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Abstract

Knowledge of particle morphology is vital to understand the behaviour of natural
geomaterials including heat transfer. The effects of particle shape on heat transfer have been
mostly quantified with two-dimensional (2D) particle descriptors or at most with a single three-
dimensional (3D) descriptor. However, these particle shape descriptors may fail to capture the
shape of all irregular particles. To redress this issue, we developed a method to reconstruct
particles from micro-computed tomographic (uCT) images and to extract 3D sphericity and
roundness of individual particles in the assembly. Sphericity and roundness of five real sand
packings are calculated using the new proposed method. Furthermore, the effective thermal
conductivity (ETC) of each sample is estimated using finite element modelling. Our results
show that packings with higher sphericity or roundness tend to render higher ETC. A further
examination of the microstructure in the assemblies indicates that sphericity or roundness
corresponds to inter-particle contacts.

Keywords: Heat transfer, Particle shape, Granular material, Particle reconstruction.

Graphic abstract

Threshold
scgmeniation

l
O\

A

y computed using an
e thermal conductivity of

Page 2 of 25



62

63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97

1 Introduction

Knowledge of effective thermal conductivity (4.¢5) of granular systems, for example, is
required in design, prediction and control of processes in many engineering applications such
as radioactive waste disposal [1], geological carbon dioxide storage [2], hydrocarbon energy [3]
and geothermal engineering [4]. As the 4, is affected by the microstructure [5, 6] in the
granular materials, to quantify the impact of microstructural features on A.¢; enhances the
fundamental understanding of heat transfer processes. Particle shape is a fundamental feature
in characterising the microstructure of natural soils and rocks. Hence, it is vital to fundamentally
understand how particle shape affects the A.sr of these geomaterials and of other granular
materials.

Many experiments and simulations show that particle shape contributes significantly to the
mechanical [7-10], hydraulic [11-14] and thermal [15-17] behaviour of geomaterials. Even
though the correlation between particle shape and 4, has been quantified by introducing two-
dimensional (2D) particle descriptors [15, 18], the easily measured 2D particle shape
descriptors [10, 19-21] (e.g., circularity, sphericity, roundness, aspect ratio, convexity,
compactness and solidity) can be random and inaccurate as they may depend on the projection
direction. This is particularly the case for irregular and platy particles. The relationship between
particle shape and thermal conductivity were also studied by using three-dimensional (3D)
sphericity to characterise the particle shape [22, 23]. However, (synthetic) particles with only a
certain shape such as sphere and cylinder were selected for those studies. Moreover, the 3D
sphericity defined [24] as the ratio of the surface area of the equivalent sphere of a particle to
the real surface area of the particle can be used to represent the particle shape. However, this
sphericity definition cannot distinguish, for example, between particles with a disc-shape and
particles with a rod-shape. Discrete element method (DEM) has also been used to generate
ellipsoids varying in aspect ratio to study the effect of particle shape on A, [17]. However,
the artificial ellipsoid or supper-ellipsoid [25] from DEM are different from many real natural
sands. As other definitions of sphericity [24, 26-29] and other 3D particle shape descriptors
such as roundness [24] are available, these 3D particle shape descriptors (and definitions)
should be identified and chosen carefully to ensure they can properly describe all possible
irregular particles in a packing or assembly.

Particle shape and particle arrangement (i.e., microstructure) influence the behaviour of the
assemblies. To rigorously study their impact on the thermal (and other) response of
geomaterials, one would prefer to derive shape descriptors from the same sample (and of the
particle assembly) for testing thermal parameters. Since particle shape descriptors are
calculated based on the particle geometry, individual particles should be extracted from the

particle assembly without disturbing the structure of the sample rather than selecting a few
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representative particles from the sample. Technigues such as resin impregnation and sequential
2D (physical) slicing and polishing of surfaces throughout the sample and the use of common
microscopic facilities are effective but time and labour intensive, and destroy the samples [20,
30, 31]. Alternatively, X-ray computed tomography (CT) is one of the non-destructive image
techniques able to visualise 3D particles in the samples [32-34]. Even though CT techniques
have been used in the study of mechanical response [35, 36] and fluid flow [37] in granular
materials, they have rarely been applied to the study of heat transfer. CT techniques can
generate sequential cross-sectional images of the geomaterial at a certain interval (image
resolution) and the solid phase can be detected based on the greyscale of each image. From the
stacking of the solid phase in all images, one can construct a “voxelated” geometry. However,
the particles in the geometry may overestimate [38] the inter-particle contact area and even
appear or cemented to each other. As the contact area is related to the thermal conductance [39],
post-processing image techniques are required to identify “true” individual particles.

Based on the collection of individual particles extracted from voxel-constructed geometry,
the particle surface area can be measured using the boundary voxels, and the particle volume
can be computed based on the number of voxels inside each particle [38, 40]. However, the
voxelated particle surface has a saw-tooth pattern and overlapping voxels, leading to an
overestimation [38] which means the computed value may further affect the accuracy of
measuring sphericity and roundness. Moreover, since 3D roundness are widely accepted [24,
27, 41] as the ratio of the average radius of the particle corners and the radius of the maximum
inscribed circle, the voxel-constructed particle surface cannot be used to calculate the correct
curvature for identifying the corners. Consequently, smoothing the voxel-constructed particles
before calculating the 3D sphericity and roundness is required. These issues will be addressed
in the present study.

The study aims to investigate the effect of particle shape on the effective thermal
conductivity of granular materials. To achieve this, various particle shape descriptors are
compared to then determine a combination of shape descriptors that can actually cover particle
with a wide range of different shapes. Moreover, the theories used to compute the selected
particle shape descriptors are explained. A framework is introduced to generate individual
smooth particles based on CT images and the methodology is exemplified using five real sand
packings. The experimental and numerical methods used to measure the effective thermal
conductivity are explained in detail, followed by quantitative analysis on how and why particle

shape and microstructure affect heat transfer in granular materials.
2 Particle shape descriptors

Particle shape can be generally described at three different length scales [7] (Fig. 1):
Sphericity/Elongation, Roundness/Angularity and Smoothness/Roughness. At the scale of the
Page 4 of 25
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equivalent particle diameter, sphericity indicates the global form of the particle and describes
the proximity of a particle to a sphere while elongation describes the opposite trend. At
approximately one tenth of the scale of the equivalent particle diameter, roundness characterises
the particle shape at a smaller scale than the scale of sphericity. Roundness is a local feature
and represents the extent to which the corners and edges of the particle have been rounded, its
counterparty is known as angularity. Smoothness or roughness describes the smallest scale and
indicates the platenenss of the particle surface. Since images with resolution higher than 1 um
[42] are typically required to calculate the roughness, the present work focuses on the
implementation of sphericity and roundness because the resolution of CT scans is typically
lower. The CT scanned images used in this work, for example, have a resolution of

approximately 13 pum.

Roundness

<
.
—-
Sphericity

Fig. 1 Particle shape descriptors at three different scales: Sphericity, Roundness and
Smoothness.

2.1 Three-dimensional sphericity and roundness

A number of definitions (and corresponding equations) have been proposed in the literature
to calculate three-dimensional (3D) sphericity and roundness. Table 1 summarises some of
these definitions and formulae to compute 3D sphericity (S1 — S5) employing different
parameters. While particle volume V and surface area SA are used in S1 and S2, the radius of
maximum inscribed and minimum circum-scribed sphere (fmax-in and rmin-cir, respectively) are
adopted in S3. The length of principal axes of the particle di is employed in S4 and S5. However,
none of these descriptors can distinguish all particles with different shapes. For example, S1
and S2 cannot distinguish between disc-shape particles and rod-shape particles because they
may have the same surface area and volume, as depicted in Fig. 2(a). In Fig. 2(b) and Fig. 2(c)
S3 cannot recognise the difference between particle 1 and particle 2 because they have the same
maximum inscribed circle and the minimum circum-scribed circle. Moreover, S4 and S5 cannot
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160  distinguish particle 1 and particle 2 in Fig. 2(c) since they have the same principle axes if

161  considering the two particles have the same thickness in 3D.

162
163 Table 1 A summary of various definitions of sphericity
Notation Equation Description Reference
The ratio of the surface area of the equivalent sphere of a
3/ 2
S1 36mV particle to the real surface area of the particle. V is particle [24]
SA volume and SA is particle surface area.
36mV? .
S2 A The cubic order of S1. [26]
The ratio of the radius rp,,x_i, 0f the maximum inscribed
I'max—in circle (sphere in 3D) to the radius (rmin—cir) Of the
S3 L . . . ¢ - [27]
Imin—cir minimum circum-scribed circle of a particle shown in Fig.
2(b).
s4 % The ratio of the maximum axial length (ds) to the minimum [28]
d, axial length (d.) of a particle.
5| g2 Fitting a particle to an ellipsoid, ds, d, and d are the
S5 S shortest, intermediate and the longest axial length of the [29]
did; fitted ellipsoid.
164
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Fig. 2 Examples of potential shortcomings of the various definitions of sphericity and
roundness: (a) Example of two particles of different shape but same sphericity (S1 and S2 in
Table 1); (b) Example of two particles of different shape but same sphericity (S3 in Table 1)
and roundness. (c) Example of two particles of different shape but same sphericity (S4 and S5

in Table 1) and roundness

In contrast to the various definitions of sphericity, only few equations have been proposed
to compute 3D roundness. Equation 1 below is used to calculate 3D roundness as the ratio of

the average radius of the particle corners to the radius of the maximum inscribed sphere (see
Fig. 2(b)):
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g= 2N

Tmax—in

M)

where r; is the radius of corners in a particle as shown in Fig. 2(b), N is the total number of
corners and ry.x—in IS the maximum inscribed circle of a particle. However, the roundness of
the particles in Fig. 2(c) cannot be distinguished if neglecting the local feature on particle
surface where the radius of curvature is larger than the maximum inscribed circle.

Since neither sphericity nor roundness alone can distinguish all particles with different
shapes, combinations of sphericity and roundness have been used to ensure that all particles
with various shapes can be identified [41]. From the previous explanation, particles shown in
Fig. 2(c) still cannot be distinguished even if roundness is combined with sphericities S4 or S5.
Furthermore, S3 cannot distinguish the two particles in Fig. 2(c), hence using roundness with
S3 still fails to recognise the two different particles. Consequently, the remaining S1 and S2
definitions are good candidates which together with roundness could characterise particle shape
unambiguously.

To analyse the performance of S1 and S2, a hexahedron with dimensions L; X L, X Lz is
adopted but keeping L, equal to L, and then changing the ratio of L to L. According to the
results in Fig. 3, a hexahedron with L3 /1, varying between 1 and 7, shows a sphericity that
shifts from 0.81 to 0.59 when using definition S1, while it changes from 0.52 to 0.21 when
using definition S2. Since sphericity is conceptually defined as the proximity of a particle shape
to a sphere (sphericity is 1) and a hexahedron with L;/L; = 7 is far from a sphere, assigning
0.59 to the sphericity of such an elongated particle may be intrinsically unacceptable, as one
would expect a much lower value.

As a consequent of the above discussions, in this work sphericity as defined in S2 in Table
1 and roundness as defined in Equation 5 are selected as the combination of descriptors to better

characterise the shape of particles in natural granular materials like sands.

0.8

0.6 4

Sphericity

1 3 . l 5 ] [
Ls/L,

0.0

[

Fig. 3 Comparison of sphericity S1 and S2 defined in Table 1 of a hexahedron with
varying dimensions (Li=L, 1< L3y/L1<7)
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2.2 Calculation of sphericity and roundness

From the last section, it is known that the particle surface area and volume are required to
compute sphericity whereas curvature is required for calculating roundness. While Fiji [43] is
available to compute the particle surface area and volume, the computations are based on voxel-
constructed particles which have saw-tooth boundary patterns. The saw-tooth boundary
patterns may lead to overestimation of real particle surface area and an incorrect calculation of
curvature, the computation of sphericity and roundness should be based on smooth particles.
However, no commercial software or open-source code is available to achieve smooth particle
geometry and calculate 3D sphericity and roundness using the equations we selected. In this
work, we first identify each individual particle and then the smoothing particle surface is made
up of triangle surface meshes (similar to [41] as shown in Fig. 4(a). Therefore, the surface area
of each facet on the particle surface is easily computed, and the summation of all the triangular
facet areas is the surface area of the particle (Fig. 4(b)). To compute the individual particle
volume, the following procedure is followed. A point inside the particle together with the three
points of a single triangular facet form a tetrahedron, so the total volume of the tetrahedrons
related to all facets is the particle volume (Fig. 4(b)). Thus, to calculate the particle surface area
and volume, Equations 2 and 3 are used. Given particle volume and surface area, then S2 can
be calculated as the sphericity of each particle.

n
1 B ——
SA = Z 2 |A,B, X B,C,| 2
i=1
1
V.= Z[04 (0B, x 0C) 3)
i=1

where O is the particle centre calculated as the average coordinates of all vertices in the particle,
A, Bi and C; are three vertices of the i triangular facet and n is the total number of the facets

on the particle surface.
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(a) (b)
Fig. 4 A particle surface is made up of triangular meshes. (a) Triangular meshes of a
sphere, (b) A diagram to illustrate the principles of computing particle surface area, volume

and curvature at vertices (after [41]).

To calculate the roundness of a particle, the first step is to identify corners in the particle.
An available criterion is that considering a vertex as a corner when its radius of curvature is
smaller than the maximum inscribed sphere. The principal curvatures (the maximum curvature
Kmax @nd minimum curvature x,;,) are two common measurements [44], and quadratic fitting
in MeshLab [45] can be used to compute them at all vertices. The key of this method is to use
rings of a vertex (e.g., the first ring of vertex D in Fig. 4(b) is composed of the six vertices
around it) to fit a micro-surface by generating a quadratic polynomial equation. Based on the
equation, a Hessian matrix [44] can be established and the eigenvalues of the matrix are the
principal curvatures. Subsequently, the principal curvature radii are computed as 1, =
1/Kmax and Tax = 1/Kmin. Between the two radii, i, 1S more reasonable to be used for
identifying corners because more local features on the particle surface are considered. Then,

the corners in a particle can be found using Equation 4.

_ 1 if Tmin < Tmax—in
g(k) B { 0 if Tmin = Tmax—in (4)

where 1 indicates that the vertex is a corner, while 0 is not, 7,4,—in iS the radius of the
maximum inscribed sphere of the particle. By introducing g(k) into equation 5, the 3D
roundness is computed as:

_ 2 9(k)Tmin /N

Tmax—in

R ®)

3 Particle reconstruction

3.1 Granular material samples
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To test the framework and to analyse the impact of particle shape on effective thermal
conductivity, five sands with increasing irregularity of particles are selected (Fig. 5): (a) glass
beads are near-spherical particles made from silica; (b) Ottawa sand is sieved to pass No.20
(850m) mesh and be retained on No.30 (600um), the achieved 20-30 standard sands are in
line with ASTM standard C778 [46]. These particles consist of quartz [47] and are rounded
during long-term erosion. (c) an Angular sand also containing a high proportion of quartz with
more irregularly shaped particles when compared to the Ottawa sand. (d) Crushed schist sand
A is even more irregular than the Angular sand and the particles in Crushed schist A are made
of chlorites. (e) Crushed schist B have particles with the most complex shape and more than
half of the particles are platy and elongated [48] because they consist of quartz and biotite [49].
The Crushed schist rock B is made from a particular metamorphic rock collected from the
Delamarian Fold Belt in western Victoria, Australia. The particle size of each sample is shown
in Table 2. Crushed schist rock A and schist rock B are prepared to have the same mean particle

size and range in the laboratory.

Fig. 5 Micro-pictures of five granular materials with particles of different shape. (a) Glass
beads, (b) Ottawa sand, (c) Angular sand, (d) Crushed schist rock A and (e) Crushed schist
rock B.

Table 2 Particle size of studied granular materials

Particle size Particle size
Sample dso (mm)*  dgo (MmM)?

range (mm) * range (mm) *
Glass beads 0.60 0.60 0.50-0.70 0.40-0.80
Ottawa sand 0.73 0.76 0.60 - 0.85 0.58-0.94
Angular sand 0.89 0.68 0.60-1.18 0.39-0.99
Crushed schist rock A 0.84 0.58 0.50-1.18 0.23-0.95
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Crushed schist rock B 0.84 0.61 0.50-1.18 0.16 - 1.10

* Diameter from sieve analysis;
~ Equivalent diameter calculated from particle volume using CT reconstruction. Then box plots are

drawn, then dso is the median value and particle size range is the range in the box by ignoring the outliers.

These five materials were used to prepare samples in a 25 mm diameter and 25 mm height
cylindrical containers made of aluminium using the air-pluviation technique to ensure the
homogeneity of the samples and density similarity. The samples are scanned using x-ray
computed tomography (CT) to generate sequential grey-scale images with a resolution of 0.013
mm. This resolution lies between the recommendations by Wiebicke, Ando, Herle and Viggiani
[50]. Their work suggested that 10-15 um per voxel and more than 10 pixels across each grain
diameter are required to capture the interparticle contact with improved image processing
techniques. The greyscale in each voxel represents the image intensity which relates to the
density of the scanned materials. Typical cross-sectional image of each sample is shown in Fig.
6. Particles in Glass beads, Ottawa sand and Angular sand samples have similar grey scale even
though some defects exist on the boundary of glass beads because of their coating. In contrast,
particles in crushed schist rock samples have significant different greyscale because of their

complex mineral components.

Fig. 6 . CT scanned images of the five granular material packings. (a) Glass beads, (b)
Ottawa sand, (¢) Angular sand, (d) Crushed schist rock A and (e) Crushed schist rock B

3.2 Framework

The geometries of individual particles can be acquired using the X-ray CT scans of separate
particles placed in a container filled with a (low density) silicon filler [41]. However,
identifying individual particles in the samples (i.e., assembly of particles) is not always
straightforward. Hence, segmentation is required to identify and extract information of
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individual particles from the specimen. To accurately calculate 3D sphericity and roundness, a
smooth digital particle geometry with the “same” surface area and volume as the real particle
is required. Here we combined different techniques and propose a series of steps to reach this
goal. This section introduces a framework (Fig. 7) to reconstruct individual smooth particles
from a stack of cropped X-ray CT scanned images (Step 1). An open source image processing
software Fiji [43] is used to reconstruct the sample micro-geometry (Step 2) and to execute
threshold segmentation to identify the solid phase of the particle assemblies (Step 3). lassonov,
Gebrenegus and Tuller [51] applied various threshold segmentation techniques (e.g. local
thresholding, global thresholding, region growing methods, deformable surface, probabilistic
clustering and Bayesian methods) to porous media. In their work, they found that local
thresholding can generate satisfactory results but are sensitive to the initial input, while the two
global threshold segmentation methods (Otsu and the Rilder’s [50, 52-54]) produced
satisfactory results without this limitation [38, 50]. Therefore, in our work, the multilevel Otsu
threshold segmentation method is applied to the greyscale images. Then a watershed
segmentation with 6-connectivity [38, 55] in MorphoLibJ library [26] is adopted to split
(“artificially””) connected particles based on the threshold segmentation geometry (Step 3). The
6-connectivity is selected herein because it shows to reduce the overestimation of particle
surface area and volume [38]. Boundary particles are discarded because they are part of integral
particles resulting from generating the cubic subsamples in Step 1. The individual voxel-
constructed particles are thus obtained (Step 5) and then the Taubin smoothing algorithm [56]
is used to smooth each particle (Step 6).

Image stacks Reconstruction Threshold segmentation

L

4.5 mm

|

Smoothing Individual particles Watershed segmentation

Fig. 7 A framework is used to reconstruct induvial smoothing particles
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3.3 Smoothing method

In Step 6 of the aforementioned framework, a smoothing algorithm is required to polish the
saw-tooth surface of voxelated particles and preserve the general particle morphology.
Common iterative mesh smoothing algorithms utilise “processing mesh normals” scheme [57-
59]. Most traditional smoothing algorithms, including Gaussian smooth and Laplacian smooth,
have a general shrinkage problem which means a particle may collapse to a point when
smoothing is implemented for a large number of iterations. Alternatively, the Taubin A/p
method [56] consists of two Gaussian smoothing algorithms in each step: A is positive and
relates to the shrinkage whereas p is negative and controls the infatuation.

To identify the proper range of values of input parameters in the Taubin method for our
samples, synthetic pixelated image stacks of a sphere and an ellipsoid are generated using the
image analysis software Fiji [43], the resolution of these images is set at 0.013 mm, which is
the same as the resolution used in the CT of the tested samples. The diameter of the sphere is
set as 0.65 mm (50 voxels), and the three-principal axial lengths of the ellipsoid are set at 0.65
mm (50 voxels), 0.39 mm (30 voxels) and 0.26 mm (20 voxels). The resulting cross-section

images and 3D voxelated particles are shown in Fig. 8.

© —

Fig. 8 Voxelated sphere and ellipsoid are constructed from images stacks generated from
Fiji: (a) 2D image slice of a sphere, (b) and the resulting voxelated sphere; (c) 2D image slice
Page 14 of 25
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of an ellipsoid and (d) the resulting voxelated ellipsoid. The resolution of images is 0.013

mm, same as the resolution of CT scanned images later used int his work

The Taubin smoothing method effectively generates a low pass filter effect that is controlled
by A and y, and the amount of attenuation is then determined by the number of smoothing steps
set in the algorithms. The Taubin smoothing method can preserve the geometry of the
reconstructed particles from CT images when 1 < —pu [56]. Hence, the shrinkage problem in
Gaussian smooth and Laplacian smooth is addressed in the Tuabin smoothing method.
However, if the surface area and volume from the voxelated particles in the initial step are
overestimated to begin with (typical of microCT images), these overestimations are also
preserved [38]. To mitigate the initial overestimation of surface area and volume of a particle,
A > —u is adopted in this work by setting 1 as 0.6 and p as -0.3, which also happen to preserve
the geometry of the particles. Together with the synthetic sphere and ellipsoid generated above,
two microCT imaged particles, one from the Ottawa sand and one from the Angular sand
samples, are also used to investigate the variation of surface area and volume with the number
of smoothing steps. Fig. 9 shows that the surface area gradually decreases with smoothing steps,
and that the surface area of the voxelated sphere reaches the theoretical value (1.410 mm?) at
the 143" smoothing step while that of the ellipsoid is reached earlier at the 100" step. As for
the reduction of volume, the four particles share a similar trend but at a slower rate of change
than that of surface area, the volume of the voxelated sphere reaches the theoretical value (0.41
mm?®) at the 143" step, which is the same as that of surface area, while the ellipsoid, at the 116"
step. In addition to the above analysis to define the range of smoothing steps values that may
be appropriate for our studies, sphericity and roundness of Ottawa sand and Angular sand
particles are computed and shown in Fig. 10 together with their images at 0, 100 and 200
smoothing steps. It can be seen that the local features of the surface are preserved during the
process of Taubin smoothing. Fig. 10 shows that sphericity and roundness converge at early
smoothing steps, which is far earlier than the 143 step found in the previous analysis. To be
conservative and to allow a good balance between computational time and accuracy of results,
143 steps (together with 4 as 0.6 and u as -0.3) are selected as input parameters in the
smoothing method used herein in the following calculations for all individual particles in

natural sands scanned in the micro-CT.
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Fig. 9 The surface area (a) and volume (b) decrease gradually with the increase in the number
of smoothing steps for A > —u in the Taubin smoothing method.
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Fig. 10 The sphericity and roundness of two particles from the Ottawa sand and the
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Angular sand samples as a function of smoothing steps: (a) Sphericity and (b) Roundness.
One can also visualize the Ottawa and Angular sand particles at 0, 100 and 200 smoothing
steps for comparison
4 Finite element simulation and measurements

The mineral component of a sand can affect its effective thermal conductivity, especially
the content of quartz in dry samples [60]. To eliminate this effect, finite element simulation is
used in this paper by assigning the same thermal conductivity to the solids of all samples.
Experimental measurements, however, are used to validate the numerical results.
4.1 Finite element simulation

The geometry of a sand sample can be reconstructed from scanned CT images and used to
simulate heat transfer in a similar fashion as in [61, 62] by numerically solving an elliptic partial
differential equation (Equation 6), Fourier’s law (Equation 7) and a continuity equation
(Equation 8), using COMSOL Multiphysics [63]. The thermal conductivity of the packing are
obtained by integrating the heat flux at the top and bottom boundaries using Equation 9, and
their average is taken as the effective thermal conductivity of the entire sample.

oT
pC—-+pCu-VT =V (AVT) (6)
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where, for each phase involved in the simulation, p is the density (kg/m), C is the heat capacity
(J/(kg K)), T is the temperature (K), t is the time (s), u is the velocity vector (m/s), A is the
thermal conductivity (W/(m K)).

q=AVT @)

—n(qS - qp) =0 (8)
where n is the unit normal vector of the solid-pore interface, gs and g are the heat fluxes in the

particle and pore, respectively.
The effective thermal conductivity A (W m~1K™1) of a sample of horizontal cross-section
area A (m?) is found as:

1
_ ZfA Q. dA
Aett =S — — ©)

L
where T, and T, are the prescribed temperatures at the inlet and outlet boundaries, L (m) is the

height of the sample and Q, (W/my) is the vertical heat flux of nodes at the inlet or outlet.

The mesh of the Angular sand is shown in Fig. 11(a) and it was generated in Simpleware
ScanlP [64] by setting coarseness as -40 after a mesh size sensitivity analysis showed
convergence to an asymptotic value of computed thermal conductivity (analysis not included
here). The thermal conductivity of minerals has been suggested to be set between 1 and 8
W/(m K) in the literature [61]. Since the aim of this study is on the effect of particle shape on
effective thermal conductivity, 3 W/(m K) [39, 65, 66] is assigned to solid particles in all
samples to mitigate the potential effects of different mineralogy on the effective thermal
conductivity. Thermal conductivity of 0.025 W/(m K) [67] and 0.591 W/(m K) [67] is
assigned to the void space within the packings for simulating heat transfer in dry and water-
saturated granular materials, respectively’. The boundary temperature on the top surface is
prescribed at 293 K, while at 292 K on the bottom surface to generate a small thermal gradient,
other boundaries are considered as insulation as shown in Fig. 11(b). With this material and
boundary conditions, the system is numerically solved for temperature distribution and heat
fluxes are estimated to then derive an effective thermal conductivity as described in detail in
[61].

! Thermal conductivity of bound water may differ from that of free water, while this effect is negligible
in coarse grained packings, it may need to be considered in fine grain packings (e.g., clays).
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Fig. 11 Finite element mesh and heat transfer simulation results of the Angular sand
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4.2 Experimental measurements

In order to validate finite element simulating results, the effective thermal conductivity of
Ottawa sand, Angular sand and Crushed schist A are measured in the laboratory. Samples are
also air-pluviated into a PVC cylindrical container with a diameter of 50 mm and a height of
120 mm to achieve similar homogeneity as shown in the CT images (Fig. 6). The measurements
use a 100 mm thermal needle probe (KD2 Pro thermal properties analyser from Decagon
Devices, Inc) following ASTM standard D5334-14 [68]. The thermal needle has a diameter of
2.4 mm which is larger than the largest particle diameter, which results in a good accuracy of
the measurement at +10% for 0.2 — 0.4 W/(mK) [69].

5 Results

5.1 Finite element simulating validation

Four subsamples from each scanned natural sand are extracted to calculate the effective
thermal conductivity using the finite element simulation. Fig. 12 shows that the thermal
conductivity decreases with porosity, and this trend agrees with the results presented previously
by Yun and Santamarina (2008) [65] and Narsilio et al (2010) [61]. Fig. 12 also reveals that
the numerical values are higher than that from experimental measurements but in an acceptable
range [61]. The overestimation may result from the contact condition in both physical testing
and numerical simulation. The needle probe testing has an accuracy of +10% [69] and the error
of finite element simulation come from its limitation in capturing particle surface roughness

and particle geometry irregularity [61].
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Fig. 12 The effective thermal conductivity of five natural sands from finite element

simulations are larger than the experimental measurements, which may because numerical

simulation does not capture particle surface roughness and particle geometry irregularity [51]

5.2 Effect of particle shape on thermal conductivity

A sub-sample X-ray CT image stack from each natural sand is selected to extract smooth
individual particles using the framework summarised in Fig. 7. The average number of particles
in each sub-sample is 150. This number of particles considered sufficiently representative for
studies of uniform sands [20]. Within each sub-sample, for each smooth particle in it, its
sphericity and roundness are calculated using S1 in Table 1 and Equation 5. Readers must recall
that sphericity (S) and roundness (R) characterise particle shape at two different length scales:
the overall form of the particle (S) and local features (i.e., the shape of “edges or corner” in the
particle, R) as it can be seen in Fig. 1. Each coloured point in Fig. 13 corresponds to the
calculated sphericity and roundness of each particle in the sub-sample assembly of particles. A
particle shape chart [70] is also included as a background in Fig. 13 to provide a rough
visualisation of the particle geometry. From Fig. 5, we already qualitatively know that the
ascending ordering of angularity of the five sands is: Glass beads, Ottawa sand, Angular sand,
Crushed schist A and Crushed schist B. In Fig. 13, we can also observe this trend: irregular
particles have lower sphericity and roundness than more regular (and round) particles.
Moreover, the range of sphericity and roundness in irregular sands have a wider distribution.
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After determining sphericity and roundness, their average can be used as a uniformed
character of particle shape for the assembly of particles in each sub-sample [27]. The effect of
particle shape on effective thermal conductivity can now be analysed with the quantitative
particle shape descriptor. In this work, both the thermal conductivity of the five sands in dry
and static water saturated conditions are computed as shown in Fig. 14 for five sub-samples of
each sand. According to Fig. 14, the effective thermal conductivity increases when the average
of sphericity and roundness increases. Furthermore, the trend in dry samples and water
saturated samples are similar; however, the rate of increase in dry samples is slightly higher.
The difference of the increasing rate may arise from the change in the main heat transfer
pathways in the granular materials. As shown in Fig. 11 (c), the heat flux in dry granular
materials is high at the particle contacts which is the main particle scale path for heat transfer
in dry granular materials. However, the main heat transfer path in saturated sand is particle-
fluid-particle whose contribution to the A, is between 39.6% (in saturated Glass beads) and
74.1% (in saturated Crushed schist B). Since the pore space now is filled with water, the A,f¢

of saturated Crushed shist B is around four times larger than the 4, of dry Crushed Schist B
and larger than the A, of dry Glass beads.
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5.3 Effect of particle shape on microstructure

Since the inter-particle contact is the main heat transfer pathway in dry granular materials,
coordination number and the inter-particle contact area are two microstructure properties
believed to have a significant influence on the overall thermal conductivity. Accordingly, we
further study the relationship between these two microstructure parameters and particle shape
descriptors. After watershed segmentation (step 4 in Fig. 7), coordination number and contact
area are calculated, and then the average coordination number and the average contact radius
ratio for each microCT-ed sub-samples are calculated as well. The contact radius ratio is defined
as the ratio between the radius of contact area and the radius of particles. Fig. 15 shows that
both coordination number and contact radius ratio increase with the increase of the average
value of sphericity and roundness, except for the Crushed schist B. Particles in the Crushed
schist A and the Crushed schist B samples have similar average coordination number but
Crushed schist B shows a higher average contact radius ratio, which may be because almost
half of the particles in the Crushed schist B sample are platy and elongated (Fig. 13) particles
resulting in larger interparticle contact areas. The increase of coordination number in the
samples having more regular (round) particle coincide with the increment of A, shown in Fig.
14. In general, the increase of contact ratio in more regular particle packings also coincide with
the increment of 4., except for the packings containing very irregular and platy particles.
These observations indicate the impact of particle shape represented by the three-dimensional
sphericity and roundness on heat transfer in dry granular materials is more originated from its

influence on the inter-particle contact number than on contact ratio (contact area).
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6 Conclusion

This study develops a method to calculate three-dimensional (3D) sphericity and roundness
of individual particles in a specimen while preserving its internal structure. By comparing the
existing definitions of 3D sphericity, a combination of sphericity and roundness is used to
characterise particle shape. Sphericity and roundness are required to be calculated on a smooth
particle surface which is achieved using a proposed framework including CT techniques,
imaging techniques and the Tabuin smoothing method. The reliability of the smoothing
framework is presented by its application to voxel-constructed sphere, ellipsoid, Ottawa sand
particle and Angular sand particle.

By calculating the sphericity and roundness of individual particles in five natural sands, we
found that irregular particles tend to show lower sphericity and roundness than more regular
(and round) particles, and granular packings formed by irregular particles show a wider range
of sphericity and roundness. Moreover, after estimating the thermal conductivity of the natural
sands, we observed that granular materials with a higher average value of sphericity and
roundness show a tendency to boost higher thermal conductivity. This is because we also found
that lower average value of sphericity and roundness may lead to lower average coordination
number and contact radius ratio, important parameters governing heat transfer at the particle
scale. Granular assemblies containing more platy particles may exhibit higher average contact
radius ratio compared to other assemblies with the same average coordination number. The five
materials in this paper have different friction coefficients, the effect of the friction coefficient

on the coordination number and contact ratio requires to be quantified in future work.
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