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Abstract

Optical emission tomography of flames has recently been
demonstrated as a practical experimental technique far-det
mining the instantaneous position of a 3D flame surface. In
this paper, optical emission tomography is applied to stead
forced, non-axisymmetric, premixed, laminar flames. Aregxp
imental set-up involving a single camera and a rotatabledlam
holder allows camera images from an arbitrary number of di-
rections to be obtained. The 3D flame surface is identified and
the spatial and temporal resolution of the results is dsetis
The dependence of the reconstruction on the number of views
is investigated.

Introduction

Unlike conventional point and planar measurement tectasigu
tomographic methods allow the instantaneous measurement o
three-dimensional distributions of a property. It therefpro-
vides unique opportunities in the study of transient 3D flame
behaviours [5].

The application of tomographic methods has traditionadigrb
limited by the difficulties and cost associated with obtagni
projection measurements, as well as the computationaherpe
of reconstruction algorithms. However, as the cost of batlam
surement equipment and computational resources conttoues
decrease, and reconstruction algorithms are optimizecoior
bustion applications, tomographic methods are anticth&be
have greater applicability in both combustion researchfand
on-line diagnostics of industry combustors.

Computerized tomography is the reconstruction of an unknow
scalar functionf from a finite number of projections and has
wide applicability in the fields of science, engineering and
medicine [8]. In the terminology of applied tomography, apr
jection is an integral of a scalar function over a known geom-
etry, which may be a line, area, or volume. A view is a set of
projections onto a plane at a defined orientation to the dbjec

There have been few applications of optical flame tomography
in combustion research to date, although there have been sev
eral demonstrations of the capabilities of the techniquéhén
literature. Hertz and Faris [9] appear to be the first to apply
emission tomography to flames. They reconstructed the CH rad
ical emission intensity profile on a horizontal slice of a laam,
premixed, methane-air flame using 8 views. Ishino and Ohiwa
[10] used a custom made 40 lens camera to tomographically
reconstruct the emission intensity between 400 - 600 nm of a
turbulent premixed flame. Floyd et al. [6, 5] reconstructeel t
CH radical emission intensity from a laminar matrix burned a

a turbulent opposed jet flame. Upton et al. [15] introducéd oi
droplets into the unburned mixture which burned as theyqzhss
through the flame front. Using flash units, Upton et al. recon-
structed the scattering intensity to obtain a snapshotedidme
surface geometry.

Reconstruction Algorithms

Reconstruction methods using a finite number of projections

can be categorized as either transform methods or series ex-
pansion methods [8]. Series expansion methods are commonly
preferred for applications where a relatively small numbger
views are available, as is commonly the case in flame tomogra-
phy [16]. In series expansion methods a set bésis functions

(b;) are defined over the reconstruction volume so thaan

be approximated by a linear combination of the basis funstio
[8]:

@)

wherex; is the coefficient of basis functidoj, and f is a dis-
cretization of the scalar functioh The problem of estimating
f from its projections can then be expressed as a linear system
of equations which can be solved for the coefficients of tteésba
functions, i.e.

@

in whichy is a vector containing the projections fafeis an un-
known error vector an® is the weighting matrix. The weight-

ing matrix describes the contribution of each basis fumctip

to each projection and can be calculated based on geometry or
determined using an image calibration procedure.

y=Rx+eg

The reconstruction region is commonly divided into pixads f

2D reconstructions, or voxels for 3D reconstructions [58]9,
These basis functions have a value of one inside the element,
and zero outside. The coefficierf then represents the av-
erage value off over the element. In flame tomography it is
commonly assumed that camera images can be treated as ortho-
graphic projections of the emission intensity field [10, Bpr

2D reconstructions the weightings in the matRxcan be de-
termined by calculating the intersection area between @nrec
struction pixel and the horizontal area created by prajgct
camera pixel through the reconstruction region, aftereaing

for image magnification.

Many methods exist for calculating a solution to equatioAl2.
gebraic reconstruction techniques (ART), particularly thul-
tiplicative forms (MART), are perhaps the most widely imple
mented in the flame tomography literature (e.g. [9, 6, 158 an
are also standard algorithms in tomographic particle imege
locimetry [1]. Optimization methods have also been applied
in flame tomography, including least squares methods [2], th
maximisation of entropy method [7, 3], maximum likelihood
estimate methods [10], and total variation minimizatioh [2

In this paper, a relatively simple and inexpensive expemime
tal setup for optical tomography of steady and forced, non-
axisymmetric, laminar flames is presented. The temporal and
spatial resolution of flame reconstructions using the MART a
gorithm is investigated with the aim of clarifying the capab
ities and limitations of the technique for combustion reska
applications. Implications for the study of turbulent flaames-

ing optical tomography is also discussed.

Experimental Methods

Tomography of non-axisymmetric flames requires camera im-
ages of the object flame from multiple viewing angles. For



steady or periodic, non-axisymmetric flames this can be done
with only a single camera. To obtain the desired viewing esgl
either the camera can be moved around the flame, or the flame
orientation can be changed. The arrangement described here
uses a rotatable flame holder with a stationary camera. This
arrangement naturally is not applicable to turbulent flames

Laminar Flame Rig

A flame holder with a square port was used to produce steady,
non-axisymmetric, laminar, premixed flames. The sides ef th
port are 22 mm long with rounded corners. The flame holder
can be rotated about the vertical axis. A vernier angle ssale
used to measure the camera viewing angle to an accuracy of
+0.1 degrees. A photograph of the rotatable flame holder and
vernier scale is shown in figure 1.

Compressed air and propane are mixed approximately three me
tres upstream of the burner to ensure a well mixed mixtureeat t
burner port [11]. The combustion mixture passes through a 60
mm honeycomb flow straightener in the burner plenum before
entering a contraction upstream of the rotatable flame holde
Layers of fine steel mesh before and after the contraction are
used to dissipate turbulence. A removable quartz tube gisote
the flame from surrounding air disturbances and preventseflam
flickering caused by buoyancy effects while still allowingtie

cal access.

The flame tip height is extremely sensitive to any changeen th
flow profile of the unburned mixture and provides a useful-indi
cator of a change in the flame geometry. With the flow condi-
tioning arrangement currently used, the flame tip heighiesar

by less than 0.3 mm as the flame holder is rotated. This is less
than the flame thickness and so is unlikely to have significant
influence on the reconstruction.

Imaging System

A LaVision Flowmaster 3S camera system, controlled by DaVis
6.2 software, was used to image the flame. The camera is
equipped with a 105 mm focal length UV-Nikkor lens, f# 4.5,
and a LaVision high-speed IRO image intensifier. For a steady
flame, the exposure time can be increased to maximise the sig-
nal to noise ratio and the intensifier is not required. Theil2 b
camera has a resolution of 1280024 and a maximum frame
rate of 8 frames per second. The camera was positioned so that
the image plane was parallel to the burner centre axis. Tes si

of the flame holder were used to determine the image magnifi-
cation and position of the centre of the camera image reladiv

the centre of the burner.

Coplanar views, such as the views that result from this gagan
ment, are generally not considered optimal [2]. Howeves it
one of the simplest tomography arrangements and convgnient
allows horizontal slices of the emission intensity field &orb-
constructed without reconstructing the emission intgrafithe

Rotatable
Flame Holder

Angular Scale

Figure 1: Rotatable flame holder with square port and vernier
angle scale for accurate positioning.
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Figure 3: Camera images of a steady, laminar, premixed flame
from four viewing angles.

entire flame. Four examples of projection images are include
in figure 3. Although no optical filters have been used, some fil
tering of the flame’s emission spectrum is applied by the wave
length dependent properties of components of the imagisg sy
tem.

Periodically Forced Flame

An 8" speaker bolted to the bottom of the burner plenum is
used to excite the flame. A signal generator is connecteceto th
speaker via an audio amplifier, allowing the frequency and am
plitude of the acoustic excitation to be controlled. Theakge
induces sinusoidal velocity variations in the flow, causieg
riodic motion of the flame. The voltage output of the signal
generator is acquired at 50 kHz by a LabVIEW system and al-
lows the phase of the forcing cycle to be determined when the
image intensifier is triggered.

For non-steady flames, the exposure time should ideally &be ch
sen so that the flame moves a distance much smaller than the
flame thickness during exposure, to prevent apparent thicke
ing of the flame. The laminar flame speed of propane-air flames
at near stoichiometric conditions is around 0.4 m/s. Bez#us
flame typically propagates in the opposite direction to thevfl
velocity, the flame surface velocity relative to the laboratis
often much less than this. An exception occurs when a pocket
of unburned mixture, surrounded by flame, is ‘pinched’ from
the main flame surface. A complicated, non-steady flow field is
necessary to produce the mutual flame surface annihilatain t
results in a separated pocket, and the phenomena is coteglica
further by the effects of curvature and strain rate on thedlam
propagation speed. For the flames presented here, it isdeonsi
ered unlikely that the flame velocity relative to the laborgat
exceeds 1.5 m/s in most locations. The signal to noise rétio o
the camera provides a lower limit on the exposure time. An ex-
posure time of 30Qus was used for the results presented here,
limiting the movement of a flame element traveling at 1.5 s

to less than 0.45 mm.

Tomographic Reconstruction Algorithm

A 2D implementation of the MART reconstruction algorithm
with pixel basis functions [4] was implemented in MATLAB.
Due to the experimental arrangement, individual horizonta
slices are able to be reconstructed. In practice this qoorets

to using the projection measurements from the same row of
camera pixels for each viewing angle to reconstruct thexgitg
field on that plane. A 3D representation of the emission inten
sity field was obtained by stacking the reconstructed slices

To calculate the weightings, camera images are treated-as or
thographic projections of the flame. A common simplification
has been implemented where reconstruction pixels areetteat
as circles with an equal area [1]. The weighting is then inde-
pendent of the angle of intersections and is only dependent o
the shortest distance between a line projected from theecefit

the camera pixel and the centre of the reconstruction pixel.

Five iterations of the MART algorithm with a relaxation fact
of 0.3 were used to reconstruct the emission intensity field o
500x 500 grid, with a reconstruction pixel length of 0.06 mm.
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Figure 2: Reconstructed emission intensity in planes pefipalar to the burner axis. The height of each plane abav@ame holder

is indicated.

There are several possible sources of error introducedely-tr
ing the camera images as orthographic projections. These in
clude the camera noise floor, potential non-linearity ofdhm-

era intensity response, perception distortion inhererimiage
formation, and refraction and reflection due to the quaretu
Additionally, there is uncertainty in the alignment of thent-

era and flame holder and small variations in the flame during
the image acquisition period.

Results and Discussion

Steady Flame

Reconstructions of the emission intensity field on slicesuph

a steady, propane-air flame at near stoichiometric comditioe
displayed in figure 2. Thirty views (camera images), equally
spaced through 180 degrees, were used to produce the slices.
The shape of the flame surface is clearly recognizable and the
region of high emission intensity consistently appearsetay-
proximately 8-10 pixels across, corresponding to rough$¢ 0

0.6 mm.

Despite relatively good reconstruction of the general flgae
ometry, reconstruction artefacts are visible upon closeen-
tion. Within the flame, the emission intensity varies in a-hon
smooth manner and there is little consistency in the emissio
intensity profile across the flame at different positions loa t
flame surface. Smoother basis functions, not implemented in
the results presented here, may improve the reconstruction
Other features also likely to be reconstruction artefauttude
high emission intensities observed in some of the high ¢urga
areas and blurred thickening of the flame. Virtual flame s®sidi
may provide some insight into the origin of some of these-arte
facts.

From the stacked 2D slices, projection images can be cééclila
from any viewing orientation. A calculated projection ineag
looking down at the flame is provided in figure 4.

Projection images are difficult to interpret due to the sppsi
tion of the emission from flame elements along a line of sight.
Figure 4 shows rendered partially transparent isosurfatcte

Figure 4: Two visualisations of the same reconstructed -emis
sion intensity field from the same viewing angle. Left: calcu
lated projection image; right: rendering of partially tsparent
isosurfaces of emission intensity.

emission intensity field, next to a projection image of thmea
flame viewed from the same direction. To calculate smooth
isosurfaces useful for visualisation purposes, the reoactson
data was smoothed using mean filtering with ax111 x 11
convolution kernel.

Periodically Forced Flame

The same tomographic and visualization techniques haue bee
applied to instants in the cycle of a flame forced at 65.7 Hz.
Projection images were taken from 18 viewing angles, equall
spaced through 180 degrees. Figure 5 shows four sequemntial i
stants, each separated by approximately 10 degrees ofrttie fo
ing cycle, corresponding to an interval of 4@ between im-
ages.

In figure 5 a flame neck pinch-off event is observed, followgd b
the combustion of a small, separated pocket of unburned mix-
ture [12, 13, 14]. A small detached region of high emission
intensity above the tip of the flame can be seen in the third im-
age, showing the final stage of an island burn-out event. rGive
that the camera exposure time is greater than 70% of the time
interval between the images in figure 5, it is clear that tlaeee
significant changes in the emission intensity field near @dutu
flame interaction events during the camera exposure. The re-
constructions cannot therefore be treated as accuratslestap

of the emission intensity and a shorter exposure time Mlilesls

than 100Qus is required to investigate such events in detail.

Effect of Number of Views

The accuracy of tomographic reconstruction is known to be
highly dependent on the number of views available [8]. Feghur
shows a reconstructed slice of the steady flame from figure 3 us
ing different numbers of equally spaced views. The number of
MART iterations was increased to ten to ensure reasonahle co
vergence of reconstructions that use a small number of views

Using the current experimental set-up and reconstructigor a
rithm, more than six views are required to obtain a reasenabl
estimate of the flame shape. This is consistent with symtheti
data studies and other experimental data in the literatOre.
experience has shown that for meaningful analysis of thanrec
structed emission intensity field, at least 12 views areiredu

Conclusions

It has been demonstrated that high resolution tomograghic r
construction of non-axisymmetric, steady or periodicnpred
flames can be performed with a single camera and a relatively
simple experimental setup. This requires only a single cam-
era registration procedure. The resulting scalar volunta da
can be rendered to provide visualisations of the flame at-an in
stant, and to visualise motion of the flame surface. Furtbst-p
processing options are also likely to be of interest to tha-co
bustion research community, including the calculation afnié
thickness, curvature, and flame velocity relative to thetab
tory reference frame.
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Figure 5: Four sequential instants of a flame forced at 65.7THere is a time interval of 420s between images

With the general MART algorithm and pixel basis functions
used in this study, it was found that more than six views of the
flame is required to obtain a reasonable representationeof th
flame geometry. Basis functions or algorithms more suited to
reconstructing sparse intensity fields and localised higldlig
ents could yield improved results.

Reconstructions of a forced flame show flame annihilation
events occurring in less than 1 ms. This has implicationthier
tomographic reconstruction of turbulent flames in whichhsuc
flame interactions may often occur. To capture such events in
tomographic reconstructions of turbulent flames requires m
tiple, high-speed cameras with a frame rate greater thafh 100
frames per second.

6 Views

3 Views 5 Views

10 Views

Figure 6: A tomographically reconstructed slice of a steady
premixed flame using different numbers of equally spaced
views.
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