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The effect of fixed absorbers on the reactivity of presburnup credit. Therefore, data are needed to support
surized water reactor (PWR) spent nuclear fuel (SNF) irthe extension of burnup credit to additional SNF. This
support of burnup-credit criticality safety analyses is ex-research investigates the effect of various fixed absorb-
amined. A fuel assembly burned in conjunction with fixecrs, including integral burnable absorbers, burnable poi-
absorbers may have a higher reactivity for a given burnugson rods, control rods, and axial power shaping rods, on
than an assembly that has not used fixed absorbers. Asthe reactivity of PWR SNF. Trends in reactivity with rel-
result, guidance on burnup credit, issued by the U.Sevant parameters (e.g., initial fuel enrichment, burnup
Nuclear Regulatory Commission’s Spent Fuel Project Ofand absorber type, exposure, and design) are estab-
fice, recommends restricting the use of burnup credit tdished, and anticipated reactivity effects are quantified.
assemblies that have not used burnable absorbers. Thi%here appropriate, recommendations are offered for ad-
recommendation eliminates a large portion of the cur-dressing the reactivity effects of the fixed absorbers in
rently discharged SNF from loading in burnup credit burnup-credit safety analyses.
casks and thus severely limits the practical usefulness of

I. INTRODUCTION The presence of fixed absorbers in a light water re-
actor fuel assembly lattice during depletion hardens the
The concept of taking credit for the reduction in neutron spectrum, resulting in increased production of
reactivity of burned or spent nuclear fu@NF) due to fissile plutonium isotopes and reducé#U depletion.
fuel burnup is commonly referred to as burnup creditConsequently, a fuel assembly burned in conjunction with
The reduction in reactivity that occurs with fuel burnupfixed absorbers may have a higher reactivity for a given
is due to the change in concentratigret reductionof ~ burnup than an assembly that has not used fixed absorb-
fissile nuclides and the production of actinide and fis-ers. Therefore, where fixed absorbers have been em-
sion product neutron absorbers. The change in the coployed, computational predictions of SNF reactivigyg.,
centration of these nuclides with fuel burnup, andfor burnup credit must consider the impact of their
consequently the reduction in reactivity, is dependenpresence.
on the depletion environmerie.g., the neutron spec- Although currently approved SNF storage and trans-
trum). As a result, the utilization of credit for fuel burnup portation casks are licensed under the fresh-fuel assump-
necessitates consideration of variations in fuel designgon, in which all fuel assemblies are conservatively
and operating conditions, including the use of fixedassumed to be unirradiated in the criticality safety eval-

absorbers. uation, credit for fuel burnup is currently being pursued
for SNF storage, transportation, and disposal applica-
*E-mail: wagnerjc@ornl.gov tions as a means to maximize SNF cask capacities and
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improve design flexibility. In support of burnup credit In the past, criticality safety evaluations for spent-
for these applications, this research investigates thtiel storage and transportation canistérassumed the
effect of various fixed absorbers, including integral burn-spent fuel to be frestunburned fuel with uniform iso-
able absorberdBAs), burnable poison rod8PR9, con-  topics corresponding to the maximum allowable enrich-
trol rods(CR9, and axial power shaping rod8PSRs, ment. This fresh-fuel assumption provides a well-defined
on the reactivity of pressurized water read®WWR) SNF.  bounding approach to the criticality safety analysis that
The analyses and data presented herein may help faciBliminates concerns related to the fuel operating history,
tate the storage, transportation, and disposal of addthereby considerably simplifying the analysis. However,
tional older SNF assemblies and those to be discharged July of 1999, the U.S. Nuclear Regulatory Commis-
in the future. sion’s (NRC) Spent Fuel Project Office issued an in-
terim staff guidancgon burnup creditISG-8) that allows
partial credit for burnup in PWR fuel. Subsequently, the
guidance in ISG-8 was integrated into the standard re-
Continuing advancements in fuel assembly desigwiew plan for transportation packagé$he recommen-
have enabled enhanced fuel utilization, thereby increastations in Refs. 3 and 4 limit the amount of burnup credit
ing the performance of reactor corése., extending to that available from actinide compositions in irradiated
core lifetimes. One characteristic of these advancedPWR UG, fuel up to an assembly-average burnup of 40
fuel assembly designs is the expanded use of fixed burrsWd/tonne U, with a number of associated restrictions.
able absorbefneutron poisop materials, either as an These recommendations include a restriction on the use
integral part of the fuel assembly or as a sepafete of burnup credit to assemblies that have not used burn-
movable assembly used in conjunction with the fuel able absorbers and a note of particular concern with the
assembly. For the purpose of this discussion, burnabtmeed to consider the more reactive actinide composi-
absorbers are classified into two distinct categories: BPR#ons of fuels burned with fixed absorbers or with control
and IBAs. BPRs are rods containing neutron-absorbingods fully or partly inserted.” As burnable absorbers and
material that may be inserted into the guide tubes of £€Rs are routinely used in PWRs, this recommended re-
PWR assembly. BPRs have most frequently been usestriction eliminates a large portion of the current and
with fresh fuel assemblies during their first burnup cy-future SNF inventory from cask loading with burnup
cle. In contrast to BPRs, IBAs refer to burnable poisongredit and thus severely limits the practical usefulness of
that are a nonremovable or integral part of the fueburnup credit.
assembly once it is manufactured. An example of an In the absence of comprehensive studies on the ef-
IBA is the Westinghouse integral fuel burnable absorbefects of fixed absorbers on the reactivity of SNF and
(IFBA) rod, which has a coating of zirconium diboride readily available information on the design specifica-
(ZrB,) on a select number of the fuel pellets. In gen-tions and usage of fixed absorbers in U.S. PWRs, NRC
eral, recent trends in PWR fuel management have shiftestaff has indicatetla need for greater understanding in
away from the use of BPRs and toward increased use ofiese areas. In support of this need, a research project
IBAs. However, BPRs, which have been used extenwas initiated ta(a) accumulate information on fixed ab-
sively in the past, are still being used in a few PWRs insorber designs and usage, afiid perform computa-
the United States and may find renewed usage witlional studies to investigate the effect of fixed absorbers
mixed oxide fuel. on the reactivity of PWR SNF. This paper presents a
Control rods and APSRs are fixed absorbers, similasummary of numerous studfe$ that have been per-
to BPRs in that they also contain neutron-absorbing maormed to establish and quantify the effect of fixed ab-
terial and may be inserted into the guide tubes of a PWRorbers on the reactivity of SNF for various absorber
assembly. However, while BPRs are used to improveypes and designs, fuel enrichments, and exposure con-
fuel utilization, CRs are primarily used in U.S. PWRsditions. For brevity, this paper presents the most signif-
for reactor control during startup and shutdown operaicant aspects of the analyses to demonstrate trends and
tions and are not typically insertetb a significant ex- support conclusions. The interested reader is referred to
teny into the guide tubes during normal operation.Refs. 6, 7, and 8 for additional comparisons, detailed
Depending on plant-specific fuel management stratabsorber and fuel design specifications, and recommen-
egies, CRs may be either completely withdrawn or pardations for addressing the use of fixed absorbers in
tially inserted(e.g., for reactor control or load-following burnup-credit safety evaluations.
during normal operations. Axial power shaping rods are
generally classified with CRs but may differ in their de-| g gutline
sign and usage; APSRs are generally shorter in length
and may be inserted for extended periods of burnup. Due The remainder of this paper is organized as follows.
to their respective compositions and usage, CRs an8lection Il describes the methodology used for this
APSRs are not considered burnable because their comemputational investigation. Sections Ill, 1V, and V
positions are not significantly depleted. present individual analyses for IBAs, BPRs, and CRs,

I.A. Background
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respectively. Trends in reactivity with relevant param-of assemblies at zero cooling time and include all of the
eters, such as initial fuel enrichment, burnup, and abactinide and fission product nuclides available in the HE-
sorber exposure and design, are established andOS cross-section library; the reason for using zero cool-
anticipated reactivity effects are quantified. As APSRdng time and all nuclides is calculational simplicity. Where
are considered by many to be a type of CR, discussiorsxceptions are made to study the impact of various rel-
and analyses for CRs and APSRs are presented togeth@rant conditions and configurations, such as cooling time
in Sec. V. Summary and conclusions are provided irand cask geometry, they are clearly stated. For studies

Sec. VI. that require three-dimensiond-D) analysis, criticality
calculations were performed with the KENO V.a Monte
Carlo codé! from the SCALE packag® using spent-

Il. METHODOLOGY fuel isotopics calculated by HELIOS. The KENO V.a

calculations used the 238-group cross-section library,

The vast majority of the calculations presented inbased primarily on ENDMB-V data.
the following sections were performed using the HELIOS-  Unlike the HELIOS criticality calculations, which
1.6 code packageHELIOS is a two-dimensiongR-D)  include all of the actinide and fission product nuclides
transport theory code based on the method of collisiomvailable in the HELIOS cross-section library, the KENO
probabilities with current coupling. HELIOS was em- criticality calculations were performed with subsets of
ployed for this analysis because of its capability to exthe available nuclides. The use of a subset of possible
plicitly model the relatively complicated, heterogeneousactinides in burnup credit calculations is referred to as
assembly lattices associated with IBAs, BPRs, and CRsctinide-only burnup credit. The nuclides used here for
The various structures within each of the models weractinide-only calculations are consistent with those spec-
coupled using angular current discretizationterface ified in a U.S. Department of EnerdyDOE) topical re-
currents, and all calculations utilized the 45-group neu-port on burnup credit? with the exception that*®U and
tron cross-section librargbased on ENDMB-VI) thatis  23'Np are also included. While not consistently defined
distributed with the HELIOS-1.6 code package. elsewhere, the use of a subset of possible actinides and

The depletion calculations were performed usindission products is referred to herein as actinidiéssion
reasonably conservative cycle-averaged operational paroduct burnup credit. The fission product nuclides used
rameters for fuel temperatuf@000 K), moderator tem- here for actinidet fission product calculations are con-
peraturg600 K), soluble boron concentratid650 ppm,  sistent with those identified in Table 2 of Ref. 14 as
and specific powek60 MW/tonne U. The sensitivity being the most important for criticality calculations.
of neutron multiplication to variations in these param-Table | lists the nuclides included for the two classifica-
eters is discussed in Ref. 10. Using the isotopic compaions of burnup credit. These classes of burnup credit
sitions from the depletion calculations, branch or restarand the nuclides included within each are defined here
calculations were performed with HELIOS to deter- for the purposes of analysis and discussion; other termi-
mine the infinite neutron multiplication factdg,s as a nology and specific sets of nuclides have been defined
function of burnup for out-of-reactor conditiorge., and used by others studying the burnup credit phenom-
unborated moderator at 20). ena. Note, however, that these studies are not sensitive to

Unless specifically stated otherwise, all HELIOS crit- minor variations in the selection of nuclides within each
icality calculations correspond to an infinite radial arrayclass of burnup credit.

TABLE |
Nuclides Associated with the Classifications of Burnup Credit Used for Analysis
Actinide-Only Burnup Credit Nuclides
234U 235U 236U 238U 238Pu 239Pu 240Pu 241pu 242Pu 237Np
24]Am 02
Actinide + Fission Product Burnup Credit Nuclides

234U 235U 236U 238U 238pu 239pu 240pu 24lpu 242pu 237Np
24]Am 243Am QSMO 99TC 101Ru lOSRh 109Ag 133CS 147Sm 1498m
15°Sm 1518m 1525m 143Nd 145Nd 151Eu 153Eu 155Gd 02

20xygen is neither an actinide nor a fission product but is included in this list because it is an integral and important part of the
fuel and thus is included in the calculations.
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As there are many important variables in a burnughence are not included in the out-of-reactor criticality
credit calculation(e.g., geometric configuration, nu- calculations.
clides included, cooling time, ej¢.calculations to sup-
port this investigation include many variations. As it is
acknowledged that confusion may arise regarding calcuil. ANALYSES FOR IBAs
lational models and assumptions when considering the
numerous studies described in the following sections, Although numerous types of IBAs have been used
Table Il provides a summary of the various calculationain U.S. commercial nuclear fuel assembly designs, all
models, identifies the specific sections within this papeof the widely used designs are similar in that they con-
that utilize each model, and notes exceptions whertin thermal neutron absorbing material as an integral
appropriate. nonremoval part of the assembly. Variations in the IBA

The analyses were performed from an away-frommaterial, composition, placement within rods, and rod
reactor criticality safety perspective, which is concernedaonfigurations exist among current PWR fuel designs.
with the determination and usage of limiting configura-These characteristics are varied in combination with the
tions and conditions that encompass or bound the variegssembly initial fuel enrichment and core location to
of anticipated configurations and conditions. For eaclachieve core operating and fuel management objectives.
unique fixed absorber design considered, a depletion cal- For PWR fuels without IBAs, reactivity decreases
culation was performed fofa) the un-poisoned or un- with burnup in a nearly linear fashion. In contrast, for
controlled assembly conditiofi.e., no IBAs, BPRs, or PWR fuel assembly designs that make significant use
CRs presentand(b) conditions in which the IBAs, BPRs, of IBAs, reactivity actually increases as fuel burnup
or CRs were assumed to be present for various perioggoceeds, reaches a maximum at a burnup where the
of burnup. The calculated isotopic compositions fromIBA is nearly depleted and then decreases with burnup
these conditions were subsequently used in criticalityn a nearly linear fashion. For fuel assembly designs
calculations for an out-of-reactor environment. Throughthat make modest use of IBAs, reactivity may decrease
out the following sections, th&k values between these with burnup slowly up to the point where the IBA is
two conditions are reported to assess the effect of theearly depleted and then decrease with burnup in the
fixed absorbers on the reactivity of SNF. Consistent wittsame nearly linear manner. Fuel assemblies are typi-
the physical condition§.e., IBAs cannot be physically cally designed such that the burnable absorber is effec-
separated from the fuglresidual IBA material is in- tively depleted in the first cycle, and as a result, the
cluded in the out-of-reactor criticality calculations. In assembly reactivity typically peaks within this period
contrast, BPRs and CRs are separated from the fuel ard burnup. Calculated#;,; values as a function of burnup

TABLE I
Summary of Criticality Models Used for the Analysis
Criticality Models
Code HELIOS KENO V.a KENO V.a
Dimensionality 2-D 3-D 3-D
Geometric configuration Infinite assembly arfay GBC-32 cask GBC-32 cask
Axial burnup distribution NAP Not included Includetl
Nuclides included AN Various® Various®
Cooling time(yr) Zerd Various various
Sections discussing results LA, 111.B, 11I.C, II.E3,
from the model I.D, lILE.22 1I.E.2,f
IV.A, IV.B, IV.C.1,91V.C.39 IV.C.29
V.A, V.B, V.C, V.D V.EP

aResults in Section III.E.1 correspond to an infinite radial array of cask storage cells, based on the GBC-32 cask.

PNot applicable.

CAxial burnup distribution used corresponds to the bounding profile suggested in Ref. 13 for PWR fuel with average-assembly
discharge burnup-30 GWd/tonne U.

dAll nuclides available in the 45-group neutron cross-section library that is distributed as part of the HELIOS-1.6 code Hackage.

€Calculations were performed with subsets of the available nuclides, as defined in Table I.

fResults discussed in Sec. 1I.E.2 correspond to various cooling times between zero and 40 yr.

9Results correspond to 5-yr cooling time.

hResults correspond to zero cooling time.
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Fig. 1. Calculatedk,; as a function of burnup for PWR fuel with and without IBAs present. Legend indicates the number of IBA
(IFBA) rods present in each case.

for PWR fuel with and without IBAs present are showncoating of zirconium diboridéZrB,) on the outer sur-
in Fig. 1 (using IFBA rods. face. Specification of the assembly designs that utilize
The presence of IBAs during depletion hardens théFBA rods include the boron loading in the ZyBoating,
neutron spectrum, resulting in greater production of fisthe number of IFBA rods, and the placement or loading
sile plutonium isotopes and reduc€dU depletion. Con- pattern of the IFBA rods within the assembly. The num-
sequently, the reactivity of an assembly depleted witlber of IFBA rods within a fuel assembly may vary from
IBAs may be higher than that of an assembly depletedero to ~60% of the total number of fuel rods. For a
without IBAs. However, because assemblies are deWestinghouse 1% 17 assembly, which contains 264
signed so that the IBA is effectively depleted in the firstfuel rods, loading patterns with @o IFBA), 8, 16, 32,
cycle, the assembly is exposed to a hardened spectrué®, 64, 80, 104, 128, and 156 IFBA rods are known to
during the first cycle of burnup only. Note that, unlike exist. In addition, the boron loading in the ZrBoating
BPRs, CRs, and APSRs, which are inserted into assemand the initial23>U enrichment are varied to meet core
bly guide tubes, IBAs do not displace moderator in themanagement objectives.
assembly lattice and thus have a less significant impact Figure 1 shows;,; values as a function of burnup
on the neutron spectrum. for Westinghouse 1% 17 assemblies with 4.0 wt%°U
The following subsections describe the various IBAinitial enrichment and varying numbers of IFBA rods
types and summarize detailed analyses to demonstratéth 0.618 mg'°B/cm (1.57 mg°B/in.) The differ-
the reactivity effect of IBAs as a function of burnup. ences in the;,; values(Ak values between cases with
Analyses have been performed for Westinghouse assenBA rods and the reference case without IFBA rods are
bly designs with IFBAs, Combustion Engineerif@E) plotted as a function of burnup in Fig. 2, where it is
and Siemens assembly designs with JJ@d,05 rods, apparent that theak values become positive after the
CE assembly designs with U€Er,O3 rods, and CE as- point at which the boron is essentially depleted. In other
sembly designs with BC rods. To the extent possible, words, SNF assemblies that contain IFBArods are slightly
analyses have been performed for a representative rangere reactive positiveAk) at discharge than assemblies
of fuel initial enrichment and poison loading combina-without IFBA rods. Furthermore, the maximum positive

tions based on actual plant data. Ak value increases with increasing numbers of IFBA
rods and increasing poison loadifige., 1°B loading in
IILA. IFBA Rods the ZrB,). For a fixed number of IFBA rods, the maxi-

mum positiveAk value increases slightly with decreas-
Some Westinghouse fuel assembly designs includimg initial fuel enrichment. This behavior is shown in
IFBA rods, which contain U@fuel pellets with a thin  Fig. 3, which plots the\k values between cases with 104
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Fig. 2. Comparison of\k values, as a function of burnup, between assemblies with and without IFBA rods present. Results
correspond to Westinghouse X717 assemblies with 4.0 wt%?*U initial enrichment.
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Fig. 3. Comparison ofk values for varying initial enrichments between assemblies with and without IFBA rods present. Results
correspond to Westinghouse X717 assemblies; IFBA cases have 104 IFBA rods present.
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TABLE Il
Specifications for Siemens ¥ 17 Fuel Assemblies with U9Gd,O3 Fuel Rods
Fuel Assembly U0, Fuel Rod Number of UQ Number of Gd,O3 /235U wit%
Designator Enrichment Fuel Rods UO,-Gd,O3 Rods for UO,-Gd,O3 Rods

S1 4.25 260 4 2.00.16%

S2 4.25 244 16 6.0(8.99

4 2.00/4.16

S3 4.25 240 16 8.0(8.91

8 4.004.08

S4 4.25 236 16 8.0(8.91

12 4.004.08

aRead as 2.0 wt% GO5 and 4.16 wt%?35U in UO,-Gd,O3 rods.

IFBA rods and reference cases without IFBA rods forable. Further, the number of gadolinia-bearing fuel rods
varying initial enrichments. within an assembly is variable. Hence, various gado-
Based on actual plant fuel dafatbanalyses were per- linia loadings(weight percent of GgD; and number of

formed for variations in the initial fuel enrichment, the num-gadolinia-bearing fuel rodsand initial fuel enrichment
bers of IFBA rods, and th&’B loading in the IFBArods combinations were studied to establish the reactivity
within their respective ranges. The maximum positike effect as a function of burnup. The combinations con-
value was found to be 0.004, which corresponded to theidered were based on actual fuel assemblies and were
maximum!®B loading[0.9272 mg"°B/cm(2.355mg!®B/  selected to encompass the range of known variations.
in.)] and maximum number of IFBA rods.e., 156, for = Because CE assemblies include oversized water holes,

an initial enrichment of 4.617 wt%?*°U. while others(i.e., Siemens and B&Wdo not, analyses
were performed for both CE 18 16 and Siemens 1X
111.B. U0,-Gd,04 Rods 17 fuel designs. Relevant specifications for four Sie-

Anumber of fuel vendors, including CE, Babcock & mens assembly designs considered are listed in Table Il

Wilcox (B&W ), and Siemen3 have manufactured and n oro!er of increasing gadolinia inventor_y.

used gadolinia-uraniuriUO,-Gd,O3) IBA rods. These Figure 4 showsy¢ values as a function of burnup
UO,-Gd,O5 rods, or gadolinia rods, are fuel rods with for each of the assemblies listed in Table Ill. Calcula-
gadolinia(Gd,0s) as an integral part of the fuel matrix LONS Were ﬁlsﬁ perrf]orT?r(]j for@gef%rer;(lerrpogoneai
and are also used extensively in boiling water reactor§2S€s [N which €ach of the eBd,05 fuel rods was

: laced by an equivalent enrichment fuel rod without
(BWRS). In comparison to normal Ugfuel rods, the use rep A . .
of gadolinia rods has the following known inherent ©%0s: Due to the variations in fuel rod enrichment,
penaltied”: each of the assembly designs listed in Table Il required

oL ) ) _a separate reference case. Differences irkthevalues

_1. Gadolnjla displaces uranium in the fuel matrix, (Ak values between cases with and without the Gg
which results in a reduced heavy metal mass. present, for each of the four Siemens assembly designs,

2. Due to the lower heat conductivity of the gO are shown in Fig. 5. The negativek values in Fig. 5
Gd,05fuel, as compared to normal Y@uel, the23%U en- indicate that the gadolinia-bearing fuel is less reactive
richment in the UQ-Gd,Os fuel rods is often reduced to than the fuel without gadolinia. The extent by which the
meet the design criterion for maximum fuel temperatureQadOllnla'anf_mg fuel_ IS alway_s !eSS re_actlv_e is seen to

3. Following the depletion of the main neutron ab-ncrease with increasing gadolinia Ioaqmgaght per-
sorbihg gadolinium isotope§.e., 155Gd and5’Gd), a cent of GdO; and the number of gadolinia-bearing rods

. : e . Parametric analyses found that th& values are rela-
residual negative reactivity remains due to the presencg oy insensitive to initial fuel enrichmefitAnalyses
of gadolinium isotopes that are not destroyed.

were also performed for various gadolinia loading and

The weight percent or loading of G0z and the initial enrichment combinations in CE 18 16 assem-
235U enrichment in gadolinia-bearing fuel rods are vari-blies® which include oversized water holes, and the re-
sults were consistent with those shown for the Siemens
aAlthough B&W and Siemens are now part of Framatomeassemblie§.Therefore, we expect similar consistent re-
ANP, and thus no longer exist as separate entities, the namésllts for fuel assemblies from the other fuel vendors since
are used herein for consistency with the available fuel datathey have similar lattice arrangements.
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Fig. 4. Calculated;,s as a function of burnup for PWR fuel with and without YGd,O3 rods present. Legend indicates the fuel
assembly designators that are described in Table III.
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Fig. 5. Comparison ohk values as a function of burnup between assemblies with and withopH@H03 rods present. Legend
indicates the fuel assembly designators that are described in Table I11.
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While itis obvious that the reactivity early in burnup have any significant negative residual reactivity. Conse-
is decreased with increased pois@adolinig loading, quently, the positive reactivity influence, due to the harder
it may not be immediately apparent why the behaviomeutron spectrum associated with the presence of the
remains after the majority of the poison is depleted,'°B, is not offset. Thus, as shown in Sec. Ill.A, the pos-
especially considering that in Sec. Ill.A, increaseditive reactivity effect for IFBAs increases with increas-
IFBA loadings were shown to produce increased posiing poison loading, either through increasés loading
tive Ak values late in burnup. The reason for the persisin the ZrB, or increased number of IFBA rods.
tence of lowerAk values with increasing gadolinia is
related to the negative residual reactivity associated witf) ¢. yo,-Er,0; Rods
the presence of the remaining minor gadolinium iso-
topes. Increased gadolinia loading leads to increased con- In addition to UQ-Gd,O3 rods, CE has manufac-
centrations of the gadolinium isotopes, including thetured an IBA rod containing erbi€Er,O3) for use with
isotopes that are not significant neutron absorbers, andmth 14X 14 and 16X 16 fuel assembly desigri&1°®
corresponding decrease in the mass of uranium by singimilar to the UQ-Gd,O3 rods, the erbia rods include
ple displacement. Because these minor gadolinium isdhe burnable absorber £); as an integral part of the
topes are not significant neutron absorbers, their reactivitiuel matrix, and the weight percent of the erbia and the
worth (due to their displacement of uraniyrs rela- number of erbia rods within an assembly are both vari-
tively constant with burnup. As a result, the negativeable, as well as thé*>U enrichment. As a result, in com-
residual reactivity increases with gadolinia loading ancpbarison to normal U@fuel rods, the use of erbia rods
more than offsets any positive reactivity influence due tchas the same known inherent penalties that were identi-
the harder neutron spectrum associated with the prefied previously for gadolinia rods.
ence of the gadolinia. In support of this discussion, Fig. 6  Because erbia is not used as widely as other burn-
shows the reactivity worth of all of the gadolinium iso- able absorberge.g.,'°B in IFBA or gadolinig, the de-
topes and the minor gadolinium isotop@%°Gd, 1%“Gd, sign variations are more limited. To establish the reactivity
156Gd, 158Gd, and'®9Gd) as a function of burnup, and it effect of erbia rods, calculations were performed for er-
shows how the negative residual reactivity increases withia loadings(weight percent of EXO; and number of
increasing gadolinia loading. erbia-bearing fuel rodsand initial fuel enrichment com-

In contrast to the characteristics just described fobinations that were selected to encompass the range of
gadolinia-bearing fuel, the ZrBcoating on the IFBA known variations, based on actual fuel assemblies. Fig-
fuel pellets does not displace uranium and thus does natre 7 shows;,; values as a function of burnup for the

0.020 — — - — w
reactivity "worth" of minor Gd isotopes in S2 assembly
/ (Gd-152, Gd-154, Gd-156, Gd-158, Gd-160)
0.000
-0.020
reactivity "worth" of minor Gd isotopes in S4 assembly
P (Gd-152, Gd-154, Gd-156, Gd-158, Gd-160)
S 0040 —
< N
-0.060 U
\ reactivity "worth" of Gd absorber in S2 assembly
R (all non-fission-product Gd)
-0.080 N 1 1 ! !
' 1‘\ reactivity "worth" of Gd absorber in S4 assembly
: (all non-fission-product Gd)
-0.100 L | | | |
0 10 20 30 40 50 60

Burnup [GWd/MTU]

Fig. 6. Reactivity worth of gadolinium as a function of burnup for S2 and S4 asseniddieJable 1l for assembly descriptions
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Fig. 7. Calculatedki,s as a function of burnup for PWR fuel with and without YBr,03 (2.0 wt% EpO3) rods present. Results
correspond to CE 1% 14 assemblies with 4.3 wt%*°U initial enrichment; legend indicates the number of JEY,03
rods present in each case.

CE assemblies with various numbers of erbia-bearingre classified herein as IBAs because they replace fuel
rods present. The results corresponded to the CE14  rods (i.e., are not inserted into guide tubemnd are an
assembly design with 4.3 wt%**U initial enrichment integral nonremoval part of the fuel assembly and thus,
and erbia-bearing rods with 2.0 wt%JEx;. For the case from a burnup-credit analysis standpoint, fit more appro-
without erbia-bearing rods, the erbia-bearing fuel rodgriately within the IBA classification.

were replaced by equivalent enrichmést3 wt% 23°U) Because AlOs-B,C rods are not used as widely as
fuel rods without erbia. Differences in thg,; values other burnup absorbers, design specifications and varia-
(Ak valueg between cases with and without the,@¢ tions are limited. Based on the available specifica-
present are shown in Fig. 8. Similar to the results showtions 619 calculations were performed for CE 2414

for gadolinia-bearing fuel, the negatiwd values in Fig. 8 assemblies with 4.0 wt%*5U initial enrichment and var-
indicate that the erbia-bearing fuel is less reactive thaious numbers of AlOs-B,C rods (4.0 wt% B,C). Fig-

the nonerbia-bearing fuel. In other words, erbia also hasre 9 shows thé;.s values as a function of burnup for
an associated negative residual reactivity. The extent bihe CE assemblies with various numbers 0§@¢-B,C
which the erbia-bearing fuel is less reactive increasesds present. For the reference case withoyOAIB,C
with increasing erbia loadingveight percent of BEXO;  rods, the A}O3-B4C rods were replaced by normal YO

and the number of erbia-bearing rods fuel rods with enrichment equivalent to the fueled rods
(i.e., 4.0 wt%23%U). The rationale for the definition of
111.D. Al,0,-B,C Rods the reference case is related to the application for which

this study is intendedi.e., burnup-credit analysps-or

Another IBA manufactured by CE consists of solid simplicity and generality, it is desirable to minimize the
rods containing alumina pellets with uniformly dis- number of assembly lattices considered in the criticality
persed boron carbide particlésl,Os-B,C) clad in Zir-  safety evaluation. Therefore, if fully fueled assemblies
caloy. These AIOs-B4C rods have been used with both are demonstrated to be more reactive than assemblies
14 X 14 and 16X 16 fuel assembly designs. The weightthat contain A}JO3-B4C rods, safety analyses that con-
percent of BC and the number of rods per assembly aresider fully fueled assemblies can be used to bound as-
variable. Unlike the IFBA, UG-Gd,O3, and UG-Er,O3,  semblies that contain AD5-B,C rods.
these rods do not contain fuel, and hence are actually Differences in thek,s values(Ak valueg between
referred to as BPRs elsewhéfeThe AlL,O3-B,C rods cases with and without the ADs-B,C rods present are
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Fig. 8. Comparison ok values as a function of burnup between assemblies with and withopHE#D3 (2.0 wt% EpO3) rods
present. Legend indicates the number of LE3,03 rods present in each case.

1.30 | |

105 \ no Al203-B4C rods
NG | e 4 Al203-B4C rods
1.20 +— —x— 8 Al203-B4C rods
115 P e . a— 12 AI203-B4C rods

1.10 %::Z::E

1.05

K inf

1.00

0.95

0.90

0.85

0.80
0 10 20 30 40 50 60

Burnup [GWd/MTU]
Fig. 9. Calculated;,s as a function of burnup for PWR fuel with and without,®5-B4C (4.0 wt% B,C) rods present. Results

correspond to CE 1% 14 assemblies with 4.0 wt%*>U initial enrichment; legend indicates the number 0§@4-B,C
rods present in each case.
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Fig. 10. Comparison afk values, as a function of burnup, between assemblies with and withgD§A,4C (4.0 wt% B,C) rods
present. Legend indicates the number of@¢-B4C rods present in each case.

shown in Fig. 10, which confirms expectations that re-the poison(e.g., boronin the fixed absorber panels. For
placing fuel rods with AJO5-B,C rods results in areduc- example, it has been shown in numerous studéeg.,

tion in assembly reactivity. However, note that for theRefs. 5 and 14that the reactivity worth of fission prod-
cases shown, which involve relatively few8l;-B,C  ucts is reduced by the presence of fixed absorber panels,
rods as compared to the total number of rod positionas compared to estimates of the reactivity worth of fis-
(176), the results show that theg,s values with AbO5-  sion products in a configuration without fixed absorbers
B4C rods approach those of the reference case a¥Bhe panels presen(e.g., infinite pin lattice. To evaluate the

is depleted. impact of fixed absorbers, a number of the HELIOS cal-
culations were repeated using an infinite array of poi-
lIL.E. Additional Studies and Discussion soned storage cells from the GBC-32 cask, which is a

As thi q f di fb generic 32-PWR assembly cask developed to be repre-
\s this study was performed In support of DUMUPgqniative of actual burnup-credit casks designed by in-
credit, a number of the aforementioned calculations Werﬁustry. A cross-sectional view of the GBC-32 cask is
repeated with modeling assumptions and conditions agy, vy in Fig. 11. The boron loading in the Boral panels
sociated with burnup-credit analyses to assess their imz 11 GBC-32 cask is 0.0225%§B,/cm?; detailed spec-
pact on the results. In particular, the effect of caski aiions for the GBC-32 cask are available in Ref. 20.

geometry(presence of fixed absorber panelsooling . . : ;
time, and the axial burnup distribution were studied for Although notable differencesnconsequential with

X . X respect to burnup crediare observed for low burnups,
selected cases. These studies are discussed in the fOHO\Where IBA poisons are still present in significant quan-

Ing sections. tities and compete with the fixed absorber panels for
thermal neutrons, the differences become very small at
IIl.E.1. Effect of Storage Cell Absorber Panels higher burnup as the IBA material is depleted. The be-
The presence of fixed absorbers parielg., Boral, havior is illustrated in Figs. 12 and 13, which compare
which are commonly used in SNF cask storage cellsaAk values based ofg) infinite assembly array anth)
affects the neutron spectrum, and thus their presence canfinite poisoned storage cell array calculations for as-
be an important consideration in burnup-credit analysesemblies with IFBA and U@Gd,O5 rods, respectively.
This is particularly true when estimating the reactivityln general, the reactivity worth of the fixed absorber
worth of thermal neutron absorbefs.g., fission prod- panels is lower for assemblies that have been depleted
ucts, because the absorbers compete for neutrons withith IBAs than for assemblies without IBAs. Hence, the
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seaeNEee

Fig. 11. Cross-sectional view of one quarter of the GBC-32 cask.

presence of the fixed absorber panels between asselmas an insignificant gadolinia loadirffpur UO,-Gd,O4
blies tends to increase thk values with respect to the rods with 2.0 wt% GegOs), yielded an insignificant pos-
cases without fixed absorber panels. Most notably, théive reactivity effect(<0.0005AKk). Increased gadolinia
maximum positiveAk value associated with the IFBA loadings resultin increasing negatix& values. Consid-
cases was found to increase from 0.4zt an infinite  ering the unusually low gadolinia loading in the S1 case
assembly array configuratipio 0.005(for the poisoned and the inconsequentidlk value, we do not consider
cask storage cell configuratinprHowever, the following  this case to be important.

conclusions, based on infinite assembly arrays remain

valid: [Il.E.2. Effect of Cooling Time

1. The neutron muItipIication factor for an assem- Cooling time is an important parameter in a
bly without IBAs is always greatefas a function of purnup-credit evaluation. Numerous studies have shown
burnup than the neutron multiplication factor for an as- (e.g., Ref. 21 that SNF discharged from a reactor will
sembly that utilized any of the following IBAtypes: YO increase in reactivity for~100 h after discharge due
Gd,03, UO2-Er,03, or Al,03-B4C rods. to the decrease in neutron absorption caused by the
decay of very short-lived fission products. The de-
crease in reactivity from 100 h to 100 yr is driven by
the decay of the’*!Pu fissile nuclide(t;, = 14.4 yn
and the buildup of the neutron absorbéf3Am (from
decay of?4'Pu) and '°5Gd (from 'S5Eu which decays

The only exception that was found with the storagewith t;,, = 4.7 yr). After ~50 yr, the55Gd buildup is
cell analyses was that the S1 cdsee Table I}, which  complete, and thé*'Pu has decayed out by 100 yr.

2. The neutron multiplication factor for an assembly
with IFBA rods present was found to exce@daximum
of 0.5%Ak) the neutron multiplication factor for an as-
sembly without IFBArods for burnuig20 GWd/tonne U.
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Fig. 12. Comparison ofAk values in a cask storage cell between assemblies with and without IFBA rods present. Results
correspond to Westinghouse X717 assemblies with 4.0 wt%?®U initial enrichment.
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After this time, the reactivity begins to increase, gov-fuel length[i.e., 365.76 cm(144 in)]. The fuel in both
erned primarily by the decay of two major neutroncases had an initial enrichment of 4.0 wtU and
absorbers—24Am (t;,, = 432.7 y» and 2*%Pu (t;,, = assembly-average burnups of 15, 30, 45, and 60 GWd
6560 yn—and mitigated somewhat by a decrease in théonne U were considered. The active fuel length of the
fissile inventory as?°Pu (t;,, = 24100 y) decays and assemblies was divided into 18 equal-length axial re-
causes an increase fi°U. After ~30000 yr, the’*®Pu  gions to model the variation in axial fuel and IBA com-
and *?Am decay is complete, and the reactivity againposition associated with the burnup distribution. The axial
begins to decrease as the decay®Pu dominates the burnup distribution used corresponds to the bounding
process. profile suggested in Ref. 13 for PWR fuel with assembly-
For simplicity, the aforementioned HELIOS analy- average discharge burntg30 GWd/tonne U.
ses correspond to zero cooling time. To evaluate the ef- As expected, for a typical initial enrichment and dis-
fect of cooling time, HELIOS calculations were performedcharge burnup combinatiofi.e., 4.0 wt%?23%U and 45
for selected caseéwith and without absorber panels GWd/tonne U), the case with IFBArods yielded a slightly
present with cooling times more representative of casklower (~0.005Ak) effective neutron multiplication fac-
storage and transportatidne., 5 to 40 yj. These calcu- tor ks than the case without IFBA rods presedhibth
lations® showed that the\k values between cases with cases include the axial burnup distributiofhis is due
and without IBAs were insensitive to cooling time, andto the small residual IBA material in the underburned
thus the results at zero cooling time are expected to bend regions, which dominate the neutron multiplication
applicable within the time frame relevant to cask storagén the SNF. Additional comparisons shown in Table IV

and transportation. for both higher and lower assembly-average burnups con-
firm that the difference between cases with and without
I1I.E.3. Effect of Axial Burnup Distribution IFBAs decreases with burnup; for high burnupsg., 60

GWd/tonne U where the residual absorber in the end

Numerous studies have been performed to investiregions is essentially depleted, the difference is very small.
gate and quantify the reactivity effect associated with axNote that results are provided in Table 1V for cases with
ial burnup distributions. A fairly comprehensive review and without fission products present and that the results
of those studies is available in Ref. 22. In general, incluare in good agreement.
sion of the axial burnup distribution may resultin anin- A review of the relevant literature indicates that the
crease in the neutron multiplication factor for SNF, adFBA coating seldontif ever) extends over the entire ac-
compared to a uniform axial burnup modeling assumptive fuel length. Rather, the IFBA coating may vary in ax-
tion, and thus is animportant part of a burnup-credit analyial location and length. Therefore, additional calculations
sis. The increase in reactivity is due to the underburnedere performed for reduced IFBA coating lengths of
(with respectto the assembly-average buimagionsnear 304.8 cm(120in) and 274.32 cng108 in), assuming the
the fuel ends. With IBAs in a fuel assembly, the underdFBA coating is centered with respect to the active fuel
burned end regions will have more residual absorber mdength. The resulsshow that for these shorter IFBA coat-
terial present than the center region. Therefore, it wagg lengths, a case with IFBA rods can yield highegg
anticipated that the positive reactivity effect of the axialvalues than a corresponding case without IFBArods. Fur-
burnup distribution would actually be suppressed by theéher, the results show that as the IFBA coating length de-
presence of IBAs. To evaluate this expectation, specificreases, the differen¢ak) between cases with and without
analyses were performed with an axial burnup distributFBArods presentbecomes positive earlierin burnup. This
tion and included the residual IBA material. is because the underburned end regions have less residual

For this study, 3-D criticality calculations were per- IBA material due to the shorter IFBA coating length.
formed with the KENO V.a Monte Carlo code, using These results are important because they show that
spent-fuel isotopics from HELIOS calculations. Note thatthe effect of the IFBA rod$positive or negativeis de-
only the primary actinide and fission products that havgendent on the axial length of the IFBA coating; for
been previously determined to be important to burnugypical IFBA coating length$e.g., 294.64 cn{116 in)
credit and the residual absorber material were includetb 340.36 cm(134 in)], there is a small positive effect
in the KENO V.a criticality model. These actinide and associated with the IFBA rods. Finally, the results sup-
fission product nuclides are listed in Table | for refer-port the expectation that assemblies with the other types
ence. The GBC-32 burnup-credit cask and the Westingaf IBAs over the full axial length of the fuel are less
house 17 17 assembly were used for this study. Becauseeactive, as compared to assemblies without IBAs, than
the IFBA rods were the only IBA type to yield a positive what was shown with the 2-D calculations.
reactivity effect, they were used for this study.

Acomparison was made between cases with no IFBAy| £ summary of IBA Analyses
rods present and cases with 104 IFBA rods present, with
a poison loading of 0.618 m{B/cm (1.57 mg'®B/in.). The results presented in this section are impor-
The IFBA coating was assumed to cover the entire activeant to burnup credit because they demonstrate that
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TABLE IV
Comparison okes Results in the GBC-32 Cask for Fuel with IFBA Rods When the Axial Burnup Distribution Is Included
Kett = 1-0
Burnup Reference Case IFBA Case Ak
(GWd/tonne U (no IFBAs present (104 IFBAs present (Kiega — Kno_iFa)
Actinide Only
15 1.0621+ 0.0006 1.0518t 0.0006 —0.0103+ 0.0008
30 0.9933+ 0.0006 0.9844t 0.0005 —0.0089+ 0.0008
45 0.9419+ 0.0005 0.935@ 0.0005 —0.0069+ 0.0007
60 0.8959+ 0.0006 0.8934: 0.0006 —0.0025+ 0.0008
Actinide and Fission Products
15 1.0235t 0.0006 1.013% 0.0005 —0.0098+ 0.0008
30 0.9406+ 0.0005 0.9336: 0.0006 —0.0070+ 0.0008
45 0.8782+ 0.0006 0.872% 0.0006 —0.0053+ 0.0009
60 0.8223+ 0.0007 0.820%: 0.0007 —0.0014+ 0.0010

assembly designs with U£Gd,03, UO,-Er,Oz, or The analyses provide a technical basis for burnup
Al,0O3-B4C IBA rods are less reactive throughout burnupcredit with assembly designs that use IBAs. Although
than their corresponding designs without the IBA rodgshe analyses do not address the issue of validation of
(i.e., nonpoisoned, equivalent enrichmen€onse- depletion methods for assembly designs with IBAs, they
quently, with the exception of assemblies with IFBA do demonstrate that the effect of the IBAs is relatively
rods, neglecting the presence of IBAs in a burnup-credismall and generally well behaved. Burnable absorber nor-
criticality safety evaluation will yield slightly conserva- malized atom densities are shown in Fig. 14 to highlight
tive results. These results are consistent with previouthe differences in the depletion rates between the various
work.2® which provided illustrative examples of the burnable absorber materials.
reactivity effects of several of the IBA types based on
a 2-D analysis of a single case for each type. Consider-
ing the variations in IBA assembly designs, neglectin
the presence of IBAs is an important simplifying as?w' ANALYSES FOR BPRs
sumption that does not add significant unnecessary
conservatism. Three different BPR designs have been primarily
For assembly designs with IFBA rods, 2-D calcula-used in U.S. commercial nuclear PWRs. The designs are
tions have demonstrated that the neutron multiplicatiomll similar in that they contain thermal neutron absorbing
factor is slightly greatemaximum of~0.5%Ak) than  material(boron in rods sized to fit within fuel assembly
the neutron multiplication factor for assembly designsgguide tubes. Burnable poison rod assemb(BBRAS
without IFBA rods. Three-dimensional cask calculationsconsist of a finite number and configuration of BPRs to
showed that when the axial burnup distribution is in-be inserted into a PWR fuel assembly. The BPRA char-
cluded, assemblies with full axial length IFBA coatingsacteristic§e.g., BPR number, configuration, and poison
are less reactive than corresponding assemblies withold¢ading may be varied in combination with the fuel as-
IFBA rods because of the residual absorber present isembly initial enrichment and core location to achieve
the underburned end regions. However, the results alsmre operating and fuel management objectives.
indicated that the effect of the IFBArods is dependenton  The presence of BPRs during depletion hardens the
the axial length of the poison coating and that for typicalheutron spectrum due to removal of thermal neutrons by
IFBA coating lengths, there is a small positive effectcapture and by displacement of moderator, resulting in
associated with the IFBA rods. Consequently, the posienhanced production of fissile plutonium isotopes and
tive reactivity effect due to the presence of IFBA rodsdiminished?3°U depletion. As a result, an assembly ex-
should be considered in any burnup-credit criticality safetyposed to BPRs may have a higher reactivity for a given
analysis seeking to qualify IFBA assemblies as accepburnup than an assembly that has not used BPRs. Previ-
able contents. ous studies to assess the significance of BPRs for SNF
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Fig. 14. Normalized atom densities as a function of burnup for the various IBA materials.

are minimal, but early work for a single case con- Due to the depletion of the neutron absorbing mate-
cluded that insertion of maximum BPR loading in allrial (boron, BPRAs are typicallybut not always dis-
depletion analyses would be a simple, yet not overlyarded after one-cycle residence in the 6ré®However,
conservative approach to enable allowance for asserdocumented examples of the use of depleted BPRs are
blies that have been exposed to BPRs. available?”-?8 Therefore, parametric analyses were per-
The effect of BPRs on reactivity is dependent on thdormed for a variety of scenarios to establish an in-
duration that the BPRs are present, the subsequent acaweased understanding and quantify the effect of BPR
mulated burnup, the BPR design, and the initial fuel astisage on the reactivity of discharged SNF. Trends in the
sembly enrichment. Consequently, it is important toreactivity effects of BPRs were established with infinite
understand typical operating practices and variations iassembly array calculations. Subsequently, the reactivity
BPRAdesigns. In U.S. PWR operations, BPRAs are typeffects of BPRs for typical initial enrichment and burnup
ically inserted into a fuel assembly during its first cycle combinations were quantified based on 3-D KENO V.a
in the reactor core. Depending on the vendor, the numberalculations with the GBC-32 cask.
of BPRs within a BPRA(Westinghouskor the poison Variations in BPR usagé.e., duration of presence
loading in the BPRs within a BPR&&W ) is variable.  during burnup, BPR design characteristics, and initial
Based on limited Westinghouse plant operationafuel assembly enrichment were considered for all BPR
data?*-28the average number of Westinghouse BPRs imesigns that have been widely used in U.S. commercial
a BPRA s typically much less than the maximum possiPWRs. These include the Westinghouse Pyrex burnable
ble (dictated by the number of guide tubes in the assemabsorber assembliBAA ), the Westinghouse wet annu-
bly). For example, review of operational data in Refs. 26lar burnable assembig¢WVABA ), and the B&W BPR de-
27, and 28 shows that the number of BPRs per BPRAsigns. For clarity, each of the BPR designs considered in
averaged over a core, is65% of the maximum possi- this paper is described later in this section. The complete
ble. Therefore, for an assembly with 24 guide tubes, th8PR design specifications required for this analysis are
average number of BPRs per BPRAA4L6. Similarly, documented in Ref. 7. Note that the CEB5-B,C rods
based on limited B&W plant operational d&tathe av- considered in Sec. Ill are referred to elsewhées BPRs.
erage poison loadingveight percent of BC) inthe BPRs  However, unlike the Westinghouse and B&W BPR de-
is typically much less than the design maximum. signs considered in this section, the CBE@4-B4C rods
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may not be separate@vithdrawn from the assembly. resentation of the reactivity effect for other typical dis-
Hence, they are classified herein as IBAs, and their imeharge burnup and enrichment combinations. As an
pact on burnup-credit analyses is discussed in Sec. Ill.0example, compare th&k values for 4.0 wt%?3°U fuel
burned to 45 GWdtonne U (0.0155Ak from Fig. 19
IV.A. Westinghouse BPR Designs and 3.0 wt% 235U fuel burned to 30 GW(tonne U
_ _ (0.0149Ak from Fig. 15.

Westinghouse has manufactured two main types of  Figure 15 includes the results of parametric analy-
BPRs(Refs. 30 and 31t Pyrex BAAs and WABAs. The  gses for a variety of exposure scenarios to establish an
BAABPRs utilize borosilicate glag8,05-SiO,with 12.5  increased understanding of the effect of BPR exposure
wt% B,O3) in the form of Pyrex tubing as a neutron ab-on the reactivity of discharged SNF; they do not all
sorber with a void central regicii The Pyrex BAABPRs  represent plausible realistic scenarios. Based on the au-
are clad in Type 304 stainless steel. WABABPRs are simthors’ research of BPR usage in U.S. PWRs, BPRAs
ilar to BAA BPRs but use annular pellets of&;-B4C  have been typically inserted into a fuel assembly during

(14.0 wt% B,C) as the neutron absorber and have a wejs first exposure cycle, which generally corresponds
(water-filled) central regiorf® The WABABPRs are clad to somewhat more than one-third of its ultimate

in Zircaloy. Configurations of BAAand WABABPRs have three-cycle burnup. In less frequent instances, BPRAs
beenidentified with varying4 to 24 numbers ofrod$>3!  have been used in fuel assemblies during their second
For both Westinghouse BPR designs, depletion calexposure cycle, either cumulative two-cycle exposure
culations were performed assuming the maximum posor isolated second-cycle exposufiee., no first-cycle
sible number of BPRs presefite., 24 in a 17X 17 exposurg?4-2628 The effect of initial fuel enrichment
assembly. Calculations were also performed Wlth fewe()n possib|e exposure conditions is shown in F|g 15.
BPRs present to assess the effect as a function of the IV.A.1.b. Effect of Variations in the Number of BPRs

number of BPRs present. For the depletion CaICUIationSPresentThe Westinghouse BPRASs are composed of var-

three cycles of 15 GWgonne U per cycle were as- . b ¢ BPR di if i

sumed. In general, calculations were performed assun2US NUMDErs o S arranged in Specitic geometric

ing that the BPRs were present durifey the first cycle ~ Patierns. Although numerous patterns are known to ex-
ist.2® including asymmetric arrangements, only symmet-

of irradiation,(b) the first two cycles of irradiation, and - ) R .
(c) the entire irradiation periodi.e., all three cycles ' assembly lattices were considered in this analysis. To
o monstrate the effect of variations in the number of

For comparison purposes, reference calculations we . ; X
: PRs per assembly, Fig. 16 shows difference;in
performed assuming no BPRs present. values(Ak values relative to the no-BPR conditioas
IV.A.1. Wet Annular Burnable Absorber BPRS a function of burnup for an initial fuel enrichment of
4.0 wt% 23%U for one- and three-cycle exposures, re-
Figure 15 shows differences in thg; values(Ak  spectively. The reactivity effect increases linearly with
values relative to the reference no BPR conditiam a the number of BPRs present, as is more clearly shown in
function of burnup for initial fuel enrichments of 3.0, Fig. 17, which plots the\k values at 45 GWgtonne U
4.0, and 5.0 wt%#3°U, respectively. The results corre- as a function of the number of BPRs present.

spond to out-of-reactor conditiorfe., unborated mod- IV.A.1.c. Absorber}®B) Depletion.The presence of

erator at 26C) and zero cooling time, and include all of y,o BpRs within the assembly guide tubes hardens the

the actinide and fission product nuclides available in the,e \tron spectrum due to removal of thermal neutrons by

HELIOS cross-section library. Itis evident from the fig- o4 ¢re in9B. In addition, the BPRs harden the neutron

ures that the reactivity effect of BPRs increases witfynecrym py displacement of moderator. Thus, the BPRs

increasing BPR exposure; thus, it is conservatex-  continye to harden the neutron spectrum even after the

imize reactivity to assume that BPRs are present throughie tron absorber material has been essentially depleted.

out the irradiation. Figure 18 plots the'°B atom density as a function of
IV.A.1.a. Effect of Initial Fuel Enrichmen&ig-  burnup for the various initial fuel enrichment cases con-

ure 15 also demonstrates a decrease in the reactivity efidered and demonstrates the increased rate of depletion

fect of BPRs with increasing initial fuel enrichmegfior ~ with decreasing initial fuel enrichment. To maintain con-

a fixed burnup. For initial enrichments of 3.0, 4.0, and Stant fission power, lowe*U enrichment requires higher

5.0 wt% 235U, Ak values for continuous BPR exposure fuel flux, which leads to greater captureitB. The dif-

up to a burnup of 45 GWgdonne U are 0.0194, 0.0155, ferences in the rate of°B depletion with variations in

and 0.0109, respectively. Note that fuel assemblies witiitial fuel enrichment are also evident by comparing the

initial enrichments of 3.0 wt%#35U do not typically ~ slope of theAk values in Fig. 15.

achieve burnups as high as 45 Gyuthne U. In prac- ly-A.2. Pyrex Burnable Absorber Assembly BPRs

tice, discharge burnups decrease with decreasing initia

enrichment. Therefore, examination of a typical burnup  The primary difference between the Westinghouse

and enrichment combination provides a reasonable repZWVABA and BAA BPRs is that the central annular gap is
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Fig. 15. TheAk values as a function of burnup for WestinghousexiT7 fuel with 3.0, 4.0, and 5.0 wt%*>U initial enrichment
that has been exposed to Westinghouse WABA 1(dldie cycles of 15 GWtonne U per cycle were assumed

dry in the BAA BPRs, while it is wet in the WABA BAAs use stainless steel, while WABAs use Zircaloy.
BPRs. Thus, the BAABPRs displace a greater volume oFigure 19 shows the differenceskp; values(Ak values
water and hence result in a larger effect on reactivity. Anmelative to the no-BPR conditigrassociated with vari-
additional important difference is the cladding material,ous exposures to BAA BPRs as a function of burnup for
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Fig. 16. TheAk values as a function of burnup for Westinghouse<177 fuel with 4.0 wt%?3%U initial enrichment that has been
exposed to various numbers of Westinghouse WABA rods.

4.0 wt% 23%U initial enrichment. The same trends iden-house designs, the number of BPRs per assembly is gen-
tified with the WABA BPRs are also observed with the erally fixed, and the weight percent of,8 in the BPRs
BAA BPRs; i.e., the reactivity effect increases with in-is varied?®-3! Therefore, calculations were performed
creasing BPR exposure and decreasing initial fuel erfor a fixed number of BPRs presefite., 16 BPRs in a
richment. However, as expected, the BAA BPRs have 45 X 15 fuel assembly
greater effect on reactivity. For initial enrichments of  The primary differences between the B&W BPR de-
3.0, 4.0, and 5.0 wt%¢3°U, maximum Ak values for sign and the Westinghouse BPR designs are that the B&W
continuous BAA BPR exposure up to a burnup of 45BPRs are solid, have a fixed number of BPRs per BPRA,
GWd/tonne U are 0.0302, 0.0231, and 0.0159, respe@nd may have varying pois@B,C) loading, as opposed
tively, as compared to 0.0194, 0.0155, and 0.0109, reeo the Westinghouse designs which are annular, have vary-
spectively, for the WABA BPRs. ing numbers of BPRs per BPRA, and have fixed poison
loadings. Actual plant data in Ref. 29 show variations
in B4C loading from 0.0 to 2.1 wt%. Since 2.0 wt%®
is approximately the maximum poison loading found
The B&W BPR design consists of solid rods con-in available plant data, initial calculations for the
taining AlL,O3-B4C clad in Zircaloy. Unlike the Westing- B&W BPRs used 2.0 wt% BC. Figure 20 shows the

IV.B. B&W BPR Designs
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Fig. 17. TheAk values for Westinghouse 1¥ 17 fuel with
4.0 wt% 233U initial enrichment and a total burnup of
45 GWd/tonne U that has been exposed to various
numbers of Westinghouse WABA rods for various
burnup exposures.

Fig. 19. TheAk values as a function of burnup for Westing-
house 17x 17 fuel with 4.0 wt%23°U initial enrich-
ment that has been exposed to Westinghouse Pyrex
BAArods (three cycles of 15 GWtonne U per cycle
were assumed

differences inki,; values(Ak values relative to the no-

BPR condition associated with various EXPOSUTES Owestinghouse BPRs are also observed with the B&W
B&W BPRs as a function of burnup for 4.0 wi%°U  ppRsg: the reactivity effect increases with increasing BPR
initial enrichment. The same trends identified with theexposure and decreasing initial fuel enrichment. The
B&W BPRs have an effect comparable to the Westing-
house WABA BPRs. For initial enrichments of 3.0, 4.0,
and 5.0 wt%?3°U, Ak values for continuous B&W BPR
[ 3.0t % U-235 - ——- 4.0 wt % U-235 —— 5.0 wt % U-285 exposure up to a burnup of 45 GWdnne U are 0.0204,
1.0E-02 0.0155, and 0.0106, respectively. When considering these
(and the previougquoted maximunik values, the reader
™= should be mindful that they are not representative of
1.0E-03 R actual plant operations but are based on bounding calcu-
BN lational assumption@.g., BPR exposure during all three
1 OE-04 EEAS cycles of burnup, maximum number of BPRs per BPRA
' RSN \ in the case of Westinghouse BPRs, and nearly maximum
RSN AN \ poison loading in the case of the B&W BPRs

1.0E-05 - 3

~\ \ IV.B.1. Effect of Variations in the BPR Poison

1.0E-06 ~ (B4C) Loading

%8 atom density (atoms/b-cm)

. From plant data, the initial B2 content in B&W
1 0E-07 BPRs is as high as 2.1 wt%. Calculations were per-
~ formed for loadings from 0 to 3 wt% as an upper bound.

Figure 21 shows the reactivity differencesk values

1.0E-08 relative to the no-BPR conditigms a function of burnup

© 5 10 15 20 25 30 35 40 45 for an initial fuel enrichment of 4.0 wt%°°U and one-
Burnup [GWd/MTU] cycle exposure. The significance of the moderator dis-

Fig. 18. Thel%B atom density as a function of burnup for pIa_cement is apparent in the case with 0 Wt%CBi.n
various cases of initial fuel enrichment. The resultsWhich case the BPR is composed ob@k. The reactiv-

correspond to 24 Westinghouse WABA rods insertedity effect increases linearly with the poison loading, as is
into Westinghouse 1% 17 fuel with various initial ~more clearly shown in Fig. 22, which plots th& values
enrichments during the entire depletion. at 45 GWd'tonne U as a function of poison loading.
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Fig. 20. TheAk values as a function of burnup for B&W 2615 fuel with 4.0 wt%>35U initial enrichment that has been exposed
to B&W (2.0 wt% B,C) BPRs(three cycles of 15 GWg@onne U per cycle were assumed
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Fig. 21. TheAkvalues as a function of burnup for B&W 2515 fuel with 4.0 wt%?3U initial enrichment that has been exposed
to B&W BPRs with varying BC weight percents for the first 15 GWtbnne U of burnugthree cycles of 15 GWd
tonne U per cycle were assumed
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Fig. 22. TheAk values for B&W 15x 15 fuel with 4.0 wt%?3%U initial enrichment and a total burnup of 45 GWitdnne U that
has been exposed to BPRs with varying poison loading and burnup exposures.

IV.C. Additional Studies and Discussion lations were performed with KENO V.a using spent-fuel
] ) isotopics from HELIOS depletion calculations.

As this study was performed in support of burnup  The k. values for actinide-only and actinide fis-
credit, a number of the aforementioned calculations wersjon product burnup-credit nuclides in the GBC-32 cask,
repeated with modeling assumptions and conditions agssuming uniform axial burnup, for various BPR expo-
sociated with typical burnup credit studies and analysesyres are shown in Fig. 23. The results correspond to
to assess their impact on the results. In particular, theNF with 4.0 wt%?35U initial enrichment and 45 GWd
effect of cask geometrypresence of fixed absorbers tonne U burnup that has been exposed to each of the
cooling time, and axial burnup distribution were studiedihree BPR types considered previously. Unlike the re-
for selected cases. In addition, calculations were peisyits presented in previous sections, all results in this
formed to assess the consequence to reactivity of loadection correspond to 5-yr cooling time, which is more
ing assemblies with three-cycle BPR exposure into a casipical of burnup-credit analyses. The relative behavior
intended to contain assemblies with one-cycle BPR eXs the same as that exhibited in the previous subsections
posure. Finally, code-to-code comparisons between HEpy infinite arrays of assemblies at zero cooling time, and
LIOS and the SAS2HRef. 39 depletion sequence from good agreement between thé values determined via
SCALE (Ref. 12 were performed to assess the ability of 3.p cask calculations and those determined using infi-
independent codes and methods and cross-section librgjite assembly array calculations is observed. In addition,

ies to predict the reactivity effect of BPRs. comparison of the results for actinide-only and acti-
nide + fission productgin Fig. 23) shows no significant
IV.C.1. Cask Calculations differences.

The results in the previous sections provide undern, c 2. Effect of Axial Burnup Distribution
standing of the behavior of reactivity as a function of the
relevant variablege.g., burnup, enrichment, and BPR To demonstrate the impact of incorporating the axial
design when assemblies are exposed to BPRs. In thiburnup distribution, thé. values for actinide-only and
section, the reactivity effect of BPRs within a realisticactinide+ fission product burnup credit in the GBC-32
high-capacity rail-type caski.e., the GBC-32 cagkis  cask, including the axial burnup distribution, for various
examined and quantified. The 3-D cask criticality calcu-BPR exposures were also calculateld. comparison to
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Fig. 23. Comparison afk values in the GBC-32 cagi5 GWd/tonne U, 5-yr coolingfor various BPR exposures as calculated
with KENO V.a based on isotopics from HELIOS for actinide-ot®0D) and actinidet fission produc{A +FP) burnup
credit. The results correspond to fuel with 4.0 w#88U initial enrichment that has been exposed to the various types of
BPRs for one, two, and three cycles. Error bars correspond-tontertainties in thak values.

results with uniform axial burnup, the inclusion of the (i.e., three cycleswere loaded from the center outward.
axial burnup distribution was found to lessen the reacThe remaining assemblies were assumed to have one-
tivity increase associated with the use of BPRs. This igycle exposure to WABA BPRs. The results are shown
due to the fact that with the axial burnup distributionin Fig. 24 for calculations for actinide-only burnup
included, the underburned end regions that dominate theredit and confirm the relatively small reactivity conse-
reactivity of the fuet? achieve less burnufthan the as- quence associated with loading a small number of

sembly averagewhile the BPRs are inserted. assemblies with significantly greater BPR exposure
(i.e., three cycles Note that three-cycle BPR exposure
IV.C.3. Consideration of Risk-Based Approaches exceeds any known operational practice. Results are

shown in Fig. 24 for multiple loadings of assemblies

Considering that BPRs are typically used during thewvith more reactive BPR exposure to demonstrate the
first cycle only, assuming maximuitthree-cycl¢ BPR  associated impact oRes. The reactivity consequence
exposure is not consistent with actual reactor operationalf loading a single assembly with three-cycle exposure,
practice. However, consideration of only one-cycle ex-as compared to the one-cycle exposure, is shown to be
posure in a safety evaluation would likely require justi-~0.001 Ak. Further, approximately five three-cycle
fication of the one-cycle assumption or specific limitationsexposure assemblies are requifetlistered together in
on cask loadingi.e., exclusion of assemblies exposed tothe center of the cagko raise thekes; of the cask by
BPRs for more than one cygle 0.005Ak. Note that if the analysis had been performed

Therefore, an analysis was performed with theassuming the more reactive assemblies had two-cycle
GBC-32 cask to assess the impact of loading one or mof8PR exposure, the reactivity effect would have been
assemblies that have BPR exposure that exceeds the orseaaller.
cycle assumption. The analysis was performed for a The reactivity consequence of loading an assembly
burnup of 45 GWdtonne U and 5-yr cooling. The more with greater BPR exposure will depend on the total burnup
reactive assemblies were assumed to have three-cya@ad the reference BPR exposure assumed for the remain-
exposure to WABA BPRs, and the calculations assumenhg assemblies. If one considers the likelihood of the
that the assemblies with the more reactive BPR exposuexistence of assemblies with three-cycle BPR exposure
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Fig. 24. Increase ik due to loading assemblies with three-cycle BPR exposure into a GBC-32 cask in which the remaining
assemblies have one-cycle BPR exposure. The results correspond to Westingheusefa@l with 4.0 wt%?3°U, total
burnup of 45 GWdtonne U, Westinghouse WABA rods, actinide-only nuclides, and 5-yr cooling time.

and the relatively small impact on the cdgl, the use The presence of BPRs challenges the SAS2H mod-
of an adequate one-cycle exposure might be justified in aling capabilities. A SAS2H fuel assembly model is lim-
safety evaluation. Note, however, that it is necessary tided to a one-dimensional radial model with a single
determine an appropriate assembly-average burnup femeared fuel region. Geometric modeling approxima-
the one-cycle exposure assumptiomg., 15 GWd tions are made in an effort to achieve a reasonable
tonne U is likely too low to bound one-cycle exposure inassembly-averaged neutron energy spectrum during the
actual discharged SNF depletion process. For a select number of cases, isoto-
pics were calculated with the SAS2H sequence, which
IV.C.4. Comparison of SAS2H and HELIOS Results  Uses ORIGEN-S for depletion. All SAS2H calculations
utilized the SCALE 44-groupENDF/B-V) library and

The SCALE depletion sequence, SAS2H, has beewere performed using the same depletion parameters used
extensively usede.g., Refs. 10, 13, 20, 33, and)3@hd for the HELIOS calculationgsee Sec. . To enable a
validated(e.g., Refs. 35, 36, and 3in studies of the consistent comparison of the depletion isotopics on re-
burnup-credit phenomenon. Nevertheless, the HELIO&ctivity, isotopics were extracted from both HELIOS and
code was selected as the primary depletion tool for thiSAS2H for use in consistent KENO V.a criticality mod-
analysis because of its capability to explicitly model theels of the GBC-32 cask. The differences in the predicted
relatively complicated, heterogeneous assembly latticdg values(Ak values as a function of burnup based on
associated with the fixed absorbers. Consequently, it isotopics calculated separately by SAS2H and HELIOS
desirable to compare results from these two codes.  were compared for each of the aforementioned three types

As validation of isotopic predictions for assembliesof BPRs and found to be within a few tenths of a percent,
with fixed absorbers is hindered by a paucity of applicawith SAS2H isotopics generally predicting slightly greater
ble measured isotopic data, HELIOS and SAS2H resulteeactivity effects. Despite the fact that the two codes
were compared for a selected number of cases. Althouglse different cross sectioGENDF/B-V for SAS2H and
a code-to-code comparison lacks the rigor of a direcENDF/B-VI for HELIOS), good agreement was ob-
comparison to measured SNF data, such a comparis@erved. Moreover, good agreement between calculated
does enable an assessment of the relative behavior of thg; values based on isotopics from SAS2H and HELIOS
two codes. was achieved.
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IV.D. Summary of BPR Analyses V. ANALYSES FOR CONTROL RODS

The results presented in this section demonstrate that The presence of CRAPSRs increases the reactiv-
the reactivity effect of BPRs increases with increasingty of burned fuel by hardening the neutron spectrum
burnup exposure and BPR poison loadimymber of (due to removal of thermal neutrons by capture and by
BPRs/BPRA and!°B wt%) and decreasing initial fuel displacement of moderatoand suppressing burnup in
enrichment. Although variations are observed for the difiocalized regions. The latter effect can lead to axial burnup
ferent BPR designs, maximum reactivity increases werdistributions characterized by significantly underburned
found to be within 1 to 3%k, when maximum BPR regions, as is apparent by examining several of the axial
loading and exposure time are assumed. Expected tygburnup distributions in the Yankee Atomic axial burnup
cal reactivity increases, based on one-cycle exposurgrofile databasé® Although the axial burnup distribu-
were found to be<1% Ak. Of the BPR designs consid- tion is an important concern for burnup-credit evalua-
ered, the Westinghouse BAA BPR design yields the greations, the effect of CRAPSR insertion on the axial burnup
est positive reactivity effect. Although BPR poisons aredistribution is not addressed here because it is consid-
effectively depleted during the first cycle of exposure, aered in the selection of bounding axial burnup pro-
significant portion of the reactivity difference is associ-file (s).*338Instead, this study examines the effect of CR
ated with the displacement of moderator. APSR insertion on reactivity due to the impact of spectral

The analyses provide atechnical basis for burnup creditardening on the spent-fuel isotopics.
for assemblies that have used BPRs. Although the analy- Currently in the United States, PWRs operate with
sesdonotaddressthe issue of validation of depletion metithe CRs withdrawn or nearly withdrawn and use soluble
ods for assembly designs with BPRs, they do demonstrateoron to control the change in reactivity with burnup. In
that the effect of the BPRs is generally well behaved andontrast, French PWR operations involve long periods
thatindependent codes and cross-section libraries prediot CR insertion for reactor control, low-power opera-
very similar results. Guidance should require safety analytions, and load-following?® Similarly, some early domes-
ses to include the effect of BPRs for assemblies that aréc operations included notable CR insertidasually in
classified as acceptable contents for the particular caskonjunction with an assembly’s first cycle of burni
Forexample, safety analyses for casks thatare to be load@dial power shaping rods are inserted during normal
with assemblies that contained BPRs during irradiatioroperation but are less commée.g., in Three Mile Is-
should account for the limiting BPR irradiation justified land unit 1, eight assembligsore may contain APSRs,
by the applicant’'s operations and design informatioryand while 24 assembliggore may contain CR&Ref. 40)].
verified during cask loading. Assuming maximum BPRFuel shuffling between cycles reduces the probability
exposure during depletion would be a simple, conservahat a fuel assembly will be exposed to O"PSR inser-
tive approach to bound the reactivity effect of BPRs. How+tions for more than one cycle.
ever, more realistic approaches based on typical operating Due to the potentially great variability in CR and
conditions andor loading restrictiofs) may be accept- APSR usage, estimating the effect of CRs and APSRs in
able with supporting justificatiofe.qg., loading verifica- a generic manner is difficult. Based on operational argu-
tion, analyses of statistically representative plant operatinments for U.S. PWRs, similar to those stated previously,
data, consideration of the impact on reactivity associatedn earlier study? considered full-axial insertion for one
with loading assemblies that have greater than assumegcle (15 GWd/tonne U as an upper bound for assem-
BPR exposure, etg. blies exposed to CRs. For this evaluation, similar to the

While it is known that BPRs are typically inserted approach in the previous section for BPRs, parametric
into an assembly during its first cycle of operation andanalyses were performed for a variety of exposure sce-
subsequently withdrawn, exceptions to this practice dmarios, including partial insertion, to establish an in-
exist. If analyses were accompanied by administrativereased understanding of the effect of CR exposure on
restrictions to ensure that assemblies with greater thahe reactivity of discharged SNF. Although many of the
one cycle of BPR exposure were not accepted for loadscenarios considered are not representative of current
ing, analyses could be performed based on only a singld.S. PWR operations, it is possible to estimate the reac-
cycle of BPR exposure. Such an approach would requirgvity effect of specific CR exposure conditions based on
the maximum-single cycle exposure to be defined sucinspection of the calculated results and trends developed
that all(or mos} single-cycle BPR exposures are boundedin this evaluation. Further, the scenarios may have rele-
A complication associated with this approach is the nevance to early domestic and non—-U.S. PWR operations.
cessity of plant data specifying assembly BPR exposure. The evaluation was performed in two parts. In the
Considering the large degree of conservati@no 3% first part, calculations were performed assuming full-
Ak) associated with assuming the BPRs are presemtxial CR exposuréi.e., fully inserted. These calcula-
throughout the entire irradiation, the additional complextions were intended to bound the effect of CR exposure
ities of such administrative controls may be considere@nd facilitate comparisons of the various CR designs.
acceptable by burnup-credit applicants. In the second part, calculations were performed to
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determine the effect of various axial insertion depths and TABLE V

gain a better understanding for current U.S. PWR oper- \1aximum Positiverk Values Observed for CRPSR

ations. Note that the effect of the CRs was determined Cases Considered*

based on their effect on the depletion isotopics along

(i.e., the CRs are present for various intervals in the dg- Burnup at Which Enrichment(wt% 23%U)

pletion calculations but are not present in the criticalityy CRs Are Removed

models and calculatiois (GWd/tonne U 3.0 4.0 5.0
Numerous CR designs have been used in U.S. con-

mercial nuclear reactors. However, all CR designs arg B&W Ag-In-Cd CR Cases

similar in that they contain thermal neutron absorbing

material in rods siged to fit within assembly guide tubes 12 8'8%% g'gggg 8'88%2

Although the variation in CR designs is significant, the 30 0.0443 0.0266 0.0154

variation in CR absorber materials is more limited, 452 0.0697 0.0480 0.0304
namely, BC, Ag-In-Cd, Hf, INCONEL® and stainless
steel. Rather than attempt to investigate each of th
numerous CR designs, which in many cases involv
relatively minor differences, this study focused on in-
vestigating unique CR designs and materials to estalp 5 0.0086 0.0048 0.0041
lish greater understanding. The effects of CR design %g 8-8283 8-811‘7‘ 8-8%2
that use the same absorber material are expected to yield : : :
similar reactivity effects. The designs considered in: 45 0.1050 0.0739 0.0479
clude (a) B&W Ag-In-Cd CRs, (b) Westinghouse hy-
brid Ag-In-Cd/B,4C CRs,(c) CE B,C CRs, andd) B&W

D

Westinghouse Hybrid Ag-In-GB,4C
CR CasegB4C Axial Segment

1%

[72)

CE Ag-In-Cd/B4C CR Case$B,4C Axial Segmenit

gray APSRs. Note that B&Whow Framatome ANPis 5 0.0045 0.0028 0.0018

the only U.S. PWR fuel vendor known to use APSRs. 15 0.0213 0.0121 0.0082

30 0.0553 0.0339 0.0203

V.A. B&W Silver-Indium-Cadmium Control Rods 45 0.0866 | 0.0619 | 0.0411
The Ag-In-Cd rod cluster control assemigiRCCA) B&W Gray (INCONEL) APSR Cases

developed by B&W %osnsists of 16 CRs. For each of the
3.0, 4.0, and 5.0 wt983°U initial enrichments, calcula-
tions were performed with a B&W 1% 15 assembly for ég 8'8222 8'8852 8'885
cases in which the CRs were withdrawn at 5, 15, 30, and 458 0.'0268 0.'0187 0_'0121
45 GWd/tonne U (full exposurg. The result Ak as a
function of burnup are shown in Fig. 25. As expected, *Total burnup of 45 GWdtonne U.
the reactivity effect of the CRs increases with increasing(;ontrm rods present for entire depletion.
burnup exposure and decreasing fuel enrichment. The
trends are consistent with those shown for BPRs in the
previous section. However, the magnitude of Aeval-
ues is notably higher for the CRs. The maximum posifirst burnup cyclé® Thus, it is expected that cases in-
tive Ak values for each of the cases considered ar@olving exposure during the first cycl@e., within the
summarized in Table V, where the highest value is  first 15 GWd/tonne U are closer to reality than those
shown to be~7%. involving exposure late in burnup.

The reactivity effect of CR exposure was also stud-
ied for scenarios in which the CRs were inserted foy g Westinghouse Hybrid Ag-In-Cd/B,C Control Rods
burnup periods of 5 GWgonne U throughout the as-
sembly burnup. The resulfd k as a function of burnup The hybrid Ag-In-Cd'B,C RCCA developed by Wes-
are shown in Fig. 26 for an initial enrichment of 4.0 wt% tinghouse consists of 24 hybrid Ag-In-Z#,C CRs, each
235U and demonstrate that CR exposure has a larger efontaining Ag-In-Cd absorber with,8 absorber pellets
fect on discharge reactivity when it occurs later in thestacked on top. Since it is not possible to include axial
assembly burnup. Note that these calculations were pevariation in absorber material in a 2-D radial model and
formed to investigate and demonstrate the behavior anthe effect of Ag-In-Cd CRs was demonstrated in the pre-
do not necessarily represent realistic conditions. Howvious subsection for B&W fuel, a calculational model
ever, some early U.S. PWR operations included signifiwas developed to represent the axial segment correspond-
cant CR insertions in conjunction with an assembly’sing to the B,C region. For each of the 3.0, 4.0, and 5.0
wt% 235U initial enrichments, calculations were per-
BICONEL is a trademark of the Inco family of companies.  formed for cases in which the CRs were withdrawn at 5,

5 0.0008 0.0004 0.0002

NUCLEAR TECHNOLOGY VOL. 139 AUG. 2002 117



Wagner and Sanders EFFECT OF FIXED ABSORBERS ON SNF BURNUP CREDIT

—a— CRs removed at 5 GWd/MTU —<— CRs removed at 15 GWd/MTU
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Fig. 25. TheAkvalues as a function of burnup for B&W 2615 fuel with 3.0, 4.0, and 5.0 wt%*°U initial enrichment that has
been exposed to Ag-In-Cd CRs.

15, 30, and 45 GWgdonne U(full exposure. The results  V.C. CE Ag-In-Cd/B4C Control Rods

(Ak as a function of burnupare shown in Fig. 27 for the

cases with 4.0 wt%63°U initial enrichment. Consistent CE has manufactured a variety of CR assemblies,
with the results shown in the previous section, the reacreferred to as control element assembli€EAS), for
tivity effect of the CRs increases with increasing expo-use in the 5 CR locations in their 2414 and 16X 16
sure and decreasing fuel enrichment. Note, however, tHeiel assembly desigr$.Notable variations in absorber
larger reactivity effect of the BC absorber, as compared material typge.g., stainless steel, INCONEL, Ag-In-Cd,
to the Ag-In-Cd absorber considered in the previous se@nd B,C), axial configuration, and length have been iden-
tion. The maximum positivak values for the cases con- tified.3* The CEA design considered in this study con-
sidered are summarized in Table V, where the highést sisted of five INCONEL tubegfingers loaded with a
value is~10%. stack of B,C cylindrical pellets with the lower part of the
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Fig. 26. TheAk values as a function of burnup for 5 GWdnne U CR exposures at various points during the burnup. Results
correspond to B&W 15« 15 fuel with 4.0 wt%?3°U initial enrichment and Ag-In-Cd CRs.
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Fig. 27. TheAk values as a function of burnup for Westinghousexi77 fuel with 4.0 wt%?23U initial enrichment that has been
exposed to the BC axial segment of the hybrid Ag-In-@&,4C CRs.
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fingers containing Ag-In-Cd, for use with their 2414 Based on a limited survey of operational data, it is
fuel assembly design. Analyses for this CR design, basedifficult to characterize typical APSR operational prac-
on the B,C axial region and the initial enrichment and tices. However, it is often the case that they are present
CR exposure conditions considered in the previous sulduring the majority of an assembly’s second burnup cy-
sections, yielded results very similar to those shown irtle, being withdrawn gradually late in the cycle. There-
the previous subsection for Westinghouse CRs. Howfore, calculations were performed for scenarios in which
ever, the reactivity effect of the CE CRs was slightlythe APSRs were inserted during the first, second, and
less. The maximum positiveék values are summarized third cycles of burnup to quantify the reactivity effect.
in Table V, which shows that the highesk value is The results(Ak as a function of burnupare shown in

~9%. Fig. 29 for an initial enrichment of 4.0 wt%*°U and
demonstrate that consistent with the results shown pre-
V.D. B&W Gray Axial Power Shaping Rods viously for CRs, the APSR exposure has a larger effect

on discharge reactivity when it occurs later in the assem-

In addition to the Ag-In-Cd CRs analyzed in Sec. V.A, bly burnup. Note that the calculations were performed to
B&W has developed gray part-length APSRs composethvestigate and demonstrate the behavior and do not nec-
of INCONEL with stainless steel cladding. For each ofessarily represent realistic conditions. However, one can
the 3.0, 4.0, and 5.0 wt%*>U initial enrichments, cal- conclude that for realistic scenarios, such as APSR in-
culations were performed using a B&W ¥515 assem- sertion during the entire second cycle, the effect €6
bly for cases in which the APSRs were withdrawn at 5Ak. Finally, note that because B&W is the only fuel ven-
15, 30, and 45 GWdonne U(full exposure. The results  dor to use APSRs and 10 assemblig&ore are exposed
(Ak as a function of burnupare shown in Fig. 28 for to APSRs, very few SNF assemblies are actually af-
4.0 wt% 235U initial enrichment. The maximum positive fected by APSRs
Ak values for the various APSR cases considered are
summarized in Table V. Because the APSRs do not cory g, cask Calculations
tain any strong thermal neutron absorbing materials, they
have a significantly smaller reactivity effect compared In current U.S. PWR operations, CRs are not ever
to the CR designs. The highest observddvalue was fully inserted during power operations. The goal of the
<3% Ak. full-insertion analysis in the previous subsection was to

—a— APSRs removed at 5 GWd/MTU

—— APSRs removed at 15 GWd/MTU
------- APSRs removed at 30 GWd/MTU
—— APSRs present during entire depletion
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)46‘)(_)6 ISRV IVEESS Lt 8 (iammar

0.000 ﬂwﬁaﬁ:a:?/ Bp o lop-8@gS8-95 o0-8-ag

AK [k(aPsR) - K(no_APSR)]

-0.005
0 5 10 15 20 25 30 35 40 45

Burnup [GWd/MTU]

Fig. 28. TheAkvalues as a function of burnup for B&W 1515 fuel with 4.0 wt%?3%U initial enrichment that has been exposed
to gray (INCONEL) APSRs.
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Fig. 29. TheAk values as a function of burnup for single-cycle APSR exposures. Results correspond to B&\d6IGel with
4.0 wt% 238U initial enrichment that has been exposed to gi&yCONEL) APSRs.

establish better understanding, trends, and upper bounds, Subsequently, a series of 3-D KENO V.a calcula-
and thus many of the scenarios overestimate the reactitions was performed for each CR design considered to
ity effect of CR exposure on actual discharged SNF. Fodetermine the effect of various axial depths of CR inser-
current U.S. PWR operations, CRs are inserted into #on. The criticality models included isotopics from de-
small upper(top) portion of the active fuel; the remain- pletion calculations with CRs preseimn the axial region
der and majority of the time the CRs are inserted into theepresenting CR insertigrmnd isotopics from depletion
fuel assembly but are above the active fuel region. Reecalculations without CRs preseiih the remaining axial
alistic modeling of CR exposure should represent theegion.
partial axial insertion, which requires 3-D calculations.  The first series of calculations was performed with
Therefore, 3-D cask calculations were performed andhe Westinghouse 1X 17 assembly and the Westing-
are presented in this section to establish a more realistlwuse hybridB,C/Ag-In-Cd) CRs. Figure 30 shows the
assessment of the effect of CR exposure on the reactivityk values for actinide-only and actinide fission prod-
of SNF. uct burnup credit in the GBC-32 cask as a function of
Before explicitly considering variations in axial CR axial depth of CR insertion. In accordance with the ac-
insertion depth, 3-D KENO V.a criticality calculations tual design, the axial variation in CR absorber material,
were performed with the GBC-32 cask for each of theB,C in the top portion of the CR~260 cm and Ag-
aforementioned CR designs, assuming full-axial insertn-Cd in the bottom portior{~102 cm), was modeled.
tion. The KENO calculations included uniform axial iso- The results correspond to fuel with 4.0 wtU initial
topic compositions that were calculated with HELIOS.enrichment that has been exposed to Westinghouse hy-
Comparison of the results to those shown previously fobrid B,C/Ag-In-Cd rods for 5, 15, and 45 GWtbnne U,
infinite assembly arrays showed that the CR effect isespectively, while accumulating a burnup of 45 GXvd
marginally greater in the cask configuratidin addi- tonne U. The KENO V.a models include the axial varia-
tion, theAk values based on actinide-only and actinide tion in the depletion isotopics due to CR exposure but
fission product calculations in the GBC-32 cask wereassume uniform axial burnup. The results show that even
demonstrated to be essentially the saime, the effect for significant burnup exposures, shallow CR insertions
was not found to be very sensitive to the presence ofe.g.,<20 cm resultin an insignificant effect on theg
fission products of a cask. Note also that for the cases with CRs, all
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Fig. 30. TheAkvalues inthe GBC-32 cagi45 GWd/tonne U, zero coolingversus axial CR insertion, as calculated with KENO
V.a based on isotopics from HELIOS for actinide-only and actinridéssion product burnup credit. The results corre-
spond to Westinghouse 27 17 fuel with 4.0 wt%?235U initial enrichment and hybrid Ag-In-GtB,C CRs. Error bars
correspond to & uncertainties in thak values.

assemblies in the 32-assembly GBC-32 cask are agcreases were shown to be between 3 and 106
sumed to have the same CR exposure, which is consettepending on initial enrichment, when maximum worst-
vative considering the number of assemblies per corease(full axial insertion for entire depletionCR expo-
that are positioned under RCCAs. sure was assumed for a total burnup of 45 GWd

The calculations were repeated for the B&W %5 tonne U. The reactivity effect of APSRs was shown to
15 fuel assemblies employing Ag-In-Cd CRs and the Cibe significantly less than that of the CR®r a given
14 X 14 fuel assemblies employing Ag-In-ZB8,C CRs.  burnup exposupe with maximum reactivity increases
The Ak values for actinide-only and actinide fission  between 1 and 3%k. The calculations assuming full-
product burnup credit in the GBC-32 cask with the var-axial CR insertion for long periods of burnup simulated
ious axial CR exposures are shown in Figs. 31 and 32yorst-case conditions but were effective for gaining a
respectively. Consistent with the results for the Westingbetter understanding of the impact of CR exposure and
house hybrid CRs, the effect of minor axial CR inser-establishing an upper bound on the reactivity effect.
tions is shown to be insignificant. Further, the effect isAlthough these cases are not considered to be represen-
shown to be notably smaller for both the B&W Ag-In-Cd tative of current U.S. PWR operations, they may have
and CE Ag-In-CdB,C CRs than that shown for the Wes- relevance to early domestic operations and operating
tinghouse hybrid Ag-In-Cé@B,C CRs. conditions in French PWRs, which involve long peri-
ods of CR insertion for reactor control, low-power op-
erations, and load-following® Proposed approaches for
burnup credit in France include full CR insertion.

Due to spectral hardening, an assembly exposed to The second part of the analysis presented the effect
CRs will have a higher reactivity for a given burnup of CRs within a high-capacity rail-type cask designed
than an assembly that has not been exposed to CRs. Ror burnup credit. For each CR design considered, a se-
the various CR designs considered, maximum reactivityies of 3-D KENO V.a calculations were performed to

V.F. Summary of Control Rod Analyses
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Fig. 31. TheAkvalues inthe GBC-32 cagd5 GWd/tonne U, zero coolingversus axial CR insertion, as calculated with KENO
V.a based on isotopics from HELIOS for actinide-only and actinidéssion product burnup credit. The results corre-
spond to B&W 15X 15 fuel with 4.0 wt%?23%U initial enrichment and Ag-In-Cd CRs. Error bars corresponddo 1
uncertainties in thak values.

determine the effect of various axial depths of CR inservant parameters, such as initial fuel enrichment, burnup,
tion and thus achieve a better understanding of realitand absorber exposure and design, for IBAs, BPRs, and
for current U.S. PWR operations. The results show thaCERsAPSRs are summarized in Secs. lll, IV, and V,

even for significant burnup exposures, minor axial CRrespectively. These studies demonstrate that with the
insertionge.g.,<20 cm) result in an insignificant effect exception of the Westinghouse IFBA rods, the IBA types

on thekgs of the cask. Consequently, based on the aseonsidered here may be conservatively neglected from
sumption that current U.S. PWRs do not use CRs to Aurnup-credit analyses. In contrast, BPRs were shown
significant extenfi.e., CRs are not inserted deeper thanto have a notable positive impact on the reactivity of

the top~20 cm of the active fuel, and CRs are not in- SNF for typical operating practices and thus must be
serted for extended burnupst can be concluded that properly addressed in a burnup-credit criticality safety

the effect of CRs on discharge reactivity is snfalD.2%  evaluation. Finally, CRs and APSRs were shown to have
Ak). Note that the effect of CRAPSR insertion on the notable positive effects that are strongly dependent on
axial burnup distribution was not addressed here betheir usage. As an assembly cannot simultaneously ac-
cause it is considered in the selection of bounding axiatommodate BPRs and CRs and APSRs, the information

profile(s). within this paper could be used to support the position
that the effect of BPRs bounds the effects of CRs and
APSRs.

VI. SUMMARY AND CONCLUSIONS Although the analyses do not address validation of

depletion methods for assembly designs with fixed ab-
The analyses described in this paper provide a tectsorbers, they do demonstrate that the effects are rela-
nical basis to support burnup credit for assembly detively small and generally well behaved. For the fixed
signs that have used fixed absorbers, including IBAsabsorber type that has the greatest effect on the reactivity
BPRs, CRs, and APSRs. Trends in reactivity with rele-of SNF, namely BPRs, independent codes and methods
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Fig. 32. TheAkvalues inthe GBC-32 cagi45 GWd/tonne U, zero coolingversus axial CR insertion, as calculated with KENO
V.a based on isotopics from HELIOS for actinide-only and actiridéssion product burnup credit. The results corre-
spond to CE 14x 14 fuel with 4.0 wt%?23%U initial enrichment and Ag-In-CB,C CRs. Error bars correspond to 1

uncertainties in thak values.
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