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Fluidized bed gasification has proven to be an appropriate technique for converting various biomass feedstocks into helpful energy. Air distributor plate design is one of the critical factors affecting the thermochemical conversion performance of fluidized bed gasifiers. The present study is proposed to investigate the mixing pattern and pressure drop across different configurations of air distributors using a two-fluid model (TFM) of finite volume method-based solver ANSYS FLUENT. The pressure drop across the bed and mixing pattern have been investigated through qualitative and quantitative analysis of CFD results using three diverse distributor plate designs: perforated plate, 90° slotted plate, and 45° swirling slotted plate. The pressure drop by employing the perforated distributor plate reveals the highest pressure drop due to the smallest open area ratio. However, the pressure drop in the case of 90° slotted plate is found to be 7% and 4% lesser than perforated and 45° slotted plate respectively due to a smaller velocity head developed through the wider open area of the straight slotted plates. The distributor design configuration having a 45° slotted plate exhibits considerable pressure drop compared to the 90° slotted plate due to the longer path length of the slot. Numerical pressure drop results across the bed with different types of distributor plates prove reasonable agreement with the experimental results available in the literature. Mixing behavior in perforated distributor plates exhibits lower portion solid volume fraction of around 0.58. However, it falls rapidly as go up the riser (7.7% of column height); 90° slotted plate shows bottom region solid volume fraction of around 0.5. In addition, it exhibits an even broader range of sand volume fraction and column height (13.46% of column height). Finally, the 45° distributor plate reveals the highest range of volume fraction through the riser height (17.3% of column height), indicating the better mixing characteristics of the fluidized zone.
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INTRODUCTION
Fluidized bed combustion (FBC) has been renowned as a suitable technology for converting a wide variety of feed, i.e., coal and biomass, into energy due to its superior heat and mass transfer characteristics. By adequately designing fluidized bed reactors (FBR), the emission of SO2 and NOx can be significantly reduced (Downmore et al., 2017). A fluidized bed combustor usually consists of the reaction zone, air distributor plate, combustion chamber for flue gases to preheat the bed material, cyclone separator, and fuel inlet device. FBC uses inert particles, glass beads, or river sand as bed material. The inert particles are preheated to the operating temperature by the flue gases coming from the precombustion chamber, which causes the particles' bed to absorb and store heat. Fluidizing air is passed through the distributor plate. When the air velocity reaches a particular value on which its drag force balances the bed particles’ weight, the bed is fluidized. The velocity at this specific point is called the minimum fluidization velocity (Rao and Bheemarasetti, 2001). Many designs and operating parameters influence the performance of fluidized bed reactor/gasifier, including the type of feedstocks, residence time of gas and fuel particles within the reaction zone, superficial gas velocity, minimum fluidization velocity, particle size distribution, operating and maximum temperature, operating pressure, equivalence ratio (ER), appropriate mixing/contacting of gas-solid phases, pressure drop across the air distributor and throughout the bed, bed height, and temperature and heat transfer coefficients (Armstrong et al., 2011; Baruah and Baruah, 2014).
As far as hydrodynamics of gas and solid particles within the fluidized bed of FBC is concerned, geometric parameters play a vital role in this aspect. Superficial gas velocity, minimum fluidization velocity, gas-particle dispersion enhancement, bubble size and movement behavior, gas-solid contacting pattern, void fraction, residence time distribution of gas and solids, gas-solid movement, and mixing pattern are some of the aspects affected by the distributor plate design. Many distributor designs have been tested, and their impact on the hydrodynamics of the fluidized bed has been reported with various parameter variations (Shukrie et al., 2016). Many types of distributor designs are available in the literature, based on the direction of air entering the column, i.e., normal direction, a lateral direction, and inclined direction. Normal direction includes sparger, perforated plates, and sintered metal. Lateral direction comprises bubble caps, multi-vortex, and nozzles, while inclined direction distributors are classified into annular and helical nozzles (Shukrie et al., 2016). Many researchers and scientists have studied the types mentioned above of distributors to investigate the effect of mixing and pressure drop characteristics of the various fluidized bed phenomena.
Qian et al. (1998) have done a parametric study of a horizontal rotating fluidized bed using slotted and sintered metal cylindrical gas distributors for pressure drop measurement as a function of rotating speed, gas velocity, and bed thickness. After conducting series of experiments for the different densities of particles, they have revealed that the pressure drop for the slotted distributor exhibited pressure overshooting at initial fluidization than the sintered metal distributor.
Sathiyamoorthy and Horio (2003) have experimented with various bed aspect ratios with three-bed materials and two types of multi-orifice distributors. It was revealed that the distributor type, aspect ratio, and operating velocity influence fluidization quality. Moreover, it was concluded that there is a critical aspect ratio where the fluidization quality is maximum. This critical aspect ratio is influenced by operating velocity and distributor type. The critical aspect ratio is found to fall linearly with the increasing operating velocity. The distributor to bed pressure drop ratio has been expressed as a critical aspect ratio function, and the results are compared with the literature data. Paivai et al. (2004) and Sobrino et al. (2009) have studied the distributor plate's influence on a fluidized bed's bottom zone. The cold model was tested for different types of perforated distributor plates having six different perforation grids. It was revealed that for the range of pressure drop (0.05–350 kPa) corresponding to superficial gas velocities (0.1–2.3 ms−1), the distributor plate having a higher open area ratio produced higher pressure drop values in the bottom zone than those expected with the initial fluidization condition. In addition to that, it was concluded that void fraction fluctuation was significant with height and with the fluidization velocity by using a model. Luo et al. (2004) have performed experiments to investigate the effect of parameters, i.e., pressure drop and an aperture ratio of the distributor, on fluidizing and separating performance. Results have shown that the fluidized bed’s fluidizing performance was enhanced for a higher gas distributor’s pressure drop. When the gas distributor's pressure drop is higher than its critical value, the fluidized bed was more uniform and stable density for mineral separation. Moreover, better uniformity and density were observed as the gas distributor’s aperture was smaller.
Fluidization can also be enhanced by rotating the distributor plate. Sobrino et al. (2008) conducted various experiments to examine the effect of the distributor plate's rotational speed on the bed's hydrodynamic behavior, minimum fluidization velocity (Umf), and pressure fluctuations. Furthermore, Sobrino et al. (2009) did a similar study to incorporate rotating distributors to study the bubble characteristics in fluidized bed both theoretically and experimentally (Sobrino et al., 2009; Sobrino et al., 2009). It was concluded in the study that when the distributor was spinning, there was a radial decrease in the bubble size, and also, the bubble growth with the bed height was lowered. Soria-Verdugo et al. (2011) have also investigated the rotating distributor effect on large particles' motion in a bubbling fluidized bed. Yang et al. (2011) have incorporated sintered metal distributors (SMD) for dense medium fluidized bed fluidization. The results have revealed that if a smaller aperture was applied for the same open area ratio (OAR), fluidization quality was enhanced. For more significant open area ratios and keeping the aperture size constant, fluidization quality seemed to be improved as the pressure drop across the SMD increased. Yudin et al. (2016) have performed a series of experiments, including a novel inclined slotted swirling distributor to enhance particulate mixing in a fluidized. Many distributor designs, i.e., perforated plate, circular edged slots (90°), and novel swirling (45°), and different bed aspect ratios were used to investigate the swirling motion in shallow bed and lateral-transverse motion particles in a deep bed. It was concluded from the experiments that enhanced mixing can be achieved in fluidized bed without even rotating the distributors, subject to the proper selection of essential parameters such as distributor designs, bed materials, and bed aspect ratios.
Computational fluid dynamics (CFD) modeling has also been used to predict the flow hydrodynamics and distributor design dependence on the fluidization quality of bubbling fluidized bed. Bin Ibrahim et al. (2012) have conducted a comparative study to investigate the fluidization quality with and without an orifice plate. The simulations were done with three orifice holes, and it was predicted that the model with an orifice plate gives better hydrodynamics, indicating a precise bubble shape with improved amalgamation compared to the model without the orifice plate. Moreover, the simulation results obtained showed good agreement with the available experimental results in the literature. Depypere et al. (2004) have performed CFD simulations to modify the plenum design of fluidized bed equipment in which stainless steel and woven wire mesh distributors were used. Initially, an experiment was performed in which the permeability and the inertial resistance of the proposed distributors were determined. After that, using CFD software ANSYS FLUENT, these inputs incorporated two types of boundary conditions for porous medium to model a distributor. Moreover, flow behavior inside the plenum region was observed qualitatively by exploring the velocity vectors and flow recirculation. It was revealed that there was a large area of recirculation, creating a negative pressure region. Three modified designs were suggested to straighten the flow, i.e., to incorporate the pre-distributor, the ceramic ball packing, and the bottom plenum air inlet. It was observed that due to the incorporation of these three configurations, the flow before entering into the fluidizing zone was straightened enough to provide quality fluidization. Vakhshouri and Grace (2010) have also discussed the effect of plenum volume on fluidization quality. It was revealed that as the plenum volume decreased, the bubbling frequency for a single-orifice distributor increased. Al-Akaishi et al. (2017) have incorporated a discrete phase model (DPM) with a multiphase particle in cell method (MPPIC) as a numerical approach. Four different perforated plate distributors were used to study the effect of configuration on the fluidized bed’s hydrodynamics. It was revealed that distributors with triangular pitch configuration had the best performance in bubble forming, pressure drop, and superficial velocity. Thus, they had better gas-solid flow distribution and mixing within the fluidized bed. Afrooz et al. (2017) have investigated the effects of bed column geometry on the hydrodynamics of gas-solid mixing. The simulations were performed with a swirling tube to see the effect of mixing behavior. Results were compared with the conventional straight tube, and it was established that the swirl tube reactor design usage resulted in a better sideways solid mixing inside the bed. However, due to the swirling motion of solid particles, an increase in the particles' residence time was also observed. Hassan et al. (2016) have predicted the internal solid circulation flux using different distributor designs. Numerical simulations were performed using two-fluid models and incorporating the kinetic theory of granular flow to see the effect of the gas distributor types, superficial gas velocity, and chambers height elevation difference on solid circulation flux. It was revealed that solid circulation flux from the heat exchange chamber (HEC) to the reaction chamber (RC) through the slot under the baffle is increased by increasing the gas velocity (Uf) in the reaction chamber RC regardless of the distributor design.
Furthermore, using a tubular gas distributor, the solids circulation flux and particles radial velocity through the slot were significantly increased compared to the other configurations. Yan et al. (2020) have performed both experiments and numerical simulations to understand the large particles’ dynamic characteristics in the fluidized bed. It was established that the average residence time had most significantly affected the shape and density of the large particles compared to the fluidized air velocity and the particle size. Moreover, the scheme controlling the residence time and movement behavior of the large particles with the different shapes was revealed by analyzing the flow-field distribution of the gas-solid two phases and the evolution of force acting on the large particles.
The 3D modeling of comparative geometric parametric study delineating the cold model fluidization phenomena of BFBG qualitatively and quantitatively is yet to be elucidated. However, most of the previously reported findings have illustrated the overall depiction of fluidization phenomena by describing the pressure drop across the bed without providing sufficient information for fluidized bed inside flow behavior with geometric parameter variations, such as air distributor plate configurations. The present research is focused on the numerical hydrodynamics study of fluidized bed gasifiers through extensive CFD study, which simultaneously describes both pressures drop across the bed and mixing behavior within the fluidization regime using different distributor plate designs. The significant outcomes of the cold model are pressure drop calculation across the bed and mixing characteristics of two-phase flow of fluidization region, identifying the dead zones for each distributor plate. The findings mentioned above will be helpful for the design and development of a hot model of BFBG for enhanced operational efficiency.
COMPUTATIONAL MODEL
Conservation Equations
Conservation of mass and momentum is governed by the continuity and momentum equations for both solid and gas phases. For the two-fluid model (TFM), which is also known as the Eulerian-Eulerian model, the averaging approach is used as a multiphase model. By definition, the sum of volume fractions of all the phases is equal to one:
[image: image]
where [image: image] and [image: image] are volume fraction of gas and solid phase in the mixture respectively.
The continuity equations for gas and solid phases are solved separately with time and space and are expressed as follows:
[image: image]
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The following set of equations represents the conservation of momentum for the gas phase and solid phase:
[image: image]
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where [image: image] and [image: image] are gas and solid-phase velocities, respectively. Moreover, [image: image] is the gas-phase strain tensor and is expressed as
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where [image: image] is the unity tensor.
Similarly, solid-phase strain tensor is expressed as
[image: image]
Drag Model
The above Eqs 4, 5 are the interphase momentum transfer between gas and solid phase, which is an important term in gas-solid fluidization modeling. Solid particle fluidization results from the pressurized air (gas) drag exerted on the particulate phase. For the gas-solid interphase exchange coefficient, several drag models have been used so far. Syamlal–O'Brien drag function is more promising and accurate when compared with the other models, so it is more appropriate for predicting the hydrodynamics of gas-solid flows (Kaneko et al., 1999; Taghipour et al., 2005). Terminal velocities of particles are essential parameters in fluidization phenomena and drag law is based on its measured values (Syamlal and O'Brien, 1989; Syamlal and O'Brien, 2003). The empirical correlation for the exchange coefficient in terms of the volume fraction and relative Reynolds number is expressed as follows:
[image: image]
For Syamlal–O'Brien drag function, the fluid-solid drag function is described by Dalla Valle (1948) according to the following relation:
[image: image]
where [image: image] is the Reynolds number of solid particles described by Richardson and Zaki (1954) according to the following relation:
[image: image]
Terminal velocity of the solid-phase particles is described by Garside and Al-Dibouni (1977) using the following relation:
[image: image]
where A = [image: image] and B = [image: image] for [image: image] and B = [image: image] for [image: image]
The Kinetic Theory of Granular Flows
Many studies have been carried out on the kinetic theory of fluidized bed behavior’s granular flows (KTGF). The detailed derivation has been explained by Gidaspow (1994) and Peirano and Leckner (1998). Similar to thermodynamic temperature in gas, a granular temperature in the solid phase is also a measure of velocity fluctuations and is defined as follows:
[image: image]
The energy transport equation, which incorporates the granular temperature, is needed to describe this phenomenon. The following equation has been proposed by Ding and Gidaspow (1990):
[image: image]
where [image: image] is the granular conductivity, [image: image] is the dissipation due to inelastic particle-particle collisions, and [image: image] is the dissipation or generation of granular energy caused by the exchange of fluctuating energy between the two phases.
In a fluidized bed simulation, the bulk viscosity of the mixture should be accounted for by Newtonian fluids. The solid shear and normal stresses occur due to granular particles’ random motion and strongly depend on the velocity gradients. There are usually three solid bulk viscosity parts; one is collision viscosity and the others are kinetic viscosity and frictional stress part. The collision viscosity is described by the following relation (Gidaspow et al., 1991):
[image: image]
where g0,ss is the radial distribution function, which is interpreted as a measure of particle contact probability–particle contact and the coefficient of restitution.
[image: image]
where [image: image]is the maximum packing limit.
The kinetic part of the bulk viscosity is described by the following relation (Syamlal et al., 1993):
[image: image]
When the solid-phase volume fraction becomes close to the packing limit, the friction stress part of viscosity becomes more critical (Syamlal and O'Brien, 1989).
[image: image]
The solid pressure, the angle of internal friction, and [image: image] are the second invariants of the deviatoric stress tensor. The solid pressure is composed of both kinetic and collision terms as described by the following:
[image: image]
Solution Methodology
Transient three-dimensional (3D) simulations of the fluidized bed were performed. The solver used for the simulation was a commercial software package, ANSYS FLUENT 16.0 (Fluent, 2012). For multiphase modeling, the Eulerian multiphase model was used for the analysis. The pressure-based transient solver was used for the analysis. Phase coupled SIMPLE algorithm was used for pressure–velocity coupling. Governing partial differential equations were discretized using the second-order upwind discretization scheme, whereas the high-resolution interface capturing (HRIC) was used for volume fractions of phases. The bounded second-order implicit transient formulation was used for more accurate solutions. Typically, a time step of 0.001°s with 20 inner iterations per time step was used. This number of inner iterations was found to be adequate to achieve convergence for most time steps. For all the equations, 10–3 residual convergence criterion was set during all the simulations.
GEOMETRY AND MESH GENERATION
Geometry
The geometry of the gasifier used for the simulation is adopted from the experimental work of Yudin et al. (Yudin et al., 2016), having a cylindrical column of height H = 260 mm and diameter D = 108 mm as mentioned in Table 1. The air distributor plates were of three different designs made up of aluminum with 115 mm diameter “D” and 8 mm thickness “t,” as illustrated in Table 2. The first among the three distributors was a perforated distributor plate (Figure 1A) consisting of N = 89 holes having 4 mm diameter “d0” each and arranged in an evenly spaced triangular pitch pattern. Such air distributors are generally used in most fluidized bed reactors and are considered reference distributors for conventional fluidized beds. The second distributor used a circular edged distributor with N = 8 air slots with 6.5 mm in width “W” and 29 mm long “L.” The air angle of attack in this distributor is perpendicular to the fluidized bed material ([image: image]90°), as shown in Figure 1B. The third distributor was the modified version of the 90° distributors, a swirling inclined distributor having similar specs as 90° distributors, but the air angle of attack is inclined to 45° to the bed material shown in Figure 1C. The area opening ratio “[image: image]” for both 90° and 45° distributors was 13%, and for the perforated plate distributor was 11%.
TABLE 1 | Simulation parameters.
[image: Table 1]TABLE 2 | Geometric details of distributors.
[image: Table 2][image: Figure 1]FIGURE 1 | geometry of the three types of distributors.
Geometric details of all three types of distributors are explained in Table 3.
TABLE 3 | Details of different mesh sizes.
[image: Table 3]Geometry details of the gasifier along with distributors are shown in Figure 2.
[image: Figure 2]FIGURE 2 | The geometry of the gasifier with three distributor plates.
Due to the symmetry of geometry for perforated and 90° distributor plates, the quarter region of the geometry was created compared to the 45° slotted plate configurations for simulation.
Mesh Generation
Geometries of all types of distributors were created using design modular and computational mesh was generated using a meshing tool of ANSYS workbench. Due to the symmetric geometry of both perforated and 90° plates, the mesh was generated on a quarter half of the domain using symmetry boundary conditions (Figure 3). However, a full 360° mesh was generated for 45° plates due to nonsymmetric geometry. Before selecting the final mesh for the analysis, a grid-independent study (explained in the next section) was carried out to get more accurate simulation results.
[image: Figure 3]FIGURE 3 | Computational mesh of the perforated distributor plate.
Mesh Independence Study
Different mesh sizes for porous plates were evaluated in the present study. The coarse, medium, and fine meshes were 0.11, 0.28, and 0.45 million, respectively, for the perforated distributor plate. The pressure drop across the bed was measured for each mesh at various superficial velocities. The pressure drop for coarse mesh gave crude results as compared to medium and fine meshes. The sequence of mesh independence strategy is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Scheme of mesh independence study.
The comparison of pressure drops for coarse medium and fine meshes for perforated plate distributor is tabulated in Table 3.
Medium and fine mesh results were in close agreement with the experimental results, as shown in Table 3. The medium and fine meshes showed inconsiderable pressure drop differences with each other, so medium mesh was chosen as an optimum mesh for the rest of the simulations.
Initial and Boundary Conditions
The solution was initialized with all the specified field variables of the entire computational domain’s solid and gas phases, as listed in Table 1. In addition, simulations were initialized with only air in the domain with no solid particles and superficial air inlet velocity.
The bed material was patched into the lower part of the domain so that the initial patched region containing bed material had an aspect ratio of 0.2 and 0.4 subsequently. The initial solids volume fraction patched in was 0.55. The initial air volume fraction patched in the solid-phase zone is 0.45 and above that zone, such as free broad area, is patched as 1. At the bottom inlet boundary, the constant specified gas inlet velocity and volume fraction were specified for each case. Air inlet velocities range from 0 to 5 m/s with an interval of 0.5 m/s for each simulation run for every distributor plate. The pressure outlet boundary condition was assigned to the upper outer boundary of the computational domain. For the gas phase, no-slip boundary conditions were applied at the wall section of the domain. In contrast, the following boundary equations were applied for the particle’s tangential velocity on the wall and the wall's granular temperature (Lun and Savage, 1987; Patankar, 2018).
[image: image]
[image: image]
RESULTS AND DISCUSSION
Bed Pressure Drop
For the validation of the proposed computational model, simulation results were compared with the experimental work of Yudin et al. (2016). Pressure drop predicted by CFD simulation was compared with experimental findings using different plate designs. The range of simulations was carried out at different superficial velocities, i.e., from initial low velocity up to minimum fluidization velocity and even higher velocities to predict pressure drop across the sand bed. The particle size for the simulation was taken as 0.75 mm for all the distributor runs. Figures 5–7 show the pressure drop and their comparison with the published data. Computational results showed that by increasing the superficial air velocity, the pressure drop also increased to minimum fluidization velocity. The pressure drop was not further increased by increasing the velocity of air through the distributors.
[image: Figure 5]FIGURE 5 | Pressure drop fluidized bed for perforated distributor plate.
[image: Figure 6]FIGURE 6 | Pressure drop fluidized bed for 90° distributor plate.
[image: Figure 7]FIGURE 7 | Pressure drop fluidized bed for 45° distributor plate.
To observe the effect of distributor configuration on fluidized bed hydrodynamics, the comparison of pressure drops results was obtained using different distributor designs. For example, perforated plate (4 mm diameter, 89 holes), circular edged slotted type (angle of attack of air 90°), and the novel swirling type (air angle of attack 45°) were investigated, as seen in Figure 8, which is the comparison of pressure drop for three different types of distributor plates. Pressure drop was highest for perforated distributor plate followed by 45° plate and lowest pressure drop was observed for 90° distributor plate.
[image: Figure 8]FIGURE 8 | Pressure drop comparison (CFD) across the fluidized bed for three different distributor plates.
The pressure drop for the perforated plate distributor is on the higher side due to the flow resistance offered by the smaller circular opening holes located at a relatively smaller distance apart. So significant pressure loss occurred due to the higher kinetic head development while crossing the plate’s narrow holes, depicting the nozzle effect. The early fluidization occurrence of a 45° distributor plate (Figure 8) is due to the inlet airflow's axial and radial components. This axial and sideways flow allows the packed particles of sand to become loosely bound since chaotic motion starts right from the lower portion of the bed, permitting early fluidization. The pressure drop using a 45° plate is slightly higher because the flow has to travel a longer path, thus experiencing more frictional head loss than 90° slotted plate (Aworinde et al., 2015). In fluidized bed hydrodynamics literature, it is generally found that distributor pressure drop becomes significantly high (Sreenivasan and Raghavan, 2002). This effect is most likely found in fluidized beds by using perforated plate distributors due to the formation of smaller bubbles and clusters (Rahimpour et al., 2017; Yudin et al., 2020).
Mixing Behavior of Solid Particles
It can be observed qualitatively from Figure 9 that solid-phase distribution is different for different distributor plates.
[image: Figure 9]FIGURE 9 | A cross-sectional view of solid-phase distribution contours of three different distributor plates at different simulation times (sec).
In general, the central region of the channel, whether its pipe or duct, has a maximum velocity at its center. However, the gas-solid mixing pattern in a fluidized bed is significantly affected by the distributor plate’s orifice arrangements (triangular pitch, radial pitch, or square pitch). In Figure 9A-1, initially, at time 1 s, the bubbles start to grow near the central region of the plate and rise until they reach the surface of the bed, where they collapse, causing the central region to become vacant. This vacant space is filled by the solids from the annular region of the bed, causing the airflow to make channels through the annular region as time proceeds, i.e., time, t = 3 and 5 s. This flow behavior is due to the radial distribution of orifice, which enhances the coalescence of bubbles through the annular region of the fluidized bed. Afrooz et al. (2006) have examined the similar behavior of solid particle movement inside a fluidized bed using a perforated distributor plate having a radial distribution of orifice arrangements.
Moreover, it is also concluded that at low fluidization velocity (uo ∼ 1.5*umf) and having a radial distribution of orifice arrangement, more channeling of air bubbles is usually formed through the annular region of the bed with a broader solid central region. At higher superficial air velocities, such as uo ≥ 2.5*umf, these air bubbles start rising through the orifices by making an angular path to form coalescence with the neighboring bubbles. It results in a slug flow that reaches the bed’s surface, where the larger air bubbles collapse and the process continues as time proceeds. Such transition phenomenon from lower to higher fluidization velocities results in the shift of the annular region of bubbles toward the central core of the fluidized bed. Due to the larger coalescence of air bubbles toward the central zone, the solid region central core of the fluidized bed is narrower. This mixing behavior can be analyzed through qualitative results of solid-phase distribution contours in Figures 9A-2, A-3. This behavior is also depicted by Mu et al. (2020), where the solids have a higher velocity at the annular region when using low superficial gas velocities. However, as the fluidization velocity of air increased, the velocity profile of solids shifted toward the central core of the bed. By examining the contours of slotted plate distributors (b) and (c) of Figure 9, it is revealed that a larger bulk flow of air can quickly be passed through the slots due to a bigger open area ratio. It is showing a lower kinetic head as compared to the perforated plate. Therefore, less pressure was dropped across a 90° slotted plate distributor.
Moreover, the particle movement in a 90° slotted plate distributor comes out to be straight upward, having a maximum axial component. Therefore, the stagnant zone of solid concentration is high enough adjacent to the 90° slots describing the sufficient portion of dead zones at the lower portion of the bed during the fluidization phenomenon, as shown in Figure 9B. The pressure drop across the 45° slotted plate is slightly higher than the 90° slotted plate due to the restrictive angular flow through the distributor’s slots. Furthermore, it can be noticed from the contours of a solid phase (Figure 10) that there is a significant skewed movement of an airflow across the 45° slotted plate. It allows the flow path to be two-dimensional or swirling due to both axial and lateral flow components. Such flow distribution permits the better mixing of solid particles within the fluidized zone and eliminating dead zones within the fluidization regime.
[image: Figure 10]FIGURE 10 | 3D view of solid-phase distribution contours of three different distributor plates at a simulation time of 5 s.
Iso-surface of solid-phase distribution further explains the flow pattern inside the fluidization region. From Figure 11, it can be seen how the solid and air phases demonstrate different flow patterns by using different distributor plates. As shown in Figure 11C, a significant swirling flow pattern is observed for a 45° slotted plate distributor. This flow behavior helps to mix binary mixtures and enhance heat transfer and mass transfer rates in the hot model (McAuley et al., 1994; Yang et al., 2021).
[image: Figure 11]FIGURE 11 | Iso-surface of solid-phase for different distributor plates at simulation time of 5 s.
Perforated plate distributor shows uniform flow distributor in Figure 9A. However, there are many chances of dead zones in the lower portion of the bed or near the distributor plate where the airflow direction is almost axial along the fluidization column. It can also be revealed from the qualitative analysis of CFD results using a 90° distributor plate. A large portion of the stagnant region near the lower part of the fluidization column is due to the maximum axial flow with the minimum radial current and less mixing. The only advantage for the 90° distributor plate is its lower pressure drop than that of the other two distributor plates.
Solid-Phase Distribution Along the Height of Fluidization Column
Solid particle distribution along the height of the fluidization column appears to be diverse for different distributor plates. Such solid-phase distribution patterns describe the overall mixing scenario within the fluidization zone. Figure 12 explains the solid particles’ distribution to varying heights of a column using other distributor plates. It can be observed that for the perforated distributor plate, the solid-phase concentration near the distributor plate is maximum, which indicates the existence of numerous dead zones near the lower portion of the sand bed. The solid-phase concentration falls sharply as we go up the column and eventually becomes zero above the fluidization zone (Afrooz et al., 2006). Using a 90° distributor plate, the graph of Figure 12 shows the higher concentration of the solid-phase volume fraction near the plate but not as much when compared to the perforated distributor plate. This effect is due to the larger opening area of the flow to allow the particles to disperse more rapidly, causing a relatively lower concentration near the plate. Using a 90° plate distributor, the solid-phase concentration gradually falls with a more significant slope than the perforated distributor plate. Finally, the 45° distributor plate showed the minimum solid-phase concentration near the distributor plate region due to the swirling flow. This swirling flow is attributed to the slanted (45° inlet air) inlet boundary causing axial and radial flow components to develop in the lower portion of the sand bed.
[image: Figure 12]FIGURE 12 | Solid-phase volume fraction and column height for different distributor plates at simulation time of 5 s.
As we go up the bed’s height, the solid volume fraction first increases and decreases to the fluidization column’s freeboard region. Quantitatively, the mixing behavior in perforated distributor plates exhibits an initial volume fraction of around 0.58. It falls rapidly as go up the riser (7.7% of column height); 90° slotted plate shows an initial lower volume fraction of around 0.5. Then, it exhibits an even broader sand volume fraction along with the column height (13.46% of column height). Finally, the 45° distributor plate reveals the highest range of volume fraction through the riser height (17.3% of column height), indicating the better mixing characteristics of the fluidized zone. This broad spectrum of solid-phase concentration for the column’s height indicates the better mixing characteristics of the flow inside the fluidized bed. Qualitatively, the solid-phase distribution along the fluidization column's height can be analyzed through volume fraction contours of solid-phase for each distributor plate. Figure 13 describes the particle distribution on the cut plane section at specified heights of the column. The blue color represents the pure gas phase and the red color the solid phase. By observing the perforated distributor plate solid volume fraction contours, it can be monitored that air passes through the perforated plate’s holes by observing the cut plane section near the plate. Still, as we go up the column, the blue color fades down, indicating the pressure drop of fluidizing air as it passes through the sand bed.
[image: Figure 13]FIGURE 13 | Solid-phase volume fraction and column height for different distributor plates at various cut planes and the column height “z” for each distributor plate at a simulation time of 5 s.
Moreover, the lateral component of air velocity and the axial component start to develop, which is depicted by the enlargement of air bubbles. Air passage through the 90° distributor plate slots clearly describes the larger air bubbles rising upward and expanding as they approach the bed surface. This phenomenon helps to mix the particles only on the upper portion of the bed. A significant portion of the solid phase remains almost stagnant, leading to dead zones' formation at the lower portion of the fluidized bed. Solid volume fraction contours of the 45° distributor plate in Figure 13 describe the two-dimensional flow phenomena, i.e., the axial flow, which is along with the column's height, and the lateral or side-wise flow parallel to the radial direction. In this way, as the air enters the 45° distributor plate, the velocity of air splits up into two main components: one is parallel to the riser height (vsin[image: image]) and the other component of velocity is perpendicular to the inlet flow (vcos[image: image]), where [image: image] is the flow angle, which varies between zero and 90°. Due to this two-dimensional flow, the resultant flow becomes swirling as it goes up the fluidization column (Shukrie et al., 2016; Yudin et al., 2016). Such flow reduces the stagnant region within the fluidization regime, as shown in Figure 13, which shows the contours of a 45° distributor plate depicting the swirling flow pattern of solid-phase as going up the column. Batcha et al. (2013) have also obtained a similar swirling flow trend after carrying out the CFD simulations series using inclined blade distributors with different blade angles. The optimum swirling flow will combine the minimum pressure drop and the high uniformity of solid particles to ensure better mixing; such phenomena are also illustrated in our findings using a 45° distributor plate.
VARIOUS CHALLENGES ON COMPUTATIONAL FLUID DYNAMICS MODELING AND SIMULATION
CFD is becoming a viable tool to predict fluid flow, heat transfer, mass transfer, chemical reactions, and related phenomena by solving mathematical equations that govern these processes using a numerical approach with the advancements in computational resources. However, there are many discrepancies involved in simulating all such processes. The first steps involved preprocessing or mesh generation. The grid quality and quantity play a significant role in producing numerical solutions for any physical phenomenon if the quality of the grid is not satisfactory, i.e., high skewness, too much aspect ratio, and non-compliance of first cell height near the wall with the applied turbulence model (y+). Additionally, insufficient grid resolution in each region of the domain, improper selection of structured or unstructured mesh, and improper selection of cell growth could lead to poor results or even divergence of the solution (Körpe et al., 2019).
Similarly, the quantity of mesh also has a significant impact on the overall numerical strategy. Too much coarse mesh leads to unrealistic results and thin mesh results in heavy computational cost (Aqilah et al., 2018). Moreover, for computing of sharp boundaries, such as shock waves or free surface flows where two phases interact, the mesh adaption can also improve results (Wackers et al., 2017). So, the mesh independence study is an appropriate method to first adopt before going for solution development.
After the proper selection of computational mesh, appropriate solution development plays a vital role. Physical model selection is a critical factor depending upon the problem to be simulating. The correct physical model selection according to the physical phenomenon is also important. For example, the flow is turbulent or laminar, unsteady or steady, and compressible or incompressible (Singh et al., 2013). Results obtained from CFD solution runs can only be reliable if the physical models used are correct.
Moreover, numerical errors that include solving equation errors, roundoff errors, and truncation errors can also increase error bars between CFD and experimental results. Mesh refinement and grid adaption are some of the ways to deal with numerical errors (Volk et al., 2017). The accuracy of the CFD solution also depends upon the proper initial and boundary conditions applied to the numerical model. For example, sudden expansion in a duct flow can only give a reliable result if one should use a fully developed velocity profile rather than assuming uniform flow.
CONCLUSION
Three types of air distributor plates were studied numerically to investigate the flow pattern and pressure drop across the solid bed of bubbling fluidized bed gasifier. The numerical model developed showed quantitatively and qualitatively reasonably good results. The pressure drop using different distributor plates was in close agreement (within 10% error) of published experimental results. Perforated plate distributor has the advantage of uniform flow distribution due to the frequent smaller holes, but it can drop the flow pressure significantly. The 90° slotted distributor plate exhibits the lowest pressure drop compared to the perforated and 45° distributor plate. The reduction in pressure drop for 90° distributor plate is observed in an average of 7–4% compared to that of perforated and 45° distributor plate, respectively. However, the non-uniform distribution of phases is the main disadvantage of the simulation results. The 45° slotted plate distributor showed the significant swirling motion of flow phases inside the fluidization zone. Therefore, the main advantage of using such a distributor is the better mixing behavior of solid phases. For future studies, the combination/blend of 45° slotted and perforate holes plate should be investigated to reduce the overall pressure drop and enhance radial and axial mixing.
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NOMENCLATURE
[image: image] Bulk gas viscosity [kg m−1 sec−1]
[image: image] Bulk solid viscosity [kg m−1 sec−1]
[image: image] Collision viscosity [kg m−1 sec−1]
[image: image] Dissipation due to inelastic particle-particle collisions [Nm−2]
[image: image] Divergence of gas-phase pressure field [Nm−2]
[image: image] Divergence of solid-phase pressure field [Nm−2]
[image: image] Exchange coefficient of gas-solid phases [-]
[image: image] Frictional viscosity [kg m−1 sec−1]
[image: image] Gas viscosity [kg m−1 sec−1]
[image: image] Gas-phase strain tensor [-]
[image: image] Gas-phase velocity [m sec−1]
[image: image] Granular solid shear stress viscosity [kg m−1 sec−1]
[image: image] Kinetic viscosities [m2 sec−1]
[image: image] Solid-phase strain tensor [-]
[image: image] Solid-phase velocity [m sec−1]
[image: image] Solid-phase velocity fluctuations [-]
[image: image] The density of gas [kgm−3]
[image: image] The density of solid [kgm−3]
[image: image] The radial distribution function of particle-particle contact probability [-]
[image: image] Unity tensor [-]
[image: image] Volume fraction gas phase [-]
[image: image] Volume fraction solid phase [-]
CD Drag coefficient of phases [-]
ds Diameter of solid particles [m]
ess Restitution coefficient [-]
JT Dissipation or generation of granular energy caused by the exchange of fluctuating energy between the two phases [Nm−2]
kT Granular conductivity [Nm−2]
Res Reynolds number of solid-phase [-]
T Granular temperature [m2sec−2]
u0 Superficial Gas velocity [m sec−1]
umf Minimum fluidization velocity [m sec−1]
Vr,s Terminal velocity of the solid-phase particles [m sec−1].
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