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Abstract

Experimental studies on the laminar burning velocity (LBV) and the flame propagation speed close to the wall
of premixed methane-air flames at a pressure of 1 bar and ambient temperature, for poor and rich mixtures, have
been conducted and analyzed. The methane-air mixture LBV and flame propagation speed are studied in a constant
volume combustion chamber with acrylic windows using the shadowgraph technique and a high-speed camera. The
recorded images are analyzed using a Matlab script and both the system and the Matlab code have been validated
against literature data. The results are in quite good agreement with available literature for LBV that shows its
decreasing with pressure increase. For the flame propagation speed little literature has been found for validation but
using a different set-up. The results show that the flame propagation speed decreases almost linearly except close to
the wall where some oscillations are present, due to a combination of multiple phenomena such as compression and
heating of the unburned mixture, a combination of radiative heat loss to the wall, flame curvature and flame stretch.
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1. Introduction

The laminar burning velocity (LBV) is one of the most important parameters of a combustible mixture. It is a
physicochemical property of the air-fuel gas mixture, and is defined as the speed at which a steady planar flame front
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propagates in a premixed, quiescent mixture in front of the flame in a direction normal to the plane [1, 2]. The LBV
is a unique value of flame speed for a gas of a fixed composition, initial temperature and pressure, without further
specification of hydrodynamic conditions, such as stretch rate, Reynolds number, etc [3, 4]. On a practical level, the
LBV affects the fuel burning rate in internal combustion engines (ICEs) and the engine’s performance and
emissions. On a fundamental level, the burning velocity is an important target for kinetic mechanism development
and validation. Accurate determination of laminar burning velocity is extremely important for the development and
validation of kinetic mechanisms for gasoline, diesel surrogate fuels and alternative fuels [5].

Knowledge of flame propagation close to a wall and flame —wall interactions are of increasing importance as
those concepts are related to relevant engineering applications such as possible misfiring in ICEs, optimization of
combustion, and reduction of unburned hydrocarbons in the combustion products [6]. Most of the experimental
studies on the flame —wall interaction have been done on thin channels [6, 7] or over rotating vessels [8, 9].

In the present article, we present the results of a laminar burning velocity study and flame propagation speed
close to the wall in a cylindrical constant volume combustion chamber (CVCC). Methane-air premixed flames at
ambient temperature and initial pressure of 1 bar and equivalence ratios between 0.58 and 1.43 are taken into
account. The laminar burning velocity is compared with values present in the literature while the flame propagation
speed data close to the wall are presented as new data because no results have been found in the literature for such a
configuration. However, the image processing allows the determination of the flame radius up to a minimum
distance from the wall of approximately 2.5 mm.

2. Experimental Set-up

The experiments are performed in a cylindrical CVCC with three acrylic windows for optical access. The
chamber is made of 304 stainless still and its internal diameter and length are 150 mm (that allow the visualization)
and 170 mm, respectively. Figure 1 shows the most relevant measures in a 3D vision of the CVCC with the chamber
core and the flanges to fix the optical windows.

Fig. 1. 3D view of the CVCC with measures.

A k-type thermocouple is used to measure the initial temperature in the chamber, while a Kistler 701A
piezoelectric pressure transducer, with a Kistler 5018A charge amplifier is used to record the pressure evolution
inside the chamber. A couple of automotive spark plugs, modified with extended tungsten electrodes, are used to get
the ignition at the center of the CVCC. The mixtures are made of certified 99.5 % purity methane and compressed
air. The mixtures are prepared in an auxiliary cylinder of 20 liters by using the partial pressure technique and a gas
chromatography is used to check the composition. Therefore, the CVCC is filled with the mixture at the desired
pressure and after five minutes of rest is ignited. An absolute pressure transducer with the measuring range between
0-12 bar is installed in the filling line allowing to use the partial pressure technique. A safety valve is installed along
the filling line close to the CVCC and it is set to open at 39 bar, which is the pressure safety limit of the optical
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windows. A vacuum pump with a nominal vacuum of 10 mbar is responsible for the vacuum in the CVCC and the
filling line.

The shadowgraph technique is used to record the flame evolution images from which the LBV and the flame
propagation speed close to the wall are determined by using an image processing program. Figure 2 shows a sketch
of the shadowgraph arrangement used in this experiment. The shadowgraph technique allows the visualization of the
second derivative of density variation in the test section. A PCO Dimax S1 high-speed camera allows to record up to
4000 fps at full resolution (1008x1008 pixels).

A self-written LabVIEW program controls the trigger and the experiments acquisition data by using a National
Instruments USB 6259 board. The program controls the high-speed camera, the piezoelectric pressure transducer, the
ignition system and the thermocouple. The program allows controlling the trigger signal for the spark ignition
module and the recording of data from the other equipment. The flame images of the high-speed camera are
processed by using a program written in Matlab, based on the work of Buffel and Bauwens [2], released for free
utilization. However, some modifications have been done due to the different CVCC configuration.
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Spherical
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Fig. 2. Sketch of the shadowgraph technique.
3. Equations

The LBV is determined using the optical technique. In this technique, the hypothesis of no influence from natural
convection on a propagating spherical flame is assumed. It means that, the unburned gas is isotropic and maintains
its initial temperature, the burned gases do not diffuse and the pressure equalizes inside the reactor. The outwardly
flame propagation is recorded using the shadowgraph technique and a high-speed camera. These images are used to
determine the flame propagation speed, Sy, according to eq. (1), 1y, is the flame radius determined from the images:

_dn

So =

M

In real applications, it is impossible to generate adiabatic, planar, one-dimensional flames so that the flame front
is always subjected to stretch effects. The flame response to stretch has been studied by many researchers [10, 11],
by considering the Markstein length of the burned gases, Ly, which expresses the dependence of flame velocity on
stretch [12]:

Sg_Sb:LbK (2)

Where S, is the unstretched flame propagation speed of the burned mixture and S, is given by equation (1). The
stretch rate « is defined in each point of the flame surface as [13]:
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A is the flame front surface. For a spherical flame, the stretch rate is given by the equation (4):
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The spherical flame is a positively stretched flame due to its surface increase with time. In this method S’ is
determined by linear extrapolation from the S, — « graph, for k = 0. The Markstein length, Ly, is determined from
equation (2). The unstretched laminar burning velocity, S.”, is determined to apply the continuity law to a planar
unstretched flame, p, and p, are the burned and unburned gas densities, respectively.
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4. Analysis and Results

In this section the experimental results will be presented and analyzed. The LBV results and the flame
propagation speed close to the wall are presented in separate subsections.

4.1. Laminar burning velocity

The results for LBV are obtained for the initial pressure of 1 to 2 bars inside the CVCC. There is a large literature
on LBV of methane-air mixtures at atmospheric pressure. Figure 3 shows a comparison of the LBV determined in
this work, as the mean of three experiments data with the most relevant literature, showing a quite good agreement.
The horizontal error bar refers to the uncertainty in the mixture composition due to the partial pressure method
considering preparing 2.5 bars of CH,/air mixture in the auxiliary cylinder for each equivalence ratio. The vertical
error bar refers to the overall statistical uncertainty in S,” calculation, which is within 11 % for this system. The
combined uncertainty on initial temperature, pressure and composition is within = 6 % close to stoichiometry, and
within + 9 % close to flammability limits. The combined confinement and radiation effect is within 3.6 % for 0.7 < ¢
< 1.3 and within 6.5 % for equivalence ratio close to flammability limits, whereas uncertainties due to linear stretch
behavior is within 2 %. The combined confinement and radiation effect always brings to a reduction in S,°
determination whereas linear stretch behavior always introduces an overestimation of S,”. The overall statistical
uncertainty in S,” is obtained considering all the individual groups of uncertainties.

Figure 4 presents a comparison between experimentally determined LBV at initial pressures of 1 and 2 bars
respectively. As expected, the LBV decreases with increasing of the initial pressure.

4.2. Flame propagation speed close to the wall

The flame propagation speed close to the wall has been determined up to a distance of approximately 2.5 mm
from the wall due to the limitation of the image processing. The flame propagation speed is given as a function of
the flame radius in the following figures. Figure 5 shows S, versus flame radius for three experiments at an
equivalence ratio of 1.07 and 1.43, respectively, showing quite a good repeatability.

Figure 6 shows the flame propagation speed behavior for different equivalence ratio mixtures, from ¢= 0.77 to
¢= 1.43 plotting the results of the first experiment for each mixture. For equivalence ratio of the mixture close to
stoichiometry the flame propagation speed is the highest when considering a region distant from the wall. Moreover,
while getting closer to the wall the behavior of the flames is similar, decreasing almost linearly up to a radius of
approximately 62 mm.
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Fig. 3. Comparison of LBV values from literature with present work results, in red hexagons, for methane — air mixtures at initial pressure of 1

bar and ambient temperature, 25° C.
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Fig. 4. LBV of methane - air mixtures at an initial pressure of 1 and 2 bars and ambient temperature, 25° C.

Figure 6 shows the flame propagation speed behavior for different equivalence ratio mixtures, from ¢ = 0.77 to
¢ = 1.43 plotting the results of the first experiment for each mixture. For equivalence ratio of the mixture close to
stoichiometry the flame propagation speed is the highest when considering a region distant from the wall. Moreover,
while getting closer to the wall the behavior of the flames is similar, decreasing almost linearly up to a radius of
approximately 62 mm.

However, as clearly shown in Figure 7, which presents a zoom closer to the wall region, when getting closer to
the wall, the flame propagation speed, instead of decreasing exponentially to zero as expected from the simulation
presented in Figure 8, presents oscillations.
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Fig. 5. Flame propagation speed behavior for CH-air mixtures at ambient temperature and P = 1 bar, for ¢ = 1.07 and ¢ = 1.43.

Multiple phenomena should be taken into account when analyzing the flame propagation speed close to the wall.
The unburned mixture is compressed and heated, thus changing the mixture reaction rate. In addition, a combination
of flame/wall interaction, radiative heat loss to the wall, flame curvature and flame stretch should be considered
[21]. The oscillations in the flame propagation speed of Figures 6 and 7, that start at approximately 10 mm from the
cylinder wall, results from the combination of the phenomena mentioned before. The impact of low-temperature
combustion for lean mixtures on wall heat flux induced by temperature differences between the preheated
temperature of the fuel mixture and the wall has found to be insignificant by Yenerdag et al. [22].

An additional phenomenon that occurs when the pressure of the residual mixture increases is the cellular flame.
This phenomenon leads to the break of the flame surface in large cells which increase the flame surface and increase
the flame propagation speed. The combination of different instability mechanisms is responsible for the appearance
of cellular flames in premixed flames. The most important are hydrodynamic, based on the Darrieus and Landau
theory, and the diffusional-thermal mechanisms [23].
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Fig. 6. Flame propagation speed behavior for CHy-air mixtures at Fig. 7. Zoom in the region close to the wall
ambient temperature and P = 1 bar.
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Fig. 8. Time evolution of normalized flame / wall distance y/d and flame propagation speed for a stoichiometric premixed flame. In this figure
y is the distance from the wall and d is the flame thickness. Adapted from Lataillade et al. [24].

The image processing, used for flame propagation speed calculation, may give less accurate results when applied
to cellular flames because the flame surface becomes corrugated but the technique still determines an ideal spherical
flame for determining the flame radius.

Figures 9a and 9b show two images of the flame surface taken with the high-speed camera. In the first image the
flame surface is stable while in the second the flame surface is starting to be affected by cellularity.

Fig. 9 a) Stable flame surface. b) Cellular flame.

5. Conclusions

In this study, the experimentally determined laminar burning velocity and flame propagation speed close to the
wall of laminar premixed methane-air flames have been presented. Mixtures with equivalence ratio from 0.58 to
1.43 at ambient temperature and initial pressure of 1 bar have been analyzed. The most relevant conclusions are the
following: The laminar burning velocity is in quite good agreement with the literature, which validates the
experimental set-up and the sequence of data processing. The laminar burning velocity decreases when increasing
the initial pressure. The flame propagation speed decreases almost linearly to zero except close to the wall were
some oscillations are present due to the combination of multiple phenomena, i.e., compression and heating of the
unburned mixture, a combination of radiative heat loss to the wall, flame curvature and flame stretch.
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Suggestion for future works is to study mixtures with higher initial pressure in order to verify the influence of
cellular flame on flame propagation speed close to the wall. Moreover, the heat transfer to the wall should be
quantified in order to relate the flame propagation speed with the flame heat transfer.
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