO pPeakTopa TeNI0EMKOCTHOro Tuna (UMP). TONAUBHbIA 3neMeHT
peaktopa UIP npeacrasnsetr coboi rpadutoBbid 6A0K, MPOMUTAHHBIA PAacTBOPOM YypaHWUAAMHKUTPaTA. Bo
Bpemsa paboTbl peakTopa rpaduToBble HOKM MOTYT Pa3orpeBaTbCA A0 BbICOKMX TEMMEPATYP 3@ KOPOTKOe
BPEMA, 4YTO, B COBOKYMHOCTM C HEPABHOMEPHOCTbIO MPOMUTKM 6H0Ka ypaHOM, KoTopas obycnoBieHa
TEXHONOTMYECKMM MPOLECCOM €ero W3roTOB/AEHWA, MNPUBOAUT K MNOABAEHUIO BHYTPEHHWUX CTPYKTYPHbIX
HanpseHW. Lenbto gaHHOM paboTbl ABAAETCA pacyeTHas OLEHKa BeANYMHbI TEPMUYECKMX HAMPAKEHUN
BO3HMKatOWMX B rpadutoBom BnoKe. [ns npoBedeHWs TaKoW OLEHKM MOCTPOEHbl ABE pacyeTHble MOAenu
rpadmToBoro 6sn0Kka. OgHa moadenb npeaHasHadeHa ANA BbIMOAHEHUSA HENTPOHHO-OU3NYECKMX PACYETOB C
MCMO/Ib30BaHMEM BEPUDULIMPOBAHHOM MOAENN aKTUBHOM 30HbI peaktopa MIP 1 koga MCNP, apyraa — ans
NpoBeAeHNA TEPMOMNPOYHOCTHOIO aHanM3a B NPorpaMmMHoOM Komnaekce ANSYS. TepMONpPOYHOCTHOM aHanm3
BK/ItOYaeT B cebA /1Ba Noc/sef0BaTe/lbHbIX pacyeTa — TENOBOM U CTPYKTYPHbIN (NpoyHocTHoM). Obe moaenm
HblAn paspaboTaHbl TakMm 0O6pa3om, 4TODObl MMETb MAKCMMAZbHO CXOXYH TOMOOTMKO, MOCKOMIbKY 3TO
HanpAMYIO BAMAET Ha NPaBWAbHOE pacnpeefeHne 3HeprosbiaeneHna no obbemy HA0Ka Npu nepenade
pe3yNbTaToB HEUTPOHHO-GU3NYECKOro pacyeTa B TEMNIOBYO MOAEb.

Bblna cmogenmposaHa paboTa rpaduToBoro 6,10Ka B COCTaBe akKTMBHOM 30HbI peakTopa BO Bpems Mycka
NPOAOMKUTENbHOCTBIO 4 C Ha CTALLMOHAPHOM MOLWHOCTM 2 [BT ¢ nocneayoLmMm pacxonaxKMBaHMeM B TeyeHue
5 c. MonyyYeHbl YNCNEHHbIE 3HAYEHMA U 3MNOPbI PacnpeaeNeHns TeMNepaTypbl U HAaNPAXKEH WM, BO3HMKAOLLMX
B 06beme H610Ka. Pe3ynbTaThl NpoBEeAEHHOIO aHaNM3a NOATBEPHKAAOT BAMAHME HEPABHOMEPHOCTM NPOMUTKM
rpadmToBoro 610Kka peaktopa MIP pacTBOPOM ypaHUAAMHUTPATA Ha ero TEPMOMNPOYHOCTHbBIE XapPaKTEPUCTUKM.

Kniouesble cnosa: WIP, rpadutoBbii 670K, HENTPOHHO-OU3IMYECKMIA pacyeT, TenaoBOM aHanwus,
npoYyHocTHOM aHanm3, ANSYS APDL.

Introduction One of the unique design features of the reactor

core is that there are no typical fuel elements [11, 12]

The IGR impulse graphite reactor is a research
reactor unique in the design and neutron
characteristics [1]. Currently, in cooperation with the
US Department of Energy, a program is being
implemented at the reactor to convert its core to low-
enriched uranium fuel [2]. In this regard, special
attention is paid to the study of reactor physics. The
results of the most significant works in this area are
presented in a number of publications [3-10].

(FE) similar to power reactors [13], and the fissile
material  (uranyldinitrate) containing enriched
uranium is dispersed in graphite blocks from which
columns are assembled. According to [1] the IGR
reactor has several types of graphite blocks and
sleeves, differing in uranium content, location in the
core and geometric dimensions.

The manufacturing technology of graphite
blocks impregnated with uranium involves the
following stages: block formation (molding), making
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holes (grooves, chamfers), and impregnation in a
uranyldinitrate solution and sintering in a furnace.
Thus, at the stage of impregnation of the block, there
is an uneven distribution of uranium over the volume
of the block.

In this paper, a neutronic calculation of a
graphite block and its analysis by the finite element
method are performed in order to assess the degree of
influence of the uneven impregnation of the block
with uranium on its thermal and strength
characteristics.

Materials and methods

The research object is a graphite block
impregnated with a solution of uranyldinitrate, the
physical configuration of which is shown in Figure 1.
As part of this work, a graphite block located in the
immovable stack of the core has been researched. The
following geometric parameters of the block are
adopted: b =98 mm, h =98 mm, | = 148 mm, D1 =
60 mm, D2 = 60 mm, d = 32 mm (Figure 2).
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‘ IGR core scheme

Column scheme

Ciraphite block gereral view

Figure 1 — Object of the research

Figure 2 — Graphite block sketch
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The material of the block is ARV-2 graphite,
which is one of the reactor type graphite [14]. The
estimated weight of the block is 2.03 kg, which
corresponds to the actual value.

All physical, strength and thermophysical
properties are taken from [15-17]. They include:
density — 1640 kg/mé, Poisson distribution equal to
0.3, thermal expansion coefficient, which is 5.8E-06
K, tensile strength — 17 MPa. The temperature-
dependent properties of graphite were calculated
using Eqgs 1-3:

MT) = —-1.746-107°T3 + 1.36 - 1073T? —
—3.868-1072 T + 67.72, (D

cp(T) =1.413-1077-T3 —
—1.03-1073-T% +2.583-T — 9.25, (2)

E(T)=-236-1077T? +

+1.48-1073-T + 4.43, 3
where A is thermal conductivity coefficient (W/m-K);
Cp is heat capacity (J/kg-K); E is linear elasticity
modulus (Pa); T is temperature (K).

Table 1 shows the values of the volume
elasticity modulus and shear modulus calculated
based on the given linear elasticity modulus and the
Poisson distribution.

Table 1 — Structural properties

Temperature, | Bulk modulus, Shear
K Pa modulus, Pa
293 4.04E+09 1.86E+09
323 4.07E+09 1.88E+09
373 4.12E+09 1.90E+09
473 4.23E+09 1.95E+09
573 4.33E+09 2.00E+09
773 4.53E+09 2.09E+09
973 4.71E+09 2.17E+09
1273 4.94E+09 2.28E+09
1573 5.15E+09 2.37E+09
1873 5.31E+09 2.45E+09
2173 5.44E+09 2.51E+09
2373 5.51E+09 2.54E+09

The calculation studies implemented in this
research included three sequential stages: neutronic
calculation of the volumetric energy release of the
block, thermal transient analysis and structural
steady-state analysis.
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The neutronic calculation is carried out in the
MCNP program [18, 19] with evaluated nuclear data
libraries ENDF/B-VII.O [20] for which a
computational model of the graphite block was built.
The model takes into account all the dimensional and
mass parameters and properties of the material. At the
same time, special attention is paid to the uneven
impregnation of the graphite block  with
uranyldinitrate solution.

A transient thermal analysis is performed to
determine thermal state of the graphite block. The
boundary condition of the calculation is the matrix of
specific energy releases obtained after performing the
neutronic calculation, which is integrated into thermal
analysis as initial data.

At the stage of structural analysis, the input data
are the temperature values (calculated for each node
of the grid model) obtained during solving the heat
problem. Geometry constraints are set separately for

Location of the hlock

IGR neutron model, Top view

structural analysis, which in this problem are
presented as “sliding surfaces” with restrictions on
movement along the normal to each of the coordinate
planes.

Thermal and structural analysis was performed
using the Ansys software package [21-25].

Results and discussion

Based on the sketch (Figure 2), a graphite block
model was constructed for conducting neutronic
calculations in the MCNP program. The block is
integrated into the bench-mark model of the IGR
reactor [26], in which it is located in the lower part of
the core in the peripheral row. Figure 3 shows the
vertical and horizontal cross-sections of the block
model (nine layers are highlighted in color) and the
cross-section of the reactor core model.

L

Block neutron model, Side view

Block neutron model. Top view

Figure 3 — Bench-mark model of the IGR with the layered graphite block

The graphite block as a fuel element, heats up in
the core under the action of a neutron flux. The power
distribution over the volume of the block occurs in
accordance with the neutron field and the distribution
of uranium over the block. It is assumed that the field
of thermal neutrons in a small volume of a graphite
block is considered evenly distributed. Then the
power distribution across the block will correspond to
the distribution of the fissile material.

Because uranium enters the block through the
surfaces, the wuranium concentration decreases
according to the depth. To account for this
assumption, the graphite block was divided into 9
layers. Each layer is located at a certain minimum
distance from any of the surfaces. All layers are
numbered sequentially so that layer No. 1 is in the
center of the block, and layer No. 9 is on its periphery
(Figure 4).  The  distribution  of  uranium
concentrations by layers is shown in Table 2.

Table 2 — Graphite & Uranium concentration

per layer
Graphite Uranium
Layer : .
number concentration, concentration,
atom/(barn-cm?) | atom/(barn-cm?)
1 (center) 8.22E-02 4.34E-05
2 8.22E-02 4.66E-05
3 8.22E-02 5.01E-05
4 8.22E-02 5.38E-05
5 8.22E-02 5.78E-05
6 8.22E-02 6.21E-05
7 8.22E-02 6.67E-05
8 8.22E-02 7.16E-05
9 (periphery) 8.22E-02 7.69E-05

It is important to note that taken into account the
uneven distribution of uranium over the volume of the
graphite block, it was assumed that the block had a
central hole when immersing in a solution of uranium
concentrate. The neutronic calculation was performed
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at a constant reactor power of 2 GW. The complete
start-up diagram is shown in Figure 4.

13

()

A

Reactor power, GW!t

Time. s
Figure 4 — Start-up diagram

To calculate the energy release in individual
parts of the block and transmission of these values to
the corresponding elements of the thermal model, a
hexahedral mesh in the form of cubic elements was
constructed. The mesh size was about 2 mm.During
the neutronic calculation, 10 million particles were
simulated, the calculation lasted for 500 cycles, while
the calculation uncertainty was less than 2%.

As a result of the neutronic calculation, 197 676
values of specific energy releases were obtained,
which were transferred for further thermal
calculation. The average specific energy release in the
block is about 7.99E + 08 W/m?.

Heating

In the Ansys program, a three-dimensional
computer geometric model of a graphite block has
been designed (Figure 5) and a mesh containing 1 049
657 finite elements has been generated. The average
mesh pitch was about 2 mm.

Figure 5 — 3D meshed block model for ANSYS

The following scenario was considered:
intensive heating of the graphite block for 4 s at the
maximum integrated reactor power and rapid cooling
of the block (from 4 s to 9 s) due to setting of forced
convection (A = 1000 W/m x K) on three adjacent
surfaces.

A picture of the temperature distribution over
the volume of the block at the corresponding time
points was obtained (Figure 6).

Cooling

Figure 6 — Temperature at 4 s (left) and 9 s (right)

Thus, two thermo-stressed states of the graphite
block were obtained. The first state was at the end of
the heating stage (4 s), the second state was at the end
of the cooling stage (9 s). The first state is
characterized by the following parameters: the
maximum temperature in the block is 1585 K, the
minimum is 1177 K, and the temperature growth rate
is about 100 degrees per second. The second state is
achieved by sharply cooling of a part of the block
surfaces and is characterized by the following
parameters: the maximum temperature of the block is
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1448 K, the minimum is 806 K, and the rate of
temperature decrease is more than 120 degrees per
second. The obtained temperature values for each of
these states are further transmitted to the structural
analysis as initial conditions. The change in the
temperature of the block over time is shown in the
diagram (Figure 7). The temperature value at point p
(0;0.0976;0.148) is given. This point was chosen in
order to demonstrate the area with the maximum rate
and amplitude of temperature change.
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Figure 7 — Block maximum temperature diagram
at the point p (0;0.0976;0.148)
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Heating

For structural analysis, the same finite element
mesh (Figure 5) was used as for thermal calculation.
In this analysis, the conditions for fixing the model in
the form of sliding surfaces are additionally
introduced. A nonlinear stationary structural analysis
of the graphite block model for each thermo-stressed
state has been performed. According to the
calculation results, the diagrams of deformation and
stresses in the block resulted from thermal loads have
been obtained. Figures 8-10 show the distribution of
stresses over the volume of the block in horizontal
and vertical sections. The numerical values of the
parameters are shown in Table 3.
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Figure 9 — Von-Mises stress at 4 s (left) and 9 s (right). Top view
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Table 3 — Structural analysis results

Heating Cooling
Title (upto4s) (from4sto95s)
Min Max Min Max
Stress (von-
Mises) Mpa | 012 | 876 | 015 | 1277
D'Sp'a;emem' o |ooo161| o |o0.00152
Defor;;at'on' 0.0019 | 0139 | 0.0024 | 0218

As a result of the neutronic calculation, the
distribution of specific energy release over the
elements of the graphite block mesh model was
obtained. A three-dimensional energy release matrix
containing 197 676 values (as mentioned earlier) was
constructed. The calculation uncertainty was less than
2%. Based on the results of the neutronic calculation,
two thermal states of the graphite block were
calculated at the stage of intensive heating and
subsequent cooling. These modes are selected in such
a way as to ensure the creation of the greatest
temperature gradients, and, consequently, thermal
stresses in the block.

The maximum temperature in the block as a
result of heating at maximum energy release in the
reactor for 4 seconds was 1585 K, the temperature
difference in the volume of the block is 408 degrees.
When cooling, due to convective heat exchange from
the three surfaces of the block, a temperature drop of
642 degrees was reached.

Recent Contributions to Physics. Ne3 (82). 2022
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According to the results of thermal strength
calculation, the values of stresses in the block caused
by a temperature drop were estimated. The maximum
stress of 12.77 MPa and a deformation of 0.218%
occur in the block at intensive cooling. When heating,
these parameters take values of 8.76 MPa and
0.139%, respectively.

Conclusion

The uneven impregnation of the graphite block
of the IGR reactor with uranium concentrate leads to
the occurrence of thermal stresses both at the stage of
heating the block in the reactor and during its
intensive cooling. The maximum value of these
stresses, estimated by the results of strength analysis,
does not exceed 13 MPa. At the same time, the
greatest temperature and voltage gradients occur in
the first moments of time after the completion of the
power diagram, i.e. at the reactor cooling stage.
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