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Abstract: Photo-chemical smog and acid rain formed from many pollutants including NOx 

are serious problems that have attracted much attention due to their negative influences on 

the atmosphere, plants, animals and even building materials. Effective measures of 

controlling NOx emissions are necessary. In this study, a computational fluid dynamics 

(CFD) software, Ansys Fluent 14.5, has been applied to research the processes of South 

American coal (SAm) reburning and cornstalk reburning. The influences of reburn zone 

excess air coefficient, reburning fuel fraction (Rff) and the secondary air temperature on the 

furnace combustion and NOx reduction have been determined. Results show that, in the 

simulated data range, the lower reburn zone excess air coefficient, the greater the rate of 

denitration for both SAm reburning and cornstalk reburning. The highest rates of 

denitration for SAm reburning and cornstalk reburning were 56.15% and 66.89%, 

respectively, in comparison to the conventional combustion. The denitration rate increases 
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with the increase of reburning fuel fraction. However, when the reburning fuel fraction 

increases beyond a certain level, fuels within the furnace will undergo incomplete 

combustion. Under the premise of the fuel burnout, a relatively good case occurs at the 

reburning fuel fraction of 20% for the two kinds of reburning, and the NOx removal rate is 

60.57% for cornstalk reburning, which is 7.61% higher than that of the SAm reburning. 

Temperature also has certain influences on the denitration effect and it shows that, in the 

lower temperature range, the higher the temperature of the secondary air, the higher the 

denitration rate. However, as temperature reaches a certain value, the denitration effect is 

no longer enhanced but reduced. For the two kinds of reburning, the case with the 

secondary air at 500 K is a relatively good one, and the NOx removal rate reaches 66.36% 

for cornstalk reburning, while it is 55% for SAm reburning. Overall, cornstalk reburning 

provides a higher NOx reduction rate in comparison to SAm reburning. 

Keywords: numerical simulation; NOx; South American coal (SAm); cornstalk; reburning 

 

1. Introduction 

Fuel reburning is one of the most promising NOx control technologies [1]. In the past few years,  

a lot of scholars have dedicated themselves to gas reburning and found that using gas as reburning fuel 

could decrease the NOx emissions to a certain extent [2–6], but the rise of gas prices inevitably restricts 

the utilization of gas reburning [7]. Therefore, currently more and more scholars have turned to 

studying solid fuel reburning and have found that it is more promising than gas reburning in 

denitration [8–14]. In the combustion process, mechanisms of the formation and reduction of NOx are 

extremely crucial and have been studied extensively [15–19]. Julien Cances [20] conducted 

experiments and modelling with four major solid fuels to identify the difference in the contributions of 

volatile matters and char to the NOx reduction, and found that for a short initial residence time, 

volatiles contribute more to the NOx reduction than char, and that after the short initial residence time, 

char contributes more. The influence of different factors (hydrocarbons, homogenous reactions, 

heterogeneous reactions, particle size, dried sludge, ash, etc.) on coal reburning has been well 

characterised by previous authors [21–28]. Although many experimental and simulation studies 

regarding the reburning process have been conducted, further study on solid fuel reburning needs to be 

done, especially on the reburning fuel which is quite different from the primary fuel. In this paper,  

a simplified combustor is introduced from the PC combustor as described by Nimmo and Singh [29] 

to simulate the process of South American coal (SAm) reburning and cornstalk reburning, which are 

compared with conventional combustion, respectively. With the reburning technique, the combustion 

process includes three stages which are called primary zone, reburn zone and burnout zone, as shown 

in Figure 1. Four cross baffles are set in the burner to ensure the secondary air swirl which benefits the 

mixing process of the primary and secondary air. The SAm and primary air with an appropriate 

velocity pass through the primary air inlet and then mix with the secondary air. Under the burner, there 

is a furnace 4 m in length with a cross sectional area of 350 mm2. The reburn zone is located at the 

height of 1.975 m to 2.770 m of the furnace, and the bottom of the furnace is set as the datum. Fuel and 
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air are introduced from the top of the burner inlets and flow down into the combustor. Reburning fuel 

inlets and burnout air inlets are located on the furnace to initiate reburning combustion conditions. 

 

Figure 1. Simplified structure of the combustor. 

The proximate and ultimate analyses of SAm and cornstalk are presented respectively in Table 1. 

SAm is derived from the paper written by Singh and Nimmo [30], and cornstalk used in this paper is 

from Hebei province of China, with its proximate and ultimate analyses provided by the combustion 

research laboratory of Hebei University of Technology. It shows that the calorific value (CV) of SAm 

is greater than that of cornstalk, which determines that a higher feed rate of the cornstalk is needed in 

order to generate the same heat input as the SAm. The proximate analysis reveals a significantly higher 

volatile content in the cornstalk than that in the SAm. The cornstalk with higher volatile content may 

be of benefit in the reburning process. 

The influences of reburn zone excess air coefficient (α), reburning fuel fraction (Rff), and the 

secondary air temperature on the denitration effect for both SAm and cornstalk reburning are 

conducted in this work. The reburning fuel fractions were maintained at 16% with the secondary air 

temperature at 300 K for cases with different reburn zone excess air coefficients. As for cases with 

different reburning fuel fractions, the reburn zone excess air coefficients were fixed at 0.93 to ensure 

the reburning fuel fraction remained positive for all cases with the secondary air temperature at 300 K. 

In order to study the influence of the secondary air temperature on the reburning process, the Rff 

was set to 15% with α = 0.9. All reburning cases have the same primary zone excess air coefficient 
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1.02 and all cases with and without reburning are under the same overall excess air coefficient 1.16.  

In this paper, the effect of the NOx reduction is expressed by NOx removal rate,  ൌ ቀ1 െ
ሾ୒୓ሿ౨
ሾ୒୓ሿౙ

ቁ ൈ 100%, 

in which,	ሾNOሿୡ denotes NOx emissions at the outlet in conventional combustion and ሾNOሿ୰ represents 

NOx emissions at the outlet under reburning conditions. 

Table 1. South American coal (SAm) and cornstalk fuel analysis. CV: calorific value. 

Fuel CV (gross) MJ/kg 
Ultimate analysis (wt.%) Proximate analysis (wt.%)

C H O N S M A V FC 

SAm (ar) 29 68.04 4.37 9.57 1.43 0.59 4.1 11.9 33.2 50.8 

Cornstalk (ar) 17.2 36.84 4.81 38.84 0.72 0.09 10 8.7 67.48 13.82 

2. Mathematical Model 

2.1. Combustion Modelling 

In this paper, Ansys Fluent 14.5 is applied to simulate the combustion process and its continuity 

equation is: 

div൫ρ୥ uሬԦ൯ ൌ ୥ (1)ݎ

in which, ρg is the density of the continuous phase, and rg is the change rate from the solid phase to the 

gas phase by evaporation, pyrolysis and coke combustion. 

As for turbulence model, realisable k–ε turbulence model is adopted. The transmission equation of 

turbulent dissipation rate ε for the realizable k–ε turbulence model is shown as follows: 

∂ሺρεሻ
∂t

൅
∂ሺρεu୨ሻ
∂ई୨

ൌ
∂
∂ई୨

ቈ൬μ ൅
μ୲
σக
൰
∂ε
∂ई୨

቉ ൅ Rଵக
ε
k
RଷகGୠ ൅ ρRଵSε ൅ Sக െ ρRଶ

εଶ

k ൅ εݒ√
 (2)

in which, ܴଵ ൌ max	ሾ0.43, ஗

஗ାହ
ሿ , η ൌ S ୩

க
, S = 	ඥ2S୧୨S୧୨ . Gୠ  represents the generation of turbulence 

kinetic energy due to buoyancy. R1ε = 1.44; R2 = 1.9; the turbulent Prandtl number σε = 1.2 and Sε is a 

user-defined source term. 

The momentum equation is: 

div൫ρ୥uሬԦuሬԦ൯ ൌ divሾሺμ ൅ μ୲ሻgraduሬԦሿ െ gradܲ ൅ divሺμୣgraduሬԦሻ ൅ ܵ (3)

where μt is the turbulence viscosity coefficient, μ is the laminar viscous coefficient, P is the local 

pressure, and S is the source term by the effects from the solid phase to the gas phase. 

The energy equation is shown as follows: 

׏ ቈρݑሬԦ ቆ݄ ൅
ଶݑ

2
ቇ቉ ൌ ܶ׏൭݇ୣ୤୤׏ െ෍݄୧ȷనሬറ

୧

൱ ൅ ܵ୩ (4)

where keff is the effective thermal conductivity, and keff = k + kt, in which kt is the turbulence 

coefficient of thermal conductivity and k is the heat transfer coefficient of the fluid. 

As for the radiation heat transfer, P1 method is adopted to model the process of the thermal 

radiation in the furnace. A transported probability density function (PDF) method developed for 

pulverized coal combustion is applied in the simulation and non-premixed combustion model is used. 
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Under certain simplifying assumptions, thermal chemical state of the fluid can be expressed by a 

simple parameter which is called a mixture fraction: 

݂ ൌ
ܼ௜ െ ܼ௜,୭୶

ܼ௜,୤୳ୣ୪ െ ܼ௜,୭୶
 (5)

in which Zi is the mass fraction for element i, and ox represents oxidant flow. Double mixture fraction 

model is used to simulate the gas phase combustion. There are three mixture fractions, ffuel, fsec and fox, 

representing the main fuel, reburning fuel, and oxidizer, respectively. The sum of all three mixture 

fractions in the system is always equal to 1. Interaction between the turbulence and chemical reaction 

can be expressed by the PDF. The probability density β function is shown as follow: 

ܲሺ݂ሻ ൌ
݂஑ିଵሺ1 െ ݂ሻஒିଵ

׬ ݂஑ିଵሺ1 െ ݂ሻஒିଵd݂
 (6)

The PDF P(f), describing the temporal fluctuations of f in the turbulent flow, is used to calculate the 

averaged values of variables that depend on f. Density-weighted mean species mass fractions and 

temperature can be computed as: 

Φഥ୧ ൌ නන݌ଵሺf୤୳ୣ୪ሻ݌ଶሺ ୱܲୣୡሻΦ୧

ଵ

଴

ଵ

଴

ሺ ୤݂୳ୣ୪, ୱܲୣୡሻd ୤݂୳ୣ୪d ୱܲୣୡ (7)

where p1 is the PDF of ffuel and p2 is the PDF of Psec. Here, statistical independence of ffuel and Psec is 

assumed, so that: 

ሺ݌ ୤݂୳ୣ୪, ୱܲୣୡሻ ൌ ଵሺ݌ ୤݂୳ୣ୪ሻ݌ଶሺ ୱܲୣୡሻ (8)

Similarly, the mean time-averaged fluid density, ρത can be calculated as: 

1
ρത
ൌ නන

ଵሺ݌ ୤݂୳ୣ୪ሻpଶሺ ୱܲୣୡሻ

ρሺ ୤݂୳ୣ୪, ୱܲୣୡሻ

ଵ

଴

d

ଵ

଴

୤݂୳ୣ୪d ୱܲୣୡ (9)

ρ(ffuel, Psec) is the instantaneous density obtained using the instantaneous species mass fractions and 

temperature in the ideal gas law equation. 

Particle-turbulence interaction is simulated by the stochastic particle trajectory model and the 

two-phase flow of the coal or cornstalk in the furnace is also modelled. The force balance equates the 

particle inertia with the forces acting on the particle and can be written as: 

dݑ୮
dݐ

ൌ ሬԦݑୈ൫ܨ െ ୮ሬሬሬሬԦ൯ݑ ൅
Ԧ݃ሺρ୮ െ ρሻ

ρ୮
൅ Ԧ (10)ܨ

where ܨԦ  is an additional acceleration term. ܨୈ൫ݑሬԦ െ ୮ሬሬሬሬԦ൯ݑ  is the drag force per unit particle mass.  

A kinetic/diffusion-limited model is adopted for the char particle combustion. The mass diffusion-limited 

rate constant is 5.06 × 10−4, and the kinetics-limited rate pre-exponential factor in the model is  

8.71 × 103 s−1. 

A two-competing-rates method is adopted to simulate the coal devolatilisation and the kinetic 

devolatilisation rate expressions are shown as follows: 

ܴୡଵ ൌ ଵeିሺாభ/ୖ்ౌሻ (11)ܤ
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ܴୡଶ ൌ ଶeିሺாమ/ୖ்ౌሻ (12)ܤ

in which Tp is the particle temperature. Rc1 and Rc2 are competing rates that may control the 

devolatilisation over different temperature ranges. B1 and B2 are pre-exponential factors for the two 

rates respectively, and B1 = 3.7 × 105 s−1, B2 = 1.46 × 1013 s−1. E1 and E2 represent the activation 

energy. E1 = 7.46 × 104 J/mol, and E2 = 2.52 × 105 J/mol. 

2.2. NOx Formation and Destruction Modelling 

In this model, the amount of NO produced in the combustion is characterized using the following 

steady-state transport equation: 

∂
∂x୧

ሺρݑ௜ ୒ܻ୓ሻ ൌ
∂
∂x୧

൬ρܦ
∂ ୒ܻ୓

௜ݔ∂
൰ ൅ ܵ୒୓ (13)

As the concentration of NO is typically very small compared to the concentrations of the other 

species of interest in the coal combustion process, the NO transport Equation (13) has commonly been 

solved for a given combustion flow-field solution. The source term, SNO in Equation (13), is considered 

as contributions from the following predominant mechanisms: thermal NO, fuel NO, and NO reburning. 

The partial-equilibrium model is adopted for the reburning model. 

As for the fuel NO modelling, the tracking of nitrogen-containing intermediate species is important. 

Ansys Fluent14.5 is used to solve a transport equation for the HCN and NH3 species: 

∂
ݐ∂
ሺρ ୌܻେ୒ሻ ൅ ׏ ∙ ሺݒԦ ୌܻେ୒ሻ ൌ ׏ ∙ ሺܦ ୌܻେ୒ሻ ൅ ܵୌେ୒ (14)

∂
ݐ∂
ሺρ ୒ܻୌయሻ ൅ ׏ ∙ ሺݒԦ ୒ܻୌయሻ ൌ ׏ ∙ ሺܦ ୒ܻୌయሻ ൅ ܵ୒ୌయ (15)

where YHCN and ୒ܻୌయ are mass fractions of HCN and NHଷ in the gas phase, respectively, and D is the 

effective diffusion coefficient. SHCN and ܵ୒ୌయ are source terms. 

In the fuel-rich reburn zone, HCN oxidation reaction is restrained and the content of NOx formed in 

the primary combustion zone is lessened by the reduction reaction from HCN to N2. NOx concentration 

decreases as a result of the reactions with CH radicals. The reactions shown in Equations (16)–(18) 

are the main reactions of NO reduction by CH radicals: 

CHଶ ൅ NO → HCN ൅ OH (16)

CH ൅ NO → HCN ൅ O (17)

C ൅ NO → CN ൅ O (18)

3. Results and Discussion 

3.1. Reburn Zone Excess Air Coefficient Effect on Denitration 

SAm combustion without reburning (conventional case), SAm combustion with SAm reburning, 

and SAm combustion with cornstalk reburning at different reburn zone excess air coefficients (α), 

0.87, 0.9, 0.93 and 0.96, are discussed respectively. The experimental case is a reburning case which is 
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under the conditions with α = 0.87, SAm combustion with SAm reburning, Rff 16%, and the secondary 

air temperature at 300 K. 

Flue gas temperature distributions along with the central line of the furnace for the conventional 

case and reburning cases including SAm reburning and cornstalk reburning are shown in Figure 2.  

In the conventional case, flue gas temperature decreases with the length of the furnace from the top to 

the bottom. Whereas, in SAm reburning and cornstalk reburning cases, temperatures with different 

reburn zone excess air coefficients decrease from the primary zone down to the burnout zone. In the 

reburn zone, they continue decreasing and reach the lowest values due to the insufficient air flow and 

the injection of reburning fuels, which undergoes pyrolysis within the reducing atmosphere. When the 

flue gas enters into the burnout zone, temperature increases again as the unburned fuels and 

intermediate products from the reburn zone react with the burnout air. During this stage, all the fuels 

from the reburn zone combust completely with the burnout air and release their remaining heat.  

In different cases, at different mass flow rates of reburning air and burnout air, it can be found that the 

higher reburn zone excess air coefficient, the higher the temperature in the reburn zone and burnout 

zone. For example, in the case of  = 0.96 for both SAm reburning and cornstalk reburning, the 

amount of air injected into the reburn zone is higher than any other reburn conditions. This directly 

results in a higher temperature within the reburn zone in comparison to any other reburn conditions. 

During the burnout stage, temperatures for SAm reburning are higher than that of cornstalk reburning. 

Both SAm reburning and cornstalk reburning overall show slightly higher temperature profiles in 

comparison to the conventional case without reburning. Thus, the higher temperature is a result of the 

fuel and air staged zones created within the furnace. Figure 2a shows that the temperature curve of the 

simulation case (α = 0.87) has similar characteristics as that of the experimental case (α = 0.87),  

which indicates that the mathematical model is applicable. 

(a) (b) 

Figure 2. Temperature distributions along with the height of the furnace under different α: 

(a) SAm reburning; and (b) cornstalk reburning. 
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NOx distributions for the three kinds of combustion are shown in Figure 3. In terms of conventional 

combustion, NOx drops drastically in the primary zone and then retains a very slow decline and reaches 

826.9 ppm at the exhaust outlet. For the reburning cases, SAm and cornstalk exhibit a similar 

trend. NOx concentrations in all cases decrease at first and then maintain a very slow decline in the 

primary zone. When the reactants enter the reburn zone, the NOx content drops sharply until it reaches 

the burnout zone. In the burnout zone, NOx content in all cases shows a slight increase and then 

remains constant. In the case of each reburning condition, the NOx contents at different α within the 

primary zone are similar. This is thought to be a result of the similar quantities of primary fuel and air 

under super stoichiometric (fuel lean) conditions, where the N-containing compounds are being formed. 
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Figure 3. NOx distributions along with the height of the furnace under different α:  

(a) SAm reburning; and (b) cornstalk reburning. 

However, clear differences are observed in SAm reburning and cornstalk reburning cases when 

entering the reburn zone. With the injection of the reburning fuel and a small quantity of air,  

a reducing atmosphere is created. In this stage, reburning fuels are released and the reducing 

intermediate products react with NOx as detailed by Equations (16)–(18). 

Therefore, NOx is partially reduced in the reburn zone. The highest NOx reduction is observed for 

the reburning condition of α = 0.87, in comparison to other reburning conditions set for both SAm and 

cornstalk. The unburned HCN and NH3 emanating from the reburn zone undergo complete oxidation 

within the oxygen rich burnout zone where further NOx is formed as follows: 

NHଷ ൅ OଶNO ൅⋯ (19)

HCN ൅ OଶNO ൅⋯ (20)

Analyses of the SAm and cornstalk detailed in Table 1 show the carbon content of the SAm is 

higher than that in the cornstalk. However, SAm NOx emission is greater than cornstalk, indicating that 

the denitration effect of cornstalk containing a higher volatile content is better than that of SAm.  

This further implies that the effect of the denitration on homogeneous reaction for the volatile is better 
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than the heterogeneous reaction of the char. Figure 3a also shows that the NOx curve of the 

simulation case (α = 0.87) has similar characteristics to that of the experimental case (α = 0.87),  

which indicates that the NOx model is also suitable. 

As shown in Figure 4, the smaller the α is, the lower the NOx emissions at the outlet and the higher 

the NOx removal rate are correspondingly for the two kinds of fuel reburning cases. In general, NOx 

emissions at the outlet for SAm reburning conditions are higher than cornstalk reburning under the 

same conditions. In SAm reburning simulation cases, the NOx removal rate reaches 56.15% at α = 0.87, 

and it is 66.89% for cornstalk reburning under the same conditions. 

 

Figure 4. NOx removal rate under different α. 

To ensure the combustion efficiency of the furnace, CO emissions for all the cases are 

considered. As shown in Figure 5, under the same conditions, CO emissions for cornstalk reburning 

are higher than SAm reburning. This may be explained by the lower CV of cornstalk compared to 

SAm, and therefore a higher mass flow rate of cornstalk is required in order to achieve the same heat 

input. Thus, a higher mass flow rate of cornstalk is injected into the reburn zone and, in addition, the 

volatile content of the cornstalk is far greater than that of the SAm. Therefore, more intermediate 

products remain within the burnout zone generating higher levels of CO as a result of cornstalk 

reburning. CO emissions decrease with an increase in the reburn zone excess air coefficient, and the 

maximum values obtained at α = 0.87 are 81 ppm and 88 ppm for SAm reburning and cornstalk 

reburning, respectively, where the experimental case has CO emissions of 79 ppm which is close 

enough to the simulation result. 
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Figure 5. CO content under different α. 

3.2. Reburning Fuel Fraction Effect on Denitration 

In this section, simulation results of SAm combustion with SAm reburning and SAm combustion 

with cornstalk reburning at different Rff, 10%, 15%, 20%, 25% and 30% are discussed, respectively. 

Figure 6 shows the temperature distributions under different Rff for the two kinds of fuel reburning. 

Irrespective of reburning, the temperatures in cases with a larger Rff are relatively lower in the primary 

zone as a result of the smaller quantities of primary fuel. In the second stage, with the injection of the 

reburning fuel and a lower flow rate of the air, a reduction atmosphere is formed. 

(a) (b) 

Figure 6. Temperature distributions along with the height of the furnace under different Rff: 

(a) SAm reburning; and (b) cornstalk reburning. 

Reburning fuels undergo an initial pyrolysis process resulting in the release of volatiles and chars, 

which further lowers the temperature within this zone. Entering into the burnout zone, unburned 

materials from the reburn zone are completely combusted with the burnout air, resulting in a slight 

increase in temperature and then remaining constant. However, in cases with higher reburning fuel 
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fractions, for example, in the case of Rff = 30%, significantly more intermediate products are generated 

within the reburn zone due to more reburn fuel injected. Therefore, a higher proportion of partially 

combusted material requires oxidation producing a higher rate of heat release, which is observed as a 

greater increase in temperature when compared to any other reburning conditions. The phenomenon of 

the temperatures for SAm reburning and cornstalk reburning remaining relatively consistent under the 

same conditions, is probably due to the same reburning fuel fraction. This can be defined as the ratio of 

the heat contained within the reburning fuel to the total heat input. This further demonstrates that the 

heat input in the primary zone and reburn zone are the same for SAm reburning and cornstalk reburning. 

NOx distributions under different reburning fuel fractions for the two kinds of fuel reburning have 

some similar characteristics, as shown in Figure 7. NOx contents in all cases present a trend that 

sharply decreases at first and then maintains a slight reduction in the primary zone, further decreasing 

again at the secondary stage and slightly increasing at the tertiary stage. The reason for this trend is 

consistent with the effect of reburn zone excess air coefficient on denitration as discussed above.  

For SAm reburning and cornstalk reburning at the same Rff, NOx concentrations are similar within the 

primary zone due to the same ratio of primary fuel and air. However, it begins to show some 

differences when entering into the reburn zone and NOx content for the cases of cornstalk reburning 

has a higher NOx reduction rate than SAm reburning. In addition, the lowest NOx content value in the 

cornstalk cases is lower than that in SAm cases, which can be explained by the fact that volatiles’ 

content in the cornstalk is far higher than that in the SAm. Even though the carbon content in the SAm 

is higher than that in the cornstalk, the SAm possesses a lower NOx reduction efficiency than the 

cornstalk. Therefore, further reinforcing homogeneous reactions have a greater significant influence on 

NOx reduction as opposed to the heterogeneous reactions of the char. 

(a) (b) 

Figure 7. NOx distributions along with the height of the furnace under different Rff:  

(a) SAm reburning; and (b) cornstalk reburning. 

For SAm reburning and cornstalk reburning at different Rff, respectively, there are also clear 

differences. In the primary zone, for cases of higher Rff, the NOx content is lower than other cases, 

which may be caused by the lower levels of primary fuel and the lower temperatures. In the reburn 
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zone, it is generally seen in higher Rff cases (example, Rff = 25%) that NOx concentration is 

significantly reduced in comparison to the lower Rff reburning cases. As a result of the higher injection 

rates of the reburning fuel, a higher volatile, and char and radical CXHY speciation is generated. This 

facilitates the formation of the intermediate products such as HCN and NH3 within the reburn zone. 

This is of benefit to the NOx reduction reactions in accordance to the mass law and Arrhenius law as 

follows (Equations (21) and (22)): 

ݓ ൌ ݇ାෑܥ௜
௩೔

௜

െ ݇ିෑܥ௝
௩ೕ

௝

 (21)

݇ ൌ Aܶ௡݁ି
ಶ
ೃ೅ (22)

where, the rate of chemical reaction w increases exponentially with an increase in the reactant 

concentration C, which is proportional to the chemical reaction rate k. The rate of k increases 

exponentially with temperature. 

In the tertiary stage, the relatively higher products remaining within the reburn zone react with 

oxygen and are further converted into NOx. 

NOx removal rates in different cases are shown in Figure 8. This indicates that from a lower 

reburning fuel fraction range, an increase to a higher reburning fuel fraction enhances the NOx removal 

rate. However, once the reburning fuel fraction is increased beyond Rff = 20%, the impact on NOx 

reduction is no longer enhanced despite the continued increase in the reburning fuel fraction. For SAm 

reburning cases, NO removal rate increases by 1.04% when the reburning fuel fraction is increased 

from 20% to 25%. For the case of cornstalk, an increase in the Rff from 20% to 25% equates to an 

increase in the NO removal rate by 0.69%. Combined with the CO emissions at the exhaust outlet 

(Figure 9), it can be found that CO emissions increase as a function of higher Rffs for both SAm 

reburning and cornstalk reburning. For SAm reburning cases, when the reburning fuel fraction changes 

from 20% to 25%, CO emissions increase from 74 ppm to 106 ppm, while it ranges from 88 ppm to 

124 ppm for cornstalk cases. In both cases, the CO concentration is greater than 90 ppm at an Rff of 

25%. This implies the fuels within the furnace are undergoing incomplete combustion. Therefore,  

the relatively good reburning fuel fraction is 20% for both SAm reburning and cornstalk reburning. 
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Figure 8. NOx removal rate under different Rff. 
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Figure 9. CO content at the outlet under different Rff. 

3.3. Temperature Effect on Denitration 

For SAm reburning and cornstalk reburning, the effects of five different secondary air temperatures 

set at 300 K, 500 K, 700 K, 900 K and 1100 K were studied, respectively. The mass flow of primary 

fuel (SAm) for both SAm reburning and cornstalk reburning is 8.31 kg·h−1, and the mass flow rate of 

the reburning fuel SAm and cornstalk is 1.47 kg·h−1 and 2.52 kg·h−1 (higher than SAm due to a 

lower CV), respectively. 

Temperature distributions along with the height of the furnace for both SAm reburning and 

cornstalk reburning under different secondary air temperatures are shown in Figure 10. It is shown that 

irrespective of the reburning fuel type, the temperature distributions show very similar characteristics 

for the reburning cases mentioned above. 
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Figure 10. Temperature distributions along with the height of the furnace under different 

temperatures of the secondary air: (a) SAm reburning; and (b) cornstalk reburning. 
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Additionally, it can be seen that for SAm reburning and cornstalk reburning with the same 

secondary air temperature, the primary zone temperature generally remains consistent. However, in the 

secondary zone, the cornstalk reburning temperature shows a greater decrease in comparison to SAm 

reburning. This can be explained by the cornstalk containing a lower CV. Therefore, in order for the 

cornstalk to match the same Rff and α as SAm reburning, a higher feed rate of cornstalk and air is 

required. In this oxygen deficient atmosphere (reburn zone), fuels undergo complex thermochemical 

(pyrolysis) reactions, and these reactions can be mainly endothermic. Once the reactants enter the 

burnout zone, the temperature increases owing to the addition of the burnout air. With a closer distance 

to the exhaust outlet, there is a slight decrease in the temperature. Higher furnace temperatures for 

SAm reburning and cornstalk reburning are observed with respect to increased secondary air temperatures. 

For NOx distributions, Figure 11 shows this trend clearly. SAm reburning and cornstalk reburning 

show similar NOx reduction characteristics. In the primary zone, due to the higher temperature of the 

secondary air, or the furnace, formation of the thermal NOx and the rate of the chemical reactions are 

promoted. Therefore, there is a trend that the higher the temperature of the secondary air, the higher 

the concentration of NOx formation for both SAm reburning and cornstalk reburning in this stage. 

However, in the upper region of the reburn zone, an increase in the secondary air temperature 

corresponds to a higher NOx removal rate. This is considered as a result of an increased rate of the 

reburn fuel undergoing pyrolytic reactions, which are largely promoted by a higher secondary air 

temperature within the reburn zone. Therefore, the concentrations of the products NH3 and HCN 

formed from the initial release of hydrocarbon (CXHY) radical intermediates and char are higher. 

According to Equations (21) and (22), the chemical rates of reaction can be significantly increased as a 

result of a temperature increase. The materials containing a greater excess of hydrocarbon radicals 

react with the NOx formed in the primary zone following the global chemical mechanisms detailed in 

Equations (16)–(18). 

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

300

400

500

600

700

800

900

 

 

Furnace elevation(m)

N
O

X
 c

on
te

nt
(p

pm
)

 T=300K;  T=500K;
 T=700K;  T=900K;
 T=1100K

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
200

300

400

500

600

700

800

900
 

 

 

Furnace elevation(m)

N
O

X
 c

on
te

nt
(p

p
m

)

 T=300K;  T=500K;
 T=700K;  T=900K;
T=1100K

(a) (b) 

Figure 11. NOx distributions along with the height of the furnace at different secondary air 

temperatures: (a) SAm reburning; and (b) cornstalk reburning. 
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CO and H2 generated during the process of the pyrolysis and combustion are also involved in the 

reduction reaction as shown by Equations (23) and (24): 

CO+NON2+CO2 (23)

Hଶ ൅ 2NONଶ ൅ HଶO (24)

However, when it comes to the lower part of the reburn zone, NO content begins to show different 

trends, and for the cases with higher temperature, for example 1100 K, NO concentration is slightly 

higher than the 900 K case. The burnout zone also exhibits a trend showing the higher the temperature 

of the secondary air, the greater the NO generated. 

Figure 12 shows the NOx removal rate at different secondary air temperatures. It can be found for 

both SAm reburning and cornstalk reburning, in the lower temperature range, an increase in the 

secondary air temperature results in a higher NOx removal rate. However, when the temperature of the 

secondary air increases to 500 K, NOx emissions also increase corresponding to a lower NOx removal 

rate. To analyse the burnout characteristics of the fuel, CO emissions for different cases are shown in 

Figure 13. It is observed that higher secondary air temperatures follow higher CO emissions for both 

SAm reburning and cornstalk reburning. For SAm reburning, CO emission reaches 131 ppm at a 

secondary air temperature of 900 K, which is 47 ppm greater than the CO concentration at 700 K, 

whereas for cornstalk reburning, CO emissions rapidly increase to 114 ppm when the temperature of 

the secondary air changes from 500 K to 700 K. Therefore, considering the two factors CO emissions 

and NO removal rate, it is found that the secondary air temperature of 500 K promotes relatively good 

case denitration conditions for both reburning cases. 
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Figure 12. NOx removal rate at different temperatures of the secondary air. 
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Figure 13. CO content at the outlet under different temperatures of the secondary air. 

4. Conclusions 

Reburn zone excess air coefficient, reburning fuel fraction and the secondary air temperature have 

influences to varying degrees on the combustion of the furnace and NOx reduction. 

For both SAm reburning and cornstalk reburning, NOx removal rates increase with a decrease in the 

reburn zone excess air coefficient within the simulation data range. The relatively good case of α = 0.87 

represents the NOx reduction efficiencies as being 56.15% and 66.89% for SAm reburning and 

cornstalk reburning, respectively. 

The influences of reburning fuel fraction on denitration present an initial increase in NOx reduction, 

and when the reburning fuel fraction is increased beyond a specific value, the NOx reduction efficiency 

remains almost unchanged. Furthermore, cases with higher reburning fuel fraction have higher CO 

emissions. Besides, under the premise of the fuel burnout, the relatively good case occurs at the 

reburning fuel fraction set to 20% for the two kinds of fuel reburning, and the NOx removal rate is 

60.57% and 52.96% for cornstalk reburning and SAm reburning, respectively. 

The secondary air temperature has a certain degree of influence on NOx reduction for both SAm 

reburning and cornstalk reburning. In the relatively lower temperature range, increasing the secondary 

air temperature can effectively improve the denitration effect. However, beyond a specific value in the 

secondary air temperature, the denitration effect declines. The minimum NOx concentration reached by 

SAm reburning and cornstalk reburning is 372.1 ppm and 303 ppm, respectively. This corresponds to 

NOx removal rates of 55% and 63.36% for SAm reburning and cornstalk reburning, respectively. 

Therefore, as for solid fuel reburning application, it is concluded that: (a) cornstalk can be used as a 

reburning fuel; (b) NOx reduction capacity of cornstalk reburning is superior to that of SAm reburning; 

and (c) CO emissions of cornstalk reburning are higher than that of SAm reburning. Further studies 

will focus on the changes of multiple parameters including the size of burnout zone and the injection of 

burnout air to find a relatively good case for low NOx and CO emissions. 
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