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ABSTRACT

This report is a resource document covering the rationale, design, fab-
rication, and preirradiation characterization of instrumented fuel assembly
(IFA)-527. This assembly is being irradiated in the Halden Boiling Water
Reactor (HBWR) in Norway as part of the Experimental Support and Development
of Single-Rod Fuel Codes Program conducted by Pacific Northwest Laboratory
(PNL) and sponsored by the Fuel Behavior Research Branch of the U.S. Nuclear
Regulatory Commission (NRC). Data from this assembly will be used to better
understand light water reactor (LWR) fuel behavior under normal operating con-
ditions.






SUMMARY

The six-rod instrumented fuel assembly (IFA)-527 is being irradiated in
the Halden Boiling Water Reactor (HBWR) in Halden, Norway. This is the fourth
and last test assembly to be irradiated under the U.S. Nuclear Regulatory Com-
mission (NRC) Experimental Support and Development of Single-Rod Fue} Codes
Program. The principal goal of this assembly is to provide data to improve
the understanding of fuel cracking and relocation.

This report is a resource document covering the rationale, design, fabri-
cation, and preirradiation characterization of IFA-527. This assembly is
highly similar to the three previgus assembiies irradiated under this pro-
gram: IFA-431, -432, and -513. [IFA-527 contains six rods, each instrumented
with two fuel centerline thermocouples, a bellows-type internal gas pressure
transducer, and a cladding axial elongation monitor. All rods are backfilled
with 100% xenon to amplify the thermal effects due to fuel cracking and relo-
cation. In addition, rods 1 through 5 are nominally identical so that data of
a statistical nature may be obtained. Rod 6 has a small fuel-cladding gap and
will provide data for evaluating the lower bound of gap conductance under known
fuel-cladding contact conditions.

The fuel for IFA-527 was fabricated to be similar to the fuel used in
[FA-431, -432, and -513; based on microstructural analysis, it is believed
that the fuel in all four assemblies should behave similarly. Fuel thermal
conductivity and thermal resintering tests were conducted on both IFA-527 and
[FA-513 fuel, and the results are in agreement with previous tests.
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INTRODUCTION

If a loss-of-coolant accident (LOCA) should occur in a light water reactor
(LWR), the short-term thermal stored energy and long-term decay heat of the
fuel rods become the driving forces for fuel damage. To assess the amount of
energy that would be present in the core of a commercial LWR should a LOCA
occur, the U.S. Nuclear Regulatory Commission (NRC) must rely on computer
codes, which are designed to account for fuel type, fuel and ciadding dimen-
sions, coolant conditions, power level, operating history, and a host of other
considerations. However, these codes are only as reliable as the data bases
that are used to build them and to verify their resuits.

The Experimental Support and Development of Single-Rod Fuel Codes Pro-
gram was primarily established to develop a well-characterized data base to
assure such reliability. The program was begun at Pacific Northwest Laborataory
(PNL)(a) in 1974 by the Fuel Behavior Research Branch of the NRC. The data
generated from this program is now being used in the development and verifica-
tion of the NRC audit codes GAPCON-THERMAL') and Frapcon. (2

To date, four instrumented fuel assemblies {IFAs) have been built and
irradiated in the Halden Boiling Water Reactor (HBWR), Halden, Norway. The
first of these assemblies, IFA-431, was irradiated from June 1975 to February
1976 and obtained an assembly average burnup of 389 GJ/kgu (4.5 GWd/MTM). The
second assembly, IFA-432, is identical in design to IFA-431 and began irradia-
tion in December 1975; it is still in the reactor and is providing data at high
fue] burnup.(b) The design of the third assembly, IFA-513, is similar to the
two previous assemblies with some differences--principally fuel length and ini-
tial fi1l gas composition and pressure. IFA-513 began irradiation in November
1978 and is still in-reactor.(c) The data obtained from all three of these
assemblies has been consistent and useful for verifying existing models, devel-
oping new models, and developing new techniques for analysis of fuel rod data.

(a) Operated for the U.S. Department of Energy (DOE) by Battelle Memorial
Institute.

{b) As of October 4, 1980, the assembly average burnup for IFA-432 was approx-
imately 2335 GJd/kgu (27 GWd/MTM).

(c} As of October 4, 1980, the assembly average burnup for IFA-513 was
775 GJ/kgU (9 GWd/MTM).



To continue the work begun with IFA-431, -432, and -513, the fourth (and
final) assembly was charged into the HBWR in June 1980. Thijs assembly, desig-
nated IFA-527, is principally designed to provide additional data on the phe-
nomena of fuel cracking and relocation. To emphasize the thermal effects of
cracking and relocation, all six rods in IFA-527 have an initial fill gas of
pure xenon at l-atm pressure. In addition, because cracking and rejocation
are of a statistical nature, five of the six rods are nominally identical; the
sixth rod has a smaller initial fuel-cladding gap.

This report is a repository of information on the objective, design, and
fabrication of IFA-527. Since this assembly shares some design features and
materials with the previous assemblies, their precharacterization reports(a)
are referenced when appropriate. The information included in this report is
organized as follows:

¢ Test Objectives

o IFA-527 Design and Assembly Fabrication
e Fuel Fabrication and Characterization

s Assembly Operation

s Appendices.

{a) Precharact r}zation report for IFA-431 and -432 hereafter referred to as
BNWL-1988; 13 pregharacterization report for IFA-513 hereafter referred
to as PNL-3156.(%



TEST OBJECTIVES

A principal objective of the NRC/PNL Experimental Support and Develop-
ment of Singie-Rod Fuel Codes Program has continually been to obtain well-
characterized thermat-mechanical fuel rod data over the spectrum of normal LWR
operation. By varying the density, stability, and dimensions of the fuel and
the composition and initial pressure of the fill gas, thermal and mechanical
data has been obtained under a variety of known conditions. By using replicate
rods filled with xenon gas, data from IFA-527 will be used for:

e analysis of fuel cracking and relocation
s definition of the lower boundary for fuel-cladding contact conductance

» insight into the possible statistical variation in behavior that can
occur between nominally identical rods

o further insight into the question of enhanced fission gas release
with increasing burnup.

ANALYSTS OF FUEL CRACKING AND RELOCATION

Thermal stresses in UO2 fuel pellets that arise from radial temperature
gradients are sufficient to cause cracking of the pellets. Subsequently, the
resulting pelliet fragments may undergo some Timited movement relative to their
original positions (relocation). Fuel cracking and relocation can have several
effects in a fuel rod:

e increased gap conductance due to decreased fuel-cladding gap width

« gdecreased effective fuel thermal conductivity due to the presence of
cracks

o decreased elastic modulus of UO2 due to the presence of cracks.

The action of fuel cracking and relocation is reflected through tempera-
tures and cladding deformation (radial and axial). A model has been developed
that uses measured fuel centerline temperature and total cladding elastic
elongation data to deduce gap conductance, effective fuel thermal conductivity,
and elastic moduli {radial and axia]).(s)



Because the analysis of relocation is dependent upon measured tempera-
tures, slight shifts in temperature can indicate changes in fuel condition.
By using xenon as a fill gas (it has the Towest thermal conductivity of the
noble gases), the temperature effect of fuel changes is magnified as compared
to helium fill gas. Thus, it may be possible to observe fuel changes that are

not as easily observed with heljum fill gas.

FUEL-CLADDING CONTACT CONDUCTANCE

The conductance of heat from the fuel to the cladding is principally
dependent upon the thermal conductivity of the gas occupying the volume between
the fuel and cladding, the distance between the fuel and cladding, and any
contact that occurs between the fuel and cladding. Previous assemblies pro-
vided data on helium-filled rods with large gaps and closed gaps; the rods in
this assembly will provide data on xenon-filled rods with initial gaps of both
normal (230 vm) and small size (50 um). In particuiar, rod 6, which has a
small gap, will have fuel-cladding contact when brought to power; thus, a lower
bound on gap conductance under known contact conditions will be established.
The uncertainty in fill gas thermal conductivity as a function of burnup is
also minimized by using xenon fill gas. Thus, solid conductance may be esti-
mated at higher burnups where fuel swelling and reiocation may cause gap clo-

sure of the normal gap size rods.

STATISTICAL VARIATIONS

Although fuel rods may be built to the same design specifications and may
meet specified tolerances, there will be local variations in dimensions and
material properties. The combination of these variations and differences in
operating conditions (neutron flux, coolant conditions) may result in differ-
ent behavior from nominally identical rods. The question may then arise as to
whether the observed variation is significant; and in particular, how much
difference is there between the observed variation and the anticipated uncer-
tainty in fuel rod performance or predictions of fuel rod performance.



Rods 1 through 5 of IFA-527 are nominally identical; there will be a
variation in operating conditions because of an expected radial neutron flux
tilt across the assembly (IFA-527 is located at the edge of the core in a low-
power region to avoid extreme fuel temperatures caused by the xenon fill gas
reducing gap conductance). A comparison of behavior between these rods will
provide an estimate of the variation that can be expected between nominally
identical rods. Comparison to uncertainties associated with fuel performance
code predictions may also prove useful in evaluating uncertainty assessment

(6)

techniques.

BURNUP-ENHANCED FISSION GAS RELEASE

The increased rate of fission gas release from the fuel matrix as a func-
tion of increasing burnup is a concern in fuel rod design. Fission gas release
is highly temperature dependent and involves a thermal feedback Toop for helium-
filled rods: fission gas release degrades fill gas thermail conductivity, which
decreases gap conductance, which leads to higher fuel temperatures and thus to
more fission gas release. This process can obscure an increasing rate of fis-
sion gas release due to burnup effects.

Because IFA-527 fuel rods were initially filled with xenon, temperatures
cannot increase due to the above described thermal feedback effect because the
release of additional xenon (fission gas) has little effect on heat transfer.
Thus, if a near constant power/temperature history is maintained while the rate
of fission gas release increases {(as indicated by gas pressure measurements},
the increase can be attributed to burnup-related effects (i.e., burnup-induced
microstructrual changes).






INSTRUMENTED FUEL ASSEMBLY (IFA)}-527 DESIGN AND ASSEMBLY FABRICATION

The design of IFA-527 is very similar to that of [FA-431, -432, and -513
and is discussed in this section in three parts: individual rod design, ocver-

(a)

will be discussed where appropriate throughout the report.

all assembly design, and fuel rod fabrication. Associated instrumentation

ROD DESIGN

Five of the six rods in [FA-527 are nominally identical, and rod 6 is
similar but with a smaller fuel-cladding gap size. The cladding is annealed
seamless Zircaloy-2, and the fuel is compacted and sintered UO2 of “95% theo-
retical density (TD} enriched to 9.90 weight percent (wt%) uranium-235. To
reduce flux peaking at the ends of the fuel columns, a poison peliet consist-
ing of 95% natural uo, and 5% Dy203 is located at each end. Table 1
lists rod design parameters, and Table 2 summarizes the as-built dimensions
and variations. A general rod design schematic is shown in Figure 1. The
pellet stacking order for each rod is presented in Appendix A.

The instrumentation for each rod consists of two fuel centerline thermo-
couples and a bellows-type pressure transducer. Because the thermocouples
(W-3% Re/W-25% Re with Be0 insulators) are located in both the lower (near the
neutron flux peak) and upper ends of the fuel rods (see Figure 1), they provide
temperature measurements at two power levels. The power Tevel at the upper
thermocouple is approximately 75% of the power at the lower thermocouple. The
pressure transducer is connected to the plenum and automatically provides con-
tinuous pressure measurements.

Assumed measurement uncertainty for the fuel thermocouples is +3% for
temperatures less than 24?3K.(?) This includes calibration, instrumentation,
and some irradiation effects at low burnup. The uncertainty will increase with
burnup due to decalibration caused by neutron irradiation. The pressure trans-
ducers are gquoted by Halden to have an uncertainty of +1.5% at 0.2 MPa.

(a) Halden has supplied PNL with copies of the design drawings for the fuel
rods, instrumentation, and supporting hardware.



TABLE 1.

Instrumented Fuel Assembly (IFA}-527 Rod Design Parameters

C]adding:(a) Material Zircaloy-2
Quter Diameter 12.789 mm
Inner Diameter 10.909 mm
Fuel: Material uo;
Enrichment 9.90 wt% 235y
Density 85% theoretical
Diameter 10.681 mm (rods 1 through §)

10.833 mm (rod 6)

Pellet Length 12.7 mm

Poison Pellets: Material 95% natural U0y, 5% Dy203
Diameter 10.2 mm
Length 7.0 mm

Fill Gas: 100% Xe at 0.1 MPa

(a) See Appendix A of BNWL-1988 for cladding certification.

TABLE 2. As-Fabricated Dimensions and Variances for Instrumented Fuel
Assembly (IFA)-527
Theoretigal
Rod Pellet Length, Pellet Diameter, Density, '@
No. mm +lo mm +lo % tlo
1 12.609 +0.088 10.681 +0.004 95.04 +0.154
2 12.616 +0.083 10.683 +0.004 95.04 +0,209
3 12.680 +0.068 10.681 +0.003 94.93 +0.199
) 12.718 +0.083 10.683 +0.004 94,82 +0.121
5 12.662 +0.136 10.683 +0.003 94.89 ED.147
6 12.852 ED.112 10. 864 ED.OOZ 95.35 +0.095
Enriched | Enriched | Total ; Pienum
Rod  Fuel Weight,'®)  Fuel Length,'®)  Fuel Length,'®)  Length, ‘9]
No. g nm mm mm
1 717.5 776.72 792.9 32.3
2 715.5 773.7 74y2.7? 32.4
3 716.5 775.5 793.0 32.2
4 /17.5 777 .4 792.5 33.1
5 719.0 777.6 793.0 31.8
6 739.5 770.3 79¢.0 33.3
(a) Geometric density.
{b) Reported by Halden, excludes poison pellets.
(c) Reported by Halden, includes poison pellets.
(d) Top of fuel stack to end of cladding (accuracy is 0.1 to 0.2 mm)











































































































































































































































































