SINEPHA ®I3VKA TA EHEPTETHUKA / NUCL. PHYS. AT. ENERGY 21 (2020) 152-156 ISSN 1818-331X

ATOMHA EHEPTETHKA
ATOMIC ENERGY

VJIK 621.039.573 https://doi.org/10.15407/jnpae2020.02.152

S. A. Baytelesov, F. R. Kungurov*, B. S. Yuldashev
Institute of Nuclear Physics, Academy of Sciences of the Republic of Uzbekistan, Tashkent, Uzbekistan
*Corresponding author: fkungurov@inp.uz
THERMAL-HYDRAULIC CALCULATIONS OF THE WWR-SM RESEARCH REACTOR

The paper presents calculations of the thermal power distribution in the reactor core (RC) of the WWR-SM research
nuclear reactor of the Institute of Nuclear Physics of the Academy of Sciences of the Republic of Uzbekistan, settlement
Ulugbek, Tashkent, both for all fuel assemblies loaded into the core and for each fuel element of a separate fuel assembly.
These calculations were carried out for RC configurations with a different number of fuel assemblies — 18, 20, and 24.
The power distribution reactor core was performed using the IRT-2D code. A detailed simulation of the power distribution
in the fuel element was performed using the MCNP4C code, while the fuel elements were modeled as square pipes with
straight angles without rounding. The power distribution was calculated for each side of each fuel tube and divided into
15 axial nodes. The results of modeling of the thermal-hydraulic state were obtained using the PLTEMP code for various
RC configurations. In the calculations, it was assumed, that the inlet water temperature is 45 and 48 °C for all RC config-
urations, the heat hydraulic parameters were taken from the calculation of the flow rate of the first circuit through the core
1250 m3/h. An analysis of the thermal power distribution of nuclear fuel in the reactor core of the WWR-SM research
reactor showed that even with a conservative approach, permissible operating modes are not exceeded. During the ope-
ration of the three main circulation pumps, which provide the coolant flow through the core at the level of 1250 m3/h, the
heat exchange crisis does not occur in the most energy-stressed fuel assemblies, namely, the temperature of the fuel rod

clad and coolant remains below the permissible limits.
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1. Introduction

The WWR-SM research reactor is 10 MW power
light water-cooled, light water moderated tank-type
reactor. The reactor operates since 1959. IRT-3M
type highly enriched uranium (HEU, 36 %) and
IRT-4M type low enriched uranium (LEU, 19.7 %)
fuel assemblies are used in the reactor core. In 2008 -
2009 reactor core was converted to the use of LEU
fuel. More information about the WWR-SM reactor
can be found at [1].

During the normal reactor operation on power
with any reactor core configuration (18, 20, 24 fuel
assemblies) heat removal is provided by three main
circulation pumps, which provide the coolant flow
through the reactor core at the flow rate of 1250 m*/h.

The task of the thermal calculation of the reactor
is to determine the main thermal technical parameters
with known design and specified power. The main
goal of the thermal-hydraulic calculation of reactors
is to establish the distribution of heat fluxes and tem-
peratures across the reactor core (RC), find the maxi-
mum temperature of the fuel to confirm the impossi-
bility of its melting in the fuel elements (FE) with the
maximum heat load, and determine the reserve before
the heat transfer crisis.
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All thermal-hydraulic parameters — heat fluxes,
temperatures, and coolant parameters — were deter-
mined for the average and maximum loaded FE. The
calculation was carried out for 15 nodes along with
the height of the core with coordinates, starting from
the bottom point of the fuel assembly (FA) - 0 cm, to
the top point — 60 cm for every 4 cm.

2. Analysis of the thermal power distribution
of nuclear fuel in the reactor core
of the WWR-SM research reactor

Calculations of the distribution of thermal power
in the RC were carried out both for all FAs loaded
into the core and for each element of an individual
FA. Knowledge of the thermal load experienced by
the FA and its elements is a prerequisite for the safe
operation of a research nuclear reactor. These calcu-
lations were carried out for RC configurations with a
different number of FAs — 18, 20, and 24.

The distribution of thermal power for the RC con-
figuration of 18 FAs of the IRT-3M type and 20, 24
FAs of the IRT-4M type calculated according to using
IRT-2D code [2] is presented in Tables 1 - 4 (the en-
ergy distribution is normalized to 1).

From Table 1 it is seen, that the most heat-stressed
isa FA placed in cell 3 - 4, but at the same time, it has
a significant margin of heat load.
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THERMAL-HYDRAULIC CALCULATIONS

Table 1. Distribution of thermal power in the RC
for 18 fuel assemblies of the IRT-3M type

Y Thermal power, %

6 | 0.000 | 5.790 | 5.970 | 6.380 | 5.570 | 0.000
5 | 5.710 | 4.350 | 5.530 | 6.010 | 3.730 | 0.000
4 | 0.000 | 3.720 | 6.170 | 5.590 | 4.350 | 5.960
3 | 0.000 | 6.180 | 6.580 | 6.050 | 6.360 | 0.000
X 2 3 4 5 6 7

Table 2. Distribution of thermal power in the RC
for 20 fuel assemblies of IRT-4M type

Y Thermal power, %

6 | 0.000 | 5.21 | 4.891 | 4.785 | 4.137 | 0.000
5 | 4205 | 5.438 | 5.985 | 5.978 | 4.974 | 4.636
4 | 4.897 | 5.018 | 5.863 | 5.849 | 5.283 | 4.042
3 | 0.000 | 4.387 | 4532 | 4596 | 5.297 | 0.000
X 2 3 4 5 6 7

Table 3. Distribution of thermal power in the RC
for 24 fuel assemblies of the IRT-4M type

Y Thermal power, %

6 | 3.918 | 4.314 | 4.207 | 4.038 | 3.577 | 3.247
5 | 3.368 | 4562 | 5.727 | 5.648 | 4.287 | 2.995
4 | 3.300 | 4471 | 5.615 | 5568 | 4.332 | 3.109
3 | 3.815 | 4.098 | 3.921 | 3.983 | 4.147 | 3.754
X 2 3 4 5 6 7

In the RC, there is axial symmetry of the location
of the fuel assemblies in the cells of the RC. However,
due to the fact, that fuel assemblies are located sym-
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metrically and have different burnups of fuel, the
symmetry is slightly smeared.

When comparing the results shown in Tables 1 -
3, the most heat-stressed FA is in the RC with 18 fuel
assemblies loading and located in cell 3-4.

Table 4 shows the values of the thermal load dis-
tribution for each FE in FA located in cell 3 - 4 calcu-
lated using the MCNP4C program [3 - 5] (results of
Table 1). Uncertainties in calculations in the
MCNP4C model — 3 %.

Table 4. Distribution of thermal power on FE
for FA located in cell 3 - 4

FE number Mass of fuel Power of fuel
element, g element, kW
1 (inner) 33.30 72.41
2 39.20 84.57
3 46.00 98.86
4 56.60 121.56
5 62.70 134.49
6 (outer) 67.90 145.80
Total 305.70 657.70

Using the MCNP4C program [3 - 5], the distribu-
tion of thermal power along the length of each FE of
a FA placed in cell 3 - 4 was determined (results of
Table 1). The results of these calculations are pre-
sented in Figure.
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Distribution of thermal power along the length of the fuel elements for fuel assemblies in cell 3 - 4.
(See color Figure on the journal website.)

The Figure shows that the maximum heat output
is in the central (on height) regions of the FEs, and the
center of the outer FE is the most heat-stressed place.
The remaining 5 fuel elements have approximately
the same thermal load. It is appropriate to note here
that when monitoring the tightness of the claddings of
FAs it is necessary to pay special attention to the
tightness of external FEs.

3. Thermal physical parameters of the reactor
core of the WWR-SM research reactor

The thermal model of the RC operation (i.e., the
water and FE temperature, heat flux density, etc.) for
a specific load of research nuclear reactor is deter-
mined by four independent parameters: the thermal
power of the research nuclear reactor, water pressure
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drop in RC — Ap, and the water temperature at the RC
inlet — T, and water pressure at the RC inlet — Pj,.

The last parameter is related to the water level in
the basin, which varies slightly (except for emergen-
cies with leaks). Therefore, the pressure during normal
operation is almost constant. Since the normal water
level in the central tank of the reactor is 3.5 m above
the top of the RC, the inlet pressure to it is 1.35 bar.

As a limit to the safe operation of the research nu-
clear reactor, the value of the research nuclear reactor
thermal power is accepted at which surface boiling
occurs. This value (for a specific load of research nu-
clear reactor) is a function of the water pressure drop
in the RC, as well as the temperature and pressure of
the water at its inlet.

The nominal value of the water temperature at the
inlet to the RC was taken equal to 45 °C, and the limit
of normal operation was 48 °C.

Under these conditions, the limit of normal opera-
tion was determined by thermal power. The possible
deviations of the values of the thermal power of the
research nuclear reactor, the pressure drop in the RC,
and the water pressure at the inlet from it from the
calculated values were taken into account due to the
inaccuracy of their measurement.

The choice of the safe thermal regime of the re-
search nuclear reactor was based on the analysis of
the most heat-stressed FAs in the RC (where the FE’s
maximum temperature is reached).

According to technical specifications, for low-en-
riched fuel/highly enriched fuel assemblies, the max-
imum cladding surface temperature should be less
than 98 °C for IRT-4M and less than 100 °C for
IRT-3M, while the catalog description of fuel assem-
blies determines the onset nucleate boiling factor on

the surface of a fuel element by temperature. The
boiling factor is assumed to equal to 1.3 when using
the Bergles and Rohsenow correlation for IRT-4M
and equal to 1.4 when using the Forster Greif correla-
tion for IRT-3M. Since the surface temperature of the
FE should not exceed the boiling point of the coolant,
the maximum cladding temperature of the most heat-
stressed FE in the RC was determined using the For-
ster Greif formula for FAs of the IRT-3M type

tnk = ts + 2.04g°% p %, 1)

where ts — the saturation temperature at pressure p,
°C; g — the local heat flux density, kW/m? p — the
local pressure, bar.

The results of modeling the steady-state of the
thermal-hydraulic  state, performed using the
PLTEMP code [6] for RCs with highly-enriched fuel
assemblies, all mixed RCs and RCs with low-
enriched fuel assemblies, are presented in Table 5.
Uncertainties in calculations in the PLTEMP model —
5 %. Here it was assumed that the inlet water temper-
ature is 45 °C for research nuclear reactor and 10 MW
full power for RCs with 18 IRT-3M and 11 MW for
all other RC configurations. Table 5 clearly shows
that the catalog limits for the maximum cladding tem-
perature and the minimum boiling factor are kept for
all cores of the cycles when switching from highly-
enriched fuel to low-enriched fuel assemblies.

A detailed simulation of the energy density distri-
bution in the fuel elements was performed using the
MCNPA4C code, while the fuel elements were mo-
deled as square pipes with right angles without roun-
ding. The energy density was calculated for each side
of each fuel pipe and divided into fifteen axial nodes.

Table 5. Parameters of steady-state thermal-hydraulic states for reactor RC at a 10 MW power
for RC with 18 IRT-3M and other mixed RCs (uncertainty does not exceed 5 %)

IRT-3M fuel assemblies IRT-4M fuel assemblies
Maxi- Maxi-
B BN I | e
RC configuration Boiling di power FA Boiling . power FA
factor Ing densit location factor ding densit location
tempe- Y, tempe- Y,
kw/cm? kw/cm?
rature, rature,
°C °C
18 IRT-3M 1.54 94.9 3.14/3.28 | 3-4/4-4
16 IRT-3M/4 IRT-4M 1.44 99.4 3.5 3-5 1.59 87.1 2.05/1.59 5-5/4-4
14 IRT-3M/6 IRT-4M 1.47 98.1 3.41/2.61 | 3-5/3-3 1.64 85.5 1.94/1.53 4-4/5-4
12 IRT-3M/8 IRT-4M 1.52 96.0 3.25/2.55 | 3-5/3-3 1.59 86.9 2.02/1.60 4-4/4-4
10 IRT-3M/10 IRT-4M 157 94.0 3.11/2.47 | 3-5/3-3 1.36 94.5 2.13/1.92 3-4/4-4
8 IRT-3M/12 IRT-4M 1.67 90.6 2.84/2.40 | 3-3/3-3 141 92.6 2.02/1.98 3-4/5-5
6 IRT-3M/14 IRT-4M 1.71 89.3 2.76/2.34 | 3-3/3-3 1.44 91.3 1.95/1.94 3-4/4-4
4 IRT-3M/16 IRT-4M 1.99 82.4 2.26/2.03 | 5-2/4-2 1.56 87.4 2.02/1.92 4-4/3-3
2 IRT-3M/18IRT-4M 2.02 81.8 2.21/1.99 | 5-7/4-2 1.34 95.1 2.12/2.00 3-4/4-4
20 IRT-4M 1.36 94.5 2.10/2.08 3-4/4-4
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THERMAL-HYDRAULIC CALCULATIONS

Table 6. Parameters of the steady thermal-hydraulic state of RCs from 24 IRT-4M type FAs

6-tube IRT-4M 8-tube IRT-4M
RC Boil- Maximum | Peak power FA Maximum clad- | Peak power FA
configu- in cladding density, location | Boiling ding tempera- density, location
ration " g tempera- kw/cm? factor ture, °C kw/cm?
actor o
ture, °C
24 6-tube
FAS 1.54 88.4 2.044 3-5
22 6-tube
PAS/ | 146 | 907 2.175 3.5 1.68 84.1 1.751 4-4
2 8-tube ' ' ' ' ' '
FAs
Table 7. Thermal hydraulic parameters of the RC for the inlet water temperature of 48 °C
. Maximum heat flux, - Cladding surface Maximum allowed
Loading MW/m? Boiling factor temperzgture, °C power, MW
IRT-3M
18 IRT-3M 0.91 1.50 97.1 11.0
16 IRT-3M/4 IRT-4M 0.97 1.44 99.8 10.7
14 IRT-3M/6 IRT-4M 0.97 1.44 99.9 10.9
12 IRT-3M/8 IRT-4M 0.95 1.46 99.0 10.8
10 IRT-3M/10 IRT-4M 0.89 1.53 96.2 11.0
8 IRT-3M/12 IRT-4M 0.82 1.63 92.9 11.0
6 IRT-3M/14 IRT-4M 0.80 1.67 91.6 11.0
4 IRT-3M/16 IRT-4M 0.66 1.94 84.8 11.0
2 IRT-3M/18IRT-4M 0.65 1.97 84.1 11.0
IRT-4M
16 IRT-3M/4 IRT-4M 0.77 1.58 87.8 10.7
14 IRT-3M/6 IRT-4M 0.75 1.6 87.6 10.9
12 IRT-3M/8 IRT-4M 0.78 1.53 89.1 10.8
10 IRT-3M/10 IRT-4M 0.86 1.32 96.9 11.0
8 IRT-3M/12 IRT-4M 0.82 1.36 94.9 11.0
6 IRT-3M/14 IRT-4M 0.79 1.40 93.6 11.0
4 IRT-3M/16 IRT-4M 0.79 1.51 89.9 11.0
2 IRT-3M/18IRT-4M 0.86 1.30 97.4 11.0
20 IRT-4M 0.86 1.32 96.7 11.0
24 IRT-4M 0.63 1.54 88.4 11.0

Table 6 shows the results of the analysis of the
steady-state of the thermal-hydraulic state for RCs
from 24 IRT-4M type FAs (8- and 6-pipe) at a tem-
perature of 45 °C.

We have also determined the thermal power oper-
ational limits for higher inlet water temperatures. The
results of the analysis of the thermal-hydraulic states
of the RC using the PLTEMP code for an inlet water
temperature of 48 °C for all RC configurations are
presented in Table 7. Here are the maximum allowa-
ble operating power values to keep the catalog recom-
mendations of the fuel assemblies used.

The cladding temperature and the limits of the
boiling factor on the surface of the FE with respect to
temperature are satisfied for all RCs.

4. Conclusion

An analysis of the distribution of the thermal
power of nuclear fuel in the reactor core of the
WWR-SM research reactor showed that even with a
conservative approach, permissible operating modes
are not exceeded. During the operation of the three
main circulation pumps, which provide the coolant
flow through the reactor core at the level of
1250 m®/h, heat exchange crises do not occur in the
most energy-stressed fuel assemblies, namely, the
temperature of the fuel elements cladding and coolant
remains below the permissible limits.
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TEIVIOT'TAPABJIIYHI PO3PAXYHKHU JOCJIIJJHOI'O PEAKTOPA BBP-CM

HaBeneHo po3paxyHKH pO3MOALTY TEIUIOBOI IOTYKHOCTI B aKTHBHIH 30H1 (A3) IOCHIJHUAIBKOTO SIIEPHOTO peakTopa
K JUIsl BCIX TerutoBuausitounx 30ipok (TB3), 3aBaHTaxkeHNX y 30HY, Tak 1 KoxHOro enemenTta okpemoi TB3. 1li pospa-
XYHKH ITPOBOAMINCS JUI KoH(irypauiid A3 3 pizHoro kinbkictio TB3 — 18, 20 i 24. JleTanbHe MOJIEIIOBAaHHS PO3IOALTY
LIJTBHOCTI €HEPTOBUILICHHS B TBEJIaX OYJI0 BUKOHAHO 3 BUKOpUCTaHHSIM nporpamu MCNP4C, npu npoMy TBeIH MoJe-
JIIOBAJTKCS SIK KBaApaTHI TPYOHU 3 MPSIMUMHU KyTaMH 0e3 3a0kpyriens. LinpHicTh eHeproBuiieHHs Oyia oOuucieHa Juis
KOHOI 31 CTOpiH KOKHOI IMaJuBHOI TPyOH 1 po3aiieHa Ha 15 ochOBHX BY3IiB. Pe3yibpTaTi MOIETIOBaHHS TETIIOTiIPaB-
JYHOTO CTaHy BUKOHAHO 3 BUKOpucTaHHAM nporpamu PLTEMP mus pisaux A3 peakropa. [Ipu po3paxyHkax mpuiima-
J0Cs1, 10 TeMIlepaTypa BOIU Ha BXoAl popiBHIOE 45 1 48 °C mist Beix KoHQirypamniit A3, npH 1[boMy TeTIOTiApaBIivHi
napameTpu OyJIo B3TO 3 PO3paxyHKy BUTpAaTH Boau 1-ro koHTypy 4epes A3 1250 m3/roa. AHaji3 po3Hoiny TemioBoi
MOTY>KHOCTI siiepHOTO nanuBa B A3 nociinHoro peakropa BBP-CM nokasas, 1o HaBiTh IpH KOHCEPBATUBHOMY ITLIXO1
MIEPEBUIICHHS TOIyCTUMHUX PEXHUMIB poO0oTH He BinOyBaeThcs. [Ipu poOoTi TPhOX TOJOBHUX IUPKYILIIHHUX HACOCIB,
sKi 3a0€311e9y0Th BUTPATY TEILIOHOCIs uepe3 A3 Ha pisHi 1250 M3/ros1, Kpu3 TenooOMiHy B HaiOiIBII eHEProHANpPYXKe-
Hux TB3 He BUHMKaE, a caMe TeMIepaTypy CTIHOK TBEIIB 1 TEIJIOHOCISI 3aIMIIAIOTHCS. HUKYE JOIYCTUMHX MEX.

Kniouogi cnoea: akTHBHA 30HA peakTopa, TEIUIOBUALIAIOYI 301pKH, MAaTUBHUM €leMEeHT, TeIUIOBHH MOTIK, TeIuioBa
TIOTYXKHICTb.

C. A. Baiirenecos, ®@. P. Kyurypos*, b. C. IOngames
Hnemumym adeproil pusuxu Axademuu nayx Pecnyonuku Y36exucman, Tawkenm, Y3b6exucman
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TEINJIOI'UAPABJIUYECKHUE PACUETBI UCCJEJOBATEJBCKOI'O PEAKTOPA BBP-CM

IIpuBeneHs! pacyeTsl paclpeneneHus TeIUIOBOW MOITHOCTH B aKTHBHO 30HE (A3) MCCIe0BaTEIBCKOTO SIEPHOrO
peakTopa Kak JJis Bcex TeroBbiaesstonux coopok (TBC), 3arpykeHHBIX B 30HY, TaK U KOKIOTO dJIEMEHTA OTACIbHOM
TBC. OtH pacueTsl npoBoAWINCH At KoHGUrypauuii A3 ¢ paznuunbsiM kosmaectBoM TBC - 18, 20 u 24. JletansHoe
MO/JIETUPOBAaHKUE paclpeAeIeH s TIOTHOCTH YHEProBBIJICNICHNSI B TBIJIaX OBLJIO BBHIMOJHEHO C HCIIOJIb30BAaHHEM IPO-
rpammbl MCNPA4C, nipu 5TOM TB3JIBI MOZAEIHPOBAIIMCH KaK KBaapaTHblE TPYOBl ¢ TIPSAMBIMU YIJIaMHu 0e3 3aKpyTJIeHHH.
[TnoTHOCTH SHEPTOBHIEIEHHS ObUIA BBIYHUCIICHA [UIS KaXXI0H U3 CTOPOH KaXKI0H TOIIMBHOW TpyOBI M paszaeneHa Ha 15
OCEBBIX Y3II0B. Pe3ysbTaTel MOENMpPOBAaHUS TETIIOTUAPABIMYECKOTO COCTOSHHUS BBIIIOJIHEHBI C MCTIOJIB30BAHUEM IIPO-
rpammbl PLTEMP s paznuunsix A3 peakropa. [Ipu pacuerax mprHUMANIOCh, 4TO TEMIIEpaTypa BOJbI HAa BXOJAE PaBHA
45 u 48 °C mns Bcex KOHGUTYpaIii A3, IpH 3TOM TEIUIOTHAPABINICCKHE TTapaMeTPhl OBLUTH B3SATH U3 pacdera pacxoa
BOAbI 1-r0 KOHTYpa uepe3 A3 1250 m%/u. AHanus pacrpesieeHus TEMIOBOH MOLIHOCTH SAEPHOrO TOMIMBA B A3 uccie-
nIoBatenbekoro peakropa BBP-CM mokasai, 9To qake mpu KOHCEPBAaTHBHOM IOIXOJIE TPEBBIIMICHUS JOITyCTUMBIX pe-
JKMMOB pabOThI HEe POUCXOAMT. [Ipu paboTe Tpex IIaBHBIX UPKYISALIHUOHHBIX HACOCOB, KOTOPBIE 00ECIEUMBAIOT PACXO
TerioHocutens yepes A3 Ha yposHe 1250 M%/4, KpU3HCOB TermIo0OMeHa B caMbIX dHeproHanpsikeHHsx TBC He BO3HU-
KaeT, a UMEHHO TeMIIepaTypbl CTEHOK TBAJIOB U TEIJIOHOCUTENS OCTAIOTCS HIKE TOMYCTUMBIX MPEENoB.

Kniouegvie cnosa: akTuBHAsI 30Ha PEaKTOPA, TEIUIOBBLACIAIONINE COOPKH, TOIUTMBHBIH 3JIEMEHT, TETUIOBOH MOTOK, TEN-
JIOBast MOIITHOCTb.
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