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Abstract 

The latest Direct Numerical Simulation (DNS) modelling results in flameless combustion suggest 

interactions between the combustion reaction zones. The New Extended Eddy Dissipation 

Concept (NE-EDC) model, where model coefficients are calculated based on local Reynolds and 

Damköhler numbers, was proposed to improve the standard Eddy Dissipation Concept (EDC) 

model’s accuracy when modelling flameless combustion, but this model does not include the 

interactions between the reaction zones.  

In this work, a revised version of the NE-EDC model is presented, called here Generalized NE-

EDC model, where the chemical time scale is calculated in detail, considering the reaction rates 

of CH4, H2, O2, CO and CO2, making the interaction between the reaction zones more realistic (in 

the NE-EDC only a one-step CH4 global reaction mechanism is considered). A comparative study 

of four global reaction mechanisms is carried out to select the best mechanism for chemical time 

scale definition: the adjusted Jones & Lindstedt (JL1); the adjusted Westbrook & Dryer (WD1); 

the adjusted Westbrook & Dryer (WD2); and the one-step CH4 global mechanism (1-step). 

The four global reaction mechanisms, in combination with the NE-EDC model, are applied to the 

Delft lab-scale furnace and the modelling results are compared against those experimental 

measurements. The NE-EDC modelling results, in combination with WD2, present a slight 

improvement over the other global mechanisms in flameless modelling. 

Key words: Flameless combustion, MILD combustion, chemical time scale, reaction zones, Eddy 

Dissipation Concept, CFD. 

This is the Accepted Manuscript version of a Published Work that appeared in final form in Computers & Fluids 233 : (2022), 105203 To access 
the final edited and published work see https://doi.org/10.1016/j.compfluid.2021.105203
© 2021. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/

https://doi.org/10.1016/j.compfluid.2021.105203
https://creativecommons.org/licenses/by-nc-nd/4.0/


Highlights 

• The Generalized NE-EDC is developed to consider interactions between reaction zones

• The interaction is considered using a detailed chemical time scale (𝜏𝑐) calculation

• A comparative study of 4 global reaction mechanisms is made for the 𝜏𝑐 definition

• The WD2 global mechanism brings a slight improvement compared to the 1-step CH4



Nomenclature 

𝐴𝑓𝑗  pre-exponential constant of Arrhenius’ law 

𝐶𝐷1 [-] model parameter in the EDC model 

𝐶𝐷2 [-] model parameter in the EDC model 

𝐶𝜉 [-] finite structure constant in the EDC model 

𝐶𝜏 [-] residence time constant in the EDC model 

𝐷𝑎 [-] Damköhler number 

𝐸𝑗  [kJ/kmol] activation energy 

𝑘 [m2/s2] turbulent kinetic energy 

𝐾𝑓𝑗 forward rate of reaction j 

𝐾𝑟𝑗 backward rate of reaction j 

𝐿∗ [m] fine structure length scale in the EDC model 

𝑀𝑘 [-] species 𝑘 symbol 

𝑅𝑖,𝑟 [kg/(s·m3)] net rate of production of species due to reaction r  

𝑅𝑘𝑗 [kmol/m3/s] net molar production rate of each species 𝑘 in reactions j [kmol/m3/s]: 

𝑆𝐿 [m/s] laminar flame speed (burning velocity) 

𝑡𝑘𝑗
′ [-] experimental concentration exponent 

𝑡𝑘𝑗
′′ [-] experimental concentration exponent 

𝑈 [m/s] mean axial velocity 

𝑊𝑘 [kg/kmol] molecular weight of species 𝑘: 

[𝑋𝑘] [kmol/m3] molar concentration 

𝑌𝑘 [-] mass fraction of species k 

𝑌𝑖
  [-] mean mass fraction in computational cell 

𝑌𝑖
∗ [-] species mass fraction in the EDC fine structure 

Greek symbols 

𝛽𝑗 [-] temperature exponent constant of Arrhenius’ law 

𝜀 [J/(kg·s)] turbulent energy dissipation rate 

𝜂𝑘 [m] Kolmogorov length scale 



𝑣 [m2/s] laminar kinematic viscosity 

𝑣𝑘𝑗
′ [-] reactants’ molar stoichiometric coefficient of species 𝑘 in reaction j. 

𝑣𝑘𝑗
′′ [-] products’ molar stoichiometric coefficient of species 𝑘 in reaction j. 

𝜉∗ [-] (normalized) fine structure length in the EDC model 

�̅� [kg/m3] mean density 

𝜏𝑐 [s] chemical time scale 

𝜏𝑐
∗ [s] chemical time scale of fine structure in the EDC model 

𝜏 
∗ [s] residence time scale in the EDC model 

𝜔𝑗
′ [kmol/m3/s] progress rate of reaction for the reaction pair 

𝜔𝑘 [kg/m3/s] reaction rate of species 𝑘 

Abbreviations 

EDC Eddy Dissipation Concept model 

E-EDC Extended Eddy Dissipation Concept  

DNS Direct Numerical Simulation 

JHC Jet-in-Hot-Coflow 

JL Jones and Lindstedt 

MILD Moderate or Intense Low Oxygen Dilution 

NE-EDC New Extended Eddy Dissipation Concept 

NP Norbert Peters 

PFR Plug Flow Reactor 

PW Peters and Williams 

RANS Reynolds-Averaged Navier–Stokes  

UDF User Define Functions 

UDM User Define Memory 

WD Westbrook and Dryer 



1 Introduction 

Climate change is the biggest challenge that society has to deal with, and the burning of fossil 

fuels to release energy is the main cause of the greenhouse effect [1]. Flameless combustion, 

also known as moderate or intense low oxygen dilution (MILD) combustion, is a climate-friendly 

combustion technology able to reduce pollutant emissions (NOx) and improve energy efficiency 

[2].  

In order to gain an in-depth understanding of flameless combustion, research has been conducted 

in Jet-in-hot co-flow (JHC) burners [3]-[4], as well as in enclosed lab-scale furnaces [5]-[6]. With 

the data from these experimental set-ups, flameless Reynolds Average Navier Stoke (RANS) 

modelling studies have been validated. The first conclusion suggests that the temperature 

gradient in the mean profile is lower than in conventional combustion. Thus, the chemical time 

scale can be longer, thickening reaction zones. Therefore, standard turbulence-chemistry 

interaction models, such as the Eddy Dissipation Concept (EDC) and flamelet based model, may 

not be accurate for flameless combustion modelling, as they do not consider this feature. The 

EDC model, for example, calculates the reaction rate based on two constants empirically chosen 

for conventional combustion (𝐶𝜉 = 2.1377 and 𝐶𝜏 = 0.4082), so they do not take into account the 

dilution effect of flameless combustion. The Flamelet Generation Manifold (FGM) model, for 

example, generates flamelet tables based on pure fuel and pure air as boundary conditions, 

without taking into consideration diluted reactants [7]-[8]. Therefore, new models or extensions of 

the existing models should be developed to model flameless combustion. 

The EDC model has been widely used for flameless modelling and the first approach to improve 

its accuracy was to change the model’s constants value (𝐶𝜉  and 𝐶𝜏), in an arbitrary way, calibrating 

them with experimental data [9]-[10]. Later, an extension of the EDC model was proposed, the 

Extended EDC (called here E-EDC), where the model’s coefficients are calculated based on local 

Reynolds and Damköhler numbers, so that the calibration of the model coefficients is avoided 

[11]. To better model flameless combustion, then, the New Extended EDC (NE-EDC) model was 

developed [12]. This model follows a similar strategy to the E-EDC model, that is, model constants 

are also calculated based on local Reynolds and Damköhler numbers. Nevertheless, the NE-EDC 

model postulates the fine structure length scale is equal to the Kolmogorov scale 𝐿∗ = 𝜂𝑘 (for 



more details of this assumption goes to reference [12]); while the E-EDC model does not follow 

this assumption. Additionally, the NE-EDC model proposed laminar flame speed calculation as 

𝐿∗ = 𝜏𝑐
∗ ∗  𝑆𝐿 and the proportionality factor for laminar flame speed calculation used in the E-EDC 

model is omitted. These EDC model extensions show a better consistency with experimental data 

than the standard EDC model in flameless combustion modelling [12]. Note that both the E-EDC 

and the NE-EDC present important advantages, as model coefficients are calculated during 

modelling and calibration with experimental data is not necessary. Of these, the NE-EDC model 

seems to provide better radial profiles of the mean temperature on a lab-scale furnace application 

[12]. Recently, Lewandowski and Ertesvåg [13] and Ertesvåg [14] carried out a review of the 

proposed changes, commented above, to the standard EDC model for flameless modelling with 

respect to the original ideas of the EDC model proposed by Magnussen et al. [15]-[16].  

To better understand reaction zone behaviour under flameless combustion, Direct Numerical 

Simulation (DNS) modelling has been carried out [17]-[19]. The DNS modelling results suggested 

interactions between the combustion reaction zones, so this feature can invalidate the commonly 

used combustion assumption: infinity fast-chemistry and flamelet modelling [20]. Under this 

circumstance, a Generalized E-EDC model has been proposed [21]-[23], based on the model 

developed by Parente et al. [11], but including detailed chemical kinetics for considering reaction 

zone interaction. In the Generalized E-EDC work, the global reaction mechanisms and Arrhenius 

constant values used are not specified. Driscoll et al. [24] recently discussed the necessary 

conditions for distributed reactions, still leaving possibilities for the EDC model to be applied in 

MILD combustion [25]. In the Generalized E-EDC, the chemical time scale is calculated 

considering the reaction rates of CH4, H2, O2, CO and CO2, but not following the CH4 one-step 

mechanism (as was done in the E-EDC). Additionally, the Generalized E-EDC eliminates the 

proportionality factor in laminar flame velocity following the NE-EDC suggestion [11]. The 

Generalized E-EDC model presents a better consistency with experimental data in a JHC furnace 

than the E-EDC. 

In consideration of the recent DNS modelling findings that suggest interactions between the 

reaction zones, for the first time, this work presents the Generalized NE-EDC model. It is a revised 

version of the NE-EDC model [12] and, in order to include the DNS modelling findings (the 

interaction between the reaction zones), the chemical time scale is calculated considering the 



reaction rates of CH4, H2, O2, CO and CO2 by a simple generalized method. In the original NE-

EDC model, the chemical time scale was calculated following the CH4 1-step global mechanism 

[12]. Therefore, in this work, a new and detailed chemical time scale calculation methodology is 

implemented in the NE-EDC model to improve the flameless combustion model, making it more 

realistic. 

The new chemical time scale is selected in this work by a comparative study of four global reaction 

mechanisms (note that a detailed mechanism is used to calculate temperature and species 

concentrations during modelling): the Jones & Lindstedt adjusted global mechanism (JL1), where 

the 4th mechanism of the standard 4-step global mechanism of JL is adjusted to flameless 

combustion; the Westbrook & Dryer adjusted global mechanism (WD1), which includes the H2 

oxidation rate for flameless application; the Westbrook & Dryer adjusted global mechanism 

(WD2), which differs from the WD1 in the CO oxidation rate consideration; and finally, the one-

step CH4 global mechanism. These global reaction mechanisms are selected as they provided 

the best results in the works [26]-[27]. In this work the calculation of the chemical time scale is 

carried out where the calculation methodology is explained for the first time in detail. It is 

implemented in ANSYS Fluent by User Define Functions (UDF) and User Define Memory (UDM). 

Additionally, the Generalized NE-EDC model is applied in an enclosed lab-scale furnace, a Delft 

lab-scale furnace, and the modelling results are compared against those experimental 

measurements.  

Fig. 1 summarizes the general approach of this study, with the investigations that have been 

carried out to date and those carried out for the first time in this work. 
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Fig. 1 Summary of the extended EDC models situation 

2 Model description 

The EDC model’s main idea is that chemical reactions in turbulent flow occur fast and in small 

eddies (fine structures denoted by the superscript *) treated as a reactor [16]. Then, a cascade 

model links the fine structures to the mean turbulence field resolved by RANS, so the EDC 

consists of a cascade model and a reactor model. This simplification makes the EDC model 

flexible and applicable to several flame structures. ANSYS Fluent’s EDC model uses a Plug Flow 

Reactor (PFR), assuming that the fine structure reacts within an interval of time with no mixing 

[28].  

The reaction rate of the EDC is obtained by the mass balance of the fine-structure reactor and 

the mean reaction rate of each mean species mass fraction is finally given by: 

𝑅𝑖,𝑟 = 
�̅�(𝜉∗)2

𝜏∗[1 − (𝜉∗)3]
(𝑌𝑖

∗ − 𝑌𝑖) 
(1) 

where 𝜉∗ is a fine structure length scale (based on the ratio of the mass of regions containing fine 

structures and the total mass), 𝜏∗ is the fine structure residence time (based on the mass transfer 

rate between the fine structures and the surrounding), �̅� is the mean density and  𝑌𝑖 is species 

mass fraction. The EDC model derivation, based on the energy cascade concept, assumes that 

all energy is transferred from large-scale eddies to small eddies, describing the fine structure 

length 𝜉∗ and the residence time scale 𝜏∗as: 

𝜉∗
 
= (

3𝐶𝐷2

4𝐶𝐷1
2 )

1
4⁄

(
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𝑘2
)

1
4⁄

= 𝐶𝜉 (
𝑣𝜀

𝑘2
)

1
4⁄
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1
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𝜀
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1
2⁄

 
(3) 

where 𝑣 is the kinetic viscosity, 𝜀 the dissipation rate, 𝑘 the turbulent kinetic energy, 𝐶𝐷2 and 𝐶𝐷1
   

the EDC model’s coefficients, 𝐶𝜉 the finite structure constant and 𝐶𝜏 the residence time constant. 

The standard EDC model developed by Magnussen and co-workers [15]-[16] gives an empirical 

value for 𝐶𝜉 = 2.1377 and 𝐶𝜏 = 0.4083 based on conventional combustion. However, the NE-



EDC model calculates these constant values based on the local Reynolds and Damköhler 

numbers following energy-cascade concepts (for more details go to Romero-Anton et al. [12]): 

𝐶𝜏 = (
𝐶𝐷2

3
)
1/2

=
1

2

1

√(𝑅𝑒𝑇 + 1)𝐷𝑎∗
 (4) 

𝐶𝜉 = (
3𝐶𝐷2

4𝐶𝐷1
2 )

1/4

= √
3

2
(𝑅𝑒𝑇 + 1)𝐷𝑎∗3/4 (5) 

In this work, these two equations are used, limiting coefficient values between 0.2< 𝐶𝜏 <0.4083 

and 2.1377 <𝐶𝜉 <13, always between the limits accepted in Ref. [14]. Values outside this range 

mean fast chemistry, while in flameless combustion it is known to have a Da number around unity 

[29]. 

In the NE-EDC model [12], a one-step global reaction rate of CH4 is considered for chemical time 

scale calculation, 𝜏𝑐 =
1

8.3  105𝑒𝑥𝑝(−
𝑇𝐴
𝑇

)
, where 𝑇𝐴 = 15,100 𝐾. The chemical time scale is calculated 

by UDF and then, in combination with the flow time scale calculated by ANSYS Fluent, the UDF 

calculates the local Da number. Later, the Da number value is applied in both Eq. (4) and Eq. (5), 

and the EDC model constants are calculated.  

In order to include the interaction between the reaction zones suggested by the DNS results, it 

would be interesting to study the impact of calculating the chemical time scale considering the 

reaction rate of other species of minor concentration. Accordingly, in this work, the Generalized 

NE-EDC is proposed in order to also consider the CH4, H2, O2, CO2 and CO species reaction 

rates in the chemical time scale calculation. 

2.1 Global reaction mechanisms 

So as not to increase modelling computational time, global reaction mechanisms are proposed to 

calculate the chemical time scale.  

Accurate and widely applied global mechanisms for CH4 combustion are; the Jones-Lindstedt (JL) 

mechanism [30], the Westbrook-Dryer mechanism (WD) [31], the Norbert-Peters 4 step 

mechanism (NP) [32] and the Peters-Williams 3 (PW) step mechanism [33]. It should be 

mentioned that these models were developed and applied in conventional combustion. 



The NP and PW global mechanisms were developed for conventional combustion, so their 

Arrhenius coefficients are defined for that application. Nevertheless, the JL and WD mechanisms 

have been applied and adjusted for flameless combustion. Kim [26] and Wang [27] applied the 

JL and WD global mechanisms in flameless combustion and they developed new Arrhenius 

constant values for flameless application. In their work, the adjusted global mechanism of JL (JL1) 

and two adjusted global mechanisms of WD (WD1 and WD2) show a better consistency with 

flameless combustion experimental data. Thus, in this work, these three global reaction 

mechanisms are implemented on the NE-EDC model by UDF and they are modelled in a Delft 

lab-scale furnace. Note that the global reaction mechanisms are used only to compute the 

chemical time scale through UDF while a detailed mechanism with 16 species [34] is used to 

calculate temperature and species concentrations during modelling. 

 Jones & Lindstedt adjusted global mechanism (JL1) 

This mechanism is based on the standard 4-step global mechanism of JL [30]. In flameless 

combustion O2 concentration is reduced, so the O2 partial pressure is lower. Under this situation, 

the fuel oxidation rate become slower. Thus, the 4th mechanism of the standard 4-step global 

mechanism of JL is adjusted to this combustion system, following the suggestions of Marinov et 

al. [35] and Wang et al. [27]: 

{C1} 𝐶𝐻4 +  0.5𝑂2  →  𝐶𝑂 +  2𝐻2 

{C2} 𝐶𝐻4  +  𝐻2𝑂 →  𝐶𝑂 +  3𝐻2 

{C3} 𝐶𝑂 + 𝐻2𝑂 ↔  𝐶𝑂2  +  𝐻2 

{C4} 𝐻2  +  0.5𝑂2  ↔  𝐻2𝑂 

 Westbrook & Dryer adjusted global mechanism (WD1) 

Westbrook and Dryer [31] developed a 2-step global reaction mechanism. In the adjusted WD1 

release, the CH4 and CO oxidation rates are not changed to the original mechanism, but the H2 

oxidation rate is added (C4), as happens in JL1: 

{C5} 𝐶𝐻4  +  1.5𝑂2  →  𝐶𝑂 +  2𝐻2𝑂 

{C6} 𝐶𝑂 +  0.5𝑂2  ↔  𝐶𝑂2 



{C4} 𝐻2  +  0.5𝑂2  ↔  𝐻2𝑂 

 Westbrook & Dryer adjusted global mechanism (WD2) 

This mechanism maintains the CH4 and H2 oxidation rates as WD1, but changes the CO oxidation 

rate. This change is made considering the CO dependency on the pressure equilibrium of 

[CO]/[CO2], following Andersen et al. [36]:  

{C5} 𝐶𝐻4  +  1.5𝑂2  →  𝐶𝑂 +  2𝐻2𝑂 

{C7} 𝐶𝑂 +  0.5𝑂2  ↔  𝐶𝑂2 

{C4} 𝐻2  +  0.5𝑂2  ↔  𝐻2𝑂 

Table 1 summarizes the Arrhenius parameters defined for each global reaction mechanism: 

Table 1 Global mechanism’s Arrhenius coefficient values and reaction orders 

Nº A β Ea/R Reaction orders Ref 

C1 4.4*1011 0 15095 [CH4]0.5[H2O] JL [30] 

C2 3.0*108 0 15095 [CH4][O] JL [30] 

C3f 2.75*109 0 10065 [CO][H2O] JL [30] 

C3b 6.71*1010 0 13688 [CO2][H2] Wang et al. [27] 

C4f 7.91*1010 0 17609 [H2][O2]0.5 Marinov et al. [35] 

C4b 3.48*1013 0 47907 [H2O] Wang et al. [27] 

C5 5.03*1011 0 24056 [CH4]0.7[O]0.8 WD [31] 

C6f 2.24*1012 0 20484 [CO][O2]0.25[H2O]0.5 WD [31] 

C6b 5*108 0 20484 [CO2] WD [31] 

C7f 2.24*106 0 5032 [CO][O2]0.25[H2O]0.5 Andersen et al. [36] 



C7b 1.10*1013 -0.97 39452 [CO][O2]-0.25[H2O]0.5 Andersen et al. [36] 

Units in kmol, m3, K, s, kJ. 

2.2 Implementation Methodology 

The global reaction mechanisms described in section 2.1 have been implemented in ANSYS 

Fluent by UDF and UDM. The UDF is a tool available in ANSYS Fluent to enhance the standard 

characteristics of the programme. The user is responsible for creating, debugging and validating 

them and, using an interface available in ANSYS Fluent, they are called by demand or hooked. 

The code needs to be compiled or interpreted when it is loaded in ANSYS Fluent and, for this 

work, the Microsoft Visual Studio compiler has been used.  

Considering the chemical kinetics of a system of N species reacting through M reactions, we get: 

∑ 𝑣𝑘𝑗
′

𝑁

𝑘=1

𝑀𝑘  ↔  ∑ 𝑣𝑘𝑗
′′

𝑁

𝑘=1

𝑀𝑘      for   𝑗 = 1,𝑀  (6) 

where 𝑀𝑘  is the species 𝑘  symbol and 𝑣𝑘𝑗
′  & 𝑣𝑘𝑗

′′  are the molar stoichiometric coefficients of 

species 𝑘 in reaction j. It should be mentioned here that reactions could proceed in one direction 

→  (forward, f) or in both directions ↔  (forward, f, and backward, b). Considering the mass 

conservation, the progress rate of reaction for the reaction pair is defined as [kmol/m3/s]: 

𝜔𝑗
′ = 𝐾𝑓𝑗 ∏[𝑋𝑘]

𝑣𝑘𝑗
′

𝑁

𝑘=1

− 𝐾𝑟𝑗 ∏[𝑋𝑘]
𝑣𝑘𝑗

′′
𝑁

𝑘=1

 (7) 

where 𝐾𝑓𝑗  and 𝐾𝑟𝑗  are the forward and backward rates of reaction j. In this work, they are 

calculated by the Arrhenius law: 

𝐾𝑓𝑗 = 𝐴𝑓𝑗𝑇
𝛽𝑗𝑒𝑥𝑝 (−

𝐸𝑗

𝑅𝑇
) = 𝐴𝑓𝑗𝑇

𝛽𝑗𝑒𝑥𝑝 (−
𝑇𝑎𝑗

𝑇
) (8) 

where 𝐴𝑓𝑗  is a pre-exponential constant, 𝛽𝑗  the temperature exponent constant and 𝐸𝑗  the 

activation energy. The constant values used in this work are defined in Table 1.The backwards 

rates 𝐾𝑟𝑗 are calculated considering the equilibrium constant [37].  



The progress rate of reaction, (Eq. (7)) is theoretically defined with the stoichiometric coefficients 

defined by the mass conservation law (𝑣𝑘𝑗
′′  & 𝑣𝑘𝑗

′ ). In practice, instead of using stoichiometric 

coefficients as the concentration exponent, other parameters ( 𝑡𝑘𝑗
′ & 𝑡𝑘𝑗

′′ ) are used. These 

parameters are calculated based on experimental or detailed chemical numerical modelling. In 

this work, the exponents of Table 1 are used (𝑡𝑘𝑗
′ & 𝑡𝑘𝑗

′′ ). 

Once the reaction rate of each species 𝑘 is calculated (Eq. (7), Eq. (8) and Table 1), the next step 

is to calculate the net molar production rate of each species 𝑘 in reactions j [kmol/m3/s]: 

𝑅𝑘𝑗 = (Γ𝑗(𝑣𝑘𝑗
′′ − 𝑣𝑘𝑗

′ )𝐾𝑓𝑗 ∏[𝑋𝑘]
𝑡𝑘𝑗
′

𝑁

𝑘=1

− 𝐾𝑟𝑗 ∏[𝑋𝑘]
𝑡𝑘𝑗
′′

𝑁

𝑘=1

) (9) 

where [𝑋𝑘] is the 𝑘 species molar concentration. Then each 𝑘 species net mass reaction rate is 

calculated, multiplying by each species molecular weight 𝑊𝑘: 

𝜔𝑘 = 𝑊𝑘  𝑅𝑘𝑗  (10) 

Finally, the chemical time scale is calculated  

𝜏𝑐 = max[𝑌𝑘 (𝜔𝑘 𝜌⁄ )⁄ ] (11) 

where 𝜔𝑘 is the reaction rate in [kg/m3/s] of each species (CH4, H2, O2, CO and CO2). The reaction 

rate below 𝜔𝑘< 10-16 in kg/m3/s is excluded from the modelling.  

Following this methodology, more species are considered for chemical time scale calculation. The 

UDF calculates the chemical time scale following the described methodology in combination with 

the flow time scale calculated by ANSYS Fluent. Later, the UDF calculates the Damköhler 

number, which is replaced in Eq. (4) and Eq. (5). However, this method maintains the efficiency 

of the NE-EDC model, as it does not require the computational time of the method which 

calculates the eigenvalues of the Jacobian [38]-[39]. In this work, as the CH4, H2, O2, CO and CO2 

species are considered, the reactions defined in section 2.1 are applied. 

This methodology is followed for the global reaction mechanisms described in this work; the JL1, 

WD1, WD2 and CH4 one-step global reaction mechanisms. Therefore, four CFD modellings are 



developed in this work in a Delft lab-scale furnace. Comparing their modelling results with 

experimental data, the best global reactions mechanism is selected. 

For a better understanding of the methodology, an example is shown for the JL1 global 

mechanism. First, the progress rates of reaction 𝜔𝑗
′ are calculated [kmol/m3/s]: 

𝜔𝐶1
′ = 4.4 ⋅ 1011𝑒𝑥𝑝(

−15095

𝑇[𝐾]

 

) ⋅ [𝐶𝐻4]
0.5[𝑂2]

1.25 (12) 

𝜔𝐶2
′ = 3.0 ⋅ 108𝑒𝑥𝑝(

−15095

𝑇[𝐾]

 

) ⋅ [𝐶𝐻4][𝐻2𝑂] (13) 

𝜔𝐶3𝑓

′ = 2.75 ⋅ 109𝑒𝑥𝑝(
−10065

𝑇[𝐾]

 

) ⋅ [𝐶𝑂][𝐻2𝑂] (14) 

𝜔𝐶3𝑏
′ = 6.71 ⋅ 1010𝑒𝑥𝑝(

−13688

𝑇[𝐾]

 

) ⋅ [𝐶𝑂2][𝐻2] (15) 

𝜔𝐶4𝑓

′ = 7.91 ⋅ 1010exp (
−17609

𝑇[𝐾]

 

) ⋅ [𝐻2][𝑂2]
0.5 (16) 

𝜔𝐶4𝑏
′ = 3.48 ⋅ 1013exp (

−47907

𝑇[𝐾]

 

) ⋅ [𝐻2𝑂] (17) 

Then, the net molar production rates of each species 𝑘 in reactions j [kmol/m3/s] are calculated 

by Eq. (9): 

[
 
 
 
 
 
 
𝑅CH4

𝑅H2𝑂

𝑅O2

𝑅CO

𝑅CO2

𝑅H2 ]
 
 
 
 
 
 

=
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′
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′

𝜔𝐶4𝑓

′
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′

]
 
 
 
 
 
 

 (18) 

The parameters of the matrix represent the difference between the product and reactant 

stoichiometric coefficients for species 𝑘 in reactions j. Next, Eq. (10) is applied and the maximum 

chemical time scale is calculated. 



3 Numerical setup 

The models are applied to the Delft lab-scale furnace as experimental data is available [41]. Inside 

the furnace, there is flameless combustion thanks to the recuperative burner injecting natural gas 

by a single nozzle and preheated air by four separate nozzles (see Fig. 2). 

 

Fig. 2 Delft lab-scale furnace [41] 

The furnace was operating with Dutch natural gas (mole fractions: CH4 81.3%, C2H6 3.7%, N2 

14.4% and the rest 6%), an equivalence ratio of 0.8, a thermal power of 9kW and fuel and air inlet 

temperatures of 446K and 886K, respectively, when experimental data for the database were 

taken. Coherent Anti-stokes Raman Spectroscopy (CARS) made temperature measurements at 

different heights inside the furnace, as well as Laser Doppler Anemometry (LDA) measured radial 

profiles of the mean axial velocity (𝑈𝑍) at different axial locations. Details of the accuracy of the 

LDA and CARS measurement techniques are displayed in table 2 of reference [12]. 

The ANSYS Fluent CFD package was used for a 3-dimension steady-state RANS modelling. As 

shown in Fig. 3, the modelled computational domain is half of the furnace with about a mesh size 

of 800,000 cells.  



 

Fig. 3 computational domain 

The models considered during modelling are the NE-EDC turbulence-chemistry interaction model 

in combination with four global mechanisms for chemical time scale calculation, the realizable 2-

equation 𝑘−𝜀 turbulence model, the Discrete Ordinates (DO) method and the weighted-sum-of-

grey-gases model (WSGGM) for the absorption coefficient. The chemical mechanism is the 

Smooke [34], having 16 species and 25 reactions. 

The boundary conditions are defined based on experimental data (see Fig. 4), and are 

summarized in Table 2. For example, the air inlet is defined as preheated air 846K and mass flow 

type with a composition of %21 O2 and 79% N2 mole fractions. The fuel inlet is Dutch natural gas 

with a composition of CH4 81.3%, C2H6 3.7%, N2 14.4% and Ar 6% (in mole fractions) defined as 

mass flow type. The outlet in this furnace is in the same plane as the input stream and it is defined 

as pressure outlet type. 

 

Fig. 4 Geometry and boundary conditions of the Delft lab-scale furnace 

The thermal boundary conditions of the walls are divided into three. First, the bottom wall of the 

furnace, which is on the same plane as the inlet streams, is defined as an adiabatic wall with a 

Air inlet 

Fuel inlet 

Top wall 

Outlet 

Adiabatic wall 

Side walls 

Symmetry 



heat flux equal to 0 W/m2. Second, the side walls of the furnace are defined as a wall type 

boundary with a specified vertical temperature profile obtained through the interpolation of the 

measured data. Finally, the top wall of the furnace is defined as a wall type boundary, but with a 

constant temperature equal to the measured value on that wall.  

Table 2 Boundary conditions for simulations  

Name Type Value 

Air inlet mass flow type 

𝑚𝑓𝑢𝑙𝑙̇ = 9,67 ∗ 10^ − 4 kg/s 

𝑚ℎ𝑎𝑙𝑓̇ = 4,84 ∗ 10^ − 4 kg/s 

T= 846 K 

Fuel inlet mass flow type 

𝑚ℎ𝑎𝑙𝑓̇ =0.000118 kg/s 

T= 446 K 

Outlet pressure outlet - 

Side Wall wall type 

T: piecewise linear 

𝑇(𝑧) = {
300𝑧 + 1150    0 < 𝑧 < 0.3 [𝑚]
400𝑧 + 1120    0.3 < 𝑧 < 0.4

1280

 [𝑚]}  𝐾 

Top wall wall type T= 1280 K 

 

Bottom wall 

 

wall type 

 

Heat flux 0 W/m2 

 

Modelling aspects are the same as those used previously by Romero-Anton et al. [12], except for 

the adjusted global mechanisms for chemical time scale calculation, which implies changes in the 

Damköhler number and, consequently, in the NE-EDC turbulence-chemistry interaction model 

constant’s value. 

4 Results 

In this section, a comparison is made between the measured and predicted mean axial velocity 

and the mean temperatures for each adjusted global mechanism model. Fig. 5 shows the results 

of the mean axial velocity for the NE-EDC model in combination with the Jones & Lindstedt 

adjusted global mechanism (JL1), the Westbrook & Dryer adjusted global mechanism (WD1), the 



Westbrook & Dryer adjusted global mechanism (WD2) and the one-step CH4 global mechanism. 

Experimental data at different axial locations of the furnace (z=3 mm, z=100 mm, z=300 mm and 

z=500 mm) are also displayed. 

 

Fig. 5 Comparison between measured and predicted radial profiles of mean axial velocity 

There is no difference in the mean axial velocity prediction among the four global reaction 

mechanisms. This is because the same turbulence-chemistry interaction model, realizable 𝑘 − 𝜀, 

is used. Finally, this 𝑘 − 𝜀 model is the cause of the velocity prediction, so it can be said that this 

turbulence model is appropriate for this study case. 

Then, the mean temperature contour of the JL1, the WD1, the WD2 and the 1-step CH4 global 

mechanisms are shown (Fig. 6). 



 

Fig. 6 Mean temperature contour for JL1, WD1, WD2 and 1-steb global mechanisms 

At first sight, it can be appreciated that the JL1 global mechanism presents greater mean 

temperature values than the other models, being the only one that exceeds 1400 K in the points 

away from the flame, while the other global mechanism models provide similar values. For a 

better viewing, the radial profiles of the mean temperatures are compared in Fig. 7. In this sense, 

the NE-EDC model, in combination with the JL1, the WD1, the WD2, the 1-step CH4 global 

mechanism and experimental data are displayed at different axial locations of the furnace (z=25 

mm, z=100 mm, z=200 mm, z=300 mm, z=400 mm and z=500 mm).  



 

Fig. 7 Comparison of mean temperature from experimental measurements and from simulations with 

different global mechanisms 

The results of the four global mechanism models showed good agreement with experimental data 

and a good match between them in the mean temperature predictions at the nozzle exit (z=25 

mm) and at the mid-height of the furnace (z=100, z=200 and z=300 mm). At greater heights 

(z=400 and z=500 mm), deviance between the four modellings can be appreciated. This is 

because, according to experimental data, the reaction rate influence on the mean temperature 

profile starts at a height of 200 mm; upstream, the mixture is preheated and diluted by the 

recirculation of flue gases [41]. The JL1 model, close to the top wall of the furnace, overpredicts 



the mean temperature moving away from experimental data. This deviance is stressed at z=500 

mm, where the gradient is the opposite to the experimental data. This feature can also be 

appreciated in Fig. 6, where a high temperature is displayed close to the furnace top wall. Thus, 

the JL1 global mechanism is discarded for this flameless combustion furnace modelling.  

Among the WD1, WD2 and 1-step global mechanisms, a slight difference can be appreciated at 

heights of z=400 and z=500 mm because, at this height, autoignition happens constantly. For a 

better visualization, Fig. 8 shows these three global mechanisms and experimental data results.  

 

Fig. 8 Comparison of mean temperature from experimental measurements and from NE-EDC –step, NE-

EDC WD1 and NE-EDC WD2. 

It can be appreciated that the WD1 and WD2 modelling results are almost the same. Thus, it can 

be concluded that the CO oxidation rates do not have a huge impact over the mean temperature 



in this case. At this point, it should be noted that, during the modelling, it took more time to 

converge the WD1 model than the WD2 model, so that with the results of both models being 

similar, WD2 is recommended from a modelling point of view. The convergence difference 

between WD1 and WD2 can be related to the β coefficient value, which is not equal to 0 for the 

WD2 case. The CPU time for each global mechanism with a 2 core CPU@ 2.5 GHz is displayed 

in Table 3. It should be clarified that the displayed computational time is starting from a 

convergence reacting flow-field of the NE-EDC model with 1-step reaction mechanism for 

chemical time calculation: 

Table 3 CPU computational time  

 Computational time Convergence of 

temperature  

JL1 23 h Straight line  

WD1 148 h Sine wave 

WD2 22 h Straight line 

 

Between the 1-step global mechanism and the WD2, a slight difference can be appreciated at 

z=400 mm and z=500 mm heights. Close to the furnace centre (|x| < 60 mm), the WD2 

underpredicts the mean temperature less than the 1-step mechanism at both heights. For 

example, at |x|=36 mm, the deviation of the WD2 model is 3.5%, while the 1-step mechanism 

provides a deviation of 5.5%. Therefore, the WD2 slightly improves flameless combustion 

modelling in combination with the NE-EDC model constant calculation idea. 

In order to analyse if modelling results can be affected by the use of a more extended chemical 

mechanism to calculate temperature and species concentrations during modelling, another 

modelling have being repeated by the use of the GRI 3.0 mechanism (53 species) [40]. As it is 

shown in Fig. 9 no difference it is appreciated between the use of Smooke (16 species) and GRI 

3.0 (53 species) detail mechanisms for mean temperature predictions. 



 

Fig. 9 Comparison of mean temperature from experimental measurements and from Generalized NE-EDC 

(with WD2 global mechanism in combination with Smooke and GRI 3.0 detail chemistry 

Although the WD2 global mechanism has slight improvements, it does not seem that taking into 

account CH4, H2, O2, CO and CO2 species in the chemical time scale calculation notably affects 

the results of the model. This suggests little interaction between reaction zones for this 

application. The interaction between the reaction zones has more effect on mean temperature 

predictions in the JHC burner [21] than in the enclosed furnace. This could be related to the 

findings of Xu’s experimental data [41], where the stabilized flames in JHC flames did not appear 

in the main reaction zone of the Delft lab-scale furnace. This could be due to the dynamic mixing 

in the Delft lab-scale furnace, where the recirculation of the internal flue gases stretches the flame 

front. As future work, more case studies should be needed to verify the improvements offered by 

the Generalized NE-EDC studied here. 

In any case, the NE-EDC model, in combination with the WD2, called here the Generalized NE-

EDC model, gives better predictions of the radial profiles of the mean temperature as compared 

to the 1-step global mechanism. For this reason, WD2 is selected as the best global mechanism 

model to consider the interaction between the reaction zones during flameless modelling, without 

too much impact on computational time. 

5 Conclusion 

In this work, the NE-EDC model is updated by calculating the chemical time scale while also 

considering minor species, such as, CH4, H2, O2, CO and CO2, called here the Generalized NE-

EDC model. This improvement is interesting to analyse, considering the latest conclusions taken 



from the DNS modelling results, where it is suggested that interactions between the reaction 

zones influence the behaviour of the temperature field and reaction zone. 

The detailed methodology presented in this work aims to improve the chemical time scale 

calculation 𝜏𝑐 by a simple generalized method, in combination with the NE-EDC model; while not 

increasing the computational time during modelling. Therefore, global reaction mechanisms 

adjusted for flameless combustion are suggested for its use. 

A comparative study of four global reaction mechanisms is carried out in combination with the 

NE-EDC model to model the Delft lab-scale furnace and results are compared against those 

experimental measurements. The differences in the modelling results start to be appreciated 

above a height of 200 mm as, according to experimental data, the reaction rate influence on the 

mean temperature profile starts at a height of 200 mm. Although the JL1 model provides good 

results in other works [26]-[27], in this specific application, close to the top wall of the furnace, the 

mean temperature is overpredicted, moving away from experimental data. The WD1 mechanism 

provided similar results to the WD2 mechanism, but from a numerical point of view, the numerical 

convergence of WD1 takes 6 times longer before convergence occurs. The convergence 

difference can be related to the β coefficient value, which is not equal to 0 for the WD2 case. 

Therefore, it was found that the WD2 is the best model, as it underpredicts the mean temperature 

close to the centre of the furnace (|x| < 60 mm) at z=400 and z=500 mm by less. Nevertheless, 

the 1-step global mechanism is also a good choice. 

Although, in this application, the WD2 provides slight improvements, the realistic chemical time 

scale calculation methodology applied in this work does not notably affect the results of the model. 

This suggests little interaction between reaction zones in the context of the NE-EDC model and 

is based on a set of relatively small mechanisms. It was shown that the interaction between the 

reaction zones has more effect on the mean temperature predictions in the JHC burner [21]. In 

this work, an enclosed furnace is analysed where, according to experimental data, the stabilized 

flames seen in the JHC flames did not appear in the main reaction zone of the Delft lab-scale 

furnace. This could be due to the dynamic mixing in the Delft lab-scale furnace, where the 

recirculation of the internal flue gases stretches the flame front, so that the interaction between 

reaction zones can be lower. 



Here, the WD2 in combination with the NE-EDC model’s constant calculation methodology, called 

here Generalized NE-EDC, gives a more accurate prediction of the radial profiles of the mean 

temperature, especially where the autoignition is more frequent. However, for this specific 

application, the interactions between the reaction zones do not have too much impact on the 

mean temperature prediction. 
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