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Swirl combustion technology is an effective method for achieving low-nitrogen
(low NOx) combustion. In this study, we designed a dual-swirl low-NOx burner
with the goal of minimizing NOx emissions. and the burner was evaluated in a
20t/h gas boiler through numerical simulation and experimentation. Swirl angles
and excess air coefficients (1.0 to 1.20) of the burner were tested within the range
of 1.0 to 1.2. The results indicated that the optimal swirl plate angles were 35°
internally and 55° externally. The optimal excess air coefficient was 1.15, which
balances heat transfer efficiency and minimize NOx emissions. Results show that
the dual swirl combustion system can effectively reduce nitrogen oxide emissions
in small gas boilers.
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Nomenclature:

Cr——specific heat capacity at constant pressure,J/(kgK)

E——internal energy,J

Jfuofonof——unit mass force in the x,y,z coordinate directions, respectively, N/kg

fmear—the average mixing degree of fuel and oxidizer in turbulent flow field, (fnean=1means pure fuel
flow; fuwean=0 means pure oxidant flow);

frva—the fluctuation intensity of the mixing fraction caused by turbulent fluctuations around its average

value fuean;

K——heat transfer coefficient, W/(m-K)
k——turbulence kinetic energy
u—velocity in the x-axis direction,m/s

v——velocity in the y-axis direction,m/s



w——velocity in the z-axis direction,m/s
M——molecular weight,g/mol
p—pressure,Pa

R——gas constant

r——reaction rate,m3/s

S——resource item

t——time,s

T——temperature, K

VO——Theoretical air volume,m3
V——=Actual air volume,m3

[0

[N>]—nitrogen concentration,ppm

oxygen concentration,ppm

[NO]——rnitrogen oxides concentration,ppm

[fuel|—fuel concentration,ppm

Symbols :
o—— Inside spiral angle(cllockwise), deg

f——Outside spiral angle(counterclockwise), deg
p——decity,kg/m’
&——turbulent dissipation rate

O——unit shearing stress,Pas

a=to
J——Excess air coefficient ( V)
Subscript:
X——X axis
y—y axis

Z—7Z axis



i—— substance i

j—— substance j
1. Introduction

Industrial boilers, as crucial equipment for steam generation and water heating, play an
indispensable role in industries including power generation, chemical processing, and textiles!'. However,
the emissions from these industrial boilers are among the primary contributors to climate change, with an
average annual emission of approximately 130 million tons per country 2. As industrialization advances
rapidly, pollution from these emissions has become increasingly severe 1>, leading to a heightened focus
on exploring cleaner energy sources and developing more efficient, low-carbon combustion technologies
(691 Natural gas, which produces fewer harmful substances when burned ['”, is often the preferred fuel for
industrial boilers. Nevertheless, the combustion of natural gas inevitably generates nitrogen oxides (NOx).
The high-temperature zones during natural gas combustion promote the formation of both fuel-bound NOx
and thermal NOx through the reaction of nitrogen and oxygen in the air'!l. Nitrogen oxides emitted into
the atmosphere can lead to a range of environmental issues, including the greenhouse effect, photochemical
smog, and acid rain ['*!3], The NOx emission standard for gas-fired boilers is generally set at below 150
mg/m?. Therefore, it is of great significance to study cleaner and more efficient gas boiler combustion

14" which is

technology. Currently, some gas-fired boiler units employ swirl combustion technology
primarily implemented through burners, making it relatively straightforward to retrofit existing gas-fired

boilers.

Many researchers have been able to enhance the combustion efficiency of industrial boilers and
reduce NOx emissions through the optimization of burner structural parameters and operating conditions
[15-18] In particular, studies on swirl burners have shown that the intensity of the cyclone generated by
changes in burner structure affects NOx emissions and combustion performance. Zhien et al. ') combined
swirl and staged combustion theories to study and optimize the shape of new burners. Experiments by Amiri
et al. ) demonstrated that using a 60° blade angle in air swirlers and burners minimizes pollutant emissions
and is optimal for achieving stable combustion and low NOx emissions. Yilmaz et al. [*'/demonstrated
through numerical simulations and experiments that different eddy numbers have a significant impact on
the flame temperature and gas concentration of natural gas combustion. Other studies using numerical
simulations have revealed that the blade angle of the swirler and the fuel equivalence ratio can significantly
improve combustion performance and achieve the lowest levels of NOx emissions. Regarding the operating
conditions of burners 22231 it is essential to analyze the impact of the furnace's excess air coefficient on
combustion characteristics. Jiang et al. [*%/, through experiments and simulations, found that increasing the
excess air coefficient at semi-load conditions in a 550MW coal-fired boiler decreases the furnace
temperature and significantly increases NOx emissions. Emami et al.”*”lconducted a numerical simulation
of the natural gas combustion process in an industrial gas turbine combustor. The results indicated that
thermal NOx increases with the increase of excess air ratio. Wang et al.*®! also conducted a numerical

simulation on the NOx emission characteristics in a 600MW operational boiler. The result showed that a



specific excess air coefficient can form a reducing atmosphere in the main combustion zone and effectively

reduce the NOx concentrations.

Furthermore, horizontal staged combustion technology is considered as another effective way to
reduce NOx emissions from boilers. Wang et al.[*”! used numerical simulations to study the flow field of
air-staged combustion in a decomposition furnace, and found that air staging can increase the residence
time of solid particles and balance furnace temperatures. Li et al.’% innovatively designed the secondary
air and fuel pipeline structures, applied air-staged combustion technology to small and medium-sized
biomass boilers, and successfully reduced NOx emissions to international standards.

Existing research on swirl burners is mostly focused on single-swirl configurations, lacking the
relationship between the swirl intensity, excess air coefficient, and furnace temperature field parameters of
dual-swirl burners using horizontal staged combustion [*!33], The combustion characteristics and efficiency

of these dual-swirl burners in gas boilers require further study.

In this work, a novel dual-swirl low-NOx burner is designed and Fluent is used for numerical
simulations to study the effects of different internal and external swirl intensities, excess air coefficient, and
air center ratio on the furnace flow field, temperature field, and NOx concentration distribution. The
research results provide a reference for optimizing dual-swirl low-NOx burners for gas boilers.

2. Numerical Simulation and Computational Methods

2.1 Physical Model
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Fig. 1 Diagram of dual swirl flow burner model (a); Two-dimensional plane view of the burner (b);

Three-dimensional view of the boiler model (¢)



The physical model of the dual-swirl low-NOx burner is depicted in Fig.1. The uniqueness of this
structure lies in the fact that, in addition to the central air and fuel, it also has dual adjustable vortex blades
(for the inlet) and two layers of fuel (CHy) inlet (the main ring of CHy inlet and 12 main CH4 pipelines).
Fig.1a shows a schematic diagram of dual swirl flow burner model, which includes a central air pipe, a
central gas pipe, inner and outer (dual) adjustable swirl vanes(for air inlet) , the main ring of gas(CHy) inlet,
and 12 main gas(CH4) pipes. The central air pipe's inlet injects air into the combustion chamber. The central
gas pipe, sleeved around the central air pipe, has its end sealed and features 8 gas holes for injecting gas
into the combustion chamber to mix with the central air. The outer and inner air pipes are also wrapped
around the central gas pipe, and dual swirl formed through the inner and outer swirl vanes. The main gas
annular channel is connected to the external gas pipes that inject gas into the combustion chamber and
interact with the dual swirling airflow. Fig. 1b provides a 2D front view schematic of the burner, with
specific parameters listed in Table S1 (Supporting information) . Fig. 1c illustrates the layout of the small

gas-fired boiler furnace with a burner. The rated evaporation capacity of the boiler is 20t/h.
2. 2 Numerical Simulation Methods

In this work, control equations and several models were used as shown below:
2.2.1 Control equations

(1) Mass conservation equation:

0 _
P (pu;)=0 (1)
(2) Momentum conservation equations:
d(pujuj _ _a_p 0ty .
ax]- - an + ax]- + 'Dfl (2)

(3) Energy conservation equation:
oT oT aT
pCp(ua+V@+W£)—V (KVT) +S (3)
Where,S = —AH, - r ,AH, means reaction enthalpy( J/kg); r means chemical reaction rate( kg/(m?-s)).
2.2.2 Models

2.2.2.1 Turbulence model

The realizable k — & turbulence model is used ¢, which exhibits superior performance for various

flow phenomena such as vortex flow, free jet and mixed flow, boundary layer flow, separation flow, etc.
The transport equations of k and ¢ in the model are as follows:
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In the equation, C; =max (0.43, n%), u; represents the velocity of the fluid, whereas p stands for

density, p denotes dynamic viscosity, and Gy is the turbulent energy generated due to buoyancy. For
incompressible fluids, G,=0; pe represents the dissipation term, and Yy signifies the compressibility term.
ok and o, correspond to the source terms for equations of k and €, respectively. C£1§CS3 Gy, denotes the
Vpa
Vper
gravitational direction, and vy, that perpendicular to the gravitational direction. In equations 6 and 7, C¢q
is set to 1.44, C, to 1.92, oy to 1.0, and o, to 1.3. Py represents the turbulent kinetic energy generated by
the mean velocity gradient, k and € respectively denote the turbulent kinetic energy and its dissipation rate,
whereas oy and o, represent the Prandtl numbers for k and €.

buoyancy correction, where C.3 = tanh]| |, with vp, being the velocity component parallel to the

2.2.2.2 Combustion model
The combustion model adopts the Eddy-Dissipation Model (EDM) for species transport provided by
Fluent. Developed jointly by Magnussen and Hjertager!®”, this combustion model can simulate the chemical

interactions of fluids in turbulence. The eddy-dissipation formula is as follows:
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In the equation, R; , represents the net production rate of substance i in reaction r,v; .. represents the
stoichiometric coefficient of reactant i in reaction r,M,, ; represents the molecular weight of substance j,
M,y ; represents the molecular weight of substance i, Yp represents the mass fraction of product P, Yg
represents the mass fraction of specific reactant R, and A and B represent the constants of the Eddy-
Dissipation Model, where A = 4.0 and B=0.5.

2.2.2.3 Radiation model

The P-1 model is the simplest type of radiation model, considering the computational performance
of the computer when running Fluent for combustion simulations. This study uses the P-1 radiation model,
and its computational formula is :

i(sw) = X120 Xin=-1A1m (5)Yim (@) ®)

2.2.2.4 Pollutant model

The main pollutants generated by gas boilers are nitrogen oxides (NOx) . The production of NOx
includes prompt type, thermal type, and fuel type. Since the fuel used in this study is natural gas, which
does not contain nitrogen elements, only the prompt type and thermal type NOx formation need to be
considered in the analysis. The reaction rate equation for prompt NOx is [*%!:

d[NO Ea
[dt ] = fckprompt[oz]m[NZ][fuel]exp (ﬁ) 9)




Where, m represents the oxygen reaction order, E, stands for the activation energy; R is the universal
gas constant; f, is the correction factor depending on fuel type and air-fuel ratio; T denotes the temperature.
f, = 4.75 + 0.0819n — 23.2¢ + 32¢* — 12.2¢" ,and

RT a+1
Korompt = 6.4x10° (?) (10)

In the equation above, n represents the number of carbon atoms in the hydrocarbon fuel molecule;

¢ is the equivalence ratio; and p is the pressure. The expression for the reaction order m of the O reaction
is as follows [39]:

( 1.0X,, < 4.1x1073
. ! —3.95-0.91In Xy, 4.1x1073 < X,, < 1.11x1072 a1
—0.35—-0.11In Xy, 1.11x107% < X, < 3x1072
L 0.3x1072 < Xo,

In the equation, X, corresponds to the molar fraction of O,.

The generation rate of thermal NOx is defined as follows F8:
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In the formula, k means the reaction coefficient, the expression are as follows:

k1=1.8x10%exp(-38370/T) ,  kr=1.8x10%exp(-4680/T) ,  k3=7.1x107exp(-450/T)
k.1=3.8x10"exp(-425/T), k,=1.7x10%exp(-24560/T).

2.2.3 Boundary conditions

In this study, the numerical simulation is based on the following boundary conditions: Assuming all
gases are ideal gases, the combustion reaction is a single combustion. The gas/air inlet is set as a velocity
inlet with the the pipe diameter as hydraulic diameter and the turbulence intensity of 5%. The flue gas outlet
IS set as pressure outlet. The furnace wall adopts radiation shielding, and the isothermal wall temperature
is 678K. The detailed parameters of the entrance boundary conditions of the model are shown in Table 1.
In addition, the outlet pressure of the model is 2331 Pa.

Table 1 Boundary conditions

Name Speed inlet (m/s) /Temperature (K)
Central gas inlet 3/293.15
Main gas inlet 1.6/293.15
Central air inlet 42.54/323.15
Outer ring air inlet 21.22/323.15

Inner ring air inlet 21.22/323.15




2.3 Mesh independence verification and Model validation
2.3.1 Mesh independence verification

Simulations were performed using five different mesh quantities (Table 2). The simulation results
from the different mesh quantities are shown in Fig. 2.

Table 2 The number of grids for five cases
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Fig. 2 Grid independent solution:(a) temperature simulation; (b) Speed simulation

Fig. 2a illustrates the highest temperature distribution inside the furnace with changes of grids
numbers. It can be seen that from Casel to Case3, as the number of grids increases, the temperature drops
sharply, while from Case3 to Caseb, the temperature tends to be stable. The temperatures from Case4 and
Case5 are similar. Fig. 2b shows the velocity distribution at a radial distance of 6m along the axial direction
with the furnace centerline as the reference, indicating similar simulation results for Case3, Case4, and
Caseb. Taking into account overall performance compatibility with the computer system, Case4 with a total
of 2.01 million grids was ultimately selected for the simulation calculations.

2.3.2 Model validation

The experimental schematic diagram and model experiment verification is shown in Fig.3.Fig. 3a
shows a schematic diagram of experimental setup where gas flow velocity and distribution inside the
furnace were measured. The same operating conditions as the experiment were used to perform numerical
simulation calculations using simulation software. Fig. 3b and Fig. 3¢ show that under the same working
conditions, the maximum error between the numerical simulation results and experimental data is 8.6%,
indicating a good agreement between the two sets of data. Where, Y in Fig. 3 (b) represents the radial
distance from the furnace center as the origin at a distance of 0.5m from the furnace inlet; Z in Fig.3 (c)
represents the central axis of the furnace, with the flow direction being the positive direction. Therefore,



the numerical simulation results obtained from the combustion numerical model established in this study
are deemed reliable.
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Fig. 3 Experimental schematic diagram & model experiment verification: (a) Schematic diagram of
experimental (b)0.5m axial distance radial velocity (c) Comparison of experimental and simulated
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3 Results and Discussion
3.1 Effects of different swirl angles on Inner and outer sides

Low-NOx burners usually use a special structure design to inject air in a swirl flow. The swirl flow
can form a central recirculation zone inside the boiler, enhance the mixing of gas fuel and air in non-
premixed combustion, and effectively reduce NOx emissions in the flue gas. In this paper, a dual swirler
burner structure is designed, the mechanical details is shown in Fig. 4.

It is necessary to study the arrangement and deflection angles of the two layers of swirl plates and
their effect on the characteristics of low-NOx combustion in gas boilers. Specifically, Table 3 lists the
combination of four different swirl angles, where the inner/outer swirl angles are designated as o/j,
respectively.



The temperature field, velocity field, and nitrogen oxides concentration field generated and distributed
in the furnace under four different swirl angle configurations were investigated. The study conditions
included an excess air coefficient of 1.0 and central air flow rate of 5%. In Table 3, the four Cases represent
different configurations of a and B arrangements.
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Fig. 4 Detailed geometric structure of '_:'g' > Aver_age temperature with
dual swirl low nitrogen burner different swirl angle arrangements

Table 3 Spiral Angle Arrangement and Coordination

Case a° B° layout direction
! 30 60 Clockwise inside,
2 35 55 .
counterclockwise on the
3 40 >0 outside
4 45 45 u

When the heat transfer pipes of the gas boiler are dry, the average temperature curves with different
swirl angles are shown in Fig.5 (Z-axis is represented as the axial distance distributed along the central axis
of the furnace, with the flow direction being the positive direction, X-axis represent the width of the burner).
It can be observed that the temperature trends of different operating conditions are similar, all of which rise
sharply first and then fall slowly. As gas and air mix rapidly at the front end of the furnace, the temperature
rises sharply. Next, the high-temperature fluid produced by combustion undergoes heat exchange along the
furnace wall. When 0=35° and =55°, the temperature peak reaches 1850K, and the overall average
temperature is also higher than that of other configurations. Therefore, when a=35° and f=55°, the mixed

combustion efficiency of gas and air in the double-swirl burner is highest.
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Fig. 6 Velocity distribution with different swirl angles at different axial distances

For the four swirl angle schemes, Fig. 6 shows variations in radial velocity distribution at furnace
cross-sections located at 1.0m, 2.6m, 4.2m, and 5.8m from the central axis. As the distance Z from the
cross-section increases, the velocity distribution changes from wavy to smooth. Recirculation zones are
observed at Z=1.0m and Z=2.6m. Case | shows a significant difference from others since Z=1.0m. Due to
the excessive intensity of the external swirl flow, the airflow is concentrated in the front of the furnace, so
the airflow velocity shown at Z=4.2 and Z=5.8 is lower than that of the others for Case 1. However, Case 4
exhibits an asymmetrical high-speed gas distribution at Z=4.2 and Z=5.8, likely due to insufficient swirl
intensity, leading to inadequate axial velocity for uniform distribution at the furnace's rear, which hampers
heat exchange. With the distance of Z increases, the kinetic energy of the airflow in all cases decreases, and
the axial airflow velocity gradually decreases, resulting in a smoother distribution in the rear. However,
cases 2 and case3 can still maintain turbulence and the mixture gas uniformity. Therefore, the optimal
velocity field distribution within the furnace occurs when the swirl vanes have dual-swirl angles of a=35°
and B=55°, or 0=40° and f=50°.

From the velocity distribution shown in Fig. 7a, As the angle between the inner and outer vortices
decreases, the central velocity of the flue gas in the furnace increases, and the turbulence effect is enhanced.
This is because if excessive deflection of the swirl vanes is too large, the tangential velocity of the air flow
ejected by the burner will be reduced. Conversely, the deflection of the vanes is too small, the flow
disturbance effect of the dual swirl will not be obvious.
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Fig. 7 Velocity vector and nitrogen oxide distribution inside the furnace at different swirl angles:(a)
Velocity vector diagram;(b) Cloud map of nitrogen oxide distribution.

In Fig. 7b, it can be observed that NOx is mainly generated in the power combustion zone. The
lowest nitrogen oxide outlet concentration in Case?2 is 276ppm; The nitrogen oxide emission concentration
of other schemes is around 300ppm. This is because the nitrogen oxides generated during the combustion
process are mainly thermal nitrogen oxides (produced in high-temperature regions above 1100 K). The
more uniform the distribution of furnace combustion temperature, the fewer concentrated high-temperature
areas, and the lower the concentration of nitrogen oxides. When the internal and external swirl angles of
the dual swirl burner are between 35° -55° | the minimum nitrogen oxide outlet concentration is 276 ppm.
The results indicate that the optimal swirl arrangement is achieved when the swirl angles @ =35° and B
=55° .

3.2 Effects of different excess air coefficients

The excess air coefficient (A) refers to the ratio of actual air volume(V) to theoretical air
volume(Vo) ( A =V/Vy), and its magnitude has multiple effects on the combustion process of natural gas. If
the excess air coefficient ( A ) is too large, it will lower the flame temperature (as heat is absorbed by excess
air), and sufficient oxygen may cause NOx emissions to peak, leading to a decrease in combustion
efficiency and even flameout. If A is too small, incomplete combustion will intensify, generating a large
amount of CO and carbon black, significantly reducing combustion efficiency, and possibly damaging
equipment due to carbon deposition.
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Fig. 9a illustrates the distribution of gas flow velocity inside the furnace at different excess air
coefficients. The gas flow velocity at the front end of the furnace increases with the increase of excess air
coefficient. Since the gas inlet velocity and the burner inlet area remain unchanged, increasing the excess
air coefficient can only increase the flow velocity of the combustion air. Therefore, the flow velocity of the
gas at the front end of the furnace will increase, but the overall distribution of velocity will not change
significantly. Fig. 9b shows the distribution of NOx at different excess air coefficients. As the excess air
coefficient increases from 1.0 to 1.15, NOx concentration decreases. This reduction is likely due to
improved mixing of gas fuel and air, which reduces the temperature concentration area in the furnace,
subsequently decreasing the average furnace temperature and reducing formation of thermal NOx.
Additionally, the increase in excess air will dilute the NOx concentration. but when the excess air coefficient
increases from 1.15 to 1.2, NOx concentration begins to rise. This is because the increase in oxygen
concentrations in the furnace accelerates NOx formation reactions. Considering furnace heat transfer
conditions and outlet NOx concentration, the optimal excess air coefficient is 1.15.



4 Conclusion

This paper investigates the effect of various swirl cooperation angles on the combustion characteristics
of a custom-designed dual-swirl burner in a gas boiler using numerical simulations. Based on the identified
optimal cooperation angle, the study further explores the influence of the burner’ s air excess ratio and
central air ratio on combustion characteristics within the furnace. The key findings are summarized as

follows:

(1) The ideal configuration of the dual-swirl burner requires precise coordination between the internal and
external swirl plate angles. Neither a significantly larger nor smaller angle difference is inherently
better.

(2) The optimal angles, identified as « =35° and B =55° , and this design can obtain uniform
temperature distribution, maximum combustion efficiency, and lowest NOx emission.

(3) An excess air coefficient of 1.15 is optimal number for best balance and optimizing both combustion
efficiency and NOx levels.
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