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Abstract

A digital packing algorithm is used in an investigation to predict the structures of cylinder packed columns. Simulation results of the computational approach are compared with packing data from experimentally measured beds as a means of model validation. The algorithm has been modified from that reported previously (Caulkin et al., 2005) to include particle collisions that guide pellet movement in such a way that it does not sacrifice the advantage of simulation speed, yet is able to better recreate the packing of non-spherical particles. The results of both the original and modified models are presented, with predicted bulk and local voidage values compared directly with data determined by optical analysis of corresponding experimental columns. The results demonstrate that while the original version of the algorithm qualitatively predicts the trend in voidage for cylindrical pellets, the modified version is capable of providing more quantitative results. Therefore, the influence of physical interactions upon the packing cannot be disregarded if realistic packing structures are to be obtained.
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1. Introduction
Cylinder packed columns are the dominant type of reactor used for catalytic reactions due to their high surface area ratios, and because of this they are employed extensively in the chemical and process industries. The efficiency of fluid flow and transport processes through these beds is affected by their internal structure, which in turn depends on the geometrical make-up and arrangement of the packing material, as well as the size ratio between the container and particle diameter. Therefore, as the final stable geometrical structure of a packed bed greatly influences all subsequent properties of the packing, interest exists in practical models for their improved prediction and design.

Computational fluid dynamic (CFD) modelling of flow through porous media, e.g. Dixon et al. (2006), has been developed to the point where it has the potential to become a significant instrument for use in analysis and design. As CFD modelling has developed, the need for concise information about the structure of the porous media has increased. Specific macroscopic properties such as the voidage or packing density are widely accepted parameters used to define bed structure. However, mean porosity, Σmean, on its own does not provide a detailed knowledge of the packing. Therefore local voidage information is often used to gain a better understanding of the inhomogeneous structural properties of packed beds. To obtain accurate representations of packed beds, various methods have been proposed.

A number of advanced packing algorithms exist, but these have been largely limited to simple packing materials (Zeiser et al., 2001; Abreu et al., 2003; Freund et al., 2003) due to the challenges of representing large numbers of randomly orientated objects. Although some of these methods can pack complex shaped particles, the resulting beds do not accurately reproduce the structure of real packed columns. The porosity distributions generated by these packing algorithms are therefore at variance with existing experimental data. Earlier attempts used an approach which advanced an empirical function and adjusted fitting parameters by regression of experimental data. Despite their usefulness, these correlations are limited by the range of data used in their formulation. Most recently, X-ray microtomography (Zhang et al., 2006) and magnetic resonance imaging (Sharma et al., 2001) techniques have been reported as suitable methods for the generation of accurate three-dimensional geometrical representations of bed structure. These are, however, limited by the significant time and financial outlay needed to investigate individual beds. 
2. Model Description
In this work, a Monte Carlo simulation approach to the prediction of bed structure (Jia and Williams, 2001) is employed. The basis of the code, called DigiPac, is the digitisation of objects and of the packing space. Therefore, regardless of geometric complexity, shapes are represented as coherent collections of voxels and the simulation volume and container into which the particles are to be packed is converted into a three-dimensional lattice grid over which the particles move randomly. To simulate the effect of gravity, the upward component of a move is only accepted with a rebounding probability, a user-defined parameter. A value of zero means that particles never move upwards, whereas a value of one gives particles an equal probability to move up or down. A value of 0.3 was used in the simulations presented, resulting in a directional and diffusive motion, similar to a random walk-based sedimentation model, helping the particles to effectively explore every available packing space. The movement of particles over a grid makes collision detection straightforward as it can be checked whether two particles occupy the same grid space at the same time. This shortens computational time compared to other algorithms where overlap detection is mostly based on the use of mathematical comparison techniques. Since particles move only one grid at a time, the overlap detection procedure ensures that one particle will not jump over another during packing. The ease of overlap detection significantly increases the computational efficiency and drastically reduces the coding effort required in software implementation. Additionally, unlike conventional methods, at a given resolution the computing resources (i.e. memory and CPU time) do not increase with shape complexity, and as computations using the DigiPac code are performed mainly on integers used to store locations of voxels, it can be run using desktop workstations.

In this work, two versions of the code have been used. The original version is completely probabilistic in nature and uses random walks to simulate particle movement as described above. In the modified version, particles are still represented digitally, so the advantages of ease and speed of collision and overlap detection are retained. While this version is also stochastic, the difference is it makes use of collisions to guide particle movements (Collision Guided Packing or DigiCGP). In this version, collision points are identified in the lattice grid and each pair of colliding voxels is assigned a nominal impact force of one. For torque calculation the direction of the nominal impact force is taken to be normal to the contact face of the colliding pair of voxels. The net torque vector is subsequently used as the axis of particle rotation in the following step. The angle of rotation is still random, but is capped to give a maximum swept distance of no more than a few pixels during rotation. To calculate the net force, the direction of an impact force is taken to be along the line joining the collision point and the centre of gravity of each particle. For translational movement the net collision force is normalised against the largest component, so each force component is now between 0 and 1. This is then used as the probability of moving the particle by at most one grid cell at a time along each principal axis in the lattice grid, as in the original code. It should be noted that the above treatment does not include voxel-level friction or any other forces tangential to a contact. Particle-level friction is partially accounted for by the roughness of the digital surfaces. The method also neglects inertia effects as particle velocity is neither calculated nor stored. All these omissions are for the sake of computational speed and result in a simulation time comparable to that of the original DigiPac code.

3. Experimental Work

Cylindrical containers were constructed by boring into PVC rod, with internal tubes fixed in place by adhesion to the container base. Lead ballast was used as the packing material and was introduced a handful at a time, followed by gentle tapping. When each layer was formed, Ampreg 20 resin was poured slowly and uniformly over the particles, ensuring that no air pockets remained. This process was repeated until the container was packed to a height of approximately 60mm and aimed to simulate a poured randomly packed bed. After solidification each packed bed was periodically turned in a lathe and axially ‘sliced’ to expose 50 consecutive cross-sections, shaving off 1mm (±0.001mm) from the base each time. A high resolution image (512x512 pixels) of each exposed cross-section was captured and converted to binary format for analysis.
4. Data Extraction

For digital structures, voidage distribution is calculated by counting the number of solid voxels and dividing the count by the total number of grid cells within the corresponding packing space. This procedure applies to both simulated and optically analysed experimental packing structures. The porosity of each bed slice is calculated within the software package once prompted for analysis. To calculate the radial voidage of individual beds, each cross-section is divided into 50 equally spaced concentric rings. Voxel counting is then used for each ring, and the results cumulated with corresponding rings from the remaining cross-sections over the height of the bed. The resulting values are then plotted against radial distance, in particle diameters, from the retaining wall. Each bed, measured and predicted, was re-packed a total of four times and resulting averaged values are presented. For mean voidage calculation, values in the axial direction were calculated. This was done by means of voxel counting for the cross-sectional slices of the packed columns in the bulk region of the beds, i.e. with bed ends excluded. The resulting voidage values are then averaged over the number of cross-sections used in the calculation to provide a single bulk value for individual beds.
5. Results and Analysis
Several beds, examined experimentally and using the DigiPac/DigiCGP algorithm, and packed with cylindrical pellets are presented. Containing different configurations of internal tubes, as detailed in Table 1 and Fig. 1, they were examined in terms of structure by numerical analysis and compared with matching beds created by experimental means. As noted, multiple trials for each bed were undertaken and the results averaged.
	Bed
	Pellet dia.
 dp (mm)
	Bed dia.
 dt (mm)
	Aspect ratio

dt/dp
	(mean
	Annuli

	
	
	
	
	Measured (average)
	DigiPac Predicted
	DigiCGP Predicted
	% error (CGP)
	Number of tubes
	Tube dia.

(mm)

	TA1
	8.6
	80
	9.3
	0.409
	0.449
	0.422
	3.18
	3
	8

	TA2
	5.3
	80
	15.1
	0.348
	0.401
	0.362
	4.02
	3
	8

	OA1
	8.6
	80
	9.3
	0.359
	0.386
	0.371
	3.34
	1
	8

	OA2
	5.3
	80
	15.1
	0.359
	0.379
	0.370
	3.06
	1
	8


Table 1. Dimensions and mean voidage data on the beds investigated.
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Fig. 1. DigiPac images of TA and OA beds.

From the mean voidage predictions (Table 1), the modified packing algorithm provides good qualitative results, with errors of less than 5% for DigiCGP. The packed bed parameter of radial porosity is also used to compare the prediction accuracy of the algorithm with experimental data. The average CPU time taken to complete a single simulation (with multiple random particle rotation) was approximately two hours using a desktop PC with a Pentium 4, 2GHz CPU and 512Mb RAM. Significant speed-up can be achieved if the simulations are run on a multi-CPU shared memory computer, as the software implementation is multi-threads enabled. 
The dimensions of the beds were determined by scaling down industrial packed columns. A relatively large outer tube diameter, dt, is used to ensure that the retaining wall is a sufficient distance from the internal tube(s) so as not to have any appreciable effect on porosity in this region. When pellets are introduced into a bed, the container wall influences the orientation of the outermost cylinders, forcing a row of pellets to be formed along the outer wall. The second row of particles then rest in the cusps formed by the first row. Therefore, moving inwards from the wall to the bed centre, the trend is repeated, with each subsequent row more randomly packed than the previous. 
Fig. 2 presents the measured and predicted local voidage of the TA beds. Analysis of the radial voidage for bed TA1 shows that voidage decreases from 1.0 at the outer wall to a minimum of 0.19 (0.33 DigiPac; 0.23 DigiCGP) at 0.75dp. The radial voidage then proceeds as a damped oscillatory wave until the central structure of the three internal tubes. At this point (2.75-3dp), the waveform ends and the voidage rises to a peak of 0.64 for the experimental bed and 0.60 for the voidage predicted by DigiCGP (0.53 DigiPac). After 4dp, the voidage resumes as an oscillatory wave until the bed centre is reached. Bed TA2, which is packed using smaller cylinders than bed TA1, reveals many of the same features and characteristics. The main difference for bed TA2, however, is that the oscillating radial voidage extends for a greater number of dp, due to the smaller particles in this column. Therefore, the opportunity exists for a greater number of particles to fit into a space which is the same size as that used to pack the particles of bed TA1. The minimum porosity recorded for bed TA2 again occurs at 0.75dp from the container wall, with a measured value of 0.18 (0.22 DigiCGP). At its peak voidage, around the three internal tubes, bed TA2 has a maximum value of 0.57 (0.56 DigiCGP). The most likely reason for this greater span of elevated porosity in the vicinity of the internal tubes is because the small cylindrical particles allow a higher number of pellets to occupy the space between the tubes than in bed TA1. This creates a greater number of boundaries between particles, leading to a cumulatively elevated voidage in this region. However, for this triangular shell-side bed arrangement, the smaller cylindrical particles result in an overall lower mean and radial voidage, suggesting that smaller particles, when unimpeded, form more compact packing within shell-side beds than larger particles. The TA beds investigated in this paper do not provide information on how each internal tube individually affects the voidage in the bed, due to the influence of the neighbouring tubes affecting how the particles are arranged. As a result of this, two further beds containing a single tube, but otherwise identical to the respective TA [image: image2.emf]Bed TA1
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beds, were investigated for local voidage. 
Fig. 2. Radial voidage data for TA beds (symbol-exp, line-DigiCGP, dash-DigiPac).
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Fig. 3. Radial voidage data for OA beds (symbol-exp, line-DigiCGP, dash-DigiPac).
The OA beds in Fig. 3 contain only one internal tube, located in the same position as one of the tubes in the TA beds. This is to allow a direct comparison between the OA and TA beds, so permitting the effects of multiple tubes on local voidage to be assessed, in addition to investigating the ability of the algorithm in predicting bed structure despite such changes in bed geometry. The similarities that are seen to exist between the two bed types, in not only the measured beds but also the DigiPac and DigiCGP predicted beds, extend throughout the entire bed for each particle size investigated. The radial voidage of bed OA1 once again takes the form of a damped oscillatory wave that continues until the single internal tube is approached. At this point, around 3.5dp, just as in bed TA1, the voidage marginally increases to a peak of 0.55 (0.53 DigiCGP) before resuming in a damped manner. Bed OA2 also displays similar characteristics to bed OA1, with an elevated region at 4.3dp, peaking at a value of 0.43 (0.40 DigiCGP). The location at which the peak value occurs again corresponds with that of bed TA2. 
Comparing the TA beds with the OA beds reveals that TA1 and TA2 consistently have a higher radial voidage than beds OA1 and OA2, respectively. The only difference in these two bed types is the number of internal tubes. In the TA beds, the three tubes give rise to three overlapping wall effects within the bed. Hence, an elevated voidage profile is seen when compared with the single tube of the OA beds. Comparing bed TA1 with TA2, and bed OA1 with OA2, a lower radial voidage results for the second bed group as TA2 and OA2 are packed with smaller cylinders which form a more compact packing throughout the beds. In Fig. 3, the rise in radial voidage for the OA beds, after the profile has taken the form of a damped oscillatory wave (i.e. as the tubes are neared) is not as great as in Fig. 2 for the TA beds. As only one tube is present, the distortion from the true radial voidage is less. It is observed from the beds investigated that the DigiCGP model is able to predict in a quantitative manner, and within reasonable error margins, the mean and local voidage of the experimentally investigated beds.
6. Conclusions
This work has considered the prediction of columns packed with cylindrical pellets in order to validate the DigiCGP code against experimentally derived structures representative of realistic scenarios found in industry. The improved calculation method, which makes use of collisions to guide particle movements, has been shown to be reliable and capable of predicting the mean and local voidage of such beds. Combined with its user-friendliness and low running costs, the validated code has potential uses in the design of such beds, particularly if coupled with other methods such as CFD. Work on such coupling has commenced, as has the development of a deterministic version of the packing model to incorporate further interaction forces.
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