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ABSTRACT: This study systematically investigated the effects of different gas stove structures on flame combustion
characteristics using spectral diagnostic techniques, aiming to provide optimized design guidelines for clean energy
applications. To explore the combustion behaviors of various gas stove structures, UV cameras, high-speed cameras,
and K-type thermocouples were employed to measure parameters such as flame OH radicals (OH*), flame morphology,
pulsation frequency, flame temperature, and heat flux. The results demonstrate that flame stability was achieved at an
inner/outer cover flow rate ratio of 0.5/4.0 L/min, beyond which further flow rate increases led to reduced combustion
efficiency. Compared to covered stoves, top-uncovered stove exhibited 5.5% and 12.4% higher temperatures at the inner
and outer covers, respectively, along with a 35% increase in heat flux. Comprehensive analysis revealed an approximately
20% enhancement in overall flame intensity. The experimental results show that top-uncovered gas stoves exhibit higher
flame intensity, greater combustion efficiency, and overall higher stove efficiency. In contrast, covered gas stoves feature a
more controllable and stable flame with a gentler temperature rise. This study underscores the importance of optimizing
gas stove designs to enhance combustion efficiency and reduce emissions, contributing to the transition from fossil
fuels to renewable energy sources and promoting sustainable development.
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1 Introduction

Since China is dealing with severe environmental pollution issues [1,2], stricter regulations are being
placed on the emission rates of harmful pollutants resulting from energy consumption [3-5]. Natural gas is
expected to play an increasingly critical role as a clean energy source in the future energy structure [6,7].
The main component of natural gas is methane, which is widely utilized across various sectors and has
become one of China’s primary energy sources [8]. The widespread use of natural gas will be crucial for
transitioning from fossil fuels to renewable energy sources, thereby addressing environmental issues and
promoting sustainable development [9,10].
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Since gas stoves are the primary equipment used to consume natural gas, their energy efficiency is
essential for living a green and environmentally friendly life. Many Chinese households use natural gas [11],
and most have gas stoves in their homes. Flame stability is one of the key performance indicators for
gas stoves [12]. It is affected by various factors, including burner layouts, fuel types, and the magnitude
of the equivalency ratio [13]. Furthermore, several elements influence the burner’s efficiency, such as the
temperature at which the gas ignites [14], the rationality of the stove’s design [15], the complete combustion
of the gas [16], the fuel supply, and the radiant heat loss from the flame to the outside [17]. All of these factors
can lead to energy loss from the gas stove, potentially lowering its thermal efficiency [18]. One essential
component of a gas stove, the stove surface, directly impacts how well the stove burns [19].

In recent years, various studies have focused on the effects of different structures of gas stoves on flame
stability [20]. Through experimental research, Fang et al. [21] discovered that various stove head structure
designs could have a substantial impact on flame stability and that some structural designs can increase it.
Zhang et al. [22] found that increasing gas pressure significantly reduces thermal efficiency and has varying
effects on CO and NOx emissions. They emphasize that optimizing combustion and heat transfer structure
design, rather than merely increasing pressure, can better balance heat input rate and thermal efficiency. Wu
et al. [23] proposed a waste-heat-recovery gas stove incorporating an enclosed combustion chamber and
premixed combustion technology, which significantly enhanced thermal efficiency and addressed energy
efficiency issues associated with open combustion. This study provides novel insights for energy-saving
optimization and integrated design of gas stoves. In conclusion, these studies underscore the significant
impact that gas stove design has on flame stability and combustion efficiency, highlighting the necessity for
ongoing research to optimize these appliances for better performance and safety.

The innovation and improvement of detection techniques have significantly advanced the diagnosis
and detection of the flame combustion process [24,25]. As a result, more researchers started to focus
on the widespread industrial use of flame diagnostic technology [26-29], paving the way for
future research on the flame combustion state and providing a strong foundation [30]. Spectral signals can
be used to depict the composition and morphology of the change rule as well as the internal structure of
the combustion flame [31]. Hu et al. [32] used OH* and CH* to characterize the flame structure, and Li
et al. [33] studied methane/air native flame turbulence collision, flame dynamics, thermal imaging, and
other topics using planar laser-induced fluorescence (OH-PLIF), high-speed cameras, fast Fourier transform
(FFT), and other processing techniques. the advancements in detection techniques not only enhance our
understanding of flame combustion processes but also enable more precise diagnostics and monitoring in
industrial applications.

Thus, by thoroughly examining how various stove head configurations affect flame stability, it will be
possible to provide a more rational and scientific foundation for the design of gas stoves, thereby increasing
combustion efficiency and safety. Based on the experimental data of gas stove combustion under different
flow rates, this study systematically investigates the performance of gas stoves with varying structures at
various flow rates. Through the processing and analysis of the experimental data, the laws and characteristics
of the changes in these performance parameters with the flow rate are explored in depth, providing an
essential reference for further understanding the combustion characteristics of gas stoves.

2 Experimental Setup

The flame spectroscopy diagnostic experimental platform consists of a flame detection system and a
flame-producing apparatus. Fig. | displays the experimental device’s schematic diagram. A mass flow meter
(CS200A, Beijing Seven Star Flow Co., Ltd., Beijing, China) was used in the flame generation system to
regulate the methane flow. A high-speed camera system (PCO dimax SI, Kelheim, Germany) recorded the
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flame morphology; a type K thermocouple (JT2020, Multi-function tester, Beijing, China) recorded the
temperature; a heat flux sensor recorded the heat flux; and a high-resolution ultraviolet(UV)-Vis camera
system (EX-4710B, Wuzu Optical Co., Taiwan) detected the excited radicals in the flame. The gas stoves
used in the experiment were all coaxial dual-channel non-premixed atmospheric burners (with both inner
and outer ring channels). During the experiment, the structure of the outer ring cover remained consistent,
featuring a closed top and uniformly distributed small holes along the sides. Two different structural designs
of the covers were designated as A and B, each with distinct characteristics. Specifically, Stove A is relatively
smaller, with a closed top for the inner ring cover and openings on the sides that taper inward at the top. In
contrast, Stove B is slightly larger, with a top that has numerous small, dense holes, and also features openings
along the sides. The actual picture of the stove is shown in Fig. 2 ((a) shows the structure of stove A, (b) shows
the structure of stove B, and (c) shows the structure of the outer fire cover of the stove).
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Figure 2: Schematic diagram of the structure of different stoves: (a) structure of inner cover A, (b) structure of inner
cover B, and (c) structure of the outer cover of the stove
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In this experiment, CHy (purity > 99.9%) was used as the fuel, and the surrounding air was used as the
oxidant. Different CH, flow rate were delivered into the gas stove’s inner and outer channel. A fixed methane
flow rate in the inner cover channel (0.3-0.7 L/min with 0.1 L/min intervals) was used to investigate the
effects of varying flow rate on flame characteristics. The flow rate in the outer cover channel was set to be
a multiple of the inner channel’s methane flow rate, and the experimental conditions under various stove
configurations were maintained. The specific working conditions are summarized in Table 1.

Table 1: Experimental conditions for flame study

Working condition Outside/Inside channel flow ratio VCH, inner (L/min) VCH, outer (L/min)

1 3-10 0.3 0.9-3.0
2 3-10 0.4 1.2-4.0
3 3-10 0.5 1.5-5.0
4 3-10 0.6 1.8-6.0
5 3-10 0.7 2.1-70

3 Results and Discussion
3.1 Flame Pattern Changes

A high-speed camera captured the flame transient patterns of methane fuel combustion with air under
various stove configurations. The graphs show a progressive rise in methane flow in the inner cover from top
to bottom and a gradual rise in flow in the outer cover from left to right.

The flame of gas stove A appears blue when the outer cover is functioning properly with methane,
indicating that the flame burns more completely and exhibits only the blue color associated with the free
radical emission spectra, as illustrated in Figs. 3 and 4 for both stove configurations. The yellow flame emerges
significantly earlier downstream of stove B compared to stove A when the inner cover flow increases. As
the inner cover flow increases, the flame height rises, causing the yellow flame to appear somewhat sooner
downstream of stove B. This observation suggests that the airflow rate to the coil is insufficient for complete
combustion of methane, resulting in the appearance of a yellow flame at the tip. In contrast, the trend of
flame morphology temains consistent as the outer cover flow rate increases for any given inner cover flow
rate. It is evident from the comparison of the flame morphology in both images at the same flow rate that
stove B exhibits a substantially higher flame height than stove A. The uncovered top of stove B facilitates a
smoother release of fuel at the same flow rate, allowing for a more thorough mixing of fuel with oxygen during
combustion and thereby the combustion reaction. Observations of the flame combustion in the figure reveal
that when the ratio ofinner-to-outer cover methane flow rate is lower, the shape of the inner cover flame is
more pronounced, the flame is more stable, and the outer cover flame appears entirely blue, indicating more
complete combustion. This may be attributed to the increased burning of methane in the outer cover, which
concentrates more flame energy when there is a strong outer cover methane flow. As the outer cover flow
increases, the flame becomes predominantly concentrated in the outer cover, effectively rendering the shape
of the inner cover flame nearly unnoticeable.
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Figure 3: Variation of flame morphology under different conditions in stove A (0.7-0.0-0 indicates inner cover flow
rate/outer cover flow rate/flow ratio)
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Figure 4: Variation of flame morphology under different conditions in stove B

3.2 Flame Pulsation Frequency Changes

To enable a more precise comparison of the pulsation frequency under the two stove structures, the
dynamic characteristics of the flame, including pulsation frequency, rhythm, and stability, were analyzed
using the quantified flame pulsation frequency in . The time taken for the flame to complete one
pulsation process is defined as the cycle time. Changes in fuel flow rate are represented on the horizontal axis,
while the flame’s pulsating frequency is depicted on the vertical axis. As the outer cover flow rate gradually
increases, the flame vibration frequency exhibits a trend of first increasing, then decreasing, and subsequently
increasing again, as illustrated in the pulsation frequency results. This may be attributed to a higher gas flow
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rate enhancing the coiling and sucking effects of flame combustion, which facilitates more complete fuel
combustion and subsequently increases the frequency of the flame’s pulsation. When comparing stove A to
stove B, it is evident that stove A’s pulsation frequency is lower. This phenomenon can be explained by the
differing stove structures that influence the combustion characteristics of the flame. Specifically, the flame on
an uncovered stove burns more intensely and smoothly, resulting in a higher pulsation frequency. In contrast,
the flame on a covered stove demonstrates a lower pulsation frequency. Furthermore, higher gas flow rates
lead to more frequent flame pulsations. This suggests that utilizing an open-top stove enhances the efficiency
of flame combustion, thereby improving the overall efficiency of the gas stove.
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Figure 5: Frequency diagram of flame vibration for the same flow rate for stoves of different configurations

The resulting vibration frequency diagram is displayed in Fig. 5. Take the time for the flame to complete
one pulsation process as the cycle time. Fuel flow rate changes is represented by the horizontal coordinate
and the flame’s pulsating frequency by the vertical coordinate.

3.3 OH* Radiation Property

The distribution of OH radicals in a flame is a crucial indicator of both the activity and stability of the
flame reaction, as well as its burning and radiation intensity. In this context, studying the two-dimensional
distribution of OH radicals allows for a more in-depth investigation of the combustion process within the
flame, encompassing the mixing of fuel and oxygen, the degree of combustion reaction, and the temperature
distribution of the flame. The flame OH* for stoves with different structures is illustrated in Figs. 6 and 7.

According to the findings presented in Figs. 6 and 7, the absence of outer cover flow leads to a
slight increase in radiation intensity and flame height due to the increase in inner cover flow, though this
effect is minimal. As the outer cover flow rate increases, the flame height decreases, and the outer cover
flames converge towards the inner cover flame, resulting in a more compact flame structure, provided the
inner cover flow remains constant. At higher outer cover flow rates, the outer cover flame dominates the
combustion process, pushing the inner cover flame upward and causing the overall flame to rise, with
radiation intensity concentrated primarily in the flame’s middle section. When the outer cover flow rate
increases while the inner cover flow is held constant, the outer cover flow significantly affects both flame
morphology and energy distribution. At lower outer cover flow rates, the flames converge into a more
concentrated structure with relatively small flame height. However, as the outer cover flow rate exceeds
a certain threshold, the outer cover flame intensifies and expands, ultimately dominating the combustion
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process and driving the inner cover flame higher, resulting in a larger flame structure. In this case, both flame
height and radiation intensity increase, with peak radiation intensity concentrated in the middle of the flame.
This leads to a more uniform energy distribution and enhanced radiation.
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Figure 6: Variation of two-dimensional distribution of flame OH* for different conditions in stove A

A covered stove design enhances the efficiency of light radiation from the flame, resulting in a more
focused and potent energy output. This structure increases the flame’s radiation intensity by reducing heat
and light radiation dissipation and limiting airflow around it. At the same flow rate, stove A demonstrates
a more concentrated OH* distribution, with a smaller radiation area and higher intensity. In contrast, the
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uncovered stove is more influenced by the surrounding environment, leading to a more dispersed radiation
intensity from the flame.
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Figure 7: Variation of two-dimensional distribution of flame OH* for different conditions in stove B

Based on the comparison of Figs. 6 and 7, it is evident that the OH* radiation intensity of stove B is
greater than that of stove A. To further investigate the reasons behind the increased OH* radiation intensity
of stove B, both radial and axial analyses were conducted. The radial analysis provides insights into the
distribution of OH* radiation intensity within the flame’s cross-section, revealing the internal structure
and combustion characteristics of the flame. Conversely, the axial analysis illustrates the variation of OH*
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radiation intensity along the direction of flame propagation, allowing for the observation of trends in OH*
radiation intensity at different heights or distances, as demonstrated in Figs. 8 and 9.
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Upon investigating the radial distribution of OH* at varying flow rates in Fig. 8, it is evident that the
burner cross-section exhibits six symmetrical peak structures, with the most significant peak located at the
edge of the outer cover at an axial height of 25 mm. This suggests that the flame reaction is strongest near the
edge of the fire cover, likely due to the interaction of the flame with the surrounding environment and airflow
distribution. The OH* radiation intensity reaches its maximum at an inner cover flow rate of 0.6 L/min, which
corresponds to a more stable and complete combustion process, facilitating the formation and accumulation
of OH radicals. However, at a flow rate of 0.7 L/min, the radiation intensity decreases significantly, likely due
to uneven fuel-air mixing, which prevents complete combustion and reduces OH production. Additionally,
as the methane flow rate increases, the OH radiation intensity also increases, indicating that higher methane
flow enhances combustion and the production of OH radicals.

3.4 Axial Distribution of OH* Radiation Intensity

Fig. 9 illustrates the axial distribution of OH* at various radial locations, corresponding to different
inner and outer cover flow rate. The location exhibiting the highest radiation intensity of OH* can be
identified as the reaction core of the flame. Based on the radial distribution of OH* radicals presented
in Fig. 9, two points at the edge of the outer cover and one point at the central axis of the flame, where the
radiation intensity is highest, were selected for analysis. In the graph, the horizontal coordinate represents
the height of the flame, with the coordinate x set to 0 indicating the end face of the burner’s fire cover. The
vertical coordinate denotes the magnitude of the peak flame intensity.

Based on the observation results of the flame OH* axial distribution at the three radial points in Fig. 9.
The intensity of the flame OH free radical axial radiation exhibits a trend of gradual increase followed
by gradual decrease along the direction of flame propagation. The change is more pronounced, with the
maximum radiation intensity of OH* being greater at the left and right points than at the central axis.
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However, the variation at the flame’s center is more gradual. Further examination of the variations in the
axial radiation intensity of the flame OH* at different points reveals that, as the height from the end face of
the flame cover increases, the reaction rate at the left point occurs first, followed by that at the right point,
and lastly at the center point of the flame. This suggests that chemical reactions are more likely to occur
at the edges of the flame, which may be attributed to the increased mixing of fuel with oxygen in those
regions. Furthermore, in correlation with the measurements of the flame morphology map, the intensity of
the flame OH* radicals’ radiation increases with an increase in inner cover flow. This could be explained by
the rise in the inner cover flow leading to an increase in the flame volume and an increase in the fuel-oxygen
contact area. Therefore, the increase in inner cover flow significantly affects the morphology and combustion
characteristics of the flame, which in turn influences the radiation intensity of the flame OH* radicals.
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3.5 Flame Heat Flux Distribution

The heat flux of the flame is closely associated with its stability. When the inner cover flow rate is set at
0.3 L/min, the change in heat flux is minimal. However, at an inner cover flow rate of 0.7 L/min, the outer
cover flow rate increases significantly, which impacts the measurement of heat flux. Therefore, the heat flux
change graphs for the flame with inner cover flow rates of 0.4, 0.5, and 0.6 L/min have been selected to
examine the trend of flame heat flux under varying ratios of inner and outer cover flow rates, as illustrated
in Fig. 10,
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Figure 10: Distribution of flame heat flux at different inner cover and corresponding outer cover flow rate of stove:
(a) stove A (b) stove B

From Fig. 10, it is evident that the heat flux of the flame from the gas stove exhibits a gradual increase
with the rise in the inner cover flow, provided that there is no outer cover flow. Furthermore, when the
inner cover flow rate is held constant, the flame heat flux in stove B increases from 174 to 1030 W/m? as
the outer cover flow rate increases. When the outer cover flow rate is quadrupled, the flame heat flux rises
from 206 to 1430 W/m?, and when it is increased eightfold, the heat flux escalates from 237 to 1697 W/m?.
In contrast, stove A’s flame heat flux fluctuates between 154 and 1279 W/m?. The trend observed in the graph
clearly indicates that flame heat flux increases linearly with the outer cover flow rate. This linear relationship
suggests that regulating the outer cover flow can effectively control the heat flux of the gas stove. For the
same inner cover flow rate and corresponding outer cover flow rate, stove B demonstrates a significantly
higher heat flux density compared to stove A. This finding implies that the top uncovered stove produces
a stronger flame and higher heat flux. In comparison to stove A, stove B experiences a more pronounced
increase in flame heat flux. This phenomenon can be attributed to the design structure of stove B, which
enhances the combustion reaction and air-gas mixing, thereby ensuring a sufficient oxygen supply. A more
thorough combustion process leads to improved mixing efficiency.

3.6 Flame Temperature Variation Graph

Fig. 11 illustrates the variations in flame temperature as the inner cover flow increases, while the
outer cover flow remains absent. Additionally, Fig. 11a,b compares and analyzes the temperature variation
patterns of the inner and outer covers under the same working conditions. The research results show that
when the flow rates of the inner and outer covers reach a ratio of 0.5/4.0 L/min, both temperatures reach
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their peak values, but the temperature of the outer cover remains consistently higher than that of the
inner cover. Fig. 11b,c depicts the changes in flame temperature at the edge of the fire cover and the stove
head, corresponding to increased outer cover flow at a constant inner cover flow rate. By comparing the
temperatures across different measurement layers, the characteristics of the flame temperature distribution
are further elucidated. According to Fig. 11, the high-temperature zone of the flame is predominantly
concentrated at its edge, aligning with the observed trend in temperature distribution along the flame’s
radius, which indicates that temperature rises as one approaches the flame’s edge. The center of the flame
exhibits the highest temperature due to the ample availability of air, facilitating more complete combustion
and greater heat release. Fig. 11c indicates a more stable trend in temperature changes within the flame,
suggesting a relatively smooth temperature variation. This smoothness implies enhanced stability in the
combustion process, leading to more uniform heat transfer and energy release within the flame. The

consistency of the flame’s combustion and the reliability of the combustion system are contingent upon this
steady temperature change.
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4 Conclusions

1. Interms of flame morphology, the top-covered stove exhibited a concentrated flame. As the flow from
the outer cover increased, the flame transitioned from a concentrated form to a more distributed one,
expanding in both width and height while producing more yellow flames. A long, brilliant yellow flame
was observed in the top, uncovered stove.

2. Regarding the two-dimensional distribution of OH*, the uncovered stove displayed strong radiating
points on both sides of the fire cover, whereas the covered stove lacked these strong radiating points.
Additionally, the OH* distribution area of the flame expanded as the flow from both the inner and outer
covers increased.

3. Flame temperature increased with higher flow rates from both covers, consistent with combustion
energy release. However, when the flow rate surpassed 0.5/4.0 L/min, temperature trends plateaued,
indicating flame stabilization. This suggests that higher flow rates might lead to incomplete combustion
and reduced fuel efficiency. The uncovered stove consistently exhibited higher flame temperatures
than the covered version. Flame temperatures increased by 5.5% (inner cover) and 12.4% (out cover),
respectively highlighting the need for further study to optimize combustion conditions.

4. Flame heat flux increased with inner cover flow rate as more fuel participated in combustion. A
significant rise in heat flux (approximately 35% higher in uncovered stoves compared to covered stoves)
occurred when the inner and outer cover flow rate were in an integer multiple relationship, indicating
that adjusting these flow rate could enhance combustion efficiency. The uncovered stove achieved
maximum heat flux due to better fuel-air mixing, while the covered stove’s heat flux was lower, affected
by fuel distribution and airflow. This substantial difference in heat flux performance highlights the
advantage of the uncovered design for applications requiring higher thermal output.

5. Experimental results demonstrated that, while the flame in a covered stove is easier to control, more
stable, and exhibits a smoother temperature rise, the uncovered stove’s flame intensity, combustion
efficiency, and overall efficiency are all higher. Therefore, the appropriate stove structure should be
selected based on specific circumstances to maximize operational efficiency.
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