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Abstract 
In this paper, NO production mechanisms for CH4-H2 combustion under MILD (moderate or 
intense low-oxygen dilution) condition are studied using CDF and also zero-dimensional 
WSR analysis. A H2/CH4 jet into a heated and diluted co-flow is modelled in CFD analysis. 
The RANS equations with modified ε−k equations are solved in an axisymmetric 2D 
computational domain. The GRI2.11 full mechanism is considered to represent the chemical 
reactions. The effects of oxidizer oxygen concentration, fuel hydrogen content, and fuel jet 
Reynolds number are studied on NO formation reactions. Results show that the measurements 
are predicted with an acceptable accuracy. The NNH and N2O routes are the most important 
pathways in NO formation under MILD conditions. An increase in oxidizer O2 level or 
decrease in fuel hydrogen content address to decrease in importance of the mentioned NO 
formation routes.  
 
Introduction 
The elimination of greenhouse gas, unburned hydrocarbons (UHC), CO and NOx emissions 
are more focused these days. This mission can be suppressed by using the hydrogen as pure 
fuel or additive to other fuels. Hydrogen is a clean fuel without any CO, CO2, SOx and UHC 
emission. Rørtveit et al. [1] showed that hydrogen flame under counter flow configuration 
produced lower NO in comparison with methane flames at the same flame temperature. On 
the other hand, Skottene et al. [2] illustrated that the hydrogen-air flame could produce higher 
NOx as a results of higher flame temperature due to higher hydrogen reactivity. However, 
hydrogen replacement for hydrocarbons fuels is not simple and there are some problems such 
as storage, safety and cost which arise from characteristics of hydrogen. The storage and 
safety technological challenges of Hydrogen usage are due to its high reactivity and molecular 
diffusivity which they address to potential of explosion hazards. Moreover, hydrogen can be 
produced from different ways but it does not exist as natural resource.  

MILD combustion is another possibility for improving the environmental friendly 
standards of combustion systems regarding to pollutants. MILD is acronym of “Moderate or 
Intense Low-oxygen Dilution” combustion, [3]. It is combustion of fuel-oxidizer mixture 
under high diluted and preheated conditions, in such a way that the mixture initial temperature 
is higher than its auto-ignition temperature and the temperature increase is lower than 
preheated temperature. MILD combustion is known as a new technology and broadly similar 
to High Temperature Air Combustion (HiTAC) [4,5,6], High Temperature Combustion 
Technology (HiCOT) [3,7] and Flameless Combustion [8]. Different numerical and 
experimental reports have shown the interesting characteristics of this new combustion 
regime. They are lower emission production and fuel consumption [9,10,11], larger reaction 
zone [12,13], more uniform and lower fluctuations in temperature field [8,14], kinetics-
controlled low Damköhler number combustion [15] and lower noise [8] with respect to the 
“traditional” combustion process.  



Using hydrogen-hydrocarbon blended fuels and hydrogen added fuel mixtures in MILD 
regime could be an interesting approach to have more efficient and cleaner combustion. This 
idea has been studied in some experimental and numerical researches. In 2002, Dally et al. 
[16] reported the measurements on temperature, OH, H2O, O2, and NO distribution in a 
H2/CH4 jet flame under MILD conditions. Christo et al. [17], in 2005, predicted the Dally’s 
measurements numerically except for NOx. Medwell et al. [18] studied the flame structure of 
H2/CH4 jet in Dally’s burner experimentally. Furthermore, importance of molecular diffusion 
in MILD regime and also Effect of hydrogen on hydrogen-methane turbulent non-premixed 
flame under MILD condition is studied by the authors in 2010, respectively [19,20].  

NOx formation in ordinary combustion of hydrocarbons and hydrogen or their mixture are 
studied in several reports. Effects of diluents on NOx formation in Hydrogen counter flow 
flame is studied by Rørtveit et al. [1] in 2002. They illustrate significant formation of NO 
from N2O and NNH mechanism at lower temperature. In 2007, Skottene et al. [2] tested four 
different mechanisms for eight laminar and further two turbulent jet flames. They investigated 
the importance of NO formation through NNH radicals in the hydrogen-air flames.   

Yang et al. [21] reported, in 2005, that NO emission formation by N2O route is very 
important during the HiTAC condition for fuel of LPG. They used the N2O route with 
thermal-NO, prompt-NO and NO-reburning models for prediction of NO emission. Nicole et 
al. [22], in 2006, studied the occurrence of NO-reburning in MILD combustion for methane. 
They investigated that NO formation by thermal and N2O pathways grow in importance after 
auto ignition while NO-reburning may occur for fuel rich mixture. NOx formation under 
MILD condition for fuel mixture of CH4/H2 is studied by Yu et al. [23] in 2010. They 
employed a zero dimensional method using the PSRN model to investigate the NOx and CO 
emissions at different H2 containing fuel mixture. NO emission from a lab-scale burner fed 
with CH4/H2 mixture was investigated numerically and experimentally by Galletti et al. [24], 
in 2009. They report the dominant role of NNH and N2O pathways for NO formation under 
MILD condition.  Although hydrogen and hydrogen-hydrocarbon fuels have been studied in 
many reports under ordinary combustion conditions, it is less mentioned under MILD 
combustion regime specially regarding to NOx formation mechanisms. This paper is part of 
an effort to improve the knowledge of MILD combustion characteristics. Indeed the main 
objective of this work is the better understanding of NOx formation mechanisms in CH4/H2 
flame under MILD condition and also investigation of effect of fuel hydrogen content on NOx 
formation. In this way CFD modeling of well setup jet flame of Dally et al., [16] are done.  
Furthermore a zero dimensional analysis of a well stirred reactor (WSR) is performed.  
Effects of oxidizer oxygen concentrations, fuel jet Reynolds number, and also fuel mixture 
hydrogen content on NO formation are studied. 

 
Numerical Method  
The CFD method which is used in this paper is identical with those of the previous studies of 
the authors [19,20] and hence will be abbreviated here. The JHC burner of Dally et al.[16] is a 
co-flow burner in which the fuel jet issues into the co-flow preheated and diluted air. The JHC 
burner is mounted in a wind tunnel in which air flows with a velocity of 3.2 m/s in parallel 
with jet axis. The wind tunnel air consists of 23% O2 and 77% N2 (mass basis). The fuel jet 
Reynolds number is around 10000 and the velocity of hot co-flow air is also 3.2 m/s. 
temperature of fuel jet, hot co-flow, and wind tunnel air are 305, 1300, and 305 k, 
respectively.  

The JHC burner is modeled using the 2D-axisyymetric computational domain, Fig. 1, with 
39000 cells. Navier-stokes equations and modified ε−k equations are solved by Patankar 
Simpler algorithm. The equations are discritized by third order quick method. Differential 
diffusion method using the molecular kinetic theory is considered. However the radiation is 



neglected. Turbulence chemistry interaction is modeled by EDC model [25]. This model 
applied the Arrhenius finite rate model to each control volume using the flow field turbulence 
characteristics. This model has been recommended by some other researches [26,27,28]. 
Chemical reactions are considered according GRI 2.11 full mechanisms.  

 
Figure 1. Computational domain of JHC burner [16] 

 
The well stirred reactor (WSR) analysis is performed by solving the species conservations 

equations under constant reactor temperature over a residence time using an in-house Fortran 
code which includes some subroutines of the Chemkin open source code, [29]. The WSR 
analysis is at T = 1345K and P = 1 atm for a 0.1-s residence time. Moreover the sensitivity 
analysis of NO formation to reactions parameters is done. The sensitivity is defined as;  
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Where ikr  is reaction constant of reaction number i  and NoY  is the mass fraction of NO 
species. 

 
Results and Discussion  
In this study NOx formation pathways for H2/CH4 jet flame under MILD condition is 
illustrated by defining Ten Numerical test cases which as shown in Table 1. They are 
considered for CFD or zero-dimensional WSR analysis. At the first, the accuracy of CFD 
modeling is validated by comparing the numerical prediction and Dally’s measurements for 9 
% O2 at 30mm above the nozzle (Fig. 2).  
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Figure 2. Radial numerical Predictions 
versus measurements for 9% O2 at 
Z=30 mm, (Case 1 in Table 1). 
 

Figure 3. First sixth important N containing reactions 
which are selected by sorting N containing reactions 
according to the absolute rate of reactions at each 
radial distance for Z=30 mm and 9% O2 configuration, 
(Case 1 in Table 1). 



It can be understood that there are a reasonable accuracy of numerical prediction regarding 
to temperature, OH, CO, and H2O species. Furthermore, the Nitric oxide prediction could be 
considered acceptable, although it is under predicted and there is some deviation in Maximum 
concentration of NO. 

Table 1. Numerical test cases(in mass bases) 
Chemical 

 Mechanism Fu
el

R
e 

W
SR

 

C
FD

 

Hot oxidizer Composition Fuel 
 composition No. 

GRI2.11 10000  * 9%O2+6.5%H2O+5.5%CO2+79%N2 20%H2+80%CH4 1 
GRI2.11 10000  * 3%O2+6.5%H2O+5.5%CO2+85%N2 20%H2+80%CH4 2 
GRI2.11 10000  * 9%O2+6.5%H2O+5.5%CO2+79%N2 10%H2+90%CH4 3 
GRI2.11 10000  * 9%O2+6.5%H2O+5.5%CO2+79%N2 5%H2+95%CH4 4 
GRI2.11  *  3%O2+6.5%H2O+5.5%CO2+85%N2 20%H2+80%CH4 5 
GRI2.11  *  23%O2+77%N2 100%CH4 6 
GRI2.11  *  9%O2+91%N2 20%H2+80%CH4 7 
GRI2.11  *  9%O2+91%N2 10%H2+90%CH4 8 
GRI2.11  *  9%O2+91%N2 5%H2+95%CH4 9 
GRI2.11 5000  * 9%O2+6.5%H2O+5.5%CO2+79%N2 20%H2+80%CH4 10 

 
In order to understand the NO mechanism formation under MILD conditions, at the first, 

the most dominant reaction of N containing species are mentioned. They are sorted according 
to the magnitude of absolute rates at each radial position for Z=30mm in Fig.3. In this figure, 
each reaction is colored according to one included identified species (i.e. N2O, NO2, HNO, 
HCN, NH3, and NNH). The numbers of reactions are according to GRI 2.11 reactions. For 
instance, the reaction R204 is the reaction number 204 in GRI 2.11 reaction table. These 
reactions are shown in Table 2. 

  
Table 2. N containing reactions of GRI2.11 mechanism 

Reaction 
No. Reaction Reaction 

No. Reaction Reaction 
No. Reaction 

178 N+NO<=>N2+O 212 H+NO+M<=>HNO+M 246 CH+NO<=>HCN+O 
179 N+O2<=>NO+O 213 HNO+O<=>NO+OH 247 CH+NO<=>H+NCO 
180 N+OH<=>NO+H 214 HNO+H<=>H2+NO 248 CH+NO<=>N+HCO 
181 N2O+O<=>N2+O2 215 HNO+OH<=>NO+H2O 249 CH2+NO<=>H+HNCO 
182 N2O+O<=>2NO 216 HNO+O2<=>HO2+NO 250 CH2+NO<=>OH+HCN 
183 N2O+H<=>N2+OH 217 CN+O<=>CO+N 251 CH2+NO<=>H+HCNO 
184 N2O+OH<=>N2+HO2 218 CN+OH<=>NCO+H 252 CH2(S)+NO<=>H+HNCO 
185 N2O(+M)<=>N2+O(+M) 219 CN+H2O<=>HCN+OH 253 CH2(S)+NO<=>OH+HCN 
186 HO2+NO<=>NO2+OH 220 CN+O2<=>NCO+O 254 CH2(S)+NO<=>H+HCNO 
187 NO+O+M<=>NO2+M 221 CN+H2<=>HCN+H 255 CH3+NO<=>HCN+H2O 
188 NO2+O<=>NO+O2 222 NCO+O<=>NO+CO 256 CH3+NO<=>H2CN+OH 
189 NO2+H<=>NO+OH 223 NCO+H<=>NH+CO 257 HCNN+O<=>CO+H+N2 
190 NH+O<=>NO+H 224 NCO+OH<=>NO+H+CO 258 HCNN+O<=>HCN+NO 
191 NH+H<=>N+H2 225 NCO+N<=>N2+CO 259 HCNN+O2<=>O+HCO+N2 
192 NH+OH<=>HNO+H 226 NCO+O2<=>NO+CO2 260 HCNN+OH<=>H+HCO+N2 
193 NH+OH<=>N+H2O 227 NCO+M<=>N+CO+M 261 HCNN+H<=>CH2+N2 
194 NH+O2<=>HNO+O 228 NCO+NO<=>N2O+CO 262 HNCO+O<=>NH+CO2 
195 NH+O2<=>NO+OH 229 NCO+NO<=>N2+CO2 263 HNCO+O<=>HNO+CO 
196 NH+N<=>N2+H 230 HCN+M<=>H+CN+M 264 HNCO+O<=>NCO+OH 
197 NH+H2O<=>HNO+H2 231 HCN+O<=>NCO+H 265 HNCO+H<=>NH2+CO 
198 NH+NO<=>N2+OH 232 HCN+O<=>NH+CO 266 HNCO+H<=>H2+NCO 
199 NH+NO<=>N2O+H 233 HCN+O<=>CN+OH 267 HNCO+OH<=>NCO+H2O 
200 NH2+O<=>OH+NH 234 HCN+OH<=>HOCN+H 268 HNCO+OH<=>NH2+CO2 
201 NH2+O<=>H+HNO 235 HCN+OH<=>HNCO+H 269 HNCO+M<=>NH+CO+M 
202 NH2+H<=>NH+H2 236 HCN+OH<=>NH2+CO 270 HCNO+H<=>H+HNCO 
203 NH2+OH<=>NH+H2O 237 H+HCN+M<=>H2CN+M 271 HCNO+H<=>OH+HCN 
204 NNH<=>N2+H 238 H2CN+N<=>N2+CH2 272 HCNO+H<=>NH2+CO 
205 NNH+M<=>N2+H+M 239 C+N2<=>CN+N 273 HOCN+H<=>H+HNCO 
206 NNH+O2<=>HO2+N2 240 CH+N2<=>HCN+N 274 HCCO+NO<=>HCNO+CO 
207 NNH+O<=>OH+N2 241 CH+N2(+M)<=>HCNN(+M) 275 CH3+N<=>H2CN+H 
208 NNH+O<=>NH+NO 242 CH2+N2<=>HCN+NH 276 CH3+N<=>HCN+H2 
209 NNH+H<=>H2+N2 243 CH2(S)+N2<=>NH+HCN 277 NH3+H<=>NH2+H2 
210 NNH+OH<=>H2O+N2 244 C+NO<=>CN+O 278 NH3+OH<=>NH2+H2O 
211 NNH+CH3<=>CH4+N2 245 C+NO<=>CO+N 279 NH3+O<=>NH2+OH 



It can be understood from Fig. 3 that the NNH included reactions of R204 and R205 have 
the largest rates. For discussing the second and third important reactions, it could be helpful if 
the region is divided to three sub-regions such as, )(0071.0 mR ≤  which is fuel rich region and 
located inside the jet, region of )(00884.0)(0071.0 mRm << which is reaction zone and 
located inside the shear layer, and at last, the region of Rm ≤)(00884.0  which is the airside 
and fuel lean region. The figure shows that in the fuel side region and inside the jet, the 
reactions of NO2 and NH3 are in second and third importance level, respectively. In the shear 
layer region, the reactions of NH3 and HCN are important reactions after NNH reactions. The 
HCN reactions are a part of the Prompt NO formation pathways family. In the airside region, 
the reactions of NH3 and N2O are the second and third important reactions, respectively. 
These results give an overall view on significant role of NNH pathway in NO formation of 
H2/CH4 combustion under MILD condition. For more detail, the effect of main features of 
combination of MILD combustion regime and hydrogen flame such as oxygen, fuel Reynolds 
number, and hydrogen concentration on NO formation are studied in which as follows. 
Moreover, NO formation pathways, result in CFD analysis and Zero dimensional WSR 
calculations, are compared with each other and more discussed. Such a comparison, while is 
accompanied by the study of Reynolds number effects, may reveal the effect of fluid dynamic 
on NO formation. 

 
Effect of Oxygen Concentration 
Low oxygen concentration in the reaction zone is one of the main characteristics of MILD 
combustion regime. Therefore, in this part, the effect of oxygen concentration on the NO 
formation is studied. The radial distributions of main species which are important in NOx 
formation are depicted for two oxygen levels of 3 and 9 percent in Fig.4.a and b. 
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(b) 

Figure 4. Radial distribution of species at Z=30 mm for two oxygen concentrations of 3 and 9 
% O2, (Cases 1 & 2 in Table 1). 
 

 They show that the concentrations of N, NNH, NO2, N2O, CH, C2H2, CN, and HCN 
decrease resulting from reduction of oxygen concentration. That means the NOx formation is 
suppressed at lower oxygen levels. Decrease in CH, CN, and HCN mass fractions indicate 
that the prompt mechanism is limited at lower O2 concentrations. Comparison of reduction of 
the mentioned species by decrease in O2 concentration shows that the change of NNH and 
N2O mass fractions are relatively lower than the others. It may refer to importance of NNH 
and N2O pathways in NO formation under MILD condition. This idea is studied in more 
detail using the WSR analysis. In this way, the important reactions which directly produce 
NO, are selected by the sensitivity analysis. Moreover, the NO formation by each of the 



reactions is calculated and non-dimensionalized by net total NO production. Correlation of 
the mentioned calculation and sensitivity analysis for each selected reaction are depicted in 
Fig.5 for two oxygen concentrations of 3 and 23 percent (in mass basis). These calculations 
are referred to the cases 5 and 6 in Table 1.  
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Figure 5. Correlation between NO sensitivity to each reaction, which include NO, versus the 
absolute NO rate of formation or consumption, which is non-dimensionalized by total NO 
formation, resulting from WSR analysis for two oxygen concentration of 3 and 9 %, (Cases 5 
and 6 in Table 1). The reactions with negative sensitivity and rate of reaction (reactions which 
consumes NO) are indicated by solid symbols.  The WSR analysis is at T = 1345K and P = 1 
atm for a 0.1-s residence time. Reaction numbers refer to Table 2. 
 

In Fig. 5, the big and red colored symbols represent the case of 23% O2 and the small and 
blue colored symbols are for 3% O2. Moreover, the solid symbols indicate that the sensitivity 
and rate of production are negative. In the figure, the reaction numbers are for GRI 2.11 
mechanism according to Table 2. This figure shows some important points which are as 
follows. First of all, regarding sensitivity analysis, the NNH reaction (R208) has the highest 
sensitivity and after that NO formation shows the high sensitivity to the N2O reaction (R199) 
although their portions in NO production are not considerable at higher O2 concentrations, i.e. 
23 % O2. Secondly, by decrease in O2 concentration, the importance of all of the reactions 
decrease regarding the sensitivity analysis and their role in NO production except NNH and 
N2O reactions (i.e. R208 & R199), which their importance increase at lower O2 
concentrations. Moreover, NO formation by thermal mechanism (i.e. R179 & R180) suppress 
strongly at lower O2 concentrations. It can be concluded from the above discussion that the 
NNH and N2O pathways are very importance and also influential on NO formation under 
MILD combustion of H2/CH4 blended fuels.  

 
Effect of Hydrogen Concentration 
In addition to which is mentioned in introduction about the importance of hydrogen in this 
work, the numerical experiments of the authors, [19], has showed that the hydrogen was 
added to the methane to improve the ignition and burn off in the present setup. Therefore, in 
this section the effect of fuel hydrogen content on NO formation in MILD combustion is 
studied by decrease in the hydrogen content of fuel mixture from 20% (by mass) to 5% for 
condition of Oxygen concentration of 9%. In this way three fuel mixture of 
20%H2+80%CH4, 10%H2+90%CH4, and 5%H2+95%CH4 are considered in Cases 1, 3, and 



4 in Table 1, respectively. The radial distribution of temperature and species of N, NO, NNH, 
N2O, HCN, CH, CN, OH, O, and H are depicted for Z=30 mm in Fig.6.a & b. 
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Figure 6. Radial distribution of species for three different fuel hydrogen contents at Z=30mm and 
for 9% O2, (Cases 1, 3, and 4 in Table 1). 
 

 It can be seen that the maximum of temperature decreases for lower hydrogen 
concentrations. It is predictable as a result of higher reactivity of hydrogen in comparison 
with methane. Moreover the figure shows a decrease in the concentrations of NO, N2O, and 
NNH by reduction of fuel hydrogen content, although the concentration of N has increased. 
That means the NO formation routes are suppressed at lower Hydrogen levels. Fig. 6.b shows 
that the mass fractions of CH and HCN minor species decrease at lower hydrogen levels in 
fuel. That indicates that the prompt route weakens by reduction of hydrogen. Furthermore 
decrease in concentrations of O, OH, and H radicals, by decrease in fuel hydrogen content, are 
responsible for suppression of main routes of NOx formation, like NNH and N2O pathways, 
under MILD condition. On the other hand an increase in concentrations of CN can be seen at 
lower fuel hydrogen percent which is probably result of higher N concentration. For more 
detail WSR analysis are done for three fuel mixture and the correlation of sensitivity and NO 
formation via each reaction are depicted in Fig. 7 (cases 7, 8, and 9 in Table 1). 
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Figure 7. Correlation between NO sensitivity to each reaction, which include NO, versus 
the absolute NO rate of formation or consumption, which is non-dimensionalized by total 



NO formation, resulting from WSR analysis for three fuel hydrogen content of 5, 10, and 
20 %, (Cases 7, 8, and 9 in Table 1). The reactions with negative sensitivity and rate of 
reaction (reactions which consumes NO) are indicated by solid symbols. The WSR 
analysis is at T = 1345K and P = 1 atm for a 0.1-s residence time. Reaction numbers refer 
to Table 2. 
 

This figure is extracted same as which is done for Fig. 5. In Fig.7 the reactions are 
identified by symbols in which big symbols are for fuel mixture containing 20% H2 and 
medium size symbols are for 10% H2 and small symbols are for 5% H2. Furthermore the 
reactions which have negative sensitivity and rate of productions are indicated by symbols 
inside the squares. Figure shows that the highest sensitivity of NO formation is to the NNH 
(R208) and N2O (R199) reactions which these sensitivities decrease by reduction of fuel 
hydrogen percent. Furthermore the importance of HNO reactions (i.e. R212-5) decrease for 
fuel mixture with lower hydrogen although the reactions of HCN(i.e. R249-51), which are 
important in prompt route, growth in important. As a whole although most of the NO 
formation is via the HNO NO pathway by reactions R212 and R213, the NNH and N2O 
routes have key roles in NOx formation for CH4/H2 mixture under MILD regime.  
 
Effect of Flow Dynamic on NOx Generation 
In this part, the effect of flow dynamic on NOx generation is studied by changing the jet 
Reynolds number from 10000 to 5000. Results of two Reynolds number are compared with 
each other in Figs 8.a and b. Fig 8.a shows an increment in maximum of radial temperature 
profile at lower Reynolds number. Furthermore the NO mass fraction is increased by 
reduction of fuel jet Reynolds number. The other numerical results of the authors [19] and 
also the experimental results of Medwell et al. [18] show that there is a marginal increase in 
temperature by decrease of jet Reynolds number although the concentration of intermediate 
species like CH2O has decreased. Maybe it is because of higher heat transfer from reaction 
zone and also incomplete combustion due to increase of flow velocity. Although an increase 
in temperature and also flow residence time at lower Reynolds number could be an acceptable 
reason of higher NOx formation for the present experimental setup, for more detail the radial 
distribution of NNH, N2O, CH which is important in prompt NOx formation, and N, which 
has a key role in thermal NOx formation, are depicted in Fig 8.b. The reduction in N and CH 
mass fractions at lower Reynolds number could be referred to suppression of Thermal and 
prompt routes, respectively, at Reynolds number of 5000 in compassion with 10000. These 
species are important in thermal and prompt routes of NOx formation. In the other hand, an 
increase in concentrations of NNH and N2O show the increasing importance of NNH and 
N2O routes in NOx formation by decreasing of Reynolds number.  In the other word, under 
MILD condition, the importance of the unusual NOx formation routes like NNH and N2O 
mechanisms increase as a result of temperature behavior and also probably larger residence 
time at lower Reynolds number.  
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Figure 8. Radial profiles of a) temperature, NO, and CH2O b) NNH, N2O, N, and CH for two 
Reynolds numbers of 5000 and 10000 at Z=30 mm and 9% O2 (Cases 1 and 10 in Table 1) 
 

In order to better understanding of NOx formation, the pathway of N2 oxidation to NO 
and NO2 are illustrated by WSR analysis and CFD calculations for fuel mixture of 20%H2 
+80%CH4 and 3% O2 in Figs. 9.a and b. Each arrow indicates a conversion of species at its 
tail to the species at the head. The mentioned conversion is addresses by elementary reactions 
which are indicated along the length of the arrow by number of reactions in GRI 2.11 
mechanism and the additional reactant species in the mentioned reaction, while the rate of 
destruction of reactant is quantified by the parenthetical numerical value. Furthermore the 
width and color of arrows gives a visual indication of the relative importance of each 
pathway. The elementary reactions with rates larger than 1.0e-12 (gmole/cm3-s) are 
considered for pathway extractions and the other reactions are filtered. For CFD, the rates of 
reactions are averaged by cell surface in region of MILD combustion. The region of MILD 
combustion is identified by two conditions. First the distances below 100 mm from the nozzle 
are considered. According to Ref. [16], the mixing with fresh air of tunnel air affects the 
flame above 100 mm from the nozzle and the MILD combustion regime occurs at the region 
below this height. At each distance from the nozzle the maximum OH concentration is 
identified and the radius with OH mass fraction larger than 1% of maximum are considered as 
MILD combustion region. The comparison of Figs 9.a and b shows some points which are as 
follows. First if it is considered that in spite of Fig. 9.a the flow dynamics effects are included 
in Fig 9.b, it can be seen that flow dynamic increases rate of reactions generally and in 
specific strengths the NNH, N2O, and Prompt routes for NO formation. Second, both figures 
illustrate the much more importance of NNH route in comparison with N2O and prompt 
routes.  
 



 
 

(a) 

 
(b) 

Figure 9. N2 oxidation pathways for 3 % O2 extracted from a)WSR analysis b)CFD analysis, 
(Cases  2 and 5 in Table 1). 

 
 
 
 



Conclusion 
In this work the NO formations mechanism is studied for combustion of hydrogen-methane 
blended fuel under MILD conditions. In this way, two systematic analyses are performed. The 
reacting flow modeling is done for a H2/CH4 jet into a hot and diluted co-flow air using CFD 
tools. The RANS equations with the EDC model are solved to predict the flame 
characteristics. Furthermore a well stirred reactor (WSR) analysis is considered to study the 
reactions pathways. The GRI2.11 full mechanism is used to represents the chemical reactions. 
The comparison between numerical predictions and measurements shows the acceptable 
accuracy of CFD results.  

Results show significant role of NNH pathway in NO formation for H2/CH4 combustion 
under MILD condition. The reduction in hot co-flow oxygen concentration leads to decrease 
concentrations of N, NNH, NO2, N2O, CH, C2H2, CN, and HCN although the change of 
NNH and N2O mass fractions are relatively lower than the others. Moreover the zero 
dimensional WSR analysis refers to growth in importance of NNH and N2O routes by 
decrease of oxidizer O2 level.  

Calculations for different fuel hydrogen content illustrate that the NO formation routes are 
suppressed at lower Hydrogen levels. Furthermore the highest sensitivity of NO formation is 
to the NNH (R208) and N2O (R199) reactions which these sensitivities decrease by reduction 
of fuel hydrogen percent. 

Changing of fuel inlet Reynolds number and also Comparison between N2 oxidation 
pathways resulting from CFD and WSR analysis shows that the NNH and N2O routes for NO 
formation could be important under MILD combustion at different flow dynamic conditions.    
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