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Abstract 
Accurate quantification of heat release rate (HRR) profiles is useful for identifying 

important combustion processes in practical engines. This study aims to show whether the 

conventional HRR markers can still be used for highly-stretched premixed methane/air flames 

without and with hydrogen addition. The correlation of formaldehyde-based molar 

concentrations, [H][CH2O] and [OH][CH2O], with HRR is numerically studied for highly-

stretched premixed CH4/air and CH4/H2/air flames. Two types of premixed flames are 

considered: the spherically expanding flame (SEF) starting from highly positively stretched 

ignition kernel, and Bunsen flame with high negative stretch rate at the flame tip. It is found 

that both [H][CH2O] and [OH][CH2O] can qualitatively describe the spatial distribution of HRR 

profiles in these two types of flames. Compared to [H][CH2O], [OH][CH2O] is slightly better 

since it has a higher correlation coefficient and weaker sensitivity to the stoichiometry. However, 

during the ignition-influenced regime of SEFs, the magnitude of HRR cannot be accurately 

correlated by the concentrations of CH2O, OH and H. Besides, hydrogen addition does not 

change the good spatial reconstruction qualities of these two HRR markers when its volume 

fraction in methane/hydrogen binary fuel blends is below 70%. The present results demonstrate 

that the conventional HRR markers, [OH][CH2O] and [H][CH2O], can be used to quantify the 

shape of HRR profiles even for highly-stretched premixed flames with small amount of 

hydrogen addition. Nevertheless, the magnitude of HRR cannot be accurately correlated by 

these two HRR markers for highly-stretched ignition kernel and hydrogen-dominated binary 

fuel blends.  
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1. Introduction 

Heat release rate (HRR) is a fundamental physicochemical property of the combustion 

process. The magnitude of HRR characterizes the energetic outcome of the combustion process, 

and the spatial distribution of HRR is useful to represent the flame front.1 Therefore, accurate 

quantification of HRR profiles is essential to the proper evaluation of combustion performance 

in practical engines.  

Unfortunately, direct experimental measurement of HRR is not practical yet, since it 

requires simultaneous measurement of temperature and full-spectrum species concentrations.2 

An alternative, indirect approach is to measure the concentrations of certain markers or 

indicators which correlate well with the HRR over the relevant range of flame parameters. 

Generally, both chemiluminescence and laser-induced fluorescence (LIF) measurements have 

been used in the literature to track the HRR profile across the flame front. The 

chemiluminescence measurement is based on the natural visible emission from excited 

molecules such as CH*, OH* and CO2*.3 It measures the concentration of species produced in 

an excited electronic state far away from the equilibrium. In previous studies,4-6 the 

chemiluminescence emission from CH* and/or OH* was reported to be good indicators of HRR. 

However, the chemiluminescence measurement is based on the total emission along the line of 

sight and is not spatially resolved,3 especially in complex flame topologies such as turbulent 

flames.  

As an alternative, the LIF technique, which is spatially resolved and can be extended to 

a planar imaging geometry (PLIF), performs as a promising method to measure concentrations 

of HRR indicators. The LIF measurement is a null background absorption-based technique. It 

requires sophisticated lasers to excite target species and then sample the ground electronic state 

of the specific species. The formyl radical, HCO, was first found to have a strong correlation 

with HRR for laminar methane/air flames by Najm and his co-workers.3, 7 It was found that 
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HCO reactions are not the primary source of heat release in the flames and HCO is simply a 

good rate-measure of the forward progress of hydrocarbon conversion to H2O and CO2. 

However, the fluorescence signal from HCO is too weak due to its low concentration. To 

circumvent this difficulty, Paul and Najm8 proposed a pixel-by-pixel product of CH2O and OH 

PLIF images to track the local HRR. This method is based on the assumption that HCO forms 

from the elementary reaction OH+CH2O=HCO+H2O. Compared to HCO, the fluorescence 

signals from OH and CH2O PLIF are relatively more intense and can be quantitatively measured. 

According to their results, the product of CH2O and OH concentrations was shown to be a 

reliable indicator for HRR distribution. Since then, the combined molar concentration 

[OH][CH2O] has been widely adopted in numerous studies for different flame types (e.g. 

premixed4, 9, 10 and non-premixed flames11, auto-ignition assisted1 and conventional freely 

propagating flames2), different flame configurations (e.g. Bunsen flames9, spray flames1, 12), 

different flow conditions (e.g. counterflow flames13, jet flames14, turbulent flames4, 9), and 

different fuels (e.g. complex hydrocarbons1, 12 and multicomponent fuels15). Recently, it has 

been noticed that HCO forms also through the reaction H+CH2O=HCO+H2.15 The performance 

of [H][CH2O] was then compared with [OH][CH2O] by Mulla et al.2 for methane/air flames 

with a wide range of equivalence ratio. It was shown that [H][CH2O] is also a reliable indicator 

for HRR and it is less sensitive to the stoichiometry variation. Currently, the two formaldehyde-

based concentration products [H][CH2O] and [OH][CH2O] are the most commonly used 

indicators for HRR profiles.  

In practical turbulent combustion processes, the local flame front might be highly 

curved and stretched.16-18 For example, in spark ignition engines the self-sustained propagation 

flame develops from an ignition kernel which is affected by high positive stretch rate, and in 

fuel-lean turbulent combustion there is local flame quenching and re-ignition processes caused 

by high strain/stretch rate. Therefore, it is necessary to know whether the conventional HRR 
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markers, [H][CH2O] and [OH][CH2O], can still be used for highly-stretched premixed flames. 

The first objective of this study is hence to assess the performance of these two HRR markers 

for highly-stretched premixed flames. Two types of premixed flames are considered: the 

spherically expanding flames (SEF) starting from a highly positively stretched ignition kernel, 

and the Bunsen flames with high negative stretch rate at the flame tip. 

Recently, there is an increased interest in developing hydrogen-based combustion 

systems. However, there are difficulties in hydrogen application and storage considering its 

broad flammability range, high laminar flame speed, low ignition energy, and low volumetric 

energy density.19 Therefore, a more reasonable way is to use hydrogen as an additive to 

traditional fossil fuels.20 For example, it was demonstrated that promising performance can be 

achieved by using methane/hydrogen binary fuel blends in internal combustion engines.21 In 

the literature, there are many studies on the fundamental combustion properties of 

hydrogen/hydrocarbon binary fuel blends.20, 22-27 However, to our knowledge, the HRR markers 

have not been studied for premixed flames in hydrogen/hydrocarbon/air mixtures. Therefore, 

the second objective of this study is to assess the feasibility of formaldehyde-based correlations, 

[H][CH2O] and [OH][CH2O], for highly-stretched premixed flames in methane/air mixtures 

with hydrogen enrichment.  

This paper is organized as follows. The numerical models and methods are provided in 

Section 2. In Section 3, the correlation between formaldehyde-based concentrations and HRR 

is evaluated in both positively-stretched SEF from ignition kernel and negatively-stretched 

Bunsen flames at the flame tips for CH4/air and CH4/H2/air mixtures. The conclusions are 

summarized in Section 4. 

 

2. Numerical models and methods  

We consider laminar, stretched, premixed flames in CH4/H2/air mixtures. The unburned 
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mixture composition is specified according to ϕ[(1-a)CH4+aH2]+(2-1.5a)[O2+3.76N2] where ϕ 

is the equivalence ratio and a is the volume fraction of hydrogen in the methane/hydrogen 

binary fuel blends. The unburned mixtures are initially at T0=298 K and P0=1 atm. Fuel-lean 

(ϕ=0.7), stoichiometric (ϕ=1), and fuel-rich (ϕ=1.3) mixtures with 0~95% H2 enrichment (i.e. 

a=0~0.95) are considered. Two types of stretched premixed flames are considered: one is SEF 

with positive stretch rate and the other is Bunsen flame with negative stretch rate. The numerical 

models and methods for these two flames are described below. 

2.1 Spherically expanding flame 

A SEF can be initiated from central spark ignition in a quiescent mixture, and it is 

popularly used in laminar flame speed measurement.28-30 The SEF is exposed to positive stretch 

rate, which is inversely proportional to the flame radius. Therefore, the small ignition kernel is 

highly stretched. The initiation and propagation of SEFs are simulated using the in-house code 

A-SURF,31, 32 which solves the conservation equations for multi-component, reactive flow 

using the finite volume method. ASURF has been successfully used in previous studies on 

ignition and flame propagation.33-37 The details on numerical schemes and code validation can 

be found in references31, 32 and thereby are not repeated here. 

Due to the spherical symmetry of SEF, the simulations are one-dimensional in a 

spherical coordinate. The computational domain is 0 ≤ r ≤ 50 cm with zero gradients of 

temperature and mass fractions enforced at both boundaries at r = 0 and r =50 cm. For flame 

radius less than 5 cm, the pressure rise is negligible. The homogenous mixture is initially static, 

and uniformly distributed over the computational domain. Similar to practical spark ignition 

process in engines, the mixture is centrally ignited through energy deposition given by the 

following source term in the energy equation38 : 



 6














ig

ig
igigig

ig

ig

tif

tif
r

r

r

E

trq





0

])(exp[
),(

2
35.1                      (1) 

where Eig is the total input ignition energy, τig=0.2 ms is the duration of energy deposition, and 

rig=0.2 mm is the radius of the energy deposited region. To accurately and efficiently resolve 

the propagating flame, locally adaptive mesh refinement is used and the reaction front is always 

covered by the finest mesh in the width of 8 μm which ensures grid convergence of the present 

simulation results. Since the mixtures considered here are far from the corresponding 

flammability limit, radiation heat loss has negligible effects on SEF39-41 and thereby is not 

considered in present simulations.  

2.2 Bunsen flame 

A premixed Bunsen flame can be stabilized at the burner rim for a considerable range 

of the flow velocity and mixture composition.42 The flame surface is curved by the strained 

flow, leading to a large proportion of flame front subjected to the negative stretch rate. In this 

study, 2D steady cylindrical Bunsen-type flames are simulated using the in-house solver,43, 44 

which is developed based on the open-source CFD framework OpenFOAM. In this solver, the 

finite volume method is used to solve the fully compressible conservation equations for multi-

component reactive flows. Cantera45 is incorporated for the calculation of reaction rates and 

transport coefficients. This code was used in recent studies on premixed flames.46-48 More 

details on numerical schemes and code validation can be found in references.43, 44 

The domain is 2D with rotational symmetry. All dimensions of the domain are set as 

multiples of the thickness and flame speed of the unstretched planar flame, similar to the 

settings in Zirwes et al.’s work. 49 The unburned mixture enters the domain at the inlet with a 

parabolic velocity profile given by the Poiseuille solution. For each equivalence ratio, the bulk 

velocity is adjusted so that the flame tip is far enough away from the inlet. The burned mixture 
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leaves the domain from the outlet, where zero gradients of velocity, temperature and mass 

fractions are enforced. The lateral boundaries are defined as slip wall with zero gradients. In 

simulations, the reaction zone is always covered by at least 20 cells so that the reaction zone 

can be adequately resolved. Similar configuration was also adopted by Zirwes et al.49 (see Fig. 

3 therein).  

In the simulations of both Bunsen flames and SEFs, the detailed kinetic model for 

methane oxidation, GRI Mech 3.0,50 is used and the mixture-averaged transport model is used 

for the diffusion velocity. It is noted that recently several kinetic models have been developed 

for methane and their performance in predicting premixed methane/air flames was assessed by 

Wang et al.51 They found that at ambient conditions the results predicted by seven kinetic 

models are very close while larger discrepancy is observed for engine-relevant conditions.51 

Since this work considers premixed flames at normal temperature and pressure, GRI Mech 3.0 

is used here, and the present conclusions are expected to be independent of the kinetic model 

used in simulations. If HRR under engine-relevant conditions is studied in future works, GRI 

Mech 3.0 should not be used.  

2.3 Correlation coefficient  

The correlation of species concentration with HRR can be quantified by different 

coefficients. We use the following correlation coefficient which was also used by Yin et al.1: 

ρ(ܣ, (ܤ = 1ܰ − 1෍൬ܣ௜ − ஺ߪ஺ߤ ൰ே
௜ୀଵ ൬ܤ௜ − ஻ߪ஻ߤ ൰ (2) 

where A and B are the evaluated quantities. μi and σi are the mean and standard deviation, 

respectively. The linear correlation between HRR and its indicator/marker can be quantified by: (ߥ)ܥ = ,ܳ)ߩ (ߥ (3) 
where Q is the heat release rate and ߥ is the molar concentration of the individual or combined 

species.  
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In simulations, we only consider the HRR above 1% of its peak value, i.e., Q>0.01Qmax. 

A large number of samples are equidistantly extracted from HRR and species molar 

concentration profiles along the normal direction of the flame front so that a good estimation 

of correlation coefficient can be approached. Combined species molar concentration with a 

larger (ߥ)ܥ has greater potential to be a reliable HRR indicator. 

 

3. Results and discussion 

3.1 Positively-stretched SEFs in CH4/air mixtures 

In this subsection, we assess the effect of stretch on the correlation between HRR and 

species concentrations for SEFs in CH4/air mixtures without H2 addition. 

Figure 1 shows the flame propagation speed as a function of stretch rate for SEF in 

stoichiometric CH4/air mixtures at two ignition energies, Eig = 0.175 and 1 mJ. The flame 

radius/position, Rf, is defined as the location where the HRR is maximum. The flame 

propagation speed is defined as Sb = dRf /dt, which represents the stretched flame speed relative 

to the burned gas. In SEF, the stretch rate is K = 2U/Rf where U=Sb. It is seen that the ignition 

kernel has very high stretch rate at around 4000 s-1. For low ignition energy of Eig = 0.175 mJ, 

three regimes are observed: the spark-assisted ignition kernel propagation regime (line DC in 

Fig. 1), the unsteady flame transition regime (CB), and the normal flame propagation regime 

(BA). However, for relatively high ignition energy of Eig = 1 mJ, only two regimes, FE and EA 

in Fig. 1, are observed. These regimes have been identified for different fuels and discussed in 

details in previous studies.32, 33  
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Figure 1. Change of the flame propagation speed with stretch rate during the ignition and 

propagation of SEF in a stoichiometric CH4/air mixture with different ignition energies of Eig 

= 0.175 and 1 mJ. The flame radius increases along the line in the direction marked by the 

arrows. 

The profiles of HRR, [OH][CH2O] and [H][CH2O] are compared in Fig. 2 for points A-

F marked in Fig. 1. All the quantities in Fig. 2 are normalized by their corresponding peak 

values in the unstretched, adiabatic, planar flame, which can be obtained from PREMIX.52 The 

highly-stretched ignition kernel is mainly driven by the ignition energy deposition. Due to the 

excess enthalpy from the initial external energy addition, the stretched flame at point D 

corresponds to higher HRR and radical concentrations compared to the unstretched flame (e.g. 

the peak value of HRR is about 2.8 times of that in unstretched planar flame, and the peak value 

of [H][CH2O] is about 1.9 times of that in unstretched planar flame). The trends in spatial 

distributions of [OH][CH2O] and [H][CH2O] agree well with the HRR profile. However, it is 

noted that the peak values of normalized [OH][CH2O] and [H][CH2O] are slightly lower than 

their corresponding normalized HRR peak. This indicates that [OH][CH2O] and [H][CH2O] can 

spatially describe the HRR distribution, but cannot accurately represent the magnitude of HRR 

when the flame is influenced by the ignition energy deposition.  
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Figure 2. Normalized HRR and radical mole concentration profiles for cases A-F, which 

correspond to points A-F marked in Fig. 1. 

After energy deposition, the reaction rates and ignition kernel propagation speed rapidly 

decay from point D to point C which has the lowest propagation speed and reactivity as shown 

in Fig. 1. Figure 2 shows that the peak values of the HRR, [OH][CH2O] and [H][CH2O] are 

only around 0.6 times of that in unstretched planar flame. Nevertheless, the trends and 

magnitudes in HRR, [OH][CH2O] and [H][CH2O] are in good agreement. From points C to B 

in Fig. 1, the spark-assisted ignition kernel evolves into a self-sustaining flame. Therefore, the 

flame B is mainly driven by chemical reaction and transport rather than deposited ignition 

energy. After the unsteady transition, the SEF propagates in a quasi-steady manner approaching 

zero stretch rate. In experiments, linear or nonlinear extrapolation is conducted in this regime 

to obtained the unstretched flame speed.28 For stoichiometric CH4/air mixture with positive 

Markstein length, the positive stretch rate imposed on SEF weakens the flame. Therefore, when 

SEF propagates from points B to A, the HRR and radical concentrations both increase as shown 

in Fig. 2. At point A, the [H][CH2O] and [OH][CH2O] profiles are in good agreement with the 

HRR profile. It is noted that at point A, the post oxidation zone after the main reaction zone 
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tends to be very long and the low HRR there is not well captured by either marker. This low 

HRR region is dominated by exothermic reactions such as H+OH+M=H2O+M and 

OH+HO2=O2+H2O, which slowly approach the equilibrium state. These reactions do not 

involve the main reaction path leading to CO and CO2 via HCO. Therefore, the low HRR is not 

well captured by HCO or either HRR markers.  

Figure 2 shows that the profiles for point F with Eig = 1 mJ are similar to those for point 

D with Eig = 0.175 mJ. For both points F and D, the HRR and radical concentrations are 

enhanced by the excess enthalpy from energy deposition. Similar to point D, the peak values of 

normalized [OH][CH2O] and [H][CH2O] are also slightly lower than the peak value of the 

normalized HRR at point F. This suggests that the normalized [OH][CH2O] and [H][CH2O] are 

not suitable for the prediction of the magnitude of the normalized HRR during the initial 

ignition-influenced phase. Nevertheless, [OH][CH2O] and [H][CH2O] are still suitable markers 

for the spatial distribution of HRR. The above results indicate that the ignition energy can affect 

the initial ignition kernel development, while it has negligible effect on the spatial correlation 

between HRR and species molar concentrations.  

Figures 3 and 4 show the scatter plots of the normalized HRR against normalized 

[OH][CH2O] and [H][CH2O] for SEFs in different regimes with different ignition energies. 

Similar to Fig. 2, all the quantities are normalized by their corresponding peak values in the 

unstretched, adiabatic, planar flame. For both ignition energies, [OH][CH2O] and [H][CH2O] 

show positive correlation with the HRR during the whole ignition and flame propagation 

processes. The red points (representing flames in regimes CD and EF) distribute dispersedly in 

the region with higher HRR, implying that the HRR markers have relatively poor performance 

in spark-assisted ignition kernel propagation regime due to the energy deposition effect. The 

blue points (representing flames in regime BC) and green points (representing flames in regimes 

AB and AE) show good linear correlation between HRR and its markers. Compared to 
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[H][CH2O], [OH][CH2O] has a slightly better linear correlation with the HRR. This was also 

observed for turbulent premixed CH4/air flames simulated by Chi et al.10 

    

Figure 3. Scatter plots of normalized HRR against normalized [OH][CH2O] and [H][CH2O] 

for three regimes, AB, BC and CD, shown in Fig. 1 for Eig = 0.175 mJ. 

   

Figure 4. Scatter plots of normalized HRR against normalized [OH][CH2O] and [H][CH2O] 

for two regimes, AE and EF, shown in Fig. 1 for Eig = 1.0 mJ. 

For quantitative comparison, the correlation coefficients are plotted in Fig. 5. Consistent 

with the scatter plots in Fig. 4, the correlation coefficient for [OH][CH2O] is higher than that 

for [H][CH2O] for both ignition energies. For Eig = 0.175 mJ, the correlation coefficient changes 

non-monotonically with the stretch rate, the trend of which is similar to the trend in the Sb-K 

plot in Fig. 1. For Eig = 1.0 mJ, the correlation coefficient is shown to be insensitive to the 
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stretch rate. Overall, both [OH][CH2O] and [H][CH2O] exhibit good linear correlation with 

HRR during the ignition and propagation of the SEF.   

 

Figure 5. Change of the correlation coefficient with stretch rate during the ignition and 

propagation of SEF in a stoichiometric CH4/air mixture with Eig = 0.175 and 1.0 mJ. Points A-

F are the same as those marked in Fig. 1. 

Besides the stoichiometry case considered above, we also study fuel-lean (i.e. ϕ = 0.7) 

and fuel-rich (i.e. ϕ = 1.3) CH4/air mixtures. The results are shown in Fig. 6. The trends of flame 

propagation speed and correlation coefficients are shown to be similar to those in Figs. 1 and 5. 

Figure 6(b) shows the correlation coefficients vary strongly with stoichiometry and stretch rate. 

Compared to [H][CH2O], [OH][CH2O] has a higher correlation coefficient rate and lower 

sensitivity to the stoichiometry variation. Furthermore, it is observed that the correlation 

coefficient for fuel-rich CH4/air flame is much higher than that for fuel-lean case. Therefore, 

the combined-species markers are suitable for stoichiometric and fuel-rich mixtures, while 

extension of these marker to fuel-lean mixtures should be performed with caution.  
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Figure 6. Change of (a) flame propagation speed and (b) correlation coefficients with stretch 

rate during the ignition and propagation of SEF in CH4/air mixtures with ϕ = 0.7 and 1.3. 

3.2 Positively-stretched SEFs in CH4/H2/air mixtures 

In this subsection, CH4/H2/air mixtures are considered and the effects of H2 enrichment 

on the correlation of HRR with species concentrations are assessed.  

 

Figure 7. Change of the flame propagation speed with stretch rate during the ignition 

and propagation of SEF in a stoichiometric CH4/H2/air mixture with a=0.5 (i.e., CH4:H2=1:1) 

at different ignition energies of Eig = 0.13 and 1 mJ. 

Figure 7 shows the flame propagation process for 50% H2 in the binary fuel blends. 

Compared to Fig. 1 for stoichiometric CH4/air mixture without H2 addition, Fig. 7 shows that 

H2 addition greatly increases the flame propagation speed. Besides, the minimum ignition 

Stretch rate, K (s-1)

Fl
am

e
pr

op
ag

at
io

n
sp

ee
d,

S b
(c

m
/s

)

0 500 1000 1500 2000
0

50

100

150

CH4/air mixture
=1.3

Eig=0.9 mJ

CH4/air mixture
=0.7

Eig=0.185 mJ

(a)

Stretch rate, K (s-1)

C
or

re
la

tio
n

co
ef

fic
ie

nt
,

0 200 400 600 800 1000

0.92

0.96

1

1.04
(Q,[OH][CH2O])

(Q,[H][CH2O])

CH4/air mixture
=0.7

Eig=0.185 mJ

CH4/air mixture
=1.3

Eig=0.9 mJ

(b)

Stretch rate, K (s-1)

Fl
am

e
pr

op
ag

at
io

n
sp

ee
d,

S b
(c

m
/s

)

0 4000 8000 12000

200

300

400

500
CH4/H2/air mixture

=1.0

Eig=0.13 mJ

Eig=1 mJA

B

C

D

E
F



 15

energy is reduced from 0.175 mJ (see Fig. 1) to 0.13 mJ due to H2 addition. Nevertheless, similar 

to Fig. 1, the trends for Sb-K curves are not affected by H2 addition; three and two regimes are 

also observed respectively for relatively low and high ignition energies.  

   

   

Figure 8. Normalized HRR and radical mole concentration profiles for cases A-F, which 

correspond to points A-F marked in Fig. 7. 

Figure 8 plots the profiles of HRR, [OH][CH2O] and [H][CH2O] for points A-F marked 
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ignition-influenced phase (see cases B-F in Fig. 8) for CH4/H2/air. This is because the H2 
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different ignition energies are shown in Figs. 9 and 10. During the ignition-influenced phase 

(i.e. regimes BC and CD in Fig. 9 and EF in Fig. 10), [OH][CH2O] shows a poor linear 

correlation with the scatters far away from the diagonal. This is consistent with results in Fig. 

8, where the peak of normalized [OH][CH2O] is much lower than that of the normalized HRR. 

When the ignition kernel evolves into a self-sustaining flame (i.e. regime AB in Fig. 9 and 

regime AE in Fig. 10), the scatters lie very close to the diagonal. Compared to [OH][CH2O], 

[H][CH2O] shows a much better proportionality throughout the whole ignition and flame 

propagation processes. Nevertheless, in the normal flame propagation regime unaffected by 

ignition, [OH][CH2O] is still a good HRR marker. 

   

Figure 9. Scatter plots of normalized HRR with normalized [OH][CH2O] and [H][CH2O] for 

three regimes, AB, BC and CD, shown in Fig. 7 for Eig = 0.13 mJ.

    

Figure 10. Scatter plots of normalized HRR against normalized [OH][CH2O] and 
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[H][CH2O] combinations for two regimes, AE and EF, shown in Fig. 7 for Eig = 1.0 mJ. 

To quantify the performance of the HRR markers at different stretch rates and ignition 

energies, we plot the correlation coefficient as a function of stretch rate for two ignition energies 

in Fig. 11. At a low ignition energy of Eig = 0.13 mJ, the change of correlation coefficient follows 

the same trend as the Sb-K plot shown in Fig. 7 and exhibits three distinct regimes. It is noticed 

that although [OH][CH2O] cannot quantitatively predict the HRR magnitude, it always shows 

a better quality in spatial reconstruction than [H][CH2O].  

 

Figure 11. Change of the correlation coefficient with stretch rate during the ignition 

and propagation of SEF in a stoichiometric CH4/H2/air mixture with a=0.5 (i.e., CH4:H2=1:1) 

and with Eig = 0.13 and 1.0 mJ. 

Finally, the effect of H2 addition on the spatial correlation of HRR with species molar 

concentrations is systematically analyzed for unstretched, adiabatic, planar flame in 

stoichiometric CH4/H2/air flames with different amounts of H2 addition. The correlation 

coefficients are shown in Fig. 12. For a=0~0.7, H2 addition is shown to be have little effect on 

the correlation coefficients. This indicates that the conventional HRR markers, [OH][CH2O] 

and [H][CH2O], can still be used for CH4/H2/air flames with H2 blending ratio up to 70%. 

However, the correlation coefficients decrease quickly for a>0.7. This is reasonable since 
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hydrogen chemistry dominates the HRR when the binary fuel mainly consists of hydrogen. 

Note that in Fig. 12, the correlation coefficient is plotted against the volume fraction of 

hydrogen in the methane/hydrogen binary fuel blends. If the mass fraction is used instead, the 

curves and their trends will change substantially.   

 

Figure 12. Change of the correlation coefficient with the amount H2 addition in a 

stoichiometric unstretched planar CH4/H2/air flame. Here a is the volume fraction of H2 in the 

CH4/H2 binary fuel blends. 
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indicated by Fig. 7, the combustion around the flame tip is enhanced by the negative stretch 

rate, and it has the highest HRR as shown by Fig. 13(b). Similar results are obtained for CH4/air 

mixtures without H2 addition but not presented here.  

  

Figure 13. The results for 2D steady cylindrical Bunsen-type flame in a stoichiometric 

CH4/H2/air mixture with a=0.5 (i.e., CH4:H2=1:1): (a) temperature distribution, (b) HRR 

distribution, and (c) the flame stretch rate distribution around the flame tip. 

  

Figure 14. Scatter plots of normalized HRR against normalized [OH][CH2O] and 

[H][CH2O] for Bunsen flames in stoichiometric CH4/air and CH4/H2/air (a=0.5) mixtures.  
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Figure 17. Change of the correlation coefficient with stretch rate for Bunsen flames in 

stoichiometric CH4/air and CH4/H2/air (a=0.5) mixtures. 

Then we examine the correlation between HRR and species concentrations for Bunsen 

flame with negative stretch rate. CH4/air mixtures without and with H2 addition are both 

considered. Figure 14 shows the scatter plots of normalized HRR against normalized 
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of stretch rate does not obviously affect the correlations between HRR and two markers, 

[OH][CH2O] and [H][CH2O].  

 

4. Conclusions  

One- and two-dimensional simulations considering detailed chemistry and transport are 

conducted to assess the performance of two heat release rate markers, [H][CH2O] and 

[OH][CH2O], for premixed CH4/air flames without and with H2 addition. Both positively-

stretched SEF and negatively-stretched Bunsen flame are considered. It is found that both HRR 

markers can qualitatively describe the spatial distribution of HRR at different stretch conditions. 

Compared to [H][CH2O], [OH][CH2O] exhibits a slightly better behavior and it has a higher 

correlation coefficient and lower sensitivity to the equivalence ratio. During the ignition-

influenced phase of SEF, the normalized molar concentrations are lower than their 

corresponding normalized HRR values. This indicates that the magnitude of HRR may not be 

accurately predicted by the absolute values of species molar concentrations. With hydrogen 

addition, the spatial performance of these two markers does not change greatly. The correlation 

coefficients of these two markers are insensitive to the hydrogen addition when its volume 

fraction in methane/hydrogen binary fuel blends is below 70%. The present results demonstrate 

that the conventional HRR markers, [OH][CH2O] and [H][CH2O], can still be used to quantify 

the shape of HRR profiles even for highly-stretched premixed flames with small amount of 

hydrogen addition. Nevertheless, the magnitude of HRR cannot be accurately correlated by 

these two HRR markers for highly-stretched ignition kernel and hydrogen-dominated binary 

fuel blends. 

In this work, we consider the binary fuel blends of methane/hydrogen. In future works, 

it would be interesting to consider ammonia blended by methane, which has received great 

attention recently.53 
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