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Abstract

:

A single–phase flow model was used to analyze the uniformity of the flow field in the desulfurization tower under different baffle combinations, and a multiphase flow model was used to explain the gas and solid two–phase flow characteristics and chemical reaction characteristics in the tower. The stability of the flow behavior of gas and solids in one furnace and two towers was discussed. The results show that the installation of shielding plates at appropriate positions in the tower for sulfur removal is beneficial to enhance the uniform distribution of flow in space, reduce the pulsation interference of bed pressure in the tower, keep the state of gas and solid flow unchanged, and maintain the efficiency of desulfurization at a high level. Reducing the instability of gas–solid two–phase flow is the basis of ensuring the stable switching between single and double towers.
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1. Introduction


The 600 MW supercritical circulating fluidized bed boiler (SCCFB) generator unit located in Baima Power Plant in Sichuan Province is of outstanding innovation significance in the field of the circulating fluidized bed power generation technology in China. The emission limits have been reduced in China. The unit is currently carrying out ultra–low emission transformation of flue–gas pollutants [1]: the emission concentrations of NOx, SO2 and smoke are lower than 50 mg/Nm3, 35 mg/Nm3 and 5 mg/Nm3, respectively, after the transformation. Desulfurization by limestone addition to the fluidized bed boiler (CFB) is not sufficient to satisfy the regulations. However, the desulfurization cost is cheaper. Therefore, the adoption of semi–dry flue–gas desulfurization [2,3,4,5] on the basis of desulfurization in the furnace was considered. The semi–dry method has advantages of low investment and low operation cost. Semi–dry flue–gas desulfurization includes rotary spray and circulating bed desulfurization. The latter has high desulfurization efficiency and a small floor area, which is suitable for SCCFB ultra–low emission transformation reconstruction projects. The circulating fluidized bed semi–dry desulfurization technology has been studied by many scholars to optimize the technology since it appeared in the 1980s. Water is the premise of the acid–base neutralization reaction. Selecting the appropriate amount [6,7] and spraying evenly [8,9,10] is the key to improving the desulfurization efficiency. The optimization of adsorbent [11,12,13] is an important development direction of semi–dry desulfurization technology. At the same time, the uncertainty caused by the load change in the unit makes the monitoring and calculation [14,15] of the parameters in the system become the key link for the normal operation of the desulfurization tower.



For circulating fluidized bed flue–gas desulfurization, the bed material (desulfurizer carrier, similar to a small plastic ball) needs to be fluidized. The fluidizing medium is flue gas. When the boiler load is low, it is difficult to completely fluidize the flue–gas volume in the desulfurization section in the desulfurization tower. As the load of the unit varies greatly (30–100%, boiler maximum continuous rating, BMCR), a special arrangement is required: a two–reactor solution called “two–tower semi–dry desulfurization” (“one furnace with two towers”, i.e., one furnace corresponds to two desulfurization towers) to guarantee the qualified operation of the desulfurization system. Two desulfurization towers with 50% load to operate in parallel to deal with the desulfurization problem when the load changes over a wide range were designed. When the unit load operating is below 50% BMCR, the single tower and single induced fan are used for operation, and when the unit load is above 50% BMCR, the double towers and double induced fans are used to achieve the economical operation of the environmental protection system under the full load of the unit [16]. According to this scheme, the project requires the unit to achieve stable and reliable switching between single and double towers when the load changes, and ensure that the flue gas reaches ultra–low emission standards during the switching process. Therefore, it is extremely important to match the operation parameters of the boiler and parallel double desulfurization tower. As the “two–tower semi–dry desulfurization” is the first system in the world, there is no successful long–term implementation and reliable operation case for reference [17]. The relevant issues are worth studying.



The Ca(OH)2 material concentration in the desulfurization tower is high, and the materials will collide with each other and form agglomeration during the movement process, which has a great impact on the desulfurization effect [18,19,20,21]. Generally, only optimizing the single–phase flue–gas flow field in the empty tower cannot effectively meet the design requirements under the current ultra–clean flue–gas emission requirements. A two–phase flow calculation scheme based on droplet evaporation and desulfurization chemical reaction must be adopted. In this paper, the numerical simulation theory of the two–phase flow of solid and gas flows based on the computational fluid dynamics–discrete element model (CFD–DEM) method was used to simulate the gas–solid two–phase flow, desulfurization chemical reaction and the stability of the gas–solid two–phase flow in the process of switching between single and double towers in the semi–dry desulfurization system [6,22,23].




2. Numerical Simulation of Gas–Solid Two–Phase Flow


2.1. Mathematical Model Building


In order to enhance the uniformity and symmetry of fluid flow in the desulfurization tower, a reasonable baffle structure group must be set up. The single-phase fluid calculation model used includes the following parts [24,25]:



(1) Continuity equation:


   ∂  ∂ t      ρ g    + ∇ ⋅    ρ g   u g    = 0  



(1)







(2) Momentum equation:


       ∂  ∂ t      ρ g   u g    + ∇ ⋅    ρ g   u g   u g    =           − ∇ p + ∇ ⋅      μ g  +  μ t        ∇  u g  + ∇  u g T    −  2 3  ∇ ⋅  u g  I     +  ρ g  g      



(2)







In this paper, the discrete element model (DEM) was used to describe the motion behavior of particles. The CFD–DEM calculation method includes the fluid flow conservation equation and the particle motion tracking equation [26,27], which are summarized as follows:



(1) Gas continuity equation


   ∂  ∂ t      ρ g  α   + ∇ ⋅    ρ g     α u   g    = 0  



(3)







(2) Gas momentum equation


       ∂  ∂ t      ρ g     α u   g    + ∇ ⋅    ρ g     α u   g   u g    =           − ∇ p + ∇ ⋅   α    μ g  +  μ t      ∇  u g  + ∇  u g T      +  ρ g   α g    −  S p  +   1 − α   ∇ p      



(4)







(3) Particle translation and rotation tracking equations


   m p      dv  p    dt   =  F d  +   ∑   j = 0   p _ col      F  c , e   +  F  c , t     +  m p  g  



(5)







In the semi–dry flue–gas desulfurization process, the absorption reaction of SO2 gas mainly includes the following continuous processes: the diffusion of SO2 in the gas phase, the absorption of SO2 by the liquid surface film, the ionization of SO2 in the liquid surface film, the transfer of     SO  3  2 −     from the liquid phase to the reaction interface, the dissolution of the absorbent on the surface of the absorbent particles, the transfer of the dissolved absorbent to the reaction interface, the diffusion of the dissolved absorbent and the     SO  3  2 −     through the CaSO3/CaSO4 deposit, and the ionic reaction between dissolved absorbent and     SO  3  2 −    .



Studies show [28] that the actual chemical reaction rate is much higher than the dissolution and diffusion rate of desulfurizer particles and sulfur ions in the droplets of desulfurization liquid. Therefore, the reaction of     SO  3  2 −     dissolved in the droplets with the desulfurizer Ca(OH)2 is considered to be instantaneous, and only the dissolution and diffusion of SO2 and Ca(OH)2 are concerned. In order to comprehensively investigate the physical and chemical reactions in the desulfurization tower, the two–membrane theory [28,29], as shown in Figure 1, was used to describe the sulfur removal reaction [30]. So, making the following assumptions:




	(1)

	
Both liquid and desulfurizer particles are spherical in shape;




	(2)

	
Because the liquid phase ionic reaction rate between sulfite ions dissolved in water and calcium ions is fast, the chemical reaction rate during sulfur removal is not considered to be an influential parameter, compared with the mass transfer process;




	(3)

	
The reaction is only carried out in the liquid surface film; the reactants cannot coexist in the liquid surface film, and the reaction only occurs on one side of the liquid surface film;




	(4)

	
It is considered that the internal temperature of the slurry droplets is uniform;




	(5)

	
The liquid evaporation follows Raoult’s law and does not consider phase transition;




	(6)

	
The influence of other components in the flue gas, such as CO2, on the desulfurization process is not considered.









The mass transfer flux of SO2 in the gas film,    N  g ,   SO  2     , is shown in the following formula [31,32,33]:


   N  g ,   SO  2    =  k  g ,   SO  2       P    SO  2    −  P    SO  2  , i      



(6)




where    k  g ,   SO  2      is the mass transfer coefficient of SO2 in the gas film, the unit is m s−1;    P    SO  2      and    P    SO  2  , i     are the partial pressure of SO2 at the gas–phase main body and the gas film surface, the unit is kPa.



The mass transfer flux of SO2 in the liquid surface film,    N  liq ,   SO  2     , is given by the following formula [31,32,33]:


   N  liq ,   SO  2    =   Ek   liq ,   SO  2     C    SO  2  , i    



(7)




where    k  liq ,   SO  2      represents the mass transfer coefficient of SO2 in the liquid surface film, the unit is m s−1;    C    SO  2  , i     represents the concentration of SO2 at the surface of the liquid surface film, the unit is kmol m−3. Where E represents the enhancement factor, which is defined as:


  E = 1 +    D  liq , Ca   ( OH )  2     C  Ca   ( OH )  2  , i      D  liq ,   SO  2     C    SO  2  , i      



(8)




   D  liq ,   SO  2      and    D  liq , Ca   ( OH )  2      represent the diffusion coefficients of SO2 and Ca(OH)2 in the liquid surface film, respectively, the unit is m2 s−1;    C  Ca   ( OH )  2  , i     represents the concentration of Ca(OH)2 at the surface of the liquid surface film; the unit is kmol m−3.



The partial pressure of SO2 at the main body of the gas phase and the concentration at the surface of the liquid surface film can be related by the Henry coefficient    H    SO  2     :


   H    SO  2    =    P    SO  2       C    SO  2  , i      



(9)







Assuming that the Ca(OH)2 concentration in the liquid surface film is uniform and constant, the dissolved flux of Ca(OH)2,    N  Ca   ( OH )  2     , and its saturation concentration have the following relationship:


   N  Ca   ( OH )  2    =  k  Ca   ( OH )  2       C  Ca   ( OH )  2  , S   −  C  Ca   ( OH )  2  , i      



(10)




where    k  Ca   ( OH )  2      represents the mass transfer coefficient of Ca(OH)2, the unit is m s−1;    C  Ca   ( OH )  2  , S     and    C  Ca   ( OH )  2  , i     represents the saturated concentration and the concentration of Ca(OH)2 in the liquid surface film, respectively; the unit is kmol m−3.



The relationship between the mass transfer flux of SO2,    N  S  O 2     , and the dissolution flux of Ca(OH)2 is as follows:


   A P   N    SO  2    =  A S   N  Ca   ( OH )  2     



(11)




where    A S    and    A P    represent the surface area of lime particles and the surface area of slurry droplets, respectively.



The SO2 reaction rate    r    SO  2      can be obtained by combining the above formulas:


   r    SO  2    =    k  g ,   SO  2     A p   c  g ,   SO  2    +    k  g ,   SO  2     A p   H φ    RT    c  aq , Ca   ( OH )  2      1 +    H φ    RT      c  aq , Ca   ( OH )  2       c  g ,   SO  2      +    k  g ,   SO  2       k l     H  RT      



(12)




where


         k  g ,   SO  2    = Sh  D  g ,   SO  2     d p  − 1          k l  =  D  liq ,   SO  2     A p   ρ   H 2  O    m   H 2  O   − 1         H = 1.213 ×   10  6  exp ( − 2900 / T )        D  liq ,   SO  2    = 5.054 ×   10   − 9    T  1.5          D  g ,   SO  2    = 2.7402 ×   10   − 4    T  1.5    P  liq   − 1             φ =    D  liq , Ca   ( OH )  2       D  liq ,   SO  2             



(13)







Sh, dp and Pliq represent the mass transfer Sherwood number, the droplet diameter and the partial pressure of water vapor on the surface of droplets, respectively.




2.2. Desulfurization Tower Parameters and Numerical Simulation Conditions


The flue gas from the flue–gas passage at the tail of the boiler is dedusted by the pre–electrostatic precipitator and then enters the desulfurization tower. The desulfurization tower is an empty tower structure with seven Venturi nozzles. When the Venturi nozzle part of the desulfurization tower has sulfur flue gas through, the desulfurization agent and the desulfurization circulating ash are fluidized and sent to the desulfurization tower. At the same time, humidification with water spray and washing in the absorption area to remove sulfur dioxide in the flue gas is applied. Air flow regulating baffles are arranged at the bottom of the inner space of the tower to optimize the uniformity of the flow field. The flue–gas flow rate in the desulfurization tower is 5 m/s, and the reaction residence time is more than 6 s, which fully guarantees the desulfurization reaction and the uniform mixing of gas, liquid and solid.



In order to ensure the qualified removal of sulfur, it is necessary to maintain a large flow rate at the Venturi section, so that the particle concentration in the desulfurization tower is maintained at a high level, and the fluidization velocity is proportional to the total flow rate of flue gas containing sulfur. The flow rate of flue gas varies with the boiler load. In order to adapt to the change in load and ensure the stability of the fluidized bed in the desulfurization tower, the net flue–gas recirculation load regulation system is set up. When the boiler load is below 70%, the system is adjusted by the gas recirculation. The net flue gas is let out from the flue gas behind the induced draft fan and enters the inlet of the desulfurization tower after passing through the regulating damper valve. In order to ensure the economy of the unit under low load, single tower operation is adopted when the load is below 60% BMCR, and double tower operation is switched when the load is higher than 60% BMCR. In order to realize the switch between single and double towers, a connecting flue pipe and a baffle door are set between the two towers’ inlet flue pipes and the two towers’ recirculation flue pipes.



The bed and grid structures for the computational domain are illustrated in Figure 2. The geometry parameters of the desulfurization tower are listed in Table 1.



The data parameters required for the simulation in this paper are listed in Table 2, where the flue–flow rate at the entrance of desulfurization tower in the table is the flue–gas–flow rate at 100% MBCR. The boundary condition at the wall is defined as no–slip for the gas phase and free–slip for the solid phase.



The uniform grids were generated by the Barracuda software with the spray nozzle and baffle plates refined locally. The grid independence verification results showed that the reasonable total mesh number was 7,900,000.





3. Results and Discussions


3.1. Single–Phase Flow Simulation


The baffle plate is an important device to ensure stable flow in the flue–gas channel and reduce fluid resistance. Therefore, the single–phase flow model was used first to determine the form of the baffle in the flue pipes.



Figure 3 shows the baffle arrangement in the flue pipes connected to the tower entrance and the flow velocity distribution in the desulfurization tower. The arrangement of a baffle in a flue–gas passage connected with the entrance of the tower is shown in Figure 3a, and it can be seen that the setting of the baffle plates comprehensively considered the diversion effect and the difficulty of actual installation. The deflector usually needs to be reasonably set in the flue–gas steering (right angle bend, arc bend, etc.), flue–gas confluence (flue–gas recirculation inlet, flue–gas confluence after electrostatic precipitator, etc.). Through simulation, it was found that the system resistance was 1560 Pa when the baffle plates were not set, and the system resistance was reduced to 1100 Pa after the baffle plates were set. The spatial distribution of fluid flow in the tower is shown in Figure 3b. Obviously, the flow distribution above the Venturi tube is symmetrical, which enhances the stability of gas–solid two–phase flow in the tower.




3.2. Characteristics of Two–Phase Flow of Solid and Gas Flows in Desulfurization Tower


Under the condition that the unit load is 100% BMCR and the two towers handle 50% of the flue–gas volume, respectively, Figure 4 shows the distribution of the desulfurizer in the tower at t = 5 s, 10 s, and 15 s for the two towers.



It can be seen from Figure 4 that: (1) The flow pattern in the desulfurization towers was fast fluidization flow. The materials in a single tower are evenly distributed within the tower, which is beneficial for improving the stability of the gas–solid two–phase flow and desulfurization tower operation (with low fluctuation of bed pressure), achieving desulfurization efficiency and improving operation economy (on the premise of less desulfurizer consumption); (2) When the two desulfurization towers operate independently, the distribution of desulfurizer inside them is basically the same. This is mainly because the two desulfurization systems are arranged symmetrically and the baffle plates are set the same, so the gas–solid two–phase flow behavior in the towers is basically the same; (3) There will be a certain amount of ash accumulation at the bottom of the outlet horn of the electrostatic precipitator, and the ash outlet should be set appropriately.



Based on the desulfurization and other chemical reaction models, the spatial distribution of SO2 concentration in two towers at t = 5 s, 10 s, and 15 s under the unit’s full load was simulated, as shown in Figure 5. It can be seen that after the SO2 in the flue gas came into contact with the desulfurizer, it achieved rapid desulfurization under the action of water spray, and the concentration of SO2 located at the outlet of the bag filter reached the design value ≤ 5 mg Nm−3.




3.3. Gas–Solid Flow Characteristics of Single Tower and Double Tower Switching


In order to ensure the stable and economical operation of the unit, the single tower can meet the maximum load of the unit at 60% BMCR operation. When the total boiler load is less than 60% BMCR for a long time, it adopts single–tower operation, and when the boiler load is greater than 60% BMCR, it adopts double–tower operation. The single–tower and double–tower switching control scheme comprises the setting of a connecting flue pipe and a baffle door between the two towers’ inlet flue pipes and the two towers’ recirculation flue pipes. Through the opening and closing of each baffle door, stable switching between the single and double towers can be achieved. In order to ensure the stability of the switching process, the unit load is required to remain stable at 50%~55% BMCR until after the end of the single and double tower switching process. It ensures that small fluctuations in the load will not cause large–scale fluctuations in flue–gas flow. It also ensures gas–solid two–phase flow in two desulfurization tower stability. The unit can increase/decrease load operation after the switching process is completed.



Based on the control scheme of switching from single tower to double towers, the material flow behavior in the tower was simulated. A single desulfurization tower under different unit load (flue–gas volume) conditions can ensure good and stable flow characteristics (from the actual operation, bed pressure drop fluctuation < ±100 Pa). It effectively avoids the bed collapse caused by unstable gas–solid flow in the desulfurization tower (in practical applications, a single tower can run stably at a unit load of 15% BMCR). Therefore, the stable operation of the single tower was the key premise to ensure the stable switch between single tower and double towers.



Figure 6 shows the material concentration distribution in the tower at the t = 5 s, 10 s, and 15 s time. Figure 6 shows the change in inlet flow and recirculation flue cross–section flow over time for two towers: (1) Tower A operates at 60% BMCR of unit load; (2) The flue gas entering tower B is divided into two parts, one part is the net flue gas after desulfurization of tower A, and the other part is the flue gas after the recirculation of tower B itself.



As shown in Figure 6, the flow rate at the inlet section of tower A peaked after 0.9 s and was finally maintained at 497 ± 20 kg s−1. The recirculation flue–gas flow into tower A had large fluctuations in the initial stage of 0–4.3 s, and then stabilized at 310 ± 5 kg s−1. The inlet cross–section gas flow of tower B reached a stable state after 1.0 s and remained at 159 kg s−1; the recirculation flue–gas flow reached a stable state after 4.0 s and remained at 159 kg s−1; both fluctuated slightly. The flow fluctuation at the inlet of tower A was more obvious than that at the inlet of tower B and in the recirculation flue pipe. Combined with Figure 7, it was found that the material concentration in tower A was larger, and the fluctuation of bed pressure drop was larger, which caused a certain fluctuation in the inlet flow of tower A. There was less material in tower B, the bed pressure drop fluctuation was small. The inlet net flue–gas flow was stable, the recirculation flue contained almost no dust. So, it had the weakest impact on flow fluctuations.



Meanwhile, it could be found from Figure 7 that: (1) In the process of switching from single tower to double towers, the material concentration in tower A was evenly distributed, which could promote the stability of the desulfurization operation and guaranteed the desulfurization efficiency; (2) The flue gas in tower B was net flue gas. A good material circulation in the tower with low fluctuation of bed pressure was established to achieve some desulfurization, which created conditions for the introduction of raw flue gas containing SO2 to achieve stable desulfurization in the next stage.




3.4. Comparison of Simulation Results with Experimental Results


The results of the single–tower and double–tower switching test of the desulfurization towers are shown in Table 3. The testing of flue–gas flow, bed pressure and SO2 concentration at inlet and outlet was carried out during the switching process of single to double towers and the operation of double towers under 60 and 100% BMCR load.



As shown in Table 3:




	(1)

	
During the operation of the double tower and the single tower, the flue–gas flow rate of tower A changed greatly, increasing from 1251 kNm3 h−1 to 1634 kNm3 h−1, due to the stopping of operation of tower B and the decrease in the recirculated flue gas volume at the same time. During the switching process, the change in the bed pressure of tower A was small, and the flue–gas flow and bed pressure of tower B before and after the switching test of the single and double towers were also low. This showed that the concentration distribution of chemical substances in the desulfurization tower was uniform during the switching process, which was the same as the simulation result;




	(2)

	
When the two towers operated under loads of 60 and 100% BMCR, the flue–gas flow and the bed pressure of the two towers were not much different, and the deviation was less than 5%. This means that the distribution of the desulfurization agent inside was basically the same, and as the two desulfurization systems are arranged symmetrically, the gas–solid two–phase flow behavior in the tower was basically the same, which was the same as the simulation calculation result;




	(3)

	
The test results showed that under all working conditions, the SO2 outlet concentration of the desulfurization tower was lower than the emission standard of 35 μg Nm−3, indicating that the desulfurization system can meet the emission requirements.









On the whole, under the premise of the stable operation of the single tower, the scheme of “one furnace with two towers” can effectively ensure the economical operation of the system, and can realize efficient and safe switching between single tower and double towers. At present, the setting of the switching control strategy has completed the engineering test and trial operation test.





4. Conclusions


In this paper, the single–phase flow mathematical model and the two–phase flow of solid and gas mathematical model for simulating the semi–dry desulfurization of circulating fluidized bed were established, and the chemical reaction process of the single desulfurizer to react with SO2 was described by the two–film theory. The effects of the baffle plate of the desulfurization tower on the stability of the flow field, the gas–solid two–phase flow characteristics in the tower, and the effect of switching between single tower and double towers on the gas–solid two–phase flow characteristics in the mode of “one furnace and two towers” were mainly analyzed. The following conclusions are drawn:




	
A desulfurization tower set up with reasonable baffle plates can effectively enhance the stability of the sulfurous flue–gas flow in the desulfurization tower, and effectively organize the gas–solid stable flow in the tower, reducing the pressure fluctuations in the tower, with system resistance reduced to 1100 Pa; the desulfurization efficiency of the desulfurization tower was improved, the outlet concentration of SO2 ≤ 5 mg Nm−3.



	
The single tower is designed to meet the unit load of 60% BMCR operation. Maintaining the stability of the gas–solid two–phase flow characteristics in the tower is the basis to ensure the stable switch between the single tower and the double towers.
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Nomenclature








	ρ
	Density



	α
	Voidage



	ug
	Gas velocity



	P
	Pressure



	μt
	Turbulent viscosity



	g
	Gravitational acceleration



	Sp
	Gas–solid interaction force



	m
	Mass



	υp
	Particle velocity



	Fd
	Drag forces of particles



	Fc,e
	Contact force of elastic collision



	Fc,t
	Contact force of friction collision



	    N  g ,   SO  2      
	Mass transfer flux of SO2 in the gas film



	    k  g ,   SO  2      
	Mass transfer coefficient of SO2 in the gas film



	    P    SO  2      
	Partial pressure of SO2 at the gas phase main body



	    P    SO  2  , i     
	Partial pressure of SO2 at the gas film surface



	    N  liq ,   SO  2      
	Mass transfer flux of SO2 in the liquid surface film



	    k  liq ,   SO  2      
	Mass transfer coefficient of SO2 in the liquid surface film



	    C    SO  2  , i     
	Concentration of SO2 at the surface of the liquid surface film



	E
	Enhancement factor



	    D  liq ,   SO  2      
	Diffusion coefficients of SO2 in the liquid surface film



	    D  liq , Ca   ( OH )  2      
	Diffusion coefficients of Ca(OH)2 in the liquid surface film



	    C  Ca   ( OH )  2  , i     
	Concentration of Ca(OH)2 at the surface of the liquid surface film



	    H    SO  2      
	Henry coefficient of SO2



	    N  Ca   ( OH )  2      
	Dissolved flux of Ca(OH)2



	    k  Ca   ( OH )  2      
	Mass transfer coefficient of Ca(OH)2



	    C  Ca   ( OH )  2  , S     
	Saturated concentration of Ca(OH)2 in the liquid surface film



	    C  Ca   ( OH )  2  , i     
	Concentration of Ca(OH)2 in the liquid surface film



	    N    SO  2      
	Mass transfer flux of SO2



	    A S    
	Surface area of lime particles



	    A P    
	Surface area of slurry droplets



	    r    SO  2      
	SO2 reaction rate



	Sh
	Mass transfer Sherwood number



	dp
	Sorbent particle diameter



	Pliq
	Partial pressure of water vapor on the surface of droplets



	u
	Flu–flow rate at the entrance of desulfurization tower



	Tg
	Flue–gas temperature



	N
	Number of venturi tubes



	Caq,Ca(OH)2
	Solubility of Ca(OH)2 at 75 °C



	Cin,SO2
	Inlet SO2 concentration



	Cout,SO2
	SO2 concentration at system outlet



	Tw
	Spray water temperature



	ρCa(OH)2
	Ca(OH)2 density



	ρCaSO3
	Caso3 density



	d50
	Medium particle diameter



	CaS
	Ca/S ratio



	    k l    
	Liquid phase mass transfer coefficient



	H
	Henry’s law constant



	    D  g ,   SO  2      
	The diffusion coefficients of SO2 in the gas film surface



	T
	Temperature of droplet



	φ
	Ratio of diffusion coefficients in liquid phase



	BMCR
	Boiler maximum continuous rating



	Subscripts
	



	g
	Gas



	p
	Particle
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Figure 1. Schematic diagram of two–film theory. 
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Figure 2. Schematics of the desulfurization tower. 
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Figure 3. Layout of baffle plates and flow field distribution in desulfurization tower. (a) Baffle plates layout at flue; (b) flow field distribution at xz cross section. 
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Figure 4. Particle distribution in the tower at different times. (a) t = 5 s (b) t = 10 s (c) t = 15 s. 
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Figure 5. Distribution of SO2 mass concentration in the tower at different times. (a) t = 5 s (b) t = 10 s (c) t =15 s. 
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Figure 6. Particle distribution in towers at different times when single tower operation is switched to double tower operation; (a) t = 0 s (b) t = 5 s (c) t = 10 s (d) t = 15 s. 
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Figure 7. Flue–gas flow rate of tower A/B inlet section and recirculation flue inlet section (red: entrance to tower A; blue: entrance to tower B; turquoise: recirculation flue section of tower A; green: recirculation flue section of tower B). 
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Table 1. The geometry parameters of the desulfurization tower.
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	Geometry Parameters
	Units
	Value of Number





	The inlet size of the desulfurization tower
	mm
	5000 × 5000



	The diameter of reaction section
	mm
	9800



	The height of reaction section
	mm
	33,170



	The height of cone section
	mm
	12,235



	The outlet size of the desulfurization tower
	mm
	7200 × 7200
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Table 2. Simulation parameters.
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	Physical Parameter
	Symbol
	Units
	Value of Number





	Flue–flow rate at the entrance of desulfurization tower
	u
	m/s
	15



	Flue–gas temperature
	Tg
	°C
	120



	Number of venturi tubes
	N
	-
	7



	Solubility of Ca(OH)2 at 75 °C
	Caq,Ca(OH)2
	mol/m3
	13.5



	Inlet SO2 concentration
	Cin SO2
	mg/Nm3
	1600



	SO2 concentration at system outlet
	Cout,SO2
	mg/Nm3
	≤5



	Spray water temperature
	Tw
	°C
	120



	Ca(OH)2 density
	ρCa(OH)2
	kg/Nm3
	2240



	CaSO3 density
	ρCaSO3
	kg/Nm3
	1595



	medium particle diameter
	d50
	μm
	200



	Ca/S ratio
	CaS
	mol/mol
	1.5
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Table 3. Test results of switching between single and double desulfurization towers.
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	Total Air Flow

kNm3 h−1
	Flue–Gas Flow

(A/B)

kNm3 h−1
	Furnace Bed Pressure

(A/B)

kPa
	Inlet SO2 Concentration

(A/B)

μg Nm−3
	Outlet SO2 Concentration

(A/B)

μg Nm−3





	Initial operation of the double towers
	948
	1251/1244
	0.79/0.73
	71/10
	0/0



	Switch from double tower to single tower
	951
	1634/0
	0.80/0
	81/0
	5/0



	Switch from single tower to double tower
	954
	1252/1361
	0.83/0.73
	75/15
	0/0



	100% BMCR load operation of double towers
	1625
	1541/1531
	1.64/1.65
	182/219
	0/2



	60% BMCR load operation of double towers
	1248
	1345/1332
	1.40/1.47
	652/290
	0/11
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