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up. This indicates that using a nonpoisoned, equal enrichmenBAAs but utilize annular pellets of AD5-B,C (14.0 wt% B,C)
approximation for IFBA-bearing fuel would be slightly noncon- as the neutron absorber and have a (wedtter-filled) central re-
servative for SNF criticality analyses. However, the difference isgion® and Zircaloy cladding. Configurations of BAAs and WA-
small and could be readily accommodated with the use of a smalBAs have been identified with varyir(g to 24 numbers of rod3
bias. B&W has primarily manufactured a single BPR destghwhich
These results indicate that the reactivity effect on PWR SNFconsists of solid rods containing A)5-B4C clad in Zircaloy. Un-
from burnable absorbers is generally small and well behavedike the Westinghouse design, the number of BPRs per assembly
(smoothly varying as a function of fuel burnu@herefore, con- s fixed, and the weight percent of,8 in each BPR is variable.
sideration should be given to removing the restriction on burnupActual plant data in Ref. 6 shows variations ip@Bloading from
credit for PWR fuel assemblies that have used burnable absort®.2 to 2.1 wt%.
ers. Any license application seeking burnup credit for PWR SNF Burnable poison rod assembliéBPRAS are typically in-
containing burnable absorbers should validate their licensing methserted into a PWR fuel assembly during its first cycle in the re-
ods accordingly. actor core, and the actual numb@iestinghousgor poison
loading (B&W ) of BPRs within a BPRA is variable, typically
less than the maximum possible. Because of the depletion of the
neutron-absorbing material, BPRAs are oftéut not always
withdrawn after one-cycle residence in the core.

2. “CASMO-3, AFuel Assembly Burnup Program,” Version 4.8,
Studsvik/NFA-89/3 (Nov. 1996. EFFECT OF BPRS ON REACTIVITY

1. “Spent Fuel Project Office Interim Staff Guidance—8, Revi-
sion 1,” U.S. Nuclear Regulatory Commissi@uly 30, 1999.

The presence of BPRs during depletion hardens the neutror
spectrum because of removal of thermal neutrons by capture in
108 and by displacement of moderator, resulting in lo&t
7. Impact of Burnable Poison Rods on PWR depletion and higher production of fissile plutonium isotopes. En-
Burnup Credit Criticality Safety Analyses, J. C.  hanced plutonium production and the concurrent diminished fis-

sion o ue to increased plutonium fission have the effect o
Wagner, C. V. Parks (ORNL) increasing the reactivity of the fuel at discharge and beyond. Con-
sequently, an assembly exposed to BPRs will have a higher re-
activity for a given burnup than an assembly that has not been

The concept of taking credit for the reduction in reactivity €xposed to BPRs. _ _ _
due to fuel burnup is commonly referred to as burnup credit. The ~ For each of the BPR designs mentioned, spent-fuel isoto-
reduction in reactivity that occurs with fuel burnup is due to the Pics were calculated for possible loading variations. SAS2H de-
change in concentratiofnet reductio of fissile nuclides and  Pletion calculationswere performed assuming that the BPRs were
the production of actinide and fission product neutron absorbersPresent duringa) the first cycle of irradiation(b) the first two
The change in the concentration of these nuclides with fuel burncycles of irradiation, an¢c) the entire irradiation period.e., all
up, and consequently the reduction in reactivity, is dependent upofIree cycles For comparison purposes, isotopics were also cal-
the depletion environmer(e.g., the neutron spectryniThere-  culated assuming no BPRs present. These four sets of isotopic
fore, the utilization of credit for fuel burnup necessitates consid-were then used inindividual CSAS1X calculations determine

eration of the fuel operating conditions, including exposure tothe reactivity effect of each BPR design as a function of burnup
burnable absorbers. for out-of-reactor conditions at burnup steps of 1 GXtéthne U
Burnable absorbers may be classified into two distinct cat-and zero cooling time. Note that the criticality calculations were
egories:(a) burnable poison rodéBPRS and (b) integral burn-  based on an infinite array of spent-fuel pin cells using isotopics
able absorbers. BPRs are rods containing neutron-absorbinffom the various BPR depletion cases, and thus, the effect of the
material that are inserted into the guide tubes of a pressurize@PRs is determined based on their effect on the depletion isoto-
water reactof PWR) assembly during normal operation and are Pics alondi.e., the BPRs are not included in the criticality modlels
commonly used for reactivity control and enhanced fuel utiliza- Figure la plots the reactivity differencésk values relative
tion. In contrast to BPRs, integral burnable absorbers refer to burnto the no-BPR conditioras a function of burnup for the actinide-
able poisons that are a nonremovable or integral part of the fuePnly condition. The nuclides used here for actinide-only calcu-
assembly once itis manufactured. An example of an integral burnlations are consistent with those specified in Ref. 8, with the
able absorber is the Westinghouse integral fuel burnable abexception thaf?®U and?*/Np are also included. The isotopics
sorber(IFBA) rod, which has a coating of zirconium diboride Used in the criticality calculations correspond to spent fuel with
(ZrB,) on the fuel pellets. Although integral burnable absorbers4.0 Wt% 23U initial enrichment that has been exposed to Wes-
are also common in current PWR fuel designs, this paper willtinghouse WABA rods during depletion. For the purpose of the
focus on the effect of BPRs only. depletion calculations, three cycles of 15 G¥ttthne U per cy-
The Interim Staff Guidandeon burnup credit issued by the cle were assumed. The results shown in Fig. 1a demonstrate the
U.S. Nuclear Regulatory Commission's Spent Fuel Project Of-the reactivity effect increases with BPR expostiernup and
fice restricts the use of burnup credit to assemblies that have notumber of BPRs presenand that calculations based on con-
used burnable absorbers. This restriction eliminates a large pottinuous exposure during the entire depletion yield higieore
tion of the currently discharged spent-fuel assemblies from casi€onservativg reactivity than analyses based on acttspical
loading and thus severely limits the practical usefulness of burnOne-cycle exposures. Figure 1b shows results for the same con
up credit. Consequently, this paper examines the effect of BPR&litions plotted in Fig. 1a, with the exception that the major fis-
on reactivity for various BPR designs and exposure conditionsSion products are included. The reactivity behavior is shown to
be very similar to that of the actinide-only condition.
BPR DESIGNS AND OPERATIONAL PRACTICES For comparison of the effect of the various BPR designs,
calculations have also been performed for the Westinghouse BAAs
The primary Westinghouse and B&W BPR designs were con-and the B&W BPRs. The results are very similar to those shown
sidered in this paper. Westinghouse has manufactured two maim Fig. 1 for the Westinghouse WABAERef. 9. Since the BC
types-2 of BPRs:(a) burnable absorber assembli@AAs) and weight percent is known to vary in the B&W BPRREf. 6), the
(b) wet annular burnable absorbé&/ABAs). The BAAs utilize reactivity effect of varying the BC poison loading was also in-
borosilicate glas$B,05-SiO, with 12.5 wt% BO,) in the form vestigated and verified to increase with poison loadifnally,
of Pyrex tubing as a neutron absorber with a void central region the reactivity effect of BPRs was found to increase with decreas-
and Type 304 stainless steeel cladding. WABAs are similar toing initial enrichment(for a fixed burnup.®
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Fig. 1. Reactivity differencegAk values relative to the no-BPR conditijoas a function of burnup for various BPR exposures. The
results correspond to fuel with 4.0 wt%8°U initial enrichment that has been exposed to Westinghouse WABA (thdse
cycles of 15 GWdtonne U per cycle were assumed

Reactivity Effect of BPRs for a Rail-Type Cask

analysis, the Generic 32 PWR-Assembly Burnup Cré@BC-

32) cask® loaded with Westinghouse 1X 17 optimized fuel

assembliefOFAs) was used. The GBC-32 design was devel-
The reactivity effect of BPRs within a realistic high-capacity oped to provide a reference cask configuration that is represen:
rail-type cask has also been examined and quantified. For thisative of typical high-capacity rail casks being considered by

industry.
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Fig. 2. KENO V.a calculational model of the PWR 32-assembly GBC-32 loaded with Westinghous& ZLDFAs.

The cask criticality calculations were performed with the distribution reduces the reactivity increase associated with the
KENO V.a Monte Carlo codeusing the SCALE 238-group cross BPRs. This is due to the fact that the lower-burnup regions near
sections based on ENDB-V. The cross-sectional view of the the ends, which control the reactivity of the fuel when the axial
GBC-32 cask shown in Fig. 2 is based on the KENO V.a model.burnup distribution is included, have less burnup and thus less
The BPRAs are not included in the KENO V.a criticality model. burnup exposure to the BPRthan the average
Isotopics were calculated using the SAS2H sequénce.

Thek values for actinide-only and actinidefission prod-  verification of the SAS2H Depletion Isotopics
uct burnup credit in the GBC-32 cask, assuming uniform axial
burnup, for various BPR exposures are listed in Table I. The re- A SAS2H fuel assembly model is limited to a one-dimen-
sults correspond to spent fuel with 4.0 wi&U initial enrich- sional radial model with a single smeared fuel region. Geometric
ment that has been exposed to Westinghouse WABA rods whilenodeling approximations are made in an effort to achieve a rea-
accumulating a burnup of 45 GWitbnne U and 5-yr coolingtime.  sonable assembly average neutron energy spectrum during th
For the purpose of the depletion calculations, three cycles ofdepletion process. However, the presence of BPRs challenges th
15 GWd/tonne U per cycle are assumed. The relative behavior isSSAS2H modeling capabilities. Therefore, for a select number of
very similar to that exhibited for an infinite array of fuel pins.  cases, isotopics were also calculated with the HELIOS code pack

To determine the impact of incorporating the axial burnup agée'! for verification of the SAS2H isotopics. HELIOS is a two-
distribution ke values were also calculated for the GBC-32 cask dimensional, generalized-geometry transport theory code base
for various BPR exposures with the axial burnup distribution in- on the method of collision probabilities with current coupling.
cluded. The results reveal that the inclusion of the axial burnupThe reactivity differenceAk values relative to the no-BPR con-
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TABLE |
Reactivity Effect of Various BPR Exposures in the GBC-32 Cask*
Number of | Number of Difference from Standard
WABAs cycles of | KENO Va | Standard no BPRs deviation in
present exposure? ke deviation | (k_case —k_noBPRs) Difference
Actinide-Only

0 3 0.89174 0.00034 reference -

12 1 0.89770 0.00038 0.00596 0.00051

12 2 0.89906 0.00037 0.00732 0.00050

12 3 0.90044 0.00035 0.00870 0.00049

24 1 0.90164 0.00040 0.00990 0.00052

24 2 0.90521 0.00036 0.01347 0.00050

24 3 0.90953 0.00039 0.01779 0.00052

Actinides + Fission Products

0 3 0.79781 0.00035 reference -

12 1 0.80244 0.00036 0.00463 0.00050

12 2 0.80389 0.00036 0.00608 0.00050

12 3 0.80695 0.00037 0.00914 0.00051

24 1 0.80581 0.00035 0.00800 0.00049

24 2 0.80996 0.00031 0.01215 0.00047

24 3 0.81556 0.00032 0.01775 0.00047

*45 GWd/tonne U, 5-yr cooling.

30ne exposure cycle corresponds to a burnup of 15 @dfthe U.

dition) as a function of burnup based on isotopics calculated by 2.
SAS2H and HELIOS were compared and found to be within a
few tenths of a percent, with SAS2H isotopics predicting slightly
larger reactivity effects. Further, very good agreement between
calculatedk,, values based on isotopics from SAS2H and

HELIOS was achieved.

CONCLUSIONS

The reactivity effect of BPRs increases nearly linearly with
burnup and is dependent upon the number and poison loading of
the rods and the initial fuel enrichment. Although variations are
observed for the various BPR designs, maximum reactivity in-

creases have been found to bé& to 3% when maximum BPR

loading and exposure time are assumed for typical initial enrich-

ment and discharge burnup combinations.

Based on the analysis summarized in this paper, guidance
for an appropriate approach for calculating bounding spent nu-
clear fuel isotopic data for assemblies exposed to BPRs may be6.
developed. For example, assuming maximum BPR exposure dur-
ing depletion would be a simple, conservative approach to bound
the reactivity effect of BPRs—where maximum BPR exposure
may be defined as the maximum possible number of BPRs with
the most bounding BPR desighe., most bounding geometric

design and maximum possible poison loadifigr the entire
depletion.
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