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Abstract

:

Oxygen-enhanced combustion (OEC) is a useful method for improving the efficiency of thermal plants and for decreasing greenhouse gas (GHG) emissions. Basic and modified burner designs utilizing OEC in the aluminum melting process in a rotary tilting furnace were studied. A combined approach comprising experimental measurement and simulation modeling was adopted aimed at assessing GHG emissions production. Reduction of up to 60% fuel consumption of the total natural gas used in the laboratory-scale furnace was achieved. The optimal oxygen concentration in the oxidizer regarding the amount of total GHG emissions produced per charge expressed as CO2 equivalent was 35% vol. Its further increase led only to marginal fuel savings, while the nitrogen oxide emissions increased rapidly. Using the modified burner along with OEC led to around 10% lower CO2 emissions and around 15% lower total GHG emissions, compared to using a standard air/fuel burner. CFD simulations revealed the reasons for these observations: improved mixing patterns and more uniform temperature field. Modified burner application, moreover, enables furnace productivity to be increased by shortening the charge melting time by up to 16%. The presented findings demonstrate the feasibility of the proposed burner modification and highlight its better energy and environmental performance indicators, while indicating the optimal oxygen enrichment level in terms of GHG emissions for the OEC technology applied to aluminum melting.
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1. Introduction


Global energy and environmental policies push manufacturers towards increasing the efficiency of thermal plants, which reduces greenhouse gas (GHG) emissions from technical processes [1,2]. In recent decades, oxy-combustion technology or combustion employing elevated oxygen concentrations in the oxidizing agent has been proposed as a promising means of achieving this objective [3]. This type of combustion, referred to as oxygen-enhanced combustion (OEC), has many benefits including increased processing rates [4], higher heat transfer efficiency [5,6], improved flame characteristics [7], reduced production of GHG emissions [8], reduced equipment cost, and last but not least, improved product quality. It also represents an interesting route for decarbonization via carbon capture and storage [9]. OEC technology has found its application in the steel industry for reheat [10], soaking pits [11,12], or ladles [13]. It is used in other sectors as well: in the non-metallic industry and glass industry for melting charge material [4], in the petroleum and refining sector [4], and in power production [14]. Combustion of fossil fuels plays a major role in these applications for process heat provision. However, it is accompanied with the formation of several unwanted products, including GHG emissions. At present, it is important to look for ways of increasing the efficiency of thermal plants in order to reduce the emissions produced. OEC technology is also used in secondary aluminum production in rotary tilting furnaces, which process aluminum scraps and dross [15,16]. The potential for increasing the thermal efficiency of Al-melting furnaces by implementing OEC technology has been described by Jepson [17]. Increased thermal efficiency of rotary tilting furnaces by means of OEC technology was also the subject of previous research by the authors of this article. Results of our analysis of how burner nozzle parameters influence the aluminum melting process were presented in [18], and an improved design for a rotary tilting furnace door was also proposed and experimentally tested [19]. However, the environmental impact of the utilization of OEC technology in rotary tilting furnaces has not been sufficiently described so far.



Industrial-scale rotary tilting furnaces are commonly heated with oxy-fuel to achieve high temperatures in the melting process. The rotary tilting furnace charge consists of a mixture of non-ferrous wastes and dross, mostly based on aluminum and alumina [20]. Natural gas, liquefied petroleum gas (LPG) or heating oil can be used as fuels. In melting furnaces, 50–70% of the heat energy released through fuel combustion turns into the heat content of flue gases, part of the heat is retained in the refractory and steel structure, and yet another part of it is radiated out through the opening. The efficiency of the furnace is reduced by air infiltration and incorrectly set amounts of excess combustion air (oxidizer) sent to the burners. Air infiltration has a significant impact on NOx emission formation. Oxygen-enhanced combustion decreases the concentration of nitrogen in the furnace, but on the other hand it can increase the formation of thermal NOx [21]. Decreased fuel consumption has a significant impact on CO2 emissions. A change in the oxygen concentration in the oxidizer leads to a change in the mixing patterns of the fuel and the combustion oxidizer agent. This impacts the CO emissions as well. The processes of GHG emissions formation during oxygen-enriched combustion in rotary tilting furnaces are not yet well understood, which leaves a wide scope for researchers to undertake analyses related to this topic.



Reflecting the need for better insight into the influence of OEC technology application on environmental impacts (GHG emissions) and energy (fuel) consumption through changes in furnace operation parameters, the present study aims at contributing to the current knowledge in this field by doing the following:




	
assessing the trends in gaseous emission concentrations and their total amount created per charge melted in a model laboratory-scale furnace with varying oxygen contents in the oxidizer;



	
estimating the energy-saving potential resulting from OEC technology application;



	
estimating the optimal furnace operation regime in terms of both performance criteria (environment and energy).








The authors of this article designed and created an experimental laboratory-scale model of a rotary tilting furnace to investigate the impact of OEC on GHG emissions formation. OEC was applied with oxygen content in the oxidizing agent ranging from 21% to 50% vol. A simulation model for analysis of GHG emissions production was created and validated with results from experimental measurement.



The rest of this paper is organized as follows: First, a description of the laboratory-scale furnace used in the experiments and the instrumentation employed is provided. The simulation model is described, followed by the results obtained and the related discussion. The Conclusion sums up the key findings.




2. Experimental Model


Experimental equipment (Figure 1) was constructed to monitor the melting and intensification processes of the gaseous fuel combustion process. For the design of the experimental model, a functioning model of a tilting rotary furnace was built at a geometrical scale of 1:5.2, with an inside diameter of 305 mm and length of 607 mm. The experimental model was placed at an angle of inclination of 7% during the measurements. K-type thermocouples (NiCr-NiAl) PTTK-TKb-60-2-SP (Meratex s.r.o., Košice, Slovakia) were used to measure temperatures at 13 points in the furnace. The measurement uncertainty of these thermocouples given by the manufacturer is at the level of +/−2.5 °C at the temperature of 1200 °C. One of the aims of the research was to use thermocouples to continuously monitor the changes in the temperature field in the combustion chamber, lining, stack and charge. The distribution of thermocouples in the furnace and distance from the burner in the X-axis is shown in Figure 2 and defined in Table 1.



The experimental model did not rotate during the experiments. It was set up statically due to the placement of thermocouples around the circumference of the casing and their fixed connection to the measuring panel. Flue-gas analysis was performed using a Testo-350XL flue-gas analyzer (K-Test, s.r.o., Košice, Slovakia). Flow rates of all gaseous media were measured using Bronkhorst-designed MASS-VIEW (AREKO s.r.o., Bratislava, Slovakia) series thermal mass flow meters/regulators. These devices operate on the principle of direct thermal mass flow measurement [22]. The specific models used during these experiments were MV-308, MV-106 and MV-306 (AREKO s.r.o., Bratislava, Slovakia).



Other relevant parameters related to furnace operation were recorded by the furnace control system. More detailed description of the experimental model features and process instrumentation used is provided elsewhere [19].



The aim of the research was to analyze the impact of OEC with oxygen content range between 21% and 50% in the oxidizing agent on the aluminum melting process, heat transfer and temperature distribution inside the furnace, flue-gas temperature, and emissions produced. At the same time, the impact of the proposed burner modification was analyzed, as described in more detail in article [18]. The objective of the modification was to optimize the burner nozzle parameter relating to the flame velocity of the combustible mixture. Additionally, analysis of the possibility of reducing air infiltration into the combustion chamber by means of a novel furnace door design was performed [19].



The experimental measurements were carried out using a burner rated at 13.5 kW fuel energy input power for natural gas combustion. The basic geometric characteristics of the burner are provided in Figure 3. Aluminum ingots with total weight 15 kg were used as furnace charge. Table 2 shows the gas, air and oxygen flow rates required to achieve the desired oxygen concentration in the oxidizing agent. Natural gas was supplied by the distribution network. The composition of this natural gas during the experiments is presented in Table 3.




3. Mathematical Modeling of Emissions Formation


The standards for determining the amount of emissions from a heat source state two basic conversion relationships, one from the analysis of combustion products and the other from the amount and type of fuel used. The model created by the authors determines the amount of gaseous emissions produced during the smelting of aluminum in a furnace in accordance with Slovak Regulation No. 410/2012 Z. z. The results of the simulation model were verified for a plant for smelting pure aluminum using natural gas as fuel. The amount of emissions produced in an aluminum melting furnace heated with natural gas, E, is a function of three main variables as shown in Equation (1):


  E = f  (   m  charge   ,  t  furnace   ,  %   O 2     )   



(1)




where    m  charge     is the total amount of heated and melted metallic material (kg; kg · s−1),    t  furnace     is the average temperature in the combustion chamber of the furnace (°C, K), and    %   O 2      is the concentration of oxygen in the oxidant (%).



The total amount of melted charge material was determined using the combined thermal-design analogy of the laboratory-scale model with the industrial-scale furnace, which its construction was based on. Other parameters depended on the type of fuel used and the combustion conditions. As this was an atmospheric furnace, the change in the overall pressure conditions in the furnace was not taken into account.



The reaction temperature of combustion (theoretical flame temperature) of natural gas is the temperature of the exothermic reaction, which takes place adiabatically and isothermally under standard flow system conditions, where in steady state the reactants are present exactly at the stoichiometric ratio. The heat released raises the temperature of the products from the initial temperature of the reactants. The theoretical or adiabatic flame temperature is the temperature calculated from the calorific value of fuels with respect to the above-mentioned facts. The effects of endothermic reactions involving dissociation of CO2 and H2O components were included in the mathematical model.



The mathematical model is based on the mass material balance of natural gas combustion. The resulting relationship for determining the mass concentration of emissions produced is given by Equation (2), with the produced flue-gas volume being the sum of the combustion air and air infiltration volumes (Equation (3)). The determining variable is the measured oxygen content in the flue gas during the experimental measurements (Testo-350XL), and the real combustion conditions in the thermal aggregate are calculated based on combustion control via the air excess coefficient (Equation (4)). The mass flows of fuel, air and oxygen are defined on the basis of the burner fuel energy input. The volume of flue gas generated includes the impact of air infiltration, which is determined by means of Equation (5).


    E i  =    C i  ·  M i  ·  V  FG   · 273.15    V  mol , i   ·  T F    ·   10   − 6      ( kg ·  m  − 3   )  



(2)






    V  FG   =  V C  +  V  AI      (  m 3  ·  m  − 3   )  



(3)






  m = 1 +    V  FG , D , min ,   yo  2       L  min ,   yo  2    ,   ·    O 2     Y  O 2   −  O 2      ( – )  



(4)






    V  AI   = m ·  L  min   −  V C     (  m 3  ·  m  − 3   )  



(5)




where    C i    is the component concentration (ppm);    M i    is the molar mass (kg  ·  kmol−1);    V  mol , i     is the molar volume of emission (m3  ·  kmol−1);    V  F G     is the volume of flue gas (m3  ·  m−3);    V C    is the volume of flue gas from combustion of 1 m3 fuel;    T F    is the fuel gas temperature;    V  AI   −   is the volume of air infiltration per 1 m3 of fuel (m3 ·  m−3);  m  is the air excess coefficient (–);    V  F G , D , m i n , y  o 2      is the theoretical volume of flue gas (dry) if m = 1 (m3·m−3);    L  m i n , y  o 2      is the theoretical volume of oxidizing agent if m = 1 (m3·m−3);    O 2    is the oxygen content in dry flue gases determined by means of flue-gas analysis (% vol.); and    Y  O 2     is the required oxygen concentration in oxygen-enriched combustion air for experimental measurement (%).




4. Results and Discussion


The measurements of flue-gas concentration were performed in the furnace stack. The impact of OEC technology on NOx formation was analyzed for two burner design variants. In the first case, the burner outlet orifice was constant, regardless of oxygen content in the oxidant. This case represents the utilization of air/fuel burners. In the second case, the burner outlet orifice was optimized with regard to the air flow rate. The results of OEC utilization impact on the formation of the basic flue-gas components (CO2, CO, NOx) obtained from experimental measurements are shown and discussed in later parts of this paper. The assessment of reduction in their formation is highly topical from an ecological point of view. The final concentration of oxygen in the oxidizer is influenced by air infiltration, and therefore the actual concentrations of oxygen in the experiments were lower in comparison with those shown in Table 2. Figure 4 shows the general dependence of the concentration of emission components during combustion of natural gas as a function of oxygen concentration in the oxidizer.



4.1. Emissions of CO2


CO2 emissions are directly linked to the carbon content in the fuel used as the heat source in the furnace. Table 3 provides the chemical composition of the fuel (natural gas). Based on fuel composition and on the statics of combustion, it is possible to determine the volume of CO2 in flue gases produced during the combustion of 1 m3 of fuel. The resulting value for CO2 emissions is 1.05 m3·m−3. When using OEC, the total volume of the CO2 component in the flue gas does not change, however, a change can be seen in the concentration of the CO2 component in the flue gas.



Reduction in the amount of CO2 emissions produced is facilitated by lower fuel consumption. Intensifying the combustion by means of OEC technology or the proposed modification of the burner makes it possible to shorten the time required for melting the charge material in the furnace. The measurement results presented in Figure 5 show that it is possible to save about 50% of the fuel with the utilization of OEC technology. In the same case, utilization of OEC technology combined with the proposed modification of the burner can lead to around 60% fuel savings compared to conventional air/fuel combustion.



The results of our experimental measurements confirm that optimization of the burner outlet orifice according to flame velocity has a significant effect on the charge material melting process. Compared to the constant outlet orifice, about 10% fuel saving was achieved. Alternatively, it is possible to reduce the oxygen concentration by up to 10% in the oxidizer while achieving the same fuel saving. Fuel consumption reduction by 50 to 60% was indicated by 16% shorter charge melting time, as the burner fuel input rate was the same in all experiments.




4.2. Emissions of CO


The most common source of CO emissions in the flue gas is an incorrectly adjusted amount of combustion air excess (oxidizer) at burners or insufficient fuel mixing with the oxidizer. In the case of OEC, it is necessary to consider that part of the CO emissions are produced by the dissociation of CO2. This is an endothermic reaction defined by Equation (6):


    CO  2  → CO + 0.5  O 2   



(6)







The chemical equilibrium constant K in this reaction is defined by Equation (7):


  K =    P  CO   ·    P   O 2         P    CO  2       



(7)




where    P  CO    ,    P   O 2     , and    P    CO  2      are partial pressures of components CO, O2, and CO2 respectively.


   K P 2     (  1 − α  )   2   (    a α  2  + 1  )  −  α 2   (    a α  2  + b  )  = 0  



(8)






   K  p   CO  2    =  e    Δ G   R T      



(9)




where    P  CO    ,    P   O 2     , and    P    CO  2      are partial pressures of components CO, O2, and CO2 respectively. where a is the volume of CO2 (m3); b is the volume of O2 (m3);  α  is the coefficient of dissociation;    K  p   CO  2      is an equilibrium constant; ΔG is the change in Gibbs’ energy (J·mol−1); R is universal gas constant 8.314 (J·K−1·mol−1); and T is temperature (K).



The extent of CO2 dissociation depends on temperature and partial pressures. The results of calculations based on Equations (6)–(9) above are presented in Figure 6. The highest coefficient of dissociation is obtained while maintaining the stoichiometry of combustion (m = 1), when the highest possible temperatures are reached. For the chemical composition of natural gas given in Table 3, temperatures in the range from 1961 °C (21% O2) to 3015 °C (100% O2) are reached. Due to the penetration of ambient air into the combustion chamber, the real air excess coefficient increases and the temperature reached is lower. Based on experimental measurements, the final excess of combustion air including air infiltration was determined as m = 1.2.



Results of the mathematical model shown in Figure 7 predict the trends and values of the coefficient of dissociation depending on the oxygen enrichment concentration in the oxidizer and on the air excess. It is evident that with the oxygen concentration range of 21–30% vol. in the oxidizer and at higher air excess values, the dissociation of CO2 is negligible. This argument is well-presented in Figure 7. With increasing oxygen concentration in the oxidizer above 30% vol. a significant increase in CO2 dissociation occurs. This may then result in an increase in CO concentration in the flue gas.



The results of the experimental measurements are presented in Figure 8. CO formation is suppressed in the range of oxygen content in the oxidant from 21% to 27% vol. for both analyzed burner designs. Compared to air combustion, higher temperatures are achieved in these measurements, which can have a positive effect on the combustion process. Better blending of the combustion mixture can also occur. Both of these effects can have a positive influence on the reduction of CO formation. In the case of utilizing OEC above 35% vol., there is a slight increase in the concentration of CO in the flue gas, which confirms the findings obtained from the mathematical model. In the case of the modified burner, the concentration of CO emissions gradually decreases.



The use of an exhaust fan in the rotary tilting furnace reduces the flue-gas residence time, which means that CO molecules do not have enough time to burn out and are drawn off into the chimney. Industrial-scale furnaces, which utilize combustion with pure oxygen or combustion with high concentration of oxygen in the oxidizer, should therefore consider installation of an afterburner chamber for the combustible components of flue gas.



Further discussion on expected and measured CO concentrations is provided in part 5, along with a discussion related to simulated and measured temperature field and their comparison in Appendix A.




4.3. Emissions of NOx


Figure 9 shows that in both burner design cases the nitrogen oxide emissions increased as the oxygen concentration in the oxidizer rose. The addition of oxygen together with an optimized burner orifice caused the concentration of NOx in flue gas to increase, namely from 5 ppm (21% vol. O2) to 327 ppm (38.74% vol. O2). In the case of the constant burner orifice, an increase in NOx concentration in flue gas from 5 ppm (21% vol. O2) to 860 ppm (43% vol. O2) could be seen. The explanation for such a steep increase in NOx concentration in the flue gas is that the burner is placed in a zone with high infiltration of air into the furnace. In addition, due to the increasing combustion velocity, the flame becomes shorter. The formation and amount of nitrogen oxides are strongly temperature-dependent. The mechanism of NOx formation occurs at a temperature of about 1000 to 1300 K, and with increasing temperature the NOx concentration increases significantly. High flame temperature and large amounts of extra oxygen and nitrogen from air infiltration create suitable conditions for NOx formation [24].



In comparison with the results presented in the study by Poskart et al. [8], lower concentrations of NOx were found during our experimental measurements. In that study, the NOx concentration was 1284 ppm at 30% oxygen enrichment in the oxidizer and burner input power of 10 kW.



Rotary tilting furnace design and air infiltration create a suitable environment for the nitrogen oxide formation rate to decrease by means of primary denitrification (deNOx) methods. These methods are based on NOx formation suppression directly during fuel combustion through the creation of a reduction zone, which lowers the flame temperature [24,25]. Primary methods include overfire air (OFA) [26,27], reburning (stage combustion) [28], flue-gas recirculation (FGR) [29], and their combinations. The rotary tilting furnace involves a combination of OFA and FGR methods. OFA is caused by ambient air penetrating into the combustion chamber. The air infiltration zone is in close proximity to the burner, so infiltrating air can be considered as secondary air. The combustion mixture is burned with a larger excess of combustion air than is necessary for complete combustion of fuel, and this causes the combustion temperature to drop. There is also a decrease in the final concentration of oxygen enrichment in the oxidizer, which causes a further decrease in temperature. The position of the stack above the burner and the use of a flue-gas exhaust fan can cause flue-gas recirculation. Part of the recirculated flue gases are mixed with fresh flue gas, resulting in decreased temperatures and more uniform temperature distribution in the combustion chamber.



The difference between the results of the experimental measurements is caused by intensification of heat transfer to the charge material. Higher heat flux from flue gas to charge material causes a reduction in the temperature achieved in the combustion chamber, and thereby also a decrease in NOx emissions, through modification of the burner.



Figure 10 shows that the temperature of flue gas in the stack depends on the type of burner and the concentration of oxygen in the oxidizer. In the case of industrial-scale furnaces, many times higher NOx mass flows can be expected. The reason is the larger area of the opening through which ambient air penetrates into the combustion chamber. Moreover, combustion at higher oxygen concentrations or combustion with pure oxygen is used there, which causes an increase in combustion temperatures. A shorter flame and smaller reaction zone for combustion are expected only in applications where an air/fuel burner is used at lower oxygen concentrations.



From the results of our experimental measurements we can conclude that utilization of OEC does not have a significant effect on H2 and CH4 emissions, and their formation can therefore be ignored. The large amount of air infiltration and the high affinity of these components cause them to burn completely. As can be seen from Figure 7, higher H2 concentrations can be expected at oxygen concentrations in the oxidizing agent above 40%. At this oxygen concentration, temperatures in the combustion chamber reach the point at which water vapor (H2O) begins to dissociate. The coefficient of dissociation of H2O is about five times lower than that of CO2.





5. Computational Fluid Dynamics (CFD) Model of Emissions Formation


The formation of emission particles in the combustion chamber of a rotary tilting furnace under OEC conditions can be illustrated using simulation modeling with CFD simulations. Prieler et al. [30] described skeletal reaction mechanisms for the CFD model of the OEC system which they used. Bhuiyan et al. [31] modeled the impact of oxy/fuel combustion on radiative and convective heat transfer in a furnace. Cravero et al. [32] used a CFD model for designing and developing innovative configurations in regenerative furnaces. Gómez et al. [33] analyzed the formation of emissions at different oxygen concentrations in a boiler using a CFD model. Nieckele et al. [34] described CFD methodology for simulation modeling of an industrial aluminum melting furnace. Zhou et al. [35] performed numerical modeling of aluminum scrap processing in a rotary furnace. Khoei et al. [36] also modeled aluminum recycling processes in a rotary furnace. Rimar et al. [37] developed a simulation model of combustion for a heating furnace.



The simulation model of the laboratory-scale furnace shown in Figure 11 was developed in Ansys software v19.2 (Ansys, Canonsburg, PA, USA). Modeling of the interaction of turbulence and chemistry was performed based on non-premixed combustion. In this type of combustion, the fuel and the oxidizer are not brought into contact until they are introduced into the reaction zone. The combustion process was described in terms of the Westbrook and Dryer (WD) global reaction mechanism, and the formation of NOx emissions was calculated using the PDF transport equation. These reaction mechanisms are described in detail in paper [4]. The chemical composition of natural gas, which was used in our laboratory measurement, consists of 95% methane. Our simulation model was therefore simplified, and the fuel was assumed to consist of 100% methane. Five-step methane/air WD global reaction mechanisms were used for describing the combustion process. This process was defined using a combination of finite rate chemistry and eddy dissipation models. The utilized methane/air WD global reaction mechanisms are defined in Appendix B.



The utilized WD global reaction mechanisms were developed for modeling methane/air combustion. The kinetics of chemical reactions are defined using the Arrhenius Equation (Appendix B). Andersen [38] and Bibrzycki [39] optimized the kinetic parameters of the chemical reaction for modeling oxy combustion. Optimized Arrhenius equations allow better prediction of the combustion process and are defined in Appendix B.



The formation of nitrogen oxide was defined as two chemical reactions for thermal and prompt NO. The kinetics of chemical reactions are strongly dependent on the temperature reached in the combustion chamber, and in our simulation model they are defined by means of Ansys software (Appendix B).



DesignModeler software was used to create the simulation model shown in Figure 11. The model was divided into three domains. The main domain represents the fluid dynamics of the combustion chamber. It includes the above-mentioned model of interaction between turbulence and chemistry and boundary conditions for Inlet Fuel, Inlet Oxidizer, Outlet, and Opening. The boundary condition “Outlet” specifies the pressure condition of the stack, which in our case was defined as negative pressure created by the exhaust fan. On the basis of experimental measurement, the pressure condition of the chimney was set as −5 Pa. The boundary condition “Opening” defines the area through which outside air penetrated into the combustion chamber, where the specified pressure was equal to atmospheric, and the air composition was 21% vol. O2 and 79% vol. N2.



The boundary conditions for fuel and oxidizer were set as Inlet and were calculated from Table 2 for mass flow rate. The required mass flow rates to achieve the required oxygen enrichment in the oxidizer are shown in Table 4.



The second and third domains represent the charge material and the furnace wall respectively. The boundary condition between individual domains was defined as “Interface”, where the heat transfer module was turned on. Turbulence in the simulation model was described with model k-ε realizable, and radiative heat transfer was described with model P1 (combustion chamber) and Monte Carlo (Charge material, Furnace Wall).



Figure 11 provides a visualization of the mesh of the CFD model. The total number of cells was 5050326. Further increase in mesh fineness did not yield any further change in simulation outputs. This model was created from tetrahedral, hexahedral and wedge cells. Meshing in the vicinity of the furnace walls and charge material was supported with the inflation function and the inflation option “Smooth transition”, a maximum of five layers and growth rate of 1.2. The worst value of y+ was 12, observed in the stack area, while in other areas it ranged from 0 to 1.5. In order to simplify the simulation model it was assumed that the charge material would not melt. The heating of the charge material was defined as the specific heat capacity of aluminum (903 J·kg−1·K−1). The melting model would require transient simulation, which is time-consuming due to the increased complexity of the CFD model.



Results of Simulation Model


The above-mentioned setting of the simulation model allowed monitoring of mass concentration of emission component CO2, CO, H2, NO, and CH4, depending on the change in oxygen enrichment concentration in the oxidizer. Distribution of the temperature field and velocity in the combustion chamber could also be monitored. Modeled results of CFD simulations were created for both burner types (see Section 2). The results presented in Figure 12, Figure 13, Figure 14 and Figure 15 are modeled for 35% oxygen concentration in the oxidizer. Verification of the simulation model was carried out for all modeled concentrations and burner types in comparison with the results from experimental measurement.



Figure 12 presents a comparison of the distribution of temperature contours in the combustion chamber based on the change of burner type. The results of the simulation model confirm that the change in the diameter of the burner outlet orifice had a significant effect on the combustion process. When using OEC technology on the air/fuel burner, combustion takes place near the mouth of the burner, caused by high combustion flame speed and slow flow speed of the combustion mixture away from the burner. By optimizing the burner, the flame moves closer to the charge material. Results of the simulation modeling confirm that the flame temperature is lower in the case of the modified burner, which signals higher heat flux to the charge material. The achieved temperatures from the simulation model confirm the results of the experimental model presented in Figure 6. Comparison results from CFD modeling with experimental results are presented in Appendix A.



The model results shown in Figure 13 quantify the formation of CO emissions. Due to the small difference between achieved mass concentrations of CO based on the type of burner, the contour range had to be rescaled from 0 to 0.0015 kg m−3, which represents around 165 ppm CO. From the results of the simulation, it is evident that the area of CO formation is located specifically in the area of the flame. In the case of the air/fuel burner, a small part of the produced emissions is drawn into the stack by the exhaust fan. In the case of the optimized burner, the concentration of CO emissions drawn off into the stack is significantly lower.



The difference between temperatures achieved in the combustion chamber as presented in Figure 12 has a significant impact on the formation of NO emissions. Figure 14 presents the distribution of NO mass concentration contours. Improved heat transfer to the charge material due to a longer flame leads to more uniform distribution of the temperature field, and lower temperatures are achieved in the combustion chamber. This in turn reduces the formation of NO emissions. The results of our experimental measurement and simulation modeling confirm that optimization of the burner is a suitable way of decreasing the formation of NO emissions.



Circulation of flue gas in the combustion chamber is typical for the construction of a rotary tilting furnace. CFD modeling is a useful tool for predicting the zone of flue-gas circulation. Figure 15 and Figure 16 show the distribution of velocity fields in the combustion chamber depicted with vectors. In the case of an air/fuel burner, the circulation of flue gases takes place in the rear part of the combustion chamber. The density of flue gases in the rear part is higher due to the lower flue-gas temperature, causing fresh flue gas with higher temperature and with lower flue-gas density to be predominantly pushed upwards. This effect means that part of the thermal energy of the flue gas is not used to heat the charge material, but causes an increase in the production of NO emissions. In the case of a modified burner, the kinetic energy of the flue gas is higher and the above-mentioned problem with the circulation of flue gas does not exist.



Flue-gas velocity contours presented in Figure 15 indicate that the flame and the produced fresh hot flue gas are partly repelled from the vicinity of the charge and diverted to the bulk of the furnace and partly to the stack. As a result, flue-gas flow velocity over the charge is lower than in the modified burner design, and a dead zone with a flue-gas vortex is formed in the rear part of the furnace. Modified burner design as documented in Figure 16 results in a flame orientated directly to the charge with the highest temperatures as well as the highest flue-gas flow velocities being reached in the vicinity of the charge. Although a flue-gas vortex forms in the furnace with modified burner design as well, in contrast to the basic burner design it does not disturb the flue-gas flow patterns above the charge. Thus, heat exchange both by convection and radiation is enhanced with the modified burner, charge melting time is decreased and flue-gas temperature to the stack is lowered.



The data presented in Figure 17 verify the CFD simulation model as its results are comparable with those from experimental measurement. Values used to construct this figure are listed in Appendix C. Thus, the method used for simulation model creation in Ansys can be considered as correct. The results obtained are relevant and can be used to predict the distribution of temperature in the combustion chamber and also the formation of emission components depending on the type of burner.



Table 5 presents an overview of the emissions produced per melting cycle of charge material. The charge material was aluminum ingots. The time required to remelt the charge material was defined by the condition that the average temperature of the charge was 750 °C. The CO2, CO, and NO values shown in Table 5 were calculated based on Equation (2) from the results of the experimental measurements and fuel consumption presented in Table 2.



The impact of the produced emission gases on the environment is different for each gas. The Global Warming Potential (GWP) concept was designed to standardize the impact of individual gases on the environment [40,41]. GWP is the heat absorbed by any greenhouse gas in the atmosphere, as a multiple of the heat which would be absorbed by the same mass of carbon dioxide (CO2). GWP is 1 for CO2. For other gases it depends on the particular gas. GWP for CO is 10 [40], which means that 1 g CO is equal to 10 g CO2. GWP for NO is 33 [41]. CO and NO produced as emission gases were recalculated using the GWP constant, and the results are included in Table 5 in the form of carbon dioxide equivalents (CO2 eq).



The results presented in Table 5 enable estimation of optimal furnace operation regarding both fuel consumption and environmental impact. Evaluating the fuel consumption alone (reflected in the amount of CO2 emissions produced) could lead to the misleading conclusion that “the higher oxygen enrichment rate the better”. However, including the impact of produced CO and NO emissions minimizes the incremental environmental benefit of oxygen enrichment rates over 35% vol., regardless of whether OEC technology is applied solely or in combination with a modified burner. Thus, it can be concluded that oxygen enrichment up to 35% vol. suffices in any attempt to approach near-optimal furnace operation, leading to its almost lowest combined energy use and environmental impact. The combination of OEC technology and burner modification allows for a reduction of fuel consumption by around 10% and total CO2 eq. emissions produced by around 15%, compared to OEC technology solely at around 35% vol. oxygen enrichment. The contribution of NO and CO emissions to the total GHG amount produced, expressed as CO2 equivalents, reaches around 5% for OEC technology solely and just 1% in the case of OEC technology combined with burner modification. This highlights the environmental performance superiority of the modified burner over the standard burner in OEC applications in rotary furnaces for aluminum melting.





6. Conclusions


The authors designed and constructed a laboratory-scale tilting rotary furnace and performed combined experimental-modeling analysis of GHG emissions produced during the combustion of natural gas at higher oxygen concentrations in the oxidizer, using basic and modified burner designs. Aluminum ingots with a total mass of 15 kg were used as the furnace charge in the experiments. A significant decrease in fuel consumption of up to 50% was recorded for both burner variants, which is associated with reduction in the amount of CO2 and other GHG emissions produced.



The experiments confirmed that optimization of the burner outlet orifice in terms of flame speed has a positive effect on the combustion process and heat exchange intensity, and reduces the melting time of the charge by up to 16% compared to standard air/fuel burners used when OEC technology is applied. This could lead to additional decrease in operating costs resulting from higher productivity being achievable in the furnace. In terms of the amount of CO and NOx emissions produced per melting charge, the optimum concentration of oxygen in the oxidizer is 35%. CFD simulations of furnace operation with a modified burner revealed a more uniform temperature field in the furnace, verified by experimental data from thermocouples and enhanced flue-gas mixing, which in accord with the experimental results led to lower flue-gas temperature in the stack. Likewise, lower NO and CO emissions released per charge using the modified burner, indicated by CFD simulations, were confirmed by the flue-gas composition measurement results.



Evaluation of GHG emissions recalculated to CO2 equivalents confirmed that the most feasible furnace operation is achieved at 35% vol. oxygen content in the oxidizer, leading to total GHG emissions per charge of less than 5 kg CO2 equivalent in the case of combined OEC technology and burner modification, whereas with OEC technology only the emissions are slightly over 6 kg CO2 equivalent.
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Abbreviations




	a
	Volume of CO2 (m3)



	A
	Pre-exponential factor (Equation (A6))



	b
	Volume of H2O (m3)



	Ci
	Concentration of component (ppm)



	CFD
	Computational Fluid Dynamics



	Ea
	Activation energy (J.mol−1)



	eq.
	Equivalent (CO2 equivalent)



	FGR
	Flue gas recirculation



	GHG
	Greenhouse gases



	GWP
	Global Warming Potential



	k1 to k4
	Reaction rates (Equations (A7)–(A10))



	K
	Equilibrium constant



	    L  min , y  o 2      
	Theoretical volume of oxidizing agent if m = 1 (m3·m−3)



	LPG
	Liquefied petroleum gas



	m
	Air excess coefficient



	M
	Molar mass (kg.kmol−1)



	    O 2    
	Oxygen content in dry flue gases determined by means of flue gas analysis (% vol.)



	OEC
	Oxygen-Enhanced Combustion



	OFA
	Overfire air



	p
	Partial pressure (Pa)



	R
	Universal gas constant 8.314 (J K−1 mol−1)



	t
	Temperature (°C)



	T
	Thermodynamic temperature (K)



	α
	Coefficient of dissociation



	ΔG
	Change in Gibbs´ energy (J.mol−1)



	OECT-E
	OEC technology-Experiment



	OECT-A
	OEC technology-Ansys



	OECTMB-E
	OEC technology + Modification of burner- Experiment



	OECTMB-A
	OEC technology + Modification of burner- Ansys



	    V  F g     
	Volume of fuel gas (m3)



	    V C    
	Volume of flue gas from combustion of 1 m3 fuel (m3  ·  m−3)



	    V  AI     
	Volume of air infiltration for 1 m3 of fuel (m3  ·  m−3)



	    V  F G , D , min , y  o 2      
	Theoretical volume of flue gas (dry) if m = 1 (m3·m−3)



	    Y  O 2     
	Required oxygen concentration in oxygen-enriched combustion air for experimental measurement (%)



	WD
	Westbrook and Dryer
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Table A1. Comparison of results from CFD modeling with experimental results using OEC technology.






Table A1. Comparison of results from CFD modeling with experimental results using OEC technology.





	
OEC Technology




	
Position

	
O2

	
E

	
A

	
E

	
A

	
E

	
A

	
E

	
A




	
Thermocouple

	
(% vol.)

	
T1

	
-

	
T2

	
-

	
T3

	
-

	
T4

	
-




	
Combustion chamber

	
25

	
915

	
941

	
917

	
935

	
883

	
917

	
800

	
862




	
30

	
929

	
981

	
988

	
931

	
941

	
850

	
821

	
774




	
35

	
998

	
1050

	
969

	
912

	
915

	
860

	
852

	
844




	
40

	
1013

	
1101

	
972

	
1100

	
946

	
870

	
928

	
892




	
45

	
1043

	
1090

	
945

	
1013

	
881

	
900

	
850

	
856




	
Lining

	
25

	
709

	
750

	
732

	
782

	
709

	
781

	
692

	
714




	
30

	
747

	
760

	
747

	
780

	
701

	
736

	
698

	
724




	
35

	
691

	
652

	
675

	
632

	
703

	
650

	
690

	
500




	
40

	
659

	
700

	
708

	
714

	
687

	
713

	
652

	
682




	
45

	
796

	
870

	
793

	
852

	
741

	
793

	
664

	
703




	
Stack

	
25

	
730

	
756

	
-

	
-

	
-

	
-

	
-

	
-




	
30

	
736

	
700

	
-

	
-

	
-

	
-

	
-

	
-




	
35

	
740

	
766

	
-

	
-

	
-

	
-

	
-

	
-




	
40

	
754

	
746

	
-

	
-

	
-

	
-

	
-

	
-




	
45

	
760

	
774

	
-

	
-

	
-

	
-

	
-

	
-
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Table A2. Comparison of results from CFD modeling with experimental results using OEC technology + Modification of burner.






Table A2. Comparison of results from CFD modeling with experimental results using OEC technology + Modification of burner.





	
OEC Technology + Modification of Burner




	
Position

	
O2

	
E

	
A

	
E

	
A

	
E

	
A

	
E

	
A




	
Thermocouple

	
(% vol.)

	
T1

	
-

	
T2

	
-

	
T3

	
-

	
T4

	
-




	
Combustion chamber

	
25

	
689

	
711

	
822

	
850

	
854

	
891

	
754

	
804




	
30

	
1137

	
1200

	
1026

	
1056

	
918

	
970

	
954

	
970




	
35

	
850

	
878

	
826

	
856

	
913

	
870

	
992

	
931




	
40

	
833

	
900

	
870

	
898

	
915

	
903

	
930

	
900




	
Lining

	
25

	
677

	
703

	
748

	
780

	
688

	
714

	
729

	
714




	
30

	
712

	
743

	
725

	
756

	
691

	
723

	
740

	
723




	
35

	
698

	
714

	
685

	
720

	
709

	
742

	
784

	
806




	
40

	
650

	
570

	
668

	
600

	
710

	
660

	
748

	
680




	
Stack

	
25

	
692

	
730

	
-

	
-

	
-

	
-

	
-

	
-




	
30

	
679

	
714

	
-

	
-

	
-

	
-

	
-

	
-




	
35

	
674

	
706

	
-

	
-

	
-

	
-

	
-

	
-




	
40

	
653

	
559

	
-

	
-

	
-

	
-

	
-

	
-










Appendix B




    CH  4  + 0.5  O 2  → 2  H 2  + CO  



(A1)






   H 2  + 0.5  O 2  →  H 2  O  



(A2)






  CO + 0.5  O 2  →   CO  2   



(A3)






    CO  2  +  H 2  → CO +  H 2  O  



(A4)






  CO +  H 2  O →   CO  2  +  H 2   



(A5)






  k = A  e    −  E a    R T      



(A6)




where k is the rate constant (mol1−n·(m3)·n−1·s−1); A is the pre-exponential factor; Ea is the activation energy (J·mol−1); R is the universal gas constant 8.314 (J·K−1·mol−1); T is the temperature (K).


   k 1  =   1.5910   13    e    − 47000   R T        [    CH  4   ]    0.7      [   O 2   ]    0.8    



(A7)






   k 2  =   5.010   20    e    − 30000   R T        [   H 2   ]    0.25      [   O 2   ]    1.5    



(A8)






   k 3  =   3.9810  8   e    − 10000   R T      [  CO  ]     [   O 2   ]    0.25      [   H 2  O  ]    0.5    



(A9)






   k 4  =   2.7510   12    e    − 20000   R T      [  CO  ]   [   H 2  O  ]   



(A10)




where k1 to k4 are the reaction rates of Equations (A7)–(A10)



The formation of NO emissions in Ansys software is given by Equations:



Thermal NO


   N 2  +  O 2  → 2 NO  



(A11)







Prompt NO


    CH  4  + 0.5  N 2  + 0.5  O 2  → NO  



(A12)
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Table A3. Verification of CFD model: NO and CO mass concentration.






Table A3. Verification of CFD model: NO and CO mass concentration.





	
OEC Technology

	
(% vol.)

	
25

	
30

	
35

	
40

	
45




	
NO

	
Experimental

	
(kg m−3)

	
9.68 × 10−4

	
1.58 × 10−3

	
2.19 × 10−3

	
3.55 × 10−3

	
5.52 × 10−3




	
Ansys

	
(kg m−3)

	
1.61 × 10−3

	
1.89 × 10−3

	
2.16 × 10−3

	
3.53 × 10−3

	
5.57 × 10−3




	
CO

	
Experimental

	
(kg m−3)

	
8.56 × 10−4

	
5.85 × 10−4

	
1.45 × 10−4

	
2.72 × 10−4

	
3.18 × 10−4




	
Ansys

	
(kg m−3)

	
1.12 × 10−3

	
5.68 × 10−4

	
8.74 × 10−5

	
2.66 × 10−4

	
3.75 × 10−4




	
OEC technology + Modification of burner

	
(% vol.)

	
25

	
30

	
35

	
40

	
-




	
NO

	
Experimental

	
(kg m−3)

	
9.67 × 10−5

	
2.34 × 10−4

	
4.85 × 10−4

	
2.22 × 10−3

	
-




	
Ansys

	
(kg m−3)

	
3.85 × 10−8

	
1.38 × 10−4

	
3.26 × 10−4

	
2.16 × 10−3

	
-




	
CO

	
Experimental

	
(kg m−3)

	
8.90 × 10−4

	
6.42 × 10−4

	
2.51 × 10−4

	
5.83 × 10−5

	
-




	
Ansys

	
(kg m−3)

	
9.51 × 10−4

	
7.49 × 10−4

	
1.88 × 10−4

	
7.77 × 10−5

	
-
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Figure 1. Experimental model of tilting rotary furnace. 
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Figure 2. Distribution of thermocouples in the furnace (blue) lining, (green) combustion chamber, (red) charge material, (black) stack. 
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Figure 3. Burner modification parameters. 
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Figure 4. Graphs of dependence of concentration of components (natural gas, flue gas) as a function of oxygen concentration in the oxidizer (m = 1.1) (mathematical modeling). 






Figure 4. Graphs of dependence of concentration of components (natural gas, flue gas) as a function of oxygen concentration in the oxidizer (m = 1.1) (mathematical modeling).



[image: Metals 11 00242 g004]







[image: Metals 11 00242 g005 550] 





Figure 5. Dependence of fuel savings on oxygen concentration in the oxidant (experimental measurements). 
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Figure 6. Dependence of temperature as a function of oxygen concentration in the oxidizer (m = 1.2) (mathematical modeling). 
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Figure 7. Dependence of coefficient of dissociation of CO2 and H2O on oxidizer oxygen concentration (mathematical modeling). 
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Figure 8. Dependence of CO concentration in flue gas on concentration of oxygen in oxidizer (experimental measurements). 
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Figure 9. Dependence of NOx concentration in flue gas on concentration of oxygen in oxidizer (experimental measurements). 
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Figure 10. Temperature of flue gas (experimental measurements). 
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Figure 11. CFD model of laboratory-scale model. 
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Figure 12. Model results: distribution of temperature contours (a) OEC technology, (b) OEC technology +modification of burner. 
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Figure 13. Model results: distribution of CO mass concentration contours. (a) OEC technology, (b) OEC technology +modification of burner. 
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Figure 14. Model results: distribution of NO mass concentration contours. (a) OEC technology, (b) OEC technology +modification of burner. 
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Figure 15. Model results: vector of velocity with OEC technology. 
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Figure 16. Model results: Vector of velocity with OEC technology + modification of burner. 
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Figure 17. Verification of CFD model. (a) NO mass concentration; (b) CO mass concentration. 
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Table 1. Distances of individual thermocouples from the burner.






Table 1. Distances of individual thermocouples from the burner.





	Thermocouple
	Distance
	T1
	T2
	T3
	T4





	Combustion chamber
	(m)
	0.1
	0.2
	0.3
	0.4



	Lining
	(m)
	0.15
	0.3
	0.4
	0.55



	Charge material
	(m)
	0.2
	0.27
	0.33
	0.4



	Stack
	(m)
	−0.1
	-
	-
	-
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Table 2. Flow rate of inlet media depending on oxygen concentration in the oxidizing agent.






Table 2. Flow rate of inlet media depending on oxygen concentration in the oxidizing agent.





	Concentration of Oxygen
	(% Vol.)
	21
	25
	30
	35
	40
	45
	50





	Air Flow rate
	(m3·h−1)
	14.07
	11.22
	8.72
	6.94
	5.61
	4.57
	3.74



	Oxygen Flow rate
	(m3·h−1)
	0
	0.6
	1.12
	1.49
	1.77
	1.99
	2.17



	Fuel Consumption
	(m3·h−1)
	1.3
	1.3
	1.3
	1.3
	1.3
	1.3
	1.3



	Air Excess coefficient m
	(–)
	1.1
	1.1
	1.1
	1.1
	1.1
	1.1
	1.1
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Table 3. Natural gas composition in % vol. (adapted from [23]).






Table 3. Natural gas composition in % vol. (adapted from [23]).





	CH4
	C2H6
	C3H8
	C4H10
	C5H12
	C6H14
	CO2
	N2





	%
	%
	%
	%
	%
	%
	%
	%



	95.171
	2.7131
	0.8729
	0.2772
	0.0486
	0.0207
	0.2266
	0.6697
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Table 4. Boundary condition Fuel and Oxidizer.






Table 4. Boundary condition Fuel and Oxidizer.





	Concentration of Oxygen
	(% vol.)
	21
	25
	30
	35
	40
	45





	Inlet Oxidizer
	(kg·s−1)
	4.996 × 10−3
	4.22 × 10−3
	3.541 × 10−3
	3.056 × 10−3
	2.692 × 10−3
	2.409 × 10−3



	Oxygen content (Mass Fraction)
	(–)
	0.233
	0.276
	0.329
	0.381
	0.432
	4.83



	Oxidizer Temperature
	(°C)
	20
	20
	20
	20
	20
	20



	Inlet Fuel
	(kg·s−1)
	2.663 × 10−4
	2.663 × 10−4
	2.663 × 10−4
	2.663 × 10−4
	2.663 × 10−4
	2.663 × 10−4



	Methane content (Mass Fraction)
	(–)
	1
	1
	1
	1
	1
	1



	Fuel Temperature
	(°C)
	20
	20
	20
	20
	20
	20
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Table 5. Summary of emissions produced in the melting of charge material, depending on oxygen concentration in the oxidant used.






Table 5. Summary of emissions produced in the melting of charge material, depending on oxygen concentration in the oxidant used.





	
OEC Technology




	
vol.%

	
Time

	
CO2 (kg)

	
CO (g)

	
NO (g)

	
CO: CO2 eq. (g)

	
NO: CO2 eq. (g)

	
CO2, Total (kg)




	
24

	
190.0

	
8.484

	
4.340

	
3.980

	
43.385

	
131.491

	
8.659




	
28

	
143.5

	
6.408

	
1.820

	
4.900

	
18.175

	
161.700

	
6.588




	
34

	
134.0

	
5.983

	
0.420

	
6.350

	
4.199

	
209.392

	
6.197




	
37

	
129.0

	
5.760

	
0.760

	
9.930

	
7.590

	
327.601

	
6.095




	
43

	
125.0

	
5.582

	
0.860

	
14.940

	
8.606

	
493.036

	
6.083




	
OEC Technology + Modification of Burner




	
Vol.%

	
Time

	
CO2 (kg)

	
CO (g)

	
NO (g)

	
CO: CO2 eq. (g)

	
NO: CO2 eq. (g)

	
CO2, Total (kg)




	
24

	
149.5

	
6.676

	
2.880

	
0.310

	
28.836

	
10.337

	
6.715




	
28

	
118.0

	
5.269

	
1.640

	
0.600

	
16.421

	
19.757

	
5.305




	
34

	
108.0

	
4.823

	
0.586

	
1.136

	
5.862

	
37.480

	
4.866




	
37

	
103.0

	
4.599

	
0.130

	
4.950

	
1.301

	
163.300

	
4.764

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
¥
¥

‘zwésv

e

EssmssnsenenenT

W
3 I £

'COMass Concentaton
z‘é
fil





media/file8.jpg
>

21 30 40 50 60 70 80
Oxygen in Oxidizer (vol.5%)

——C02 —B—H20 —4—N2 —=—02

%0

100






media/file27.png
C0O.Mass Concentration
Contour 1
0.001500
0.001421
342

(@) (b)





media/file34.jpg
= oo

Somm e

oo Jooo

6““4—/; gum'

Lo oo

e R S S S
[ —— (R

(a)





media/file13.png
2
o

T 4000

Q

% 3000

g 2000

g

& 1000
0

_—

I I I I I | |

30 40 50 60 70 80 90
Oxygen in Oxidizer (vol.%)

—=Theoretical temperature of combustion

N
o

- Theoretical temperature of combustion including dissociation

100






media/file31.png
,..\, A\ ; , '
Wonl N -sNM-.\\\.\ \\\\“-
) \ 1 11 \\ o
~
Wi

gl

few
Wit






media/file12.jpg
g
g

g
8

Temperature (°C)
N ow
8 8
s 8

g
g

o

20 30 40 50 60 70 8 90
Oxygen in Oxidizer (vol.%)

~——Theoretical temperature of combustion

== Theoretical temperature of combustion including dissociation

100






media/file18.jpg
900
800
700

= 600
£ 5w d
& 400
2 300

. =

100 + > -

20 25 30 35 40 a5
‘Oxygen in Oxidizer (vol.%)

—+—OEC technology + modification of burner  —#—OEC technology






media/file9.png
Concentration of compoent (%)

80
70
60
50
40
30
20
10

21

I | I | I
30 40 50 60 70 80
Oxygen in Oxidizer (vol.%)

-—4—(CO02 ~——H20 =—&—=N2 =02

N/ N
N/ e e
i >( i —t 7S 7N i
1 | 1






media/file14.jpg
3 o3

5

08

075

07

065

03 /
0z

o015

o1

005

20 30

—aco2m1
—aH0m=11

50 60 70
Oxygen in Oxidizer (vol.%)

—ah20m-1
—acozme12

—aco2me11
——aH0m=12

100






media/file35.png
MO Wass Concentratio

0.0030 /

0.0020 -

0.0010 =

DD'DDD 1 T T 1
25 30 35 40 45

Oxygen in Oxidizer (vol.24)

=———QECT-E ==--—Q0ECT-A ==—=0DECTMB-E =——=QECTMB-A

(a)

-3]

m
Q
3
=

0.0008

0.0006

0.0004

0.0002

0.0000

CO hass Concentration (kg

s (QECT-E === Q0ECT-A =—=0ECTMB-E ====0ECTME-A

N\

NN

25

30

35
Oxygen in Oxidizer (vol.24)

(b)

40

a5





media/file20.jpg
30 35
Oxygen in Oxidizer (vol.%)

25 a0

—+—OEC technology+ Modication of burner  —s—OEC technology

as






media/file23.png
Furnace Wall

Combustion
Chamber

Inlet Fuel

Inlet Oxidizer

Charge material





media/file5.png
7 I






media/file15.png
Coefficient of Dissociation (-)

=]
&

o
oh_o
B 0 wn

0.3
0.2
0.1
0.1
0.05

o
w

o
oS

w— CO2 M=1
w— H20 m=1.1

T T T T T 1

50 60 70 80 90 100
Oxygen in Oxidizer (vol.%)

w— H20 M=1
st CO2 M=1.2

— CO2 Mm=1.1
e ot H20 Mm=1.2






media/file19.png
900

800

700

~ 600

8 500

8400

Z 300

200

100 -

20

w

///

O“W |

25

30 35 40
Oxygen in Oxidizer (vol.%)

—4— OEC technology + modification of burner  —l=OEC technology

45






media/file28.jpg
—
S

(b)

(a)





media/file2.jpg
A

Discharge of lue gases






media/file32.jpg





nav.xhtml


  metals-11-00242


  
    		
      metals-11-00242
    


  




  





media/file11.png
~
o

g 50 —
'E“’ 40
>
3 30
E /
10
0 “/ T T T T ]
20 25 30 35 40 45

Oxygen in Oxidizer (vol.%)

—4-— OEC technology = —#=—OEC technology + modification of burner






media/file6.jpg
o1

Parameter Unit Value

Oxygen Enrichment % | 21 5 3 E 0
Diameterof Nozzle 1) m 004 0026 003 0019 0016






media/file24.jpg
i -

&

(@

35 L
s tangse
R

RenE





media/file29.png
NO.Mass Concentration
Contour 1

0.00473
0.00448
0.00423
00398
00374

o0
=l
b 4
(o]

oo

sl=l=l=]
SN
SN
©os

<
~NI
©

(‘1_L_1_L_:

OO00000000000000

wlelelelelelelele]
sleolelelelsls)
-)

_’I
RSN

o
o
Q

000
(kg m*-3]

(a) (b)





media/file10.jpg
0»/

20 25 30 35 0 45
Oxygen in Oxidizer (vol.%)

—+—OEC technology  ——OEC technology + modification of burner






media/file7.png
VT T T g 7

/////////

VAV T AT AT NSNS

- Air +02

) Fuel O a
|

D1

LTI 7 o o d v 7

Parameter Unit Value
Oxygen Enrichment % 21 25 30 35 40
Diameter of Nozzle (D1) m 0.044 0.026 0.023 0.019 0.016






media/file33.png
Veloci
Vector

5.000

3.750

2.500

1.250

0.000
[m s”-1]






media/file16.jpg
€O (ppm)
g

50
o T T - d
20 25 30 35 40 as
Oxygen in Oxidizer (vol.%)
—— OEC technology + modification of burner i~ OEC technology






media/file3.png
Discharge of flue gases

T——_h

) B —
" !

- e ¥
" ; ;
| |

, ——

I

4

)
Analysis of flue gas ' -
- ; “:_-.‘-






media/file0.png





media/file22.jpg
Chargematerial

Combustion

Inlet Oxidizer”





media/file17.png
0 I I 1 I 1
20 29 30 35 40 45
Oxygen in Oxidizer (vol.%)

—4— OEC technology + modification of burner  -ll= OEC technology






media/file4.jpg
AW

—— === —

AN






media/file30.jpg
0000
ms]






media/file25.png
Temperature
Contour 1

[C]






media/file21.png
3

2

N
o

O N NN
S

S

Temperature (°C)

2

5

\
20 25 30 35 40
Oxygen in Oxidizer (vol.%)

45

—4— OEC technology+ Modication of burner —— OEC technology






