
How to cite

Complete issue

More information about this article

Journal's webpage in redalyc.org

Scientific Information System Redalyc

Network of Scientific Journals from Latin America and the Caribbean, Spain and
Portugal

Project academic non-profit, developed under the open access initiative

TecnoLógicas
ISSN: 0123-7799
ISSN: 2256-5337

Instituto Tecnológico Metropolitano - ITM

Cardona Sepúlveda, Luis Fernando; Sanín-Villa, Daniel
Numerical Study of Critical Recirculation Ratio for Achieving Unconditional MILD Combustion

TecnoLógicas, vol. 26, no. 57, e200, 2023, May-August
Instituto Tecnológico Metropolitano - ITM

DOI: https://doi.org/10.22430/22565337.2472

Available in: https://www.redalyc.org/articulo.oa?id=344276660002

https://www.redalyc.org/comocitar.oa?id=344276660002
https://www.redalyc.org/fasciculo.oa?id=3442&numero=76660
https://www.redalyc.org/articulo.oa?id=344276660002
https://www.redalyc.org/revista.oa?id=3442
https://www.redalyc.org
https://www.redalyc.org/revista.oa?id=3442
https://www.redalyc.org/articulo.oa?id=344276660002


 
 

 

ISSN-p: 0123-7799 

ISSN-e: 2256-5337 

 

 

Vol. 26, nro. 57, e2472, 2023 

 

 

 

 

 

Recibido: 29 julio 2022 

Aceptado: 29 mayo 2023 

Disponible: 8 junio 2023 

 

 

©Instituto Tecnológico Metropolitano 

Este trabajo está licenciado bajo 

una Licencia Internacional 

Creative Commons Atribución 

(CC BY-NC-SA) 

 

 

 
 

 

Numerical Study of Critical Recirculation Ratio 

for Achieving Unconditional MILD Combustion 

 

Estudio numérico de la relación de recirculación para 

alcanzar combustión MILD incondicional 

 
 
 
 
  

  Luis Fernando Cardona Sepúlveda 1; 

 Daniel Sanín-Villa 2 

 

 

 

 

 

 

 
  

1 Instituto Tecnológico Metropolitano, Medellín – Colombia,  

 luiscardona@itm.edu.co 
2 Instituto Tecnológico Metropolitano, Medellín – Colombia,  

 danielsanin@itm.edu.co 

 

 

 

 

 

 

 

 

How to cite / Cómo citar  

 

L. F. Cardona Sepúlveda, D. Sanín-Villa, “Numerical Study of Critical 

Recirculation Ratio for Achieving Unconditional MILD Combustion,” 

TecnoLógicas, vol. 26, nro. 57, e2472, 2023.  

https://doi.org/10.22430/22565337.2472 

 

 

 

 

mailto:mariatorres@itm.edu.co
mailto:trondon@agrosavia.co
https://orcid.org/0000-0001-9913-0240
mailto:luiscardona@itm.edu.co
https://orcid.org/0000-0001-6853-340X


L. F. Cardona Sepúlveda et al.  TecnoLógicas, Vol. 26, nro. 57, e2472, 2023 

Página 2 | 14 

Abstract 

Moderate or Intense Low Oxygen Dilution (MILD) combustion is a regime in which fuels 

burn in a distributed reaction zone generating ultra-low emissions and no visible flame front. 

Also known as flameless combustion, it can be achieved by recirculating flue gases into the 

reaction zone. A recirculation factor based on the mass recirculated is used to characterize a 

flameless regime. However, the original definition of MILD is based on the temperature 

levels of a reactor. This work connects both criteria by introducing a parameter called 

recirculation ratio derived theoretically from a mass balance. The ratio was numerically 

calculated by simulating a network of perfectly stirred reactors and performing an energy 

balance using open-source software. This methodology was validated against experimental 

and simulated data from the literature. Simulations were carried out for methane, ethane, 

propane, and hydrogen under adiabatic conditions and equivalence ratios from 0.6 to 1. 

Results indicate that a critical recirculation ratio is required for establishing unconditional 

MILD combustion, which changes with fuel type and equivalence ratio. In all cases studied, 

the critical ratio diminishes as the equivalence ratio is reduced. Hydrogen and methane 

require the highest and lowest critical ratio, respectively. Results suggest that externally 

diluting hydrogen with carbon dioxide could potentially reduce recirculation requirements 

for MILD combustion. 

 

Keywords 
MILD combustion, flameless combustion, recirculation factor, numerical simulation. 

 

Resumen 

La combustión moderada o intensa con bajo contenido de oxígeno por dilución (MILD) es 

un régimen en el cual el combustible se quema en una zona distribuida generando emisiones 

ultra bajas y sin un frente de llama visible. También conocida como combustión sin llama, se 

puede obtener por recirculación de gases de combustión en la zona de reacción. Un factor de 

recirculación basado en la masa recirculada es utilizado en la práctica para caracterizar el 

régimen sin llama. Sin embargo, la definición original de la combustión MILD se basa en los 

niveles de temperatura de un reactor. El objetivo de este trabajo consistió en conectar ambos 

criterios al introducir un parámetro llamado relación de recirculación, el cual es derivado 

teóricamente de un balance de masa. Esta relación fue calculada numéricamente simulando 

una red de reactores perfectamente mezclados y realizando un balance de energía utilizando 

software de código abierto. Esta metodología fue validada contra experimentos y simulaciones 

reportadas en la literatura. Se realizaron simulaciones para metano, etano, propano e 

hidrógeno bajo condiciones adiabáticas y dosados entre 0.6 y 1. Los resultados mostraron que 

existe una relación de recirculación crítica requerida para establecer combustión MILD 

incondicional, la cual cambia con el combustible y el dosado. En todos los casos estudiados, 

la relación crítica disminuye a medida que se reduce el dosado. El hidrógeno y el metano 

requieren la más alta y la más baja relación critica, respectivamente. Los resultados para el 

hidrógeno sugieren que la dilución externa con dióxido de carbono puede reducir los 

requerimientos de recirculación para la combustión MILD. 

 
Palabras clave 

Combustión MILD, combustión sin llama, factor de recirculación, simulación numérica. 
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1. INTRODUCTION 

 

Combustion of fossil fuels is still widely used around the globe for various services both 

at the industrial and residential levels. This chemical reaction emits pollutants that can have 

environmental impacts, such as NOx and CO2. Therefore, there is interest in developing next-

generation combustion technologies, such as hydrogen-based combustion, and there is also a 

need for improving or retrofitting existing equipment [1]. MILD combustion [2], also known 

as colorless [3] or flameless combustion [4] is a promising technology for these purposes. 

The concept of flameless combustion was first introduced by Wünning [4], [5]. This regime 

is achieved by preheating and diluting the fresh air-fuel mixture with hot flue 

gases. Significant dilution with these gases results in a reaction without a visible flame front 

and a uniform temperature distribution with low NOx emissions. The critical parameter for 

achieving flameless combustion is the recirculation factor 𝐾𝑣, defined as a ratio of 

recirculated mass flow to the input mass flow to the furnace [2]. In such studies, a flameless 

regime for methane was achieved with 𝐾𝑣 values ranging from approximately 3 and 8, for 

furnace temperatures above the self-ignition temperature of the flammable mixture. 

Cavaliere and de Joannon later formally defined MILD combustion regime [2], [6]. MILD 

is an acronym that refers to a “Moderate or Intense Low-oxygen Dilution” regime where two 

conditions must be satisfied: First, the reactive mixture must be above self-ignition 

temperature. Second, the temperature increases inside the furnace due to reaction (∆T) must 

be lower than the self-ignition temperature (𝑇𝑠𝑖). This definition was obtained using a 

perfectly stirred reactor analysis. Flameless can be regarded as a practical way to obtain a 

MILD combustion regime, where strong dilution due to recirculation leads to a lower oxygen 

concentration in reactants and a lower temperature increase in the furnace. If the 

temperature of the reactive mixture is above self-ignition temperature, MILD conditions are 

satisfied. 

Both definitions of flameless and MILD combustion are the subject of intense debate, 

suggesting that the underlying physics of this phenomenon is not yet completely understood 

[7]–[9]. The parameter 𝐾𝑣, which is used to characterize the recirculation intensity in MILD 

combustion, has several limitations as identified in literature. It can be easily calculated for 

an external gas recirculation (EGR) case if fuel, oxidizer, and recirculated gas mass flow rates 

are measured. However, in several furnaces, internal gas recirculation (IGR) is used, where 

high impulse jet flows create recirculating swirls. In such cases, measuring the aerodynamic 

𝐾𝑣 is challenging and it is usually estimated by CFD simulations [10]. 

For an IGR case, there are several 𝐾𝑣 values inside the furnace due to the variation in 

mass flow being recirculated from point to point [10]. A common assumption is to report the 

maximum 𝐾𝑣 value [8], [11]. Furthermore, 𝐾𝑣 can also vary depending on whether the fuel 

and oxidizer flows are premixed or non-premixed before the reaction [7]. Despite its 

drawbacks, 𝐾𝑣 is still a widely used parameter for studying flameless combustion.  

This work aims to bridge the gap between MILD and flameless combustion definitions by 

proposing a parameter based on mass balance called recirculation ratio Z. With this 

parameter, the critical point for establishing the MILD combustion regime unconditionally 

is evaluated. This study includes numerical simulations of reactor networks considering CH4 

and C2H6, and the calculation of reactor temperatures using an energy balance of C3H8 and 

H2. An algorithm for constructing combustion maps is presented, and the unconditional 

MILD critical point is identified and analyzed in connection to 𝐾𝑣, Z, and oxygen 

concentration. 
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2. METHODOLOGY 

 
2.1 Reactor network 

 

Figure 1 presents the reactor network that was simulated in this work. Initially, there is 

a premixer where fuel and oxidizer are combined at 300 K and 101.325 kPa. The oxidizer 

considered in this work is dry air, which is composed of 21 % O2 and 79 % N2 by volume. This 

study focuses on lean combustion mixtures with equivalence ratios (𝜙) ranging from 0.6 to 1. 

While the approach presented here can be extended to rich mixtures, this work focuses 

explicitly only on lean mixtures, as studies reported in the literature of MILD and flameless 

combustion often involve an excess of air [7], [8], [12]. The fuels simulated in this study are 

methane (CH4) and ethane (C2H6), and the reactive mechanisms used are GRI-Mech 3.0 [13] 

and Politecnico di Milano version C1-C3 NOx version 2003 published in 2020 (referred to as 

“Polimi” in the rest of the document) [14]– [17]. After the premixing stage, there is a mixer 

where the fresh fuel-air premixture is combined with hot flue gases before reacting inside an 

adiabatic perfectly stirred reactor (PSR). After the reactor, there is a splitter stage where a 

portion of the combustion gases is recirculated back to the mixer. This reactor network has 

been coded and simulated using the open-source software Cantera, version 2.5.0 [18]. 

To validate the simulations of PSR carried out in Cantera, simulations with CH4 were 

conducted and compared with experiments reported in the literature [19], [20], as shown in 

Figure 2. The volume of the combustor was set to 2.5x10-4 m3, heat losses from the walls were 

assumed to be 100 W and residence time in the reactor was set to 0.086 s. These values are 

similar to those used in a previous numerical study [21]. Equivalence ratio 𝜙 was varied from 

0.6 to 1.6. 

 

 
Figure. 1. Schematic of reactor network implemented in this study. Source: Created by the authors. 

 

 
Figure. 2. Temperature of the reactor (left) and molar fraction of O2 and CO2 (right) at different 

equivalence ratios. Source: Created by the authors. 
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The results obtained from the simulations show reasonable agreement with experiments 

for temperature and species, particularly for lean combustion mixtures (𝜙<1), as shown in 

Figure 2. Therefore, the simulation framework proposed in this work is considered 

acceptable. For all other simulation cases, adiabatic reactors are considered with a residence 

time of 1 s. 

 
2.2 Algorithm of calculation 

 

Table 1 presents the criteria for achieving MILD combustion adopted in this work. In 

general terms, MILD combustion is achieved if the reactive mixture is above self-ignition 

temperature (𝑇𝑠𝑖) and temperature increase (∆T) due to the reaction being lower than 𝑇𝑠𝑖.  

Therefore, the determination of MILD combustion conditions for a reactive mixture can 

be divided into two parts, as shown in Figure 3. First, 𝑇𝑠𝑖 is determined, and then ∆T is 

evaluated. Ignition of the mixture is achieved by increasing the inlet temperature (𝑇𝑖𝑛𝑙𝑒𝑡) of 

the reactor up to the point where ∆T is above a constant C1, which in this work is set at 

100 K. This ignition criterion is relatively simple to implement compared to more 

sophisticated approaches available in the literature [22]. However, it might have a 

shortcoming for MILD combustion when mixtures are significantly diluted, as ∆T could 

become lower than C1. Such mixtures with low oxygen concentration are further analyzed in 

the results based on the required recirculation ratios. 

 
Table 1. Combustion regimes. Source: adapted from [2]. 

Combustion regime Conditions 

MILD combustion (MC) 𝑇𝑖𝑛𝑙𝑒𝑡 > 𝑇𝑠𝑖 and ∆𝑇 < 𝑇𝑠𝑖 

High-temperature combustion (HTC) 𝑇𝑖𝑛𝑙𝑒𝑡 > 𝑇𝑠𝑖 and ∆𝑇 > 𝑇𝑠𝑖 

Feedback combustion (FC) 𝑇𝑖𝑛𝑙𝑒𝑡 < 𝑇𝑠𝑖 and ∆𝑇 > 𝑇𝑠𝑖 

Unsteady combustion / no reaction (US/NR) 𝑇𝑖𝑛𝑙𝑒𝑡 < 𝑇𝑠𝑖 and ∆𝑇 < 𝑇𝑠𝑖 

 

 
Figure. 3. Algorithm for calculation of 𝑇𝑠𝑖 and 𝑇𝑖𝑛𝑙𝑒𝑡 𝑤ℎ𝑒𝑟𝑒 ∆T = 𝑇𝑠𝑖

. Source: Created by the authors. 

 

Once 𝑇𝑠𝑖 is determined, ∆T is calculated as the difference between reactor temperature 

and inlet temperature. In case ∆T is higher or lower than 𝑇𝑠𝑖, the inlet temperature (𝑇𝑖𝑛𝑙𝑒𝑡) is 
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increased or decreased, respectively, and the reactor network is simulated again. The 

calculation continues until ∆T and 𝑇𝑠𝑖 are close to each other within a prescribed tolerance 

C2 (set to 1 K in this work), resulting in 𝑇𝑖𝑛𝑙𝑒𝑡 𝑤ℎ𝑒𝑟𝑒 ∆T = 𝑇𝑠𝑖
 (in short, ∆T =  𝑇𝑠𝑖). 

The second part of the algorithm (determination of 𝑇𝑖𝑛𝑙𝑒𝑡 𝑤ℎ𝑒𝑟𝑒 ∆T = 𝑇𝑠𝑖
) was also calculated 

in this work using an energy balance in Cantera. This approach is faster as it determines the 

reactor temperature after calculating the enthalpy balance, rather than simulating a 

network of reactors. The procedure for this calculation is similar to the one used to determine 

the theoretical adiabatic temperature of a reactor with an initial reactor temperature equal 

to 𝑇𝑠𝑖, which is well-documented in literature [23], [24]. In addition to methane (CH4) and 

ethane (C2H6), propane (C3H8) and hydrogen (H2) were also simulated using this faster 

approach.  

 
2.3 Theoretical modeling 

 

Consider the theoretical one-step lean combustion reaction for a hydrocarbon in the form 

𝐶𝛼𝐻𝛽 with recirculation [23] in (1): 

 

𝐶𝛼𝐻𝛽 +
1

𝜙
(𝛼 +

𝛽

4
) (𝑂2 + 3.76𝑁2) + 𝑍(𝑎𝐶𝑂2 + 𝑏𝐻2𝑂 + 𝑐𝑁2 + 𝑑𝑂2)

→ 𝑎𝐶𝑂2 + 𝑏𝐻2𝑂 + 𝑐𝑁2 + 𝑑𝑂2 
(1) 

 

Where coefficients a, b, c, and d are respectively presented in (2): 

 

𝑎 =  
𝛼

1 − 𝑍
,   𝑏 =  

𝛽

2(1 − 𝑍)
,   𝑐 =

3.76 (𝛼 +
𝛽
4) 

𝜙(1 − 𝑍)
,   𝑑 =

(𝛼 +
𝛽
4

) (1 − 
1
𝜙

)

(1 − 𝑍)
 (2) 

 

Z is the recirculation ratio, which a dimensionless parameter that measures the amount 

of flue gases that are recirculated from products to reactants. An analysis of (2) brings two 

conclusions about Z: first, it cannot be equal to 1 because the denominators would be zero 

(Z = 1 would mean that all combustion gases are recirculated, which is impossible). And 

second, Z could not be higher than 1 or lower than 0 because it would cause negative species 

coefficients in the reaction. Therefore 0 ≤ Z < 1, where Z = 0 corresponds to no recirculation. 

 

Mass balance [24] of the ideal reaction is (3): 

 

𝑚̇𝐶𝛼𝐻𝛽
+ 𝑚̇𝑂2,𝑟 + 𝑚̇𝑁2,𝑟 + 𝑚̇𝑟𝑒𝑐 = 𝑚̇𝐶𝑂2,𝑝 + 𝑚̇𝐻2𝑂,𝑝 + 𝑚̇𝑁2,𝑝 + 𝑚̇𝑂2,𝑝 (3) 

 

Where 𝑚̇ is mass flow and r, p and rec subscripts are reactants, products, and 

recirculated, respectively. Equation (3) can be restated as (4): 

 

𝑚̇𝑓𝑢𝑒𝑙 + 𝑚̇𝑎𝑖𝑟 + 𝑚̇𝑟𝑒𝑐 = 𝑚̇𝑐𝑔 (4) 

 

Where cg subscript means combustion gases. Recirculation factor 𝐾𝑣 defined in literature 

is [4], (5): 

 

𝐾𝑣 =  
𝑚̇𝑟𝑒𝑐

𝑚̇𝑓𝑢𝑒𝑙 + 𝑚̇𝑎𝑖𝑟
 (5) 
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Recirculated mass flow is a fraction of the total mass flow of combustion gases. 
Therefore, the formal definition of recirculation ratio Z is (6): 

 

𝑍 =
𝑚̇𝑟𝑒𝑐

𝑚̇𝑐𝑔
 (6) 

 

Where 0 ≤ Z < 1. Both 𝐾𝑣 and Z can be calculated from each other as (7): 

 

𝑍 = 𝐾𝑣 (
𝑚̇𝑓𝑢𝑒𝑙 + 𝑚̇𝑎𝑖𝑟

𝑚̇𝑐𝑔
) (7) 

 

Two MILD combustion regimes can be classified based on the parameter Z. First, there is 

an unconditional MILD (UMC) regime if the reaction occurs at or above a critical 

recirculation ratio 𝑍𝑐 at which any mixture capable of self-ignite will be MILD, which means 

that 𝑇𝑖𝑛𝑙𝑒𝑡 > 𝑇𝑠𝑖, ∆𝑇 < 𝑇𝑠𝑖 and 𝑍 ≥ 𝑍𝑐. And second, there is a conditional MILD (CMC) regime if 

Z is lower than 𝑍𝑐. This corresponds to a regime where 𝑇𝑖𝑛𝑙𝑒𝑡 > 𝑇𝑠𝑖 , ∆𝑇 < 𝑇𝑠𝑖 and 𝑍 < 𝑍𝑐. In both 

cases, the critical recirculation ratio 𝑍𝑐 is defined as the Z where 𝑇𝑖𝑛𝑙𝑒𝑡= 𝑇𝑠𝑖 and ∆𝑇 = 𝑇𝑠𝑖. 

 

 

3. RESULTS AND DISCUSSION 

 

Figure 4 presents a map of MILD combustion regime for the case of CH4-air mixture at 

stoichiometric equivalence ratio (𝜙 = 1), simulated using the GRI-Mech 3.0 mechanism. The 

oxidizer in this simulation is synthetic air, which is a mixture of oxygen and nitrogen only. 

The results obtained in this work are consistent with previous results reported in the 

literature, which were performed using Chemkin-pro [21]. This work focuses on the critical 

point that results from the intersection of the 𝑇𝑠𝑖 line and the ∆𝑇 = 𝑇𝑠𝑖 line. For the CH4-air 

case at 𝜙 = 1, this critical point is at an oxygen mole fraction of 9.7 %. This means that any 

reactive mixture with an oxygen mole fraction above 9.7 % and a temperature above 𝑇𝑠𝑖 will 

exhibit MILD combustion, and this zone is identified as UMC. It is worth noting that it is not 

necessary to reach such low oxygen levels for achieving MILD in this case, but simulations 

were performed up to an oxygen mole fraction of 1 % to investigate the behavior in extremely 

dilute conditions. Below this oxygen level, combustion becomes very difficult to establish, and 

the self-ignition line converges to the extinction line in Figure 4. 

Figure 5 presents the oxygen mole fraction in the oxidizer as a function of the 

recirculation factor 𝐾𝑣 for CH4 and C2H6 cases at three different equivalence ratios. These 

results consider flue gas recirculation obtained after simulating the reactor network, rather 

than using synthetic air. In all cases, an increase in recirculation factor 𝐾𝑣 leads to dilution 

of the mixture, resulting in a decrease in the oxygen mole fraction before the reaction. This 

decrease in oxygen concentration is more pronounced at lower 𝐾𝑣 values, between 0 and 2. 

Beyond 𝐾𝑣 = 2, oxygen concentration still decreases with a less steep slope. The results also 

show that achieving extremely low oxygen levels, such as 1 %, would require a recirculation 

factor 𝐾𝑣 higher than 8 at stoichiometric conditions for methane. This indicates that a 

significant amount of flue gas recirculation would be needed to achieve such low oxygen levels 

in the oxidizer for methane combustion. 
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Figure. 4. Combustion map in a PSR for a CH4-synthetic air mixture at different oxygen concentrations for 

an equivalence ratio of 1. Source: Created by the authors. 

 

 
Figure. 5. Effect of recirculation factor on oxygen mole fraction for methane (left) and ethane (right) at 

different equivalence ratios. Source: Created by the authors. 

 

Achieving mixtures with very low oxygen concentrations through internal aerodynamic 

recirculation can be challenging, as pointed out in experiments reported in the literature [25]. 

Therefore, mixtures with deficient O2 concentrations (i.e., 1 %) would be only possible by 

the creation of synthetic air in a laboratory by mixing O2 and N2 at a fixed amount, instead 

of using actual recirculation of combustion gases for lean or stoichiometric equivalence ratios.  

Figure 6 shows a comparison between two different combustion mechanisms, namely 

“GRI-Mech 3.0” and “Polimi”. The same map of MILD combustion regime presented in 

Figure 4 is redrawn with both mechanisms. Both mechanisms present similar results, 

although the critical point in the case of “Polimi” is higher, closer to 10 % oxygen. The “Polimi” 

mechanism is known to have updated kinetics and can be used for a broader range of fuels 

compared to GRI-Mech 3.0. However, GRI-Mech is used for simulations of all fuels considered 

in this work as it requires lower computational power compared to Polimi mechanism.  
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Figure. 6. Combustion map in a PSR for a CH4 with synthetic air calculated with different combustion 

mechanisms for an equivalence ratio of 1. Source: Created by the authors. 

 

Figure 7 shows the map of MILD combustion constructed using two different approaches: 

synthetic air (discontinuous line) and recirculating flue gases (continuous line). Synthetic air, 

a mixture of O2 and N2, is commonly used as the oxidizer for building this kind of map [21]. 

This mixture assumes that all dilutants are nitrogen. However, when actual flue gas is 

recirculated, the composition of dilutants may also include other substances such as carbon 

dioxide (CO2) or water (H2O). When accounting for flue gas recirculation, the critical point 

for UMC shifts to a higher O2 mole fraction, in this case, to 10.6 %. Furthermore, the 

maximum mole fraction is no longer 21 % as in air, only about 18.9 %, because even when 

there is no recirculation (𝐾𝑣 = 0), air is premixed and diluted with fuel. Therefore, caution 

must be exercised when comparing critical points from different combustion maps, as not all 

maps are constructed in the same way, and the oxygen fractions may be either from oxidizer 

(as in synthetic air maps) or from flue gas/fuel/air mixture before reaction (as proposed in 

this study). 

 

 
Figure. 7. Combustion map in a PSR for a CH4 with synthetic air compared with recirculated air for an 

equivalence ratio of 1. Source: Created by the authors. 

 

Figure 8 presents combustion maps for CH4 and C2H6 at three different equivalence 

ratios: 1, 0.8 and 0.6. For both fuels, the critical point changes significantly: in the case of 

methane, it shifts from 10.6 % at 𝜙 = 1 to about 15.5 % at 𝜙 = 0.6, which is consistent with 
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previous studies [21]. However, an interesting observation that has not been reported before 

is the critical recirculation factor 𝐾𝑣 that corresponds to each case. For CH4, it decreases from 

𝐾𝑣 = 0.86 at 𝜙 = 1 to 𝐾𝑣 = 0.59 at 𝜙 = 0.6. This implies that as the equivalence ratio 

decreases, the requirements for mass recirculation also decrease. In other words, it becomes 

easier to establish MILD combustion by recirculation at leaner equivalence ratios.  

In the case of C2H6, critical 𝐾𝑣 is significantly higher compared to CH4. For example, at 

𝜙 = 1, critical 𝐾𝑣 for ethane is more than three times what is required for methane. This 

demonstrates that the critical 𝐾𝑣 or O2 level for UMC is dependent on both fuel type and 

equivalence ratio and can vary considerably.  

It is also noteworthy that the self-ignition temperature changes with oxygen mole fraction 

and may either increase or decrease with 𝐾𝑣. However, at 𝜙 = 0.6 for both fuels, it becomes 

almost horizontal, meaning that 𝑇𝑠𝑖 does not change significantly with oxygen 

concentration. This implies that under such conditions, UMC can be achieved for a wide 

range of recirculation factors. In the lean equivalence ratio, which involves an excess of air, 

this excess aids in diluting the mixture effectively while maintaining sufficient oxygen for 

the reaction to initiate and sustain. 

 

 
 

 
Figure. 8. Combustion map in a PSR for a CH4 (above) and C2H6 (below) with recirculated flue gases for an 

equivalence ratio of 1 (left), 0.8 (center) and 0.9 (right). Source: Created by the authors. 

 

Figure 9 shows the relationship between recirculation ratio Z and recirculation factor 𝐾𝑣, 

which was determined through numerical analysis. It is observed that this relationship does 

not change with fuel or equivalence ratio. A recirculation ratio Z of 0.5 signifies that half of 
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the combustion gases are being recirculated back into the reactor, corresponding to 𝐾𝑣 = 1. 

However, as 𝐾𝑣 further increases, Z increases slowly, suggesting that Z converges to unity 

for an infinite 𝐾𝑣. In practical applications, achieving a 𝐾𝑣 value higher than eight through 

aerodynamic recirculation is challenging [25]. 

Figure 10 presents the critical recirculation ratio 𝑍𝑐 as a function of fuel and equivalence 

ratio. Across all fuels, the trend is consistent: as the equivalence ratio increases, a higher 

recirculation ratio is necessary. Notably, among the fuels simulated, methane requires the 

lowest 𝑍𝑐, while hydrogen necessitates the highest 𝑍𝑐. This observation is noteworthy as 

hydrogen combustion does not produce carbon dioxide as the other fuels investigated.  

 

 
Figure. 9. Recirculation ratio Z as a function of recirculation factor 𝐾𝑣. Source: Created by the authors. 

 

 
Figure. 10. Critical recirculation ratio 𝑍𝑐 as a function of fuel and equivalence ratio 

 Source: Created by the authors. 

 

For alkanes such as CH4, C2H6 and C3H8, the maximum ∆𝑍𝑐 for any given, lean 

equivalence ratio is only 0.1. This indicates that the requirements for achieving unconditional 

MILD combustion, as measured by 𝑍𝑐, are similar among these fuels. However, for H2, due 

to the lack of CO2 production during combustion, it becomes challenging to achieve 
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unconditional MILD combustion for equivalence ratios above 0.7 as it would require a 

significantly large 𝑍𝑐 (and 𝐾𝑣 as well). This provides a theoretical basis for diluting pure 

hydrogen combustion with CO2 to reduce the requirements of internal gas recirculation for 

achieving UMC at virtually any lean equivalence ratio considered in this work. Furthermore, 

Figure 10 includes data points from previous literature for MILD combustion experiments 

with methane [26] and propane [8]. The results presented in Figure 10 agree with the 

findings from these previous studies, as Z is higher than the theoretical 𝑍𝑐 calculated in this 

work for both methane and propane cases. 

 

 

4. CONCLUSIONS 

 

This work analyzed the conditions for establishing the unconditional MILD combustion 

regime under flue gas recirculation, using numerical simulations for lean combustion of CH4, 

C2H6, C3H8, and H2. The critical point that marks the start of such regime can be identified 

by the self-ignition temperature and a particular oxygen concentration in the mixture before 

the reaction. This point changes significantly from fuel to fuel and depends on the global 

equivalence ratio.  

A parameter called recirculation ratio Z was introduced based on mass balance. According 

to the results, Z better captures the critical recirculation requirements of UMC regime 

compared to the standard recirculation factor 𝐾𝑣, for most of the fuels considered within a 

𝑍𝑐 = 0.1 for any of the lean equivalence ratios studied.  

In all cases studied, the critical ratio 𝑍𝑐 diminishes with the equivalence ratio. Methane 

requires the lowest 𝑍𝑐 while hydrogen requires the highest. In fact, for H2, unconditional 

MILD combustion could only be obtained for equivalence ratios below 0.7 and at 𝑍𝑐 between 

0.5 and 0.8. H2 does not have CO2 as a dilutant in flue gases compared to the other fuels 

studied; therefore, this result suggests that performing dilution with CO2 could reduce 

recirculation requirements for MILD combustion of pure hydrogen. 

Further work could focus on the extension of the analysis to other fuels and conditions 

such as investigation of the effect of different dilutants on recirculation requirements for 

unconditional MILD combustion. 
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