An experimental study of flame stabilization in narrow channels
David Belsa Prieto
Belsaprietodavid@gmail.com
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Abstract
Portable power generation systems are present in an increasing number of sectors. The need to
reduce the unit cost and the system weight, together with a required increase of the operational lifetimes
has led to the investigation of potential alternatives to the usage of batteries. Micro-combustion is one
of the main emerging techniques, and has a wide range of application, such as the implementation
of a micro-combustor into UAVs. It is a research field nowadays, with the experiments focused on
increasing the efficiency and stability of the combustion process at micro-scales. The roadmap for this
Thesis fits within this context; it comprehends two main parts: the optimization of a micro-combustor
layout, and the characterization of the combustion dynamics for two fuels: CH4 and C3 H8 . Regarding
the former, a complete layout optimization of a micro-combustor assembly already built is tackled,
in order to make continuous testing feasible, while obtaining a low-weight, highly-adaptive system.
The gap distance is maintained constant for all experiments. A cooling system is laid out and built
too. Regarding the latter, two techniques are applied: chemiluminescence and flame visualization. For
chemiluminescence, it is found that ∆ (φin − φreact ) takes a smaller value when employing methane.
When turning the cooling system on in its different configurations (utilizing C3 H8 as the fuel), this
parameter gets larger because of the heat losses. Operating only the upper fan results in lower losses
than turning only the lower fan on. For flame visualization, it is found that: (i) when employing C3 H8
instead of CH4 the flame is brighter, a direct consequence of the higher energy per unit volume of the
former, and that (ii) the flame luminosity observed when testing the different cooling configurations
for a given fuel (C3 H8 in this case) correlates with the chemiluminescence results.
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1. Introduction
The demand for portable power generation systems
has been continuously growing for the past decade
[1]. The devices in charge of providing the necessary
power have traditionally been batteries (lithiumion type); with the development of rapid prototyping and batch-manufacturing techniques, however, this technological constraint has been overcome, thus promoting the development of other
micro-power generation techniques that could be
mass-produced at low costs [2]. The need to reduce
the system’s weight, increase the operation lifetimes
and reduce the unit cost [3] resulting from the usage of batteries has encouraged the investigation in
this micro-scale field. One of the main emerging
techniques during the past decade has been microcombustion. A micro-combustor can be used as a
heat source within a micro-power generator, converting the chemical energy of fuels into thermal
energy, which can then be harnessed as electricity
by using energy-conversion components [4, 5]. Since
the small scales in microburners result in lower combustion temperatures due to enhanced heat-transfer

coefficients, the gas-phase production of NOx is reduced [6]. When compared to batteries, hydrocarbon fuels possess numerous advantages over them
[3]:
• Much higher energy density.
• Much higher power-to-weight & power-tovolume ratios.
• Continuous operation with periodic refill.
• Less expensive.
• Nearly infinite shelf life.
• Instant recharge, no memory effect.
• More environmentally-friendly.
Due to the existing wide variety of microcombustor applications, an extensive research orientated towards increasing the efficiency and stability of the combustion process at micro-scales has
been published. Homogeneous micro-combustion
has been the primary research field during the past
decades.
Most of the research projects are numerical, i.e.
by utilizing a CFD software. The appropriateness
of using a 2D parallel plate geometry and its potential advantages over other configurations are the
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first aspects to be investigated. As stated by [7],
a higher flame temperature results when considering a 2D planar channel instead of a cylindrical
tube, having both geometries the same hydrodynamic diameter. This justifies the geometry selected, since, as the resulting flame temperature is
larger, there is a bigger reduction margin of the
gap width, thus implying that smaller geometries
can be tested. The most similar numerical analyses to the one carried out in this Thesis are [6] and
[8]. The same two-parallel plate micro-combustor
was considered in both of them, having as dimensions L = 1 cm, t = 200 µm, and a range of gap
distances: h ∈ [0.4, 0.6, 1.0, 4.0] mm; the difference
between both lies in the fuel employed. Comparing
their results, it is stated that C3 H8 /air flames are
more robust than the CH4 /air ones, since they allow a wider wall thermal conductivity range due to
propane’s lower ignition temperature, hence resulting in the reaction front being stabilized at a more
upstream location.
Combustion instabilities, expected to be found
at inlet velocities close to the extinction limit for
a given φ, were the main research line in [9] and
[10]. Five types of flames are found for an increasing inflow velocity at a fixed channel height: ignition/extinction, V-shaped, stable asymmetric, oscillating mode, and stable asymmetric again. Please
note that, in this Thesis, a stable condition is defined as a combination of φ and Re for which neither
of the flame dynamics stated in [10] close to extinction appear; only if the flame is completely stable
and symmetric the case can be catalogued as stable.
Some experimental research has been also published. The most similar study to the one in this
Thesis is [4]. Three different fuels are tested, being
two of them C3 H8 and CH4 . A premixed mixture
enters a two-parallel plate micro-combustor with dimensions L = 18 mm, W = 8 mm and h = 3 mm.
It was found that: i) for a stoichiometric mixture
φ = 1, the maximum wall temperature region is
more downstream located as the inlet velocity of
the mixture increases, with the high temperature
region being more widely expanded and brighter;
ii) for a range of equivalence ratios 0.7 ≤ φ ≤ 1.2,
if φ is increased from fuel lean up to stoichiometric, extinction occurs at a decreasing inlet velocity
up to φ = 0.9, where it stabilizes, whilst blowout
occurs at a larger inlet velocity; for an increasingly
fuel rich mixture, the inlet velocity for extinction is
constant (obtaining the smallest value for a condition in which φ = 0.9), whereas blowout occurs at
a slightly smaller inlet velocity value, the lower the
higher the equivalence ratio is.
The present Thesis has two main goals: the first
and main one consists of making an optimization
of the experimental set-up in terms of weight and

system adaptation, with the ultimate objective of
being able to fire it up successfully for the first time
and conform then a suitable set-up for continuous
testing. The second objective consists in appropriately characterizing the combustion phenomena occurring within the micro-combustor.
2. Experimental set-up
The experimental setup used (scheme in Fig.1) is
composed of the optimized micro-combustor connected to two flow meters which control the intake
of C3 H8 and air in the mixture. Propane is fed
to the flow controller by a pipe that transports it
from an external gas reservoir. Air is drawn from
the atmosphere; it does then travel through the
compressor line and is eventually fed to the flow
controller, after having previously undertaken filtering and desiccant processes. Methane, employed
in Section 4.3, is stored in a research grade bottle
provided by Air Liquid (AlphagazT M N35 model),
which has a purity higher or equal to 99.95% (v/v).
A spectrometer and an optical fiber are used when
applying chemiluminescence, whilst a lens-camera
arrangement is used for flame visualization. The
data is transmitted to and post-processed by the
computer.

Figure 1: Experimental set-up.
The mixture composition is controlled by means
of two digital gas flow controllers (Alicat Scientific,
16 Series). A maximum φ uncertainty of ±0.086
was obtained by applying error propagation.
Regarding the set-up for chemiluminescence,
a high sensitivity spectrometer (Ocean Optics
HR4000) is used, with a wavelength range from
200 to 1100 nm. The optical fiber (Ocean Optics
QP400-2-SR-BX) is 2 m long, with a core diameter
of 400 µm. The fiber probe is perpendicularly located at ∼ 150 mm from the micro-combustor test
section; it points to the streamwise section located
immediately after the bluff body, in order to capture the flame radiation appropriately. The uncertainties verified in light measurements were relatively small, never surpassing more than a 6% of
the measured absolute value for each wavelength.
This value could not be further reduced because of
two facts: that, as aforementioned, the micro-scale
considered in the experiment results in the quality
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of the spectrum capture being lower, and that due
to the small scales the flame is not as stable as it
could be in a Bunsen combustor, to name one.
For flame visualization, a CCD camera and a lens
were used. The gray-scale camera (JAI-CV-A11)
has a resolution of 684 × 492 pixels, and it is operated at a constant shutter speed of 33.31m/s and at
automatically updated gain and AGC levels. The
lens employed is a Nikon AF Nikkor 50mm f/1.4
AF-D.

test choices selection. Then, as a direct consequence
of the implementation of this new piece into the assembly, the lateral L-shaped pieces which were in
contact with the blocks in the previous assembly
(Fig.2) have been re-designed too. Since the implementation of the streamwise-adaptive piece requires
the micro-combustor walls to be longer, they have
been re-designed too.
After this optimization of the lay-out, another set
of tests was conducted. The new assembly was put
subsequently under analysis, and it was noted that
the high combustion temperatures had changed the
plates’ shape, bending and twisting them. Due to
this fact, another re-design of the plates was carried out; the new modification was based on the
idea that screwing them to the streamwise-adaptive
pieces would make the system gain in robustness,
and increasing their thickness from t = 0.60 mm
to t = 1.00 mm would eliminate their tendency to
bend and twist. This configuration proved to be
stable during continuous testing, hence it is the one
employed in this Thesis.
The optimized micro-combustor designed is presented in Fig.3.

3. Micro-combustor assembly
The main aim of the micro-combustor design optimization lies in the obtention of a low-weight,
highly-adaptive system that allows the testing of
different micro-combustor configurations by keeping a low inter-testing adaptive period.
The already existant first version of the microcombustor assembly layout is presented in Fig.2.
An upstream convergent channel design (not
shown) was conceived so that a laminar flow was
obtained in the test section. Since the pressure
will become gradually lower as a consequence of the
channel convergence, the expected losses will be in
turn small.

Figure 2: Original micro-combustor assembly.

Figure 3: Optimized micro-combustor assembly.

One of the main targets of the micro-combustor
layout is the obtention of a low-weight structure.
The material used for each part is selected depending on whether the piece is in contact with the hot
flow stream or not; if it is, stainless steel is the material utilized, since it does not bend nor twist due to
the high combustion temperature. While ceramics
could constitute a plausible choice too, since they
possess better characteristics in terms of thermal
conductivity and external heat transfer coefficient,
steel plates are more practical for industrial applications, since they are less brittle, cheaper, and easier
to manufacture. For the rest of the pieces, aluminum is employed, since it takes about one-third
the density of steel [11].

The micro-combustor test section dimensions are
stated herein:
• Length:

L = 63.50 mm

• Width:

W = 48.00 mm

• Gap size:

h = 5.00 mm

• Wall thickness:

t = 1.00 mm

In order to stabilize the flame within the desired
test section location, a bluff body with a length
Lbluf f = 48.0 mm, a depth zbluf f = 5.5 mm, and a
thickness tbluf f = 2.0 mm is introduced. Bluff bodies are an effective flame-anchoring system because
of the recirculation region formed behind them. As
3.1. Optimization process
stated by [12], a recirculation region implies that a
Firstly, the blocks present in Fig.2 have been sub- stable reaction zone is sustained, which results in
stituted by a stainless-steel adaptive piece, with the flame being anchored to the bluff body. The
the dual purpose of reducing weight and increasing bluff body is located on the lower plate, leaving
adaptivity; with these new pieces, the length of the a hgap = 3 mm channel gap in order for the flow
micro-combustor can be varied, thus widening the to go by. Implementing a bluff-body into the test
3

section has additional advantages: it promotes the
extension of the combustor stability range, and it
enlarges the blow-off limit for an increasing equivalence ratio in the lean regime [12].

Stability Diagram
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3.2. Cooling system
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It consists of a two-parallel fan arrangement, each of
them screwed to the micro-combustor, located at a
distance l = 31.5 mm from the centerline of the test
section, and operating at 855.17 SLP M . The selfdesigned and self-build cooling arrangement can be
observed in Fig.4.
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Figure 5: Stability diagram for the C3 H8 /air mixture considered. The dots represent the test cases
(20 in total). 5 sets of tests were performed.
4.1. Chemiluminescence
Chemiluminescence is a phenomenon that corresponds to the radiation spontaneously emitted by
the chemical species generated at an electronically
excited state during a reaction process. The UVvisible spectrum (225 nm to 575 nm) is the region
of interest, since it contains the band emissions of
interest related to the combustion process [13]. The
OH∗ /CH∗ ratio is the parameter analyzed, since it
can be used to determine the local flame stoichiometry in the reaction zone of premixed flames for a
wider range of equivalence ratios [14].
The method used to calculate the intensity of
each emitter is represented in Fig.6. It is based
on the band heads of the spectra corrected for the
broadband emission.

Figure 4: Cooling system assembly.

4. Experimental Techniques & Results
Chemiluminescence and flame visualization are the
techniques used to characterize the combustion phenomena, and are both applied for the cases in which
cooling is considered and when it is not. Both techniques are again applied when employing methane,
and all the results are eventually compared.
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The testing conditions are controlled by means
of two main parameters: φ and Re. Regarding the
latter, it can be ascertained that:
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since U2 = A
A2 U1 , coming from mass conserva2
tion, and L2 = L1 A
A1 , since the width is constant.
Section 1 is defined as the general transverse test
section with a gap distance h = 5 mm, whilst Section 2 refers to a transverse section between the
bluff body and the upper wall, with h = 3 mm.

Figure 6: Corrected light emission spectrum of a
stoichiometric CH4 flame. The location of the three
radicals of interest is shown: OH∗ , CH∗ , and C∗2 .
Corrected intensity used as the light intensity for
each emitter.

The stability diagram obtained after the first set
The first set of experiments consists of taking 3
Re points for φ = [0.75, 0.85, 1.10, 1.20]. For each of
of tests is presented in Fig.5.
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the working conditions, 100 spectra are collected. A
set of self-made MATLAB routines are developed,
in such a way that: (i) the 100 spectra collected
for each condition are averaged out, (ii) the contribution from the ambient radiation is substracted
from the captured intensity, and (iii) the broadband
is removed too, following the method presented in
Fig.6. Another self-made code is used to relate the
obtained OH∗ /CH∗ ratio with the corresponding
equivalence ratio by means of the calibration curve
presented in [13] for this ratio and for C3 H8 as the
fuel.
By making a fitting of the data obtained for both
the cooling and non-cooling conditions, the trends
presented in Fig.7 regarding the difference between
the reaction equivalence ratio and the inputted one
are found.
1.1

1.05

react

1

larger streamwise heat transfer to the heating region
resulting after having almost doubled the plates’
thickness during the optimization process described
in Section 3, (t = 0.60 mm to t = 1.00 mm), heat
that provides an extra energy input to the mixture.
In fact, this effect will be more beneficial for the
stoichiometric case, due to the larger combustion
temperature.
Conversely, this parameter is maximum for the
configuration in which both fans are on, since the
incoming cold stream from the fans cools down both
walls. Recall that the walls act as a feedback energy loop, in which the large wall temperature (and
thus heat) in the combustion region resulting as a
consequence of the high combustion temperatures
is conducted through the wall to the upstream region, wherein the extra heat energizes the mixture
in the heating region just before combustion. When
comparing the cases in which only one fan is operative, it results that the upper-fan case has a smaller
∆ (φin − φreact ) value, since the hot air stream flowing to the exterior from the upper plate is larger
than from the lower plate, as a consequence of the
buoyancy effect. This implies that this hot flow will
oppose a higher resistance to the cold flow expelled
by the fan for this configuration, thus creating a
kind of thermal barrier that will make the system
more stable against the incoming cold flow.

Input vs. reaction front equivalence ratios - OH*/CH*
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Experimental - No fan
Experimental - Two fans
Experimental - Upper fan
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4.2. Flame Visualization
The study of the flame shape and its luminosity is
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fundamental in order to ascertain whether the flame
dynamics found within the micro-combustor are
in
similar to the results found in literature. For this
Figure 7: (i) Theoretical relation between the analysis, nine Re points have been considered for
inputted equivalence ratio and the value mea- each of the four φ tested: φ = [0.75, 0.85, 1.00, 1.20].
sured by the spectrometer at the reaction region For an increasing Re at φ = 1.0 for both the cooling
vs. (ii) experimental relation obtained by fit- and non-cooling cases, it is found that:
ting the experimental data obtained for φin =
[0.90, 0.95, 1.00, 1.10, 1.20], taking three Re per each
φin : SL = [0.9, 1.0, 1.1] m/s. Four experimental
configurations considered.
Regarding the non-cooling experimental case, it
can be observed that the experimental curve does
not match the theoretical line. This is a consequence of the heat losses encountered; a large
surface-to-volume assembly has a high heat-transfer
rate, which reduces the operating temperature (and
the reaction equivalence ratio). Moreover, it can
be observed that the difference between the reaction equivalence ratio and the inputted one,
∆ (φin − φreact ), takes its smallest value for the
stoichiometric condition, a result stemming from
two factors: (i) the higher combustion efficiency
(and thus temperature) for this condition, and (ii)
the reduction in the transverse heat losses and the

Figure 8: Flame dynamics for the four configurations considered. For all of them, φ = 1, and the
flame velocity points are equally spaced within the
interval SL |φ=1.00 ∈ [0.8, 1.3] m/s. The blue arrows
represent the flow direction.
The flame gets brighter for all configurations as
Re increases. The highest luminosity is found for
the non-cooling case, due to the larger combustion
temperature. A lower luminosity is found for the
cases with either the upper fan or the lower fan
on; in particular, it is slightly larger for the for5

mer than for the latter. This result correlates with
the chemiluminescence result obtained in Fig.7, in
which it was stated that, for the same φin , the reaction equivalence ratio was slightly larger for the
upper-fan configuration. The lowest luminosity and
the most expanded temperature region occurs for
the both-fans-on case, since there is a much larger
lack of energy input into the flame as a consequence
of having cooled down both micro-combustor walls.
In a subsequent analysis made, for which four
different equivalence ratios are tested for each arrangement, it is found that for all configurations the
luminosity increases for an increasing φ up to stoichiometric conditions, since the combustion temperature is higher.

Moreover, and as remarked by [5], the CH4 blowout
limit is weakly dependent on the wall conductivity,
as opposed to the case of C3 H8 , a factor that exacerbates this susceptibility.
4.3.1

Chemiluminescence

The same steps as in Section 4.1 are followed. After
post-processing the data, the quadratic polynomials stating the relation between the reaction equivalence ratio and the inputted one are found.

1.2

Input vs. reaction front equivalence ratios - OH*/CH*
Theoretical
Experimental Fitting CH 4
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4.3. Methane and Propane comparison
CH4 /air flames in a micro-combustor are less robust
than C3 H8 /air ones. Since the usage of methane as
compared to propane results in lower external heatloss coefficients and a smaller range of wall thermal
conductivities, its operation is less stable; moreover,
since its ignition temperature is higher, the reaction front stabilizes further downstream. Moreover,
CH4 has a lower energy density per unit volume [5],
which results in the methane flame temperature being less luminous.
The stability diagram for both fuels is presented
in Fig.9.
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Figure 10: (i) Theoretical curve vs. (ii) experimental CH4 fitting experimental relation obtained by
fitting the experimental data obtained for φin =
[0.80, 0.90, 1.00, 1.10], taking three Re per each φin :
SL = [0.9, 1.0, 1.1] m/s vs. (iii) experimental C3 H8
fitting obtained by fitting the experimental data obtained for φin = [0.75, 0.90, 1.10, 1.20], taking three
Re per each φin : SL = [0.9, 1.0, 1.1] m/s.
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As observed, both curves are closer to the theoretical one for stoichiometric conditions. When
considering the complete φin range, the methane
quadratic polynomial is closer to the theoretical
curve than the C3 H8 one. This occurs since both
the maximum heat loss coefficient for stable operation and the heat loss value for a given velocity are
lower for CH4 than for C3 H8 [4, 5, 15].
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Figure 9: Micro-combustor stability diagrams for
propane/methane as fuels. The dots represent the
test cases (20 for each fuel). 5 sets of tests were
performed (per fuel).

4.3.2

Flame dynamics

In this case, nine Re points have been considered for
each of the four φ tested: φ = [0.75, 0.85, 1.00, 1.10].
The extinction trend for both fuels is similar.
A common characteristic between both fuels is
Conversely, blowout occurs at a lower φ for CH4 , that the combustion becomes much brighter as
especially for low Re. This can be attributed to the Re increases for any φ, a direct consequence of
fact that, due to the larger distance from the en- the higher flow rates required, which expand the
trance required for propane to reach its (higher) ig- high temperature area. A comparison between the
nition temperature, the flame is located more down- methane and propane flames for different equivastream, which makes it more prone to blowout. lence ratios is presented in Fig.11.
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1.2

3. The relatively large ∆ (φin − φreact ) values obtained by employing chemiluminescence for all
configurations are a consequence of the high
heat losses taking place in a micro-combustor;
both the experimental and theoretical curves
are closer to each other at the stoichiometric
condition since (i) it is the point of maximum
combustion efficiency and (ii) a larger recirculated heat is provided to the upstream mixture.

Figure 11: Flame dynamics for (a) C3 H8 and (b)
CH4 . For all cases: SL = 1.0 m/s. The blue arrows
represent the flow direction.

4. When operating the cooling system, the parameter ∆(φin − φreact ) takes its largest value
when both fans are on, as a consequence of the
heat losses. There exist differences when turning on only the upper or the lower fan, since the
higher flow of hot air emanating from the upper
plate to the exterior due to the buoyancy effect
serves as a small thermal shielding against the
incoming cold flow, thus resulting in a smaller
∆ (φin − φreact ) value for the upper-fan configuration.

As observed, the methane flame (b) has a tendency to detach from the bluff body without being
blown out, as found in [4]. This phenomenon is a
direct consequence of the smaller CH4 hydrocarbon
length and its highest ignition temperature, which
implies that it naturally requires a larger streamwise distance so as to have the required ignition
energy for combustion to take place.
For both (a) and (b) the flame gets brighter as φ
is increased from lean to stoichiometric since, when
increasing φ from a lean condition, the combustion
efficiency increases, inasmuch as a smaller mass of
air is required to be heated up. This results in a
larger combustion temperature, which in turn implies that a larger amount of radiation has been
emitted, as stated by the Stefan-Boltzmann equation [16].
Finally, it can be observed that the C3 H8 flame is
brighter than the CH4 one for all conditions. This
result stems from the fact that propane has a higher
energy per unit volume [5], and thus releases more
heat than methane when the same amount of fuel
is burned.

5. For flame visualization, it is obtained that: (i)
as Re increases, the high temperature area is
expanded as a consequence of the higher flow
rates, which result in the combustion being
brighter; (ii) when φ is increased up to the stoichiometric condition the flame radiates more,
since the combustion temperature is higher, as
the combustion is more efficient due to the
lower air flow. The flame brightness is related to the ∆(φin − φreact ) parameter found
in chemiluminescence for the different configurations tested.
6. When comparing CH4 and C3 H8 , it is found
that: (i) in chemiluminescence, the ∆(φin −
φreact ) parameter for the former is smaller for
a given φ and Re, since its heat loss coefficient
for a given Re is lower, hence implying that the
system will have smaller heat losses. For flame
visualization, (ii) the CH4 flame has a tendency
to detach from the bluff body due to the higher
CH4 ignition temperature and smaller hydrocarbon length; when compared with a C3 H8
flame, the later is brighter, since the combustion temperatures for propane are higher than
those for methane because of the larger energy
per unit volume of the former [5].

5. Conclusions
The main goals of this Thesis were: (i) to make
an optimized micro-combustor setup from an existing non-tested model while ensuring its feasibility
for continuous testing, and (ii) to characterize the
combustion phenomena. So as to accomplish this,
several design iterations were made, and two experimental techniques were later applied to measure
the effect of the heat losses and characterize the
combustion dynamics. Two fuels and two different
assembly configuration were tested.
The main conclusions and findings are summaAcknowledgements
rized next:
The author would like to thank the IN+ laboratory
1. A low-weight, highly-adaptive system has been for providing the necessary equipment for performdesigned and made. The system is now suitable ing the experiments.
for continuous testing.
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