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Abstract

A flash method for measuring the unknown thermal property (the density,
specific heat, or thermal diffusivity could be chosen as unknown) is described.
The thermal diffusivity of UO, fuel samples is obtained from room temperature
(300 K) to high temperature (1400 K). The specific heat is measured using a
commercially available differential scanning calorimeter from room temperature
to 500 K. The thermal conductivity of UQ, fuel samples is calculated from the
density, thermal diffusivity, and specific heat at constant pressure.

The present results are in complete agreement with the usual trends for the
thermal conductivity of dielectric materials, in which impurity levels are very
important at low temperatures but become relatively unimportant at high
temperatures. In addition, the thermal diffusivity values at room temperature
are reexamined by measuring the thermal diffusivity of several UQ, fuel
samples with same level of doped Gd;O.
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of enrichment on the UO, fuel samples are

INTRODUCTION selected. Their thermal piffusivity is meas-

ured by a flash diffusivity technique with a

For the investigation three different levels laser as a pulse source®. With this technique
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it is also possible to measure the specific
heat at constant pressure of small specim-
ens; ® the thermal conductivity is then cal-
culated as the product of these two quantities
and the density of the samples®. The thermal
mass of the samples is quite small so that
it is possible to quick]y change temperature
intervals rapidly. The schematic diagram of
flash diffusivity method is shown in Figure
1A.

MATHEMATICAL ANALYSIS

In the flash method, the front surface of
small disk-shaped sample (often about the
size of a penny) is subjected to very burst
of radiant energy. The source of radiant
energy is usually a laser or a xenon-flash
lamp and irradiation times of the order of
one millisecond or less?”. The resulting tem-
perature rise of the rear surface of the sam-
ple is measured and thermal diffusivity values
are computed from these temperature rise
versus time data®, which normally involves
of less than one second. The rear surface
temperature remains at ambient temperature

for a short period of time following the heat
pulse and then a maximum is attained, foll-
owed by the sample cooling back to the am-
bient temperature The usual temperature exc-
ursion is about three degrees above ambient®.

For an ideal case without heat loss from
the sample surface the normalized rear sur-
face temperature® is

V=1+42% (—Drexp(—nwat/F) (1)

where I is thet hickness and a is the ther-
mal diffusivity of the sample. From this
dimensionless temperature excursion (as sh-
own in Figure 1B) the thermal diffusivity
is calculated from the length of time follo-
wing the laser pulse for the sample’s rear
surface temperature to attain a certain per-
centage of the maximum temperature obse-
rved according to the relation

_ K.

=

where K, is a constant, I is the sample thi-
ckness and ¢, is the time required for the
rear surface temperature to attain x percent
increase. Values K, are given in Table I.
From Table I for the 50 percent temperature
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'Figuro 1A . Schematic of Flash Diffusivity Method. \

Figure 18 . Temperature Rise on Back Face,



Thermophysical Properties of Uoy Fuel Materials——H.]J. Lee, C.W. Kim 83

100 %
90%[—
80%—
70%|—
60%[—
50% -

0% 1 ! ! [ I L
[} 1 2 3 4 5 6

TIME IN HALFMAXES
HALFTIME = 1357804 MICROSECONDS

BASELINE = 064214 VOLTS
THICKNESS= 039167 CM

RUN® 7ON7/9/74
UNFILTERED

Figure | C. Computer Piot of Percentage Temperature
Rise VS Time in Halfmaves,

rise, K,=0.1388 and ¢,=¢;,, (referred to as
the half-time). By measuring ¢,,; and 1, the
diffusivity can be determined. In practice,
the values of the thermal diffusivity are
calculated at all percentages indicated, using
mini-computer based digital data acquisition
system? . In addition, the experimental curve
is compared to the theoretical model (as
shown in Figure 1C) and corrections for any
non-ideal behavior are applied”. The major
non-ideal behavior was heat losses by radia-
tion at high temperatures encountered and,
of course were neglible at low temperatures.
The present values have been corrected for
the radiation heat loss solving diffusion
equation based on the realistic boundary con-

ditions.

Table |[. Valnes of K, for Different Percent Rise

x (% Rise) K.
25.0 0. 092725
33.3 0. 106976
40.0 0. 118960
50.0 0. 138785
60.0 0. 162236
66.7 0. 181067
75.0 0. 210493

The heat diffusion equation for a cylind-
rical shaped sample as shown in Figure 2%
is

£T(x,7,8)+ 9%
where

78 1aT(x,7,t) _

o 0 (3

4% is the Laplacian operator,

T temperature,

g heat-source term,

%k thermal conductivity.
The energy source term, g, is assumed to be
of spatial and temporal form q=U(x,») W(2)
and dimension energy per length squared per
time® . The boundary conditions for equation
(3) become

____aT(g}_r, £y eoTok (4A)

ALLLE -y T 4B)

DTl —g Ty )
and initial condition is

T(xy 7, 0) = TO (5)

Where ¢ is the total hemispherical emissivity
of the sample and ¢ is the Stephan-Bolzman
constant.

The temperature rise of the rear surface of
the sample is

T=T,ZAXZE(r, V) exp(Wit/t)  (6)

where

Th=q/pc,l (6A)
A;=(2a/I) (—1) X (X,
+2Y. 4+ Y. H1! (6B)
X, are roots of
(X;*—Y.») tan X;=2X,Y, (6C)
Y.=4deaTo*k™I (6D)
Y,=4eaTogk_17'o (6E)

—

Figure2. A Cylindrical Shaped Sample.
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Jo(Z) and J,(Z) are bessel functions,
the density and ¢, is the specific heat at con-
stant pressure. A. curve in Figure 3 is gen-
erated of this solution of Y versus ¢,,2/t.
where Y=Y, (I/ry)%Y,.
Let the normalized temperature be
V=T/Ta. )

Then the normalized temperature at the rear
surface will be of form

o is

V=5AX,TB:(r Y,) exp wit/t) ®)

The thermal diffusivity is given by the rela-
tion
a= (ty,2/t) (I2/7%,/2) ©®

(¢1/2/t.) =1. 37 for adiabatic case. Thus, if ¥
is known (can be calculated) a value of ¢1/,/2.
can be read from Figure 3. Since, from ex-
periment, #;,. is known, the thermal diffusi-
vity can be computed from equation (9). The
calculation of the radiation loss parameter
(in this case, Y) has been in tedious and
difficult problem since the amount of radia-
tion loss must be koown.
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Table J. Thermal Diffusivity Samples

Deiillzrilgtlﬁon Weight Dense?% Enrichment
1.5-A-1 1.10212 95.43 2.73
1.5-A-3 1. 08706 95.53 2.73
1.5-B-1 1. 07888 95.49 2.73
2.5-B-2 1.07972 95.41 2.35
2.5-C-4 1. 09373 95. 47 2.3
3.5-A4 1. 08431 95.36 1.95
3.5-B-1 1. 06262 65. 36 1.95
3.5-C-4 1. 09812 95.59 1.9
4.0-A-2 1. 09052 95.51 2.3
4.0-C-2 1. 08725 95. 67 2.35
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It can be readly obtained in experiment
that the ratio of time at a higher percentage

rise to a time lower percentage rise decreases

with the increasing heat loss. That this fact

is of any use is shown in Figure 4. From

this Figure the experimental thermal diffu-

sivity data can be corrected for the non-

realistic assumption neglecting heat loss from

the sample surface.

EXPERIMENT

A. Thermal Diffusivity

Table III. Thermal Diffusivivty

1.5-A-1 2.5-C-1 3.5-A-1 4.0-A1

Temp. Temp. Temp. Temp. ~
(K) (cm*/sec) (K) (cm?/sec) (K) (cm?/sec) (K) (cm?/sec)
300 0.0231 300 0. 0192 300 0.0177 300 0.0159

358 0. 0205 668 0.0117 564 0.0120 455 0.0125

493 0. 0161 991 0.00877 834 0.00894 756 9. 00918

742 0.0113 1261 0.00714 1092 0.00715 1007 0. 00785

993 0.00931 1409 0.00680 1334 0.00679 1303 0. 00684

1193 0.00790 1501 0.00655 1488 0.00648 1497 0. 00636

1443 0. 00699

d, cm?/ sec

Figure 5.
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Table N. Thermal Diffusivity at Room

Temperature

D.ff 0 ] 3 . 03 )
Sumple | RIS | Sample | DOy
1.5-A-1 0.0231 3.5-A-4 0.0177
1.5-A-3 0.0215* 3.5-B-1 0.0179
1.5-B-1 0.0199 3.5-C-4 0.0179
2.6-B-2 shattered 4.0-A-2 0.0159
2.5-C-1 0.0192 4.0-C-2 0.0159¢
2.5-C-4 0.0193

# non-ideal behavior

The samples are listed in Table 2 for dif-
fusivity measurements using flash technique.
All samples were nominally 1.02cm in dia-
meter by 0.13cm thick.

The diffusivity values for one sample of
each level of doped with Gd:;0; are given in
Table 3 and plotted in Figure 5. In addition,
an attempt was made to measure the thermal
diffusivity of all the samples at room tem-
perature. Unfortunately, one sample cracked
upon being subjected to laser pulse and two
samples did not followed the ideal behavior.
The results are given in Table V. In general

J. Korean Nuclear Society, Vol. 8, No. 2, June, 1976

Table V. Specific Heat Samples

Sample Weight(gram)
0-C-1 0-17834
1.5-A~1 0. 16598
2.5-B-1 0.16292
3.5-B-1 0. 15911
4.0-A-2 0. 16599

sample-to-sample reproductibility was good
except the 1.5% doped material.

B. Specific Heat

The specific heat of five samples were
measured using a commercial differential
scanning calorimeter. The samples are listed
in Table V. The samples were encapsulated
in small aluminum containers.

The specific heat is determined from the
differential temperature rise of the encapsu-
lated sample and that of a sapphire standard
when both are subjected to the same heat
flux. The results are given in Table V.
Unfortunately, the data for sample 1.5-A-1
are not reliable as this sample reacted to the
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Table VI Specific Heat (cal/gK)

T(K) ao—c-QL5—A—1ﬂ25—B—Q&5—B—140—A—2

310 0.0572  0.0636 0.0580 0.0598 0.0616
320  0.0596 0.0642 0.0590 0.0603 0.0623
330  0.0609 0.0655 0.0604 0.0615 0.0639
340  0.0620  0.0667 0.0620 0.0634 0.0648
350  0.0631 0.0676 0.0638 0.0646 0.0657
360  0.0642  0.0681 0.0647 0.0653 0.0668
370 0.0648  0.0687 0.0657 0.0659 0.0674
380  0.0653 0.0692 0.0662 0.0665 0.0679
390  0.0667 0.0710 0.0676 0.0675 0.0690
400  0.0672  0.0711 0.0684 0.0689 0.0704
410 0.0680  0.0718 0.0693 0.0694 0.0708
420  0.0683 0.0721 0.0697 0.0698 0.0712
430  0.0694  0.0733 0.0708 0.0710 0.0723
440  0.0703 0.0746 0.0718 0.0719 0.0733
450  0.0707  0.0750 0.0722 0.0723 0.0737
460  0.0712  0.0759 0.0727 0.0729 0.0742
470  0.0713 0.0733 0.0729 0.0731 0.0743
480  0.0717  0.0787 0.0734 0.0735 0.0748
490  0.0725 0.0801 0.-0742 0.0744 0.0756
500  0.0726  0.0811 0.0746 0.0745 0.0757

# After Reaction

aluminum container during a pretest heating
to 700 K. Therefore, temperatures were limi-
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Fig«_m 7, Thermal Condugtivity,4,0f U0z Samples,

tted to 500K for the other samples. The
specific heat results for sample 1.5-A-1 are
for the reacted sample. The test data are
also plotted in Figure 6. The data are beli-
eved accurate to within 3% from 350K to
470K because the data are not reliable at the
beginning and final temperature in the expe-
riment using the differential scanning calo-
rimeter.

C. Thermal Conductivity

The thermal conductivity of the samples is
calculated as the product of the density,
specific heat, and thermal diffusivity obtained
in experiment. The results are shown in Table
Wl and in Figure 7.

RESULTS AND DISCUSSION

The thermal diffusivity of UO. samples
can be measured by the flash method. One
of the advantage of the flash method is to
control a sample temperature without trouble

Table {[. Thermal Conductivity (cal/cmsecK)

1%K),L&Aﬂlz&04 3.5-A-4 | 4.0-A-4
350  0.053 0.0125  0.0117  0.010
360  0.0152 0.0125  0.0116 0.0105
370 0.049 0.0126  0.0114  0.0104
380  0.0147 0.012¢  0.0113  0.0103
300  0.047 0.0126  0.0114  0.0103
400  0.045 0.0125  0.0l14  0.0104
410 0.0143 0.0125  0.0114  0.0103
420 0.0142  0.0123  0.0113  0.0102
430  0.0143 0.0123  0.0113  0.0103
40 0.0142 0.0124  0.0112  0.0101
450  0.0139  0.0124  0.0111  0.0102
460  0.0139 0.0122  0.0110  0.0102
470 0.0139 0.0120  0.0109  0.0099

* Thermal diffusivity values are extracted
from Figure 5.
** Specific heat values are from Table V.
#¥* Density, p=10.969 from Handbook of Che-
mistry and}Physics, 53nd,
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as previously mentioned. It is easy to handle
a radio active fuel sample like UQO, and more
accurate diffusivity data at high temperature
can be obtained from the correction using the
ratio of time at a higher percentage rise to a
time lower percentage rise without knowing
the amount of radiation heat loss.

The thermal diffusivity of the UO, fuel
sample depended upon the doping levels at
room temperature, but all the diffusivity
values become roughly the same (0.0073-0.004
cm?/sec) by 1300 K. The diffusivity is prop-
ortioned to the conductivity at high tempe-
ratures, since k=ap ¢, where c, is the specific
heat at constant pressure and p is the density,
neither of which are strong functions of
temperature at high temperatures. The
present values for specific heat and thermal
diffusivity could not be compared with other
data because the data for specific heat and
thermal diffusivity of these samples have not
been published from other sources. The pre-
sent results are thus in complete agreement
with the usual trends for conductivity of
dielectric materials, in which impurity levels
are very important at low temperatures, but
become relatively unimportant at high tem-
peratures (ref. Volume | of the TPRC Data
Series for numerous examples as BeO, AlO;
etc .
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