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Abstract: The International Energy Agency (IEA) reports that global carbon dioxide emissions continue to rise, particularly in devel-

oping regions with high fossil fuel reliance. Although liquefied natural gas (LNG) is recognized as a transitional energy source due to 

its lower CO2 emissions compared to coal and oil, its primary component, methane, exhibits a high global warming potential and still 

generates significant air pollutants—such as CO2, CO, and NOx—during combustion. Moreover, combustion emissions from indoor 

appliances, such as household gas stoves, pose serious health risks to users; in enclosed spaces, the accumulation of carbon monoxide 

can lead to fatal poisoning. This study experimentally investigates methane combustion efficiency using nitrogen-diluted methane 

diffusion flames with aspiration technology to reduce harmful emissions. A coaxial flow burner connected to a vacuum pump was used 

to examine diffusion flame formation under varying fuel dilution ratios, suction flow rates, and nozzle injection conditions. A total of 

87 gas mixtures were tested, and the resulting flame structures were classified into five regimes (Regime I to Regime V). As the suction 

flow rate increased, the flame transitioned from Regime I to Regime V. Moreover, as the conditions approached Regime V, the volume 

fraction of soot within the flame decreased, and the flame exhibited luminosity similar to that of blue, premixed flames. The successful 

characterization of flame lengths under various gas conditions provides valuable insights for optimizing industrial combustor designs. 
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1. Introduction

The history of global environmental policies dates back to the 

1992 United Nations Framework Convention on Climate Change 

(UNFCCC), which served as a foundational international agree-

ment addressing climate change. According to this declaration, 

signatory nations were required to implement national policies 

for reducing greenhouse gas (GHG) emissions in accordance 

with their respective circumstances and to compile national sta-

tistics on GHG emissions and absorption levels [1]. Subse-

quently, the Kyoto Protocol, established in 1997, legally man-

dated emission reduction obligations for 37 countries, including 

Australia, Canada, the United States, Japan, and European Union 

member states. This protocol, which came into effect in 2005, 

targeted the reduction of six major greenhouse gases: carbon 

dioxide (CO₂), methane (CH₄), nitrous oxide (N₂O), perfluoro-

carbons (PFCs), hydrofluorocarbons (HFCs), and sulfur hexaflu-

oride (SF₆) [2]-[5]. 

To replace the Kyoto Protocol, which expired in 2020, the 

Paris Agreement was adopted in 2015 as a universal framework 

for climate action, involving all nations. The agreement aimed to 

limit global temperature rise to below 2°C, with efforts to further 

restrict it to 1.5°C [6][7]. To achieve these goals, global GHG 

emissions must be reduced by at least 45% from 2010 levels by 

2030, with the ultimate objective of achieving carbon neutrality 

by 2050 [8]-[11]. International efforts to address environmental 

issues have been emphasized in response to the severe environ-

mental degradation caused by industrialization and economic 

growth. However, according to the International Energy 
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Agency’s (IEA) CO₂ Emissions in 2022 report, global CO₂ emis-

sions increased in some countries following the COVID-19 pan-

demic due to rising energy demand in industrial and transporta-

tion sectors. This trend is particularly evident in developing and 

emerging economies, where rapid industrialization and urbaniza-

tion have led to increased energy consumption. Although renew-

able energy should ideally be prioritized, cost constraints have 

resulted in continued reliance on fossil fuels such as coal, oil, and 

natural gas [12]. 

While the ultimate solution for GHG emission reduction is a 

complete transition to renewable energy, the financial and logis-

tical challenges associated with this transition suggest that it will 

take considerable time. Consequently, the role of bridge fuels has 

gained attention as a transitional solution [13][14]. Among these, 

liquefied natural gas (LNG) is recognized for its environmental 

benefits, emitting less CO₂ than coal or oil while producing min-

imal particulate matter and sulfur oxides during combustion. Ad-

ditionally, LNG offers economic advantages by utilizing existing 

infrastructure and facilitating easier transportation and storage, 

making it a viable short-term solution for reducing fossil fuel de-

pendence. LNG has been particularly highlighted as an effective 

alternative for reducing carbon emissions in the maritime and 

power generation sectors. In response to the International Mari-

time Organization’s (IMO) tightened emission regulations, many 

shipping operators have adopted LNG propulsion systems, which 

produce lower carbon emissions than conventional heavy fuel oil 

(HFO). Furthermore, LNG combustion significantly reduces soot 

and fine particulate matter emissions, contributing to improved 

air quality. 

However, methane, the primary component of LNG, is one of 

the six major greenhouse gases and is a key contributor to climate 

change. Methane exhibits a much higher global warming poten-

tial (GWP) than CO₂ over short periods. According to the Inter-

governmental Panel on Climate Change (IPCC) 2021 Report, 

methane has a GWP approximately 29 times that of CO₂ over a 

100-year period and up to 82 times over a 20-year period 

[15][16]. This highlights the significant short-term impact of me-

thane on global warming [17]. In particular, the issue of methane 

slip resulting from incomplete combustion remains a significant 

concern. Given that methane possesses a substantially higher 

global warming potential (GWP) than carbon dioxide over a 

short timescale, addressing methane emissions is crucial. Exten-

sive research is essential, including the development of advanced 

post-combustion treatment technologies and catalytic systems to 

mitigate methane emissions released into the atmosphere due to 

methane slip. In addition, the increasing atmospheric concentra-

tion of methane is a critical climate factor, necessitating effective 

research and monitoring for its management. 

Methane comprises approximately 70–90% of LNG by vol-

ume and serves as an economically efficient and effective energy 

source, particularly in household applications. Gas stoves, in par-

ticular, are widely used due to their convenience and cost-effec-

tiveness [20]. However, the combustion process of gas stoves 

produces various by products that can negatively impact indoor 

air quality, posing potential health and environmental risks. In 

particular, the use of gas stoves in enclosed environments can 

lead to the accumulation of harmful combustion by-products, 

posing a significant threat to user health and, in severe cases, may 

result in fatal carbon monoxide poisoning. Therefore, in South 

Korea, national standards from the Korean Agency for Technol-

ogy and Standards (KATS) require the installation of range hoods 

for gas stoves [21]. However, due to the spatial separation be-

tween the stove and the ventilation system, complete gas capture 

is not always achieved. 

To address this issue, our research team aims to enhance con-

ventional gas stove combustion by incorporating aspiration tech-

nology, providing a more environmentally friendly solution to 

methane combustion. 

2. Experimental method

2.1 Experimental Method 

This study applied a coaxial burner configuration, commonly 

known as the Santoro burner. Figure 1 presents a schematic dia-

gram of the detailed setup of the coaxial burner, while Figure 2 

illustrates the overall aspiration technology used in the experi-

ment. The burner body was constructed from stainless steel with 

a diameter of 100 mm, and a stainless steel tube with an outer 

diameter of 5 mm and an inner diameter of 3.8 mm was integrated 

at the center to define the nozzle specifications. To ensure uni-

form coaxial suction flow, four ports were placed at a 90-degree 

angle at the lower section of the burner body. To enhance the uni-

formity of suction flow within the burner, 3 mm-diameter glass 

beads were placed at the bottom, followed by a 70 mm-thick ce-

ramic honeycomb with 1 mm-spaced square channels. This de-

sign ensured even flow distribution as the fluid passed through  
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Figure 1: Co-axial burner detail setup 

Figure 2: Experimental for evaluating suction capacity 

the voids between the glass beads and ceramic honeycomb chan-

nels. The protrusion height of the stainless steel nozzle was ex-

perimentally validated through multiple trials to achieve a stable 

diffusion flame, and the final protrusion height was set at 10 mm. 

To minimize instability caused by external flow, a quartz tube 

(100 mm in diameter, 700 mm in height) was installed above the 

coaxial burner. A fine metal mesh was attached to the upper part 

of the quartz tube to ensure the uniformity of oxygen flow. The 

fuel used in this study was 99.5% pure methane, and 99.9% pure 

nitrogen was used as a diluent for different dilution ratios. Gas 

flow rates were precisely controlled using MFC controller(ATO-

VAC GMC 1200) and mass flow controller(ATOVAC AFC 500 

MFC), with calibration performed using a  calibrator(Mesa Labs 

Defender 530+H) to ensure accurate gas mixtures. Due to the de-

pendency of the mass flow controller’s accuracy on ambient tem-

perature, the device was calibrated with a calibrator prior to each 

experimental run to ensure precise flow control. The fuel injec-

tion line utilized polyurethane tubing (O.D. : 6 mm, I.D. : 4 mm), 

and to provide sufficient dilution volume, two tubes were 

merged, maintaining a total length of over 1 meter before reach-

ing the nozzle outlet. The suction line was connected to a vacuum 

pump using polyurethane tubing (O.D. : 12 mm, I.D. : 8 mm) to 

ensure adequate suction flow. 

To extract emissions, three vacuum pumps were used, each 

with a coaxial aspiration velocity of −20 cm/s. As illustrated in 

Figure 2, the coaxial aspiration velocity under vacuum pump op-

eration was analyzed using Particle Image Velocimetry (PIV) 

with Mie scattering techniques. The dynamic behavior of the 

flow field was captured using a high-speed camera (Photron, 

Fastcam SA3) with a resolution of 768×1024 pixels at 250 fps. 

Mie scattering was employed for visualization by seeding the 

fuel nozzle with TiO₂ particles (~0.3 μm, LaVision). A 532 nm 

diode laser (GL-F-532) was used to illuminate the seed particles, 

forming a planar sheet beam in the flame zone through a combi-

nation of cylindrical and convex lenses. High-speed images of 

the flow field were recorded at 1000 fps and subsequently ana-

lyzed with an open-source MATLAB code to measure the veloc-

ity fields.  An interrogation window was selected to have at least 

15–25 particles, and the average particle displacement did not 

exceed 20% of the window size. Additionally, to maintain uni-

form coaxial aspiration velocity within different regions of the 

coaxial burner, a cross elbow fitting was used to pre-merge the 

piping, ensuring equal suction flow distribution across the four 

ports. All experimental conditions were recorded for at least 10 

seconds using optical camcorder(SONY HDR-PJ675) connected 

to a PC, capturing video at 60 frames per second (fps). This video 

data was later processed using MATLAB for flame height meas-

urement and Fast Fourier Transform (FFT) analysis. Given that 

recording at 60 fps for 10 seconds yielded a total of 600 images, 

and considering that FFT analysis requires the number of data 

points to be a power of 2, we arbitrarily selected 512 consecutive 

images for the FFT. The flame height was extracted from each 

image to construct a time-series dataset, which was then analyzed 

via FFT to determine the dominant oscillation frequencies and 

characterize the dynamic behavior of the flame with high preci-

sion. 

2.2 Experimental Conditions 

A total of 80 experimental conditions were evaluated by vary-

ing the following three parameters: methane-nitrogen dilution ra-

tio, flow velocity of the gas mixture, and suction flow rate of the 

vacuum pump, as listed in Table 1. The methane-nitrogen ratio 

was adjusted to include fuel-rich and fuel-lean conditions under 

the baseline (no vacuum pump operation) scenario. Three differ-

ent fuel mixture compositions were tested: 100% methane : 0% 

nitrogen, 50% methane : 50% nitrogen, and 40% methane : 60%  
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Table 1: Experimental conditions 

Mix. 
Xf 

(Fuel mole fraction)
Uco  

[cm/s] 
Uf  

[cm/s] 
CH4 N2 

1 1.0 0.0 0 

−40 

−60 

20–180 
2 0.5 0.5 20–240 

3 0.4 0.60 20–120 

nitrogen. The reason for diluting with nitrogen was to experimen-

tally validate the effect of the suction flow technology across a 

wide range of combustion conditions, from commercial com-

busters that generate significant soot during combustion to do-

mestic burners where oxygen is partially premixed due to the 

Venturi effect in the natural gas connection. According to the pre-

vious experimental results [22], nitrogen dilution progressively 

reduces soot formation due to its dilution effect. Therefore, by 

employing various nitrogen dilution ratios, we aimed to experi-

mentally observe the additional effects of the suction flow tech-

nology under both high and low soot formation conditions. 

The vacuum pump was configured to operate under three suc-

tion flow conditions: Baseline (free jet condition, no vacuum 

pump operation), −40 cm/s (two vacuum pumps in operation), 

and −60 cm/s (three vacuum pumps in operation). In the case of 

coaxial aspiration velocity ( −40 cm/s, −60 cm/s), we utilized 

TiO₂ particles to measure the velocity of particle suction into the 

system. The total chamber length is 700 mm, and we recorded 

the velocity at the point where the TiO₂ particles reached the mid-

point of the chamber (350 mm). When using two vacuum pumps, 

the measured velocity was 40 cm/s, whereas using all three vac-

uum pumps resulted in a measured velocity of 60 cm/s. This de-

fines the coaxial aspiration velocity. The fuel velocity range (Uf) 

was determined based on the condition where either the lifted 

flame reached the upper limit of the quartz pipe, or the fuel sup-

ply was insufficient to sustain combustion. 

The flame structure and emission extraction behavior under 

different vacuum pump conditions were analyzed frame by frame 

using video recordings from a digital optical camcorder. The 

flame analysis was conducted using MATLAB, where the flame 

regimes were classified based on their dynamic behavior. Before 

MATLAB analysis, high-resolution video footage of the entire 

flame region was recorded. The video was then processed into 

individual frames, and flame height variation over time was 

quantitatively analyzed by measuring the highest pixel location 

of the flame boundary based on brightness contrast. Following 

the experiments, the flame structures were classified into differ-

ent regimes, and a stability map analysis was conducted to 

identify each regime's operational range. Furthermore, MATLAB 

(R2024b) was used to measure average flame height under dif-

ferent coaxial aspiration velocities. The Fast Fourier Transform 

(FFT) method was applied to analyze flame oscillation frequen-

cies, allowing for an assessment of flame stability.  

3. Result and Discussion

3.1 Flame Formation Structure and Stability map 

In this study, various flame structures were observed by setting 

CH4-N2 dilution ratio, nozzle exit mean velocity, and coaxial as-

piration velocity as variables. The observed flame structures 

were classified into five regimes, as shown in Figure 3.  

In Figure 3, a decreasing trend in soot formation is observed 

from Regime I to V. Regime I represents a typical diffusion flame 

structure, displaying a velocity profile similar to typically the jet 

similarity solution. 

When suction flow is induced through the coaxial tube via a 

vacuum pump in a fundamental diffusion flame, a stagnation 

plane forms at the upper region of the flame. This leads to a re-

versal in the soot flow direction, where soot is redirected outward 

and downward, as depicted in Regime II. Visually, Regime II ex-

hibits less soot compared to Regime I. 

In Regime III and IV, soot formation is observed to be mini-

mal, while in Regime V, the flame appears as a small, spherical 

shape at the nozzle tip, resembling a microgravity flame struc-

ture. The flames in Regime III–V commonly exhibit characteris-

tics similar to a nearly partial premixed flame due to the com-

bined effects of nitrogen dilution and oxygen entrainment.  

Figure 3: Flame formation structure(Regime I-V) 
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(a) 

(b) 

(c) 

Figure 4: Stability maps representing the relationship be-

tween initial fuel mole fraction and nozzle exit mean velocity 

under varying coaxial aspiration velocities: (a) Uco = 0cm/s, 

(b) Uco = −40cm/s, and (c) Uco = −60cm/s 

First, each regime was represented as a stability map based on 

flame shape, height, and emission characteristics, as illustrated in 

Figure 4. The stability map visualizes the relationship between 

fuel dilution ratio and nozzle exit mean velocity, while also 

showing the distribution of flame regimes under different coaxial 

aspiration velocity conditions. Figure 4(a) corresponds to the 

condition without coaxial aspiration velocity (= 0 cm/s). In a total 

of 25 experiments, all conditions exhibited a baseline diffusion 

flame structure, which was classified as Regime I. This regime 

was characterized by the natural mixing and combustion of fuel 

and oxidizer, forming a vertically elongated reaction zone due to 

buoyancy. 

Figure 4(b) presents the results when operating two vacuum 

pumps, applying a coaxial aspiration velocity of −40 cm/s. Under 

this condition, Regime II and Regime III alternated, depending 

on the fuel dilution ratio and nozzle exit mean velocity. When the 

fuel dilution ratio was high (1.0), combustion products such as 

CO₂and soot were drawn downward, leading to the formation 

of Regime II across all nozzle exit mean velocities. Conversely, 

when the fuel dilution ratio dropped below 0.5 and nozzle exit 

mean velocity was reduced below 60 cm/s, Regime V, resembling 

a microgravity flame, was observed. As the nozzle exit mean ve-

locity increased, the red flame zone transitioned into a ring-

shaped structure around the flame, forming Regime III. With fur-

ther coaxial aspiration velocity influence, the ring-shaped red 

zone shifted downward, leading to the reformation of Regime II. 

Figure 4(c) illustrates the results when operating three vacuum 

pumps, applying a coaxial aspiration velocity of −60 cm/s. Under 

this condition, when the fuel dilution ratio was below 0.4 and the 

nozzle exit mean velocity was below 20 cm/s, Regime V was 

predominantly observed, with minimal soot emission. However, 

as the nozzle exit mean velocity increased, the flame front began 

to split and was drawn downward, leading to the formation of 

Regime IV. During this transition, a blue flame region appeared 

along the central axis, while intermittent red flame formation was 

rapidly extracted. As the nozzle exit mean velocity increased fur-

ther, the flame area expanded, ultimately transitioning into Re-

gime II, similar to the observations in the −40 cm/s condition. 

The results observed in Figures 4(a) to 4(c) indicate that the 

interactions among the three key variables were the primary 

cause of flame behavior variation. First, the strength of the coax-

ial aspiration velocity played a crucial role in determining the 

flame density and the direction of combustion product move-

ment. In the absence of coaxial aspiration velocity (Uco = 0 cm/s), 

the fuel and oxidizer naturally mixed, forming a stable diffusion 

flame structure (Regime I). However, when coaxial aspiration 

velocity was applied, combustion products such as CO₂ and 

soot were forcibly drawn downward, leading to flame structure 
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distortion and the emergence of new flame characteristics, such 

as red and blue flame zones. 

The fuel dilution ratio influenced the properties of the com-

bustion products. As the dilution ratio increased, soot formation 

was suppressed, whereas at lower dilution ratios, a larger quan-

tity of combustion products was generated. This caused CO₂ 

and soot to move downward, resulting in structural changes in 

the flame. 

The nozzle exit mean velocity determined the structural trans-

formation of the flame depending on its relative proportion to the 

coaxial aspiration velocity. At low nozzle exit mean velocities, 

the dominant suction flow drew the flame downward or confined 

it near the nozzle region. In contrast, at high nozzle exit mean 

velocities, the flame extended upward, indicating that nozzle ve-

locity is a critical parameter influencing flame size. 

In conclusion, the interactions among coaxial aspiration veloc-

ity, fuel dilution ratio, and nozzle exit mean velocity played a de-

cisive role in determining flame structural stability and emission 

characteristics, as demonstrated by the distribution of different 

flame regimes. 

3.2 Analysis of Flame Height and Flame Frequency 

Figures 5(a)-(e) present flame images representative of each 

Regime, along with flame height data derived using a MATLAB-

based program. Additionally, the frequency characterization 

graphs obtained using FFT techniques are inserted in the upper 

or lower right of each graph based on the average flame height. 

Regime I represents the baseline diffusion flame, exhibiting a 

typical diffusion flame structure. It is defined as a Natural Con-

vection-Dominated Flame, where fuel injected from the nozzle 

mixes with atmospheric oxygen and combusts, showing a veloc-

ity distribution similar to the jet similarity solution. Figure 5(a)  

(a) 

(b) 

(c) 

(d) 

(e) 

Figure 5: Flame height and flame frequency with various aspi-

ration flow velocities  
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corresponds to the condition without coaxial suction flow, with a 

fuel dilution ratio of 0.5 and a nozzle exit mean velocity of 40 

cm/s. The flame consists of a blue region near the nozzle and red 

luminescence in the upper section. After combustion, CO₂ and 

soot emissions are produced in the upper region, following a typ-

ical diffusion flame pattern, with a slender and elongated flame 

structure. 

The maximum flame height was measured at 22.5 cm, while 

the average height was calculated to be 16.8 cm. FFT analysis 

was performed based on the average flame height to further char-

acterize its frequency components. The specific flame frequen-

cies observed result from intrinsic flame oscillations, turbulent 

interactions, and thermal and acoustic instabilities. Throughout 

the combustion process, flames exhibit resonant vibrations at 

specific frequencies, influenced by heat release, fuel-air mixing, 

and interactions with the flow field. These frequencies vary based 

on flame shape, fuel properties, and burner design conditions, in-

cluding nozzle size and combustor length, reflecting the dynamic 

characteristics of the flame. 

The primary frequency selection method typically involves 

choosing the highest amplitude frequency in the spectrum. How-

ever, in some cases, a lower amplitude frequency may hold 

greater physical or engineering significance. The selected pri-

mary frequency provides essential data for evaluating combus-

tion system performance and optimizing design. It enables the 

assessment of system stability, interaction with combustor reso-

nance frequencies, and quantification of heat release and flow 

characteristics. Such analyses serve as a foundation for optimiz-

ing combustion systems and mitigating instabilities, contributing 

to improved performance and reliability. In Figure 5(a), the fre-

quency analysis is displayed in the lower right section, and due 

to excessive noise in the spectrum, no primary frequency was se-

lected. 

Regime II exhibits a red flame zone, formed as CO₂ and soot 

are extracted downward by the operation of the vacuum pump. 

This structure is termed the Inside-Out Soot Flame. Figure 5(b) 

represents the condition where coaxial suction flow was induced 

at −40 cm/s using two vacuum pumps, with a fuel dilution ratio 

of 1.0 and a nozzle injection velocity of 140 cm/s. As fuel is in-

jected from the nozzle, it diffuses under the influence of coaxial 

suction flow. The expanding red flame zones in both the upper 

and lower regions result from the accumulation of combustion 

products such as CO₂ and soot. The maximum flame height was 

measured at 16.2 cm, with an average height of 11.0 cm. The 

primary frequency observed for this flame was 0.35 Hz. 

Regime III exhibits a ring-like red flame zone surrounding the 

flame center, forming a mushroom-shaped structure, and is thus 

defined as the Mushroom-Shaped Flame. The coaxial aspiration 

velocity was −60 cm/s, with a fuel dilution ratio of 0.4 and a noz-

zle injection velocity of 60 cm/s. This flame structure closely re-

sembles microgravity mushroom-shaped flames, which differ 

significantly from those observed under normal gravity condi-

tions. Such formations arise due to the reduced influence of 

buoyancy-driven convection, allowing fuel and oxidizer to mix 

more uniformly, leading to a slowly expanding flame structure. 

The maximum flame height was measured at 14.6 cm, while the 

average height was 10.6 cm. 

The frequency analysis revealed three distinct harmonic fre-

quencies at 0.23 Hz, 1.05 Hz, and 2.34 Hz. These harmonics arise 

due to integer multiples of the fundamental frequency, a phenom-

enon typical of periodic signals. Such behavior is influenced by 

the nonlinear nature of the system, signal distortion, or resonance 

conditions. The fundamental frequency represents the primary 

oscillatory characteristic of the system, while harmonics contrib-

ute to signal complexity. Based on the frequency spectrum, 0.23 

Hz was identified as the primary frequency, as it exhibited the 

most significant amplitude variation. 

Regime IV features a circular blue flame front, forming a hol-

low central region, and is defined as the Cylindrical Flame. This 

flame was observed under a coaxial aspiration velocity of −60 

cm/s, with a fuel dilution ratio of 0.4 and a nozzle injection ve-

locity of 100 cm/s. This structure represents a stable cylindrical 

flame formed under strong co-flow influence, exhibiting unique 

combustion dynamics. In the upper section, fuel rapidly mixes 

with oxygen, producing a high-temperature combustion reaction, 

resulting in a blue flame region. The lower section gradually ex-

pands, allowing combustion gases to diffuse, leading to the for-

mation of an exhaust gas zone. 

In this flame, the lower section exhibits a color transition from 

blue to a faint reddish hue, indicating an area where combustion 

is nearly complete. This transition reflects the accumulation of 

exhaust gases, while the co-flow assists in the rapid expulsion of 

these gases. The coflowing air stabilizes the flame by ensuring a 

uniform downward flow from the upper to lower regions. The 

maximum flame height was measured at 5.8 cm, with an average 

height of 3.3 cm, and the primary frequency was 0.35 Hz. This 

frequency is attributed to the interaction between the fuel jet ve-

locity and the negative flow velocity generated within the flow 
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field, leading to the formation of a vortex. The motion of this 

vortex affected the overall flame oscillation characteristics, es-

tablishing the dominant frequency in the spectrum. 

Finally, Regime V represents a small spherical flame posi-

tioned at the nozzle tip, resembling a microgravity flame. This 

structure is defined as the Inhibited Natural Convection Flame. It 

was observed under a coaxial aspiration velocity of −40 cm/s, 

with a fuel dilution ratio of 0.4 and a nozzle injection velocity of 

40 cm/s. This hemispherical flame is characterized by a flat lower 

section and a slightly rounded upper portion. Such formations 

occur when the flame propagation speed and fuel supply rate are 

balanced, producing a stable combustion structure where the fuel 

concentration remains constant. 

The maximum flame height was measured at 0.75 cm, while 

the average height was 0.6 cm. The primary frequency was iden-

tified as 2.1 Hz, rather than the initially observed frequency. Un-

like the influence of external flow-induced vortex effects, this 

frequency resulted from internal flow field interactions within the 

flame itself. Due to the small flame size, surrounding vibrations 

had negligible impact on the flame dynamics. Instead, the domi-

nant frequency arose from the internal combustion dynamics, 

making 2.1 Hz the primary frequency despite the presence of a 

higher initial amplitude frequency. 

3.3 Characterization of Flame Dynamics 

Figures 6(a)-(c) illustrate the relationship between nozzle exit 

velocity and flame height under varying coaxial aspiration veloc-

ities, providing a quantitative evaluation of flame height trends. 

In the case of Figure 6(a), where no suction flow was applied, 

flame height increased linearly with nozzle exit velocity, alt-

hough the slope and rate of increase differed depending on the 

conditions. At lower nozzle velocities, flame heights remained 

similar regardless of fuel dilution ratio (XF). However, as nozzle 

velocity increased, XF = 1.0 exhibited the steepest increase, fol-

lowed by XF = 0.5 with a moderate increase, and XF = 0.4 with a 

gradual increase.  

This result indicates that the fuel-oxidizer mixing ratio signif-

icantly influences flame formation and growth. In particular, at 

XF = 1.0, where the fuel fraction was highest, the flame structure 

was optimized for combustion, making nozzle velocity a major 

factor in flame height variation. Conversely, at XF = 0.4, the low 

mixing ratio limited flame formation, demonstrating that fuel di-

lution constraints influence flame development. 

In Figures 6(b) and 6(c), where coaxial aspiration velocity was 

applied, flame height decreased overall for all XF values. This 

(a) 

(b) 

(c) 

Figure 6: Average flame height by coaxial aspiration velocity, 

(a) Uco = 0cm/s, (b) Uco = −40cm/s, (c) Uco = −60cm/s 

phenomenon can be attributed to changes in the flow field within 

the combustion zone due to suction, which restricted oxygen sup-

ply and fuel mixing conditions. Particularly, under a strong coax-

ial aspiration velocity of −60 cm/s, the flow structure in the com-

bustion region was altered, leading to further suppression of 

flame formation due to limited oxygen and fuel mixing. The 
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stronger suction also reduced the influence of nozzle velocity on 

flame height, further constraining the flame growth rate. Addi-

tionally, as coaxial aspiration velocity increased, the rate of 

change in flame height decreased, highlighting the significant 

impact of coaxial aspiration velocity on flame stability. 

In this study, a nondimensional variable approach was used to 

quantitatively analyze the interactions between fuel dilution ra-

tio, nozzle injection velocity, and coaxial aspiration velocity, al-

lowing for a comparative assessment of flame height variations 

across different conditions. This approach enabled a systematic 

evaluation of relative flame height changes and identified corre-

lations among the variables, as shown in Figure 7(a). The x-axis 

variable (1/XF) represents the fuel dilution ratio, a constant, while 

the nondimensional combination of nozzle injection velocity and 

coaxial aspiration velocity accounts for fluid flow interactions. 

This variable allows for quantitative evaluation of the interplay 

between fuel dilution and flow characteristics, demonstrating 

that higher coaxial aspiration velocity limits flame formation. 

The y-axis variable (Lsuc/Ldefault) represents the relative flame 

height change due to coaxial aspiration velocity, defined as the 

flame height under suction conditions normalized by the baseline 

flame height(without coaxial aspiration velocity).  The analysis 

results showed a linear relationship between these two nondi-

mensional variables, expressed as: 

𝐿ୱ୳ୡ/𝐿ୢୣୟ୳୪୲ ൌ 0.21
ሺ𝑈 െ 𝑈ୡ୭ሻ
𝑋∙𝑈

 0.34  (1)

This equation confirms that the combined effects of fuel dilu-

tion ratio, nozzle velocity, and coaxial aspiration velocity play a 

critical role in determining the relative rate of flame height 

change and that their interactions can be quantitatively assessed. 

Under the −60 cm/s suction condition, flame height remained rel-

atively stable and was less affected by coaxial aspiration velocity. 

This is attributed to higher nozzle velocity increasing inertial 

force, which enhanced flame stability. Conversely, under the 40 

cm/s nozzle condition, flame height was generally lower and 

more sensitive to coaxial aspiration velocity.  This analysis sys-

tematically evaluates the interaction of fuel dilution ratio, nozzle 

velocity, and coaxial aspiration velocity on flame height and pro-

vides fundamental data for combustion system design. 

Furthermore, the nondimensional variable approach defined in 

this study facilitates the generalization of flame height behavior 

across different conditions and provides design guidelines for 

(a) 

(b) 

Figure 7: Characterization of flame length ratio and non dimen-

sional (a) mixture condition, (b) Froude number 

maintaining combustion stability. 

Additionally, the Froude number (𝐹𝑟) was utilized to nondi-

mensionalize fuel dilution ratio, nozzle injection velocity, and co-

axial aspiration velocity, allowing for a quantitative assessment 

of relative flame height changes. This approach enabled compar-

isons across experimental conditions, ensuring a generalized 

analysis of flame characteristics. The Froude number, which rep-

resents the ratio of inertial force to gravitational force in fluid 

flow, is defined as follows: 

 In the case of 𝐹𝑟 > 1, inertial forces dominate the flame

flow field over gravitational forces.

 In the case of 𝐹𝑟 < 1, gravitational forces are dominant

in the flame flow field.

Based on this principle, Figure 7(b) plots the ratio of flame 

height under suction conditions to the flame height without co-

axial aspiration velocity (y-axis) against the Froude number (x-

axis). 
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Figure 8: Reduction rate of soot volume fraction 

As suction flow increasingly dominated the flow field, flame 

height decreased, and the Froude number fell below 1, indicating 

that gravitational forces played a major role in flame dynamics. 

Conversely, when coaxial aspiration velocity was relatively weak 

compared to nozzle exit velocity, flame height reduction was sig-

nificantly lower, and the Froude number exceeded 1, highlighting 

a flow field strongly influenced by jet velocity and buoyancy ef-

fects. 

Finally, to quantitatively evaluate the effects of coaxial aspira-

tion velocity and fuel dilution ratio on the reduction of soot vol-

ume fraction (SVF), MATLAB-based flame image analysis was 

conducted. This analysis not only determined the SVF reduction 

rate under different experimental conditions but also clarified the 

interaction between coaxial aspiration velocity and fuel dilution 

ratio in soot formation. The flame image data were processed by 

converting captured frames into an analyzable format, enabling 

soot quantification. 

Using MATLAB, the red zone in flame images was filtered to 

extract soot formation regions, and a threshold value was set to 

isolate soot-dominated pixels. The analysis results, shown in Fig-

ure 8, revealed that maximum soot reduction (up to 80%) was 

achieved under the condition of −60 cm/s coaxial aspiration ve-

locity and XF = 1.0, compared to the non-suction baseline condi-

tion. 

4. Conclusion

This study serves as a fundamental investigation into a novel 

suction-based method for controlling carbon-based emissions, 

including CO₂ and soot, generated during the combustion of me-

thane fuel, which is widely used in industrial, commercial, and 

residential sectors. To experimentally verify and analyze the flow 

paths of CO₂ and soot under suction flow conditions within a me-

thane flame flow field, a coaxial burner equipped with a vacuum 

pump-based suction system was constructed. To create various 

flame flow structures, an inert gas (nitrogen) was added at a fixed 

dilution ratio, and the nozzle injection velocity was adjusted to 

define different fuel mixtures. Through this study, the following 

results were obtained: 

1. An experimental study was conducted to guide the ex-

traction of various combustion emissions generated in

methane-fueled burners into a designated space. The

coaxial burner was utilized as a combustion system, en-

abling the observation and analysis of flame behavior

variations under different suction velocities.

2. The flame structure and shape varied with suction ve-

locity, leading to the classification of five distinct flame

regimes. Notably, when a strong negative coaxial flow

was applied, a flame resembling microgravity condi-

tions was observed, along with a diffusion-dominated

blue flame that exhibited no visible soot particles.

3. The application of suction flow to the coaxial burner

resulted in a reduction of CO₂ and soot particles. Spe-

cifically, under the −60 cm/s suction velocity condition,

the soot reduction efficiency reached up to 80%,

demonstrating excellent performance in emission con-

trol.

4. The study successfully characterized and predicted

flame length variations based on combustor operating

conditions, including fuel-nitrogen dilution ratio, noz-

zle injection velocity, and suction velocity. These find-

ings suggest that the results can be applied to industrial

combustion systems, providing controllable parameters

for optimizing combustor design.

Through this study, an effective method was proposed for reg-

ulating flame length and emissions by diluting methane with ni-

trogen, as outlined in the four key findings. This approach not 

only enhances fuel efficiency but also contributes to minimizing 

carbon emissions, offering potential applications in the develop-

ment of environmentally friendly combustion systems. 
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