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ABSTRACT

Equilibrium fuel cycle comparisons for the IR-8 research reactor were made for
HEU(90%), HEU(36%), and LEU (19.75%) fuel assembly (FA) designs using three
dimensional multi-group diffusion theory models benchmarked to detailed Monte Carlo
models of the reactor. Comparisons were made of changes in reactivity, cycle length,
average >°U discharge burnup, thermal neutron flux, and control rod worths for the
90% and 36% enriched IRT-3M fuel assembly and the 19.75% enriched IRT-4M fuel
assembly with the same fuel management strategy. The results of these comparisons
showed that a uranium density of 3.5 g/cm’ in the fuel meat would be required in the
LEU IRT-4M fuel assembly to match the cycle length of the HEU(90%) IRT-3M FA
and an LEU density of 3.7 g/cm’ is needed to match the cycle length of the HEU(36%)
IRT-3M FA.

INTRODUCTION

The IR-8 reactor, located at the Russian Research Center “Kurchatov Institute” in Moscow, has
utilized IRT-3M FA containing HEU(90%) since 1981." An IRT-3M FA with HEU(36%) is also
available, but has not been used. The main objective of the reactor is to provide a high thermal
neutron flux density in the large beryllium reflector. The purpose of these calculations is to
compare the performance of the reactor with IRT-3M FA containing HEU(90%) and HEU(36%)
fuels and to determine the uranium densities with LEU(19.75%) fuels in IRT-4M FA that would
be needed to match the cycle length of the present IRT-3M HEU(90%) fuel and, potentially, the
IRT-3M HEU(36%) fuel. All of the FA were modeled in the IR-8 reactor core using the same fuel
management strategy. The calculations also predicted the relative thermal neutron fluxes in
selected irradiation positions after equilibrium core conditions were reached. Control rod worths
were calculated for the key cases.




CORE AND FUEL ASSEMBLY DESCRIPTIONS

The active core consists of 16 IRT-3M six-tube FA arranged in a 4x4 array. The core has a large
30 cm Be reflector on all radial sides as shown in Fig. 1 ( reproduced here from Ref. 1). The
central hole of the four corner FA, which is used for sample irradiations, was assumed to be water
filled. The remaining 12 FA each have control rods located in the center. Each control rod
consists of a B4C absorber section followed by an aluminum (SAV-1) displacer which is present in
the core when the absorber is withdrawn. The core has 12 beam tubes positioned along the core

mid-plane in the stationary Be reflector.
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Figure 1. Load of the IR-8 Reactor Core.

1 - 6-tube FA; 2 - Blocks of stationary beryllium reflector; 3 - Removable beryllium
block; 4 - Lead shield; 5 - Channel with automatic regulating rod of CPS; 6 - Channel
with shim-safety rod of CPS; 7 - Channel with safety rod of CPS; 8 - Beam tube; 9 -




Vertical experimental channel

The reactor currently uses the IRT-3M FA with 90% enriched uranium and a U-235 as-built
loading of 272 g per 6-tube FA. A radial slice through the active fuel zone is shown in Fig. 2 for
the 8-tube FA and companion 6-tube FA. All fuel tubes have rounded corners with an inner tube
radius of 2.80 mm. The uranium density in the fuel meat of the HEU(90%) FA is 1.1 g/cm’. The
water channel thickness between fuel tubes is 2.05 mm. The fuel tubes are 1.4 mm thick with a
0.4 mm thick fuel meat region. The 36% enriched IRT-3M FA maintains the same control rod
specifications and fuel tube dimensions, except that the fuel meat thickness is 0.5 mm and the clad
thickness is 0.45 mm. The uranium density in the 36% enriched IRT-3M FA is 2.51 g/cm’® which
results in a loading of 309 g Z°U/ 6-tube FA.

Fig. 2 IRT-3M Fuel Assembly Cross Section

8-Tube FA 6-Tube FA

E======= ) LEU(19.75%) Fuel Tube in IRT-4M FA




The IRT-4M FA design has the same number of fuel tubes as the IRT-3M FA but the fuel tube
thickness is increased” from 1.4 mm to 1.6 mm. The fuel meat thickness is 0.7 mm and the clad
thickness is 0.45 mm. The coolant channel between fuel tubes is reduced to 1.85 mm. Calculations
have been performed for LEU *°U loadings of 330g (3.48 gU/cm’) and 352g (3.71 gU/cm®) with
UO,-Al dispersion fuel.

REACTOR CORE NEUTRONICS MODEL DESCRIPTION

The reactor core and ex-core materials were modeled using XYZ multi-group diffusion theory
and continuous energy Monte Carlo methods. The Monte Carlo reactor model was constructed
using MCNP * with an ENDF-B/VI cross section library. A detailed geometrical model of each
core component was made in the MCNP model, except in the axial reflector where some materials
were homogenized. Results of calculations with MCNP models using fresh fuel were used to
check REBUS3 * diffusion theory results. A reactivity difference was computed between the two
models and applied to all REBUS3 fuel cycle resuits.

All REBUSS3 fresh core and fuel cycle burnup models assume that the core is symmetrical about
the core midplane. The neutron cross sections for the core materials were generated using the
WIMS-ANL code™® and a library with 69 energy groups based on ENDF-B/VI data and collapsed
to seven broad energy groups for use in REBUS3. The annular model of the FA in WIMS-ANL
was based upon each concentric square tube volume having rounded corners. Each fuel tube was
depleted based upon its unique neutron spectrum in the WIMS-ANL FA model. Macroscopic
cross sections for the two-group two-dimensional IRT-2D/PC’ code used by RRC(KI) were
calculated using the URAN-AM code ®. "

The seven broad group microscopic cross sections were polynomial fitted as a function of burnup
for use in REBUS3. The REBUS3 fuel depletion chains included production of five Pu isotopes,
*'Am, and ®'Np. Each FA was modeled using four axial depletion zones over the 29 cm core
half-height. The radial model of each FA was divided into a central control follower or water hole
and guide tube surrounded by a homogenized fuel-clad-coolant zone. All removable Be blocks
have water holes and water gaps modeled in separate regions. Beryllium poisoning or beam tubes
have not been included in REBUS3 models.

FRESH CORE COMPARISONS OF EXCESS REACTIVITY AND FLUXES

Comparisons of fresh core reactivity and fluxes in two experiment positions for each FA design
and enrichment loaded into the 16 FA IR-8 core are presented in Table 1. Three different
neutronic models were used to calculate the fresh core reactivities. The first method by ANL
used the MCNP model, the second method by ANL used a REBUS3 diffusion theory model, and
the third method by the Russian Research Centre “Kurchatov Institute” used the diffusion theory
code IRT-2D/PC . Both the REBUS3 and IRT-2D models overpredict the reactivity of fresh core
loaded with HEU(90%) IRT-3M FA by 1.0 % Ak/k compared to the MCNP model. The
REBUS3 models of HEU(36%) and LEU(19.75%) fresh core reactivities were overpredicted by
about 2.1% Ak/k.




The peak midplane thermal fluxes were calculated at the centers of the water holes in position B-
5, a corner FA, and position F-3, adjacent to the core in a beryllium reflector block with a central
water hole irradiation channel. The thermal fluxes are presented as the product of the core ks and
the computed flux in Table 1 and Fig. 3. This product adjusts fluxes for a critical core condition
that can be compared with measured fluxes. The MCNP flux standard deviations are 2.3% in
location B-5 and 1.8% in location F3. The REBUS3 diffusion theory model results predict peak
thermal fluxes (<0.625 eV.) from 4 to 10% less than the MCNP model for all cores. The peak
midplane thermal flux in the Be block water channel was reduced by 6% in the 36% enriched core
compared to the HEU core. The LEU core peak thermal fluxes at the center of the water channel
in position F-3 were reduced 1 to 3% depending upon the uranium density. The LEU peak
thermal fluxes were 15% lower in core position B-5 compared to HEU(90%) core fluxes.

Table 1

IR-8 Fresh Fuel Core Reactivity and Peak Thermal Flux Comparisons

Neutronics Fuel Fuel 2°U Uranium Excess Reactivity Peak ' Peak '
Model Assembly Enrich-Loading Density Reactivity Bias Thermal  Thermal
Design ment 6-Tube in Meat Flux in F-3 Flux in B-5

(wt %) (g/FA) (g/em®) (% AK/K) (% Ak/k) (n/cm’-sec) (n/cm’-sec)

MCNP? IRT-3M 90 272 1.1 20.57 0 2.54E+14  1.65E+14
REBUS3 IRT-3M 90 272 1.1 21.61 1.05 246E+14  1.53E+14
RRC(KI) IRT-3M 90 272 1.1 21.60 1.03

MCNP IRT-3M 36 309 251 18.91 0 2.39E+14  147E+14
REBUS3 IRT-3M 36 309 251 21.00 2.09 233E+14  1.41E+14
RRC(KI) IRT-3M 36 309 251 19.90 0.99

MCNP IRT4M 1975 330 348 15.71 0 2.52E+14  1.38E+14
REBUS3 IRT4M 1975 330 3.48 17.84 2.13 239E+14  1.33E+14
RRC(KI) IRT-4M 19.75 330 3.48 21.30 5.59

MCNP IRT-4M 1975 352 3.71 16.13 0 2.46E+14  1.40E+14
REBUS3 IRT-4M 19.75 352 371 18.28 2.15 2.36E+14  1.30E+14
RRC(KI) IRT-4M 19.75 352 371 21.80 5.67

' Peak Fluxes are reported as the product of the computed flux and kg
> MCNP fluxes have standard deviations of +2.3% in B-5 and +1.8% in F-3.




Figure 3

IR-8 Fresh Core REBUS3 Thermal Fluxes in Be
Reflector Position F-3 at Core Midplane for
HEU and LEU Cores
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REACTOR BURNUP MODEL

The reactor burnup model in the REBUS3 code was an equilibrium flux solution in which two
fresh 6-tube assemblies were loaded at the beginning of each cycle and discharged after remaining
in the core for eight cycles. The fuel management strategy ° used in these analyses was to load the
lowest burnup fuel into the central regions of the core and gradually move the fuel to the corner
positions of the core before discharge. This in/out fuel management strategy increases the core
reactivity performance compared with an out/in strategy by reducing the total core neutron
leakage. ’

Since no absorber sections (B4C ) of the control rods were inserted during the depletion, the axial
flux shape was assumed to be symmetric about the about the core midplane and only a half-height
flux solution was required. The 29 c¢cm half-height was divided into four axial depletion zones.

The remainder of the axial height was modeled with a water and aluminum (SAV-1) mixture.

There was a total of 171 Be reflector blocks and a Pb shield which occupied eight reflector block
positions. No beam tubes were represented in this model. The end of equilibrium cycle (EOEC)
excess reactivities were assumed to be about 2% Ak/k to account for reserve excess reactivity, the
absence of beam tubes, beryllium poisoning, and other reactivity losses. A no-return-current
boundary condition was assigned to all exterior surfaces of the reactor model at the outer




boundary of the beryllium reflector in the radial direction and 60 cm above the core midplane in
the axial direction.

EQUILIBRIUM CORE BURNUP RESULTS

A summary of the calculated results is presented in Table 2, including beginning and end of
equilibrium cycle excess reactivities, fuel meat uranium densities, and cycle lengths. The same fuel
shuffling pattern was used for each fuel assembly design and enrichment. Beginning and end of
equilibrium cycle reactivity values include the effects of equilibrium Xe and Sm concentrations
and other fission products. The ?°U discharge burnups listed in Table 2 are average values for
the entire fuel assembly. Peak burnups are approximately 20% higher than the average burnup.

Using the data shown in Table 2, a plot of equilibrium cycle length versus EOEC core excess
reactivity for all fuel cycle options is shown in Figure 4. The sensitivity to how changes in cycle
length affect EOEC excess reactivity can more readily recognized by viewing this plot. For an
estimated EOEC reactivity of 2% Ak/k, an LEU density of about 3.5 g/cm’ in the fuel meat is
needed to match the cycle length of the HEU(90%) case. This corresponds to a “°U content of
330 g in the 6-tube IRT-4M FA. An LEU density of 3.7 g/cm’, corresponding to a 2°U content of
352 g per 6-tube FA, is needed to match the cycle length that would be obtained with the
HEU(36%) IRT-3M FA.

Fig. 4. IR-8 Equilibrium Cycle Length vs EOEC Reactivity - Replace IRT-3M
HEU(90%) with IRT-3M HEU(36%) or IRT-4M LEU(19.75%) Fuel Assembly
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Table 2

IR-8 EQUILIBRIUM FUEL CYCLE COMPARISONS

Fuel Fuel U-235 Fuel Uranium Volume Cycle Ave.U-235  Excess’
Enrich- Assembly Loading Meat Density Fraction Length Discharge Reactivity

ment Design 6-Tube Volume inMeat UO, Burmnup (% Ak/k)
(Wi%) (8 (cm) (gem®) (%) (fpd)' (%) BOEC EOEC
90 IRT-3M 272 274 1.1 12.0 34 62.9 8.07 371
90 IRT-3M 272 274 1.1 12.0 36 66.5 7.08 222
36 IRT-3M 309 343 251 274 36 56.6 8.15  4.66
36 IRT-3M 309 343 2.51 274 38 59.6 752 372
19.75 IRT-4M 309 479 3.25 35.5 32 49.7 5.07  2.06
19.75 IRT-4M 309 479 325 355 34 52.6 448 123
1975 IRT-4M 330 479 348 38.0 34 492 585 293
1975 IRT-4M 330 479 3.48 38.0 36 52.0 534 220
19.75 IRT-4M 352 479 3.71 40.6 34 464 - 695 428
19.75 IRT-4M 352 479 3.71 40.6 36 48.9 652 367
1975 IRT-4M 352 479 371 40.6 40 54.0 556 230

' fpd = full power days

% All computed reactivities include equilibrium Xe and Sm concentrations

The fuel management scheme follows an in/out pattern with two fresh fuel assemblies
loaded into the center of the core at the beginning of each cycle.

CONTROL ROD WORTH COMPARISONS

The MCNP Monte Carlo model at ANL and the IRT-2D diffusion theory models at RRCKI were
used to compute the changes in control rod worth as a function of the fuel used in a fresh 16 FA
IR-8 core. The results are summarized in Table 3. The worth of the automatic regulating control
rod remains unchanged for the three fuel types calculated. The worth of the 10 shim rods and the
regulating rod are reduced < 5% for the HEU(36%) FA core relative to the HEU(90%) FA core.
The worth of this group of control rods was calculated with all rods inserted 1.3 cm above the
bottom of active fuel (ABAF) and then with all rods inserted to 6.0 cm ABAF. Control rod
positions were specified in Ref. 9. The worth of the shim rods is unchanged for the LEU(19.75%)
FA core relative to the HEU(90%) FA core. The worth of the two safety rods increases by about
6% from 3.4% Ak/k in HEU(90%) FA core to 3.6% Ak/k in the LEU(19.75%) FA core. The




worth of the two safety rods increases from 3.4% Ak/k in HEU(90%) FA core to 5.0% Ak/k
when the 10 shim rods and the regulating rod are inserted to 10 cm ABAF. This positioning of the
shim and regulating rods is very close to the critical rod location when the safety rods are fully

withdrawn.
Table 3. IR-8 Reactivity Worth of Control Rods
Inserted Control Position of Other IRT-3M(90%) |IRT-3M(36%) [IRT-4M(19.75%)
Rod(s) Control Rods (%o Ak/k) (% Ak/k) (% Ak/K)
Automatic Regulating 10 Shim Rods and 058+004"'| 056+0.05" 0.64 +0.05°
Control Rod Two Safety Rods Out 05° 0.512
10 Shim Rods and Reg.| Two Safety Rods Out 23.2+0.04 22.3+0.08 23.3+0.06
Rod to 1.3 cm ABAF ° 25.12 24.5°
10 Shim Rods and Reg.}] Two Safety Rods Out 22.1+£0.07 21.2+0.08 22.2+0.06
Rod to 6 cm ABAF
Two Safety Rods to 10 Shim Rods and 3.4+0.06 3.3+0.06 3.6+0.05
1.3 cm ABAF Reg. Rod Out
Two Safety Rods to |10 Shim Rods & Reg. Rod] 5.0+ 0.08
1.3 cm ABAF Inserted to 10 cm ABAF *

' MCNP at ANL with + the standard deviation

2IRT-2D/PC at RRC(KI) ™*

* ABAF = Above Bottom of Active Fuel

4 Very close to the critical position of the 10 shim rods and regulating rod with two safety rods out

CONCLUSIONS

The fuel cycle calculations showed that a uranium density of 3.5 g/cm’ in the UQ,-Al fuel meat
would be required in the LEU IRT-4M fuel assembly to match the cycle length of the HEU(90%)
IRT-3M FA and an LEU density of 3.7 g/cm’ is needed to match the cycle length of the
HEU(36%) IRT-3M FA. The equilibrium cycle length will be increased from about 36 days to
about 41 days if the HEU(90%) fuel were replaced with either the HEU(36%) fuel or the
LEU(19.75%) fuel with 3.7 gU/cm’. The annual FA consumption rate could be reduced by as
much as 14% in both cases. The peak thermal neutron fluxes in the ex-core locations are nearly
the same in the LEU cores and the HEU(90%) core. The peak thermal flux in the center of the
corner FA with LEU fuel will be reduced by about 15% relative to the HEU(90%) fuel and by
about 5% relative to the HEU(36%) fuel. Calculated changes in the reactivity worth of the control
rods were not significant after replacement of HEU(90%) fuel with either HEU(36%) or
LEU(19.75%) fuel.
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