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Abstract


In the tritium breeding blanket of nuclear fusion reactors, the heat transfer behavior and thermal-mechanical response of the tritium breeder pebble bed are affected by the inner packing structure, which is crucial for the design and optimization of a reliable pebble bed in tritium breeding blanket. Thus, the effect of pebble size distribution and fixed wall effect on packing structure and contact force in the poly-disperse pebble bed were investigated by numerical simulation. The results show that pebble size distribution has a significant influence on the inner packing structure of pebble bed. With the increase of the dispersion of pebble size, the average porosity and the average coordination number of the poly-disperse pebble bed gradually decrease. Due to the influence of the fixed wall, the porosity distribution of the pebble bed shows an obvious wall effect. For poly-disperse pebble bed, the influenced region of the wall effect gradually decreases with the increase of the dispersion of pebble size. In addition, the gravity effect and the pebble size distribution have an obvious influence on the contact force distribution inside the poly-disperse pebble bed. The majority of the contact force are weak contact force that is less than the average contact force. Only a few of pebbles have strong contact force that is greater than average contact force. This investigation can help in analyzing the pebble crushing characteristics and the thermal hydraulic analysis in the poly-disperse tritium breeder pebble bed.
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1. Introduction


Granular matter widely exists in nature and industrial systems, especially in fixed beds or fluidized beds, which are widely used in chemical engineering systems [1,2] or the nuclear energy industry [3,4,5,6,7,8,9,10,11,12]. For instance, adsorption beds, chemical catalytic reaction beds and bubbling fluidized beds [13,14] are used in the form of granular fixed beds in the field of the chemical engineering. For nuclear reactor energy systems, the reactor core of the high temperature gas cooled nuclear reactor is formed by fuel pebbles [9,10,11,12], and the tritium breeder and the neutron multiplier in the tritium breeding blanket of nuclear fusion reactors [3,4,5,6,7,8] are also used in form of pebble beds.



For a pebble beds applied to energy-related systems, the heat and mass transfer performance of the pebble bed play an important role in the pebble bed application. However, the characteristics of the packing structure of pebble beds, such as packing fraction, porosity and permeability, the contact state (coordination number), and so forth, have a significant influence on the heat transfer behaviors and the flow characteristic of fluids inside pebble beds [15,16,17,18,19,20,21,22,23,24,25,26,27,28]. For example, the average porosity and porosity distribution in the bed have a significant influence on the pressure drop and fluid velocity distribution inside a pebble bed [23,24,25,26,27,28]. Further, the effective thermal conductivity of a granular assembly, the thermal diffusion coefficient, the heat transfer coefficient between the pebble bed and the wall [15,16,17,18,19,20,21,22] are all affected by the inner structure of the pebble bed. In addition, the contact state (coordination number) and the contact force of pebbles inside the bed is another very useful and important parameter that characterizes the performance related to the heat transfer and mechanical behaviors of a pebble bed. The heat transfer process of a pebble bed is mainly carried out through the contact heat conduction between pebbles especially the fixed bed with high solid-fluid thermal conductivity ratio and slow fluid flow rate [15,16,17,18,19,20,21,22,23,24,25,26,27,28]. Under the condition, the contact force chain network between pebbles in contact with each other forms a net-like virtual heat transfer path inside a pebble bed [29,30,31,32,33,34,35], the size of which will affects the effective thermal conductivity and heat transfer behaviors of pebble bed, while the size of the virtual path is closely related to the magnitude of the contact force and the contact area. Thus, the contact force distribution will affect the effective thermal conductivity of the pebble bed. What’s more, the magnitude and the distribution of contact force play an important role for the prediction of the lifetime and the breakage of pebbles inside a fixed pebble bed [29,30,31,32,33,34,35,36,37,38,39]. Too strong a contact force may cause cracks and fragmentation near the contact point of a pebble, affecting the mechanical behaviors of the fixed pebble bed. From this perspective, accurately determining and predicting the pebble bed packing structure (porosity distribution and coordination number) and contact force distribution are of great significance for the analyzing the heat and mass transfer characteristics of a fixed bed, which is the key to designing a fixed pebble bed.



In a fixed pebble bed, the packing structure and the contact force distribution have been extensively investigated experimentally and numerically. Especially the radial porosity distribution in the cylindrical mono-sized pebble bed has been studied by a large number of experiments and simulations [40,41,42,43]. In a cylindrical mono-sized pebble bed, the radial porosity distribution of the pebble bed exhibits oscillating and damping characteristics near the fixed wall, the width of the oscillation region is always affected by the ratio of the diameter of the cylinder to the pebbles. This phenomenon of porosity oscillation and damping is the so-called “near-wall channeling effect” or “wall effect”. In further, the global porosity and the coordination number of the cylindrical pebble bed are also affected by the diameter ratio of cylinder to pebble. With the increase of the diameter ratio of cylinder to pebble, the global porosity decreases and the coordination increase gradually, and eventually both tend to a constant value [7,8,44]. In addition, numerous numerical simulations and experiments have been conducted on the contact force distribution and force chain inside pebble bed [29,30,31,32,33,34,35,36,37,38,39]. The force chain network, including strong contact force chain and weak contact force chain, formed by the contact force between pebbles gradually evolves with each other under the external excitation, such as gravity, external compression load, thermal expansion, vibration, and so forth. In a fixed pebble bed, although the magnitude of the contact force is distributed in a relatively wide range, the majority of the contact force is weak contact force chain that is less than the average contact force. With the increase of the contact force, the probability of contact force decreases rapidly. Only a small amount of contact force is much larger than the average contact force, which may cause that the pebbles with large strong contact force may be broken due to the large stress concentration near the contact point. Therefore, in-depth investigation of the contact force distribution and the force chains is very important to predict the crushing behavior of the pebbles inside the fixed pebble bed.



In addition, in numerous previous investigations, most of the attention was focused on the study of the macro- and meso-scale packing structure and contact force distribution of the mono-sized pebble bed [45,46,47,48,49,50,51]. Such as, the average porosity and radial porosity distribution in the mono-sized cylindrical pebble bed various as the increase of the diameter ratio of cylinder to pebble, and the relation between the coordination number and the porosity in bed. For the progress of the radial porosity variation in mono-sized cylindrical pebble bed can refer to the review literature [40]. For binary-sized pebble beds or poly-disperse pebble beds, the average packing density (or average porosity) and the macroscopic compression response were investigated widely. For the progress of the packing density of the binary-sized pebble bed and the poly-disperse pebble bed one can refer to the literature [52,53,54,55]. However, for poly-disperse fixed pebble beds, the inner packing structure features such as the porosity distribution and the coordination number distribution, and so forth, is still insufficiently investigated. Especially there are few reports in the literature about the local porosity distribution close to the fixed wall in poly-disperse pebble bed. In addition, the investigation on the contact force distribution in the poly-disperse pebble bed is insufficient, especially the effect of the pebble size distribution on the contact force distribution in the poly-disperse pebble bed is also few reported in literature.



Therefore, this study is focused on the investigation of the effect of pebble size distribution (discrete normal distribution and discrete uniform distribution) and fixed wall effect on the inner packing structure and the contact force distribution in the poly-disperse fixed pebble bed under gravity packing, based on the discrete element method (DEM). This study can help to analyze the pebble crushing characteristics and the heat transfer behaviors in the poly-disperse tritium breeder pebble bed of a solid tritium breeder blanket in a fusion reactor. In this work, the methodology is mainly concentrated in the Section 2. The results and related discussions are shown in Section 3. Finally, some conclusions obtained in this work are summarized in Section 4.




2. Methodology


2.1. Discrete Element Method


The discrete element method (DEM) was applied to modelling the packing behavior of the poly-disperse pebbles packing, which is an effective numerical modelling method to investigate the dynamic response of granular materials, such as the pebble packing in this work. The motion of pebbles in the DEM simulation follows the Newton’s second law of motion, which is driven by the force interactions, such as the contact force between two pebbles and between pebble and wall, the gravity, the cohesive force, the Van der Waals force, and so forth. In this study, due to the investigation was focused on the packing of the millimeter dry pebbles, the gravity effect and the contact force were considered only. Thus, the resultant acceleration of each pebbles is calculated from the gravity and the contact force. The pebble motion can be expressed as the following:


   m i    d  V i    d t   =   ∑  j = 1  N      F   n  j i     +  F   t  j i         +  F g   



(1)






   I i    d  ω i    d t   =   ∑  j = 1  N    r  i j   ×    F   n  j i     +  F   t  j i          



(2)




where, mi and Ii are the pebble mass and the motion of inertia. Vi and ωi are the velocity of the translational and rotational movement of pebble i, respectively. N is the number of the surrounding pebbles touched the pebble i. Fn and Ft are normal and tangential contact force between two pebbles, respectively. Fg is the gravity force. rij is the vector pointing from the pebble i to pebble j. Under the influence of the friction interaction between two pebbles, the normal contact force and the tangential contact force satisfy the |Ft|max ≤ μ |Ft|, where μ is friction coefficient.



The contact force is calculated based on the Hertz-Mindlin [56] contact theory, Fn and Ft can be determined as follows:


    F n  =  k n   δ   n  i j     −  η n   v   n  i j         and    F t  =  k t   δ   t  i j     −  η t   v   t  i j       



(3)







For normal contact force, kn is the elastic constant of normal contact (also known as normal stiffness), ηn is the normal viscoelastic damping coefficient. δnij is the overlap of two normal contact pebbles. νnij is the normal relative velocity of two pebbles. kn and ηn can be expressed as:


    k n  =  4 3   Y *     R *   δ   n  i j           and    η n  = − 2    6 5    β    S n   m *      



(4)




where    S n  = 2  Y *     R *   δ   n  i j        , ηn ≥ 0.



For tangential contact force, kt is the elastic constant of tangential contact (also known as tangential stiffness), ηt is the tangential viscoelastic damping coefficient. δnij is the tangential relative displacement vector of two contact pebbles. νtij is the tangential relative velocity of two pebbles. kt and ηt can be shown as:


    k t  = 8  G *     R *   δ   t  i j           and    η t  = − 2    6 5    β    S t   m *      



(5)




where,    S t  = 8  G *     R *   δ   n  i j        , ηt ≥ 0. β is a damping constant determined by the restitution coefficient e as follows:


  β =   ln  e        ln  2   e  +  π 2       



(6)







For the above formulas, where, Y*, G*, m* and R* are the effective elastic modulus, the effective shear modulus, the equivalent mass and the equivalent radius of two contact pebbles, they are given as follow:


   1   Y *    =     1 −  v i 2       Y i    +     1 −  v j 2       Y j     



(7)






   1   G *    =   2   2 −  v i      1 +  v i       Y i    +   2   2 −  v j      1 +  v j       Y j     



(8)






   1   R *    =  1   R i    +  1   R j       and    1   m *    =  1   m i    +  1   m j      



(9)




where, Y and G are the Young’s modulus and the Shear modulus of pebble. v is the Poisson ratio. R and m are the radius and the mass of pebble. In this work, the DEM simulation was carried out by using the open-source software LIGGGHTS [57]. More detailed theory of the DEM can be obtained in [7,56,57].




2.2. Modelling Packing Process and Parameter Setup


In the simulation of the present work, all pebbles were assumed to be completely spherical hard spheres. The packing process in this work can be divided into two stages: the gravity settlement stage and the gradually equilibrium stage. Firstly, a specialized number of pebbles was randomly generated in one moment without overlap between pebbles in the computational region according to the predefined pebble size distribution. There are 30,000 pebbles in all simulation cases in this work. The pebble size distribution in number distribution is shown in Table 1. Then, gravity is applied to all pebble body. Under the gravity effect, the pebbles begin to fall freely and pack in the container bottom gradually. The packing process will turn to the gradually balance stage when all pebbles were packed at the bottom of the container. The kinetic energy of pebbles gradually dissipates in the process of the collision effect and the friction interaction between pebbles. Finally, all pebbles will be packed in the container with a balanced and stabled packing state.



During the simulation, the interaction between pebbles is simulated by iterative calculation of the contact force between pebbles, displacement, velocity, and so forth. Firstly, according to the physical model of pebbles and the contact state, the contact force is calculated between pebbles. Secondly, the resultant force of the contact force between the pebble and the surrounding pebbles and the gravity force is computed. Thirdly, solve the dynamic equation of the pebble motion in a specific time-step and update the pebble position, translational velocity, angular velocity and other information. According to the updated pebble information, the contact force and the resultant force can be calculated again. Through multiple iteration calculations, a stable packing state of pebbles is achieved finally. The final convergence criterion is determined by monitoring the total kinetic energy of the entire pebble bed. When the total kinetic energy is lower than a specified value, the iterative calculation can be terminated. In this work, the simulation is stopped when the total kinetic energy of the whole bed is less than 10−10 J. At this time, the translational and rotational motion of pebbles in the packed bed is very weak, and the position of pebbles almost does not change. It can be considered that the packed bed has reached a stable equilibrium state.



In this work, the material parameters shown in Table 2 are used in the simulation. The average diameters of all simulation cases are equal to 1 mm. There are three kinds of pebble size distribution in number, as follows:




	(1)

	
Mono-sized, diameter of all pebbles is equal to 1 mm.




	(2)

	
Discrete normal distribution, N (E, σ2). E is average diameter davg and also equal to 1 mm. σ is the standard deviation of pebble size varying from 0 to 0.3.




	(3)

	
Discrete uniform distribution, U (dmin, dmax). dmin and dmax are the minimum and maximum values of pebble diameter. The pebble diameter is discretized with a step of 0.05 mm from dmin to dmax. the average diameter davg is equal to the mean of dmin and dmax. the diameter difference, Δd, defined as the absolute of the difference between the maximum (minimum) diameter dmax (dmin) and the average diameter davg was used to represent the dispersion degree of discrete uniform pebble size distribution, which varied from 0 to 0.5 mm.









In addition, for each pebble size distribution, the pebble packing under gravity was carried out with fixed side wall and the periodic boundary, respectively. For the pebble bed with fixed wall boundary, the fixed wall was applied in x-axis and y-axis. For the pebble bed with periodic boundary, the container box is periodic in x-axis and y-axis. But in z-axis, the fixed wall was also adopted to carry the gravity of the pebbles in pebble bed with periodic boundary. The bed dimension is 20 mm × 20 mm × 140 mm in all simulation cases. The effect of pebble size distribution and the wall effect on the packing stricture and the contact force distribution was analyzed in detail.





3. Results and Discussions


3.1. Mono-Sized Pebble Bed and Validation


3.1.1. Porosity Distribution


The pebble packing structure and the contact force distribution of mono-sized pebble bed was simulated and analyzed to validate the DEM simulation by comparing with the experimental and numerical results reported in literature. Figure 1a shows the 3D view of the mono-sized pebble bed, in which the average porosity of pebble bed with periodic boundary is 0.3819 ± 0.0008. For pebble bed with fixed side wall, the average porosity is 0.3981 ± 0.0007. A relatively lower porosity can be obtained in bed with periodic boundary compared to the pebble bed with fixed wall, which is mainly caused by the influence of fixed wall. There is a relatively larger porosity near the container wall, which can also be revealed from the porosity distribution, as shown in Figure 1b.



Figure 1b shows the porosity distribution along the x-axis direction in the pebble bed. A stable porosity can be observed in the whole pebble bed with periodic boundary. The axial porosity is slightly irregularly disturbed around the average porosity due to the effect of random packing structure. However, for pebble bed with fixed wall, it can be revealed from the Figure 1b that the axial porosity in the whole pebble bed shows a damping and oscillating behaviors as the distance to the fixed wall increase. A wall effect of porosity distribution can be observed obviously. In the region adjacent to the fixed wall, the maximum porosity of about 1 is achieved since the pebbles is almost in point contact with the fixed wall. With the increase of the distance to the fixed wall, the porosity decreases rapidly. A minimum porosity of about 0.25 is obtained when the distance to the wall is about 0.5 d. With further increase of the distance to the wall, the porosity of pebble bed shows a characteristic of damping and oscillation. When the distance to the fixed wall is greater than 5 d, the porosity tends to a constant value, namely, the average porosity in the inner region of pebble bed. In this work, the average porosity in the inner region of mono-sized random packed pebble bed with fixed wall is 0.3826 ± 0.0006, which is similar to the global average porosity of the randomly packed mono-sized pebble bed with periodic boundary. In further, a layered distribution of pebble center close to the fixed wall can be clearly observed by projecting the particle sphere center to the bottom wall (x-y plane), as shown in Figure 1c,d which is also corresponding to the axial porosity variation close to the fixed wall. In addition, the axial porosity variation of the mono-sized pebble bed with fixed wall is in line with the results from the Klerk’s empirical model [43].




3.1.2. Coordination Number Distribution


The coordination number mainly indicates the number of other surrounding pebbles in contact with the specified pebble in pebble bed. In this work, the average coordination number of the mono-sized pebble bed with fixed wall is 6.3216, which is slightly lower than that of 6.6176 in the bed with periodic boundary. It is mainly because the pebbles directly in contact with the fixed wall and close to the fixed wall have smaller coordination number due to the influence of the fixed wall effect, as shown in Figure 2. While for the pebble bed with periodic boundary, there is no fixed wall effect. Thus, a higher coordination number can be obtained.



Figure 2 shows the probability distribution function (PDF) and the cumulative distribution function (CDF) of coordination numbers in a mono-sized pebble bed. It can be seen from the figure that the coordination numbers with larger probabilities in the mono-sized pebble beds with both fixed wall and periodic boundary are 6 and 7, respectively. For the fixed wall pebble bed, the coordination number with the most probability is 6, and for periodic boundary pebble bed, it is 7. The coordination number of the periodic boundary pebble bed with the highest probability is also slightly higher than that of the fixed wall pebble bed, which is also due to the influence of the fixed wall effect. In addition, the coordination number distribution also reaches an agreement with the experiment results from the literature [59,60], which indicates that the reliable results of pebble packing can be obtained by the DEM simulation.




3.1.3. Contact Force Distribution


The contact force distribution in a mono-sized pebble bed with a periodic boundary and fixed wall is shown in Figure 3. If a cylinder is used to connect the center of two contacted pebbles, the diameter and color are used to indicate the magnitude of contact force, the contact force in bed can form a force chain network, as shown in Figure 3a. It is clearly show that due to the influence of the gravity effect, the strong force chain is mainly concentrated close to the bottom in the mono-sized pebble bed. With the increase of the local height, the magnitude of the contact force gradually reduces, the smallest contact force can be observed in the top region of the pebble bed. In addition, the variation of the contact force along the local height of the pebble bed can be obtained by calculating the average contact force in a micro volume with a step of 0.5 d along the height (z-axial) of the pebble bed. The results, as shown in Figure 3b, reveal that the average contact force inside the pebble bed also decreases gradually with the increase of the local height due to the influence of gravity. The normalized contact force is between 2 and 2.5 near the bottom and tends to 0 at the top of the bed. This is consistent with the contact force chain distribution in Figure 3a.



The probability density distributions of all normalized contact force and the maximum normalized contact force of each pebble are shown in Figure 3c,d. When the normalized contact force is equal to 1, it represents the average contact force inside the pebble bed. It can be found that the weak contact force below the average contact force has the largest probability density. The probability density decreases rapidly with the increase of the contact force. It is demonstrated that the majority of the contact force inside the pebble bed is weak force which maintain the stability of the pebble packing structure, only a few strong contact forces are large than the average contact force, which mainly carry the gravity force and the external load of the pebble bed. In further, the probability density distribution of the uncompressed mono-sized pebble bed is compared with the Ngan’s empirical model [34]. It can be seen that the results of this work are in good agreement with the empirical model.



In further, for each individual pebble inside a fixed pebble bed, there are several contact forces due to the several contact between the pebble and several surrounding pebbles. Among these contact forces, some may be greater than the average contact force, others may be less than the average contact force. A feature of particular interest is the maximum contact force of each individual pebble, which is related to the mechanical stability of the tritium breeder pebble. Once the maximum contact force exceeds the crush load of pebbles, the crack and fragmentation of pebbles may occur. For the Li4SiO4 pebbles fabricated by melt spraying method, the average crush load of the pebbles with diameter of 1 mm is about 7.0 N, the maximum and the minimum crush load are 16 N and 5.2 N, respectively [61,62]. Therefore, in this study, the probability density distribution of the maximum contact force of each pebble was analyzed and compared with the probability density distribution of all contact force calculated by the Ngan’s empirical model [34]. The results show that the maximum contact force of most pebbles in bed is still less than the average contact force of the whole pebble bed. With the increase of the contact force, the probability density distribution of the maximum contact force also decreases rapidly. However, compared with the probability density distribution of all contact force, the probability density of the maximum contact force less than the average contact force is reduced, and the probability density of the maximum contact force greater than the average contact force is increased. It is indicated that all contact forces of most of pebbles is less than the average contact force, which mean that it is difficult to break. Only a small number of pebbles suffer the maximum contact force greater than the average contact force, which means that these pebbles have a higher probability of breaking.



In addition, it can be seen from Figure 3 that the contact force distribution of the pebble bed with fixed wall and periodic boundary conditions is almost same, and the boundary conditions have little influence on the inter-pebble contact force distribution inside the pebble bed in here. Therefore, the contact force in the poly-disperse pebble bed is statistically analyzed only for one kind of boundary condition in the following section.





3.2. Pebble Size Normal Distribution Pebble Bed


3.2.1. Porosity Distribution


The average porosity of the poly-disperse pebble bed is shown in Figure 4 when the pebble size is normally distributed in number. The results reveal that the average porosity gradually decreases as the increase of the standard deviation of the pebble size distribution in poly-disperse pebble bed with both the fixed wall and the periodic boundary. For the poly-disperse pebble bed with periodic boundary, the average porosity gradually decreases from 0.3819 ± 0.0008 when the standard deviation is 0 (namely a mono-sized pebble bed) to 0.3651 ± 0.0007 when the standard deviation is 0.3. The decrease is about 4.4%. For the pebble bed with fixed wall, the overall average porosity also decreases from 0.3981 ± 0.0007 to 0.3865 ± 0.0007 when the standard deviation increases from 0 to 0.3. The decrease is about 2.9%. The decrease of average porosity is mainly because with the increase of pebble dispersion, many small pebbles can be filled in the gap formed between large pebbles resulting in forming a denser packing structure.



Furthermore, it is obviously that the fixed wall has a significant effect on the average porosity of pebble bed. Thus, for a poly-disperse pebble bed with fixed wall, the average porosity both in the overall of the bed and in the inner region of the bed were calculated. The calculation of the overall porosity includes the whole pebble bed, while the calculation of the inner region porosity only considers the inner region of the pebble bed by excluding the region near the vessel wall with drastic change of porosity (such as the region near the fixed wall as shown in Figure 5). It is clearly shown in Figure 3 that the overall average porosity of the bed with fixed wall is higher than that with the periodic boundary. However, after excluding the region close to the fixed side wall, the average porosity in inner region of the fixed wall pebble bed is consistent with that of the periodic boundary pebble bed, which further indicates that the fixed wall effect is on limited to the region near the wall of the pebble bed where with a higher porosity.



In order to reveal the characteristics of the wall effect in the poly-disperse pebble bed with fixed wall. The local porosity variation along the x-axis was calculated, as shown in Figure 5. Since the curves of the local porosity along the x-axis and the y-axis are basically consistent, the curves along the x-axis are shown only in Figure 5. The local porosity of the poly-disperse pebble bed with periodic boundary was also calculated for comparison. Figure 5 shows that the local porosity of the poly-disperse pebble bed oscillates significantly and dampens in the region close to the fixed wall. However, unlike the mono-sized pebble bed, in which the oscillation and damping is basically limited to the region of about 5 d close to the fixed wall, the influence region of the wall effect in the poly-disperse pebble bed with normally distributed pebble size is smaller than that in mono-sized pebble bed. With the increase of the standard deviation, σ, the influence region of the wall effect gradually decreases. For instance, when the standard deviation of pebble size is 0 or 0.04, the wall effect region is limited within the range of 4.5 davg–5 davg close to the wall. When the standard deviation increases to 0.3, the wall effect region is reduced to the region of about 2 davg close to the fixed wall. It is mainly due to the fact that many smaller pebbles filled into the void space formed inter-pebbles close to the wall and gaps between pebbles and wall, which improves the packing density and decreases the porosity.



In the inner region of the poly-disperse pebble bed with normally distributed pebble size, the local porosity is relatively stable, which is approximately equal to the average porosity of the inner region of the bed. For comparison, the local porosity is always distributed stably in the whole poly-disperse pebble bed with periodic boundary, which is approximately equal to the average porosity of the inner region of the poly-disperse bed with fixed wall. The results further reveal that the effect of the fixed wall on packing structure is always limited close to the wall, the packing of pebbles with normally distributed pebble size can reduce the wall effect by further filling of small pebbles into the void formed between pebbles and wall and formed between pebbles.




3.2.2. Coordination Number Distribution


Figure 6 shows the variation of the average coordination number and the standard deviation of coordination number in the poly-disperse pebble bed with normally distributed pebble size. It can be seen from Figure 6a that the average coordination number of periodic boundary pebble bed is greater than that of fixed wall pebble bed This is because that the pebbles close to the fixed wall or in direct contact with the fixed wall have a smaller coordination number due to the influence of the fixed wall effect. In further, with the increase of the standard deviation of pebble size, the average coordination number of the pebble bed decrease and the standard deviation of coordination increase gradually, which can be attributed to the increase of the probability of the pebbles with smaller coordination number and the decrease of the probability of the pebbles with coordination number of 6 and 7 (seen Figure 7) when the pebble size becomes more and more dispersed. In addition, the maximum coordination number in poly-disperse pebble bed increase gradually with the increase of the are standard deviation of pebble size, which is due to the pebble have larger surface area to contact with the surrounding small pebbles with the increase of pebble size.



The PDF and the CDF of coordination number in the pebble size normal distributed pebble bed are shown in Figure 7. As can be seen from the figure, the coordination number with the maximum probability decrease with the increase of the standard deviation of pebble size. When the standard deviation is 0 and 0.04, the coordination number with the highest probability is 6, but when the standard deviation increases to 0.3, The coordination number with the largest probability is reduced to 5. In addition, as the standard deviation of pebble size increases, the probability gradually increases when the coordination number is less than 5 and greater than 9. While, when the coordination number is between 5–9, the probability gradually decreases. This is mainly caused by the contact state between large pebbles and small pebbles. In the poly-disperse pebble bed, the large pebble has a higher coordination number, while the small pebbles have a lower coordination number due to the similar “convex wall effect”. It can also be found from the CDF of the coordination number. As the standard deviation increases, the cumulative probability profile of low coordination number shifts to left, while the cumulative probability of high coordination number shifts to right. A turning point has occurred at the coordination number of 6.5654 with cumulative probability of about 0.6805 for the fixed-wall pebble bed and of 6.6917 with cumulative probability of about 0.6535 for the periodic boundary pebble bed.




3.2.3. Contact Force Distribution


For pebble beds with normal pebble size distributions, the weak force chain runs through the entire bed. The strong force chains are mainly distributed in the middle and the bottom due to the gravity effect, as shown in Figure 8. The strong force chains are linked to each other to form an arch so as to carry the gravity of the pebble above and the external load. In further, the normalized average contact force distribution along the local position (z-axis) and the horizontal direction (x-axis) of the packed bed with normally distributed pebble size are shown in Figure 9. The results show that with the increase of the local height (z-axis), the averaged contact force decreases gradually, and tends to 0 at the top of the bed. However, the average contact force is evenly distributed along the horizontal direction (x-axis or y-axis) in the bed. This is mostly because the pebble randomly packed in the horizontal direction, while the upper surface of the pebble bed in the vertical direction is a free surface. No additional compression load was applied to the upper surface of pebble bed. Therefore, under the influence of the gravity the contact force decreases with the increase in height until it is 0 at the top of the bed and is evenly distributed in the horizontal direction. In addition, it can be found that the changes of the pebble bed height and the pebble size distribution have little effect on the average contact force near the bottom wall of the pebble bed with the natural packing under gravity and no additional load. The normalized average contact force is between 1.75 and 2.75 close to the bottom wall. This is mainly attributed to the friction interaction between the pebbles and between pebbles and side walls supports part of the gravity force of the pebbles.



Figure 10 shows the probability density distribution of the normalized contact force in the poly-disperse pebble bed with a normal particle size distribution. The probability density distribution of all contact force is shown in Figure 10a,b. It can be seen from the figure that the probability density of the contact force decreases rapidly as the contact force increases. Most of the contact forces in the pebble bed are weak contact force, which is less than the average contact force. When the contact force less than average contact force, the probability density of the contact force shows a trend of first increasing and then decreasing, as shown in Figure 10b, which also be influenced by the pebble size distribution.



When the normalized contact force is less than 0.12, the probability density of the contact force gradually increases with the increase of the standard deviation. When the normalized contact force is greater than about 0.12 and less than 1, the probability density of the contact force gradually decreases as the standard deviation increases. With the further increase of normalized contact force, the probability density of strong contact force decreases rapidly. The standard deviation of the normal distribution of particle size has less influence on the probability density distribution of strong contact force. However, compared with the mono-sized pebble bed (solid line in Figure 10), the probability density of weak contact force is reduced, and the probability density of strong contact force is increased. This is mainly because as the standard deviation of pebble size increases, the contact between large pebbles and small pebbles tends to form a strong contact force due to the influence of gravity, especially the contact directly under the large pebbles. Figure 10c,d show the probability density distribution of the maximum contact force of each pebble. It can be seen from the figure that the maximum contact force of each pebbles obtains a probability density distribution which is similar to that of all contact forces. But compared with the probability density distribution of all contact forces, the probability density of the maximum contact forces less than 1 is reduced, and the probability density of strong contact forces greater than 3 is increased.





3.3. Pebble Size Uniform Distribution Pebble Bed


3.3.1. Porosity Distribution


The poly-disperse pebble packing with uniformly distributed pebble size was also simulated and analyzed by DEM modelling. The average porosity variation of the pebble size uniform distribution pebble bed is shown in Figure 11. With the increase of the diameter difference, Δd, the average porosity of the pebble bed decreases gradually. For the pebble bed with periodic boundary, when the Δd is about 0 and 0.05, the average porosity of the pebble bed is about 0.3819 ± 0.0008 and 0.3814 ± 0.0006, respectively. With the increase of the Δd, the average porosity of the poly-disperse pebble bed gradually decreases to 0.3661 ± 0.0008 when the Δd is increased to 0.5. This is also because the small pebbles occupy the voids between large pebbles, which increases the packing density of the poly-disperse pebble bed. For the poly-disperse pebble bed with fixed wall, due to the influence of the fixed wall, the average porosity is greater than that of the periodic boundary. The average porosity of the fixed-wall poly-disperse pebble bed decreases from 0.3977 ± 0.0007 when the Δd is 0.05 to 0.3849 ± 0.0006 when the Δd is 0.5. However, after excluding the influence of the fixed-wall effect, the average porosity in the inner region of the fixed wall pebble bed is consistent with that of the periodic boundary pebble bed. In other words, the influence of the fixed-wall effect is only limited to the area close to the wall.



To reveal the effect of fixed wall on the packing structures of the pebble size uniform distribution pebble bed, we obtained the local porosity distribution along the x-axis (perpendicular to the wall) inside the pebble bed, as shown in Figure 12. The results indicate that the axial porosity is basically uniformly distributed in the periodic boundary poly-disperse pebble bed. The variation of the pebble side distribution only affects the average porosity of the bed. However, in fixed wall poly-disperse pebble bed with uniformly distributed pebble size, the local porosity distribution along the direction perpendicular to the wall is significantly affected by the fixed wall. As the distance from the fixed wall increase, the axial porosity exhibits the characteristics of damping and oscillation. However, the proportion of the wall affected regions in the uniform particle size distribution pebble bed gradually decreases with the increase of the Δd, compared to the mono-sized pebble bed (see Figure 12a). The fixed wall affects the pebble packing structures in the region of ~5 d close to the wall in mono-sized pebble bed. With the increase of the Δd, the region affected by the wall decreases rapidly. For instance, when the Δd increases to 0.5, the wall effect region is reduced to the range of only ~2 d close to the wall. It is mainly because as the increase of the Δd, smaller pebbles can fill the large pores formed inter-pebbles or between pebble and wall. In the inner region away from the wall, the porosity distribution in the fixed wall bed is similar to that in the periodic boundary poly-disperse pebble bed with the uniformly distributed pebble size, which reveals that without considering or by excluding the wall effect, the pebble size distribution only affects the average porosity of the natural packed pebble bed under the gravity only.




3.3.2. Coordination Number Distribution


In the pebble bed with uniform pebble size distribution, the average coordination number of the pebble bed changes with the pebble size difference, Δd, as shown in Figure 13. It can be seen from the figure that as the Δd increases, the average coordination number of the pebble bed gradually decreases, while the standard deviation of the coordination number gradually increases. This is due to the fact that the pebble size becomes more and more dispersed with the increase of the Δd. A small number of large pebbles are in contact with many surrounding small pebbles. Owing to the influence of a similar “convex wall effects”, the surrounding small pebbles has a lower coordination number, which results in a decrease in the average coordination number and an increase of the standard deviation of the coordination number as the Δd increases.



In further, it can be seen from Figure 13b that with the increase of the Δd, the maximum coordination number in the pebble bed gradually increases. When the Δd is 0, the maximum coordination number is 11, and when the Δd increases to 0.5, the maximum coordination number of the pebble bed has increased to 15 and 16. It is due to the rapidly increase of the number of small pebbles in contact with the central large pebbles with the increase of pebble size. In addition, it can be seen from the Figure 13 that the average coordination number of the pebble bed with periodic boundary is about 0.3 higher than that of the fixed wall pebble bed, which is also due to the influence of the wall effect. The pebbles in contact with the wall have a lower coordination number.



The PDF and the CDF of the coordination number in the pebble size uniform distribution pebble bed is shown in Figure 14. It can be seen from the distribution that as the particle size difference increases, the coordination number with the highest probability gradually decreases in the pebble size uniform distributed pebble bed. When the Δd is very small (such as 0.05), the maximum probability coordination number for periodic pebble beds is 7 and for fixed-wall pebble beds is 6. The probability distribution of the coordination number is consistent with that of the mono-sized pebble bed due to the pebble size is distributed in a very narrow range. When the Δd increases to 0.15 and 0.25, the coordination number with the maximum probability is 6. As the Δd increases, the highest probability coordination number further decreases to 5 when the Δd is 0.4. There is a similar trend of the probability distribution of coordination number in both the fixed wall pebble bed and the periodic boundary pebble bed. This is mainly attributed to that the influence of the wall effect in the pebble bed gradually decreases with the increase of the Δd, Small, consistent with the change of porosity inside the pebble bed, which corresponds to the variation of the porosity in the pebble size uniform distributed pebble bed.



In addition, the CDF of coordination number shows a similar trend in pebble bed, compared to that of the pebble size normal distributed pebble bed. A turning point exist in the cumulative distribution curve of the coordination number. With the Δd increases, the cumulative probability curves shift to the left when the coordination number is less than 6.4226 for the fixed wall pebble bed and 6.6497 for the periodic boundary bed, while when the coordination number is greater than turning point, the cumulative distribution profile is shifting to the right, which reveal that with the increase of the Δd, the proportion of the pebbles with lower coordination number gradually increase in the poly-disperse pebble bed.




3.3.3. Contact Force Distribution


Figure 15 shows the force chain network in the poly-disperse pebble bed with uniformly distributed pebble size. To clearly show the strong contact force inside the pebble bed, the most of the weak contact forces have been made transparent, as shown in Figure 15. It can be seen from the figure that due to the influence of gravity effect, in the poly-disperse pebble bed with different particle size distribution, the magnitude of the force chain gradually decreases with the increase in local height. The strong contact force chain is mainly distributed in the lower part of the pebble bed, which is consistent with the variation of the local average contact force along the height, as shown in Figure 16a. While the weak contact force is distributed throughout the poly-disperse pebble bed. In further, the normalized average contact force in the bed with different particle size distribution and different bed height is always between 2 and 2.75 in the region near the bottom wall of the pebble bed, which is also owing to the friction interactions between pebbles and between pebble and side walls carry part of the pebble gravity in the poly-disperse pebble bed with uniformly distributed pebble size. In addition, the local average contact force is evenly distributed as shown in Figure 16b owing to the isotropic packing structures along the horizontal direction.



The probability density distribution of contact force in the pebble bed with uniform particle size distribution is shown in Figure 17. The results show that the probability density of weak contact force below the average contact force is the largest, and weak force account for the majority of the pebble bed. With the increase of the contact force, the probability density of the contact force drops rapidly. If we enlarge the distribution profile when the normalized contact force is less than 1, the probability density distribution of weak contact force can be obtained as shown in Figure 17b. It can be found that the probability density of weak contact force increases first and then decreases. In further, the pebble size distribution has an influence on the probability density distribution of weak contact force. When the normalized contact force is less than 0.1, the probability density is gradually rising with the Δd increases. While, the probability density reduces gradually with the increase of the Δd when the normalized contact force is greater than 0.1. A turning point occurs when the normalized contact force is equal to 0.1.



Figure 17c,d shows the probability density distributions of the maximum contact force of each pebble in the poly-disperse pebble bed with uniformly distributed pebble size, which is similar the probability density distribution of all contact force in the pebble size uniform distribution pebble bed. It can be seen that the maximum contact force of the majority of the pebbles is still less than the average contact force. In other word, all contact force of the majority of the pebbles is lower than the average contact force in the poly-disperse pebble bed. Only a few pebbles have a contact force greater than the average contact force, which might break when suffering external load.






4. Conclusions


In terms of the packing structure and the contact force distribution of the poly-disperse pebble bed with normally and uniformly distributed pebble size, respectively, a numerical simulation was conducted based on the DEM method to reveal the influence of the pebble size distribution on the packing structures and the contact force distribution. The results obtained in this work show that the pebble size distribution has a significant effect on the packing structure of the poly-disperse pebble bed. Compared with mono-sized pebble bed, smaller porosity and higher packing fraction can be obtained by the poly-disperse pebbles packing. The average porosity of the poly-disperse pebble bed gradually decreases with the increase of the pebble size dispersion in the poly-disperse pebble bed. In further, compared with the periodic boundary pebble bed, the fixed wall effect can be observed in the local porosity distribution. Close to a fixed wall, the local porosity distribution shows an obvious characteristic of damping and oscillating. The volume fraction of the fixed wall influenced region gradually decrease with the increase of the degree of pebble size dispersion in the poly-disperse pebble bed. The gravity and the pebble size distribution have a significant influence on the contact force distribution of the poly-disperse pebble bed, while the boundary conditions have a relatively small effect on the contact force distribution. In addition, the probability density of contact force decreases rapidly with the increase of the contact force in the poly-disperse pebble beds. the probability density of strong contact force gradually increases with the increase of the pebble size dispersion.
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Figure 1. Structures of mono-sized packed pebble bed: (a) 3D view, (b) local porosity distribution, (c,d) pebble center distribution bed with fixed wall and periodic boundary. 
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Figure 2. Coordination number distribution of mono-sized pebble bed: (a) probability distribution, (b) cumulative distribution function. 
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Figure 3. Contact force distribution of mono-sized pebble bed: (a) 3D view of contact force chains, (b) contact force distribution along local height, (c,d) probability density distribution of all contact force and the maximum contact force of each pebble. 
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Figure 4. Average porosity of the poly-disperse pebble bed with normally distributed pebble size. 
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Figure 5. Local porosity distribution in the poly-disperse pebble bed with normally distributed pebble size: (a) σ = 0, mono-sized pebble bed, (b) σ = 0.04, (c) σ = 0.1, (d) σ = 0.16, (e) σ = 0.25, (f) σ = 0.3. 
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Figure 6. Coordination number of the poly-disperse pebble bed with normally distributed pebble size: (a) average coordination number, (b) maximum coordination number. 
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Figure 7. Coordination number distribution of the poly-disperse pebble bed with normally distributed pebble size: (a,c) PDF in bed with fixed wall and periodic boundary, (b,d) CDF in bed with fixed wall and periodic boundary respectively. 
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Figure 8. Force chains of contact force in the poly-disperse pebble bed with normally distributed pebble size: (a) σ = 0, (b) σ = 0.04, (c) σ = 0.1, (d) σ = 0.16, (e) σ = 0.25, (f) σ = 0.3. 






Figure 8. Force chains of contact force in the poly-disperse pebble bed with normally distributed pebble size: (a) σ = 0, (b) σ = 0.04, (c) σ = 0.1, (d) σ = 0.16, (e) σ = 0.25, (f) σ = 0.3.
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Figure 9. Contact force distribution along (a) the height and (b) the horizontal of the bed with normally distributed pebble size. 
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Figure 10. Probability density distribution of contact force in the poly-disperse pebble bed with normally distributed pebble size: (a,b) all contact force, (c,d) maximum contact force of each pebble. 
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Figure 11. Average porosity of the poly-disperse pebble bed with uniformly distributed pebble size. 
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Figure 12. Local porosity distribution in the poly-disperse pebble bed with uniform distributed pebble size: (a) Δd = 0, (b) Δd = 0.05, (c) Δd = 0.15, (d) Δd = 0.25, (e) Δd = 0.4, (f) Δd = 0.5. 
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[image: Energies 14 00449 g012]







[image: Energies 14 00449 g013] 





Figure 13. Coordination number of the pebble bed with uniformly distributed pebble size: (a) average coordination number, (b) maximum coordination number. 
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Figure 14. Coordination number distribution in pebble bed with uniformly distributed pebble size: (a,c) PDF in bed with fixed wall and periodic boundary, (b,d) CDF in bed with fixed wall and periodic boundary respectively. 
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Figure 15. Force chain in the poly-disperse pebble bed with uniformly distributed pebble size: (a) Δd = 0, mono-sized pebble bed, (b) Δd = 0.05, (c) Δd = 0.15, (d) Δd = 0.25, (e) Δd = 0.4, (f) Δd = 0.5. 
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Figure 16. Contact force distribution along (a) the height and (b) the horizontal of the bed with uniformly distributed pebble size. 






Figure 16. Contact force distribution along (a) the height and (b) the horizontal of the bed with uniformly distributed pebble size.
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Figure 17. Probability density distribution of the poly-disperse pebble bed with uniformly distributed pebble size: (a,b) all contact force, (c,d) maximum contact force of each pebble. 
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Table 1. Pebble size distribution used in the DEM simulation.
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Pebble Size Distribution

	
Parameter

	
Values






	
Mono-sized

	
d = davg

	
1 mm




	
Normal distribution

	
davg

	
1 mm




	
σ

	
0–0.3 mm




	
Uniform distribution

	
davg

	
1 mm




	
Δd

	
0–0.5 mm




	
Number of pebbles

	
N

	
30,000




	
Average diameter

	
davg

	
1 mm




	
Time-step

	
dt

	
1 × 10−8 s











 





Table 2. Material parameters used in the DEM simulation.






Table 2. Material parameters used in the DEM simulation.





	Parameters
	Li4SiO4 Pebbles [7,8]
	Wall (CLF-1 Steel [58])





	Young’s modulus
	90 GPa
	225 GPa



	Poisson ratio
	0.24
	0.33



	Density
	2323 Kg/m3
	7847 Kg/m3



	Restitution coefficient
	0.9
	0.9



	Static friction coefficient
	0.1
	0.1



	Rolling friction coefficient
	0.001
	0.001
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