
 

XXXIX Meeting of the Italian Section of the Combustion Institute 

VI4.1 

 

EXPERIMENTAL CHARACTERIZATION AND 

MODELING OF A NON-PREMIXED 

METHANE/AIR FLAME 
 

L. Merotto*, M. Sirignano**, M. Commodo***, A. D’Anna**, R. 

Dondè*, and S. De Iuliis* 
merotto@icmate.cnr.it, merotto.laura@gmail.com 

 

* Istituto di Chimica della Materia Condensata e di Tecnologie per l’Energia  

CNR-ICMATE, Milano, Italy 

** Dipartimento di Ingegneria Chimica, dei Materiali e della Produzione Industriale, 

Università degli Studi di Napoli Federico II, Napoli, Italy 

*** Istituto di Ricerche sulla Combustione, CNR-IRC, Napoli, Italy 

 

Abstract 

Non premixed combustion is the most common combustion mode in practical 

systems because of its wide operating range, safety and stability. In this work a 

simple laminar non premixed methane/air flame has been experimentally 

characterized with different diagnostics: thermocouples, chemiluminescence, laser 

induced  breakdown spectroscopy (LIBS). The experimental data obtained were 

compared to the results of a detailed chemical kinetic  model. These results are 

discussed in the manuscript. 

 

Introduction 

The energy efficiency monitoring and the related environmental impact are of 

major importance in conventional as well as in innovative combustion systems. 

The local equivalence ratio ф is a significant parameter in order to identify reactor 

configurations which promote mixing and complete energy conversion. 

Chemiluminescence emission of radicals such as OH*, CH* and C2* occurs mainly 

in the reaction zone, therefore chemiluminescence can be indicative of the reacting 

conditions in the flame [1-2]. 

From the LIBS emission spectral analysis, information about the elemental 

composition of the sample can be derived. The ratio of two characteristic spectral 

lines of fuel and oxidizer (H/O and C/O) is related to the equivalence ratio [3-4].  

Very few works are reported in literature on the comparison and/ or coupling of the 

two techniques with the aim to investigate the applicability for ф evaluation. Only 

few works report the use of LIBS for diffusion flames [5].  

In this work chemiluminescence and LIBS measurements have been carried out in 

methane/air premixed flame and calibration curves of the data as a function of 

equivalence ratio are derived. These results have been then applied to a diffusion 

flame. Experimental data are compared to the results of detailed kinetic modelling 

of the flame. 
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Experimental  

The experimental apparatus implemented in this work for chemiluminescence and 

LIBS measurements is shown in Figure 1. OH*, CH* and C2* radical 

chemiluminescence emission intensities have been collected at the flame front. A 

section of the flame front has been imaged with a magnification of 3 on a 1 mm 

pinhole by using an achromatic lens (f=100 mm). The radiation emitted from the 

flame is imaged onto an optical fibre by using an achromatic lens (f=100 mm) with 

1:1 magnification. The fibre is connected to a spectrograph (ANDOR Technology 

Shamrock 303i) coupled with an ICCD camera (iStar 334T). The spectra have been 

collected by using a 150 grooves/mm grating (0.28 nm resolution) in the spectral 

range of 200 nm – 600 nm.  

For LIBS measurements, a pulsed Nd:YAG laser (Quanta System, 7 ns FWHM) at 

the fundamental wavelength (1064 nm), with 1 Hz repetition rate and 220 mJ pulse 

energy was used to produce the plasma by focusing the beam with a 80-mm focal 

length lens. Each LIBS spectrum results from averaging 100 acquisitions in order 

to increase the signal to noise ratio. 

 
Figure 1. Chemiluminescence and LIBS measurements setup. 

 

For calibration purposes, a methane/air premixed flame has been analysed, varying 

ф and keeping constant the total mass flow rate (5.3x10
-5

 kg/s). Measurements have 

been then carried out on a methane diffusion flame with a 5.9x10
-6

 kg/s methane 

mass flow rate, producing a 28 mm total height flame. The diffusion burner 

consists of two concentric brass tubes (10 mm I.D., 100 mm O.D.). Stabilization of 

the diffusion flame was achieved by flowing 1.4x10
-3

 kg/s air in the external tube 

of the co-flow burner. Methane and air flow rates are controlled with regulated 

mass flow meters (Bronkhorst, AK Ruurlo, The Netherlands). 

 

Chemical kinetic modeling 

Hydrocarbon oxidation and pyrolysis are described by a detailed kinetic 

mechanism able to model several premixed and diffusion flames at atmospheric 

pressure. The model is also able to follow the molecular growth and the formation 

of aromatic compounds towards soot [6-8]. 
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Gas-phase transport equations (continuity, axial momentum, radial momentum, 

species’ mass fractions and enthalpy) are solved for steady-state axisymmetric 

conditions. Radiation is modeled as broadband without scattering and the 

absorption coefficient was set by matching the predicted with the experimental 

peak temperature. Diffusivities are taken from Chemkin [9]; they are binary 

coefficients in nitrogen; the viscosity and thermal conductivity of the mixture are 

likewise those for nitrogen. 

The transport equations are solved by a finite volume numerical method using a 

first order advective scheme [10]. The computational domain was 10 cm axial by 

10-cm diameter, which is sufficiently large for the downstream exit and the radial 

outer boundary not to influence the flame field. An embedded grid is used in the 

base grid to obtain cell sizes of 0.2-mm axial and 0.1-mm radial in regions of high 

gradients, typically near the burner. The base grid cells are of variable size, 

typically 0.5-mm axial and 0.3-mm radial near the burner. The effect of grid 

fineness is tested by halving the cell size in the axial and radial directions. The 

computations show no difference in centerline temperatures. 

 

Results Discussion 

Temperature measurements 

The temperature measurements in the flame were performed using a Pt/Pt-Rh(10%) 

100 m thermocouple. In order to fix the problem of the soot depositing on the 

thermocouple joint, resulting in significant radiant losses and flame temperature 

underestimation, a rapid insertion procedure is performed [11].  

 
Figure 2. Measured and modelled flame temperature.  

 

In Fig. 2 the measured temperatures in the 28 mm methane flame are reported vs. 

the height above the burner (HAB) and are compared to the modelled results. A 

maximum temperature of about 1900 K is obtained at approximately 25 mm HAB. 

The comparison between experimental and modelled results shows a good 

agreement. 

 

Measurements in the Premixed Flame. LIBS Calibration 

In this work H (=656 nm) and O (=777 nm) are taken into account as 

representative of fuel and oxidizer, respectively. Each LIBS spectrum results from 
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the average over 100 acquisitions and have been collected with a 1 µs delay time 

with respect to the laser pulse and a 1 µs detection gate width. These conditions 

allow increasing LIBS signal detection again the continuum plasma emission. The 

LIBS signal has been evaluated by measuring the integral of the peak (H and O 

lines) and subtracting the related background. The uncertainty of the LIBS signal is 

about 3% in the worst case, resulting in an uncertainty in the H/O ratio of about 

3%. If H/O LIBS intensities ratio are reported as a function of equivalence ratio, a 

linear trend is obtained with a determination coefficient of R
2
=0.998.  

 

Methane Non-Premixed Flame  

LIBS and chemiluminescence measurements were performed in the methane 

diffusion flame at 2.5, 5 and 10 mm height above the burner. 

Radial profiles of chemiluminescence signals were obtained with a spatial 

resolution of 250 µm in the flame. Local CH* chemiluminescence signals are 

plotted versus the distance from the flame axis in Fig. 3. Similar results have been 

obtained for OH* and C2* chemiluminescence, not reported here. 

 
Figure 3. CH* intensities (local values) 

at different HABs. 

 

Chemiluminescence signal is almost zero in the inner part of the flame and exhibits 

a peak, a few millimeters wide, in an external annular region. Moving upward in 

the flame, the peak becomes lower and shifter towards the flame axis.  

   
Figure 4. Experimental and modelled CH* values at HAB = 2.5 mm (left), 5 mm 

(center) and 10 mm (right). 
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In Figure 4, the measured CH* intensities are compared to the modelled CH* mole 

fractions, for the three heights (HABs) investigated. A good agreement between 

experimental and numerical results is obtained in all cases. 

LIBS measurements have been performed radially across the flame at the same 

heights above the burner investigated for chemiluminescence. The resulting H/O 

LIBS intensities ratio is shown versus distance from the flame axis in Fig. 5, at the 

three HABs investigated. It can be seen that at each HAB, H/O ratio increases 

moving from the external to the inner part of the flame.  

  
Figure 5. H/O ratio vs. distance from 

burner center, for the three HABs 

investigated. 

Figure 6. Axial profile of the 

equivalence ratio from LIBS. 

 

In order to derive the local ф in the different positions investigated in the diffusion 

flame, the calibration curve obtained from the premixed flame as described above 

was used. The resulting uncertainty on ф is about 3%. LIBS measurements have 

been carried out along the flame axis. The local ф, evaluated from H/O LIBS 

calibration, versus the height above the burner is reported in Fig. 6, together with 

the corresponding modelled results. The local ф on the flame axis significantly 

decreases with the height above the burner, reaching a stoichiometric value close to 

the flame tip. Experimental and numerical results are in good agreement. In order 

to compare LIBS and chemiluminescence results, the ф obtained from LIBS 

measurements versus radial position in the flame are reported in Fig. 7, together 

with the CH* chemiluminescence signal for the three HABs tested. For each radial 

profile, the maximum CH* chemiluminescence signal occurs in the flame position 

in which the local ф approximately equals one.  

   
Figure 7. Local  calculated for non-premixed flame and CH* signal vs. distance 

from the burner center. HAB = 2.5 mm (left), 5 mm (center) and 10 mm (right). 
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It can be concluded that both the chemiluminescence and the LIBS measurements 

allow flame front localization, thus giving significant information about the local 

ф. It is worth noticing that while the chemiluminescence measurements can give 

information in the zone close to the flame front position, LIBS measurements allow 

obtaining the local equivalence ratio even in the zones where no reaction occurs. 

These results confirm that H/O LIBS signals ratio can account for local 

equivalence ratio distribution also in a diffusion flame. 

 

Conclusions 

Chemiluminescence and LIBS measurements have been carried out in methane/air 

premixed and diffusion flames. In a non-premixed flame, the value of fuel to air 

ratio (F/O) obtained from LIBS measurements using the calibration performed in 

the premixed flame is close to stoichiometric conditions at the radial location 

where OH*, CH* and C2* intensity peaks are positioned.  

Unlike chemiluminescence measurements, LIBS measurements can be performed 

in every location in the flame. This is very promising for the local equivalence ratio 

evaluation and generally for the investigation of the mixing processes. 

The flame modelling results are in good agreement with the experimental data, thus 

confirming that the applied model can be used to predict the flame behavior. 
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