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Abstract 20 

Packed beds are heterogeneous media inspiring the design of novel thermal devices. 21 

The heterogeneity leads to the anisotropic heat transfer behaviour, which raises the 22 

complexity of the analysis and design process. This paper presents an originally 23 

developed framework for the computation of heat conduction behaviour in packed beds. 24 

The formation of the packing structures was realised with practical rock data. The core 25 

computation adopted a three-dimensional lattice-based algorithm. Several digital tests 26 

were introduced, including temperature tracking, energy-tracking, round-trip efficiency 27 

and heat flux distribution. It was found that the random close packing of natural rocks 28 

can maintain a relatively stable heat release and storage performance in the 29 

representative volume. An increment of the solid phase fraction does not always 30 

enhance the heat release and storage performance, and there exists a threshold between 31 

34.93% and 42.33% solid phase fraction to trigger the positive correlation. A decrease 32 

in the solid phase fraction improves the heat intake efficiency but reduces the 33 

temperature maintenance performance. The critical time threshold for balanced round-34 

trip efficiency is located at around 13.89 lattice hours without additional thermal 35 

interference. Energy round-trip efficiency is an intrinsic property of the packed 36 

structure. It was statistically found that the power function is highly likely to be the 37 

energy evolution function from upscaling characterisation. The generalised logistic 38 

function can provide a fitting recovery of the heat flux distribution from downscaling 39 

characterisation. The developed computational framework demonstrates a feasible 40 
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bottom-up routine for thermal device design and heat transfer analysis. 41 

1.0 Introduction  42 

Packed beds are a special form of porous media for heat storage and exchange [1,2]. 43 

Unlike most types of porous media in wet environments, such as cement and pollution 44 

sorbents, the pore structure in packed beds can serve as a heat transfer path in both wet 45 

and dry environments [3,4]. In engineering practice, packed beds have been thermally 46 

applied in air-conditioning [5], infrastructure functionalization [6], solar energy 47 

conversion [7], combustion control [7], geothermal reservoirs [8], etc. The feature of 48 

using natural materials as components and the adaptability for clean energy make 49 

packed beds an environmentally friendly thermal medium [9] in the background of the 50 

energy crisis [10] and climate change [11]. Although applications of packed beds 51 

emerged as a result of the above merit, the thermal design and analysis process still 52 

faces challenges [12]. One of the challenges is the mathematical description of the 53 

random boundaries originating from the packing with irregular particles in practice [13]. 54 

The economic advantage of thermal packed beds benefits from naturally obtained 55 

materials such as rock, sand and soil [14–16]. Those materials inevitably have irregular 56 

shapes involved in the packing process. Another noticeable challenge is the thermal 57 

performance evaluation under heterogeneous conditions [17]. The advanced thermal 58 

properties of the packed bed are enabled by the multi-phase composite, which can be 59 

preliminarily categorised into the solid phase and pore phase. The pore phase performs 60 

external mass transfer with environmental air, and the solid phase performs heat 61 

exchange with the internally adjacent pore phase [18]. Hence, adopting a homogeneous 62 

assumption for the thermal performance evaluation is against the characteristics of 63 

packed beds. Progress in the above two problems is essential to developing a designable 64 

routine before massive construction and adoption of packed beds as common heat 65 

control infrastructures. 66 

The essential requirement for a packed bed model is the numerical recovery of a 67 

realistic packing structure with irregular-shaped particles. The solution for this problem 68 

mostly relies on the particle packing simulation [19]. The particle packing formation 69 

modelling, also known as the jamming issue [20], has been studied both experimentally 70 

and numerically for decades [21,22]. It was experimentally observed that the random 71 

packing of monosized smooth spherical particles can reach the highest random close 72 

packing (RCP) density of 0.64 [23], which is always smaller than the virtual face-73 

centred cubic packing density of 0.74 [24]. Because of the existence of resistance, such 74 

as macroscopic friction and microscopic van der Waals force, realistic particle packing 75 

density is always smaller than the RCP density[25,26]. The investigation into the stable 76 

pore structure with the lowest packing density led to the concept of random loose 77 

packing (RLP) [27]. The friction-controlled RLP density was reported to be 0.55 [28], 78 

but fixed RLP density values do not exist since certain force systems can provide stable 79 

levitation [29]. Putting aside the tone of ‘RCP or RLP was ill-defined’, several 80 

algorithms were constructively developed to build mathematical descriptions of the 81 

packing structure. Random sequential addition (RSA) is one of the earliest ones, which 82 

still functions well as a preliminary modelling algorithm due to its computational 83 

efficiency [30,31].  Although RSA provided invaluable inspiration for porous media 84 

modelling methodology, the highest packing density from RSA is always lower than 85 



the above-mentioned RLP density [32]. To overcome the limitation of low particle 86 

phase fraction, a particle growth algorithm (PGA) was developed based on the initial 87 

condition provided by point-based RSA [33]. The proposal of PGA demonstrated that 88 

the jamming can be numerically realised without dynamic analysis. However, the 89 

control of particle size in PGA limited its realistic correspondence. Almost in the same 90 

period, the discrete element method (DEM) solution [34] emerged to model the 91 

macroscopic particle packing processes, adopting a similar routine as the molecular 92 

dynamics (MD) solution for condensed matter [35]. The high degrees of freedom force 93 

system at the macroscopic level is much different from the molecular level and 94 

astrophysics level, hence a significant contribution has been made to complete the 95 

physics of particle interaction in civil practice. The analytic geometry basis of DEM 96 

and MD requires analytic geometry equations to locate the particles. The shape 97 

equations in DEM are still being extended to include ellipsoids [36], cylinders [37], 98 

cubes [38], etc. However, the well-established spherical routine cannot be directly 99 

imported into non-spherical shaped particles, leading to a significant algorithm 100 

modification requirement for each specific shape equation [39]. On the other hand, 101 

modelling irregularly shaped particles as a composite of spheres appears to be one 102 

feasible solution for packing with arbitrarily shaped particles [40,41]. This thought can 103 

be generalised as constructing complex shapes with basic geometrical units of spheres. 104 

The branch of dynamics-less modelling still had its inheritance, in which a random walk 105 

algorithm successfully realised loose packing with strict control of particle sizes [42]. 106 

Although the peak packing density for monosized spheres was still not realised, the 107 

algorithm demonstrated a strong capability for arbitrarily shaped particles due to its 108 

lattice-based design. More recently, the abovementioned algorithm was further coupled 109 

with contact mechanics and validated with RCP density [43]. The three-dimensional 110 

algorithm still has the merit of arbitrary shape capability, in which the supportive design 111 

was representing certain particles with basic geometrical units of voxels [44].   112 

The continuum thermal dynamics theory has an even longer history of development for 113 

heat transfer [45]. The Fourier law of heat conduction performs an essential role in 114 

calculating the heat flux distribution from the spatial temperature difference, which 115 

further enables the estimation of the temperature change rate if heat capacity is available 116 

[46]. The complexity of packed beds raises the challenge and possibility of providing 117 

thermal characterisation for design and analysis, both numerically and experimentally.  118 

By designing a proper thermal device, the bulk performance of thermal transfer in a 119 

cubic domain was investigated through an experimental approach [47]. An attempt to 120 

investigate the local heat transfer of packed beds with regular particle arrangement was 121 

conducted in a cylindrical device [48]. Although the experimental techniques have 122 

improved significantly in recent times, it is still extremely difficult to capture 123 

coordinate-level heat flux and extract the individual influence from certain heat transfer 124 

types. Hence, numerical modelling is necessary to obtain a comprehensive 125 

understanding of the transfer behaviour within the porous media of a thermal device. A 126 

top-down approach with the homogenous assumption is a convenient path to roughly 127 

estimate the heat transfer behaviour in the packed beds. Regression of the experimental 128 

data from thermal property development can be induced into an empirical model [49].  129 

Existing empirical models and constitutive models in the form of equations can provide 130 

a thermal estimation of intrinsic properties such as conductivity [50] and extrinsic 131 



appearance such as temperature [51]. Attempts for pure mathematical modelling 132 

through a top-down approach in a non-differential equations form can illustrate the 133 

correlation between certain thermal parameters and non-thermal parameters [52]. The 134 

above-mentioned top-down models fundamentally simplified the thermal behaviour by 135 

considering the porous media as a bulk volume or area [53]. However, applicable 136 

packed beds in practical infrastructure inevitably require a design with material-level 137 

understanding before a massive investment. Hence, the bottom-up approach with the 138 

heterogeneous assumption is of great significance for the numerical development of the 139 

packed beds. Spherical packed beds [54] with non-random placement help the 140 

preliminary construction of the heterogeneous geometry for mass transfer in a packed 141 

bed with the Lattice Boltzmann method (LBM) [55]. The same methodology of non-142 

random placement of spherical particles was directly adopted in the analysis of 143 

constitutive heat transfer in regularly packed beds in 2D [56] and 3D [57]. On the other 144 

hand, naturally formed packed beds always have random packing configurations with 145 

irregular-shaped particles. The feature of random packing brings the necessity to 146 

combine the previously mentioned packing algorithm with the modelling for heat and 147 

mass transfer. The mono-size sphere simplification was adopted in randomly packed 148 

beds to model the heat transfer in 2D [58] and 3D [59]. On the algorithm aspect, DEM 149 

is currently popular in the construction of random packing structures [59,60]. 150 

Nevertheless, solutions with other methods to realise irregular particle packing still 151 

have a huge open discussion space for methodology development. One solid solution 152 

is the direct use of 3D X-ray computed tomography images of the practical packing 153 

rocks [61]. Additionally, a hint was provided in a previous contribution for 2D random 154 

packing with voxel units [62]. Beyond the algorithm development,  the upscale energy 155 

performance of a thermal device with a packed bed needs to be introduced as post-156 

processing from the application end [63–67].  157 

In this study, we developed a modelling framework of heat conduction through packed 158 

beds constructed as random packing structures with irregular particles. The presented 159 

framework demonstrates a computational design following general programming logic 160 

as pre-processing, core computation and post-processing. The pre-processing module 161 

adopted 3D random packing with our previously captured rocks database. The core 162 

computation module adopted an extraction of the numerical scheme of LBM and a 163 

modification for heat conduction. The post-processing module introduced several 164 

programs, including temperature tracking, energy tracking, round-trip efficiency and 165 

heat flux distribution. The feasibility of expanding the lattice-based computation 166 

towards an up-scaled domain was discussed with digital tests mixed with realistic input. 167 

State-of-the-art techniques were presented to make the design of packed beds feasible 168 

for practical thermal analysis. 169 

2.0 Methodology 170 

2.1 The Framework 171 

The general framework of the computation is demonstrated in Fig.1. The static 172 

structures of the packed bed were reconstructed with our validated packing algorithm 173 

[43]. The particle input process was improved by our irregularly shaped particle 174 

database [44]. The packing structure after construction was transformed into a virtual 175 

heat exchange device after the pre-processing. The core computation applied an 176 



algorithm mathematically extracted from the logic of the D3Q7 LBM. The D3Q7 177 

configuration was chosen for its straightforward physical correspondences of flux 178 

directions. The raw data from the lattice simulation then undergoes the post-processing 179 

steps, leading to the results in this study. In the aspect of multiscale modelling, the final 180 

result is an upscaled reflection of the mesoscale behaviour of heat exchange in 181 

heterogeneous media. The computation in this study was performed by GNU Octave 182 

[68] through independent programming. 183 

 184 

Fig. 1. The computational framework in this work 185 

2.2 The irregular-shaped particle packing  186 

The irregular-shaped particle packing algorithm is the same as our published version 187 

[43]. The reconstruction of the packed structure initially adopted an RSA placement of 188 

the irregular-shaped particles from the database. A downward movement was generally 189 

assigned to all the particles over the space, during which the contact of each particle 190 

triggered the horizontal movement. Mechanical interlock of one individual particle was 191 

activated when the resultant of motivating forces is less than the resultant of friction. 192 

As a result, the coefficient of friction served as the tuning parameter to realise varied 193 

packing configurations. Sampling was performed by extracting a sub-volume of the 194 

packed particles. Totally four digital samples were prepared for parameter control 195 

purposes. The solid phase fraction in this study is defined as the proportion of solid 196 

particle volume to the total volume. The fraction of connection is defined as the 197 

proportion of the volume of the connected solid phase to the volume of the solid within 198 

the total volume. The definition of the solid phase fraction and its conversion to the 199 

porosity is presented by Eq. 1. 200 

∅ =
𝑉𝑠

𝑉
= 1 − 𝑝                                                                                                               (1) 201 

where ∅ is the solid phase fraction;  𝑉𝑠 is the volume of solid particles; 𝑉 is the total 202 

volume, and p is the porosity. The differences in the solid phase fraction and 203 

fraction of connection for each sample are presented in Table 1. 204 

Table 1 Basic Properties of the porous structures 205 

 S1 S2 S3 S4 

Solid Phase 

Fraction 
53.05% 42.33% 34.93% 21.25% 



Fraction of 

Connection 
100% 100% 100% 99% 

  206 

       207 

     208 

Fig. 2 Data i: Heterogeneous media with realistic particles. (a)The RCP media. (b)The first RLP media. (c) The 209 
second RLP media. (d) The RSA media 210 

The packing structures with the above property listed in Table 1 are presented in Fig. 211 

2, where the shaded zones are the sample extraction locations. The virtual device for 212 

heat conduction is demonstrated in Fig. 3, where the internal media adopts one of the 213 

samples extracted from the porous structures. The virtualism of this device is that the 214 

surrounding layer and bottom layer are completely thermal insulation, and the top layer 215 

is a materials-less conduction layer. The internal phase of the device is separated into 216 

the air phase and the solid phase. The air and solid phases adopted the thermal properties 217 

of air and sandstone, in which the values were defined by referencing the range of an 218 

open-source database [69] and previous studies [70,71]. The involved properties are 219 

thermal conductivity λ, mass density ρ, specific heat capacity 𝐶𝑝 and volumetric heat 220 

capacity 𝜌𝐶𝑝. The specific heat capacity was manually scaled with 10−3 to accelerate 221 

the non-conduction simulation. The physical significance of this scallinng treatment is 222 

a deactivation of the particle scale reservoir when maintaining the geometrical propertis 223 



and local conduction ability, which accelerate the thermal response of the same porous 224 

media in sample scale. Since the same treatment was simultaneously applied to all the 225 

sampels, the comprasion among sample with different packing structure can then be 226 

conducted more efficiently.  The space scaling of the virtual device is 10−2m per lattice 227 

unit length, and the above properties with length units were scaled accordingly during 228 

computation.   229 

Table 2 Thermal properties of the phase in the virtual device 230 

 λ (Wm−1K−1) ρ (kgm−3) 𝐶𝑝(Jkg−1K−1) 𝜌𝐶𝑝(Jm−3K−1) 

Virtual Air 0.0250 1.205 1.004×103 (scaled) 1.210×103 

Virtual Rock 6.500 2.700×103 0.963×103 (scaled) 2.600×106 

 231 
Fig. 3 Data ii: One virtual device for heat conduction in a porous medium 232 

2.3 The lattice computation of heat conduction 233 

The governing equation for the local heat flux driven by conduction is presented by Eq. 234 

2, which is fundamentally a tensor form of Fourier’s law. 235 

𝒒𝒂,𝒊(𝒙, 𝑡 + 𝛿𝑡) = 𝜔𝑖𝐴𝑲(𝒙) ∙
𝑻(𝒙+𝒆𝒊)−𝑻(𝒙)

||𝒆𝒊||2
                                                                    (2) 236 

where 𝒒𝒂 is a 4th order active heat flux tensor with seven directions;  𝒙 is the cartesian 237 

coordinates vector; t is the computational time; 𝛿𝑡 is the unit time; 𝜔𝑖 is the directional 238 

weight factor scalar in the ith direction; A is the surface area scalar; K is the 3rd order 239 

conductivity tensor; T is a 3rd order temperature tenor; 𝒆𝒊 is a directional unit vector in 240 

the ith direction of the seven directions and || ||2 is the L2 norm. Consequently, the 241 

space scaling between the simulation and reality can be expressed as ||𝒆𝒊||2 = 10−2m. 242 

The weight factor array containing the value of each 𝜔𝑖 is presented by Eq. 3, and the 243 

directional unit tensor  containing 𝒆𝒊 is presented by Eq. 4. The function of 𝝎 is the 244 

control of the numerical computation speed and the anisotropic weight of the heat 245 

transfer in different directions. 246 

𝝎 = [
162

168
  

1

168
  

1

168
  

1

168
  

1

168
  

1

168
  

1

168
 ]                                                                          (3)        247 



𝒆 = [
0 1 −1
0 0 0
0 0 0

     
0 0 0
1 −1 0
0 0 1

    
0
0

−1
  ]                                                                            (4) 248 

The principle of the algorithm is presented in Fig. 4. It is assumed that heat conduction 249 

occurs simultaneously on each surface of the space unit, which is a cube with a length 250 

of  ||𝒆𝒊||2. The surface heat flux is decomposed into three orthogonal directions. By 251 

summing all the surface heat flux in the same direction, the body heat flux is therefore 252 

formed as presented in Fig. 4. The seven directions of a space unit include six surface 253 

normal vector directions and one zero vector from the centre. The above configuration 254 

guarantees the heat transfer from one space unit to its surrounding units while 255 

maintaining energy conservation. Long-range heat transfer is therefore modelled by an 256 

increment of computational iteration, which is presented in Fig.5.  257 

 258 

Fig. 4 The local principle of the lattice-based thermal conduction computation  259 

 260 

Fig. 5 The global principle of the lattice-based thermal conduction computation 261 



The temperature change in each space unit is calculated with Eq. 5, which adopts the 262 

definition of specific heat capacity in the tensor form. 263 

∆𝑇(𝒙, 𝑡 + 𝛿𝑡) =
∑ ||𝒒𝒑,𝒊(𝒙,𝑡+𝛿𝑡)||2

6
𝑖=1

𝑉𝜌𝐶𝑝
                                                                                                      (5) 264 

where ∆𝑇 is the temperature change; 𝒒𝒑,𝒊 is the passive heat transfer into the space unit 265 

from its surrounding units, where 𝒒𝒑,𝒊(𝒙, 𝑡 + 𝛿𝑡) = −𝒒𝒂,𝒊(𝒙 + 𝒆𝒊, 𝑡 + 𝛿𝑡) ; V is the 266 

volume of the space unit with a value of ||𝒆𝒊||2
3
; 𝜌 is the mass density of the phase in 267 

the space unit and 𝐶𝑝 is the corresponding specific heat capacity. 268 

2.4 The digital tests 269 

The effective conductivity test was conducted with four packed bed samples, in which 270 

the effective conductivity was defined with Eq. 6. The temperature gradient was defined 271 

as a constant gradient in the kth direction of the samples with 293.15K and 253.15 K 272 

on two opposite surface layers, respectively. The effective conductivity was measured 273 

in each cross-sectional layer of the internally packed structure with a thickness of one 274 

lattice unit length.  275 

𝜆𝑒𝑓𝑓 =
|∑ 𝒒𝒂,𝒌,𝑨|

𝛿𝑡𝐴𝜔𝑘 

𝑑

Δ𝑇𝑘
                                                                                                         (6) 276 

where A is the total area of the cross-sectional measurement; 𝑑 is the thickness of the 277 

measurement area with unit lattice length; 𝒒𝒂,𝒌,𝑨  is the active heat flux vector 278 

normal to the measurement cross-section towards the kth direction; 𝜔𝑘 is the kth weight 279 

factor in Eq. 3 and Δ𝑇𝑘 is the temperature difference between the nearest lattices in the 280 

kth direction. In this study, k took the value of 7. 281 

Two groups of digital experiments were developed to test the energy performance of 282 

the porous media. The first group of experiments, which was denoted as the R group, 283 

defined the internal grains of the virtual device as the heat source. The second group of 284 

experiments, which was denoted as the S group, defined the thermal interaction 285 

boundary of the virtual device as a constant temperature heat source. The details of the 286 

digital experiments configuration are further presented in Table 3. 287 

Table 3 Thermal properties of the phase in the virtual device 288 

R Group Top Layer Grains Pores 
Insulation 

Layers 

Initial 

Temperature 
253.15K 293.15K 273.15K 250K 

Boundary 

Condition 

Constant 

Temperature 

Full 

Conduction 

Full 

Conduction 

Full Bounce-

back 

S Group … … … … 

Initial 

Temperature 
293.15K 253.15K 253.15K 250K 

Boundary 

Condition 

Constant 

Temperature 

Full 

Conduction 

Full 

Conduction 

Full Bounce-

back 

Six digital tests were conducted in each group of experiments. The heat exchange 289 



measurement was performed by measuring the heat intake and escape from the 290 

heterogeneous media during temperature change per unit of time. Total energy 291 

exchange was performed by the accumulation of the heat exchange rate data over time. 292 

Mean temperature tracking was performed by calculating the average temperature of 293 

the solid phase and pore phase within the virtual device in each computational iteration. 294 

Round-trip efficiency in this study is defined as the ratio of the same thermal 295 

characterisation in the S group and the R group. Consequently, the heat round-trip 296 

efficiency was calculated as the ratio of heat exchange rate data in the heat exchange 297 

rate tests, as presented by Eq. 7. The energy round-trip efficiency was calculated as the 298 

ratio of total energy exchange values in the total energy exchange tests, as presented by 299 

Eq. 8.  300 

𝜂𝑞(𝑡) = |
𝑄𝑆(𝑡)

𝑄𝑅(𝑡)
| = |

∑ ∑  𝒒𝑺,𝒑,𝒊(𝒙,𝑡)6
𝑖=1𝒙

∑ ∑  𝒒𝑹,𝒑,𝒊(𝒙,𝑡)6
𝑖=1𝒙

|                                                                               (7) 301 

𝜂𝐸(𝑡) = |
𝐸𝑆(𝑡)

𝐸𝑅(𝑡)
| = |

∑ 𝑄𝑆(𝑡)𝑡

∑ 𝑄𝑅(𝑡)𝑡
|                                                                                           (8) 302 

where 𝜂𝑞(𝑡) is the heat round-trip efficiency at time t; 𝑄𝑆(𝑡) is the heat exchange 303 

amount over the whole volume in the S group at time t; 𝑄𝑆(𝑡) is the heat exchange 304 

amount over the whole volume in the R group at time t; 𝐸𝑆(𝑡) is the accumulated energy 305 

in the S group at time t, and 𝐸𝑅(𝑡) is the accumulated energy in the R group at time t. 306 

Passive local heat was adopted during the computation since it is the driving factor for 307 

temperature change, as shown in Eq. 5. 308 

The dimensionless feature of the round-trip efficiency eventually cancelled the 309 

influence from specific heat capacity scaling, which was simultaneously applied to the 310 

S group as the numerator and the R group as the denominator. The above tests 311 

performed characterisation of the heat transfer behaviour of the virtual device from an 312 

integral perspective. In terms of local heat transfer, multiscale heat flux distribution 313 

tests were performed to record the heat flux in each space unit of the porous media. 314 

Heat flux was defined as the amount of heat passing through a unit area per lattice unit 315 

time, and a degree of magnitude of 10-2 J/m2ls was defined as the demarcation line 316 

between microscopic flux and macroscopic flux in this study. 317 

3.0 Results and Discussion 318 

3.1 Analytical and experimental validation 319 

The visualised results of the temperature distribution as a result of the heat conduction 320 

are presented in Fig.6. In comparison with the previously mentioned models, the 321 

simulation in the study demonstrates a strong capability to model the heat transfer in 322 

porous media with extreme complexity. Fig. 6(a) presents the simulated heat transfer 323 

phenomenon and the resulting temperature distribution over the irregular pathway in 324 

the virtual device. It can be noticed that the full bounce-back condition of the insulation 325 

boundary successfully functions as the thermal inert wall for the heat transfer process. 326 

The constant temperature condition of the interaction boundary functions well for the 327 

media-environment interaction, near which the irregularly distributed temperature 328 

drops as a practical expectation. Fig.6(b) presents the cross-section temperature contour. 329 

It can be noticed that the connected pores perform an essential path for the heat release 330 



from the particles, and the early-age heat flux can be calculated with the temperature 331 

gradient based on a realistic potential field. 332 

 333 

Fig.6 Visualised temperature result within RCP media. (a) Temperature 3D spatial distribution. (b) Temperature 334 
2D crossectional contour. 335 

Theoretical validation was performed with shell heat conduction with simple geometry. 336 

A one-dimensional temperature variation of 𝑇 = 2 sin(𝑥) + 273.1 was adopted for the 337 

scaled analytical calculation. The analytical solution can be treated as one of the top-338 

down solvers since it is a solution of the partial differential equation with a globally 339 

homogeneous assumption. In this comparison, the unit length of the analytical solution 340 

was scaled from m to cm for the later acceleration of the numerical simulation. On the 341 

other hand, the solution in this study is one of the bottom-up solvers since the solving 342 

process treats the global geometry with heterogeneity. Fig.7 demonstrates the 343 

comparison between the scaled analytical solution and the solution from this study. The 344 

comparison provides a strong agreement between the scaled analytical solution and the 345 

solution in this work in the internal volume of the cubic shell. This validation provides 346 

theoretical support to adopt the simulation scheme in heat transfer analysis with 347 

complex geometry. Hence, the routine in this work presents a feasible solution to 348 

analyse heat transfer behaviour. 349 

 350 

Fig.7 Comparison between the scaled analytical solution and numerical solution in this work 351 



Experimental validation was performed with the well-presented effective conductivity 352 

measurement from [72,73], in which the research subject shared a similar feature of 353 

packed beds with non-metallic material to this work. The difficulty of analysing the 354 

thermal behaviour of packed structures is its stochasticity, which leads to a variation of 355 

effective conductivity both in 2D and 3D. Such stochasticity was reflected in the cross-356 

sectional difference in the same sample. Fig. 8 presents the cross-sectional 357 

measurement of the effective conductivity of the four samples in the digital conduction 358 

system. It can be noticed that the effective conductivity is positively correlated with the 359 

solid phase fraction. In previous studies of a similar conduction system in reality, an 360 

effective conductivity range of 1.25 to 3.96 W/mk was experimentally observed in 361 

packed beds with quartz-rich rocks [72]. This range is in accordance with the digital 362 

observation range in S1, S2 and S3 samples. The major difference between S1-S3 and 363 

S4 samples is the reaching of 100% solid phase connection, and the unreached full 364 

connection made the S4 sample unrealistic in a non-flotation environment. As a further 365 

comparison, another experimental observation of the effective conductivity in packed 366 

beds with iron-manganese oxide demonstrates a range of 0.1 to 1.8 W/mk [73]. 367 

Although this range covers the S4 range well, it is argued that such accordance is a 368 

combined result of different packing structures and material-level conductivity. The 369 

above validation indicates that the computation framework proposed in this study 370 

digitally recovers the heat conduction system of packed rock beds, and packed beds 371 

with other materials can also be modelled with the framework to some extent.  372 

 373 

Fig. 8 Comparison between the effective conductivity from this work and previous experimental measurements 374 
from [72,73] 375 

The above results show that the scaling treatment of the specific heat capacity did not 376 

alter the heat conduction performance under that pre-defined thermal load. The 377 

presented framework is fundamentally a tensor computation of Fourier’s law in 378 

multidirection, which does not have the involvement of the heat capacity. Hence, the 379 

scaling of the specific heat capacity does not influence the heat conduction behaviour 380 

during each time step. The following sections demonstrate the bottom-up thermal and 381 

energy analysis enabled by this validated conduction foundation. 382 



3.2 The heat and energy tracking  383 

The time-dependent heat exchange is demonstrated in Fig. 9. The measurement was 384 

conducted in the internal space of the virtual device, hence it is a bulk measurement of 385 

the heat conduction result from the heterogeneous media. Fig. 9(a) presents the energy 386 

loss rate from the virtual device. It can be noticed that all the samples shared a similar 387 

pattern of the released heat rate development. The released heat is rapid in the early age, 388 

which is about 1×105 lattice seconds. Considering the time scaling, it can be found that 389 

the natural release of the stored energy in all the samples can function as the heat source 390 

for 12 lattice hours, which corresponds to 43200 lattice seconds. In other words, the 391 

virtual device with a random packing configuration is capable of providing heating in 392 

the day and night cycles. The upper limit of such heat-providing function is located at 393 

2×105 lattice seconds, which is 55.6 lattice hours. As a result of the above measurement, 394 

the application of porous rocks considering other heat transfer types will reduce this 395 

upper time limit. The balance of heat release amount as the heating duration for ordinary 396 

application to replace traditional air conditioners shall be designed with an upper time 397 

limit covering the desirable heating duration. In terms of the influence of solid phase 398 

fraction on the magnitude of released heat, there is a clear pattern that the absolute value 399 

of the heat around the time limit follows a decreasing sequence of S1R, S3R, S2R, and 400 

S4R. Consequently, it is deduced that the increment of the solid phase fraction can 401 

generally increase the released heat. Although such an increment in the realised energy 402 

rate is in favour of infrastructure heating, the solid phase fraction cannot be increased 403 

to 100%. One reason is that there needs to be an air percolation path to enable effective 404 

airflow convection. The other reason is that there exists an upper limit for the solid 405 

phase fraction for the packing of arbitrarily shaped rocks, which is similar to the RCP 406 

limit for spherical particles. Fig. 9(b) presents the stored heat of all the samples in the 407 

S group. The stored heat development also follows a pattern of rapid heat exchange at 408 

the early stage and slow heat exchange at the late stage. There also exists a time limit 409 

of 1×105 lattice seconds for the conversion of fast energy storage and slow energy 410 

storage. Consequently, the natural heat conduction in a packed bed with a random 411 

packing configuration is capable of providing balance to the day and night cycles. This 412 

similar pattern with the energy release rate indicates that a proper design for the energy 413 

storage process can also be beneficial to the energy release process. The heat storage 414 

design for practical usage of packed beds shall also consider the time limit to make full 415 

use of the energy properties. The influence of solid phase fractions on the magnitude of 416 

stored energy also follows a clear pattern, in that the increment of the solid phase 417 

fraction enhanced the amount of the stored energy, as demonstrated by the sequence of 418 

S1S, S3S, S2S, and S4S. The above result indicates that the heat storage and release of 419 

the porous media in the virtual device share the same logic when it comes to the 420 

correlation between solid phase fractions and absolute values of heat exchange. Caution 421 

shall be awarded to adopt a particle size distribution of rocks leading to sufficient 422 

airflow path percolation, which is above 10% porosity [74]. According to the highest 423 

solid phase fraction of 53.05% reached in this study, the higher solid phase fraction of 424 

64% in RCP with spherical particles arguably indicates a more desirable basic unit 425 

choice. However, the practical material choice for a packed bed cannot guarantee the 426 

perfect roundness of each basic particle. Hence, arbitrarily shaped particles, as 427 

demonstrated in this work, are necessary for the design and application in reality.  One 428 



critical time section for both energy release and storage is 1×105 lattice seconds or 27.78 429 

lattice hours for serviceability. 430 

 431 

Fig.9 (a) Heat tracking in the R group. (b) Heat tracking in the S group. 432 

In an attempt to extract the correlation between time and heat exchange for general 433 

engineering usage, regression analysis was further performed with the data from heat 434 

tracking. The principle of the function choosing is that the curve should fit the form of 435 

data development well, with a relatively low coefficient of determination (R2). After a 436 

thorough comparison of the commonly used functions, it was found that the exponential 437 

function, as demonstrated by Eq. 9, could properly describe the linear correlation for 438 

heat release and storage development versus time. The coefficients are listed in Table 439 

4. 440 

∑ 𝑞 = 𝑐1𝑒𝑐2𝑥 + 𝑐3𝑒𝑐4𝑥                                                                                                  (9) 441 

Table 4 Coefficients of the heat regression analysis 442 

R Group S1 S2 S3 S4 

     

c1 -2.2563×104  -4.1945×103 -3.3921×103 -1.9068×103 

c2 -0.0019 -0.0010 -0.0011 -0.0011 

c3 -2.8482×103 -133.5942 -241.6851 -267.4368 

c4 -2.1703×10-4 -5.3568×10-6 -1.9056×10-5 -2.7500×10-5 

R2 99.77% 97.17% 96.61% 95.74% 

S Group … … … … 

c1 233.6320 204.4260 162.5371 100.2107 



c2 -5.2438×10-5 -4.9219×10-5 -4.6113×10-5 -3.5980×10-5 

c3 63.0685 58.1583 49.4047 37.9333 

c4 -1.5842×10-6 -1.6222×10-6 -1.5576×10-6 -1.6363×10-6 

R2 97.99% 98.10% 98.16% 98.60% 

The above heat exchange was defined as the energy difference of the porous media 443 

during temperature changes between sequential interactions. Hence, the energy 444 

development of the same media can be calculated by discrete integration. Fig. 10 445 

presents the energy tracking results in a complete sense. It can be noticed that the 446 

influence of the solid phase fraction is more clearly demonstrated than the heat 447 

exchange during local iteration. Fig. 10(a) presents the released energy in the R group 448 

as the energy reduction of the internal structure of the virtual device. It can be noticed 449 

that the energy amount followed an increasing order of S1R, S3R, S2R and S4R. This 450 

pattern again demonstrates the general trend that the solid phase fraction increment 451 

raises the energy release amount.  The previous threshold for heat release drop is 452 

reflected by the stable gradient of total energy development, which demonstrates the 453 

stability of the developed algorithm for a long duration. Fig. 10(b) presents the stored 454 

energy in the S group. The energy amount at the same time also followed the increasing 455 

order of S1S, S3S, S2S and S4S. This similarity shows that the solid phase fraction in 456 

the random rock packing affects energy release and storage in common. The threshold 457 

for heat storage drop is again reflected by the stable gradient of the total energy storage. 458 

The above behaviour of stable energy gradient concludes that the representative 459 

samples are sufficient to provide energy exchange for day and night cycles for ordinary 460 

applications. The most important finding of the disordered energy magnitude order 461 

between S2R/S and S2R/S. This irregular energy development indicates that there 462 

exists a balanced line between 34.93% and 42.33% solid phase fraction. The scientific 463 

significance of finding this balanced line is that it is the critical solid phase fraction 464 

where the short-range particle-air heat exchange and medium-range particle-particle 465 

heat transfer offset each other. 466 

  467 

Fig.10 Data iii: (a) Energy tracking in the R group. (b) Energy tracking in the S group. 468 



Regression was again performed for general engineering usage. It was found that the 469 

power function, as demonstrated by Eq. 10, can properly describe the numerical 470 

behaviour between the energy and time correlation. The coefficients are listed in Table 471 

5. It is interesting to notice that the coefficients of determination with the kept number 472 

of digits have reached a high value. This high value demonstrates that the physics of 473 

the bottom-up computation is relatively complete. The strength of physics-based 474 

simulation is that individual influences can be studied separately, and what was focused 475 

on in this part of the work is the influence of short-range particle-air heat exchange and 476 

medium-range particle-particle heat transfer. The above results show that the power 477 

function with the coefficients could serve as the evolution equation form for energy 478 

development in the emphasised scenario. 479 

𝐸 = 𝑐1𝑡𝑐2 + 𝑐3                                                                                                                       (10) 480 

Table 5 Coefficients of the energy regression analysis 481 

R Group S1 S2 S3 S4 

     

c1 -1.8543×104 -6.0235×104 -6.0882×104 -1.7622×104 

c2 0.3913 0.4588 0.4477 0.3556 

c3 -1.4095×107 -2.1152×106 -2.0433×106 1.1226×105 

R2 99.41% 99.96% 99.95% 99.97% 

S Group … … … … 

c1 3.2501×104 3.5172×104 2.6658×104 3.0838×104 

c2 0.5115 0.4998 0.5094 0.4802 

c3 -1.0424×106 -1.2212×106 -1.0360×106 -1.3625×106 

R2 100.00% 100.00% 100.00% 99.98% 

Although the above results present a statistically well-fitted regression of the heat and 482 

energy evolution, the physical correspondence of the coefficients is still open to 483 

discussion. From the current observation in this study, the c1 and c3 coefficients in Eq. 484 

9 of the S group appear to be more strongly correlated with the solid phase fraction or 485 

air fraction. Considering that packed beds in a simple form can be treated as a composite 486 

with solid phase and pores, Eq. 9 of the S group demonstrates a higher generalising 487 

value for its dual-component formate. However, it needs to be mentioned that 488 

identification of the constitutive equation still requires a profound investigation, both 489 

mathematically and experimentally. 490 



3.3 The Temperature and Efficiency Tracking 491 

The internal temperature of the virtual device was measured as the average temperature 492 

over all the space units of the porous media. Fig. 11 demonstrates the temperature 493 

tracking results over the full time. The general expectation that the R group shall have 494 

a temperature drop and the S group shall have a temperature rise is successfully fulfilled. 495 

Fig. 11 (a) presents the temperature development of all the samples in the R group. It 496 

can be noticed that the average temperature follows a decreasing order as S1R, S2R, 497 

S3R and S4R. This comparison indicates that the solid phase fraction is positively 498 

correlated with the average temperature magnitude. One noticeable result is that the 499 

average temperature in the S1 sample is much higher than the rest, although the solid 500 

phase fraction of S1 is only about 10% higher than that of S2. The digital preparation 501 

of the S1 sample adopted a coefficient of friction of 0, which led to the RCP 502 

configuration with irregular-shaped particles. This result directly points out that RCP 503 

is in favour of the temperature maintenance of packed beds. Fig. 11(b) presents the 504 

temperature development of all the samples in the S group. The total temperature 505 

increment for each sample follows an increasing magnitude order of S1S, S2S, S3S and 506 

S4S. This result shows that the packed bed with a higher solid phase is less sensitive to 507 

heating or cooling. The proportional gap between the temperature of S1 and S2 again 508 

confirms the temperature-maintaining ability of the RCP configuration.  The increase 509 

in solid phase fraction formed a solid pathway with decreased distortion. On the other 510 

hand, the corresponding decrease in air fraction caused an increased distortion of the 511 

connected pore space. This increase in the distortion further increases the internal 512 

pathway of the air phase with low conductivity, which tends to destabilise the spatial 513 

temperature profile within the overall stabilisation trend through the uniformity of 514 

material distribution. Considering the name of the packed bed, such a finding indicates 515 

that this thermal device may function well as a literal bed in the cold regions. In this 516 

scenario, the RCP configuration in this study already provides an improvement to the 517 

design of a type of traditional bed in northeastern Asia. The direct suggestion is that 518 

filling the originally empty chamber of this type of bed exist in the suburban area with 519 

closely packed rocks can help to maintain the temperature during low-temperature 520 

nights. The conceptual diagrams of the existing thermal application and an enhanced 521 

re-design with randomly closed-packed beds are presented in Fig. 11(c) and Fig. 11(d), 522 

respectively. 523 

 524 



 525 

Fig.11 (a) Data iv: Mean temperature tracking in the R group. (b) Data iv: Mean temperature tracking in the S 526 
group. (c) An existing thermal device for domestic heating. (d) An improvement in the thermal device is suggested 527 

by the results. 528 

The round-trip efficiency is a characterisation of the energy storage and release 529 

performance in a thermal device. Fig. 12 demonstrates the round-trip efficiency of the 530 

virtual device in this study. The general trend of the recorded round-trip efficiency 531 

shows an increasing early development until a relatively stable development is reached. 532 

Fig. 12(a) demonstrates the heat round-trip efficiency of all the samples. The figure 533 

demonstrates that 100% efficiency was reached within a time threshold of 1×105 lattice 534 

seconds, which corresponds to the shift from fast energy exchange and slow energy 535 

exchange in the previous discussion. The stable heat round-trip efficiency shows an 536 

increasing magnitude order following S1S/R, S2S/R, S3S/R, and S4S/R, and the 537 

highest value of all the samples is below 120%. It needs to be noted that the disordered 538 

S2 and S3 sequences from the heat tracking no longer exist. Hence, a pattern that the 539 

decrease of the solid phase fraction enhances the heat intake efficiency can be 540 

concluded. In other words, an increment of the solid phase fraction enhances the heat 541 

output efficiency. Fig. 12(b) presents the energy round-trip efficiency of all the samples. 542 

Although the heat round-trip efficiency in local time can reach a value of more than 543 

100% in the later stage, the heat round-trip efficiency was always within 100%. This 544 

behaviour satisfies the expectation that there always exists energy loss during the 545 

energy storage and release cycles. In this study, the major energy exchange has already 546 

occurred during the early stage, indicating that the time threshold of 0.5×105 lattice 547 

seconds or 13.89 lattice hours is another critical time section for efficiency. Additional 548 

heat transfer, including convection and radiation, can further control this time threshold 549 

to fully cover the service duration.  550 

   551 

Fig. 12 Data v: (a)Heat round-trip efficiency. (b) Energy round-trip efficiency. 552 

Returning to the settings of the digital experiments, it can be generally summarised that 553 

the decrease in solid phase fraction led to an increase in the round-trip efficiency. The 554 



specific definition of round-trip efficiency in this study indicates that the heat intake 555 

behaviour in the sample with a lower solid phase fraction is more effective than that in 556 

the sample with a higher solid phase fraction. The heat conduction routine in packed 557 

beds inevitably has local pathways of solid-solid, solid-air and air-air. The decrease in 558 

solid phase fraction reduced the proportion of solid-solid routine while maintaining the 559 

global solid phase connection because of the percolation. From the perspective of the 560 

heat intake, there exists a global pathway with high conductivity from the thermal 561 

interaction boundary to its opposite end. As a result, the energy intake follows a 562 

dominating pathway of interaction boundary, solid skeleton, to the surrounding air 563 

phase. From the perspective of the heat release, the solid skeleton functions as roots 564 

surrounded by the air phase with energy. Although the solid phase skeleton is the same, 565 

the low conductivity of the surrounding air phase slowed down the internal energy 566 

escape of the packed bed. Although a pathway opposite to the energy intake exists 567 

during the energy release, it is less dominant since the slow heat conduction in the 568 

connected air phase is more influential when it is placed at the source position. The 569 

decrease in the solid phase fraction and the corresponding increase in air fraction 570 

enhance this effect, leading to a higher energy storage efficiency of the conduction-571 

dominated packed bed. 572 

3.4 Heat flux distribution in the critical time sections 573 

The advantage of the bottom-up approach is its ability to provide local data in each 574 

space unit, which further enables the statistical analysis of the heat distribution. Fig. 13 575 

presents the heat flux distribution in the R group with multiscale views, in which the 576 

flux was defined as the amount of heat through the lattice unit area (10-4 m2) and lattice 577 

unit time. Three instantaneous time sections were sampled, including 0 lattice seconds, 578 

0.5×105 lattice seconds and 105 lattice seconds. The sampled time sections have covered 579 

the previously found time threshold. Fig. 13(a) illustrates the heat flux distribution at 580 

the initial time section of the S1R test. It can be noticed that the distribution is a 581 

composite of two heat transfer behaviours, the major trigger of which is the internal 582 

particle-air interaction and the external boundary-environment interaction. The 583 

proportion of the microscopic heat flux was 54.58%, and the macroscopic heat flux was 584 

45.42%, where the absolute value of the heat flux defines the observation scale instead 585 

of length. Although the values of the microscopic and macroscopic heat flux are 586 

distinguished, it was found that the generalised logistic function as presented in Eq. 11 587 

can provide a fitting recovery of the discrete distribution. 588 

𝑓(𝑥) =
𝛾

𝜎

exp (
𝜇−𝑥

𝜎
)

[1+exp (
𝜇−𝑥

𝜎
)]𝛾+1

                                                                                               (11) 589 

where 𝜇  controls the mean location, 𝜎 controls the scale, and 𝛾 controls the shape of 590 

the distribution. The composite distribution has a negative shift of 𝜇,  and the 591 

macroscopic distribution has a positive shift of 𝜇. This indicates that the macroscopic 592 

heat flux corresponds to the particle-air interaction since the R group was dominated 593 

by heat release. On the other hand, the microscopic heat flux corresponds to the 594 

boundary-environment interaction. 595 

Fig. 13(b) presents the heat flux distribution at the 0.5×105 time section of the S1R test. 596 

In comparison with the initial time section, the proportion of the microscopic 597 



distribution was significantly increased. This behaviour shows that the boundary-598 

environment interaction becomes the major cause of heat flux formation. The 599 

generalised logistic function can still represent the discrete distribution with certain 600 

numerical modifications. The distribution function for the microscopic distribution was 601 

found to only have reduced 𝜎, which means the shape of the mid-time distribution curve 602 

becomes sharper than that of the initial distribution. This statistical behaviour indicates 603 

that the boundary-environment interaction has triggered decreased grading of the 604 

absolute values of the heat flux. On the other hand, the reduced 𝜎 value also appears in 605 

the macroscopic distribution, indicating a decreased grading in the particle-air 606 

interaction. This reduction of 𝜎 may also be caused by the increased grading of the 607 

microscopic heat flux as a result of the statistical conservation of the composite 608 

distribution. Fig. 13(c) further demonstrates the heat flux distribution at the 105 time 609 

section of the S1R test. The proportion of the microscopic heat flux was slightly 610 

increased following the same pattern of the changes from the initial time section to the 611 

0.5×105  time section.  In comparison with the 0.5×105  time section, the 105  time section 612 

led to the same distribution function. This behaviour demonstrates that the boundary-613 

environment interaction becomes stable from 0.5×105  to 105  time sections. The trend 614 

of 𝜎 decreasing still appears in the macroscopic interaction, indicating that the heating 615 

potential of the packed bed was still not fully released. The microscopic mechanism of 616 

heat conduction mainly relies on the molecular energy exchange between two adjacent 617 

lattices. The heat conduction in packed beds is contributed by the vibration of 618 

molecular-level particles in the solid phase, the molecular free motion and collisions in 619 

the air phase, and the energy transfer at the interface. The interface temperature 620 

equilibrium is an important sign of reaching thermal stability. The initial condition of 621 

the high temperature difference at the interface of the R group caused the increased 622 

proportion of the heat flux with high magnitude. The interface then gradually reached 623 

temperature equilibrium, which simultaneously reduced the proportion of the heat flux 624 

with high magnitude.  625 

 626 



 627 

 628 

Fig.13 Data vi Heat flux distribution in R group at (a)0 ls, (b)0.5×105 ls and (c) 105 ls 629 

Fig. 14 presents the heat flux distribution in the R group with multiscale views. Since 630 

R ground adopted simplified thermal conditions at the initial time section, the major 631 

heat flux generation occurred from the boundary-environment interaction. As a result, 632 

the microscopic heat flux distribution is dominant from the initial time section to the 633 

105 time section. Fig. 14(a), (b) and (c) further present the heat flux distribution at 0, 634 

0.5×105 and 105 time sections of the S1S test, respectively. A decrease in the absolute 635 

value grading can be noticed with an increment of time. This decrement indicates that 636 

the proportion of the boundary-environment interaction became less significant, 637 

although still dominating, through the recorded time section. Since the overall heat flux 638 

distribution is a composited distribution with heat flux generated from boundary-639 

environment interaction and particle-air interaction, the decrement in the proportion of 640 

boundary-environment interaction will logically lead to an increment of the particle-air 641 



interaction proportion. The major performance of a thermal device relies on its 642 

interaction with the external environment during energy storage.  The initial condition 643 

of the S group did not have any internal temperature difference. The sample scale 644 

temperature difference triggered the heat conduction for the solid phase, the air phase 645 

and the interface. Because of the difference in heat conduction pattern,  local 646 

temperature differences were formed in directions not parallel to the global temperature 647 

difference. Such local temperature differences accumulated during the time points of 648 

the measurement, resulting in a gradually increased proportion of heat flux with high 649 

magnitude.  The significant contribution of the boundary-environment interaction to the 650 

heat flux generation was also reflected by the development of the round-trip efficiency 651 

in Fig.12. When it comes to storage efficiency, the packed bed would seek an 652 

enhancement for local particle-air interaction through heat transfer other than 653 

conduction.  654 

 655 

 656 
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 658 

Fig. 14 Data vi Heat flux distribution in S group at (a)0 ls, (b)0.5×105 ls and (c) 105 ls 659 

The above results demonstrate the microscopic complexity of the local heat conduction 660 

in packed beds. Since the packing structure has been strictly defined with specific 661 

image-based geometry, the mathematical description of the time-dependent spatial 662 

distribution of heat flux becomes a statistical collection of the thermal status in each 663 

coordinate. In comparison with the existing top-down approach to describe the overall 664 



thermal status with a homogeneous assumption, the presented bottom-up approach 665 

demonstrated the ability to reproduce the local thermal behaviour and the integrated 666 

global thermal performance. Although the molecular-level structure has not been 667 

defined in this work, the positioning of the solid-air interface in the current framework 668 

can already provide algorithmic construction space to couple with smaller-scale 669 

analysis.  670 

3.5 Endpoint output verification with previous experiments 671 

The multiscale heat conduction in heterogeneous media involves the local heat flux 672 

distribution, heat transfer along the temperature gradient, temperature change over time 673 

and energy storage/release, after which the round-trip energy efficiency is calculated as 674 

an endpoint output in macroscale. For the convenience of real experimental 675 

measurement, measuring the multidirectional energy status at each mesoscopic 676 

coordinate over the whole conduction period is often impractical. This raises the 677 

necessity for the construction of the digital environment reflected by this work. The 678 

influence of the packing structure difference was extracted through the strict control of 679 

the same boundary conditions and initial conditions. As a result, the heat conduction 680 

performance with different packing structures can be compared in the same digital 681 

environment without noise interference from other types of heat and mass transfer. In 682 

addition to the algorithmic validation with theoretical and experimental studies from 683 

the beginning, endpoint verification is still necessary to ensure the process validity. The 684 

computation of energy round-trip efficiency has already involved the heat evolution 685 

over the heterogeneous space, making this dimensionless property highly suitable for 686 

cross-comparison with existing experiments. In this work, the energy round-trip 687 

efficiency tracking leads to a range of results from 63% to 91% for stable efficiency 688 

during energy storage and release. In previous experimental studies of packed bed 689 

energy systems, a similar results range has been observed, including 64% to 98% [9], 690 

77% to 81% [75], 71%[76] and 59% to 71%[77]. Additionally, the experimental results 691 

in [78] not only reported a range of 78% to 95% but also recorded the early increment 692 

of the round-trip efficiency, similar to the behaviour of the digital conduction in this 693 

study. Although the materials of packed beds in this work and the above-mentioned 694 

studies are different, the energy round-trip efficiency eventually shares a high coverage 695 

of the range. This accordance indicates that the energy round-trip efficiency of a packed 696 

bed system is an intrinsic property of the packed structure, and the influence of the 697 

material composition is limited.  698 

3.6 Current challenges and future perspective  699 

The proposed framework presented a prototype to perform a heat conduction simulation 700 

in realistic structures reconstructed from 3D image data. The image-based input makes 701 

the framework compatible with the rapid development of image acquisition techniques. 702 

Although the feasibility has been demonstrated with the above verified outputs, it still 703 

faces limitations from both hardware and software. Since the core data in the 704 

mesoscopic simulation is the heat flux tensor at each coordinate, an indirect comparison 705 

becomes necessary during the calibration and validation. This necessity at the current 706 

time is a result of the lack of techniques to physically acquire the multi-directional heat 707 

flux over the porous space. On the other hand, the presented framework is one of the 708 

software solutions to obtain the instantaneous conduction distribution map throughout 709 



digital or practical samples. Another limitation is that the personal computer at the 710 

current time still faces a lack of computing capability to perform extremely large or 711 

multiple simulations fully in the mesoscale. Fortunately, the overcoming of this 712 

limitation can already be discussed before the fundamental improvement of 713 

computational hardware. In future work, software improvements such as parallel 714 

computation will help the mesoscopic simulation to include sensitivity quantification 715 

with numerous inputs. Although the current inputs with different porous media can 716 

already illustrate the influence of geometrical uncertainty to some extent, the impurity 717 

of material in packed beds in practice also leads to a variation of their thermal 718 

performance. Hence, another important development in the future would be the 719 

stochastic distribution of different material properties over the porous space. The above 720 

perspective presents an establishment of a digital understanding of the still complicated 721 

phenomenon, having the potential to provide an images-to-results routine for specific 722 

engineering practice. 723 

4.0 Conclusion 724 

In this work, we developed a computational framework to model the heat conduction 725 

in packed beds with heterogeneity. The pre-processing adopted an original random 726 

packing with realistic rock data. The core computation applied an original D3Q7 lattice-727 

based partial differential equation solver, presenting an algorithmic innovation of 728 

expanding the original density computation in microscale to heat transfer computation 729 

in mesoscale. The post-processing introduced several digital tests, including heat 730 

tracking, energy tracking, temperature tracking, round-trip efficiency and heat flux 731 

distribution. The anisotropic behaviour of heat conduction in heterogeneous media was 732 

digitally recovered with scaled analytical validation. This work provided a feasible 733 

approach to enrich the methodology options of the packed bed system in terms of 734 

analysis and design. The digital basis of the presented work identifies the standalone 735 

contribution towards the development of multiscale modelling on the thermal behaviour 736 

in packed beds. The main findings from the results are as follows: 737 

(1) The increment of solid phase fraction is in favour of both heat storage and release.  738 

RCP for irregular particle packing is necessary for the thermal analysis in packed beds. 739 

The virtual device with natural rocks is capable of providing energy storage and release 740 

balance up to 55.6 lattice hours, during which the peak energy exchange rate occurs at 741 

around 27.8 lattice hours without other types of heat transfer.  There exists a balanced 742 

line of particle-air interaction and boundary-environment interaction within 34.93% 743 

and 42.33% solid phase fractions. The exponential function can properly describe the 744 

heat exchange evolution, and the power function can properly recover the energy 745 

evolution. 746 

(2) The packing structure with a higher solid phase fraction is less sensitive to the 747 

heating and cooling process. A suggestion to improve the temperature maintenance 748 

performance of an existing thermal device was deduced as filling the currently empty 749 

chamber with closely packed rocks. The energy efficiency can reach a high level after 750 

27.8 lattice hours without external interference. Decrement of the solid phase fraction 751 

enhances the heat intake efficiency. The major amount of energy exchange has already 752 

occurred during the relatively low-efficiency stage. The critical time threshold for 753 



beneficial round-trip efficiency is at around 13.89 lattice hours without additional 754 

thermal interference. Energy round-trip efficiency is an intrinsic property of the packed 755 

structure. The material of the packed bed only has a limited influence on the energy 756 

round-trip efficiency. 757 

(3) It was found that the heat flux distribution is a composite of distributions of two 758 

scales. The generalised logistic function with different parameters can provide a fitting 759 

recovery of the heat flux distribution. The external boundary-environment interaction 760 

triggered decreased grading, and the internal particle-air interaction triggered increased 761 

grading of the heat flux.  The investigation in this work demonstrates the feasibility of 762 

analysing heat transfer in heterogeneous media with the developed framework. A 763 

profound amount of methodological construction is still needed to construct the full 764 

map of the multiscale thermodynamics within packed beds.  765 
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