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Abstract

:

The treatment of wastewater worldwide generates substantial quantities of sewage sludge (SS), prompting concerns about its environmental impact. Various approaches have been explored for SS reuse, with energy production emerging as a viable solution. This study focuses on harnessing energy from domestic wastewater treatment (WWT) sewage sludge through plasma gasification. Effective syngas production hinges on precise equipment design which, in turn, depends on the detailed feedstock used for characterization. Key components of plasma gasification include the plasma torch, reactor, heat exchanger, scrubber, and cyclone, enabling the generation of inert slag for landfill disposal and to ensure clean syngas. Designing these components entails considerations of sludge composition, calorific power, thermal conductivity, ash diameter, and fusibility properties, among other parameters. Accordingly, this work entails the development of an experimental setup for the plasma gasification of sewage sludge, taking into account a comprehensive sludge characterization. The experimental findings reveal that domestic WWT sewage sludge with 40% humidity exhibits a low thermal conductivity of approximately 0.392 W/mK and a calorific value of LHV = 20.78 MJ/kg. Also, the relatively low ash content (17%) renders this raw material advantageous for plasma gasification processes. The integration of a detailed sludge characterization into the equipment design lays the foundation for efficient syngas production. This study aims to contribute to advancing sustainable waste-to-energy technologies, namely plasma gasification, by leveraging sewage sludge as a valuable resource for syngas production.
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1. Introduction


Sewage sludge (SS), the final byproduct of wastewater treatment plants (WWTPs), which handle domestic or industrial effluents, requires proper management or safe disposal [1]. According to the latest Eurostat data, in 2020, the 27 European Member States produced over 3.1 million tons (dry basis (d.b.)) of sewage sludge from WWTPs [2]. Currently, the predominant methods of handling SS from WWTPs in Europe include landfilling, incineration, or agricultural reuse as a soil amendment [3].



Another route for handling sewage sludge is energy recovery. Among the various available methods, plasma gasification has emerged as one of the most effective and environmentally friendly approaches for both sludge treatment and energy generation [4,5]. Plasma gasification, an advanced thermochemical process, utilizes high temperatures and gas plasma to convert organic matter into high-quality synthetic gas. This process offers several advantages, including the efficient destruction of organic pollutants, the reduction of waste volume and mass, and energy recovery [6,7,8]. Due to the high temperatures and rapid product quenching, thermal plasma gasification minimizes the formation of toxic compounds during waste treatment [9]. Utilizing this technology, sewage sludge can be decomposed into two primary products: combustible synthesis gas and inert glassy slag, providing significant environmental benefits in terms of atmospheric emissions and slag toxicity control [6].



However, as plasma gasification is a relatively new technology, there are still gaps in our understanding of its performance and characteristics. Additionally, sewage sludge gasification also presents challenges [9,10], mainly due the heterogeneity of this raw material. Some of these challenges are presented by Gao et al. [11], such as the low heating value (LHV) of the material, the cold gas efficiency (CGE), the carbon conversion efficiency (CCE), the greenhouse gas emissions, the high levels of ash production, the high energy costs due to the need for moisture reduction prior to gasification, and the requirement to recover phosphorus (P), nitrogen (N), and potassium (K) from the ash [11]. Additionally, issues related to the geometry and dimensions of the plasma gasification reactor are mentioned [9,10].



Another significant challenge arises from the production of tar during the gasification process. Typically, mechanical methods such as scrubbers or washing towers are employed to remove tar from the gas stream. However, these methods merely transfer the problem to a wastewater stream contaminated with tar. Therefore, a more effective approach involves tar conversion rather than mere removal. Given that tar yields can range from low to 10 wt% or more, they contain a substantial amount of energy. Plasma methods, despite being the most expensive in terms of investment and operational costs, offer distinct advantages over other conversion methods like thermal or catalytic techniques. Plasma methods can be seen as a hybrid approach, combining high temperatures typically associated with thermal methods and the presence of reactive species (e.g., radicals, electrons, ions, and excited molecules), which significantly enhance the decomposition process. This results in a high conversion rate of tar into valuable products, ultimately leading to an overall improvement in feedstock conversion [4].



Although limited, several studies have been conducted on the gasification of various types of sludge using plasma technology. The majority of these studies were conducted at the laboratory scale, employing arc electric torches [10,12], highlighting the need to explore and contribute to the research on sewage sludge plasma gasification processes [9,10].



In this work, an experimental setup for the plasma gasification of sewage sludges is presented. This study aims to contribute to advancing sustainable waste-to-energy technologies, namely plasma gasification, by leveraging sewage sludge as a resource for syngas production. By integrating a detailed sludge characterization into equipment design, we lay the foundation for efficient syngas production. A comprehensive understanding of sludge properties and their impact on equipment design is crucial for optimizing the plasma gasification process. Ultimately, our research aims to reduce the knowledge gap regarding the performance and characteristics of plasma gasification, particularly in the context of sewage sludge treatment.




2. Materials and Methods


This section describes the experimental setup used in the gasification of sewage sludge, the methodologies implemented to characterize the raw material and its ashes, and their utility in the design of the gasification reactor and its peripherals.



2.1. Experimental Setup


The experimental setup is based on four main parts, which are arranged according to the scheme illustrated in Figure 1, and include the gasification reactor, a heat exchanger, a gas scrubber, and a particle separator, connected in series. The gasification reactions occur in the reactor chamber. The raw material, the SS sample, will be inserted at half the distance from the reactor bottom and placed at the bottom wall of the reactor. The samples will be heated by a plasma torch which is located on the left-hand side wall at an angle of 30°. The plasma torch employed in this experimental setup is a commercially available transferred arc plasma torch, which is housed in a water jacket for cooling purposes. The power supply for the plasma torch is a RED STAR, model CUT 65.3, with an input power of 7.8 kW. For calculation purposes, a heating efficiency of 50% was applied, as mentioned in the work of Ali et al. [4]. The original plasma torch is designed to operate with compressed air (4.4–5.0 bar) as the process gas, with a flow rate ranging from 142 to 235 L/min. Both the air flow and the power of the plasma torch can be adjusted. The produced gas will be released at the top of the reactor and forwarded to a heat exchanger. This equipment will allow for the gas temperature to be reduced to avoid the formation of dioxins and furans. Then, the cold gas will follow to a venturi scrubber, which will allow fine particulates to be captured. The produced gas will finally enter a cyclone particle separator to remove water droplets and the remaining particles that travel with the gas.



To ensure an efficient gasification process and the production of high-quality syngas for energy generation, all equipment must be accurately designed. Therefore, the following sections present the design of each piece of equipment.




2.2. Sewage Sludge Characterization


2.2.1. Physicochemical Characterization


In this study, a sample of sewage sludge obtained from a strictly domestic wastewater treatment plant, located in the north of Portugal, was selected based on its gasification potential, as concluded by Pacheco et al. [12]. The sewage sludge sample was characterized in terms of the loss of humidity at 105 °C, volatile solids at 550 °C, and ashes at 800 °C, as well as the nitrogen (N), carbon (C), hydrogen (H), Sulphur (S), and low and high calorific value (LHV, HHV) it contained. Infrared absorption was used to determine the C, H, and S content, and the thermal conductivity method was used to determine N content. To determine the calorific values, an isoperibol bomb calorimeter was used.




2.2.2. Thermogravimetric Analysis


A Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry Analysis (DSC) were carried out to characterize the mass loss/gain in terms of function of temperature. This technique allows for the characterization of the thermal decomposition of the substances that comprise the sewage sludge. The experiments were performed using an SDT 2960 Simultaneous DSC-TGA equipment from TA Instruments (New Castle, DE, USA). To understand the influence of the atmosphere on the process, all samples were tested under an air atmosphere. The samples were heated to 1100 °C at a heating rate of 10 °C/min.




2.2.3. Thermal Properties


The thermal conductivity of the sewage sludge was measured using a hot disk TPS technique, depicted in Figure 2. The equipment uses a thin foil disk with a bifilar spiral pattern made of nickel involving Kapton mica sheets, which act as both the temperature sensor and the electrical resistive heater [13]. To conduct the experiments, the sensor is sandwiched between two identical pieces of the same sample that is to be tested. The sample geometry is defined based on the reference geometry presented in the system manual, as schematically presented in Figure 1. During the experiments, stepwise heating is produced by applying a stepwise current to the sensor, inducing a dynamic temperature field over the sensor and samples, which is monitored over time. By recording the variation in the sensor resistance, it is also possible to obtain the increase in temperature as a function of time, which is related to the thermal properties of the sample [14], according to Equation (1):


  ∆ T   τ   =   P   0         π     3   2     r k     − 1   D   τ    



(1)




where   ∆ T   τ     is the time-dependent temperature increase of the hot disk sensor; r is the radius of the sensor; k is the thermal conductivity of the sample;   D   τ     is a dimensionless time function that accounts for the conduction pattern of the hot disk sensor, as defined by [15]. An important consideration regarding this technique is that the sensor is assumed to be placed in an infinite medium, so the propagation of the generated heat does not reach the boundaries of the sample throughout the experiment. This is an important factor to take into consideration during the definition of the sample dimensions. In this technique, the increase in the temperature of the sensor during the transient period should be linearly proportional to   D   τ    . Thus,   ∆ T   can be fit as a fuction of   D   τ    , the characteristic time θ can be used as a fitting parameter, and the best value is used to calculate the thermal diffusivity according to Equation (2). The slope of the line corresponds to the factor     P   0         π     3   2     r k     − 1    , which is applied to obtain k.


  τ =       t   θ         1   2     ,   w h e r e   θ =     r   2     α    



(2)









2.3. Sewage Sludge Ashes Characterization


2.3.1. Chemical Composition


X-ray fluorescence spectroscopy (XRF) is widely used to analyze the chemical composition of sewage sludge ash. This non-destructive and sensitive technique allows for the identification and quantification of elements, including heavy metals and trace elements, providing crucial information for assessing environmental impacts, identifying toxic substances, and developing effective management and treatment strategies for these residues. In this work, the ash sample was analyzed using HITACHI equipment (Tokyo, Japan), model EA1000VX.




2.3.2. Particles Diameter


Measuring the ash’s diameter is important to define the operating conditions and sizing of the scrubber and cyclone, since these equipment are used to remove the particles from the produced gas. To measure the particle’s diameter, a Laser Diffraction Technique (LDT) is applied using a Malvern 2600. LDT, as depicted in Figure 3, uses a low-power He-Ne laser that forms a collimated beam of light. When the beam strikes a particle, light is scattered and collected by a receiver lens, which operates as a Fourier transform lens, forming the far-field diffraction pattern of the scattered light at its focal plane. The scattered light is gathered over a range of solid scattering angles by a detector that consists of 31 concentric annular sectors. The unscattered light goes into a small aperture and is monitored to define the volume and concentration of the sample. As the particle size decreases, the diffraction angle increases, and the quantification of the intensity of the diffracted beam at any angle allows for the number of particles to be determined [16]. The measured size range depends on the focal length of the lens, which can be extended from 0.5 μm up to 2 mm diameters with a dynamic range (dmax/dmin) of approximately 100. A size range varying between 100 and 10,000 particles is recommended to ensure accurate measurements.



The measurements are conducted in two steps to discard the influence of the external light sources. In this context, the background light was measured prior to the introduction of the particles, and its contribution was subtracted from the sample measurement. The ashes particles are mixed with water and pass through a solid particle support equipped with quartz windows that allow for optical access to the sample.



To conduct a data analysis, Malvern 2600 uses the Model Independent Analysis that estimates the volume distribution based on the measured light energy, assuming a 15-degree polynomial, from which the new light energy distribution is calculated using Equation (3) while the residual difference is obtained from Equation (4):


    D   j    =       U    i , j     V   i    



(3)






   Log     D =       Log    10      ∑    (   D   j   −   L   j   )      2         



(4)




where     D   j     is the measured data;     V   i     is the relative volume of material contained in the particles in size bands i and     L   j   ;   the data were calculated from the estimated volume distribution. A new set of values of     L   j     is determined using the difference between     D   j     and     L   j    . This is an iterative process that ends as soon as the residual reaches a minimum value.



The measurement data correspond to the volume distribution of the material in the 32 bands, which is converted into a diameter. The derived diameter that is usually used in this context is the Sauter Mean Diameter (SMD), D3,2, given by Equation (5) [17].


    D    3 , 2    =    ∑    n   i       d   i     3        ∑    n   i       d   i     2        



(5)




where     d   i     is the mean diameter of size band i; m and n are subscripts that take the value 3 if a representation of the diameter in terms of volume is desired and a value of 2 for the surface.




2.3.3. Fusibility Evaluation


The fusibility of sewage sludge ash is an important property to consider in the management of these residues, as it affects both the efficiency of the treatment processes and the operation of associated equipment and systems [8], namely the fusibility of ash, which determines its ability to melt and flow. If the slag is excessively fusible, it can adhere to the internal surfaces of the gasifier, causing obstructions and reducing the process efficiency [18]. To characterize the ash melting behavior, several parameters were assessed, namely the shrinking starting temperature, deformation temperature, sphere temperature, hemisphere temperature, and flow temperature. These parameters were assessed in an external accredited laboratory. The applied methodology was in accordance with DIN 51730:2022-02 [19].





2.4. System Design


2.4.1. Reactor


The reactor is the most important part of the system since it is responsible for the efficiency of plasma gasification. The reactor’s chamber is made from refractory cement and has a 340 mm diameter (D) and 1020 mm height, applying the height-to-diameter ratio of 3:1, according to [20], leading to an internal volume of 93 L.



Additionally, the specific flow rate of the treated sewage sludge was carefully considered during the design optimization process to ensure the optimal performance and efficiency of the plasma gasification system. This rate was determined based on a typical load for an updraft gasifier of 150 kg/m2/h, as reported by Prabir Basu [20], resulting in 15 kg/h in this specific case.



One of the most relevant properties related to plasma gasification is the position angle of the plasma torch. To ensure effective plasma gasification, it is important to optimize the plasma torch length, and the orientation angle plays an important role in this context. Therefore, the influence of the plasma torch position angle was analyzed numerically using the ANSYS FLUENT 2020 R2 software. The methodology that was implemented to conduct this study is presented below.



Simulation Domain and Meshing


The simulation domain adopted for flow modelling and reactor design optimization is depicted in Figure 4. These domains were meshed using ANSYS FLUENT, and refinement was conducted at the flow inlet, which corresponds to the nozzle of the torch with a diameter of 5 mm, as shown in Figure 5. For model simplification, the outlet diameter was converted into a hydraulic diameter of a square surface at the top of the gasifier. To ensure the quality of the meshes, different parameters were evaluated to ensure that mesh quality fell within the required values: skewness near zero; aspect ratio and element quality close to one.



The boundary conditions implemented in this model are hot air injection at the circular nozzle of the torch at a temperature of 2726.85 °C and constant velocity, leading to a Reynolds number of approximately 1552. The induced jet flows inside the reactor and mix with the ambient air, before moving up through the outlet, defined as the pressure outlet boundary condition. The walls are defined by adiabatic and no-slip boundary conditions.




Governing Equations


ANSYS FLUENT 2020 R1 was applied to solve the Reynolds-averaged Navier–Stokes (RANS) equations set (6–9), where Equation (6) is the continuity, Equation (7) is the momentum, and Equation (8) is the energy equations. The low is assumed to be incompressible, since a Mach number below 0.3 was ensured in all simulations. Once the flow is in the transition regime, the SST k-ω turbulence model, developed by Menter [21], is selected. This turbulence model is considered by several authors as an accurate model to simulate jet flows at low computational costs [22,23,24,25,26,27]. The equations used to solve turbulence kinetic energy, k, and the specific dissipation rate, ω, are presented in Equation (9) and Equation (10), respectively.


  ∇ · u = 0  



(6)






    ∂ u   ∂ t   + ( u · ∇ ) u = −   1   ρ   ∇ p + μ   ∇   2   u  



(7)






    ∂ T   ∂ t   + u · ∇ T = α   ∇   2   T  



(8)






    ∂   ∂ t     ρ k   +   ∂   ∂   x   i       ρ k   u   i     =   ∂   ∂   x   j         Γ   k     ∂ k   ∂   x   j       +   G   k   −   Y   k   +   S   k    



(9)






    ∂   ∂ t     ρ ω   +   ∂   ∂   x   i       ρ   ω u   i     =   ∂   ∂   x   j         Γ   ω     ∂ ω   ∂   x   j       +   G   ω   −   Y   ω   +   S   ω   +   D   ω    



(10)




where u is the velocity vector, p is the fluid pressure field, and T is the temperature. ρ, µ, and   α   are the constant physical properties of the fluid and represent the density, kinematic viscosity, and thermal diffusivity, respectively. Г is the effective diffusivity, G is the generation, and Y is the dissipation of the corresponding variables; S is the user-defined source terms, while Dω is the cross-diffusion term [28]. These variables were defined for air at a temperature of 2726.85 °C, according to [29].



The spatial discretization of diffusion and convective terms is solved using a second-order upwind scheme. To compute the face values of pressure from the cell values, a second-order interpolation scheme is implemented using a central differencing scheme. Pressure–velocity coupling is applied to derive an additional condition for pressure, and a procedure similar to that outlined by Rhie and Chow [30] is used to prevent checkerboarding [31]. The pressure-based solver uses a SIMPLE method to couple the pressure and velocity. The simulation is transient, so the governing equations are discretized in time through a first-order implicit integration. To perform the transient calculations, a fixed time step of 1 × 10−5 was applied.




Grid Sensitivity Analysis


To estimate the accuracy of the numerical results, a mesh sensitivity analysis was conducted using three different grid sizes. The number of cells selected for each case is presented in Table 1, varying between coarse, medium, and fine grids.



A grid sensitivity analysis was conducted for the velocity at the jet axis coming from the plasma torch normalized by the maximum recorded velocity value. The results depicted in Figure 6 show that the different velocity profile follows the same profile. However, the velocity values are slightly underestimated by the medium and coarse grids. The maximum deviations from the data predicted by the fine mesh are 15% and 35% for the medium and coarse mesh, respectively. Looking at the medium grid, it seems that 15% is not very significant, considering that the simulation time is reduced by half compared with the fine mesh. In this context, this grid was selected to conduct the numerical study.





2.4.2. Heat Exchanger


Considering the need for a very quick cooling of the gas coming from the reactor, a proper heat exchanger (HE) was developed to avoid the formation of dioxins and furans. The main factors commonly cited as facilitating the generation of these compounds are the low combustion temperatures (below 900 °C), a residence time in the furnace of below 1.5 s, and the high CO content (>100 ppm in the chimney, referred to 7% O2), among others [32]. Also, according to [33], dioxins and furans are formed in regions after the combustion zone at lower temperatures, approximately between 180 and 550 °C.



Based on these assumptions, a shell-and-tube heat exchanger was designed. Taking into account the temperature and gas flow at the exit of the reactor (1000 °C, 0.16 m3/s), the residence time in the heat exchanger should be <1.5 s, and the desired temperature at the exit of the heat exchanger is 80 °C. As a cold fluid, a continuous flux of 15 L/min of water at 15 °C was considered.



The material available in the company for HE construction was a limitation. However, despite its unusual dimensions, the available tube was considered for the design of this component. Specifically, for the gas side, stainless steel tubes with an external diameter (d) of 25 mm and 2.5 mm thickness were considered. This has an influence on the compactness of the component, since this thickness seems to be excessive for the pressure level involved, in addition to the increase in thermal resistance.



For the design of the HE, the formulations of the one-shell pass and one-tube pass in a counter-flow heat exchanger, as proposed by Çengel [34], were used.




2.4.3. Scrubber


The scrubber is an important component to remove particle matter and acid gases from the gas streams. These pollutants are removed by impact, diffusion, and absorption using liquid droplets [35]. After the capture of these pollutants, the liquid is then collected for disposal. In this specific application, the collection will be performed by a cyclone located downstream of the scrubber. To ensure the high efficiency of the collection, a venturi jet scrubber was selected, since this allows for the capture of small particles (>1.0 μm) and allows for a wider range of liquid-to-gas ratios [36].



To design the venturi scrubber, a compromise between low-pressure losses and high collection efficiency must be ensured. To conduct this analysis, the 1D model developed by Azzopardi and Govan [37] to predict the total number of particles removed at each axial position of the throat was used. In this study, the throat diameter was fixed at 40 mm and the volumetric flow rate that was considered is equal to the one coming from the reactor, i.e., 0.01625 m3/s. The liquid-to-gas ratio is equal to 3 L/m3, which lies under the range of recommended values for a venturi scrubber [36]. The velocity of the droplets was defined as equal to half of the gas velocity, as stated by Howard and Mohan [38], corresponding to 6.5 m/s, while the Sauter mean diameter of the atomized droplets was defined by the Nukisayama–Tamasawa equation presented by [38]. From this equation, the diameter of the obtained droplets was approximately 475 μm. To verify if the droplet velocity and diameter fell between the reference values used in commercially available atomizers, the study conducted by Miller et al. [39] was referred to, and the obtained values were validated.




2.4.4. Particle Separator


After being produced, the gas leaves the reactor and cools down in the HE. After that, it is forwarded to the wet scrubber whose function is to capture particles in the liquid droplets, removing them from the gas stream. However, to ensure the complete removal of particles that were not captured by the scrubber, as well as the droplets that may persist in the gas stream, a cyclone separator was introduced.



The sizing of this device was based on the formulations proposed by [40,41]. The proceeding started with the characterization of the particle ashes, namely their size and their density, as described later. As a result of that characterization, a minimum particle size of 5 μm (with a density of 1.143 kg/m3) was considered for the calculations. In addition to these parameters, a gas flow rate of 0.01625 m3/s at 80 °C was also taken into account when sizing a Lapple cyclonic separator.






3. Results and Discussion


3.1. Sewage Sludge Characterization


3.1.1. Physicochemical Characterization


The results of the ultimate and proximate analysis of the sewage sludge are presented in Figure 7. In the energy recovery of sewage sludges, the calorific value, humidity, and ash are parameters of particular importance. Regarding the LHV and HHV, the results obtained from the measurements on a dry basis (db) are 20.78 MJ/kg and 22.59 MJ/kg, respectively.



Focusing on the data expressed in Figure 7, the percentage of loss of humidity at 105 °C, volatile solids at 550 °C, ashes at 800 °C, and N, C, H, and S contents show that the sample has a high percentage of volatile solids, low ash content, and higher values of C and H. These are important properties for the heating value and the composition of the gas produced in a gasifier [20]. Regarding the percentage of moisture, the sample presents a value greater than 70%. This sludge characteristic is relevant for plasma gasification since a high moisture content enhances the gasification process [11,42]. In terms of ash percentage, the results show that it is around 17.9%, which is an acceptable value when compared to the typical ash content found in the literature on sewage sludges [11,20,43,44]. The low fixed carbon content can be attributed to the predominance of organic materials and their rapid decomposition during wastewater treatment [45].




3.1.2. Thermogravimetric Analysis


The results of the DSC/TGA are presented in Figure 8. The variation in the mass loss as a function of temperature shows a reduction of about 80% of the total mass within the range of 200–600 °C when using air as an oxidizing atmosphere. This high value is mainly related to the higher reaction rate induced by the increased volatile matter content. Regarding the heat flow variation as a function of temperature, the results show two peaks that characterize the occurrence of different reactions. The first peak is expected to be due to the combustion of volatile matter, while the second one characterizes the combustion of char or fixed carbon. According to [46], the uncertainty in this experiment can be considered equal to 3.4%.




3.1.3. Thermal Properties


The thermal properties obtained from the hot disk measurements correspond to the dry sewage sludge, and the results are expressed in the first line of Table 2. However, the sewage sludge that will be used for gasification has 40% humidity. With this percentage, it is not necessary to introduce steam inside the reactor to improve the production of hydrogen content. Therefore, the final thermal properties of the sample are a combination of 60% of the properties of the dry sample and 40% of the properties of water at 20 °C. The results are expressed in the final line of Table 2. Regarding thermal conductivity, the low value is also presented by [47,48].





3.2. Sewage Sludge Ashes


3.2.1. Chemical Composition


The sewage sludge ashes’ chemical characterization is presented in Table 3. The results show a high concentration of Silica (SiO2), calcium (Ca), aluminium (Al), potassium (K), sodium phosphorus (P), sulfur (S), and trace elements like zinc (Zn) and copper (Cu). The high aluminium concentration can be explained by the flotation process in wastewater treatment. The remaining elements are related to the typical composition of the sewage sludge.




3.2.2. Particle Diameter


The results recorded by the Malvern 2600 are expressed in terms of volume distribution. Considering previous knowledge about the mean diameter of smoke particles, the lens selected for the measurement was 63 mm, since the measuring range lies between 0.5 µm and 100 µm. Sauter Mean Diameter was applied to determine the particle size. This method does not contain the number of particles, but instead indicates around which central point of the frequency (surface area or volume/mass) the distribution varies [49]. From this analysis, it was estimated that D3,2 = 36.23 μm, while the minimum particle size that was recorded is equal to 11.6 μm. This last value is the reference needed to design the equipment integrated in the experimental setup.




3.2.3. Fusibility Characterization


The results of the fusibility characterization study provide valuable insights into the thermal behavior and melting properties of sewage sludge ash, crucial for its application in waste management and utilization processes. The results obtained are condensed in Table 4. According to the results of the thermal simulation presented earlier, the temperature achieved in the zone where the feedstock will be deposited remains around 1467 °C. As the ash’s flow temperature is 1350 °C, the conditions inside the reactor will be suitable to ensure the complete fusion of the material.



The characterization of the sewage sludge and ashes provides relevant information for the appropriate design and construction of a plasma gasification setup. Based on these data, the reactor, scrubber, and cyclone were designed to ensure the production of an optimized syngas that can be used for energy production.





3.3. System Design


3.3.1. Reactor


The numerical results regarding the influence of the torch angle are presented in this section. Starting with the flow dynamics inside the reactor, the results depicted in Figure 9 show that, as the torch inclination increases, the distance of the air jet to the surface also increases; this occurs because the distance between the torch and the central axis of the reactor should be kept constant for all cases. In that sense, the results demonstrate that the lower left corner of the reactor has a great influence on flow development. As the angle increases, a recirculation region is induced in this location, interfering with the flow of the hot air jet that comes from the torch. This interference leads to instabilities along the wall where the waste will be deposited, and a greater temperature gradient and consequent decrease in heating efficiency are expected. Therefore, and since this recirculation is not identified when the torch is tilted at 30°, it is expected that more controlled and higher temperature and velocity values will be recorded.



Looking at the development of the streamlines inside the reactor expressed in Figure 10, it can be seen that the development of the vortices inside the reactor varies depending on the torch angle. For higher angles, larger vortices are generated inside the reactor, allowing for an effective mixture between the hot air coming from the torch and the ambient air. The results, now referring to the xz plane presented in Figure 11, clearly show the asymmetrical geometry of these vortices, which does not occur with such intensity in the case of the 30° angle. However, these large structures interact with the flow of the plasma jet, leading to a reduction in velocity, as will be demonstrated by further results.



To quantitatively compare the results, the velocities normalized by the maximum velocity were evaluated for each case: 30°, 50°, and 60°. For this analysis, three graphs were constructed that represent the variation in velocity at different regions: along the jet axis, as shown in Figure 12a, next to the intersection zone between the reactor chamber and the torch outlet, as shown in Figure 12b, and next to the target surface at a distance corresponding to y = 5 mm, as shown in Figure 12c. The velocity profile allows for the characterization of the flow inside the reactor, and an analysis was conducted of the influence of the angle of inclination of the torch. A similar flow dynamic was observed for the three cases: a plume with a structure typical to a free jet flow, with maximum velocities recorded at the jet axis and a shear layer induced by the interaction of the jet flow and the surrounding air. The jet flows to the reactor’s main chamber and decreases in velocity. Looking at Figure 12a, the jet potential core ends (U/Umax < 0.95) at a distance from the nozzle near y/D = 2.7 for 30°, y/D = 4.2 for 50°, and y/D = 4.6, for 60°, which is typical in jet flows [50,51]. The major reason for this difference is mainly related to the increased distance between the plasma torch inlet and the bottom of the reactor. However, the results show that the average velocity for an inclination of 30° is approximately 22% and 40% higher than that at 50° and 60°, respectively. Once the jet enters the main chamber, it is deflected and only a portion of the mainstream flux reaches the center of the reactor (where the sample will be placed). A vortex is induced at the bottom left-hand side of the reactor, which grows higher with an increase in the inclination angle. This vortex leads to an asymmetry of the jet flow, with higher velocities recorded at the left-hand side of the jet axis. This asymmetry will cause a temperature non-uniformity that will interfere with the heating of the sample; thus, the higher the angle, the greater the thermal non-uniformity inside the reactor chamber. After impinging the reactor bottom wall, a non-uniform wall jet region is induced, as is clearly observed in Figure 12c. The velocity peak corresponds to approximately 18%, 8%, and 4% of the maximum velocity for 30°, 50°, and 60°, respectively. This peak is recorded near the stagnation region (x/D = 0), and a non-uniform velocity profile is recorded as the flow goes through the right-hand side of the reactor. From these results, it can be concluded that higher velocities are observed close to the target surface when the torch is tilted at 30°. These data corroborate previous observations that demonstrated that high angles of inclination of the torch induce vortices of greater magnitude and intensity, which interfere with the jet, leading to its degradation and a consecutive decrease in velocity.



This velocity profile is directly related to the temperature profiles inside the reactor. The predicted temperature profiles in the previously presented regions are depicted in Figure 13.



The results expressed in Figure 13 show that the evolution of the velocity profile has a direct influence on the temperature profile, since the temperature profile follows the same trend as the velocity. The results show that higher and uniform temperatures are obtained when the torch is tilted at a 30° angle, and these temperatures decrease as this angle increases.



Looking closely at the velocity profile along the jet axis, as shown in Figure 14a, near to the intersection zone, as shown in Figure 14b, and near the target surface at a distance corresponding to y = 5 mm, as shown in Figure 14c, it appears that these results corroborate the previous conclusions. Since the 30° angle allows for greater temperature uniformity in the vicinity of the target surface, reaching values around 10% and 20% higher than the case of 50° and 60°, it is concluded that this angle will ensure greater thermal uniformity and heating temperatures in the sample. Therefore, the angle of 30° is assumed to be the configuration that will optimize the gasification process.




3.3.2. Heat Exchanger


As a result of the calculations, a 5.2 kW heat dissipation power was obtained for 19 tubes with a diameter (d) equal to 25 mm (one-tube pass) inside a shell with a 139.7 mm external diameter (D) and 750 mm length (L). Despite the length of the tubes, the gas velocity inside each tube was estimated to be around 2.72 m/s. This means a short residence time of the gas inside HE, at around 0.28 s, ensuring a rapid cooling from 1000 °C to 80 °C. The final design of the HE is presented in Figure 15.




3.3.3. Scrubber


Based on the calculations conducted for the scrubber, a collection efficiency of 88.5% was obtained, and the application of the Azzopardi and Govan [37] 1D model shows that, to remove all the particles using the presented parameters, a throat length of 120 mm must be ensured. The final validation of the scrubber design consisted of the calculation of the pressure losses based on Leith et al. [39]. The obtained value was about 500 Pa, which is considered acceptable for this type of application. The design of the Venturi scrubber based on this study is depicted in Figure 16.




3.3.4. Particle Separator


The calculations yielded significant results for the cyclonic separator. The capture efficiency was determined to be 0.96, indicating a high effectiveness in capturing particles and droplets from the gas stream. In terms of pressure drop, a value of 0.37 kPa was estimated for the cyclonic separator. This indicates a relatively low pressure drop, which is desirable to ensure efficient operation and minimal energy consumption within the system. The dimensions of the cyclonic separator can be observed in Figure 17, providing a visual representation of its structure and size.






4. Conclusions


In this work, a comprehensive and detailed study was carried out, focusing on the plasma gasification of sewage sludge, an emerging technology that allows for the conversion of organic waste into syngas in a clean and efficient way. For this, the sewage sludge and its ashes were characterized in terms of their thermogravimetric, physicochemical, and thermal properties. The results showed that the sewage sludge has a high calorific value (LHV = 20.78 MJ/kg), a high carbon and hydrogen content (C = 57.2%, H = 8.42%), a low sulfur content (S = 0.46%), and an ash content of 18%. These properties indicate that sewage sludge is a suitable raw material for use in the gasification process. Additionally, the resulting ashes have a low melting temperature (1350 °C), which determines their ability to melt and flow out of the gasification reactor.



Knowledge of the behavior of the raw material is crucial for the design of an experimental plasma gasification system and the different modules that constitute it, such as the reactor, heat exchanger, scrubber, and cyclone. The system was designed and optimized considering the impacts and properties of sewage sludge, as well as the numerical simulations that were carried out to investigate the influence of the plasma torch angle on the temperature and speed profile within the reactor. It was discovered that the optimal angle of the plasma torch is 30°, as this allows for higher and more uniform heating over the bottom surface where the sample will be placed, optimizing the gasification process. According to the simulations, the maximum temperature reached in the reactor was 1467 °C. For the heat exchanger, a heat dissipation of 5.2 kW was determined, with a total of 19 tubes of 25 mm diameter inside a shell with an external diameter of 139.7 mm and a length of 750 mm. The collection efficiency of the scrubber was estimated to be 88.5%, with a pressure of approximately 500 Pa. For the particle separator, we achieved a capture efficiency of 96%, with a pressure drop of 0.37 kPa. This study significantly contributes to the advancement of knowledge and the technology of plasma gasification, providing valuable information for the design and operation of the gasification system. This work is an important step for the application of plasma gasification in the management of sewage sludge waste and in the production of sustainable energy.
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Nomenclature









	Acronyms
	
	SI Unit



	WWT
	Wastewater treatment
	



	SS
	Sewage sludge
	



	WWTPs
	Wastewater treatment plants
	



	db
	Dry basis
	



	CGE
	Cold gas efficiency
	(%)



	CCE
	Carbon conversion efficiency
	(%)



	HE
	Heat exchanger
	



	LHV
	Low heating value
	(MJ/kg)



	HHV
	High heating value
	(MJ/kg)



	TGA
	Thermogravimetric analysis
	



	DSC
	Differential Scanning Calorimetry
	



	XRF
	X-ray fluorescence spectroscopy
	



	LDT
	Laser Diffraction Technique
	



	SMD
	Sauter Mean Diameter
	



	Symbol
	Quantity
	SI Unit



	Cp
	Specific heat capacity
	(J/kgK)



	P
	Power
	(kW)



	D, d
	Diameter
	(m)



	     G   k     
	Generation of k
	(kg/m·s3)



	     G   ω     
	Generation of ω
	(kg/m3·s2)



	H
	Nozzle-to-plate distance
	(m)



	k
	Turbulent kinetic energy; thermal conductivity
	(m2/s2); (W/mK)



	p
	Pressure
	(Pa)



	r
	Radius
	(m)



	Re
	Reynolds number
	-



	Sk, Sω
	Source term
	(W/m3)



	t
	Time
	(s)



	T
	Temperature
	(°C)



	u, U
	Velocity
	(m/s)



	x, y,
	Cartesian coordinates
	-



	Greek Symbol
	
	



	     Γ   k   ,   Γ   ω     
	Effective diffusivity of k, ω
	(kg/m·s)



	α
	Thermal diffusivity
	(m2/s)



	θ
	Characteristic time
	-



	μ
	Dynamic viscosity
	(Pa/s)



	ρ
	Density
	(kg/m3)



	τ
	Dimensionless time
	-



	ω
	Specific dissipation rate
	(1/s)



	Subscript
	
	



	max
	Maximum
	



	min
	Minimum
	



	w
	Wall
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Figure 1. Experimental setup scheme. 
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Figure 2. Experimental setup for thermal conductivity measurements of the sewage sludge. 
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Figure 3. Experimental setup for sewage sludge ash diameter measurements. 
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Figure 4. Reactor numerical domain for different position angles: (a) 30°; (b) 50°; (c) 60°. 






Figure 4. Reactor numerical domain for different position angles: (a) 30°; (b) 50°; (c) 60°.



[image: Reactions 05 00014 g004]







[image: Reactions 05 00014 g005] 





Figure 5. Meshed domain. 
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Figure 6. Grid sensitivity analysis. 
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Figure 7. Ultimate and proximate analyses of sewage sludge sample. 
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Figure 8. DSC/TGA measurements: mass loss and heat flow as a function of temperature. 
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Figure 9. Flow profile inside the reactor: (a) 30°; (b) 50°; (c) 60°. 
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Figure 10. Streamlines inside the reactor chamber, according to the xy plane: (a) 30°; (b) 50°; (c) 60°. 
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Figure 11. Streamlines inside the reactor chamber, according to the xz plane at the top of the reactor ((top) figures) and at the midplane of the jet flow inlet ((bottom) figures): (a) 30°; (b) 50°; (c) 60°. 
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Figure 12. Velocity profiles: (a) at the jet axis; (b) near the intersection between the reactor and the torch exit; (c) near the tager surface (y = 5 mm). 
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Figure 13. Temperature profile temperatures inside the reactor chamber: (a) 30°; (b) 50°; (c) 60°. 
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Figure 14. Velocity profiles comparison at various positions: (a) at the jet axis; (b) near the intersection between the reactor and the torch exit; (c) near the tager surface (y = 5 mm). 
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Figure 15. Heat exchanger design. 
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Figure 16. Venturi scrubber configuration. 
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Figure 17. Cyclone configuration. 
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Table 1. Grid size.
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	Grid
	N° Cells





	Coarse
	210,632



	Medium
	300,768



	Fine
	606,733










 





Table 2. Thermal properties of the sewage sludge.
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	Material/Properties
	k (W/mK)
	α (mm2/s)
	Cp (J/kgK)
	ρ (kg/m3)





	Dry sewage sludge
	0.2498
	0.1696
	1172
	1257



	Water at 25 °C
	0.607
	1.457 × 10−3
	4180
	997



	Sewage sludge with 40% humidity
	0.392
	0.102
	2375
	1153










 





Table 3. Ashes’ chemical composition.
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	Chemical Compound
	% Mass
	Chemical Compound
	% Mass





	CaO
	15.8
	P2O5
	13.4



	Fe2O3
	5.5
	Cl
	0.07



	SiO2
	38.1
	S
	1



	Al2O3
	17
	SrO
	0.05



	MgO
	2.3
	Ni
	0.04



	MnO
	0.09
	RbO2
	0.04



	TiO2
	1.7
	Cu
	0.45



	Na2O
	<0.1
	Zn
	1.16



	K2O
	3.4
	Cr
	0.05










 





Table 4. Ash melting behavior.
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	Parameter
	Value (°C)





	Shrinking starting temperature, tS
	970



	Deformation temperature
	1210



	Sphere temperature
	1230



	Hemisphere temperature
	1270



	Flow temperature
	1350
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