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Abstract

:

A large amount of solid and liquid waste is produced in pesticide production. It is necessary to adopt appropriate disposal processes to reduce pollutant emissions. A co-incineration scheme for mixing multi-component wastes in a rotary kiln was proposed for waste disposal from pesticide production. According to the daily output of solid and liquid wastes, the proportion of mixing was determined. An experiment of the co-incineration of solid and liquid wastes was established. Experimental results showed that the mixed waste could be completely disposed at 850 °C, and the residence time in the kiln exceeded 1 h. A model method for mixture and diesel oil-assisted combustion was proposed. Numerical simulation was performed to predict the granular motion and reveal the combustion interactions of the co-incineration of mixed wastes in the rotary kiln. Simulation results reproduced movements, such as rolling and cascading, and obtained the optimum rotational speed and diesel oil flow for the rotary kiln incineration operation. The simulation showed that the temperature in the kiln was maintained at 850 °C, and the mass fraction of CO and O2 at the outlet reached the standard for the complete combustion of the waste. Finally, the rotary kiln incineration and flue gas treatment processes were successfully applied in engineering for green production of pesticides.
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1. Introduction


China is not only a major country in the use of pesticides, it is also a producer [1], with a total production of 2.491 million tons of pesticide in 2017. However, an unintended consequence is that this pesticide production also produces considerable multi-component wastes such as liquid and solid wastes. Liquid and solid wastes generated during pesticide production are hazardous wastes [2]. Solid wastes produced by pesticides are the residual sludge of biochemical systems, semi-solid pentylamine and aniline, viscous kettle residue, waste packaging materials and activated carbon. Meanwhile, pesticide liquid wastes have a high chemical oxygen demand, high salt content and high toxicity [3]. Their characteristics of complex sources, wide variety and difficult degradability of waste lead to great difficulty in hazardous waste disposal. If disposed improperly, these hazardous wastes are harmful to the environment. Therefore, the disposal of liquid and solid wastes in pesticide production is still a difficulty and hot spot of waste disposal at present.



Common disposed methods include landfilling, physical disposed processes, biological conversion technologies, and incineration. Landfills contain pollutants that can also cause groundwater pollution [4]. Physical processing can only simplify the separation of different components of hazardous wastes [5]. Bioconversion technology can only convert biodegradable waste into high quality products, a process which has limitations [6]. It has been reported that incineration is an advanced choice in comparison with other disposed methods. The main purpose of incineration is to disposal of hazardous wastes while minimizing environmental impact and recovering energy. Incineration is an effective means of realizing harmlessness, reduction and resource utilization [7,8,9].



On the marketisation level, the high-temperature incineration method for solid wastes is the main disposal method [10,11]. However, the incineration of liquid wastes in combustion plants is not common, and only a few cases have been reported. In liquid waste combustion, inorganic salts in waste liquor will melt at a high temperature, which will aggravate the denudation of refractories and the slagging of ash on the wall. The acid gas produced by incineration not only pollutes the atmosphere but also reduces the dew point of flue gas, which causes corrosion and ash accumulation in the furnace. When the viscosity of liquid wastes is high or contains some impurities, the liquid wastes need to be filtered to remove such impurities. Hence, waste liquid incineration has the problems of high cost and low profit [12,13].



In recent years, the disposal method of co-incineration of hazardous waste has been paid increasing attention. The co-incineration of solid wastes and sewage has been intensively applied in many countries. Wang [14] assessed the environmental impacts of the sewage treatment scheme. Their results showed that the co-incineration of sewage and municipal solid waste is beneficial to reduce greenhouse gas emissions. Hu [15] analyzed the combustion characteristics of municipal solid waste, paper mill sludge and their mixture. When the mixing ratio of sludge was less than 30%, there was a significant synergistic effect in co-incineration. Lin [16] simulated the conditions of the co-incineration of municipal solid waste and sewage in an incinerator. The simulation results showed that the hybrid fuel could be completely burned to meet pollutant emission standards. The co-incineration of solid wastes and sewage has been widely used; however, that of solid and liquid wastes has rarely been reported, although it has a good application prospect in the waste disposal of pesticide production.



In comparison with other waste incineration equipment, the advantages of hazardous waste processing in rotary kilns include long residence time, high burning temperature, stable burning state, neutralization of acid waste gas and low cost [17,18,19,20]. Rotary kiln incinerators are widely used in many large factories as a safe method to disposal of hazardous waste. They are a general furnace for the disposal of solid, liquid, gaseous and complex combustible wastes [20,21]. Bujak [22] treated medical waste through rotary kiln incineration and analyzed environmental, economic and energy aspects. The results showed that the rotary kiln disposal produces significant environmental and economic benefits. Bujak [23] also introduced the preliminary results of the use of rotary kilns in plastic waste incineration. The actual atmospheric emission from the heat treatment of plastic waste is lower than the current emission standards. Mellmann [24] predicted the different forms of transverse bed motion in a rotary cylinder to understand particle behavior for efficient industrial production. The theory and technology for treating waste in rotary kilns has matured; however, the co-incineration of mixed multi-component wastes using rotary kilns has rarely been reported.



In the present work, a co-incineration scheme for mixed multi-component wastes in a rotary kiln was proposed for waste disposal from pesticide production. Firstly, the proportion of mixing of solid and liquid wastes was determined, and the elemental composition, calorific value and ash melting point of the mixture were measured. The experiment of co-incineration of solid wastes and liquid wastes was established. The slag was collected at different incineration times, and the slag clinker ignition loss was measured. This study proposes a model method for mixture and diesel oil-assisted combustion, explores these particle motion characteristics, and reveals the combustion interactions of the co-incineration of mixed wastes. The results obtained could help to further understand waste co-incineration. Finally, the rotary kiln and the entire treatment system were reconstructed and commissioned. The co-incineration of multi-component wastes disposal technology in a rotary kiln could realize the harmless treatment of hazardous waste, a process which has better social, environmental, and economic benefits.




2. Materials and Methods


2.1. Material Characteristics


As shown in Figure 1, materials produced in pesticide production involve a complex composition (i.e., aniline, amyl amine, kettle residue, kettle substrate, floccus, pendimethalin, activated carbon, and mother liquor of methomyl). In material pretreatment, liquid and solid wastes were thoroughly mixed in a mass ratio of 4:1 and were fed into the kiln inlet through a screw feeder. A constant temperature oven, muffle furnace, scanning electron microscope, calorimeter, crucible holder and electronic balance were used to measure material characteristics. The experimental measurement equipment is shown in Figure 2.



According to Chinese Standards GB/T 212-2008, the moisture content of the mixed waste is 23.6%, and the ash content of the mixed waste is 20.4%. Moisture content was measured by heating the waste in a constant temperature oven at 105 °C, and the ash content was measured by igniting the mixed waste in a muffle furnace at 850 °C to a constant weight. The elements in the mixed waste were measured by a scanning electron microscope. The element composition is shown in Table 1.



The calorific value of waste is an important physical parameter for incineration. The calorific value of the mixed waste was determined using the oxygen bomb method. The standard benzoic acid is a combustion additive with a calorific value of 26,479 J/g. The waste was placed on a crucible and ignited with an ignition wire. The calorific value of the mixed waste was measured by a calorimeter. Solid wastes in total and wastes in total were calculated by weighted average. The daily production, mass fraction and calorific value of the material components are summarized in Table 2. Table 2 indicates that the daily production of liquid wastes was 4000 kg, which was the main part of waste disposal. The daily production of solid wastes in total was 1145 kg, which was only 22% of the total waste. The caloric value of total liquid wastes was low, whereas that of the total solid wastes was high. The calorific value of mixed wastes was 4050 kJ/kg, as determined by the weighted average method (Equations (1) and (2)). The calorific value was low, and diesel oil needs be added in auxiliary combustion.




    Q t  =  Q s   f s  +  Q l   f l    



(1)






    Q s  =   ∑  i = 1  n    Q i   f i      



(2)





The ash fusion temperature, which was measured by a pyramid method (GB/T 219-2008), maintained its original shape before 1400 °C and melted directly to the molten state at 1450 °C. Consequently, the material of the ash fusion temperature was higher than 1400 °C, and the temperature difference between deformation and softening temperatures was less than 100 °C. The normal working temperature range of the solid-state rotary kiln was 800–1000 °C. Thus, the temperature in the kiln was lower than the ash fusion temperature, and the ash was not easily melted to avoid slagging on the inner wall of the furnace.




2.2. Co-Incineration Experiment in the Rotary Kiln


A co-incineration experimental system (Figure 3) was established to explore whether mixed wastes could be completely burned in a rotary kiln and to analyze the incineration process. The internal diameter and length of the rotary kiln were 150 and 1630 mm, respectively. The entrance of the screw feeding machine was also the air inlet. Cement pouring was used for the thermal insulation layer, and the kiln inclination angle range was 0–5°. The cylinder of the rotary kiln was driven by a motor, and the speed range was 0.5–5 r/min. A thermocouple that could monitor the central temperature of the furnace in real time was installed in the middle of the kiln. Moreover, the control box could automatically adjust the power of the electric heater by setting the furnace temperature to control the temperature in the kiln.



The constant temperature of the kiln was kept at 850 °C, and the materials from the total wastes were continuously fed by imports. Moreover, Table 2 indicates that the state of the wastes was semi-fluid. The feeding speed and time were 0.05 kg/min and 10 min, respectively, and the total feeding was 0.5 kg. In the experiment, the slag appeared after the mixed waste was sent to the kiln for 60 min. Thus, the slag was collected after 60, 70, 80, 90, 100 and 110 min from when the material was sent. The slag was labelled #1, #2, #3, #4, #5 and #6. The clinker ignition loss was determined by a close roaster. The result is shown in Figure 4.



The residence time in the kiln directly affects the oxidative decomposition of harmful substances. In order to ensure that the mixed waste can be completely burned, the rotary kiln incineration time should be more than 1 h. As shown in Figure 4, the clinker ignition loss of the slag was less than 5%. When burned for one hour, the clinker ignition loss was about 2.5%. The clinker ignition loss of the slag decreased slightly with the increase in the material residence time in the kiln. After 90 min of discharge time, the clinker ignition loss remained basically unchanged. The particle size varied significantly at the different times, and slag with various particle sizes was observed in the different batches, as shown in Figure 5. The results confirmed that disposing solid and liquid wastes together at 850 °C in a rotary kiln was feasible.





3. Numerical Method


It is necessary to consider the multiphase nature of fuel combustion, which involves the gases and particles and their interactions.



3.1. Gas Phase


The continuity equation and momentum equation are represented by Equations (3) and (4), respectively.


    ∂ ρ   ∂ t   +   ∂ ( ρ  v j  )   ∂  x j    =  S m   



(3)






    ∂ ( ρ  v i  )   ∂ t   +   ∂ ( ρ  v j   v i  )   ∂  x j    = −   ∂ P   ∂  x i    +  ∂  ∂  x j    [ μ (   ∂  v j    ∂  x i    +   ∂  v i    ∂  x j    −  2 3    ∂  v k    ∂  x k     δ  i j   ) ] + ρ  g i  +  S m   



(4)




where    δ  i j     is the Kronecker symbol, for   i = j  ,    δ  i j   = 1  ,    S m    is the mass source.



The energy model used in this study is as follows.


    ∂ ( ρ E )   ∂ t   +   ∂ ( ρ  v j  E )   ∂  x j    = − P   ∂  v j    ∂  x j    +  ∂  ∂  x j    ( λ   ∂ T   ∂  x j    ) +  τ  i j     ∂  v i    ∂  x j    +  S m   



(5)




where  λ  is the thermal conductivity,  T  is the temperature,  E  is the internal energy, and    τ  i j     is the stress tensor.




3.2. Particle Phase


The trajectory of solid particles is described by the Lagrange model, and the particles are tracked by random discrete particle model.


    d  u w     d t    =  F D  (  u g  −  u w  ) +    g x  (  ρ w  − ρ )    ρ w    +  F x   



(6)




where    F D  (  u g  −  u w  )   is the drag force per unit particle mass.




3.3. Combustion Model


The complex composition of the mixed waste itself makes the combustion process very complicated. The waste particles are heated by diesel oil combustion in a rotary kiln and go through various reaction processes [25].



The devolatilization process is described by the single rate model. This model supposes that the devolatilization rate is first order and depends on the residual volatiles in particles [26].




   −   d  m p    d t   = k [  m p  − ( 1 −  f  v o , 0   ) ( 1 −  f  e o , 0   )  m  p , 0   ]   



(7)






   k =  A 0   e  − (  E a  / R T )     



(8)





The kinetic/diffusion-limited rate model was used to simulate char reaction. The char combustion rate is written by Equation (9) [27].




     d  m p    d t   = −  A p   p  o x      D 0  ℜ    D 0  + ℜ     



(9)






   ℜ =  C 2   e  − (  E a  / R  T p  )     



(10)





The non-premixed combustion model is allowed to contain three streams, namely one oxide flow and two different fuel flows. In this paper, the simulation assumed that mixed waste was the fuel stream and diesel oil was the secondary stream. In the process of solving the combustion, the combustion is simplified to a mixed problem, and the mixture fraction/ Probability Density Function (PDF) model was considered. The concentration of the individual components was solved on the basis of the predicted distribution of the mixed fraction.



The mixing fraction,  f , is the local mass fraction of th’ aze combusted and unburned fuel stream elements in all components. A combustion process consists of a fuel and an oxidant, in which the mixing fraction can be expressed as [28].




   f =    Z x  −  Z  x , o x      Z  x , f u e l   −  Z  x , o x       



(11)





Diesel oil is assumed to be a secondary stream, and the mixture fraction of the secondary stream needs to be considered. The sum of these quality scores in the system is always equal to 1.




    f  w a s t e   +  f  d i e s e l   +  f  o x   = 1   



(12)







4. Numerical Simulation


4.1. Numerical Simulation of Material Movement in Kiln


The movements of the wastes were tested on the side of the kiln to further determine the operating conditions of the kiln. Different initial conditions (e.g., rotating speed and particle diameter) were used to test the presented numerical model. The simulation parameters are shown in Table 3. The simulations were performed in a two-dimensional rectangular space using the Computational Fluid Dynamics (CFD) code. The computational mesh is shown in Figure 6a. The Euler multiphase method assumes that both the gas phase and the particle phase are incompressible continuous fluid. The interfacial force between particles and the kiln wall is described by particle dynamics theory. The two-phase distribution of the initial state is shown in Figure 6b.



At the initial moment, the particle surface tends to be flat and evenly distributed at the bottom of the rotary kiln. The volume distribution under different particle diameters in stable state is shown in Figure 7, Figure 8 and Figure 9. The results showed the surface of the material presented an inclined angle to the horizontal plane. The material surface gradually tilted and became slightly S-shaped. With the increase of the rotational speed and the diameter of the particle, the particle movement accelerated and experienced sliding, slumping, rolling, cascading and cataracting movements. Centrifugal motion did not occur because of the rotational speed limit. When the particle diameter was 1 cm, the particle movement was only slumping, and when the particle diameter was 5 cm, the particle movement could achieve a cataracting motion.



The rolling bed is preferred in most cases; it is beneficial to improve the heat transfer between the material beds and ensure that the waste is fully mixed and incinerated [24]. In addition, the operation speed of the rotary kiln itself should not be excessively large; otherwise, the transmission structure could have large power consumption. Given that the particle state was rolling and cascading, which is suitable for the rotary kiln working condition, the diameter of the wastes should not be extremely large, and the rotational speed of the rotary kiln should not be exceedingly fast. Therefore, the rotary kiln rotation speed was determined to be 3 rpm.



The velocity vector of particles can directly reflect the motion characteristics of particles in the kiln. The particle area is evidently layered, and the surface speed of the material is considerably larger than the internal stacking speed (Figure 10). This layer is the active layer of the material particles, which is the main area of material mixing and heat exchange. The internal relative speed is small; it is the passive layer, which is the area where the mixing and heat exchange are weak. As shown in Figure 10, the direction of the particle velocity in the active layer is opposite to the direction of the kiln wall movement. When the particles reach the bottom, they begin to change direction in accordance with the movement direction of the kiln wall. The velocity direction of particles in the passive layer is the same as that of the kiln wall, and the particles re-enter the active layer of the surface when they reach the top of the material bed on the right side. The velocity at the free surface of the particle is large, and the velocity vector at the top of the active layer is at an angle to the bed surface. Thus, particle collisions may occur at the upper right of the rotary kiln. The particles fly out under the action of rotational inertia and rejoin the material layer under the influence of gravity, which affects the surface of the active layer. The simulation results are consistent with the material movement theory of the rotary kiln.




4.2. Numerical Simulation of Waste Rotary Incineration


Computational fluid dynamics was used to formulate a 3D steady combustion problem. Figure 11 shows the geometric model and boundary conditions of the simulated rotary kiln. The simulated rotary kiln was assumed to be cylindrical. The meshes of the rotary kiln were generated by Gambit with 1,100,000 cells. The actual diameter and length of the rotary kiln were 1200 and 8000 mm, respectively. For simplicity, only the diesel oil and the mixed waste inlet were set in front of the kiln. Both inlets were 325 mm in diameter. The inclination angle of the rotary kiln was 1.5°, and the rotational speed was 3 rad/min.



Fuel combustion is a complex phenomenon that includes physical and chemical exchanges, multi-phase flow, heat transfer, momentum transfer, and mass transfer. The Eulerian–Lagrangian model was used to describe the flow of the gas and particle phases, and RNG   k - epsilon   model took into account the rotational effect of material in the kiln. P-1 radiation model was used to describe the radiation heat transfer in the rotary kiln. The discrete model was used to solve the coupling of heat, mass and momentum between the phases. The particle size obeyed the Rosin–Rammler distribution from 1 to 5 cm. The initial data of solid wastes and diesel fuel were added to create a PDF file for non-premixed combustion. The SIMPLEC algorithm was chosen for the pressure–velocity coupling. The inlet parameters used for the four simulation cases are shown in Table 4.



Figure 12 shows the temperature curves in the kiln under three calculated cases of burning diesel oil only. The results showed that the three cases had almost the same trend of temperature change. As the mass flow of diesel oil increased, the temperature gradually rose in the kiln. The maximum combustion temperature of diesel oil with a mass flow rate of 0.04 kg/s reached 1400 °C. This temperature may have exceeded the ash melting point; thus, the ash became molten, and slag formed on the kiln wall. The combustion temperature of diesel oil with a mass flow rate of 0.02 kg/s was relatively low, and the temperature in the kiln was only 700 °C, which may have resulted in the insufficient combustion of the wastes. The temperature field with a mass flow rate of 0.03 kg/s was moderately long, and the temperature in the middle of the flame reached 1200 °C. A large central combustion zone was formed at a distance of 2 m from the kiln inlet, which was conducive to the full mixing combustion of the wastes. The outlet temperature of the kiln was less than 1000 °C. Diesel fuel with a mass flow rate of 0.03 kg/s can not only maintain a high combustion temperature but could also save fuel.



The temperature field of the rotary kiln with waste combustion was simulated, as shown in Figure 13 and Figure 14. The diesel and waste side are shown in Figure 11. The rotary kiln had two high-temperature zones. One zone was obtained by diesel oil injection and combustion, and the other one, which was obtained by mixed wastes that roll over and forward in the axial direction, was burned by gas from the diesel oil combustion of the rotary kiln. The temperature of the material gradually decreased from top to bottom. The lower temperature at the bottom of the kiln was due to the cascading movement of the waste, which burned on the surface of the bed. The heat released by waste combustion was relatively low. The diesel oil combustion temperature was high, and the wastes were rapidly heated in the kiln. The temperature of the wastes gradually rose, reaching the ignition temperature at a distance of 2 m from the kiln inlet, and the wastes began to burn. Then, the fuel bed went into the main combustion stage. The temperature of the flame area was up to 900 °C, and the mixed wastes could be sufficiently burned before leaving the kiln.



Figure 13 and Figure 14 show that the material moved forward along the axial direction in the kiln, and the diesel oil and wastes reached the highest temperature in the range of 1–3 m, where combustion was sufficient. The diesel oil reached the highest temperature at 2 m from the front of the kiln, and the solid wastes reached the highest temperature at 3 m.



Figure 15 shows the gas mass distribution curve on the centerline of the waste inlet (Figure 10). The study of the distribution of CO concentration in the rotary kiln could obtain the combustion status inside the kiln. The CO in the kiln was mainly derived from the pyrolysis of the wastes. The CO concentration was mainly concentrated at 1.5 m from the waste inlet, whereas the content in other regions was small. Given the sufficient oxygen in the kiln to mix well with the CO, the CO reaction gradually became complete, and the CO content at the final outlet tended to zero. CO2 mainly came from the combustion of volatile matter and fixed carbon and reached a high concentration at 2 m in front of the kiln. From the O2 concentration distribution, the concentration of oxygen from the inlet was reduced due to the large amount of combustion consumption of the volatile matter. In this situation, the incomplete combustion of the waste produced the most CO. In the latter half of the rotary kiln, only a few combustible components existed due to the burning of waste; thus, the oxygen content was high.





5. Engineering Application of Rotary Kiln


The rotary kiln and the entire system have been operated in a pesticide plant in Shandong, China. The incineration system is mainly composed of pretreatment, waste incineration disposal, and a flue gas treatment system. Figure 16 shows the practical engineering application of our rotary kiln.



The incineration disposal disposes the pesticide waste liquid and the solid wastes after pretreatment. Under the continuous rotation of the rotary kiln, the mixed wastes are continuously turned, heated, dried, vaporized and burned in the kiln. The combustion temperature in the rotary kiln is kept at about 850 °C, and the residence time of the wastes in the kiln is more than 1 h. Primary dust removal is performed in high-temperature cyclone separator to reduce the particle content in flue gas produced by combustion. After dust removal, the gas enters the secondary combustion chamber. The gas products of the rotary kiln are mixed with the combustion-supporting air of the secondary combustion chamber, and the unburned combustible gas in the rotary kiln is completely burned to remove the toxic organic component. The combustion temperature of the second combustion chamber reaches 1100 °C, and the residence time of the flue gas in the second combustion chamber is no more than 2 s. The discharged gas enters the flue gas treatment system.



The flue gas treatment system is composed of heat exchanger, air preheater, quench tower, activated carbon and a calcium oxide injection system, baghouse, and wet desulphurization. The flue gas discharged from the second combustion chamber initially enters the heat exchanger and air preheater, which can fully utilize the waste heat of high-temperature flue gas, save energy and reduce consumption. The outlet gas temperature is 500–550 °C. Thereafter, the flue gas enters the quench tower. The high-temperature flue gas contacts directly with the atomized cooling water in the quench tower, and the flue gas temperature drops rapidly to 200 °C within 1 s, thereby avoiding dioxin regeneration. Before the flue gas from the quenching tower enters the baghouse, calcium oxide and activated carbon are sprayed successively into the flue. The calcium oxide is used to neutralize the acidic substances in the flue gas. The activated carbon is used to absorb the heavy metal and dioxins in the flue gas. In the baghouse, the suspended particles in the flue gas are intercepted by the filter bag and discharged in the form of fly ash. The flue gas enters the wet absorption tower of the desulphurization unit and contacts with sprayed limestone slurry droplets. The acid substances in the flue gas are absorbed.



An Atmos FIR Fourier infrared multicomponent gas analyzer was used to measure the concentration of SOX, NOX and HCl at the chimney outlet according to GB/T16157-1996. In order to ensure the measurement accuracy, the gas analyzer was calibrated with the target standard gas before measuring. Similarly, automatic smoke sampler with sampling gun was used to measure dust. According to the USA EPA23a method, flue gas sampling was isokinetically collected, and dioxins were preprocessed and measured [29]. The final flue gas concentration (Table 5) meets the emission standard of waste incineration.



The main power consumption equipment in the incineration process of the rotary kiln re the screw conveyor, the motor driving device of the rotary kiln, the draft fan, the ignition burner, the secondary burner, the blower, the slag discharging motor, the quench pump, the lye pump and so on. The total power of the power consumption equipment is 98.29 kW. The hourly waste disposal capacity of the rotary kiln is 1000 kg/h. It takes 353 MJ energy to dispose of a ton of waste. The low calorific value of diesel oil is 42 MJ/L. The diesel oil consumption is 200 L/h. The economic cost of the rotary kiln incineration system mainly includes equipment operation cost, diesel fuel cost, and maintenance cost. The rotary kiln works continuously for 10 h. The power consumption of a rotary kiln is 982.9 kWh per day. The diesel oil consumption per day is 2000 L. There are three workers in total. It costs 691 RMB to treat a ton of waste.




6. Conclusions


A large amount of liquid and solid wastes generated during pesticide production are urgently needed for disposal. A co-incineration scheme for mixing multi-component wastes in a rotary kiln was proposed for waste disposal from pesticide production. The co-incineration experimental results showed that the residence time of solid and liquid mixtures in the kiln is more than 1 h, and the clinker ignition loss of the slag is less than 5%. Therefore, the co-incineration of solid and liquid wastes is feasible. A numerical study of different particle diameters and different wall rotational speeds was performed to reproduce the configurations of solid flows (i.e., sliding, slumping, rolling, cascading, cataracting, and centrifuging). The rolling or cascading mode was selected as the best operating condition. The numerical simulation revealed the combustion interactions of the co-incineration of mixed wastes, and the results showed that the co-incineration of solid and liquid wastes is feasible by adding auxiliary fuel. The rotary kiln incineration can keep the kiln temperature, mass residue and pollutants within the allowable range. Finally, the rotary kiln incineration process and flue gas treatment process were operated and commissioned. The liquid and solid wastes can be completely burned, and the flue gas concentration after treatment can meet the emission standard of waste incineration.
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Nomenclature










	    A  a d     
	Ash content of the mixed waste, %
	  P  
	Static pressure, Pa



	    A 0    
	Arrhenius type pre-exponential factor
	    p  o x     
	Partial pressure of oxidant species in the gas, Pa



	    A p    
	Surface area of the particle, m2
	    Q l    
	Calorific value of mother liquor of methomyl



	    C 2    
	Arrhenius factor
	    Q i    
	Calorific value of solid composition, MJkg−1



	    C  a d     
	Carbon content in mixed waste, %
	    Q s    
	Calorific value of total solid wastes, MJkg−1



	    D 0    
	Diffusion rate coefficient
	    Q t    
	Calorific value of total mixed waste, MJkg−1



	  E  
	Internal energy, Jkg−1
	    u w    
	Particle velocities, ms−1



	    E a    
	Activation energy, Jmol−1
	    u g    
	Gas velocities, ms−1



	   F  C  a d     
	Fixed carbon of the mixed waste, %
	    u w    
	Particle velocities, ms−1



	    F x    
	Additional forces, N
	    S m    
	Mass source, kgs−1



	  f  
	Mixing fraction
	  T  
	Temperature, K



	    f  d i e s e l     
	Mixture fraction of the secondary stream diesel oil
	    T p    
	Particle temperature, K



	    f  e o , 0     
	Mass fraction of evaporating material
	    V  a d     
	Volatiles content of the wastes, %



	    f i    
	Mass fraction of solid composition in the total solid wastes
	    v i    
	Velocity vector in the x direction, ms−1



	    f l    
	Mass fraction of mother liquor in the total waste
	    v j    
	Velocity vector in the y direction, ms−1



	    f  o x     
	Mixture fraction of oxidant
	    v k    
	Velocity vector in the z direction, ms−1



	    f  w a s t e     
	Mixture fraction of the waste fuel
	    Z x    
	Mass fraction for element



	    f s    
	Mass fraction of total solid wastes in the total waste
	    Z  x , f u e l     
	Elemental mass fraction of fuel inlet



	    f  v o , 0     
	Mass fraction of the volatiles in the initial particle
	    Z  x , o x     
	Elemental mass fraction of oxidant inlet



	    H  a d     
	Hydrogen content in wastes, %
	    τ  i j     
	Stress tensor, Pa



	  k  
	Kinetic rate, s−1
	  ℜ  
	Kinetic rate, s−1



	    M  a d     
	Moisture content of the wastes, %
	  μ  
	Dynamic viscosity, Pas



	    m p    
	Particle mass, kg
	    δ  i j     
	Kronecker symbol



	    m  p , 0     
	Initial particle mass, kg
	  ρ  
	Gas phase density, kgm−3



	    N  a d     
	Nitrogen content in mixed waste, %
	  λ  
	Thermal conductivity, Wm−1 K−1



	    O  a d     
	Oxygen content in mixed waste, %
	    ρ w    
	Density of particle phase, kgm−3



	    g i    
	Gravitational body force, ms−2, Greek letters
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Figure 1. Solid wastes and liquid wastes in the pesticide production. (a) Sludge; (b) activated carbon; (c) pendimethalin; (d) amyl amine; (e) kettle residue; (f) aniline; (g) floccus; (h) kettle substrate; (i) and mother liquor of methomyl. 
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Figure 2. Experimental measurement equipment. (a) Constant temperature oven; (b) muffle furnace; (c) scanning electron microscope; (d) calorimeter; (e) crucible holder; and (f) electronic balance. 
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Figure 3. Integral structure of the experimental rotary kiln. 
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Figure 4. Clinker ignition loss. 
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Figure 5. Clinker with various particle sizes in the different batches. 
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Figure 6. Profile of the rotary kiln. (a) Rotary kiln mesh; (b) volume distribution of materials at the initial time. 
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Figure 7. Volume distribution under different particle diameters (rotation speed = 2 rpm). 
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Figure 8. Volume distribution under different particle diameters (rotation speed = 3 rpm). 
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Figure 9. Volume distribution under different particle diameters (rotation speed = 4 rpm). 
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Figure 10. Velocity vector field of particles. 
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Figure 11. Geometry model of the rotary kiln. 
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Figure 12. Temperature curve of diesel oil combustion under different mass flow rates. 
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Figure 13. Temperature field of waste side and diesel side in the rotary kiln. 
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Figure 14. Temperature field of different cross sections in the rotary kiln (each section interval is 1 m). 
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Figure 15. Gas mass fraction in the rotary kiln. 
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Figure 16. Incineration process and flue gas treatment process. 
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Table 1. Proximate and ultimate analyses of wastes.
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Proximate Analysis (wt%)

	
Ultimate Analysis (wt%)

	
Qgr,ad (MJ/kg)




	
Mad

	
Aad

	
FCad

	
Vad

	
Cad

	
Had

	
Oad

	
Nad






	
23.6

	
20.4

	
20

	
36

	
56.74

	
2.20

	
36.20

	
4.86

	
4.05
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Table 2. Daily production, mass fraction and calorific value of the material components.
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	Material Name
	Daily Production/kg
	Mass Fraction/%
	Calorific Value/(103 kJ/kg)





	Aniline
	20
	0.38
	25.8



	Amyl amine
	10
	0.19
	36.6



	Kettle residue
	100
	1.94
	23.7



	Kettle substrate
	15
	0.29
	38.4



	Floccus
	70
	1.36
	42.0



	Pendimethalin
	100
	1.94
	25.2



	Activated carbon
	230
	4.47
	18.5



	Sludge
	600
	11.66
	4.5



	Solid wastes in total 1
	1145
	22.26
	14.1



	Mother liquor of methomyl
	4000
	77.74
	1.2



	Wastes in total 2
	5145
	100
	4.05







1 Total solid wastes indicate the sum of all materials without the mother liquor of methomyl. 2 Total waste indicates the sum of all materials.
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