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Abstract  

In this work, numerical simulations were performed to study the fuel flexibility of a small-scale combustor 

operating in the flameless combustion mode. The combustor geometrical characteristics and the 

operating conditions, such as thermal power and equivalence ratio (φ), were kept constant for all fuels 

studied. All calculations were performed using the commercial code Ansys Fluent 18 with the realizable 

k-ε model for turbulence closure and the eddy dissipation concept (EDC) for combustion modeling. The 

studied fuels were: methane, biogas, ethanol, syngas and mixtures of CH4/NH3 and H2/NH3. The 

numerical results show that for a preheated air temperature of 900 K and φ = 0.5, flameless combustion 

can be obtained for all fuels except syngas. This fuel has a non-uniform temperature field combined with 

rapid oxygen and fuel consumption, which suggests the presence of a flame front. In the CH4/NH3 and 

H2/NH3 mixtures, the flameless combustion can be performed for φ ≤ 1. In the fuel-rich condition 

(φ = 1.2), the numerical results suggest the presence of a flame front for both mixtures. Flameless 

combustion is characterized by low NOx emissions (< 15 ppm) for nitrogen-free fuels. However, the NOx 

concentration obtained in the CH4/NH3 and H2/NH3 mixtures is above 800 ppm for this combustion 

mode, which suggests a need to optimize flameless combustion for ammonia-rich fuels. 

Keywords:  combustor flexibility, flameless combustion, biogas, ethanol, methane, syngas, ammonia 

combustion

1. Introduction  

Since the first industrial revolution until today, 

global economic growth has been based on the 

aggressive consumption of fossil fuels and their 

derivatives, which has led to an increase in the 

concentration of greenhouse gases (GHG) in 

the atmosphere. This consequence has 

contributed to an increase in the Earth’s 

average temperature and acceleration of cli-

mate change. Around 195 countries have 

agreed to limit this temperature increase of 

1.5 ᵒC and have established a set of initiatives 

included in the Paris Agreement to achieve this 

aim [1]. One of the main initiatives is the strong 

reduction in GHG emissions, especially carbon 

dioxide (CO2), carbon monoxide (CO), nitrogen 

oxides (NOx), methane (CH4) and floured 

gases.  

The reduction of GHG emissions can be 

achieved using flameless combustion 

technology in the power generation and indus-

trial sectors. The flameless combustion, also 

known by moderate or intense low-oxygen dilu-

tion (MILD) combustion, colorless distribution 

combustion (CDC) or high temperature air com-

bustion (HiTAC), is a mature technology and 

has been successfully applied in the metallurgi-
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cal industries. This technology allows an im-

provement of 30% in thermal efficiency, which 

means a reduction in fuel consumption and CO2 

emission, as well as a 70% reduction in NOx 

emission [2]. Furthermore, this technology ma-

kes it possible to burn fuels with low heating 

value instead of conventional modes where 

there are flame instability, flashback and blow-

off phenomena.  

The use of alternative fuels to natural gas, such 

as biogas [3], syngas [4], ethanol [5] and ammo-

nia [6], has been studied applying this tech-

nology although the combustor characteristics 

and the operating conditions used differ be-

tween them. These differences do not allow to 

understand if a flameless combustor has the 

flexibility to burn different fuels for the same 

operating conditions. So, the aims of this work 

are to study numerically the laboratory combus-

tor flexibility to burn a diverse set of fuels for the 

same operating conditions and to report which 

combustion mode applied. 

2. Numerical Modelling 

The furnace investigated in this study is similar 

to the one used by Rebola et al. [7,8]. The 

combustion chamber is a stainless-steel 

cylinder with an inner diameter of 150 mm and 

a length of 300 mm. The burner consists of a 

central gas gun and a combustion air supply in 

a conventional double concentric configuration. 

The burner is placed on top of the combustion 

chamber and the flue gases are exhausted at 

the opposite end through a convergent nozzle 

with a length of 50 mm and an angle of 35ᵒ. The 

simulations were carried out using two-

dimensional axisymmetric and unstructured 

mesh composed by quadrilateral elements. The 

computational domain used is represented in 

figure 1. 

The governing equations for continuity, energy, 

momentum, species and chemical reaction are 

solved in the combustion simulation process by 

the Favre-average approach. The turbulence 

model used is a realizable k-ε model. In this 

model, the two transport equations are deduced 

mathematically in order to respect the mathe-

matical constraint of the normal Reynolds 

stress, which sometimes produces results with-

out physical significance when the computa-

tional domain has stationary and rotation fluid 

zones [9]. 

The species transport model used is the Eddy 

Dissipation Concept (EDC). According to Re-

bola et al. [8], the EDC is the best model for pre-

dicting flameless combustion and allows to use 

more complex kinetic mechanisms. The In-Situ 

Adaptative Tabulation (ISAT) method was used 

to reduce the computational cost of the chemi-

cal source term integration for the EDC model. 

The Discrete Ordinate (DO) model is used to 

simulate the radiative heat transfer and the ra-

diative properties of the participating medium 

are calculated based on the Weight-Sum-of-

Grey-Gas (WSGG) model where the emissivity 

Figure 1 – Computational domain of the combustor 



is determined as a function of the local tempera-

ture and mass fraction of water vapor and CO2.  

The convergence of the solution for all the 

simulations carried out was based on the sum 

of the residuals for each equation and the 

monitoring of a set of predefined points. In the 

first part of the convergence criteria, it was de-

fined that the sum of the residues had to be less 

than 10- 4 for continuity and species, 5⨯10-6 for 

radiation and 10-6 for the rest. The second con-

vergence criterion is based on monitoring the 

following variables: axial velocity, temperature 

and molar fractions of CO2, CO, H2 and NH3 for 

three different positions in the combustion 

chamber. 

Table 1 – Tested Conditionsa 

Fuel φ 

Air inlet 

velocity 

(m/s) 

Fuel inlet 

velocity 

(m/s) 

Methane 0.5 102.1 24.4 

Biogas 0.5 101.00 39.74 

Ethanolb 0.5 95.11 21.60 

Syngas 0.5 79.93 89.85 

CH4/NH3 

0.5 97.89 

46.22 
2/3 73.42 

1 48.95 

1.2 40.79 

H2/NH3 

0.5 93.98 

63.39 
2/3 70.48 

1 46.99 

1.2 39.16 

aFor all conditions: fuel thermal input = 10 kW, fuel 

inlet temperature = 293 K (except ethanol), air inlet 

temperature = 773 K, wall temperature = 1173 K.  

bFor ethanol: fuel inlet temperature = 423 K. 

Table 1 summarizes the tested conditions used 

in this work and table 2 shows the chemical 

composition in molar fraction for the mixtures 

studied. The first condition was studied 

experimentally and numerically by Rebola et al. 

[7,8] and this allows to study the type of com-

bustion mode which is applied for the remaining 

fuels. For each fuel, the most suitable kinetic 

mechanism was applied for the simulation of 

non-premixed combustion and the operating 

conditions used.  

Table 2 – Chemical composition of the mixtures 

studied. 

Fuel Composition in molar fraction 

Biogas 60%CH4+40%CO2 

Syngas 40%CO+38%H2+14%N2 

CH4/NH3 20%CH4+80%NH3 

H2/NH3 20%H2+80%NH3 

 

3. Results and Discussion 

All simulations were carried out using a com-

mercial code Ansys Fluent 18.  The grid inde-

pendency study was performed through the 

comparison of three different meshes com-

posed by 50 000, 79 000 and 114 000 ele-

ments, respectively. The results obtained in 

three meshes show a marginal difference in the 

temperature field and the CO and NOx con-

centration fields. The differences observed be-

tween the coarse and fine mesh are less than 

the uncertainty of the measurement equipment 

used by Rebola et al. [7]. However, the coarse 

mesh tends to overestimate the temperature 

and NOx concentration and to underestimate 

the CO concentration compared to the values 

obtained in the other two meshes. Based on 

this, the grid independence was ensured and 

the intermediate mesh was used in this work. 

Based on previous experimental and numerical 

studies carried out on this small-scale combus-

tor [7,8] and based on the fundamental 

knowledge acquired in the literature, the nature 

of the flow must be explained to better under-



stand the results presented. The momentum of 

the air jet is strong enough to generate a re-

verse flow zone that is responsible for the recir-

culation of the hot flue gases towards the reac-

tant inlet zone. This momentum is also respon-

sible for the dilution of the fuel from the central 

jet and the oxygen in the entire combustion 

chamber to allow flameless combustion, see 

figure 2. 

  

Axial velocity (m/s)  

Figure 2 – Streamlines of axial velocity for methane 

flameless combustion. 

3.1 Axial Profiles of the Relevant 

Parameters for Different Fuels 

From figure 3, it is observed that the velocity 

profiles of methane, biogas and ethanol are 

similar. Until the position x ≈ 5 mm, there is a 

slight reduction in velocity and then a 

progressive velocity increase to the position 

x ≈ 100 mm. In this point, the maximum velocity 

is reached and then the velocity decrease until 

it becomes constant downstream of the point 

x = 400 mm. The velocity reduction of the fuel 

jet observed at the beginning occurs because 

according to equation 1, the temperature 

increase in that initial region is less than the 

increase of the jet cross-sectional area. 

𝑈𝑥2

𝑈𝑥1

=
𝐴𝑥1

𝐴𝑥2

∙
𝑇𝑥2

𝑇𝑥1

 (1) 

The minimum velocity recorded at the point 

x ≈ 5 mm occurs when the air and fuel jet shear 

layers merge. From this point, a fuel jet 

acceleration occurs because the air jet velocity 

is higher than fuel jet velocity, which performs a 

momentum transfer to the fuel jet. The 

acceleration of the central jet also occurs 

because the temperature increase com-

pensates the increase of the jet cross-sectional 

area according to equation 1. Downstream of 

the point x = 100 mm, the jet velocity decreases 

because the temperature increase of the central 

jet does not compensate the increase of the jet 

cross-sectional area, but also due to 

momentum transfer to the recirculated flue gas, 

which has a lower velocity compared to the 

reactants.  

In relation to syngas, there is an absence of the 

first two phases in the velocity profile since the 

air jet velocity is lower than the fuel jet velocity. 

Therefore, a gradual reduction in velocity is 

observed up to the position x ≈ 400 mm, from 

which the velocity remains constant. 

Based on figure 3, it is observed that the tem-

perature profile and the O2, CO and NOx 

concentrations profiles for CH4, biogas and 

ethanol have similar behavior. The maximum 

temperatures differ because the fuels have 

different adiabatic flame temperatures, with the 

higher adiabatic flame temperature in ethanol 

followed by biogas and methane. The maximum 

temperature, O2, CO2 and CO concentrations 

also differ since the air-fuel ratio and the 

chemical composition differ from fuel to fuel. 

According to the available CO data, it is 



observed that the onset of CO oxidation occurs 

for different positions depending on the fuel 

used and for different CO consumption rates. 

For ethanol, biogas and CH4, the onset of CO 

oxidation takes place between x = 300 mm and 

x = 350 mm which corresponds to the 

combustion chamber section where the 

reduction of the cross-sectional area takes 

place, see figure 3. 

In the syngas combustion, it can be seen a rapid 

increase in temperature and CO2 concentration 

from the position x = 110 mm, which is 

accompanied by a sharp reduction in the 

concentrations of O2, CO and H2, see figure 3. 

In flameless combustion, the temperature 

profile is characterized by smooth temperature 

gradients while in conventional combustion 

there is a sudden temperature increase fol-

lowed by a smooth temperature decrease when 

moving away of the flame front. In syngas, there 

is an increase of approximately 950 K from the 

point x = 110 mm to the point x = 160 mm, 

where the maximum temperature occurs. This 

sudden temperature increase suggests the 

appearance of a flame inside the combustion 

chamber. 

Due to the growing interest in ammonia (NH3) 

combustion as a carbon-free fuel, the next 

paragraphs of this section will be dedicated to 

analyzing and discussing the results obtained in 

simulations of ammonia mixed with methane or 

hydrogen. In this work, the influence of the 

equivalence ratio was studied. 

From figure 4, it is observed that the velocity 

profiles are similar to the methane velocity 

profile when the equivalence ratio is less than 1. 

The maximum velocity decreases for φ ≤ 1 

because the air mass flow rate decreases when 

the φ increases, which decreases the 

momentum transfer to accelerate the central jet. 

For φ > 1, the jet velocity is maximum at the 

injector outlet since the air jet velocity is less 

than the fuel jet velocity. In this case, there is a 

 1              

x (mm)

 

  

  

  

  

1  

 
x 
(m
 s
)

 1              

x (mm)

   

   

   

11  

1   

1   

T
 (
K
)

 1              

x (mm)

 

 

 

1 

1 

  

 
 
 (
 
)

 1              

x (mm)

 

 

1 

  

  

  

C
 
 
 (
 
)

 1              

x (mm)

 

1 

  

  

  

  

C
 
 (
 
) 
fo
r 
 
yn
g
a
s

 

 . 

 . 

 . 

 . 

1

C
 
 (
 
)

C 
  yngas Ethanol  iogas

 1              

x (mm)

 

 

1 

1 

  

 
 
x 
(p
p
m
)

Figure 3 – Axial profiles of velocity, temperature, O2, CO2, CO and NOx concentrations on dry basis for 
combustion of methane (CH4), syngas, ethanol and biogas. 



momentum transfer from the fuel jet to the air 

jet, which tends to slow down the fuel jet 

velocity. 

In figure 4, it is observed that the temperature 

profiles obtained for mixtures with φ ≤ 1 have a 

similar behavior to the methane temperature 

profile. For these mixtures, there is a moderate 

temperature increase downstream of 

x = 400 mm, which is also observed in the CO2 

and NOx concentration profiles and a decrease 

of O2 and CO concentrations after this point. For 

φ = 1.2, a temperature increase of approxi-

mately 565 K is observed between the points 

x = 100 mm and x = 200 mm although for other 

equivalence ratios there is a temperature in-

crease below 400 K for the same distance 

covered. After that, the moderate temperature 

increase is observed up to the point x = 300 mm 

followed by a temperature plateau until the 

combustion chamber outlet. 

The O2 concentration profiles of the CH4/NH3 

mixtures behave similarly to the O2 

concentration profile obtained in CH4, see figure 

4. It is expected that the O2 concentration at the 

combustor outlet will decrease with equivalence 

ratio increase and that for stoichiometric and 

fuel-rich conditions, the O2 concentration at the 

exit will be zero.  

According to the CO2 concentration present in 

figure 4, it can be seen that the CO2 emission 

increases with the equivalence ratio up to the 

φ = 1. This happens because the onset of CO 

to CO2 conversion occurs in a region close to 

the combustion chamber outlet, typically for 

x ≥ 400 mm, which causes an appreciable CO 

concentration at the combustor outlet. 

The NOx concentration data in figure 4 shows 

that for φ < 1 there is a higher tendency for   3 

to oxidize and form NOx and that for x > 400 mm 

there is a significant increase in NOx 

concentration since the CO and CH4  promote 

the formation of a radical pool consisting 

essentially of O, H and OH that accelerate the 

reaction rates and favor the ammonia oxidation 

pathways [10]. For fuel-rich conditions, the NOx 

Figure 4 – Axial profiles of velocity, temperature, O2, CO2, CO and NOx for combustion of CH4/NH3 mixture. 



concentration is less than under fuel-lean 

conditions since NH3 is more propense to 

undergo pyrolysis than to oxidize, with N2 and 

H2 being the pyrolysis products. The NOx 

concentration decreases downstream of point 

x = 314 mm because the NOx consumption rate 

is higher than the NOx formation rate. The NOx 

consumption is done essentially through the 

following chemical reaction [11]: 

𝑁𝑂 + 𝑁𝐻2  ⟺ 𝑁2 + 𝐻2𝑂 

 

From figure 5, it can be seen that the velocity 

profiles of the H2/NH3 mixtures have similar be-

havior to the velocity profiles of CH4/NH3 mix-

tures.  

Regarding the O2 concentration data, figure 5 

shows that the O2 concentration profiles of the 

studied H2/NH3 mixtures have the same 

tendency as the O2 concentration profile in CH4 

combustion. As the equivalence ratio increases, 

the expected O2 concentration at the combustor 

outlet chamber decreases and decreases to 

zero for φ ≥ 1. The   3 and H2 concentrations, 

see figure 5, indicate that when the equivalence 

ratio increases, the time needed to dilute NH3 

and H2 increases, especially in the first half of 

the combustion chamber. This lower dilution 

rate is due to the lower air jet velocity when the 

equivalence ratio increases. For φ = 1.2, there 

is an H2 concentration increase in the second 

half of the combustion chamber. This 

phenomenon happens because the ammonia 

has a greater tendency to pyrolyze and from N2 

and H2 instead of oxidizing for fuel-rich condi-

tions [10]. This H2 concentration in the order of 

5% is also present in the recirculation zones and 

near the wall. 

At the combustor outlet, it is observed that for 

stoichiometric or fuel-rich conditions the NOx 

concentration is lower than the NOx 

concentration presents in the fuel-lean con-

ditions, see figure  . For φ ≥ 1, the   x 

consumption occurs in the second half of the 

combustion chamber because the ammonia is 

Figure 5 – Axial profiles of velocity, temperature, O2, H2, NOx and NH3 concentrations for combustion of H2/NH3 
mixture. 



partially cracked after the heating period in 

which the NH2 radicals are obtained. The NH2 

radicals react with NO to produce N2 in lower 

temperature regions [12].  

In figure 5, it is observed that in fuel-lean condi-

tions, NOx concentration is lower for φ = 2/3 

than for φ =  . . This happens because for the 

condition φ = 2/3 there is a higher NH3 to NOx 

conversion due to the higher concentration of 

the radicals O, H and OH in relation to the last 

condition. For this reason, at the combustor out-

let, the condition φ =     emits only  .  1    2 

and 0.0014% NH3 compared to 0.036% H2 and 

0.296% NH3 emitted in the condition φ = 0.5. 

 3.2 Flue Gas Emissions 

The flue gas concentration for each fuel studied 

is presented.  

The CO2 concentration is less than 12% for any 

fuel tested although methane and biogas emit 

more than 100 ppm of CO, see table 3. The high 

CO content in biogas is due to the fact that 

biogas has a significant CO2 concentration in its 

composition, which tends to act as an oxidizing 

agent in environments of higher temperatures. 

In both fuels, the reaction zone starts beyond 

the point x = 300 mm, which means that the 

combustion chamber is not long enough for total 

oxidation of CO. 

Table 3 – Flue gas emissions on a dry molar basis 
for nitrogen-free fuels. 

 Flue gas emissions 

Fuel 
CO2 

(%) 

CO 

(ppm) 

NOx 

(ppm) 

CH4 5.8 138.9 1.4 

Biogas 9.0 228.7 1.1 

Ethanol 7.3 93.5 14.9 

Syngas 11.5 34.9 7.8 

 

According to the NOx emissions in table 3, the 

ethanol combustion emits about 15 ppm of NOx, 

while syngas emits around 8 ppm of NOx and 

the remaining fuels emit less than 2 ppm of NOx. 

According to Bal [13], the responsible NOx 

formation mechanisms in flameless combustion 

are the thermal-NO and intermediate N2O-route 

mechanisms, although the temperature range 

recorded in this work is less than 1800 K, which 

is the minimum temperature at which the 

thermal-NO mechanism has an expressive 

response. Based on this, it is expected that the 

contribution of the thermal-NO mechanism in 

the NOx formation will be higher in the syngas 

combustion than in the other fuels since syngas 

combustion exhibits higher temperatures.  

Based on the temperature and concentration 

profiles analyzed above and with the NOx 

concentration in exhaust gas shown in table 3, 

the flameless combustion is characterized by 

NOx emissions lower than 15 ppm for carbon-

based fuels. 

Table 4 – Flue gas emissions on a dry molar basis 
for different equivalence ratios for the CH4/NH3 
mixture studied. 

 Flue gas emissions 

φ 
CO2 

(%) 

CO 

(ppm) 

NOx 

(ppm) 

UHC 

(ppm) 

NH3 

(ppm) 

0.5 2.1 607.8 3917.3 7.6 63.3 

2/3 3.0 122.9 3658.5 0.3 2.8 

1.0 4.4 1247.9 1682.7 0.2 4.1 

1.2 3.2 12471.4 89.7 658.5 ≈  .   

 

For φ ≤ 1, the CH4/NH3 mixtures show a higher 

CO concentration (see table 4) because the 

beginning of the CO oxidation is close to the 

combustor outlet, which means that the 

combustion chamber is not long enough to 

promote the total oxidation of CO. In the fuel-

rich condition, oxygen is not enough to 



complete combustion of the CH4/NH3 mixture, 

which promotes high CO and fuel emissions 

despite low NOx emissions.  

Table 5 – Flue gas emissions on a dry molar basis 
for different equivalence ratios for the H2/NH3 
mixture studied. 

 Flue gas emissions 

φ 
NOx 

(ppm) 

NH3 

(ppm) 

H2 

(ppm) 

0.5 3266.8 357.8 2956.0 

2/3 3782.8 16.7 14.1 

1.0 867.9 3968.3 1.0 

1.2 34.2 ≈  .   ≈  .   

 

The CH4/NH3 and H2/NH3 mixtures have low 

NOx emissions in fuel-rich conditions (see 

tables 4 and 5) because ammonia, in oxygen-

poor environments, tends to pyrolyze and form 

N2 and H2 and also the NOx consumption that 

is associated to recombination of NO with NH2 

radicals. For this reason, the H2/NH3 mixture 

presents a concentration of H2 in order of 5% 

despite its reactivity, see table 5.  

Finally, flameless combustion of CH4/NH3 and 

H2/NH3 mixtures is expected to be possible with 

this combustor. However, it is necessary to 

confirm this hypothesis with experimental 

results and optimize this small-scale combustor 

in order to reduce NOx emissions to make 

ammonia flameless combustion a viable 

alternative to flameless combustion of carbon 

fuels. 

4. Conclusions  

The numerical simulations of a small-scale 

combustor operating in a flameless combustion 

mode have been conducted. The main objective 

of this work was to study the flexibility of this 

combustor to burn different fuels in order to ob-

tain the flameless combustion mode. All fuels 

were simulated and only methane provided es-

sential experimental data for the validation of 

the turbulence, species transport and radiation 

models. The main conclusions of the results 

presented are as follows: 

 • The flameless combustion is expected to be 

performed on biogas and ethanol. In the 

combustor outlet, the NOx emissions are below 

2.5 ppm for biogas and ethanol emits 15 ppm of 

NOx. The CO concentration is below 100 ppm 

except for the biogas, which the CO emission is 

above 200 ppm. This CO concentration 

increase in biogas occurs because the CO2 in 

higher concentration in the fuel and at higher 

temperatures behaves as an oxidizing agent. 

•  yngas is the fuel where the flameless 

combustion mode is not achieved. However, 

CO and NOx emissions are less than 40 ppm 

and 10 ppm, respectively. This result suggests 

that the combustor can perform conventional 

non-premixed combustion with lower CO and 

NOx concentrations due to a strong flue gas 

recirculation rate. 

• In C 4/NH3 mixtures, the flameless combus-

tion is expected to be possible at φ ≤ 1. In fuel-

lean conditions, the NOx and CO emissions are 

higher than 3400 ppm and 120 ppm, 

respectively, and that for φ ≥ 1 the C  emission 

is above 1200 ppm and the NOx emission is 

below 1700 ppm. The NOx emission decreases 

for φ ≥ 1 because the NH3 has a greater 

tendency to pyrolyze and form N2 and H2 and 

also due to the NH2 and NO recombination to 

form N2 and H2O. 

• In relation to  2 /NH3 mixtures, the flameless 

combustion is expected to occur for φ ≤ 1 and 

the NOx emission is higher than 3000 ppm. In 

the fuel-rich condition, the conventional non-



premixed combustion is observed and the NOx 

emission is below 1000 ppm. 

• In the C 4/NH3 and H2/NH3 combustion, the 

CO, H2 and NH3 emissions in the exhaust gas 

suggest that the combustion chamber used is 

not long enough. The possible techniques to 

reduce the CO and NOx emissions are the use 

of a larger combustion chamber, the external 

recirculation of the exhaust gases and the 

introduction of secondary air downstream of the 

second half of the combustor. 
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