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Meso-scale combustors have unique thermo-fluid challenges due to a 
high surface-to-volume ratio. Small changes in Reynolds number (Re) 
and Mach number (Ma) can have a big effect on how vortices behave, 
how heat moves, and how stable flames are. This study looks at how 
mass flow rate, Re, and Ma work together to change the temperature 
distribution in two vortex-stabilized combustor setups with different 
volumes. Current study works on high-fidelity CFD simulations using 
the RNG k–ε turbulence model with eddy dissipation chemistry over Re 
= 301.4–1153.8 (Ma<0.3), which stands for incompressible subsonic 
regimes. The results show that Re and Ma are directly proportional 
when the geometry and fluid properties stay the same. This makes it 
possible to predict how thermal fields will change with size. The larger-
volume combustor always had stronger swirl and more coherent 
central recirculation zones (CRZs), which made the flame zones wider, 
improved radial heat transfer, and cut down on heat losses through the 
walls in all operating conditions. On the other hand, the compact 
combustor broke down vortices quickly, had steep radial temperature 
gradients, and was more likely to have flames put out at high Re. The 
results show a linked Re–Mach–temperature relationship that 
improves our ability to predict meso-scale combustion. This gives us a 
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design framework to improve the stability, efficiency, and durability of 
portable power generation and micro-propulsion systems. 

1. Introduction 
The meso-scale combustor, typically characterized by diameters in the millimeter to centimeter range, presents a 
unique thermo-fluid environment where the interplay between Reynolds number (Re) and Mach number (Ma) 
critically governs flow structure, heat transfer, and combustion stability [1-2]. In such confined geometries, the 
elevated surface-to-volume ratio amplifies wall heat loss and renders the flame highly sensitive to variations in 
mass flow rate, inlet velocity, and residence time [3]. While the operating Re commonly spans from low to 
moderate ranges (≈ 300–1000), corresponding Mach number values generally remain within the subsonic regime 
(Ma < 0.3); nonetheless, even marginal variations in Mach number can influence the pressure–temperature field 
and alter flame anchoring behavior [4]. Previous investigations into meso-combustor configurations, including 
Tesla-valve structures [5] and swirl-inducing geometries [6-7], have demonstrated that increases in Re can 
enhance convective heat transfer and stabilize internal recirculation zones, yet may also diminish chemical 
efficiency due to reduced residence times [8]. High-fidelity computational studies employing Large Eddy 
Simulation (LES) and Direct Numerical Simulation (DNS) have further revealed combustion regime transitions, 
such as Flame Repetitive Extinction and Ignition (FREI) and Propagating Flame (PF) which are intrinsically linked 
to flow parameters and wall thermal conditions [9-10]. However, systematic quantification of temperature 
distribution, particularly along the combustor wall and at the exhaust plane, as a direct function of Re and Ma 
remains limited, with most prior works emphasizing flame dynamics or geometry optimization rather than fully 
coupled thermofluid behavior [11].  

At higher mass-flow rates, increased Re and Ma intensify shear-layer turbulence in the CRZ, enhancing 
convective heat transport but reducing residence time, which can shift the peak temperature downstream and 
lower local flame temperatures for a fixed equivalence ratio. Higher Mach number also increases susceptibility to 
thermo-acoustic instabilities through stronger dynamic pressure fluctuations that couple with unsteady heat 
release. Conversely, at lower mass-flow rates, reduced Re and Ma extend the residence time and elevate peak 
temperatures, but at the cost of higher conductive heat loss to the walls and an increased risk of flashback if the 
laminar flame speed exceeds the local axial velocity. The stability and efficiency of vortex-stabilized meso-
combustors therefore emerge from a delicate balance between vortex-induced mixing, acoustic feedback, and 
thermal energy retention. A clear understanding of these coupled Reynolds–Mach–Thermal dynamics is essential 
for optimizing mass-flow conditions that maximize combustion completeness while minimizing wall heat losses, 
mapping the blow-off and flashback limits in terms of non-dimensional groups, and establishing scaling laws that 
can be generalized to the design of next-generation meso-scale combustion systems. Such an approach aligns with 
the broader objective of enhancing both efficiency and stability in compact, high-power-density energy devices. 

The primary impetus for studying small scale combustion systems arises from the wide array of possible 
applications they provide [12]. This section offers a succinct summary of many uses, including propulsion, 
actuation, power generation, and fuel reformation. From a combustion perspective, it is evident that when the 
system size reduces, there is a rise in heat losses and the probability of contact between the wall and radical 
species. These interactions can result in the suppression of the combustion event. In addition, when the system 
becomes smaller and shifts from turbulent to transitional flow, the effects of the boundary layer and friction, which 
are usually predictable and relatively unimportant compared to the system's energy output at larger sizes and 
high Reynolds numbers, can have a significant impact on the flow field's development [13-14]. The heat release 
rate is affected by both the Reynolds number and the equivalence ratio, as these factors are directly linked to the 
quantity of fuel burned [15]. The investigation of combustion within small-scale combustors has prompted the 
design of heat recirculation systems to address their increased flammability. Studies indicate that the design of 
small-scale combustors, along with the characteristics of their walls, significantly influences flame dynamics, 
flame structure, and flame location [6]. The Swiss-roll design was developed to enable the transfer of energy from 
combustion products to the unburned fuel–air mixture, thereby supporting the advancement of micro-power 
generation systems based on combustion [16-17]. According to [18], an increase in heat loss in a tiny Swiss-roll 
combustor (caused by using various combustor materials) leads to a reduction in the range of flammability of the 
combination. According to [19], raising the equivalence ratio or Reynolds number in a micro-scale Swiss-roll 
combustor shifts the reaction front from the centre of the combustor toward the inlet. This movement occurs 
because the reaction rate is enhanced [14] carried out an experiment using a small-scale Swiss-roll combustor, 
where heat recirculation from combustion gases to the unburned fuel–air mixture was applied to stabilize the 
flame. Their findings showed that the additional enthalpy from the recirculated burned gases raised the flame’s 
peak temperature within the recirculation zone. 

However, a quantitative coupling between Re and subsonic Ma that predicts wall and outlet temperature 
distributions in vortex-stabilized meso-combustors, especially under controlled volume scaling, remains 
insufficiently resolved in the literature. Here, we establish an explicit Re–Ma–temperature relationship and 



70 Int. Journal of Integrated Engineering Vol. 18 No. 2 (2026) p. 68-81 

 

 

compare compact versus larger chambers under identical properties to derive design-relevant trends in stability 
and thermal efficiency. This study aims to investigate the influence of mass flow rate, Reynolds number (Re), and 
Mach number (Ma) on the temperature distribution and flame stabilization in vortex-stabilized meso-scale 
combustors of different chamber volumes. Moreover, its providing a foundation for optimizing meso-scale 
combustors with improved combustion efficiency, minimized wall heat loss, and enhanced operational stability, 
thereby contributing to the broader advancement of meso-scale combustion science and engineering applications.  

This work establishes an explicit Reynolds–Mach–temperature linkage for vortex-stabilized meso-
combustors, comparing compact vs larger volumes under identical thermophysical properties. By quantifying 
how Re and subsonic Ma co-vary with swirl persistence and CRZ strength, we show when mixing gains outweigh 
residence-time penalties, and we provide actionable design rules (volume scaling, target Re window, minimum 
swirl threshold) for portable power and micro-propulsion combustors. 

2. Numerical Method 

2.1 Governing Equations 
The three-dimensional, steady-state Favre-averaged governing equations for mass, momentum, species mass 
fraction, and energy in Cartesian coordinates are applied in this study. These are given as follows: 
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(4) 

where ρ is the density, 𝑢𝑢𝑖𝑖/𝑗𝑗 is the velocity vector components, P is the pressure, λ is the thermal conductivity, 𝑃𝑃𝑃𝑃𝑡𝑡 
is the turbulent Prandtl number, 𝐷𝐷𝑛𝑛 is the mass diffusivity of species (𝑛𝑛) which was assumed to be constant for 
each species, 𝑌𝑌𝑛𝑛 is the mass fraction of species (𝑛𝑛), 𝜔̇𝜔𝑛𝑛 is the chemical reaction rate, 𝐻𝐻� is total enthalpy, 𝜇𝜇 is the 
dynamic viscosity and 𝜇𝜇𝑡𝑡  is the turbulent viscosity. The ~  denotes the Favre averaging. 𝑆𝑆𝑆𝑆𝑡𝑡 is the turbulence 
Schmidt number (𝑆𝑆𝑆𝑆𝑡𝑡 = 𝜇𝜇𝑡𝑡/𝜌𝜌𝐷𝐷𝑡𝑡 where 𝐷𝐷𝑡𝑡 is a turbulence diffusivity). In the numerical procedure of this present 
study, various models of turbulence viscosity are examined. 

2.2 Computational Approach 
Using a second-order upwind scheme, the flow domain has been discretised using a three-dimensional (3D), finite 
volume solver. To make sure the solution is grid independent, several tetrahedral grids have been created. The 
mass conservation between the velocity terms and pressure in the discretised momentum equation has been 
obtained using the SIMPLE algorithm. The Eddy-Dissipation (ED) algorithm has been chosen for turbulence-
chemistry interactions, and chemical reactions have been regarded as volumetric. The Arrhenius rate and 
chemical kinetics are disregarded in the ED reaction model, which solely makes use of the reaction flow 
parameters. The temperature and operating pressure were set at 300 K and 1.01 bars, respectively. The CFD code 
ANSYS Fluent was used to solve the governing equations using a steady state pressure-based solver. fluid in every 
simulation. With the exception of the energy equation and the chemical reactions equation, which converge at 
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quantities less than 1×10−6, the solution is said to be converged when the residuals of each governing equation 
at successive iterations become less than 1×10−4. The flow field [20-21] variables reached stable local values 
under such circumstances, regardless of the number of iterations. Additionally, the temperature parameter 
monitors converged independently. Reacting flow cases were subjected to this convergence criterion. The 
specifics of the simulated asymmetric vortex flame's boundary condition are shown in Table 1. Figure 1 depicts 
the asymmetric vortex combustor's design, and the meso-scale combustor channel design is illustrated in Fig. 2, 
and the associated dimensions are listed in Table 2. 

In order to assess the impact of grid sizes on the results, a grid independence test was implemented, as 
illustrated in Fig. 2. Figure 3 then consolidates the combustor geometry, boundary-condition placement, and 
domain meshing overview used for all reported simulations. The tetrahedral elements were employed to generate 
numerous mesh sets, and Scheme E was chosen with 113,133 nodes.  The sensitivity study conducted indicates 
that the most suitable scheme should be implemented for all case studies and additions in order to minimize 
computing time. This test was conducted with laminar flow and a counter-flow configuration, with inlet air and 
inlet fuel (methane) temperatures set at 300 K. Scheme E, was determined to provide the optimal equilibrium 
between computational cost and accuracy among the evaluated schemes. The differences in key flow parameters 
between SE and finer meshes (SA and SB) were negligible, with variations in core temperature and velocity 
magnitudes remaining below 1.5%. The comparative analysis against Khaleghi [22] indicates that Scheme E 
achieves the highest consistency with experimental data, exhibiting a MAPE of 2.07 % and a maximum deviation 
of 3.89 %, whereas Scheme C deviates substantially (MAPE ≈ 16.35 %). This confirms that Scheme E provides the 
most physically reliable numerical representation for the investigated flow regime. This level of agreement 
validates the numerical fidelity of SE and confirms its suitability for use in all subsequent simulations. All 
computational domains included both fluid and solid regions of the meso-scale combustor. All computational tasks 
were executed on a workstation powered by an Intel Core i9 CPU and 16 GB of memory. Although the inlet 
Reynolds number based on 𝐷𝐷ℎ is in the 102− 103 range, the swirling jet and sudden expansion produce locally high 
shear and curvature; therefore, the flow is treated as transitional/turbulent and modelled using the RNG k–ε 
closure (swirl-dominated option) with second-order spatial discretization. This choice improves shear-layer 
mixing and CRZ persistence predictions compared with a laminar closure while remaining consistent with the 
subsonic regime (M<0.3). 

 
  

 
(a) Model Khaleghi (2015), 

D=1 mm 
(b) Model A, D=1.5 mm (c) Model B, D=2 mm 

Fig. 1 Vortex meso-scale combustor configurations; (a) Model Khaleghi (2015); d’FI = 1 mm; Model A; d’FI = 1.5 mm 
and (b) Model B; d’FI = 2.0 mm. 
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Table 1 Boundary condition settings (adapted from [22]) 
Model Settings 

Viscos model RNG K-epsilon (2 Equations) RNG, with swirl-
dominated flow option 

Radiation model Discrete ordinate (DO) 

Reaction model Model of turbulence chemistry with volumetric 
species transport reaction and eddy dissipation 

Boundary 
conditions 

Air inlet 

Mass flow rate: Various 
Temperature: 300 K 
Concentration:  
O2 = 23%, N2 = 77% 

Fuel inlet Mass flow rate: Various 
 

Table 2 Geometric dimensions of meso-scale vortex combustors (mm) 
Samples Model A Model B 
Length of meso chamber, LMC 48 64 
Height of meso chamber, HMC 60 80 
Diameter outlet, DO 15 20 
Diameter air inlet, DAI 15 20 
Diameter fuel inlet, DFI 15 20 
Diameter air inlet, d’AI 2.25 3.0 
Diameter fuel inlet, d’FI 1.5 2.0 
Length fuel inlet 1, HFI, 1 7.5 10 
Height-chamber, HC 45 60 
Volume 1.21x10-5 m3 2.58x10-5 m3 

 
 

  
Fig. 2 Vortex meso-scale combustor meshing schemes with scheme E selected 
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(a)                                            (b)                                                                       

 

                                                            (c)                                                                        (d) 

 

Fig. 3. Description of meso-scale vortex combustor; (a) Isometric view; (b) Boundary conditions; (c) Dimensions and 
(d) Meshing 

3. Results and Discussion 

3.1 Vortex Structure Characterization in Meso-Scale Combustors with Varying Volume 
Configurations 

Figure 4 illustrates the three-dimensional vortex structures captured via iso-surface visualization techniques for 
two distinct meso-combustor volume configurations under varying flow conditions. The upper row represents a 
compact combustor geometry, while the bottom row corresponds to a higher volume design. A critical comparison 
reveals significant differences in swirling strength and vortex sustainability. In the lower volume combustor, 
vortex cores exhibit early dissipation and breakdown, characterized by irregular, fragmented structures and 
shorter axial penetration. This indicates suboptimal swirl number [23] or excessive wall-induced damping, 
leading to rapid decay of coherent vortex structures. Consequently, the early collapse of the vortex reduces fuel–
air mixing efficiency and shortens the residence time [24], potentially compromising flame stabilization and 
increasing wall heat losses. 

In contrast, the larger volume combustor demonstrates more elongated, coherent, and symmetrical vortex 
formations, extending further downstream along the combustion chamber. The pronounced swirling motion 
effectively generates a stronger internal recirculation zone, which improves thermal insulation by redirecting hot 
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products toward the combustor core and away from the walls. This promotes a more uniform temperature 
distribution and enhanced flame stabilization, especially under higher mass flow rates. The sustained vortex 
activity suggests an optimized swirl intensity that balances centrifugal forces and axial momentum. These 
observations underline the critical role of geometric scaling and swirl dynamics in governing the fluid behavior 
within meso-scale combustion systems. Properly tuning the combustor volume and swirl parameters [25] can 
significantly mitigate thermal losses while enhancing combustion efficiency in micro-energy applications [26]. 

3.2 Correlation Between Vortex Dynamics and Thermal Distribution in Meso-Scale 
Combustors 

The axial temperature contours for both the compact-volume (left column) and large-volume (right column) 
meso-scale combustors across varying mass flow rates as in Fig. 4. The differences in flame structure and heat 
distribution are strongly governed by the interplay between vortex strength, recirculation characteristics, and 
combustor volume. In the compact combustor configuration, the flame core is narrow, with steep thermal 
gradients near the combustor wall. This behavior can be attributed to the early breakdown of the central vortex, 
resulting in diminished swirling strength and a weakened recirculation zone. The insufficient radial transport of 
high-temperature gases limits mixing between the fresh reactants and hot combustion products. Consequently, 
the residence time of the reacting flow is shortened, leading to incomplete combustion at higher flow rates. The 
heat energy remains concentrated along the core axis, which increases local heat flux toward the wall, intensifying 
thermal losses and elevating the risk of flame quenching. Such behavior is especially evident at higher mass flow 
rates where the velocity field dominates over the buoyancy-driven recirculation, further suppressing vortex 
stability. 

In contrast, the large-volume combustor exhibits a more coherent and sustained vortex structure throughout 
the combustor length. The enhanced swirling strength facilitates stronger radial mixing, continuously 
transporting hot combustion gases toward the flame root region. This promotes a more uniform temperature rise 
along the axial direction and delays vortex breakdown to further downstream locations. The effect is a wider high-
temperature core with gentler radial gradients, reducing the peak thermal load on the combustor walls and 
improving effective thermal insulation. The larger recirculation zones also act as thermal reservoirs, maintaining 
ignition stability across varying mass flow rates. From a fluid dynamics perspective, the correlation between 
swirling intensity and thermal field uniformity becomes more pronounced as combustor volume increases. 
Stronger swirl generates a larger central recirculation zone (CRZ), which enhances flame anchoring and stabilizes 
the combustion front. In the large-volume design, the CRZ remains intact over a broader range of Reynolds 
numbers, mitigating the adverse effects of velocity-induced vortex breakdown. By contrast, in the compact design, 
the CRZ collapses earlier, making the flame more sensitive to flow perturbations and mass flow rate variations. 
Thermally, the improved mixing induced by robust vortex motion in the large-volume combustor reduces 
localized hot spots and promotes a gradual radial decay of temperature. This not only enhances combustion 
efficiency but also reduces NOₓ formation potential, as peak temperatures are moderated without compromising 
flame stability. The compact combustor, while potentially advantageous in minimizing size and material usage, 
sacrifices thermal uniformity and combustion completeness due to weaker swirl persistence. 

Overall, these observations confirm that optimizing the swirling strength either through combustor geometry 
or inlet swirl generation plays a pivotal role in controlling both the vortex dynamics and the resultant temperature 
distribution. The large-volume combustor’s superior ability to sustain strong and coherent vortex motion across 
different mass flow rates directly translates to higher combustion stability, improved thermal efficiency, and 
better tolerance to operational variations. This provides a compelling design direction for future high-
performance meso-scale combustor systems aimed at portable power generation or micro-propulsion 
applications. 
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Fig. 4 Temperature behaviour in meso-scale combustor; (a) model a; d’FI = 1.5 mm; (b) model b; d’FI = 2.0 mm 

3.3 Reynolds Number 
The Reynolds number plays a key factor affecting flow behaviour within a vortex mixtures micro-scale combustor 
system orientated at a particular model of micro-scale combustor chamber and mass flow rate. Compared to the 
previous micro-scale combustor systems that consist of two inlet air jets and two inlet fuel jets with combustor 
diameter ranged from 10 mm and 14.4 mm in their study [22] conducted an extensive investigation of vortex 
flames. This study involved various micro-scale combustor chambers via a variety of equivalence ratio (ϕ) and 
mass flow rate (40 mg/s, 80 mg/s, 120 mg/s and 170 mg/s). As the flow enters the chamber, air jets positioned 
perpendicular to the fuel jets help to intensify the vortex flow within the micro-scale combustor. All types of micro-
scale combustors share identical dimensions, except for the exhaust diameter. The flow was assumed to be non-
slippery. To assess the impact of the Reynolds number, simulations were conducted at various mass flow rates of 
40 mg/s, 80 mg/s, 120 mg/s and 170 mg/s respectively corresponding to 301.4, 577.6, 860.1 and 1153.8 Reynolds 
number, calculated from Equation (5 & 6). 
 

𝑅𝑅𝑅𝑅 =
𝜌𝜌𝑉𝑉𝐼𝐼𝐷𝐷𝐻𝐻
𝜇𝜇

 (5) 

 

𝑅𝑅𝑅𝑅 =
4𝑚̇𝑚
𝜋𝜋𝐷𝐷𝐻𝐻𝜇𝜇

 (6) 

 
In these calculations, the dynamic viscosity, 𝜇𝜇, density of air, 𝜌𝜌, hydraulic diameter tube, 𝐷𝐷ℎ = 𝐷𝐷, velocity inlet, 𝑉𝑉𝐼𝐼, 
pi, π, and mass flow rate, 𝑚̇𝑚, were all based on the specified inlet velocity conditions. Thus, this value indicates the 
presence of turbulent flow (𝑅𝑅𝑅𝑅 > 4000) across all cases examined in this study. As illustrated in Fig. 5, Reynolds 
number results produced by the RNG 𝑘𝑘 − 𝜀𝜀  turbulence model closely align with those reported by previous 
researchers, [22]. The predicted axial temperature distribution at Re ≈ 301 shows close agreement with Kaleghi 
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[22], with a mean absolute percentage error (MAPE) of 2.5% and a maximum absolute deviation of 4.3% across 
the evaluated axial locations. 
 

 

Fig. 5 Temperature distribution at vortex mixtures micro-scale combustor for different Reynolds Numbers 

3.4 Mach Number 

3.4.1 Influence of Reynolds Number on Mach Number and Temperature Distribution 
The temperature distribution along the axial distance for Reynolds numbers 𝑅𝑅𝑒𝑒 = 301.4, 577.6, 860.1, 1153.8 
reveals a clear relationship between flow velocity, Mach number, and the thermal field development in the meso-
combustor. At the lowest Reynolds number (Re = 301.4), the bulk velocity is relatively small, resulting in a Mach 
number well below the compressibility threshold (M<0.2), and the temperature profile remains moderate (~540–
580 K) with minimal axial variation. As the Reynolds number increases to 577.6, the higher velocity leads to an 
increased Mach number, although still in the laminar regime. This promotes slightly enhanced convective heat 
transfer but also produces a small temperature drop near the inlet due to the stronger advective transport of cold 
reactants before significant combustion heat release occurs. For higher Reynolds numbers, particularly at 
Re=860.1 and 1153.8, the flow velocity and Mach number increase substantially. In laminar flows at meso-scale, 
the Mach number is directly proportional to Reynolds number when thermophysical properties remain constant, 
as both parameters scale linearly with velocity.  

Although these higher Mach numbers remain in the subsonic regime (M<0.3), mild compressibility effects 
may begin to influence the structure of the thermal boundary layer. This behavior is reflected in the elevated 
downstream temperatures (~800 K for Re = 860.1 and ~850 K for Re = 1153.8), which indicate intensified 
convective mixing, more complete combustion, and greater heat release. These findings are consistent with 
previous studies [22] and recent micro-tube laminar flow analyses, which also reported a proportional Mach–Re 
relationship in subsonic regimes, followed by changes in behavior near transitional flow. 

3.4.2 Mathematical Relationship between Mass Flow Rate, Reynolds Number, and Mach 
Number 

In a steady laminar flow within a combustor of hydraulic diameter 𝐷𝐷ℎ the Reynolds number (Equation 1) is given 
where 𝜌𝜌 is the fluid density, 𝑉𝑉 is the mean axial velocity, and 𝜇𝜇 is the dynamic viscosity. The mass flow rate is 
expressed as: 

𝑚̇𝑚 = 𝜌𝜌𝜌𝜌𝜌𝜌 (7) 
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where 𝐴𝐴 is the combustor cross-sectional area. From this, the velocity can be written as: 
 

𝑉𝑉 =
𝑚̇𝑚
𝜌𝜌𝜌𝜌

 (8) 

Substituting into the definition of Reynolds number: 
 

𝑅𝑅𝑒𝑒 =
𝑚̇𝑚𝐷𝐷ℎ
𝜇𝜇𝜇𝜇

 (9) 

showing that for constant geometry and viscosity, 𝑅𝑅𝑒𝑒 is directly proportional to 𝑚̇𝑚. The Mach number is defined 
as: 
 

𝑀𝑀 =
𝑉𝑉
𝑎𝑎

 (10) 

where the local speed of sound is: 
 

𝑎𝑎 = �𝛾𝛾𝛾𝛾𝛾𝛾 (11) 

Substituting 𝑉𝑉 from the mass flow equation: 
 

𝑀𝑀 =
𝑚̇𝑚

𝜌𝜌𝜌𝜌�

�𝛾𝛾𝛾𝛾𝛾𝛾
=

𝑚̇𝑚
𝜌𝜌𝜌𝜌�𝛾𝛾𝛾𝛾𝛾𝛾

 (12) 

For an ideal gas where 𝜌𝜌 = 𝑝𝑝
𝑅𝑅𝑅𝑅�  

 

𝑀𝑀 =
𝑚̇𝑚�𝛾𝛾𝛾𝛾𝛾𝛾
𝑝𝑝𝑝𝑝√𝛾𝛾

 (13) 

 
Combining the above with the 𝑅𝑅𝑒𝑒 expression gives: 
 

𝑀𝑀 =
𝜇𝜇

𝜌𝜌𝐷𝐷ℎ�𝛾𝛾𝛾𝛾𝛾𝛾
.𝑅𝑅𝑒𝑒 (14) 

This explicit relationship demonstrates that, for constant fluid properties and geometry, Mach number scales 
linearly with Reynolds number, and therefore with mass flow rate.  

3.4.3 Numerical Estimation for Methane at 300 K, 100 kPa 
Using methane properties at 300 K and 100 kPa as properties ( 𝛾𝛾 = 1.31,𝑅𝑅 = 518.3 J/kg. K, 𝜇𝜇 = 1.10 ×
10−5 𝑃𝑃𝑃𝑃. 𝑠𝑠,𝜌𝜌 ≈ 0.643 𝑘𝑘𝑘𝑘/𝑚𝑚3), with a combustor hydraulic diameter 𝐷𝐷ℎ = 0.01 𝑚𝑚 and cross-sectional area 𝐴𝐴 =
7.854 × 10−5𝑚𝑚2, the velocity and Mach number for each Reynolds number case are calculated as in Table 3. The 
Mach numbers for all tested Reynolds number cases are extremely small (M<0.3), confirming that the methane 
flow in the meso-combustor operates under incompressible laminar conditions. This indicates that density 
variations due to velocity are negligible, and the dominant mechanism influencing temperature distribution is 
convective heat transfer rather than compressibility. The proportional relationship between Reynolds number 
and Mach number highlights that increasing mass flow rate not only raises velocity but also enhances mixing and 
combustion efficiency, leading to higher downstream temperatures. This direct correlation provides a useful 
predictive tool when scaling combustor operation for different inlet conditions and strengthens the interpretation 
of the experimental temperature profiles presented in this study. 
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Table 3 The correlation of Mach number and Reynolds number on preposition of flow regimes 

Case 𝑅𝑅𝑒𝑒 𝑉𝑉 (𝑚𝑚/𝑠𝑠) 𝑀𝑀𝑀𝑀𝑀𝑀ℎ,𝑀𝑀 𝑚̇𝑚 (𝑔𝑔/𝑠𝑠) Flow Regime 

1 301.4 0.515 0.00115 0.0259 Laminar, 
incompressible 

2 577.6 0.986 0.00220 0.0501 Laminar, 
incompressible 

3 860.1 1.468 0.00328 0.0741 Laminar, 
incompressible 

4 1153.8 1.968 0.00440 0.0995 Laminar, 
incompressible 

 

 

Fig. 6 Relationship between Reynolds number and Mach number for Methane in Meso-Combustor 

3.4.4 Quantitative Analysis of Swirling Strength and Vorticity Magnitude 
To complement the qualitative observations from Fig. 4, a quantitative assessment of the swirling strength and 
vorticity magnitude was conducted for both combustor configurations across the tested mass flow rates. Swirling 
strength 𝜆𝜆𝑐𝑐𝑐𝑐 was evaluated based on the complex eigenvalues of the local velocity gradient tensor, enabling the 
identification of coherent vortex cores independently from shear-dominated regions. Vorticity magnitude ((|𝜔𝜔��⃗ |) 
was computed as: 
 

|𝜔𝜔��⃗ | = ��
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(15) 

where 𝑢𝑢, 𝑣𝑣,𝑤𝑤 are the velocity components in the 𝑥𝑥,𝑦𝑦, 𝑧𝑧 directions respectively. 
 
(i) Compact-Volume Combustor 
The peak swirling strength values were found close to the combustor inlet region, rapidly decaying downstream 
due to early vortex breakdown as shown in Fig. 4 Model A. This decay was more pronounced at higher mass flow 
rates, where increased axial momentum suppressed vortex coherence. The reduction in vorticity magnitude 
corresponded directly with the observed collapse of the central recirculation zone (CRZ), leading to weaker hot 
gas entrainment toward the flame base. The resulting temperature profile showed a steep axial gradient, with the 
peak temperature localized near the mid-length of the combustor. 
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(ii) Large-Volume Combustor 
The larger-volume configuration demonstrated a more gradual decay in both swirling strength and vorticity 
magnitude, with coherent vortical structures persisting over a longer axial distance. At moderate mass flow rates, 
the swirl number (𝑆𝑆)  - calculated from the ratio of axial flux of angular momentum to axial flux of linear 
momentum, remained above the critical value of 𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≈ 0.6, ensuring the maintenance of a strong CRZ. Even at 
higher mass flow rates, the swirl number stayed sufficiently high to delay vortex breakdown, thereby sustaining 
uniform heat release and enhancing overall combustion stability as shown in Fig. 4 Model B. 
 
(iii) Thermal Implications 
The correlation between swirling strength and temperature uniformity is evident - higher and sustained 𝜆𝜆𝑐𝑐𝑐𝑐  values 
promote better radial mixing, distributing heat more evenly across the combustor cross-section. In the large-
volume design (Refer to Fig. 1 and Fig. 4), the vorticity field creates a buffer region that shields the walls from peak 
flame temperatures, thereby reducing wall heat losses and extending combustor life. In contrast, the compact 
combustor’s rapid loss of vortex coherence concentrates thermal energy in the core, increasing wall thermal stress 
and potentially accelerating material degradation. 
 
(iv) Design Perspective 
These findings highlight that for meso-scale combustors, the optimization of swirling strength through geometric 
tuning (swirl vane angle, inlet offset, or tangential entry) and volume scaling is as critical as fuel–air ratio control. 
For portable power generation or micro-propulsion applications, where operational stability across a wide range 
of flow conditions is essential, maintaining a swirl number above the critical threshold while ensuring sufficient 
combustor volume offers a robust pathway to achieving high combustion efficiency and thermal durability. 

3.4.5 Design Implications 
Design implications of coupled Re–Ma dynamics (Ma < 0.3). In the present meso-combustors, Mach number scales 
linearly with Reynolds number for fixed geometry and properties; thus, increases in ṁ raise both Re and M while 
keeping the flow safely incompressible. Practically, this produces a trade-off: higher Re improves shear-layer 
mixing and strengthens CRZ-mediated heat recirculation, widening the high-T core; however, it also shortens 
residence time and can shift peak temperature downstream. Our results show that the larger-volume combustor 
sustains coherent swirl over a broader Re window, yielding more uniform temperature fields and lower wall heat 
fluxes; conversely, the compact volume suffers earlier vortex breakdown and steeper radial gradients at 
comparable Re. Accordingly, designers should (i) select a target Re band where mixing gains exceed residence-
time penalties (in our cases, Re ≈ 600–1150), (ii) ensure swirl number ≥ ~0.6 to preserve a stable CRZ across the 
operating band, and (iii) use modest volume scaling (or outlet sizing) to delay breakdown and reduce wall losses 
without unduly increasing device footprint. Because M remains <0.3, compressibility effects are minor; however, 
incremental rises in M at the upper end of the Re range can enhance acoustic susceptibility, so baffling or damping 
features may be warranted in compact designs.” 

4. Conclusion 
This work shows that, under stoichiometric conditions, temperature distribution and aerodynamic stability in 
meso-scale vortex combustors are co-governed by Reynolds number and geometry. Across Re ≈ 611–2341, higher 
Re strengthens the flame core and elevates peak temperatures. Model B (larger volume, wider inlets) consistently 
sustains broader, more symmetric high-temperature zones and a wider stability margin via improved mixing and 
longer residence time, whereas Model A (compact, smaller inlets) exhibits steeper near-wall gradients, greater 
asymmetry, and earlier instability at high Re. These findings motivate designs that ensure sufficient recirculation 
volume and balanced inlet momentum to minimize wall losses and maintain a uniform, high-temperature core. 
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