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Abstract

The present thesis studies the mechanisms that affect the stability of a laminar conical premixed
methane/air flame. The flame is anchored to a disc with a hole in its center of 6.5 mm diameter
and 0.5 mm thickness. Chemical kinetics and influence of the surrounding atmosphere in the flame
anchoring zone were evaluated by varying the equivalence ratio and the Reynolds number. Thus, the
stability analysis consisted in evaluating the flame stability limits in a normal atmosphere and in a
controlled one, where an inert gas as Nitrogen (N2) or Argon (Ar) was employed. For the description
and quantification of the velocity fields generated by the flame and by the surrounding atmosphere, a
Particle Image Velocimetry (PIV) technique was carried out. In contrast, the analysis of the chemical
effects were analyzed by spectroscopy. The results show that there are repercussions of oxygen in the
flame stability, especially in rich mixtures when compared with the atmosphere of inert gases. The PIV
elucidates not only the flow velocity field with/without flame, but also the convective effects caused
by it. Due to the presence of convective and molecular diffusion effects, the impact on the equivalence
ratio was quantified and a consequent dilution in the flame anchor region was denoted. After evaluating
the macro and microscopes effects in the anchor zone, and also its implications on flame stability, a
new geometric solution was conceived to attenuate or, if possible, inhibit these causes of instability. It
was concluded, using the same analysis techniques, that the new geometry designed allowed a gain of
stability in the order of 1200 %, which implies a power gain of the same magnitude. In addition, poorer
equivalence ratios can be achieved when compared to the initial geometry, going from φ = 0.85 to φ =
0.7.
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1. Introduction

Natural gas is an important energy resource,
whether in the electricity generation sector, the in-
dustrial sector or the transport sector. Regarding
the burning process, the natural gas has a cleaner
burning, when compared to coal, oil and its deriva-
tives as Jaramillo et al. [1] says. The main goal of
these work is intended the impact of the surround-
ing atmosphere and the convection/diffusion effects
on flame stability. Conical premixed methane/air
flames similar with flames of Bunsen burners were
studied.

2. State of the Art

Industries are directing their focus towards multi-
perforated burners, capable of sustaining small in-
dependent flames, achieving high power per unit
area, low pollutant emissions, thus improving burn-
ing efficiency. Flames in multi-perforated burners
produce a low emission of polluting gases according
to Zhao et al. [2], an increase in the range of stabil-

ity in poor mixtures as mentioned by Jatoliya et al.
[3] and, have two distinct modes of operation, the
radioactive mode and the regular mode where it is
possible to visualize the small flames as written by
Ding et al. [4].

2.1. Methane Flame Characterization

A premix flame is sustained from a chemical reac-
tion. This reaction is divided into several zones.
It starts in the preheating zone where the reagents
are heated, then to the reaction zone at the front
of the flame, where the reagents are converted into
combustion products, as mentioned by Rallis et al.
[5].

Nishioka et al. [6] studied the emission and
mechanisms of formation of nitrogen oxides, NOx,
in methane premix flames applied to Bunsen type
burners and concluded that the production of this
species depends on the equivalence ratio, φ, and the
flame temperature. The maximum temperature is
reached for mixing regimes slightly higher than sto-
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ichiometry, where the production of NOx is maxi-
mum.

Mihalcea et al. [7] measured emissions of CO
as a function of the equivalence ratio, in flames of
CH4. The authors concluded that from stoichio-
metric φ and with the enrichment of the mixture,
the emission of the species CO gains more and more
expressive contours.

According to Andrews et al. [8], the flame front
has a finite thickness that varies with the equiva-
lence ratio. In the flame front is represented the
velocity at which the formation and dissociation re-
actions occur.

2.2. Flame Stability Limits
According to Turns et al. [9], the phenomena of
flashback and liftoff, are both dependent on the lo-
cal laminar flame speed, SL, and the local fluid ve-
locity, U , described in the equation 1. In this equa-
tion α denotes the flame front angle.

Usen(α) = SL (1)

Flashback is a transient phenomenon that occurs
when the local flame speed, SL, exceeds the local
velocity of the fluid, U . Nevertheless, the blowoff
limit happens when the fluid velocity exceeds the
flame speed.

2.3. Mechanisms that affect Flame Stability
Kedia et al. [10] studied, using numerical simula-
tion, the conduction of heat from methane premix
flames to Bunsen burners.

Ikeda et al. [11] discovered that there is air en-
trainment from the surrounding atmosphere to the
methane diffusion flame using chemiluminescence
technique.

The effects of preheating the reagents (air and
methane) were evaluated by the author, Dugger
[12].

The impact of the pressure on the burning veloc-
ity was assessed by Linnett [13].

3. Experimental set-up
In the present study, a burner manufactured in alu-
minum with 380 mm of height was used, and its
interior geometry was a divergent-convergent noz-
zle. The mixture between fuel and oxidizer occurs
inside the burner. Also inside, and due to the possi-
ble occurrence of flashback, a quenching mesh was
installed at 65 mm from the burner top, to pre-
vent the flame propagation to the gas cylinder. For
this work the gas used was methane CH4. Figure 1
shows a scheme of the experimental set-up. On top
of the burner two different discs plates were tested.
Both discs have a 0.5 mm thickness and were made
of stainless steel.

In the figure 2 (a), the plate has an inside diame-
ter of 6.5 mm, whereas in Figure 2 (b), the plate has

an inside diameter of 6 mm. In this last configura-
tion the hole of 6 mm is accompanied by a crown
of sixteen circular holes around it, each one with
a diameter of 1 mm. The center of each is 5 mm
from the centre of the hole with a diameter of 6 mm.
The purpose of these two geometric solutions was to
evaluate their impact on flame stability, flashback
and blowoff.

Figure 1: Global experimental set-up.

(a) Single-hole disk. (b) Multi-hole disk.

Figure 2: Disks geometries.

3.1. Experimental methods
The core of this work is the study of a laminar
premix flame. To this end, different types of tech-
niques were used to understand and describe the
phenomenon associated with flame stability.

Visual inspection was the procedure used to
quantify the phenomenon of flashback as well as
blowoff. For blowoff, the method consisted on ex-
tracting the Reynolds number for a given equiva-
lence ratio at which the flame was convected down-
stream. With respect to flashback, the proce-
dure was to exctract the Reynolds number for a
given equivalence ratio at which the flame was con-
vected upstream. The equation 2 and 3 defines
the Reynolds number and equivalence ratio, respec-
tively.

Re =
ρ UD

µ
(2)
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φ =

(
ṁf

ṁair

)
real(

ṁf

ṁair

)
stoic.

(3)

Reynolds number is directly related with the flow
velocity. The control of the flow rate of fuel and air
to the single- hole disc, as shown in Figure 2 (a),
was performed by two flow meters Alicat Scientific
MC-1SLPM-N/5M for methane and MC-5SLPM-E
for dry air. While for multi-hole disk, figure 2 (b),
two flow meters Alicat Scientific MC-5SLPM-N/5M
for methane and MC-50SLPM-L for dry air were
used. In both cases, the flow meters are connected
to the computer by USB and their parameters are
controlled in the software Flow Vision.

3.2. Controlled Atmosphere
For this analysis, the same procedure described in
3.1 was used to quantify the flashback and blowoff
limits under a inert gas atmosphere.

An acrylic glass structure has the following di-
mensions: 100x100x300 mm. This structure was
built to guarantee that only inert gas is present in
the surrounding atmosphere.

A flow rate of a know inert gas was injected
through twelve tube that entered the structure
where the burner is attached, schematically repre-
sented in orange in the scheme of figure 1.

The inert gases used were Nitrogen (N2) and Ar-
gon (Ar). It should be noted that they were not
used simultaneously.

3.3. Particle Image Velocimetry
This technique is used to perform instantaneous ve-
locity field measurements in laminar and/or turbu-
lent flows with and without flame as stated by Mun-
gal et al. [14].

To be more precise, this method consists of a
laser pulse, focused on an area of interest, which
illuminates the particles transported by the fluid in
question. These particles inserted in the flow de-
scribe a trajectory and have specific characteristics.
A high speed camera is, together with the laser,
connected to the synchronizer, responsible for the
synchronism between the laser pulses and the cam-
era image capture times. Each image has a set of
two frames, it is in these that the movement of the
particle must be evident for future post-processing
of the two-dimensional velocity field.

As far as the technical description of the equip-
ment is concerned, the laser is produced and mar-
keted by the company DANTEC Dynamics. The
model is the Dantec Dual Power 65-15 Yag. It has
two laser cavities with a maximum frequency be-
tween pulses of 15 Hz, and is equipped with a wa-
ter cooling system Dantec FLOWHUB 1500. Image
acquisition is carried out by the camera Zyla 5.5 sC-
MOS, equipped with a lens Nikkor of 60 mm. As

far as the synchronizer is concerned, it comes from
the company Berkeley Nucleonics Corp. with the
model 575 Pulse Generator. Finally, the company
DANTEC Dynamics provides the software Dantec
Dynamic Studio 5.1, responsible for the acquisition
and post-processing of the acquired data.

For each disk plate, figure 2 (a) and (b), a calibra-
tion image was taken so that the pixel/millimeter
scale factor could be calculated. This task was per-
formed with the help of a target with millimetric
paper positioned in the center of the hole of the disk
plate, where it was then focused with the camera.

For statistical purposes, and future post-
processing, 200 images were taken from the flow
with the particles. In addition was taken an image
without flame to overlap the future velocity field
generated in post-processing.

The particles are introduced into a small reser-
voir in conjunction with a magnet, and energized
using a magnetic stirrer, which when generating the
field, rotates the magnet, and thus promotes agita-
tion, facilitating its transport. In the present work
the particles used were Aluminium Oxide (Al2O3),
with 3 µm of diameter, from Logitech Calcined Alu-
minium Oxide Powder.

Also a particle injection through the twelve holes
in the burner’s support base was made, in order to
create a particle atmosphere surrounding the flame.
These particles are injected at low speeds and this
is intended to quantify the effects of dragging them
into the flame.

A Average-Correlation method has been selected
to post-process the images, since this method is
used in applications where it is difficult to main-
tain a constant particle density during the acquisi-
tion time, such as low speed entrainment of the sur-
rounding atmosphere. A range validation was then
used to eliminate unwanted vectors. Subsequently,
masks were applied to show only the regions of in-
terest, and finally, flame photos were overlapped.
The interrogation areas used was 64x128 pixels for
the flame yielding, privileging the vertical move-
ment of the yielding. Regarding the dragging of out-
side air particles, a 64x32 pixel interrogation area
was used, emphasizing the horizontal movement of
the fluid. The time and frequency between imposed
pulses were 200 µm and 15 Hz, respectively.

To compensate the movement of particles from
one interrogation area to another, an overlap pa-
rameter of 50 % in both directions was used.

3.4. Spectroscopy
This technique consists in evaluating the radiation
emitted by a flame, in this case a flame of methane,
to obtain its spectrum along UV-IR wavelength.

According to Kojima et al. [15], the chemilu-
minescence of a radical, electronically excited in a
flame, results from chemical reactions of formation
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and dissociation throughout a combustion process.
A premix flame emits radiation, mostly, due to the
OH∗, CH∗ and C∗

2 radicals, the asterisk denotes
its state, electronically, excited, at approximately
310 nm, 430 nm and 515 nm respectively, as shown
in the figure 3. In hydrocarbon flames, the emis-
sion intensity can be used to observe the primary
combustion zone.

As Cheng et al. [16] mentioned, there is a great
dependence between the ratios of flame radicals and
the equivalence ratio. Sandrowitz et al. [17], who
worked with the equivalence ratio monitored by
spectroscopy, deepen and mention that the varia-
tion of the Reynolds number, equation 2, causes a
variation of the intensity of the radical peaks, but
does not change the ratio between them. In con-
trast, the variation of the equivalence ratio, equa-
tion 3, changes the ratio between the radicals and,
consequently, allows this tool to be used in situa-
tions where the equivalence ratio is unknown.

The experimental assembly of the technique in
use, spectroscopy, is composed by optical fiber, 2
m long and with an internal diameter of 400 µm,
which connects the spectrometer to the diaphragm.

Figure 3: Radicals identification in a methane flame
spectrum.

The spectrometer, with the model QE65000, is
connected to the computer via USB, being in tasked
of separating the radiation emitted by the flame in
various ranges of wavelength, λ [nm]. The acqui-
sition of the spectrum data is in entrusted of the
software Spectra Suite.

To calibrate the system, a target with millimetre
paper placed in the center of the hole of each cir-
cular plate was used 2, a laser pen and an optical
fiber. The laser light is propagated through the op-
tical fiber and, thus, it is possible to align the three
degrees of freedom, thus allowing to define the zero
position of reading near the center of the hole of
each of the circular plates, previously mentioned.
Five positions were thus defined as shown in the
figure 4, with increments of 1 mm between them,
for the equivalence ratios, φ, under study.

For each test, 100 flame spectrum have been
acquired for statistical purposes and another 100
record the light in the surrounding environment,
called background. The integration time used for
each spectrum was 5 seconds to ensure that the
radical peaks, figure 3, are well defined for both
rich and poor mixtures. The spectra obtained were
further processed by the code already existing in
MATLAB R©. After subtracting the background,
the peaks of OH∗, CH∗ and C∗

2 were extracted as

well as the respective ratios of OH∗

CH∗ , CH∗

C∗
2

and
C∗

2

OH∗

obtained for the equivalence ratios of 0.9 to 1.4 in
0.05 increments.

Figure 4: Scheme of reading position of spectrum
data.

The first analysis consisted in elaborate the vari-
ous calibration curves relating each equivalence ra-
tio to the corresponding chemiluminescent ratio.
The data acquisition was made in an area where
the local dilution effects near the base are negligi-
ble, about 50 % of the flame height, as illustrated
with the green circle represented in the figure 4.

(a) OH∗

CH∗ curve. (b)
C∗

2
OH∗ curve.

Figure 5: Calibration curves.

According to Kojima et al. [15], the calibration
curve that shows more sensitivity to poor equiva-
lence ratios is that of OH∗

CH∗ , since OH∗ and CH∗

are the radicals that emit most under these condi-
tions. On the other hand, the curve with the great-

est variation in rich regimes is
C∗

2

OH∗ . So, for phi≤
1 the OH∗

CH∗ curve was used, and for the remaining

cases the
C∗

2

OH∗ , as shown in the figure 5 (a) and (b),
respectively.
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3.5. Temperature Analysis

The measurement of the temperature in the circular
disk, which results from the heat transfer, was car-
ried out using a thermocouple, of material Omega
Cementon, type K and with a thickness of 0.005
mm. The acquisition board used was Data Trans-
lation DT9828, connected to the computer by USB.
The software used in monitoring and data collection
was Quik DAQ. A data collection frequency of 1 Hz
was used, with a maximum standard deviation of
approximately 2 %. The duration of each test per-
formed was 300 seconds.

4. Results
4.1. Flame on single-hole disk

In the following subsections the flame from the disk
present in figure 2 (a) was studied.

4.1.1 Stability Limits

The flame stability limits are referred flashback,
which is the lower limit, and blowoff, the upper
limit.

In the second paragraph of section 3.1, the pro-
cedure used for flame stability analysis is described.
From this analysis, the graph called ”Stability Dia-
gram” as shown in the figure 6.

Figure 6: Stability Diagram for disk present in fig-
ure 2 (a).

This diagram shows the burner operating limits
and the powers achieved as a function of φ and Re.
With the present geometric configuration, we can
reach about 300 W of maximum power, with φ 1.4
and Re near blowoff.

In figure 7 are illustrated the flame height as func-
tion of φ e Re. Recalling the equation 1 that relates
the laminar flame velocity and the angle formed by
the flame front, described in section 2, it is possible
to see in figure 7 that, keeping the flame close to the
blowoff condition, the enrichment of the mixture
causes the consequent decrease in the flame front
angle, since it is possible to achieve higher flow ve-
locity ranges, directly associated with the number
of Reynolds, Re.

Figure 7: Flame morphology as function of φ and
Re for disk plate present in figure 2(a).

4.1.2 Particle Image Velocimetry

This analysis technique was used to characterize
the flow in the close vicinity of the flame anchorage
zone, with φ of 1.2 and 1.4 and Reynolds number
near the blowoff, with the objective of identifying
and quantifying the distance of the flame away from
the burner and the outgoing air drag due to the
convection. Also, through this technique, it aims to
characterize the typical velocity profile in flames of
burners type Bunsen.

Figure 8: PIV test for φ =1.2 Re = 630 and velocity
profile at z

H = 0.74 for configuration disk of figure
2(a).

Through the figure 8, we can visualize the ve-
locity field described by the particles of Aluminum
Oxide, inserted in the fluid. More specifically, in
the height z

H = 0.74, the corresponding graph of
velocities was elaborated. As expected, the highest
speed SL corresponds to φ = 1, has a value of 2.57
m/s and is recorded on the flame front, where com-
bustion and generation of their respective products
occurs. The flow inside the flame, reagents, have
lower velocities since they are in the preheating zone
and have the purpose of feeding the reaction zone.

According to figure 9, and as would be expected,
there is a convection problem caused by a velocity
differential between the flame and the surrounding
atmosphere. This velocity differential generates air
entrainment that in the present conditions of flame
φ = 1.2 and Re = 630, has a maximum velocity
value of 0.08 m/s, close to the flame anchorage zone.
It is also concluded that there is no trace of convec-
tive transport to the interior of the flame.
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Figure 9: PIV air entrainment test for φ =1.2 Re
= 630.

4.1.3 Controlled Atmosphere
In this section, we will assess the impact that an
inert gas atmosphere, namely Argon and Nitrogen,
has on a flame. For this purpose, the repercussion of
inert gases at the limits of flame stability was quan-
tified, as previously mentioned, with three different
flow rates.

The figure 10 (a) and (b) shows that for an air
surrounding atmosphere, which contains oxygen,
there is an increase in stability, especially for rich
mixtures.

(a) Stability with Argon at-
mosphere.

(b) Stability with Nitrogen
atmosphere.

Figure 10: Stability diagram with inert gases.

For poor and stoichiometric mixtures, the con-
trolled atmosphere of Ar and N2, figure 4.1.3 (a)
and (b), allows the flame extinction to occur later
when compared to the air atmosphere. These re-
sults are in accordance with what was previously
mentioned, when we compare the inert gas atmo-
spheres, which relates the lower Argon cp (20.79
[kJ/kmol.k]) with the laminar flame velocity, SL

higher, based on the air atmosphere. However, for
rich mixtures, the presence of O2 in the air atmo-
sphere causes dilution in the flame anchor zone,
leading to a decrease of φlocal, which in turn causes
a significant increase of (SL)local and, consequently,
leads to an increase in stability.

4.1.4 Spectroscopy Analysis
The spectroscopy analysis was conducted in order
to estimate the local equivalence ratio in the region
of flame anchorage.

Taking into account that the tests were directed
to the flame anchorage zone, the first objective was
to quantify the temperature effects on the chemi-
luminescence radicals in order to estimate whether

or not there is any impact of heat transfer for the
locally measured equivalence ratio, φlocal.

(a) OH∗

CH∗ ratio and temper-
ature evolution during 300
seconds.

(b)
C∗

2
OH∗ ratio and temper-

ature evolution during 300
seconds.

Figure 11: Chemiluminescence and temperature re-
sults.

Figure 11 (a) shows the evolution of the equiva-
lence and temperature ratio over the 5 minutes of
the experiment duration, and we can conclude that
these remain stabilized and with a value of 0.94 and
33.3 C, respectively. In the figure 11 (b), during the
same time of experiment, 5 minutes, it is possible to
verify that the equivalence ratio and the tempera-
ture remain unchanged and with a value of 1.04 and
34.3 C, respectively. It is therefore perceptual that
there is an independence between the local temper-
atures and the local equivalence reasons, leading to
the conclusion that there is no influence of the heat
transfer from the disk plate, figure 2 (a), on the
local chemiluminescence. Thus, if φlocal is distinct
from φinjected, it will be due to convective effects.
These effects cause dilution in the flame, thus re-
inforcing the relationship established between the
ratios of flame radicals and the equivalence ratio,
as corroborated by Shreekrishna et al. [18].

Figure 12: Local equivalence ratio evolution for dif-
ferent flames.

The analysis of the variation of the local equiv-
alence ratio, φlocal, for several flames under study,
are shown in the figure 12.

Thus, in the case of φinjected = 0.9, the graph 12
shows that the dilution is practically non-existent.
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This implies that the local equivalence ratios re-
main approximately constant and with φlocal =
0.88. The same is true for φinjected of 1. How-
ever, for rich mixtures, in the case of φinjected of
1.2 and 1.4, it is clear that the richer this is, the
greater its dilution at the base.

It is crucial to understand the main reason why
the dilution is more pronounced for richer mixtures.
This phenomenon can first be explained because the
Reynolds numbers are not the same for the different
conditions of mixture richness.

Figure 13: Impact of Reynolds number in local
equivalence ratio.

The results of the figure 13 clearly show that by
increasing the number of Reynolds, that is, by in-
creasing the velocity of the fluid, the local equiva-
lence ratio displays different values. Take the case
of φinjected = 1.3, with a Reynolds number of 300,
the φlocal takes the value of 1.19. Comparatively,
for Reynolds of 700, it takes the value of 1.08, lead-
ing to the conclusion that the higher the velocity
imposed by the fluid, the greater the air drag from
the surrounding atmosphere to the flame.

Figure 14: Local equivalence ratio results with air
and nitrogen atmospheres.

The graph in the figure 14 aims to compare the
effects of a surrounding atmosphere with inert gas,
with those already known in atmospheric air and

the repercussions caused on the equivalence ratio
in the flame anchorage zone.

The results of the figure 14 follow the expected of
the theory built around this work and show that for
the case of a controlled atmosphere ofN2, the effects
of local dilution are less significant when compared
with air atmosphere.

4.1.5 Air Entrainment Processes
Through the results of PIV, in the 4.1.2 subsection,
it was found that there is actually a convective drag
of outside air into the flame anchor zone. How-
ever, diffusion processes, in particular with oxygen
molecules (O2), should exist and contribute to ex-
plain the decrease of φ.

Air Entrainment calculated by Spectroscopy

It is possible to determine the flow rate (∆Qa)
that diluted the mixture to give the recorded local
equivalency ratio. The equation 4 elucidates how
to obtain it.

∆Qa =
ρf
ρa

(
ṁa

ṁf

)
stq.

[
1

φlocal
− 1

φ

]
Qf (4)

Considering that 21 % of the flow that is dragged
out of the surrounding air atmosphere is oxygen,
the table 1 summarizes the results obtained.

Table 1: Flow rate of oxygen that arrives for the
surrounding atmosphere.

φ Re
∆QO2

[LPM ]
0.9 350 0.0045562
1 450 0.0061222

1.1 500 0.0177783
1.2 630 0.0592558
1.3 700 0.1181258
1.4 750 0.1689286

Air Entrainment calculated by Diffusion

Diffusion can be calculated by the general law of
multi-component diffusion described by Garcia et
al. [19] and given by the equation below.

∇xi =

N∑
j=1

xixj
Dij

(vj − vi) + (xj − xi)
∇p
p

+

ρ

p

N∑
j=1

yiyj(fi − fj) +

N∑
j=1

xixj
ρDij

(
αj

yj
+
αi

yi

)
∇T
T

The Fick law of diffusion is a simplification of
this equation when applied to binary mixtures, ex-
pressed in the equation 5.
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∇xi =

N∑
j=1

xixj
Dij

(vj − vi) (5)

Working through this equation and rearranging
its terms, you get 6.

nO2

2πhf
ln

(
r2
r1

)
= −pDO2,N2

Rg T
ln

(
1− (xO2

)2
1− (xO2

)1

)
(6)

From the equation 6, the results obtained from
the variable nO2 in kmol/s will be converted to QO2

in L/min. The table 2 expresses these results.
Comparing the results showed in both tables we

conclude that molecular diffusion has a greater ef-
fect on poor and stoichiometric mixtures, while on
rich mixtures, its effect is minority since the con-
vective effects, due to the increase in the number of
Reynolds, overlap. Remembering, the mixing con-
ditions were kept at the threshold of the flame ex-
tinction, so that with the enrichment of the mixture,
the convective effects are dominant in the process.

Table 2: Flow of oxygen dragged to the flame by
diffusion.

φ Re
∆QO2

[LPM ]
0.9 350 0.0162928
1 450 0.0179108

1.1 500 0.0194948
1.2 630 0.0210459
1.3 700 0.0225651
1.4 750 0.0240534

4.2. Flame on multi-hole disk
A new geometric solution has been designed, as
shown in the figure 2 (b). This solution was de-
signed to handle dilution problems in the flame an-
chor zone, which affect its stability and, if possi-
ble, ensure more efficient combustion conditions,
namely, achieve poorer equivalence ratios.

4.2.1 Stability Limits
The figure 15 shows the operating limits of the new
geometry. The procedure used to evaluate these
limits is described in section 3.1.

After the analysis of the figure 15, we can assess
that there was a very significant increase in stabil-
ity limits, compared to the plate initially studied,
reaching in the case of φ 0.85 an increase of 1200
%. The new configuration also allowed us to reach
poorer equivalence ratios, going from φ = 0.85 to
φ = 0.7, which guarantees more air in combustion
process and reduces the probability of UHC appear-
ance. The power, on the other hand, has accompa-
nied the gain in stability, reaching maximum power
levels close to 2300 W.

Figure 15: Stability diagram and power curves for
disk plate of figure 2 (b).

The flame formed in this new configuration is
similar of a Bunsen burner and results from the in-
teraction of a central jet and small jets around it.
The conjugation of low Re, and φ ranging from 0.9
to 1.2, is characteristic of type I morphology. In
this regime, the main flame is surrounded by small
flames with a well defined flame front. For type II
morphology, the high Re and φ between 0.7 and
1.2 are predominant. In these conditions, the small
flames, which surround the larger flame, are raised
and only part of their flame front is displayed. Re-
garding type III morphology, this results from the
condition of φ higher than 1.25 and low Re. The
interaction between the central jet and the small
ones around it, in the conditions mentioned above,
form a unique flame, exhibiting a completely differ-
ent configuration. The figure 16 (b) illustrates the
three morphologies described.

Figure 16: Flame morphologies for disk geometry
of figure 2 (b).

4.2.2 Particle Image Velocimetry
PIV tests for the three morphologies presented were
done. In this subsection only type I morphology is
presented being partially representative of the other
cases. Type I morphology, the operating conditions
chosen were φ = 1 and Re = 800. Under these
conditions, the small flames surrounding the main
flame are well defined, that is, they form small con-
ical flames similar of Bunsen burners. Figure 17
illustrates the flame velocity field and the velocity
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profile obtained at z
H = 0.72.

The velocity profile of the figure 17 reflects the
above mentioned section 4.1.2, characteristic of con-
ical flames.

Figure 17: Velocity field and velocity profile for a
height z

H = 0.72 for φ = 1.2 and Re = 800.

In order to evaluate the effect of dragging on this
flame morphology, type I, the figure 18 was elabo-
rated.

Figure 18: Air entrainment for φ = 1.2 and Re =
800.

Figure 18 shows that convective effects are still
present i.e. exists air entrainment from the sur-
rounding atmosphere.

4.2.3 Spectroscopy Analysis
The chemiluminescence analysis was carried out in
the flame anchor region and for the three existing
flame morphologies.

Figure 19: Local equivalence ratio for different
flame conditions of φ and Re.

After observing the figure 19, it is concluded that
for flames of morphology type I, cases of, φinjected

0.9 and Re 560, φinjected 1 and Re 700 and φinjected
1.2 and Re 1050, it was found that the convective
effects do not cause repercussions in the flame, lead-
ing to variations of φlocal in the order of 1 %. This
observation can be justified by the fact that the
small flames surrounding the flame, of larger size,
are well defined, suffering the effect of dilution and
not allowing it to reach the main flame.

For type II morphological flames, φinjected 0.9
and Re 1600, φinjected 1 and Re 2200 and φinjected
1.2 and Re 3000, it can be seen that for bottom
positions, one and two, the variation of φlocal is
0.8 %. However, from position three and four the
flames, φinjected 0.9 and Re 1600, φinjected 1 and Re
2200, the air dragged begins to affect φlocal, since
the small flames are partially raised, due to the high
Re, thus failing to inhibit convective effects, which
consequently leads to a reduction in the equivalence
ratio, about 10%. In the case of φinjected 1.2 and
Re 3000 φlocal decreases by 0.5% from position to
position.

Regarding morphology III, φinjected 1.4 and Re
750, it was found that these flame configuration
shows the same behavior of the flame, previously
studied in the section 4.1.4, that is, the highest di-
lution occurs in the flame anchorage zone.

5. Conclusions
This work reveal the follow conclusions:

1. The inert gas atmosphere, in comparison to
the air atmosphere, allows the blowoff to oc-
cur later in poor and stoichiometric conditions,
since the decrease of the specific heat imposed
by the inert gases, implies an increase of tem-
perature in the surrounding atmosphere. For
rich mixtures, the presence of oxygen in the
surrounding atmosphere increases the specific
heat, which leads to an increase in the blowoff
limit.

2. Through the analysis of PIV, the velocity field
was described by the particles inserted in the
fluid. Also in this analysis, it was verified the
existence of dragged particles from the outer
atmosphere to the flame, elucidating about the
convective effect.

3. Through spectroscopy, it was concluded that
equivalence ratio decreases not only in the
flame anchorage zone and with the proximity to
the burner surface, but also with his increase.
As well, convective effects are more pronounced
with the increase of Re.

4. A comparison between spectroscopy and diffu-
sion flow rates shows that for poor and stoichio-
metric mixtures, diffusion is the main transport
mechanism, while for rich mixtures and with
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the increase in the number of Reynolds, con-
vective effects dominate the process.

5. The new geometric configuration allowed an in-
crease of blowoff limit, due to the small flames
that surround the main flame. It also achieved
poorer working regimes, φ = 0.7 compared to
the initial geometry in which φ = 0.85, provid-
ing more efficient combustion conditions. The
powers available by this solution, in poor con-
ditions, are equivalent with the powers of the
initial geometry for rich conditions.

6. In new geometry the small flames exert a pro-
tective barrier, bearing the effects of instability
in the progeny of the main flame.
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