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ABSTRACT

Light water reactor (LWR) fuel behavior studies are being conducted by the Thermal
Fuels Behavior Program of EG&G Idaho, Inc. These studies are being performed in the
Power Burst Facility (PBF) at the Idaho National Engineering Laboratory (INEL). As a part
of the fuel behavior studies, a series of tests to evaluate gap conductance in LWR design fuel
rods has been initiated. The results obtained from three of these tests, Gap Conductance
Tests GC 2-1, GC 2-2, and GC 2-3, are presented in this report. The experiment data.were
used as a basis for evaluating the effects of variations in LWR fuel rod design parameters of
initial pellet-to-cladding g?p width, fill gas composition, and fuel density on the thermal
response of fuel rods and the heat transfer coefficient (gap conductance) across the
pellet-to-cladding gap. On the basis of the experiment data, the thermal conductivity of the

2 uel and the gap conductance are affected by pellet cracking. An empirical model hasfUO
been developed for estimating an effective cracked pellet fuel thermal conductivity as a
function of temperature. Also, the Ross and Stoute gap conductance correlation has been
compared with steady state gap conductance values obtained from experiment data and the
model has been modified to account for the effects of pellet cracking and pellet fragment
relocation on the gap conductance. Gap conductance values have also been obtained by the
power oscillation method, and an evaluation of the power oscillation experimental method
for use in obtaining gap conductance in irradiated fuel rods is presented. Details of the.
design and operation of the tests, the observed thermal response of the fuel,and the analysis
methods used for obtaining effective fuel thermal conductivity and steady state and power
oscillation gap conductance values are provided as appendices.
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SUM 31ARY

Gap Conductance Test Series-2 is being conducted by the Thermal Fuels Behavior
Program of EG&G Idaho, Inc., under contract to the United States Department of Energy as
part of the Nuclear Regulatory Commission's Water Reactor Safety Research Program. This .

report describes the test results and analysis of three gap conductance tests performed in the {
Power Burst Facility (PBF) at the Idaho National Engineering Laboratory (INEL). These {
tests are identified as Tests GC 2-1, GC 2-2, and GC 2-3, and are the first three tests of a |
series of five tests designed on the basis of a 3 x 3 fractional factorial design for evaluating
the effects of variations in the fuel rod design parameters on the thermal response oflight
water reactor fuel rods. The rod design parameter variations used in Tests GC 2-1, GC 2-2,
and GC 2-3 encompass variations in initial gap widths, fuel densities, and expected till gas
composition.

Although additional data will be forthcoming from Tests GC 2-4 and GC 2-5, the data
from the three tests performed to date have provided a basis for evaluating the effects of
fuel design parameter variations on (a) fuel rod thermal response (that is, temperature
response), (b) effective fuel thermal conductivity, and (c) pellet-to-cladding gap con-
ductance as a function of rod power density. Data for evaluating gap conductance were
obtained by steady state (fkdT) and power oscillation experimental methods and the steady

i

( state results also provide a basis for evaluation of the power oscillation method for obtaining
l pellet-to-cladding gap conductance in light water reactor (LWR) design rods.

f Generally, the test rod steady state thermal responses were as expected, except that
the xenon and argon filled rods were hotter at low powers than was expected. Initial gap
width has a strong effect on the fuel centerline and pellet surface temperatures in helium
filled rods when the gap width is increased from 2.2 to 3.47e of the pellet diameter, but only
a small effect was observed when the gap width was increased from 0.94 to 2.27c. Ilowever,
for argon and xenon tilled rods, the effect of gap width between 0.94 and 2.27c gap rods was
much greater. The stronger effect of gap width in the argon and xenon filled rods than in
the helium filled rods is interpreted to be due to the strong effect of pellet cracking and fill
gas inclusion on the effective thermal conductivity of the fuel. Inclusion of the low
conductivity fill gases of argon and xenon in the fuel cracks strongly inhibits heat
conduction across the cracks. At high powers, however, fuel restructuring and contact
pressure somewhat offset the effect of cracking and gas inclusion in the xenon filled test
rods.

In all test rods, the fuel centerline temperatures increased much more than did the
off-center (pellet surface) temperatures when the initial gap width was increased. This
indicates that when the pellets crack, part of the thermal resistance normally associated with
the pellet-to-cladding gap is redistributed within the fuel pellet, especially in moderate and
large gap rods. This result further illustrates that pellet cracks and the movement of pellet
fragments degrade the fuel thermal conductivity while improving the gap conductance.

iv
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The xenon filled rods showed the highest fuel temperatures at a specified powerlevel.
llowever, the differences in the fuel centerline temperatures between xenon and argon rods:
were much smaller than the differences in the off-center (pellet surface) temperatures for
the same rods. This result indicates that the gap thermal resistance and the fuel thermal
conductivity are reduced in both xenon and argon filled rods, but that the reduction in fuel
thermal conductivity in the high temperature xenon filled rod is somewhat offset by some
other effect, possibly fuel restructuring.

The effect of fuel density on the observed thermal response was small for fuel
centerline temperatures, and indistinguishable from normal scatter in the data for off-center
temperatures.

i Under actual operating conditions, pellet cracking, relocation, and till gas inclusion
3 uel pellets. An analytical procedure wasf

| significantly alter the thermal conductivity of UO
developed for evaluating the " effective fuel thermal conductivity" that takes these effects
into account. To be of use in predicting fuel rod effective thermal conductivities, an
empirical correlation was developed on the basis of evaluated effective thermal conduc-
tivities from Tests GC 2-1, GC 2-2, and GC 2-3. The correlation was obtained for all the
helium filled test rods in terms of (a) a nominal " hot gap width," (b) the initial cold gap

i width, and (c) the fuel density. Although the fuel density has small effect as an individual
parameter, it did serve as a multiplier to fine-tune the relationship for the various helium
test rods.

Pellet-to-cladding gap conductance was evaluated as a function of test rod power
density by the steady state (fkdT) and power oscillation experimental methods. The steady
state values were very consistent between similar rods in the three tests, and showed
relatively small azimuthal variations in a given rod. The effect of initial gap width was

|
significant for the helium filled rods between the wide gap and narrow gap rods. Only
medium and narrow gap xenon and argon rods were tested and the effect of gap width was!

small between the different gap rods for both xenon and argon.

}
The low thermal conductivities of the xenon and argon fill gases significantly decrease

the gap conductance in these rods with respect to the relatively high conductivity helium fill'

gas rods. Ilowever, the effect of fill gas is offset somewhat, but not entirely, by high fueli

temperatures which result in greater fuel expansion, pellet cracking, and pellet fragment
relocation, all of which increase the gap conductance by decreasing the gap width.

A corTelation was developed which provides a simple method for estimating the gap
conductance of a particular LWR design fuel rod under a specific set of rod conditions. In
the development of the correlation for predicting gap conductance it was observed that all
but three of the test rods in the three tests could be predicted quite well by the Ross and
Stoute gap conductance correlation, modified to account for pellet cracking and pellet

;

fragment relocation by assuming nonuniform thermal expansion of the cracked pellets. The
nonuniform thermal expansion model takes into consideration that the pellets have been ,

I heated and cracked. Upon cooldown the pellet fragments do not usually fit together well
enough to completely close the relocated cracks. Upon reheating, the relocated cracks must

v

- - . _ _ . _ . - _ . . _ _ __ _ .-~



R

be filled before thermal expansion contributes to closing the existing pellet-to-cladding gap. i

A nonuniform thermal expansion model that allowed only 307v of the integrated fuel pellet
radial thermal expansion to be communicated to the relocated pellet-to-cladding gap was
determined to fit the data best.

For the other three rods (the narrowest initial gap width rods; Rods GC 502,
GC 522-2, and GC 523-3),.a uniform thermal expansion model provided the best fit with
experimental data. For Rod GC 502, the narrow gap helium filled rod, data were also
obtained that would better be fit by a nonuniform expansion model. These data were
obtained during the power oscillation portion of the test and may be indicative of a definite
change in the thermal response of the rod after the power was cycled several times. The
xenon (Rod GC 523-2) and argon (Rod GC 522-2) tilled narrow gap rods exhibited high fuel )
temperatures at low power levels, because of the low thermal conductivity fill gases,
resulting in early gap closure. With gap closure at low power levels, subsequent thermal
expansion would be expected to be essentially the same as for a solid pellet; that is, uniform
thermal expansion.

Gap conductance values determined by the power oscillation method were generally
in agreement with the steady state values at low powers, but deviated significantly (much
higher values) at high powers. A direct correlation exists between the power levels at which '

the two metiiods deviate and the occurrenceofwaveshape changes in the fueland cladding
temperature oscillations. The waveshape changes are believed to be due to pellet-to-cladding
contact during the oscillations, possibly indicating gap closure during the power increase and
gap reopening during the power decrease.

| Azimuthal variations within a rod were much greater for the power oscillation method
'

than for the steady state method. Many of the indicated power oscillation values at high
2powers were unrealistically high (greater than 40 kW/m .K). Pellet-to-cladding contact is

postulated to have occurred during the high power oscillations, with possible gap closure
during the increase in power and gap reopening during the decrease in power. Gap closure
and reopening during the power oscillation cycle would alter the measured phase lag of the
cladding surface temperature oscillation by introducing higher harmonics. The analytical
methods used to evaluate gap conductances do not account for higher harmonics and may )

'

result in unrealistic values.

Analyses are described that were performed to identify cladding surface temperature
waveform distortions and to quantitatively determine the effect of observed nonlinearities
on the results obtained by the power oscillation method. Nonlinearities in the waveforms
were identified for both pressurized water reactor (PWR) and boiling water reactor (BWR)
design rods, but the nature of the nonlinearities were different for the two designs;that is,
the amount of signal distortion increased in the BWR rods as the nominal rod power
increased, but the signal distortion was greatest at low power levels in the PWR rods. The
amount of signal distortion observed at a specific power level suggests that the PWR design
fuel rods maintained a more stable fuel stack geometry during the power oscillations. The
fuel pellet central expansion is possibly compensated for by the dished ends of the PWR fuel

vi

_ _ - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



pellets, but it contributes to an unstable geometry in the initially flat ended BWR pellets
during a power oscillation.

A major objective of the PBF gap conductance tests has been to provide experimental
data for evaluating the power oscillation method for obtaining gap conductances. On the
basis of the results obtained from Tests GC 2-1, GC 2-2 and GC 2-3, the power oscillation
method does not provide reliable and consistent gap conductance values for BWR design
rods over the range of power levels ofinterest. These results are in contrast to the evaluation
of the power oscillation method based on the " piggyback" tests with PWR design rods. The
analyses should continue in an attempt to determine why the power oscillation method
appears to provide acceptable results for PWR design rods but not for BWR design rods.
Tests GC 24 and GC 2-5 will provide additionallow power data to better identify the range
of applicability of the oscillation method. These results may also provide further insight as
to why the method works for one rod design and not the other.

.
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GAP CONDUCTANCE TEST SERIES-2

TEST RESULTS REPORT FOR
r

TESTS GC 2-1, GC 2-2, AND GC 2-3

1. INTRODUCTION

Light water reactor fuel behavior studies are being conducted by the Thermal Fuels
Behavior Program of EG&G Idaho,Inc., under contract to the United States Department of
Energy. This work is part of the Nuclear Regulatory Commission's Water Reactor Safety
Research ProgramlII under which experimental data for verification of analytical models
developed to predict the behavior of light water nuclear fuel rods under normal and
postulated accident conditions are being obtained from a variety of in-reactor and
out-of-reactor experiments.

On the basis of analytical predictions, the heat transfer rate across the fuel-to-cladding
gap (gap conductance) is considered to be an important factor in determining the response
of light water reactor (LWR) fuel rods to postulated accidents.

A series of Gvc tests to evaluate gap conductance in LWR design fuel rods has been
designed to be performed in the Power Burst, Facility (PBF) at the Idaho National
Engineering Laboratory (INEL). This series of tests is being performed to evaluate the
effects of variations in the design parameters of initial gap width, fill gas composition,and
fuel density on the thermal response of LWR fuel rods,and to provide a basis for evaluating
the power oscillation experimental method for obtaining data fromwhichgapconductance
values can be determined. Specific objectives of each test are to (a) provide experimental
data for evaluating gap conductance by both the steady state fkdT and power oscillation
experimental methods,(b) provide information from which effective fuel thermal conduc-
tivities can be determined, and (c) provide data for evaluating the effects of variations in
the three design parameters (initial pellet-cladding gap width, fill gas composition,and fuel
density) on the gap conductance values and the effective fuel thermal conductivity.

This series of tests has been designated Series-2, and the individual tests are identified
as Tests GC 2-1 through GC 2-5. Tests GC 2-1, GC 2-2, and GC 2-3 have been performed
and consisted of basic boiling water reactor (BWR) design test rods with variations in the
initial diametral gap widths of 0.94,2.2, or 3.4% of the pellet diameter; fill gas compositions
of pure helium, xenon, or argon; and fuel densities of 92, 95, or 97% theoretical
density (TD). The data obtained from Tests GC 2-1, GC 2-2, and GC 2-3 have been analyzed
and correlations have been developed from which gap conductance values and effective fuel
thermal conductivities can be estimated for any LWR design fuel rod.-

I ;
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The purpose of this report is to present the experimental and analytical results from
Tests GC 2-1, GC 2-2, and GC 2-3, and to provide a preliminary evaluation, based on
analysis of data from these first three tests, of the capability for the power oscillation
experimental method to provide data from which gap conductance values can be
determined.

Section 11 discusses the basis for performing in-reactor gap conductance tests and i

brielly describes the steady state fkdT and power oscillation experimental methods.
Section 111 summarizes the important test rod and test assembly design characteristics and
test conduct procedures for each test. The effects of rod design parameter variations on
experiment results, in terms of measured thermal responses, are discussed and correlated
with postirradiation examination results in Section IV. Section V describes analyses for

'

evaluating effective fuel thermal conductivities and gap conductance values and the effects
of rod design parameter variations on these quantities. In addition, correlations for
evaluating effective fuel thermal conductivities and gap conductance values for any LWR
design fuel rod are presented. Analysis of the power oscillation experimental results and an
evaluation of the power oscillation experimental method for obtaining gap conductance
values are provided in Section VI.

Appendix A prosides detailed information on the experiment instrumentation,
evaluation of data uncertainties, and conduct of each test. Detailed test results are provided
in Appendix 11 in the form of thermal response data plots and time-dependent data plots for
each measurement transducer used in the tests. Appendix C provides descriptions of the
analysis methods used to (a) correct the off-center fuel temperature measurements for
perturbation effects and effects of fuel pellet eccentricity. (b) to estimate effective fuel
thermal conductivities and gap conductance values, (c) to evaluate gap conductance by the
power oscillation experimental method, and (d) to evaluate test rod power densities and
uncertainties. Part of the evaluation of the power oscillation experimental method involves
analysis of data obtained during the power-cooling-mismatch tests, Tests PChi-2 and PChl-3,
in the Pill'. Descriptions of the test design and conduct for the gap conductance portions of
Tests PChi-2 and PC51-3 (identified as Tests GC PChl-2 and GC PChi-3) are provided in <

Appendix D. All appendices are provided on microliche and are attached to the back cover.
|

,
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II. IIASIS FOR IN-REACTOR GAP CONDUCTANCE EXPERIMENTS

In the event that an accident, such as a postulated loss-of-coolant accident, should
occur in a light water power reactor, the fuel rod thermal response depends on the thermal
energy stored in the fuel at the time the postulated accident occurs, the mechanisms
involved in heat transfer from the fuel rods following the accident, and the steps taken to
mitigate the consequences of the accident. On the basis of analytical predictions, the
fuel-to-cladding gap conductance is considered to be an important factor in the
determination of the response of LWR fuel to postulated accidents.

The thermal conductance across the fuel-to-cladding gap is by means of conta;:.
conductance at points of fuel-to-cladding contact, and convection through a gap gas
environment. For nominally open gaps, gap size and the thermal conductivity of the gap gas
dominate the functional relationship. For closed gaps, contact pressure becomes dominant.
Affecting gap conductance to a lesser extent are surface roughness of the fuel and cladding,
and gap gas pressure (as it influences the accommodation coefficients, and, therefore, the
thermal conductivity of the light gases). Allof the parameters affecting gap conductance are
highly temperature-dependent and are complex functions of the changes occurring within
the fuel rod during irradiation.

Gap size and contact pressure are,in turn, influenced by a number of factors including
initial gap size; fuel pellet cracking; thermal expansion of fuel and cladding (a function of
power); fuel swelling and densification;and creep, and elastic and plastic deformations of
the cladding material. The first three factors (initial gap size, pellet cracking, and thermal
expansion) are most significant during the early operating life of the fuel rod. The fuel pellet
cracking phenomenon is not well understood and is not modeled accurately in current gap
conductance codes. Present experimental knowledge suggests, however, that pellet cracking
is dependent on the initial fuel density and the pellet center-to-surface temperature
gradients (functions of power). Pellet cracking is considered to be particularly significant
during initial power ramps.

The effect of gap-gas thermal conductivity on gap conductance is dependent on the
initial backfill pressure and composition of the fill gas, the generation and release of gaseous
fission products, and the release of fuel impurities (primarily nitrogen, carbon dioxide,and
hydrogen). Initial backfill pressure and composition of the fill gas are also most influential
during early life.

In summary, those parameters that are thought to have a significant and direct effect
on gap conductance during early life are:

(1) Power level

(2) Initial pellet-to<ladding gap size

(3) Fuel density (fuel cracking effects)

3
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(4) Gap gas composition

(5) Backfill pressure

(6) Surface roughness of fuel and cladding.

The first four of the listed parameters are the most important. In-reactor experiments are
required to obtain information on the effects of these parameters on fuel rod thermal
response.

Gap conductance as such is not a directly measureable quantity and must be inferred
from other measured variables. Two experimental methods are being employed in the
Thermal Fuels Ilchavior Program at the INEL for obtaining gap conductance information
from in-reactor tests - the steady state (fkdT) methodl2] and the thermal oscillator or
power oscillation method, described in Appendix C. The fkdT method requires cladding
surface temperature measurements and a detailed knowledge of the temperature distribution
in the test rod fuel. To experimentally obtain the latter information requires internal fuel
temperature measurements. which cannot be made in preirradiated fuel rods.

The thermal oscillator method relates fuel-to<ladding gap conductance to the phase
relationship between a sinusoidal test fuel rod power density oscillation and the
corresponding test rod cladding surface temperature oscillation. During a power oscillation,
the two signals will oscillate at the same frequency, but with a phase lag between the power
signal and the cladding surface temperature signal. Theoretically, the gap conductance can
be determined from analytical relationships between the measured phase lag and the gap
conductance. The major advantage of the thermal oscillator technique is that only external
fuel rod measurements of cladding surface temperature and test fuel rod power are required
to obtain gap conductance information. A detailed description of the power oscillation
method is provided in Appendix C.

|

|
|
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111. EXPERIMENT DESIGN AND CONDUCT

The PilF Gap Conductance Test Program Test Series-2, was designed on the basis of a
3 x 3 fractional factorial design to obtain the maximum amount of information with a
minimum number of tests. The test series consists of five tests, t ;ch test being performed
with four, instrumented, basically llWR-design test rods. The test rod designations and
variations in rod design parameters of fuel density, initial gap width, and gap gas
composition are shown in Table I. Test rod length is limited to 0.91 m in the PilF in-pile
tube. The common nominal design characteristics for all rods in Tests GC 2-1, GC 2-2, and
GC 2-3 are provided in Table 11. Specific measurements of the pretest fuel pellet and
cladding characteristics are provided in References 3,4, and 5.

For each test, the instrumented fuel rods were installed in the four-rod hardware
(designated 4X-A or 4X-II) and positioned in the PilF in-pile tube. The 4X hardware
positions the fuel rods symmetrically within the in-pile tube. A zircaloy shroud around each
test rod maintains the independence of each rod and provides coolant flow upward past
each rod. The test train is designed to facilitate easy removal and replacement of the fuel
rods and shrouds atter each test.

Measurements were made directly in or on the test rods to obtain data for evaluating
rod thermal response, effective fuel thermal conductivity, and pellet-to-cladding gap
conductance values, and in the coolant system to determine thermal hydraulic conditions
and test rod power densities. During Tests GC 2-1, GC 2-2, and GC 2-3. three of the rods m
each test contained a fuel centerline thermocouple; three equally spaced, azimuthally,
of f-center thermocouples at the same axial location as the centerline thermocouple; three
equally spaced, azimuthally, cladding surface thennocouples at the same axial location as
the centerline and of f-center thermocouples; and two cladding surface thermocouples at a
lower axial position on the fuel rods. The fourth rod in each test contained a centerline
thermocouple, only one off-center fuel thermocouple, and cladding surface thermocouples
in the same arrangement as on the other t hree rods. Specific details of the test
instrumentation for all three tests are provided in Appendix A.

The purpose of the off-center thermocouples was to measure fuel temperatures close
to the pellet surface in an attempt to better determine the pellet surface temperature; to
reduce the uncertainty in the resulting steady state gap conductance values,in conjunction
with the centerline thermocouples; and to provide a means for determining an effective
(in-pile, cracked pellet) fuel thermal conductivity. The cladding surface thermocouples were
used to estimate the temperature drop across the gap and to obtain phase angles used in

- endaaling powu osciPation gap waductance values.

Each of the tests consisted basi ally of three parts performed in the following
sequence: (a) steady state operation Qower calibration) over a range of PilF core power
levels during which each of the four test fuel rod power densities was determined and
calibration constan ts between test rod power and core power were obtained, (b) a
preconditioning penod during which test rod peak power densities were cycled between low

5

_ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ __ _



- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

TABLE I

PBF GAP CONDUCTANCE TEST SERIES-2
TEST R0D PARAMETER VARIATIONS

Test Test Rod Designation and Designs

GC 501 GC 502 GC 503 GC 504

GC 2-1 2.2% gap [a3 0.94% gap 2.2% gap 2.2% gap
97% TD fuel 97% TD fuel 95% TD fuel 95% TD fuel
2.6 MPa Xe 2.6 MPa He 2.6 MPa He 2.6 MPa Ar

,

GC 522-1 GC 522-2 GC 522-3 GC 522-4

GC 2-2 2.2% gap 0.94% gap 0.94% gap 3.4% gap
92% TD fuel 95% TD fuel 95% TD fuel 95% TD fuel
2.6 MPa Xe 2.6 MPa Ar 2.6 MPa He 2.6 MPa He

GC 523-1 GC 523-2 GC 523-3 GC 523-4

GC 2-3 0.94% gap 0.94% gap 3.4% gap 2.2% gap
92% TD fuel 95% TD fuel 97% TD fuel 92% TD fuel

2.6 MPa He 2.6 MPa Xe 2.6 MPa He 2.6 MPa Ar

GC 524-1 GC 524-2 GC 524-3 GC 524-4

GC 2-4 2.2% gap 2.2% gap 2.2% gap 2.2% gap
95% TD fuel 92% TD fuel 97% TD fuel 97% TD fuel
2.6 MPa He 2.6 MPa He 2.6 MPa He 2.6 MPa Ar

GC 525-1 GC 525-2 GC 525-3 GC 525-4

GC 2-5 2.2% gap 0.94% gap 0.94% gap 3.4% gap
92% TD fuel 95% TD fuel 95% TD fuel 92% TD fuel

2.6 MPa He 2.6 MPa Ar 2.6 MPa He 2.6 MPa He j

[a] All gap sizes are expressed in percent of nominal design pellet
diameter,

and hich power levels for three cycles (the purpose of the preconditioning period was to
obtain data from which fuel pellet cracking and rearrangement effects on gap conductance
values could be evaluated), and (c) a power oscillation period during which the power was |

oscillated about several nominal power levels at a variety of oscillation magnitudes and
periods. Steady state data were obtained during all phases of each test. Power oscillation gap
conductance data were obtained only during the oscillation periods. System conditions were

3nominally 538 K inlet temperature. 7.17 MPa coolant pressure, and 250 to 1000 cm /s

6
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TABLE II

COMMON NOMINAL DESIGN CHARACTERISTICS OF BWR DESIGN TEST
FUEL RODS FOR GAP CONDUCTANCE TESTS GC 2-1, GC 2-2, and GC 2-3

Rod Parameter Nominal Design Value

Cladding outside diameter (mm) 12.50

Cladding inside diameter (rrm) 10.79

Wall thickness (mm) 0.86

Fuel material UO2

Cladding material Zircaloy-2

Pellet shape Flat ends

Pellet length (mm) 10.57

Rod overall length (mm) 990.6

Fuel stack length (mm) 914.4

Plenum length (mm) 55.12

Plenum volume

Fuel volume 0.08

Plenum spring Coiled carbon steel

Internal pressure (MPa) 2.58

Shroud inside diameter (mm) 19.30

Pellet enrichment (wt% U-235) 10

coolant llow during the power calibration and preconditioning periods, and 478 K inlet
3temperature,7.17 MPa coolant pressure, and 500 cm /s coolant flow during the oscillation

peri <st Wriations in the specille operation cenditions and performance sequence between
the three tests are discussed in Appendix A.

7
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IV. EXPERIMENT RESULTS - EFFECTS OF FUEL ROD DESIGN PARAMETER

VARIATIONS ON THERMAL RESPONSE AND CORRELATION WTTH

PO5TIRRADIATION EXAMINATIONS
1

(

Experimental dat'a obtained during a PBF gap conductance test include: (a) coolant
inlet and outlet temperatures, separate coolant differential temperature (AT) data, coolant
mass How rates, and coolant pressure, from which test rod average power densities are
determined for each rod; (b) fuel pellet centerline, off-center, and cladding surface
temperatures from which test rod thermal response, steady state gap conductance values,
test rod stored energies, and effective fuel thermal conductivities are determined;(c) test
rod power and cladding surface temperature oscillation data from which pellet-to-cladding
gap conductance values are estimated; and (d) neutron Hux wire and self-powered neutron
detector (SPND) data from which axial weighting factors are determined for evaluating local
test rod power densities.

Test rod average power densities, fuel centerline and cladding surface temperatures,
cladding surface temperature phase angles, and axial weighting factors are determined
directly from measured variables. The measured fuel off-center temperatures must be
corrected for perturbation effects, and evaluations of effective thermal conductivity and
steady state and power oscillation gap conductance values require additional analyses and
computer calculations to obtain the desired results.

For each test, steady state thermal response data were obtained over a range of test
rod peak power densities from approximately 2 to 52 kW/m. These data were obtained
during the power calibration and preconditioning periods and immediately prior to and
following power oscillations during the oscillation portions of the tests.

\

This section describes the steady state thermal response data obtained from Tests
GC 2-1, GC 2-2, and GC 2-3; the effects of variations in test rod design parameters on the
thermal response; and correlation of observed thermal response with postirradiation
examination results. Detailed descriptions of the response of each individual temperature
measurement in each test rod and the effects of power cycling on the response are provided
in Appendix B. The general conclusion from the evaluations described in Appendix B is that
there are no identifiable effects of power cycling on the thermal response of the rods.

1. EFFECT OF INITI AL gap WIDTil
_ {

|

llelium tilled fuel rods with initial pellet-to-cladding gap widths of 0.94,2.2, and 3.4%
of the initial fuel pellet diameters were tested during Tests GC 2-1, GC 2-2, and GC 2-3.:

Representative effects of variations in the initial gap width on trie fuel centerline
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temperatures in the helium filled rods are shown in I;igure I al. These results show that thel

initial gap width has a strong effect on the fuel centerline temperature in helium nlled rods
at higher power levels; for example, approximately 600 K higher temperatures were

| measured in the wide gap (3.4'7) rod (Test GC 2-2,1(od 522-4) than in the narrow gap
, (0.94'3 ) rod (Test GC 2-2, Rod GC 522-3) at a power density of 35 kW/m. Ilowever,

temperatures in the medium gap (2.2'J ) rod (Test GC 2-1, Rod GC 503) were only
approximately 100 K higher than in the narrow gap rod, at the same power density. The
effect of initial gap width on centerline temperatures in the helium filled rods increases
nonlinearly with gap width.
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The same trend was observed in the off-center temperature measurements in the
helium filled rods, as shown in Figure 2. Although the absolute magnitude of the difference
at 35 kW/m (approximately 250 K) is less than for the centerline temperature measure-
ments, the nonlinear effect is quite evident. Figure 2 also shows the relative dispersion in the
a/imuthally oriented off-center temperature measurements for each test rod.

tal The solid line curve shown in the figure is an approximation to the data points drawn
by the authors to illustrate the trend of the data. Such curves are used frequently in
this report, particularly where several sets of data are shown in the same figure. Unless
otherwise noted, these curves represent neither mathematical fits to the data nor
analytical calculations of hehasior.
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Fig. 2 Composite plot of fuel off-center temperature measurements showing effect of initial gap width in helium filled
rods. This plot alw shows the range of variation in the azimuthally distnbuted temperature measurements for each test
rod.

The larger effect of gap width on the centerline temperatures than on the off-center
temperatures in helium filled rods means that the radial temperature distribution will also be
different, with a steeper temperature gradient in the wide gap (3.4'7c) rod than in the narrow
gap (0.94%) rod. This effect is apparently due to a decrease in the effective fuel thermal
conductivity of the wide gap rod relative to the narrow gap rod, probably resulting from
cracking and relocation of the fuel pellets, effectively redistributing the initial radial gap
inward toward the center of the pellet in the wide gap rod. This conclusion is supported by
the postirradiation examination (PIE) photomicrographs shown in Figures 3,4, and 5 for
the helium filled rods of Figures I and 2. Figures 3 and 4 show that there are only slight
differences in the cracking patterns between the small and medium gap rods, supporting the
observed similar thermal responses for these rods. Figure 5, however, shows that the wide
gap rod provides space for larger cracks and eccentric positioning of the fuel pellets, also
supporting the higher fuel temperatures in the wide gap rod.

Representative effects of initial gap width on the thermal response of argon filled test i

rods are shown in Figures 6 and 7 for the fuel centerline and off-center temperature
measurements, respectively. Initial gap widths in the argon tilled rods that have been tested I

(Test GC 2-1, Rod GC 504: Test GC .!-2, Rod GC 522-2: and Test GC 2-3, Rod GC 523-4)
were 0.44 and 2.2'J. The representative data in Figure 6 show large differences in centerline
temperature measurements between the 0.94 and 2.23 initial gap widths. At a power
density of 20 kW/m, the measured temperature in the medium gap (2.2%) rod was
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I 1pproximately 500 K higher than in the narrow gap (0.947) rod. This difference in

:

centerline temperatures between the medium and narrow gap argon rods is significantly !

| larger than the approximately 100 K difference observed between the medium and narrow
) gap rods with helium fill gas. In addition, the absolute magnitude of the centerline
j temperature (N1750 K) in the 2.2'!| argon filled rod was approximately 550 K higher than
i the measured (N1200 K) temperature in the 2.27, helium filled rod at 20 kW/m.The higher
| fuel temperatures in the argon rods resulted in different fuel cracking patterns than in the
i helium rods, and, consequently, different effective fuel thermal conductivities,asdiscussed
'

in Section V.

i |

| The effects of initial gap width on the off-center fuel temperatures are shown in
Figure 7 for the argon tilled rods with the 0.94 and 2.27 initial gaps. The solid circle

|

symbols shown in Figure 7 indicate the azimuthal variation in the three measured off-center
j temperatures in llod GC 5 22-2 (0.94'4 gap) from Test GC 2-2. Itod GC 504 (2.2% gap) from
i Test GC 2-1 contained only one off-center thermocouple. The difference in off-center
j temperatures between the narrow (0.947) and medium (2.271 gap argon filled rods was '

! approximately 300 K at 20 kW/m, indicating that the shape of the radial temperature
! protile is different in the two argon filled rods to approximately the same extent as observed

) between the wide gap and narrow gap helium rods.
i

} The Pili photomicrographs shown in Figures 8 and 9 for the narrow and medium gap
argon lilled rods, respectively, also show that more extensive cracking and significantly
wider cracks occur in the medium gap rod than in the narrow gap rod. The increased crack
area in llod GC 504 would be expected to cause a decrease in effective fuel thermal
conductivity, with resulting higher fuel temperatures than in the narrow gap rod, llod
GC 522-2.
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Tests GC 2-1, GC 2-2. and GC 2-3 have also provided data on the effect of initial gap
width (0.94 and 2.2'.7) on the thermal response of rods backfilled with xenon fill gas.
Comparisons of fuel centerline and off-center temperature measurements as functions of
test rod power density for initial gap widths of 0.94 and 2.2% are shown in Figures 10
and 11, respectively. As would be expected because of the low thermal conductivity of the
xenon gas as compared with that of helium and argon, the measured fuel temperatures are I

t
significantly higher in the xenon rods. Although the fuel densities of the three rods were
also different (92,95 and 97'|f TD), the effect of density is small compared with the effect
of gap width, as discussed in Section IV-3,and is not considered to innuence interpretation

'

of the effect of gap width. The effect of initial gap width is also quite pronounced in the
xenon Giled rods. The fuel centerline temperatures were approximately 500 K higher in the
medium (2.2'||) gap rod than in the narrow (0.949) gap rod, at a power density of 35 kW/m.
The off-center temperature differences were approximately 250 K at the same power level.
The absolute fuel centerline and off-center temperatures in the xenon rods were
approximately 2300 and 1900 K respectively, for the medium gap rods. These temperatures
are approaching the reliable limits for both the centerline and off-center thermocouples and
the thermocouples showed signs of possible failure at power densities above approximately

35 kW/m.
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Pili photomicrographs are shown in 1 igures 12 and 13 for narrow gap (Itod
GC S23-2) and medium gap (Itod GC 501) xenon filled rods, respectively. Again, the
cracking is more extensive in the medium gap rod than in narrow gap rod, leading to higher
fuel temperatures, and both pictures show melting of the centerline and off-center
thermocouple sheaths. It is postulated that during the increase in power density the fuel
restructured into columnar grains, significantly increasing the fuel thermal conductivity and
causing the rate of temperature increase to be significantly reduced. Ilowever, as the fuel
temperature increased, pellet cracking and pellet fragment relocation degraded the fuel
thermal conductivity, although they improved the gap conductance. The high fuel
temperatures resulted in an interaction between the fuel thermocouple sheaths (for both
centerline and of f-center thermocouples) and the UO3 fuel, causing a low-melting-point
eutectic or oxide which destroyed the fuel thermocouples in the medium gap xenon rods.
Irigure 14 shows crack patterns and crack widths for Itod GC 522-1 (another medium gap,
xenon lilled rod) similar to those ior Itod GC 501 in Irigure 13.
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The dispersion among the off-center fuel temperature measurements in the xenon rods
was significantly greater than was observed in the argon or helium filled rods. as shown in
liigure i1. Also, the differences among the three off-center temperature readmgs (at a given
power) are significantly greater in the medium gap rod, llod GC 501 (%300 K), than in the
narrow gap rod, llod GC 521-2 (%150 K ). Since xenon gas has a scry low thermal
conductivity, stochastic variations in pellet cracking and pellet fragment movement should

;

induce more dispersion among the off-center fuel temperature measmements in the xenon
rods. Also, more pellet fragment movement would be expected in a moderate gap rod than

lo
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I in a small gap rod and, consequently,

; more dispersion would be expected j,
' 'among the off-center temperature

measurements in a moderate gap rod '*Q.,,

\ '.)'

than in a small gap rod. .'s-- s 'D,

')-/-, / > , [.
- ,

j In summary, the effect of varia- " , -
' '

* .> ,,tions in initial gap width in all the test
rods was to increase the fuel tempera- b 'b N. 9'*

i .

1 tures as the gap width increases. In the ,; g .g - [- <*/

]s " }'g ,
,

d

inclium filled rods, the increase in ,

temperat u re at a power density of %'% k ~ , ,
r, s.

'

g,y. le?.. ,3 ,
/. *35 kW/m was relatively low (%I00 K ,A 1,

' .55 ", q , .
-

j ufor c en terline temperatures and ..

|
N50 K for olT-center temperatures) " ( y:# *

.I when the gap was increased from 0.94
^

N
l 'o 2.21 hut a large increase in tem-

@j pera t u res (%500 K c e n t e rline, n -e
,

N250 K off-cen ter ) was observed
when Ilie gap was increased from 2.2 Fir.14 Photon *n>FJ3Ph showing crad panetns in fuct

omoa cc 522-1 < xe. 2.23 gaput 454 mm.
to 3.49. In the argon and xenon rods

| the increase in temperatures was much higher (N500 K for centerline and N250 K for the
off-center measurements) when the gap was increased from 0.94 to 2.2'J. Wide gap (3.4'J)

j rods have not been tested with argon or xenon till gases.

|

The fuel centerline temperatures increased much more than did the off-center
temperatures when the initial gap was increased in either the helium, argon.or xenon filled
rods. This greater increase indicates that part of the thermal resistance normally associ:.ted
with the pellet-to-cladding gap actually resides in the fuel after pellet cracking occurs in
moderate and large gap rods. Apparently, pellet cracks and the movement of pellet
tragments degrade the nominal fuel thermal conductivity while improving the gap
conductance in these rods. This conclusion is also supported by the fact that the magnitude
of the off-center fuel temperature measurement dispersions can be related to the initial gap
site and till gas composition.

|
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2. liFFECT OF FILL GAS COMPOSITION

.

Representative effects of fill gas composition on the measured fuel temperatures are
shown in Figures 15 and 16 for centerline and off-center temperatures, respectively, in the
2.2% initial gap rods. As would be expected, the xenon filled rods showed the highest
temperatures. Ilowever, an a pproximately 200 K difference existed between the centerline
temperatures of the xenon and argon rods at the power level of 20 kW/m, but about 400 K
difference existed between the off-center temperatures in these same rods at the same power
levels. This result indicates that the gap thermal resistance and the fuel thermal conductivity
are reduced in both rods, due primarily to relocation of fuel fragments, but the reduction in
fuel thermal conductivity in the high temperature xenon filled rod is offset somewhat by
some othcr effect, probably fuel restructuring (columnar grain growth or crack healing).
photomierographs for the three rods represented in Figures 15 and 16 are shown in
Figures 17, I 8, and 19 for the helium, argon, and xenon lilled rods, respectively. Figures 18
and 19 (argon and xenon, respectively) show that both the argon and xenon filled rods had
a central region with restructured fuel consisting of radially elongated (columnar) grains.
The figures also show that the centerline thermocouples in both rods had melted, dispersing
sheath material in the fuel. In the xenon filled rod, the off-center thermocouple sheaths had 1

Ialso melted and metallic inclusions were found in the fuel between the centerline and
off-center thermocouple holes. The comparable fuel centerline temperatures for the argon
and xenon tilled rods shown in Figure 15 could also be due to thermocouple shunting and
the resulting junctions being at different axial positions in the two rods.
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l ir I X Ph. tomit rograph showine t rask patterns m f uel l ig 19 Photomicrograph show mc trac k patterns in fuel
of Rod t.C 504 4 \r 2 2'? part at 4s9.5 mm. of Rod GC 501 (Xe,2.2'T gap) at 477.8 mm.

; Figure 16 also illustrates the ettects of till gas conductidty on the dispersion of the
| olt-center temperature measurements. As discussed abose, the measurements from the

| xenon filled rod are much more scattered than the measurements from the argon or helium
'

rods.

The effect of fill gas composition on the measured fuel temperatures in the rods with j
a 0.9tl initial pellet-to-cladding gap is shown in l'igures 20 and 21 l'hese data again show
the expected highest temperatures in the xenon rods, lowest temperatures in the hehum
rods, and intermediate temperatures in the argon rods for both centerline and off-center
t e m pera t u res. Iloweser. at high powers the centerline temperature measurements in the
xenon tilled rod are only shghtly abou the values measured in the argon and helium filled
rods whereas the otf-center temperatures in the xenon rod are approximately 500 K higher
than in the argon and helium rods. Again. this apparent improvement in the xenon filled rod
fuel thermal conductisity. as compared with that for the argon tilled rod. may be due to I

extensive restructuring (or possibly instrument disintegration and error).

l'ipures 20 and 21 also indicate that the argon and helium filled rods' centerline and
otf-center temperatures tend to converge at high powers. This tendency is probably due to
pap closure and pellet-to-cladding contact pressure buildup in these initially small gap rods.
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'This same tendency for the argon and helium tilled rods' temperatures to converge at high
powers is evident in Figures 15 and 16 for the moderate (2.2'!;) gap rods; however, the point
of convergence appears to be at much higher powers in the moderate gap rods than in small
gap rods.

/The PIE photomicrographs of the 0.94% initial gap rods are shown in Figures 22,23,
and 24. Figure 24 shows restructured fuel with metallic inclusions in the fuel for the narrow
gap, xenon filled rod, but Figures 22 and 23 show normal fuel structures in the helium and
argon lilled rods.
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l'ig. 22 Photomicrograph show mg crask patterns in futt of Rod GC 5 22-3 Ule,0.947 pplat 451.4 mm.

The formation of a melted material region in the xenon rods is suspected to have
significantly altered the thermal characteristics of these rods. Ilowever, the oxide or eutectic
reactions, or both, probably occurred atter failure of the respective instruments. Other fuel
structural changes such as columnar grain growth or pellet crack healing probably occurred
well before instrument failure and resulted in the lower fuel centerline temperatures in the 1

xenon tilled rods (as compared with the argon filled rods). The high off-center temperature
measurements in the xenon filled rods are probably simply due to the very low thermal
conductivity of the xenon till gas.

|
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| 1 tg. 23 Photomicrograph showing crack patterns in fuel liig. 24 Photomicrograph showing crack p:Merns in fuel

| of Rod GC 522-2 ( Ar,0.94~ rap) at 451 mm. of Rod GC 523 2 (Xc,0.94'3 gap) at 469 mm.
!

3. EFFECT OF FUEL DENSITY
.

s

The effect of fuel density on measured fuel temperatures is relatively small compared
with the effects of initial gap width and gas composition. Figures 25 and 26 show the effect
on centerline and off-center temperatures, respectively, for helium tilled rods with an initial

j gap of 0.94'J. Generally, the measured fuel centerline temperatures decrease as the density

i increases. These results are consistent with generally expected behavior and Maxwell-Euiken
theory. The off-center temperature measurements from the high density helium filled rod,

,

j Rod GC 502 (97'7c TD fuel), also show a slight tendency to be lower than the fuel off-center

i measurements from the lower fuel density helium filled rods (Figure 26). This slight effect
l may simply be due to data scatter.

From PIE photomicrographs of these same three rods (Rods GC 502, GC 522-3, and
GC 523-1) (Figures 27,28,and 29) it is not obvious that the density effects are discernible.

Figures 30 and 31 present the measured fuel centerline and off-center temperatures as
a function of power at the thermocouple locations for the argon filled test rods with an
initial gap of 2.29. The off-center temperatures are similar; however, the fuel centerline
temperatures of the higher density rod (Rod GC 504,959 TD fuel) appear to be somewhat
higher than the fuel centerline temperatures of the low density rod (Rod GC 5 23-4, 92''; TD
fuel). Postirradiation examinations of both of these rods showed that the centerline and ,

off-center thermocouples had failed at some time during the tests. In particular. the PIE

23
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t photomicrographs (l;igures 32 and 33) show that the off-center thermocouple in Rod4

GC 523-4 had broken off at some position above the junction, and that the centerline
,

thermocouple had disintegrated above the junction. The Pili photomicrographs show that i

the off-center thermocouple in Rod GC 504 was apparently in good condition at the !
j tocation of thejunction, but the centerline thermocouple was disintegrated at the same axial |

2 location. The relative physical conditions of the centerline thermocouples during the tests !
! '

4 probably biased the results.
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l'ig. 32 Photomicrograph showing ciack patterns in fuel of Rod GC 504 ( Ar. 2.2% gap,95% TD) at 489.5 mm.

!
i

Figures 34 and 35 show the effect of fuel density on the measured fuel centerline and
off-center temperatures, respectively, of xenon filled rods with a 2.2'7e initial gap width. The
same trend as for the helium titled rods is shown, with the lower density rods indicating the
highest fuel centerline temperatures and relatively similar off-center temperatures. Ilowever,
the Pili photomicrographs from both of these rods (Rod GC 501, Figure 36, and Rod
GC 522-1, Figure 37) also show disintegrated fuel centerline thermocouples, and possible
damaged or disintegrated off-center thermocouples at the intended junction elevations.
Although the data shown in Figures 34 and 35 may have been obtained before the
thermocouples disintegrated,it is obvious the results must be used with caution.
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1ig. 37 Photomicrograph showing crack patternsin fuelof Rod GC 5221 (Xe,2.2c4 gap,92% TD) at 454 rnm.

4. CONCLUSIONS

The observed thermal response of the test fuel rods in Tests GC 2-1, GC 2-2, and
GC 2-3 was as expected. Generally, higher fuel temperatures are associated with wide gap
rods than narrow gap rods. Ilowever, temperatures of the medium gap rods are significantly
closer to the temperatures of the narrow gap rods than to the temperatures of the wide gap
rods, indicating a strong nonlinear effect of gap width on temperature. The tuel centerline |

\temperatures increased much more than did the off-center temperatures when the initial gap
was increased in either the helium, argon, or xenon filled rods. This greater increase
indicates that pellet cracking and pellet fragment relocation degrade the nominal fuel
thermal conductivity, and the greater increase is also supported by the fact that the
magnitude of the off-center fuel temperature measurement dispersions can be related to the
initial gap size and till gas composition.

Significantly higher fuel temperatures were observed in the xenon and argon filled test
rods than in the helium filled rods. This would be expected because of the large differences
in the thermal conductivities of the gases.The initial rate of the fuel centerline temperature
increases in the xenon and argon tilled rods indicated that extremely high temperatures
would occur, however, the rate of increase slowed down above power levels of
approximately 5 to 10 kW/m, indicating that fuel restructuring into columnar grains
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l

significantly increased the fuel thermal conductivity. Further temperature increases resulted
; in pellet cracking and pellet fragment relocation which decreased the fuel thermal

conductivity but increased the gap conductance. A somewhat unexpected result, however,;

was that the high temperatures in the medium gap xenon and argon rods resulted in an
interaction between the fuel and the thermocouple sheath materials that altered the

! structure of the fuel.

The effect of fuel density on the off-center thermocouple response was indistin-
i

]
quishable from normal scatter in the data. There was a slight tendency for lower fuel

]
centerline temperatures in the high density, helium tilled rods.

d

!
! Postirradiation examination (of photomicrographs)showed significantly different fuel

i cracking patterns in the narrow gap rods as compared with the medium and wide gap rods
(small, relatively few cracks in the narrow gap rods and large, numerous cracks in the
medium and wide gap rods). Some of the wider gap rods showed eccentric pellet

f positioning, which may have resulted from thermal expansion and pellet cracking effects,or
may have occurred during the initial pellet loading or handling of the rods prior to or
following testing.,

1

The generally higher temperatures in the wide gap rods and the unexpectedly high
temperatures in the xenon and argon filled rods can, in part, be explained in terms of a
decrease in the effective thermal conductivity of the fuel due to redistribution of the initial

.

gap inward toward the center of the pellets when the pellets crack and fragments relocate.i

In some cases, azimuthal variations in the off-center temperature measurements can also be!

explained in terms of pellet fragment relocation effects.

De analyses for effective fuel thermal conductivities and steady state gap conduct-;

|
ances described in the next section provide considerable insight into the effects of pellet

! cracking and fragment re!ocation on the thermal response of the fuel rods.

|

J

j

i

,

,
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.I

V. ANALYSIS OF EXPER131ENT STEADY STATE RESULTS

As a fuel rod is operated at power, thermal stresses cause the fuel pellets to crack and
pieces of the fuel to relocate in such a manner that some of the initial gap area is
redistributed toward the center of the pellet. Consequently, pellet cracking and relocation
alter both the fuel thermal conductivity and the pellet-to-1 adding gap. A change in either
the fuel thermal conductivity or gap conductance will alter the radial temperature l

distribution and, consequently, will affect the amount of stored energy in the fuel rod at
any given time. Therefore, evaluation of fuel rod stored energy and subsequent thermal
response requires an evaluation of both the " effective" fuel thermal conductivity and the
pellet-to-cladding gap conductance. An objective of the PBF gap conductance tests is to
obtain experimental data for developing a model that accurately predicts both effective fuel
thermal conductivities and gap conductances and relates these to measurable or calculable
fuel rod variables. This section brie 0y describes the analyses performed and the results
obtained for effective fuel thermal conductivities, which reflect fuel cracking and relocation j

effects, and for the effects of fuel rod design on pellet-to-cladding gap conductance values I

by the steady state (fkdT) experimental method. Correlations are also developed that
permit estimates of effective fuel thermal conductivity and gap conductance values for any
LWR design fuel rod.

l1. EVALUATION OF EFFECTIVE FUELTilERMAL CONDUCTIVITY al

in evaluating effective fuel thermal conductivities, radial temperature profiles were
calculated for the test fuel rods at specific power levels, then the UO thermal conductivity3
relationship used in the calculations was adjusted and the profiles were recalculated until the
calculated radial profiles coincided with the measured fuel centerline and off-center
(coirected for perturbation effects as described in Appendix C) temperature measurements.
These calculations were performeu uang a simple fkdT computer code called FUELCONibl
that was developed for this purpose. The FUELCON code is described in detail in
Appendix C. ,

The basic fuel thermal conductivity relationship that was used in the FUELCON
calculations was that described in MATPROl61. This relationship had been developed using

experimental data obtained from solid pellets under controlled conditions during which the
pellets generally did not crack and relocate. The resulting FUELCON-calculated effective

; la| A correlation is developed in this section for the effective fuel thermal conductivity of
I helium filled LWR fuel rods. The data from the xenon and argon filled rods were

ignored because of the fuel restructuring and fuel centerline thermocouple problems I

discussed in Section 111. I

lbl EG&G Idaho, Inc., Configuration Control Number 11003151 B.
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fuel thermal conductivity is simply the M ATPito conductisity modified to account for fuel
cracking effects, based on experimental data. Figure 38 shows a representative comparison
between a radial temperature profile calculated with the unadjusted MATPitO thermal
conductivity relationship and an adjusted thermal conductivity as deterndned by
FU F l. CON.
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Iig. 38 Reprewntaine comiuris>n t'etween fuel pellet radul temperature profiles calculated udng the M ATPRO thermal
conductmt) correlation and the ITI tf0N cf fectise thermal mnductinty.

Since the pellet-to-cladding gap width at the off-center thermocouple locations and
the fuel cracking patterns and relocation effects between the pellet centerline and the three
off-center measurement positions in a gisen rod are not always the same, effective fuel
conductisities were calculated for the centerline and each off-center thermocouple in each
of the test fuel rods from Tests GC 2-1, GC 2-2, and GC '.-3. Figure 39 shows representative
values for the effective fuel thermal conductivity as determined by FUFLCON using the
measured centerkne and each of the measured off-center temperature measurements in llod
GC 503 (lle,2 2'] gap) at test rod power densities of 7.4 and 24.4 kW/m. In Figure 39 the
unadiusted M ATI'Ito curve is also shown for comparison. The diflerences between the
salues at each power level show that signiGeant dif ferences in fuel thermal conductivity (as a
function of temperature) occur within a single test rod because of variations in the
azimuthal temperature measurements. These variations are apparently due to dif ferences in
crack patterns and crack areas between the pellet centerline and the location of the various
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olT-center temperature measurements. The ditierent crack patterns also contribute to
differences in the pellet to-cladding gap width at the a/imuthal orientation of each
of f-center temperature measurement. Figure 39 also indicates that actual, cracked pellet
thermal conductivities are a function of rod power.

The first step in attempting to obtain a correlation for effective fuel thermal
conductivity for use in predicting effective ;hermal conductivities in other IJR design rods,
was to plot 1 UELCON-calculated effe tive conductivities as a function of the measured
variables of test rod power and fuel temperature. The effectise conductivities deduced from .

|
the off-center temperature measurements at zero degrees in Rod GC 503 of Test GC 2-1 are
presented in Figure 40. Conductivities deduced from Rod GC 503 off-center temperature
data at 240 degrees are presented in Figure 41. Rod GC 503 was helium filled and contained
957 TI) fuel and a 2.2'.7 pellet-to-cladding gap. In Figure 41 the fuel thermal conductivity at
low powers is shown to be considerably lower than it is at high powers. This effect is
opecially noticeable at low temperatures. The same tendency for somewhat lower effective
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thermal conductivities at low powers is apparent in Figure 40; however, the effect is much
less pronounced. The ef fectise thermal conductivities calculated using the data from the
measurements at 120 degrees in llod GC 503 (not shown) tend to fall between the values
shown in 1igures 40 and 41 for the measurements at zero and 240 degrees. (The thermal
conductisity data are shown in l'igures 40 and 41 as the upper surface only.The lines drawn
down to and on the /ero conductivity door are shown to provide a perspective and are not
data).

Closing or opening of fuel pellet cracks, as the power is increased or decreased, is
postulated to be the cause of the effects shown in Figures 39,40, and 41. The differences in
the power dependence of the effective thermal conductivities shown in Figures 40 and 41
are postulated to be due to stochastic variations in the crack patterns within Itod GC 503,
and to the ditferences in pellet-to-cladding gap width at the off-center temperature
measurement locations. These postulations are supported by the effective fuel thermal
conductisity data from llods GC 522-3 and GC 522-4 of Test GC 2-2, plotted also as
functions of power and temperature in Figures 42 and 43, respectively. M ATPitO-calculated f
thermal conductivities for the same rods are also shown for comparison. The effective
thermal conductivities from the small gap, helium tilled rod, Itod GC S22-3 (Figure 42),
tend to rise sharply as the gap closes with power and then level off. The ef fective thermal
conductisities trom the large gap, helium filled rod,llod GC S22-4, tend to remain relatively
low at low temperatures, probably because there was little gap closure in this rod
(Figure 43).
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Data similar to those shown in Figures 40 through 43 from the power calibration
period of the I'llF tests (first power ramp) were compared with the data obtained from the
preconditioning and power oscillation periods of the tests (later power ramps). There were
no apparent differences between the effective fuel thermal conductivity versus power and
temperature relationships measured early in the tests and those observed later in the tests.
This lack of difference suggests that pellet cracking and relocation occurred very early in the
tests, probably during the first power ramp.

The data shown in Figures 40 through 43 indicate that the thermal conductivity of
3 uel pellets is (a) a strong function of power in moderate gap fuel rods:(b) afcracked UO

weak function of power, and relatively low, in fuel rods with large initial pellet-to-cladding
gaps; and (c) a function of power only at low powers in small gap rods. It is suggested that
the opening and closing of fuel cracks as the power is decreased or increased may have
caused the obsened effects. One parameter that can be related to power and pellet crack
area is a " nominal hot gap width," delined as the gap between a cylindrical cladding and a
solid pellet surface at a given power density, as determined by calculating only fuel and
cladding thermal expansions and elastic deflections (for an idealized solid fuel pellet with
radial cracks only). As this nominal hot gap closes and opens with increasing or decreasing
po ver, so should the pellet cracks.
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1.1 Effect of Nominal llot Gap Width

A two-dimensional steady state heat transfer computer model called TOODEE(71 [al
was used to calculate the relationship b: tween nominal hot radial gap width and power for
each of the PBF test rods. Figure 44 shows the calculated hot radial gap widths as a function
of test rod power density for the six helium rods of"iests GC 2-1, GC 2-2, and GC 2-3 Gap
closure is predicted to occur for each rod at various power levels which are directly
proportional to the initial gap width. The curves in Figure 44 were calculated using the
measured initial gap widths (References 3,4, and 5) and pellet-to-cladding gap conductance
values determined using the MATPRO fuel thermal conductivity correlation and the
measured fuel centerline temperatures.

On the basis of the FUEL. CON-calculated effective fuel thermal conductivities for the
same six fuel rods, conductivity corrections (difference between MATPRO and FUELCON,

thermal conductivities) were obtained and are plotted as a function of hot radial gap width
in Figure 45. The point at which each curve intersects the zero-correction line corresponds
to the power level at which changes in power (and, therefore, pellet geometry) no longer
innuence the cracked pellet thermal conductivity. In the large and medium gap rods, the
curves in Figure 45 intersect the zero-correction line at relatively large nominal hot gaps, as
calculated by TOODEE.

The fuel thermal conductivity correction factor data shown in Figure 45, and in the
following figures, represent an average of the data from the three off-center temperature
measurements for each PBF test rod. Therefore, variations due to the stochastic nature of
the pellet cracking process and the ditierences in pellet-to-cladding gap width near each
off-center thermocouple location are averaged out, and the comparisons of the effects of the
key design variables on the thermal performance of these test rods are simplified.

1.2 Effect of Initial Cold Gap Width

The plots of the cracked pellet thermal conductivity correction factors versus nominal
hot gap width shown in Figure 45 suggest that cracked pellet thermal conductivity cannot
be modeled simply as a function of nominal hot gap. Apparently, the initial, cold I
pellet-to-cladding gap width strongly influenced the subsequent thermal performance of the
PilF test rods. Specifically, pellet fragment relocation early in the test apparently influenced
the subsequent relationship between increasing and decreasing power and the closing and
opening of the pellet-to-cladding gap and the fuel cracks. Therefore, an attempt was made to
obtain a single correlation for the helium rods in Tests GC 2-1, GC 2-2, and GC 2-3 by
factoring in a " relocation factor" to account for the fact that initial pellet cracking and
pellet fragment relocation induence gap closure, and, consequently, the true hot gap width.

I
|

lal 1:G&G Idaho, Inc., Contiguration Control Number 1100326111.
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/ I'ig. 45 Calculated fuel thermal conductivity correction factor as a function of calculated hot gap width for helium filled
rods in Tests GC 21.GC 2 2.and GC 2-3.

The relocation factor was obtained in the following manner. For each fuel rod, the'

'

difference between the MATPRO fuel thermal conductivity and the FUELCON-calculated
--

,
fuel thermal conductivity (conductivity correction) was evaluated as described previously.
The power level at which the conductivity correction was zero was the estimated power for
gap closure, including relocation effects The relocation factor was then defined as the

,

nominal hot gap width at this power level (shown in Figure 45), as calculated by the
TOODEE solid pellet expansion model. Figure 46 is a composite plot of the " relocated" hot

-
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flg. 46 Relocated hot gap width and estimated zero-power gap width as functions of rod power for the helium rods in
j Tests GC 2-1,GC 2-2,and GC 2-3.
i

! gap width as a function of test rod power for the six helium rods.The relocated hot gap is
the nominal TOODEE hot gap at any power level, less the relocation factor.

i
Figure 46 also shows the TOODEE-calculated hot gap width curves extrapolated to'

|
zero power. This zero-power gap width is less than the initial gap width determined from

j pretest characterization data.The difference in the zero-power gap widths and the initial gap
; widths is considered to be due to the fact that when the rods cool down after having
] experienced high powers" and temperatures, the cracks in the fuel do not close, resulting in a

j redistribution of part of the initial gap toward the center of the fuel pellets.

The relocation factor for a given rod design would be expected to be a strong function
of the initial cold gap width, but probably not influenced to any great extent by f'ill gas
composition and fuel density. Figure 47 shows that a strong linear relationship does indeed

j exist between the calculated relocation factor and the measured initial gap width for most

| of the rods in Tests GC 2-1, GC 2-2, and GC 2-3, including some xenon and argon filled rods
and a wide range of fuel densities. Some of the rods that did not show a good correlation

j between relocation factor and initial gap width (for example, Rod GC 501) may have been
i influenced by high fuel temperatures resulting in extensive fuel relocation and a reaction E

between the fuel and the centerline thermocouple sheath, as previously discussed. Figure 47
,

d
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lig. 47 Relationship between the calculated relocation factor and the initial cold gap width for rods in Tests GC 2-1,GC
2-2, and GC 2 3.

psovides a convenient means for estimating the relocation factor of any LWR design fuel
rod.1hrough use of a least squares fitting routine, the relationship between the relocation
factor (RF) and initial cold gap shown in Figure 47 can be expressed as

RF = 0.014 + 0.14 CG (mm)

where CG is the initial cold radial pellet-to-cladding gap in millimeters.

When the conductivity corrections for the helium rods are plotted as a function of the
relocated hot gap, the curves in Figure 48 are obtained. Figure 48 does not provide a single
curve for all the helium rods; however, the differences between the curves are now much
smaller than shown in Figure 45. The remaining differences in the curves of Figure 48 again
appear to be related to the initial gap widths. The relocation factor incorporated into the
relationship shown in Figure 48 accounts for the fact that in large initial pellet-to-cladding
gap rods the pellet fragments move much farther out during the first power ramp and are
thereafter pushed in and out at much larger nominal hot gap widths than in the small gap
rods. Ilowever, when the pellet fragments initially move farther, they do not fit back
together as well. Therefore, the slope of the conductisity correction factor versus relocated
hot gap width data shown in Figure 48 is much steeper for the small gap rods (where the

_

fragments fit together better) than for the large initial gap rods.
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Fig. 48 Calculated fuel thermal conductivity correction factor as a function of calculated hut gap width for helium filled
,

j rods in Testi GC 2-1, GC 2-2, and GC 2-3.

Using the rod with the smallest measured gap width (Rod GC 502; 0.94'7c diametral or
0.0545-mni radial) as a basis for normalization, each curve in Figure 48 was multiplied by
the ratio: (0.0545 mm/ initial radial gap width of rod in question, mm). The resulting curves
are shown in Figure 49. These curves also do not provide a single curve for all the helium
rods, but the differences are no greater than might be expected, considering the amount of
scatter in the original data. Also, there does not appear to be any systematic influence of the
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lig. 49 Calculated fuel thermal conductivity correction factor as a function of calculated hot gap width, including the
etTects of initial gap width, for the 0.94% initial gap rods in Tests GC 21, GC 2-2, and GC 2-3.
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initial cold gap left in the relationship shown in Figure 49 between the thermal conductivity
correction factor data and the adjusted and relocated hot gap widths.

l.3 Effect of Fuel Density

lower stress levels) than higher density fuel [6] y cracks somewhat more easily (at slightly
Low density uranium dioxide fuel generall

. In addition, the crack surfaces might be
expected to be slightly more irregular and pellet fragments might be expected not to fit
back together at higher power levels quite so easily in the low density PBF test rods. The
curves of UO2 thermal conductivity correction factor versus adjusted and relocated hot gap
width for the three 0.947o helium filled rods shown in Figure 49 are plotted separately in
Figure 50. It is apparent that the relationship between conductivity correction factor and
the adjusted and relocated hot gap width is steeper in the high density rods, suggesting that
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Fig. 50 Calculated fuel thermal conductisity correction factor as a function of relocated hot gap midth, including the
effects of initial gap width, for the 0.94% initial gap rods in Tests GC 21, GC 2-2, and GC 2-3.
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1

the pellet tragments do tit together better as the power is cycled or that there are fewer
cracks in the high density rods. By multiplying each curve of Figure 50 by the percent of
theoretical density to the eighth power ('4 TI))8, an arbitrary empirical factor, the curves
were made to essentially coincide as shown in Figure 51. Applying this same density
correction to all the helium rods results in the curses shown in Figure 52. These curves do
not coincide exactly, but the differences are small and are reduced from those shown in
Figure 49 by the fuel density correction. (

l.4 Empirical correlation for Thermal Conductivity of Cracked IK)2 Fuel Pellets

The relationship between the nominal thermal conductivity of a solid uranium dioxide
pellet (MATPRO conductivity)and the thermal conductivity of a typical fresh, helium tilled
LWR fuel rod with cracked and broken fuel pellets and pellet fragments which have moved
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1 ty. 51 Cals ulated tuel therrnal tonductmt> correction fator as a f unction of relocated hot rap width, including the
c'tci ts of init ut rap width and denuty, for the n.9ti initial rap rods in Tests GC 2-1, GC 2 2, and GC 2-3.
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Fig. 52 Calculated fuel thermal conductivity correction factor as a function of relocated hot gap width, including the
effects of initial gap width and fuel density, for all helium titled rods in Test GC 21, GC 2-2, and GC 2-3.

47



_
..

_ _ _ _ __

>

about and do not necessarily fit well together is shown in Figure 52. This relationship can be
expressed in mathematical form as follows:

2
k rr = kh1ATPRO -(0.0002189 -0.050867 x + 5.6578 x 3e

where
t

the temperature-dependent fuelkMATPRO
=

thermal conductivity of a solid pel-
let[6]

X (IIG - 0.014 - 0.14 CG)=

(0.0545/CG) ('7e TD)8,

and

|
a hot pellet-to-cladding radial gap in 1IIG =

millimeters, calculated assuming
only radial cracking, thermal ex-
pansion,and clastic deflection of an
idealized solid pellet and cylindrical
cladding

the initial cold radial pellet-CG =

to-cladding gap in millimeters

the theoretical density of the fueli % TD =

in percent.

1.5 Estimated Uncertainties in Calculated Effective Fuel Thermal Conductivities

Estimated uncertainties in the calculated effective fuel thermal conductivity correla-
tion were determined from the uncertainties calculated by the FUELCON code for each j
conductivity correction calculated. Parameters which contribute signilicantly to the
uncertainty in the correlation and the sources of the uncertainties are listed in Table Ill. The
uncertainties in the conductivity corrections as a function of power for each helium filled
rod of Tests GC 2-1, GC 2-2, and GC 2-3 were calculated and the root-mean-square (RMS)
values for each design gap width (0.94, 2.2, and 3.4%) were determined. Because of the
small differences in the uncertainties between the different design rods, less than 3%, an
uncertainty for all helium rods combined was determined. Figure 53 shows this uncertainty
as a function of power as calculated by the relationship

0.488169 x 10~ + 0.134487 x 10-4 (POWER) -0.821495 x 10-6af0M =

#
(POWER) 2 + 0.104021 x 10-7 (POWER)3,
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TABLE III

PARAMETERS CONTRIBUTING SIGNIFICANTLY TO THE UNCERTAINTY
IN THE EFFECTIVE FUEL THERMAL CONDUCTIVITY CORRELATION AND

THE SOURCE OF THE UNCERTAINTY IN THE PARAMETER

Parameter Source (s) of Uncertainty

perturbation analysis ( Appendix C) ple
Fuel pellet off-center thermocouFuel off-center temperature

andmeasurement
T00DEE analysis to determine uncer-
tainty due to fuel pellet skewing in-
side cladding.

4

Fuel centerline temperature T00DEE analysis to determine uncer-
measurement tainty due to fuel pellet skewing in-

side cladding. Accuracy of thermo-
couple. Accuracy of recording system.

Power Appendix C of this document.

MATPRO fuel thermal Reference 6.
conductivity

Radial location of off-center Uncertainty in radial location was set
Fuel thermocouples equal to the zero power fuel-to-

cladding hot gap width.

The effective fuel thermal conductivity correlation for helium filled rods is then given
by

TOTAL

keff = kMATPR0 - (0.0002189 - 0.050867x + 5.6578x 2) , ak_ eff *

Representative calculations for the effective fuel thermal conductivities with estimated
uncertainties, for a helium Olied rod with an initial gap width of 2.2%, are shown in
Figures 54 and 55 at test rod power densities of 8.58 and 39.26 kW/m, respectively.
MATPRO thermal conductivities are also shown for comparison, but uncertainties in the
MATPRO values are not shown.

The calculations shown in Figures 54 and 55 show that at low power levels the
uncertainty in the conductivity correction is small relative to the magnitude of the
correction itself; however, at medium power levels the conductivity correction itself is small,
and the uncertainty essentially overlaps the expected uncertainty in the M ATPRO values. At
higher power levels the conductivity correction is even less, and cannot be shown to be
statistically different from the MATPRO values. For a 2.2'7c inithi gap helium filled rod, the
conductivity correction would be essentially zero at a power level of approxi-
mately 57 kW/m.
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2. liVAI.UATION OF STl!ADY STATl! GAP CONDUCTANCli VALUliS

Steady state pellet-to-cladding gap conductance values are obtained from the
relationship

0 Ih =

A(T -T )gap 3 Cwhere

test rod power density (kW/m) over a unit length of fuelQ =

pellet surface area for a solid pelletA =

1

T3 pellet surface temperature, and=

|Tc cladding inside surface temperature.=

In applying this relationship, test rod power densities were evaluated from thermal-hydraulic
and neutron flux measurements (obtained from self-powered neutron detector measure-
ments as described in Appendix C). The surface area was calculated on the basis of fuel
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pellet measurements at the axial temperature measurement locations.The fuel pellet surface
temperatures were calculated using the measured fuel centerline and off-center temperature
measurements and the FUELCON code, as described in the previous section. The cladding
inside surface temperatures were calculated from the measured cladding outside surface
temperatures by the SKDT code, described in Appendix C.

Steady state gap conductance salues were calculated for each azimuthal orientation
for each test rod in Tests GC 2-1, GC 2-2, and GC 2-3 by the methods described above. The
azimuthal gap conductance values were also averaged for each rod to obtain average gap
conductance as a function of test rod power density. Plots of the calculated gap
conductance as a function of test rod power density for each test rod are presented in
Section V-2.1.

Since the pellet-to-cladding gap conductance is inversely proportional to the
temperature drop across the gap (T -T ), the fuel design characteristics and thermal3 C
properties that are responsible for the observed fuel thermal responses, as described in
Section IV, are also responsible for the observed gap conductance behavior. For example,
wide gap rods characteristically have higher fuel temperatures than narrow gap rods,
resulting in large temperature drops across the gap and lower gap conductances in the wide
gap rods than in narrow gap rods. Likewise, fuel rods with low thermal conductivity fill
gases generally have higher fuel temperatures than rods with higher thermal conductivity fill
gases; therefore, the low conductivity gas rods will have lower gap conductances than the
high conductivity gas rods. Ilowever, the effects of fuel pellet cracking and fragment
relocation may alter these general charactistics, as discussed in Section V-l.

2.1 Development of a Correlation for Gap Conductance in LWR Fuel Rods

Utilization of the gap conductance information obtained from the PBF testing
program can be greatly increased if the information is used as a basis for development of a
correlation that will permit meaningful predictions of expected gap conductance values in
fuel rods that have not been tested. The data from all twelve test rods in Tests GC 2-1,
GC 2-2, and GC 2-3 were analyzed and used in the development of a correlation for
predicting gap conductance values in other light water reactor fuel rods.

The first step in the development of a correlation was to evaluate existing correlations
against experimental results. The most widely accepted existing correlation is the Ross and
StouteI81 correlation that was developed on the basis of solid pellet thermal expansion, and
is described by the relationship

k
gas

h =
gap GW + C(Ry+R)+JT2
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.

where ,

MATPRO-calculated thermal con-k =
gas

ductivity of the H11 gas as a func-
tion of temperature (kW/m K)

i

pellet-to-cladding gap width as aGW =

function of rod power (m)

C(Rj + R ) pellet and cladding roughness term=
3

(m)

J T temperature jump distance (m).=

In the Ross and Stoute relationship, at cold zero power the pellet-to-cladding gap
width is the same as the pretest, as-built gap width, GAB, and the change in gap width as a j,

function of rod power is that predicted for uniform thermal expansion of a solid fuel pellet
by a thermal expansion code such as TOODEE.

Ilowever, posttest examination and analysis of the test rod thermal response for Tests
GC 2-1, GC 2-2, and GC 2-3 indicate that pellet cracking and pellet fragment relocation
occur very early in the operating life of a fuel rod. The posttest photomicrographs, as
described in Section IV, show that a cold zero power (CZP) gap width exists that is different
from the as-built gap width. This relocated gap width, RGW (CZP), is the result of pellet
cracking and pellet fragment relocation during operation. Upon cooldown, the pellet
fragments do not fit together exactly as a solid pellet, resulting in a relocated gap width.

In addition, when the fuel rods are heated from cold zero~ power to power conditions,
the effects of pellet fragment relocation on gap closure during thermal expansion must be
considered. The methods developed to evaluate these relocating effects are described
subsequently.

The correlation developed here provides a method for calculating an average relocated
gap width at power, which, when used with the existing Ross and Stoute gap conductance

|co; relation, will provide predictive estimates of LWR tuel rod relocated gap conductances.

The average relocated gap width is calculated in two steps. The first step uses a
method for estimating the posttest measured relocation expected for a given manufactured

,

fuel rod. The second step provides a means for extrapolating this relocated gap width over l

the anticipated range of test rod powers to be examined.
1
\

2.1.1 Development of Relationship Linking Pretest and Relocated Gap Widths.
Pretest (as-built) and posttest (relocated) cold zero power gap width measurements from
Tests GC 2-1, GC 2-2, and GC 2-3 were compared to provide a means for predicting
relocation at cold zero power. A least squares fit of measured radial average postlest gap
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width, RGW (CZP), as a function of measured radial average pretest gap width in mm, GAB,
assuming symmetrical positioning of the pellets in the cladding, provided the following ,

relationship:

RGW(CZP) = 1.665 x 10-2 + 0.868 (GAB) - 13.435 (GAB)2 + 71.682 (GAB)3,

Because of limited experimental data for the large,0.38-mm diametral, gap rods (only
the first power up ramp exists, during which the relocation characteristics may not be
complete), the preceding correlation is fit so that the estimated relocated radial gap width
equals GAB, when GAB S 0.19 n1m.

'

This relocated gap width,in conjunction with a model for calculating cracked pellet
thermal expansion, is proposed for use in the Ross and Stoute correlation for rods with
initial pellet-to-cladding diametral gaps between 0.109 and 0.386 mm.

This definition for relocated gap width (RGW) differs from the relocated hot gap ,
width used in the correlation for effective fuel thermal conductivity in Section V-1 in that it
involves posttest measurements of the RGW (CZP), whereas the RGW (CZP) for the
conductivity correlation was estimated by extrapolating TOODEE-calculated RGW at
predicted gap closure to a zero-power condition. For use in empirical correlations, these
definitions are not inconsistent, but they also are not equivalent. The relationship between
the two definitions for predicted relocated gap width at cold zero power is illustrated
graphically in Figure 56. This relationship assumes minimal pellet-cladding interaction and
permanent cladding deformation. Where cladding deformation occurs, corrections are
necessary.

2.1.2 Development of Cracked Pellet Thermal Expansion Model. Using the previously
developed relationship between the initial gap widths and relocated gap widths, two general
fuel pellet expansion models were examined and the resultant predictions were compared
with gap conductance values determined from experimental measurements from Tests
GC 2-1, GC 2-2,and GC 2-3. The expansion models examined were:

|

(1) A uniform, radial thermal expansion model, as provided in the
TOODEE code

| (2) A nonuniform thermal expansion model in which a fractional
radial thermal expansion is assumed until the integrated radial
thermal expansion, with power, fills the inner pellet relocation-
induced cracks and voids.

From the trends found in the comparisons of predicted with measured gap
conductance values using the two expansion models, the following were observed:
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(I) The assumption of free expansion best tit only the measured gap
conductance data from the narrowest as-built gap rods from each
backlill gas composition (that is, Rods GC 502, GC 522-2,
GC 523-2)

(2) The nonuniform thermal expansion model fit the measured gap
conductances from the other nine test rods better, because the
change in lill gas conductivity with power alone accounts for
most of the change in measured gap conductance with power. (

2.1.3 livaluation of a Thermal lixpansion-Gap Closure Model. Additional analyses for
rods other than Rods GC 502, GC 522-2, and GC 523-2 showed that a nonuniform thermal
expansion model allowing 30'3 of the integrated fuel pellet radial thermal expansion to be
communicated to the relocated pellet-to-cladding gap was found to fit all of the data best.

Therefore, for the smallest gap rod with uniform thermal expansions

RGW = RGW(CZP)- AGW |

,
|

|

|
where AGW is the mtegrated solid pellet gap width change in mm predicted from thermal
code calculations f rom cold zero power to any given test power. RGW(CZP)is the relocated
gap width in mm at cold zero power.
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|

|
|

And for the remaining rods with nonuniform thermal expansions

RGW(mm) = RGW(CZP) - 0.3 AGW.

Because of the narrow gap widths in Rods GC 502, GC 522-2, and GC 523-2, and the
high operating temperatures in Rods GC 522-2 and GC 523-2, the pellet-to-cladding gaps
would be expected to close at relatively low test rod powers, resulting in little fuel pellet
relocation and narrow internal pellet cracks. Posttest photomicrographs of these test fuel
rods do indeed show diffuse crack networks of many narrow cracks.The neighboring pellet
fragment faces are thought to interlock, providing a degree of cohesiveness that permits
thermal expansion and contraction'similar to the uniform thermal expansion for a solid
pellet.

For the wider gap rods, photomicrographs show wider, more distinct relocated cracks
across which there may be no intimate contact of the rellet fragment faces. Upon
cooldown, the pellet fragments do not usually fit together well enough to close the
relocated cracks. Therefore, upon reheating by a power increase, the relocated cracks must
be filled before all of the thermal expansion can contribute to pellet-to-cladding gap closure.

On the basis of comparisons of gap conductance predictions with experimental
measurements for the fuel rods of Tests GC 2-1, GC 2-2, and GC 2-3, the following
conclusions were reached:

(1) For narrow gap argon and xenon rods with manufactured
diametral gap widths <0.14 mm, thermal expansions are uni-
form. For rods with gaps >0.14 mm, thermal expansions are
nonuniform, with only 30% of the thermal energy contributing
to closure of the pellet-to-cladding gap.

(2) For very narrow gap helium rods with gaps <0.12 mm, the
thermal expansions are uniform. For rods with gaps >0.12 mm,
the expansion is nonuniform.

2.2 Comparisons of Correlation-Predicted Gap Conductances with Gap Conductances
Obtained From Experimental Data

Fig 'res 57 through 68 show comparisons of the individual test rod gap conductance
values obt ned from experimental measurements with the predicted gap conductances using
the unadjusted Ross and Stoute correlation, and the Ross and Stoute correlation modified
to account for relocation effects, for the range of rod powers tested. The data points shown
on the plots are azimuthal averages for each test rod.

As noted previously, Rods GC 502, GC 522-2, and GC 523-2 have all been assumed to
expand uniformly. Rod GC 523-2 (Xe, 0.94% gap. 959 TD) apparently also underwent
plastic deformation of the cladding, and the actual postrest measured gap width was used
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for the cold zero power gap width rather than the predicted value (Subsection 2.1.1), which
is based on minimal cladding deformation.

Table IV provides a listing of the standard deviations between test-evaluated gap
conductances and predictions by the modified Ross and Stoute correlation for all three
tests. Figures 69 through 72 provide an indication of the correlations goodness of fit. For
the three individual tests, Figures 69 through 71, and the combination of all three tests,
Figure 72, the histograms of the frequency distribution of (IIcorrelation ~II0.9154 kW/m yrement)meas
are near normal with an absolute one-sigma standard deviation of K and a
relative one-sigma standard deviation of 25.389f, including 67.72% of the data
comparisons.

,

The apparent result that a uniform thermal expansion model should be used for
predicting gap conductance in very narrow gap rods and a nonuniform model should be used
for wider gap rods is not totally satisfactory. The need for more thaa one modelimplies a
discontinuity in fuel thermal response as a function of initial gap width that was not
identified in the effective fuel thermal conductivity analyses.

Of the twelve rods tested, only three (Rods GC 502, GC 522-2, and GC 523-2) were
better predicted by the uniform expansion model than by the nonuniform model. Close
examination of the data shown in Figure 58 for the narrow gap helium rod (Rod GC 502)
show three low-lying points that could be interpreted as identifying a different response
curve for this rod that would best be fit by the nonuniform expansion model. These three
low-lying points were obtained at steady state conditions during the power oscillation
portion of Test GC 2-1, and could be an indication that the thermal response of the fuel had
indeed changed after several ramps. Ilowever, other data (Appendix B, Figure B-1l) show
that the fuel off-center temperature measurement at the zero-degree orientation indicated
an approximately 50 K lower temperature response during the oscillation period than during
the power calibration and preconditioning periods at the same power levels, which would
result in higher gap conductance values. The same behavior was observed by the off-center
temperature measurement at 240 degrees, as shown in Appendix B, Figure B-13. For gap
conductance analyses, the narrow gap helium rods are extremely sensitive to small changes
in the fuel surface temperature because the AT across the gap is small; therefore, it is not
unreasonable to expect that the uncertainty in the narrow gap helium rod, Rod GC 502, gap
conductance values would be large enough to permit the results to be predicted by either
the uniform or the nonuniform expansion models. For the thermal conductivity analysis,
only data obtained during the power calibration period were used because the centerline
thermocouple failed during the initial part of the oscillation period. Test GC 2-5 will provide
additional narrow gap helium filled test rod data that will aid in evaluating the thermal
response of the narrow gap rods.

With respect to test Rods GC 522-2 and GC 523-2, the argon and xenon filled narrow
gap rods, respectively, the low conductivity fill gases in these rods was observed to cause
high fuel temperatures at very low power levels, resulting in early gap closure between fuel
and cladding. Since the gap is essentially closed at low powers in these rods, subsequent
thermal expansion would also be expected to be essentially the same as for a solid pellet
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TABLE IV

STANDARD DEVIATIONS OF FIT BETWEEN PREDICTIONS OF GAP
CONDUCTANCE AND VALUES BASED ON EXPERIMENTAL MEASUREMENTS

Standard Relative StandardNumber Deviation Deviation [a]of Data
2Test Rod Points-n (kW/m.K) (dimensionless)

GC 502(He, 0.94% gap, 97% TD) 11[b] 0.9606 0.1066

GC 522-3(He,0.94% gap, 95% TD) 17 1.7573 0.3039

GC 523-1(He,0.94% gap, 92% TD) 12 0. 9693 0.1160

GC 503(He, 2.2% gap, 95% TD) 16 1.0036 0.1870

GC 522-4(He, 3.4% gap, 95% TD) 16 0.7037 0.2577

GC 523-3(He, 3.4% gap, 97% TD) 7 1.1973 0.3765

GC 522-2( Ar, 0.94% gap, 95% TD) 14 0.8715 0.1833
i

GC 504(Ar, 2.2% gap, 95% TD) 9 0.6093 0.3260

GC 523-4(Ar, 2.2% gap, 92% TD) 6 0.2691 0.2761

GC 523-2(Xe, 0.94% gap, 95% TD) 5 0.4390 0.3400

GC 501(Xe, 2.2% gap, 97% TD) 10 0.1794 0.4492

GC 522-1(Xe, 2.2% gap, 92% TD) 4 0.1623 0.1454
127 0.9154 0.2538

[a] (absolute) = Hprediction - beasurement

(relative) = Hprediction - Hmeasurement

" measurement

[b] Two points have been excluded from this listing: 30.0 kW/m,
8.18 kW/m2.K and 43.38 kW/m, 9.27 kW/m2.K.
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(that is, uniform thermal expansion), even alter the pellets have cracked. In addition,
because of the high fuel temperatures, the AT across the gap is large and the gap
conductance is much less sensitive to small pellet surface temperature variations than it is in
the narrow gap helium tilled test rods.

2.3 I!stimated Uncertainties in livaluated Gap Conductances ;

The fitting or correlational uncertainty, o , was calculated in the previous section. Ther
litting uncertainty is a measure of how well the existing xenon, argon, and helium test rod
gap conductance data are fit by the described gap conductance correlation.

To predict how well the correlation will fit new data, an estimate of the data
acquisition process uncertainties must be made. The identified data acquisition uncertainties
can be lumped together and called the measured gap conductance uncertainty, om-

To obtain an estimate of the total uncertainty, op,in the prediction o and o arem r
combined. In the combination, o is assumed to be independent of o (that is, correlationm r
coefficients are 'saero), or at least that the following combination overpredicts the
uncertainty:

= m + fP

I! valuation of o is based on the assumption that the testing technology that was used
in

to acquire data for Tests GC 2-1, GC 2-2,and GC 2-3 will apply for future tests.

2.3.1 Calculation of the Measured Gap Conductance Uncertainty (om )-

Since

l

i h (Meas) = Q/A(T -T )'g S C

m " f("Q* 8A' "Tg "Tc)8

where

og uncertainty in the pellet surface heat flux=

oA uncertainty in the pellet surface heat transfer area.=

The average gap surface temperature difference uncertainty is assumed to include the
following components:

oIS
f (fuel conductivity and measured temperature uncer-=

tainties)

oTc =
f (cladding conductivity and measured temperature uncer-
tainties)
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so that
|
|

"T I(8R'8ACC' 8AS, oLOC' 8KFUEL' 8Q'8A)*

3

II( R'8ACC' 8KCLAD' 8Q
*8

TC

where

f oLOC s the off-center temperature measurement uncertainty
| (1) i

| extrapolated to the fuel pellet surface due to the uncertainty in
the off-center thermocouple radial location within its hole.
Analyses for evaluating the perturbation effects of off-center
thermocouples are described in Appendix C.

I
(2) oAS re0ccts the temperature measurement uncertainty extrap-

olated to the pellet surface which exists if a solid fuel pellet isi

allowed to move around in the cladding. TOODEE half-pellet
studies indicate that movement away from a symmetric fuel-
cladding orientation may induce, within a tested fuel pellet,
diametral temperature profile changes and temperature upsets at
the azimuthally located off-center temperature measurement
locations. Analyses for evaluating the effects of fuel pelletI

eccentricity are described in Appendix C.

(3) oKFUEL and oKCLAD are the fuel and cladding thermal
conductivity uncertainties (from MATPRO) and account for the
fact that the pellet-to-cladding gap temperatures are inferred
rather than directly measured. T3 and TC are obtained by
extrapolating measured cladding and fuel off-center tempera-
t ures.

(4) og reflects the local test rod power level unartainties. When
three equally spaced off-center thermocouples are operating
within a test pellet, the contribution from the uncertainty in the
azimuthal pellet surface heat flux is approximately zero. When
only one or two off-center thermocouples exist, this uncertainty
may be significant. To obtain a first estimate of the total
uncertainty, this effect will be neglected. Other contributions to
this uncertainty arise from the uncertainty in calculating the
precise relative axial power level within the test fuel rod while
simultaneously calculating the proper calorimetric integrated
power of the test power level. These two uncertainties are
assumed at a one-sigma level to be a 3"o uncertainty in
calorimetrics and a 2.5% axial power level calculational=

uncertainty. Assuming independence and linearity at an inferred
one-sigma level, the combined local test power level uncertainty
is <3.9%.
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(5) oA retlects the uncertainty in the pellet surface heat transfer
area. Ilecause of radial thermal expansion and pellet relocations,
the area of pellet heat transfer is unknown. Error propagation
analyses, however, indicate the effect of the uncertainty in pellet
surface area on the measured gap conductance is negligible.

'

(6) oR and oACC, the recording system and thermocouple measuie-
ment accurzeies, are discussed in Appendix A.

An indication of the variability in fuel pellet surface tempera-
tures, possibly due to assymetrics in pellet-cladding orientation
and relocation, may be inferred from the data shown in
Figures 73, 74, and 75. These plots represent three samples of
the test data that illustrate azimuthal variations in measured
off-center temperatures. It is easily seen how the failure of a
single off-center thermocouple may bias the evaluated average
off-center temperature measurement.

2.3.2 Evaluation of op from o and o . Evaluations of o and or have beenr mm
performed for six representative test fuel rods from Tests GC 2-1, GC 2-2, and GC 2-3.
Estimates of the total uncertainty in a prediction, op, for Rods GC 502, GC 503, GC 522-4,
GC 504, GC 522-2, and GC 523-3 have been made and are shown as a function of test rod
power density in Figures 76 through 81. respectively.

t
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VI. ANALYSIS OF EXPERIMENT POWER OSCILLATION RESULTS

The power oscillation (or thermal oscillator) method for estimating gap conductance
relates the fuel-to-cladding gap conductance to the phase relationship between a sinusoidal
fuel rod power oscillation and the corresponding cladding surface temperature response.
During a power oscillation, the two signals will oscillate at the same frequency, but with a
phase lag between the power signal and the cladding surface ternperature signal. The gap
conductance can theoretically be determined from analytical relationships between the
measured phase lag and the gap conductance. The impetus for evaluating the power
oscillation method stems from the need to evaluate gap conductance in irradiated fuel rods.
By this method, only the relative cladding surface temperature response and the fuel rod
power density need be measured to obtain sufficient data for evaluating the fuel-to-cladding
gap conductance. The method, if practicable, would allow determinat%n of gap conduct-
ances in irradiated fuel rods without the need for fuel temperature measurements. The
power oscillation method is described in detailin Appendix C.

1. COMPARISON OF POWER OSCILLATION AND STEADY STATE GAP
CONDUCTANCE VALUES

Power oscillation gap conductance values were determined for each fuel rod at the-
locations of the cladding surface thermocouples over a wide range of test rod powers.The
power oscillation gap conductance values determined from thermocouples located at the
peak of the axial flux profile were compared with steady state gap conductance values
determined from the corresponding off-center fuel temperature measurements over the same
range of test rod powers. Figures 82,83 and 84 show representative comparisons between

! steady state and power oscillation gap conductance values. The oscillation data shown are
for a power oscillation amplitude of 20% at an oscillation period of 20 s. The vertical
boxes in Figures 82, 83 and 84 indicate the range of azimuthal variation in gap conductance
determined by both methods (steady state and power oscillation) at a specified test rod
power density. The figures show that, in general, the oscillation values are higher than the
steady state values, and tend to exhibit a large amount of azimuthal variation,especially at
the higher power densities, but also considerable randomness in the amount of azimuthal
variations. At lower power densities, agreement between values determined by the two
methods is much better.

More specifically, the comparisons shown in Figure 82 indicate that within the range
of scatter shown, the power oscillation and steady state values for the narrow and medium
gap rods are generally in agreement, but the power oscillation values for the wide gap rods
are significantly larger than the steady state values. An interpretation of this effect of hot
gap width on the power oscillation results is that during the power oscillations, the
pellet-to-cladding gap may be closed, or nearly closed, during the power increase,and open
during the power decrease. This effect would be more pronounced in the wide gap rods than
in narrow or medium gap rods because the change in the temperature drop across the gap

!
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would be greater in the wide gap rods. The random nature of scatter in the power oscillation ,

data indicate that random pellet-to-cladding contact is occurring during power oscillations
when the hot gap is small. Pellet-to-cladding contact during a portion of a power cycle
would be expected to result in a distorted output signal, which, when analyzed at the
fundamental frequency by the M ACitAN-ill computer code, would yield an unrealistic
power to cladding temperature phase relationship. Probable causes of pellet-to-cladding
contact at power levels below the predicted gap closure regime are (a) fuel pellet thermal
expansion. (b) pellet cracking and fragment relocation,and (c) pellet motion during power
oscillations.

Figure 83 shows an example of the effect of fill gas composition on the comparison
between power oscillation and steady state gap conductance values in narrow gap rods. The
oscillation data again show trends that are consistent with the steady state results, but are
generally higher and have a significantly larger amount of scatter. The distinction between
the power oscillation results for the different rods is much less clear than it is for the steady
state results.
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Comparisons between power oscillation and steady state gap conductance values that
show the effect of fuel density are shown in Figure 84. Again, the trend is for the power
oscillation results to be slightly larger than the steady state values and to exhibit snuch more
scatter in the resuhs, especially at power levels above which pellet-to-cladding gap closure
would be expected to occur. Taking the scatter in the azimuthal variations into account,
however, the power oscillation results also indicate very little effect from variations in fuel
density.

The relatively poor agreement between the power oscillation and steady state
evaluated gap conductances, as shown by the representative comparisons in Figures 82,83,
and 84, was unexpected. Power oscillations results obtained with pressurized water reactor
(PWR) design test fuel rods are, generally, in much better agreement with the steady state
results. (The design details of some of the PWR tests are presented in Appendix D.)
Observation of the IlWR tod cladding and off-center temperature response waveforms
during oscillation revealed significant nonlinearities in the signals at higher power levels, and
indicated a need for additional analyses to provide an appropriate basis for evaluating the
power oscillation method. These additional analyses were performed on the specific
waveforms of the individual detector responses. To provide additional comparisons between
llWR and PWR rod design results, the additional waveform analyses were also performed on
the PWR test results, as described in the following section.

2. POWER OSCILLATION WAVEFORM ANALYSIS

Inherent in the oscillation method is the assumption that the amplitude of the driving
ftmetion (power) is sufficiently small that nonlinearities in the fuel rod system are
negligible. Potential sources of nonlinearit es during an oscillation are changes in fuel
thermal conductivity and gap width. The effects of nonlinearities in the fuel rod response
can be exhibited in two forms:(a) asymmetry in the phase shift between the minimum and
maximum in the power oscillation waveform and the minimum and maximum in the
cladding temperature oscillation waveform, and (b) distortion in the shape of the cladding
surface temperature waveform as exhibited t>y deviations from a smooth function. Cladding
surface temperature waveforms were analyzed at several different power levels to determine
if significant waveform distortion or asymmetry was occurring, and to quantitatively
determine the effect of the observed nonlinearities on the results obtained by the oscillation

experimental method.

2.1 Analytical Methods

An eightherder recursive Fourier-tit routine was developed for the CDC 7600
computer to analyze the digitized oscillation data. The data were time averaged over
20 cycles of power oscillations in increments of I s to obtain a statistically valid oscillation
cycle. The Fourier-tit of the data was then plotted with the time averaged data points to
observe whether the fit was a reasonable approximation to the data. If the fit was adequate,
the function was then plotted over ten cycles of the original data set to verify the time
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averaged cycle approximation. Additional veritication of the single cycle approximation was
accomplished by comparing phase angles between the cladding thermocouples and power
signals determined from a tirst-order Fourier-lit of the time averaged data with cycle

N nalysis.averaged phase angles trom the M ACit AN-ill a

2.2 IlWit Design Test Itods

To investigate the cladding surf ace temperat ure wavelorm nonlinearities, the
ciphth-order Fourier-lit function was used to determine the relative times corresponding to
cladding temperature oscillation minimum and maximum. These times were related to the
sinusoidal driving function (power oscillation) to determine a minimum and maximum
phase anple. 'I he minimum and maximum phase angles determined by this method, and the
comparison between the tirst-order I ourier-lit and the M ACitAN-Ill phase angles, are listed
in Table V iar the power levels investigated. Within the uncertainty in determining the
first-order tit minimum and maximum (11.8 degrees). the fit and the M ACitAN ill phase
angles apree sery well. This agreement indicates that in most cases the Fourier-fit to the time
averaped single cycle is a good approximation to the entire oscillation data set at a specific
power lesel.

Table V aho shows that a significant variation exists between the minimum and
maximum phase angles determined trom the eighth-order Fourier-tit to the data. This
variation in licates that the oscillation waveforms are significantly asymmetric. To identify
the amount of asymmetry, the mean phase difference between the minimum and maximum
for each fuel rod (average from all ckdding thermocouples at the same axial position on
each rod) at individual power levels was calculated. The results of these calculations are
listed in Table VI.

Although the imeestainty in the mean phase difterence is greater than 2.5 degrecs, the
data in Table VI suggest that the degree of asymmetry in the cladding surface temperature
wavelorms for a 200 power oscillation is dependent on the fuel rod design and test rod
power density.1.imited time for analysis precluded quantitive evaluation of the test rod
design parameter and power density effects on the oscillation waseform asymmetry.

To observe possible oscillation wavelorm distortion, the averaged cladding tempera-
ture response was plotted along with the time averaged data points. The power driving
lunction and its tirst-order Fourier-tit were plotted on the same relative time scale to
proside a basis for comparison. Figures 85(a-f) through 8S(a-f) are representative plots of
the time averaged data points and the appropriate 12ourier-tits at four power levels. All of
the data for these plots were obtained at an oscillation amplitude of i 20'] and oscillation
period of 20 s, from Test GC 2-3. The reference signal for all Figures 85 through 88 (b) <

and (c) at all power levels is shifted in time f rom the reference signal for Figures 85
through MS te) and (t) due to a time shif t during the digiti /ing process. In Figures 85
through S8. the eighth-order Fourier-tit sutliciently reproduced the experimental data so
the data points are not shown on the plots.
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TABLE V

COMPARIS0 tis BETWEEtt FOURIER-FIT WAVEFORM AtlALYSIS PHASE AtlGLES
AtlD PHASE AtlGLES DETERMIrlED BY MACRArl-III FOR TEST GC 2-3

_

Test Rod Power 'l * 47.0 ku 'si
Test Rod Power *1 = 26. 7 6Ce Test Rod Power [b] = 37.5 kW/m

Test mod _ Power (b} = 13.0 6e/m
( t gnth-Order E i ght h-order [1ghth-Order E t get n-Order

Fit F i rs t -Order MACAA4-11! Fit F irs t-Order MCRAN-I!! Ftt First-Order MACRAM-I!! Fit F irs t -Order *CR A4 -ll!

J.dereeskimum
Fit Pha seFit Phase

Fit P%5e . , _. _. [ degrees]Fu_nldeYeesL jereesh #TaTmuUpgrees}s ldeyeesL {deneLFit Phase m Ma Jacyeest pey,,,sj j
Identifier " Nnb,(deyees]M ddereesh De7U h HTnTeum MM98a NTransducer

I Nan %'n s

CLDTEMP 11 -45.9 -40.5 -45.9 -46.6 -49.5 -45.9 -47.7 -47.60 -60.3 -42.3 -67.5 - 66. % - 51. 3 -8.1 38.7 -37.12

15 -42.3 -36.9 -42.3 -42.6 -44.1 -42.3 -40.5 -40.22 42.3 -33.3 -35.1 35.16 54.9 -47.7 40,5 -39.95

21 -45.0 -45.0 -50.4 -50 84 -36.0 -37.8 - 19 4 - 38.75 M/4 4/4 N/A %/A N/A t/4 t/4 g/4

25 -67.5 -65.7 -63.9 -64.64 -33.3 - 3' . 5 -33.3 -32.45 -31.5 -29.7 -27.9 -28. 58 -20.7 -27.9 -24.3 -24.10

31 -54.0 -55.8 -50.4 -51.09 -50.4 -48.6 -50.4 -50 96 -45.0 -28.8 -43.2 -44.14 - 32.4 -30.6 -27.0 -44.50

C 33 -59.4 -50.4 -54.0 -54. 9 ) - 54 .0 - 54.0 -50.4 -61,39 -50.4 -4 J 2 -48.6 -48.35 4/A h/A M/A t/A4

35 -55.8 -66.6 -61.2 -61.67 -54.0 -45.0 -50.4 -50.21 -45.0 -54.0 -48.6 -48.36 -43.2 -43.2 -45.0 -44.34

41 -65.7 -105.3 -103.5 -105.73 -76.5 -60.3 -51.3 -47.45 -45.9 -26.1 -31.5 - 32.35 -27.9 -29.7 -29.7 -30.21

43 - 31.5 -29.7 -40.5 -38.74 -35.1 -45.9 -42.3 -43.21 -33.3 -38.7 -38.7 - 37.25 -33.3 -31.5 -33.3 -31.66

45 -62,1 -74.7 -71.1 -69 51 -% . 7 -33.3 -44.1 -43.64 -27.9 -33.3 -33.3 -33.15 -17.1 -17.1 -29.7 -19.32

ciseding surf ace temperatu e sessurement (CLDTEMP). rod designation ner (l. 2. 3 or 4), and azimuthalr[a] Transducer Identtfler is interpreted as:
orientation (t * 6C* 3 * 180*. 5 = 300*) at 0.452-m elevation.

[b] Test rod power is the avera9e power of the four test rods in Test GC 2-3 at an elevation of 0.452 m.
-
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TABLE VI

WAVEFORM ASYMMETRY AT VARIOUS POWER LEVELS (BWR Test Rods)

Individual Number of[b]
Test Rod Mean Phase [a] Data Points

Power Density Difference Used to
Test Rod (kW/m) (degrees) Calculate Mean

GC 523-1 13.55 5.4 2
(He, 0.94% 27.25 2.7 2

gap, 92% TD) 39.84 13.5 2

48.60 25.2 2

GC 523-2 13.22 0.9 2

(Xe, 0.94% 26.89 1.8 2

gap, 95% TD) 37.73 1.8 1

47.49 7.2 1

GC 523-3 12.57 7.2 3

(He, 3.6% 25.67 5.4 2

gap, 97% TD) 35.81 10.8 3
44.34 0.0 1

GC 523-4 12.58 7.2 2

(Ar, 2.2% 27.06 7.2 2

gap, 92% TD) 36.72 10.2 3

47.43 1.8 2

[a] Average of all available cladding temperature sensors on a given
test fuel rod.

[b] Data point not used if value was outside the range of uncertainty in
first-order Fourier-fit when compared to MACRAN-III phase angles

(+ 1.8).

In all cases, the plots of Figures 85 through 88 show increasing waveform distortion
from the lower to higher power levels analyzed. The amount of distortion is also seen to be
dependent on the fuel rod design parameters. For example, the small gap (0.94'7c) xenon
rod, Figure 88(e), and the medium gap (2.29) argon rod, Figure 88(c), c.chibit noticeably
more waveform distortion than the small gap (0.94'?) helium rod, Figure 88(b) at the
highest power level analyzed. At the lowest power level (Figure 85), only the medium gap
argon filled test rod, Figure 85(c), exhibits perceptable signal distortion. The data in
Tables V and VI suggest that even at low power levels the cladding surface temperature
signals are not necessarily symmetrical, even though Firures 85 and 86 show that noticeable
signal distortion is not always apparent.

- ____ ____ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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l'ig. 85 Drning function (p>wer) and cladding surface temperature responses at an average nominal pmer of 13.0 kW/m.
Time averaged data points and l'ouner tit to data.
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lig. 87 Drising function (p>wer) and staddmg surface temperature responses at an average nominal power of 37.5 kW/m.
Time averaged data niints and Founer tit to data.
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2.3 PWR Design Test Rods

Gap conductance data taken in conjunction with the PBF PCM-2 and PCM-3(a) tests
indicated that reasonable agreement between the steady state and oscillation methods could
be obtained. These two tests were conducted with PWR design fuel rods and were
operationally similar to the tests conducted with BWR design fuel rods (Tests GC 2-1,
GC 2-2 and GC 2-3)[bl. Steady state (fKDT) and power oscillation gap conductance values
as a function of test rod power density are shown in Figure 89 for the GC PCM-2 and
GC PCM-3 " piggyback" tests. The figure shows that, although the gap conductance values
determined by the oscillation method are generally higher than those determined by the
steady state method, reasonable agreement between the two values is obtained. Inherent
differences between the BWR and PWR fuel rod designs were not anticipated to result in
large differences between the two methods since the tests were conducted similarily.

To investigate the apparent inconsistencies between the BWR and PWR test results,a
waveform analysis was conducted on a limited sampling of Test GC PCM-3 oscillation data
at three power levels. This analysis was essentially identical to that performed on the Test
GC 2-3 (BWR) data discussed previously.

25 i i i i i i i i

Steady state
* Test GC PCM-2 _2 20 -

o Test GC PCM-3
$ Power oscillation

a 20 seconds / cycle - Test GC PCM-2j
5, 15 - o 20 seconds / cycle s _

g e 60 seconds / cycle . Test GC PCM-3
g a 100 seconds /cycleJ
U

i ' - - -
oo a 9 .e o

E @B
-

o" -

8 ,,:, Qo e.s -

0 ' ' ' ' ' ' ' '
--

10 15 20 25 30 35 40 45 50 55
INEL- A-9510Test rod power density (kW/m)

Irig. 89 Comparison of measured steady state and power oscination gap conductance values for Tests GC PCM 2 and GC
PCM-3.

[a| The measured fuel rod cladding temperatures and rod powers will be published in the
PCM-2 and PCM-3 Test Results Reports.

[b] Pertinent details of the Tests GC PCM-2 and GC PCM-3 test rod nominal design
characteristics and tests conduct are provided in Appendix D.
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Results of the l'WR symmetry analysis are provided in Table Vll. The amount of
'

asymmetry at each power level was estimated by aseraging the dif ference between the
minimum and maxim un phase angle for each rod investigated. These calculations are
summarized in Table Vill. The data from Tables Vil and Vill indicate that for the three
identical PWR design fuel rods analy/ed from Test GC PCM-3 the cladding waveforms do
show a noticeable amount of asymmetry, which generally decreases as the power is

fincreased. (The power densities listed in Table Vill correspond to the test rod power at the
axial peak location, and, at all thermocouple locations the local power is less than the peak
value.)

1igures 90tasi) throuph 92(asti show the power driving signal at each power level
(Figures 90ta) through 92(all, and representative cladding surface temperature responses
illigures 90(bst) through 92(bs!)l to the driving function. The data points on the plots
correspond to the time averaged data over 20 oscillation cycles. The driving signal (SLP #1) +

was again lit with a firstsuder 170urier series; the cladding temperature responses with an
eighthorder Fourier series.

Figures 90 through 92 do not reveal an appreciable amount of waveform distortion
e xcept on the Rod UTA-00ll cladding temperat ure oscillations I Figures 90(b)
through 921b)l. The increased incidence of signal distortion apparent in the llWR analysis at
progressively higher power levels does not appear to occur in the PWR design rod analysis,
although the high powers experienced in Test GC 2-3 were not achieved in Test GC PCM-3.

2.4 Summary of Pawer 0,cillation Analysis Results

The signal analysis for both IlWR and PWR fuel rod designs showed that perceptible
waveform asymmetry was apparent at all power levels analyzed. For the llWR design test
rods, the amount of signal distortion visibly increased as the power increased, and is
dependent on fuel rod design parameters. Results from the argon filled test rod (Rod
GC 523-4) with 2.27 initial gap width exhibited the greatest degree of distortion, with
obvious nonlinearities at even the lowest power investigated (Figure 85). Nonlinearities
evident in the results from the small gap helium filled rod (Rod GC 523-1) at the two
highest powers t Figures 87 and 88) suggest that the distortion is not only dependent on the
temperature of the gap gas, but also on the gap width.

l'or the PWR design fuel rods, the asymmetry was most significant at low power
levels. The amount 01 distortion apparent at comparable power levels suggests that the PWR
design fuel rods maintain a more stable fuel stack geometry during a power oscillation. The
larger fuel pellet central expansion is postulated to be compensated by the dished ends in
the PWR fuel pellets, but it contributes to an unstable geometry in the llat-ended IlWR fuel
pellets during a power oscillation. This conclusion is supported by noting that the greatest
degree of distortion in the cladding waveforms is apparent in the llWR design rods when the
pellet-to-cladding hot gap is small, and when the large gap rods are at high power levels.

86
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TABLE VII

COMPARISONS BETWEEN FOURIER-FIT WAVEFORM ANALYSIS PHASE ANGLES
DETERMINED BY MACRAN-III FOR TESTS GC PCM-2 AND GC PCM-3

Test Rod Fower[b] = 20.5 LW/m Test Rod Power [b] = 31.5 W Test RM Pw[b] = 36.3 %

Eightn-Order Eighth-Order Eighth-Order

Fit First-Crder MACRAN-III Fit First-Order MACRAN-!!! Fit First-Order MACRAN-III
(degrees) Fit Fnase (degrees) Fit Fhase (degrees) Fit Fhase

TransducerE8Identifier Mini e Maximun (degrees) (degrees) Minintri Ma x wve (degrees) (de;rees) Finimum Ma xi um (degrees) (degrees)

CLDTEMP 111 -46.8 -50.4 -48.6 -47.72 -41.4 -55.8 -46.8 -46.68 -41.4 -41.4 -43.2 -46.61

|

| 112 -51.1 -42.3 -47.7 -47.03 -44.1 -44.1 42.3 -42.93 -42.3 -42.3 -44.1 -43.17

113 -77.4 -61.2 -64.8 -64.81 -41.4 -45.0 -41.4 -42.31 -39.6 -41.4 -41.4 -41.99 i

|

114 -47.7 -44.1 -47.7 -47.68 -47.7 -53.1 -45.9 -45.91 -44.1 -44.1 -44.1 -43.80

131 -48.6 -43.2 -46.8 -46.34 -45.0 -52.2 -43.2 -44.36 -43.2 -45.0 -43.2 -42.89

1 32 -49.5 -42.3 -47.7 -45.82 -44.1 -45.9 -44.1 -43.93 -40.5 -38.7 -42.3 -41.44

133 -48.6 -45.0 -46.8 -46.71 -41.4 -45.0 -43.2 -44.72 -43.2 -41.4 -43.2 -41.59

134 -47.7 -42.3 -45.9 -44.15 -42.3 -36.9 -42.3 -42.64 -44.1 -33.7 -42.3 -42.92

2'1 -58.5 -45.9 -53.1 -5i.53 -38.7 -35.1 -36.9 -37.59 -42.3 -31.5 -40.5 -40.36

212 -55.8 -61.2 -54.0 -52.54 -46.8 -45.0 -43.2 -44.09 -45.0 -39.6 -43.2 -41.81

213 -54.9 -62.1 -53.1 -52.28 -40.5 -42.3 -42.3 -41.98 -26.1 -35.1 -35.1 -34.93

[a] Transdacer identifier is interpreted as: claddin9 surface terperature (CLDTEMP), test rod designation (11,13 or 21), and aziruthal orientation
(1 - 0*, 2 - 90*, 3 - 180*, 4 - 270*). For Rod UTA-0011 (CLDTEMP 11x), the angular orientations correspond to elevations of: 0* - 0.68 m,

90* - 0.74 m,180* - 0.58 m, 270* - 0.64 ri. For Rod UTA-0013: 0* - 0.68 m, 93* - 0.43 m, 180* - 0.58 m, 270* - 0.64 m. For Rod A-0021:

0* - 0.68 m, 9J' - 0.64 m, 180* - 0.58 m, 270* - 0.89 m.

[b] Test rod power is three-rod average of peak power. Elevation of peak is approximately 0.41 m from bottom of fuel stack.
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TABLE VIII 9

WAVEFORM ASYMMETRY AT VARIOUS POWER LEVELS (PWR Test Rods)

Individual Number of[c].

Test Peak [a] Mean Pha'e[b] Data Points
Power Density Differeice Used to

Test Rod (kW/m) (degrees) Calculate Mean

UTA-0011 20.0 8.1 4

29.8 5.8 4

34.7 0.4 4

UTA-0013 20.4 5.7 4

31.3 4.5 4

36.3 2.7 4 ,

A-0021 21.2 8.4 3

33.3 2.4 3

37.8 7.4 3

[a] Cladding temperature sensors were placed at several axial eleva-
tions on each fuel rod. Power density listed is at peak elevation.

[b] Average of difference between minimum and maximum phase for all
cladding thermocouples on designated fuel rod.

[c] Data point not used if value was outside range of first-order
Fourier-fit when compared to MACRAN-III phase angles (+ 1.8). (

_
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3. I!V ALU ATION OF Tilli POWIiR OSCILLATION MiiTIIOD FOR OllTAINING G AP
CONDUCTANCli VA LUliS

The results of the waveform analysis do not generally support the use of the power
oscillation method for estimating gap conductances over the range of power levels and fuel
rod design variations of interest. In particular, for 20'T amplitude power oscillations the
method appears to be most applicable at medium power levels in the more stable PWR
design fuel rods.

At low power levels, nonlinear changes in fuel thermal conductivity probably
contribute to the observed cladding signal asymmetry during a 20'T power oscillation.

Analysis of waveforms from Test GC 2-1 with a 10'T oscillation amplitude at low power
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levels were inconclusive with respect to the elTect of oscillation amplitude on the waveform
nonlinearities due to the small relative signal-to-noise relationship.

At high power levels, changes in the gap width during a 20'J. oscillation are the
probable cause of the large degree of signal distortion observed in the llWit rods. Pellet
cracking and relocation, as well as fuel thermal expansion, contribute to the nonlinear gap
width changes. An attempt was made to correlate the expected phase angles determined
from the SKDT gap conductance values and the linear oscillation model, with the minimum
and maximum phase angles determined from the waveform analysis. A functional
relationship between the models was not apparent. This result would be expected if the gap
width changes were random, as would be the case if pellet motion were esident. Fuel
conductivity changes due to pellet relocation and continuously changing radial temperature
proGles during power oscillations are probable contributors to the cladding waveform
nonlinearitRs.

t

The power oscillation method appears to yield reasonable results for PWit design fuel
rods at low and medium power levels (that is, below 35 kW/m). At low power levels, the
relative changes in gap width and fuel conductivity are small enough that the asymmetric
waveform can be approximated by a linear signal of the same frequency. At medium power
levels (20 to 35 kW/m) the PWR design fuel rods do not exhibit a significant amount of
waveform distortion or asymmetry, indicating a stable fuel stack and relatively small
changes in gap width and fuel thermal conductivity. Information on PWR design rods at
high power levels (greater than 35 kW/m at the temperature measurement location) was not
available.

Power oscillation gap conductance values obtained from IlWR design fuel rods appear
to be in good agreement with the steady state rewits for cladding temperature response
waveforms which exhibit only a small amount of distortion. The degree of distortion is
dependent on the power level and fuel rod design parameters, indicating that the hot gap
width, fuel thermal conductivity, and fuel stack stability are important in the applicability
of the thermal oscillator technique.

The oscillation waveform analysis has shown that the assumption of negligible (
nonlinearities is not valid for a i 20% power oscillation at all power levels of interest.
Analysis of i 10'J power oscillation cladding responses has proven inconclusive due to the
small signal-to-noise ratio. Possibly, improved signal enhancement capabilities and larger
output temperature devices could allow acceptable measurement of gap conductance values
at low and medium power levels with scry small (! 54) power oscillations. The small
oscillation magnitude is necessary to satisfy the apparent range of applicability of the linear
oscillation model. At high powers, the present oscillation method may be unacceptable,
even with a low amplitude driving function, due to the ast.umed unstable behavior of the
BWR design fuel stack. Additional oscillation data on PWR design fuel rods at high power
levels are necessary before conclusions as to the use of the power oscillation method on
PWR rods can be made.
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Vil, SUMMAltY ANI) CONCLUSIONS

Tests GC 2-1, GC 2-2, and GC 2-3 have provided an extensive and impartant data base

for evaluating I. Wit design fuel rod thermal response, for evaluating existing analytical
models, and for the development of new models. The rod design parameter variations
encompass design variations in initial gap width, fuel density, and fill gas composition.

The response of a fuel rod to changes in rod power levelis manifest through measured
changes in such variables as fuel temperatures, cladding temperatures, cladding elongation,
and internal pressure. Generally, at a given power level higher fuel temperatures would be
expected to be obsersed in initially wide gap rods than in initially narrow gap rods, and in
low thermal conductivity fill gas rods than in high thermal conductivity fill gas rods. The
effect of fuel density would be expected to be small,or even indistinguishable for the small
density variations used in the Pill gap conductance tests. The effects of pellet cracking and
ml gas inclusion would be expected to alter the thermal response of a fuel rod in possibly
opposing ways; cracking would be expected to lower fuel temperatures by reducing the
pellet-to<ladding gap, resulting in higher gap conductances, but fill gas inclusion in the
cracks would be expected to increase fuel temperatures by effectively reducing the thermal
conductivity of the fuel pellet. At high fuel temperatures, fuel restructuring and total gap
closure may occur, which would further affect the resulting fuel temperatures, and possibly
cause permanent cladding deformation, which would affect subsequent behavior at lower
test rod powers.

l'urther complicating the expected thermal response picture is the fact that the fuel
pellets may be eccentrically positioned withm the cladding; that is, the p llets may be
touching on one side and turther away from the other side than normally expected.
Analyses have indicated that eccentric positioning of the fuel pellets does not affect the
interpretation of the overall thermal behavior of the fuel rod;that is, effective fuel thermal
conductivity and average gap conductance, if at least three, equally spaced azimuthal
temperature measurements are made. llowever, if only one or two temperature measure-
ments are made, large uncertainties are inherent in the expected fuel temperatures and
interpreted etfective fuel thermal conductivities and average gap conductance.

Although additional data will be forthcoming from Tests GC 24 and GC 2-5, the data
from the three tests performed to date (Tests GC 2-1, GC 2-2, and GC 2-3) have provided a
basis for evaluating the effects of fuel design parameter variations on (a) fuel rod thermal
response (that is, temperature response), (b) effective fuel thermal conductivity, and
(c) pellet-to-cladding gap conductance as a function of rod power density. The data from
these three llWit rod tests and the pWit rod piggyback tests also provide a broad basis for
evaluation of the power oscillation method for obtaining pellet-to-cladding gap conductance
in 1. Wit design rods.

Significant interpietations and conclusions from each aspect of the test results are
discussed subsequently.
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l. TEST ROD TilERMAL RESPONSE

The observed effects of variations in the fuel rod design parameters of initial gap
width, fill gas composition, and fuel density on the measured fuel centerline and fuel
off-center temperatures as functions of test rod power are summarized in the following

i
subsections. Generally, the test rod steady state thermal responses were as expected, except
that the xenon and argon Giled rods were hotter at low powers.

\

1.1 Effect of Initial Gap Width

initial gap width has a strong effect on the fuel centerline and pellet surface
temperatures in helium filled rods when the gap width is increased from 2.2 to 3.4% of the
pellet diameter, but only a small effect was observed when the gap width was increased from
0.94 to 2.2%. Ilowever, for argon and xenon filled rods, the effect of gap width between
0.94 and 2.2% gap rods was much greater. The stronger effect of gap width in the argon and
xenon Giled rods than in the helium filled rods is interpreted to be due to the strong effect
of pellet cracking and fill gas inclusion on the effective thermal conductivity of the fuel.
Inclusion of the low conductivity fill gases of argon and xenon in the fuel cracks strongly
inhibits heat conduction across the cracks. At high powers, however, fuel restructuring and
contact pressure somewhat offset the effect of cracking and gas inclusion.

>

In all test rods, the fuel centerline temperatures increased much more than did the
off-center (pellet surface) temperatures when the initial gap width was increased. This
indicates that when the pellets crack, part of the thermal resistance normally associated with
the pellet-to-cladding gap was redistributed within the fuel pellet, especially in moderate and
large gap rods. This result further illustrates that pellet cracks and the movement of pellet
fragments degrade the fuel thermal conductivity while improving the gap conductance.

1.2 Effect of Fill Gas Composition

As would be expected, the xenon filled rods showed the highest fuel temperatures at a
specified power level. Ilowever, the differences in the fuel centerline temperatures between (
xenon and argon rods were much smaller than the differences in the off-center (pellet
surface) temperatures for the same rods. This result indicates that the gap thermal resistance
and the fuel thermal conductivity are both reduced in both xenon and argon filled rods. but
that the reduction in fuel thermal conductivity in the high temperature xenon filled rod was
somewhat offset by some other effect, possibly fuel restructuring.

The high fuel temperatures in both the xenon and argon filled medium gap rods
caused a chetaical reaction between the fuel thermocouple sheath materials and the UO .3
This reaction resulted in a region of material at the center of the pellets that had
significantly different thermal properties than UO . Consequently, once the xenon and2
argon medium gap rods had experienced high temperatures. thermocouple failures and:

changes in the fuel material make use of the experimental data from these rods beyond the
lirst power increase questionable for subsequent analyses.
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For the small gap rods, the effect of fill gas Wn position also caused the xenon rods to --;
exhibit the highest temperaturee epd the helium ! filled rods the 16wett temperatures. 1
llowever, at high powers, the fuel /enterline temperatures in the xenon filled rods were only //
slightly higher than those in.the argon aadj helium filled rods, whereas the off-center,., i f
temperatures in the xenon filled'ro"ds were signiGeantly higher ('\,500 K) than in the argon- , )
and helium rods. This result again indicatf.s an apparent improvement in the thermal ~

'

r

conductivity of the xenon filled fuel rod as compared with the argon and helium filled rods,
and the effect may be due to extensive restructuring or to pellet-to-cladding gap clomre in ~,

"
the hotter, xenon filled rod.

- / :
[ /7"^

1.3 Effect of Fael Density
- - , ,.

..

The effect of fuel density on the observed thermal. response was small for fuel
centerline temperatures and was indistinguishable from normal scatter in the data for

'

off-center temperatures. -

***
,

d
/ y' .

1 CFFECTIVE FUEL TIIERM AL CONDUCTIVITY 7
'

. s .,

.. ;; ;;

Under actual operating conditions, pellet cracking, relocation, and fill gas inclusion
2 uel pellets. An analytical procedure wasfsigniGeantly alter the thermal conductivity of UO

developed for evaluatiyg,the ." effective fuel thermal conductivity" that takes these effects

into account. To be of use in predicting fuel rod effectig^ thermal conductivities, an
emperical correlrtion was developed on the basis of evaluateFef'cetive thermal conduc-
tivities from Tests GC 2-1, GC 2-2, and GC 2-3. The_ thermal conductivity correlation is

'
briefly suramarized.

A correlation was obt ined for all of the helium filled test rods in terus of (a) a
nominal " hot gap width ".(b) the initial cold gap width, and (c) the fuel density. Although
the fuel density had a small effect,'it did serve as an arbitrary multiplier to fine-tune the
relationship for the tarious' helium ted rods.'

The resulti1g c< trc[ation is given as
,

5.698x Dk =k - (0.00M89 - 0.0%86h +
eff MATPRO ;-

where

x = (HG - 0.014 - 0.14 CG) (0.0545/CG) (% TD)8 j-

J
~

-

$ ' .

,,,a. *>
,

$

as*

1
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w
f

and,

.

a hot pellet-to-cladding radial gap inIIG . =
,

millimeters, calculated assuming only
- radial cracking, thermal expansion,'

and clastic deflection of an idealized ,

P solid pellet and cylindrical cladding

the initial cold radial pellet-CG =

to-cladding gap in millimeters

the theoretical density of the fuelin% TD =

percent

MATPRO the temperature-dependent fuel ther-k =

mal conductivity of a solid pellet [61,

1
l
_

Analytical models used for predicting fuel rod thermal response should take pellet cracking
effec 4s on the thermal conductivity into account.

.

3. PELLET-TO-CLADDING GAP CONDUCTANCE
-.

n

2 Pellet-to-cladding gap conductance was evaluated as a function of test rod power
density by steady state (fkdT) and power oscillation experimental methods. The results
obtained by both methods are summarized. >

3.1 Steady State Method
.

The steady state values were very consistent between similar rods in the three tests,
and showed relatnely small azimuthal variations in a given rod. The effect of initial gap'

Iwidth was significant for the helium filled rods between the wide gap and narrow gap rods,

[
~ but was relatively small between the medium and narrow gap rods. Only medium and

narrow gap xenon and argon rods were tested and the effect of gap width was small between
the different gap rods for both xenon and argon.

The low thermal conductivities of the xenon and argon fill gases significantly decrease
the gap conductance in these rods with respect to the relatively high conductivity helium fill
gas rods. Ilowever, the effect of till gas is offset somewhat, but not entirely, by high fuel
temperatures which result in greater fuel expansion, pellet cracking, and pellet fragment
relocation, all of which increase the gap conductance by decreasing the gap width.

A correlation was developed which provides a simple method for estimating the gap
conductance of a specific LWR design fuel rod under a specific set of rod conditions. In the
development of the correlation for predicting gap conductance it was observed that all but
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three of the test rods in the three tests could be predicted quite well by the Ross and Stoute

gap conductance correlation, modified to account for pellet cracking and pellet fragment
relocation by assuming a nonuniform thermal expansion of the cracked pellets. The
nonuniform thermal expansion model takes into consideration that the pellets have been
heated and cracked. Upon cooldown, the pellet fragments do not usually fit together well
enough to completely close the relocated cracks. Upon reheating, the relocated cracks must
be filled before thermal expansion contributes to closing the existing pellet-to-cladding gap.
A nonuniform thermal expansion model that allowed only 307c of the integrated fuel pellet
radial thermal expansion to be communicated to the relocated pellet-to-cladding gap was
determined to fit the data best. The nonuniform thermal expansion model relocated gap
width is given by

;

RGW(mm) = RGW(CZP,mm)- 0.3 AGW(mm)

3 where

the relocated gap widthRGW(mm) =
3

to be used in the Ross'

and Stoute gap conduct-
ance correlation at a
specific power level

the relocated gap widthRGW(CZP,mm) =

i , at cold zero power =

,

1.665 x 10-2 + 0.868
i (GAB)- 13.435 (G AB)2

+ .71.6 8 2 ( G A B ) 3,
where GAB is the as-
15uilt gap width

4

the in t egrated solid; AGW(mm) =

pellet gap width change
predicted from thermal
code calculations to any
given test rod power.

For the other three rods (the narrowest initial gap width rods; Rods GC 502,'

GC 522-2, and GC 523-3), a uniform thermal expansion ruodel provided the best fit with
the experimental data. For Rod GC 502, the narrow gap helium filled rod, data were also
obtained that would be better fit by a nonuniform expansion model. These data were
obtained during the power oscillation portion of the test and may be indicative of a definite
change in the thermal response of the rod after the power was cycled several times. The
xenon (Rod GC 523-2) and argon (Rod GC 522-2) filled narrow gap rods exhibited high fuel
temperatures at low power levels because of the low thermal conductivity till gases, resulting
in early gap closure. With gap closure at low power levels, subsequent thermal expansioni

1
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would be expected to be essentially the same as for a solid pellet; that is, uniform thermal
expansion. The uniform thermal expansion model relocated gap width is given by

RGW(mm) = RGW(CZP,mm)- AGW(mm)

with the definition of terms as given previously for the nonuniform expansion model.

3.2 Power Oscillation hiethod

Gap conductance values determined by the power oscillation method were generally
in agreement with the steady staie values at low powers, but deviated significantly (much
higher values) at high powers. A direct correlation exists between the power levels at which
the two methods deviate and the occurrence of waveform changes in the fuel and cladding
temperature oscillations. The waveform changes are believed to be due to pellet-to-cladding
contact during the oscillations, possibly indicating gap closure during the power increase,
and gap reopening during the power decrease.

Azimuthal variations within a rod were much greater for the power oscillation results
than for the steady state results. Niany of the indicated power oscillation values at high

2powers were unrealistically high (greater than 40 kW/m K). Pellet-to-cladding contact is
postulated to have occurred during the high power oscillations, with possible gap closure
during the increase in power, and gap reopening during the decrease in power. Gap closure
and reopening during a power oscillation cycle would alter the measured phase lag of the
cladding surface temperature oscillation by introducing higher harmonics. The analytical
methods used to evaluate gap conductances do not account for higher harmonics, and may
result in unrealistic values.

Analyses are described that were performed to identify cladding surface temperature
waveform distortions and to quantitively determine the effcet of observed nonlinearities on
the results obtained by the power oscillation meth,od. Nonlinearities in the waveforms were
identified for both PWR and BWR design sods, but the nature of the nonlinearities was
different for the two rod designs; that is, for BWR rods the amount of signal distortion
increased as the nominal rod power increased, but for PWR rods, signal distortion was most !

significant at low power levels. The amount of signal distortion observed at a specifie power
level suggest that the PWR design fuel rods maintain a more stable fuel stack geometry
during a power oscillation. The fuel pellet central expansion is possibly compensated by the
dished ends in the PWR fuel pellets, but it contributes to an unstable geometry in the
initially 11at-ended BWR pellets duriug a power oscillation.

4. liVALUATION OF Tile POWER OSCILLATION EXPERih1 ENTAL h1ETHOD

A major objective of the PBF gap conductance tests has been to provide experimental
data for evaluating the power oscillation method for obtaining gap conductances. On the
basis of the results obtained from Tests GC 2-1, GC 2-2, and GC 2-3, the power oscillation
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method does not provide reliable and consistent gap conductance values for BWR design
rods over the range of power levels of interest. These results are in contrast to the evaluation
of the power oscillation method based on the " piggyback" tests with PWR design rods.The
analyses should continue in an attempt to determine why the power oscillation method
appears to provide acceptable results for PWR design rods but not for 11WR design rods.
Tests GC 2-4 and GC 2-5 will provide additionallow power data to better identify the range
of applicability of the oscillation method. These results may also provide further insight to
why the method works for one rod design but not for the other.

.
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