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Abstract 

Packed bed reactors (PBRs) have been widely utilized in chemical and process industries in a variety 
of particle-based applications, from catalytic reactors and metallurgical furnaces to gasifiers and energy 
storage systems. Flows and heat and mass transfer through PBRs, as well as the progress of the 
chemical process, are strongly influenced by randomly filled beds of particles.  
It is thus crucial to have a detailed understanding of the packed bed structure and its physical and 
thermophysical properties in order to design PBR accurately. Recently, many studies utilized numerical 
modeling, as well as advanced imaging techniques, to improve the understanding of porous bed 
structure and its effects.   
One of the research gaps in the literature is how the irregularity of particle shapes and particle size 
distributions affect the particle packing and effective transport parameters such as thermal conductivity 
and mass diffusivity. This study investigates the above issues by X-ray microtomography (XMT) 
imaging.  
Using XMT imaging, it is possible to analyze the structure of packed beds and extract its morphological 
properties, such as void fraction and tortuosity to highlight the influence of particle size and particle size 
distribution on them. 

 
1. Introduction 

Packed bed reactors (PBRs), also known as fixed bed reactors, find numerous applications in the 
chemical and process industries for a wide range of particle-based applications, including catalytic 
reactions, gasifiers, metallurgical furnaces and cooling and energy systems. PBRs consist of beds 
randomly filled with particles [1]. Permeability is one of the important parameters of the porous media 
that describes the inverse of the resistance for fluid to flow through porous media [2]. According to 
Kozeny equation [3] the permeability of the porous medium is defined as, 𝑘𝑘 = Φ𝑠𝑠2𝑑𝑑𝑝𝑝2180 𝜖𝜖3

(1−𝜖𝜖)2,           Eq.  1 

where k is the permeability, 𝜀𝜀 is the bed void fraction and Φ𝑠𝑠is the sphericity of the particles. 
Furthermore, the diffusion of fluid within the pores of a packed bed could be defined as [4] 1𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜖𝜖𝜏𝜏 � 1𝐷𝐷𝐴𝐴 + 1𝐷𝐷𝐾𝐾𝐾𝐾�,          Eq.  2                              

where 𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 is the effective diffusivity, 𝜏𝜏 is the tortuosity of fluid flow within the gaps between the 

particles, 𝐷𝐷𝐴𝐴 is the molecular diffusivity of gas A in the mixture and 𝐷𝐷𝐾𝐾𝐾𝐾 is its Knudsen diffusivity.     
As Eq. 1 and 2 suggest, it is important to obtain a detailed understanding of the packed bed 

morphology, i.e. the void fraction and tortuosity.  
Void fraction is a fundamental porous medium characteristic that is defined as the fraction of the void 

between the particles to the total volume of the packed bed. The bed void fraction is highly dependent 
on the shape, size and packing arrangement of the particles. The viable void fractions of the ordered 
packing of monodispersed spherical particles range from 0.26 to 0.46; whereas disordered packings, 
polydispersed particles and irregular-shaped particles exhibit a wider range of bed void fractions [5]. 

The other parameter is tortuosity that correlates with how curvy or twisted flow paths are in a porous 
material. It is defined as the ratio of the actual length of the path through the pores to the shortest 
straight-line distance between two points. In numerous practical scenarios, tortuosity could be assumed 
to be affected by the morphology of the pore network structure [6–8].  



In different disciplines, the definitions of tortuosity can be broadly categorized into four types, namely, 
geometrical, electrical, diffusive and hydraulic [7]. This study specifically concentrates on geometrical 
tortuosity conventionally defined as the ratio of the actual length passed by fluid within the porous 
structure to the shortest length in absence of particles. The geometrical tortuosity has been predicted 
and analyzed by different theoretical attempts, such as lattice percolation theory [8] or a combination of 
the continuum percolation model with fractal theory in media with diverse geometric shapes [9,10]. 
Moreover, there are variety of popular empirical correlations for estimation of tortuosity within packed 
beds. These correlations date back to 1873 where Maxwell proposed a correlation for electrical tortuosity 
within a porous medium all the way to the recent years that the scientists tried to develop tortuosity 
equations that could cover a wide range of packed beds [3,11–19]. These correlations mainly give 
tortuosity as a function of the bed void fraction and are developed for monodispersed spherical packed 
beds and their accuracy for polydispersed and irregular particle packings is not known. Moreover, 
studies on the geometrical tortuosity within complex porous structures surrounding non-spherical 
particles with high packing fractions remain scarce. Consequently, a comprehensive understanding of 
the impact of non-spherical particle characteristics, such as shape, size and size distribution on pore 
space tortuosity is still lacking.  

One of the approaches estimating the tortuosity of packed beds is Pore Network Model (PNM). The 
PNM has emerged as a simple and efficient methodology for simulating transport within porous materials 
[20–26]. Unlike the prevalent continuum modeling, which treats porous materials as volume-averaged 
continua without resolving microscale intricacies, PNM offers an alternative approach and treats the 
pore space within the packed bed as a network of interconnected channels. The graph theory is used 
to analyze the flow paths and calculate tortuosity [27].  

Experimentally, X-Ray Micro-Tomography (XMT) is a very useful tool for imaging and analyzing the 
details of the porous structure of packed beds [28,29]. With advancements in computational power and 
development of efficient algorithms, powerful tools have emerged to process three-dimensional images 
obtained by XMT. For instance, Cooper et al. [30] and Al-Raoush et al. [31] proposed different open-
source algorithms for obtaining tortuosity from tomographic data.  

In this study, tortuosity and void fraction of packed beds consisting of irregular-shaped particles with 
narrow and wider particle size distribution have been investigated using XMT-based images. The void 
fractions of the packed beds have been compared with each other and with theoretical values obtained 
from BCC (Body-Centered Cubic) and FCC (Face-Centered Cubic) packings of mono-sized spherical 
particles. Tortuosity has been computed using PNM approach in DRAGONFLY® software and the 
tortuosity distribution within the packed beds have been compared with the empirical data used in the 
literature. The specific focus of this study is the influence of particles size and particle size distribution 
on the void fraction and tortuosity distribution.  

 
2. Methodology 
2.1. Geometry and Material Properties 

The packed beds used in this study have been generated in cylindrical containers with diameter of 21 
mm and height of 23 mm. Six different samples with different particle sizes ranging from 180 µm to 6.3 
mm with different distributions have been employed in this work. The sample names starting with MDP 
are monodispersed particles and the ones starting with PDP indicate the samples with polydispersed 
particles. This variety can exhibit the influence of particle size and size distribution on the bed 
morphology. The information regarding minimum, and maximum particle diameters of each sample as 
well as the mean and standard deviation of the log-normal distribution have been mentioned in Table 1. 

 
Table 1. Particle size distribution characteristics of the samples used in this study. 

Sample 
Name 

Dmin 
[mm] 

Dmax 
[mm] 

Mean 
[mm] 

Log-Normal 
Standard Deviation [-] 

MDP1 0.315 0.4 0.357 0.021 
MDP2 2 3.15 2.575 0.575 
MDP3 4 6.3 5.15 0.321 

 
The material used for the packed beds is densified biochar obtained from dried spruce chips 

(including bark) with envelope density of 783 kg/m3. The conditions of the biochar production as well as 
sieving process have been mentioned in [32]. 

 





representation of the pore space structure would be obtained. To achieve accurate results for separating 
the two distinct phases (the particles and the void space), a thresholding method has been employed, 
involving manual interaction for the selection of peaks from the bimodal histogram of grayscale intensity 
values. The respective phases were characterized by their grayscale appearance, which corresponds 
to X-ray attenuation and, in turn, reflects the density variations of different phases within the samples. 

 
2.3. Calculation of Void Fraction 
2.3.1. Theoretical Values for the Void Fraction of Particle Packings 

One of the key parameters for characterizing the packed bed morphology is the bed void fraction, 
which is expressed as the fraction of the volume of void space between the particles over the total 
volume of the packed bed. Sphere packing is a fundamental concept for understanding the arrangement 
of particles within a given space. Theoretical studies of sphere packing involve the investigation of 
different configurations, such as face-centered cubic (FCC), body-centered cubic (BCC), and hexagonal 
close-packed (HCP) arrangements. Each packing arrangement exhibits distinct void spaces between 
the spheres. For instance, the FCC, characterized by spheres positioned at the vertices of a cube and 
on the faces, and the HCP, where spheres form a double layer with an offset, both exhibit the maximum 
possible packing fraction for spherical particles resulting in void fraction of 0.26. Moreover, BCC 
configuration yields void fraction of 0.32. The abovementioned values of void fraction are theoretical and 
defined for arrangements of mono-sized spherical particles. These values are used as benchmarks for 
the comparison with the results obtained by the XMT analyses. 

 
2.3.2. Calculation of Void Fraction from XMT-Based Images 

For extracting the void fraction from the XMT images, the slice analysis in DRAGONFLY® has been 
carried out for the vertical slices that are in fact cross section planes parallel to the bottom of the bed. A 
schematic of the segmented image from the same slice of MDP2 as in Figure 2 has been displayed in 
Figure 3. The yellow regions in Figure 3 are the void and the black spots are the particles binarized in 
the segmentation process. 

Figure 3. The segmented image of MDP2 sample binarized into particles and void space between. 

The area-averaged void fraction for each section is then calculated as below: 𝜀𝜀𝑠̅𝑠𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐾𝐾 = 𝐴𝐴𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝐴𝐴𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠𝑣𝑣𝑣𝑣𝐾𝐾,          Eq.  3                              

where 𝐴𝐴𝑣𝑣𝑠𝑠𝑠𝑠𝑑𝑑 is the area of void space in each section and 𝐴𝐴𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐾𝐾 is the area of each circular section. 𝐴𝐴𝑣𝑣𝑠𝑠𝑠𝑠𝑑𝑑 can be extracted from slice analysis in DRGONFLY® for slices with longitudinal intervals 
depending on the resolutions mentioned in table 2. Then, the area-based void fractions have been 
averaged out for all sections to obtain the overall bed void fraction for each sample.  

 
2.4. Calculation of Tortuosity 
2.4.1. Tortuosity Based on Empirical Correlations 

Variety of empirical correlations have been proposed in the literature for estimating tortuosity within 
packed beds. Some of these correlations together with their applicable void fraction range are 
summarized in Table 2. Most of these correlations are derived for spherical particles and from 
experiments, such as diffusivity or conductivity measurements. 













tortuosity; however, only for the case with smaller log-normal standard deviation, the tortuosity is close 
to the one predicted by the Boudreau model for spherical particle shapes and for other cases the models 
overestimate the tortuosity. 

In contrast, when exploring polydispersed samples, it was observed that the relationship between 
particle size, void fraction and tortuosity becomes more complex. Polydispersed particles with low log-
normal standard deviation have similar values of void fraction distribution in packed beds as 
monodispersed particles. However, for a higher log-normal standard deviation, smaller particles within 
polydispersed samples were found to fill the spaces between larger particles, resulting in a reduced void 
fraction compared to a scenario with all particles being monosized and arranged in an FCC packing. 
Moreover, no meaningful correlation has been found between the tortuosity of PDP samples and their 
respective void fraction or even the log-normal standard deviation of their particle size. 
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