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Abstract

The REBUS program provides the measurement data of the critical water levels and
water level reactivity coefficients of critical cores which contain the fresh and irradiated fuel
bundles of PWR UO2 and BWR MOX fuel. The average burnups of irradiated fuels are
54.5GWd/t for PWR UO2 and 60.6GWd/t for BWR MOX. Using these data, the burnup
reactivity was determined to be -2.40%dk/kk’ for the PWR UO2 fuel bundle and
-2.48%dk/kk’ for the BWR MOX fuel bundle. Theoretical analysis was performed to
reproduce the burnup reactivity, which comprises burnup calculation to obtain the isotopic
inventories of the irradiated fuel and core calculation to obtain neutron multiplication factors.
The deviations (biases) of the calculated burnup reactivity from the measurement are -0.12 for
the PWR UO2 fuel bundle and +0.04 %dk/kk’ for the BWR MOX fuel bundle. Study for
splitting the calculation bias of the burnup reactivity into those of inventory and reactivity
calculations was also performed using measured isotopic inventories of the irradiated fuel.
The study shows that the biases for the PWR UO2 fuel bundle are +0.13 %dk/kk' for the
inventory calculation and -0.25 %dk/kk' for the reactivity calculation; those for the BWR
MOX fuel bundle are +0.17%dk/kk’ for the inventory calculation and -0.13 %dk/kk' for the
reactivity calculation, which indicates that the biases of inventory calculation and reactivity
calculation partly compensate each other to make the total biases smaller in the adopted
analysis tools and models in this study.

1. Introduction

For precise estimation of the burnup reactivity of nuclear systems including irradiated
fuel, analysis tools are required to accurately calculate the number densities and effective
microscopic cross sections of the nuclides in the irradiated fuel. In order to validate and
improve analysis tools, it is effective to compare the analysis results with the measurement of
burnup reactivity. The REBUS program has a unique feature, that is, direct determination of
the burnup reactivity of UO2 and MOX fuel bundles, which were fabricated from irradiated
fuel assemblies discharged from commercial LWRs.**? The program includes core physics
experiment in the LWR critical test facility VENUS, nondestructive measurement of the
burnups of irradiated fuel rods by gamma-ray spectroscopy, and radiochemical isotopic
analysis of pellet samples. In the critical experiment, a core tank was loaded with a 27x27
square lattice core that consists of a 7x7 cell test bundle in the core center, and 3.3 and 4.0
wt% enriched UO2 fuel rods surrounding the test bundle as a driver region. Five types of
bundles were tested in the experiment: (1) fresh BR3 (PWR) MOX fuel, (2) irradiated BR3
MOX fuel, (3) irradiated BWR MOX fuel, (4) fresh PWR UO2 fuel, and (5) irradiated PWR
UO2 fuel. Figure 1 and 2 show the core radial configurations for the PWR UO2¥ and BWR
MOX fuel test bundles.'® The average burnups of the fuel bundles of the PWR UO2 and
BWR MOX are 54.5 and 60.6 GWd/t, respectively. The analysis of the experimental data
have been performed by the participants of the program.*™> One of findings in the analysis is
that, while measured burnup reactivity values were well reproduced by core calculations,
marked discrepancies between the calculated and measured inventories were observed for
both irradiated UO2 and MOX fuel. The present authors have indicated that the biases in
inventory and reactivity calculations compensate each other, which makes the total biases of
the burnup reactivity small for the BR3 MOX fuel bundle.™”
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Fig. 1 Core radial configuration with fresh or irradiated PWR UO2 fuel test bundles®
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Fig. 2 Core radial configuration with irradiated BWR MOX fuel test bundle™®

In the present study, the ratios of calculated to measured inventories (C/ES) were
utilized to estimate probable inventories for the PWR UO2 and BWR MOX fuel bundles, and
burnup reactivity was re-analyzed with the probable inventories. Based on the results, the
biases in inventory and reactivity calculations for burnup reactivity were discussed.
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2. Burnup Reactivity

A principle of measurement of burnup reactivity in the REBUS program is
schematically shown in Fig. 3. Burnup reactivity is expressed by

p = -k, - f- Wk ), (1)

where k'™ s kess With the critical water level Hirr of a core loaded with a irradiated fuel

Hirr

bundle, and k™" is that with the water level Hirr of a core loaded with a fresh fuel bundle.

Hirr

fresh irr
k Hirr k Hirr
Driver fue / Driver fue /
___________ o1 Ve
Hifresh
Fresh fuel bunadle Irradiated fuel bundle

Hirr: the critical water level of a core loaded with an irradiated fuel bundle
Hfresh: the critical water level of a core loaded with a fresh fuel bundle
Fig. 3 Principle of measurement of burnup reactivity in the REBUS program

2.1 Determination of Burnup Reactivity with Measurement Data
In the critical measurement, k" = 1.0, and therefore

p=—-Wki ). @)

Applying measured water level reactivity coefficients (6p/dh),
Hirr

p==| . (@0/ON)dh, ©)
where Hfresh is the critical water level of a core loaded with a fresh bundle. One group
diffusions theory gives,

p=1-+M?B%, +M?z2/(h+3,) k.,
and (8p/oh) is expressed as a function of a water level h by

(@p/oh)=22*M?/k (h+6,) =a/(h+6,) (4)

where M? is a migration area, B2, a radial buckling, 5, a reflector saving, k., an infinite

multiplication factor and o a constant. Typical experimental errors in one o are 0.05% for h,
2.5% for &,, 1.3% for (0p/ah) in the fresh fuel bundle core, and 0.05% for h, 1.6% for J,,
0.7% for (9p/ah) in the irradiated fuel bundle core. Two values of a were obtained from the
measured water level reactivity coefficients of the fresh and irradiated fuel bundle cores.
Using these values, two burnup reactivity values were derived, as shown in Table 1. Since the
experiment was not performed on fresh fuel bundle for the BWR MOX fuel bundle core, the
fresh BR3 MOX fuel bundle core was used as a substitute. The reactivity difference between
the fresh BWR MOX and BR3 MOX fuel bundle cores with Hfresh of the fresh BR3 MOX
core was calculated with a continuous energy Monte Carlo code MVP.!? It showed that the
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reactivity with the fresh BWR MOX fuel bundle is larger than that with the BR3 MOX fuel
bundle by 0.13%dk/kk’. This result was applied to the measurement reactivity of the BWR
MOX fuel bundle. The corrected value was shown in Tablel, which is to be compared with
the calculated value. The obtained burnup reactivity values are systematically larger for those
with a values of the irradiated fuel bundle cores than those with o values of the fresh fuel
bundle cores. This is probably due to a simple model shown by Eq. (4). Calculated average
values and standard deviations of the two values were regarded as measurement values and
their errors, respectively.

Table 1 Determination of burnup reactivity with measurement data

Fuel bundle PWR UO2 BWR MOX
Fresh | Irradiated | Fresh | Irradiated
Critical water level (cm) 59.05 81.38 61.10 84.84
Water level reactivity coefficient ($/cm) 0.186 0.0924 0.191 0.0887
Reflector saving (cm) 12.60 13.23 12.81 14,91
Averaged reflector saving (cm) 12.92 13.86
@ (pcm cm?) 5.65x107 | 6.26x10" | 6.08x10" | 6.42x10’
Burnup reactivity (%dk/kk") -2.28 -2.52 -2.29 -2.42
Averaged burnup reactivity -2.40 + 0.17 (7%) | -2.36 * 0.09 (4%)
and error (%dk/kk’) (relative error) -2.48 + 0.10 (4%)*

* Corrected value (see text)

2.2 Calculation of Burnup Reactivity

Burnup reactivity values were obtained by Eq. (1). Effective multiplication factors
k'™ and k,"" were analyzed by transport core calculations using a lattice calculation code

Hirr Hirr
SRAC™ with the nuclear data library JENDL-3.3'Y and a transport calculation code
THREEDANT."

2.2.1 Isotopic Inventory Calculations

Axial burnup distributions in a 1-cm pitch were determined by gamma-ray
spectroscopy of Cs-137 for the test fuel rods, which compose the irradiated fuel test bundles.
Depending on the axial variation of burnup, three and six axial divisions were adopted for the
irradiated PWR UO2 and BWR MOX fuel rods, respectively. For each axial region, isotopic
inventories were obtained by burnup calculations in infinite assembly models with the SRAC
code coupled with the nuclear data library JENDL-3.2.2® The burnup calculations took into
account the irradiation history of the fuel assemblies from which the fuel rod were selected.
The detail descriptions are given in Refs. 3 and 10. The obtained isotopic inventories for the

irradiated fuel were used to obtain the values of k" and k™" in the core calculation.

2.2.2 Calculated Burnup Reactivity

The calculated values of burnup reactivity are shown in Table 2. The biases of burnup
reactivity, which are defined as the calculated reactivity minus the measured, are from -0.12
to 0.04%dk/kk" and are comparable to measurement errors.

3. Biases due to Inventory and Reactivity Calculations
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3.1 Comparison between Calculated and Measured Inventories

One fuel pellet sample was taken for each of the PWR UQO2 fuel and BWR MOX fuel,
and the inventories of major Actinide and FP nuclides were measured by radiochemical
analysis. The burnup value measured by gamma-ray spectroscopy was also given for the
samples. Burnup calculations were performed for the fuel pellet samples in the same way
mentioned in Section 2.2.1 with the target burnups obtained by gamma-ray spectroscopy.
Figures 4 and 5 show the ratios of the calculated to measured inventory (C/Es) for actinide
and FP nuclides. They also show uncertainties (2 o) of C/Es caused by the measurement
errors. While the calculations generally well reproduce the measurements for the PWR UO2
fuel, marked overestimation is observed for Np-237, Am-241, Am-243 and metallic FP
nuclides (Ru-101, Rh-103, Pd-105, -108 and Ag-109) and slight overestimation is observed
for Pu-239 and 241. For the BWR MOX fuel, marked overestimation appears in Np-237, Pu-
239, -241, Am-241, -242m, -243, Cm-245 and metallic FP nuclides.

Table 2 Calculated burnup reactivity
Fuel bundle PWR UQO2 BWR MOX

_ . irr fresh irr fresh
k-effective k! ke K ire K ire

0.99445 | 1.02004 | 0.99721 | 1.02205

Burnup reactivity (%dk/kk") -2.522 -2.437
Bias of burnup  reactivity -0.1227 +0.0438
(Calculated - measured) (%dk/kk")

C/E 1.051 0.982

3.2 Correction of Calculated Isotopic Inventories

Probable isotopic inventories were estimated by using above-mentioned C/Es for the
fuel pellet samples. It was assumed that (1) the C/Es in the comparison can be applied to all
fuel rods of the test bundle, and (2) C/Es are unity at the burnup = 0 and proportional to the
burnup. With the assumption (2), corrected isotopic inventory for a nuclide i in a segment j in
the fuel bundle is given by

e =¢/l{(E /c)-1)B'/B)+1), 1)

where E; is a corrected inventory, C/ is a calculated inventory, E, /C, is the inverse of the

C/E for the nuclide i, B’ is the burnup of the segment j, B is the burnup value measured by
gamma-ray spectroscopy for the pellet sample of the radiochemical analysis.

In order to study which nuclides cause the dominant effect of the inventory correction
on the reactivity of the irradiated fuel bundle cores, the sensitivity of inventory change to
reactivity of a typical infinite fuel cell in the irradiated fuel bundle in the experimental core
was also calculated, and the reactivity change of the infinite cell caused by the inventory
correction was estimated. Figures 6 and 7 show the results. Prominent nuclides in the
reactivity change are Np-237, Pu-239, -241, Am-241, metallic FP nuclides for the PWR UQO2
fuel, and Pu-239, -241, Am-241 and metallic FP nuclides for the BWR MOX fuel. The total
reactivity changes of the infinite fuel cells are -0.70 and -1.49%dk for the PWR UQO2 and
BWR MOX fuels, respectively.
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Fig. 4 Comparison between calculated and measured isotopic inventories for the PWR UO2

fuel (uncertainties (2 o ) caused by measurement errors)
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Fig. 5 Comparison between calculated and measured isotopic inventories for the BWR MOX

fuel (uncertainties (2 o ) caused by measurement errors)
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Fig. 6 Effect on k-inf of a fuel cell of the PWR UO2 bundle in the REBUS core
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3.3 Biases of Calculated Burnup Reactivity due to Inventory and Reactivity Calculations

The corrected inventories were applied to the core calculations of the irradiated fuel
cores, and the values of k/!" were calculated to obtain the burnup reactivity. The values of

Hirr
k! was 0.99440 and 0.99620 for the irradiated bundle cores of the PWR UO2 and BWR

MOX fuel, respectively. The change in k| of the PWR UO2 fuel seemed to too small for

the reactivity change of the infinite fuel cell, -0.70%dk. It was observed that the relative
power of the irradiated fuel bundle are about half of the neighboring UO2 fuel rods of 3.3
wt% enrichment in the driver region, and decrease in the reactivity of the irradiated fuel
bundle due to the inventory correction slightly increase the power of the neighboring 3.3 wt%
UQO2 fuel rods, which increase the core reactivity. The decrease in the reactivity of the fuel
bundle and the increase of the neighboring driver region cancel each other to make the
reactivity change by the corrected inventory small. On the other hand, the relative power of
the irradiated fuel bundle of the BWR MOX is from 1.7 to 2.3 so that the decrease in the
reactivity of the irradiated fuel bundle mainly affects on the power of the irradiated fuel
bundle, and the cancellation observed in the PWR UQO2 fuel is not brought. Therefore, neutron
balance only in the region of the irradiated fuel bundle was considered for the change in k|
caused by the corrected inventory for the PWR UQO?2 fuel bundle. Adopting this treatment for
the PWR UO2 fuel, the calculated burnup reactivity with the corrected inventories was shown
in Table 3 and also schematically shown in Figs. 8 and 9. From this analysis, the bias of the
calculated burnup reactivity due to the inventory calculations are estimated to be 0.045 (=-
2.522-(-2.567))and 0.102 (-2.437-(-2.539))%dk for the PWR UO2 and BWR MOX fuel
bundles, respectively, which also means the bias due to the reactivity calculations -0.167 (=-

2.567-(-2.40))*=0.17 and -0.059 (=-2.539-(-2.48)) =0.10%dk for the PWR UO2 and BWR
MOX fuel bundles, respectively.

Table 3 Calculated burnup reactivity with corrected inventories
Unit: (%dk/KK")

Correction case/Fuel bundle PWR UO2 BWR MOX

(@) Burnup reactivity with corrected inventories -2.567 -2.539
(Difference from that in Table 2) (-0.045) (-0.102)

(b) Burnup reactivity with corrected inventories -2.651 -2.608
(modifying  Am and metallic FP) (-0.128) (-0.171)
(Difference from that in Table 2)

Americium-241 and metallic FP nuclides are the nuclides showing prominent trend in
C/Es and relatively large contribution to the reactivity change of typical infinite fuel cells. The
major inventory of Am-241 caused by decay of Pu-241, since the ratios of Pu-241 to Am-241
at the discharge of the fuel assembly, from which the pellet samples were taken, are 30.17 and
8.07 for the PWR UO2 and BWR MOX fuel, and the cooling times for the isotopic inventory
measurement are 7.2 and 4.7 years, respectively. The values of C/Es for Am-241 are fairly
larger than those of Pu-241, which indicate that systematic errors in the measurements of Am-
241 are large. The values of C/Es for some of metallic FP nuclides seem to be too large to
accept as they are. Therefore, as an alternative inventory correction, it is assumed that the C/E
of Am-241 equal to that of Pu-241 and the C/Es of the metallic FP nuclides are 1.0. The
calculated values of burnup reactivity were shown in Table 2 and schematically shown in Figs.
8 and 9. In this case, the bias of the calculated burnup reactivity due to the inventory
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calculations are estimated to be 0.128 and 0.171%dk for the PWR UO2 and BWR MOX fuel
bundles, respectively, which also means the bias due to the reactivity calculations -0.251+

0.17 and -0.128 =0.09%dk for the PWR UO2 and BWR MOX fuel bundles, respectively. The
arrows in the figures schematically show these biases.
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Fig. 8 Bias of burnup reactivity of the PWR UQO2 fuel bundle
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4. Conclusions

The burnup reactivity of irradiated PWR UQO?2 (average burnup: 54.5GWd/t) and BWR
MOX (average burnup: 60.6GWad/t) fuel bundles in the REBUS program was obtained using
the measured critical water levels and water level reactivity coefficients of critical cores
which contain the fresh and irradiated fuel bundles. Those are -2.40 and -2.48%dk/kk’ for the
PWR UO2 fuel and BWR MOX fuel bundles, respectively. The study for splitting calculation
biases of the burnup reactivity into inventory and reactivity calculations was performed using
measurement isotopic inventories of the irradiated fuel. The calculation biases for the PWR
UO2 fuel bundle are +0.13 %dk/kk' for inventory calculation and -0.25 %dk/kk' for reactivity
calculation, which makes total bias -0.12 %dk/kk'. Those for the BWR MOX fuel bundle are
+0.17%dk/kk" for inventory calculation and -0.13 %dk/kk' for reactivity calculation, which
makes total bias +0.04 %dk/kk'. The study shows that the calculation biases of the inventory
and reactivity are in inverse relation to make the total biases smaller. The obtained
information is useful to improve the analysis tools and models for further reduction of the
calculation biases in the burnup reactivity.
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