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ABSTRACT: Low-NOx combustion of natural gas is essential for cleaner industrial heat supply under increasingly

strict emission regulations. However, many existing low-NOx swirl burners still rely on single-mechanism control and

su�er trade-o�s between temperature suppression, combustion stability, and mixing uniformity. �is work develops

and numerically optimizes a structurally integrated cyclonic-impingement natural-gas burner that combines four rows

of impinging secondary-air jets with four axially de�ected main fuel nozzles, realizing a coupled swirl-impingement-

staging mechanism that di�ers fundamentally from conventional swirl burners employing only geometric swirl or

simple air staging. Validated three-dimensional RANS CFD simulations (realizable k-ε turbulence model, steady

di�usion �amelet combustion, andDO radiation), a�er grid-independence testing and comparisonwith literature data,

are used to quantify the e�ects of burner load, primary/secondary air ratio, excess air coe�cient, and air-preheating

temperature on the furnace thermal �eld, �ow structures, and NOx distribution. �e results show that the proposed

burnermaintains ultra-low-NOxoperationwith outlet concentrations below 50mg⋅m−3 over the entire operating range,
while preserving complete and stable combustion. A primary-to-secondary air ratio of 2:8 and an excess air coe�cient

of about 1.05 provide an optimal compromise between combustion intensity and emission control, and operation with

approximately ambient-temperature air (≈300 K) is recommended when NOx reduction is prioritized. Within the

investigated parameter space, the simulated NOx levels fall within or below the ranges reported for low-NOx swirl

burners in the literature, while o�ering a structurally distinct solution based on integrated swirl-impingement-staging.

�ese �ndings highlight the practical potential of the proposed integrated design as a compact ultra-low-NOx option

for upgrading industrial gas-�red combustion systems to cleaner operation.
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1 Introduction

Burners are one of the most essential thermal elements within boiler systems, substantially in�uencing

combustion e�ciency and pollutant emissions [1]. Signi�cant global attention has been drawn to improve-

ments in burner technology. Recent studies emphasize natural gas as the primary fuel due to its high thermal

e�ciency and environmental advantages, particularly its ability to limit NOx formation and comply with

strict emission regulations [2]. Current research prioritizes the design of advanced high-e�ciency and low-

emission combustion and gas-utilization con�gurations to enhance thermal e�ciency, optimize combustion

control mechanisms, and reduce emissions at the source [3–6]. Consequently, optimization of structural

and operational parameters is critical in the development of modi�ed burners, given the direct e�ects on

industrial progress, economic sustainability, and environmental protection. Acceleration of fundamental

research in low-NOx combustion technology remains an urgent priority within the scienti�c �eld [7].
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Li et al. [8] employed Large Eddy Simulations to investigate the e�ect of water vapor addition in

partially premixed swirling ammonia/methane �ames and showed that NO emissions can be reduced

mainly through physical dilution; however, excessive addition leads to marked �ame instability, revealing

a trade-o� between NOx abatement and stable operation. Zhien and Ali Al-attab [9] analyzed a cyclonic

multi-stage combustor for low-grade biomass producer gas and demonstrated that high-temperature low-

oxygen staging improves low-NOx performance, yet their con�guration is closely tied to the speci�c fuel

properties and does not explicitly address temperature uniformity in compact gas-�red systems. Lei et al. [10]

numerically examined a gear-type combustion stabilizer in a swirl burner and reported a 17.02% reduction

in NOx due to enhanced rich/lean separation, but the optimization remained limited to local stabilizer

geometry without coordinated control of fuel–air staging or near-wall recirculation. Shao et al. [11] explored

layered combustion of peanut-shell briquette fuel and identi�ed an optimal primary air-supply rate for

minimizing NOx, while the applicability of this strategy is largely con�ned to biomass-�red furnaces. Zeng

et al. [12] combined experiments and simulations to clarify NOx formation and reduction mechanisms

in stereo-staged pulverized-coal combustion, con�rming the key role of air equivalence ratio but still

revealing a tension between reduced peak temperatures and su�cient burnout. Huang et al. [13] proposed a

water-cooled premixed natural-gas burner that lowers NOx emissions by decreasing furnace temperatures,

although the associated e�ciency penalty and structural complexity restrict its practical use. Taken together,

these representative studies indicate that single-mechanism approaches—such as diluent addition, swirl

modi�cation, air or fuel staging, and external cooling—can suppress NOx under certain conditions, yet

they also expose persistent trade-o�s among temperature suppression, combustion stability, and mixing

uniformity, and seldom treat swirl, staging, and recirculation as part of an integrated burner design.

�e present study concentrates on the development and multi-objective optimization of a new low-

NOx natural gas burner that integrates complementary emission-control strategies such as staged air

supply, graded fuel distribution, and enhanced cyclonic �ow to create a cyclonic impingement combustion

con�guration. Structurally, the combustor incorporates four rows of impinging secondary-air tubes, each

row containing eight uniformly spaced jets to reinforce convective mixing across the furnace cross-section,

while four main fuel pipes are equipped with burner nozzles that include a �nite axial de�ection to stabilize

the �ame and control the e�ective swirl intensity. In contrast to conventional swirl burners, this arrangement

establishes a coupled “swirl-impingement-staging” mechanism, in which a tangential primary jet forms

a concentrated vortex core that impinges on a concave �ame-stabilizing surface before interacting with

the staged secondary-air jets. �rough this con�ned recirculation and multi-point mixing, fuel-air micro-

mixing is intensi�ed and high-temperature regions are more evenly redistributed in the main combustion

zone, helping to alleviate local peak temperatures while maintaining stable low-NOx combustion. �ree-

dimensional computational �uid dynamics (CFD) simulations, performed using ANSYS FLUENT, were

employed to quantitatively analyze temperature gradients, vortex-driven �ow structures, and NOx spatial

distributions within the combustion chamber. �rough response surface-based multi-objective optimiza-

tion, the study not only identi�es structural and operational parameters that minimise NOx emissions but

also demonstrates measurable improvements in stability and combustion e�ciency compared with existing

swirl-type low-NOx burners, thereby providing a clearly di�erentiated burner con�guration with promising

potential for practical deployment.

2 Method of Calculation

2.1 Physical Model

�e combustion of natural gas with an oxidizing medium inside a combustion chamber represents a

multifaceted physicochemical process that combines intricate mechanisms of heat transfer, �uid dynamics,
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and mass as well as energy exchange. Consequently, several mathematical models are employed in this

research to capture and represent the di�erent physicochemical interactions involved.

2.1.1 Governing Equation

�e �ow analyzed in this study is governed by three primary conservation laws: the conservation of

mass, the conservation of momentum, and the conservation of energy [14].

(1) Mass conservation equation:

∂ρ

∂t
+ ∂

∂xj
(ρuj) = 0 (1)

(2) Equation of conservation of momentum:

∂

∂t
(ρui) + ∂

∂xj
(ρuiuj) = − ∂P

∂xi
+ ∂

∂xj
(τij) + ρfi (2)

(3) Energy conservation equation:

∂

∂xi
(ρCPT) + ∂

∂xj
(ρCPujT) = ∂

∂xj
( µ
Pr

λ
∂CPT

∂xj
) +wsQS (3)

2.1.2 Viscous Model

In the present work, the turbulent �ow in the combustor is described by the Reynolds-averaged Navier–

Stokes (RANS) equations, and a turbulence closure is required to model the Reynolds stresses. Given

the high Reynolds number, strong swirl and pronounced recirculation induced by the swirl–impingement

con�guration, the realizable k-ε model is adopted as a compromise between predictive accuracy and

computational cost. �is model has been reported to provide improved performance over the standard k-ε

formulation for �ows with strong streamline curvature and rotation, such as swirling jets and combustor

internal �ows [15]. In the present swirl impingement gas burner, the realizable k-ε model is therefore

employed to capture the main features of the recirculation zones and shear layers while keeping the overall

computational e�ort at a practically acceptable level.

2.1.3 Combustion Model

In the present work, combustion in the swirl impingement burner is treated as a non-premixed

process and is described using a steady di�usion �amelet formulation within a Reynolds-averaged (RANS)

framework. Within the �amelet concept, the thin reaction zone is treated as a quasi-laminar di�usion �ame

embedded in a turbulent �ow �eld, and the thermo-chemical state is parameterized by the mixture fraction

and its scalar dissipation rate [16]. �e mixture fraction Z is constructed from the elemental mass fractions

of the fuel, oxidiser and products according to Eq. (4), and the local equivalence ratio ϕ is obtained from Z

using Eq. (5).

Z =
β − βox
βf − βox (4)

ϕ =
Z/ (1 − Z)

Zst/ (1 − Zst) (5)
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β = ZC + ZH

4
+ ZN

2
(6)

To retain computational e�ciency, a library of adiabatic, steady counter-�ow di�usion �amelets is

pre-computed with detailed (or reduced) chemistry, and the species mass fractions and source terms are

subsequently obtained by interpolation in this library during the CFD simulation [17]. Although radiative

and convective heat losses can alter the absolute temperature level, their in�uence on the normalized species

pro�les is assumed to bemoderate, so the use of an adiabatic �amelet library represents a commonly adopted

engineering approximation for furnace-scale simulations.�e combustor investigated here features multiple

fuel and oxidiser inlets and predominantly non-premixed mixing; under these conditions, the steady

di�usion �ameletmodel provides a reasonable compromise between physical �delity and computational cost

and is adequate for predicting the main trends of furnace temperature and NOx formation.

2.1.4 Radiation Model

�eheat exchange between the �ame and the furnace heating components requires the use of an appro-

priate radiative heat-transfer model to ensure accurate simulation outcomes. �e Fluent so�ware provides

several radiation models, including the discrete transfer radiation model, the Rosseland approximation, and

the discrete ordinates formulation [18]. Considering the participating gaseousmedium, the complex surface-

to-surface energy exchange and the need to balance accuracy with computational cost, the DO model is

adopted in this study to describe radiative heat transfer within the combustion simulations.

2.2 Burner Structure

Swirl impact gas burners are modi�ed versions of conventional combustion devices that are widely

investigated as low-NOx combustion systems and can achieve reduced NOx levels in the exhaust compared

with standard swirl burners. �eir functioning relies on specially contoured internal aerodynamic passages

that create swirling �ows, promoting thorough mixing of fuel and oxidizer and ensuring even distribution,

which in turn improves combustion performance. Drawing on key principles of ultra-low-NOx (ULN)

combustion—such as staged air supply and enhanced internal recirculation—an initial con�guration of the

present burner was designed, and its three-dimensional geometry is illustrated in Fig. 1.

Figure 1: Structure of a swirl impact gas burner

As shown in Fig. 1, the cyclonic impingement burner consists of a central primary fuel duct, annular air

passages, fuel distribution manifolds with multi-ori�ce gas injectors, and swirl vanes. �e central fuel duct
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is positioned on the burner axis and is designed for outward radial fuel injection into the surrounding air

stream. Each surrounding gas manifold is equipped with a multi-ori�ce injector that features a central main

jet encircled by four smaller jets responsible for �ame stabilization. �e secondary air system is arranged

as eight vertically aligned ducts, paired axially with identical dimensions and evenly distributed around the

burner circumference. �ese ducts are positioned along the inner wall within an annular plenum that also

provides convective cooling of the duct walls. Both oxidizer and fuel are introduced in two distinct stages.

Controlled staging of the air supply is a key mechanism for achieving e�cient and clean combustion, while

the small-scale secondary ducts act as stability regulators, helping to lower pollutant emissions by separating

pyrolytic and oxidative reaction regions within the �ame.

�e intricate structure of the burner demands substantial computational resources. Preliminary simu-

lations with extended furnace lengths (not shown) indicated that the downstream section has a negligible

in�uence on the near-burner �ow and temperature �elds. �erefore, the present analysis focuses on the

truncated upstream portion of the cyclonic impingement burner, which was simpli�ed for computa-

tional modeling.

A two-dimensional schematic of the simpli�ed swirl impact gas burner is illustrated in Fig. 2,

while Table 1 provides its detailed dimensional speci�cations. Following the development of the simpli�ed

combustor model, the chamber design was adjusted accordingly. Based on the dimensions of the radiant

section of the boiler, the chamber was con�gured with a length of 1000 mm and a diameter of 500 mm.

Figure 2: Two-dimensional schematic of a swirl impact gas burner

Table 1: Simpli�ed structural dimensions of a cyclone impingement gas burner

Name Unit Size

Overall length of combustor mm 420

Diameter of combustor mm 250

Length of main gas pipe mm 60

Diameter of main gas pipe mm 10

Length of secondary gas pipe mm 50

Diameter of secondary gas pipe mm 20

(Continued)
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Table 1 (continued)

Name Unit Size

Diameter of primary air duct mm 150

Diameter of secondary air small

duct

mm 3.8

Number of cyclone blades Number 5

Cyclone blade angle Degree 20

2.3 Computational Grid

Fig. 3 illustrates the integration of the swirl impact gas burner with the furnace chamber.�e simpli�ed

representation of the burner is discretized through tetrahedral meshing, and mesh re�nement is applied to

regions of the burner where structural complexity is signi�cant. In contrast, the furnace chamber possesses

a relatively simple geometry, which allows it to be divided using structured meshing.�e two separate mesh

systems are linked together through an INTERFACE face.

 

(a ( ) b) 

(c)

Figure 3: Computational domain grid. (a) Swirl impact burner, (b) Furnace, (c) Swirl impact burner and Furnace

2.4 Boundary Condition

For the design calculations presented in this study, a burner with a rated capacity of 700 kW is selected,

and its principal technical speci�cations are listed as follows.

Rated output for the low nitrogen burner: 700 kW.

Energy source: natural gas.

Heating value of natural gas: 8600 kcal/m3.
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Heat load:

qv = 700 × 860 = 6.02 × 105 kcal (7)

Gas consumption:

Q = 6.02 × 105/8600 = 70m3/h (8)

In the present work, an excess air coe�cient of 1.05 was applied, corresponding to a calculated com-

bustion gas demand of 9.996 m3. Although industrial natural gas typically consists of multiple components,

the numerical model considered methane as the sole fuel species to simplify the calculation process. �e

oxidizing medium was de�ned as a binary mixture of oxygen and nitrogen, with inlet temperatures for all

streams �xed at 26.85○C.�e speci�ed excess air coe�cient was maintained throughout the simulation.

NOx concentration can be calculated using the following expression:

CNOx
= ρoutYNOx ,out × 106 (9)

In this expression, CNOx
is the NOx mass concentration on a dry or wet basis at the furnace outlet, ρout

represents the actual density of the �ue gas at the furnace outlet, and YNOx ,out denotes the mass fraction of

NOx component in �ue gas at the furnace outlet.

In this study, NOx concentrations are expressed as outlet �ue-gas mass concentrations (mg⋅m−3, wet
basis) without normalization to a reference oxygen level, unless otherwise speci�ed.

In the numerical modeling carried out for this study, the inlet �ow rate is derived from the burner’s

operational speci�cations. �e wall temperature of the burner is maintained at a constant 500 K, while

the furnace chamber wall is set at a �xed 1000 K. Details of the boundary condition settings are provided

in Table 2.

Table 2: Boundary conditions

Name Diameter (mm) Velocity (m/s)

Entrance-main gas 10 55.82

Entrance-primary air 150 2.36

Entrance-subgas 20 6.24

Inlet-secondary air 250 5.41

pressure outlet 500

2.5 Solver Settings

�e simulations were performed using the pressure-based segregated solver in ANSYS FLUENT. For

pressure-velocity coupling, the SIMPLE algorithm was adopted, as the present problem is treated as statis-

tically steady and preliminary tests indicated no appreciable di�erences in the mean �ow and temperature

�elds when compared with SIMPLEC, while SIMPLE provided slightly more robust convergence [19]. �e

pressure equation was discretized using the standard scheme, and gradients were computed with the Green-

Gauss cell-based method. All convective terms in the momentum, turbulence, species and energy equations

were discretized with a second-order upwind scheme to reduce numerical di�usion.

Under-relaxation factors were chosen based on both FLUENT default settings and additional conver-

gence tests. �e default values were retained for pressure, density and turbulent kinetic energy, whereas the
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momentumunder-relaxation factorwas set to 0.5 to stabilize the solution in regionswith strong recirculation.

For species, a value of 0.8–0.9 was found to o�er a good compromise between stability and convergence rate;

for the energy and radiation equations, an under-relaxation factor of 0.9 was used [20]. During the iterative

process, residuals of all equations were monitored and reduced below 10−4 (10−6 for the energy equation),

and global quantities such as furnace outlet temperature and average NOx concentration were required to

reach steady values before a solution was accepted as converged.

To improve robustness, a two-step solution procedure was employed. First, an isothermal “cold-�ow”

simulation was carried out by solving only the �ow and turbulence equations until a steady recirculating

velocity �eld was obtained. Subsequently, the energy, radiation and species transport equations were

activated, and iterations were continued until both residual and integral convergence criteria were satis�ed.

2.6 Grid Independence and Boundary-Layer Velocity Pro�les

To verify that grid quantity does not in�uence the accuracy of the simulation, numerical tests were con-

ducted with grid schemes A through F under identical operating conditions. �e corresponding outcomes

are presented in Table 3 and Fig. 4. From grid D onward, the temperature �uctuations become stable. Taking

into account the computational capacity available, grid D is selected for use in this study.

Table 3: Grid-independent relevance veri�cation

A B C D E F

Number of grids (millions) 65 108 137 196 270 320

Average outlet temperature (K) 418.136 440.114 488.707 408.231 407.076 408.039

Maximum furnace chamber temperature (K) 2243.046 2210.924 2185.194 2024.877 2013.123 1971.529

Furnace average velocity (m/s) 24.040 25.306 26.620 27.284 27.195 27.800

Figure 4: Distribution of average outlet temperature, maximum furnace temperature, and average furnace velocity
with di�erent grids

In addition to the grid independence study, the non-dimensional wall distance (y+) is a key metric for

evaluating near-wall mesh quality. It quanti�es the distance from the wall in boundary layer �ows and is
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crucial for accurately resolving turbulent structures and wall shear e�ects. y+ is de�ned as [21]:

y+ =
uτ∆y

ν
(10)

where ∆y is the distance from the wall to the center of the �rst computational cell, uτ =
√
τw/ρ is the friction

velocity derived from wall shear stress τw , and ν is the kinematic viscosity.

For wall-function-based Reynolds-averaged turbulence modeling, it is generally desirable that the �rst-

cell center lies in the logarithmic region of the boundary layer (i.e., y+ of the order of 10–102), so that

the empirical wall functions remain valid and the main near-wall momentum and heat-transfer trends are

captured with acceptable accuracy. In the presentmesh, excluding a small local peak near a geometric corner,

the evaluated y+ values on the burner and furnacewalls lie between approximately 2.4 and 114, with an average

of about 21; roughly three-quarters of the wall-adjacent locations fall in the range y+ = 5–30, while only a

few regions are slightly below 5 or above 30.�is distribution indicates that the near-wall resolution is of the

correct order of magnitude for the chosen realizable k-εmodel with standard wall functions and is su�cient

to represent the overall wall shear stress, heat-transfer behavior, and near-wall �ow structures in the present

simulations, while maintaining reasonable computational cost.

To complement the y+ analysis, boundary-layer velocity pro�les were extracted to further assess the

near-wall resolution and verify that the wall-bounded �ow is properly captured. Fig. 5 presents the non-

dimensional streamwise velocity u/Ubulk as a function of the normalized radial coordinate y/R at three

representative wall-normal sampling ranges, corresponding to the outer 20%of the radius (0.80 ≤ y/R ≤ 1.00),

the outer half of the radius (0.50 ≤ y/R ≤ 1.00) and the full cross-section (0 ≤ y/R ≤ 1.00). For each case, pro�les

are shown at three axial locations downstream of the burner exit (z = 603, 840, 1077mm), which characterize

the evolution of the boundary layer along the combustor wall. Near the wall, all pro�les converge to u/Ubulk

→ 0 at y/R = 1, satisfying the no-slip condition and displaying steep velocity gradients that are well resolved

by the current mesh.

Figure 5: Boundary-layer velocity pro�les of the streamwise velocity normalized by the bulk velocity, u/Ubulk at
di�erent axial positions z along the combustor. (a) Outer 20% of the radius (0.80 ≤ y/R ≤ 1.00), (b) outer half of the
radius (0.50 ≤ y/R ≤ 1.00), (c) full radius (0 ≤ y/R ≤ 1.00)

In the outer 20% of the radius (Fig. 5a), the velocity remains signi�cantly lower than the bulk value

(u/Ubulk < 1), indicating a low-speed annular region associated with the turbulent boundary layer. As the

�ow progresses downstream, the near-wall velocity de�cit expands toward smaller y/R, re�ecting a gradual

thickening of the boundary layer. When the sampling range is extended to the outer half of the radius

(Fig. 5b), the pro�les exhibit a smooth transition from the low-velocity near-wall region to the higher-

velocity core, and the crossover of the curves at di�erent axial positions reveals the decay of the central jet and
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redistribution of momentum toward the outer shear layer. �e full-radius pro�les (Fig. 5c) further con�rm

that the jet-like core region close to the burner exit initially reaches peak velocities exceeding 20Ubulk, but

this excess momentum rapidly diminishes with increasing axial distance, while the near-wall region remains

characterized by a monotonic decrease in u/Ubulk toward zero. �ese observations are consistent with the

expected development of a turbulent boundary layer in a con�ned swirling jet and, together with the y+

statistics, demonstrate that the near-wall �ow is capturedwith su�cient accuracy for the present simulations.

2.7 Model Validation

�e simulation results were compared with measurement data reported in a related study [22] to

con�rm the reliability of the selected numerical approach. Table 4 provides the inlet velocities of the burner

corresponding to various load conditions. To ensure consistent boundary settings, the burner inlet velocities

in the simulations were con�gured tomatch the operating parameters documented in [22] for each load case,

and the same fuel type and nominal heat-load range were adopted as in the reference experiment.

Table 4: Burner inlet velocities under di�erent load conditions

Scheme Load
One wind speed

(m/s)

Secondary wind

speed (m/s)

Main combustion

speed (m/s)

Secondary

combustion speed

(m/s)

1 f1 0.47 1.08 11.16 1.25

2 f2 0.94 2.16 22.33 2.50

3 f3 1.42 3.25 33.49 3.75

4 f4 1.89 4.33 44.66 5.00

5 f5 2.36 5.41 55.82 6.24

Fig. 6 compares the literature data and the simulated results of average furnace temperature, �ow

velocity, and NOx emission concentration across �ve di�erent loads. �e predicted average temperatures

(1337.2–1460.7 K) closely match the values reported in [22] (1334–1455 K), with a maximum deviation of

less than 0.6%. Similarly, the simulated average velocities (29.3–126.4 m⋅s−1) agree well with the literature

values (29–125m⋅s−1), showing consistent trends andmagnitudes throughout. In terms of pollutant emission,

both simulated and reported NOx concentrations rise steadily with increasing load. At load f1, the NOx

concentrations given in [22] and the simulation are 18.36 and 18.74 mg⋅m−3, respectively, while at load f5

the values increase to 46.33 and 47.45 mg⋅m−3. �e overall NOx prediction maintains a maximum relative

deviation below 2.5% and an average deviation under 1.6%. Together with themesh-independence study and

the near-wall boundary-layer checks presented in Section 2.6, this close agreement for temperature, velocity

and NOx across multiple operating conditions indicates that the present CFDmodel can reliably capture the

coupled e�ects of �ow, heat transfer and emission formation in this class of natural-gas burners. Although

no independent experiments are currently available for the newly proposed swirl impact gas burner, the

validated numerical framework from this benchmark con�guration provides reasonable con�dence for the

subsequent parametric analysis and optimization of the new design.
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Figure 6: Comparison between the present simulation and experimental data from Ref. [22] under di�erent loads.
(a) Average furnace temperature, (b) Furnace average velocity, (c) Exhaust NOx emission concentration

3 Results and Discussion

3.1 In�uence of Load

3.1.1 Temperature Field Analysis

Figs. 7 and 8 illustrate the temperature distribution within the burner at di�erent loads and the

temperature pro�le along the centerline, respectively. As the �ring load increases, the high-temperature zone

in the furnace chamber gradually extends downstream and occupies a larger cross-sectional area. Because

only about 10% of the total fuel is injected through the central nozzle and the remaining 90% is supplied by

the outermain gas pipes, themain �ame is con�ned to the annular region of the furnace, and the temperature

along the centerline remains lower than that near the periphery. �is behavior is further in�uenced by the

internal burner geometry: four rows of impinging secondary-air tubes, each row containing eight evenly

distributed jets, and fourmain fuel pipes equippedwith burner nozzles de�ected by 30○ in the axial direction.

�e impinging secondary jets and the de�ectedmain nozzles enhance swirl and cross-streammixing, driving

the reaction zone towards the outer ring while maintaining a relatively cooler, recirculating core.�e furnace

exit, positioned at the right rear, allows �ue gas to accumulate and form a re�ux, which mixes hot products

with cooler gases,moderates the local peak temperature, and consequently reduces nitrogen oxide emissions.

Figure 7: Temperature contours at the YZ section under di�erent loads. (a) f1, (b) f2, (c) f3, (d) f4, (e) f5
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Figure 8: Axial temperature pro�les under di�erent loads

Figs. 7 and 8 indicate that as the load rises from f1 to f5, the centerline temperature and the temperature

at the furnace outlet both increase, and the high-temperature region becomesmore pronounced.�e average

temperature on the Y-Z section rises from 1168.5 to 1213.7 K, corresponding to an increase of about 45 K

(≈5%). �e furnace outlet exhibits a temperature range of 1000 to 1600 K, showing that combustion �ue gas

temperatures grow with increasing load.

3.1.2 Flow Field Analysis

�e furnace chamber features a trapezoidal design with the outlet positioned at the side and rear. To

examine internal �ow patterns, the central longitudinal section YZ was selected for analysis, as depicted

in Fig. 9. As the combustion load rises from f1 to f5, both gas and air �ow rates increase, resulting in an overall

upward trend in velocity across the central cross-section. Fig. 10 shows that velocity gradually decreases along

the center axis of the chamber, with most �ue gas exiting through the outlet while some forms a back�ow

in the central region. At a given axial position, the velocity �eld exhibits higher speeds near the burner

axis and lower speeds close to the outer ring, re�ecting the combined action of the central jet from the

30○-de�ected main fuel nozzles and the multiple impinging secondary-air jets. �e four rows of impinging

secondary-air tubes generate strong shear layers and local recirculation zones, which intensify turbulent

mixing between natural gas and air and help to stabilize the �ame under all load conditions, leading to more

complete combustion.
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Figure 9: Velocity contours at the YZ section under di�erent loads. (a) f1, (b) f2, (c) f3, (d) f4, (e) f5

Figure 10: Axial velocity pro�les under di�erent loads

3.1.3 NOx Concentration Analysis

Fig. 11 presents the NOx distribution in the YZ plane under varying load conditions. Consistent with

prior analyzes, NOx concentrations increase monotonically as the load rises from f1 to f5. As illustrated

in Fig. 12, when the load is raised from f1 to f5, the combustion chamber temperature increases from 1168.51

to 1213.73 K, accompanied by a corresponding increase in NOx concentration from 18.74 to 47.45 mg⋅m−3,
remaining below the regulatory limit of 50 mg⋅m−3. �is trend re�ects the strong sensitivity of thermal

NOx formation to peak �ame temperature. At the same time, the staged supply of fuel and air through

the four axially de�ected main fuel nozzles and the four rows of impinging secondary-air tubes promotes

distributed combustion and e�ective �ue-gas recirculation, which suppress local temperature spikes and

enables the burner tomaintain NOx emissions below the limit even at the highest load.�ese results indicate

that combustion load exerts a notable in�uence on both furnace temperature and NOx emissions, while the

speci�c cyclonic-impingement burner structure plays a key role in limiting NOx under high-load operation.
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Figure 11: NOx concentration contours at the YZ section under various loads. (a) f1, (b) f2, (c) f3, (d) f4, (e) f5

Figure 12: NOx concentration and maximum temperature pro�les under di�erent loads

3.2 In�uence of Primary-to-Secondary Air Ratio

�e operating conditions of the swirl impact gas burner play a crucial role in NOx formation. �is

section explores the in�uence of variations in primary-to-secondary air ratios on the low-NOx combustion

performance of the burner. Simulations were conducted using default parameters: full-load operation, a

swirl vane de�ection angle of 20○, four main-stage combustion nozzle holes, an excess air coe�cient of

1.05, and an air preheating temperature of 300 K. On this basis, three primary-to-secondary air ratios were

investigated, namely 1:9, 2:8 and 3:7, by analyzing the resulting temperature �elds, �ow structures and NOx

distribution patterns.

Fig. 13 illustrates the temperature distribution for three primary-to-secondary air ratios. Among the

three cases, the 2:8 primary-to-secondary air ratio produces themost favorable temperature �eld, with awell-

developed high-temperature core and relatively smooth axial decay. At this con�guration, the larger share of

secondary air interacts with the �ame downstream of the burner exit, enhancing contact between fuel and

oxidiser and promoting more complete combustion while avoiding excessively oxygen-rich or over-diluted

zones near the burner head; as a result, peak temperatures are moderated and thermal NOx formation is

constrained. When the primary-to-secondary ratio is reduced to 1:9, the small amount of primary air may

lead to weaker near-nozzle jet momentum and less intense initial fuel–air mixing, which in practice could

result in poorer ignition robustness and a lower overall furnace temperature. Increasing the primary air
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fraction strengthens the central jet and raises the local oxygen concentration, which accelerates combustion

and elevates the overall �ame temperature; however, an excessively large primary share (3:7) tends to push

the reaction zone away from the burner axis and makes the temperature �eld more non-uniform, indicating

a greater risk of unstable combustion and local hot spots.

Figure 13: Temperature contours for di�erent primary-to-secondary air ratios. (a) primary-to-secondary air ratio 1:9,
(b) primary-to-secondary air ratio 2:8, (c) primary-to-secondary air ratio 3:7

Fig. 14 presents the average temperature distributions across di�erent planes for varying primary-to-

secondary air ratios. At a ratio of 1:9, the dominance of secondary air produces strong local vortices near

the burner head and steep temperature gradients in the near-burner region. In contrast, the 3:7 case exhibits

a noticeably lower peak temperature in the core because of stronger near-axis penetration of the primary

jet and enhanced dilution of the �ame by excess air. For the 2:8 case, the cyclone strength and mixing

e�ciency are better balanced, and the oxygen concentration boundary layer is closely aligned with the

reaction zone, which reduces axial temperature �uctuations and yields a more uniform temperature �eld

throughout the furnace. �ese results indicate that allocating 80% of the air as secondary �ow provides a

favorable compromise between oxygen transport and turbulent mixing, leading to an improved temperature

distribution in the combustion chamber.

Figure 14: Mean temperature pro�les of each plane for various primary-to-secondary air ratios
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Fig. 15 presents the velocity contours corresponding to three di�erent primary-to-secondary air ratios.

In all cases, the highest �ow velocity occurs near the junction between the burner outlet and the small

secondary-air duct outlets. It is observed that when the primary-to-secondary air ratio reaches 2:8, the �ow

stabilizes, while further increasing the ratio to 3:7 causes the combustion to shi� away from the Z-axis.

Supplying 20%primary air provides su�cient initialmomentum for the fuel jet andmaintains a stable conical

�ame, whereas 80% secondary air is injected inmultiple stages, forming an enhancedmixing region inwhich

the interaction between the main jet and the impinging secondary jets promotes vigorous yet controlled

turbulence. �e large proportion of secondary air also generates a recirculation zone around the main jet

that increases the residence time of partially reacted gases in the combustion zone and improves burnout;

owing to the staged injection and distributedmixing, this enhanced recirculation does not lead to excessively

high peak temperatures and is therefore bene�cial for both combustion e�ciency and NOx control. Fig. 16

illustrates the velocity pro�les at z = 257mm for the �rst two air ratios. As the primary-to-secondary air ratio

increases, the central velocity decreases, and the high-velocity region expands, promoting improved mixing

between intermediate fuel and air.

Figure 15: Velocity contours under various ratios of primary and secondary air. (a) primary-to-secondary air ratio 1:9,
(b) primary-to-secondary air ratio 2:8, (c) primary-to-secondary air ratio 3:7

Figure 16: Velocity distribution curves for di�erent primary and secondary air distribution ratios at interface
z = 257 mm
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Fig. 17 presents the nitrogen oxide concentration distribution under varying primary-to-secondary

air ratios. Simulation results indicate that increasing the proportion of primary air leads to higher NOx

concentrations. �e minimum NOx level is obtained for the 1:9 case (10% primary air and 90% secondary

air), where the relatively low furnace temperature suppresses thermalNO formation but also corresponds to a

comparatively low heat-release level. When the secondary-air share is reduced to 70% (3:7), the higher �ame

temperature and more oxygen-rich core produce clearly increased NOx emissions. Balancing combustion

e�ciency and pollutant emissions, the optimal primary-to-secondary air ratio is determined to be 2:8.

Figure 17: NOx concentration contours under various primary-to-secondary air ratios. (a) primary-to-secondary air
ratio 1:9, (b) primary-to-secondary air ratio 2:8, (c) primary-to-secondary air ratio 3:7

3.3 In�uence of the Excess Air Coe�cient

To examine the in�uence of the excess air coe�cient on low-NOx combustion performance in the swirl

impact gas burner, a series of simulation conditions was established.�e burner operates at full load, with the

swirler vane �xed at a 20○ de�ection angle and four nozzles in the main combustion stage. �e primary-to-

secondary air ratio is set at 2:8, and the air preheating temperature is 300 K. Under these baseline conditions,

four excess air coe�cients were considered, α = 1.03, 1.05, 1.07 and 1.09, and their e�ects on temperature

distribution, �ow characteristics and NOx emission patterns were evaluated.

Fig. 18 presents the temperature distribution for various excess air coe�cients. �e results show that

as the excess air coe�cient rises, the average furnace temperature �rst increases and then decreases, while

the �ame structure remains largely unchanged. Increasing the coe�cient from 1.03 to 1.05 promotes more

complete combustion, enhances heat release, and raises the furnace temperature. Further increasing the

coe�cient from 1.05 to 1.09 introduces cooler air into the chamber, reducing the overall temperature

generated by combustion.

Figs. 19 and 20 illustrate the velocity contours and velocity pro�les at the z = 257 mm interface for

di�erent excess air coe�cients. As the excess air coe�cient increases, the overall �ow velocity within the

combustion chamber rises and the radial extent of the high-velocity region becomes larger. At the same

time, the decay of swirl along the axial direction slows down and the turbulence intensity in the core jet

increases, indicating stronger momentum exchange between the primary and secondary streams. For the

largest excess air coe�cient (α = 1.09), the balance between jet impingement momentum and secondary-air

injection is disturbed, and the velocity distribution becomes more uneven, suggesting enhanced dynamic

pressure �uctuations and a greater likelihood of local �ow instabilities.

Fig. 21 presents the NOx concentration distribution for various excess air coe�cients. It is observed that

the NOx levels in the swirl impact gas burner display a non-monotonic trend, initially decreasing and then

rising. �e lowest NOx concentration occurs at an excess air coe�cient of 1.05, where the combination of

su�cient oxygen supply and relatively moderate peak temperatures yields a more favorable balance between
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combustion completeness and thermalNO formation.At lower excess air (α = 1.03), local near-stoichiometric

high-temperature zones can still develop because of limited mixing, which maintains signi�cant thermal

NOx production despite the lower global air ratio. When α is increased beyond 1.05, the additional oxygen

and the extended residence of gases in moderately high-temperature regions promote the classical thermal

NOxmechanism via the Zeldovich route [23], leading to a gradual increase in NOx emissions. Overall, these

results indicate that an excess air coe�cient of about 1.05 o�ers the best compromise between combustion

performance and NOx control for the present burner con�guration.

Figure 18: Temperature contours across di�erent excess air coe�cients. (a) excess air coe�cient 1.03, (b) excess air
coe�cient 1.05, (c) excess air coe�cient 1.07, (d) excess air coe�cient 1.09

Figure 19: Velocity contours across di�erent excess air coe�cients. (a) excess air coe�cient 1.03, (b) excess air
coe�cient 1.05, (c) excess air coe�cient 1.07, (d) excess air coe�cient 1.09
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Figure 20: Velocity distribution pro�les across di�erent excess air coe�cients

Figure 21: NOx concentration contours across di�erent excess air coe�cients. (a) excess air coe�cient 1.03, (b) excess
air coe�cient 1.05, (c) excess air coe�cient 1.07, (d) excess air coe�cient 1.09

3.4 In�uence of Air Preheating Temperature

In this study, the swirl impact gas burner was treated as the baseline case to examine the e�ect of

preheated air temperature on its low-NOx combustion performance. Simulation conditions were set with

the burner operating at full load, the cyclone blade de�ection angle �xed at 20○, four nozzles in the main

combustion stage, a primary-to-secondary air ratio of 2:8, and an excess air coe�cient of 1.05. Within this

operating framework, four inlet-air preheating temperatures, 300, 400, 500 and 600 K, were analyzed in

order to assess their in�uence on the temperature distribution, �ow characteristics and NOx emissions.

Fig. 22 presents the temperature distribution within the furnace chamber under various inlet air

preheating conditions. It is observed that with rising preheating temperature, the dark red region expands,

and the overall temperature increases signi�cantly. Higher preheating levels reduce the distinction of the

�ame surface during staged combustion and enlarge the spatial extent of local high temperature regions.

�e e�ect of air preheating on the combustion process is expressed in two principal aspects. First, hot air
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delivers greater enthalpy to the chamber, which accelerates fuel drying and combustion reactions. Second, it

raises the kinetic energy of the incoming �ow, strengthens turbulence, and promotes more e�ective mixing

of fuel with air. �e simulations show that at 300 K inlet temperature the �ame remains relatively compact,

whereas increasing the preheating temperature up to 600 K causes the �ame core and surrounding high-

temperature regions to merge and the high-temperature zone to expand markedly. Although preheating

enhances the initial reaction rate and peak temperatures, the associated increase in radiative heat losses

from the hottest regions and the higher propensity for local overheating partially o�set the theoretical

e�ciency gains; in contrast, the 300K case exhibits amoremoderate temperature distribution that represents

a practical compromise between energy utilization and thermal loading of the furnace walls.

Figure 22: Temperature contours at di�erent preheated air temperatures. (a) Preheating air temperature 300 K,
(b) Preheating air temperature 400 K, (c) Preheating air temperature 500 K, (d) Preheating air temperature 600 K

Figs. 23 and 24 illustrate the velocity distributions at di�erent air preheating temperatures and along

the interface z = 257 mm, respectively. With increasing preheating temperature, the density of the incoming

air decreases and the momentum exchange in the near-burner region is modi�ed, leading to a gradual

reduction in the mean �ow velocity at the burner outlet and within the furnace for the operating conditions

considered. At the same time, the elevated furnace temperature enhances turbulence intensity in the �ow

�eld, although the overall pattern of the velocity distribution remains essentially unchanged across the

examined preheating levels. �e lowest total �ow velocity occurs at a preheating temperature of 600 K

compared with other conditions.

Fig. 25 illustrates a contour plot of NOx concentration under various air preheating conditions. As the

preheated air temperature rises, NOx levels increase noticeably, and the growth pattern is nearly linear. �is

behavior occurs because NOx formation is concentrated in high-temperature regions, and its generation rate

is strongly in�uenced by thermal conditions. At 300 K inlet temperature, the NOx concentration reaches its

minimum value of about 19.3 mg⋅m−3. When the preheated temperature rises to 400 K, the concentration

increases to approximately 29 mg⋅m−3, and further preheating continues to raise NOx, although all cases

remain within the regulatory limit for the present study. Among all cases, 300 K corresponds to the lowest

NOx concentration within the combustion chamber. Hence, although preheating the inlet air enhances

combustion e�ciency, a relatively low preheating temperature (around 300K) is considered themost suitable

option when emission reduction goals are prioritized for this burner.
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Figure 23: Velocity contours at di�erent preheated air temperatures. (a) Preheating air temperature 300 K,
(b) Preheating air temperature 400 K, (c) Preheating air temperature 500 K, (d) Preheating air temperature 600 K

Figure 24: Velocity distribution pro�les at di�erent preheated air temperatures for interface z = 257 mm

Figure 25: NOx concentration contours at di�erent preheated air temperatures. (a) Preheating air temperature 300 K,
(b) Preheating air temperature 400 K, (c) Preheating air temperature 500 K, (d) Preheating air temperature 600 K
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4 Conclusion

�e research examines grid independence and validates the computational model of the burner.

Numerical simulations are employed to analyze howdi�erent operating conditions a�ect the furnace thermal

�eld, �ow �eld, and NOx concentration distribution, and to determine the optimal operational parameters

for a cyclonic impingement natural-gas burner integrating four rows of impinging secondary-air tubes and

four axially de�ected main fuel nozzles. �e main conclusions are summarized as follows:

(1) As the load increases, the furnace exhibits a larger high-temperature region, higher centerline tem-

perature, and increased �ow velocity, accompanied by localized back�ow near the outlet. Improved

mixing from the secondary air promotes more complete combustion. Bene�ting from the combined

swirl-impingement-staging arrangement, NOx levels rise with the temperature but still remain below

50 mg⋅m−3 across all conditions, indicating robust ultra-low-NOx performance under variable load.

(2) Increasing the primary-to-secondary air ratio initially raises the average furnace temperature and

then reduces it, while NOx concentration increases overall. �e highest average temperature occurs

at a primary-to-secondary air ratio of 2:8, whereas the lowest NOx concentration is observed at a

ratio of 1:9. Taking overall performance into account, and considering both combustion intensity

and NOx emissions, a primary to secondary air ratio of 2:8 is considered optimal for the present

burner geometry.

(3) As the excess air ratio increases, additional air at ambient temperature that does not participate directly

in combustion enters the furnace. �e average chamber temperature and NOx levels exhibit a non-

monotonic trend: when the excess air coe�cient increases from 1.03 to 1.05, improved mixing and

moderated peak temperatures reduce thermal NOx most e�ectively, whereas further increases in

excess air begin to raise NOx again. Considering combustion e�ciency, an excess air coe�cient of

1.05 is determined to be optimal.

(4) Higher air preheating temperatures increase the average temperature in the furnace chamber,

which leads to a proportional rise in NOx concentration. Although preheating improves com-

bustion e�ciency, operating with approximately ambient-temperature air (≈300 K) provides the

best compromise between emission reduction and energy consumption for the present swirl-

impingement–staging burner.

Overall, these results con�rm that the proposed structurally integrated burner, operated at a primary-

to-secondary air ratio of 2:8, an excess air coe�cient of about 1.05 and moderate air preheating, can

achieve stable combustion with ultra-low NOx emissions and o�ers a practical design reference for compact

industrial gas-�red systems.
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Symbols

ρ Density (kg⋅m−3)
t Time (s)

µ Dynamic viscosity (Pa⋅s)
λ �ermal conductivity (W⋅m−1⋅K−1)
β Conserved scalar constructed from elemental mass fractions of C, H and N

u Local streamwise velocity component (m⋅s−1)
y Wall-normal dinormal distance measured from the inner furnacestance measured from the inner

furnace wall toward the centerline (mm)

P Static pressure (Pa)

Q Fuel volumetric �ow rate (m3⋅h−1)
R Furnace radius (mm)

Z Mixture fraction

Nomenclature
CP Speci�c heat at constant pressure (J⋅kg−1⋅K−1)
fi Body force per unit mass (m⋅s−2)
xi Spatial coordinate (i = 1, 2, 3) (m)

xj Spatial coordinate (j = 1, 2, 3) (m)

uj Velocity component in the j-direction (m⋅s−1)
ui Velocity component in direction i (m⋅s−1)
τij Stress tensor (Pa)

ws Source term coe�cient (kg⋅m−3⋅s−1)
QS Heat release per unit mass (J⋅kg−1)
qv Volumetric heat release (kcal)

Ubul k Bulk (cross-sectional average) velocity at the corresponding axial location (m⋅s−1)
ZC Elemental mass fraction of carbon in the gas mixture

ZH Elemental mass fraction of hydrogen in the gas mixture

ZN Elemental mass fraction of nitrogen in the gas mixture

Zst Stoichiometric mixture fraction

βf Value of β in the pure fuel stream

βox Value of β in the pure oxidiser stream

Abbreviations
DO Discrete Ordinates

ULN Ultra-low-NOx

CFD Computational �uid dynamics

RANS Reynolds-Averaged Navier-Stokes
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