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Abstract
The purpose of this paper is to present an improved method to measure simultaneously the
instantaneous velocity field and the flame front contour in turbulent premixed flames by
means of Particles Image Velocimetry (PIV). This method is based on the identification of
local flame front contour.
The flame that we investigate is stabilized in an axisymmetric turbulent stagnating flow
generated by a premixed lean propane-air stream impinging on a wall. This experimental
configuration is realized on a new test rig, called Vestales. Combustion occurs within the
laminar flamelet regime, i.e. flame fronts can be assumed to be thin wrinkled interfaces.
Flame front contours are extracted through Light Sheet Tomography (LST) combined with
PIV by using the same seeding particles: PIV recordings are analysed as tomographic
recordings. This process is made possible by the fact that Mie scattering light intensity
from the seeding particles is lower in products than in reactants, due to the gas expansion
across a flame front. Therefore it is possible to identify burned gas and fresh gas regions
and thus to extract the flame front contour.
However PIV recordings of turbulent reacting flows are sensitive to turbulent effects on
both seeding and flame front. Classical image segmentation techniques, such as
binarization and averaging windows do not allow an acurate localisation of flame contours.
To overcome this difficulty, we develop techniques to deal with blurred and noisy images.
These techniques are based on the Canny filter and on the active contours (snakes) theory.
Moreover, thanks to the knowledge of the flame front position, PIV cross-correlation are
processed by using a masking technique, which improves the accuracy in the determination
of the velocity field.

Introduction
Laser diagnostics in combustion are of considerable interest due notably to their in-situ and non-intrusive characters
and potential for spatial resolution. Particles Image Velocimetry (PIV) is widely used to measure velocity fields,
whereas Light Sheet Tomography (LST) or Planar Light Induced Fluorescence (PLIF) allow to localize contours of the
flame front.
PIV and qualitative PLIF of the hydroxil radical (OH) have been combined by Frank et al.(1999) and Kalt et al.
(2002) to study premixed turbulent stagnating flames. These techniques provide two-dimensional velocity fields and
informations on relative OH concentration; the hydroxil fluorescence enables to separate burned and unburned regions
of the flame. The drawback of this method is to synchronize two cameras and two lasers for simultaneous acquisition of
Mie-scattering and hydroxil fluorescence signals.
PIV can be also used as LST, by processing particle images. The idea of this method is to take advantage of the
spatial distribution of the particles. Due to gas expansion through the flame front, the density of seeding particles is
lower in burned gases than in fresh ones. Accordingly, the mean light intensity of the PIV recordings is lower in the
product region than in the reactant region. Then, the contour of each flame front can be extracted through image
processing.
The knowledge of structure and dynamic of the local flame front allows the determination of the characteristics of
the reacting turbulent flow. In the laminar flamelet regime, that we consider here, reactants and products are separated
by thin wrinkled quasi-laminar flamelets. Consequently, a single reaction progress variable c describes the
thermochemistery: the variable is zero in reactants and unity in products. Practically, its value can be deduced from the
flamelet identification. For a turbulent premixed flame stabilized in a stagnating flow, the equation for the mean
progress variable c~ is given by:
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where u and w are respectively the velocity components in radial and axial directions, and ρw''c'' and ρu'c
' '' are the
two contributions of turbulent flux of the reaction progress variable. These quantities — of prime importance in
combustion modeling — are unclosed terms and have to be modeled. An asymptotic analysis of equation (1) is made
by Bray et al. (2000). These turbulent fluxes can be determined experimentally by measuring simultaneously (u,w) and
c.
To investigate the mean flame structure and particularly the scalar turbulent transport properties, a new
experimental setup named Vestales1 has been developed. It provides a free-standing, turbulent premixed propane-air
flame in an adverse mean pressure gradient, with easy optical access.
The idea of combining PIV and LST is not recent. Armstrong and Bray (1992) were the first to realize it. The object
of interest in their study was a turbulent flame stabilized on a bunsen burner and extraction of the contour was achieved
by setting a threshold followed by a binarization process.
Stevens et al. (1998) used also PIV and LST simultaneously, in a stagnating turbulent premixed flame. Stevens
experimental setup is similar to the Vestales one and their extraction method is simular to the one proposed by
Armstrong. More explicitly, thresholding is processing on local mean pixel intensity calculated over averaging
windows. These windows are positioned in fresh or burned gas according to a threshold, based on the mean intensity.
More recently, in order to increase the contrast between burned and fresh gas regions, Jeanne et al. (2001) have
used incense smoke in addition to oxide particles. The image histogram revealed a valley separating a low grey-level
region from a high grey-level region. These two regions correspond to burned and fresh gases respectively.
The objective of this present experimental work is to improve the accuracy in the determination of shape and
position of the flame front contour by using a Canny filter and the technique of active contours.
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Experimental setup
Vestales test rig
The Vestales test rig consists of a nozzle burner unit and a stagnation plate. Figure 1 provides a schematic view of the
apparatus. The burner has been designed to produce a uniform axisymmetric turbulent flow at the nozzle exit, whose
diameter is d = 45 mm. An external co-flow of air can be used to prevent contamination by combustion products. Its
velocity can be adjusted to avoid the development of a shear layer at the outer rim of the flame. Both flows are
controlled separately through rotameters and manometers. The stream turbulence is generated by a perforated plate
located just upstream of the converging nozzle. It can be changed to generate flows with different turbulence intensity.
In the present case, the holes in the plate are 3.7 mm in diameter and the blockage ratio is 50 %. A fully developed
turbulence stream is obtained by using a straight tube downstream of the converging section. The impinging flat wall,
made of refractory material, is 300 mm in diameter. For the present study, the wall is located at a distance equal to the
burner diameter. The flow velocity at the burner exit is kept constant at 5.4 m/s, leading to a bulk strain rate of 120 s-1 ,
whereas the equivalence ratio is equal to 0.89. The turbulence intensity at the nozzle exit is a few percents.

Figure 1: Schematic view of the Vestales stagnation-point burner

Data acquisition
The PIV system is provided by LA VISION company. The acquisition is computer controlled by DaVis, a LA VISION
software, also used for cross-correlation processing. A specific code written in C language has been developed for
flame front detection. The laser sources consist of twin pulsed Nd-YAG lasers of 120 mJ each and provided by New
Wave Research company. The parallel light sheet is generated by a classical optical system (sphero-cylindrical
arrangement). The sheet thickness is lower than 0.5 mm at the level of the burner. Particle scattering light is recorded
with an unintensified 1280×1024 square elements CCD camera. The imaging optics include a 200 mm lens, allowing a
magnification of 0.4, and a narrow bandwidth interference filter centered at 532 nm eliminating flame luminosity. The
optical arrangement allows a spatial resolution of 15 µm/pixel in each direction. The time interval between two
successive pulses is 176 µs. The fast shutter system takes the two separated frames with identical exposure time of 10
µs.
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Seeding particles
Metal oxide particles, such as titanium oxide TiO2 and zirconium oxide ZrO2 , are commonly used in combustion
experiments because of their high temperature resistance properties. In the present study, we choose ZrO2 as it offers
better quality images for PIV. Moreover, images can be used for both PIV and LST purposes, the seeding particles
density is a compromise, between LST and PIV requirements. Particles have been characterized in size and shape by
means of electronic microscopy. This analysis has been revealed that the mean diameter is 20 µm, whereas the aspect
ratio is 1.5. Considering particle size, it is clear that only low frequency phenomena can be detected. Particles are
injected, by means of a paddle seeder, in the propane-air mixture far upstream of the nozzle. This achieves a good
seeding homogeneity and avoids flow disturbances induced by the injection system.

Figure 2: PIV recording on the Vestales rig. The impinging wall is at the top of the image. The flame front is clearly
identified by the particles density difference. The overlaid yellow frame points out the flamelets regions.

Flame front identification
As aforementioned, the flame front is directly deduced from PIV images. Even the seeding particles are moving during
this time delay, allowing velocity calculation, the displacement remains lower than the flame evolution. Therefore, it is
reasonable to assume that the same flame front is frozen on both images.
Many classical tools, such as erosion or dilatation filters, binarization, thresholding, or equalization are used in our
image processing. There are well known and do not justify any further description here. Accordingly, we focus our
attention on the Canny filter and on active contour models that we have implemented especially to extract the flame
front contour. The image processing is applied to a typical PIV recording given as an example in Figure 2.

4

Edge detection using the averaging windows method
First of all, a Stevens like method (cf. § Introduction) has been applied to the particles image of Figure 2. The resulting
front is presented in Figure 3. One observed that the flamelet contour is roughly obtained: the detected contour can be
considered as a reasonable representation of the true flame front but small scale structures whose dimensions are
smaller than the averaging window size are not detected correctly. This justifies the development of an improved
method for flamelet identification.

Figure 3: Flame front contour detected by the averaging windows method overlaid on the particles image

Image pre -processing
The objective of this step is to reject small scale structures generated by isolated particles or homogeneity default of the
seeding. Moreover, the contrast between unburned reactants and combustion products is enhanced. It must be also
noticed that this process reduces the spatial resolution: fine scale structures are filtered out by the blurring, and thus, the
flame front contour is smoothed. This latter effect may induce non negligible effects on the velocity maps and thus on
the measured turbulent scalar fluxes. Figure 4 shows that the spatial resolution of this process allows the determination
of flame front structures whose scales are smaller than the ones detected by averaging windows method. The Canny
filter and the active contours method are each applied to this blurred image.

Figure 4: Pre-processing result of PIV recording
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Edge detection using the Canny filter
An optimal filter
Canny (1986) proposed a theoretical approach to the edge detection problem. His first study was limited to onedimensional signal, but has been generalized to two-dimensional images. Canny was the first to identify and formalized
the three criteria to be necessarily satisfied by an edge detector:
§ A good detection. The probability of not marking real edge points and of marking non edge point must be as
small as possible. Thus, the larger is the Signal to Noise Ratio, the better is the detection quality.
§ A good edge localisation. It must be as close as possible of the true edge. This is achieved if the Root Mean
Square value of the localization is as small as possible.
§ The uniqueness of the solution. The existence of several solutions in the vicinity of a contour must be avoided.
Each criteria can be mathematically expressed and the maximisation of this set of criteria leads to find the filter
F(x) as the solution of the following differential equation:

2F(x) −2λ1

d 2F
d4F
+
2
λ
2+
+λ3=0
dx 2
dx 4

(2)

In this equation, λ1 , λ2 , and λ3 are constants depending on the signal properties.
Assuming particular initial conditions over a finite domain, given by the interrogation window, Canny shows that
the general solution of such a differential equation is approximated by the derivative of the gaussian filter:

 x2 
F(x)= x2 exp 2 
σ
σ 
where σ is the standard deviation.

Figure 5a: Edge elements detected by a Canny filter with σ = 32 pixels

Figure 5b: Edge elements detected by a Canny filter with σ =16 pixels
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Figure 5c: Edge elements detected by a Canny filter with σ = 8pixels
The choice of σ is the critical problem of this method. It results from a compromise between detection and
localization. The smaller is σ, the higher is the edge localization. The higher is σ, the smaller is the edge detection
sensitivity. Noisy edge parts must be filtered out, but some of “true” edge parts may be eliminated too in this way. The
Canny filter is easy to implement and is a relatively fast and reliable method for edge detection.

Applications
The Canny filter is applied to the blurred image of Figure 4. Non maxima suppression and hysteresis thresholding are
then executed. The results obtained for σ equal to 32, 16, and 8 pixels are presented in Figures 5a, 5b and 5c,
respectively.
This set of results clearly illustrates the influence of σ which can be considered as the filter bandwidth. As shown in
Figure 5a, the larger is σ, the higher is the detection selectivity. Detected edge elements draw a thick strip from which
the flame front can be easily determined by averaging. Moreover, the spurious edge elements detected are easy to
eliminate. As a consequence, the localization accuracy is relatively low and the resulting flame front is smooth.
Latter results must be compared with those obtained for σ = 8 and presented in Figure 5c. In this case, the edge
elements are very thin, allowing accurate localization. However, the detection selectivity is poor, so many edge
elements are detected. The problem here is to eliminate the spurious elements and to link the edge elements considered
as “true” parts of the flame front. This is performed by using linking algorithms based on geometrical criteria of the
edge elements, such as length, orientation. The choice of these criteria is as critical as the choice of σ. In case of
discontinuity, a straight line is used to complete the contour. Moreover, the linkage process is a critical step, which may
fail when too many edge elements are detected.

Figure 6: Flame fronts deduced from a Canny filter applied to the particles image: white curve is for σ = 32 pixels and
red curve is for σ = 16 pixels
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Results and discussions
Figure 6 shows the particles image and the detected contours. In the case where σ = 8, the linkage process failed: too
many edge elements are detected. As shown in Figure 6, the Canny filter followed by the linkage process lead to a
relatively good identification of the flame front. However some parts of the contour are subject to discussion, e.g. the
“bump” detected in the case σ = 16.
Completed parts of the contour or spurious remaining elements lead to some uncertainties. As a consequence, the
velocity map corresponding to the reactants or products are also subject to uncertainties. This may lead to a poor
evaluation of the turbulent scalar flux.
As aforementioned, the choice of the Canny filter bandwidth σ is a critical problem and the linkage process is
relatively difficult. This contributes to reduce the “efficiency” of this method.
To avoid these problems, and if the refined flame front structure is expected, e.g. for topology studies, another edge
detection technique is required. Therefore, we resort to the active contour technique which allows the determination of
a contour necessarily continuous.

Edge detection using active contour models
Deformable models
Deformable models are curves or surfaces defined within a multi-dimensional domain that can move toward desired
features, usually edges. Deformations are induced by internal forces which are defined within the curve or surface
itself, and also by external forces which are computed from the image data. The development of deformable models to
extract features of interest in images results from the work of Kass et al. (1987), although the idea appeared much
further. These models are known as snakes or active contours in two-dimensional case. We focus here on parametric
active contours, which allow a compact representation of data.

[

[ ]]

A snake is a curve l( s)= x( s), y( s),s∈ 0,1 , that moves through the spatial domain of an image in order to
minimize the energy functional E:
E= Eint(l)+Eext (l)
(4)
The internal energy Eint defines the physical regularity of the curve:
1 
∂2l 
Eint=∫0 1 α ∂l + β 2 ds
2  ∂s
∂s 

(5)

where α and β are weighting parameters that control the elasticity and rigidity of the snake, respectively. The first-order
derivative discourages stretching and makes the model behave like an elastic string, wheras the second-order derivative
discourages bending and makes the model behave like rigid rod. The external energy function Eext is derived from the
image data:

Eext = ∫ P( l(s ))ds
1

(6)

0

where P is a potential energy functional. So, it takes its smaller values on the features of interest, such as boundaries.
Given a grey-level image I(x,y), a typical potential energy function designed to lead a deformable model toward step
edges is:

P(l) =−∇[O∗I(l )]

2

(7)

with O an operator, such as an edge detector. A curve l that is a local minimum for E must satisfy the Euler-Lagrange
equation:

[

]

α ×l ''(s )+β ×l (s)+∇ ∇[O∗I(l )]2 =0

(8)

where l’’(s) and l’’’’(s) denote the second and fourth-order derivatives of l(s) with respect to s. To grasp a little about
the physical behavior of deformable models, each term of this formulation can be seen as a force applied to the curve,
according to the following equation:

Fint+ Fext =0

(9)
where Fint =α ×l ''(s) −β ×l''''(s) and Fext =−∇P . A solution can be seen either as reaching the minimum of the energy
or realizing the equilibrium of the forces in the force balance equation (9). Although the formulation is modeled as a
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static problem, an artificial variable t is introduced to minimize the energy. The curve l becomes a function of time as
well as s, i.e. l(s,t) and the equation (8) is modified as follows:

[

] ∂l∂(ts)

α ×l''( s)−β ×l ''''( s)+∇ ∇[O∗I(l )] =
2

(10)

A solution of this equation is found when the right-hand side term vanishes: the solution l(s,t) is stabilized. Thus the
problem is solved iteratively, by placing an initial contour on the image domain and allowing the snake to deform.
There are two key difficulties with active contours. The first is to supply a potential energy function P which pushes
the curve toward all the details of the flame front contour. The second is to draw the initial curve, as close as possible to
the real flame front to avoid the snake being trapped by noisy edges. Indeed, the snake is attracted by local minima of
P, which is typically based on an edge detector, such as Canny filter. The initial curve could be drawn by a contour
deduced from a Canny filter with an high value of the standard deviation, as shown in Figure 6. But we prefer using an
edge, roughly obtained by the averaging windows method, which is more reliable. Then, the curve must be deformed
smoothly, to avoid divergence toward spurious edges.
The Canny filter is taken for the operator O of the potential energy function P. The standard deviation of the Canny
filter is decreased progressively down to unity, to refine the contour as much as possible.

Figure 7a: Active contours method overlaid on the particles image: initial curve is in white and final curve is in red

Figure 7b: Final flame front contour overlaid on the blurred image of Figure 4

Application
Figure 7a shows the result from the blurred image of Figure 4 processing by active contours method. Small scale
structures are evidenced, but the comparison between the final snake and the blurred image given in Figure 7b shows
that the snake fails to follow flame front wrinkles of high concavity.
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Cross-correlation calculations
Thanks to the knowledge of the flame front, PIV cross-correlation is processed by using the masking technique, like
Stevens et al. (1998) and Jeanne et al. (2001). This technique consists in calculating the velocity field of reactant and
product regions separately. Therefore, near the flame front, velocity measurements are improved since a higher density
of particles in fresh gas does not influence the correlation in common interrogation windows.
This computation method follows an adaptive multi-pass processing with decreasingly smaller window sizes. From
a pass to another, the window size is halved, whereas the vector field calculated in a pass is used as a reference window
shift for the next pass. The sizes of initial and final interrogation windows are 64×64 and 16×16 pixels 2 , respectively.

Figure 8: Instantaneous velocity field with flamelet front contour overlaid
Figure 8 shows the instantanous velocity field calculated from the particles image of Figure 2, according to the
masking tehnique. No post-processing has been applied to this field, so that many spurious vectors remain.
Nevertheless, the acceleration through the flame front can be locally observed.

Conclusions
With the final objective of investigating experimentally transport properties of stagnating turbulent premixed flames, a
PIV technique has been developed to measure simultaneously the local velocity and the reaction progress variable. We
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have shown that the proposed method, based on the use of the Canny filter and active contours model, is well suited to
identify local flame front. The convergence of the method when applied to wrinkles of high concavity should be
improved.
Nevertheless, the flexibility and reliability of the method must be proved by processing successfully a set of images.
Next step will consist of evaluation, through ensemble averaging, of flow mean quantities such as the conditional
velocity in reactants and products respectively, as well as the turbulent transport of the reaction progress variable.
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