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ABSTRACT: Pebble beds have been employed in thermal storage and energy systems, where they are typically used to promote
heat exchange in high-temperature environments. Understanding the heat conduction of the entire pebble bed could aid in the
material selection of the pebbles themselves and structural components, system design, and safety monitoring. However, the thermal
conductivity of pebble beds can change significantly near geometric boundaries. Using a complex multilayer analytical model in
conjunction with a line source probe, we found a substantial increase in the thermal conductivity of a sintered bauxite pebble bed in
the near-wall region (7.6 W m−1 K−1) compared to the bulk (0.59 W m−1 K−1). We investigated this difference by comparing
porosity results, acquired with micro-CT, of 33.18 and 33.31% at approximately one pebble width surrounding the probe (near-wall)
and the bulk of the pebble bed, suggesting that the thermal conductivity is largely altered by thermal contact resistance in the near-
wall regime.

■ INTRODUCTION
Pebble beds have gained considerable traction in recent years
for thermal storage and energy systems (Figure 1).1 A breadth
of benefits can be gained by using solid pebble beds for
photovoltaics, wind energy, and nuclear energy storage
systems, including reduced cost, increased safety, and operable
working temperatures compared to liquid heat storage
systems.2−4 In addition, advanced next-generation pebble bed
reactors (PBRs) have been highly rated for their safety and
thermal efficiencies.5−7 PBRs provide the option of being gas-
cooled or molten salt-cooled, which can further increase their
performance.6,8 Pebble bed scenarios are also important for
geothermal applications where discerning thermal properties is
critical for efficiency in energy conversion, sustainability,
environmental impact, economic viability, and structural
performance.9,10 In any case, developing models and measure-
ment techniques for thermal properties and accurately
depicting thermal transport in these pebble beds is crucial
for their continued advancement (Table 1).
Previous efforts have been made to model the extremely

complex geometry of pebble bed systems, which are typically
accompanied by computationally difficult random and
repeated unit cell simulations.11−16 Most studies have gathered
temperature profiles and thermal conductivities across the
entire sample range into a lumped thermal result. However,
variations in the thermal conductivity at geometric boundaries
are inevitable.17−19 The packing and porosity of the pebbles
largely dictate the rate of heat conduction.20 Some studies have
demonstrated modeling and experimental results comparing
“near-wall” effects with the bulk, taking “near-wall” to be both
hot and cold sides of a (typically) rectangular shape.17−19

Results have shown that the “near-wall” region, which has
higher porosity, demonstrates a lower thermal conductivity
than the bulk.

Having a low thermal conductivity at boundaries can lead to
localized overheating, potentially causing instrumental or
structural damage. Understanding this behavior is paramount
for safety considerations and material selection processes.
Here, we highlight a novel layered analytical model and
measurement technique for thermal conductivity determina-
tion of a pebble bed and relate the results to porosity in the
bulk and near-wall regimes acquired via micro-CT.

■ METHODS
A sintered bauxite pebble bed sample passing the no. 40 sieve
(425 μm) and retained on the no. 70 (212 μm) sieve (40/70)
was chosen for measurements (Figure 2). Sintered bauxite has
been a promising material utilized in energy storage and
thermal transport systems and presents a wide working
temperature window (673−1273 K).2,12,21−23 We used our
previously developed line source method24,25 to elucidate the
thermal conductivity of the sintered bauxite pebble bed
sample. This technique has been shown to enhance the
capabilities of the traditional line heat source technique for
thermal conductivity measurements of solid samples acting as
surrogate nuclear fuels.26−32 Here, we present the technique as
a promising approach for determining the thermal conductivity
near the inner wall (Figure 3a) of a pebble bed system
compared to the thermal conductivity deeper into the bulk of
the material.
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The sintered bauxite pebble bed was measured in a
cylindrical tube 30 mm in diameter. A 1 mm diameter Type-

k thermocouple probe, utilizing the thermocouple wires as a
heating element, was inserted into the centerline of the pebbles
for measurements of the system (Figure 3b). The measured
temperature profile was then fitted to a multilayered analytical
model with the bulk thermal conductivity set to 0.22 W m−1

K−1 as found through a plane source probe technique, which is
comparable to literature values of 0.23 W m−1 K−1.33 The bulk
thermal diffusivity was set to 0.15 mm2 s−1 to allow extraction
of the near-wall thermal properties. Thermal diffusivity values
of 40/70 sintered bauxite are lacking in the literature; however,
a pellet of sintered bauxite has been reported to have a thermal
diffusivity of 2.8 mm2 s−1 at room temperature and a thermal
conductivity of 6.5 W m−1 K−1 which would correlate to the
thermal property values of a solid sintered bauxite.33

A DC current was used to induce Joule heating in the probe,
while a small AC signal was superimposed to obtain
temperature-dependent voltage measurements with a lock-in
amplifier. After conversion of the voltage measurement to
temperature, the temperature profile can be compared to an
analytical model to extract the thermal conductivity. The
thermal quadrupoles approach34 was utilized to generate a
multilayered analytical model to extract the thermal con-
ductivity of the various layers, including the near-wall layer. In
this case, we have selected two near-wall regions, both
immediately surrounding the probe, one that is approximately
0.4 mm thick in addition to a smaller selected region of 0.14
mm thick. A simplified effective 1-wire geometry25 is modeled
as eq 1 (with coefficients in Table 1), and fit to the
experimental measurements with a two-parameter fit varying
thermal conductivity and diffusivity of the near-wall layer.
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where θ is the Laplace temperature, φ is the Laplace heat flux,
Rth is thermal contact resistance, h is the convection coefficient,
index 1 corresponds to the effective wire layer, index 2 is the
insulator layer, index 3 is the sheath layer, index 4 is the near-
wall layer 0.4 mm thick, and index 5 is the bulk sample. In this

Figure 1. Applications for pebble bed thermal property measurements using a line source probe.

Figure 2. (a) Optical image of 40/70 sintered bauxite pebbles and
(b,d) SEM images of sintered bauxite pebbles at various
magnifications.

Figure 3. (a) Cross-sectional geometry of the probe in the pebble
bed. (b) Image of the probe inserted in the 30 mm diameter pebble
bed. Here, rsheath is the sheath radius, rwires is the radius of the effective
wire layer, rinsulation is the insulation radius, rnear is the near-wall radius,
rbulk is the bulk sample radius, Q̇ is heat flux, and T1, T2, T3, and T4 are
temperature solutions at the layer boundaries, and (c) table
containing the numerical values for the radii of each layer.
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instance, h has a negligible effect on the temperature profile
since the bulk section of pebbles is large enough, with respect
to the amount of heating and time range of the measurements,
and since the pebbles are held in a plastic tube.
The porosity of the bulk and near-wall layers was obtained

from micro-CT scans of the probe in the sample. From the
micro-CT scan, the sample was segmented into four different
regions by defining the different regions of interest and
segmenting the pebbles from the probe using the differences in
optical density: a bulk segment of pebble beds without the
probe, the probe itself (Figure 4a), a near-wall segment (Figure

4b,d,e) approximately the width of a single pebble (0.4 mm),
and the probe and near-wall segment approximately half the
width of a single pebble (0.14 mm) shown in Figure 4c. Since
the selected regions of interest included the pebbles and probe,
and the optical density range selected included the pebbles and
the insulation of the probe, it was necessary to remove the
insulation’s contribution to the porosity of the probe and near-
wall segments. The object volume from the insulation segment
was subtracted from the probe and near-wall segments to
obtain the object volume for the pebbles in the near-wall layer.

The total volume of the insulation segment, which accounts for
the full volume of the cylinder created from the probe, was
subtracted from the total volume of the probe and near-wall
segments to achieve the total volume of just the pebbles in
either of the near-wall calculations. The object volume divided
by the total volume will thus yield the percent of objects in the
volume, and subtracting this value from 100% gives the
porosity.

■ RESULTS AND DISCUSSION
A model removing the near-wall layer and modeling the entire
sample as a single layer has been constructed as a comparison
(Figure 5a). The effective thermal conductivity and diffusivity
values achieved through a two-parameter fit were 0.59 W m−1

K−1 and 0.13 mm2 s−1, with a thermal contact resistance
between the sheath and sample of 1 Km2 W−1 and a coefficient
of determination (R2) value of 0.99. The thermal diffusivity
here is comparable to the value of 0.15 mm2 s−1 achieved
through the plane source technique. However, the thermal
conductivity value is twice the value bulk pebble beds should
have.35 Here, we speculate that the near wall is affecting the
thermal conductivity value achieved. With the addition of the
near-wall layer, which is 0.4 mm thick (Figure 5b), the
temperature profiles match well between the experimental and
analytical modeling results by setting the bulk thermal
properties to values obtained through the plane source
technique (0.22 W m−1 K−1 and 0.15 mm2 s−1 for thermal
conductivity and diffusivity) and varying the thermal
conductivity and diffusivity of the near-wall layer. Increasing
the thermal contact resistance to 2.5 Km2 W−1 was necessary
to achieve an appropriate shape to fit the experimental data.
The thermal conductivity and diffusivity values of the near wall
were found to be 7.6 W m−1 K−1 and 0.14 mm2 s−1 with an R2

value of 0.99. A model regarding the smaller 0.14 mm thick
was constructed; however, setting the bulk properties to their
smaller values obtained through the plane source technique
would force the effective thermal conductivity of the 0.14 mm
thick near-wall layer to increase substantially, which is not
necessarily indicative of the thermal conductivity of that area
but is a necessary effective compensation to ensure the model
matches the measured results. This result suggests a gradient
thermal conductivity that decreases radially outward, which has
also been confirmed in the literature.19

A sensitivity parameter study (Figure 5c) was conducted to
ensure the uniqueness of the near-wall solution. During the
time range of the measurements (approximately 5−30 s), the
sensitivity for the bulk thermal conductivity is significantly
lower than for the 0.4 mm near-wall thermal conductivity. This
study demonstrates that the properties of the near-wall layer,
namely the thermal properties and radius, and the thermal
contact resistance between the probe and sample are the

Table 1. Coefficients for the Material Matrices in eq 1a

insulation, sheath, and sample layers effective wire layer

q1,i = ri
p

i
,q2,i+1 = ri+1

p

i
qi = ri p/ i

Ai = q2,i [I0(q1,i)K1(q2,i) + I1(q2,i)K0(q1,i)] Ai = 1
Bi = 1/2πkL[I0(q2,i)K0(q1,i)−I0(q1,i)K0(q2,i) Bi = 1/2πkLI0(qi)/qiI1(qi)−1/ρcπri

2Lp
Ci = 2πkLq1,i q2,i[I1 − (q2,i)K1(q1,i) − I1(q1,i)K1 (q2,i)] Ci = ρcπri

2 Lp
Di = q1,i [I0(q2,i)K1(q1,i) + I1(q1,i)K0(q2,i) Di = qi2I0(qi)/2I1(qi)

aα = thermal diffusivity, p = Laplace parameter, r = radius, k = thermal conductivity, L = length, I and K = modified Bessel functions, ρ = density,
and c = specific heat capacity.

Figure 4. Micro-CT images of (a) probe region of interest (ROI)
highlighted (red) inside the pebble bed, (b) area of the 0.4 mm near
wall around the probe, (c) area of the 0.14 mm near wall around the
probe, (d) 1 mm diameter probe and surrounding near-wall section,
and (e) length view of the volume selected for the near-wall scan.
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primary contributors to the temperature change in this time
interval. The sensitivity parameter study shown in Figure 5c
demonstrates that the near-wall thermal properties dominate
the temperature distribution during the measurement time
interval. The bulk properties start to show up near the end of
the measurements (∼30 s). These results indicate that the
near-wall solutions are unique and identifiable compared to the
bulk. The sensitivity parameter study shows that an optimal
region of interest for discerning the thermal properties of the
near-wall region is around 15−30 s.
As obtained from micro-CT, the bulk pebble bed had a

porosity value of 33.31%, and the 0.4 mm near-wall segment
had a slightly lower porosity of 33.18%. The 0.14 mm near-wall
segment had a porosity of 61%, which is significantly higher.
This value seems conceptually valid as there are only partial
pebbles included since the width of the near wall is less than
the diameter of a pebble. The spike in porosity at the edges of
geometric boundaries has been previously reported in the
literature.19 This difference in porosity may explain the
variation in the effective thermal conductivity of the pebble
bed. The thermal conductivity of air (0.026 W m−1 K+36) is
much lower than the thermal conductivity of the pebbles.
Having more space in between the pebbles and thus a higher
porosity could contribute to a lower thermal conductivity. The
difference in the porosity values, however, is not large enough
to account for the large jump in thermal conductivity in the 0.4
mm near wall as compared to the bulk. According to Maxwell
and Rayleigh’s equation37 (eq 2) relating the thermal
conductivity of a composite k to its porosity P, and assuming
the porosity is the only thing effecting the change in thermal
conductivity, the thermal conductivity of the less porous near-

wall region should only be about 0.3% higher than the thermal
conductivity of the more porous bulk region. Here, subscripts s
and g indicate solid and gas.
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In addition, previous work has documented a proportional
relationship between the thermal conductivity and temperature
of sintered bauxite.20 If the temperature difference between the
center portion of the pebble bed closest to the heating element,
the near-wall region, and farther away from the heating
element, the bulk region, is large enough, there would in turn
be a change in the thermal conductivity. However, a change of
less than 9 K, as shown in Figure 5a, would have a nearly
negligible effect on the thermal conductivity. Additionally, the
thermal contact resistance has been shown to have an impact
on the extracted effective thermal conductivity.38 If the thermal
contact resistance is higher than predicted, the resulting
extracted thermal conductivity could be higher than its actual
value. However, the thermal contact resistance and thermal
conductivity affect the temperature profile differently, as shown
by the sensitivity parameter study in Figure 5c. Changing the
thermal contact resistance largely effects the magnitude and
shape of the distribution, which alters the length and linearity
of the region occupied by the experimental measurements,
whereas changing the thermal conductivity largely effects the
slope of the distribution. As such, these parameters can be
uniquely identified. The porosity and temperature differences
within the pebble bed have largely been debunked as the

Figure 5. (a) Analytical modeling results for the pebble bed with and without a near-wall layer depicted with magenta and cyan dashed lines,
respectively, with two experimental measurements as closed and open circles for each model, (b) table of values extracted from the analytical model
of the bulk pebbles, (c) sensitivity parameter study of the analytical model with a near-wall layer, and (d) table of values extracted from the
analytical model of the near-wall layer. Here, k, α, r, h, Rth, and Rth2 indicate thermal conductivity, diffusivity, radius, convection coefficient,
thermal contact resistance between wire and insulation, and thermal contact resistance between the sheath and sample, respectively. The subscripts
w, ins, sheath, bulk, and near indicate the wire, insulation, sheath, bulk pebbles, and near-wall layers, and the superscript * indicates set values,
respectively.
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culprits for the discrepancy in the thermal conductivity result
in the near wall compared to bulk values, and the thermal
contact resistance is not only used in the analytical model,
which increases the validity but also is able to be uniquely
distinguished from thermal conductivity, leading to a more
accurate result.
However, since the width of the near-wall section analyzed is

close to the diameter of a single pebble and measurements of a
packed pellet of similar material33 indicate that a single pebble
has a thermal conductivity near 6.5 W m−1 K−1 it seems
possible that the results of the near-wall region depict the
thermal property values of the pebbles themselves or that the
effective thermal conductivity of the pebble bed in this region
reflects the thermal conductivity of a single pebble. To further
understand the thermal physics in the near-wall regime, the
material and size of the pebbles could be varied, as could the
thermal conductivity and porosity measurements. Additionally,
other gases or liquids with different thermal conductivities
could be utilized to verify the results under different thermal
fluid conditions.
In addition, error analysis was conducted to ascertain any

uncertainty in the experimental measurements. The measure-
ments of small electronics in the setup were conducted with a
Keithley DMM6500 6 1/2 Digit Multimeter accurate up to
0.0001%, the SR865A 4 MHz DSP Lock-in Amplifier that
measures the voltage that is converted to temperature is
accurate up to 0.01%, and the SRS DS345 Synthesized
Function Generator that provides the measurement signal is
accurate up to 0.1%. Additionally, the noise in each
measurement signal is less than 0.5%. Considering the accuracy
of the electronics and possible noise-related errors, the
measured voltages were shifted by 0.5% and compared to
nominal values. The resulting difference in the distributions
would amount to error bars that are smaller than the symbols
used in Figure 5a.

■ CONCLUSIONS
The thermal conductivity of the near wall has been investigated
using a multilayer analytical model to extract the thermal
conductivity of the near-wall region and studying the porosity
difference at the near wall as compared to the bulk utilizing
micro-CT. It was found that there is a slightly smaller porosity
value of 33.18% at 0.4 mm near wall compared to 33.31% in
the bulk of the pebble bed. An analytical model was fitted to
the experimental data with a two-parameter fit varying the
thermal conductivity and diffusivity of the near-wall layer. The
thermal conductivity was found to be 7.6 W m−1 K−1 at the
near wall compared to the bulk values of 0.22 W m−1 K−1. The
decrease in porosity near the wall is not enough to account for
this large difference in thermal properties. The temperature
difference and discrepancies in thermal contact resistance were
also called to the question; however, they would not contribute
to the discrepancy in the thermal conductivity. However, it is
clear that the resulting near-wall effective thermal conductivity
closely emulates the thermal conductivity of a single pebble. It
is speculated that in the near-wall regime, conduction through
the single pebble dominates, while far away, the interfaces
between pebbles scatter phonons, and the convection in the
porous media offers a parallel heat transfer channel through air,
leading to a decreased effective thermal conductivity. A
sensitivity parameter study was also performed to validate
the uniqueness of the solutions for each individual layer.
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