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Abstract
An experimental study was conducted to analyze a flame front propagation towards a wall. Experi-

mental data was obtained based on a high speed visualization technique and time-resolved PIV. The 

measurements were applied to laminar premixed propane/air flames, propagating inside a closed 

cylindrical vessel toward a top inclined wall after interacting with an obstacle. All data was post pro-

cessed to obtain the flame speed perpendicular to the flame surface (Su), the flame displacement ve-

locity (W), the complete velocity map of the reactants ahead the flame front (U) and the local stretch 

along the flame surface (k). The Su evolution along the flame surface is not constant, changing lin-

early with the local stretch, which is dominated by flame curvature. Also, a first characterization on 

the filtering procedures used in flame front identification is presented. It was found that a smoothing 

spline filtering procedure could satisfy the needs for flame front identification and flame stretch cor-

relation with flame speed. It were also determined the filter characteristics and it's applicability 

ranges for all flame fronts depending on the acquisition parameters and the flame front characteris-

tics.
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Resumo
Realizou-se um trabalho experimental com o objectivo de analisar a propagação de frentes de chama 

em direcção a uma parede. Foram aplicadas técnicas de visualização e PIV de elevada resolução 

temporal à análise de frentes de chama de pré-mistura de propano e ar. As experiências realizaram-se 

no interior de um cilindro promovendo a propagação da frente de chama em direcção a uma parede 

inclinada após ter interagido com um obstáculo. Os resultados foram tratados para a obtenção das 

velocidades de propagação de chama (Su), das velocidades de deslocamento de chama (W), das 

velocidades do escoamento de reagentes (U) e dos valores de estiramento de chama (k). Su varia ao 

longo da frente de chama sendo directamente proporcional ao estiramento local , sendo este 

dominado pela curvatura de chama. Foi também efectuado o primeiro estudo para caracterizar os 

filtros usados na determinação da fronteira de chama e o seu impacto na determinação dos valores de 

estiramento. Verificou-se que a utilização de filtros com splines suavizantes era uma opção válida 

que satisfazia as necessidades de cálculo para a determinação dos valores de estiramento e 

correlações k/Su com elevado rigor, determinando-se os limites de aplicabilidade deste filtro.

Palavras chave:

Frente de chama; Estiramento de chama; Comprimento de Markstein; PIV; Splines; Resolução 

temporal.
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I Introduction
Flame fronts are reaction sheets where a wide range of chemical reactions occur in an 

exothermic process. It is also an extremely fascinating event that depends on the combi-

nation of high temperatures and reactants in the same point, and from a continuous 

propagation toward more reactants leaving the products behind.

Although they might be present in solid [1][2] and liquid [3][4][5] environments, most 

flame fronts usually occur in gaseous environments, in these cases the heat released 

from the flame produces the gas expansion with a consequent pressure increasing and 

strong velocity changes. This can be a cause for serious damages if not carefully con-

trolled, but it can also interfere with the flame itself, changing its displacement velocity 

(W) or stretching it in a way that changes its internal structure [6][7]. To this last action 

the burning process reacts increasing or decreasing the local consumption rate, which 

can lead to a flame speed increasing or local flame extinction[8]. 

But strong velocity gradients are usually intentional, as when turbulence is introduced to 

increase the burning rate [9]. When turbulence interacts with a flame there is an extreme 

flame surface area increasing, which is the most important process to increase the burn-

ing rate, but also there are local flame speed variations due to flame stretch effects. 

Fractal approaches for the determination of a turbulent burning velocity have been used, 

but yet a fundamental approach has not been found [9], being the known approaches 

much sensitive to operating conditions and experimental methods [9][10]. A possibility 

for this misleading is the fact that a turbulent flame front is a strongly wrinkled laminar 

flame under strong stretch situations, which promotes variations on the local reaction 

rate [11]. To better describe the behavior of premixed turbulent flame fronts new 

flamelet models have been developed that consider variations of the laminar flame 
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speed [9][12] and the possibility of local extinction due to elevated stretch [8], but all 

these models are still limited to its specific conditions.

The reasons for non-uniform reaction rates are within the flame front itself. Curvatures 

and flow gradients along the flame front promote non-equidiffusive effects of heat and 

mass transfer that create changes in the reaction rate. Figure 10 presents a schematic 

representation of the stretch diffusion effects on the flame front where it can be seen 

that mass and heat transfer occur in opposite directions inside the flame. When the 

flame is disturbed by curvature or velocity gradients, it comes that whether there is a 

stronger (or lower) heat loss from the reaction zone or an increasing (or decreasing) of 

reactants concentration on it. Because the two effects are competitive with each other, 

the result can be either an increasing or decreasing of the local reaction rate.

Markstein came up with the first formulation that takes into account the these influences 

[11], he showed that the flame speed (Su) equivalent to the reaction rate and a stretch 

factor dependent from the curvature and flow gradients were related by a linear expres-

sion as:

Su=S l−L k (1)

Where k is the stretch factor defined by k=1 /A⋅dA/dt , Sl is the unstretched flame 

speed and L the Markstein length resulting from the linear regression the between the 

flame speed and flame stretch.
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Poinsot & Veinante [13] separated curvature from flow effects, defining respectively 

curvature stretch (kc) and flow stretch (ks), being the total stretch just the summation of 

both (k=kc+ks).

According to Bechtold & Matalon [11] curvature and strain (stretch from velocity gradi-

ents or flow stretch) may have different importance on flame speed, and so, different 

Markstein lengths should be determined that complain it, but if the reaction zone is tak-

en as reference, curvature and strain can be added together and used as total stretch (k).  

The mathematical expressions for curvature and flow stretch are respectively as follows:

(2)

(3)

Although the flamelet model can be physically clear and quite reasonable, its implemen-

tation still implies serious doubts. The problem of evaluating the input parameters, such 

as the Markstein length (L), are still debatable, being suggested in the literature various 

Markstein lengths for the same fuel/air mixture [11][14][15][16]. Consequently there is 

still need more experimental analysis for a correct Markstein number determination.
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II The digitalization problem
Because practical combustion processes are time dependent evolutions, time resolved 

experiments have to be made to evaluate the flame speed/stretch relation. Some recent 

examples are the turbulent flame/obstacle interactions presented by Hargrave et al. [17] 

and Jarvis & Hargrave [18], the laminar vortex/flame interactions presented by Sinibal-

di et al. in 1998 [19] and 2003 [20], and the laminar flame/wall interactions of Foucher 

et al. [21] and Fernandes & Guerreiro [22]. These works are some of the first to deter-

mine simultaneously flow velocities (U), flame speed (Su) and flame stretch (k) along 

the flame front. Flow velocities are obtained using PIV, which is a well studied proce-

dure [23], but Su and k evaluations are new procedures based on the physical interpreta-

tion of instantly acquired images for the flame front determination. Although many 

works have already made flame front identification from images [17]-[22] no error esti-

mation for these processes have yet been made.

The usual procedure for both flame identification and PIV determination is based on the 

fact that if an oil based seeding is used it will evaporate when the flame pass through it. 

When making image acquisitions for PIV procedures using an oil based seeding, and if 

a flame is passing in the image acquisition area, it will appear two different regions in 

the captured image, one where the seeding is present and can be seen and dark region 
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where the seeding evaporated, resulting a boundary between the two regions where the 

flame front can be identified (Figure 2). 

The images are digitized and the flame front identified in a computer program, but al-

though images digitalization makes them proper for computer processing, it always in-

troduces noise that interferes with flame front detection. This is an identified problem 

such that filtering processes have to be applied [8][12][22], if not, errors propagate 

throughout the calculations and one can come to nonsense results. 

Concerning our main interest, in stretch calculations there is a need to proceed with 1st 

and 2nd order derivatives for the stretch determination, but derivatives are known to am-

plify the lower wavelengths. The noise from digitalization is always of lower wave-

length than the flame front, thereore digitalization will always have a negatively influ-

ence on stretch determination.

In this work we make a first approach on the characterization of filtering procedures 

used in flame front detection and their impact on the accuracy of flame stretch determi-

nation. Various filtering procedures will be implemented to demonstrate its applicability 

and the best filtering procedure to be found will be implemented in our own experimen-

tal procedures.
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III Experimental setup
The experimental setup was first developed in the work Correia, C. [24] to reproduce 

premixed laminar flame propagations of gaseous compounds in atmospheric pressure, 

and it was now adapted to produce highly stretched flames in laminar conditions with 

strong transient non-symmetric effects. This was made by a specially located cylinder 

inside the combustion chamber and a top oblique wall relatively to the flame pattern.

The experiments were conducted with propane-air mixtures in lean (Φ=0,86) and rich 

(Φ=1,52) conditions at ambient pressure and temperature, in the experimental setup 

shown in Figure 3.

The combustion chamber, presented in detail in Figure 4, is made of a quartz cylinder 
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Fig. 3: Combustion chamber and the laser diagnostic technique setup.
a) Schematic representation;
b) Laboratory installation image.



(75mm inner diameter, 3mm wall thickness and 450mm height), with an aluminium top 

wall with 15º inclination and a window at the bottom that is maintained closed during 

the filling process, this window is opened during the combustion process to avoid pres-

surization. 

To create a perturbation in the flame front a 10mm cylinder was used, it was located at 

the middle of the chamber's section, positioned perpendicular to the acquisition plane at 

a vertical distance from the top wall center of 30mm. Figure 4 shows the schematic ar-

rangement of ignition, cylinder and top wall, showing also the acquisition area posi-

tioned above the cylinder. The spark ignition is located along the chamber's axis at a 

vertical distance of 60mm from the top wall.

The combustion chamber is filled with premixed gas by two separated inlets, one for 

premixed propane-air and another for seeding (DANTEC Safex Inside Nebelfluid), both 

positioned at the chamber's bottom in crossed directions to each other. Because of the 

crossed inlet directions, at the chambers bottom we have a highly turbulent region that 

provides a perfect mixing between the propane/air mixture and the seeding. The flow 

rates of propane and air for the propane/air mixture are controlled by rotameters and the 

seeding flow is set constant, calibrated before the experiments for a total flow rate of 

3.72 l/min (suction pump's capacity), injecting propane at a flow rate of 0.13  l/min for 
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a) Schematic representation;
b) Perturbation object detail.



lean mixtures and 0.22 l/min for rich mixtures.

To ensure the combustion chamber is completely filled, a valve positioned at the cham-

ber's top is set open during the filing process to extract the residual gas inside the cham-

ber. This valve is also set open for the exhaust after combustion, but during combustion 

is set closed.

The suction pump's exit is connected to a Bunsen burner from where we can access in-

directly to the inner combustion chamber conditions, mostly by the flame structure that 

appears on this burner. If we don´t have a flame at all in the burner, it means that there 

is no fuel inside the chamber, but if we have a flame on it with constant color and struc-

ture, it means we have fuel inside the chamber with uniform mixing conditions. To sup-

port the Bunsen burner we have a pilot flame positioned right next the burner's exit to 

perform the ignition.

When we are assured the combustion chamber is filled with fresh mixture at the desired 

homogeneity, the exhaust system is closed and the window at the bottom of combustion 

chamber is open. After a delay of about 10sec to allow the flow stagnation we perform 

the ignition.

For acquisition we arranged the needed experimental conditions for PIV processing. We 

have a Spectra-Physics continuous Argon-Ion laser of 514nm with 2W maximum power 

output. The planar laser sheet was obtained using a convex cylindrical lens followed by 

a concave spherical lens for collimation. With this equipment we made a laser sheet of 

100mm height by 1mm thickness coincident with the combustion chamber's axis near 

the top wall.

The camera is a high speed CCD (KODAK Motion Corder Analyser, SR-Ultra), cou-

pled with a 25mm lens (COSMICAR/PENTAX) and an interference filter of 514nm. It 
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was placed 300mm from the laser plane focusing a region of 20×21,3mm2 at the cham-

ber's top. The images were captured with a 240×256 pixels2 resolution at a frame rate of 

1000fps and 1ms time exposure. The camera was triggered together with the spark igni-

tion, having a maximum of 2s filming time allowed by the camera digital memories, 

which came out enough for a complete acquisition of the flame/wall interaction process. 

The propagation images were then selected and transferred to a PC for post processing.

A schematic workflow representation of all installation is presented in Figure 5.
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IV Data processing

IV.I General processing
From the acquired images we identify the flame front based on the difference between 

the brighter and darker regions as presented in Figure 2. In this interface high tempera-

tures evaporate the seeding and create an image intensity difference where the flame can 

be identified. Selecting a threshold between the brighter and darker region we define a 

line corresponding to the flame front.

An acquired image example is in Figure 6.a and its identified flame front in Figure 6.b 
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Fig. 6: Schematic procedure sequence for data processing applied to raw images of propagating flames
a) Raw image of an instant flame propagation
b) Method for determination of W velocity based on two consecutive flames front using PIV cross  

correlation techniques
c) Velocity field of unburned mixture determined by PIV
d) Velocity triangle at the flame front relating Su,W and U



along with the flow velocities. The identified flame front is put into an image where we 

have only the identified flame front rather than the seeding from the originally acquired 

image. Now, as in a common PIV processing, for two consecutive flame front images 

we apply a cross correlation to identify the best displacement that describes the flame 

front evolution between the two flames in each point. Dividing the determined displace-

ments by the time interval that separates the images we get the flame displacement ve-

locities (W) that best describe the evolution at each point (Figure 6.c)

Using two consecutive images, such as the one in Figure 6.a, and simply applying a PIV 

cross correlation data processing we determine the flow velocities (U) within the reac-

tants (Figure 6.c).

In both cross-correlation procedures for flow velocities and flame displacement speeds 

determination we used 32×32 pixel2 interrogation windows with a 75% overlap.

By Sinibaldi et al. [19] the flame speed that represents the reactants consumption speed 

should be measured perpendicular to the flame front using the flame displacement speed 

and the flow velocities, as represented in Figure 6.d and according with the following 

expression: 

(4)

At this time we already have flame front velocities (W), flow velocities (U) and flame 

position, so the flame speed can also be determined by expression 4.

The last procedure is the local stretch determination. From Poinsot & Veinante [13] the 

local stretch is determined with equations 2 and 3, but these equations have to be writ-

ten for the 2D case of the visualized plane, which gives us the expressions:
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k c =
2 S u

d 2 f
d x2

[d f
d x 

2

1]
3/2 (5)

k s =

∂u x

∂ x
 d f

d x ∂ uy

∂ x

∂u x

∂ y    d f
d x 

2 ∂u y

∂ y

d f
d x 

2

1
(6)

In equations 5 and 6 x is the horizontal coordinate, u represents the flow velocities, 

where the subscript mentions its direction, and f is the flame coordinate in the vertical 

direction. 

This is the final part of our data processing. The resulting stretch values are then corre-

lated with Su, and from equation 1 the values of the Markstein length and unstretched 

flame speed can be determined.

The program used for all post-processing was made and presented by Guerreiro I. [25] 

in 2004 for his graduation thesis.

IV.II Flame front detection
In the previous section we presented the general procedures to make flame stretch anal-

ysis, but some of these procedures are quite complex and require a deeper understanding 

of their particularities. The flame front detection is one of these procedures that requires 

quite more than a simple threshold as defined earlier.

Defining for the captured image in Figure 7.a a threshold between the brighter and dark-

er intensity we have the flame identification presented in Figure 7.b.
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To evaluate flame stretch with equations 5 and 6 we need a function for the flame front 

that for each point in the coordinate x only has one flame coordinate in its y direction, 

but in a closer look of the identified flame we see in Figure 7.c that we don't have the 

flame front we expected. 

We have several points on the flame front for the same x coordinate, so we need to have 

a criteria in order to satisfy the conditions for the flame stretch determination by equa-

tions 5 and 6.

In our case we adopted the following criteria: we capture the flame front as the first 

identified flame point coordinate when searching upwardly in the y direction, i.e., in 

each xi coordinate the flame front coordinate fi is considered to be the first identified 
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Fig. 7: Flame front detection procedure



flame coordinate when a search is made up in the y coordinate. Resulting from this cri-

teria is the final detected flame from in Figure 7.d.

The occurred error in flame front detection can be as much as the pixel size or the dis-

tance between droplets if we also pretend to make PIV evaluations, which requires a 

certain droplets dispersion in order to allow their track. This kind of errors should be 

obviously much smaller than the smaller wrinkle size in a flame front, but further flame 

front analysis can intensify small flame determination errors. 

When determining the total stretch the derivatives presence in the equations 5 and 6 

promote an increasing of the high frequency noise, coming to corrupt the final results. 

The total error estimation will be presented further, however, we can already point that 

the error in total stretch determination can overcome the exact values in several orders 

only by noise amplification. But this is a subject that required a careful analysis in this 

work and will be discussed further in Chapter 5.

IV.III Flame displacement determination
The procedure we chosen for flame displacement determination was first presented by 

Foucher et al. [26] in 2000. A cross-correlation process as in common PIV processing is 

applied to two consecutive flame front images to identify the best displacement that de-

scribes the flame front evolution between the two flames at each point, dividing the de-

termined displacements by the time step that separates the images we get the flame dis-

placement velocities (W) that best describe the flame evolution.

As it can be seen in Figure 8.a, in the regions of high flame curvatures the flame dis-

placement velocities determined by the usual method along the flame's normal direction 

can lap over each other. This behavior is a clear evidence of  the method's impracticali-

ty, consequently the need for other methods is essential.
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Foucher et al. [26] came up with the identification of the flame displacement speeds that 

best describe the flame patterns, based on a cross correlation procedure as the one used 

for PIV. This procedure came with good results, and as it can be seen in Figure 8.b the 

flame displacement speeds now have a pattern that doesn't overlap each other and fol-

low much better the global flame front pattern.

This procedure also accomplish the possibility for analysis of flame front propagations 

where large displacements occur between the images, which allows us to analyze im-

ages with larger time steps within each other, ergo, it allows larger time exposures that 

are essential for image acquisition.
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Fig. 8: Flame displacement velocity procedures presented by Foucher et al. [26].
a) Usual method defining flame displacement in the flame front normal direction 
b) Procedure of Foucher et al. [26] defining the displacement that best correlates the flame 

fronts



V Error analysis in flame stretch determination
In this section the main goal is to analyze the procedures that most interfere with total 

stretch and understand how can we control them.

From previous works were curvature and flow stretch parameters were presented, curva-

ture stretch always represented  a very higher importance, being on an order of 10 times 

higher than flow stretch, e.g. in turbulent flows of Hargrave et al. [17], Jarvis & Har-

grave [18] and laminar flows of Foucher et al. [21] and Fernandes & Guerreiro [22]. 

Due to this smaller importance of flow stretch our main interest in this chapter is to 

evaluate the errors occurring in curvature stretch. Nevertheless, further work should 

then be made for the accuracy analysis of flow stretch determination.

V.I Flame front simulation
Curvature stretch is essentially dependent from the flame speed and the flame function, 

more specifically from its 1st and 2nd derivatives according to equation 5.

Derivatives are commonly known for amplifying the lower wavelengths (or higher fre-

quencies) in a signal, and their presence in the flame stretch equations will take the 

same behavior. The known error sources are the image digitalization and particles dis-

persion that promote an irregular flame front identification. These have both very small 

wavelengths that, because of the derivatives, will always be amplified when determin-

ing the flame stretch, and specially curvature stretch due to its 2nd order derivative.

Not knowing from laboratory captured images what is the real flame contour, to test fil-

tering procedures we have to create a wrinkled flame from which we know its real 

shape. As we pretend to analyze wrinkled flames the most obvious flame function to 

simulate is a sinusoidal function, it implicitly has changing curvature, with positive and 
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negative values in the same amount, and a changing orientation along it.

We chose a sin function to simulate a flame front but its characteristics still have to be 

defined, we have to define the function's amplitude at each wavelength, the angle at the 

beginning (or θ at x=0), its length and the offset (or mean value), by then the function is 

completely defined.

To define the flame's amplitude we have to be aware that our main target is to evaluate 

curvature stretch analysis, therefore our flame front needs do have the similitude with 

real flames in that concern.

If we want to evaluate a flame front with a certain curvatures range, then our simulated 

flame needs to have this same curvatures range. So, if we consider a real spherical out-

wardly propagating flame (OPF) or inwardly propagating flame (IPF), we have one only 

wrinkle with a curvature half its diameter and an amplitude of the flame diameter itself. 

Applying these concepts we have a flame with an amplitude twice its minimum curva-

ture radius. In Figure 9 a representation of the flame front describing this principle is 

presented.

Because it has no interference in the process, the chosen angle at x=0 will be φ=0, and 
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Fig. 9: Construction of the sample flame front based on the direct relation between the maximum 
curvature and amplitude diameter. Simulated flame with a wavelength of 13.8mm and a minimum 
curvature radius of 1.6mm



for a physical comparison with our experimental results the offset will be B = 

0.0105mm.

Mathematically, the flame front expression is just:

f =Asin x⋅2
 B (7)

being the condition we imposed: A = Rmin

According to Sinibaldi et al.[19], flame stretch can also be defined as k c=S u/R . Com-

bining this equation with the maximum determined curvature stretch by equation 6, we 

get to the following relation:

Su/Rmin=−S u2/2⋅A (8)

Being A = Rmin and resolving equation 8 we extract the wavelength λ that correspond to 

a defined maximum curvature. The equation for the wavelength is:

=8Rmin (9)

To compare this flame front with our experimental results we consider that the flame 

front is propagating upwardly, such that the reactants are above the flame and the prod-

ucts bellow it (Figure 10).
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Fig. 10: Sample sinusoidal flame front. Scale factor of 8.2E-5 m/pixel, 1,5 cycles in 21mm wide.



The simulated flame fronts have 21mm wide, which is according with our lab results an 

acquired image of 256 pixel wide applying a 8.2E-5 scale factor. These conditions rep-

resent the actual characteristics we have in laboratory for acquisition.

The basis for our comparison is the previous work of Fernandes & Guerreiro [22],  tak-

ing an equivalence ration of Φ=0,86 that will correspond to an unperturbed flame speed 

of Sl=0,326 m/s and a Markstein length of 5,9E-5 m.

Although the flame speed will also interfere in the determined stretch, because it will 

add a parallel procedure and because its applicability was already defined by Foucher et 

al. [26], the flame speed will not be determined in this analysis. We will instead evalu-

ate the flame stretch from the simulated flame using the real flame speed that would be 

available at each point, which is directly related with k by equation 1.

Another reason to not determine the flame speed at this stage is that although we chosen 

the flame displacement speed determination method presented by Foucher et al. [26], 

other methods have also been presented, like the evolution of geodesic patterns applied 

by Abu-Gharbieh et al. [27]. Then we should not evaluate specifically this subject be-

cause it would limit this work's applicability.

Once there is no need to determine the flame speed, also there is no need to know the 

flow velocities, and so the reactants will remain stagned.

V.II Flame stretch determination procedures
To simulate the flame irregularities we corrupt the signal with a random noise with sim-

ilar amplitude of the irregularities expected to be found in experiments. 

In our experiments we acquire images both to determine the flame front and for PIV, 

and for PIV procedures we need a discrete distribution of particles. To have a 95% valid 

detection probability in PIV using cross correlation and 32×32 pixel2 interrogation wid-
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ows, the overall particle image density has to be higher than 5 particles (per interroga-

tion window), so we should simulate a 32/5 pixel amplitude noise to our simulated 

flame. After the noise introduced the simulated flame is discretized by truncation to 

simulate the digitalization effect, as shown in Figure 11. This is the kind of signal we 

will use in further analysis.

The curvature stretch exact values are determined analytically for the flame front using 

expression 5 with the theoretical flame speed. The curvature stretch measured values are 

also determined with expression 5 and the exact flame speed but the derivatives are nu-

merically determined by expressions 10 and 11 using the simulated acquired results.

∂ f
∂ x

≃
f i1− f i

xi1−x i
(10)

∂2 f
∂ x2 ≃

f i1−2 f i f i−1

x i1−xi 
2 (11)

Considering these schemes in all filtering analysis we are comparing only the depen-

dence on the filtering procedure. Nevertheless, different schemes can be used by other 

authors and is expected that different results can be achieved, however that dependence 

should be specifically analyzed.
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Fig. 11: Flame front simulations scheme



V.III Filtering procedures
For filter analysis we used three different procedures in the following schemes:

– Moving average filtering with 15, 31, 63, 127 and 255 points schemes;

– 2nd and 4th order Savitzky-Golay filtering with same points schemes used in moving 

average;

– Smoothing splines with 5 penalization factors (1E-1, 1E-2, 1E-3, 1E-4 and 1E-5).

In Figure 12 we present some examples of the used filtering procedures only with 5 

points for each schemes to better understand each process.

We implement moving average filters by making the points average within a selected 

window. Savitzky-Golay filtering methods are similar to moving average in concern of 

point selection, i.e. determines the new filtered point from a selection of the nearest 

points, but it makes the regression of the selected surrounding points to achieve the new 

filtered point [28]. The regression orders for the polynomial fitting functions were cho-

sen to be 2nd and 4th order, which by results analysis were considered to be representa-

tive of the filter's capabilities.
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Fig. 12: Filtering procedures examples



Smoothing splines make the flame front fit using a 3rd order spline and the penalization 

equation:

∑
i
 yi− f  xi 

2
1− ∫d 2 f

dx2 
2

dx (12)

In this equation f  is the filtered flame front function, y the identified flame front in the 

image and λ is a penalization factor for the gap between the f and y. λ is also called the 

smoothing parameter.

Smoothing splines are different from previous methods in two major concepts, first it 

can make the fit simultaneously for the complete flame front, second it penalizes locally 

the higher curvatures balanced with the gap between the filtered function and the origi-

nal points.

V.IV Filters evaluation procedures
To evaluate the filter error we determine the total error estimation based on the formula-

tion described by Ruppert et al. [29] for error estimation in curve fitting procedures, we 

pick the mean squared error (MSE) equation:

MSE { f x i}=E {[ f x− f x]2} (13)

In this equation f  is the real flame function while f  stands for the determined flame.

But in equation 13 there are two problems concerning what is pretended to analyze. 

This section's final target is to evaluate the filtering impact on stretch determination, 

hence we have to analyze the flame stretch error rather than the flame error. Also there 

is a wide stretch range depending on the wrinkles size, i.e., smaller wrinkles are associ-

ated with higher curvatures and bigger wrinkles with lower curvatures, which corre-

spond respectively to higher and lower stretch values, so it should be made a non-di-
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mensional analysis to compare the filter's efficiency in different curvatures. To account 

these features, equation 13 gets the non-dimensional form of equation 14 that we now 

call  root mean  square non-dimensional error (RMSNE):

RMSNE { k  xi}=E{  k x −k  x2

S l /Rmin
} (14)

Because statistical analysis should gather the greatest amount of points as possible we 

will consider 10 simulated flames with 212 points each for each analyzed wavelength.

V.V Filters evaluation

In Figure 13 we present a simulated flame with 10 pixel maximum curvature in a range 

from 0 to 0,021mm. Figure 13 also presents in detail the transformation occurring in the 

digitalization process where the first error source is already evident. Digitalization is not 

a continuous process, it creates steps in the measured flame front that promote strong 

curvature changes. 

The measured curvature stretch presents a more clear evidence of the noise promoted by 

digitalization. The curvature stretch results in the idealized flame are in Figure 14 along 

with the measured results after digitalization. It can be seen that the measured values are 

much higher than the real ones except when the real values get to their extremes, in 
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Fig. 13: Flame front digitizing of an ideal flame without additional noise. 19 pixel maximum curvature 
and scale factor 8.2E-5 m/pixel.



these points the measured values get to zero. This just happens because the digitaliza-

tion acquires the flame front function by defined steps and this is understood by the pro-

gram as a composition of alternating curvatures.

By now we could already assure that the acquired flame fronts need to be filtered, but 

the real laboratory image acquisition has to be made using additional elements, like the 

seeding in our case. Then we have to account with this element and its contribution to 

the acquired flame error.

As already mentioned before, the seeding error is accounted by the introduction of an 

additional random signal with an amplitude of 32/5 pixel. Adding this error randomly to 
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Fig. 14: Curvature stretch along the flame front after digitalization.
a) real and measured flame fronts;
b) real and measured stretch values.

Fig. 15: Captured  flame front and correspondent stretch with full noise introduction
a) real and measured flame fronts;
b) real and measured stretch values.



the flame in Figure 14.a, we get the flame presented in Figure 15.a with the thick line. 

This flame front is extremely more irregular than the simulation we made without the 

introduced noise, and is with no surprise that the curvature stretch along it, as shown in 

Figure 15.b, is even more disturbed. 

In Figure 15.b we present an amplification to show the real flame stretch magnitude, 

which is only a small fraction of  the values we are getting from measurements. This is 

an intolerable error amount that has to be eliminated.

All filtering specifications (filter's bandwidths and smoothing parameters) will be con-

sidered in pixel reference dimensions, such that all evaluations could be considered in-

dependent from the acquisition scale factor. Curvatures will also be measured in the im-

age reference dimension (pixel) rather in the world coordinates dimension (m) because 

it will be also more relevant for filtering procedures analysis. 

The RMSNE will be analyzed from a minimum curvature radius of 2 pixel, which is the 

minimum curvature we can achieve, to a maximum curvature of 256 pixel, which is the 

maximum size for the acquired images.

In Figure 16 we present the RMSNE of the determined stretch for a series of flame 

fronts where no filtering method was applied. The result shows that the expected RM-
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Fig. 16: RMSNE of the measured flames fronts



SNE for a non filtered flame can never be lower than 10, meaning that the expected cur-

vature stretch error is at least 10 times higher than the maximum flame stretch, reaching 

to values higher than 103 when the maximum curvatures are 256 pixel.

V.V.I Moving average filters
When the moving average filter is applied we get a significant noise reduction, howev-

er, the achieved results are quite bad. Figure 17.a shows the RMSNE comparison be-

tween the moving average applied schemes and the initially measured results with no 

filtering.

We can verify that a very strong noise reduction was achieved by this process, in the or-

der of 102, but the RMSNE can only achieve values below 1 for the lower curvatures, 

keeping the higher curvatures with high errors.

If we analyze the specific results at a chosen wavelength, we verify that the best 

achieved result is strongly away from what is desired. At the best obtained result (RM-

SNE=0,62 using a 255 points scheme applied to a simulated flame front with 11 pixel 

maximum curvature) we verify that a correlation between Su and kc can not be achieved 

(Figure 17.b). 
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Fig. 17: Flame stretch analysis with moving average filters
a) RMSNE of curvature stretch using a moving average filtering. Comparison with the 

acquired non-filtered RMSNE results.
b) Flame speed/stretch correlation for a flame with 11 pixel maximum curvature after the 

application of a mean filter with 255 points scheme



The reason for the low RMSNE is the extreme amplitude reduction due to a very wide 

filtering window. We applied a 255 pixel bandwidth filter to a flame with 11 pixel max-

imum curvature, which by equation 7 has a wavelength of 96,7 pixel, so we must have 

completely eliminated the real flame signal.

V.V.II Savitzky-Golay filters
The polynomial regression filtering of 2nd order doesn't have better results than the mean 

filter, the minimum RMSNE has the same value of 0,62 but at a different curvature ra-

dius. As it might be seen in Figure 18.a the RMSNE profiles are very similar to the ones 

in Figure 17.a, although generally lower. 

Applying a 4th order Savitzky-Golay filter the results doesn't seem the improve (see Fig-

ure 18.b), in fact, the RMSNE increased altogether for all schemes at all curvature ra-

dius, and the minimum value is exactly the same one achieved before with the previous 

filter (RMSNEmin = 0,62). 

This last behavior shows that there are some limitations with the Savitzky-Golay filters, 

nevertheless, the RMSNE profiles present some particularities that might worth to be in-

vestigated. 

Figure 18.b presents the RMSNE results for all the filtering schemes used with the 4th 
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Fig. 18: RMSNE for a) 2nd order and b) 4rd order Savitzky-Golay filters.



order Savitzky-Golay filter. Comparing these results with Figure 18.a the following dif-

ferences can be found: 

First we verify that the RMSNE results using the same filtering windows are higher for 

the 4th order Savitzky-Golay filter than for the 2nd order filter. This is a result from the 

higher adaptivity of the 4th order polynomial regression within the same intervals, di-

rectly connected with a lower filtering capability.

Second, the 4th order Savitzky-Golay filter has a more evident partial minimum with a 

255 points bandwidth at a maximum curvature of 16 pixel. Remembering we had an 

over-smoothing with the moving average and the 255 points scheme, new behaviors in 

the RMSNE called our attention. 

To analyze this last behavior we present the correlation between Su and kc for the partial 

minimum at 16 pixel curvature radius and for the absolute minimum at a curvature ra-

dius of 7 pixel (see Figure 19). We verify that although at a maximum curvature of 16 

pixel we have a higher RMSNE, the correlation between Su and kc is much better at this 

curvature than for the absolute minimum of 7 pixel. This reveals we had an over-

smoothing at the absolute minimum.

However, the correlation we achieved is quite far from what we need to be considered 
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Fig. 19: kc/Su correlations after application of a 4th order SG filter with 255 points bandwidth. a)  
maximum curvature 7 pixel. b) maximum curvature 16 pixel.



as a good correlation. Estimating the correlation for the measured data in Figure 19.b by 

linear regression we get the result: Su=0,3261,196×10−5 k c , which means we found 

an unstretched flame speed of 0,326m/s and a Markstein length of 1,2E-5m. This would 

be a good estimation for the unstretched flame speed but a very bad result for the Mark-

stein length. In the simulated flame we imposed a Markstein length of 5,9E-5m and we 

got 1,2E-5m, which means we have a 67% error.

V.V.III Smoothing Spline filter
As described before, the smoothing spline filter can apply the fit at once for all the 

flame front using all the points on it. It applies a 3rd order penalized spline using the pe-

nalization expression in equation 12.

The RMSNE results using smoothing splines presented in Figure 20 reveal a great re-

duction relatively to previous procedures. Now we can get a RMSNE lower than 0,1 for 

the higher curvatures which was impossible with the previous methods. 

For the lower λ values the RMSNE tends to increase when the curvature radius get low-

er as a result of over-smoothing, and for all λ values the RMSNE increases with increas-

ing curvatures like in the previous methods. However it were achieved RMSNE values 

below 0.2 for curvature radius of 256 pixel, which is in the size of the flames we ac-
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Fig. 20: RMSNE for the application of a smoothing spline filtering procedure to the flame front



quired, meaning that we might have a process that is able to use in our analysis.

Using a λ = 10E-4 we determined the flame correlations kc/Su for two curvatures (15 

and 55 pixel) as presented in Figure 21. Both correlations in Figure 21 have in common 

the same smooth value and the same 5% error for the determined Markstein, but they 

have quite different RMSNE. Figure 21.a is the correlation for a flame with 15 pixel 

curvature and its RMSNE is 0.074, while Figure 21.b is the correlation for the 55 pixel 

curvature flame that has the RMSNE of 0.164. 

This last result shows that, although we have the same final error for the Markstein 

length in the correlation, the RMSNE does not have a direct relation with the Markstein 

length resulting from the correlation. 

Nevertheless, the RMSNE proven to be a good parameter for the flame stretch error 

evaluation. We shown that flames with a low RMSNE are well fitted, but now we are 

evaluating results from a post processing of the determined flame stretch results, so the 

RMSNE might not detect what will exactly come in the Markstein length determination.

In Figure 22.a we have a simulated flame with 10 pixel maximum curvature along with 

the measured one after filtering that has a RMSNE of 0.130. The measured flame is flat-

ter than the real one, which is the clear evidence of an over-smoothing. Figure 22.b 
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Fig. 21: kc/Su correlations after application of a SS filter with smoothing parameter λ = 1E-4. a)  
maximum curvature 15 pixel. b) maximum curvature 55 pixel.



shows the kc/Su correlation result for this flame front where it can be seen a twisted cor-

relation, resulting in a determined Markstein number of 7.2E-5m that complies a 21% 

error.

Recalling the correlation achieved for the simulated flame with the curvature of 15 pix-

el, we had only 5% error in the determined Markstein length but the RMSNE was 

0.164. With the flame of 10 pixel curvature we had only 0.130 in the RMSNE but a 

larger error on the Markstein length due to the over-smoothing that twists the correla-

tion. Hence, if our main goal is to determine Markstein lengths, to define an applicabili-

ty range for each smooth parameter we should consider the error in the determined 

Markstein length determine the smoothing parameter's applicability.
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Fig. 22: Flame analysis and correlation for a 10 pixel maximum curvature radius. a) Real flame segment  
and filtered result. b) kc/Su correlation.

Fig. 23: Error distribution in the Markstein determination according with an applied smoothing to a 
specific curvature radius..



The applicability range for the smoothing spline filter is presented in Figure 23, defined 

for smoothing parameters between 10-1 and 10-5, calculated with a 10-0.5 step between 

smooth parameters, within a range from 2 to 256 pixel curvature radius, stepped by 1 

pixel between each other in calculations.

We can conclude that a filtering method was found that is able to reduce the noise in a 

flame front, determined from laboratory acquired images with a CCD, in order to have 

acceptable errors in k/Su correlations. The mentioned successful filtering method is the 

application of a smoothing spline to the acquired flame, being the smoothing parameter 

chosen by the user according to Figure 23, selecting the acceptable error for the curva-

tures range in his results. This is the filtering method we will use further in our experi-

mental results.
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VI The flame speed determination procedure
In the previous chapter the chosen flame speed (Su) was the ideally applied by stretch, 

so that we could focus ourselves on the filtering process rather on the flame speed cal-

culation. This was established based on the principle that it would seriously increase the 

number of variables and that other flame determination processes could be applied. 

The assumption of the ideal flame speed reduced the number of variables and made this 

work's applicability larger. However, misjudging the effect of the determined flame 

speed in the final results may be a serious mistake. The correct Su determination is cru-

cial for the kc/Su correlation, hence an evaluation of the flame speed determination pro-

cedure has to be made.

To analyze the flame speed determination procedure we simulate a pair of flame fronts 

similar to the ones we get from laboratory. In this process we associated several curva-

tures in a single flame, combining curvatures of 10, 20 and 30 pixel and making coinci-

dent the highest curvature of each one at the image center. A mean flame front is simu-

lated and the flame front pair is achieved by making a flame displacement, forward and 

backward from the mean flame in half time step of 0,5m/s, using the ideal Su. 

An example of a simulated flame pair is presented in Figure 24.a, showing a strong cur-

vature in the center and a strong intermittency along all the flame resulting from the in-

troduced noise. The flame fronts presented in Figure 24.a have a maximum curvature of 

5.5 pixel, which according with the error distribution in Figure 23, the best smooth pa-

rameter to resolve the highest curvatures is λ=10-2,5. 
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After the flame front identification and smoothing, following the procedures presented 

in the data processing chapter, we determine the local flame speed at each point. The 

flame speeds and flame stretch values were determined for the same flame front but 

with several error tests, always with the same amplitude, from where the results present-

ed in Figures 24.b to 24.d were achieved.

The results show there is a gap between the real results and the measured ones, it also 

shows that, although all our efforts to improve the flame stretch determination, when we 

started to analyze more complex situations similar to the real ones, strong errors are still 

present. In Figure 24.b seams that the obtained and the real results have the same ten-

dency but a high mean Su value, while in Figure 24.c we have a good mean Su value 

with a bad tendency, and in Figure 24.d we have neither a good tendency or mean Su. 

These were three different results for the same flame front where only the noise changed 
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Fig. 24: Simulations for flame front determination and kc/Su correlation
a)Simulated flame front by overlap of 10, 20 and 30 pixel curvature radius
b-d)Correlations between kc and Su 



and from which completely different results were achieved. 

Although the correlations doesn't appear to be as good as expected, is clear in Figure 

25.a for the measured curvature stretch in comparison with the real stretch that we have 

very close results with the real values, but the determined flame speed values we are 

getting in Figure 25.b are much away from the real ones. This is a common result 

achieved for several tested flame fronts, which means that the flame stretch determina-

tion procedure is still valid even if the determined flame speed is not. This also means 

we have a valid procedure for flame stretch determination and that further improve-

ments should be made on the flame speed determination procedures.

It's clear that we are having strong errors in flame speed determination, but this error is 
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Fig. 25: Measured curvature stretch along the simulated flame in correlation 24.b

Fig. 26: kc/Su correlation for 10 simulated flames



much smaller than the one we had before filtering in flame stretch, which could be 103 

the maximum real flame stretch. Actually, after simulating 10 flame fronts and overlay-

ing all their results, the statistics reveal that we can have very good results. Figure 26 

shows the accumulated results for the 10 simulated flames where it can be seen a very 

good statistic relation between the real values and the experimental results. 

The linear regression for the accumulated flame results gives us the relation in equation 

1, from which we get an unstretched flame speed of 0,325m/s, which has only 0,3% er-

ror, and a Markstein length of -1E-4m that complains a 69% error, resulting mostly 

from errors in flame speed determination. Nevertheless, this represents a small error in 

the estimated flame speed, which will be only of 11% at a flame stretch of -1000s-1.

The question that still remains is the correct evaluation of a smoothing parameter when 

very different curvatures are present in the flame. From Figure 23 we can easily see that 

when we try evaluate very strong curvatures there is a need to use lower smooth param-

eters, which leads us to higher errors for the lower curvatures. This effect is present in 

Figure 25.a in the smaller stretch regions, where the differences between the real and 

measured stretch values are relatively higher. 

The latter problem was already addressed in other context by Ruppert et al.[29] and the 

solution is to use different smoothing values for each section, providing the most suit-

able adjustment at each point. Known applications of this procedure are B-splines and 

P-splines, that allow the user knots selection and the better local fitting. Nevertheless, 

from the result achieved before we can already assure that the procedure for flame 

smoothing was achieved.
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VII Experimental data analysis
We shown in the previous sections the experimental setup we have for our experiments 

with its experimental procedures and conditions, we also presented the data processing 

tools that will help us to determine the flame speed/stretch relations and its Markstein 

length, and then we analyzed the issues in flame stretch determination deriving from the 

experimental conditions and acquisition procedures, studding advanced filtering proce-

dures that make possible accurate analysis. Now we have a full tool set for experimental 

acquisition and analysis that we will use in this section.

In Figure 27 we present an image sequence for a rich flame propagation acquired in our 

experimental setup. As it can be seen, the time gap between two presented images in 

Figure 27 is 3ms while the mentioned acquired time resolution is 1ms. In Figure 27 we 
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Fig. 27: Flame propagation sequence for a rich mixture



have a very good description of the propagation behavior, which means the complete 

acquired sequence describes the propagation even better.

The frame rate was chosen based on the resolution we needed for good PIV acquisi-

tions. Because we had flow velocities that get to U=1m/s and flame displacement veloc-

ities until W=1,5m/s, with a scale factor of 8.2E-5 we get displacements to a maximum 

of 18 pixel, which is quite high for PIV measurements with a 32x32px2 interrogation 

window, but as we had this is only in singular cases and the velocities were from 0m/s 

to 1,5m/s, 1000fps was the most suitable frame rate for this application.

We performed more than 50 propagations each for lean and rich flames (52 propaga-

tions for lean fames and 59 for rich flames), each propagation was captured with around 

30 to 40 images, which gave us more than 3000 image pairs to analyze. All this data 

was analyzed individually such that only valid propagations should be considered, all 

propagations where a high number of signal to noise ratio was found for the flow veloc-

ities (>50% ) were considered not valid due to the presence of a high off-plane flow.

More important, for each flame analysis it was needed to adjust the parameters for 

flame identification: the thresh value that defines the initial flame border, and the 

smooth parameter as described in chapter 5 according to the Figure 23. Although these 

parameters depend on each image and flame characteristics, it were around 0,1 for 

thresh values and 0,003 for the smooth parameter's values.

VII.I Perturbed flame characteristics
Our experimental setup was designed to produce highly stretched flames in laminar con-

ditions with strong transient non-symmetric effects. We came with the experimental set-

up presented in Figure 4: a 10mm cylinder at 30mm from a top wall with 15º inclina-

tion. 
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This is the experimental setup we chosen and in Figure 28.a we verify that the flame is 

heavily curved just before passing the cylinder, also, the flow velocities are quite high, 

close to 0,5m/s in this case, uniformly directed upwardly. When reaching close the wall 

(Figure 28.b), the flame still has very high curvatures but there were strong changes in 

the flow pattern. There are partially stagned regions and a flow reversion directed to the 

flame. 

This proves that our installation is working for what it was designed, to produce highly 

stretched flames in laminar conditions with strong transient non-symmetric effects.

Because we are facing a 2D PIV processing but flow and stretch are 3D effects, we have 

to make a 2D assumption, neglecting the third direction perpendicular to the acquisition 

plane, even if some care have been made to exclude evident cases where off-plane dis-

placements occur as explained before. However, neglecting what happens on the third 

direction we might be ignoring strong effects that can compromise all results, so it is 

very important to analyze what happens on the third direction to understand what we are 

neglecting.

To figure out what's happening on the third direction we arranged the setup in a differ-
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Fig. 28: Cylinder to wall interaction for rich mixtures a)after crossing the cylinder and b)close the wall
              (cylinder propagation made available by Vidigal, P., masters student at IST 2005/6)



ent position, with the laser plane and the cylinder's axis aligned with each other, so we 

can access to the vertical plane perpendicular to the regular acquisition plane of Figures 
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Fig. 29: Lean flame propagation perpendicular to the acquisition plane
a) and b) – Acquired images
c) and d) – Flow velocity maps
e) and f) – Flame stretch profiles



27 and 28.

Figure 29 presents two instants from a regular lean flame propagation captured in the 

perpendicular plane, presenting the acquired images in Figures 29.a and b, the flow ve-

locities and flame fronts in Figures 29.c and d, and stretch around middle section in Fig-

ures 29.e and f. In this flame we recognize that its curvatures are very much lower than 

the ones presented in Figures 27 and 28, fact that made possible to capture wider images 

in the perpendicular plane because we could have a coarser flame discretization to well 

resolve the flame front.

Because the cylinder's axis is in the third direction, the asymmetries occur mostly in the 

x-y plane. As it is described in Figures 29.c to f the flow is mainly directed upwardly, 
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Fig. 30: Flame propagation in the near wall region with a lean mixture. Simultaneous presentation of  
flame front, flame speed Su and total stretch k.



the curvatures are generally smooth and the maximum stretch found in the normal plane 

can be considered small if compared with the stretch we can have in the regular plane. 

Comparing with the results in Figure 30 for the regular acquisition plane, the maximum 

stretch around 140s-1 in the normal plane is less than 5% of 3000s-1 that can be found in 

the regular acquisition plane.

VII.II Flame stretch analysis in real flame propagations
Applying the procedures presented in chapter 4 to the acquired propagations we will ob-

tain the flame speed and flame stretch results along the flame as presented in Figure 30. 

In these four chosen instants from a whole propagation we contemplate a uniform flame 

propagation until the top wall, being clearly distinguished a correlation between Su and 

k. For all flame fronts the lowest stretch occurs at the flame tip region, fact also present-

ed by Foucher et al.[21], but it's also in the tip region where the flame speed gets sys-

tematically higher values. This is a clear evidence that a strong relation between Su and 

k occurs in real flames as predicted by the stretch theory [6][7].

With all the acquired data we can achieve the correlation between Su and k we have 

been searching from the start. Figure 31 is the representation in an error bar chart of the 

Su and k values for all the acquired flames in lean and rich conditions. 

We can visualize a very good correlation for all the negative values with a small change 
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Fig. 31: Experimental data in the the k-Su representation for a) lean and b) rich flames



when crossing to positive values. This can be easily explained by the fact that we cho-

sen the smooth parameters based on the flame highest curvature, which occurred sys-

tematically on the flame tip formed by the cylinder, which means we will certainly have 

a higher error for the regions with lower curvatures. As all regions with positive curva-

tures had lower curvatures we have certainly a high error in the positive stretch region. 

But this behavior was also present in the simulated results of Figure 26 where evident 

errors in flame speed determination where found. 

Due to uncertainty, it is recommended to analyze only the negative curvatures until fur-

ther studies for small stretch regions and flame speed determination processes are made. 

Figure 32 presents the k-Su relations for all the negative values acquired with the corre-

lations that proves our expectations. It's very clear that we have a linear correlation be-

tween Su and k, both for lean and rich flames. The results gave us the following un-

stretched flame speeds and Markstein lengths presented in Table 1.

SL (m/s) L (m)

Lean (Φ=0,86) 0,326 5,90E-5

Rich (Φ=1,52) 0,135 3,06E-5

Table 1: Unstretched flame speeds and Markstein lengths

These results proven to be in accordance with the previous studies of Law & Sung [7] 
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Fig. 32: k-Su correlations for a) lean flames and b) rich flames only for negative values



and Bechtold & Matalon [11].

An important feature in this work is that Su and k are still being related linearly until 

high stretch values, evidence that haven't been presented before. Although the stretch 

theory has been used for many years [9], its linearity until very high stretch levels that 

occur in turbulent flames has been a hard task to prove experimentally [17][21], being 

the available results restricted to low stretch values either theoretically[7][11] or experi-

mentally[14]-[16].

VII.III Flow effects on flame propagation 
Previously we prove the correlation between Su and k until very high stretch values, but 

no separation was made between strain and stretch, which despite some recommenda-

tions to separate flow from curvature effects [14][15], apparently the combination of 

both effects didn't cause any trouble.

Anyway, we separated both effects and realized that in our experiments the total stretch 

was dominated by curvature, while despite our efforts in the combustion chamber ar-

rangements, strain effects are quite negligible. 

Figure 33 presents correlations for both curvature and flow stretch for both mixtures 

where we can clearly observe the direct relation between curvature and total stretch, 

while flow stretch is not only negligible but also completely uncorrelated with total 

stretch. This proves that the flow has a low influence on the flame speed. 

But flow influences are not restricted to change the flame speed. According to equation 

4 the flame displacement speed is directly related with flow speed, such that small 

changes in the flow can push the flame to propagate faster if the flame speed and the 

flow are in the same direction, or even make the flame propagate backward if the flow 

is directed against the flame. These are the causes for the Landau-Darrieus phenomenon 
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[30] that bend the flame front and create cellular flames, even in freely propagating 

flames with no obstacles. So what influences are we making in the flow that can inter-

fere with the flame?

In Figures 34 and 35 we present for lean and rich flames respectively, the PIV pro-

cessed data for two typical runs, with the flame line and flow patterns shown together.

In general, both propagations, lean and rich, are similar. At t=0ms the flow is mostly di-

rected to the right hand side because because of a stagnation point at the wall left side. 

The flow pattern is likely to be seen as an impinging jet, which based on the mass and 

momentum balance the flow diverges to the right and left of the stagnation point. Being 

the stagnation point location dependent from the global flow direction relatively to the 

wall and the wall is inclined to the left, the stagnation point appears also on the left side 

and the flow is manly redirected to the right. 

As the flame approaches the wall it can be observed a flow inversion at the flame tip, 
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Fig. 33: Curvature and flow stretch correlations with total stretch



extending all over the flow as the flame gets closer the wall. The reactants velocity vec-

tors at the flame tip points downward feeding the flame with fresh mixture and keep this 

pattern until all mixture is consumed. This trend was also observed by Foucher et al.[21] 

in 2003 with his experiments of flames approaching a wall but with naturally wrinkled 
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Fig. 34: Lean flame propagation sequence with instant velocity maps



methane flames. This announces we are witnessing a phenomenon that is being repro-

duced with different flame/wall interactions and can be an important process in the near 

wall fuel consumption.
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Fig. 35: Rich flame propagation sequence with instant velocity maps



It is also observed in the flow field the presence of free stagnation points inside the 

flow, contrasting with the results of Foucher et al.[21]. Although the location of the 

stagnation points change from run to run, the initial and final flow patterns were quite 

the same in all cases. In rich flames like in Figure 35 we have one of these cases where 

a stagnation point appears within the flow, being associated with the flow reversion, but 

in lean flames like the one of Figure 34 there is no evident stagnation point within the 

flow, nevertheless the flow reversion still occurs in the end of the flame propagation 

when the right hand flame cell gets close the wall. 

In either case, from the global propagation understanding, the flow is mainly being di-

rected by the flame than otherwise because the flame doesn't appear to be substantially 

influenced by he flow.
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VIII Conclusions
The main objective was to understand the interaction process of a deformed flame with 

a wall, with emphasis on the evolution of Su velocity along the flame front (flame speed 

perpendicular to the flame surface) due to stretch effects.

The flames were laminar propagations in premixed propane-air mixtures with equiva-

lence ratios of 0.86 and 1.52 at atmospheric pressure and ambient temperature. The 

flames were deformed by forcing them to interact with an obstacle placed inside the 

combustion chamber. The study involved the use of laser diagnostic techniques for high 

speed cinematography, capturing a flow section illuminated by a laser sheet, and time 

resolved PIV measurements. 

It was verified that Su increases in the flame tip, i.e. the region where the flame is de-

formed, and the linearity of the stretch theory was proved to exist until high stretch lev-

els, which is a crucial element for future well established studies based on these firma-

ments. Additionally, the total stretch was found to be dominated by the curvature 

stretch, while flow stretch could be considered negligible.

In this work it was also made a detailed interference analysis of selected filtering proce-

dures on the determined curvature stretch. The conditions for stretch determination were 

that the flame front was determined from images used for PIV where an interface can be 

found between burned and unburned regions due to the seeding evaporation and the 

flame front is then identified in the image from this interface.

For precise evaluations a flame front with specific characteristics was simulated in a 

stagned flow, such that only errors could come from the flame front determination and 

flow velocity errors could be neglected. Because there are several ways to determine the 
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flame front velocities, but also for simplification, the exact Su values were assumed such 

that we could concentrate on the flame stretch determination error.

The results shown the efficiency of smoothing splines filtering processes, for which 

were determined the applicability ranges for each parameter used in the spline condi-

tions. It was also proved the inefficiency of all the other tested methods for flame front 

filtering, namely moving average filters and Savitzky-Golay methods.

Nevertheless, the determined applicability ranges for each condition in the smoothing 

spline function imply that very different curvature scales in the same flame front can 

have different errors. So it is suggested that further studies with more flexible methods 

that could adjust locally the smoothing parameters to the flame curvature should be ana-

lyzed.

The used procedure for flame speed determination shown a lack of efficient, but using 

statistic analysis it was possible to determine very accurately the real flame speeds un-

der strong stretch conditions that gave to this work its main achievement, the proven lin-

earity of the stretch theory.
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