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Keywords groups are derived. Three-dimensional CFD simulations employing the EDC combustion model,
Combustion scaling the GRI-Mech 3.0 mechanism, and the DO radiation model indicate that the proposed scaling
Flameless combustion method can reproduce the peak temperature with only a 1.7% deviation and the mean temperature
Dimensional analysis with 1.8% deviation. Furthermore, CO emissions decrease from 64 to 41 mg/kJ and NO emissions

Energy—exergy analysis

Flue gas recirculation from 53 to 27 mg/kJ in the scaled-up configuration. Analysis of Ret and Da confirms that this

method provides the closest match in reproducing turbulence-chemistry interaction. Energy and
exergy assessments also show that the efficiencies remain nearly unchanged between the
laboratory and industrial scales. Overall, the results demonstrate that the proposed framework
offers a reliable approach for designing low-emission and thermally stable industrial furnaces
operating in the flameless combustion regime.

Introduction

Conventional industrial combustion is constrained by high NOx/CO emissions, non-uniform temperature
fields, and limited efficiency, motivating the development of cleaner, more controllable combustion concepts.
Flameless (distributed) combustion is attractive because it can inherently reduce emissions, homogenize
temperature, and improve stability [1-3]. Stable operation generally requires reactant preheating above auto-
ignition with the low temperature-rise condition assessed locally due to the role of local auto- ignition [4], oxidizer
dilution to below ~10 vol.% O [5], and strong, uniform mixing to avoid a distinct flame front. Flue-gas
recirculation (FGR) is central because it simultaneously provides preheating, dilution, and mixing, enabling
spatially distributed reactions and lower peak temperatures that suppress thermal NOx.

Scaling flameless furnaces from laboratory to industrial size is challenging because regime stability is highly
sensitive to local mixing, dilution, and thermal uniformity; small deviations can revert the system to conventional
flame combustion. While various scaling strategies exist from comprehensive dimensionless frameworks to
simplified rules (e.g., constant velocity or residence time) compared in prior work [6], their assumptions can alter
mixing and emissions. To address this gap, the present study develops a Buckingham-n-based, physics-driven
scaling framework to preserve flameless combustion while scaling a 10 kW laboratory furnace to a 10 MW
industrial system, and validates similarity through regime criteria, temperature/pollutant fields, FGR behaviour,
turbulence-chemistry metrics (turbulent Reynolds and Damkohler numbers), and energy/exergy performance.

Methodology

Following the generalized Spalding dimensional framework [7], an initially broad set of physical variables was
screened to retain only those essential for preserving the flameless regime during scale-up. The retained set was
then organized into five categories (geometry, fluid dynamics, thermodynamics, heat transfer, and chemical
kinetics), and the key variables were selected to represent each category. The final set comprised 11 dimensional
variables governed by 4 fundamental dimensions [M], [L], [T], [6]. By the Buckingham = theorem, this yields 6
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independent dimensionless groups (mo to 7s); using algebraic combinations, these were expressed in a compact
form suitable for scale-up design.

(1) Equivalence ratio (already dimensionless): Ty = ¢ )
(2) Geometric similarity (nozzle-to-length ratio): = d/l 2)
(3) Flow (residence) time scale: = It/V 3)
(4) Species transport vs. convection: 3= 12t/D 4)
(5) Reaction—mixing balance: = q""l/pV cp AT %)
(6) Volumetric heat release vs. heat removal to ms=q'""'d*/kAT 6)
boundaries:

In the manuscript, m4 and 75 are explicitly linked to q"""". Conceptually, w4 captures the relationship between
volumetric heat release and temperature rise, whereas ms quantifies how the same volumetric heat release is
balanced by heat transfer (conduction/convection) to the walls.

To make s practical for turbulent internal flows, the manuscript rewrites it using cross-sectional geometry and

the hydraulic diameter, then substitutes the Nusselt number definition:

Nug=0.023Re"4Pro4 @)

and therefore 75 is reduced to the compact design-oriented form reported as equation (8), i.e. a power-law

dependence on the flow scale (via V) and material properties, with a constant coefficient C:

15’ =q" d*/CRATV ®)

In this study, the lab-scale furnace (10 kW) is scaled to an industrial furnace (10 MW) by enforcing similarity
of the above m-groups mo-ms and carefully maintaining consistent boundary conditions. In addition, mesh-
independence considerations are preserved by scaling the mesh element count with the scale factor to avoid
numerical errors in the larger domain.

Results and Discussion
Combustion regime identification

A reliable identification of the flameless regime is essential, particularly in CFD-based studies. In this work,
two independent criteria were used to classify the combustion regime: the Cavaliere thermal inequality [8] and the
normalized spatial temperature variation index proposed by Kumar et al. [9]. Both the laboratory furnace and the
scaled-up industrial furnace fall within the flameless combustion region when evaluated by the Cavaliere criterion.
The selected parameter T'? was defined based on methane air combustion under the present operating conditions,
and the “effective reactant temperature” was considered after mixing with recirculated flue gases, which is higher
than the nominal inlet temperature.

The normalized spatial temperature variation further confirmed regime preservation: values below 15%
indicate flameless combustion, while values above 51% correspond to conventional flame combustion [9]. The
reported values for both furnaces remained well below 15%, demonstrating that the proposed scaling strategy
preserves the original combustion regime without deviation.
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Figure 1. Cavaliere criterion [§] for identifying and comparing combustion regimes

Table 1. Normalized spatial temperature variation values for the laboratory-scale and scaled-up furnaces
Approaches T'?

Lab-scale 3.57 %
Scaled-up 0.91 %
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Temperature and pollutant emission performance

Key performance indicators (maximum/mean temperatures and normalized emissions of NO and CO) were
compared between scales. The scaled-up furnace predicted a maximum temperature of 1966 K, compared with
1933 K in the laboratory furnace (1.7% difference). The mean temperature was 1723 K for the scaled-up case
versus 1754 K for the laboratory case (1.8% difference). These small deviations indicate that the proposed scaling
approach preserves the thermal field with high fidelity.

Because direct pollutant comparisons across different thermal powers are not meaningful, emissions were
reported in normalized form (mg/kJ). The scaled-up configuration predicted lower CO emissions (41 mg/kJ) than
the laboratory furnace (64 mg/kJ), indicating improved overall oxidation completeness after scaling. For NO
typically harder to predict due to strong sensitivity to detailed kinetics results remained acceptable: the laboratory
value was reported as 53 mg/kJ, while the scaled-up furnace produced 27 mg/kJ, representing one of the closest
and most favourable matches among scaled configurations discussed. Overall, the results highlight that the
proposed scaling method can reproduce not only temperature trends but also pollutant-formation behaviour with
strong reliability.
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Figure 2. Comparison of key performance indicators between the laboratory-scale and industrial scaled-up furnaces: (a)
maximum and average temperatures, and (b) NO and CO emissions

Turbulence-Chemistry interaction

To further assess distributed combustion preservation, the turbulent Reynolds number (Re(), Damkohler
number (Da), and their product (RexDa) were analyzed. Higher Re, promotes mixing/recirculation, while lower
Da implies longer ignition delay both favour flameless combustion [8]. The product RexDa has been suggested
as a dynamic similarity indicator for turbulence-chemistry balance in distributed combustion [10,11]. The scaled-
up furnace produced the closest RexDa to the laboratory case (10.985 vs. 10.844), indicating that the proposed
scaling method best preserves the interaction between turbulent mixing and chemical time scales across orders of
magnitude in power.

Table 2. Turbulent Reynolds number (Re;), Damkéhler number (Da), and their product (Re:xDa) for the laboratory-scale and
industrial scaled-up furnaces

Approaches Re; Da RexDa
Lab-scale 200.814 0.054 10.844
Scaled-up 10984.558 0.001 10.985

Conclusions

A physics-based, dimensionless scaling framework was developed to scale flameless combustion furnaces
from laboratory to industrial conditions. By selecting the dominant variables and deriving six independent
dimensionless groups, the method inherently preserves the requirements for regime stability. Comparative
assessments of temperature fields, pollutant distributions (CO/NO), streamlines, internal flue-gas recirculation
(FGR), turbulence-chemistry indicators (Re:, Da), and energy/exergy efficiencies confirm successful regime
preservation during scale-up. The scaled furnace shows improved thermal uniformity, predicts mean and peak
temperatures with less than 2% deviation, keeps CO and NO within EPA limits, increases internal FGR by more
than 6 times, and yields a 36% reduction in reaction-zone thickness while maintaining first and second-law
efficiencies.

The framework’s performance is mainly attributed to preserving nozzle geometry and velocity profiles, which
sustain effective mixing and distributed heat release, and to reproducing turbulence-chemistry similarity via the
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closest match in RexDa relative to the laboratory reference. Overall, stable flameless scale-up depends on: (i)
sufficient FGR through appropriate diameter-to-length similarity (residence time/recirculation), (ii) maintaining
Re; and Da within stable ranges to balance mixing and kinetics, and (iii) ensuring thermal uniformity to suppress
localized flame fronts. Unlike empirical scale-up approaches, the proposed method preserves these constraints
intrinsically, providing a reliable design tool for low-emission, stable industrial flameless furnaces.
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Table 1- Comparison of different scaling methods with respect to geometric dimensions, velocity, residence time, and volumetric
heat-release rate [16]

Scaling methods Geometric scaling Velocity scaling T q"
s=d,/d, V=V,/V,
cv Q2 Constant 02 012
CRT Q3 Q3 Constant Constant
Cole Q4 Q2 ¢/ o014

1 Cole method
2 Kumar method
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Table 1- Comparison of different scaling methods with respect to geometric dimensions, velocity, residence time, and volumetric
heat-release rate [16]

Scaling methods Geometric scaling Velocity scaling T q"”
S=d2/d1 V=V2/V1
(Y Q2 Constant 02 Q12
CRT Q3 Q3 Constant Constant
Cole QU 012 Q-1 oL/
Kumar Q173 100 m/s Q3 Constant

1 Cole method
2 Kumar method
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Figure 1- Geometry of the laboratory-scale furnace: (a) side view, (b) bottom view, and (c) bluff body positioned at the inlet nozzle
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Table 3- Input parameters used for the numerical simulations

Parameters Fuel Air
Chemical compounds CH,4 79% N, +21% O,
Temperature (K) 306 306
Mass flow rate (kg/h) 0.68 13.62
Velocity (m/s) 9.32 22.38
Equivalence ratio ¢ =0.85
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Figure 2- Schematic representation of the boundary conditions applied to the furnace geometry
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Table 4- Boundary conditions applied in the numerical simulations, specifying velocity, pressure, temperature, and species
concentrations at inlets, outlets, and walls

Parameters Input Output Walls
. calculated by no-slip boundary condition and
Velocity (V) known (Table 4) continuity equation wall functions
Thermal boundary condition (Table 4) known must be calculated known (Figure 2)
Pressure (P) calculatee(;l‘t;;/ﬁ]iirnoulh s known (Atmospheric) zero gradient (VP = 0)
Species (X)) known (Table 4) zero gradient (VX; = 0) zero gradient (VX; = 0)
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Table S5- Comparison of geometric dimensions and mesh numbers for the laboratory-scale and scaled-up industrial furnaces

Approaches Scale ratio Length (m) Width * (m) Diameter (m) Mesh number
Lab-scale 1 0.55 0.25 0.026 979,520
Scaled-up 7.21 3.97 1.80 0.187 7,224,773

* Width=Hight
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2Reynolds-Averaged Navier-Stokes

3 Semi-Implicit Method for Pressure-Linked Equations
+Eddy Dissipation Concept

5 Discrete Ordinates

6 Weighted Sum of Gray Gases Models
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Figure 3- Mesh configuration in different regions of the computational domain: (a) one-quarter of the 3D furnace cross-section, (b)
side view of the furnace, (c) inlet nozzles, (d) boundary-layer mesh at the inlets and outlet, and (e) floor section
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Table 6- Mesh quality metrics and deviation statistics for the computational domain

Mesh metric Minimum Maximum Average Standard deviation
Quality 6.2355x10 1 0.55355 0.31271
Skewness 1.3057x10 °1° 0.45095 1.0789x107 1.4938x1072
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Figure 4- Grid-independence analysis based on comparisons of velocity and temperature profiles for different mesh resolutions: (a)
radial velocity distribution at a transverse section, (b) axial velocity distribution, (c—g) radial temperature profiles at axial positions
135, 225, 315, 405, and 495 mm, respectively, and (h) axial temperature distribution along the furnace centerline
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Figure 5- Comparison between numerical and experimental results [9] at various axial positions: (a) temperature, (b) O: mole
fraction, (c) CO mole fraction, and (d) NO mole fraction
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Figure 6- Cavaliere criterion [38] for identifying and comparing combustion regimes
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Table 7- Normalized spatial temperature variation values for the laboratory-scale and scaled-up furnaces

Approaches T'?
Lab-scale 357 %
Scaled-up 091 %
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Figure 7- Comparison of key performance indicators between the laboratory-scale and industrial scaled-up furnaces: (a) maximum
and average temperatures, and (b) NO and CO emissions
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Figure 8- Temperature contours: (a) laboratory-scale furnace and (b) industrial-scale furnace
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Figure 10- NO concentration contours: (a) laboratory-scale furnace and (b) industrial-scale furnace
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Figure 11- Streamlines within the combustion chamber illustrating their effect on recirculation and mixing
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Approaches Re: Da RexDa
Lab-scale 200.814 0.054 10.844
Scaled-up 10984.558 0.001 10.985
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Figure 13- Comparison of energy (orange bars) and exergy (green bars) efficiencies for the laboratory-scale and industrial furnaces
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