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Abstract: The research method of computational fluid dynamics (CFD) is used to study the technology of burning sludge in cement precalciner. The simulation results show that the flow field in the TTF precalciner is stable, the spray effect is good, and no raw meal collapse occurs. The special structure of the TTF (Trinal-sprayed) precalciner allows the pulverized coal and sludge to fully exchange heat with the flue gas and burn. When there is no sludge burning in the furnace, the decomposition rate can reach 92.1%, and the maximum temperature of the precalciner can reach 1600 K. When the moisture content of the sludge is constant, as the amount of sludge increases, the overall furnace temperature shows a downward trend and the minimum temperature at the precalciner outlet can be reduced to 1080 K. The phenomenon shows that sludge has a great influence on furnace temperature. In order to ensure that the decomposition rate of the raw meal is not less than 85%, the decomposition rate of the raw meal under different conditions is calculated. It was found that the sludge input can be about S-20% when the mositure content of the sludge is 50%. Moreover, when the water content of the sludge is 60%, the burning amount of sludge cannot be higher than S-20%, which ensures the normal decomposition of cement. The addition of sludge reduces the temperature in the precalciner and further inhibits the generation of thermal NOx. The reduction of CO content produced by incomplete combustion of pulverized coal indicates that CO suppresses the production of fuel-type NOx. The NOx concentration at the gooseneck is as low as 522 mg/Nm3. Additionally, it was also found that when the sludge input is fixed, the NOx concentration decreases with the moisture content of the sludge increasing, indirectly proving the inhibitory effect of H2O on NOx.
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1  Introduction

In recent years, with the acceleration of urbanization in China, various types of urban industries have rapidly developed, such as paper mills, breeding plants and power plants, producing huge amounts of sludge. The quantity of municipal sludge in 2020 have reached up to 52.92 million tons and the national investment in sludge treatment will reach 86.6 billion yuan in 2023. Thus, it is necessary to seek an effective and economical sludge treatment method [1]. Incineration is an effective approach of sludge treatment. It can reduce the volume of sludge and recover its energy. Sludge combustion will release NOx and SO2 after combustion, and inorganic substances cannot be recovered and used [2]. In the process of cement burning, the use of precalciner to burn sludge can solve this problem. However, the precalciner is at high temperature and high pressure during operation, and it is difficult to study this process by setting up experiments. Therefore, the use of computer simulation has become an valid method [3].

Research on sludge combustion disposal has already begun in some developed countries, such as the United States, Switzerland, Japan and other countries as early as 1959, and the technology is very mature today [4]. However, in the incineration treatment technology, sludge incinerators and fluidized bed incinerators are mainly studied. The first fluidized bed for burning sludge in the world was built in Lynnword, Washington, USA in 1962 and is still in use [5]. Most of the large-scale sewage treatment plants in Japan now use the combustion method to treat sludge. With the increasing environmental protection requirements of the various countries in sludge treatment, the sludge combustion method has become more and more popular because of its maximum volume reduction and harmless effect [6]. Sludge combustion treatment in China started relatively late, and the proportion of sludge combustion is not high. However, sludge combustion has received more and more attention recently [7]. There are basically two technical routes for domestic sludge combustion: One is to build an independent sludge combustion and disposal system, the other is to rely on the original equipment of power plants and cement plants to incinerate sludge after certain transformations on above basis. The cement production volume of China ranks first in the world and cement production lines are spread all over the country. Hence, the government has started to attach importance to the joint treatment of sludge in the cement industry in 2016. But due to the complex composition of the sludge, the high water content and the release of atmospheric pollutants from combustion, it is necessary to be controlled and treated in a harmless manner. Lin et al. [8] studied the combustion of sewage sludge and municipal solid waste in an incinerator via numerical simulation, and the results showed that the mixture of semi-dry sludge and solid waste is more suitable for combustion in an incinerator. Liu et al. [9] compared the amount of greenhouse gas produced during the combustion process of biologically dried and dried sludge. Studies have revealed that the combination of biological drying and combustion produces about half of the greenhouse gas emissions compared with dry combustion. Therefore, biological drying treatment of sludge before combustion is more conducive to environmental protection. Analysis of the above research shows that the research on sludge combustion is mainly to achieve harmless and green treatment. Although there are many studies on the treatment of sludge in incinerators, and the technology is also very mature, its establishment cost is high. Moreover, as a large manufacturing country, China produces a large amount of sludge, and the processing capacity of sludge incinerators is very limited. In this way, it is very promising to utilize the coordinated combustion of sludge in the cement industry. This research is to discuss the technology of burning sludge in the precalciner. It is mainly through simulation research to analyze the distribution of temperature and flow field in the furnace when sludge with different moisture content is input at different amounts. At the same time, the distribution and content of the gas-solid field in the furnace were analyzed and compared with the actual collected data. Through the temperature field and calculating the decomposition rate of the raw meal in the precalciner, the sludge treatment capacity under different conditions can be obtained. The relationship between CO, CO2, CaCO3, CaO and the input of sludge the distribution as well as change of pollutant NOx can be obtained through the distribution of gas-solid concentration field. The results and data obtained from these work provide a basis for the transformation of sludge burning equipment in cement plants.

Herein, mathematical and physical models and computational fluid dynamics (CFD) software (ANSYS FLUENT) is used to simulate the combustion of sludge in the TTF precalciner, mainly discussing the distribution of the temperature and gas-solid concentration field of the precalciner under different sludge input [10]. The selection criteria for the input sludge volume are built on the input of the pulverized coal. When the moisture content of the sludge is 50%, the input of the sludge is 10%, 20%, 30% and 40% of the input of pulverized coal, respectively. These are defined as S-10%, S-20%, S-30% and S-40%.When the moisture content of the sludge increases to 60%, 70% and 80%, sludge input remains at S-10%, S-20%, S-30% and S-40%. The sludge used throughout the present study is under a moisture content of 50%–80%, and a calorific value of approximately 2,000 kJ/kg (the bituminous coal calorific value is generally above 20,000 kJ/kg) [11–13]. In realistic applications, the results obtained through using simulation software to simulate fuel combustion and raw meal decomposition are not reliable. Therefore, the data collected on the production site were compared with the simulation results to ensure the rationality of the simulation results. Furthermore, the research on the quality of the reaction mechanism for the precalciner is also beneficial to determine reasonable control parameters and can improve the accuracy of the simulation.

2  Material and Properties

The pulverized coal sample was bituminous coal [14,15]. The sludge sample collected was sludge treated by a sewage treatment plant in Yunnan. According to the analysis of the sludge composition in Tab. 1. The main components of sludge are SiO2, Al2O3, Fe2O3 and H2O. Among them, SiO2, Al2O3, Fe2O3 accounted for 49.47%. Therefore, SiO2, Al2O3, Fe2O3 and H2O can be used to replace the main inorganic composition of sludge. However, SiO2, Al2O3, Fe2O3 are not defined in the fluent material library. Therefore, the fluent user-defined (UDF) interface was used to define the physical properties of the material, and define the new material, while introducing a heat source to simulate the heat release of sludge [16,17]. Comparing the burning loss of raw meal and sludge, it is found that the sludge content is higher, and the sludge loss is as high as 41.36%. Research conducted by Houdkova [18] showed that the nitrogen content of the sludge is higher than that in pulverized coal. It can also be known from the proximate analysis and ultimate analysis in Tab. 2 that the N element content of sludge is higher than that of pulverized coal. Therefore, the control of NOx during sludge combustion is also particularly important.

Table 1: The chemical composition analysis of raw meal, clinker and sludge
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Table 2: Proximate analysis and ultimate analysis of the data of coal and sludge
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The physical property parameters of SiO2, Al2O3 and Fe2O3 in the sludge particles are listed in Tab. 3.

Table 3: Physical property parameters of various components in sludge

[image: images]

The specific heat should be based on the calculation study of Robie et al. [19], as showed in Eq. (1).
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where: [image: images] is the specific heat (J/(g × K)), [image: images] is the enthalpy of solid materials at temperature[image: images], [image: images] is the enthalpy of solid materials at temperature 298 K, and [image: images] is the molar mass that corresponds to the solid matter.

3  Geometric Model and Numerical Theory

3.1 Geometrical Model

Fig. 1 presents the structure and mesh of the TTF precalciner. As presented in Fig. 1a, the main body size of the precalciner is 57.5 m and the maximum diameter is 7.1 m. The model can be divided into the lower cone, the first combustion chamber, the middle of the precalciner, the upper part of the precalciner and the gooseneck. ICEM commercial meshing software was used for the discretion of the structural hexahedral meshes of the model, resulting in 975,392 meshes. As demonstrating in Fig. 1b.
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Figure 1: TTF precalciner structure and mesh. (a) Structure. (b) Mesh

3.2 Mathematical Governing Equation

3.2.1 Turbulence Governing Equation

The turbulence control equation adopts the [image: images] standard two-equation model. Turbulence governing equations such as Eqs. (2)–(7).
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In order to close the equations, continue to model [image: images].
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where [image: images] and [image: images] are the production terms of turbulent kinetic energy [image: images] and turbulence dissipation [image: images], [image: images] and [image: images] are the dissipation terms of [image: images] and [image: images], respectively. [image: images] is the molecular viscosity coefficient. [image: images] is the eddy viscosity coefficient. [image: images] and [image: images] are correction factors, which were 1.44, 1.92.

3.2.2 Species Transport and Discrete Term Equation

(1) Species transport equation

In the turbulence calculation domain, the transportation of chemical reaction species needs to be solved by solving the species transport equation. The general form of the species transport equation is as Eqs. (8)–(9)
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where [image: images] is the net rate of production of species i by chemical reaction and [image: images] is the rate of creation by addition from the dispersed phase plus any user defined sources. [image: images] is the turbulent schmidt number. The default [image: images] is 0.7.

(2) Discrete term equation

The discrete phase model is used to introduce coal particles and track their trajectories. The distribution of pulverized coal particles conforms to the rosin-rammler distribution function. The average particle size is 16.38 [image: images]. Eqs. (10) and (11) are the particle force balance equations. The trajectory of particles in the turbulent flow field is predicted by the average fluid velocity in the equation. Combining Eq. (12) can be coupled to solve the ordinary differential equations to obtain the particle trajectory.
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where [image: images] is an additional acceleration term, [image: images] is the droplet or particle relaxation time, [image: images] is the fluid phase velocity, [image: images] is the particle velocity, [image: images] is the molecular viscosity of the fluid, [image: images] is the fluid density, [image: images] is the density of the particle, and [image: images] is the relative reynolds number.

3.2.3 Radiation Model

In the precalciner, radiation heat exchange accounts for more than 95% of the heat transfer in the furnace, and considering the limitation of calculation conditions, the [image: images] radiation model is selected. The radiation heat transfer equations are as Eqs. (13)–(16).
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The transport equation for G is
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where [image: images] is absorption rate, [image: images] is reflectivity, [image: images] is transmittance, [image: images] is radiation flux, [image: images] is the absorption. [image: images] is the scattering coefficient, [image: images] is the incident radiation, [image: images] is the linear-anisotropic phase function coefficient, [image: images] is the refractive index of the medium, [image: images] is the Stefan-Boltzmann, and [image: images] is user-define radiation source.

3.3 Fundamental Governing Equations of Fluid Mechanics

Fluid flow is governed by the laws of conservation of physics. The Eqs. (17)–(21) are the equations of conservation of mass, conservation of energy and conservation of momentum. In turbulent and multi-component states, the conservation of components and additional turbulent transport equations must also be followed. Such as Eq. (22).

(1) Mass conservation equation
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(2) Momentum conservation equation
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(3) Energy conservation equation
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(4) Component conservation equation
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where [image: images] is density and [image: images] is time. [image: images] is the velocity vector, and [image: images] is dynamic viscosity. [image: images] [image: images] [image: images] is the generalized source term of the momentum conservation equation. [image: images] is the specific heat capacity, [image: images] is the temperature, [image: images] is the heat transfer coefficient, and [image: images] is viscous dissipation term. [image: images] is the volume concentration of component s, [image: images] is the diffusion coefficient of the component, and [image: images] is the productivity.

3.4 Reaction Kinetic Mechanism

3.4.1 CaCO3 Decomposition Reaction Kinetics

As shown in Eq. (23), the CaCO3 decomposition reaction equation indicates that CaCO3 decomposes into an endothermic reaction. The decomposition reaction of CaCO3 is a heterogeneous chemical reaction based on volume reaction [20,21]. The kinetic parameters are obtained through the reaction kinetic equation established by Eqs. (24)–(26), namely the pre-exponential factor [image: images] and activation energy [image: images], which are 156 kJ/mol and [image: images] respectively. This value is used as an input parameter during simulation to control the decomposition of CaCO3.
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where Eq. (24) is arrhenius equation, which is an empirical formula. [image: images] is the gas constant, and the value is 8.314 J/(mol·K). [image: images] is the equation related to the reaction order, where [image: images] is the conversion rate.

3.4.2 Combustion Mechanism of Pulverized Coal and Sludge

Pulverized coal goes through three stages in the combustion process. That is, the volatilization of water, the release of volatiles and the combustion of coke [22–24]. The combustion equation of coal volatiles and the reaction process of carbon combustion are as showed in Eqs. (27) and (28), respectively. Where [image: images] represents the mechanism factor, and it is between 1 and 2. When the temperature is around 900 K, carbon is burned to produce CO. While below 900 K, CO2 is mainly produced [25–27].
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The combustion process of sludge is similar to that of pulverized coal particles. That is, the volatilization of moisture, the release of volatiles, and the combustion of organic matter and coke. When these sludge particles are heated, the sludge is in the pyrolysis stage before the volatiles and organic matter are not burned, and the sludge is converted into Coke, bio-oil and tar [28]. The heat produced by the combustion of pulverized coal is transferred to the sludge particles through thermal radiation, the moisture begins to separate out. As the temperature continues to rise, volatiles are released. The release of volatiles generally starts at around 573 K, and the temperature can reach up to 673 K to complete the devolatilization [29–31]. When the volatile matter is completely released, the residual coke starts to burn in the form of a surface reaction. The reaction process of coke is showed in Eq. (29), where: [image: images] is defined as the mass of the oxidant per the mass of char.
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Combustion characteristics of mixed combustion of sludge and pulverized coal are different from that of sludge single combustion [32,33]. The combustion kinetics of co-combusting sludge and pulverized coal can be investigated through the non-isothermal conversion rate integration method in the Ozawa-Flynn-Wall model. The activation energy and pre-exponential factor of the reaction can be calculated from the experimental data. The advantage of this method is that the pre-exponential factor and activation energy can be calculated without knowing the reaction order. The dynamic equation of the Ozawa-Flynn-Wall model is showed in Eqs. (30) and (31). The sludge combustion dynamic parameters were derived from a literature [34,35].
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where: [image: images] is the heating rate, [image: images] is the pre-exponential factor, [image: images] is the activation energy, [image: images] is the gas constant, [image: images] is the weight-loss ratio of the sample, [image: images] is the absolute temperature that corresponds to the value of [image: images], and [image: images] is the power series expansion for the integration of the exponential term of Eq. (30).

3.5 Boundary Conditions and Grid Independence Test

According to the data obtained from the thermal calibration of cement, the PR (parameters) of the boundary conditions for the numerical simulation are given in Tab. 4. SI (smoke inlet), TAI (tertiary air inlet) and PCI (pulverized coal inlet) are the velocity inlets. RMI (raw meal import) is configured on MF (mass flow). OT (outlet) adopts the P (pressure) outlet. The particle phase is set to escape at the exit, and the remaining inlet boundary and wall surface are placed to reflect. That is, particle phase rebounds at this boundary. The HD (hydraulic diameter) and T (temperature) parameters of each inlet and outlet are listed below.

Table 4: Boundary condition parameter setting of the precalciner inlet and outlet
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The mesh is a combination of computational units generated by mathematical discretization based on the finite volume method. In ANSYE ICEM meshing software, the topological structure of the model needs to be divided to obtain the computational grid. In the process of grid establishment, the difference in the topological structure and the number of grids may lead to different calculation accuracy. Therefore, mesh-independent has to be tested. Tab. 5 shows the temperature, O2 and NOx content under five grid numbers (712986 cells, 879168 cells, 975392 cells, 1158968 cells, and 1456083 cells) for sludge-free input. According to the data obtained from Tab. 5, the sensitivity and dependence of the mesh are analyzed, and the results show that the number of grids (975392 cells) has no effect on the results in this study.

Table 5: Mesh-independent verification without sludge input
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4  Results and Discussion

4.1 Flow Field and Temperature Field Analysis

Fig. 2 is the flue gas and tertiary air streamlines in the precalciner. Fig. 2a shows the tertiary air encounters at Y = 7 m after the lower flue gas is injected, which enhances the swirling flow and provides favorable conditions for material transportation. Fig. 2c is a partial enlarged image. Fig. 2b is a velocity vector illustration. Between Y = 1 m and Y = 5 m, the flue gas swirls upward with the flow field. When Y = 7 m, the overall velocity increases to about 34 m/s, which is due to the spurt effect caused by the encounter of the two wind, resulting in an increase in the flue gas velocity. This is also in line with the design effect in the TTF precalciner. Additionally, there are two necks on the main body of the precalciner. The function of the necking is to improve the spray effect in the furnace. The main body of the precalciner is relatively high, and the transportation of materials in the furnace requires power. When the material passes through the necking, the speed of the material will increase owing to spray. The hierarchical design of the necking makes it easier for materials to be transported to the precalciner.

[image: images]

Figure 2: Flue gas and tertiary air streamline in the precalciner. (a) Gas and tertiary streamlines. (b) Vector illustration. (c) Enlarged image

Fig. 3 is a streamlined diagram of coal wind and raw meal flow. The lower raw meal pipe and pulverized coal pipe are located near the tertiary air. It can be observed from Fig. 3a that the raw meal and pulverized coal are transported upward under the swirl formed by tertiary air and lower flue gas after entering the precalciner. As shown in Fig. 3c, the flow field was stable and no raw meal collapse occurred. It is also found that pulverized coal first contacts with flue gas to preheat near the wall when it enters the precalciner and then fully mixed with the raw meal conveyed upward through the vortex formed by the lower flue gas. The oxygen carried by the tertiary air also provides a good oxygen-rich environment for the combustion of pulverized coal, which is conducive to the full combustion of pulverized coal. Analyzing the lower heating of pulverized coal and sludge provided in Tab. 2, the lower heating of pulverized coal is 22705 kJ/kg and the lower heating of sludge is 2048 kJ/kg. Although the sludge contains a certain calorific value, it is very low relative to pulverized coal. Furthermore, sludge and pulverized coal enters the precalciner from the same point. Therefore, short-term preheating of pulverized coal and sludge in contact with high-temperature flue gas can reduce the impact of sludge combustion heat absorption on pulverized coal combustion. The oxygen-rich environment also increases the apparent activation energy of the sludge combustion reaction, which is also contributes to the progress of the sludge combustion reaction [36]. From the velocity distribution contour diagram in Fig. 3b, we found the low-velocity region (indicated by the red arrow) formed inside. This is due to the low-pressure and low-velocity region formed by the back mixing of the material after entering the precalciner, which is beneficial to the full mixing of the material. After reaching the first combustion chamber, the pulverized coal begins to be heated and burned to provide heat for decomposing the raw meal.
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Figure 3: Streamlined diagram of coal wind and raw meal flow in the precalciner. (a) Raw meal and coal streamline. (b) Velocity contour. (c) Enlarged image

The temperature contour is shown in Fig. 4. When the sludge moisture content is 50% and the sludge input is 10% of the pulverized coal input (S-10%), the temperature of the first combustion chamber can reach up to 1500 K. As shown in Figs. 2 and 3, this is the main place were pulverized coal is burned, so the temperature is highest here. The temperature at the middle and outlet of the precalciner is about 1109 K. The average temperature of the gooseneck is 1100 K, which is relatively low. This is mainly because a large amount of raw meal enters from the raw meal tube and the raw meal decomposes and absorbs heat, contributing to the drop of the temperature. Besides, the study compared the temperature distribution in Fig. 4 without any sludge input. The temperature of the first combustion chamber can reach 1600 K, the overall temperature of the decomposition precalciner is very high, and the temperature of the outlet achieves 1216 K. The phenomenon manifests that the input of sludge will result in the decrease of the overall temperature of the precalciner. With the increase of the sludge combustion volume, it increases to S-20%, S-30%, and S-40% respectively. The maximum temperature of the precalciner is maintained at 1500 K, but the temperature near the outlet drops to 1080 K. Further analyses shows that the sludge can still burn stably under the present circumstances. Nevertheless, the temperature near the outlet will decrease with increasing sludge input. It has a greater impact on the decomposition rate of raw meal and will be further calculated in the following analysis.

[image: images]

Figure 4: When the moisture content of the sludge is 50%, the temperature contour on the XY section under different firing amounts

Fig. 5 shows the temperature contour on the YZ section under different firing amounts when the moisture content of the sludge is 60%. When there is no sludge burning, the temperature at the outlet of the precalciner is 1221 K, and the temperature in the middle of the precalciner is 1200 K. After the sludge is burned, the temperature at the outlet drops to 1082 K and the temperature in the middle drops to 1100 K. Comparing the results in Fig. 4, it is found that the water content of the sludge increases from 50% to 60% and the temperature in the middle of the precalciner is relatively stable under the same firing amounts. After sludge burning volume exceeds S-20%, the outlet temperature will decrease greatly. It can be seen from Fig. 1 that there are upper raw meal pipes distributed at Y = 22 m. In order to ensure that the raw meal here is normally decomposed after entering the precalciner, the temperature must be high enough, so it is very important to maintain the stability of the temperature in the middle of the precalciner. Moreover, it is found that the temperature of the precalciner also decreases with the increase of the moisture content when the firing amounts are the same, which is also consistent with the actual physical effect.
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Figure 5: When the moisture content of the sludge is 60%, the temperature contour on the YZ section under different firing amounts

In order to study the rationality of the SV (simulated value), the actual MV (measured value) of the precalciner was collected when the cement plant combustion sludge had a 70% moisture content. As shown in Tab. 6, four MS (measuring position) were taken, followed by GI (Gas inlet), MP (middle part of precalciner), OP (outlet of the precalciner) and GO (gooseneck outlet). The simulation value is the simulation result under different sludge input ratios when the moisture content is 70% and 80% respectively.

Table 6: The precalciner temperature and measured values at different moisture contents of sludge
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The comparison revealed that the simulated value of the inlet temperature of the precalciner is 1330 K, higher than the measured value. The middle of the precalciner is lower than the measured value, and the outlet of the precalciner and gooseneck are slightly lower than the measured value. After calculating the relative error of the corresponding measuring point, the error of the simulated value is approximately 2% when the moisture content was 70% and the input sludge was S-10% and S-20%. This shows that the simulation result is reliable. If the moisture content is 80%, the average temperature at the outlet of the gooseneck is lower than 1070 K when the input amounts are S-30% and S-40%. Hence, these two input sludge are not recommended in production.

4.2 Effect of Sludge Input on Components

As presented in Figs. 6a to 6f, when the moisture content of the sludge is 50%, as the amount of sludge increases (the mass fraction of Fe2O3) and the temperature decreases, the average mass fraction of CaCO3 and the average mole fraction of O2 increase, while the average mass fraction of CaO decreases. The average mole fraction of CO2 is higher than that of no sludge input. When existing the sludge input, the average mole fraction of CO2 only decreases between Y = 10 m and Y = 27 m and the content near the outlet of the precalciner is basically the same with the amount of sludge increasing. This is because the sludge reduces the temperature of the precalciner and affects the decomposition of the raw meal, resulting in an increase in undecomposed CaCO3 and a decrease in the content of CaO and CO2. When Y=7 m and Y = 20 m, a large amount of raw meal enters the precalciner to decompose, contributing to a rapid increase in CO2 content. For the sake of sludge combustion, the combustion of pulverized coal is delayed (incomplete combustion), which reduces O2 consumption and increases O2 content. Furthermore, although the combustion of pulverized coal also produces CO2, the production volume is small compared with the decomposition of raw meal.

[image: images]

Figure 6: Changes of various components along the Y direction at different input amounts of sludge with a moisture content of 50%

From Fig. 7, the change trend is the same as that showed in Fig. 6 with 60% of the sludge moisture content. The result demonstrates that the temperature and composition change little when the moisture content of the sludge increases from 50% to 60%. Therefore, the raw meal decomposition rate was calculated according to the CaCO3 and CaO mole fraction distribution at the outlet of the precalciner, as shown in Tab. 7. The decomposition rate of TTF precalciner can reach up to 92.1% without a sludge combustion. When the moisture content is 50% and the sludge input is S-10% and S-20%, the decomposition rates are 90.5% and 86.1%, respectively. When the sludge input is S-30% and S-40%, the decomposition rate is below 80%. When the moisture content is 60% and the sludge input is S-10%, the raw meal decomposition rate is 89.2%. When the input amount is greater than S-10%, the decomposition precalciner is also less than 80%. In actual production, the raw meal decomposition rate of the precalciner is required to be between 85% and 95%. Hence, it is not advised to use a firing amounts with a decomposition rate of less than 80%. Comparing the chemical composition analysis of the clinker in Tab. 1 we can know that the maximum content of CaO in clinker is 66.45%. Moreover, SiO2, Al2O3 and Fe2O3 account for a relatively high proportion. There is no CaCO3 in the chemical composition, which means that CaCO3 will be completely decomposed after firing. Therefore, in order to ensure the stability of the composition of the clinker, the decomposition rate of the raw meal must be strictly controlled.

[image: images]

Figure 7: Changes of various components along the Y direction at different input amounts of sludge with a moisture content of 60%

Table 7: Comparison of the decomposition rates of raw meal under different sludge inputs
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Figs. 8 and 9 shows the contour of the mass fraction distribution of CaCO3 and CaO under different firing amounts when the moisture content of the sludge is 70%. It can be seen from the figure that the mass fraction of CaCO3 increases and the mass fraction of CaO decreases with increasing sludge above the upper raw meal pipe. The mass fraction of CaO at the outlet of the precalciner is reduced from 0.11 to 0.09. The CaO content of the first combustion chamber is the highest, decreasing from 12 wt% to 8 wt%. The result also proves the change law of the decomposition rate of the raw meal above. The decomposition rate of the raw meal decreases with the increase of the amount of sludge and the moisture content of the sludge.

[image: images]

Figure 8: At a moisture content of 70%, the mass fraction cloud of CaCO3 under different sludge inputs
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Figure 9: At a moisture content of 70%, the mass fraction cloud of CaO under different sludge inputs

It can be seen from Eq. (27) that the combustion of C in pulverized coal will also be accompanied by the production of CO. In the TTF precalciner, the amount of H2O introduced will also increase when the amount of sludge input increases, which will affect the combustion of coal powder. Fig. 10 shows the distribution of CO in the precalciner under different input amounts when the moisture content of the sludge increases to 70%. It was found that CO was only distributed more in the first combustion chamber, the highest position can reach 0.5%, and the CO distribution area was smaller with the sludge input increasing. This can be explained as in the first combustion chamber. The combustion of pulverized coal is accompanied by the decomposition of the raw meal. The NOx content in the precalciner increases at high temperatures with sludge. CO can reduce NOx, resulting in a decrease in CO content. The production of CO is related to the combustion of pulverized coal. The temperature and excess air coefficient directly controls the proportion of pulverized coal combustion products. O2 is also required for sludge combustion, and the air from the tertiary air is constant, which reduces the excess air coefficient. Theoretically, the amount of CO produced will have an upward trend with the increase of the amount of sludge within a certain range, but it is reduced in the study, so it can be inferred that NOx consumes CO.

[image: images]

Figure 10: At a moisture content of 70%, the mass fraction cloud of CO under different sludge inputs

As shown in Fig. 11, when the sludge moisture content is 50%, the NOx concentration distribution contours are under different firing amounts. When sludge is not burned, the NOx concentration of the precalciner can reach up to 1900 ppm (3420 mg/Nm3), and the outlet of the precalciner is 733 ppm (1319 mg/Nm3). As the amount of sludge increases from S-10% to S-40%, the maximum NOx concentration in the precalciner drops to 1500 ppm (2700 mg/Nm3), and the outlet drops to about 400 ppm (720 mg/Nm3). This shows that despite the high N content in the sludge, a large amount of NOx will be produced. But in general, the reasonable addition of sludge is beneficial to the reduction of NOx to a certain extent.
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Figure 11: When the moisture content of the sludge is 50%, the NOx concentration distribution contour under different firing amounts

When removing NOx in the cement industry, the initial choice of ammonia injection point is generally at the gooseneck. The NOx concentration at the gooseneck is a key consideration. NOx concentration values (measured in mg/Nm3) at the gooseneck under different conditions are extracted and listed in Tab. 8. The NOx content is also reduced after the sludge is burned in the gooseneck. When the moisture content is 50%, minimum NOx content after sludge burning is 720 mg/Nm3. As the water content of the sludge increases to 60%, minimum NOx content can be reduced to 522 mg/Nm3. Also, the NOx content is also decreased with the water concentration increasing from 50% to 60% under the same firing amount. It can be speculated that H2O has a certain reduction effect on NOx. According to China’s cement industry NOx emission standards and limit indicators, NOx emissions cannot be higher than 800 mg/Nm3 [37]. The results obtained from the above analysis show that the NOx concentration gradually decreases to below 800 mg/Nm3 as the amount of sludge increases. In this way, the NOx concentration can be assured to be discharged within the standard after the ammonia water is sprayed.

Table 8: Extracted values of NOx concentration at the outlet of the gooseneck under different conditions

[image: images]

When the sludge burns, it will produce reducing gaseous substances, as mentioned above CO is one of them. Therefore, sludge has also been shown to have the potential to be used as a denitrification agent [38]. Thermal NOx is related to temperature and fuel NOx is concerned with the combustion of pulverized coal. It was observed that the NOx at the outlet of the precalciner decreased from 733 ppm to 395 ppm (711 mg/Nm3), a drop of 338 ppm (608 mg/Nm3). In addition to take the reduction effect of CO on NOx into account, other factors need to be considered. Some studies have found that H2O has a certain emission reduction effect on NOx, consistent with our speculation [39]. This is because H2O produces H2 at high temperatures and it has a reduction effect on NOx. The conversion process is NO→HNO→NH→N2O→N2, further proved by observing Fig. 12. When the sludge input is S-10% and the moisture content is 60%, the average concentration of NOx is 500 ppm (900 mg/Nm3) at the outlet of the precalciner. If the water content of the sludge increases to 70%, the average concentration of NOx at the outlet of the precalciner is less than 500 ppm. When the amount of sludge is S-20%, S-30% and S-40%, it was found that the moisture content of the sludge increases from 60% to 70%, and the average concentration of NOx at the outlet of the precalciner is reduced. It indicates the influence of H2O on NOx reduction, which is consistent with the results in Tab. 8. It should be noted that although moisture is found to have an inhibitory effect on NOx, moisture also has an important inhibitory effect on furnace temperature in the production of cement. This is not conducive to the stability of the furnace temperature and will increase fuel supply, thereby increasing production costs. In order to solve this contradiction, one method is to control the input amount when the moisture content is too high (more than 70%). The input amount of the high moisture content sludge has been discussed before. Another method is to use a new type of drying process (such as biological drying technology, fluidized bed, etc.) to further reduce the water content of the sludge before combustion. When the moisture content of the sludge after drying is low, the amount of sludge input into the precalciner can be increased accordingly and the moisture content also increases with the increase of the amount of sludge. This not only increases the processing capacity of sludge, but also the H2O carried by the sludge can still suppress NOx within a certain combustion range. Additionally, the impact on temperature will be relatively small with small input of sludge. This is because compared with the metal and non-metal oxide components in the sludge, H2O has a greater specific heat melting (Tab. 3), and the effect of the endothermic heat of gasification on temperature is much greater than that of metal and non-metal oxides. In fact, the sludge has a certain calorific value and the heat released by the combustion of the organic components, volatiles and fixed carbon in the sludge also supplements the temperature lost in the precalciner.
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Figure 12: Variation of NOx along precalciner height at 60% and 70% moisture content

5  Conclusion

In this study, the combustion of sludge in the TTF precalciner was verified by calculation and simulation. The simulation results show that the TTF precalciner has a stable flow field during combustion, and the raw meal enters the precalciner in stages. The sprinkling effect is good and the decomposition efficiency is high. The decomposition rate can reach 92.1% without sludge input, and the maximum temperature of the precalciner can reach 1600 K. As the sludge is burned, the maximum temperature drops to 1500 K. When the moisture content of the sludge is constant, the temperature gradually decreases with the increase of the amount of sludge thrown in and the minimum temperature at the outlet is 1080 K. In order to ensure the normal productivity of cement, the decomposition rate of raw meal under different conditions is calculated. Since the raw meal decomposition rate of the precalciner is at least 85%. As a result, when the sludge moisture content is 50%, sludge input can be about S-20% (when sludge input is S-20%, the decomposition rate of the raw meal is higher than 85%). When the sludge moisture content is 60%, the sludge firing amount cannot be higher than S-20% (when sludge input is S-20%, the decomposition rate of the raw meal is lower than 85%).

Furthermore, sludge firing also has a pronounced impact on NOx. The high water content in the sludge lowers the temperature in the precalciner, suppressing the production of thermal NOx. CO generated by incomplete combustion of pulverized coal suppresses fuel-type NOx. The NOx concentration corresponding to the higher sludge moisture content is correspondingly lower when the sludge input amount is fixed, proving the inhibitory effect of H2O on NOx and also having an important guiding role in reducing NOx emissions in cement production. Finally, a solution to small sludge treatment volume resulted from by the high moisture content of the sludge and the decrease of the furnace temperature is given. That is to reduce the moisture content of the sludge as much as possible through the drying process.
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