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Abstract

Packed beds are heterogeneous media inspiring the design of novel thermal devices.
The heterogeneity leads to the anisotropic heat transfer behaviour, which raises the
complexity of the analysis and design process. This paper presents an originally
developed framework for the computation of heat conduction behaviour in packed beds.
The formation of the packing structures was realised with practical rock data. The core
computation adopted a three-dimensional lattice-based algorithm. Several digital tests
were introduced, including temperature tracking, energy-tracking, round-trip efficiency
and heat flux distribution. It was found that the random close packing of natural rocks
can maintain a relatively stable heat release and storage performance in the
representative volume. An increment of the solid phase fraction does not always
enhance the heat release and storage performance, and there exists a threshold between
34.93% and 42.33% solid phase fraction to trigger the positive correlation. A decrease
in the solid phase fraction improves the heat intake efficiency but reduces the
temperature maintenance performance. The critical time threshold for balanced round-
trip efficiency is located at around 13.89 lattice hours without additional thermal
interference. Energy round-trip efficiency is an intrinsic property of the packed
structure. It was statistically found that the power function is highly likely to be the
energy evolution function from upscaling characterisation. The generalised logistic
function can provide a fitting recovery of the heat flux distribution from downscaling
characterisation. The developed computational framework demonstrates a feasible
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bottom-up routine for thermal device design and heat transfer analysis.

1.0 Introduction

Packed beds are a special form of porous media for heat storage and exchange [1,2].
Unlike most types of porous media in wet environments, such as cement and pollution
sorbents, the pore structure in packed beds can serve as a heat transfer path in both wet
and dry environments [3,4]. In engineering practice, packed beds have been thermally
applied in air-conditioning [5], infrastructure functionalization [6], solar energy
conversion [7], combustion control [7], geothermal reservoirs [8], etc. The feature of
using natural materials as components and the adaptability for clean energy make
packed beds an environmentally friendly thermal medium [9] in the background of the
energy crisis [10] and climate change [11]. Although applications of packed beds
emerged as a result of the above merit, the thermal design and analysis process still
faces challenges [12]. One of the challenges is the mathematical description of the
random boundaries originating from the packing with irregular particles in practice [13].
The economic advantage of thermal packed beds benefits from naturally obtained
materials such as rock, sand and soil [14—16]. Those materials inevitably have irregular
shapes involved in the packing process. Another noticeable challenge is the thermal
performance evaluation under heterogeneous conditions [17]. The advanced thermal
properties of the packed bed are enabled by the multi-phase composite, which can be
preliminarily categorised into the solid phase and pore phase. The pore phase performs
external mass transfer with environmental air, and the solid phase performs heat
exchange with the internally adjacent pore phase [18]. Hence, adopting a homogeneous
assumption for the thermal performance evaluation is against the characteristics of
packed beds. Progress in the above two problems is essential to developing a designable
routine before massive construction and adoption of packed beds as common heat
control infrastructures.

The essential requirement for a packed bed model is the numerical recovery of a
realistic packing structure with irregular-shaped particles. The solution for this problem
mostly relies on the particle packing simulation [19]. The particle packing formation
modelling, also known as the jamming issue [20], has been studied both experimentally
and numerically for decades [21,22]. It was experimentally observed that the random
packing of monosized smooth spherical particles can reach the highest random close
packing (RCP) density of 0.64 [23], which is always smaller than the virtual face-
centred cubic packing density of 0.74 [24]. Because of the existence of resistance, such
as macroscopic friction and microscopic van der Waals force, realistic particle packing
density is always smaller than the RCP density[25,26]. The investigation into the stable
pore structure with the lowest packing density led to the concept of random loose
packing (RLP) [27]. The friction-controlled RLP density was reported to be 0.55 [28],
but fixed RLP density values do not exist since certain force systems can provide stable
levitation [29]. Putting aside the tone of ‘RCP or RLP was ill-defined’, several
algorithms were constructively developed to build mathematical descriptions of the
packing structure. Random sequential addition (RSA) is one of the earliest ones, which
still functions well as a preliminary modelling algorithm due to its computational
efficiency [30,31]. Although RSA provided invaluable inspiration for porous media
modelling methodology, the highest packing density from RSA is always lower than
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the above-mentioned RLP density [32]. To overcome the limitation of low particle
phase fraction, a particle growth algorithm (PGA) was developed based on the initial
condition provided by point-based RSA [33]. The proposal of PGA demonstrated that
the jamming can be numerically realised without dynamic analysis. However, the
control of particle size in PGA limited its realistic correspondence. Almost in the same
period, the discrete element method (DEM) solution [34] emerged to model the
macroscopic particle packing processes, adopting a similar routine as the molecular
dynamics (MD) solution for condensed matter [35]. The high degrees of freedom force
system at the macroscopic level is much different from the molecular level and
astrophysics level, hence a significant contribution has been made to complete the
physics of particle interaction in civil practice. The analytic geometry basis of DEM
and MD requires analytic geometry equations to locate the particles. The shape
equations in DEM are still being extended to include ellipsoids [36], cylinders [37],
cubes [38], etc. However, the well-established spherical routine cannot be directly
imported into non-spherical shaped particles, leading to a significant algorithm
modification requirement for each specific shape equation [39]. On the other hand,
modelling irregularly shaped particles as a composite of spheres appears to be one
feasible solution for packing with arbitrarily shaped particles [40,41]. This thought can
be generalised as constructing complex shapes with basic geometrical units of spheres.
The branch of dynamics-less modelling still had its inheritance, in which a random walk
algorithm successfully realised loose packing with strict control of particle sizes [42].
Although the peak packing density for monosized spheres was still not realised, the
algorithm demonstrated a strong capability for arbitrarily shaped particles due to its
lattice-based design. More recently, the abovementioned algorithm was further coupled
with contact mechanics and validated with RCP density [43]. The three-dimensional
algorithm still has the merit of arbitrary shape capability, in which the supportive design
was representing certain particles with basic geometrical units of voxels [44].

The continuum thermal dynamics theory has an even longer history of development for
heat transfer [45]. The Fourier law of heat conduction performs an essential role in
calculating the heat flux distribution from the spatial temperature difference, which
further enables the estimation of the temperature change rate if heat capacity is available
[46]. The complexity of packed beds raises the challenge and possibility of providing
thermal characterisation for design and analysis, both numerically and experimentally.
By designing a proper thermal device, the bulk performance of thermal transfer in a
cubic domain was investigated through an experimental approach [47]. An attempt to
investigate the local heat transfer of packed beds with regular particle arrangement was
conducted in a cylindrical device [48]. Although the experimental techniques have
improved significantly in recent times, it is still extremely difficult to capture
coordinate-level heat flux and extract the individual influence from certain heat transfer
types. Hence, numerical modelling is necessary to obtain a comprehensive
understanding of the transfer behaviour within the porous media of a thermal device. A
top-down approach with the homogenous assumption is a convenient path to roughly
estimate the heat transfer behaviour in the packed beds. Regression of the experimental
data from thermal property development can be induced into an empirical model [49].
Existing empirical models and constitutive models in the form of equations can provide
a thermal estimation of intrinsic properties such as conductivity [50] and extrinsic
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appearance such as temperature [51]. Attempts for pure mathematical modelling
through a top-down approach in a non-differential equations form can illustrate the
correlation between certain thermal parameters and non-thermal parameters [52]. The
above-mentioned top-down models fundamentally simplified the thermal behaviour by
considering the porous media as a bulk volume or area [53]. However, applicable
packed beds in practical infrastructure inevitably require a design with material-level
understanding before a massive investment. Hence, the bottom-up approach with the
heterogeneous assumption is of great significance for the numerical development of the
packed beds. Spherical packed beds [54] with non-random placement help the
preliminary construction of the heterogeneous geometry for mass transfer in a packed
bed with the Lattice Boltzmann method (LBM) [55]. The same methodology of non-
random placement of spherical particles was directly adopted in the analysis of
constitutive heat transfer in regularly packed beds in 2D [56] and 3D [57]. On the other
hand, naturally formed packed beds always have random packing configurations with
irregular-shaped particles. The feature of random packing brings the necessity to
combine the previously mentioned packing algorithm with the modelling for heat and
mass transfer. The mono-size sphere simplification was adopted in randomly packed
beds to model the heat transfer in 2D [58] and 3D [59]. On the algorithm aspect, DEM
is currently popular in the construction of random packing structures [59,60].
Nevertheless, solutions with other methods to realise irregular particle packing still
have a huge open discussion space for methodology development. One solid solution
is the direct use of 3D X-ray computed tomography images of the practical packing
rocks [61]. Additionally, a hint was provided in a previous contribution for 2D random
packing with voxel units [62]. Beyond the algorithm development, the upscale energy
performance of a thermal device with a packed bed needs to be introduced as post-
processing from the application end [63—67].

In this study, we developed a modelling framework of heat conduction through packed
beds constructed as random packing structures with irregular particles. The presented
framework demonstrates a computational design following general programming logic
as pre-processing, core computation and post-processing. The pre-processing module
adopted 3D random packing with our previously captured rocks database. The core
computation module adopted an extraction of the numerical scheme of LBM and a
modification for heat conduction. The post-processing module introduced several
programs, including temperature tracking, energy tracking, round-trip efficiency and
heat flux distribution. The feasibility of expanding the lattice-based computation
towards an up-scaled domain was discussed with digital tests mixed with realistic input.
State-of-the-art techniques were presented to make the design of packed beds feasible
for practical thermal analysis.

2.0 Methodology

2.1 The Framework

The general framework of the computation is demonstrated in Fig.1. The static
structures of the packed bed were reconstructed with our validated packing algorithm
[43]. The particle input process was improved by our irregularly shaped particle
database [44]. The packing structure after construction was transformed into a virtual
heat exchange device after the pre-processing. The core computation applied an
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algorithm mathematically extracted from the logic of the D3Q7 LBM. The D3Q7
configuration was chosen for its straightforward physical correspondences of flux
directions. The raw data from the lattice simulation then undergoes the post-processing
steps, leading to the results in this study. In the aspect of multiscale modelling, the final
result is an upscaled reflection of the mesoscale behaviour of heat exchange in
heterogeneous media. The computation in this study was performed by GNU Octave
[68] through independent programming.
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econstruction Media i Construction “onditions jj
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Heat Flux
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Distribution ;

: Labelled Output

Fig. 1. The computational framework in this work

2.2 The irregular-shaped particle packing

The irregular-shaped particle packing algorithm is the same as our published version
[43]. The reconstruction of the packed structure initially adopted an RSA placement of
the irregular-shaped particles from the database. A downward movement was generally
assigned to all the particles over the space, during which the contact of each particle
triggered the horizontal movement. Mechanical interlock of one individual particle was
activated when the resultant of motivating forces is less than the resultant of friction.
As a result, the coefficient of friction served as the tuning parameter to realise varied
packing configurations. Sampling was performed by extracting a sub-volume of the
packed particles. Totally four digital samples were prepared for parameter control
purposes. The solid phase fraction in this study is defined as the proportion of solid
particle volume to the total volume. The fraction of connection is defined as the
proportion of the volume of the connected solid phase to the volume of the solid within
the total volume. The definition of the solid phase fraction and its conversion to the
porosity is presented by Eq. 1.

where @ is the solid phase fraction; V; is the volume of solid particles; V is the total
volume, and p is the porosity. The differences in the solid phase fraction and
fraction of connection for each sample are presented in Table 1.

Table 1 Basic Properties of the porous structures

S1 S2 S3 S4

Solid Phase

. 53.05% 42.33% 34.93% 21.25%
Fraction
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Fig. 2 Data i: Heterogeneous media with realistic particles. (a)The RCP media. (b)The first RLP media. (c) The
second RLP media. (d) The RSA media

The packing structures with the above property listed in Table 1 are presented in Fig.
2, where the shaded zones are the sample extraction locations. The virtual device for
heat conduction is demonstrated in Fig. 3, where the internal media adopts one of the
samples extracted from the porous structures. The virtualism of this device is that the
surrounding layer and bottom layer are completely thermal insulation, and the top layer
is a materials-less conduction layer. The internal phase of the device is separated into
the air phase and the solid phase. The air and solid phases adopted the thermal properties
of air and sandstone, in which the values were defined by referencing the range of an
open-source database [69] and previous studies [70,71]. The involved properties are
thermal conductivity 4, mass density p, specific heat capacity C, and volumetric heat
capacity pCyp. The specific heat capacity was manually scaled with 1073 to accelerate
the non-conduction simulation. The physical significance of this scallinng treatment is
a deactivation of the particle scale reservoir when maintaining the geometrical propertis
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and local conduction ability, which accelerate the thermal response of the same porous
media in sample scale. Since the same treatment was simultaneously applied to all the
sampels, the comprasion among sample with different packing structure can then be
conducted more efficiently. The space scaling of the virtual device is 10~?m per lattice
unit length, and the above properties with length units were scaled accordingly during
computation.

Table 2 Thermal properties of the phase in the virtual device
AWmTKTY p(kem™)  GUkgT'K)  pC,(mTKY)
Virtual Air 0.0250 1.205 1.004x103 (scaled) 1.210x103

Virtual Rock 6.500 2.700x103 0.963x103 (scaled) 2.600x10°

Thermal Interaction Boundary (II)

~

' ~»
Conductive Air Phase (IV) . >N

Conductive Sc->lid Phase (III)
(II)

. -

O]« EprR = s i ariaay O

Thermal Insulation Boundary (I)

9]
Fig. 3 Data ii: One virtual device for heat conduction in a porous medium

2.3 The lattice computation of heat conduction
The governing equation for the local heat flux driven by conduction is presented by Eq.
2, which is fundamentally a tensor form of Fourier’s law.

T(x+e;)—T(x)

[leill2

qai(x,t + 6t) = w;AK(x) - (2)
where q,, is a 4™ order active heat flux tensor with seven directions; x is the cartesian
coordinates vector; ¢ is the computational time; 6t is the unit time; w; is the directional
weight factor scalar in the ith direction; 4 is the surface area scalar; K is the 3™ order
conductivity tensor; T is a 3™ order temperature tenor; e; is a directional unit vector in
the ith direction of the seven directions and || ||, is the L2 norm. Consequently, the
space scaling between the simulation and reality can be expressed as ||e;||, = 107?m.
The weight factor array containing the value of each w; is presented by Eq. 3, and the
directional unit tensor containing e; is presented by Eq. 4. The function of w is the
control of the numerical computation speed and the anisotropic weight of the heat
transfer in different directions.

162 1 1 1 1 1 1
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168 168 168 168 168 168 168
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249  The principle of the algorithm is presented in Fig. 4. It is assumed that heat conduction
250  occurs simultaneously on each surface of the space unit, which is a cube with a length
251  of ||e;l|,. The surface heat flux is decomposed into three orthogonal directions. By
252 summing all the surface heat flux in the same direction, the body heat flux is therefore
253  formed as presented in Fig. 4. The seven directions of a space unit include six surface
254  normal vector directions and one zero vector from the centre. The above configuration
255  guarantees the heat transfer from one space unit to its surrounding units while
256  maintaining energy conservation. Long-range heat transfer is therefore modelled by an
257  increment of computational iteration, which is presented in Fig.5.
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261 Fig. 5 The global principle of the lattice-based thermal conduction computation
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The temperature change in each space unit is calculated with Eq. 5, which adopts the
definition of specific heat capacity in the tensor form.

i1 |apixt+80)|l2
VpCp

AT(x,t + 6t) = Q)

where AT is the temperature change; q,; is the passive heat transfer into the space unit
from its surrounding units, where q,;(x,t + 6t) = —qq;(x + e;, t + 6t); V is the

volume of the space unit with a value of | |e,-||23; p is the mass density of the phase in
the space unit and C, is the corresponding specific heat capacity.

2.4 The digital tests

The effective conductivity test was conducted with four packed bed samples, in which
the effective conductivity was defined with Eq. 6. The temperature gradient was defined
as a constant gradient in the kth direction of the samples with 293.15K and 253.15 K
on two opposite surface layers, respectively. The effective conductivity was measured
in each cross-sectional layer of the internally packed structure with a thickness of one
lattice unit length.

d
oy = S ©)
where A is the total area of the cross-sectional measurement; d is the thickness of the
measurement area with unit lattice length; q, 4 is the active heat flux vector
normal to the measurement cross-section towards the kth direction; w, is the kth weight
factor in Eq. 3 and AT}, is the temperature difference between the nearest lattices in the
kth direction. In this study, k took the value of 7.

Two groups of digital experiments were developed to test the energy performance of
the porous media. The first group of experiments, which was denoted as the R group,
defined the internal grains of the virtual device as the heat source. The second group of
experiments, which was denoted as the S group, defined the thermal interaction
boundary of the virtual device as a constant temperature heat source. The details of the
digital experiments configuration are further presented in Table 3.

Table 3 Thermal properties of the phase in the virtual device

. Insulation
R Group Top Layer Grains Pores Layers
Initial 253.15K 29315k 273.15K 250K
Temperature
Boundary Constant Full Full Full Bounce-
Condition Temperature ~ Conduction ~ Conduction back
S Group
Initial 293.15K 253.15K 253.15K 250K
Temperature
Boundary Constant Full Full Full Bounce-
Condition Temperature ~ Conduction Conduction back

Six digital tests were conducted in each group of experiments. The heat exchange
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measurement was performed by measuring the heat intake and escape from the
heterogeneous media during temperature change per unit of time. Total energy
exchange was performed by the accumulation of the heat exchange rate data over time.
Mean temperature tracking was performed by calculating the average temperature of
the solid phase and pore phase within the virtual device in each computational iteration.
Round-trip efficiency in this study is defined as the ratio of the same thermal
characterisation in the S group and the R group. Consequently, the heat round-trip
efficiency was calculated as the ratio of heat exchange rate data in the heat exchange
rate tests, as presented by Eq. 7. The energy round-trip efficiency was calculated as the
ratio of total energy exchange values in the total energy exchange tests, as presented by
Eq. 8.

_1es®| | ZxZiey gspixt)

nq (t) N Qr(t) N ZxZiG:l qR,p,i(x»t) (7)
_|Es@®] _ |ZeQs(®)

1) = |50 = Erero (8)

where 14(t) is the heat round-trip efficiency at time # Qg(t) is the heat exchange

amount over the whole volume in the S group at time #; Q¢(t) is the heat exchange
amount over the whole volume in the R group at time #; Eg(t) is the accumulated energy
in the S group at time ¢, and E(t) is the accumulated energy in the R group at time ¢.
Passive local heat was adopted during the computation since it is the driving factor for
temperature change, as shown in Eq. 5.

The dimensionless feature of the round-trip efficiency eventually cancelled the
influence from specific heat capacity scaling, which was simultaneously applied to the
S group as the numerator and the R group as the denominator. The above tests
performed characterisation of the heat transfer behaviour of the virtual device from an
integral perspective. In terms of local heat transfer, multiscale heat flux distribution
tests were performed to record the heat flux in each space unit of the porous media.
Heat flux was defined as the amount of heat passing through a unit area per lattice unit
time, and a degree of magnitude of 102 ]/m?ls was defined as the demarcation line
between microscopic flux and macroscopic flux in this study.

3.0 Results and Discussion

3.1 Analytical and experimental validation

The visualised results of the temperature distribution as a result of the heat conduction
are presented in Fig.6. In comparison with the previously mentioned models, the
simulation in the study demonstrates a strong capability to model the heat transfer in
porous media with extreme complexity. Fig. 6(a) presents the simulated heat transfer
phenomenon and the resulting temperature distribution over the irregular pathway in
the virtual device. It can be noticed that the full bounce-back condition of the insulation
boundary successfully functions as the thermal inert wall for the heat transfer process.
The constant temperature condition of the interaction boundary functions well for the
media-environment interaction, near which the irregularly distributed temperature
drops as a practical expectation. Fig.6(b) presents the cross-section temperature contour.
It can be noticed that the connected pores perform an essential path for the heat release



331 from the particles, and the early-age heat flux can be calculated with the temperature
332  gradient based on a realistic potential field.
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334 Fig.6 Visualised temperature result within RCP media. (a) Temperature 3D spatial distribution. (b) Temperature
335 2D crossectional contour.

336  Theoretical validation was performed with shell heat conduction with simple geometry.
337 A one-dimensional temperature variation of T = 2 sin(x) + 273.1 was adopted for the
338  scaled analytical calculation. The analytical solution can be treated as one of the top-
339  down solvers since it is a solution of the partial differential equation with a globally
340  homogeneous assumption. In this comparison, the unit length of the analytical solution
341  was scaled from m to cm for the later acceleration of the numerical simulation. On the
342  other hand, the solution in this study is one of the bottom-up solvers since the solving
343  process treats the global geometry with heterogeneity. Fig.7 demonstrates the
344  comparison between the scaled analytical solution and the solution from this study. The
345  comparison provides a strong agreement between the scaled analytical solution and the
346  solution in this work in the internal volume of the cubic shell. This validation provides
347  theoretical support to adopt the simulation scheme in heat transfer analysis with
348  complex geometry. Hence, the routine in this work presents a feasible solution to
349  analyse heat transfer behaviour.
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351 Fig.7 Comparison between the scaled analytical solution and numerical solution in this work
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Experimental validation was performed with the well-presented effective conductivity
measurement from [72,73], in which the research subject shared a similar feature of
packed beds with non-metallic material to this work. The difficulty of analysing the
thermal behaviour of packed structures is its stochasticity, which leads to a variation of
effective conductivity both in 2D and 3D. Such stochasticity was reflected in the cross-
sectional difference in the same sample. Fig. 8 presents the cross-sectional
measurement of the effective conductivity of the four samples in the digital conduction
system. It can be noticed that the effective conductivity is positively correlated with the
solid phase fraction. In previous studies of a similar conduction system in reality, an
effective conductivity range of 1.25 to 3.96 W/mk was experimentally observed in
packed beds with quartz-rich rocks [72]. This range is in accordance with the digital
observation range in S1, S2 and S3 samples. The major difference between S1-S3 and
S4 samples is the reaching of 100% solid phase connection, and the unreached full
connection made the S4 sample unrealistic in a non-flotation environment. As a further
comparison, another experimental observation of the effective conductivity in packed
beds with iron-manganese oxide demonstrates a range of 0.1 to 1.8 W/mk [73].
Although this range covers the S4 range well, it is argued that such accordance is a
combined result of different packing structures and material-level conductivity. The
above validation indicates that the computation framework proposed in this study
digitally recovers the heat conduction system of packed rock beds, and packed beds
with other materials can also be modelled with the framework to some extent.

Cross-sectional
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Solid Phase Fraction

Fig. 8 Comparison between the effective conductivity from this work and previous experimental measurements
from [72,73]

The above results show that the scaling treatment of the specific heat capacity did not
alter the heat conduction performance under that pre-defined thermal load. The
presented framework is fundamentally a tensor computation of Fourier’s law in
multidirection, which does not have the involvement of the heat capacity. Hence, the
scaling of the specific heat capacity does not influence the heat conduction behaviour
during each time step. The following sections demonstrate the bottom-up thermal and
energy analysis enabled by this validated conduction foundation.
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3.2 The heat and energy tracking

The time-dependent heat exchange is demonstrated in Fig. 9. The measurement was
conducted in the internal space of the virtual device, hence it is a bulk measurement of
the heat conduction result from the heterogeneous media. Fig. 9(a) presents the energy
loss rate from the virtual device. It can be noticed that all the samples shared a similar
pattern of the released heat rate development. The released heat is rapid in the early age,
which is about 1x10° lattice seconds. Considering the time scaling, it can be found that
the natural release of the stored energy in all the samples can function as the heat source
for 12 lattice hours, which corresponds to 43200 lattice seconds. In other words, the
virtual device with a random packing configuration is capable of providing heating in
the day and night cycles. The upper limit of such heat-providing function is located at
2x10° lattice seconds, which is 55.6 lattice hours. As a result of the above measurement,
the application of porous rocks considering other heat transfer types will reduce this
upper time limit. The balance of heat release amount as the heating duration for ordinary
application to replace traditional air conditioners shall be designed with an upper time
limit covering the desirable heating duration. In terms of the influence of solid phase
fraction on the magnitude of released heat, there is a clear pattern that the absolute value
of the heat around the time limit follows a decreasing sequence of S1R, S3R, S2R, and
S4R. Consequently, it is deduced that the increment of the solid phase fraction can
generally increase the released heat. Although such an increment in the realised energy
rate is in favour of infrastructure heating, the solid phase fraction cannot be increased
to 100%. One reason is that there needs to be an air percolation path to enable effective
airflow convection. The other reason is that there exists an upper limit for the solid
phase fraction for the packing of arbitrarily shaped rocks, which is similar to the RCP
limit for spherical particles. Fig. 9(b) presents the stored heat of all the samples in the
S group. The stored heat development also follows a pattern of rapid heat exchange at
the early stage and slow heat exchange at the late stage. There also exists a time limit
of 1x10° lattice seconds for the conversion of fast energy storage and slow energy
storage. Consequently, the natural heat conduction in a packed bed with a random
packing configuration is capable of providing balance to the day and night cycles. This
similar pattern with the energy release rate indicates that a proper design for the energy
storage process can also be beneficial to the energy release process. The heat storage
design for practical usage of packed beds shall also consider the time limit to make full
use of the energy properties. The influence of solid phase fractions on the magnitude of
stored energy also follows a clear pattern, in that the increment of the solid phase
fraction enhanced the amount of the stored energy, as demonstrated by the sequence of
S1S, S38S, S28, and S4S. The above result indicates that the heat storage and release of
the porous media in the virtual device share the same logic when it comes to the
correlation between solid phase fractions and absolute values of heat exchange. Caution
shall be awarded to adopt a particle size distribution of rocks leading to sufficient
airflow path percolation, which is above 10% porosity [74]. According to the highest
solid phase fraction of 53.05% reached in this study, the higher solid phase fraction of
64% in RCP with spherical particles arguably indicates a more desirable basic unit
choice. However, the practical material choice for a packed bed cannot guarantee the
perfect roundness of each basic particle. Hence, arbitrarily shaped particles, as
demonstrated in this work, are necessary for the design and application in reality. One
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critical time section for both energy release and storage is 1x10° lattice seconds or 27.78

lattice hours for serviceability.
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Fig.9 (a) Heat tracking in the R group. (b) Heat tracking in the S group.

In an attempt to extract the correlation between time and heat exchange for general
engineering usage, regression analysis was further performed with the data from heat
tracking. The principle of the function choosing is that the curve should fit the form of
data development well, with a relatively low coefficient of determination (R?). After a
thorough comparison of the commonly used functions, it was found that the exponential
function, as demonstrated by Eq. 9, could properly describe the linear correlation for
heat release and storage development versus time. The coefficients are listed in Table

4,
2q = c1e?" + cze” )
Table 4 Coefficients of the heat regression analysis
R Group S1 S2 S3 S4
C1 -2.2563x10* -4.1945x10° -3.3921x10° -1.9068x10°
() -0.0019 -0.0010 -0.0011 -0.0011
c3 -2.8482x10° -133.5942 -241.6851 -267.4368
C4 -2.1703x10*  -5.3568x107° -1.9056x107° -2.7500x107
R? 99.77% 97.17% 96.61% 95.74%
S Group
ci 233.6320 204.4260 162.5371 100.2107
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) -5.2438x10°  -4.9219x10 -4.6113x10° -3.5980%10°
c3 63.0685 58.1583 49.4047 37.9333
Cs -1.5842x10%  -1.6222x10%° -1.5576x10°® -1.6363x10°°
R? 97.99% 98.10% 98.16% 98.60%

The above heat exchange was defined as the energy difference of the porous media
during temperature changes between sequential interactions. Hence, the energy
development of the same media can be calculated by discrete integration. Fig. 10
presents the energy tracking results in a complete sense. It can be noticed that the
influence of the solid phase fraction is more clearly demonstrated than the heat
exchange during local iteration. Fig. 10(a) presents the released energy in the R group
as the energy reduction of the internal structure of the virtual device. It can be noticed
that the energy amount followed an increasing order of SIR, S3R, S2R and S4R. This
pattern again demonstrates the general trend that the solid phase fraction increment
raises the energy release amount. The previous threshold for heat release drop is
reflected by the stable gradient of total energy development, which demonstrates the
stability of the developed algorithm for a long duration. Fig. 10(b) presents the stored
energy in the S group. The energy amount at the same time also followed the increasing
order of S1S, S3S, S2S and S4S. This similarity shows that the solid phase fraction in
the random rock packing affects energy release and storage in common. The threshold
for heat storage drop is again reflected by the stable gradient of the total energy storage.
The above behaviour of stable energy gradient concludes that the representative
samples are sufficient to provide energy exchange for day and night cycles for ordinary
applications. The most important finding of the disordered energy magnitude order
between S2R/S and S2R/S. This irregular energy development indicates that there
exists a balanced line between 34.93% and 42.33% solid phase fraction. The scientific
significance of finding this balanced line is that it is the critical solid phase fraction
where the short-range particle-air heat exchange and medium-range particle-particle
heat transfer offset each other.
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Fig.10 Data iii: (a) Energy tracking in the R group. (b) Energy tracking in the S group.
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Regression was again performed for general engineering usage. It was found that the
power function, as demonstrated by Eq. 10, can properly describe the numerical
behaviour between the energy and time correlation. The coefficients are listed in Table
5. It is interesting to notice that the coefficients of determination with the kept number
of digits have reached a high value. This high value demonstrates that the physics of
the bottom-up computation is relatively complete. The strength of physics-based
simulation is that individual influences can be studied separately, and what was focused
on in this part of the work is the influence of short-range particle-air heat exchange and
medium-range particle-particle heat transfer. The above results show that the power
function with the coefficients could serve as the evolution equation form for energy
development in the emphasised scenario.

E = Cltcz + C3 (10)
Table 5 Coefficients of the energy regression analysis

R Group S1 S2 S3 S4
C1 -1.8543x10* -6.0235x10* -6.0882x10* -1.7622x10*
C2 0.3913 0.4588 0.4477 0.3556
C3 -1.4095%10’ -2.1152x10° -2.0433x10° 1.1226x10°
R? 99.41% 99.96% 99.95% 99.97%

S Group
C1 3.2501x10* 3.5172x10* 2.6658x10* 3.0838x10*
C2 0.5115 0.4998 0.5094 0.4802
c3 -1.0424x10° -1.2212x10° -1.0360%10° -1.3625%x10°
R? 100.00% 100.00% 100.00% 99.98%

Although the above results present a statistically well-fitted regression of the heat and
energy evolution, the physical correspondence of the coefficients is still open to
discussion. From the current observation in this study, the ci and c3 coefficients in Eq.
9 of the S group appear to be more strongly correlated with the solid phase fraction or
air fraction. Considering that packed beds in a simple form can be treated as a composite
with solid phase and pores, Eq. 9 of the S group demonstrates a higher generalising
value for its dual-component formate. However, it needs to be mentioned that
identification of the constitutive equation still requires a profound investigation, both
mathematically and experimentally.
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3.3 The Temperature and Efficiency Tracking

The internal temperature of the virtual device was measured as the average temperature
over all the space units of the porous media. Fig. 11 demonstrates the temperature
tracking results over the full time. The general expectation that the R group shall have
a temperature drop and the S group shall have a temperature rise is successfully fulfilled.
Fig. 11 (a) presents the temperature development of all the samples in the R group. It
can be noticed that the average temperature follows a decreasing order as S1R, S2R,
S3R and S4R. This comparison indicates that the solid phase fraction is positively
correlated with the average temperature magnitude. One noticeable result is that the
average temperature in the S1 sample is much higher than the rest, although the solid
phase fraction of S1 is only about 10% higher than that of S2. The digital preparation
of the S1 sample adopted a coefficient of friction of 0, which led to the RCP
configuration with irregular-shaped particles. This result directly points out that RCP
is in favour of the temperature maintenance of packed beds. Fig. 11(b) presents the
temperature development of all the samples in the S group. The total temperature
increment for each sample follows an increasing magnitude order of S18S, S2S, S3S and
S48S. This result shows that the packed bed with a higher solid phase is less sensitive to
heating or cooling. The proportional gap between the temperature of S1 and S2 again
confirms the temperature-maintaining ability of the RCP configuration. The increase
in solid phase fraction formed a solid pathway with decreased distortion. On the other
hand, the corresponding decrease in air fraction caused an increased distortion of the
connected pore space. This increase in the distortion further increases the internal
pathway of the air phase with low conductivity, which tends to destabilise the spatial
temperature profile within the overall stabilisation trend through the uniformity of
material distribution. Considering the name of the packed bed, such a finding indicates
that this thermal device may function well as a literal bed in the cold regions. In this
scenario, the RCP configuration in this study already provides an improvement to the
design of a type of traditional bed in northeastern Asia. The direct suggestion is that
filling the originally empty chamber of this type of bed exist in the suburban area with
closely packed rocks can help to maintain the temperature during low-temperature
nights. The conceptual diagrams of the existing thermal application and an enhanced
re-design with randomly closed-packed beds are presented in Fig. 11(c) and Fig. 11(d),
respectively.
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Fig.11 (a) Data iv: Mean temperature tracking in the R group. (b) Data iv: Mean temperature tracking in the S
group. (¢) An existing thermal device for domestic heating. (d) An improvement in the thermal device is suggested
by the results.

The round-trip efficiency is a characterisation of the energy storage and release
performance in a thermal device. Fig. 12 demonstrates the round-trip efficiency of the
virtual device in this study. The general trend of the recorded round-trip efficiency
shows an increasing early development until a relatively stable development is reached.
Fig. 12(a) demonstrates the heat round-trip efficiency of all the samples. The figure
demonstrates that 100% efficiency was reached within a time threshold of 1x10° lattice
seconds, which corresponds to the shift from fast energy exchange and slow energy
exchange in the previous discussion. The stable heat round-trip efficiency shows an
increasing magnitude order following S1S/R, S2S/R, S3S/R, and S4S/R, and the
highest value of all the samples is below 120%. It needs to be noted that the disordered
S2 and S3 sequences from the heat tracking no longer exist. Hence, a pattern that the
decrease of the solid phase fraction enhances the heat intake efficiency can be
concluded. In other words, an increment of the solid phase fraction enhances the heat
output efficiency. Fig. 12(b) presents the energy round-trip efficiency of all the samples.
Although the heat round-trip efficiency in local time can reach a value of more than
100% in the later stage, the heat round-trip efficiency was always within 100%. This
behaviour satisfies the expectation that there always exists energy loss during the
energy storage and release cycles. In this study, the major energy exchange has already
occurred during the early stage, indicating that the time threshold of 0.5x10° lattice
seconds or 13.89 lattice hours is another critical time section for efficiency. Additional
heat transfer, including convection and radiation, can further control this time threshold
to fully cover the service duration.
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Fig. 12 Data v: (a)Heat round-trip efficiency. (b) Energy round-trip efficiency.

Returning to the settings of the digital experiments, it can be generally summarised that
the decrease in solid phase fraction led to an increase in the round-trip efficiency. The
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specific definition of round-trip efficiency in this study indicates that the heat intake
behaviour in the sample with a lower solid phase fraction is more effective than that in
the sample with a higher solid phase fraction. The heat conduction routine in packed
beds inevitably has local pathways of solid-solid, solid-air and air-air. The decrease in
solid phase fraction reduced the proportion of solid-solid routine while maintaining the
global solid phase connection because of the percolation. From the perspective of the
heat intake, there exists a global pathway with high conductivity from the thermal
interaction boundary to its opposite end. As a result, the energy intake follows a
dominating pathway of interaction boundary, solid skeleton, to the surrounding air
phase. From the perspective of the heat release, the solid skeleton functions as roots
surrounded by the air phase with energy. Although the solid phase skeleton is the same,
the low conductivity of the surrounding air phase slowed down the internal energy
escape of the packed bed. Although a pathway opposite to the energy intake exists
during the energy release, it is less dominant since the slow heat conduction in the
connected air phase is more influential when it is placed at the source position. The
decrease in the solid phase fraction and the corresponding increase in air fraction
enhance this effect, leading to a higher energy storage efficiency of the conduction-
dominated packed bed.

3.4 Heat flux distribution in the critical time sections

The advantage of the bottom-up approach is its ability to provide local data in each
space unit, which further enables the statistical analysis of the heat distribution. Fig. 13
presents the heat flux distribution in the R group with multiscale views, in which the
flux was defined as the amount of heat through the lattice unit area (10"* m?) and lattice
unit time. Three instantaneous time sections were sampled, including 0 lattice seconds,
0.5%10° lattice seconds and 10° lattice seconds. The sampled time sections have covered
the previously found time threshold. Fig. 13(a) illustrates the heat flux distribution at
the initial time section of the S1R test. It can be noticed that the distribution is a
composite of two heat transfer behaviours, the major trigger of which is the internal
particle-air interaction and the external boundary-environment interaction. The
proportion of the microscopic heat flux was 54.58%, and the macroscopic heat flux was
45.42%, where the absolute value of the heat flux defines the observation scale instead
of length. Although the values of the microscopic and macroscopic heat flux are
distinguished, it was found that the generalised logistic function as presented in Eq. 11
can provide a fitting recovery of the discrete distribution.

exp (=5

=Y s’
f(x) - o [1+exp (/"T_x)]y+1 (1 1)

where u controls the mean location, g controls the scale, and y controls the shape of
the distribution. The composite distribution has a negative shift of y, and the
macroscopic distribution has a positive shift of p. This indicates that the macroscopic
heat flux corresponds to the particle-air interaction since the R group was dominated
by heat release. On the other hand, the microscopic heat flux corresponds to the
boundary-environment interaction.

Fig. 13(b) presents the heat flux distribution at the 0.5x10° time section of the S1R test.
In comparison with the initial time section, the proportion of the microscopic
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distribution was significantly increased. This behaviour shows that the boundary-
environment interaction becomes the major cause of heat flux formation. The
generalised logistic function can still represent the discrete distribution with certain
numerical modifications. The distribution function for the microscopic distribution was
found to only have reduced o, which means the shape of the mid-time distribution curve
becomes sharper than that of the initial distribution. This statistical behaviour indicates
that the boundary-environment interaction has triggered decreased grading of the
absolute values of the heat flux. On the other hand, the reduced o value also appears in
the macroscopic distribution, indicating a decreased grading in the particle-air
interaction. This reduction of o may also be caused by the increased grading of the
microscopic heat flux as a result of the statistical conservation of the composite
distribution. Fig. 13(c) further demonstrates the heat flux distribution at the 10° time
section of the SIR test. The proportion of the microscopic heat flux was slightly
increased following the same pattern of the changes from the initial time section to the
0.5%x10° time section. In comparison with the 0.5x10° time section, the 10° time section
led to the same distribution function. This behaviour demonstrates that the boundary-
environment interaction becomes stable from 0.5x10° to 10° time sections. The trend
of o decreasing still appears in the macroscopic interaction, indicating that the heating
potential of the packed bed was still not fully released. The microscopic mechanism of
heat conduction mainly relies on the molecular energy exchange between two adjacent
lattices. The heat conduction in packed beds is contributed by the vibration of
molecular-level particles in the solid phase, the molecular free motion and collisions in
the air phase, and the energy transfer at the interface. The interface temperature
equilibrium is an important sign of reaching thermal stability. The initial condition of
the high temperature difference at the interface of the R group caused the increased
proportion of the heat flux with high magnitude. The interface then gradually reached
temperature equilibrium, which simultaneously reduced the proportion of the heat flux
with high magnitude.
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Fig.13 Data vi Heat flux distribution in R group at (2)0 Is, (b)0.5%103 Is and (c) 10° Is
Fig. 14 presents the heat flux distribution in the R group with multiscale views. Since
R ground adopted simplified thermal conditions at the initial time section, the major
heat flux generation occurred from the boundary-environment interaction. As a result,
the microscopic heat flux distribution is dominant from the initial time section to the
10° time section. Fig. 14(a), (b) and (c) further present the heat flux distribution at 0,
0.5x10° and 10° time sections of the S18S test, respectively. A decrease in the absolute
value grading can be noticed with an increment of time. This decrement indicates that
the proportion of the boundary-environment interaction became less significant,
although still dominating, through the recorded time section. Since the overall heat flux
distribution is a composited distribution with heat flux generated from boundary-
environment interaction and particle-air interaction, the decrement in the proportion of
boundary-environment interaction will logically lead to an increment of the particle-air
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interaction proportion. The major performance of a thermal device relies on its
interaction with the external environment during energy storage. The initial condition
of the S group did not have any internal temperature difference. The sample scale
temperature difference triggered the heat conduction for the solid phase, the air phase
and the interface. Because of the difference in heat conduction pattern, local
temperature differences were formed in directions not parallel to the global temperature
difference. Such local temperature differences accumulated during the time points of
the measurement, resulting in a gradually increased proportion of heat flux with high
magnitude. The significant contribution of the boundary-environment interaction to the
heat flux generation was also reflected by the development of the round-trip efficiency
in Fig.12. When it comes to storage efficiency, the packed bed would seek an
enhancement for local particle-air interaction through heat transfer other than
conduction.
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Fig. 14 Data vi Heat flux distribution in S group at (2)0 Is, (b)0.5%10° Is and (c) 10° Is
The above results demonstrate the microscopic complexity of the local heat conduction
in packed beds. Since the packing structure has been strictly defined with specific
image-based geometry, the mathematical description of the time-dependent spatial
distribution of heat flux becomes a statistical collection of the thermal status in each
coordinate. In comparison with the existing top-down approach to describe the overall
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thermal status with a homogeneous assumption, the presented bottom-up approach
demonstrated the ability to reproduce the local thermal behaviour and the integrated
global thermal performance. Although the molecular-level structure has not been
defined in this work, the positioning of the solid-air interface in the current framework
can already provide algorithmic construction space to couple with smaller-scale
analysis.

3.5 Endpoint output verification with previous experiments

The multiscale heat conduction in heterogeneous media involves the local heat flux
distribution, heat transfer along the temperature gradient, temperature change over time
and energy storage/release, after which the round-trip energy efficiency is calculated as
an endpoint output in macroscale. For the convenience of real experimental
measurement, measuring the multidirectional energy status at each mesoscopic
coordinate over the whole conduction period is often impractical. This raises the
necessity for the construction of the digital environment reflected by this work. The
influence of the packing structure difference was extracted through the strict control of
the same boundary conditions and initial conditions. As a result, the heat conduction
performance with different packing structures can be compared in the same digital
environment without noise interference from other types of heat and mass transfer. In
addition to the algorithmic validation with theoretical and experimental studies from
the beginning, endpoint verification is still necessary to ensure the process validity. The
computation of energy round-trip efficiency has already involved the heat evolution
over the heterogeneous space, making this dimensionless property highly suitable for
cross-comparison with existing experiments. In this work, the energy round-trip
efficiency tracking leads to a range of results from 63% to 91% for stable efficiency
during energy storage and release. In previous experimental studies of packed bed
energy systems, a similar results range has been observed, including 64% to 98% [9],
77% to 81% [75], 71%[76] and 59% to 71%[77]. Additionally, the experimental results
in [78] not only reported a range of 78% to 95% but also recorded the early increment
of the round-trip efficiency, similar to the behaviour of the digital conduction in this
study. Although the materials of packed beds in this work and the above-mentioned
studies are different, the energy round-trip efficiency eventually shares a high coverage
of the range. This accordance indicates that the energy round-trip efficiency of a packed
bed system is an intrinsic property of the packed structure, and the influence of the
material composition is limited.

3.6 Current challenges and future perspective

The proposed framework presented a prototype to perform a heat conduction simulation
in realistic structures reconstructed from 3D image data. The image-based input makes
the framework compatible with the rapid development of image acquisition techniques.
Although the feasibility has been demonstrated with the above verified outputs, it still
faces limitations from both hardware and software. Since the core data in the
mesoscopic simulation is the heat flux tensor at each coordinate, an indirect comparison
becomes necessary during the calibration and validation. This necessity at the current
time is a result of the lack of techniques to physically acquire the multi-directional heat
flux over the porous space. On the other hand, the presented framework is one of the
software solutions to obtain the instantaneous conduction distribution map throughout
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digital or practical samples. Another limitation is that the personal computer at the
current time still faces a lack of computing capability to perform extremely large or
multiple simulations fully in the mesoscale. Fortunately, the overcoming of this
limitation can already be discussed before the fundamental improvement of
computational hardware. In future work, software improvements such as parallel
computation will help the mesoscopic simulation to include sensitivity quantification
with numerous inputs. Although the current inputs with different porous media can
already illustrate the influence of geometrical uncertainty to some extent, the impurity
of material in packed beds in practice also leads to a variation of their thermal
performance. Hence, another important development in the future would be the
stochastic distribution of different material properties over the porous space. The above
perspective presents an establishment of a digital understanding of the still complicated
phenomenon, having the potential to provide an images-to-results routine for specific
engineering practice.

4.0 Conclusion

In this work, we developed a computational framework to model the heat conduction
in packed beds with heterogeneity. The pre-processing adopted an original random
packing with realistic rock data. The core computation applied an original D3Q7 lattice-
based partial differential equation solver, presenting an algorithmic innovation of
expanding the original density computation in microscale to heat transfer computation
in mesoscale. The post-processing introduced several digital tests, including heat
tracking, energy tracking, temperature tracking, round-trip efficiency and heat flux
distribution. The anisotropic behaviour of heat conduction in heterogeneous media was
digitally recovered with scaled analytical validation. This work provided a feasible
approach to enrich the methodology options of the packed bed system in terms of
analysis and design. The digital basis of the presented work identifies the standalone
contribution towards the development of multiscale modelling on the thermal behaviour
in packed beds. The main findings from the results are as follows:

(1) The increment of solid phase fraction is in favour of both heat storage and release.
RCP for irregular particle packing is necessary for the thermal analysis in packed beds.
The virtual device with natural rocks is capable of providing energy storage and release
balance up to 55.6 lattice hours, during which the peak energy exchange rate occurs at
around 27.8 lattice hours without other types of heat transfer. There exists a balanced
line of particle-air interaction and boundary-environment interaction within 34.93%
and 42.33% solid phase fractions. The exponential function can properly describe the
heat exchange evolution, and the power function can properly recover the energy
evolution.

(2) The packing structure with a higher solid phase fraction is less sensitive to the
heating and cooling process. A suggestion to improve the temperature maintenance
performance of an existing thermal device was deduced as filling the currently empty
chamber with closely packed rocks. The energy efficiency can reach a high level after
27.8 lattice hours without external interference. Decrement of the solid phase fraction
enhances the heat intake efficiency. The major amount of energy exchange has already
occurred during the relatively low-efficiency stage. The critical time threshold for
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beneficial round-trip efficiency is at around 13.89 lattice hours without additional
thermal interference. Energy round-trip efficiency is an intrinsic property of the packed
structure. The material of the packed bed only has a limited influence on the energy
round-trip efficiency.

(3) It was found that the heat flux distribution is a composite of distributions of two
scales. The generalised logistic function with different parameters can provide a fitting
recovery of the heat flux distribution. The external boundary-environment interaction
triggered decreased grading, and the internal particle-air interaction triggered increased
grading of the heat flux. The investigation in this work demonstrates the feasibility of
analysing heat transfer in heterogeneous media with the developed framework. A
profound amount of methodological construction is still needed to construct the full
map of the multiscale thermodynamics within packed beds.
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