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Abstract

:

The formulation of the CFD-DEM model, CD-MELT, is established in this study to include three-phase non-isothermal processes with simultaneous combustion and melting for gasification simulations. To demonstrate the model capability, CD-MELT is used to assess the need for slag recycling for the non-isothermal melting of municipal solid wastes (MSW) in a prototype waste-to-energy research facility. The simulation encompasses the full fixed-bed slagging gasification process, including chemical reactions and melting of MSW and slag. In order to assess the need for slag recycling, comparisons are made for the two cases of with and without, in terms of the slag mass, liquid slag volume fraction, exit gas composition, and temperature distribution in the gasifier. The prediction results enable the tracking of liquid molten slag as it permeates through the solids-packed bed for the first time in the literature as far as we are aware, which is crucial to address design considerations such as distribution of bed temperature and optimal location for slag-tap holes at the bottom, as well as potential slag clogging within the porous media. The model also predicts an uneven and intermittent slag permeation through the packed bed without the recycling, and provides a plausible explanation for the operators’ experience of why slag recycling is important for process stability. Finally, the predicted slag outlet temperature using the proposed CFD approach also agrees well with the measurement data published in an earlier case study for the same facility.
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1. Introduction


In recent decades, gasification technology has been recognized as a promising approach in the management of solid wastes [1]. It differs from other waste-to-energy approaches by processing the wastes at a very high temperature that may exceed 2000 °C for volume reduction under a very low supply of oxidant, leading to the partial combustion of fuels and production of syngas as a mixture of carbon monoxide (CO), hydrogen (H2), carbon dioxide (CO2), nitrogen (N2) and methane (CH4) for energy production, together with the solid residues of tar and slag [2]. Full-scale gasifiers are typically large and their operating parameters are difficult to optimise, including, for example, the reactor geometry, supply air flow rate, blending of feedstock, and pollution control processes. Thus, various approaches, such as computational fluid dynamics (CFD) [3,4], artificial neural networks [5,6], thermodynamic equilibrium [7,8] and kinetic models [9] have been developed to assess and optimise the operating parameters [10]. These tools normally characterise the gasification process through the various stages of heating and drying, devolatilization, combustion, tar cracking and reduction [11]. In particular, due to its comprehensive nature and ability to model complex physical phenomena, CFD has been extensively used for thermal waste treatment applications such as incineration, pyrolysis and gasification [12,13], with a wide variety of Euler-Lagrange numerical methods such as CFD-DEM [14], multiphase particle-in-cell (MP-PIC) [15], and the coarse-grained model [16] to represent gas-solid flows. However, nearly all of them focus on the gas-solid mixing in the gasifier, while the melting inside the bottom high-temperature packed bed is usually disregarded due to the complexity of the three-phase interactions involved. Thus, these tools are generally unable to address technical issues related to the permeation of molten slag through the packed bed, such as to determine the optimal location for the slag tap-holes at the bottom of the gasifier, as well as to minimise the potential of slag clogging inside the bed media, which can disrupt the gasification process in the worst case.



In previous CFD studies, the simulation of melting has been carried out for various examples. In some cases, the melting was from a single solid, such as when Feng et al. modelled the deposition of a slag particle on the wall of a blast furnace to investigate the collision and spreading on the wall surface [17]. The observation and tracking of a solid-liquid interface is also of interest for encapsulated phase-change materials in thermal energy storage systems [18], with applications on determining modelling constants [19,20], and observation of heat transfer and temperature distribution [21]. The enthalpy-porosity method was most often used when interface tracking was important, as it is able to represent both solid and liquid phases in an Eulerian manner, and the solid-liquid interface is determined via the phase volume fraction. For others, the focus was on melting of multiple solids, such as through packed beds [17,22,23], and water infiltration into frozen soil [24]. For the present application of slagging gasifiers, which are operated at higher temperatures than conventional gasifiers, much of the available literature focuses on slag formation and its effects on gasifier performance. Slag is primarily formed through the melting of inorganic matter such as metal oxides or silica, depending on the fuels used. The inorganic matter, if not removed, can cause issues when deposited as fine ash particles in subsequent processes [25]. During the gasification process, slag is observed in two places: firstly, on the walls of the gasifier when particles become trapped and melt in a viscous layer, and secondly, when this viscous slag layer flows to the bottom of the gasifier before exiting at the tap-hole. At present, only a few studies for entrained-flow gasifiers have been reported in the literature that included the simulation of slag melting [26,27,28,29]. These gasifiers differ significantly from those for municipal solid wastes, which have a high-temperature packed bed at the bottom, whereby the slag flow is also contributed to by melting within the bed, which then permeates through the bed and is subsequently discharged. In order to prevent clogging and ensure stable operation, it is important to maintain a continuous, steady discharge of liquid slag from the bottom of the reactor, which can be achieved when the slag reaches a critical viscosity [30]. As the slag viscosity is directly influenced by reactor temperature, the predictions on the temperature distribution in the packed bed with the presence of molten slag are crucial. However, to the best of our knowledge, there is no modelling tool available that can assist in this task at present. Hence, the design is mostly based on empirical knowledge from prior field experience.



Earlier, a three-phase computational modelling tool called CD-MELT was developed to simulate both iso-thermal and non-isothermal melting [31,32], and the numerical predictions have been shown to be satisfactory in two earlier studies for packed beds under convective flows. The CD-MELT model is based on the CFD-DEM method, which represents the solid phase via discrete particles, and the fluid (gas and liquid) phases as separate continuums. Chemical reactions were not included in these earlier studies. The current study further establishes the CD-MELT formulation to include simultaneous combustion and melting, such that the particles’ temperature can reach the solidus temperature with a non-zero char mass fraction. In addition, the typical chemical reactions for the gas phase of a gasifier for municipal solid wastes are fully represented in the model. Together, the CD-MELT model can now act as a computational tool to aid the design of the gasification processes of municipal solid wastes, including the molten slag in the packed bed. In the following, the new formulation will be presented and the results from a case study discussed for model verification and analysis.




2. Numerical Simulation and CD-MELT Model


The CD-MELT model established in this study accounts for the full gasification processes and melting of municipal solid wastes. There are three sub-models for the three-phase interactions inside CD-MELT: one for the primary gas phase which flows readily through the pores of the packed bed; one for the secondary liquid phase which permeates slowly through the bed; and the last for the solid phase of the packed bed, comprising coal, waste and slag particles. The two Eulerian models (gas and liquid) and one Lagrangian model (solid) are coupled through source terms as well as interaction forces on a cell volume or particle basis. The model assumptions are: (i) drag is the only interaction force between each pair of phases; i.e., the inertial accelerations are assumed to be negligible, which are generally valid in packed beds, (ii) heat transfer only occurs between the gas-solid phases and gas-liquid phases, but not the liquid-solid phases; this assumption limits the analysis to a shallow packed bed with negligible thermal gradient, (iii) mass transfer only occurs from the solid to the liquid phase, i.e., there is no re-solidification, and (iv) particles can undergo combustion, heating and melting at the same time to account for the cross-sectional variation of the thermal gradient in the packed bed.



2.1. Fluid-Phase Equations


The Eulerian multiphase model is used to solve the continuity, momentum and energy conservation equations for the gas and liquid phases individually and simultaneously, with coupling occurring via the interaction terms for momentum transport and heat transfer. A summary of the governing equations for the fluid phases is listed in Table 1, and the details for the coupling terms are elaborated in Section 2.4.



The gas phase is assumed to be a mixture of gases, which are produced and consumed during chemical and physical reactions, and an additional species transport model is included to track the local mass fraction of each species. In the Eulerian equations, the dense discrete-phase model [33] is used to account for the high solid volume fraction, especially in the region of the fixed bed, while the Lagrangian method is used to track the discrete particles. As discussed above, the mass transfer is assumed to occur from the solid to gas phases via vaporization, devolatilization, and combustion, or from the solid to liquid phases via melting.




2.2. Solid-Phase Equations


In CD-MELT, the solid phase is represented by individual discrete particles, and the conservation equations are solved in a Lagrangian manner for each particle using the discrete element method (DEM) [34]. Three types of particles, namely coal, MSW and slag, can be specified to account for the complexity and heterogeneity in the gasification processes of municipal solid wastes. They can have varied composition, size distribution and melting rates, and their momentum fluxes are conserved in terms of accounting for the force balance and collision forces. These particles are tracked via UDFs in order to determine the particle laws, which in turn influence the particle temperature, mass, and diameter and source terms to the fluid phases. Their individual energy balance equation can differ significantly, depending on their temperature and other physical properties. Conversely, the primary gas phase generates the interaction forces that act on the particles as they pass through the cell volume. The governing equations for the solid phase are presented in the following, and the details of the UDFs for the particle laws and melting process are further elaborated in Section 2.3.



The DEM approach is based on Newton’s second law of motion, and the equations of motion are solved for each particle with the particle force balance as:
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The terms on the right-hand side of Equation (8) represent the sum of the gravitational and buoyancy forces, the drag forces exerted by the gas and liquid phases, and the contact forces due to particle collisions. Both drag force terms are represented via the Gidaspow model [35], and the exact form used is specified later in Section 2.4. The collision forces are computed based on the DEM soft sphere model [36] and exerted both normally and tangentially [33].




2.3. Particle Laws and Melting Model


Many chemical and physical processes occur inside a typical gasifier for municipal solid wastes, including vaporization, devolatilization, combustion and melting. The particles in CD-MELT will be subjected to these processes over their lifetime. At every DPM timestep, the particle law is implemented for each particle depending on its particle composition and temperature. In other words, particles in the same region but with different compositions, sizes or temperatures can undergo vastly different processes. Given the initial properties and composition (i.e., % moisture, VM, FC and ash) of the particles, CD-MELT simulates the subsequent changes of these particles with different melting rates, which are crucial in gasifiers that may handle varying types of waste. As discussed above, three types of particles are represented in the present study, i.e., municipal solid waste, coal, and slag, each having their own particle size distribution and compositions.



For applications with reactive gas-solid flows, a simplified particle lifetime process is illustrated in Figure 1. As shown in the figure, the switching of particle laws is implemented via a user-defined function (dpm_switch) based on the presence of liquid mass fraction, volatile fraction, char fraction, and temperature. The particle would then sequentially undergo vaporization, devolatilization, combustion and melting as its temperature increased. For particles without physical or chemical reactions, in this case, slag, dpm_switch is only used to switch the particle law from inert heating to melting and vice versa.



The Lagrangian equations for particle energy balance are solved for each particle at every DPM timestep, as listed in Table 2. To represent non-isothermal melting, a modified heat integration method is used [37]. Upon reaching the solidus temperature, only a portion of the particle is assumed to undergo phase change, depending on the quantity of heat absorbed. This portion is calculated via a unique particle-specific variable called particle enthalpy in CD-MELT, generated from the heat absorbed during convection from the gas phase and combustion of the particle, if any. When the particle temperature reaches the solidus temperature, there may still be char remaining in the particle. Theoretically, this means that a part of the particle can continue to burn while it undergoes melting. Thus, CD-MELT allows for simultaneous combustion and melting, and the heat generated from combustion is also channelled to melting. In each process, the energy equation for the particle in Table 2 is used correspondingly, and the particle diameter is assumed to decrease linearly based on its temperature [38] during the non-isothermal melting.



When the temperature of the particle exceeds the solidus temperature,    T s   , the non-isothermal melting law (through another UDF (meltinglaw)) is implemented and the full details are given in Appendix A. Upon the first instance that the particle reaches the solidus temperature, its mass, diameter and density are recorded in a storage array unique to the particle. This array can be accessed where subsequently needed (relevant variables subscripted as p,0). In summary, the combustion-melting model calculates the energy absorbed from the surrounding gas via convection and particle combustion. This absorbed energy is converted to melt a portion of the particle and simultaneously increase its temperature. When the particle is removed according to the stated conditions, its equivalent mass, momentum and energy source terms are added to the liquid phase to ensure the conservation within the numerical domain. Particles under the CD-MELT model are removed when the particle mass loss fraction is more than 95%.




2.4. Solution Procedure and Inter-Phase Coupling of Mass, Momentum and Energy


The CD-MELT simulations in the present study are conducted using the commercial CFD software, ANSYS® Fluent, Release 20.2 [33]. An overview of the combustion-melting model in CD-MELT and its coupling with the ANSYS® Fluent software is further elaborated in Figure 2.



In Fluent, the pressure-velocity coupling in the fluid region is solved using the pressure-based Phase Coupled Semi-Implicit Method for Pressure Linked Equations (PC-SIMPLE) algorithm [39]. The coupling among the three phases in CD-MELT takes place through the mass transfer, interaction forces, and heat transfer terms. The mass transfer during vaporization, devolatilization and combustion is assumed to occur directly between the solid and gas phases, and during melting from the solid to liquid phases. Momentum transfer is represented via interaction forces in the form of drag only, due to the high density and large size of the solid and slag particles in the packed bed. Specifically, the Gidaspow drag model [35] has been chosen to represent the drag force between each pair of phases. The general form of the momentum exchange coefficient,    K  pq    , is calculated based on either the Wen and Yu model [40] (   α q  > 0.8  ) or the Ergun equation [41] (   α q  ≤ 0.8  ), where phase q is the less dense phase. From our previous study [32], this drag model is capable of representing the resistance to the motion of the molten slag through the packed bed. However, for smaller MSW and solid slag particles, other forces such as pressure gradient or lift forces might also be needed, as they can be carried out of the domain via the gas.



Heat transfer is assumed to occur only between the gas phase and other phases, as represented by the    Q  lg   ,    Q  gl     and    Q  pg     terms. The convective heat transfer between gas and liquid is a function of the Ranz-Marshall correlation [42], interfacial area and temperature difference. The liquid phase is represented by an assembly of spherical droplets, assuming a single droplet in each cell for simplicity. This allows the liquid phase to be tracked independently of the gas and solid particles, and at the same time, to account for decreased local heat transfer when the volume of liquid increases. The heat transfer between the solid and the gas in each cell is then equal to the change in thermal energy of the particles:
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where    m  p , 0     and    T  p , 0     represent the mass and temperature of the particle at the beginning of each timestep respectively, and    c  p , p     is the specific heat of the particle at constant pressure. Additionally, when the particle temperature is between the solidus and liquidus temperature, and the combustion-melting model is activated,    Q  pg     is then equal to Q, representing the heat absorbed from the gas phase.





3. Case Study: Prototype Gasifier


In the case study for the prototype gasifier, the solids-packed bed is comprised of three types of particles (coal, MSW, and slag). Each particle is independently solved in terms of position, heat transfer, and force interactions from other particles or the gas phase. As mentioned previously in Section 2.1, the gas phase is assumed to be a mixture of gases, which are produced and consumed during chemical and physical reactions, and an additional species transport model is included to track the local mass fraction of each species.



3.1. Simulation Model


The numerical simulations are performed based on the geometry and operating conditions of the slagging gasification plant for municipal solid wastes in the Waste-to-Energy Research Facility, Singapore [43]. Figure 3 shows the geometry and mesh of the gasifier, as well as the packing conditions. Due to the existence of DEM particles, the mesh must be of sufficient size (larger than particle size) in order to achieve numerical stability. Hence, the final size of the mesh was based on a reasonable particle-size ratio based on our experience and preliminary simulations. The gasifier has a single inlet at the top for the feeding of MSW, coal and solid slag, a single gas outlet for the exit of syngas, and a set of main tuyeres and secondary tuyeres to inject the oxygen-enriched air and ambient air, respectively. The MSW and coal particles form a fixed bed at the bottom of the gasifier, where the coal combustion provides the very high temperature required to heat the MSW, which is mostly gasified and eventually, with the melting of the remaining metal content, producing slag. The plant has a daily treatment capacity of 11.5 tonnes, with the bulk of the MSW feedstock being collected from the nearby campus of Nanyang Technological University. Slag recycling, whereby the molten slag after drainage from the bottom outlet is quenched in a water bath and then returned as feedstock to the inlet of the gasifier, is found to be necessary in order to achieve operational stability. Previously, the recycling of slag into the main reactor has been used in other applications such as steelmaking, in order to reduce the material cost and improve slag formation [44,45]. In the present application, the recycling leads to direct wastage of energy and adds to the cost of the operation, and should thus be minimised. The amount of slag recycling is presently determined empirically based on field experience, due to a lack of modelling tools for assessment.



The physical properties and composition of coal, MSW and slag particles are listed in Table 3. The coal particles are injected as auxiliary fuels, and they are assumed to be fully fixed carbon that can undergo combustion only. On the other hand, the MSW particles (comprised of moisture, volatile matter (VM), fixed carbon (FC) and ash) can be subjected to vaporization, devolatilization, combustion, and melting sequentially, as mentioned in Section 2.3. Finally, the slag particles are assumed to be inert and undergo only heating and melting. Due to the short simulation time and much higher liquidus temperature for coal (~1573 to 2873 K, depending on element composition [46]), it was assumed that only MSW and slag particles undergo melting, with the solidus temperature fixed at 1421 K and the liquidus temperature at 1573 K.



Numerous chemical reactions were included for the gasification processes for municipal solid wastes. They were classified into either homogenous (occurring within the gas phase) or heterogenous (occurring between solid and gas phase) reactions. The detailed chemical reactions and kinetics are listed in Table 4 [47].



In the simulations, the molten liquid phase and inert slag are assumed to be inactive in any chemical reactions. For homogenous reactions, the turbulence-chemistry interaction is based on the finite-rate/eddy-dissipation model, where the reaction rates are controlled by both the chemical kinetics and the turbulence mixing. Benzene is used to represent the formation of tar, with cracking into smaller gas molecules. For the heterogenous reactions, they are modelled as particle surface reactions and the rate of reaction modified based on Arrhenius kinetics [48,49,50].



The simulation is first performed for an initiation period from t = 0 to t = 5000 s with slag recycling. The feeding rate of MSW into the gasifier is kept constant at 446 kg/h, and the feeding rate of coal at 50 kg/h [43]. The solid slag recycling rate is kept constant at 130 kg/h. All solids are fed into the gasifier at 300 K. The main tuyere injects oxygen-enriched air at 400 Nm3/h to maintain the high temperature in the melting zone, while the secondary tuyeres provide ambient air to facilitate the chemical reactions inside the gasifier, such as tar cracking in the freeboard region. The initiation period includes the building up of the coke bed and is run for a comparatively long time (5000 s) to ensure the stability of the chemical reactions and the syngas composition. During this initiation period, simplifications are made by removing the MSW particles when their temperatures escalate to the liquidus temperature (1573 K). In other words, no molten liquid is added to the simulations. At the end of the period, the packed bed achieves a particle composition similar to site observations, while the composition of the exhaust gas and temperature became steady.



After the initiation period, the full CD-MELT is then used to assess the need for slag recycling, and the melting from the recycled solid slag or MSW particles are now added to the liquid molten slag phase. Two simulations are performed: the first one with the continuation of the slag recycling, and the other with the stoppage of the recycling. Both simulations are conducted for a period of 600 s from t = 5000 s to t = 5600 s, when the slag flow reaches a quasi-steady state. The molten slag is removed via UDF from a single cell located at the side wall and bottom of the reactor, which represents the slag outlet. In the real gasifier, thermocouples are used to measure the gas temperature at the upper, middle and lower parts of the furnace, as well as the exit gas outlet [43]. The temperature of the slag at the outlet is also measured with an infrared thermometer, and these temperature measurements are compared with the predicted results.




3.2. Effect of Slag Recycling on Slag Flow through Packed Bed


The following section compares the CD-MELT results for the two cases: with and without slag recycling. Figure 4a illustrates how a sample MSW particle changes in mass and temperature over time during this period inside the gasifier, while the liquid, volatile, and char mass fractions are shown in Figure 4b.



During vaporization, the MSW particle undergoes a linear reduction in mass while its temperature remains constant at approximately 373 K. After its liquid fraction decreases to zero, devolatilization occurs. Volatile gases are emitted from the particle surface and the particle temperature increases rapidly. When the devolatilization is completed, combustion and pyrolysis occur where the char fraction is consumed, and the particle temperature continues to increase steadily. Upon reaching the solidus temperature, the particle begins to melt and the solid particle mass reduces. The char fraction decreases rapidly upon the initiation of the combustion-melting. The particle is finally removed when the mass loss fraction exceeds 0.95, which occurs at a temperature of 1517 K, as shown in Figure 4a.



To investigate the need for slag recycling, the liquid slag flow through the bed is tracked at intervals of 100 s. Figure 5 shows the liquid volume fraction at the vertical cross-section of the centre plane (z = 0 m) as well as the horizontal cross-section within the packed bed at y = 0.25 m. The view plane is focused on the bottom packed bed of the gasifier for a clearer comparison. In both simulations, the liquid molten slag accumulates in and permeates through the bed over time. After reaching the slag outlet located at the bottom right corner in centre plane, z = 0.0 m, the liquid slag is then removed via UDF.



With slag recycling, the simulation results (Figure 5a) show that the distribution of molten slag is relatively uniform within the packed bed with the formation of a single horizontal layer. In contrast, the distribution is uneven without the slag recycling (Figure 5b), and pockets of accumulation with higher molten slag density can be observed, especially around the front tuyere. This accumulation diminishes the functioning of the packed bed in processing the MSW particles due to the lower temperature of the molten slag compared to the bed media, and the slag tapping would become challenging, which corresponds to the field experience from the plant operator that slag recycling is required to mitigate the process disruption.



The predictions of solid, liquid, and total slag mass, as well as the slag temperature at the outlet, are plotted in Figure 6 with and without slag recycling. In Figure 6a, the slag temperature at the outlet is nearly the same for both cases from t = 5400 s onwards, with predicted average temperature for the slag recycling being 1564 ± 33 K, compared to 1562 ± 20 K without slag recycling. The predicted temperature is slightly lower than what is observed at the prototype gasifier of 1638 ± 43 K [43]. This can be attributed to the values of solidus and liquidus temperature for the MSW and slag particles, which differ significantly but are assumed to be similar in CD-MELT as the first approximation.



In addition, other factors not considered in the simulations, such as the ash fusion temperature of coal, heat loss from the boundary wall, and thermal conductivity of slag, can all have little effect on the slag outlet temperature. Comparing the predicted mass of solid and liquid slag in Figure 6b, it is observed that the liquid slag is generated at a higher rate initially without slag recycling, but the rate of liquid slag production tapers off and eventually reaches a similar mass as the slag recycling case. This can be attributed to the fact that since the recycled slag is injected at 300 K, some of the energy in the gasifier is used to heat and melt the injected solid slag; the temperature of the gasifier is thus lower, leading to a lower initial melting rate.



The simulated exit gas composition and temperature are plotted in Figure 7. The values in the figure represent the area-weighted average of the y-z vertical cross-section at the gas outlet. The results in the first 200 s, from t = 5000 to t = 5200 s, show large fluctuations in the syngas composition with slag recycling, which can be attributed to the increase in H2. As discussed above, the slag recycling could cause a lower temperature in the gasifier, favouring the forward water-gas shift reaction which is mildly exothermic. Nevertheless, at the quasi-steady state, the exit gas composition is no longer significantly affected by the slag recycling, as the solid slag does not take part in any chemical reactions.



The area-averaged temperature of the gas mixture is recorded at different heights within the gasifier over a period of two minutes. The results are compared with the published data [43] in Figure 8. For the packed bed, the gas temperature is the highest at the bottom due to the charcoal combustion enhanced by the oxygen-enriched air, while the temperature decreases towards the surface (y ~ 1.0 m) due to the endothermic reactions of vaporization and devolatilization. In general, the case with slag recycling has higher temperatures (difference of ~60 K) in the freeboard and fixed bed, except for near the bed surface, due to the absorbed heat by the injected slag particles. This is due to the heat retained by the increased amount of solid slag, which is transferred via convection to the air. When comparing with the measured data from the case study [43], the predictions of the gas temperature at the outlet are significantly higher than the temperatures measured via thermocouples, which could be attributed to the heat loss in the gasifier through the inlet that was not accounted for in the simulations. Additionally, the discrepancy is also due to the difficulty of implementing the corrective energy source term to the gas phase, which is elaborated in the following section. Hence, the focus of the results is the comparison of the case study with and without slag recycling, rather than the site observation.




3.3. Challenges of the Melting Model


Several challenges were encountered during the implementation of the combustion-melting model in the simulations. Prior to t = 5000 s, there were existing MSW and slag particles in the system. These particles did not undergo melting (only combustion and inert heating) in order to speed up the computational time, and were removed upon reaching liquidus temperature. However, the melting model requires the variable of the particle diameter when it first reaches solidus temperature. Hence, the results of liquid slag observed are only from the melting of the slag particles, which were below solidus temperature at t = 5000 s; after that time, the melting model was then activated. This can be improved in the future if faster workstations are available. Additionally, it was noted that when a particle is removed from the system, the enthalpy of the particle should be transferred entirely to the liquid phase. However, due to the nature of the specific heat capacity being composition- and temperature-dependent, the exact particle enthalpy is unknown and some differences may be introduced. It is acknowledged that this may lead to the results being less accurate and that this aspect should be further improved in the future.



There were also issues with determining the corrective source term for ANSYS Fluent. During the preliminary development for the non-isothermal melting model, it was noted that a corrective source term was required due to the way the fluid was coupled with the particles in ANSYS Fluent. Mass and energy sources were computed during every DEM timestep based on the change in the mass and enthalpy of the particles, and added to the primary phase by default (programmed into the commercial software). This was acceptable for the simulation with two-phase flows where the solid was mixing directly with the primary phase (liquid) after melting, but where the primary phase was gaseous and no mass transfer should have occurred to or from that phase, the energy transfer term was also incorrect. Hence, corrective source terms for mass and energy had to be introduced to modify the default source terms. Due to the low velocity of the particles involved, corrective momentum source terms were not included. The corrective source terms were formulated given information from the ANSYS theory guide [33]. However, there was difficulty in determining the exact formulation of the corrective source term for the present study, as it was unclear how the char fraction of the particle factored into the equation, if at all. Numerical instabilities can occur after a certain point in the simulations and could not be resolved despite repeated attempts. Further investigation into the reason for the numerical instabilities will be needed in the future.





4. Conclusions


CD-MELT is extended to three-phase, non-isothermal, simultaneous combustion and melting in this study. The improved CFD-DEM model can be used for simulating multiphase flows with reactions, particularly in engineering applications with significant volume fractions of solid and liquid and with solid melting. It is especially useful for cases where the solid particles are separate or have different properties and melting rates, such as in mixed wastes gasifiers. In particular, CD-MELT is applied to simulate the operation of the slagging gasification plant for municipal solid wastes in the Waste-to-Energy Research Facility, Singapore. The simulation results agree well with the measurements from the facility, including the temperature of the slag at the outlet, exhaust gas composition, and liquid slag mass within the gasifier at a quasi-steady state (with deviation of less than 10%). The results also show that the distribution of the liquid slag within the packed bed is more uniform with slag recycling, which provides a plausible explanation for the operators’ experience as to why slag recycling is important for process stability. Thus, the present study shows that CD-MELT can be used to assess the need as well as quantity of slag recycling, which up to now is determined solely through empirical experience for MSW gasifiers. Hence, it can act as an effective tool to aid the design and optimisation of full-scale gasifiers for municipal solid wastes in the future. Nevertheless, we note that there remains a notable difference between the predicted and observed temperatures of the gas phases in the freeboard region, which can be attributed to possible air exchanges (and heat losses) through the inlets in field operations, as well as the difficulty of implementing the corrective energy source term to the gas phase. Further improvement of the modelling approach and more case studies of field applications are thus still necessary in the future.
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Nomenclature/Abbreviations








	Nomenclature
	



	Ap
	particle surface area



	cp
	specific heat capacity



	CF
	char mass fraction



	d
	diameter



	   F →   
	force



	    f h    
	fraction of heat absorbed by solid particle



	   g →   
	gravitational acceleration



	h
	enthalpy



	    h c    
	convective heat transfer coefficient



	    h m    
	latent heat of melting



	   J →   
	diffusive flux



	    K  p q     
	interphase exchange coefficient between phase p and phase q



	LF
	liquid mass fraction



	m
	mass



	    m  p , 0     
	initial particle mass



	p
	pressure



	Q
	heat transfer term



	Re
	Reynolds number



	Ri
	rate of production via chemical reaction or particle surface reactions



	t
	time



	T
	temperature



	   v →   
	velocity



	VF
	volatile mass fraction



	S
	source term



	  x  
	position



	Y
	local mass fraction of species within gas mixture



	Greek symbols
	



	α
	phase volume fraction



	β
	mass loss fraction



	ρ
	density



	    τ =    
	stress tensor



	  μ  
	dynamic viscosity



	Subscripts
	



	coll
	collision



	g
	gas



	l
	liquid



	p
	particle



	ref
	reference



	Abbreviations
	



	CFD
	Computational Fluid Dynamics



	DEM
	Discrete Element Method



	DPM
	Discrete Phase Model



	FC
	Fixed Carbon



	MSW
	Municipal Solid Waste



	UDF
	User-Defined Function



	VM
	Volatile Matter
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Table A1. Process flow of combustion-melting model.






Table A1. Process flow of combustion-melting model.





	

	
Char Fraction > 0

	
Char Fraction = 0






	
Step 1

	
Obtain the new particle temperature    T p   , assuming combustion takes place.

	
Obtain the new particle temperature    T p   , assuming inert heating takes place.




	
Step 2

	
Calculate the heat absorbed from fluid and combustion and add to particle enthalpy,    h p   .

  Q =  m p   c p    d  T p    d t   =  h c   A p   (   T f  −  T p   )  −  f h    d  m p    d t    H  r e a c    

	
Calculate the heat absorbed from fluid and add to particle enthalpy,    h p   .

  Q =  m p   c p    d  T p    d t   =  h c   A p   (   T f  −  T p   )   




	
Step 3

	
“State 1”: Record particle mass and diameter after combustion, and particle temperature before combustion.

	
“State 1”: Record particle temperature and diameter before inert heating.




	
Step 4 to Step 9 are the same regardless of char fraction **




	
Step 4

	
Assuming that particle temperature rises to temperature    T p   , calculate theoretical particle diameter and mass based on the new temperature.    d  p , 0     is the particle diameter just before melting occurs and is saved for every particle as the diameter when the particle first reaches the solidus temperature.

   d p  =  d  p , 0   −  d  p , 0      T p  −  T s     T l  −  T s     

Particle density is assumed to be constant throughout the melting process by setting it to the particle density when the particle first reaches solidus temperature.

The theoretical mass is then calculated as    m p  =    ρ  p , 0   π  6   (   d p 3   )   .




	
Step 5

	
Compare particle enthalpy with the calculated heat required for the change in mass (sum of sensible and latent heat).     d  m p    d t     for char fraction > 0 is the change in mass from the particle mass after combustion.

Compare    h p    with    m p   c p    d  T p    d t   +  (  −   d  m p    d t    h m   )   .




	
Step 6

	
If particle enthalpy is sufficient, melting occurs, and particle changes in mass, temperature, and diameter take place according to Step 4. Heat required is subtracted from particle enthalpy.




	
Step 7

	
If particle enthalpy is insufficient, no melting occurs, and particle values return to those saved in Step 3 (“State 1”). This means that for char fraction > 0, particle mass is still lost to combustion.




	
Step 8

	
Calculate the mass loss fraction, β = 1 −      m p     m  p , 0      , where    m  p , 0     is the particle mass recorded at the start of the melting process.




	
Step 9

	
Convert to volumetric and add the relevant source terms to the gas (energy:    Q  pg   )   and molten liquid phase (mass:    S  mass   ;   momentum:    S  mass     v →  f  ;   energy:    S  mass    (   h  melt   −  h  ref    )   ).
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Figure 1. Simplified particle lifetime process implemented by UDF (dpm_switch). Tp is particle temperature, while Ts is the solidus temperature. 
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Figure 2. Implementation and coupling of the combustion-melting model in CD-MELT with user-defined functions. CF is the char mass fraction, β is the mass loss fraction, and dp is the diameter of the particle. 
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Figure 3. Geometry and mesh of gasifier in the Waste-to-Energy Research Facility (WTERF) in Singapore (isometric and side views). Particle packing conditions of coal (red spheres) and MSW, including solid slag (blue spheres), at t = 5000 s are shown in the right-hand figure. 
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Figure 4. Predicted process and lifetime of a sample MSW particle in the gasifier: (a) temperature and mass over time, and (b) heat capacity and liquid, volatile and char mass fractions. The colored zones represent the physical and chemical processes occurring in the particle at any one time. The grey line represents the solidus temperature of MSW at 1423 K. 
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Figure 5. CD-MELT model prediction: liquid slag volume fraction in gasifier at 100 s intervals from t = 5000 s to t = 5600 s, at y = 0.25 m (top view, position indicated by red dotted line) and centre of domain z = 0.0 m (side view), and y < 0.8 m; (a) with slag recycling, and (b) without slag recycling. 
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Figure 6. Predicted slag profile in reactor with (R) and without (NR) slag recycling: (a) outlet temperature of slag, and (b) mass of solid, liquid and total slag. 
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Figure 7. CD-MELT’s predictions for exit gas composition in terms of mole fraction for H2O, CO2, CO, H2, N2, CH4, C6H6, and O2, and temperature over time: (a) with and (b) without slag recycling. 
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Figure 8. Comparison of predicted area-averaged temperature of gas mixture along the gasifier height (■: with slag recycling, and ●: without slag recycling; ▲: site observations). 
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Table 1. Conservation equations for mass, momentum and energy for fluid phases.
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	Equation
	No.





	Primary Phase (Gas Mixture)
	



	Continuity:
	



	    ∂  ∂ t    (   α g   ρ g   )  + ∇ ·  (   α g   ρ g    v →  g   )  =  R  p g     
	(1)



	Momentum:
	



	    ∂  ∂ t    (   α g   ρ g    v →  g   )  + ∇ ·  (   α g   ρ g    v →  g    v →  g   )  = −  α g  ∇ p + ∇ ·  (     τ g   =   )  +  α g   ρ g   g →  +  K  p g    (    v →  p  −   v →  g   )  +  K  l g    (    v →  l  −   v →  g   )    
	(2)



	Energy:
	



	     ∂  (   α g   ρ g   h g   )    ∂ t   + ∇ ·  (   α g   ρ g   h g    v →  g   )  =  α g    d  p g    d t   +    τ g   =    : ∇   v →  g  − ∇ ·    q g   ⇀  − ∇ ·   ∑ i    h  i , g     J →  i  +  Q  pg   +  Q  lg     
	(3)



	Species:
	



	    ∂  ∂ t    (   ρ g   Y i   )  + ∇ ·  (   ρ g    v →  g   Y i   )  = − ∇ ·   J →  i  +  R i    
	(4)



	where i is used to refer to each individual species in the gas mixture.
	



	Secondary Phase (Liquid)
	



	Continuity:
	



	    ∂  ∂ t    (   α l   ρ l   )  + ∇ ·  (   α l   ρ l    v →  l   )  =  S  mass     
	(5)



	where    S  mass     is the mass source added from the solid phase due to melting.
	



	Momentum:
	



	    ∂  ∂ t    (   α l   ρ l    v →  l   )  + ∇ ·  (   α l   ρ l    v →  l    v →  l   )  = −  α l  ∇ p + ∇ ·  (     τ l   =   )  +  α l   ρ l   g →  +  K  gl    (    v →  g  −   v →  l   )  +  K  pl    (    v →  p  −   v →  l   )  +  S  mass     v →  p    
	(6)



	Energy:
	



	     ∂  (   α l   ρ l   h l   )    ∂ t   + ∇ ·  (   α l   ρ l   h l    v →  l   )  =  α l    d  p l    d t   +    τ l   =    : ∇   v →  l  − ∇ ·    q l   ⇀  +  Q  gl   +  S  mass    (   h  melt   −  h  ref    )    
	(7)










[image: Table] 





Table 2. Particle laws and corresponding particle energy balance equation [33].
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	Particle Law (s)
	Particle Energy Balance Equation
	No.





	Inert Heating
	    m p   c p    d  T p    d t   =  h c   A p   (   T f  −  T p   )    
	(10)



	Vaporization
	    m p   c p    d  T p    d t   =  h c   A p   (   T f  −  T p   )  +   d  m p    d t    h  v a p o r i z a t i o n     
	(11)



	Devolatilization
	    m p   c p    d  T p    d t   =  h c   A p   (   T f  −  T p   )  +   d  m p    d t    h  d e v o l a t i l i z a t i o n     
	(12)



	Surface Reactions (Combustion/Pyrolysis)
	    m p   c p    d  T p    d t   =  h c   A p   (   T f  −  T p   )  −  f h    d  m p    d t    H  r e a c     
	(13)



	Simultaneous Melting and Combustion
	    m p   c p    d  T p    d t   =  h c   A p   (   T f  −  T p   )  −  f h    d  m p    d t    H  r e a c   +   d  m p    d t    h m    
	(14)



	Melting
	    m p   c p    d  T p    d t   =  h c   A p   (   T f  −  T p   )  +   d  m p    d t    h m    
	(15)
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Table 3. Properties and composition of solid particles used in the simulation.
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	Properties
	MSW
	Coal
	Slag





	Chemical composition (% weight)
	
	
	



	Moisture (W)
	43.71
	-
	-



	Volatile matter (VM) (% wt, dry basis)
	79.89
	-
	-



	Fixed Carbon (FC) (% wt, dry basis)
	11.72
	100.00
	-



	Ash (% wt, dry basis)
	8.39
	-
	100.00



	Density,  ρ  (kg/m3)

   ρ w    = 1000,    ρ  V M     = 400,    ρ  F C     = 430,    ρ  a s h     = 2200
	Volume-weighted average from each component
	800
	2200



	Heat capacity,    c p    (J/kg K)

   c  p , w     = 4200,    c  p , V M     = 4.5099T − 101.4917,    c  p , F C     = −6.85 × 10−4T2 + 2.09T + 420,

   c  p , a s h     = −1.95 × 10−4T2 + 0.644T + 644
	Mass-weighted average from each component
	    c  p , FC     
	    c  p , ash     



	Elemental composition (% weight)
	
	
	



	C
	51.81
	-
	-



	H
	7.48
	-
	-



	N
	1.40
	-
	-



	O
	30.92
	-
	-
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Table 4. Chemical reactions modelled and Arrhenius kinetics [47]. Adapted with permission from Fourcault, A.; Marias, F.; Michon, U. Modelling of thermal removal of tars in a high temperature stage fed by a plasma torch. Biomass Bioenergy 2010, 34, 1363–1374. Copyright 2010, Elsevier.
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	Chemical Reactions
	Reaction Rates





	Homogenous reactions
	



	Combustion
	



	CO (g) + 0.5 O2 (g) → CO2 (g)
	3.165 × 1012 exp (    − 1.8 ×   10  5    R T   )   [CO][O2]0.25[H2O]0.5



	H2 (g) + 0.5 O2 (g) → H2O (g)
	1.08 × 1010exp (    − 1.255 ×   10  5    R T   )   [O2][H2]



	CH4 (g) + 2O2 (g)→ 2 H2O (g) + CO2 (g)
	1.3 × 105exp (    − 2.025 ×   10  5    R T   )   [CH4]0.3[O2]1.3



	C6H6 (g) + 3 O2 (g) → 6 CO (g) + 3 H2 (g)
	1.58 × 1015exp (    − 2.026 ×   10  5    R T   )   [C6H6][O2]



	Tar Cracking
	



	C6H6 (g) + 5 H2O (g) → 5 CO + 6 H2 (g) + CH4 (g)
	4.4 × 108exp (    − 2.2 ×   10  5    R T   )   [C6H6]



	C6H6 (g) + 7.5 O2 (g) → 6 CO2 (g) + 3 H2O (g)
	1.783exp (    − 1.255 ×   10  5    R T   )   [C6H6]−0.1[O2]1.25



	Water-gas shift reaction
	



	CO (g) + H2O (g) → CO2 (g) + H2 (g)

(forward reaction)
	2.778 × 102exp (    − 1.256 ×   10  4    R T   )   [CO][H2O]



	CO2 (g) + H2 (g) → CO (g) + H2O (g)

(backward reaction)
	1.263 × 104exp (    − 4.729 ×   10  4    R T   )   [CO2][H2]



	Heterogenous reactions
	



	Pyrolysis
	



	C1.088H1.732N0.023O0.361 (s) → 0.088 C (char, s) + 0.03 CO2 (g)

+ 0.065 H2 (g) + 0.061 H2O (g) + 0.08 C6H6 (g) + 0.24 CO (g) + 0.25 CH4 (g) + 0.0115 N2 (g)
	2.0 × 1011exp (    − 1.8 ×   10  5    R T   )  



	C (s) + O2 (g) → CO2 (g)
	MSW: 5.88 × 10−6exp (    − 3.99 ×   10  4    R T   )   [O2]

Coal: 4.53 × 10−6exp (    − 3.99 ×   10  4    R T   )   [O2]



	C (s) + CO2 (g) → 2 CO (g)
	MSW: 5.88 × 10−6exp (    − 3.99 ×   10  4    R T   )   [CO2]

Coal: 4.13 × 10−6exp (    − 3.99 ×   10  4    R T   )   [CO2]



	C (s) + H2O (g) → CO (g) + H2 (g)
	MSW: 5.0 × 10−6exp (    − 3.99 ×   10  4    R T   )   [H2O]

Coal: 4.13 × 10−6exp (    − 3.99 ×   10  4    R T   )   [H2O]
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