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SUMMARY AND RECOMMENDATIONS

This report deals with the interpretation and verification of fuel cen-
terline thermocouple data. Two new concepts are discussed along with their
application to in-reactor data from [FA-432, a heavily instrumented six-rod
Halden reactor test assembly sponsored by the Nuclear Regulatory Commission.

The main ideas presented in this report are that;

e it is more useful to plot resistance versus power than simply to plot
temperature versus power. The resistance is defined as the relative
centerline temperature (above coolant) divided by the local power.

e the response of the centerline temperature to a linear power decrease
is correlated to the rod's current resistance-vs-power behavior. Thus,
the resistance-vs-power measurement can be verified by performing a
linear power decrease and by plotting the temperature response.

As explained in the text, plots of resistance vs power magnify the non-
linearities in the relationship between fuel temperature and power. These
nonlinearities arise from the temperature dependence of the material prop-
erties, and from the temperature-dependent feedback between fuel temperatures
and fuel-to-cladding thermal conductance. It is recommended that resistance-
vs-power plots be used to make definitive comparisons between fuel tempera-
ture data and predictive computer codes. Departures of predicted tempera-
tures from measured temperatures then could be identified, quantified and
explained in terms of the code's own parameters.

Further experimental and analytical work must be done to extend and re- P
“ine the ideas presented here. On the experimental side, temperature-vs-
power relationships must be defined with hiaher densities of data at powers
other than 100% of full power. More refinement of the linear power decrease
is also desirable. On the analytical side, more detailed exploration into
the causes of manifested system nonlinearity will lead to better insight into

the true modes of heat transfer within a fuel rod.
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MANIFESTATIONS OF NONLINEARITY IN FUEL CENTER THERMOCOUPLE
STEADY-STATE AND TRANSIENT DATA: [IMPLICATIONS FOR DATA ANALYSIS

INTRODUCTION

Measurements of in-reactor fuel centerline temperature have been taken
in various experimental reactors for many years. These measurements generally
have been taken to assess the effect of different design parameters and oper-
ating history on the heat transfer within a fuel rod. The data is used to
verify fuel modeling computer codes. A problem with comparing computer codes
to centerline temperature Jata ic the number of parameters (gap size, gas
comosition, ‘uel conductivitv, etc.) that can be combined in various wavs to
exnlain the same set of power—temperature data. This report shows tha® the
ncnlinear charactzr of a fuel roa can be used to reduce the possible combina-
tions.

The nonlinearity arises from the temoerature dependence of the thermal
properties of the materials in the fuel rod, and from the temperature-
dependent feedback between effective gap size and fuel temperature. We have
found a certain way of plotting the steady-state centerline temperature
data to magnify the manifestation of these nonlinearities. For calculated
temperatures tnese plots become characteristic of the particular combinations
of fill oas composition, gabp size, etc. that are choser,

The time-varying thermocouple response to linear power decreases has
been plotted; it is used to crosscheck the steady-state data. Calculated
transient temperatures, plotted in this way, are at least as sensitive to
various combinations of gas composition, gap size, etc. as the steady-state
temperatures.

Several examples of actual data taken from the USNRC/PNL Halden
reactor six-rod assembiy, [FA-432, include rod-to-rod comparisons and data
trends throughout the life of individual rods. The transient temperatures
confirm the steady-state measurements and trands.



BASIC IDEAS AND SAMPLE DATA ANALYSIS

This section describes the method and rationale for the form of temp-
erature/power data piots which we hav2 found to be particularly definitive.
The basic ideas and sample plots are given for both steady-state and time-
varying data. Sample calculations under various assumptions are shown
to emphasize the definitive nature of the plots.

BASIC IDEAS
The fuel rod, from a dynamic analysis viewpoint, is a nonlinear system;

that is, the transfer function between temperature (output) and oower (input)

is itself dependent on the power level. This is actually of great benefit,
because the nature of the nonlinearities coupled with the absolute values of
the transfer function are characteristic of specific combinations of the
three major determinants of centerline temperature at a given power: fuel
conductivity, gap gas composition, and effective hot gap size.

The three dimensional plot in Figure 1 emphasizes the need for such
discrimination. The axes are:
e The % helium in the fill gas (the remainder being fission uas).
e The gap size (expressed as fuel relocation).
e The fuel conductivity (expressed as % deviation from standard U07
conductivity).

The surface in this parameter space represents many simultaneous combina-
tions, all of which could match a given temperature/power target data point
in a particular calculational scheme. Figure 1 was prepared using the
GAPCON-THERMAL-3'1) fuel modeling program; but a similar figure could be
produced using any fuel modeling code.

The multitudinous possibilities noted in Figure 1 can be narrowed
down somewhat by plotting the steady-state temperature/power data n a
certain way. Rather than simply plotting the temperature vs. power, let
us plot resistance vs. power. The resistance, R, is defined as
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FIGURE 3. (a) Temperature vs. Power for Two Hypothetical Rods
Having Different Gap Conditions but Similar
Centerline Temperatures at Full Power
(b) The Same Curves Translated to Resistance Form

The reason for the difference in the resistance curves (Figure 3b) may
be understood by taking them apart. The total resistance from centerline
to coolant may be thought of as a sum of a series of resistances:

e The resistance from coolant to cladding inner radius (cladding inner
temperature minus coolant temperature, divided by power)

® The resistance across the gap (fuel surface temperature minus cladding
inner temperature, divided by power)

e The fuel resistance (fuel centerline temperature minus fuel surface

temperature, divided by power)



The first of these resistances is small and fairly constant as a function
of local power. The gap resistance tends to decrease with power (due to
gap closure from differential thermal expansion). The fuel resistance

tends to increase with power (due to increasing fuel temperatures, wnich
lower the thermal conductivity.)

The calculated resistance components are shown in Figure 4, for both
of the situations discussed previously. The cladding resistance is, of
course, iaentical for both rods; and the fuel resistances are similar
since the fuel temperatures are similar. But the gap resistances are
markedly different as a function of power. The smaller gap rod has a gap
resistance decreasing in absolute value much more rapidly as a function of
power, for two reasons: 1) the fractional change in gap size is greater;
2) the absolute value of the gap resistance at lower powers is much greater,
owing to the degraded conductivity of the gas in this rod. In the small
gap rod, the decrease in gap resistance more than compensates for the
increasing fuel resistance, causing the decreasing total resistance observed
in Figure 3b. The large-gap, He-filled rod, however, experiences a gap
resistance decrease that is lecss than the fuel resistance increase which
results in the slight net increase shown in Figure 3b.

Thus, the observation of how total resistance changes as a function of
power gives some indication as to the split in total resistance between
the fuel and the gap and, thus, some indication as to the gap condition
(i.e., effective gap size and gas composition). Of course, to quantify
the gap conditions, one must assume a knowledge of the fuel conductivity;
but, conversely, if the gap is firmly closed and the gap conductance is con-
sidered well known, the R-P plot can yield some inferred values of effective
fuel conductivity. For cases where neither the fuel conductivity nor the
gap conductance are well known, some ambiguity still exists. As we shall
see later, in that case a simultaneous statement of fuel conductivity,
fuel relocation, and % He in the gas cannot be made closer than + 15% for
any one of the three. But this is still a considerable improvement over
the approximate range of + 30% that is possible from a simple consideration
of temperature (Figure 1).
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However, we still have no independent way of knowing whether there is
significant absolute bias in the "measured" temperature and power. Signifi-
cant bias is possible in either the temperature or the power measurement
due to several sources.

These sources of uncertainty are discussed in Reference 2, where it
was concluded that probable uncertainties for temperature and local power
for IFA-431 were 3% and 5.6%, respectively. Although IFA-431 was identical
in design to [FA-432, the foregoing uncertainties must be viewed as minimen
values for IFA-432, primarily because no direct calibration of neutron
detector readings and assembly power was possible for [FA-432 (a key valve
that would have permitted the calibration, failed). Thus, independent
confirmation of the temperature/power data would be quite important.

The thermocouple response to linear power decreases offers an indepen-
dent crosscheck of the steady-state data trends. As with the steady-state
data, a way has been found to plot the transient data which magnifies the
manifestations of system nonlinearities, since these are most sensitive to
differing divisions of resistance within the fuel rod. Let us return to
the previous example of the superficially similar large and small-gan rods.
Figure 5 contains calculated transient temperatures vs. time for these
rods. The power decreases linearly from 100% to 80% of full power during

the first 30 seconds. We see that the transient temperatures appear rather
similar for both rods: both assume a linear trend with time (after a few

seconds), and both come into a new steady-state Tevel at the cessation of
the power decrease. Again, if we were looking at somewhat scattered data
points rather than calculated curves, we probably could not distinguish
between these two (extremely different) rods, based on this ordinary plot
of temperature versus time.
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Figure 7 shows scatter in an R-P data plot, along with six different
cases of GAPCON-3 calculations. The R-P data was taken from an entire month
centered around the fast power drop. (A narrower time period might have
reduced the scatter, but it would also have reduced the number of highly
important data points lying below the full-power range.) In the light of
the data scatter, we can estimate the % He to be between 20% and 35%, the
relocation to be between 33% and 50%, and the conductivity to be between 85%
and 100% of the Lyons(3) equation.

Fiqure 8 shows the normalized data from a contemporaneous rapid power
decrease. Although the power variation is rather rough, there is a portion
(from 26 to 42 seconds) that is linear enough for our purposes. The power
historv from Figure 8 and the various initial conditions appropriate to the
calculated R-P curves in Figure 7 were combined to produce the calculated
temperature curves in Figures 9 and 10. The variable combinations which
provided the best R-P data comparison in Figure 7 are even visibly the same
as those which provide the best comparison to the transient temperature
slope in Figures 9 and 10. Table 1 quantitatively confirms this; it lists
the ratios of least-squares fit slopes of normalized power and temperature.
The strong agreement between the steady-state and transient data(a) in this
regard makes it unlikely that there is gross (greater than 10%) discrepancy
in either the power or temperature measurements. Given the scatter in the
present data, this is the most that can be said.

However, our estimate of the range ¢f possible combinations is consid-
erably less than that indicated in Figure 1. Figure 11 graphically illus-
trates the reduced range. To narrow down the combinations still further
would require a high density of steady-state data points taken, at several
power levels, just prior to the linear power decrease to minimize the scatter
in the R-P plot. More nearly linear power decreases to confirm the further
narrowed range of variables, also would be desirable. Request for operating
sequences which will provide such data have been made for future Halden
assembiies.

(a) The term "transient” is used rather loosely in this report to refer to
the data from rapid linear power decreases. The linear portion of the
thermocouple response is technically "quasi-steady-state" data, but

this term is both cumbersome and misleading. Because of system non-
linearities, the real fuel rod never attains true quasi-steady-state.

15



TABLE 1. Measured and Calculated Temperature/Power Slope

Ratios
Temperature/Power Slope Ratio
Source (£20 Uncertainty)
Transient Data 0.580 +0.036
Gapcon-3 Case 1 0.568 +U.036
Gapcon-3 Case 2 0.567 +0.036
Gapcon-3 Case 3 0.563 +0.036
Gapcon-3 Case 4 0.625 +0.036
Gapcon-3 Case 5 0.698 +0.036
Gapcon-3 Case 6 0.497 +0.036

To summarize, we have shown, for one example, that the R-P p 7ts do
indeed narrow the range of possibilities for the fuel rod thermal state at
a given point in time. We have also shown that data from rapid 1inear power
decreases tend to confirm the conclusions reached from steady-state R-P
data plots. In the next section we will examine data from [FA-432 rods at
several points in their lifetimes, and apply these ideas to develop a
probable scenario for the thermal history of some of the rods.

16
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DATA ANALYSIS FOR IFA-432 RODS

The Halden six-rod assembly, IFA-432, was designed by PNL under the
US NRC program "Experimental Verification of Steady-State Fuel Codes."
Several parameters varied from rod to rod; they include fuel type, fuel density,
gap size, and fill gas composition. In this section, we will first briefly
describe the assembly and the rods; then we will follow through the thermal
histories of several rods for which the ideas developed in the previous
Section can profitably be applied.

DESCRIPTION OF ASSEMBLY

Since a recent report(4) includes details of the design and operation
of IFA-432, we will only briefly review them. Figure 12 shows a schematic
of the assembly, and notes the instrumentation used. Tungsten-rhenium
fuel centerline thermocouples were installed in both ends of each fuel
rod.(a) The thermocouple tips at the upper and lower ends were coplanar;
three vanadium self-powered neutron detectors (SPNDs) were centered at each
plane of the thermocouple junctions. The SPNDs were used to estimate the
spatial distribution of the thermal neutron flux. In addition, a cobalt
SPND is centered axially and radially in the assembly; it responds virtually
instantaneously to rapid thermal neutron flux changes.

The various rods are described in Table 2. Rod 1 is filled with helium

and has a standard U.S. BWR gap-to-pellet ratio, pellet diameter, and gas-
volume to fuel-volume ratio.

Rod 2 has a larger gap and simulates instantaneous densification. Rod

3 has a very small gap to minimize gap resistance, and thus acts as an
internal power standard.

Rod 4 was Xenon fiiled, and was designed to check the validity of
previous reports on Xe-filled rods. In addition, the upper and lower ends
of the fuel column were held concentric and eccentric, respectively, to
check the effect of eccentricity on fuel temperatures.

(a) The exception is Rod 2 which had an ultrasonic thermometer in the top end.

o
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TABLE 2. Description of IFA-432 Rods

Rog SS"SigyTgf(a) Diametral Gap, Fil! Gas (all at
Nuniber 2" * m x 10-4 1 atm, 293 K)
1 95 2.3 He
2 95 3.8 He
3 95 0.76 He
4 95 2.3 T Xe
5 92 stable 2.3 He
6 92 unstable 2.3 He

(a) Theoretical density (TD) of UO2 is taken to be 10960.Kg/m3

Rods 5 and 6 were He-filled, 230 um gap rods. Both these rods had 92%
TD fuel pellets, rod 5 was intentionally made very stable with respect to
in-reactor densification. Rod 6 was deliberately made susceptible to densi-
fication. All the other rods had 95% TD stable fuel.

A1l the rods contained UO2 fuel pellets enriched to 9.9%. The fuel
length of all rods was 0.58 m. The rods were all clad in Zircaloy tubing
with nominal dimensions 0.01279 X 0.01090 m (0D X ID).

Peak loca! power in the assembly was about 5.0 x 104 W/m. The goal

peak burnup was 20,000 MWd/MTM. However, the survival of instrumentation

has been good enough to warrant pushing the peak burnup to 30,000 MWd/MTM

or more. The peak/average power ratio at beginning of life was about 1.13.
The upper thermocouple plane lay in the peak of the axial power distribution;
the power at the lower tnermocouple plane was about 30% less.

We shall exarine beginning-of-1ife data for both thermocouples from all
6 rods in the next subsection, and then examine the life histories of rods
1, 2, 3, and 6. The reasons for excluding rods 4 and 5 are as follows:
in rod 4, the thermocouples failed after a very short period of operation
(probably due to the high temperatures this rod experienced) and rod 5
appeared to develop very abnormal fuel properties early in life (as will
be discussed), therefore, its life history may not convey much useful
information.




Various investigations were performed within the IFA-432 irradiation.
These investigations, and the rods involved in each, follow:
effect of gap size on fuel temperature (1,2,3)
speed and effect of densification (1,5,6)
effect of fill gas and eccentricity on gap conductance (1.3,4)
effect of fuel relocation (1,2)
performance of standard BWR fuel desiqgmfo high burnup (1).

BEGINNING-OF-LIFE DATA

The first few reactor startups for [FA-432 were interspersed with rapid
decreases in power from 100% to 80% of full power. Thus, the extent to which
rod-to-rod differences in the steady-state data are confirmed by the tran-
sient data is observable. Figure 13 shows the beginning-of-1ife (BOL)
resistance vs. power curves for the lower end thermocouples of the helium-
filled rods. We see the resistances lining up in absolute value as would
be expected for rods 1, 2, and 3. Rod 1 has a nominal diametral gap; its
resistance is intermediate between small-gap rod 3 and large-gap rod 2.

Rods 5 and 6 have greater resistance than rod 1, as might be expectéd. since
the density and the ex-reactor measured conductivity for those fuel types
was less than that for rod 1.(5) But the magnitude of the difference is some-
what larger than would be predicted on the basis of ex-reactor measurements.
Furthermore, the behavior of the resistances for rods 5 and 6 is <omewhat
unexpected. The curves are increasing, which is characteristic of a closed-
gap rod. Yet these rods had the same fabricated gaps as rod 1, which is
inferred to have an open gap at comparable power. Figure 14 compares the
upper thermocouple data for rods 1, 5, and 6. The differences observed in
the lower thermocouples are even more pronounced in the upper thermocouples.
This behavior can only be accounted for by postulating significant degrada-
tion of the fuel thermal conductivity, coupled with gap closure.

Figure 15 shows the resistances for the upper and lower ends of rod 4,
the Xenon-filled rod. Both ends evidence domination of the gap resistance,
as might be expected. Recall that the pellets in the lower end were forced
to be eccentric while those in the upper end were held concentric. The



3.8

f
3.4 - . o .
o
>< .
=
= 1 1
é')Z.b —
=
<
» 2.2 -
; |
. 3
3 — -
1.8 +
1.4
10 | | L | |
1.0 2.0 3.0 4.0 5.0

POWER, WM X 104

FIGURE 13. Beginning of Life R-P Data Trends for the Helium-Filled Rods
in IFA-432 (lLower Thermocouples)




T~

RESISTANCE, °C-MMWatt X 102

3.0 -

of

Rods

3

l, 2 and ©

27

_/1
1°
2.6 +
2.2 |-
1.8
1.4 |-
1.0 | | | L L
1.0 2.0 3.0 4.0 5.0
POWER, W/M X 104
URE 14. Beginning of Life R-P Data Trends for the Upper Thermocouples




7.k
w
= LOWER END~
=5 |
= - UPPER END
e
=4 F
<
>
%
&
3. b
2.
L. ] ! | | |
1.0 20 3.0 40 5.0

POWER, W/M X 10%

FIGURE 15. Beginning-of-Life R-P Data Trends for the Upper and Lower Ther-
mocouples in Rod 4 (Xenon-Filled Rod)




slight displacement of the resistance curves (the lower end having the
lower resistance) is probably due to the effect of eccentricity. However,
the effect is slight, indicating a relatively small gap prevailing at both

ends.(a)

Now let us consider what sort of transient data we might expect from a
linear power decrease, based on these rod-to-rod comparisons, and whether
the actual transient data qualitatively fulfills our expectations.(b)

Figure 16 shows calculated responses for rods 1, 3, and 4 to hypothetical
power decrease. The initial and boundary conditions for these calculations
were taken from Figures 13 and 15, and the calculations were performed the
same way as described in the previous section (appendix B includes details).
Note that the different gap conditions yield different normalized temperature
slopes. The slope of the gap-dominated rod, 4, is much less than that of

the power; that of the fuel-dominated rod, 3, is greater than that of

the power, and the slope of the balanced rod, 1, is about equal to that of
the power.

By transferring these ideas to the data in Figures 13-15, we may
predict the thermocoup.e responses as listed in Table 3. Figure 17 gives
normalized power and temperature data for the first three rods. Our quali-
tative expectations are confirmed: rods 1 and 2 have slopes visually similar
to the power slope; whereas the slope for rod 3 is definitely greater.

As Figure 18 indicates, slopes at both ends of gap-dominated rod 4
definitely are less than that of the power. Furthermore, the slope of
the eccentric lower end is greater than that of the upper end. We might
expect this, since the lower end should experience less fractional change
in gap resistance as a function of power than the concentric upper end.

(a) Reference 6 shows that thermal expansion and cladding deformation
may be enhanced with the rod 4 desian, resulting in a hot gap at
power approximately equal to that of rod 3, the small-gap rod.

(b) Unexplained anomalies in the transient data for the first few runs
makes quantitative comparisor questionable.
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TABLE 3. Expected Thermocouple Response to Linear Power Decrease

Predicted
Rod R-P Qualitative Normalized
No. Characteristics Fuel Type Temperature Slope

1 Flat, both thermocouples Balanced Equal to power slope
2 Flat Balanced Equal to power slope

3 STight upward trend Fuel Greater than power
Dominated slope

Sharp downward trend Gap Much less than
(both thermocouples) Dominated power slope

Upward trend (both ends) Fuel Greater than power
Dominated slope

Upward trend (both ends) Fuel Greater than power
Dominated slope

Figures 19 and 20 indicate that temperature slopes at both ends of
rods 5 and 6 are greater than the power slopes. We might expect this due to
the R-P curves for these rods. The upper end (higher power end) of rod 6 shows
the least effect. Enhanced densification at this site may be counteracting
the fuel domination evident elsewhere. -

In summary, the resistance plots again evidence absolute values and
slopes which are characteristic of the particular gap conditions. Further-
more, these characteristics are at least qualitatively confirmed by thermo-
couple response to linear power decreases.

LiFE HISTORIES OF THE RODS

Throughout the life of IFA-432, a total of 27 rapid power decreases
have been performed, generally in sets of 3 and spaced 3-6 months apart.
Of these, at least seven had linear portions sufficient for use in corrobor- !
ating resistance vs. power data. Table 4 gives dates and rod-average burn- ‘
ups representative of these linear power drops, together with the least-
squares fit slope of the linear portion of the normalized power vs. time |
curve. The precision of that slope estimate is also shown.
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TABLE 4. Power Orop Dates and Identity

Rod 1 Average Burnup Normalized Power
ve, Time Slope,
Date Run Number GJ/kg U MWD/MTM z/sec (¢ 20)

12/19/75 31 0 0 0.4607 +0.039
1/19/76 43 121 1400 0.6914 +0.063
8/12/76 62 450 5300 0.5229 +0.073
1/18/77 68 690 8000 0.4054 20.030
5/4/77 34 920 10,600 0.6789 £0.038
8/23/77 92 1100 13,000 0.4827 +0.027
1/5/78 100 1200 14,000 0.4934 +0.026

Rod 1

The Tower thermocouple of rod 1 survived throughout the indicated
burnups; therefore, companion R-P plots could be prepared using steady-state
data for one month centered about each of the indicated dates. Figure 21
brings together these seven resistance plots. We see that the resistance

is progressively rising and attaining a negative slope with respect to power.

It is easiest to explain this trend as the result of fission gas release
to the gap, which would certainly raise the resistance, and would also tend
to make the rod progressively "gap dominated."

Based on our previous examples, we would expect the normalized temp-
erature/power slope ratio to progressively decrease from near unity to some
much Tower value during the life of this rod. Table 5 summarizes the data
for the temperature/power slope ratio from the seven linear power drops;
it certainly confirms our qualitative expectation. To find out if this
trend constitutes guantitative confirmation of the R-P trend, we shall have
to develop from the plots a scenario of possible changes in fuel and gap
conditions and see if that scenario results in calculated temperature/power
slope ratios which match the transient data.
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Now recall Equatior Al.3, whach implies that the or1g1na1 stead¥ -state center-

R
line temperature is T (0) = ’Z?7'+ g%—-+ T s oOr T i, * Qo [4K zﬁ]

[f we define relat1ve temperature Tr, as T -T,, and normalized relative tem-
perature as TN = Tr/Tr° = (TO(C) + AT(0,t) - Tm)/(To(O) - T_) then we have a
very simple result for DN , the quasi-steady-state normalized temperature

S o]

slope:

2
R R
1 dAT(0,ts=) _ -b [W N 2'&1'!

- = b s -
Oy =T " a [Rz 210 (M. 1)
Q

Wwhat we have called bN is the power slope normalized to the initial value of
power. Thus, the slopes of normalized relative temperature and normalized power
should be cgual in quasi-steady state, under the assumption of constant proper-
ties and boundary conditions.

Furthermore, the temperature/power slope ratio is inversely proportional
to initial resistance:

On_ D_ Q D_ _ y
B;— = T;TU77T: = T;TGT:T; o = Resistance x Constant
b/Q
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