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Abstract

:

Two interconnected mathematical models have been developed to describe slagging of a steam boiler furnace at the macro and micro levels. The macro-level model is implemented in Ansys Fluent. Using the fuel characteristics and temperature in the furnace, this model can predict the characteristics of ash formation on heat exchanger tubes when the melting temperature of the mineral part of solid fossil fuel is exceeded. The obtained values of slagging rates are used as initial data in the software implementation of the original Matlab microlevel model. Under conditions of dynamic change in the thickness of the slag layer, this model can evaluate the heat transfer characteristics in the hot gas/slag layer/tube wall/water coolant system. The results showed that switching a coal-fired boiler from a solid fossil fuel to a fuel slurry will improve stability and uninterrupted boiler operation due to a lower slagging rate. The combustion of coal water slurries with petrochemicals compared with coal–water fuel is characterized by higher maximum temperatures in the furnace (13–38% higher) and a lower average growth rate of slag deposits (5% lower), which reduces losses during heat transfer from flue gases to water coolant by 2%.






Keywords:


coal; composite liquid fuel; furnace; steam boiler; mathematical modeling; slagging












1. Introduction


Composite fuels based on carbon-containing industrial waste and wastewaters, including those containing oil products, are promising for practical use in conditions of shortage and rising prices of traditional energy resources [1,2]. The following various solid and liquid components can be used as fuel components: coal sludge, coal refining waste (coal slurry), waste process oils, oil extraction and oil refining waste, chemical waste, various types of biomass [3,4,5].



Involvement of coal and oil refining wastes in the form of coal water slurries (CWS) and coal water slurries with petrochemicals (CWSP) in industrial thermal power engineering will reduce the environmental burden not only by reducing the area of landfills for waste storage [3,6], but also due to the reduction in greenhouse gas emissions [7,8]. This effect is achieved by increasing the completeness of the slurry fuel components burnout due to the secondary atomization of inhomogeneous droplets during intense heating [9,10,11]. Components (solid and liquid) of the composite fuel droplets are heated at different rates. As a result, local vaporization centers can appear at the boundary of their contact (including mutually insoluble liquids) [9,10]. An increase in stress near the interface between the components (especially solid and liquid ones) can cause a microexplosion, as a result of which a droplet is dispersed into tens and hundreds of finely dispersed fragments [11,12,13]. Droplet fragmentation increases the surface area of heat exchange between the fuel and the heated air, thereby intensifying the evaporation and thermal decomposition of the fuel components, and, consequently, ignition and combustion. In addition, the presence of water in the fuel is a favorable factor for intense oxidative reactions and neutralization of harmful substances occurring at relatively high temperatures in boiler furnaces. At a relatively high temperature, water vapor thermally dissociates, resulting in the release of oxygen and hydrogen molecules. These molecules intensify the oxidation process, thereby improving the completeness of fuel burnout [14,15]. Aditionally, favorable factors for replacing coal with CWS and CWSP include a reduction in fire hazards (due to the presence of water in the fuel composition) at the stages of preparation, transportation and storage, as well as lower fuel costs [16].



Combustion of composite fuels with solid components in their composition (in the form of slurries), as well as the use of solid fuels in their initial form, is accompanied by the formation of a solid residue in the form of ash and slag. Formation intensity and ash residue proportion depend on the elemental composition of the solid component. The higher the content of the mineral part in the fuel composition, the higher this characteristic. Slagging is aggravated if the coal contains pyrite (iron disulfide) [17].



Ash and slag deposits are formed not only in the lower part of the boiler furnace, but also directly on the heat exchange surfaces in the radiative and convective parts of the furnace. Build-up of softened or molten fly ash on heat exchanger tubes occurs when the temperature regime of the boiler furnace deviates (increases) from the design one, as well as when the main fuel is replaced with an alternative one without adjusting the temperature regime. Ash and slag deposits in boiler furnaces on the surface of heat exchanger tubes are a serious problem. They cause high-temperature corrosion of the metal, which threatens to cause accidents. Slag is characterized by relatively low thermal conductivity, so the intensity of heat transfer from the source (hot gases) to the coolant through the slagged surfaces is significantly reduced [18]. This leads to an increase in the temperature of the flue gases above the design values, a decrease in the overall efficiency of the boiler and excessive fuel consumption. Violations of the aerodynamic regime on the side of flue gases are possible, due to a decrease in the gap between the heat exchanger tubes.



Steam blowing of waterwall tubes is used as the main tool to reduce slagging [19]. Usually, the process of furnace cleaning from slag deposits occurs at a given frequency, which is not always effective. Excessive use of steam blowing leads to intensive wear of the waterwall tubes, and too lengthy breaks between blowings negatively affect the boiler efficiency. A promising solution to the problem of removing slag deposits from the surfaces is the individual selection of the cleaning mode, considering the features of deposit formation for a specific fuel composition and specified design parameters of the boiler. Creation of such regime charts is possible using mathematical modeling tools that allow prediction of the characteristics of ash and slag deposits’ formation [20,21].



The results of numerical studies using different methods are known. For example, within the framework of computational fluid dynamics (CFD), there are two main approaches: steady [22] and transient [23,24]. Steady models save computation time, as they track only a specific number of particles in the combustion products but do not consider the dynamics of changes in the thickness of the sediment layer. The characteristics of this process can be controlled within the framework of transient models, but this approach requires a large number of calculations at a small time step, which leads to large computational resources.



The authors of [25,26] present a complex approach to the development of a mathematical model for the formation of slag deposits on the heat exchange surface during the combustion of solid fossil fuel. As a condition for ash particles’ build-up, critical values of viscosity were used, which, in turn, were obtained from the results of experimental studies. The developed model [25] is represented by several sub-models for calculating the characteristics of the various following stages of slagging: the formation and transport of fly ash particles, particle build-up to the surface and growth of the sediment layer and particle collision. Chernetskiy and Butakov [25] obtained a good qualitative agreement between the theoretical and experimental results, but due to the multifactorial nature of the process (the formation of ash primary layer, the variability of the slag particles properties, the spontaneous deposits destruction, etc.), the quantitative results differ.



The review [27] presents general recommendations for improving mathematical models of heat exchange surfaces slagging. The following areas for improvement have been highlighted [27]: to increase the reliability, it is necessary to complicate the models, including by refining the spatial grid and the integration step; for an adequate description of real physical processes, it is necessary to carefully choose the criteria of build-up particles, to consider the non-uniformity and variability of their viscosity; it is necessary to consider the formed deposits’ structure, the processes of erosion and spontaneous shedding [27].



Given the wide variety of processes occurring during boiler slagging, as well as the recommendations formulated above, it can be concluded that there is a need for complex mathematical models of slagging. They should describe the processes occurring during the combustion of fuel in the boiler at the macro level (on the scale of the entire furnace) and on the micro level (on the scale of one particle or one element of the heat exchanger). It should be noted that recently, an urgent task in practice is the transfer of coal-fired steam boilers to fuel mixtures, including in the form of slurries. Therefore, the mechanisms for a reliable assessment of the dynamics of heating surfaces’ slagging are the basis for the development of scientifically based practical measures aimed at changing the thermal regime of the boiler.



When boilers are transferred to non-design composite fuels containing low-grade combustible components and water, the flame temperature, as a rule, decreases. At the same time, the problem of slagging remains relevant, as many components of multicomponent fuels (for example, some industrial waste and biomass) are characterized by a relatively high content of alkali and alkaline earth metals [28,29]. The structure of ash and slag deposits forming during combustion of CWS and CWSP can be multi-layered and heterogeneous in chemical composition, which complicates the fight against this negative phenomenon by standard means.



The objectives of this work are as follows: (1) the development of two interrelated mathematical models of slagging in the furnace of a steam boiler with flame combustion of a fuel; (2) study of the effect of combustion parameters for three fuels (coal dust, droplets of CWS and CWSP) on the slagging characteristics of heating surfaces. The developed predictive complex is one of the components of a comprehensive algorithm for assessing the prospects of the practical use of composite fuels instead of solid fossil fuels.




2. Mathematical Modeling


2.1. Slagging of the Boiler Furnace at the Macro-Level


The object of the study was the steam boiler furnace BKZ-210-140F, made in Russia, with following main parameters of superheated steam [30,31,32,33]: Dss = 210 t/h, Pss = 14 MPa, Tss = 560 °C. The inner surfaces of the furnace, with sizes of 7424 mm × 7808 mm × 24,000 mm (Figure 1a), are completely shielded by tubes with a diameter of 60 mm (wall thickness of 5.5 mm) with step of 64 mm. The front and rear walls form a slope of a cold funnel in the lower part of the furnace. At the top of the furnace, the rear wall forms aerodynamic protrusion (Figure 1a). The platen superheater is located above the aerodynamic protrusion inside the furnace space. The furnace is equipped with four direct-flow burners with five secondary air channels and four primary air channels alternating in height (Figure 1b). The burners are located in one tier at the corners of the furnace and are directed tangentially to a conditional circle in the center of the furnace with a diameter of 900 mm (Figure 1c). The fuel and air supply devices are installed in an area with a size of 670 mm × 2270 mm (Figure 1b).



Numerical modeling of the combustion process in the furnace was carried out for the following three fuels:




	-

	
lignite of the Bolshesyrskoye deposit, Kansk-Achinsk coal mine, Krasnoyarsk region, Russian Federation (hereinafter—coal);




	-

	
coal water slurry (hereinafter—CWS), a fuel blend consisting of 50 wt% of coal and 50 wt% of water;




	-

	
coal water slurry with petrochemicals (hereinafter—CWSP), a fuel blend consisting of 45 wt% of coal, 45 wt% of water and 10 wt% of used engine oil.









The thermal characteristics of these fuels are presented in Table 1 [34,35,36]. Within the framework of the developed mathematical model, the water added during the preparation of CWS and CWSP, when fuels are sprayed by nozzles, is modeled as a liquid that is concentrated on the surface of coal particles. The evaporation of this moisture from the surface of coal particles is described by the droplet evaporation model [12]. An oil in the composition of CWSP is described in the mathematical model as a component of volatile substances in the composition of solid fossil fuel.



The fusibility characteristics of the coal ash (Table 2) are taken in accordance with the reference data [35]. The initial deformation temperature, hemispherical temperature and flow temperature were determined in accordance with the procedures described in [37,38,39].



In the boiler BKZ-210-140F, to reduce emissions of nitrogen oxides and reduce furnace slagging, “burner not in operation” technologises were applied. Primary air with fuel is supplied through burners B, C and D (Figure 1c), while secondary air is supplied to all four burners. This creates a lack of oxygen for the burners “in operation”. The flow rate and temperature of primary and secondary air in all calculation options are taken constant. The consumption of each type of fuel was set based on the required steam output of the boiler at an identical load. Boundary conditions for all calculation options are presented in Table 3. The platen superheater (Figure 1a) is modeled by a spatial domain with a volumetric heat absorption of 12.4 MW, according to boiler operating data [31,40].



The sizes of finely dispersed fuel particles were set by the Rosin–Rammler distribution [41]. It was assumed that the fineness of coal or the coal component of CWS and CWSP corresponds to the grinding of solid fuel in fan mills (Table 4). Typical values for the grinding parameters of industrial fan mills have been taken in accordance with the data [30,31]. Numerical modeling was carried out for ten fuel fractions, the size of which was determined automatically by Ansys Fluent computational algorithms. The supply of CWS and CWSP into the furnace simulates the injection of liquid fuel through nozzles installed in the middle of each primary air channel. The spray angle of the nozzles is assumed to be 30°, the speed of the fuel slurry in the narrow section of the nozzle is assumed to be 250 m/s.



Numerical studies were performed using the commercial package Ansys Fluent. The flame of the fuel–air mixture in the furnace was specified in the model as a two-phase turbulent flow system consisting of gas and a solid phase. For a gas, the time-averaged equations of conservation of mass (1), motion (2), and energy (3) were formulated using the Euler approach, considering the interfacial interaction.


  ∇  (  ρ v  )   =   S m  ;  



(1)






  ∇  (  ρ v v  )   =  − ∇ P + ∇ τ +  S v  ;  



(2)






  ∇  (  ρ v h  )   =  ∇ (  k  eff   ∇  T g  −   ∑ i    h i   J i  ) +  S h    +  S  hr   +  S   h c r    .  



(3)







For the solid phase, the particle trajectories were calculated using the random wandering model of particles (Lagrangian approach), considering thermophoresis and the lifetime of random vortices [42]. Particles’ combustion of the solid phase in the model is implemented in the form of the following sequence of stages: inert heating, evaporation of moisture, release of volatiles, combustion and combustion of coke residue. Physical and chemical processes and the corresponding numerical submodels built into Ansys Fluent are presented in Table 5 [42].



Accounting for the radiation component of the heat flux is performed under the following conditions: the particle emissivity factor ε = 0.85; the radiation scattering coefficient by particles is assumed to be 0.6; the absorption coefficient of the gaseous medium corresponded to a mixture of “gray” gases.



The kinetic parameters of chemical reactions are presented in the Table 6. The ratio of carbon, hydrogen and oxygen in the volatile matter (first reaction, Table 6) was determined in accordance with the chemical composition of fuel.



Slagging of furnace walls is described by the original mathematical model using the user-defined function in Ansys Fluent. In the function, the probability of an ash particle build-up to the furnace wall depends on its temperature and burnout degree, as well as the ash fusibility characteristics [27]. The incompleteness of fuel combustion (0.5%) was taken as a criterion for particle burnout; i.e., when the degree of burnout is more than 99.5%, the adhesion of a particle to the wall becomes possible, otherwise it is reflected from the wall according to the elastic collision law. For the burnt fuel particles, the probability of sticking to the furnace walls depends on temperature and ash fusibility characteristics, which are presented in Table 2. When developing the mathematical model, a linear increase in the probability of particle build-up was assumed depending on temperature (Table 2): at particle temperature T = TA, the probability of build-up is equal to 0; at particle temperature T = TC the probability is equal to 1 [52].



Building a finite element mesh is an important step for obtaining reliable simulation results. To assess the influence of the grid element sizes on the simulation results, a series of calculations was carried out with a gradual increase in the number of elements. By refining the meshes near the burners, the calculations were carried out for grids consisting of 0.25 × 106, 0.5 × 106 and 1 × 106 elements (Table 7). The grid convergence index (GCI) is calculated according to recommended procedure for estimation of discretization error [53,54]. The number of elements and the characteristic size of the computational grid were considered optimal when the corresponding convergence criteria were met (GCI ≤ 0.05%). Grid 2 satisfies this condition (Table 7).




2.2. Slagging of the Boiler Furnace at the Micro-Level


Figure 2 shows the area for solving the task of the heating surface slagging (on the example of a tube) in the boiler furnace when burning three different fuels (coal, CWS, and CWSP). It was assumed (Figure 2a) that a tube with a diameter of d = 60 mm at the initial time t = 0 is in a heated gaseous medium T = Tg. During fuel combustion (t > 0), a slag layer with a thickness δa gradually forms on the tube surface (Figure 2b). The limiting value of the slag layer thickness was set to 7 mm, because further increase in the layer is limited by the inter-tube distance [55]. The rates of a slag layer formation when burning different fuels were taken from the results of numerical studies via the model described in Section 2.1. Temperature (Ts = 560 °C) and pressure (Ps = 14 MPa) of the steam–water mixture inside the shielding tubes were set according to [35]. The heat transfer coefficient α1 from the steam–water medium to the inner wall of the tube was taken according to [56]. The thermophysical properties of the tube material (steel) corresponded to the data of [35]. The wall thickness δs of the steel tubes was 5.5 mm. The ash thermophysical properties were taken according to the data of [57]; the thermophysical properties of the air corresponded to the data of [58]. The heat transfer coefficient α2 from the flue gases to the outer wall of the shielding tubes and the flue gases’ emissivity factor were taken according to the recommendations [35]. Heat transfer through the heat exchange surface was considered in a planar formulation (for an infinite plate), since the ratio of the outer and inner diameters of the tube is less than 1.8 [56].



The solution area of the formulated task included the following three zones (Figure 2b): steel, slag and flue gases. The total size of the entire system L was 10 mm. The complexity of solving the formulated task consisted in the dynamic change in the slag layer thickness over time (the position of a border between ash layer and heated flue gases shifted).



The processes of heat and mass transfer in the region of solving the task of slagging tubes in the boiler furnace (Figure 2) are described by a system of partial differential equations written in the Cartesian coordinate system. The mathematical model is formulated in a one-dimensional formulation due to the uniformity of heat supply to the tube surface.



The algorithm for solving the formulated problem assumed the implementation of several computational schemes. Each of the schemes was determined by the geometry of the solution area corresponding to the different stages of the slagging of the pipe surface over time (Figure 2). Within each step mentioned below, the coordinates of the different regions’ boundaries of the steel tube wall/ash layer/heated flue gases system were numbered from the origin of coordinates in the direction of the solution area outer boundary (x = L).



First stage at 0 < t ≤ t1 (Figure 2a).



Heat equation for tube wall (0 < x < x1):


   ρ 1   C 1    ∂  T 1    ∂ t   =  λ 1     ∂ 2   T 1    ∂  x 2    .  



(4)







Heat equation for heated flue gases (x1 < x < L):


   ρ 3   C 3    ∂  T 3    ∂ t   =  λ 3     ∂ 2   T 3    ∂  x 2    .  



(5)







Initial conditions:


T1 = T0; T3 = Tg.



(6)







Boundary conditions:


  x = 0 :   −  λ 1    ∂  T 1    ∂ x   =  α 1  (  T s  − T ) ,     t > 0  ,    α 1  > 0 ;  



(7)






  x =  x 1  :   −  λ 1    ∂  T 1    ∂ x   = −  λ 3    ∂  T 3    ∂ x   +  α 2  (  T s  − T ) +  ε σ  (  T s 4  −  T 4  ) ,     t > 0  ,    α 2  > 0 ;  



(8)






  x = L :     ∂ T   ∂ x   = 0 .  



(9)







Second stage at t1 < t ≤ t* (Figure 2b).



Heat equation for tube wall (0 < x < x1):


   ρ 1   C 1    ∂  T 1    ∂ t   =  λ 1     ∂ 2   T 1    ∂  x 2    .  



(10)







Heat equation for slag layer (x1 < x < x2):


   ρ 2   C 2    ∂  T 2    ∂ t   =  λ 2     ∂ 2   T 2    ∂  x 2    .  



(11)







Heat equation for heated flue gases (x2 < x < L):


   ρ 3   C 3    ∂  T 3    ∂ t   =  λ 3     ∂ 2   T 3    ∂  x 2    .  



(12)







The initial conditions correspond to the end conditions of the previous stage. Boundary conditions:


  x = 0 :   −  λ 1    ∂  T 1    ∂ x   =  α 1  (  T s  − T )  ,   t > 0  ,    α 1  > 0 ;  



(13)






  x =  x 1  :   −  λ 1    ∂  T 1    ∂ x   = −  λ 2    ∂  T 2    ∂ x    ,    T 1  =  T 2  ;  



(14)






  x =  x 2  :   −  λ 2    ∂  T 2    ∂ x   = −  λ 3    ∂  T 3    ∂ x   +  α 2  (  T s  − T ) +  ε σ  (  T s 4  −  T 4  )  ,   t > 0  ,    α 2  > 0 ;  



(15)






  x = L :     ∂ T   ∂ x   = 0 .  



(16)







To solve a system of non-linear transient partial differential equations with appropriate initial and non-linear boundary conditions, an algorithm has been developed based on the group of numerical methods: finite differences, locally one-dimensional and iterative and sweep methods using a four-point implicit difference scheme. The solution algorithm assumed a sequential check at each time step of the conditions, corresponding to the implementation of each of the calculation process main stages.



Verification of the developed mathematical model (4)–(16) and numerical solution algorithm is performed by checking the difference scheme conservative. The error of fulfilling the heat conversation law in the region of solving the heat transfer task (Figure 2) was calculated at each time step. When varying in a fairly wide range of step values along the spatial coordinate (Δx = 10–100 µm) and time step (Δt = 0.001–10 ms), a relatively small error was found in performing the energy balance (the integral value did not exceed 2.5%) in the considered system (Figure 2); additionally, low computational costs for determining the characteristics of heat transfer through the heat exchanger slagged surface is achieved at steps Δx = 25 µm and Δt = 1 ms.



Numerical modeling of the heat transfer process under the conditions of shielding tubes’ slagging during the combustion of various fuels was performed for a steel pipe/ash layer/heated flue gases system (Figure 2), with the thermophysical properties of substances and materials given in Table 8. The size of the task solution region L = 10 mm; tube wall thickness δs = 5.5 mm; initial wall temperature T0 = 293 K; flue gas temperature Tg = 1200–1500 K; heat transfer coefficient from the steam–water medium to the inner wall of the tube α1 = 2·105 W/(m2·K); heat transfer coefficient from flue gases to the outer wall of the tube α2 = 50 W/(m2·K); flue gas emissivity factor ε = 0.8; Stefan–Boltzmann constant σ = 5.67·10−8 W/(m2·K4); according to the results of calculating the characteristics of the boiler furnace slagging, obtained within the framework of the Ansys Fluent macro model (Table 9). The mass rate of the slag layer formation during fuel combustion follows: coal—wm = 38.061·10−3 kg/(m2·s); CWS—wm = 3.255·10−3 kg/(m2·s); CWSP—wm = 3.101·10−3 kg/(m2·s).





3. Results and Discussion


3.1. Boiler Furnace Slagging


Figure 3, Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8 illustrate typical temperature fields in a boiler furnace and typical fields of slagging rates of furnace walls for the three fuels being burned. Table 9 presents the average growth rate of slag deposits on the furnace walls and the conversion degree of the fuel coke residue.



Relatively high temperatures in the boiler furnace are achieved when dry coal dust is burned (Figure 3). In this case, in different areas of the furnace, the temperature varied in the widest range of 300–1800 °C (Figure 3) compared with other fuels (CWS and CWSP). When CWS is burned, the temperature varied from 200 °C to 1200 °C (Figure 4); when CWSP is burned, from 200 °C to 1350 °C (Figure 5). At the same time, the flue gas temperatures in the upper part of the furnace near the platen superheaters had fairly close values (1000–1050 °C) for all three fuels under consideration (Figure 3, Figure 4 and Figure 5).



When CWS and CWSP are burned, the relatively low temperature zones (200–600 °C) near the fuel burners are much wider than when coal dust is burned. This is especially noticeable when analyzing the temperature distribution in the cross section of the furnace (Figure 4 and Figure 5). The result is due to the relatively high moisture content in the composition fuel slurries. When injected into the furnace, a droplet of a slurry, in contrast to a particle of dry coal, undergoes a relatively long evaporation stage, accompanied by thermal energy consumption and, as a consequence, a decrease in the gas temperature. This suggests that particles of softened ash falling into these zones will harden, i.e., the intensity of formation of the slag layer on the furnace heating surfaces and on the burners themselves may be less than when burning coal dust.



The temperature distribution inside the boiler furnace is one of the factors that determine the slagging intensity of heating surfaces. As can be seen from Figure 6, Figure 7 and Figure 8, the areas of high slagging rates are the most extensive in the case of coal dust combustion (Figure 6). These areas are concentrated in the lower and middle parts of the furnace in the radiation heat exchange zone. It is during the coal dust combustion that the temperatures of the gases are significantly higher than the softening temperature of the ash (1120 °C). When CWS and CWSP are burned, the well-defined areas of slagging (Figure 7 and Figure 8) are characterized by lower rates of this process. In addition, the zones of slag formation are localized on small areas of heating surfaces. Table 9 provides the average growth rates of slag deposits on the furnace walls for different fuels being burned.



As can be seen from the above results, coal combustion provides the highest peak temperatures in the boiler and the most complete fuel burnout. However, in this case, the slagging rate will be maximum. The use of CWS instead of coal makes it possible to reduce the average rate of slagging of furnace surfaces by almost 12 times. However, combustion of CWS is characterized by rather low temperatures in the furnace and a low degree of burnout compared with pulverized coal, due to a significant proportion of water in the composition. To improve the energy characteristics of CWS, including the combustion temperature and completeness of burnout, additives of liquid combustible organic components are used.



As the simulation results show, in addition to an increase in peak temperatures in the furnace by 13–38%, the average rate of slag deposit growth decreases by 5% when burning CWS compared to CWSP. The latter result is explained by the difference in the component composition of these fuels. CWSP contains fewer components that form ash residue during combustion.




3.2. Heat Transfer through the Tube Wall of the Heat Exchanger When Slagging


Figure 9 illustrates the change in the thickness of a slag layer on the surface of the heat exchanger tube during combustion of different fuels. When burning coal, the limiting value of the ash deposit thickness of 6.3 mm is reached in 7 min (areas in the boiler furnace subject to the most intense slagging, see Figure 6). When CWS and CWSP are burned, the formation of an ash layer in similar areas (Figure 7 and Figure 8) occurs at a slower rate (a possible maximum is reached in 90 min). When burning coal, the growth rate of the slag layer thickness is 0.90 mm/min. When burning CWS and CWSP, this parameter is 0.077 mm/min and 0.072 mm/min, respectively.



Figure 10 shows the trends in the surface temperature of the slag layer at different temperatures of the combustion products. An intense temperature increase is most typical at the stages of formation and growth of a slag layer (Figure 10) on the heat exchanger surface. A constant surface temperature is reached after the completion of the slag layer formation. The time delay (about 6 min) between the moments of stabilization of the surface temperature and the thickness of the slag layer is because the thermal conductivity of the latter increases with an increase in the degree of ash sintering under the heating by flue gas [59,60].



When burning coal, the calculated rate of increase in the slag surface temperature was about 140 K/min (Figure 10a). During the combustion of CWS and CWSP (Figure 10b,c), the increase in the surface temperature of the ash layer was non-monotonic. At the beginning of the process, the average temperature growth rate was about 70 K/min. After 5–7 min and until the values stabilized, the average rate of temperature increase in the ash layer was about 5 K/min. In this case, the higher the temperature of the surrounding gas, the higher the intensity of heating of the ash layer surface.



After stabilization of the thickness of the ash layer, the temperature of its surface no longer reaches the temperature of the surrounding high-temperature gases. Temperature losses during slagging of heating surfaces are 13–17% when coal is burned, 10–15% when CWS is burned, and 11–16% when CWSP is burned. Thus, the maximum difference between the temperature of the gases and the surface of the ash layer can be expected during the combustion of coal dust. For slurry fuels, this difference is expressed to a lesser extent. The results obtained suggest that, in terms of the ash layer thermal diffusivity, the combustion of CWS or CWSP is more efficient than coal combustion.



Figure 11 shows the time change of the heat flux to a heat transfer fluid when burning different fuels at several temperatures of the gases. As the thickness of the ash layer increases, the heat flux decreases significantly and stabilizes after the formation of the layer, similarly to the ash surface temperature. The heat flow is reduced due to insulation of heat exchanger tubes during their slagging by 33–50% when coal is burned, and by 39–60% and 35–55%, when CWS and CWSP are burned, respectively. The intensity of heat flux decrease is at its maximum in the first 7 min of the process. When coal dust is burned (Figure 11a), the values of this parameter vary from 9.14 to 24.57 kW/min. Further, the value of the heat flux takes a steady value and does not change (Figure 11a). If CWS or CWSP are burned (Figure 11b,c), the decrease in heat flux is much slower (0.67–1.87 kW/min).



The considered composite fuels contain one common component: lignite with the ash deformation temperature of 1120 °C. However, the presence of a large proportion of moisture in lignite based CWS and CWSP leads to strong differences in the temperature field in the boiler furnace when such fuel slurries are burned, compared with dry coal. Therefore, the tendencies to slagging when replacing coal with CWS and CWSP will differ. Flame temperatures during coal combustion can reach 1800 °C, while during combustion of CWS and CWSP, the maximum temperature in the furnace did not exceed 1200 °C and 1350 °C, respectively. When burning coal dust, the zones of intense slagging are predominantly located along the line of burners, as well as above and below it. When CWS and CWSP are burned, the areas of intense slagging are many times smaller. The average growth rate of the slag layer during coal combustion is almost 12 times higher than when slurries are burned. Modeling the dynamics of the formation of ash layer and its temperature characteristics showed that when coal dust is burned, negative processes proceed at a faster rate.



When burning CWS and CWSP, an ash layer of critical thickness is formed almost 13 times slower than when dry coal dust is burned. Even though the heat flux through the heat exchanger wall is at its maximum during coal combustion, in this case it is possible to predict a greater decrease in heat transfer with an increase in slag layer thickness. The results of numerical simulation showed that the difference between the temperature of the gases and the surface of the ash layer in the case of CWS and CWSP combustion is 3–5% less than in the case of coal combustion. Thus, it can be assumed that when burning slurries, the risks associated with the effect of slagging on the efficiency and functionality of a boiler will be less than when burning coal dust. Since slurries are less harmful with respect to slagging, smaller furnaces can be used for their combustion than for coal combustion (in this case, the issue of the efficiency of burning slurry droplets in small furnaces requires a separate study). The data obtained in this work can be used to develop technologies for controlling and preventing slagging, in particular, for adjusting the temperature regime, the boiler load, the frequency of cleaning and the placement of blowers. The developed algorithm is quite universal and is a concept for a comprehensive study of the characteristics of the boiler furnace slagging at different discretization levels. To ensure the reliability of the forecast results for specific boiler furnaces and fuels, it is necessary to perform new calculations. Each such calculation is moderately time consuming and can be performed in a relatively short time on a modern PC. In the future, the presented algorithm may become the basis of a commercial product that will be applicable for solving the problems of predicting the characteristics of slagging and setting up systems for automated cleaning of heating surfaces.





4. Conclusions


Mathematical models were developed to describe slagging in the furnace of a steam boiler with flame combustion of coal dust and promising slurry fuels (CWS and CWSP). The results of numerical simulation showed that the combustion of CWS and CWSP instead of dry coal dust is characterized by a temperature decrease in the boiler furnace by 450–600 °C. Calculations showed that the completeness of solid particle burnout during CWS combustion is minimal, and amounts to 94.5%. When burning CWSP, this characteristic corresponds to the burnout degree of dry coal particles (about 97%).



The combustion of CWSP, in comparison with CWS, is characterized by higher temperatures in the boiler furnace (higher by 13–38%), a lower average growth rate of the ash layer (lower by 5%) and lower losses of a heat flux (lower by 2%) from flue gases to a heat transfer fluid. In the context of slagging impact, replacing coal with slurry fuel is likely to improve the stability and reliability of a boiler operation, due to a lower slagging rate and the smaller areas subject to this process.
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Abbreviations




	
Abbreviations




	
CFD

	
computational fluid dynamics




	
CWS

	
coal water slurry




	
CWSP

	
coal water slurry with petrochemicals




	
DTG

	
differential thermogravimetric analysis




	
Nomenclature




	
Ad

	
ash (%)




	
C

	
heat capacity (J/(m3·K))




	
Cdaf, Hdaf, Ndaf, Odaf, Sdaf

	
fraction of carbon, hydrogen, nitrogen, oxygen and sulfur in the coal converted to a dry ash-free state (%)




	
Dss

	
fuel consumption in a boiler (t/h)




	
d

	
contact diameter (mm)




	
dmin, dmax, dmean

	
minimum, maximum and average dispersion of coal (μm)




	
F

	
integral area (mm2)




	
h

	
enthalpy (J/kg)




	
Ji

	
diffusion flow of i-th component (kg/(m2∙s))




	
keff

	
effective heat transfer coefficient (W/(m∙K))




	
L

	
solution region size (mm)




	
n

	
grindability index of fuel (dimensionless parameter)




	
P

	
pressure (Pa)




	
Ps

	
steam-water mixture pressure inside shielding tubes (Pa)




	
Pss

	
boiler furnace pressure (Pa)




	
Qas,V

	
higher heating value (J/kg)




	
Δr

	
spatial coordinate step (µm)




	
Rmax

	
maximum weight loss (%/min)




	
Rmin

	
minimal weight loss (%/min)




	
S

	
burning index (%2/(min2∙°C3))




	
Sh

	
enthalpy change due to interfacial interaction (W/m3)




	
Shcr

	
enthalpy change due to chemical reactions (W/m3)




	
Shr

	
enthalpy change due to radiative heat transfer (W/m3)




	
Sm

	
mass change due to interfacial interaction (kg/(m3∙s))




	
Sν

	
moment change due to interfacial interaction (N/m3)




	
T

	
temperature (°C)




	
TA

	
initial deformation temperature (°C)




	
Ta

	
heated air temperature (°C)




	
TB

	
hemispherical temperature (°C)




	
Tb

	
burnout temperature (°C)




	
TC

	
flow temperature (°C)




	
Tg

	
gas temperature (K)




	
Ti

	
ignition temperature (°C)




	
Ts

	
steam-water mixture temperature inside shielding tubes (°C)




	
Tss

	
boiler furnace temperature (°C)




	
t

	
time (s)




	
Δt

	
time increment (s)




	
TA

	
temperature of ash deformation initiation (°C)




	
TB

	
molten ash hemisphere formation temperature (°C)




	
TC

	
molten ash flow temperature (°C)




	
td

	
ignition delay time (s)




	
ν

	
velocity (m/s)




	
V

	
volume (µL)




	
Va

	
air flow velocity (m/s)




	
Vdaf

	
volatile content (%)




	
Vp

	
fuel particle velocity (m/s)




	
w

	
linear growth rate of a slag layer (m/s)




	
Wa

	
humidity (%)




	
wm

	
mass rate of ash formation during fuel combustion (kg/(m2·s))




	
x

	
spatial coordinate (µm)




	
Δx

	
coordinate increment (µm)




	
Greek symbol




	
α

	
heat transfer coefficient (W/(m2·K))




	
δa

	
thickness of a slag layer on the tube surface (mm)




	
δs

	
tube wall thickness (mm)




	
ε

	
emissivity factor (dimensionless parameter)




	
θ

	
contact angle (°)




	
λ

	
thermal conductivity coefficient (W/(m·K))




	
ρ

	
density (kg/m3)




	
τ

	
stress tensor (Pa)




	
σ

	
the Stefan–Boltzmann constant (W/(m2·K4))
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Figure 1. Scheme of the steam boiler furnace BKZ-210-140F (a), burner configuration (b), furnace cross-section (c). 
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Figure 2. Area for solving the problem of heat transfer from an energy source to a coolant during the formation of a slag layer on a tube surface: (a) initial moment of time (t = 0); and (b) moment in the process of a slag layer formation (t > 0). Designations: 1—steel tube wall; 2—slag layer; 3—heated flue gases. 
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Figure 3. Typical temperature fields in the boiler furnace when burning coal: in the longitudinal section (a); in the cross sections (b). 
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Figure 4. Typical temperature fields in the boiler furnace when burning CWS: in the longitudinal section (a); in the cross sections (b). 
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Figure 5. Typical temperature fields in the boiler furnace when burning CWSP: in the longitudinal section (a); in the cross sections (b). 
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Figure 6. Typical fields of slagging rates of furnace walls when burning coal: from the front side of the furnace (a); from the back side of the furnace (b). 
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Figure 7. Typical fields of slagging rates of furnace walls when burning CWS: from the front side of the furnace (a); from the back side of the furnace (b). 
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Figure 8. Typical fields of slagging rates of furnace walls when burning CWSP: from the front side of the furnace (a); from the back side of the furnace (b). 
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Figure 9. Typical change in the thickness of the slag layer on the surface of the heat exchanger tube when burning different fuels. 
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Figure 10. Ash surface temperature trends when burning different fuels: (a) coal, (b) CWS, (c) CWSP. 
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Figure 11. Time change of heat flux to a water coolant when burning different fuels: (a) coal, (b) CWS, (c) CWSP. 
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Table 1. Main fuel characteristics.
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Coal

	
CWS

	
CWSP






	
Thermal characteristics




	
Operating humidity, %

	
20.8

	
60.4

	
54.36




	
Operating ash content, %

	
6.2

	
3.1

	
2.8




	
Volatile yield, %

	
32.56

	
16.28

	
24.65




	
High calorific value, MJ/kg

	
21.41

	
10.7

	
14.03




	
Ultimate analysis (for dry ash-free state)




	
Cdaf, %

	
74.1

	
74.1

	
77.4




	
Hdaf, %

	
5

	
5

	
5.5




	
Ndaf, %

	
0.9

	
0.9

	
0.74




	
Sdaf, %

	
0.3

	
0.3

	
0.24




	
Odaf, %

	
19.7

	
19.7

	
16.12




	
Thermal characteristics (for dry state)




	
Density, kg/m3

	
1220

	
1220 *

	
1220 *




	
Heat capacity, J/(kg·°C)

	
1130

	
1130 *

	
1130 *








*—characteristic values are similar to those of coal, which is the solid fuel base of CWS and CWSP.
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Table 2. Fusibility characteristics of coal ash [35].
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	Fuel
	TA, °C
	TB, °C
	TC, °C





	Coal
	1120
	1180
	1200
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Table 3. Boundary conditions.
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Characteristics

	
Coal

	
CWS

	
CWSP






	
Fuel consumption, kg/s

	
7.304

	
14.608

	
11.140




	
Fuel temperature, °C

	
140

	
50

	
50




	
Primary air flow, kg/s

	
11.53




	
Primary air temperature, °C

	
140




	
Secondary air flow, kg/s

	
51.35




	
Secondary air temperature, °C

	
320




	
Water temperature in the furnace walls, °C

	
350




	
Emissivity factor of the furnace walls

	
0.8




	
Steam temperature in ceiling superheater, °C

	
370




	
Emissivity factor of ceiling superheater

	
0.6
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Table 4. Grindability index of fuels.
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	Characteristics
	dmin, μm
	dmax, μm
	dmean, μm
	n





	Coal
	1
	1000
	75
	0.9
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Table 5. Numerical models.
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	Process
	Model





	Turbulence
	k-ε model



	Radiative heat transfer
	Model of discrete ordinates and interaction of particles with radiation



	Volatile yield
	One-stage model according to the Arrhenius equation



	Homogeneous combustion considering the influence of turbulence
	Combination of the kinetic model of combustion of gaseous components with the model of “vortex shedding”



	Heterogeneous combustion
	Diffusion-kinetic model
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Table 6. Kinetic parameters of chemical reactions.






Table 6. Kinetic parameters of chemical reactions.





	
Reaction

	
Ar

	
Er (kJ/(mol·K))

	
Ref.






	
Homogeneous combustion




	
Volatile + 1.706O2 = CO2 + 1.543H2O

	
2.1 × 1011

	
202.7

	
[43,44]




	
H2 + ½O2 = H2O

	
2.1 × 1014

	
129.8

	
[44,45,46]




	
2CO + O2 = 2CO2

	
1.4 × 1013

	
96.8

	
[44,45,46]




	
Heterogeneous combustion




	
C + O2 = CO2

	
2 × 1012

	
60.6

	
[45,47,48]




	
C + ½O2 = CO

	
2 × 1012

	
60.6

	
[44,45,48,49]




	
C + CO2 = 2CO

	
1.3 × 107

	
259

	
[44,45,48,49,50,51]
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Table 7. Grid convergence analysis.






Table 7. Grid convergence analysis.





	Parameters
	Grid 1
	Grid 2 (Examined)
	Grid 3





	Number of cells
	0.25 × 106
	0.5 × 106
	1 × 106



	Minimum element size, mm
	70
	50
	10



	Average element size, mm
	500
	260
	130



	Slagging rate of coal, g/(m2·s)
	35.618
	38.061
	41.308



	GCI (%)
	0.082
	0.046
	0.001
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Table 8. Components’ thermophysical properties in the system of steel tube/ash layer/heated flue gases.






Table 8. Components’ thermophysical properties in the system of steel tube/ash layer/heated flue gases.





	Material
	λ, W/(m·K)
	ρ, kg/m3
	C, J/(m3·K)





	Steel
	46
	7800
	530



	Ash
	3
	2540
	1040



	Flue gases
	0.0915
	0.239
	1210
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Table 9. Average slagging rates of furnace walls when burning different fuels.






Table 9. Average slagging rates of furnace walls when burning different fuels.





	Fuel
	Coal
	CWS
	CWSP





	Slagging rate, g/(m2·s)
	38.061
	3.255
	3.101



	Conversion degree of coke residue of fuel particles, %
	97.1
	94.5
	97
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