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ABSTRACT 

Thermal radiation is the dominant mode of heat transfer in many combustion systems and in typical 

flameless furnaces, it can represent up to 80% of the total heat transfer. Accurate modeling of radiative 

heat transfer is thus crucial in the design of these large-scale combustion systems. Thermal radiations 

impact the thermochemistry, thereby the energy efficiency and the temperature sensitive species 

prediction, such as NOx and soot. The requirement to accurately describe the spectral dependence of the 

gaseous radiative properties of the combustion products interacts with the modeling of finite rate 

chemistry effects, conjugate heat transfer and turbulence. Additionally, because of multiple injection of 

fuels and/or oxidizers of various compositions, case-specific radiative properties expressions are 

required. Along these lines, a comprehensive modeling to couple radiation and combustion in reacting 

flows is attempted and applied to the simulation of flameless combustion. Radiation is modeled using 

the Spectral Line-based Weighted-Sum-of-Gray-Gases (SLWSGG) approach to calculate gaseous 

radiative properties of combustion products using the correlation of the line-by-line spectra of H2O and 

CO2. The emissivity weights and absorption coefficients were optimized for a range of optical thickness 

and temperature encountered in the considered furnace. Efforts were also made on the development of 

a reliable and detailed experimental data set for validation. Measurements are performed in a low 

calorific value syngas furnace operating under flameless combustion. This test rig features a thermal 

charge which can extract about 60% of combustion heat release via 80% of radiative heat transfer, 

making it of special interest for modeling validation. The comparison between the simulation and the 
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experiment demonstrated a fair prediction of heat transfer, energy balance, temperature and chemical 

species fields. 

Keywords: Low calorific value gas, Gaseous radiative property, Flameless combustion, Turbulent 

combustion modeling 

 

1. INTRODUCTION 

With increasing energy cost, natural resources limitation of fossil fuels and more stringent regulation on 

CO2 and pollutants emissions, it is mandatory to look for alternative low-carbon fuels and to develop 

more energy efficient and cleaner combustion systems. Industrial auto-produced low calorific value 

(LCV) fuel gases constitute a promising alternative energy source combined with advanced combustion 

technologies. Diluted, flameless or ‘MILD’ combustion1-3 is one of the best candidates that fulfil the 

requirements in terms of improved combustion efficiency, low emissions of soot and NOx, and fuel 

flexibility. Such flameless combustion mode is obtained by dilution of reactants with combustion 

products before the reactants are mixed so that the reaction rates are slow and the reaction occurs in a 

larger volume compared to a classical flame combustion. The success in the design of such advanced 

combustion applications relies heavily on accurate and efficient coupled combustion and radiation 

modeling, which also requires reliable and detailed experimental database for validation. Todays, 

multiple injection of fuels and/or oxidizers can feature in a single furnace to allow for flexible energy 

sources utilization and for CO2 mitigation, and this requires the development of case-specific radiative 

properties modeling. Along this line, the radiation modeling based on the Spectral Line-based Weighted-

Sum-of-Gray-Gases (SLWSGG) approach4-8 was proposed to build a comprehensive multi-physics CFD 

model which is applied to simulate a flameless combustion furnace. All of those in the framework of 

RANS simulation. 

The gaseous radiative properties of combustion products are calculated using the correlation of the line-

by-line spectra of H2O and CO2.
9-15 The emissivity weights and absorption coefficients were evaluated 

and optimized for a range of optical thickness and temperature encountered in the furnace under 

consideration. An experimental database of flameless combustion of a LCV syngas on a lab-scale 

furnace was built specifically for the validation of the proposed comprehensive modeling methodology. 

Experimental study of flameless combustion for high calorific value (HCV) gases such as methane or 

hydrogen can be found in literature; Jet-in-Hot-Coflow burners,16 Delft lab-scale furnace,17 or MILD 

combustion of methane/hydrogen mixtures18 can be cited as a few. There was often absence of strong 

heat sink to reproduce important radiative heat transfer as observed in large-scale combustion systems. 

It is also noticed that there was lack of discussion on experimental databases regarding LCV gases in 

the literature. Along these lines, a lab-scale furnace designed to stabilize flameless combustion of a LCV 

syngas is proposed in the present study and the experimental database serves to validate the developed 
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modeling. Main relevant features of flameless combustion as observed in the industrial context are 

mimicked: strong entrainment of burnt gases by the aerodynamics of high velocity reactants jets to 

promote highly diluted combustion, air preheated to very high temperature up to 1000°C to reproduce 

air preheating with regenerative burner technology and a presence of strong heat sink (cooling tubes) to 

simulate important radiative heat transfer from combustion to thermal charge. Combustion of natural 

gas with air was firstly studied19-21 in the same test rig, then the gas injector was redesigned to stabilize 

flameless combustion of a LCV syngas, a co-product gas produced in steel industry.22,23 Flameless 

combustion was then characterized with detailed in-furnace measurements of temperature and chemical 

species. 

In the test rig of the present study, the thermal charge extracts about 60% of combustion heat release, 

80% of which by radiative heat transfer and 20% by convection. Radiative heat transfer is clearly the 

dominant mode of heat transfer as observed in large-scale combustion systems. This makes the test rig 

a special interest with detailed in-furnace measurements for validation of radiation and/or combustion 

models.  

Many difficulties arise when dealing with radiation modeling: highly spectral dependence of gaseous 

radiative properties, large CPU cost going with the solving of the radiative transfer equation (RTE) and 

consideration of finite rate chemistry for highly diluted combustion can be cited amongst others.24,25 In 

a recent review paper, Liu et al.25 outlines the challenges associated with radiative transfer predictions 

in combustion applications, and the different approaches that may be used with tradeoffs. The SLWSGG 

model has the advantages and the capability to extend to modeling large-scale industrial furnaces 

featuring multi-injection of low-carbon fuels and/or oxidizers in different zones for decarbonization. 

Because of various compositions and conditions, case-specific radiative properties expressions are 

required. The SLWSGG model appears to be the best choice and most adapted for that purpose while 

keeping a compromise between accuracy and CPU cost. If we focus on the radiation aspect, it is noted 

that efforts were spent mainly on the modeling of gaseous radiative properties for HCV gases such as 

natural gas, and there is a lack of discussion on the radiation modeling of LCV gases. 

The radiation modeling based on the Spectral Line-based Weighted-Sum-of-Gray-Gases (SLWSGG) 

approach4,5,8 is proposed to calculate radiative properties of combustion products of different fuel gases, 

with application to the combustion of a LCV syngas. The parameters in the SLWSGG model are 

obtained from the correlation of the line-by-line spectra of H2O and CO2.
9-15 In fact, together with the 

Absorption Distribution Function (ADF)26 and Statistical Narrow Band Full Spectrum Correlated K 

(SNB-FSCK)27 models, the SLWSGG model belongs to the non-gray global model family which has a 

special interest for complex combustion system simulations for two reasons. Firstly, it is more accurate 

than the simple gray gas model. Secondly, it is more computationally efficient than the Statistical 

Narrow Band Correlated K (SNB-CK) model.28 The SLWSGG approach is also straightforward to 
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incorporate into the widely used Discrete Ordinate Method (DOM)29 to discretize the radiative transfer 

equation (RTE), thus ensuring a good compromise between solution accuracy over wide range of optical 

thicknesses and computational cost.30 Three gray gases were considered in the study to mitigate the CPU 

time.31,32 The emissivity weights and absorption coefficients of the syngas combustion products were 

evaluated and optimized over a range of optical thickness and temperature encountered in the considered 

test rig. The radiative properties were integrated into the Ansys Fluent® flow solver33 using user defined 

functions for a full coupling of combustion and radiation. 

The subsequent section describes briefly the experimental setup and numerical modeling approach. The 

results will be presented in the next section. Finally, some concluding remarks will be formulated in the 

conclusion. 

 

2. EXPERIMENTATION AND NUMERICAL MODELING 

2.1. EXPERIMENTAL SETUP AND MEASUREMENT 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. (a) Picture of the flameless combustion furnace, (b) its schematic representation and (c) the 

dimensions in mm of the burner section. 

 

Figure 1 shows a picture of the flameless combustion furnace19-23 with its schematic and dimensions of 

the burner section. The combustion chamber is made of stainless steel and equipped with a fibrous 

ceramic heat insulation layer. It has a square inner section of 0.35 m x 0.35 m with 1.0 m high. One air 

injection with 24.8 mm exit diameter is located in the center. Two gas injectors with 11° tilt angle are 

symmetrically located around the air injector. The diameter of the fuel gas injector was designed to 

stabilize flameless combustion. The air was preheated up to 800°C by an electrical preheater. The fuel 

gas compositions are realized using a mixing unit equipped with mass flow meters and controllers fed 

through pure gas bottles. The thermal charge and the furnace temperature are controlled through four 

Water cooling 
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Combustion 
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Removal 
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water cooling tubes (heat sink) the immersion of which can be regulated from 0 to 90 cm and a reduced 

water circuit along the outer walls. Each vertical wall of the combustion chamber has a removable part. 

A wall (on the rear side of Fig. 1.a) is equipped with a quartz window to allow for optical access and 

image recording. A LaVision intensified camera with UV filter centered at 329 nm is used to take images 

of chemiluminescent self-emission of OH* radicals at 308 nm wave-length.34 OH* imaging allowed for 

determining the position of main reaction zones. A side wall (on the right of Fig. 1.a) is equipped with 

eight S-type thermocouples, 0.09 m separated each other and mounted flush with the insulation layer, 

in order to get a wall temperature profile along the furnace height in the vertical symmetry plane 

containing the air and gas injectors. The measurements of temperature and species concentration at the 

furnace exit and inside the furnace were realized by the two home-made probes which are inserted inside 

the furnace through fourteen holes on the wall opposite to the thermocouples wall. The suction 

pyrometer probe is equipped with a S-type thermocouple and works with a Venturi’s tube connected to 

an air compressed circuit. The gas sampling probe is equipped with a vacuum pump to extract burnt 

gases with a flowrate equal to 210 Nl/h. Water is removed and the dry sample is sent in parallel to the 

chromatograph and gas analysers. The concentrations of O2, CH4, CO2 and CO (on dry basis) were 

measured by the paramagnetic and infrared gas analysers. Measurement of H2 and N2 and another 

measurement of O2, CH4 and CO were realized by the gas chromatograph. More details regarding the 

experimental procedure and measurements can be found in our previous works.19-23 The studied syngas 

composition is (by volume): 32.5%H2, 14.25%CH4, 13.25%CO, 12%CO2 and 28%N2. A flameless 

combustion regime was established at 30 kW of fuel power. 

 

2.2. NUMERICAL MODELING AND SIMULATION 

In the concept of Weighted-Sum-of-Gray-Gases (WSGG) model, the non-gray gas is replaced by an 

equivalent number of gray gases with different absorption coefficient and emissivity,35 for which the 

heat transfer rates are calculated independently. The total heat flux is then calculated by adding the heat 

fluxes of each gray gas. The WSGG concept was extended to consider spectral lines information called 

Spectral Line-based Weighted-Sum-of-Gray-Gases (SLWSGG) model.4,5,8 The SLWSGG model is 

applied in its very fine integration form. However, it should be noted that Webb et al.36 and Badger et 

al.24 proposed the most recent implementation of the model named Rank Correlated SLW Model which 

can produce accurate results with as few as three gray gases requiring no optimization. The detailed 

theoretical background of such models can be found in the book of Modest.27 Only a brief description 

of the concept is given. The Radiative Transfer Equation (RTE) to be solved is: 

𝑑𝐼𝑖𝑑𝑠 = 𝑘𝑖𝑝𝑎(𝑎𝑖𝐼𝑏 − 𝐼𝑖)      (1) 
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where iI (W/m) is the radiation intensity along the direction s  of the 
th

i  gray gas, bI  (W/m) the 

blackbody radiation intensity, ik (m-1.atm-1) the pressure-based absorption coefficient of the 
th

i  gray 

gas, ap (atm) the sum of the partial pressures of the absorbing species, ia  the emissivity weighting 

factor of the 
th

i  gray gas with temperature dependence. The RTE is solved for each gray gas Ni ,...2,1=  

(N is the total number of gray gas) with the boundary condition given by 

𝑠 = 0: 𝐼𝑖 = 𝜀𝑤𝑎𝑖𝐼𝑏(𝑇𝑤) + 1−𝜀𝑤2𝜋 ∫ 𝐼𝑖𝑑𝜔𝑠̅𝑛̅<0     (2) 

(𝜀𝑤 and wT  are the wall emissivity and wall temperature, respectively) using the Discrete Ordinate 

Method (DOM).29 The emissivity weighting factors and absorption coefficients are evaluated and 

optimized over a range of optical thickness and temperature encountered in the considered domain. Total 

emissivity is calculated from the contribution of all gray gas emissivities as such: 𝜀(𝑇, 𝐿, 𝑝𝑎) = ∑ 𝑎𝑖(1 − 𝑒−𝑘𝑖𝑝𝑎𝐿)𝑁𝑖=0      (3) 

where T (K) is the gas temperature and L (m) the optical thickness. Each gray gas is characterized by 

an emissivity weighting factor and an absorption coefficient which can be described by temperature 

dependent polynomials of 1−J  degree written in the form of: 

 =
−=

J

j

j

jii Ta
1

1

,      (4) 

 =
−=

J

j

j

jii Tk
1

1

,      (5) 

where ji ,  and ji ,  denote the polynomial coefficients for the emissivity weighting factor and the 

absorption coefficient, respectively. For transparent regions of the spectrum (clear gas 0=i ), the 

absorption coefficient is set to zero ( 00 =k ) in order to account for windows in the spectrum between 

spectral regions of high absorptions, and the clear gas emissivity weighting factor is  =
−=

N

i iaa
10 1 . 

The polynomial coefficients 𝛼𝑖,𝑗 and 𝛽𝑖,𝑗 of the equations (4) and (5) are determined and optimized 

following the steps: 

i) For a given molar fraction of H2O and CO2, a range of optical thickness encountered in the 

considered domain and a fixed temperature T, the SLWSGG model with 30 gray gases is used to 

calculate the “true” emissivity curves 𝜀(𝑇, 𝑝𝑎𝐿). In the SLWSGG model, the absorption 

distribution function is computed using the correlations proposed by Modest et al.14,15 for the 

cumulative full-spectrum k-distribution functions of H2O and CO2. The “true” emissivity 
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weighting factor 𝑎𝑖 is calculated by the difference of the absorption line blackbody distribution 

function 𝐹 evaluated at the two bounds (𝑖, 𝑖 − 1) of gray gas interval: 𝑎𝑖 = 𝐹(𝐶𝑎𝑏𝑠,𝑖 , 𝑇𝑔, 𝑇𝑏 , 𝑋𝑠, 𝑃) − 𝐹(𝐶𝑎𝑏𝑠,𝑖−1, 𝑇𝑔, 𝑇𝑏 , 𝑋𝑠, 𝑃)  (6) 

𝐹(𝐶𝑎𝑏𝑠,𝑖 , 𝑇𝑔, 𝑇𝑏 , 𝑋𝑠, 𝑃) = 
 𝑇4 ∑ ∫ 𝑔𝑚(𝐶𝑎𝑏𝑠,𝑖 , 𝜂, 𝑇𝑔, 𝑋𝑠, 𝑃) 𝐼𝑏,𝜂(𝑇𝑏 , 𝜂) 𝑑𝜂𝜂𝑚+1=𝜂𝑚+Δ𝜂𝜂𝑚∞𝑚=0      (7) 

where 𝐶𝑎𝑏𝑠,𝑖 , 𝑇𝑔, 𝑇𝑏 , 𝑋𝑠, 𝑃 and 𝜂 are the absorption cross-sectional area (𝑚2/𝑚𝑜𝑙𝑒), the gas 

temperature (𝐾), the black body temperature (𝐾), the species mole fraction, the absolute pression (𝑏𝑎𝑟), and the wave number (𝑚−1), respectively. The absorption coefficient 𝑘𝑖 is related with 

the absorption cross-sectional area by 𝑘𝑖 = 𝐶𝑎𝑏𝑠,𝑖  𝑁𝑚𝑜𝑙𝑒 with 𝑁𝑚𝑜𝑙𝑒 being the mole density. The 

cumulative full-spectrum k-distribution functions 𝑔𝑚 for H2O and CO2 using spectral correlations 

proposed by Modest et al.14,15 are given by: 𝑔𝑚 = 12 tanh[𝑃𝑚(𝑇𝑔, 𝑇𝑏 , 𝑋𝑠, 𝑃; 𝑘)] + 12    (8) 

where 

𝑃𝑚 = ∑ ∑ ∑ 𝑎𝑙𝑚𝑛3𝑛=03𝑚=03𝑙=0 [ 𝑇𝑔1000]𝑛 [ 𝑇𝑏1000]𝑚 [𝑙𝑜𝑔10𝑘]𝑙   (9) 

The correlation forms are similar for H2O and CO2 but the coefficients for the full-spectrum k-

distribution 𝑎𝑙𝑚𝑛 of H2O and CO2 are different and given in the studies of Modest et al.14,15 

ii) A least square method is used to calculate the absorption 𝑎𝑖 and weight 𝑘𝑖 coefficients for a fixed 

gray gas number N (N=3 in our case) which best fit the “true” emissivity curve. 

iii) Steps i and ii are repeated for a set of M temperature points ranging from 300 K to 1700 K as 

encountered in the considered domain. 

iv) The profiles of absorption and weight coefficients versus temperature obtained are used to 

calculate the polynomial coefficients. 

The equations (4) and (5) were integrated into the Ansys Fluent® flow solver33 using user defined 

functions. The absorption coefficient and the emissivity weighting factor are updated before each 

solving of the RTE. The parameters of the model are obtained from the correlation of the line-by-line 

spectra of H2O and CO2.
9-15 The extension of the model to situations featuring multiple injection of fuels 

and/or oxidizers is straightforward. Number of gray gases N = 3 or 4 was found to be adequate for a 

good quality of emissivity fittings, further increase of gray gases number did not lead to consistent 

improvement in accuracy.31,32 Three gray gases were then considered in the study to keep CPU time and 

memory requirements acceptable. DOM method29 was used for angular discretization of RTE with nine 

solid angles per octant (3x3). DOM was chosen because it is sufficiently accurate and applicable across 

a wide range of optical thickness which is not well known in flameless combustion.37 
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The CFD solution is obtained numerically by solving RANS equations in steady state. The choice of k-

ε RNG turbulence model38 for this study is recommended from the study on the same furnace of 

Lupant20,21 who carried out a deep analysis of the effect of different turbulence models (of the two 

families k-ε and k-) considering the species distribution in a non-reacting mixture, to validate the 

turbulence model independently from the combustion model. The k-ε RNG model developed for 

strained flows is found appropriate to predict the turbulent flowfield in the flameless combustion 

characterized by intense recirculation. The turbulence-chemistry interaction was modeled using Eddy-

Dissipation Concept (EDC)39,40 to consider finite chemistry effects. The chemical kinetics scheme 

KEE5841 including 18 species and 58 elementary reversible reactions was used. A transport equation for 

each of these chemical species is solved except for nitrogen. EDC model was used in in its standard 

form even though some improvement for temperature prediction can be obtained by modifying or 

calculating directly volume fraction and residence time constants of species in fine structures based on 

local flow characteristics.42-45 However, in the recent study of Silei et al.46 for the MILD combustion 

system which is similar to that in the present study in the sense that MILD condition is obtained by 

burner design to promote internal flue gas recirculation, the standard EDC model (with KEE58 chemical 

scheme) provided satisfied prediction while the EDC models with modified or locally calculated model 

constants did not show effective improvement. The flameless condition in the current study is different 

from that of Jet-in-Hot-Coflow flames for which EDC constants modifications were proposed.42-44 

The in-situ adaptive tabulation (ISAT)47 was used to accelerate the chemistry integration. The KEE58 

scheme was validated for MILD combustion for various mixtures of H2 and CH4.
43,48,49 In Galletti et 

al.,48 the KEE58 mechanism gave very similar results as compared to GRI-3.0 detailed mechanism50 in 

term of mean temperature prediction and the error is less than 5% in comparison with experiment. 

Prediction of NO formation in MILD combustion of CH4-H2 mixtures reasonably matched experimental 

values when post-processed from thermo-chemical field obtained with KEE58.49 Also in Aminian et 

al.,43 KEE58 showed more reliable predictions than other schemes such as DRM-19 and DRM-2251 in 

terms of temperature and species concentrations for MILD combustion of CH4-H2 mixtures. In the recent 

studies of Silei et al.46 and Ferrarotti et al.52 for the MILD and flameless combustion systems which are 

similar to that in the present study, i.e., MILD or flameless conditions are obtained by burner designs to 

create internal flow recirculation, the KEE58 scheme provided satisfied predictions. It is also to notice 

that MILD combustion was studied in the framework of RANS modeling, using EDC42-45,48,49 or FGM 

(Flamelet Generated Manifold)53 to account for turbulence chemistry interaction. 

The computational domain corresponds to the whole gas volume inside the furnace. The grid was made 

unstructured with nearly six million hexahedral cells considering the grid independence study carried 

out in the same furnace operating on natural gas for a quarter of domain thanks to symmetry.20,21 The 

results showed that when the grid size increased from 640 thousand hexahedral cells to 1.3 million 

hexahedral cells (equivalently 2.56 million hexahedral cells to 5.2 million hexahedral cells for the full 
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domain in the present study), no more sensibility to grid size was observed for temperature and chemical 

species. y+ = 1 on the walls of the air and gas injections while on the furnace walls y+ is mainly around 

15 and does not exceed 30. The resolution in the shear layer is h = 7 m. The boundary conditions were 

calibrated using the experimental measurements. Temperature, gas composition and mass flow rates are 

fixed at inlets. For the other walls, the total heat loss (𝑝𝑙𝑜𝑠𝑠) from experimental heat balance is considered 

uniformly distributed on the walls with total surface (𝑠𝑤𝑎𝑙𝑙), and used to deduce a global heat transfer 

coefficient (𝑘) between the inner wall temperature (𝑝𝑖𝑛𝑛) (average measured value) and the external 

environment temperature (𝑇𝑒𝑥𝑡). The expression for 𝑘 is: 

𝑘 = 𝑃𝑙𝑜𝑠𝑠𝑠𝑤𝑎𝑙𝑙 (𝑇𝑖𝑛𝑛−𝑇𝑒𝑥𝑡)      (10) 

 

3. RESULTS OF NUMERICAL MODELING AND COMPARISON AGAINST THE 

MEASUREMENTS 

3.1. RADIATIVE PROPERTIES SLWSGG MODELING 

 

 

 

 

 

  

 

 

 

  

 

 

 

 

Figure 2. Comparison of total emissivity calculated from different models for HCV COG (a), LCV 

BFG (b), syngas (c). Pw and Pc are partial pressures of water vapor and carbon dioxide, respectively. 

 

The total emissivity was calculated and compared to the Hottel and Sarofim’s database35 as well as with 

the results obtained with Soufiani and Djavdan54 and Smith et al.55 methods for the available nearest 

configurations in terms of water vapor and carbon dioxide partial pressures. The SLWSGG used the 
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correlation of the line-by-line spectra of H2O and CO2
9-15 and the emissivity was evaluated and optimized 

over a range of optical thickness and temperature encountered in the furnace. Fig. 2 shows the emissivity 

of burnt gases issued from the stoichiometric combustion between the air and the studied syngas as well 

as the two other gases named COG (28.5%CH4, 62%H2, 6%CO, 1.5%CO2 and 2%N2, by volume), a 

HCV gas, and BFG (3%H2, 20.5%CO, 22.5%CO2 and 54%N2, by volume), a LCV gas. The studied 

syngas is indeed composed of 50% of COG and 50% of BFG by volume. 

The results shown in Fig. 2 were obtained using the averaged optical length of the studied geometry for 

all models and Hottel and Sarofim’s database. The SLWSGG model results were obtained using three 

gray gases and the same number of gray gases was used in the CFD simulations. Regarding the HCV 

case, as shown in Fig. 2.a, the SLWSGG model is closer to Hottel and Sarofim’s database than Soufiani 

and Djavdan54 and Smith et al.55 methods; the configuration Pc→0 atm of Smith et al.55 showed an 

important departure from the Hottel and Sarofim’s database. For the LCV case (Fig. 2.b), the SLWSGG 

model agrees with Hottel and Sarofim’s database while the total emissivity obtained with the Pw→0 atm 

configuration of Smith et al.55 shows a departure from the Hottel and Sarofim’s database. Finally 

concerning the syngas case (Fig. 2.c), the SLWSGG also showed better performance. This confirms that 

the development of case-specific radiative properties modeling is required to secure accurate prediction 

of radiative heat transfer particularly in combustion systems featuring multiple injection of HCV and 

LCV fuels for optimized energy sources utilization. 

 

3.2. CHARACTERIZATION OF FLAMELESS COMBUSTION 

 

 

 

 

 

 

 

 

 

 

Figure 3. (a) Pathlines of reactants jets colored by temperature. (b) Temperature contour obtained by 

CFD in the symmetrical plane. 

Flameless or MILD combustion is characterized by dilution of reactants with low enthalpy combustion 

products before the mixing between the reactants themselves so that the reaction rates are slow and the 

reaction zone spreads over a much larger volume compared to a classical flame combustion. The dilution 
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is obtained by a high flow recirculation induced by the aerodynamics of the high velocity reactants jets 

as shown by the pathlines of the reactants jets in Fig. 3.a. Figure 3.b shows the temperature distribution 

obtained by simulation in the symmetrical plane. It is observed that the temperature distribution is quite 

homogeneous in the combustion zone with no local hot spots, confirming the flameless mode. The two 

lateral syngas jets emerge into the combustion chamber with a high velocity of nearly 100 m/s entraining 

the burnt gases and creating two important recirculation zones. In this condition, the air and fuel gas are 

highly diluted by the burnt gases. 

Figure 4.a presents the theoretical trajectory of fuel jet which is calculated based on the strong jet/weak 

jet (SJWJ) interaction theory developed by Grandmaison et al.56 (only the left part of the furnace is 

presented for sake of brevity). The line representing the air jet opening was also plotted in the same 

figure. The ordinate 𝑧 of the SJWJ theory fuel trajectory is given by: 𝑧 = 𝜉𝑑12      (11) 𝜉 = − ∫ 𝑓−1 cos 𝜃𝜂1 𝑑𝜂      (12) 

𝑓 = √[1 − 𝐶𝑒2 ln(𝜂)16 √𝜓 ]4 − cos2 𝜃     (13) 

where 𝜉 and 𝜂 are the relative coordinates such as 𝜉 = 𝑧/𝑑12 and 𝜂 = 𝑥/𝑑12, 𝑑12 the distance between 

the jets, 𝐶𝑒 the constant equal to 0.32, 𝜃 the angle created by the injection axis of two jets, 𝜓 the ratio 

of impulse between two jets (impulse is the product of mass flowrate and bulk velocity), 𝑥 and 𝑧 the 

abscissa and ordinate as indicated in Fig. 1.c. 

The evolution of maximum concentration of the three reactive species CH4, H2 and CO along the height 

in the symmetrical plane is displayed to visualize the fuel jet trajectories obtained experimentally and 

numerically. It is seen that, in experiment or in the simulation, the trajectories of max CH4, H2 and CO 

nearly collapse into each other, and that the experimental and CFD fuel trajectories fairly follow the 

theoretical fuel trajectory until z=0.25 m, after which they are bended towards the furnace axis. The 

intersection between the air jet opening and the fuel trajectories is called the confluence point which is 

evaluated at z=0.35 m for the SJWJ theory which is considered as an upper limit, at z=0.3 m for the 

experiment and between 0.25 m and 0.3 m in the simulation. 

The recirculated burnt gases flowrate is calculated from the simulation by determining, at each location 

z, the area portion for which the vertical velocity is negative. The recirculation rate, Kv, is then defined 

as the ratio between the recirculated burnt gases flowrate and the total inlet flowrate. The result of Kv is 

presented in Fig. 4.b. It is observed that Kv reaches the maximum value of 4.6 at z = 0.32 m slightly 

after the confluence point estimated at between z = 0.25 m and 0.3 m. The value of Kv above 4 together 

with the furnace temperature above 1100 K (as be shown in the next section) fully satisfies the flameless 
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combustion condition as expressed by Wünning and Wünning.1 The recirculation rate can also be 

estimated using the Grandmaison’s SJWJ theory56: 𝐾𝑣𝑆𝐽𝑊𝐽 = 𝑡𝑎𝑖𝑟,𝜉 𝑞𝑎𝑖𝑟+𝑡𝑓𝑢𝑒𝑙,𝜉 𝑞𝑓𝑢𝑒𝑙𝑞𝑎𝑖𝑟+𝑞𝑓𝑢𝑒𝑙      (14) 

where 𝑞 is the mass flowrate, 𝑡𝑎𝑖𝑟,𝜉  and 𝑡𝑓𝑢𝑒𝑙,𝜉  the rates of entrainment of burnt gases by the air and fuel 

jets, which are calculated as follows: 𝑡𝑎𝑖𝑟,𝜉 = 𝐶𝑒 𝑑12𝑑𝑎𝑖𝑟,𝑠 𝜉 − 1     (15) 

𝑡𝑓𝑢𝑒𝑙,𝜉 = 𝐶𝑒cos 𝜃 𝑑12𝑑𝑓𝑢𝑒𝑙,𝑠 ∫ (1 − 𝐶𝑒2 ln (𝜂)16 √𝜓 )3𝜉0 𝑑𝜉 − 1   (16) 

where 𝑑𝑎𝑖𝑟,𝑠 and 𝑑𝑓𝑢𝑒𝑙,𝑠 are the effective diameters of the air and fuel jets in the exit section, which are 

given by 𝑑√𝜌0/𝜌∞ (𝜌0, 𝜌∞ are the densities of the jet in the exit section and of the surrounding fluid, 

respectively). The result of 𝐾𝑣𝑆𝐽𝑊𝐽
 =5.3 at z=0.35 m is also reported in Fig. 4.b. The interest of SJWJ 

theory is to obtain a quick estimation of the recirculation rate at the confluence point by considering 

only flowrates of reactants and burner geometry. This can be used to give first burner sizing for new 

design or modification of existing design. 

 

  

 

 

  

 

 

 

 

 

Figure 4. (a) Trajectories of reactants jets: strong jet/weak jet (SJWJ) theory, experiment and CFD 

results. (b) Evolution of recirculation rate along the furnace height z obtained from numerical 

simulation (black line), Kv = 5.3 calculated from the SJWJ theory (red symbol). 

 

The reaction zone is experimentally visualized by OH* chemiluminescence imaging. OH* represents a 

good indicator of reaction zone and its emission is at 308 nm in UV,34 a spectral region where the 

contribution of wall emission is negligible. Fifty instantaneous OH* images were recorded by the 

intensified camera (OH* images integrated over the depth of the furnace) and processed to get an 

average. Figure 5 shows the experimental result of OH* imaging, the contour of OH mole fraction 
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obtained from the simulation and the normalized maximum OH profiles obtained from both experiment 

and simulation. The contour of OH* (expressed in photons count, Fig. 5.a) is the averaged image, the 

solid red profile was extracted from the maximum photons count on each horizontal line of the averaged 

image and the maximum location is marked by the dashed red line. The black profiles were extracted 

from the maximum photons count on each horizontal line of the instantaneous image and the blue crosses 

represent maximum photons count and its location with the corresponding standard deviations. The main 

reaction zones fluctuate with their peak locations varying from 0.40 m to 0.49 m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

 

 

 

 

 

 

Figure 5. (a) Experimental OH* radical chemiluminescence imaging. (b) OH mole fraction from CFD 

in the symmetrical plane. (c) Normalized maximum OH profiles; Exp.: considering the maximum of 

the averaged image of OH* photons count at each Z (black line). CFD:  the maximum of (wet basis) 

OH mole fraction of each horizontal line (blue line) and each horizontal plane (red line) at each Z. 
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The frame in Fig. 5.b corresponds to the optical window dimension, i.e. the frame of the contour of OH* 

photons count in Fig. 5.a. It is observed that the shape of the reaction zone is well captured by the 

simulation with one reaction zone stabilized on each side of the furnace axis. Figure 5.c shows the 

experimental OH* peak at the location of z = 0.42 m. The simulation predicted the location of the 

maximum OH mole fraction at z=0.46 m considering OH distribution in the vertical symmetrical plane 

(CFD plane) and at z=0.43 m when the distribution of OH in the whole volume is considered (CFD 

volume). It can be said that, by considering whole volume as it is the case with experimental OH* 

chemiluminescence, the simulation shows a good prediction of the location of OH peak; the form and 

the location of reaction zone are well recovered. 

Table I compares the energy terms and the measurements at the furnace exit between the experiment 

and the simulation. It is noticed that the air preheating power was subtracted from the flue gas loss in 

order to consider the fuel power as a single input (this would be the case if the air was preheated by the 

flue gases as in an industrial regenerative burner). The numerical simulation is able to reproduce the 

different terms measured experimentally, confirming the closure of the energy balance. 57% of the 

power input is transferred to the thermal charge and 80% of which is transferred by radiation and 20% 

by convection. This result confirms that the modeling of radiative properties based on the SLWSGG 

approach is able to predict correctly the heat transfer dominated by the radiation. Table I also shows the 

comparison for temperature, CO2 and O2 content at the furnace exit between the experiment and the 

simulation with a good agreement, validating the mass balance. 

Table I. Energy balance and measurements at the furnace exit 

 Input (kW) Output (kW)  Measurements at the furnace exit 

Fuel power Charge Flue gas 

loss 

Wall 

loss 

Temperature 

(K) 

CO2 (%vol-

dry basis) 

O2 (%vol-

dry basis) 

Experiment 30 17.16 8.96 3.88 1386 13.98 2.12 

Simulation 30 16.97 8.98 4.05 1393 13.57 2.17 

 

 

3.3. COMPARISON OF NUMERICAL RESULTS WITH IN-FURNACE MEASUREMENTS 

Figure 6 compares the evolution of the vertical furnace wall temperature obtained from the experimental 

measurement and the simulation at the level of the symmetrical plane. The simulation provides an 

acceptable prediction; in average, the numerical result over-predicts only by 25 K the experimental 

value. It is also noted that the furnace wall temperature is always higher than 1250 K, a temperature 

value above which flameless combustion occurs. The variation of wall temperature does not exceed 60 

K in the experiment and in the simulation confirming relatively good homogenization of temperature 

observed in the combustion chamber. 
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Figure 6. Profiles of wall temperature along the furnace height obtained from experiment and 

simulation (CFD). 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 7. Comparison between the experimental and computed profiles of temperature obtained at 

different (negative and positive) x positions and along the furnace height z. (a) x=0.06m, (b) 

x=0.09m, (c) x=0.12m, (d) x=0.15m. Maximum measurement uncertainty is 7.6K. 

 

Figure 7 shows the comparison for the temperature between the measurement and the simulation results. 

Both the experimental and numerical results show rather flat temperature profiles; this is a characteristic 

of flameless combustion in which the temperature field is quasi-homogeneous and distributed largely in 

the whole volume, local hot spots related to flames were not observed. The simulation over-predicts the 

experimental profiles by about 9% to 14%. It is observed, at the locations of x=0.12m and 0.15m, 
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that the measured temperature decreases in the vicinity of the fuel jet and this trend is well recovered by 

the simulation. The over-prediction of the temperature in highly diluted zones, where local extinctions 

and high fluctuations occur at x=0.06m, may be attributed to the EDC turbulence chemistry interaction 

modeling. Christo and Dally37 also found the same trend for the simulation of the most diluted case, the 

lowest 3% oxygen level in a hot co-flow, using EDC with the detailed chemistry GRI-3.0.50 Discussions 

to improve temperature prediction by modifying or calculating directly volume fraction and residence 

time constants of species in fine structures based on local flow characteristics can be found in.42-45 This 

is beyond the scope of this work which focuses on the implementation of the radiative properties model. 

Overall, the results obtained confirm that the integration of the radiative properties SLWSGG model 

into the simulation provide a reasonable prediction of temperature level and trend in the context of 

flameless combustion simulation. 

  

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 8. Comparison between the experimental and computed profiles of H2 in volume percentage on 

dry basis, obtained at different (negative and positive) x positions and along the furnace height z. (a) 

x=0.06m, (b) x=0.09m, (c) x=0.12m, (d) x=0.15m. Maximum measurement uncertainty is 

0.72%. 

Figures 8, 9 and 10 show the comparison between the measurement and the simulation results for three 

reactive species present in the fuel, namely H2, CH4, and CO. The peak in each profile corresponds to 

the fuel jet and these peaks are decreasing due to the mixing with the recirculated burnt gases and the 

air when moving farther from the fuel injector located at x=0.155m. The measured species profiles at 

the location of x=0.15m indicate a significant asymmetry of the fuel jet while the numerical results 

show rather symmetrical profiles for all locations. The computed species profiles at x=0.15m agree 
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only with the measured species profile at x=-0.15m. As indicated by the experimental profiles at 

x=+0.15m, the content of three reactive species (H2, CH4, CO) is very low in the vicinity of the fuel jet 

on the side of positive abscissa (the right side in Fig. 1.c) where the sampling probe was introduced into 

the furnace. It could be possible that the interaction between the sampling probe and the fuel jet plays a 

role in such phenomenon; the upstream of the sampling point in the fuel jet is perturbed by the probe 

while it is not the case for the side of negative abscissa. 

   

  

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 9. Comparison between the experimental and computed profiles of CH4 in volume percentage 

on dry basis, obtained at different (negative and positive) x positions and along the furnace height z. 

(a) x=0.06m, (b) x=0.09m, (c) x=0.12m, (d) x=0.15m. Maximum measurement uncertainty is 

0.27%. 

 

The measurements show a farther penetration of the fuel jets in the flow field as compared to the results 

obtained from the simulation; higher peaks in the experimental species profiles are observed for all 

locations except x=0.15m. The shapes of the profiles of the two reactive species H2 and CH4 are quite 

similar while the CO profiles appear to be wider particularly at x=0.06m, because CO is not only the 

fuel species but also the intermediate minor species formed from the oxidation of CH4. The latest point 

is quite clear from the simulation profiles, as shown in Fig. 10 at x=0.06m, the CO profiles are rather 

flat between z=0.2m and 0.5m where oxidation occurs and there is contribution of CO intermediately 

produced. Overall, most of the expected levels, shapes and trends observed in experiment are captured 

by the numerical results. 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

C
H

4
 (

%
)

Z(m)

x=-0.06m Exp.

x=0.06m Exp.

x=-0.06m CFD

x=0.06m CFD

(a) 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

C
H

4
 (

%
)

Z(m)

x=-0.09m Exp.

x=0.09m Exp.

x=-0.09m CFD

x=0.09m CFD

(b) 

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

C
H

4
 (

%
)

Z(m)

x=-0.15m Exp.

x=0.15m Exp.

x=-0.15m CFD

x=0.15m CFD

(d) 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

C
H

4
 (

%
)

Z(m)

x=-0.12m Exp.

x=0.12m Exp.

x=-0.12m CFD

x=0.12m CFD

(c) 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
0
8
7
0
7
7



Accepted to Phys. Fluids 10.1063/5.0087077

18 

 

 

  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 10. Comparison between the experimental and computed profiles of CO in volume percentage 

on dry basis, obtained at different (negative and positive) x positions and along the furnace height z. 

(a) x=0.06m, (b) x=0.09m, (c) x=0.12m, (d) x=0.15m. Maximum measurement uncertainty is 

0.28%. 

 

Figure 11 shows the comparison between the measurement and the simulation results for the oxidizer 

O2 and the combustion product CO2. It is noted that the distribution of oxygen is not symmetrical 

between the two measured O2 profiles at x=+0.09m and x=-0.09m while it is not the case for the 

predicted O2 profiles. The experimental trend of the measured O2 profiles at x=0.12m is not fully 

recovered by the simulation. As far as the profiles of CO2 are concerned, the distribution is quite 

homogeneous and the level is always higher than 13% (by volume) confirming that the combustion is 

highly diluted by the combustion products. The prediction of CO2 can be seen acceptable as compared 

to the measurement. 
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Figure 11. Comparison between the experimental and computed profiles of O2 and CO2 in volume 

percentage on dry basis, obtained at two (negative and positive) x positions and along the furnace 

height z. (a) x=0.09m and (b) x=0.12m for O2, (c) x=0.09m and (d) x=0.12m for CO2. Maximum 

measurement uncertainty is 0.35% and 0.85% for O2 and CO2, respectively. 

 

4. CONCLUSIONS AND PERSPECTIVES 

A comprehensive modeling approach was proposed to model flameless combustion of low calorific 

value gases in which gaseous radiative properties were modelled with the Spectral Line-based 

Weighted-Sum-of-Gray-Gases (SLWSGG) approach. The emissivity weights and absorption 

coefficients were evaluated using the correlation of the line-by-line spectra of H2O and CO2 and 

optimized for a range of optical thickness and temperature encountered in the considered furnace. The 

development of an experimental data set of the combustion of a low calorific value syngas in a pilot 

furnace was used for the validation of the modeling approach. The furnace operates under flameless 

combustion and the radiation is the dominant mode of heat transfer. The comparison between the 

simulation and the experiment confirms the need for such comprehensive modeling in combustion 

system; heat transfer, energy balance, temperature and chemical species fields were fairly predicted by 

the simulation. 
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This promising approach provides an interesting framework for comprehensive combustion modeling 

which can include soot and NOx formation featuring strong interactions with radiative heat transfers. 

The discussed methodology can be easily extended to multiple fuel injection systems and to combustion 

of green hydrogen or ammonia, which has gained high interest in research and industry decarbonization.  

The gas radiative properties can be calculated using spectroscopic databases presented under lookup 

table which may yield more accuracy than correlations.57,58 Another perspective is also opening 

regarding the development of reduced order model or digital twins using machine learning techniques. 

Each physical phenomenon should then be described in the framework of comprehensive multi-physics 

modeling to secure the production of large reliable databases for the training of these machine learning 

based models. 
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