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Abstract:



Packing density and electrical resistivity of particles assemblies are important factors for a variety of applications of granular materials. In the present work, a three-dimensional imaging technique is coupled with the discrete element method (DEM) to model anode grade calcined coke particles. Three-dimensional DEM models of samples with different size distribution of particles were studied to obtain the inter-particle contact information. As the content of fine particles increased, a higher inter-particle contact density and smaller average contact radius was observed in the samples. Confronting the DEM data and experimental measurements of electrical resistivity showed the simultaneous effects of packing density and contact density. Samples with higher contact density and smaller contact radius in general held high electrical resistivities. However, if increasing the contact density does not modify contacts between large particles, this will have a positive effect on packing density, so a lower electrical resistivity was obtained.
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1. Introduction


Particle packing is an old problem [1] that exists in different applications and industries such as construction, pharmaceuticals, food processing, and agriculture [2]. Packing problems become even more complex when dealing with irregular shape particles. Electrical current transfer in granular media has also considerable importance in a variety of applications such as electronics, metallurgical processes, railway transportation, and geology [3].



Packing density and electrical resistivity of particles are both of interest for aluminum production. Pre-baked carbon anodes for the aluminum smelting process are made with granulated calcined coke mixed with a binder pitch. Coke particles make up around 65 wt. % of an anode, so the physical, chemical, and mechanical properties of coke have a considerable impact on the quality of carbon anodes. The effects of the bulk density of coke aggregates on the air permeability of baked anodes [4] and the shape of coke particles on the compaction behavior of green anode paste [5] have already been investigated and evaluated. Homogeneity, high density, low air permeability, and low electrical resistivity are important quality factors that anodes are expected to hold.



An industrial dry mix recipe of the anode paste is given in Table 1. The coke particles make up the skeleton for the anode, and the pitch binds the particles together and provides the integrity of the mixture. A part of the binder pitch is vaporized during the baking process, creating pores and shrinkage cracks. Furthermore, a binder matrix (pitch + fine coke particles) is the most reactive part of a baked anode to air and CO2 attacks [6,7]. Therefore, a lower pitch content is favorable for chemical reactivity and thus the service life of anodes.



Table 1. Typical coke particle recipe, used as a reference.







	
Size Range (Mesh)

	
Size Range (mm)

	
Content (wt. %)






	
−4+8

	
2.38–4.76

	
33.6




	
−8+14

	
1.41–2.38

	
15.3




	
−14+30

	
0.595–1.14

	
17.7




	
−30+50

	
0.297–0.595

	
19.4




	
−50+100

	
0.149–0.297

	
13.9










However, underpitched anodes, on the other hand, have low apparent density and poor mechanical properties [8]. Therefore, if the coke aggregate recipe can be modified to have a higher amount of coarse particles without compromising the density, the pitch demand for this recipe could be reduced, resulting in positive effects on the final properties of the anodes.



The discrete element method (DEM) has a proven capability [9,10,11,12] of investigating the packing behavior of irregular-shape particles. For example, in [9], the authors have reported the performance of DEM simulations in predicting the vibrated bulk density of coke aggregates.



In 2015, the authors used DEM with a technique so-called void tracking [12] to study and modify the industrial recipe for aggregates in anode paste.



In the present work, void tracking was engaged to study the dry aggregate recipe used in aluminum industry to make anodes, and the modified recipe was investigated for its density and electrical resistivity. Then, the DEM was used to understand the variations in electrical resistivity for different samples.




2. Numerical Model


In the DEM, the complex behavior of a material is simulated by assigning an appropriate force-displacement law to the contacts between the discrete elements of the model. Newton’s law of motion is then applied to all elements to determine the acceleration and thus the new position of the elements at the next time-step. This concept is shown in Figure 1.


Figure 1. Calculation cycle in discrete element simulations.
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Simple elastic contact is a common model in DEM simulations to define force-displacement behavior of elastic materials. This model is equivalent to mechanical springs in normal and shear directions. Stiffness of the springs is a consequence of the material’s properties and is related to the elastic modulus. Details of this model can be found in [13].



Coke particles have irregular shapes, but the basic elements of the DEM are spheres in 3D. Thus, rigid clusters of overlapping spheres are used to model the real shape of coke aggregates. The sliding motion between the clusters is characterized by an inter-particle friction coefficient, which was determined using the angle of repose of a pile of powder with a given particle size. Details of this method have been described in [9].




3. Experimental Procedure


The method proposed in [14] was adapted to measure the apparent density of coke particles in the size fractions present in the industrial dry mix recipe (Table 1). Table 2 shows the apparent density for each size fraction, obtained experimentally.



Table 2. Apparent density of different size ranges of coke [14].







	
Size Range (Mesh)

	
Apparent Density (g/cm3)






	
−4+8

	
1.377




	
−8+14

	
1.532




	
−14+30

	
1.524




	
−30+50

	
1.586




	
−50+100

	
1.586










Shape parameters such as sphericity and size distribution for each size fraction of particles were obtained by means of an optical microscope integrated with Clemex software (Longueuil, QC, Canada). Sphericity of the particles of each size fraction was also analyzed by means of image analysis. As an instance, the distribution of sphericity for the particles of a −4+8 mesh has been shown in Figure 2. All of these variables were considered in creating numerical models.


Figure 2. Distribution of sphericity for the particles of the −4+8 mesh fraction.
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Cogency Co.’s 3D micro-particle imaging system (Salt River, South Africa) was then used to obtain the three-dimensional shape of the particles. Automatic Sphere-Clump Generator (ASG) software, developed by Cogency Co. (Salt River, South Africa), was then used to model the particles by overlapping spheres. The various individual particle models obtained in this way were then mixed and in some cases resized to have numerical particles of each of the size ranges in Table 2, thus matching the size distribution of the real particles. Average sphericity was also monitored and matched the experimental value.



Packing density of coke samples was studied by means of a vibrated bulk density (VBD) test. In the VBD test, the occupied volume of a mass of 100 g of particles vibrated in a 250 mL graduated cylinder is measured to obtain the vibrated packing density. Frequency and amplitude of vibration are, respectively, 60 Hz and 0.2 mm for a duration of 2 min.




4. Results and Discussion


The verification of the DEM models of the coke particles and the simulation of the packing density of the coke mixtures have been already presented in the author’s article in 2014 [9]. The void tracking technique and its results have also already been presented in the authors’ previous work [12]. The present work takes the advantage of those results to study and provide in in-depth understanding of electrical current transfer in the beds of coke particles. Therefore, the main findings of void tracking and the proposed recipes are repeated here in Section 4.1 to help readers in following the main message of the article.



4.1. Vibrated Bulk Density


In the DEM simulations, a simple elastic model was used as the contact model. A calibration work as described in [9] was used to estimate the normal and shear stiffness of the contacts. In this work, Kn = Ks = 10,000 N/m and the fiction coefficient of 0.27 were used as inputs.



A numerical sample composed of only the largest size fraction of particles (2.38–4.76 mm) was created. The bulk density of this sample was 0.786 g/cm3, thus with 42.9% inter-particle porosity. This is henceforth called a skeleton sample, as it is believed that it makes the backbone of the particle bed of all fractions.



Void tracking was performed on this numerical sample to obtain its void size distribution. The details of void size measurement have been given in [12]. The results of the void tracking are presented in Table 3, which shows the mass of the spheres of different sizes, which can fill the voids of the skeleton sample. It can be seen that, in the skeleton sample, there are voids for only 0.078 g of the spheres belonging to the −8+14 mesh range, representing less than 1% of the entire recipe. However, as given in Table 1, the reference sample has 15.3 wt. % of particles in this size range.



Table 3. Results of the void tracking test: the distribution of the mass of the filling spheres within various size ranges [12].







	
Size Range of Filling Spheres (Mesh)

	
Mass of Filling Spheres (g)






	
−8+14

	
0.07887




	
−14+30

	
1.448




	
−30+50

	
1.413




	
−50+100

	
1.288










Based on the void tracking results, new recipes of coke aggregates were defined as shown in Table 4. These recipes were defined with the aim of increasing the large fraction of particles at the expense of the smaller ones, without compromising the packing density. This, as mentioned above, is expected to have positive effects on the final properties of the baked anodes.



Table 4. Coke aggregates size distribution of new samples based on the results of the void tracking method. The values show the weight percentage of each size range in the sample. The vibrated bulk density (VBD) for each sample has been also given [12].







	
Size Range (Mesh)

	
Size Range (mm)

	
Sample




	
S1

	
S2

	
S3

	
S4

	
S5

	
Standard






	
−4+8 Mesh

	
2.38–4.76

	
60

	
60

	
60

	
65

	
100

	
33.6




	
−8+14 Mesh

	
1.41–2.38

	
0

	
0

	
0

	
0

	
0

	
15.3




	
−14+30 Mesh

	
0.595–1.14

	
15

	
20

	
15

	
15

	
0

	
17.7




	
−30+50 Mesh

	
0.297–0.595

	
15

	
10

	
10

	
15

	
0

	
19.4




	
−50+100 Mesh

	
0.149–0.297

	
10

	
10

	
15

	
5

	
0

	
13.9




	
VBD (g/cm3)

	
0.956

	
0.952

	
0.985

	
0.926

	
0.786

	
0.955










VBD tests were conducted on the samples. As given in Table 4, due to the absence of fine particles, the skeleton sample (S5) has an expected low VBD of 0.786 g/cm3. The standard recipe sample, however, has a quite high density of 0.955 g/cm3. In S1, the entire −8+14 mesh fraction has been removed and the content of large particles has been almost doubled. This change has resulted in a gain in VBD, which experimentally confirms the results of void tracking on the negative effect of the −8+14 fraction on the packing density.




4.2. Electrical Resistivity


The electrical resistivity of the coke aggregate mixes was investigated in the second step of the work. Electrical resistivity of the particle bed was measured using a four-point probe set up in which the electrical current is provided by a Laboratory DC Power Supply GW GPR-1810HD. The current was injected through the aluminum plungers, and voltage was measured using two gold-plated electrodes, insulated from the plungers. An external load is applied to the top of the sample, creating an applied stress of 3 MPa.



A standard industrial aggregate mix has an electrical resistivity of 350 μΩ·m. As presented in Figure 3, all other samples have electrical resistivities that are lower than the standard sample. The sample with the lowest electrical resistivity is S3 with 301.8 μΩ·m. This represents a 13.8% reduction in electrical resistivity. Eidem et al. [15] have already shown that, in mono-size mixes, as the size of particles increases, the bulk electrical resistivity decreases. It is believed that the electrical resistance of a bed of particles is the sum of the resistance of the material and the resistance of contacts. Thus, when the particles are coarse, the number of contacts as well as the resistance of each contact is much lower compared to a bed of fine particles. However, the case of particle assemblies with irregular shapes and multi-size fractions is complicated. The DEM is used in this work as a powerful tool to evaluate the contact information in different samples and to reveal its effects on the electrical resistivity of the particle bed. It is, however, worth emphasizing that particle–particle contacts in DEM models are influenced by size distribution and the shape of particles, the mechanical properties used in the models, the number of spherical elements used to model each particle, and finally the precision of the imaging technique. The contact information of real-world particles cannot be measured. Thus, inter-particle contact data presented here, which comes from numerical models, cannot be verified directly. However, all efforts have been attempted to obtain the best particle modeling and thus the most realistic contacts.


Figure 3. Electrical resistivity of different samples measured by the four-probe method.
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In Figure 4, the average contact radius and the number of contacts in the volume unit (mm3) of aggregate mixes are compared. As the content of coarse particles (the −4+8 mesh) in the standard sample is 33.6% and, in all other samples, 60% or more, there is a remarkable distinction between the standard sample and the modified ones. The standard sample has a very high contact density of 9.16 mm−3.


Figure 4. Contacts data for different samples obtained from the discrete element method (DEM) models.
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If only Samples S1, S2, and S4 and the standard are considered, there is a clear relation between electrical resistivity, contact density, and average contact radius. The high density of contacts is associated with a small contact radius and a high electrical resistivity. Comparing these four samples can lead us to the conclusion that, using the void tracking technique, a better compaction of coke aggregates can be obtained in which the percentage of coarse particles is almost twice the standard recipe. The recipe modification also alters the inter-particle contacts and with almost the same bulk density, and a packing with far fewer particle interfaces is realized. Reducing the particle interfaces without a compromise in the bulk density has a positive effect on electrical conductivity (by reducing the resistivity as shown in Figure 3).



The observed difference between the electrical resistivity of S3 and S4, however, does not follow the same logic of other samples. The content of fine (−50+100 mesh) particles in S3 is three times greater than S4. This results in, as expected, a higher contact density as shown in Figure 4. Similar to the other samples, this means a smaller average contact radius. These all are supposed to contribute to an increase in the electrical resistivity. However, S3 has the lowest electrical resistivity among the samples. To explain this, the DEM models of S3 and S4 are exploited to attain information that cannot experimentally be measured. Figure 5 shows the contact information of coarse (−4+8 mesh) particles with only fine (−50+100) particles. Non-coarse particles have been omitted from view for a clearer illustration. The percentage of fine particles in S3 is three times of that of S4. Thus, as expected, the number of coarse–fine contacts in S3 (Figure 5; left) is greater than S4 (Figure 5; right). The number of coarse particles with more than 40 contacts with fines in S3 is clearly higher. This explains the higher contact density in S3 as shown in Figure 4.


Figure 5. The number of contacts with fine particles plotted for each coarse particle in S3 (left) and S4 (right).
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However, if contacts between only the coarse particles in these samples are plotted, the difference is not considerable. This has been presented in Figure 6, where again only coarse particles are shown and where the color index shows the number of contacts between −4+8 particles.


Figure 6. The number of contacts with coarse particles plotted for each coarse particle in S3 (left) and S4 (right).
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Comparing Figure 5 and Figure 6 allows us to conclude that fines in S3 do not break the contacts between coarse particles, but actually fill the voids between large particles. This can also be verified by looking at the density of contacts between coarse particles in S3 and S4. This value for S3 is 0.0717 and for S4 is 0.0768, and it should be noted that S3 has 5% less coarse particles.



To illustrate the effect of fine particles in S3 on its electrical resistivity, the bulk density of S3 and S4 were numerically studied. The samples were divided into eight 3-mm-thick layers in the vertical direction. Then, the VoxelPorosity function of YADE was used to measure the packing density in each layer. Results are shown in Figure 7 in the form of the occupied volume ratio for each layer in S3 and S4. As the graph suggests, the presence of more fine particles in S3 leads to a higher packing density, and this means that it provides additional paths for electrical current transfer. In each layer in Sample S3, the equivalent available area for the current transfer is higher than that of S4, and this is the key to the low electrical resistivity in S3.


Figure 7. The packing density in eight horizontal layers in Samples S3 and S4. A higher occupied volume means a greater area for current transfer.
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5. Conclusions


	
Three-dimensional imaging was used to capture the shape and size distribution of coke aggregates. Modeled coke aggregates were used to investigate the packing density and electrical resistivity of coke particle mixes by means of the DEM.



	
Determining the pore size distribution in the sample with only coarse particles was performed by void tracking on the numerical model of S5.



	
An industrial aggregate recipe of coke aggregates for making anode paste was then modified according to the results of the void tracking. The modified recipes have a higher concentration of coarse particles and fewer fine particles, but their VBD is comparable to the standard sample.



	
The electrical resistivities of the samples were also measured. Results showed that modified recipes not only provide a comparable or better bulk density, but they have a smaller electrical resistivity as well. DEM investigations on inter-particle contacts show that reducing the amount of fine particles decreases the contact density and increases the average contact radius within the sample. These two effects, if the bulk density is not compromised, result in a lower electrical resistivity.



	
Since inter-particle contacts act as resistors, to obtain the minimum electrical resistivity in a granular system, one would need to decrease the contact density. On the other hand, having a higher packing density in a sample provides a greater area for current transfer in a given sample. This, as Ohm’s equation suggests, results in lower electrical resistivity. A single-piece chunk of material (with no contacts inside) would have the lowest electrical resistivity. However, if the material is in granular form, keeping the packing density as high as possible while minimizing the contact density contributes to having the lowest electrical resistivity.
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