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Impact of particle size on the selection of a representative bed section for poly-dispersed fixed bed reactors
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Abstract – Computational Fluid Dynamics (CFD) models are a valuable tool for the design, optimization, and scaling-up of fixed bed chemical reactors. However, the realistic representation of the catalytic bed structure and the mesh quality of the 3D geometry is of paramount importance to improve the accuracy of CFD models. For the former, computed tomography (CT) is a non-destructive method to map and generate the internal structure of experimental fixed bed reactors, enabling a direct 1-to-1 coupling between experiments and simulations. In our previous work, the internal structure of highly poly-dispersed fixed bed reactors, formed by sieved particles, was analysed. The particles that formed them displayed a wide range of sizes, shapes, and orientations. Due to the local topological complexity of these beds, meshing and simulating their entire volume would lead to exhaustive computational demands. To reduce these, a suitable sample section should be selected, which accurately represents both the bulk and the radial porosity of the full bed. Three distinct sample sections were quantified here for their accuracy, identifying that, due to the highly heterogeneous nature of the full beds, sample selection is case sensitive. In addition, compared to smaller particles, larger particles form more heterogeneous local structures, thus requiring longer sections to accurately represent the full bed. A selected 10% section was then meshed, and its hydrodynamic profile resolved, to evaluate its mesh independency. The results highlight the importance of choosing a suitable bed section and mesh size to reduce the computational demands, minimise the computational errors, and achieve the desired level of solution detail. 

Keywords: Computational Fluid Dynamics (CFD), polydispersed beds, fixed bed chemical reactors, computed tomography (CT), catalytic particles, SAPO-34

© Copyright 2015 Authors - This is an Open Access article published under the Creative Commons Attribution               License terms (http://creativecommons.org/licenses/by/3.0). Unrestricted use, distribution, and reproduction in any medium are permitted, provided the original work is properly cited.


[bookmark: _Ref473037328]1. Introduction

The strict greenhouse gas emission reduction targets set by the International Energy Agency (IEA) aim for net zero emissions by 2050 [1-3]. Achieving this requires the modernisation of all energy sectors. Among these, modernisation of the transportation sector is especially critical. In 2022, the transportation sector accounted for 7.98 Gt of CO2 emissions [2], with the International Maritime Organisation (IMO) predicting further emissions growth by 2050 [4]. While electrification has been suggested as a potential solution, this strategy is not suitable for heavy-duty road transport, aviation, or maritime transport [4]. Consequently, alternative strategies are required, such as the replacement of the currently used fossil fuels with next-generation carbon-neutral fuels, which are directly integrable into the existing infrastructure, such as methanol and dimethyl ether [4, 5]. The sustainable bulk production of these carbon-neutral fuels can have a profound impact in all aspects of a future sustainable society.
Methanol, dimethyl ether, and other key chemicals such as sulfuric acid and ammonia, are predominantly produced by fixed bed chemical reactors [6-8]. Optimising these reactors can be key for the timely transition to a carbon-neutral society. For this, Computational Fluid Dynamics (CFD) models can play a valuable role, acting as detailed investigative and optimisation tools [9-11]. Prior to their utilisation, however, CFD model development is critical, especially focused on the methodology used to depict the fixed bed morphology. The morphology of the fixed bed affects all aspects of heat and mass transfer within the reactor, and thus its chemical performance [12]. Consequently, for CFD models to produce valuable results, the reproduced 3D bed structure should match as close as possible the structure of the actual experimental reactor. One of the primary methods to synthetically generate a realistic 3D bed structure is the Discrete Element Method (DEM), which places particles of arbitrary shapes into a cylindrical container [12, 13].
Using DEM-generated beds, formed by mono-dispersed spherical particles, the interconnection between the bed structure and its hydrodynamic profile has been widely investigated  [14-17]. By utilising a mono-dispersed packed bed of spheres, Tobiś investigated both experimentally and computationally the turbulent flow of air [18, 19], identifying the considerable impact of the local bed structure on the flow velocity and pressure drop. Bai et al. investigated both experimentally and computationally the pressure drop within packed beds of both spheres and cylinders [20]. Both a laboratory-scale reactor (153 particles) and a plant-scale reactor (up to 1545 particles) were generated by DEM and simulated with CFD [20]. To reduce the computational resources, a small section of the plant-scale reactor was chosen. They identified that for the bed section to be an accurate representation, its porosity should be as close as possible to that of the full bed. Otherwise, even a 10% porosity deviation between the physical and the generated bed could lead to a 30% deviation in the pressure drop predictions [20]. Recent DEM-CFD studies consider more complex particle form aspects, such as shape and orientation, with particles being modelled as cylinders, Raschig rings, and trilobes, to name a few [21-24]. By comparing cylindrical and Flatted ring particles, Tabib et al. identified that particle shape and orientation plays a key role in the heat and mass transfer characteristics of the fixed bed [25]. Karthik and Buwa identified that particle shape changed the pressure drop, the temperature profile, and the chemical performance of the bed [26]. Moreover, they identified the optimal particle shape for each of the methane steam reforming, the water-gas shift, the methanol synthesis, and the dimethyl ether synthesis reactions [26].
Poly-dispersity is a term that refers to both the shape and the size of the particles forming the bed being non-homogeneous. Due to their complexity, and with the particle size, shape, and orientation all affecting the behaviour of fixed bed reactors, a fundamental understanding of poly-dispersed fixed bed reactors has not been reached [27]. This drives the need for more complex CFD investigations.  
Zhang et al. investigated poly-dispersed beds formed by cylindrical particles, with the particle size following a Gaussian distribution [28]. Poly-dispersity resulted in a less loosely packed bed compared to mono-dispersed beds [28]. The radial porosity profiles followed similar trends for the mono- and the poly-dispersed beds close to the reactor wall, however, the two profiles deviated close to the bed centre. The poly-dispersed bed was then utilised for CFD simulations, allowing the authors to observe that flow profiles within the interparticle pores were highly heterogeneous [28]. Boccardo et al. synthetically generated beds of spheres, cylinders, and trilobes and compared their accuracy, in terms of their bed structure and flow profiles, with experimental data [29]. Particle size heterogeneity was also introduced. The geometries were utilised for CFD simulations, with the results being compared to theoretical correlations, showcasing their accuracy [29]. Special focus was put into identifying a suitable section of the full bed to reduce the mesh sizes and the computational demands of the complex bed structures. They identified that a suitable bed section should respect both the bulk porosity and the near-wall radial porosity profile of the full bed [29].
Aside from synthetically-generated beds, imaging methods offer a direct coupling between experimental setups and CFD models [30, 31]. Mantle et al. used 3D Magnetic Resonance Imaging (MRI) and MRI velocimetry to characterise the structure and flow field through a packed bed of alumina particles and compare the results with CFD simulations [32]. They observed that flow through the pores was highly heterogeneous, with 40% of fluid flowing through 10% of the pores [32]. Suzuki et al. used Computed Tomography (CT) to map the internal structure of mono-dispersed spherical beds [33]. The scans were then used to produce a theoretical correlation to predict radial porosity profiles, based on an amplitude and a damping factor [33].
All these studies reveal that accurate coupling and representation of the experimental bed structure with CFD models is of utmost importance when it comes to solution accuracy. In our previous work, we used CT to reproduce and analyse the 3D bed structure of three poly-dispersed laboratory-scale catalytic beds [34]. These beds were formed by SAPO-34 particles, whose size was controlled by passing them through sieves of 100-300, 300-500, and 500-700 μm in size [34]. The limited control offered by laboratory techniques resulted in the loaded particles displaying a wide range of sizes and forms. The produced CT images were then used to evaluate the poly-dispersed bed structure in terms of bulk, radial, and axial porosities [34]. By comparing their porosity profiles with those produced by mono-dispersed spherical beds, significant differences were observed [34]. Producing CFD simulations for these CT-scanned geometries will yield unique observations, as this level of poly-dispersity cannot be easily achieved with DEM-generated beds. Due to their highly complex topological nature, however, the computational demands associated with meshing these geometries could quickly become prohibitive. Keeping these demands at reasonable levels necessitates either cleaning the produced CT images or using smaller bed sections. Because of the fragile nature of the SAPO-34 particles, fractures were created during the loading process, thus dust particles (<100 µm) were generated. To generate smaller and smoother computational meshes, these particles need to be removed, a process achieved through image-processing operations. In our follow-up study, the local topological differences introduced by different image-processing methodologies were investigated [35]. It was identified that cruder image-processing methods introduced small deformations in the porosity and interparticle network characteristics, which then considerably changed the hydrodynamic behaviour of the bed [35]. Here, we investigate the accuracy of representing the full catalytic bed using only a small sample section, as well as the best meshing setup to achieve mesh independency while reducing the computational demands.

2. Methodology
Work in this paper focuses primarily on the 100-300, 300-500, and 500-700 μm cases of our previous work [34], whose particles were passed five times through the respective sieve fractions. This is because increasing the number of sieve passes offered more control over the particle sizes and forms, thus the produced beds were more homogeneous [34].

2.1. Representative bed section 
As highlighted by both Bai et al. [20] and Boccardo et al. [29], selecting a suitable section of the entire catalytic bed can be a reasonable approach to reduce the computational demands of particle-resolved models. However, for this sample section to be an accurate representation, both its bulk and its radial porosity should match those of the full bed as close as possible. To identify this, three sample sections were chosen, corresponding to 5%, 10%, and 50% of the full 100-300, 300-500, and 500-700 μm beds. These sections span upwards and downwards from the centre of the full bed, as can be seen in Figure 1. Particle colours represent their equivalent diameter metric, as defined in our full bed analysis [34], with blue: 100-300 μm, red: 300-500 μm, green: 500-700 μm, and yellow: >700 μm. Similarly to the full bed, the sections of both geometries consist of a range of particle sizes and shapes.

2.2. Porosity estimation
The method used to estimate the bulk and radial porosities of the full bed was described in detail in our previous work and is repeated here. The binary CT images were fragmentised into concentric rings with a thickness of 0.05 mm, thus creating a radial region along the full bed length. In this area, the “Analyze Particles” function from Fiji ImageJ [36, 37] software was used to quantify the area covered by the particles and compare it to the total area of the concentric rings. By integrating this area over the entire bed section, the total area covered by the particles, and thus the packing density, can be quantified.
[bookmark: _Ref130640861]Table 1: Computational resources of the 10% section of the 300-500 μm bed. Simulations were performed with 2 Intel Xeon 6130 2.1 GHz CPUs with 158 Gb of allocated RAM.
	
	Coarse
	Medium
	Refined

	Mesh elements
	11.0 M
	18.8 M
	22.3 M

	File size [Gb]
	1.04
	1.8
	2.1

	Computational time per 100 iterations [sec]
	108
	361
	371

	Ram utilisation [Gb]
	35.3
	68.9
	68.7
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Figure 1: The 5%, 10%, and 50% sections of the a) 100-300, b) 300-500, and c) 500-700 μm beds. The CT images refer to the full beds and were produced in our previous work [34].


2.3. Image-processing
The generated CT images contained a significant population of dust particles, i.e., particles smaller than 100 μm. These particles, while numerous, occupy a negligible volume of the full bed [34]. As the focus of our previous study was the accurate characterisation of the bed structure, these particles were maintained. Furthermore, the qualification of the most suitable sample section and the porosity estimation for all 3 cases was performed on the unprocessed images, using the same methodology as that used to determine the structure of the original full beds [34].  However, to mesh and simulate the flow field, retaining such particles would quickly lead to large meshes and exhaustive computational demands, as high local refinement would be necessary to avoid heavily skewed computational cells. Meshing quality and independency are both key for accurate CFD results [29, 38]. Consequently, to preserve the mesh quality and reduce its overall size, dust-like particles should be removed. This is possible by processing the produced CT images using the Fiji ImageJ software [37].  The image-processing methodology used here followed the operations that produced the smallest mesh sizes, as determined by our previous work [35]. Specifically, the Erode, Dilate, and Close operations were sequentially applied. Erode removes pixels from the edges of binary images, Dilate adds pixels, and Close sequentially performed a Dilate and Erode operation [39].

2.4. Geometry meshing
Following image-processing, meshing operations were performed. For this work, meshing was focused solely on the 10% section of the 300-500 μm bed, aiming to identify the mesh size where mesh independency is achieved. Only the interparticle pore space is meshed, while the catalytic particles are neglected, i.e., treated as void, unmeshed regions. In addition, empty fluid regions were added prior and after the catalytic bed, with a length of 0.6 and 1.8 mm respectively, to allow a stable flow during the CFD simulations.
Following image-processing, meshing was performed with the Simpleware ScanIP software from Synopsys Inc. Further processing was done in Simpleware, using “Island Removal”, to remove any unconnected particles smaller than 60 μm that were retained after the image-processing operations. Meshing was performed with the +FE Free algorithm. This algorithm uses adaptive tetrahedral elements to preserve the small features and the complex topological structure within the porous region [40]. To identify mesh independency, three refinement levels are considered by controlling the coarseness of the +FE Free algorithm, with the characteristics of the produced meshes being presented in Table 1.
 
2.5. Solution setup
The hydrodynamics of the 10% 300-500 μm bed section were resolved using the 3D double precision ANSYS Fluent v22.2 solver. Fluent solves the mass and momentum conservation equations of the fluid in their steady-state, laminar form [41], as presented in eqn. (1) and (2), respectively.
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Here,  and  are the fluid velocity and density, respectively, P is the pressure drop,  is the stress tensor, and  is the gravitational acceleration. Air flow at atmospheric pressure and ambient temperature was considered, while the direction of the gravitational acceleration was defined to follow the flow path, i.e., from inlet to outlet. The SIMPLE algorithm was used for pressure-velocity coupling, with a Second Order upwind scheme. Under-relaxation factors of 0.5 were used for pressure and momentum, while residual targets were set to 1e-4. Solution proceeded until convergence was reached. All cases were simulated on the IRIDIS 5 high performance computing facility, utilising 2 Intel Xeon 6130 2.1 GHz CPU, with 158 Gb of allocated RAM. The computational resources, estimated as computational time necessary for 100 iterations to be resolved, and as RAM utilisation, are also presented in Table 1.

3. Results

3.1. Porosity profiles
The radial porosity profiles of the different bed sections of the 100-300, 300-500, and 500-700 μm cases are presented in Figure 2a, b, and c, respectively. In addition, the bulk porosity magnitude of the different cases is presented in Figure 3. As a reference, respective data for the full bed cases are also presented, as per [34].
For the 100-300 µm case, the 50% section accurately reproduces the radial porosity profile of the full bed section, Figure 2a, albeit its overall magnitude is larger. This is also depicted in its bulk porosity, Figure 3a, which is 1.3% higher in magnitude compared to the full bed. The 10% section achieves a similar magnitude difference in its bulk porosity, equal to 1.3% as per Figure 3a, but its radial porosity, Figure 2a, presents more intense oscillations compared to the profile of the full bed. Noticeably, the radial profile of the 10% section near the bed centre presents a local minimum. On the contrary, the 5% section presents both large oscillations and considerable differences in its bulk porosity magnitude, 4.1%, compared to the full bed.
Similar conclusions can be observed in the 300-500 μm case. Specifically, the 50% section accurately reproduces the first and second radial porosity oscillations near the container wall; however, deeper into the bed, its oscillations present larger amplitudes compared to the full bed’s profile. Furthermore, its bulk porosity is very close to that of the full bed, with a deviation of 0.5%. On the contrary, as was also observed in the 100-300 µm case, the 5% section presents very large oscillations along the entire radial length. Especially in the near-centre region, there is a significant resurgence of oscillations, reaching a porosity of almost 0.77 in the bed centre. This confirms the observations from our previous work [34], that, when the bed is broken down into smaller sections, its structure is highly heterogeneous, while when a global radial porosity is derived, its profile appears smooth.
Due to this largely empty region in the bed centre of both 100-300 and 300-500 µm cases, channelling flow could take place. This is the same phenomenon observed in near-wall regions for fixed bed reactors, where the flow moves through the pores uninterrupted [16, 42]. Consequently, the overall reactivity and chemical performance of the bed is hindered as reactants in those regions do not come into contact with the catalytic material. For spherical beds, such empty channels in the centreline of the bed are only observed for small container-to-particle diameter ratios, i.e., N ≤ 2.6 [13]. The 100-300 and 300-500 μm cases, however, have an average N-ratio of around 20 and 10, respectively, thus such topological structures are not expected. The 5% section confirms that large heterogeneities in particle sizes, shapes, and orientations, can locally generate large gaps, resulting in flow profiles that would be significantly different than those of mono-dispersed spherical beds. The bulk porosity of the 5% section also deviates significantly from the full bed case. The 10% section has a radial profile in-between the 5% and 50% sections, also showcasing resurgence of oscillations in the near-centre region. However, the overall trend of the full bed case is well captured, while its bulk porosity is the closest to the full bed case, with an error of 0.2%.
On the contrary, for the 500-700 μm case, both the 5% and the 10% sections have very similar radial profiles, producing oscillations with considerably larger amplitudes and periods compared to the full bed case. The 50% section produces a radial profile which is very close to that of the full bed along most of the radial length but showcases a resurgence in oscillations near the bed centre. The bulk porosity follows an inverse trend with the bed section, with the smallest error, equal to 1.4%, being produced by the 50% section and the biggest error, equal to 3.5%, being produced by the 5% section.
These results are indicative of the relationship between bed structure heterogeneity and particle size. As the size of the particles is increased, and with them being deposited at various random orientations, bigger local interparticle pores are created, as also seen in our interparticle network analysis [35]. Consequently, bulk porosity is then increased from 42% (100-300 µm), to 44% (300-500 μm), and to 46% (500-700 μm). The increase of empty pores is also evident by examining the black regions of Figure 1b.
Conclusively, smaller sections are associated with larger errors and deviations from the full bed, as local heterogeneities are more pronounced. However, the smaller the particle size of the considered case, the smaller the bed section necessary to derive a representative volume. As a result, because of the highly heterogeneous nature of such beds, selection of the most suitable sample section is case dependent. For the 100-300 and 300-500 μm cases, while the 10% section does not reproduce the radial profiles as accurately as the 50% section, it gives a satisfactory representation of the full bed. As a result, and with the goal of reducing the computational mesh size, the 10% section is suitable to study the flow profiles of these cases. For the 500-700 μm case, however, the 10% section produces very large oscillations, while the error in the bulk porosity is rather large, equal to 2.9%. As a result, the 50% section would be a more suitable candidate. In this work, meshing and CFD simulations are performed solely for the 300-500 μm case.
	

	

	


[bookmark: _Ref139019909]Figure 2: Radial porosity profiles of the a) 100-300, b) 300-500, and c) 500-700 µm cases, based on the bed section selected. 
	

	

	


[bookmark: _Ref139019686]Figure 3: Bulk porosity magnitude of the a) 100-300, b) 300-500, and c) 500-700 µm cases, based on the bed section selected.
3.1. Mesh independency
Mesh independency is evaluated by examining the radial and axial profiles of the velocity magnitude and pressure profiles. Figure 4a compares the average velocity magnitude of the different meshes at the concentric rings used to estimate the bed’s radial porosity of Figure 2, integrated over the entire radial length of the bed. Figure 4b compares the average velocity magnitude of the different meshes integrated over various axial lengths, each with an axial thickness of 0.05% of the total bed section length.
The differences in the velocity magnitude profiles clearly indicate the solution accuracy achieved as the mesh is further refined. Mesh independency has been achieved at the medium refinement level, as both its radial and axial velocity magnitude profiles are very close to those of the refined mesh. For the coarse mesh, while both the radial and axial velocity profile trends are accurately reproduced, there are some deviations from the profiles of the other two cases. Specifically, for the radial profiles, Figure 4a, the local region at a radial distance of around 0.25 mm from the wall (i.e., around half a particle diameter) is not accurately resolved with the coarse mesh. Similarly, along the axial profiles, Figure 4b, both the medium and the refined cases predict sharp velocity peaks which are not always reproduced by the coarse mesh. The topological features of the CT geometries are highly complex [34, 35], containing narrow interparticle gaps which are formed in-between neighbouring particles. Such topological features cannot be accurately discretised by the coarse mesh, thus errors in the local flow profiles are introduced. As a result, the average error between the coarse and the refined mesh cases is around 1.6% and 1.0% for the radial and axial velocity profiles, respectively.
The radial and axial pressure profiles for the three cases are presented in Figure 5a and b, respectively. Similarly to the velocity profiles, the pressure profiles between the medium and the refined meshes are very close, further supporting that mesh independency has been reached. While capturing the overall trend, the coarse mesh predicts a lower pressure magnitude, both along the radial and the axial profiles. Specifically, compared to the refined mesh, the coarse mesh produced an average error of 6.9% and 6.2% for the radial and axial pressure profiles, respectively. The discrepancies in the velocity magnitude profiles around the radial distance of 0.25 mm from the wall are also noticeable here, expressed as a local pressure decrease, as per Figure 5a.
This study incorporates accurate experimental bed morphologies and porosity profiles, extracted from CT scans, to evaluate the hydrodynamic sensitivity in response to the experimental conditions. Further studies are currently underway for direct in situ validation of individual flow and chemical performance to evaluate the scale-up potential.
With the available data, it becomes evident that selection of both a suitable bed section and a suitable mesh refinement level are key for accurate CFD results. A 50% section, combined with a medium mesh refinement, would lead to the most accurate results for all three cases. Unfortunately, computational resources are a considerable limitation that should be considered. If the 50% section of the 300-500 μm bed was instead meshed, and a linear increase of the computational resources of Table 1 was assumed, then mesh size and file size would be increased to 55M/5.2 Gb and 94M/8.9 Gb for the coarse and medium refinement levels, respectively. With such an increase, case setup, computational solution, and result processing would be a challenging task even for cluster-level machines. In fact, a linear increase of the mesh with the bed section is a conservative scenario; due to its topological complexity, expecting an exponential increase would be far more realistic. Furthermore, the current geometry only resolves the interparticle pore space and solely considers the mass and momentum conservation equations. The size of the computational mesh would double with the inclusion of the catalytic particles in the 3D geometry. Moreover, solution of the energy and species conservation equations, which will provide an overview of the heat transfer and chemical reactions within the bed, would significantly increase the computational time and resulting file size. These considerations highlight that simplifications and assumptions are inevitable. Consequently, based on the considered study, computational engineers should balance the level of detail required, the computational resources available, and the maximum acceptable error, to reach a decision on the most suitable CFD setup.
Both velocity and pressure parameters showcase significant local changes in their magnitudes. Furthermore, as was observed in our previous study [35], flow through the pores is highly heterogeneous, with some particles residing in low-flow regions. Such flow profiles could lead to poor heat transfer and inefficient catalyst utilisation at some bed regions, thus inhibiting the performance of the reactor. Consequently, understanding the flow field within highly poly-dispersed beds will produce valuable observations for reactor engineering, aimed at efficiently utilising the catalyst and maximising the product yield.
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[bookmark: _Ref130644725]Figure 4: a) Radial and b) axial velocity magnitude profiles of the 10% 300-500 μm bed section with different mesh refinement levels.
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[bookmark: _Ref130646791]Figure 5: a) Radial and b) axial static pressure profiles of the 10% 300-500 μm bed section with different mesh refinement levels.
4. Conclusions
 Combining imaging methods which map the internal structure of catalytic fixed bed reactors, such as computed tomography (CT), with computational fluid dynamics (CFD) solvers, allows for a unique coupling between experimental setups and simulation models. Unlike synthetically-generated mono- or poly-dispersed beds, CT-scans are able to directly translate the experimental reactor into a 3D geometry, available for meshing and simulating. In our previous work, fixed bed reactors, consisting of 100-300, 300-500, and 500-700 μm SAPO-34 particles, were scanned through CT, and their internal morphological structure was analysed. Due to their poly-dispersed nature, particles of a wide range of sizes, shapes, and orientations were observed, creating complex topological arrangements.
Meshing and simulating these structures could quickly lead to exhaustive computational demands, thus necessitating the selection of smaller sample sections. For these sections to be suitable, however, they should match the structural morphology of the full bed. To quantify this, three sections were chosen, equal to 5%, 10%, and 50% of the full bed. It was observed that, due to the high irregularity of the bed structure, a suitable sample section is case-dependent. In addition, particle size affects the sample section selection, with larger particle sizes requiring longer sections. For the 100-300 and 300-500 μm cases, a section of 10% is suitable, as it is an acceptable representation of the full bed, in terms of radial and bulk porosities. Due to its highly irregular nature, however, for the 500-700 μm case, a 50% section of the total bed is better suited compared to a 10% section. The selected 10% section of the 300-500 μm case was then meshed, and a mesh independency study was performed by solving the mass and momentum conservation equations. Choosing a coarser mesh introduces an error of around 1.6% and 6.9% in the radial velocity and pressure profiles, respectively, as local topological structures are not accurately resolved, but its computational resources are greatly reduced compared to more refined meshes. These results highlighted the necessity to balance computational demands with solution accuracy. 
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Full bed	5.0000000000000044E-2	0.10000000000000009	0.14999999999999991	0.19999999999999996	0.25	0.30000000000000004	0.35000000000000009	0.39999999999999991	0.44999999999999996	0.5	0.55000000000000004	0.60000000000000009	0.64999999999999991	0.7	0.75	0.8	0.85000000000000009	0.89999999999999991	0.95	1.0000000000000009	1.05	1.1000000000000001	1.1499999999999999	1.2	1.25	1.3	1.35	1.4	1.45	1.5	1.55	1.6	1.65	1.7	1.75	1.8	1.85	1.9000000000000001	1.95	2	0.9463076696520839	0.74561268859800256	0.58182502928005708	0.47623404064760549	0.41076398036513934	0.37547119014812297	0.36138677058216018	0.36282388046848058	0.36418408542886721	0.37637084223217288	0.39329864450568275	0.41310991388218832	0.42849899931105845	0.44399196004133801	0.44800370823286295	0.44165000861178277	0.43395250947295871	0.42342232862556139	0.41983174646916716	0.42127252152945244	0.41950947640372122	0.42076985015501128	0.42062484498794184	0.42070664312779976	0.4221122252841914	0.42316557009989564	0.42419449190492664	0.42971905270410177	0.43638177574922343	0.44142391319324648	0.44246870995521953	0.44018144850155089	0.44643061660351252	0.44795508095074099	0.44531972270065501	0.43716200137788369	0.43759264553909571	0.44627017568032978	0.44787705821563867	0.44516166551843001	50%	5.0000000000000044E-2	0.10000000000000009	0.14999999999999991	0.19999999999999996	0.25	0.30000000000000004	0.35000000000000009	0.39999999999999991	0.44999999999999996	0.5	0.55000000000000004	0.60000000000000009	0.64999999999999991	0.7	0.75	0.8	0.85000000000000009	0.89999999999999991	0.95	1.0000000000000009	1.05	1.1000000000000001	1.1499999999999999	1.2	1.25	1.3	1.35	1.4	1.45	1.5	1.55	1.6	1.65	1.7	1.75	1.8	1.85	1.9000000000000001	1.95	2	0.95564142906336091	0.76523849173553704	0.60246383953168003	0.49281264807162567	0.42269190082644642	0.38207859504132197	0.36743669421487624	0.36895483471074519	0.37072510330578495	0.37744877754820921	0.38987699380165297	0.40937118457300142	0.42297076790633603	0.43876347796143284	0.4490090117079889	0.44687847451790569	0.44168185261708037	0.43291316460055124	0.43069144283746574	0.43168771005509604	0.42823895316804433	0.4261294318181813	0.42498171143250646	0.42203590564738469	0.42585052341597807	0.42998073347107507	0.43133672176308613	0.43340908057851157	0.4380761811294771	0.43385274449035671	0.4300487499999992	0.43343819559228586	0.44328784090909046	0.44951456955923047	0.45263455578512368	0.45371191804407796	0.47593423553719005	0.49951870179063301	0.51438256542699723	0.51215647038567402	0	10%	5.0000000000000044E-2	0.10000000000000009	0.14999999999999991	0.19999999999999996	0.25	0.30000000000000004	0.35000000000000009	0.39999999999999991	0.44999999999999996	0.5	0.55000000000000004	0.60000000000000009	0.64999999999999991	0.7	0.75	0.8	0.85000000000000009	0.89999999999999991	0.95	1.0000000000000009	1.05	1.1000000000000001	1.1499999999999999	1.2	1.25	1.3	1.35	1.4	1.45	1.5	1.55	1.6	1.65	1.7	1.75	1.8	1.85	1.9000000000000001	1.95	2	0.96104735395189012	0.79538575601374584	0.64168036082474189	0.5165055326460477	0.43665969072164934	0.39143637457044639	0.36838197594501643	0.36242539518900424	0.3517419587628855	0.35323063573883146	0.36068592783505177	0.38491573883161523	0.40535256013745696	0.44063245704467358	0.47257632302405461	0.49458202749140895	0.49805984536082454	0.47976395189003485	0.45694268041237185	0.43703427835051589	0.41171970790377993	0.40015338487972463	0.39306652920962099	0.39095331615120238	0.40373981099656303	0.42641056701030855	0.44638950171821357	0.46280039518900312	0.47299912371134029	0.46162323024054969	0.46133553264604854	0.47743115120274937	0.49708025773195869	0.50749372852233643	0.47808304123711359	0.43398431271477628	0.42075757731958741	0.39302216494845377	0.37988512027491395	0.37718993127147793	5%	5.0000000000000044E-2	0.10000000000000009	0.14999999999999991	0.19999999999999996	0.25	0.30000000000000004	0.35000000000000009	0.39999999999999991	0.44999999999999996	0.5	0.55000000000000004	0.60000000000000009	0.64999999999999991	0.7	0.75	0.8	0.85000000000000009	0.89999999999999991	0.95	1.0000000000000009	1.05	1.1000000000000001	1.1499999999999999	1.2	1.25	1.3	1.35	1.4	1.45	1.5	1.55	1.6	1.65	1.7	1.75	1.8	1.85	1.9000000000000001	1.95	2	0.95844405498281793	0.78048140893470797	0.62545628865979352	0.5055562542955323	0.44221728522336795	0.40443718213058405	0.38423632302405508	0.38287054982817859	0.37128604810996485	0.37208690721649446	0.36996085910652954	0.38985127147766357	0.4204769072164945	0.46258408934707895	0.48600725085910645	0.50196721649484488	0.49705144329896939	0.46984694158075613	0.44955477663230264	0.44098862542955353	0.4095418213058421	0.39632020618556696	0.38228343642611667	0.37918353951889988	0.40086491408934699	0.42973718213058443	0.45271817869415787	0.47740302405498253	0.48309962199312723	0.44402274914089301	0.43580924398625426	0.45523515463917513	0.47023869415807573	0.50367529209621997	0.49436278350515439	0.43752357388316132	0.4142007560137454	0.39544831615120296	0.38838120274914106	0.39022546391752633	Distance from wall [mm]


Radial porosity [-]



a)

1.3%
1.3%
4.1%

Full bed	50%	10%	5%	0.42421812894267896	0.42969844132379248	0.42972881267806268	0.44149406318681317	Case


Bulk porosity [-]



b)

0.5%
-0.2%
2.5%

Full bed	50%	10%	5%	0.44217302714974044	0.44421584726189306	0.44138083928571425	0.45331586666666662	Case


Bulk porosity [-]



c)

1.4%
2.9%
3.5%

Full bed	50%	10%	5%	0.46427084281312947	0.47083599246575336	0.47784388103448272	0.48035800714285715	Case


Bulk porosity [-]



Refined	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	1	1.05	1.1000000000000001	1.1499999999999999	1.2	1.25	1.3	1.35	1.4	1.45	1.5	1.55	1.6	1.65	1.7	1.75	1.8	1.85	1.9	1.95	2	0.146140407654263	0.12978976757862301	0.103388491398353	8.7934240382676707E-2	8.5087067391011698E-2	8.2907782489917606E-2	8.8177681755002901E-2	8.8680891381466703E-2	9.4044617947067297E-2	9.0113697028758905E-2	8.1287025846533495E-2	7.6557264875367001E-2	7.3721449814524498E-2	7.42697271150463E-2	7.4260363195717397E-2	7.2672923067376494E-2	7.3924292802393099E-2	7.7492563689765107E-2	7.7962410796628898E-2	7.4352905677046804E-2	7.2282728685245101E-2	7.1226972022527701E-2	7.0351709155525202E-2	7.0843955603083306E-2	7.4903318029528307E-2	7.6699796353663197E-2	7.4927863926503996E-2	7.0245768392452099E-2	6.94583721343877E-2	7.2455770800226693E-2	7.2335583792542998E-2	6.9786538924169403E-2	6.6738646426064002E-2	6.7249346236461296E-2	7.0506612727678206E-2	7.3010685764397704E-2	8.0267231581199194E-2	0.101299981390902	0.12991577723771	9.3009219616546304E-2	Medium	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	1	1.05	1.1000000000000001	1.1499999999999999	1.2	1.25	1.3	1.35	1.4	1.45	1.5	1.55	1.6	1.65	1.7	1.75	1.8	1.85	1.9	1.95	2	0.146140407654263	0.12978976757862301	0.103388491398353	8.7934240382676707E-2	8.5087067391011698E-2	8.2907782489917606E-2	8.8177681755002901E-2	8.8680891381466703E-2	9.4044617947067297E-2	9.0113697028758905E-2	8.1287025846533495E-2	7.6557264875367001E-2	7.3721449814524498E-2	7.42697271150463E-2	7.4260363195717397E-2	7.2672923067376494E-2	7.3924292802393099E-2	7.7492563689765107E-2	7.7962410796628898E-2	7.4352905677046804E-2	7.2282728685245101E-2	7.1226972022527701E-2	7.0351709155525202E-2	7.0843955603083306E-2	7.4903318029528307E-2	7.6699796353663197E-2	7.4927863926503996E-2	7.0245768392452099E-2	6.94583721343877E-2	7.2455770800226693E-2	7.2335583792542998E-2	6.9786538924169403E-2	6.6738646426064002E-2	6.7249346236461296E-2	7.0506612727678206E-2	7.3010685764397704E-2	8.0267231581199194E-2	0.101299981390902	0.12991577723771	9.3009219616546304E-2	Coarse	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	1	1.05	1.1000000000000001	1.1499999999999999	1.2	1.25	1.3	1.35	1.4	1.45	1.5	1.55	1.6	1.65	1.7	1.75	1.8	1.85	1.9	1.95	2	0.15659339193678601	0.131936612217779	0.104270859601978	8.9161549539784696E-2	9.7168853612531206E-2	8.2721377137883106E-2	8.8657806013783202E-2	9.0163318517215693E-2	9.4611490937008394E-2	9.0822222036938002E-2	8.1564574403954607E-2	7.6433511897993994E-2	7.2840988449807298E-2	7.3459717743977804E-2	7.3907095701202796E-2	7.2410082499511003E-2	7.3520544277966102E-2	7.7163260387468402E-2	7.7883572575975099E-2	7.4010070031241604E-2	7.1858424327558207E-2	7.0464324778901605E-2	6.9487059416940195E-2	7.0335219825066006E-2	7.4129475697223293E-2	7.57863880904628E-2	7.4571085818695496E-2	6.9905963241464905E-2	6.9624092714782801E-2	7.1901513294526306E-2	7.1330784530847097E-2	6.8418267328469701E-2	6.4952171239479398E-2	6.5282754983144994E-2	6.9627651145755198E-2	7.2053262881163996E-2	8.0751625360830401E-2	0.10153422000720599	0.12922568631231299	0.102851915720459	Radial distance from reactor wall [mm]


Velocity magnitude [m/s]




Refined	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	1	7.5143139474300805E-2	7.9127696640710204E-2	8.1451666469349399E-2	8.0924356154962601E-2	8.1913814766670007E-2	8.08169902686834E-2	8.3078648643978195E-2	8.2387140506482798E-2	8.0821606746355995E-2	8.1920771826130806E-2	8.1867640236798697E-2	7.8344340634181095E-2	7.8168987247966601E-2	7.4531978323289699E-2	7.79716126435539E-2	8.4393673761950103E-2	8.5362941819479898E-2	8.0542098984119098E-2	7.5024380741552599E-2	7.1249222507171403E-2	Medium	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	1	7.5143139474300805E-2	7.9127696640710204E-2	8.1451666469349399E-2	8.0924356154962601E-2	8.1913814766670007E-2	8.08169902686834E-2	8.3078648643978195E-2	8.2387140506482798E-2	8.0821606746355995E-2	8.1920771826130806E-2	8.1867640236798697E-2	7.8344340634181095E-2	7.8168987247966601E-2	7.4531978323289699E-2	7.79716126435539E-2	8.4393673761950103E-2	8.5362941819479898E-2	8.0542098984119098E-2	7.5024380741552599E-2	7.1249222507171403E-2	Coarse	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	1	7.5050578363443199E-2	7.8090332593816397E-2	7.87805535982226E-2	8.0736078839124495E-2	8.0488446160579402E-2	8.0114921178293899E-2	8.21465053413441E-2	8.1878078264784299E-2	8.0172562111227905E-2	8.2287760379560093E-2	8.1159707861825497E-2	7.9829037452728097E-2	7.8325439288851106E-2	7.5083579268508199E-2	7.7142362235202405E-2	8.3338576064421202E-2	8.4595654251461594E-2	7.9772345968804698E-2	7.4325637173978901E-2	7.1448162881233498E-2	Axial length [-]


Velocity magnitude [m/s]




Refined	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	1	1.05	1.1000000000000001	1.1499999999999999	1.2	1.25	1.3	1.35	1.4	1.45	1.5	1.55	1.6	1.65	1.7	1.75	1.8	1.85	1.9	1.95	2	7.3208034753777902	7.4630634141857097	7.5805069219618302	7.4891532738905902	7.5872857958796498	7.6086617559208802	7.5577756977568002	7.5530325509598901	7.5372634697771197	7.6026258631700498	7.5013367689719503	7.4652005326753796	7.5240670653310904	7.6670219269118203	7.7000894085478402	7.4833131197169704	7.4561996180711398	7.5144342451732902	7.7036936123798796	7.7442230046347502	7.5813548988806101	7.5342593003964797	7.5391694183036302	7.4713044530128796	7.5619765244850603	7.5451759674385803	7.4860687666322399	7.5523100358206001	7.3905883686082703	7.37511352869232	7.5174725218235698	7.5278858404501898	7.4849521284552401	7.4095073069600099	7.5338869986719903	7.5252628009819897	7.5105614012860302	7.5248129662750101	7.5620331623229697	7.5924108045267902	Medium	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	1	1.05	1.1000000000000001	1.1499999999999999	1.2	1.25	1.3	1.35	1.4	1.45	1.5	1.55	1.6	1.65	1.7	1.75	1.8	1.85	1.9	1.95	2	7.3208034753777902	7.4630634141857097	7.5805069219618302	7.4891532738905902	7.5872857958796498	7.6086617559208802	7.5577756977568002	7.5530325509598901	7.5372634697771197	7.6026258631700498	7.5013367689719503	7.4652005326753796	7.5240670653310904	7.6670219269118203	7.7000894085478402	7.4833131197169704	7.4561996180711398	7.5144342451732902	7.7036936123798796	7.7442230046347502	7.5813548988806101	7.5342593003964797	7.5391694183036302	7.4713044530128796	7.5619765244850603	7.5451759674385803	7.4860687666322399	7.5523100358206001	7.3905883686082703	7.37511352869232	7.5174725218235698	7.5278858404501898	7.4849521284552401	7.4095073069600099	7.5338869986719903	7.5252628009819897	7.5105614012860302	7.5248129662750101	7.5620331623229697	7.5924108045267902	Coarse	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	1	1.05	1.1000000000000001	1.1499999999999999	1.2	1.25	1.3	1.35	1.4	1.45	1.5	1.55	1.6	1.65	1.7	1.75	1.8	1.85	1.9	1.95	2	7.0537366000033304	7.04889720548739	7.04814166953481	6.9503483216731796	5.9870994362320697	7.04223329527502	7.0380644131791499	7.0413300128358198	6.9905993935036603	7.0519913797138898	7.0119568711169196	6.9711972181683102	7.0077142984189003	7.1724946207329099	7.2211837629437401	7.0400159287036299	6.9588852093069704	7.0405554729736997	7.2433091816131601	7.2572691549649901	7.0755080472135399	7.0710887909237599	7.0920525650317199	7.0366416565877303	7.0920242417811297	7.0368248639937301	6.9824907218402696	7.0524647509052096	6.93674853913459	6.8834823239529497	7.0086444793309903	7.0238395964508804	7.0359674944472399	7.0530297341703596	6.7027218368565897	7.0121281254851597	6.9983325094493196	7.0060020570941903	7.0405318858541897	7.0717986008838301	Radial distance from reactor wall [mm]


Static pressure [Pa]




Refined	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	1	14.8159707456047	14.0880260246744	13.2348491359466	12.543379113049999	11.8464940852104	11.067908239049	10.3434686186849	9.5113902212359207	8.6638504166591606	7.8587521477352498	7.0534821735051496	6.3141367790300098	5.6262629438634404	5.0121706616836601	4.3612484739837001	3.4886185073993201	2.5760026266584402	1.7351077335048899	0.99463534748654903	0.32352076407062302	Medium	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	1	14.8159707456047	14.0880260246744	13.2348491359466	12.543379113049999	11.8464940852104	11.067908239049	10.3434686186849	9.5113902212359207	8.6638504166591606	7.8587521477352498	7.0534821735051496	6.3141367790300098	5.6262629438634404	5.0121706616836601	4.3612484739837001	3.4886185073993201	2.5760026266584402	1.7351077335048899	0.99463534748654903	0.32352076407062302	Coarse	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	1	13.9387454319833	13.245377217893701	12.529677068429001	11.481636373314601	11.128422917194399	10.4064732850997	9.7357039438526591	8.9573611403104199	8.1648087619723704	7.4103012690614998	6.6552497557661701	5.8522571495228402	5.3133084759330798	4.7300968398198302	4.1130954256251897	3.2908541585736102	2.4700553842530502	1.62592987833306	0.92363954059588804	0.29056310001443902	Axial length [-]


Static pressure [Pa]
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