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In this work a 3D flame reconstruction is performed from a 2D projection of the hot gases of a combustion flame. The
projection is obtained using an optical schlieren technique. In this technique, a schlieren image is integrated linearly
to obtain the hot gases, and then, a temperature field. Each row of the matrix representing the temperature
distribution is fitted with a specific function, and its respective error is calculated. In this way, the projected matrix can
be represented with the fitted functions. As a result of the procedure used in this research, a slice of the flame is
obtained by assuming a cylindrical symmetry of it and multiplying the fitted function by itself. Finally, it was evaluated
the mean error in calculations of temperature intensity in the flame under the cylindrical symmetry assumption
obtaining an accuracy of 96% which validates the efficiency of our method.

Introduction

Nowadays, combustion flames are an important subject of
study due to its importance in technology, fluctuations in
oil prices and air pollution due to combustion processes.
Therefore, these reasons are good motivations to look for
efficiency in flames. Furthermore, fossil fuels are a finite
reservoir of energy that each day decreases continuously
in the world [1]. Because of these reasons, it is important
to increase the efficiency in combustion flames to reduce
fuel consumption in such a way that it will be decrease
greenhouse effect and saving money by less fuel consump-
tion. Hence, to have a better understanding of combustion
of flames several optical nondestructive full field tech-
niques are used such as; interferometry arrangements in
form of tomography, shadowgraph and schlieren [2].

The schlieren techniques quantify the ray deviation at
the observation plane. The ray deviates due to changes
in the refractive index caused by temperature variations.
This technique is used in this manuscript to analyze the
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hot gases produced by the combustion in flames, and to ob-
tain the shape of flame. Schlieren technique is commonly
used in wind tunnels for aeronautic and flame diagnostic
since it is suitable and easy to implement [2, 3]. Real com-
bustion flames are compounds of hot gases distributed
in a volume, and flame temperature is one of the param-
eters which can be used to determine the efficiency of
combustion processes. However, the schlieren technique
obtains information which is integrated along an optical
path. Thus, the schlieren technique quantifies the refrac-
tive index gradients in a projection plane caused by the
hot gases distributed inside a volume. The resultant image
at the observation plane contains three dimensional infor-
mation of the hot gases. Although the information at the
projected plane is commonly useful, it is important to cal-
culate the three dimensional information of the volumet-
ric object. In order to determine this information, some
authors used projections at different angles to reconstruct
a volumetric object using the Radon transform [4]. Other
authors used the assumption of cylindrical geometry to
apply the Abel transform [5], as it was done in this work
to obtain a volumetric reconstruction of an object.
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It is well known that flames do not have perfect cylin-
drical shape and to calculate the error is very impor-
tant to have a real measurement of the accuracy of the
reconstruction. In this work, the three-dimensional flame
reconstruction includes an error which was evaluated.
The main goal of this work was to perform a three-
dimensional reconstruction of a flame starting from a 2D
projection of hot gases using an easy and novel mathemat-
ical method based on schlieren techniques and under the
assumption of cylindrical symmetry of the temperature
spatial distribution in the flame.

Theoretical background

The three-dimensional reconstruction of a flame in the
present work uses the schlieren optical technique to data
acquisition in form of refractive index gradient and it also
uses the assumption of cylindrical geometry to process the
results.

Schlieren technique theory

Schlieren technique was used to acquire the visualization
of gradient of refractive index in two-dimensions caused
by the hot gases in a combustion flame. The light ray prop-
agation through a transparent media was used to describe
how schlieren technique works, as shown in Fig. 1. When a
light ray travels through a transparent media with a thick-
ness W = ¢ — ¢ and a refractive index n = n(x,y,z) it
experiences certain deflection angle forming a projection
of the object in the image plane. The ray propagation in an
inhomogeneous medium is well described by the eikonal
equation given by [1, 2, 6]:

d dr\ v 1)
% (nds> =Vvn.
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Where ds is the arc length defined as ds? = dx?+dy*+dz?
and r is a position vector. The light ray passes through
the inhomogeneous medium in the z-direction from ¢;
to ¢y changing ds into dz each displacement of dz gener-
ates a small angle deflection. Assuming the configuration
depicted in Fig. 1 the Eq. (1) changes into the form:
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integrating Eqgs. (2) and (3) in both sides from ¢; to ¢, it is
obtained:

d d ©29
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However, when the ray propagates through ¢; there is not
deflection angle and then:
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as shown in Fig. 1. Substituting now the condition
expressed in Eq. (6) into Egs. (4) and (5) respectively, these
change into:
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Fig. 1 Light ray propagation through the test volume with non-uniform refractive index
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where Ax and Ay are the infinitesimal displacements sub-
tended by the angles ¢x and ¢y inthe Z — X and Z — Y
planes, respectively.

Considering hot gases from combustion in the flame as the
object of study, it can be assumed that the information ob-
tained in x direction is more significant than the correspond-
ing information in the y-direction due to the cylindrical
shape of flame. For this reason in this work, in Eq. (7) the x
direction was used. Afterward, taking the approximation
of small angle deviations tan (¢x) can be changed by €. As
shown in Fig. 1, tan (¢,) = Ax/f, with f the focal length
of the optical system which projects the image of the test
volume, so using the approximation €, = Ax/f as in [6]
and employing Eqs. (4) and (7) it is obtained:

219
ex=/ i )

On the other hand, from the Gladstone-Dale relation
(n — 1) = Kp, it is possible to obtain dp/dx which can be
substituted into Eq.(9) to get:

dp o

ax  KWf’

(10)

where K is the Gladstone-Dale constant which depends
on the medium and the wavelength used in the measure-
ment, p is the medium density, W is the object width, §x
is the displacement in x direction when a light ray passes
through an inhomogeneous medium, which is related
linearly with the intensity obtained in the image plane
according with Figs. 2 and 3, f represents the focal length
of the second mirror. Integrating now the density field as
described in the following equation:
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where p (x) is the density of hot combustion gases along the
x axis and pg is the nominal density of air at room temper-
ature. This result is relevant because it can be used to get
the temperature 7' (x) along the x axis using the following
relation where Ty stands for the reference temperature:

T =271,

12
p(x) (12

As can be observed in Eq. (12) it is possible to obtain the
temperature from a projection of the volumetric object,
as was mentioned above. That is, in the two-dimensional
projection of hot gases of flame there is intrinsic 3D infor-
mation of the combustion process and its recovery is
precisely the main objective of this work.

3D reconstruction of flame

The temperature function depicted in Eq. (12) was
obtained from the schlieren technique, depicted in Figs. 2
and 3, applied to the volumetric object with cylindri-
cal symmetry using the Abel transform described by the
relation:

o0 7(;’) rdr
. VP2

Where g(x) is the Abel transform of f(r). Such that, to
recover the 3D information, the inverse Abel transform
should be used [7, 8]; several authors usually apply the
inverse Abel transform to reconstruct a volume in three
dimensions [7, 9-12]. The procedure proposed in this
research for the 3D reconstruction is an alternative to the
use of the Abel transform and additionally it is easy to
implement, to achieve that purpose the outer product of
two coordinate vectors x and y was applied using the next
relation:

gx)=A [f(r)] = (13)
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Fig. 2 Schematic diagram of the Z-type schlieren experimental set-up used in this research to obtain 2D gradient of the hot gases density induced
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Fig. 3 Close up of the focal field slit in the diagram of the schlieren experimental set-up used in this research to obtain the 2D gradient of the hot

being x and y skinny matrices, such that the number of
columns of x is equal to the number of rows in y, as shown
in the following example:

1

' =121 2
1

(15)

In this work, the x coordinate represents a row of tem-
perature field associated to a height of flame, and »*
represents the transpose of x coordinate matrix [10]. Then
using Eq. (15) the temperature slices at a specific height
were obtained. Finally, doing a concatenation of all the
temperatures slices, the flame volume was reconstructed.

So, under the cylindrical symmetry hypothesis, the
shape of flame % at a specific x coordinate was obtained
making a Gaussian fitting to the curve given by:

h(x) = ae~ 0?2 , (16)

where a, b and ¢ were calculated for each x coordinate,
by means of minimizing the mean squared error between
the estimated curve and the experimental data as shown
in Fig. 8a, b, cand d.

On the other hand, it is well known that a fitting process
introduces an absolute error [8], for this reason in order

to validate the approximation used, the mean square error
between the fitted curve and the experimental data was
computed. The functions /(x) and Abel transform g(x)
theoretically give the same shape when they are applied
in one dimension, that means, both give the projection of
light sheet that passes through a cylindrical transparent
media cutting a circular slice. These functions describe
the temperature profile in x direction obtained with the
schlieren technique.

Results

2D flame reconstruction process

Figure 2 shows the top view of Z-type schlieren experi-
mental set-up which includes a white light diode as light
source, a stop metallic sheet with a hole of two mm diam-
eter to define the dynamic range of the schlieren setup,
two spherical mirrors with a diameter D = 0.15m and
a focal distance f = 1.54m, and a knife edge located at
the focal plane. According to the experimental set-up, the
knife edge is placed at the focal plane in vertical posi-
tion to be displaced along the x direction perpendicularly
to the z axis as shown in Fig. 3 where is described a
small displacement éx which produces an intensity change
at the image plane located at the camera position. The
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procedure to evaluate dx is important because it is related
with the intensity in the image plane and with the sensitiv-
ity of the schlieren set-up. In this research, the knife edge
is displaced along the x direction with small increments
dx to achieve an image with a half of the diameter inten-
sity at the focal plane. Once the knife edge was located
at the required position it was fixed, so that a half of
intensity was stopped, and a half of intensity crossed the
focal plane to arrive at the image plane. At this fixed
position of the knife edge, the schlieren images were
captured. The brightness in schlieren images was evalu-
ated qualitatively, by this reason, normalized temperature
fields were also obtained. In this research, an optical cal-
ibration of the schlieren system was not done. In turn,
the changes in the light intensity detected by the cam-
era allow to obtain the gradient of hot gases density as
shown in Fig. 5. To form the intensity images a lumen-
era digital camera was used with a navitar lens with a
focal length of = 50mm. The camera provides 30 frames
per second with 640 x 640 pixels. The burner was located
in the middle of the schlieren set-up and the hot gases
produced by the combustion flame flow in vertical direc-
tion, the same direction in which is positioned the knife
edge so the schlieren set-up can be sensible in the x
direction [13].

Four experimental conditions labeled as “One Open
Slot”, “Two Open Slots”, “Three Open Slots” and “Four
Open Slots’, which will be called 108, 208, 30S and 40S
respectively, were considered. The experimental condi-
tion “One Open Slot” describes the fact that only one slot
(hole) was opened in the burner that produce the flame,
“Two Open Slots” describes the case where two slots were
opened in the burner and so on. In the acquisition pro-
cedure of the data sets, the pressure of gas admission
to the burner was controlled and adjusted frequently to
assure the most similar experimental condition in the gas
burning in every case considered. Figure 4 shows a pho-
tograph of the gas butane burner used in this research, at
the bottom are shown the circular holes (slots) that allow
the admission of the air to the burner. Each experimental
condition considered by the schlieren technique produced
a data set associated with a mesh containing the inten-
sity distribution of temperature associated with each pixel
in the flame image. The processing of the data acquired
finally allows the 3D reconstruction of flame.

Figure 5, shows the gradient of the hot gases den-
sity obtained from the schlieren measurements corre-
sponding to the experimental conditions 108§, 20S, 308,
and 40S of air admission in the burner, respectively.
As can be observed in Fig. 5, the gradient distribution
of hot gases has some own characteristics associated to
each experimental condition considered, for example, the
2D flame shape tends to be more symmetric keeping a
cylindrical geometry for the cases corresponding to an
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even number of opened slots. It is also noticeable how
the reaction zone shape depends on the premixed air-
fuel quantity as is described by the conical structures
located at the base and close to the center of flame.
Figure 6 shows processed images of the original 2D data
projections shown in Fig. 5 obtained from the schlieren
technique for the experimental conditions: a) One Open
Slot (10S), b) Two Open Slots (20S), ¢) Three Open Slots
(30S), and Four Open Slots (40S). In Fig. 6 the tem-
perature intensity distribution was normalized using the
schlieren temperature intensities, 7, employing the rela-
tion: Tyormatized = (T — Timin) /(Tmax — Tmin), where Ty
is the minimum intensity of temperature and T, is the
maximum intensity of temperature. Then, the normalized
temperature distribution was highlighted employing a col-
ors gamma which goes from blue (cold) to red (hot). This
normalization procedure described before was also used
to represent Figs. 7 and 8.

3D flame reconstruction process

Once the reconstruction of the flame in two dimensions
was performed, the reconstruction of the flame in three
dimensions was carried out, for which it was necessary
to applying the outer product of each coordinate row by
itself. In the first step of the flame reconstruction process
in 3D, it was obtained a 2D Gaussian shape for each height
and then were concatenated each one of these slices to
obtain the complete volume. This reconstructed volume
represents the temperature distribution in 3D as shown
in Fig. 7 for the four sets 10S, 20S, 30S and 40S, being
the temperature intensity in the flame described by colors
going from blue (cold) to red (hot). In Fig. 7 the new x and
z axis correspond to the original x and y axis of the exper-
imental data, respectively. The new axis obtained due 3D
reconstruction was called rotation axis (new y axis) in
order to avoid confusion. It is important to note that the
flame reconstruction process expands the information on
the particular characteristics of the flame with respect to
the two-dimensional image originally measured.

Error estimation in the 3D reconstruction process

In order to estimate the error in the three-dimensional
reconstruction process of the flame studied in this
research, regarding the assumption of cylindrical symme-
try of temperatures in the flame along the vertical axis or
axis of rotation, a numerical fitting was made, (assuming
a Gaussian distribution of the temperature in the flame at
various heights fixed), to the data entered to reconstruct
the volume obtained directly from the experimental mea-
surements made using the schlieren technique. Several
slices were considered at fixed heights in the flame corre-
sponding to the pixels marked in Fig. 8a, b, c and d, which
are shown in Fig. 8e, f, g and h, respectively. The absolute
mean error by discrepancy between the fitted Gaussian
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Burner Thermocouple.

Thermocouple

Reaction
zone

Fig. 4 Photograph of the gas butane burner used to perform the measurement of temperatures of flame. In the photograph are shown at the
bottom the circular holes (slots) that allow the admission of air to the burner and at the top the tip of the thermocouple used to measure the
temperature in the flame
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Raw Schlieren Gradients.

108 20s 308 40S
' 4

Fig. 5 Gradient of the density of hot gases obtained from the schlieren measurements corresponding to the experimental conditions 10S, 20S, 30S
and 40S air intake at the burner, respectively. The gas reaction zone depends on the amount of premixed air fuel as is described by the conical
structures located in the base and close to the center of the flame

Normalized temperature fields.
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Fig. 6 Processed images of the original 2D data projections shown in Fig. 5 obtained from the schlieren technique for the experimental conditions:
a) One Open Slot (105S), b) Two Open Slots (20S), €) Three Open Slots (30S), and d) Four Open Slots (40S). Colors correspond to the temperature
intensity distribution which goes from blue (cold) to red (hot). The horizontal black lines in the images represent different height of the flame at
which were obtained slices of the temperature distribution on a horizontal plane as shown in Fig. 8
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(c) 308.

Fig. 7 Slices of the reconstructed 3D volume of a flame (the cuts were made at the half value corresponding to pixel 100 at the x axis). The
reconstructed volume of flame represents the temperature distribution in 3D for the four data sets: a) 10S, b) 205, ¢) 30S and d) 40S, colors
correspond to the temperature intensity which goes from blue (cold) to red (hot). The x and z axes correspond to the original x and y axes of the
experimental data, respectively. The new axis obtained due to the 3D reconstruction is the rotation axis
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curve for each the 400 rows selected on a fixed value on
the y axis and the experimental data computed for each
one of the 400 slices constituting the flame are quite small
as shown in Fig. 9 for some representative cases. Never-
theless, in Fig. 8b) corresponding to the 20S condition,
the mean error rise at the beginning of the graph as a con-
sequence of the perturbations occurring at the top of the
experimental data reconstruction as shown in Figs. 5b)
and 6b). Although, it is important to note that the data
set associated to the perturbations appearing at the top of
flame shown in Fig. 5b) are far away from the hottest area
which makes possible to ignore it. Disregarding the dis-
turbance described at the beginning of Fig. 9b, in general
terms the mean error was less than 0.04, which means that
the reconstruction process was made with an accuracy
estimated around 96%. Thus, all calculations performed in

this research confirm the validity of our hypothesis about
the cylindrical behavior of the temperature distribution in
the flame.

Temperature distribution measurement

Temperature measurement in the flame using a
thermocouple

In this research was also performed the measurement
of temperature distribution of flame in order to vali-
date again the assumption of cylindrical symmetry. The
temperature measurement was completed for the four
conditions (108, 20S, 30S and 40S) considered in this
work, using a K type thermocouple as measurement probe
connected to a 2110 KEITHLEY digital multimeter. The
temperature was measured at three specific heights of
flame respect to the base of the butane gas burner for
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2D Slices.

respectively. The temperature intensity goes from blue (cold) to red (hot)

Fig. 8 Figure a), b), ¢) and d) are experimental data (blue circles) of selected pixels on the rotation y axis defining slices at different height of the
flame describing the temperature distribution on a horizontal plane (from top to bottom 50, 200, 325, 350, 365, 370 and 380, respectively) for the
four experimental conditions considered 10S, 20S,30S and 405, respectively. The solid black lines represent fitted Gaussian curves. (e), (f), (g) and
(h) are slices at different height of the flame describing the temperature distribution on a horizontal plane associated to figures (a), (b), (c) and (d),

a) b) c) d)
1 1 1 1
5 08 Pixel 50 08 Pixel 50 08 Pixel 50 08 Pixel 50
3 08 06 06 06
g o4 04 04 04
< 02 02 02 02
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
1 1 1 1
08 Pixel 200 08 Pixel 200 08 Pixel 200 08 Pixel 200
g 06 06 08 06
£ o4 04 04 04
02 02 £ 02 02
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
1 T T T T T T T T T 1 T T T T T T T T T 1 T T T T T T T T T 1 T T T T T T T T T
08 Pixel 325 08 Pixel 350 08 Pixel 365 08 Pixel 375
g 06 06 06 06
2 oa 04 04 04
02 02 02 02
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
1 e 1 — T T T T T 1 — T T T —T— T 1 — T T T T
08 Pixel 380 Experimental O ’» 08F  Pixel 380 1 08 Pixel 380 08F  Pixel 380 1
z Theoretical =——
% os 08 B 08 06 B
£ o4 o4t B 04 04t B
02 02 9 02 02 9
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Pixels Pixels Pixels Pixels
e) 2) h)
200 200
2
x
@
S
E=] 100 100
©
o
o
24
0
N
0 0
0 100 200 0 100 200 0 100 200 0 100 200
200 200
2
x
@©
5
E= 100 100
©
o
o
<
N
0 0
0 100 200 0 100 200 0 100 200 0 100 200
200 200 200 200
2
x
@©
c
hel
= 100 100 100 100
=
o
T
N
0 0 0 0
0 100 200 0 100 200 0 100 200 0 100 200
200 200 200 200
2
x
@©
c
hel
= 100 100 100 100
=
o
o
0
N
0 0 0 0
0 100 200 0 100 200 0 100 200 0 100 200




Alvarez-Herrera et al. Journal of the European Optical Society-Rapid Publications (2020) 16:21 Page 10 0of 13

Errors on 10S curves
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Fig. 9 Mean relative error between the fitted Gaussian curve for each the 400 rows on a fixed value on the y axis and the experimental data (y axis)
for each the 400 fitted curves (x axis) for: a) 10S, b) 20S, €) 30S and d) 40S experimental conditions

each experimental condition considered. The thermocou-
ple was attached to a vertical translation base supported
on a rail that allowed a horizontal translation to per-
form a sequential sweep of observation points every two
millimeters along a sampling line at a specific height of
flame. Figure 10 shows the temperature distribution as
a function of the spatial coordinate x in the horizontal
direction, measured at three different heights of flame
respect to the bottom of the flame in the gas burner
position for 10S, 20S, 30S and 40S experimental con-
ditions. The zero position (x = 0) represents the center
of the burner. As can be seen in Fig. 10a the flame for
10S condition has a temperature distribution with a slight
asymmetry and presents a shift toward the right of the
center of the burner due to the air admission for the
combustion comes from a side entry of the burner corre-
sponding to the “One Open Slot” condition. In the case
of 20S condition shown in Fig. 10b, the temperature dis-
tribution in the flame presents a better symmetry around
the center of the burner respect to the behavior found
for the 10S condition. As can be seen in Fig. 10b the

temperature distribution measured at the lowest height
(0.5 cm) respect to the burner position and located under
the flame reaction zone shows a valley reaching a mini-
mum around the x = 0 position. This behavior is due to
the fresh mixture of air and butane gas admitted to the
burner has not yet reacted. Figure 10c corresponding to
the 30S condition shows a high symmetry in the tem-
perature spatial distribution around the burner position
describing approximately a Gaussian distribution shape.
Clearly the air admission using three open slots (30S)
brings on high stability to the combustion process. It is
interesting to comment that the temperature reached by
the flame (= 390°C) for the minimum height considered
(0.5 cm) at x = 0 in the 30S condition was higher than
the value measured at the same height for the 20S experi-
mental condition. Finally, in the case of 40S experimental
condition it is possible to say that the temperature spatial
distribution of flame maintains a good grade of symme-
try around x = 0. Furthermore, in the 40S experimental
condition was verified a remarkably interesting behavior
of the temperature distribution for the minimum height
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Temperature with 10S at three different heights
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Thermocouple Temperature Measurement.
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Fig. 10 Temperature distribution as function of the spatial coordinate x in the horizontal direction, measured at three different heights of flame
respect to the bottom of the flame in the gas burner position for the experimental conditions: a) 10S, b) 20S, ¢) 30S and d) 40S. The zero position
(x = 0) represents the center of the burner. The solid lines were obtained by interpolation and are only for eye-guide

considered (0.5 cm) at x = 0; the flame reached tem-
perature values at x = 0 (corresponding to the valleys)
higher than those reached at the maximum height consid-
ered (4.2 cm) which was a behavior not found in any other
of experimental conditions considered. The temperature
spatial distribution corresponding to the 40S condition
still shows a valley shape around x = 0 for the mea-
surements done at the minimum height considered (0.5
cm) such as in the other experimental conditions consid-
ered but at higher temperatures than those obtained in
the conditions 10S, 20S and 30S. In fact, it is interesting
to note that the highest temperatures in the flame were
reached in some positions of the x coordinate the highest
temperatures reached by the flame.

Temperature measurement from schlieren technique

The temperature distribution of flame was also obtained
from schlieren technique for one of the representative
cases considered in this work. Figure 5 shows the gradi-
ent of the hot combustion gases density obtained from the
schlieren measurements corresponding to the experimen-
tal conditions 10S, 208, 30S and 40S of air admission

in the burner generating the flame. As can be observed
in Fig. 5 it is easy to appreciate the hot gases distribu-
tion in the flame in each experimental condition, via the
variations of the hot gases density. In fact, it is interest-
ing to observe the gases reaction zone described by the
conical structures located at the base and close to the cen-
ter of flame in Fig. 5. The size of these conical structures
depends on the premixed air-fuel quantity.

The temperature distribution of flame was obtained
calculating first the density of hot gases along the x direc-
tion using the Eq. (11) listed in section 2.1 and then sub-
stituting it into Eq. (12). Figure 11 shows a comparison
of the temperature spatial distribution at a height of 1.4
cm, respect to the base of the burner corresponding
to the 40S experimental condition, obtained by the
schlieren technique and the measurements done with
the K type thermocouple. Then, for the same height
position in schlieren normalized temperature, T,.0maiized
was calibrated with the temperature measured with
a thermocouple, using the thermocouple maximum
temperature, TTnermocouplenax  and  the thermocou-
ple minimum temperature corresponding to room
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Temperature comparations for 40S at 1.4cm height
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Fig. 11 Comparison of the temperature spatial distribution at a height of 1.4 cm, respect to the base of the burner, for the 40S experimental
condition, obtained by the schlieren technique and the measurements done with the K type thermocouple. Both temperatures measurements are
very similar considering the uncertainty bars associated to the values obtained using the thermocouple. The continuous line joining points
measured with a thermocouple was obtained by interpolation and is only for eye-guide

temperature Tyermocoupiemin: = To = 20°C, using the
relation T ajiprated,schiieren = Thormalized (T Thermocouple,max —
To) + To. The calibration in x direction was done with
a Pixel size of Pix = 0.031053cm to scale the x axis in
centimeters. To help to visualize the behavior of the
temperature points in the flame measured with the
thermocouple, an interpolation procedure using the
Octave function interpl with Piecewise Cubic Hermite
Interpolating Polynomial (pchip) was performed.

As shown in Fig. 11 there is a good agreement between
the flame temperature data obtained from the schlieren
measurements and the direct measurements using a ther-
mocouple. The agreement between both temperatures
measurements is good if it is taken into account the uncer-
tainty shown in Fig. 11 associated with the values obtained
using the thermocouple.

Conclusions

In this research was developed a three-dimensional recon-
struction of a flame from two-dimensional temperature
measurements obtained from the gradient of hot gases
density using an easy and efficient method based on
the schlieren technique. The reconstruction process was
based on the hypothesis of cylindrical symmetry of the

temperature spatial distribution in the flame. The method
proposed in this work to reconstruct the 3D character-
istics of flame, only requires the calculation of the outer
product between one sample row of the temperature field
and its own transpose sample row of the temperature field
to obtain one slice of the temperature of the flame. Once
it has been obtained a collection of temperatures slices, it
can be reconstructed the temperature distribution in the
volume of flame. The mean error was evaluated in the cal-
culations of temperature intensity for each flame under
the cylindrical symmetry assumption and was obtained
an accuracy of 96% when they were compared to a Gaus-
sian distribution. The temperature distribution of flame
obtained from schlieren measurement was calculated and
it was found a good agreement between these calculations
and direct measurements of the flame temperature using
a thermocouple.
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