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ABSTRACT

The Interim Staff Guidance on burnup credit for pressurized water reactor (PWR) spent nuclear fud (SNF), issued
by the United States Nuclear Regulatory Commission’s (U.S. NRC) Spent Fud Project Office, recommends the use
of analyses that provide an “adequate representation of the physics’ and notes particular concern with the “ need to
consider the more reactive actinide compositions of fuels burned with fixed absorbers or with control rods fully
or partly inserted.” In the absence of readily available information on the extent of control rod (CR) usagein U.S.
PWRs and the subsequent reactivity effect of CR exposure on discharged SNF, NRC staff has indicated a need for
greater understanding in these areas. In response, this report presents a parametric study of the effect of CR
exposure on the reactivity of discharged SNF for various CR designs, including Axial Power Shaping Rods, fue
enrichments, and exposure conditions (i.e., burnup and axial insertion). The study is performed in two parts. Inthe
first part, two-dimensional assembly calculations are performed, effectively assuming full axial CR insertion.

These calculations bound the effect of CR exposure and facilitate comparisons of the various CR designs. Inthe
second part, three-dimensional calculations are performed to quantify the reactivity effect of CR exposurein a
burnup credit cask environment and determine the effect of partly inserted CRs. Thereactivity effect as a function
of axial insertion depth is shown for the various CR designs considered. The results from the study demonstrate
that the reactivity effect increases with increasing CR exposure (e.g., burnup) and decreasing initial fuel enrichment
(for afixed burnup). Further, CR exposureis shown to have a larger effect on discharge reactivity when it occurs
later in the assembly burnup. For variations in CR design, there exists a direct rdationship between the reactivity
worth of the CRs and their effect on discharge reactivity — higher reactivity worth CRs result in larger effects on
discharge reactivity. The effects are quantified and typical operating conditions are reviewed, enabling an increased
understanding of the effect of CR exposure on the reactivity of discharged SNF. The report concludes with a
discussion of the issues for consideration and preliminary recommendations to address the effect of CR exposurein
burnup credit criticality safety analyses.
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FOREWORD

In 1999 the United States Nuclear Regulatory Commission (NRC) issued initial recommended guidance
for using reactivity credit dueto fud irradiation (i.e., burnup credit) in the criticality safety analysis of
spent pressurized-water-reactor (PWR) fud in storage and transportation packages. This guidance was
issued by the NRC Spent Fued Project Office (SFPO) as Revision 1 to Interim Staff Guidance 8 (ISG8R1)
and published in the Sandard Review Plan for Transportation Packages for Spent Nuclear Fuel,
NUREG-1617 (March 2000). With this initial guidance as a basis, the NRC Office of Nuclear

Regulatory Research initiated a program to provide the SFPO with technical information that would:

» enablerealistic estimates of the subcritical margin for systems with spent nuclear fuel (SNF) and
an increased understanding of the phenomena and parameters that impact the margin, and

» support the development of technical bases and recommendations for effective implementation of
burnup credit and provide realistic SNF acceptance criteria while maintaining an adequate
margin of safety.

The ISG8R1 recommends that consideration be given to the increased reactivity of SNF resulting from
the presence of control rods (CRs) in the fud during a portion of the irradiation. This report presents a
parametric study that quantifies the changes in the SN neutron multiplication factor as a function of the
CR insertion (axial depth into fud as well as burnup duration) and discusses the behavior that causes the
changes. The results provide a basis for efficiently and effectively estimating the impact of CR exposure
within typical domestic PWR operations (CRs resting at the top of the fud and full-axial insertions of
short burnup duration).

=S T I/

Farouk Eltawila, Director
Division of Systems Analysis and Regulatory Effectiveness
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1 INTRODUCTION

The concept of taking credit for the reduction in reactivity dueto the fuel burnup is commonly referred to as
burnup credit. The reduction in reactivity that occurs with fuel burnup is due to the change in concentration (net
reduction) of fissile nuclides and the production of actinide and fission-product neutron absorbers. The changein
the concentration of these nuclides with fue burnup, and consequently the reduction in reactivity, is dependent
upon the depletion environment (e.g., the neutron spectrum). In contrast to criticality safety analyses that employ
the “fresh-fuel assumption,” the utilization of credit for fue burnup therefore necessitates consideration of all
possible fud operating conditions, including exposure to control rods (CRs).

The Interim Staff GuidancéiI on burnup credit (1SG-8) for pressurized water reactor (PWR) spent nuclear fud
(SNF), issued by the United States Nuclear Regulatory Commission’s (U.S. NRC) Spent Fuel Project Office,
recommends the use of analyses that provide an “ adequate representation of the physics’ and notes particular
concern with the “need to consider the more reactive actinide compositions of fuels burned with fixed absorbers
or with control rods fully or partly inserted.” In the absence of readily available information on the extent of CR
usage in U.S. PWRs and the subsequent reactivity effect of CR exposure on discharged SNF, NRC staff has
indicatecBla need for greater understanding in these areas. In response, this report presents a parametric study of
the effect of CR expaosure on the reactivity of discharged SNF for various CR designs, including axial power
shaping rods (APSRs), fud enrichments, and exposure conditions (i.e., burnup and axial insertion). Herein,
APSRs areincluded in the general classification of CRs, but are discussed separately where differences exist
(eg., usage/operations). The effects of fixed absorbers, such as burnable poison rods (BPRs) and integral
burnable absorbers (IBAS), on the reactivity of SNF are addressed dsawherd™d

The presence of CRs/APSRs increases the reactivity of burned fud by hardening the neutron spectrum (due to
removal of thermal neutrons by capture and displacement of moderator) and suppressing burnup in localized
regions. The former effect results in an increased production of fissile plutonium isotopes and a decrease in 2°U
fission, while the latter effect can lead to axial burnup distributions characterized by significantly under-burned
regions. Consequently, an assembly exposed to CRs can have a higher reactivity for a given burnup than an
assembly that has not been exposed to CRs. Although the axial burnup distribution is an important concern for
burnup credit evaluations, the effect of CR/APSR insertion on the axial burnup distribution is not addressed here
becauseit is considered in the sdection of bounding axial burnup profile(s) Instead, this study examines the
effect of CR/APSR insertion on reactivity due to theimpact of spectral hardening on the spent-fud isotopics.

Currently in the United States, PWRs operate with the CRs withdrawn or nearly withdrawn and use soluble boron
to contral the change in reactivity with burnup. In contrast, French PWR operations involve long periods of CR
insertion for reactor control, low-power operations and load followi nd.j Similarly, some early domestic
operations included notable CR insertions (usually in conjunction with an assembly’ s first cycle of burnup).
Axial power shaping rods, on the other hand, are inserted during “normal” reactor operation, but are relatively
few in number (e.g., inthe Three Mile Island Unit-1 reactor, eight assemblies/core may contain APSRs, while 24
assemblies/core may contain CR%. Fud shuffling between cycles reduces the probability that a fud assembly
will be exposed to CR/APSR insertions for more than one cycle.

Because of the variability in CR and APSR usage, estimating the effect of CRs and APSRs in a generic manner is
difficult. Therefore parametric analyses were performed for a variety of exposure scenarios to establish an
increased understanding of the effect of CR expaosure on the reactivity of discharged SNF. Effects are quantified
and typical operating conditions are reviewed. Although many of the scenarios considered are not representative
of actual reactor operations, it should be possible to estimate the reactivity effect of specific CR exposure
conditions based on inspection of the calculated results and trends shown in this report.
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The study described in this report is performed in two parts. Inthefirst part, two-dimensional (2-D) calculations
are performed, effectively assuming full axial CR exposure (i.e., fully inserted). These calculations are intended
to bound the effect of CR exposure and facilitate comparisons of the various CR designs. Several CR designs
(including APSRs) that have been widdly used in U.S. commercial PWRs are included in this study. In the second
part, three-dimensional (3-D) calculations are performed to quantify the reactivity effect in a burnup credit cask
environment and to determine the effect of partly inserted CRs and gain a better understanding of reality. The
reactivity effect as a function of axial insertion depth is shown for the various CR designs considered. Note that
the effect of the CRs is determined based on their effect on the depletion isotopics alone (i.e., the CRs are not
included in the criticality models, since these models represent out-of-reactor conditions).



2 REVIEW OF CONTROL ROD DESIGNSAND
OPERATIONAL PRACTICES

2.1 CONTROL ROD DESIGNS

Several different CR designs have been used in commercial nuclear reactors. However, all CR designs are similar
in that they contain thermal neutron absorbing material in rods sized to fit within the assembly guide tubes. The
Westinghouse, Combustion Engineering (CE), and Babcock & Wilcox (B&W) CR designs, including B& W
APSRs, were considered in this report. Notethat B&W isthe only U.S. PWR fud vendor known to use APSRs.

2.1.1 Westinghouse Designs

Westinghouse has manufactured various typesof CRsfor 14 x 14, 15 x 15, and 17 x 17 fud latticesE Full-
and part-length silver-indium-cadmium (Ag-In-Cd) CRs with stainless sted cladding have been manufactured for
the 16 CR locations in the 14 x 14 fud assembly designs. For the 20 CR locationsinthe 15 x 15 fuel assembly
designs, full-length Ag-In-Cd CRs with stainless sted cladding are used. For the 24 CR locationsinthe 17 x 17
fud assembly designs, the following four different CR designs, all with stainless sted cladding, have been used:
(D) full-length “hybrid” CRs, using 102 in. (~259 cm) of boron carbide (B4C) and 40 in. (~102 cm) of Ag-In-Cd,
(2) full-length Ag-In-Cd CRs, (3) full-length hafnium (Hf) CRs (many reactors have been replacing these with
Ag-In-Cd rods because of irradiation induced swelling), and (4) part-length CRs, using 36 in. (~91 cm) of
Ag-In-Cd with a 106 in. (~269 cm) aluminum oxide spacer.

2.1.2 Babcock & Wilcox Designs

Babcock & Wilcox has manufactured two main typesof CRsfor 15 x 15 fud assembly designs with 16 CR
locations: (1) Ag-In-Cd CRs with stainless sted cladding and (2) gray/black APSRs with stainless sted claddi %
The APSRs consist of either part-length Ag-In-Cd absorber (black APSRs) or Incond absorber (gray APSRS).
The absorber region in the black APSRs is 36 in. (~91 cm) tall while the absorber region in the gray APSRs is
63 in. (~160 cm) tall.

2.1.3 Combustion Engineering Designs

Combustion Engineering has manufactured a variety of CR assemblies, referred to as control element assemblies
(CEAY), for usein the five CR locations present intheir 14 x 14 and 16 x 16 fud assembly designs].m For the
14 x 14 fud assembly designs, the following different CEAs with Incond cladding have been used: (1) full-
length CEAs with B4C in the central rod and axial regions of Incond, Ag-In-Cd, and B4C in the remaining four
rods, (2) part-length CEAs with one B,C rod and four stainless sted rods, (3) part-length CEAs with one rod of
Al,O; and four rods of Ag-In-Cd and B4C, and (3) part-length CEAs with one rod of Al,Os, two rods of Ag-In-Cd
and B4C, and two rods with stainless sted and Al,Os. Similar variations of full- and part-length CEAs have been
manufactured for the 16 x 16 fud assembly design.

2.2 CONTROL ROD DESIGNSINVESTIGATED

As evident from the preceding discussion, the variation in CR designs is significant. However, the variation in
CR absorber materials is more limited, namdy B,C, Ag-In-Cd, Hf, and Incond. Rather than attempt to



Review of Control Rods Section 2

investigate each of the numerous CR designs, which in many cases involve relatively minor differences, analyses
in this report focused on investigating unique CR designs and materials to establish greater understanding. The
effects of CR designs that use the same absorber material are expected to be similar. The CR designs analyzed in
this report are the (1) Westinghouse 17 x 17 hybrid Ag-In-Cd/B4C CR design, (2) B&W 15 x 15 Ag-In-Cd CR
design, (3) CE 14 x 14 B,C CR design, and (4) B&W 15 x 15 gray APSR design. Additional information about
the specific CR designs analyzed in this report is provided in the following subsections. Detailed specifications
are given in the respective analysis sections.

2.2.1 Hybrid Ag-In-Cd/B4C Control Rod Design (Westinghouse 17 x 17)

The hybrid Ag-In-Cd/B,4C rod cluster control assembly (RCCA) developed by Westinghouse and analyzed in this
report, consists of B4C pellets and Ag-1n-Cd cylinders encapsulated in stainless sted cladding. Inside each
RCCA, the B,C absorber pdlets are stacked on top of the Ag-In-Cd absorber. Thetotal length of the absorber
column is 142 in. (~361 cm), where B4C constitutes 102 in. (~259 cm) and the Ag-In-Cd constitutes 40 in.

(~102 cm). The absorber columnis sitting on an Incond coail spring (in the lower part of the absorber rod). The
hold-down spring is designed to restrain the absorber material against longitudinal movement during@transport,
handling, and operation while allowing for differential expansion between the absorber and the clad.!

2.2.2 Ag-In-Cd Control Rod Design (B&W 15 x 15)

The Ag-In-Cd RCCA developed by B& W and analyzed in this report, consists of Ag-In-Cd cylinders
encapsulated in stainless sted cladding. The 134-in. long absorber column sits on a lower-end plug made of
stainless sted. The upper end plug (also known as the spring spacer) is also made of stainless sted and designed
to restrain the absorber material against longitudinal movement during transport, handling, and operaiion'.3

2.2.3 CE Ag-In-Cd/B4C Control Rod Design (CE 14 x 14)

The CEA developed by CE and analyzed in this report, consists of five Incond tubes (fingers) that are stacked
with cylindrical B,C peIIet Thelower 8 in. (~20 cm) of thefingers arefilled with Ag-In-Cd material. The
CEAsare 161 in. (~409 cm) long, with 134 in. (~340 cm) and 124 in. (~315 cm) of B4C in the center and outer
fingers, respectively. A plenum is positioned above the poison pellet column to allow expansion volume. The
plenum also contains a spring that prevents the absorber material from moving during shipping and handling.
Each finger is sealed with an Incond cap at the bottom and an Incond end fitting at the top

2.2.4 Axial Power Shaping Rod Design (B& W 15 x 15)

The APSRs developed by B& W consist of part-length absorber rods encapsulated in stainless sted cladding. As
mentioned, the APSRs can either be gray (Incond) or black (Ag-In-Cd). Thegray APSRs are only considered in
this report due to the fact that the black APSRs are very similar to the Ag-In-Cd CR that is analyzed in this
report.

2.3 CONTROL RODSOPERATIONAL PRACTICES

Because the effect of CRs on reactivity is dependent on the duration and extent (i.e., axial insertion) of CR
exposure and the fraction of burnup without CRs inserted, it is important to understand typical operational
practices. However, because of operational variability, the extent of CR usage varies, making it difficult to truly
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characterize “typical” operational practice. With thisin mind, some general observations rdated to “typical” CR
operational practices are given in this section.

During full-power operation CRs are typically inserted into the upper portion of the fuel assemblies — above the
active fud region. |t isfairly common for the CRs to be inserted about 20 cm for the magjority of the entire
burnup cycl L1 This insartion depth is above the active fud region, so the fud is not exposed to the CRs.
When inserted into the active fud region, CRs are either inserted into a small region of the upper portion of the
active fud or fully inserted during reactor shutdown. Note, however, that some early domestic operations included

notable CR insertions (usually in conjunction with an assembly’ s first cycle of burnup).

Axial power shaping rods are utilized in the active fud region during “normal” reactor operation. The APSRs are
typically inserted into fuel assemblies that have been previously irradiated (second or third cyclef2X The APSRs
remain partially inserted until the end (or near the end) of the burnup cycle.






3 REACTIVITY EFFECT OF CONTROL RODS

3.1 INTRODUCTION AND BACKGROUND

Since the presence of the CRs hardens the spectrum during depletion, the production of fissile plutonium increases
while the depletion of ?°U decreases. This occurrence increases the reactivity of the fuel at discharge and beyond.
Hence, an assembly exposed to CRs can have a higher reactivity for a given burnup than an assembly that has not
been exposed to CRs.

Dueto the great variability in CR and APSR usage, as mentioned earlier, estimating the effect of CRs and APSRs
in a generic manner is difficult. Therefore parametric analyses were performed for a variety of exposure
scenarios to establish an increased understanding of the effect of CR exposure on the reactivity of discharged
SNF. Although many of the scenarios considered are not representative of current U.S. PWR reactor operations,
it should be possible to estimate the reactivity effect of actual CR exposure conditions based on inspection of the
calculated results and trends.

The study is performed in two parts. Inthefirst part, 2-D calculations are performed with the intent to bound the
effect of CR exposure, effectively assuming full axial CR exposure (i.e., fully inserted). Inthe second part, 3-D
calculations are performed to determine the effect of partial CR insertion conditions. Note that the effect of the
CRsis determined based on their effect on the depletion isotopics alone (i.e., the CRs are not included in the
criticality models).

The following sections describe the calculational methods used for this evaluation and present detailed analyses to
demonstrate the reactivity effect of CRs as a function of burnup. The analyses include variations in the type of
CR, composition, duration of exposure, axial depth of insertion, and initial fue assembly enrichment.

3.2 TWO-DIMENSIONAL ANALYSES

3.2.1 Code Description

The 2-D calculations presented in the following subsections were performed using the HELIOS-1.6 code
package,'” which primarily consists of three programs: AURORA, HELIOS, and ZENITH. HELIOSisa 2-D,
generalized-geometry transport theory code based on the method of collision probabilities with current coupling.
AURORA, theinput processor, is used to define the geometry, materials, and calculational parameters. ZENITH,
the output processor, reads the results saved by HELIOS (in a binary database) and outputs the results in text
format. The HELIOS code system also contains the ORION program for viewing and checking mode geometries
and materials.

HELIOS was employed for this analysis because of its capability to explicitly modd the relatively complicated,
heterogeneous assembly lattices associated with CRs. The various structures within each of the assembly models
were coupled using angular current discretization (interface currents). All calculations are for an infinite array of
fud assemblies and utilize the 45-group neutron cross-section library, based on ENDF/B-VI, which is distributed
with the HEL10OS-1.6 code package.

It should be pointed out that since there is a balance between the number of neutrons produced (from fissions) and
the number of neutrons lost (either by absorption or leakage) in a critical reactor, concerns have arisen that when
performing calculations this balance may not be accurately described and consequently the spectrum in the
computational model may not agree with critical reactor conditions. In general, for the systems considered in this

7
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report, the calculated neutron multiplication factor, k, is not equal to unity. However, the systems are assumed to
be part of a critical reactor (i.e., k =1). The HELIOS code, by default, compensates for this difference by
approximating the criticality spectrum based on an adjustment of the net out-leakage if k > 1 or the net in-leakage
if k < 1. A few calculations were performed with a user specified buckling value to override the use of the
HELIOS calculated criticality spectrum and assess the spectral variations and consequent affects on reactivity.
The conclusion from these calculations is that, for the purpose of the studies presented in this report, the default
criticality spectrum calculated by HELIOS is the most appropriate one to use.

3.2.2 Calculations

All depletion calculations were performed with HELIOS using the properties and parameters given in Table 1.
Using the isotopic compositions from the depletion calculations, branch or restart calculations were performed
with HEL10S to determine the infinite neutron-multiplication factor, ki, as a function of burnup for
out-of-reactor conditions (i.e., 20° C with no soluble boron present), zero cooling time, and the full nuclide set.
Note that all of the 2-D analyses presented in this section include all of the nuclides available in the HELIOS
45-group cross-section library that is distributed as part of the HELI10OS-1.6 code package. For each unique CR
assembly design considered, a depletion calculation was performed for (1) the uncontrolled assembly condition
(i.e., no CRs present) and (2) conditions in which the CRs were assumed to be present for various periods of
burnup. Subsequently, separate criticality calculations were performed for out-of-reactor conditions using the
isotopic compositions from the depletion calculations. The Ak values between these sets of conditions are reported
to assess the effect of CRs on the reactivity of discharge SNF.

The 2-D calculations were done with an infinite radial array of assemblies to gain an understanding of behaviors
and trends and so that the results would be general (i.e., not dependent on storage cell specifications, such as
poison loading). Three-dimensional results for a specific SNF cask are provided irf Section 3.3]A number of the
2-D calculations were repeated in Section 3.2.7]to assess the effect for variationsin cooling time. The results
demonstrate that the calculated effects are not sensitive to variations in cooling time within the time frame of cask
storage and transportation.

Tablel Summary of parameters used for the depletion calculations

Parameter Value used in analyses

Moderator temperature (K) 600

Fud temperature (K) 1000

Fue density (g/cm®) 10.44 (UO,)
Clad temperature (K) 600

Clad density (g/cm’) 5.78 (Zr)
Power density* (MW/MTU) 60

Moderator boron concentration (ppm) 650

*Various cases were also calculated using a power density of 30 MW/t
(which isamoreredlistic value). The results showed that the Ak values
presented in the following sections are not sensitive to variations in the
power density.
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3.2.3 B&W Ag-In-Cd Control Rods

The Ag-In-Cd RCCA consists of 16 CRs. Calculations were performed with a B&W 15 x 15 assembly in order
to investigate the reactivity effect of these CRs. Dimensional specifications for the fue assembly and CRs are
givenin Table 2[[Ref. 11) The15 x 15 B&W assembly lattice considered is shown in[Figure 1l [Figure 2]
displays the geometry of the B& W 15 x 15 assembly as modeled in HELIOS.

Table2 B&W 15 x 15 fud assembly and CR specifications

Dimension
Parameter (cm)
Fuel assembly specifications
Rod pitch 1.44272
Assembly pitch 21.81
Cladding outside diameter 1.09220
Cladding inside diameter 0.95758
Pellet outside diameter 0.940
Guide/instrument tube outside diameter 1.34620
Guide/instrument tube inside diameter 1.26492
Array size 15x 15
Number of fud rods 208
Number of guide/instrument tubes 17
Control rod specifications

Absorber material Ag (80%)—n (15%)—Cd (5%)
Absorber pdlet diameter 0.99568
Cladding (304 SS) outside diameter 1.11760
Cladding (304 SS) inside diameter 1.01092
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Guide tube/CR location

Fud rod . Instrument Tube

Figurel B&W 15 x 15 assembly lattice representing the CR locations
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Figure2 HELIOS calculational modd of aB&W 15 x 15 assembly containing 16 CRs
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The criticality calculations are performed for out-of-reactor conditions with isotopic compositions from the
following conditions: (1) the uncontrolled condition (i.e., CRs not present during depletion) and (2) the controlled
condition (i.e., CRs present during depletion). The ks values (out-of-reactor conditions) as a function of burnup
from the two conditions are compared in Figure 3. The Ak values between these two conditions demonstrate the
effect of CR exposure on reactivity.

1.40

1.30 no control rods

------ control rods inserted

1.20 A

1.10 A

I(inf

1.00 A

0.90 ~

O. 80 T T T T T T T T
0 5 10 15 20 25 30 35 40 45

Burnup [GWd/MTU]

Figure 3 Comparison of ks values (out-of-reactor conditions) as a function of burnup. The results
correspond to 4 wt % U enriched B& W 15 x 15 fud and Ag-In-Cd CRs.
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For each of the following initial enrichments: 3, 4, and 5 wt % “U, calculations were performed for casesin
which the CRs were withdrawn at 5, 15, 30, and 45 GWd/MTU (full exposure). Three cycles of 15 GWd/MTU
per cycle were assumed for the analysis. The results (Ak as a function of burnup) are shown in[Figure 4ffor initial
enrichments of 3, 4, and 5wt % “U. It is evident from the figures that the reactivity effect of CRs increases with
increasing exposure and decreasing fuel enrichment. These results are consistent with a previous stud P that
examined the effect of BPR exposure on reactivity. The maximum positive Ak values for the various CR
exposure cases considered are summarized in For the cases considered here, the highest Ak is
approximately 7% (the case when CRs are present during the entire depletion with 3 wt % U enriched fud).

When studying the Ak curves of the CRs a divergence in the behavior can be noted. This divergence appears at
the moment when the CRs are withdrawn from the fuel assembly. A ‘bump’ appears because of the change in the
rate at which Pu is being produced. When the CRs are withdrawn, the spectrum immediately softens because of
the removal of strong absorbers. This causes a greater reactivity worth of 2°U, reative to that when CRs are
present. Because the reactivity worth of U is suddenly increased, the fission rate of U increases aswell. This
effect is only temporary, and the fission rate will stabilize throughout the remainder of the depletion while the CRs
arewithdrawn. This‘bump’ is more apparent at higher initial fue enrichments. The increased reactivity effect at
higher enrichment is because the reactivity worth of “°U is less at 3 wt % enriched ?°U fuel than at 5wt %
enriched ?°U fud. Consequently, the fission rates of “°U will be higher at 5 wt % enriched fud and the effects
will be more apparent.

In addition to the calculations described above, the reactivity effect of CR exposure was studied for scenariosin
which the CRs were inserted for a burnup duration of 5 GWd/MTU throughout the assembly burnup. The results
(Ak as a function of burnup) are shown in Figure 5 for an initial enrichment of 4 wt % 2°U. Eigure 5lshow that
CR exposure has a larger effect on discharge reactivity when it occurs later in the assembly burnup. Note that
these calculations were performed to investigate/demonstrate the behavior, and may not represent realistic
exposure conditions. However, some early U.S. PWR operations included significant CR insertionsin
conjunction with an assembly’ s first burnup cycle.@ Thus, it is expected that cases involving exposure during the
first cycle(i.e., within thefirst 15 GWd/MTU) are closer to reality than those involving exposure late in burnup.

[Eigure 6lcompares the Ak for variousinitial fuel enrichments in which the CRs are present for the first

15 GWdJ/MTU (approximating 1 cycle). It isinteresting to note that, following theinitial jump, thereisan
increasing trend in the Ak values after the CRs are withdrawn for the cases with 4 and 5 wt % “*U enrichment,
but a decreasing trend for the 3 wt % U enrichment case. Whilethe CRs are inserted, they displace moderator
and absorb thermal neutrons, significantly hardening the neutron spectrum. The hardened neutron spectrum
results in reduced *°U depletion, higher production of fissile plutonium isotopes and increased plutonium fission.
Examination of the atom densities of “*Pu and ?*U as a function of burnup reveals that the lower theinitial “°U
enrichment, the greater the *°Pu fission while the CRs are present. Therefore, lower initial °U enrichments have
less net buildup of ?°Pu while the CRs are present (reative to higher initial °U enrichments), because they have
an increased rate of “°Pu fission during this period. When the CRs are withdrawn, the spectrum softens because
of the removal of strong absorbers and added moderation. The reactivity worth of U increases and
consequently the fission rate increases. However, the higher initial °U enrichment cases have significantly more
fissile plutonium built in relative to the case with no CR exposure. The increased fissile plutonium and
subsequent increased plutonium fission result in a small degree of conversion, and thus thereis an increase in Ak
after the CRs have been withdrawn for the 4 and 5 wt % “*U enriched cases. The reactivity worth of the 3 wt %
% enriched caseis not increasing because, due to the lower initial U enrichment, a significant portion of the
%Py is being depleted while the CRs are still present, which results in less net buildup of 2°Pu.

13



Reactivity Effects of Control Rods Section 3

—»— CRs removed at 5 GWd/MTU —=— CRs removed at 15 GWd/MTU
------- CRs removed at 30 GWd/MTU —— CRs present during entire depletion
0.080 I I
0.070 | | 3.0 wt% U-235 e
= 0.060 - /
9 0.050 - /
£ 0.040 - et
L 0030 - g
S 0.020 - ,_.a{;;;n P R PN S
<~ 0.010 el
< 0.000 T*ﬂ** et
-0.010 -
0 5 10 15 20 25 30 35 40 45

Burnup [GWd/MTU]
0.050 [ \

4.0 W% U-235 7
0.040 -
/

0.020 - —

0.010 o el | endos
0.000 Wﬁ*ﬁ#ﬁﬂ%

-0.010

Ak [k(CR) _k(no_CR)]

0 5 10 15 20 25 30 35 40 45
Burnup [GWd/MTU]

0.040 ‘ |
5.0 W% U-235
=  0.030
5 /
o|

< 0020 - 7
& 0010 - ]
= e ,./—':’:/‘:‘ BN I S e ]
3 0.000 oy g mapas s e RRT 00

-0.010

0 5 10 15 20 25 30 35 40 45

Burnup [GWd/MTU]

Figure4 Comparison of Ak values as a function of burnup for various CR exposures with initial fue
enrichments of 3, 4, and 5 wt % *U, for B& W 15 x 15 fud and Ag-In-Cd CRs
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Table3 Summary of maximum positive Ak values observed for B& W
Ag-In-Cd CR cases considered (discharge burnup of 45 GWdJd/MTU)

Burnup at Enrichment (wt % %*U)
CR removal
(GWd/MTU) 3 4 5
5 0.0042 0.0026 0.0017
15 0.0177 0.0099 0.0063
30 0.0443 0.0266 0.0154
45 0.0697 0.048 0.0304

0.015

—CRs inserted between 0 - 5 GWd/MTU
—B— CRs inserted between 5 -10 GWd/MTU
0.013 1 —&— CRs inserted between 10 - 15 GWd/MTU
------ CRs inserted between 20 - 25 GWd/MTU
—*— CRs inserted between 40 - 45 GWd/MTU
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Figure5 Comparison of Ak values as a function of burnup for 5 GWd/MTU CR exposures at various
times during the burnup with 4 wt % ?°U B&W 15 x 15 fud and Ag-In-Cd CRs
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15 GWdJ/MTU (1 cycle) for variousinitial fud enrichments. The results correspond to B&W 15 x 15 fud and

Ag-In-Cd CRs.
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3.2.4 Westinghouse Hybrid Ag-1n-Cd/B4C Control Rods

The hybrid Ag-In-Cd/B,C RCCA, developed by Westinghouse, consists of 24 Ag-In-Cd/B,C CRs. Each CR
contains Ag-In-Cd absorber with B,C absorber pdllets stacked on top of the Ag-In-Cd. Calculations were
performed with a Westinghouse 17 x 17 assembly to investigate the reactivity effect of these CRs. Dimensional
specifications for the fuel assembly and CRs aregivenin Table4. The 17 x 17 Westinghouse assembly latticeis
shownin m displays the geometry of the Westinghouse 17 x 17 assembly as modeled in
HELIOS-1.6.

Table4 Westinghouse 17 x 17 fudl assembly and CR specifications

Dimension
Parameter (cm)
Fuel assembly specifications
Rod pitch 1.2598
Assembly pitch 215
Cladding outside diameter 0.8898
Cladding inside diameter 0.8001
Pellet outside diameter 0.7844
Guide/instrument tube outside diameter 1.204
Guide/instrument tube inside diameter 1.123
Array size 17 x 17
Number of fud rods 264
Number of guide/instrument tubes 25
Control rod specifications

Absorber material Natural B,C/Ag-In-Cd
B,C pellet diameter 0.84836
B4C pdllet axial height 259.08
Ag-In-Cd diameter 0.86614
Ag-In-Cd axial height 101.60
Cladding (304 SS) thickness 0.0470
Cladding inside diameter 0.87376
Cladding outside diameter 0.96774
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Guide tube/CR location

Fuel rod .I I nstrument tube

Figure 7 Westinghouse 17 x 17 assembly lattice representing the CR locations
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Section 3

Figure 8 HELIOS calculational modd of a Westinghouse 17 x 17 assembly containing 24 CRs

Analyses are presented in this section for the Westinghouse hybrid CR design with various initial fud enrichments
and various CR exposure conditions to better understand the effect of these CRs on reactivity. Sinceit is not
possible to include the axial variation in absorber material in a 2-D modd, separate models were developed to
corresponding to the B4C region, while the second model represented the axial segment of the CR corresponding
tothe Ag-In-Cd region. The ki values, as a function of burnup from calculations with and without CR exposure,
are compared in Figure 9. The Ak values between these conditions demonstrate the effect of these CRs on
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reactivity and that the B4C region of the CR resultsin alarger positive reactivity effect, as compared to the
Ag-In-Cd region. Sincethe effect of Ag-In-Cd CRs was demonstrated in the previous section with B&W fud, the
remainder of the calculations in this section will involve the axial segment corresponding to the B4C region. Note,
however, that the lower ~100 cms of these CRs contain Ag-In-Cd, and thus partial CR insertions may only
involve the Ag-In-Cd region.

1.40
— no control rods

1304 NN inserted BAC control rods
—¥— inserted Ag-In-Cd control rods

1.20 |

& 110
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0.90 -

O.&) T T T T T T T T

0 5 10 15 20 25 30 35 40 45

Burnup [GWd/MTU]

Figure9 Comparison of ki,; values (out-of-reactor conditions) as a function of burnup with and without
CR exposure. The results correspond to 4 wt % “*U enriched Westinghouse 17 x 17 fud and Ag-In-Cd/B,C
CRs.
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Calculations were performed with initial enrichments of 3, 4, and 5 wt % ?*U and CR exposures of 5, 15, 30, and
45 GWdA/MTU (full exposure). Three cycles of 15 GWA/MTU per cycle were assumed for the analysis. The
results (Ak as a function of burnup) are shown in for initial enrichments of 3, 4, and 5 wt % *°U.
Consistent with the results shown in the previous section, the reactivity effect of the CRs increases with increasing
exposure and decreasing fue enrichment. Note, however, the larger reactivity effect of B4C absorber, rdativeto
the Ag-In-Cd absorber considered in the previous section. The maximum positive Ak values for the various CR
cases considered are summarized in For the cases considered here, the highest Ak is approximately 10%
(the case when CRs are present during the entire depletion with 3 wt % **U enriched fue).

In addition to the calculations described above, the reactivity effect was studied for scenarios in which the CRs
wereinserted for a burnup duration of 5 GWd/MTU throughout the assembly burnup. Theresults (Ak as a
function of burnup) are shown in for an initial enrichment of 4 wt % 2®U. Consistent with the results
shown in the previous section, this figure shows that CR exposure has a larger effect on discharge reactivity when
it occurs later in the assembly burnup.

21



Reactivity Effects of Control Rods Section 3

—— CRs removed at 5 GWd/MTU —sa— CRs removed at 15 GWd/MTU
--------- CRs removed at 30 GWd/MTU —— CRs present during entire depletion

| |
T | 3.0 wt% U-235 |

AK [Kecr) - Kno_cr)]
o
o
=

0.02 g
0.01 Fn_a?‘!(_;fray—xwee ok

0 5 10 15 20 25 30 35 40 45
Burnup [GWd/MTU]

0.08 ‘ ‘
0.07 1 | 4.0wt% U-235 /
0.06 - /

0.05
0.04 - / ....... N
0.03 - /

0.02 A
0.01 ,&A nnnnn | o o 0o ooooB8e888E

i

0.00 %WM SR HHHRHNT

-0.01

Ak [Kcr) - Kno_cr)]

0 5 10 15 20 25 30 35 40 45
Burnup [GWd/MTU]

0.050

\ \
5.0 wt% U-235
0.040

0.030 - /

0.020 - o
0.010 | e

ig}eﬁ—g—g—e—e—é;—ﬂ-gw ] | s
0.000 awwpnﬁfwww%‘ HHH

-0.010

AK [Kcr) - Kno_cr)]

0 5 10 15 20 25 30 35 40 45
Burnup [GWd/MTU]

Figure 10 Comparison of Ak values as a function of burnup for various CR exposures with initial fue
enrichments of 3, 4, and 5wt % “*U. The results correspond to Westinghouse 17 x 17 fuel and the B,C axial
segment of the hybrid Ag-In-Cd/B4C CRs.
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Table5 Summary of maximum positive Ak values observed for B,C axial segment
of the Westinghouse hybrid Ag-In-Cd/B4C CR cases considered
(discharge burnup of 45 GWd/MTU)

Burnup at Enrichment (wt % %*U)
CR removal 30 70 0
(GWIMTU) : : :
5 0.0086 0.0048 0.0041
15 0.0280 0.0174 0.0113
30 0.0698 0.0417 0.0256
45 0.1050 0.0739 0.0479
0.025

— CRs inserted between 0 - 5 GWd/MTU
—B— CRs inserted between 5 - 10 GWd/MTU
—24— CRsinserted between 10 - 15 GWd/MTU
------ CRs inserted between 20 - 25 GWd/MTU

0.020 -

—>*— CRs inserted between 40 - 45 GWd/MTU
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Figure 11 Comparison of Ak values as a function of burnup for 5 GWd/IMTU CR exposures at various
times during the burnup with initial fuel enrichment of 4 wt % “*U. The results correspond to Westinghouse
17 x 17 fud and B,C CRs.
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3.25 CE Ag-In-Cd/B4C Control Rods

Section 3

Combustion Engineering has designed a CEA consisting of five Incond fingers loaded with a stack of B,C
cylindrical pdlets, with Ag-In-Cd in the lower 8 in. (20.32 cm) of the fingers. Calculations are presented in this
section to investigate the reactivity effect of these CE CRs within a CE 14 x 14 fud assembly design.
Dimensional specifications for the fuel assembly and CRs used for this analysis are given in Table

The 14 x 14 CE assembly lattice is shown i Figure 13, and |Figure 13|displays the assembly as modded in

HELIOS-1.6.

Table6 CE 14 x 14 fuel assembly and CR specifications

Dimension
Parameter (cm)
Fuel assembly specifications

Rod pitch 147
Assembly pitch 20.8
Cladding outside diameter 1.1176
Cladding inside diameter 0.97536
Pellet outside diameter 0.95631
Guide tube outside diameter 2.6289
Guide tube inside diameter 2.8321
Array size 14 x 14
Number of fud rods 176
Number of guide/instrument tubes 5

Control rod specifications

Absorber material
B4C pdllet diameter

B4C axial height

Ag-In-Cd diameter
Ag-In-Cd axial height
Cladding (Incond) thickness
Cladding outside diameter

Natural B,C/Ag-In-Cd
2.1844

340.36 (center finger) /
314.96 (outside fingers)

2.1844
20.32

0.1016

2.4079
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Guide tube/CR location

Fuel rod

Figure 12 CE 14 x 14 assembly lattice representing the CR locations
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0000007
=

Figure 13 HELIOS calculational modd of a CE 14 x 14 assembly containing five CRs

Analyses are presented in this section for the CE CEA with various initial fud enrichments and CR exposures to
better understand the effect of these CRs on thereactivity of SNF. Sincethe primary material inthese CRsis
B4C, and it is not possible to include the axial variation in absorber materials in a 2-D modd, the calculations in
this section involve the axial segment corresponding to the B4C region. Based on results shown in the previous
sections, calculations with the Ag-In-Cd axial segment are expected to yidd smaller effects. Note however, that
the lower ~20 cm of these CRs contain Ag-In-Cd, and thus, partial CR insertions may only involve the Ag-In-Cd
region. Figure 14 displays the k¢ values versus burnup from calculations with and without CR exposure.

26



Section 3 Reactivity Effects of Control Rods
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Figure 14 Comparison of ki (out-of-reactor conditions) as a function of burnup with and without CR
exposure. The results correspond to 4 wt % “*U enriched CE 14 x 14 fue and the B,C axial segment of the
Ag-In-Cd/B,C CRs.

Consistent with the analyses in the previous sections, calculations were performed with initial enrichments of 3, 4,
and 5wt % **U and CR exposures of 5, 15, 30, and 45 GWd/MTU (full exposure). Three cycles of
15 GWdJ/MTU per cyclewere assumed for the analysis. The results (Ak as a function of burnup) are shownin
mmr initial enrichments of 3, 4, and 5wt % **U. The maximum positive Ak values for the various CR
cases considered are summarized in For the cases considered here, the highest Ak is approximately 9%
(the case when CRs are present during the entire depletion at 3 wt % U fud enrichment). Consistent with the
results shown in the previous sections, the reactivity effect of the CRs increases with increasing exposure and
decreasing fud enrichment.
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Section 3

Figure 15 Comparison of Ak values as a function of burnup for various CR exposures with initial fuel
enrichments of 3, 4, and 5wt % **U. The results correspond to CE 14 x 14 fuel and the B,C axial segment of

the Ag-In-Cd/B4C CRs.
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Table7 Summary of maximum positive Ak values observed for the
B4C axial segment of the CE Ag-In-Cd/B4C CR cases considered
(discharge burnup of 45 GWd/MTU)

Burnup at Enrichment (wt % %*U)
CR removal
(GWAMTU) 30 4.0 5.0
5 0.0045 0.0028 0.0018
15 0.0213 0.0121 0.0082
30 0.0553 0.0339 0.0203
45 0.0866 0.0619 0.0411

3.2.6 B&W Gray Axial Power Shaping Rods

In addition to the Ag-In-Cd CRs analyzed in Section 3.2.3, B& W has developed gray part-length APSRs made
out of Incond with stainless sted cladding (the balance of the length is filled with water). Note that B&W has
also developed black part-length APSRs made out of Ag-In-Cd with stainless sted cladding. However, the black
APSRs are not being analyzed in this report dueto their similarity with the Ag-In-Cd CRs [Section 3.2.3)|
Calculations were performed using a B&W 15 x 15 assembly in order to investigate the reactivity effect of the
gray APSRs. Dimensional specifications for the fuel assembly and APSRs are given in|Table 8[Ref. 11)} The
B&W 15 x 15 assembly design considered is shown inm

As inthe previous CR studies, various rod exposures were considered in order to better understand the effect
these power shaping rods have on reactivity as a function of burnup. In reality, the APSRs are shorter than the
active fud length. However, this analysis is donein 2-D and consequently the APSRs and the active fud are both
infinite lengthwise. The ks values, as a function of burnup from the calculations with and without APSR
exposure are compared il Eigure 17] The Ak values between these two conditions demonstrate the effect of
APSRs on reactivity.

Calculations were performed with initial enrichments of 3, 4, and 5 wt % ?*U and APSRs exposures of 5, 15, 30,
and 45 GWd/MTU (full exposure). Three cycles of 15 GWdA/MTU per cycle were assumed for the analysis. The
results (Ak as a function of burnup) are shown in[Figure 18]for initial enrichments of 3, 4, and 5wt % “°U. The
maximum positive Ak values for the various APSR cases considered are summarized in For the cases
considered here the highest Ak is approximately 2.7 % Ak (the case when APSRs are present during the entire
depletion at 3 wt % *°U fuel enrichment), which is significantly less than the 7-10% Ak observed for the other
CR designs. Consistent with the results shown in previous sections for other CR designs, the re