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Abstract 

The results of two-dimensional Reynolds-Averaged Navier-Stokes (RANS) 

numerical simulation of the Adelaide Jet in Hot Coflow (JHC) configuration 

involving Moderate or Intense Low oxygen Dilution (MILD) combustion are 

analyzed to investigate the correlation between Heat Release Rate (HRR) and spatial 

species distribution, with a fuel mixture of CH4 and H2. Correlations show a good 

agreement for O, OH, OH* concentrations at high HRR values. 

 

Introduction 

Numerous studies [1,2] on conventional combustion focus on visualization 

techniques of the reaction zone such as Planar Laser-Induced Fluorescence (PLIF) 

technologies or chemiluminescence imaging. PLIF measurements of OH and CH2O 

were conducted also for MILD combustion [3,4] in past studies [5,6]. However, few 

investigations focused on the applicability of these chemical markers to capture the 

HRR region [7] in such a combustion regime. 

Minamoto et al. [7] evaluated the PLIF signals of the markers OH, CH2O and CHO 

by means Direct Numerical Simulations (DNS) of turbulent MILD combustion fed 

with methane (cases A and B in [7]). They found that LIF signals of OH and CH2O 

well correlate with HRR in the MILD combustion of CH4, although lower 

correlations were observed for low heat release regions. Another result of this study 

suggests also that MILD combustion is not a fully homogenous reactive mixture, but 

instead presents some thin reaction zones that macroscopically give the impression 

of a distributed reaction zone. These results are consistent with the ones reported in 

[6,8]. 

Sidey et al. [6] experimentally investigated methane jet flame autoigniting in a 

turbulent cross-flow, at MILD combustion conditions. Differences between OH* 

mean images and OH-PLIF mean images were observed, demonstrating the presence 

of OH radical in areas without OH*. The authors considered this feature as a possible 

mismatch between presence of OH and heat release region. 
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Nikolaou et al. [9] re-examined the validity of the rate of the reaction 

OH+CH2OHCO+H2O as a flame marker for both traditional and diluted 

methane-air combustion. Results suggest that the rate of the reaction 

H+CH2OHCO+H2 may be a more reliable HRR marker for the diluted case. It 

was also shown that the correlation between HRR and reactions rates of different 

reactions depends both on the equivalence ratio and the HRR intensity itself. Hence, 

the optimal flame marker can change according to them. 

The local heat release rate is given by: 

 

𝐻𝑅𝑅 = ∑ �̇�𝛼

𝑁

𝛼

ℎ𝑓,𝛼
0  (1) 

where N is the number of species involved in the oxidation of the fuel species, ℎ𝑓,𝛼
0  

is the standard enthalpy of formation for species 𝛼, and �̇�𝛼 is its reactions rate [9]. 

The choice of different scalars as HRR markers, such as different species 

concentrations, is fuel mixture specific. Therefore, an analysis to indicate which may 

be the best markers should be carried out for various possible conditions of non-

conventional combustion regimes. As reported in [7], very few studies investigated 

the applicability of HRR markers for methane MILD combustion, and even less for 

MILD combustion with different fuel mixtures. 

In the present work, the applicability of different chemical species as HRR markers 

is investigated for the Adelaide Jet in Hot Co-flow (JHC), fed with a mixture of 

methane and hydrogen [10]. To this goal, the correlations between HRR and species 

distributions at increasing axial locations from the burner are estimated. 

 

Validation data set and modelling 

The JHC is a nonconfined flame in air, fed through a central circular nozzle (ID=4.25 

mm) using a mixture of CH4 and H2 (50/50 by vol.) at a temperature of 305K and 

velocity of 58.74 m/s. The jet issues into a hot and diluted co-flow, made up of CO2, 

H2O, O2 and N2, with a temperature of T = 1300 K and velocity of 3.2 m/s. A wind 

tunnel feeds room temperature air at 3.3 m/s. More details on the JHC burner can be 

found in [10-12]. 

RANS numerical simulations were carried out using the ANSYS FLUENT 18.0 

CFD commercial code. A two-dimensional, steady-state simulation was carried out, 

considering the system symmetry. The computational domain is 1.4 m in the axial 

direction and 0.21 m in the radial direction from the symmetry axis. The mesh is 

structured and non-uniform with about 55,000 cells. Two additional meshes, one 

coarser and one finer, were considered to evaluate the Grid Convergence Index 

(GCI), which gives a measure of deviation from the asymptotic numerical value [13]. 

A GCI value less than 3% was obtained for temperature and major species, using the 

GRI-2.11 chemical mechanism [14] and the Partially Stirred Reactor model [15]. 

Velocity-inlet boundary conditions are specified at the inlets, while pressure-outlet 

conditions are applied at the boundaries assuming ambient air back-flow conditions. 

The inlet turbulence levels were set according to Aminian et al [16]. Two different 
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O2 concentrations in the co-flow, 3% and 9% (by wt.) were tested. The former, 3%, 

corresponds to MILD conditions, for which operative definition was discussed by 

both Cavaliere and de Joannon [4] and Dally et al. [10]. Turbulence, combustion and 

radiation are modeled with the modified k-ε model (the Cε1 constant is increased 

from 1.44 to 1.6), the PaSR turbulent combustion model, and the discrete ordinate 

(DO) method together with Weighted-Sum-of-Gray-Gases (WSGG) model. 

To consider the influence of kinetics on species distribution, four different 

mechanisms were used after modifying them by adding the species OH*. The four 

base mechanisms are: KEE-58 [17], GRI-2.11 [14], a reduced kinetic mechanism 

(34 species, 255 reactions) derived for the conditions of interest from the POLIMI-

1407 [18], using the procedure described in [19], and a modification of this last, 

indicated as POLIMI-M [20], optimized for MILD conditions. 

The electronically excited species OH(A2Σ+) sub mechanism was added of the four 

above schemes. The OH* sub-mechanism consists of twelve reactions: eleven taken 

from Doan et al. [21] (reactions 47, 49-58 in table A4 of [21]) and one from 

Panoutsos et al. [22] (reaction 1 of Mechanism 7 in [22]). The resulting sub-

mechanism utilizes reactions rate constants from Carl et al. [23], Kathrotia et al. [24] 

and collisional quenching data from Tamura et al. [25]. 

 

Results 

Molar concentrations (Xi) and HRR values were sampled at several radial locations, 

to study the correlation between HRR and spatial species distribution, as reported in 

Table 2. Each sample is averaged along a 50mm radius, starting from the symmetry 

axis, and the species and HRR statistics are used to compute the metric shown in 

Figure 2. 

Equation (2) [7], computes an error measure, Z(Xi), that gives an idea on how well 

a normalized species mole fraction reproduces the spatially matched normalized 

HRR: 

 

 

𝑍(𝑋𝑖) = ∑ (
|𝐻𝑅𝑅𝑛|

𝑚𝑎𝑥𝑟(|𝐻𝑅𝑅|)
−

|𝑋𝑖,𝑛|

𝑚𝑎𝑥𝑟(|𝑋𝑖|)
)

2𝑛𝑝

𝑛=1

 (2) 

 

In Equation (2), n indicates the number of sample points to compute average HRR 

and molar fractions, i is the species index, and maxr(|HRR|) and maxr(|Xi|) indicate 

the maximum values of HRR and Xi for the considered sample. The species showing 

the lowest value of Z are the ones that better correlate with HRR, and they can be 

considered optimal markers. The values of Z are shown in Figure 1, while Figure 2 

reports the correlation between selected species and the HRR, at a location of 0.18m 

from the burner. The three top species markers, related numerical values of Z and 

correlations coefficients, are reported in Table 2 for YO2 = 3% case, using the GRI-

2.11 as chemical mechanism. 
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(a) (b)  

(c) (d)  

Figure 1. Eight lowest Z values obtained 0.18m from the burner, using four kinetic 

mechanisms: (a) KEE, (b) GRI2.11, (c) reduced POLIMI, (d) reduced POLIMI-M. 

O2 in the coflow: 3%. 

 

 
       (a)         (b)  

Figure 2. (a) Normalized HRR versus the normalized top three species-markers 

(according to the Z values in Table 2), 0.18m from the burner, for the YO2 = 3% 

case and using the GRI2.11 mechanism; (b) radial profiles of normalized HRR and 

top three species-markers mole fractions 0.18m from the burner. 
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Discussion 

Table 2 shows the top three HRR markers species and the associated values of the 

Pearson correlation coefficients and the metric Z, at different axial locations, for 

YO2=3% and using the GRI 2.11 mechanism. Concentrations of O, OH, OH* show 

very good correlation with HRR between 0.12 m and 0.35 m from the burner, that is 

the region of the flame where a higher HRR is observed. No significant differences 

are visible in this range among the correlations of the three species, with a slightly 

lower matching for OH* at the range edge, where the intensity of the heat of reactions 

decreases. Figure 1 reports the Z values of the first eight top related species for the 

four different chemical mechanisms at location of 0.18m. Apart from the KEE 

mechanism, that shows a good Z metric for the species product OHxCH2O, all the 

other mechanisms confirm the choice of O, OH, OH* markers. In Figure 2(a), a non-

fully linear trend among species and HRR is visible, indicating a low correlation 

between all markers and HRR, for low values of the normalized HRR, for both the 

burnt and unburnt region of the reaction zone, as confirmed by the trends in Fig.2(b). 

Similar difficulties at low heat release values are observed in [7] but only on the 

burnt side. Test cases with an oxygen concentration of 9% in the co-flow give the 

same three species as reliable HRR-markers without significative differences. 

Moving further along the flame, the metric Z increases rapidly, 0.5 m after the 

burner. Correspondingly, very low correlations factors are obtained, until any 

correlation is observed between the species and HRR. 

In summary, for a turbulent MILD flame fed with an equimolar mixture of CH4 and 

H2, the correlation between different species concentration distributions and heat 

release rate (HRR) has been studied to investigate the applicability of different 

visualization techniques of the reaction zone, such as PLIF imaging and 

chemiluminescent imaging. Good agreement between concentration of O, OH, OH* 

and HRR is reported for high HRR levels, while poor or no correlations are found 

for these flame markers at lower HRR. Further investigations should be carried out 

to better understand the relationship with other thermochemical quantities, detect a 

method to reduce the error of prediction of these markers near-zero value of HRR. 

 

 

 

z [m] 0.030 m 0.120 m 0.180 m 0.250 m 0.350 m 0.450 m 

Marker O/H/OH O/OH/OH* O/OH/OH* O/OH/OH* O/OH/OH* O/OH/OH* 

R2  0.92/0.90/

0.90 

0.96/0.95/ 

0.88 

0.97/0.97/ 

0.96 

0.96/0.97/

0.96 

0.90/0.90/

0.84 

0.72/0.68/ 

0.53 

Z 0.84/1.07/

1.25 

0.74/0.83/ 

1.83 

0.78/0.70/

0.71 

1.14/1.05/

1.11 

3.20/3.32/

3.84 

9.45/10.25

/11.52 

 

Table 2. Best HRR-markers and respective correlation factors and minimum Z 

values at different axial location (test case with GRI 2.11, YO2=3% in the co-flow)  
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