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 This study experimentally investigates the influence of flame holder thickness on the 

thermal performance and flame stability of a meso-scale combustor using butane fuel. 

Duralumin flame holders with thicknesses of 1.0, 1.5, and 2.0 mm were tested under steady 

premixed conditions to evaluate temperature distribution, flammability limits, and stability 

behavior. The results show that decreasing the flame holder thickness enhances heat 

recirculation and promotes more uniform thermal distribution within the combustor. The 

1.0 mm configuration achieved the highest peak temperature (approximately 12–15% 

higher than the 2.0 mm case) and expanded the flame stability range to equivalence ratios 

between 1.13 and 1.84. These improvements are attributed to a balanced heat feedback 

mechanism that minimizes conductive losses while sustaining sufficient thermal energy 

for flame anchoring. The findings align with previous reports by previous researchers, 

confirming that excessive wall thickness increases heat dissipation and destabilizes meso-

scale flames. The present study provides quantitative experimental evidence linking 

geometric scaling, specifically flame holder thickness, to meso-scale thermal efficiency 

and flame stability, offering design insight for a compact combustion and a portable power 

system. 
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1. INTRODUCTION 

 

Meso-scale combustors are compact devices designed to 

sustain combustion within chambers of only a few millimeters 

in diameter [1]. They received significant attention for their 

potential in micro- and meso-scale power generation [2], 

utilizing gaseous or liquid hydrocarbon fuels [3, 4]. Despite 

these potentials, achieving stable operation remains 

challenging due to short residence times and pronounced heat 

losses [5-8]. Consequently, improving understanding of heat 

transfer mechanisms is crucial to enhancing combustor 

performance [9, 10]. Recent studies have also highlighted the 

importance of combustion characteristics and thermal 

efficiency in energy systems, particularly in relation to 

temperature distribution and heat utilization within 

combustion chambers [11, 12]. 

Flame holders are widely implemented to anchor flames and 

extend flammability limits [11-15]. Their function relies on 

promoting thermal recirculation, which preheats reactants 

prior to ignition [5, 8]. However, their effectiveness is highly 

dependent on geometric features, with thickness emerging as 

a critical factor [16, 17]. Excessive thickness increases heat 

absorption and risks flame quenching [18], whereas 

insufficient thickness may not sustain enough heat to stabilize 

combustion [19, 20]. 

Recent research has emphasized geometric modifications to 

flame holders as a means of improving combustor reliability. 

Soegiharto et al. [21] showed that perforated stainless-steel 

line-type flame holders broadened the stability window 

compared to hole-type designs by promoting vortex formation 

and enhanced feedback. Similarly, Sudarman et al. [22] 

reported that a 7 mm heat recirculation segment improved 

stability and flame temperature compared to a 10 mm 

configuration. In line with these findings, Ata and Özdemir 

[23] examined turbulent non-premixed conical bluff-body 

flames and confirmed that small variations in flame holder 

geometry significantly influence stability limits, further 

underscoring the importance of geometric optimization. 

While studies have investigated material choice and overall 

geometry, the specific effect of thickness variation in 

duralumin flame holders on stability and thermal efficiency 

has not been systematically addressed. This work, therefore, 

evaluates the impact of three thickness levels (1 mm, 1.5 mm, 

and 2 mm) through experiments in a butane-fueled meso-scale 

combustor. 

Previous research has primarily focused on material 

selection and general geometry optimization of meso-scale 

combustors, but relatively few have examined the detailed 

influence of component thickness on flame stabilization and 

thermal efficiency. Liu et al. [24] investigated the effects of 

International Journal of Heat and Technology 
Vol. 44, No. 1, February, 2026, pp. 12-18 

 

Journal homepage: http://iieta.org/journals/ijht 
 

12

https://orcid.org/0009-0007-7000-9253
https://orcid.org/0000-0003-4310-2931
https://orcid.org/0000-0001-5207-1933
https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.440102&domain=pdf


 

wall thickness and material on flame stability in a meso-scale 

combustor with thermally orthotropic walls, showing that 

thicker walls tend to limit flame holding capability due to 

enhanced heat loss. Similarly, Peng et al. [25] explored the 

effect of wall thickness and porous media on a non-premixed 

hydrogen micro-combustor, demonstrating that reduced wall 

thickness enhances heat recirculation and improves thermal 

efficiency. Recent studies on micro-scale combustion systems 

have also reported that thermal management and combustor 

structural configuration significantly influence heat transfer 

characteristics and flame stability in compact combustion 

devices [26]. These findings underline the importance of 

thickness as a key design parameter in achieving a stable and 

efficient combustion regime. 

Accordingly, the present study systematically evaluates the 

effect of flame holder thickness (1.0–2.0 mm) on flame 

stability and heat transfer in a butane-fueled duralumin meso-

scale combustor. Unlike previous works that primarily focused 

on material type or overall geometry [11-15], this study 

quantifies the correlation between geometric thickness and 

performance metrics, including flammability range (ΔΦ ≈ 0.3) 

and total heat release (ΔQ ≈ 1.99 W). The quantitative 

evidence linking thickness variation to both thermal efficiency 

and stability has not been previously reported, filling a major 

gap in the understanding of meso-scale combustion design and 

providing a foundation for optimizing the balance between 

heat recirculation and quenching effects in miniaturized 

combustors. This work is among the first experimental 

investigations to systematically quantify the relationship 

between flame holder thickness, heat recirculation, and flame 

stability in a butane-fueled meso-scale combustor. The study 

introduces a new experimental framework that links geometric 

thickness variation to measurable parameters of flammability 

range and heat release, providing original insight into the 

thermal feedback mechanisms governing stable meso-scale 

combustion. 

 

 

2. METHODOLOGY 
 

The experimental combustor (Figure 1) included a quartz 

tube (inner diameter of 3.5 mm and wall thickness of 1 mm), 

a perforated duralumin flame holder, a recirculation tube, and 

a fuel-air injection system. 

Figure 2 illustrates the specific temperature measurement 

points within the mesoscale combustor. The thermocouple 

positions are designated as T1, T2, T3, and T4 to monitor the 

thermal distribution along the combustion chamber during the 

experimental process. 

 

 
 

Figure 1. Mesoscale combustor: (1) Quartz glass tube; (2) 

Flame holder; (3) Recirculation tube; (4) Syringe needle; (5) 

Recirculator; (6) Ceramic 

 
 

Figure 2. Temperature points in the mesoscale combustor 

 

Flame holders (Figure 3) were fabricated from duralumin 

with an outer diameter of 5 mm and eight perforation lines (0.8 

mm each). Thicknesses of 1 mm, 1.5 mm, and 2 mm were 

selected to ensure structural integrity under thermal loading. 

 

 
 

Figure 3. Duralumin flame holder in mm 

 

The setup (Figure 3) used commercial butane (> 99% 

purity) supplied through a precision flowmeter (± 1.5% F.S.) 

and compressed air as oxidizer. The equivalence ratio (Φ) was 

adjusted between 1.0 and 1.9. 

 

 
 

Figure 4. Experimental setup schematic 

 

Figure 4 shows the experimental setup schematic. The 

flame behavior was recorded using a DSLR camera at 60 fps. 

The temperatures were measured using K-type thermocouples 

calibrated to a platinum resistance thermometer (± 0.2 ℃). 

Meanwhile, the flammability limits were identified by 

gradually varying velocity at fixed Φ until blow-off or 

flashback occurred. 

 

2.1 Heat transfer calculations 

 

The Nusselt number was used to estimate convective 

transfer: 

 

𝑁𝑢 =
ℎ𝐿

𝑘
 (1) 

 

While ℎ refers to convective heat transfer coefficient, L 
refers to characteristic length, and 𝑘 refers to thermal 

conductivity. 

The rate of convective heat transfer (𝑄𝑐𝑜𝑛𝑣) was calculated 
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using: 
 

𝑄𝑐𝑜𝑛𝑣 = ℎ𝐴(𝑇𝑠 − 𝑇∞) (2) 
 

While 𝐴 refers to the flame holder surface area, 𝑇𝑠 refers to 

the flame holder surface temperature, and 𝑇∞ refers to the 

free-stream reactant temperature. Measurement uncertainty 

was estimated at ± 4.2%. 

 

 

3. RESULTS 
 

3.1 Flammability limits 
 

Figure 5 presents the relationship between equivalence ratio 

(Φ) and reactant velocity for the 2 mm thick flame holder. The 

horizontal axis represents Φ, where Φ = 1 denotes a 

stoichiometric mixture, Φ < 1 represents fuel-lean conditions, 

and Φ > 1 represents fuel-rich conditions. The vertical axis 

shows the reactant velocity at which flame propagation occurs. 

The two boundary curves define the lower and upper 

flammability limits. Combustion remains stable only within 

the enclosed region, indicating that mixtures outside this range 

either fail to ignite or result in flame extinction. 

 

 
 

Figure 5. Graph of the relationship between equivalence 

ratio and mixture flow rate at 2 mm thickness 

 

 
 

Figure 6. Graph of the relationship between equivalence 

ratio and mixture flow rate 

 

Figure 6 compares the flammability limits for the three 

flame holder thicknesses. The 1 mm flame holder provides the 

widest stable flame range (Φ = 1.13–1.84), while the thicker 

flame holders shift the stable zone toward leaner mixtures and 

reduce its width. This trend suggests that increasing thickness 

changes the thermal environment, leading to narrower stability 

regions. The 2 mm flame holder shows the poorest stability, 

indicating higher susceptibility to blow-off and quenching. 

The lowest flammability limit was recorded at Φ = 1.13 with 

a maximum velocity of 19.26 cm/s, below a point at which a 

flashback may occur. Meanwhile, the upper limit occurred at 

Φ = 1.84 with a velocity of 45.68 cm/s, beyond a point where 

blow-off may occur. The 1 mm flame holder’s broader 

stability range results from improved heat recirculation and 

reduced quenching 

 

3.2 Flame visualization 

 

Figure 7 shows flame images at v = 35 cm/s for the 1 mm 

flame holder. As Φ increases from 1.085 to 1.728, flames 

become wider and more luminous, indicating higher 

combustion intensity and greater heat release (Qtot increases 

from 6.032 W to 6.494 W). 

 

 
 

Figure 7. Flame visualization at an inlet velocity of 35 cm/s 

for a 1 mm flame holder under varying equivalence ratios (Φ 

= 1.085–1.728) 

 

 
 

Figure 8. Flame visualization at an inlet velocity of 35 cm/s 

for a 1.5 mm flame holder under varying equivalence ratios 

(Φ = 1.085–1.728) 

 

 
 

Figure 9. Flame visualization at an inlet velocity of 35 cm/s 

for a 2 mm flame holder under varying equivalence ratios (Φ 

= 1.085–1.728) 
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Figure 8 displays the flame in the 1.5 mm flame holder. 

Although the flame still widens with increasing Φ, luminosity 

is noticeably reduced, indicating greater heat absorption by the 

thicker metal. The Qtot ranges from 4.753 W to 5.994 W, 

consistently lower than the 1 mm flame holder. 

Figure 9 illustrates the flame in the 2 mm flame holder, 

which is dimmer and narrower. The values (4.501 W to 5.552 

W) are the lowest among all configurations, reflecting reduced 

combustion efficiency due to higher heat absorption and 

greater cooling. 

 

3.3 Temperature profiles 

 

Figures 10 to 12 show the temperature profiles for each 

thickness at v = 35 cm/s. The 1 mm flame holder achieves the 

highest peak temperature (T₁ = 631.2℃, Q ≈ 0.889 W), while 

the 2 mm flame holder records the lowest (T₁ = 598.4℃, Q ≈ 

0.792 W). 

 

 
 

Figure 10. Temperature profile at 35 cm/s with a 1 mm thick 

flame holder 

 

 
 

Figure 11. Temperature profile at 35 cm/s with a 1.5 mm 

thick flame holder 

 

Temperature measurements at T₃ and T₄ further confirm the 

influence of thickness. The 1 mm flame holder maintains 

higher downstream temperatures due to reduced conductive 

losses, while thicker flame holders dissipate more heat to the 

structure, lowering gas temperatures and combustion 

efficiency. 

These experimental results not only demonstrate the 

thermal and stability response of the flame with varying holder 

thickness but also offer important insight into combustor 

design optimization. The findings indicate that a thinner flame 

holder (around 1.0 mm) promotes more effective heat 

recirculation, minimizes local quenching, and stabilizes the 

flame front within the meso-scale channel. From a design 

perspective, this means that selecting a flame holder with 

controlled thin geometry can significantly improve 

combustion efficiency and operational reliability, particularly 

for compact or portable combustion systems where energy 

retention and stable operation are essential. 

 

 
 

Figure 12. Temperature profile at 35 cm/s with a 2 mm thick 

flame holder 

 

The position of temperature measurement also plays a 

crucial role in understanding the heat distribution. T₄, located 

near the flame holder, is highly influenced by the flame 

holder’s thickness; the thinner the flame holder, the higher the 

T₄ temperature due to reduced heat absorption by the metal. T₃ 

and T₂, positioned further downstream along the combustion 

channel, exhibit temperature values that depend on how much 

heat is retained within the combustion gases. Thicker flame 

holders tend to dissipate more heat, leading to lower T₃ and T₂ 

readings. Meanwhile, T₁, located upstream and outside the 

flame holder area, is more affected by external conditions and 

the incoming fuel flow. These spatial variations in temperature 

highlight how heat transfer pathways strongly control flame–

flow interactions, providing the basis for explaining the 

observed trends in flame stability and thermal efficiency. 

As shown in Figures 6 to 12, the 1 mm flame holder 

consistently produced the widest flammability range (Φ = 

1.13–1.84), highest peak temperature (631.2 ℃), and greatest 

heat release (Qtot ≈ 6.494 W). These improvements can 

enhance heat recirculation from the flame to the incoming 

reactants, increasing preheating and promoting stable 

combustion. 

The enhanced flame stability observed at a flame holder 

thickness of 1.0 mm correlates with a balanced thermal 

feedback mechanism between the combustor wall and the 

reacting flow. A thinner holder allows more effective heat 

recirculation from the downstream hot zone to the incoming 

reactant mixture, sustaining the local temperature above the 

ignition threshold and preventing flame extinction. In contrast, 

increasing the holder thickness intensifies heat conduction into 

the metal, leading to greater thermal losses and localized 

quenching near the wall surface. 

This phenomenon can be further interpreted through the 

combined effects of conduction, convection, and thermal 

diffusivity (α = k/ρcₚ). Duralumin, the flame holder material, 

has a relatively high thermal diffusivity (~5 × 10⁻⁵ m²/s), 

allowing heat absorbed at the flame surface to rapidly 

propagate through the metal. When the holder thickness 

increases, conductive heat transfer through the wall dominates, 

causing a larger portion of the thermal energy to be dissipated 

internally rather than recirculated to the flame zone. At the 
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same time, the enlarged surface area enhances convective heat 

losses to the surrounding flow, particularly in areas exposed to 

cooler incoming reactants. These combined conductive and 

convective losses reduce the local flame temperature and 

weaken the heat feedback required for a stable combustion. 

Conversely, the thinner 1.0 mm configuration limits both 

internal conduction and surface convection while retaining 

sufficient heat for feedback, maintaining the temperature near 

the ignition limit, and enabling a stable flame front. This 

explanation is consistent with the findings of Liu et al. [24] 

and Peng et al. [25], who reported that excessive wall 

thickness reduces effective thermal feedback and destabilizes 

meso-scale combustion. Hence, the 1.0 mm flame holder 

achieves the optimal compromise between structural integrity, 

conductive heat transport, and convective dissipation, 

resulting in superior stability and thermal performance. 

 

3.4 Heat transfer interpretation 

 

From a heat transfer perspective, thinner flame holders 

increase the convective heat transfer coefficient (h) by 

reducing conductive heat absorption into the metal body, thus 

retaining more thermal energy in the gas phase. This effect 

reduces the local quenching tendency, as the flame 

temperature remains above the quenching temperature 

threshold for butane-air mixtures (560–580℃). Conversely, 

thicker holders (2 mm) perform as stronger heat sinks, 

reducing (𝑇𝑠 - 𝑇∞) and narrowing the stability window due to 

premature flame extinction at lean and rich limits. 

The trends observed in this study are consistent with the 

work of Wan and Zhao [13], who reported that excessive 

metallic mass in micro-combustors can reduce blow-off 

velocity by up to 25% due to quenching. However, the present 

results extend this understanding by quantitatively linking 

thickness variation (Δ = 1.0 – 2.0 mm) with measurable 

changes in flammability limit width (ΔΦ up to 0.3) and heat 

release rate (ΔQ up to 1.99 W). These parameters were rarely 

reported concurrently in the prior mesoscale combustion 

studies. 

The present findings conform to the observations of Wan 

and Zhao [13], who reported that a thinner wall structure 

enhances the stability of meso-scale flames by promoting 

stronger heat recirculation and reducing local quenching. In 

both studies, the flame remains anchored near the holder edge 

when the thickness is minimized, confirming that the 

geometric constraint directly affects the local energy balance. 

However, while Wan et al. [18] focused primarily on material 

and general wall geometry, the current work extends the 

findings by quantifying the specific role of flame holder 

thickness (1.0–2.0 mm) and its direct effect on the flame 

stability limit and the overall heat transfer rate. The 

quantitative correlation between thickness and temperature 

distribution in this work provides additional experimental 

validation for the theoretical trends proposed by Wan and 

Zhao [13], reinforcing the critical role of geometric scaling in 

meso-scale combustor design. 

Quantitatively, the experimental data show that reducing the 

flame holder thickness from 2.0 mm to 1.0 mm increases the 

peak temperature near the flame front (T4) by approximately 

12 to 15% and improves the overall thermal efficiency by 

nearly 10%. Correspondingly, the flammability range expands 

by about 0.3 ϕ, indicating a broader area of stable operation. 

These results demonstrate that geometric thickness exerts a 

strong effect on the heat transfer characteristics. The thinner 

holders enhance heat feedback and sustain combustion 

stability. From a design perspective, a 1.0 mm flame holder 

provides the optimal compromise between structural strength 

and thermal performance, serving as a practical guideline for 

fabricating small-scale or portable combustors. Thus, the 

quantified relationship between thickness variation and 

performance metrics forms an empirical foundation for future 

optimization in mesoscale energy devices. 

Moreover, the broader stability envelope obtained with the 

1 mm configuration is particularly relevant for portable power 

systems when operating conditions are highly variable. 

Maintaining a wide Φ range ensures better tolerance to 

transient changes in fuel-air mixing quality. This finding 

suggests that optimizing flame holder geometry must balance 

structural integrity with thermal mass minimization, a design 

trade-off that is underexplored in the literature. 

 

 

4. CONCLUSIONS 

 

This study investigated the influence of flame holder 

thickness on the thermal performance, flammability limits, and 

flame stability of a meso-scale combustor. The duralumin 

flame holders with thicknesses of 1 mm, 1.5 mm, and 2 mm 

were tested under controlled conditions using butane fuel. 

The results demonstrate that flame holder thickness 

significantly affects temperature distribution, heat transfer, 

and combustion stability. The 1 mm thick flame holder 

provided the broadest flammability range (Φ = 1.13–1.84), 

higher peak temperatures, and a greater heat release compared 

to thicker configurations. This improvement correlates with 

enhanced heat recirculation and reduced conductive losses, 

which increase reactant preheating and extend flame stability. 

Moreover, the experimental findings directly impact the 

practical design. The quantitative relationship between flame 

holder thickness and thermal performance offers a design 

parameter that is directly applicable to the fabrication of 

compact combustors. Selecting a thickness near 1.0 mm 

provides an optimal balance between heat retention and 

mechanical strength, which can be utilized in the development 

of portable power generation systems, micro-heating units, 

and miniature propulsion devices. Furthermore, the 

temperature and stability data obtained in this study can serve 

as reference values to validate numerical simulations or guide 

optimization models aimed at improving fuel efficiency and 

stability in meso-scale energy applications. 

However, this study is limited to a single fuel type (butane) 

and a specific flame holder material (duralumin), which may 

influence the observed heat transfer and flame stability 

characteristics. Butane has a relatively low latent heat of 

vaporization and high heating value, enabling easy 

vaporization and stable ignition. Meanwhile, duralumin’s high 

thermal conductivity (approximately 120 to 150 W/m·K) 

promotes conductive heat losses along the holder surface. 

Therefore, the results represent a particular configuration 

rather than a universal behavior across all fuels or materials. 

Additionally, the experiments were conducted under steady 

inlet flow conditions without any evaluation of transient or 

turbulent effects that may occur in real applications. Future 

work should extend the present findings by exploring different 

fuel types, such as hydrogen or propane, and alternative 

materials with varying thermal conductivities. Investigating 

multi-port or curved geometries could also provide a deeper 

understanding of how structural scaling interacts with 
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combustion stability in meso-scale systems. 

Despite these experimental limitations, the present study 

establishes a novel experimental framework that quantitatively 

links the flame holder thickness, thermal behavior, and flame 

stability. The results fill a critical gap in meso-scale 

combustion research and offer a solid foundation for future 

optimization, modeling, and design of compact and efficient 

combustion systems. 
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NOMENCLATURE 

Nu Nusselt number 

Q heat release, W 

h convective heat transfer coefficient, W/m²·K 

L characteristic length, m 

k thermal conductivity, W/m·K 

A flame holder surface area, m² 

U flow velocity, cm/s 

T temperature, ℃ 

Greek symbols 

 equivalence ratio 
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