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1. INTRODUCTION

Under contract to NRC, Brookhaven National Laboratory (BNL) reviewed the subject
General Electric (GE) topical report on fuel rod bowing in GE boiling water
reactors (BWRs). The BNL evaluation (Enclosure 1 to Reference 1) of GE's report
js attached as Enclosure 1. The BNL evaluation provides a summary of GE's exper-
jence with fuel rod bowing. To date, GE's experience predominately consists of
thermal-hydraulic testing with simulated sub-assemblies, the development of an
analytical model for assessing the influence of fabrication and operational
variables on fuel rod deflection, and surveillance performed on lead test
assemblies (LTAs). GE has not reported any operational problems arising from
fuel rod bowing since early bowing-induced, high-temperature oxidation failures
(Ref. 2) of segmented fuel rods.

The BNL technical evaluation on the GE report concluded that the report did not
establish with confidence the effects of fuel rod bowing in GE fuel because of
insufficient quantitative rod-to-rod spacing data. After reviewing the BNL
evaluation, GE provided additional rod bowing information, which was not
contained in the topical report nor in the GE responses (Ref. 5) to BAL
questions (Refs. 3 and 4).

We have subsequently reviewed that information and many of the references cited
therein. This review, which augments the original BNL evaluation, follows.
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2. THERMAL-HYDRAULICS

The GE thermal-hydraulic experiments and their apolications in the analyses
of critical power performance are summarized in the BNL evaluation, which is

attached as Enclosure 1.
3. NEUTRONICS

The only neutronic effect of BWR fuel rod bowing is a potential for a small local
peaking factor increase. There are no significant reactivity effects. For situ-
ations involving isotropic bowing, the small locally increased peaking factor in
one rod would be accompanied by decreased peaking factors in other rods in the
assembly and no net change in planar-average assembly power density would occur.
Therefore, there would be no significant effect on LOCA temperature calculations,
which are primarily dependent on the planar-average assembly power density in
BWRs. The small increase in LHGR (linear heat generation rate) is not signi-
ficant for other events since LHGR limits are not approached for other events,
which are limited by MCPR (minimum critical power ratio).

4. CAP CLOSURE

As discussed in the BML evaluation, GE has developed an analytical fuel rod
deflection model. The model accounts for some of the established parameters
that contribute to bowing, but no information was provided for its verification,
thus the staff did not make a finding on the adequacy of the model.

The General Electric data base did not include rod-to-rod spacing measurements
on standard production fuel, but contained measurements on 4 LTAs, which are
characterized in Table 1. As seen in Table 1, one of these LTAs was irradiated
in Quad Cities 1 and the other three were irradiated in Monticello. A1l 4 LTA
fuel designs are stated to be typical of the standard 8x8 design. Gap spacing
measurements were taken only on peripheral rods via periscope. The General
Electric topical report states that peripheral rods have the greatest propensity
for bowing, but it does not provide the basis for this conclusion.
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Since interior rods can be thermal-hydraulically limiting, this aspect remains
troubling insofar as the difference between interior and periheral rod bow
magnitudes is unknown,

When performing inspections on the LTAs, about a dozen precharacterized rods
were removed from each bundie for individual examinations, such as profilometry.
Such inspection procedures provided valuable information on individual rod
performance (e.g., cladding creep), but adversely affect the prototypicality of
the collective rod behavior (i.e., gap spacing.). This is because about 75% of
the precharacterized rods were in bundle peripheral locations so that their
precise positioning directly affected about 50% of the total number of gap
spacing measurements taken. Gap spacing measurements recorded after bundle
reassembly (thus allowing for recalibration) might have provided some insight
on the gap closure dependence on burnup.

Free-hanging rod bow measurements w2re taken on many of the precharacterized
rods in the first inspection of the Quad Cities LTA surveillance program and
occasionally in others (for instance, Peach Bottom 2 (Ref. 16)). Though indi-
cative of the degree of rod straightness, this type of measurement is not
useful in quantifying in-bundle gap spacing. However, it is noteworthy that
the Quad Cities free-hanging bow measurements (Ref. 7) appear non-isotropic and
exhibit a resultant bow vector which is directed away from what would have been
the center of the Quad Cities cores. An identical situation is typically
encountered in CANDU fuel designs, which have large flux gradients across
bundles (Ref. 17). In general, non-randomness of the bowing will preclude the
use of the analysis techniques that rely on the commonly employed, empirically
structured, statistical methodologies.

In summary, we conclude that the GE measurements have not revealed bowing of a
serious nature. In fact, as identified in Table I, the maximum closure measured
was 55%. However, some of the reservations described above on the adequacy of
the data base, that is: (1) the lack of interior rod spacing measurements,

(2) the affect of LTA disassembly/assembly on subsequent spacing measurements,
(3) possible bowing anisotropy, and (4) the lack of statistical interpretations,

were motivation for us to seek additional evidence to support GE's conclusion.



Thus, we looked tc 2 other sources of information to sup.ort GE's finding that
significant fuel rod bowing will not occur in GE BWR fuel assemblies. These
sources are (a) gap spacing measurements on Exxon BWR fuel (Ref. 18) and (b)
PWR fuel vendors' gap closure models (Refs. 19, 20, 21, and 22). Assuming
that the GE fuel propensity for rod bowing is equivalent to that of competitors'
designs, both the Exxon data and the PWR fuel vendor models, which have all
been heretofore approved (Ref. 23) for licensing applications, can be extra-
poleted to the BWR 8x8 fuel geometry. We caution that this assumption is
basically unqualified, overlooks the metallurgical and fabrication uniqueness,
and is employed here solely for the purpose of establishing geometrical
comparisons.

The Exxon gap spacing data comes from nine 7x7 and five 8x8 BWR assemblies that
were irradiated in Oyster Creek. These assemblies had varying exposures up to
25,200 MWd/MTU. In al1, more than 10,000 gap spacings were taken on the 14
assemblies with a leaf-spring probe apparatus, which was used to measure both
interior and exterior gaps. We used tabulated standard deviations of the gap
spacings from only the worst spans (exhibiting the greatest bowing) of each
assembly and corrected those values for the cold-to-hot effect, normalized to
the GE 8x8 geometry, and converted to 95th percentiles (L/I, etc. according to
the guidance in Ref. 24). A linear regression on the $5th percentile data
indicated a reasonable fit with a 0.88 correlation coefficient (based on the
number of percentile values, this corresponds te 1 chance in 50 of random
occurrence (Ref. 25)). The extrapolation of this resulting curve does not
predict gap enclosures of significance until bevond traditional BWR burnups.
(General Electric has not identified a gap closure design limit (threshold)

at which a CPR penalty would be warranted. Therefore, we have compared the
closure rate to the proprietary design closure 1imit employed by Exxon and
which the NRC staff has approved (Ref. 26)). Consequently, we conclude that
the Exxon BWR gap spacing data support the GE contention.
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Additional support for GE's conclusion was also obtained when the NRC staff
normalized the 4 approved P4R fuel vendor gap closure modeis, which are each
based on many thosands of probed-gap spacing measurements, to the GE BWR 8x8
design. In fact, the extrapolation of the resultant average closure curve
(a proprietary curve) when compared to the Exxon gap closure limit indicated
no concern until reaching burnups beyond traditional BWR exposures.

Therefore, on the basis of (a) the reported GE data base and GE's statement that
"To date, no significant fuel rod bowing has been detected in GE BWR fuel
assemblies" [sic, excluding segmented-rod designs] and (b) our own calculations
using other vendors' proprietary information, we conclude that the GE report,
when supplemented with the supporting information that was generated by the NRC
staff, provides an adequate basis for concluding that no operational penalties
on GE BWR fuel are warranted at this time and that GE's fuel rod bowing topical
reports NED0-24284 and NEDE-24284(P) are acceptable for reference. However, we
were not able to reach a judgement on the GE analytical model for predicting

the degree of bowing due to the lack of GE data with which to qualify the model.

5. CONCLUSION AND REGULATORY POSITION

We conclude that the GE report, when supplemented with the supporting inform-
ation that was generated by the NRC staff, provides a basis for concluding that
no operational penalties on GE BWR fuel are required and that the GE topical
report as supplemented with the supporting information is acceptable for refer-
ence. In addition, if adverse rod bowing behavior (rod-to-rod gap closures
greater than 50% of nominal) is observed in GE-supplied fuel in the future, NRC
should be notified in order to ascertain the need for critical power ratio
penalties.
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TABLE 1

LTAS ON WHICH PERPHERAL GAP SPACING MEASUREMENTS WERE TAKEN

Plant LTA Burnup Sides Spans ~ Ref.
(MWd/MTU) Measured Measured

Quad Cities 1 GEH-24 0 2 8 6, 7, 8
7500 2 8 7
12700 2 8 8
Monticello MTBO99* C 2 8 9
3538 eeee- 1 datum**ecee- 10
20500 2 8 11
25900 | emee- 5 data ~=e==- 12
33800 4 7 13, 14
39628 2 eeme- 6 data ~ve==- 15
MTB048 33800 4 7 14

MTBO71 33800 4 7 14

*Damaged during handling and subsequently reconstituted with 7 new spacers,
new lower tie plate, and new capture rod at EOC3.

** At 55% closure, this is the most severe of all reported gap measurements
taken on non-segmented GE fuel rod designs.



