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Effects of pressure on thermal transport in plutonium oxide powder
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Abstract

Radial temperature profiles of plutonium dioxide powder in a cylindrical vessel were measured over a pressure range of 0.055 to
334.4 kPa with two different fill gases, helium and argon. The powder provides a very uniform self-heating medium for analysis. A ther-
mal conductivity model was developed for heat conduction in the fine ceramic powder. Most literature models make limiting assump-
tions about powder characteristics that do not hold for this material. Despite the powder particles’ complex geometry, the proposed
model correctly reproduces the powder temperature profiles over the wide pressure range for both fill gases.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The contraction of the nuclear weapons complex has
resulted in a significant amount of plutonium material that
needs to be stored safely for up to 50 years before final dis-
position. The relevant Department of Energy (DOE) stan-
dard requires that storage containers have a maximum Pu
and other fissile species mass of 4.40 kg, a maximum total
mass of 5.00 kg, a maximum power generation rate of
19 W, and a maximum moisture content of 0.5 wt.% [1].
For pure weapons-grade plutonium oxide powder, a
container can be loaded to its 5.00 kg limit since 5.00 kg
plutonium dioxide (PuO2) contains 4.40 kg Pu. These
specifications have been established to ensure safe tem-
perature and pressure limits for the containers while in
storage.

One concern for long-term stability of these containers is
over-pressurization that could result in accidental release of
container contents. The heat generating plutonium oxide
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powder provides a heat source in the storage container.
Pressure increases can occur due to gas generation from
radiolysis of residual water in the container, from steam
generation of the residual water at high temperatures,
and from fill-gas expansion as the temperature increases.
Two previous studies have been conducted to estimate tem-
peratures in the plutonium oxide storage containers [2,3].
One severe limitation of these studies was the lack of infor-
mation concerning the effective thermal conductivity of the
PuO2 packed-powder bed. (Note: the thermal conductivity
of the powder, including the gas and PuO2 solid, will be
referred to as the effective thermal conductivity from here
on.) In the previous PuO2 heat transfer studies, the effective
thermal conductivity was estimated from a packed bed
model, the Deissler–Eian correlation [4]. This correlation
estimates the effective thermal conductivity in terms of
the porosity and the thermal conductivities of the gas
and solid. At the high porosities (60–80%) commonly
observed in these powders, this correlation is relatively
insensitive to the solid thermal conductivity. Part of the
motivation to measure the effective thermal conductivity
of the PuO2 powder in the current study is to assess the
effectiveness of this correlation.
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Nomenclature

A area (m2)
B1 PuO2 solid conductivity parameter (m K W�1)
B2 PuO2 solid conductivity parameter (m W�1)
Cp heat capacity (J kg�1 K�1)
d gap distance between particles in unit cell (m)
D length of the unit cell (m)
Dm molecular diameter (m)
e emissivity
G conductance (W K�1)
h heat transfer coefficient (W m�2 K�1)
l mean free path (m)
L length (m)
L/D interparticle contact fraction
kB Boltzmann’s constant (J K�1)
k thermal conductivity (W m�1 K�1)
Kn Knudsen number
m mass (kg)
nemiss radiation cell density (m�1)
P pressure (Pa)
Q heat flow rate (W)
q specific heat flow rate (W kg�1)
r radial position (m)
R radius (m)
T temperature (K)

Greek symbols
a thermal accommodation coefficient
d contact roughness
e porosity
/ sphericity
jT thermal diffusivity (m2 s�1)

k pore diameter (m)
Ko free molecular conductivity parameter

(W m�2 K�1 Pa�1)
q density (kg m�3)
r Stefan–Boltzmann constant (W m�2 K�4)

Subscripts

a air
ax axial
b bed
cont continuum regime
eff effective value for powder
expt experimentally measured
ext external surface of the container
fm free molecular
g gas
gen generation
i radial node in model
in interparticle region in unit cell
j axial node in model
nrad number of radial nodes in model
nax number of axial nodes in model
o outer ‘‘gas’’ region
out outer edge of radial node in model
PuO2 plutonium oxide
r radial
ref reference
s ‘‘solid’’ component of the powder
solid solid particle
trans transition pressure region
w wall
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Models in the literature to calculate effective thermal
conductivities of packed beds have been reviewed previ-
ously [5–7]. The simpler correlations, such as the
Deissler–Eian model or Maxwell’s model, require the bed
porosity and the thermal conductivities of the solid and
the gas. More complex models often contain many param-
eters to capture factors like particle size, shape, dispersity,
and packing. Plutonium oxide powders are typically very
fine powders with high porosity and randomly shaped par-
ticles [8]. For these powders, most of these parameters can
only be estimated by comparison with results from experi-
mental data; they cannot be easily estimated a priori. Thus,
the unknown characteristics of the PuO2 bed precludes our
use of the more complex packed bed thermal conductivity
models.

In this paper, an experimental and modeling study of
heat transfer in PuO2 powder beds to improve understand-
ing of thermal transport in these powders will be presented.
Radial temperature profiles in PuO2 powder in the storage
containers were measured at varying pressures with two
different fill gases to determine the thermal behavior of
the powder over a wide range of conditions. A mechanistic
thermal model incorporating the multiple thermal path-
ways present was developed to aid in the analysis of the
experimental data and to provide predictive capabilities.
The effective thermal conductivity of these powder beds is
calculated based on the bed porosity, pore size, interstitial
gas pressure, and the thermal conductivities of the intersti-
tial gas and 100% dense solid. The proposed thermal model
provides a more accurate prediction of heat transfer rates
in the PuO2 powder in the storage containers than do cor-
relations from previous studies.

2. Experimental measurements

Radial temperature profile measurements were per-
formed on a PuO2 powder bed in a cylindrical stainless
steel (SS316) container. The PuO2 powder provided a con-
stant volumetric heat source in which to measure steady-
state temperature profiles. The container dimensions were
21.4 cm high with a 5.7 cm radius in accordance with the
dimensions of a DOE approved storage container system,
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Fig. 1. Schematic of the experimental apparatus. Additional thermocou-
ples were located on the outside of the container wall and in the
surrounding air.
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shown in Fig. 1. The bed height was 19.2 cm and tempera-
ture measurements were made from 10 thermocouples
located radially across the container at a height of 5.7 cm
along with additional thermocouples on the outside of
the container.

The bodies of the sheathed Type E thermocouples
(Omega EMQSS-020) were aligned axially within the bed
and extended to the top of the bed to minimize temperature
perturbations at the point of measurement. The thermo-
couples were interfaced to a National Instruments SCXI
1303 terminal block for high-accuracy thermocouple mea-
surements that input to a National Instruments SCXI
1102 32-channel analog and thermocouple input module.
The input module was read using a National Instrument
E Series multifunction data acquisition board by a Lab-
View program. Data were stored every 15 min. The
thermocouple terminal block/input module/DAC electron-
ics were calibrated using an Omega CL25 high precision
handheld calibrator. When the calibrator was inserted at
the thermocouple connector immediately outside the con-
tainer, the computer data agreed with the calibrator over
the range of 298.2 K to 673.2 K to 0.1 K, which was the
precision of the calibrator read-out. The thermocouples
as received from Omega have a reported absolute accuracy
of 1.7 K. Ambient temperature readings for all thermocou-
ples prior to loading the container with the plutonium
oxide powder agreed with each other to 0.1 K. Since the
thermocouples all agree with each other, the relative tem-
perature difference measurements will have higher accuracy
than the reported absolute accuracy of 1.7 K.

The system pressure was measured using a Heise HPO
0-150 psia pressure transducer at pressures above 1.2 kPa.
At lower pressures, the pressure was measured with a
10 torr Baratron pressure transducer. The Heise pressure
transducer was calibrated by the manufacturer to 0.1 kPa
below 200 kPa and 0.5 kPa above 200 kPa. A calibration
by comparing readings to a calibrated 1000 torr Baratron
was conducted one year after installation. No change in
the slope was observed, but a correction due to drift in
the zero point was applied to the data. The cause of the
drift was assigned to the radiation field as the transducer
was within one inch of the container. The standard devia-
tion for pressures below 200 kPa remained at 0.1 kPa with
this correction. The 10 torr Baratron transducer (MKS 122
A) and readout were calibrated by the manufacturer to
0.12% of the reading.

A Pfeiffer dry diaphragm vacuum pump (TSH 071 E)
was used in all experiments. Gas compositions in the con-
tainer were measured by gas chromatography (Agilent
6890) on samples withdrawn from the container. These
measurements were taken to verify the purity of the gas
phase in the powder bed. Sensitivity to impurity gases
was 0.001 kPa. The GC was calibrated using calibration
gases purchased from Scott Specialty Gases. At low pres-
sures (P < 0.9 kPa) with helium as a fill gas, approximately
10% of the gas phase was nitrogen due to outgassing from
the powder bed at the higher temperatures. At these condi-
tions, the effective thermal conductivity is relatively insen-
sitive to the gas thermal conductivity because solid–solid
conduction and thermal radiation are the dominant heat
transfer pathways. Thus, the presence of the nitrogen gas
should not significantly affect the results.

The PuO2 powder was prepared by nitric acid anion
exchange followed by oxalate precipitation. The oxalate
precipitate was dried and calcined to 873.2 K to produce
PuO2. Four batches of PuO2 powder produced in this man-
ner were screened and V-blended for 1 h. This powder was
calcined to 1248.2 K for 4 h and allowed to cool naturally.
A 450 g sample was removed for analytical chemistry and
physical properties measurements. The remainder was
placed in a convenience can that was placed within an air-
tight container sealed with a ConflatTM flange until use to
limit exposure to airborne contaminants, principally water
vapor.

The PuO2 powder was an extremely fine, homoge-
neous free-flowing powder with a specific surface area of
1.09 m2/g (5 point nitrogen BET method; Quantachrome
Nova 3000). The powder was 87.81% Pu (estimated preci-
sion 0.1%) with approximately 0.1% impurities consisting
mainly of nitrate, silicon, uranium, and thorium with tens
of ppm levels or less of other elements. The remainder
was oxygen yielding a PuO2.06 stoichiometry. The mea-
sured specific activity was 2.33 ± 0.01 W kg�1 Pu (2.05 ±
0.01 W kg�1 material). The measured gas pycnometer den-
sity was 11.54 ± 0.03 · 103 kg m�3. Bulk density of the
material within the container was calculated to be 2.54 ±
0.02 · 103 kg m�3 resulting in a porosity of 0.780 ± 0.008.
Relevant experimental parameters used in the model calcu-
lations, including PuO2 mass and bed dimensions, are sum-
marized in Table 1.



Table 1
PuO2 bed properties

Parameter Value

qPuO2
11.54 · 103 kg m�3

qPuO2
2.05 W kg�1

mb 5.00 kg
eb 0.780
Rb 5.7 cm
Lb 19.2 cm
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Fig. 2. Measured centerline temperatures for the PuO2 powder bed with
argon and helium as fill gases at different pressures. The average error in
these temperatures is 1.8 K.
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In porous bed heat transfer experiments, it is beneficial
to obtain characterization data for the powder, such as
particle size and shape, to better estimate particle parame-
ters for effective thermal conductivity models. Unfortu-
nately, due to the radioactive nature of the PuO2 powder,
it is not trivial to obtain accurate characterization data
and we do not have these data for the specific powder that
was measured in this study. However, particle size data are
available from a PuO2 powder that was processed using the
same processes and under similar processing conditions [8].
In that particle size study, Machuron-Mandard and Madic
measured the particle size and specific surface area of PuO2

powders that had been calcined to temperatures between
723.2 and 1323.2 K. The measured specific surface areas
for their powder calcined to 1223.2 K and 1323.2 K were
2.1 m2/g and 1.2 m2/g. These values are in reasonable
agreement with the measured specific surface area of
1.1 m2/g for the PuO2 powder calcined to 1248.2 K in
our current study. The average particle size measured by
Machuron-Mandard and Madic of their PuO2 powder
was approximately 10 lm spherical equivalent diameter,
irrespective of calcination temperature. Microscopic
images revealed that the particles were irregularly shaped
(i.e. non-spherical) which could lead to high porosities such
as observed in the current powder. Thus, the best estimate
of the mean particle diameter in the PuO2 powder for this
study is approximately 10 lm.

In this study, the effects of pressure and type of fill gas
on the thermal behavior of the PuO2 powder bed were
measured. The pressure was varied between 0.055 and
334.4 kPa and helium and argon were used as fill gases.
Using helium and argon as fill gases provided a large gas
conductivity range because the conductivities of these two
gases differ by almost a factor of 10 near ambient pressure.
At atmospheric pressure in the continuum regime, helium’s
thermal conductivity is 0.157 W m�1 K�1 and argon’s ther-
mal conductivity is 0.018 W m�1 K�1 at 300 K [9]. Initially,
the container with the powder was evacuated to remove all
residual gases and then filled with either helium or argon
until the highest desired pressure was reached. Subsequent
measurements at lower pressures were made by removing
some of the fill gas and waiting until steady state was estab-
lished. The time required to reach thermal steady state was
approximately 4 h. The resulting radial temperature profile
was then recorded from the 10 radial thermocouples in the
PuO2 powder bed.
3. Experimental results

The temperature profile data were primarily used to pro-
vide basic information about heat transfer mechanisms in
the powder. The effects of pressure and fill gas on the cen-
terline temperature in the PuO2 powder bed are shown in
Fig. 2. The temperature measurements in Fig. 2 have an
error of 1.7 K corresponding to the accuracy of the
thermocouples. The other contribution of error to the tem-
perature measurements arises from the displacement of the
thermocouples from the reported radial position. The error
due to the radial displacement of the thermocouples is esti-
mated by comparing the measured radial temperature pro-
files to calculated parabolic radial profiles for radial heat
conduction with constant internal heat generation and uni-
form effective thermal conductivity. In Fig. 3, the measured
radial temperature profiles for the powder with argon are
shown along with parabolic fits to the centerline and end-
point temperatures. The x-axis error bars in Fig. 3 are esti-
mated from the average differences in the measured and
calculated temperatures for the helium and argon tempera-
ture measurements at each radial thermocouple position.
From the figure, most of the measured temperatures are
in good agreement with the temperatures predicted by the
parabolic shape that is expected for this configuration.
The largest apparent radial position error is �0.3 cm for
the thermocouple at x = �4.7 cm. From the calculated
temperatures, it appears that this thermocouple is most
likely at x = �5.0 cm.

The error in the centerline temperatures in Fig. 2 is esti-
mated by assuming that the center thermocouple is also
displaced by the maximum 0.3 cm. Since the maximum
measured temperature gradient between the middle two
thermocouples is 1.7 �/cm, the maximum error in the cen-
terline temperature is 0.5 K. The total error in the absolute
centerline temperatures from the thermocouple accuracy
error and the radial displacement error is 1.8 K. The
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Table 2
Measured radial temperature differences from r = 0 to r = R in the PuO2

bed

Helium Argon

P (kPa) DT (K) P (kPa) DT (K)

334.4 14.4 214.0 43.7
277.6 15.1 81.8 51.7
173.2 16.5 38.6 61.2
130.4 17.7 10.8 94.8
82.2 20.3 3.0 164.1
69.8 21.4 1.240 232.6
35.0 27.4 0.570 291.9
7.0 60.7 0.260 329.9
3.6 92.7 0.130 353.6
1.2 175.7 0.070 364.2
0.890 206.1
0.770 212.6
0.390 269.6
0.225 310.6
0.210 314.0
0.130 337.3
0.055 369.2
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temperature error for changes in temperature, for instance
the temperature change for a particular thermocouple
when the pressure is changed, is conservatively estimated
to be 0.1 K. The standard deviations of the temperature
differences between the 10 thermocouples and a reference
eleventh thermocouple over 10 days (or 998 readings)
ranges from 0.11 K to 0.05 K with an average standard
deviation of 0.07 K. Thus, the relative error in the radial
temperature differences across the bed is estimated to be
0.1 K, much less than the absolute error of the thermocou-
ple measurement.

The measured radial temperature distributions are used
to estimate the effect of the experimental parameters (pres-
sure and fill gas) on the effective thermal conductivity.
Assuming that conduction is the dominant heat transfer
mechanism, the effective thermal conductivity is inversely
proportional to the temperature drop across the bed since
heat generation and bed geometry are uniform. The radial
temperature drops across the bed are tabulated in Table 2.

The system pressure has a dramatic effect on the effective
thermal conductivity, as evidenced by the large increase in
radial temperature drop with decreasing pressure in Figs. 2
and 3 and Table 2. At the lowest pressures, the measured
temperature drops across the bed are approximately equal
for both fill gases as shown in Fig. 2 and Table 2, indicating
that the effective thermal conductivities with the different
fill gases become independent of fill gas and pressure. At
these conditions, the thermal conductivity of the gas
becomes unimportant because the dominant heat transfer
pathways are thermal radiation and conduction between
solid particles.

At higher pressures, the effective thermal conductivity is
typically dominated by the gas thermal conductivity. In the
plutonium oxide powder, the effective thermal conductivity
was expected to differ significantly for the two fill gases
because the gas conductivity of helium is approximately
eight times that of argon. However, the radial temperature
drop with argon as the fill gas was only three times larger
than with helium. These results indicate that at higher
pressures conduction through the solid particles may be
significant since the effective thermal conductivity with
argon as the fill gas is higher than expected relative to
helium. In many powder beds, the solid does not play a
large role in the effective thermal conductivity at high pres-
sures. The role of the solid in the effective thermal conduc-
tivity will be further assessed in the modeling section of this
paper.

The radial temperature drop increases with decreasing
pressure due to the dependence of the effective thermal
conductivity on the gas thermal conductivity. Generally,
at lower pressures, the gas is in the free molecular regime
where the gas thermal conductivity is a linear function of
pressure [10]. However, as pressures increase to near
ambient, the gas transitions to the continuum regime
where the gas thermal conductivity is independent of pres-
sure. From Table 2, the gases do not appear to be in the
continuum regime even at pressures above atmospheric
pressure in this powder. For example, the temperature
drop with helium fill gas decreases from 17.7 K at
130.4 kPa to 14.4 K at 334.4 kPa. If the gases were in
the continuum regime, the temperature drop across the
bed would be constant across this pressure range. This
measured pressure dependence above atmospheric pres-
sure is unexpected and is further explored in the modeling
section.

4. Conductivity model development

The packed-bed effective thermal conductivity models
from the reviews by Tsotsas and Martin [5], Xu et al. [6],
and Kaganer [7] were studied in this work prior to our
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model development. The goal was to find a model that
would reproduce the pressure dependence of the centerline
temperatures in Fig. 2, especially at higher pressures where
a pressure dependence exists above atmospheric pressure
and the effective thermal conductivity with argon is
enhanced relative to that with helium. Unfortunately, no
models were able to capture the complex pressure depen-
dence that was measured for the plutonium oxide powder
with both fill gases over the large pressure range in this
study. Unless they contained many parameters, these mod-
els typically predicted higher centerline temperatures than
were observed at the higher Ar pressures. Also, many of
the models overestimated the centerline temperatures at
low pressures with both fill gases where solid–solid conduc-
tion and thermal radiation dominate. Both of these results
indicate that the models underpredict the effective thermal
conductivity of this powder. One reason for the underpre-
diction could be that the solid has a larger role in thermal
conduction in this powder than would be assumed for a
powder with this high of a porosity. Since the existing mod-
els were unable to reproduce the experimental temperature
profiles, a new thermal conductivity model was developed
for the plutonium oxide powder.

We propose a model that has a similar unit cell to that
used by Masamune and Smith [11] and Hayashi et al.
[12]. These models contain a unit cell with three parallel
pathways through the gas, the solid, and the gas and solid
in series. To derive relationships for model parameters, the
authors utilized a volumetric unit cell with two contacting
hemispheres [11,12]. With these assumptions, the maxi-
mum porosity in these models is 0.476, corresponding to
loose packing of equal sized spheres. The PuO2 bed used
in the current study has a porosity of 0.780 which is much
larger than 0.476 since the particles are very fine and not
spherical. The Masamune and Smith or Hayashi et al.
model could be used to model heat conduction in the
PuO2 powder if the particles are assumed to be porous
spheres with a porosity of 0.568. However, with this addi-
tional assumption, a thermal conductivity expression is
required for the porous particles. Many porous solids rela-
tionships are available in the literature that predict porous
particle thermal conductivities over a range of two orders
of magnitude and can have varying degrees of dependence
on the system pressure [13,14]. It is difficult to choose an
appropriate model for the particles in this powder since
the nature of these particles is unknown.

Due to the limited information available on particle
characterization and packing in the PuO2 powder [8], we
derived a model with no limiting assumptions on porosity
or particle shape. This model contains more fit parameters
than the previous models [11,12], however it is also applica-
ble to a wider range of powders. The effective thermal con-
ductivity expression was derived from the model in Fig. 4a
and the schematic in Fig. 4b. Heat conduction occurs
through two parallel pathways in the ‘‘gas’’ and ‘‘solid’’
regions of the powder. The bed porosity (eb) is used to
define the relative areas of the ‘‘gas’’ and ‘‘solid’’ regions
in the powder. The ‘‘gas’’ region is defined here as the
gas-only region of the powder whereas the ‘‘solid’’ region
contains two solid particles in series with an interparticle
domain that contains both solid–solid and gas–solid
conduction pathways. Because the conductances (G) are
additive for parallel pathways, the effective thermal
conductivity (keff) is written as

keff ¼ ebkg;o þ ð1� ebÞðL=DÞks ð1Þ
In Fig. 4a, the ‘‘solid’’ region denoted by the area,

1 � eb, has the conductivity, ks. Within the 1 � eb region,
the interparticle contact fraction (L/D) defines the region
where conduction will occur between the solid particles.
Multiplying ks by the factor L/D, as shown in Eq. (1), is
a simplification that results from noting that the thermal
conductivity of the solid particles (ksolid) is large compared
with thermal conduction across the gas-filled gap between
the particles. Within the interparticle contact region, con-
duction will occur by both solid–solid contact with area
proportional to / (the sphericity parameter) and solid–
gas–solid contact with area proportional to 1 � /. The
term sphericity is used to define the parameter (/) because
it describes the fractional contact between the particles. If
the particles were perfect spheres, / would approach zero
and if the particles were completely flat, / would approach
one.

The unit thermal conductance of the ‘‘solid’’ region
(ks/D), is a series combination of conductance through the
solid particles and the interparticle region that can be writ-
ten as

D
ks

¼ D� d
ksolid

þ d
kin

ð2Þ

The interparticle region contains parallel gas and solid
conductance pathways, so kin has a form similar to Eq.
(1) above. With the kin expression, the conductivity of the
solid region is as follows:

ks ¼
d

/ksolid þ ð1� /Þkg;in

þ ð1� dÞ
ksolid

� ��1

ð3Þ
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In Eq. (3), the parameter, d, is the dimensionless contact
roughness and is defined as the interparticle distance (d)
divided by the total cell distance (D). The gas thermal
conductivity in Eq. (3), kg,in, is the gas conductivity in
the interparticle area where the effective pore size is much
smaller than the pore size in the outer ‘‘gas’’ region.

To calculate the effective thermal conductivity from Eqs.
(1) and (3), the input parameters or variables are the bed
porosity (eb), the outer and interparticle gas thermal con-
ductivities (kg,o and kg,in), the solid thermal conductivity
(ksolid), the sphericity (/), the contact roughness (d), and
the interparticle contact fraction (L/D). The bed porosity
is experimentally measured (Table 1) and the gas and solid
thermal conductivities are available from the literature as
discussed below. The sphericity, contact roughness, and
interparticle contact fraction are fit parameters obtained
from the temperature profile data in this investigation
because of limited information on the shape or roughness
of the powder particles.

4.1. PuO2 thermal conductivity

The PuO2 solid thermal conductivity has been measured
in a number of studies [15–17]; however, an expression that
correlates these data as a function of temperature is
unavailable. Also, the PuO2 thermal conductivity data
from these studies were measured at temperatures above
473 K, but we require solid thermal conductivities at tem-
peratures as low as 323 K. Thus, we needed to develop a
reliable expression for the temperature dependence of the
thermal conductivity to predict the thermal conductivity
at lower temperatures. As part of this study, we reviewed
the available PuO2 thermal conductivity data and devel-
oped a temperature dependent correlation using the com-
mon relationship for a Debye dielectric solid, where B1

and B2 are constants in Eq. (4).

ksolid ¼
1

B1 þ B2T
ð4Þ

In the PuO2 thermal conductivity studies [15–17], the
thermal diffusivity of PuO2 was measured and the thermal
conductivity determined using the definition

ksolid ¼ jTqCp ð5Þ
While Fukushima et al. [16] and Gibby [15] used heat

capacity values and temperature-dependent densities for
PuO2, Lagedrost et al. [17] estimated the PuO2 heat capac-
ities from UO2 values. Since Lagedrost et al. [17] provided
their raw diffusivity data and new PuO2 heat capacity val-
ues and densities are available from Carbajo et al. [18], we
recalculated the Lagedrost et al. [17] thermal conductivity
values to reflect the better known PuO2 physical property
data. The recalculated thermal conductivity values are 1
to 8 % higher than the reported Lagedrost et al. [17] values.

The thermal conductivity data from these studies were
corrected because the PuO2 samples in these studies had
theoretical densities between 93% and 96.5%. The conduc-
tivity values were corrected to 100% T.D. (theoretical den-
sity) using the Maxwell–Eucken equation for low porosity
solids.

ksolid ¼ kexpt

1þ esolid=2

1� esolid

ð6Þ

In Eq. (6), ksolid is the thermal conductivity of 100% T.D.
solid, while kexpt is the experimentally measured thermal
conductivity of the solid with porosity equal to esolid. With
the 100% T.D. conductivity values, the parameters, B1

and B2, in Eq. (4) were estimated by linear regression. A
comparison of the data and the regressed equation with
B1 = 1.22 · 10�3 m K W�1 and B2 = 2.75 · 10�4 m W�1 is
shown in Fig. 5. From the figure, Eq. (4) reproduces
the thermal conductivity data well over a wide tempera-
ture range. In our temperature region of interest between
300 and 700 K, this expression predicts that the solid ther-
mal conductivity changes by a factor of two with a
value of 11.9 W m�1 K�1 at 300 K and 5.2 W m�1 K�1 at
700 K.

4.2. Gas thermal conductivities

Due to the wide pressure range examined in this study
(P = 0.055 to 334.4 kPa), the gas thermal conductivity
operates in different regimes. At high pressures, the gas
thermal conductivity is in the continuum regime where
the conductivity is relatively independent of system
pressure. Tabulated continuum thermal conductivities for
argon and helium were used from the property library in
the Engineering Equation Solver (EES) computer program
[19,20]. At low pressures, the gas thermal conductivity
operates in the free molecular regime where it is a linear
function of pressure [10].
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kfm ¼
a

2� a

� �
kKoP

ffiffiffiffiffiffiffiffi
T ref

T

r
ð7Þ

In Eq. (7), a is the thermal accommodation coefficient, k
is the pore size which is used as the characteristic length in
this problem, Ko is a gas dependent constant tabulated for
argon (0.697 W m�2 K�1 Pa�1) and helium (2.202 W m�2

K�1 Pa�1), and Tref is the reference temperature (273 K)
[10]. Typical values for the thermal accommodation coeffi-
cients for argon and helium of 0.9 and 0.5, respectively, are
used [21].

At intermediate pressures, a transition region exists
where the gas thermal conductivity is a function of both
the continuum and free molecular thermal conductivities
[21].

ktrans ¼
kfm

1þ kfm=kcont

ð8Þ

The pressure limits of the different operating regimes are
determined by the Knudsen number, which is the ratio of
the mean free path (l) and the characteristic length scale
in the powder, the pore size (k).

Kn ¼ l
k

ð9Þ

l ¼ kBTffiffiffi
2
p

pD2
mP

ð10Þ

The molecular diameter (Dm) is 0.358 nm for Ar and
0.215 nm for He [9]. From Springer [21], the free molecular
regime is defined at Kn > 50, while the continuum regime is
defined at Kn < 0.01. At Kn values between 0.01 and 50, the
gas thermal conductivity is calculated using Eq. (8). Most
pressures in the current experimental pressure range are
in the transition region due to the small particle and pore
sizes in the PuO2 powder.

Because we defined two gas thermal conductivities
(kg,o and kg,in) in our model in Eqs. (1) and (3), two appro-
priate pore sizes in the powder must also be estimated. In
the ‘‘gas’’ region in Fig. 4a, the outer pore size is ko to
calculate kg,o and in the gas-solid area of the ‘‘solid’’ region
in Fig. 4a, the interparticle pore size is kin to calculate kg,in.
These pore sizes are not readily known and must be esti-
mated to calculate the gas thermal conductivities and Kn

numbers.
5. Temperature profile calculation

The temperature profiles for this system were calculated
by finite difference method using the program, Engineering
Equation Solver (EES). The solution employed eight radial
nodes across the 5.7 cm radius of the PuO2 powder bed and
four axial nodes across half of the powder bed length
assuming axial symmetry. The lengths of the axial nodes
were chosen such that the temperature at the center of
the second axial node is at approximately the same height
as the bed thermocouples. Heat transfer pathways were
represented by conductances including radial and axial
heat transfer through the powder bed (Gr,i,j and Gax,i,j)
and convection from the exterior can wall to the surround-
ing air (Gext). The expressions for the conductances in the
model are as follows:

Gr;i;j¼
2pLj

ln Riþ1=Rið Þ keff ;i;jþ
rðT i;jþT iþ1;jÞðT 2

i;jþT 2
iþ1;jÞ

nemissð2=e�1Þ

 !
ð11Þ

Gax;i;j¼
2pðR2

i;out�R2
i�1;outÞ

LjþLjþ1

2

� � keff ;i;jþ
rðT i;jþT i;jþ1ÞðT 2

i;jþT 2
i;jþ1Þ

nemissð2=e�1Þ

 !

ð12Þ
Gext¼ hextAext ð13Þ

In the equations above, the index i is for the radial nodes
and the index j is for the axial nodes. Ri is the radius at
the center of node i, Ri,out is the outer radius of node i,
and Lj is the axial length at the center of node j.

The first term in the axial and radial conductances in
Eqs. (11) and (12) accounts for thermal conduction and
the second term accounts for thermal radiation between
nodes. In the radiation term, e is the emissivity, r is the Ste-
fan–Boltzmann constant, and nemiss is the density of the
radiation cells to account for the radiation length scale
being much smaller than the node length [7]. For these
oxide particles, the emissivity was assumed to be 0.9. The
thermal radiation terms in Eqs. (11) and (12) include a tem-
perature dependence so that thermal radiation will have a
T4 dependence in the heat balance equation below. In addi-
tion to these thermal conductance pathways, the PuO2

powder bed provides a heat source with a constant gener-
ation rate.

With these conductances, the heat balance for each node
was calculated using the following equation:

Qgen;i;j þ Gr;i�1;jðT i�1;j � T i;jÞ þ Gax;i;j�1ðT i;j�1 � T i;jÞ
¼ Gr;i;jðT i;j � T iþ1;jÞ þ Gax;i;jðT i;j � T i;jþ1Þ ð14Þ

In Eq. (14), Qgen,i,j is the heat generation rate in each node.
Along with Eq. (14) for each node, the model also con-

tains a boundary equation at the bed wall.

ðGr;nrad;jÞðT nrad;j � T wÞ þ
X

i

Gax;i;naxðT i;nax � T wÞ

¼ GextðT w � T aÞ ð15Þ

The bottom of the bed is assumed to be at the same temper-
ature as the bed wall. Because the thermal conductivity of
the stainless steel container is large relative to the powder
and the wall thickness is small, the outer temperature of
the powder bed is assumed to be the same as the container
exterior wall temperature.

To calculate the temperature profiles from Eqs. (14) and
(15), the experimental bed parameters in Table 1 (adjusted
for half of the bed volume) are employed along with the
external heat transfer coefficient, hext, the external surface
area of the bed, Aext, and the air temperature, Ta. From
the experimental measurements, the air temperature was
301.7 K and the external surface area for half of the bed



Table 3
Fit parameters for temperature profile calculation

Parameter Value

d 2.86 · 10�3

/ 1.71 · 10�4

L/D 0.086
kin (lm) 0.56
ko (lm) 15.6
nemiss 1.05 · 104
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was 4.47 · 10�2 m2. The external heat transfer coefficient,
hext, was 8.45 W m�2 K�1 as determined from the known
total heat generation of half of the bed (5.125 W) and mea-
sured wall and air temperatures in the system.

6. Modeling results and discussion

The radial temperature profiles were calculated from Eq.
(1) and Eqs. (11)–(15) and the calculated centerline temper-
atures at a height of 6.0 cm are compared to the measured
centerline temperatures as a function of pressure in Fig. 6.
To solve these equations, there are several unknown
parameters that must be estimated including the interparti-
cle contact fraction (L/D) in Eq. (1), the sphericity (/) and
contact roughness (d) in Eq. (3), the outer and interparticle
pore sizes (ko and kin) in Eqs. (7) and (9), and the effective
density of the radiation cells (nemiss) in Eqs. (11) and (12).
The parameter values that best fit the data are included
in Table 3. The fitted parameter values imply that the par-
ticles are not perfect spheres (L/D = 0.086), have relatively
small gaps between the particles (d = 2.86 · 10�3), and
have few solid–solid contacts in the interparticle contact
area (/ = 1.71 · 10�4). Due to the high porosity of the
powder and microscopic images of similar powders, we
would expect the particles to be non-spherical and to have
point contacts between particles [8]. The interparticle pore
size is much smaller than the outer pore size as would be
expected from the low estimate of d and the outer pore size
(15.6 lm) is of the order of magnitude estimated for the
diameter of plutonium oxide particles [8]. The effective den-
sity of the radiation cells (nemiss = 1.05 · 104) implies that
there is a radiation cell size of 95 lm in this powder (about
six times the estimated pore size in this powder).

With the fit parameters in Table 3, the calculated center-
line temperatures agree well with the experimental data for
both argon and helium across the entire pressure range as
shown in Fig. 6. Our effective thermal conductivity expres-
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Fig. 6. Comparison of calculated centerline temperatures with experi-
mental data. The dashed line is calculated from the model for helium, the
solid line is calculated for argon, and the points are the experimental data.
The average error in the experimentally measured temperatures is 1.8 K.
sion captures the difference between the fill gases at high
pressures where conduction through the solid pathways
remains significant in this system. Other effective thermal
conductivity models do not account for significant conduc-
tion through the solid phase at high pressures and thus are
unable to accurately predict the argon centerline tempera-
tures at high pressures in the PuO2 powder bed. From
Table 4 for argon, thermal conduction through the solid
pathways accounts for more than 80% of keff at P =
333 kPa.

Our effective thermal conductivity expression also cap-
tures the low pressure behavior where the helium and
argon centerline temperatures approach each other
(Fig. 6). From Table 4, the effective thermal conductivities
become approximately equal as the pressure decreases. At
low pressures, the two primary heat transfer mechanisms
are thermal radiation and solid–solid conduction; the ther-
mal conductivity of the gas is unimportant at these condi-
tions. At these pressures, the thermal radiation and
conduction terms in Eqs. (11) and (12) are of the same
order of magnitude indicating that both pathways are
important.

Not only are the centerline temperatures correctly pre-
dicted as a function of pressure, but the calculated radial
temperature profiles are also in good agreement with the
experimental data, as shown in Fig. 7 for the PuO2 powder
with argon as a fill gas. The radial profile calculations are
in especially good agreement for the lower pressure data
where heat transfer occurs by both thermal radiation and
conduction through the powder. The shape of the radial
temperature profile could not be correctly predicted at
lower pressures unless thermal radiation was included in
the model. Because of the large temperature gradient
across the bed at these conditions and the temperature
dependent thermal radiation term, the bed temperature
profile is very sensitive to the bed emissivity. Thus, the cor-
rect prediction of the radial temperature profiles at most
conditions demonstrates that the contributions of radial
conduction and thermal radiation are correctly captured
in this model.

The model also captures the experimentally measured
pressure dependence at higher pressures for both fill gases.
The effective thermal conductivity exhibits a pressure
dependence at these higher pressures because the gas con-
ductivity is in the transition regime due to the small pore
size (0.56 lm) in the interparticle contact fraction. For
example at 333 kPa, the Kn number for helium is 0.12



Table 4
Calculated thermal conductivities for PuO2 powder at the centerline temperature and a bed height of 6 cm with helium and argon fill gases

P (kPa) Helium Argon

ekg (1 � e)(L/D)ks keff ekg (1 � e)(L/D)ks keff

3.3E+02 1.3E�01 1.5E�01 2.8E�01 1.6E�02 7.5E�02 9.1E�02

2.7E+02 1.3E�01 1.4E�01 2.7E�01 1.6E�02 7.3E�02 8.9E�02

2.0E+02 1.3E�01 1.3E�01 2.6E�01 1.6E�02 7.0E�02 8.7E�02

1.3E+02 1.2E�01 1.2E�01 2.3E�01 1.6E�02 6.5E�02 8.2E�02

6.7E+01 1.1E�01 8.8E�02 1.9E�01 1.6E�02 5.4E�02 7.0E�02

4.0E+01 9.4E�02 6.8E�02 1.6E�01 1.6E�02 4.4E�02 6.0E�02

2.7E+01 8.2E�02 5.3E�02 1.4E�01 1.5E�02 3.7E�02 5.2E�02

1.3E+01 5.9E�02 3.5E�02 9.4E�02 1.4E�02 2.6E�02 4.0E�02

1.0E+01 5.0E�02 2.9E�02 7.9E�02 1.4E�02 2.2E�02 3.6E�02

6.7E+00 3.7E�02 2.3E�02 6.0E�02 1.2E�02 1.8E�02 3.0E�02

3.3E+00 2.1E�02 1.6E�02 3.7E�02 9.3E�03 1.3E�02 2.2E�02

2.0E+00 1.3E�02 1.2E�02 2.5E�02 6.9E�03 1.0E�02 1.7E�02

1.3E+00 8.5E�03 1.0E�02 1.9E�02 5.1E�03 9.0E�03 1.4E�02

6.7E�01 4.1E�03 8.1E�03 1.2E�02 2.8E�03 7.5E�03 1.0E�02

2.7E�01 1.6E�03 6.6E�03 8.2E�03 1.2E�03 6.4E�03 7.5E�03

2.0E�01 1.2E�03 6.4E�03 7.6E�03 8.7E�04 6.2E�03 7.1E�03

1.3E�01 7.7E�04 6.1E�03 6.9E�03 5.8E�04 6.0E�03 6.6E�03

6.7E�02 3.8E�04 5.9E�03 6.2E�03 2.9E�04 5.8E�03 6.1E�03

2.7E�02 1.5E�04 5.7E�03 5.9E�03 1.2E�04 5.7E�03 5.8E�03

300

350

400

450

500

550

600

650

700

0 1 2 3 4 5 6
Radial Distance/cm

T
e

m
p

e
ra

tu
re

/K

214.0
38.6
10.8
3.0
1.240
0.570
0.260
0.070

Pressure (kPa)

Fig. 7. Calculated and experimental radial temperature profiles with
argon as fill gas.
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which is in the transition regime. We predict that the ther-
mal conductivity of the powder with helium as the fill gas
does not become pressure independent until the pressure
reaches approximately 3800 kPa. For the powder with
argon present, the transition to the continuum regime
occurs at a lower pressure of approximately 1300 kPa due
to argon’s mean free path being smaller than helium’s.

7. Conclusions

The radial temperature profiles of a plutonium dioxide
powder bed have been experimentally measured over a
pressure range of 0.055–334.4 kPa with two different fill
gases, argon and helium. From these measurements, the
effective thermal conductivities of the powder with argon
or helium as fill gas at low pressures are approximately
equal because the dominant heat transfer mechanisms are
thermal radiation between particles and solid–solid con-
duction. At high pressures, the differences between the
effective thermal conductivities with helium and argon as
the fill gas are smaller than expected, indicating that
conduction through the solid is significant even at the high-
est pressures in these powders. Also, the effective thermal
conductivity has a pressure dependence at near ambient
pressures, even though gas thermal conductivities are typi-
cally assumed to be in the continuum regime and indepen-
dent of pressure at these conditions.

Because the PuO2 powders examined in this study are
very fine particles with random shapes and high porosity,
most existing effective thermal conductivity models are
unsuitable due to limiting assumptions about particle pack-
ing or size. The effective thermal conductivity expression
presented herein was derived assuming conduction path-
ways that exist in parallel and in series in the powder. With
the proposed effective thermal conductivity expression, the
temperature profiles were accurately predicted over the
entire experimental pressure range for two very different fill
gases. The pressure dependence at high pressures exists due
to a small interparticle pore size (0.56 lm) in the fine pow-
der. In these powders, thermal conduction through the
solid region enhanced by free molecular effects plays a lar-
ger role than is typically found in most packed beds. Due to
its generality, this model is suitable for other fine ceramic
powders that have high porosities and unknown particle
shapes, sizes, and packing geometry.
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