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ABSTRACT

Light water reactor (LWR) fuel behavior studies are being conducted by the Thermal
Fuels Behavior Program of FG&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 pap width, fill gas composition, and fuel density on the thermal
response of fuel rods and the heat transfer coefficient (gap conductance) across the
pellet-tocladding gap. On the basis of the experiment data, the thermal conductivity of the
UO, fuel and the gap conductance are affected by pellet cracking. An empirical model has
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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The xenon filled rods showed the highest fuel temperatures at a specified power level.
However. 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, possibiy 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.

Under actual operating conditions, pellet cracking, relocation, and fill gas inclusion
significantly alter the thermal conductivity of UO» fuel pellets. An analytical procedure was
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
width, and (¢) 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 (/kdT) 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 initiai 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. However, the effect of fill 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 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
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






pellets, but it contributes to an unstable geometry in the initiaily 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 resulis 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 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 BWR design rods.
Tests GC 24 and GC 2-5 will provide additional low power data to better identify the range
of applicability of the oscillation method. These results may also provide further insigiit as
to why the method works for one rod design and not the other,
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» Photomicrograph showing crack patterns in fue' »f Rod GC §22-3 (He, 0.94% gap) at 451.5 mm
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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-
quishable from normal scatter in the data. There was a slight tendency for lower fuel
centerline temperatures in the high density, helium filled rods.

Postirradiation examination (of photomicrographs) showed significantly different fuel
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
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.

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.
In some cases. azimuthal variations in the off-center temperature measurements can also be
explained in terms of pellet fragment relocation effects.

The 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 refocation on the thermal response of the fuel rods.



ANALYSIS OF EXPERIMENT STEADY STATE RESULTS




fuel thermal conductivity s simply the MATPRO conductivity 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 MATPRO thermal
conductivity relationship and an adjusted thermal conductivity as  determined by
FUFLCON.
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Fig. 38 Representative companison between fuel pellet radial temperature profiles calculated using the MATPRO thermal
conductivity correlation and the FUFLCON effective thermal conductivity

Since the pellet-tocladding 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 given rod are not always the same, effective fuel
conductivities were calculated for the centerline and cach off=center thermocouple in cach
of the test fuel rods from Tests GC 2-1, GC 2-2, and GC 2-3. Figure 39 shows representative
values for the effective fuel thermal conductivity as determined by FUELCON using the
measured centerline and each of the measured off-center temperature measurements in Rod
GC 503 (He, 2 2% gap) at test rod power densities of 7.4 and 24.4 kW/m. In Figure 39 the
unadiusted MATPRO curve is also shown tfor comparison. The differences between the
values at each power level show that significant differences in fuel thermal conductivity (as a
function of temperature) occur within a single test rod because of variations in the
azimuthal temperature measurements. These vanations are apparently due to ditferences in
crack patterns and crack arcas between the pellet centerline and the location of the vanous
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Fig. 46 Relocated hot gap wadth and estimated zero-power gap width as functions of rod power for the helium rods in
Tests GC 2-1, GC 2-2, and GC 2-3.

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,

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
pretest charactenzation 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
redistribution of part of the initial gap toward the center of the tuel pellets.

The relocation factor for a given rod design would be expected to be a strong function
ol the initial cold gap width, but probably not influenced to any great extent by fill gas
composition and fuel density. Figure 47 shows that a strong linear relationship does indeed
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
between relocation factor and initial gap width (for example, Rod GC 501) may have been
influenced by high fuel temperatures resulting in extensive fuel relocation and a reaction
between the fuel and the centerline thermocouple sheath, as previously discussed. Figure 47
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Fig. 48 Calculated fuel thermal conductivity correction factor as a function of caleulated hot gap width for helium filled
rods in Tests GC 2-1, GC 2-2, and GC 2-3.

Using the rod with the smallest measured gap width (Rod GC 502, 0.94% diametral or
0.0545-mm 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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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.

1.3 Effect of Fuel Density

Low density uranium dioxide fuel generally cracks somewhat more easily (at slightly
lower stress levels) than higher density fuel ©1 . In addition, the crack surfaces might be
expected to be shightly 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 UO, thermal conductivity correction factor versus adjusted and relocated hot gap
width for the three 0,947 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. SO Calculated fuel thermal conductivity correction factor as a function of relocated hot gap width, including the
effects of initial gap width, for the 0.94% initia) gap rods in Tests GC 2-1, GC 2-2, and GC 2-3.
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pellet measurements at the axial temperature measurement locations. The fuel pellet surface
temperatures were calculated using the measurcd 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 values were calculated for each azimuthal orientation
for cach 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
Sectien V-2.1.

Since the pellet-to-cladding gap conductance is inversely proportional to the
temperature drop across the gap (Tg-Te), the fuel design characteristics and thermal
properties that are responsible for the observed fuel thermal responses, as described in
Section 1V, are also responsible for the observed gap conductance behavior. For example,
wide gap rods charactenistically have higher fuel temperatures than narrow gap rods,
resuiting 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. However, the effects of fuel pellet cracking and fragment
relocation may alter these general charactistics, as discussed in Section V-1,

2.1 Developmient of a Correlation tor 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
Stoute! 81 correlation that was developed on the basis of solid pellet thermal expansion, and
is described by the relationship

h = k_gis
gap GW + C(R1 + Rz) + Jr
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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:

RGH(CZP) = 1.665 x 1072 + 0.868 (GAB) - 13.435 (GAB)Z + 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 2 0.19 mm.

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 iilustrated
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
TOODLEY 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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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 fiequency distribution of (Hcorrelation‘"measwemcnt)
are near normal with an absolute one-sigma standard deviation of + 09154 kW/m<-K and a
relative one-sigma standard deviation of + 2538%, 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 satistactory. The need for more than one model implies 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. However, other data (Appendix B, Figure B-11) 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 duning 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 hehum 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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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 determinati~a of gap conduct-
ances in irradiated fuel rods without the need for fuel temperature measurements. The
power oscillation method is described in detail in Appendix C.

. 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 vanation. 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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For the small gap rods. the effect of fill gas wn position also caused the xenon rods to
exhibit the highest tumperatures snd the helium filled rods the lowest temperatures.
However, at high powers, the fuel “enterline temperatures in the xenon filled rods were only
slightly higher than those i the argon aad helium filled rods, whercas the off-center
temperatures in the xenun fiNed rods were significantly higher (500 K) than in the argon-
and helium rods. Tlus result again indicales an apparent improvement in the thermal
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 closure in
the hotter, xenon filled rod.

il

1.3 Effect of Fue! Density

The effect of frel 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.

. CFFECYIVE FUEL THERMAL CONDUCTIVITY

Under actual operating conditions, pellet cracking, relocetion, and fill gas inclusion
significantly alter the thermal gonductivity of UO5 fuel pellets. An analvtical procedure was
developed for evaluatig *he “effective fuel thermal conductivity™ that takes these effects
into account. To be of use in predicting fuel rod efiecti & thermal conductivities, an
emperical correli tion was developed on the basis 0. evaluated-ef’sttive thermal conduc-
tivities from Tests GC 2-1. GC 2-2, and GC 2-3. The thermal conductivity correlation is
briefly survnarized.

A correlation was obtained for all of the helium filled test rods in teris of (a) a
nomiral “hot gap width * (b) the initial cold gap width, and (¢) 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 *arious helium test rods.

The resulting coerelation is given as

kK .. =K (0.002189 - 0.050867x + 5.6578x )

eff MATPRO ~

(HG - 0.014 - 0.14 €G) (0.0545/C6) (% T0)8
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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 assurung 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 30% 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)

where

the relocated gap width
to be used in the Ross
and Stoute gap conduct-
ance correlation ot a
specific power level

RGW(mm)

the relocated gap width
at cold zero power =
1665 x 107 + 0868
(GAB) - 13.435 (GAB)?
+71.682 (GAB)3,
where GAB is the as-
built gap width

H

ROWICZP,mm)

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

]

AGW(mm)

For the other three rods (the narrowest initial gap width rods: Rods GC 502,
GC §22-2. and GC §23-3), a uniform thermal expansion model provided the best fit with
the experimental data. For Rod GC 502, the narrow gap helium filled rod. data were also
obtained that would bz better fit by a nonunitorm 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 §23-2) and argon (Rod GC 5§22-2) filled narrow gap rods exhibited high fuel
temperatures at low power ievels because oi the low thermal conductivity fill gases, resulting
in early gap closure. With gap closure at low power levels, subsequent thermal expansion
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