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Introduction
Flames are used in a wide range of industrial applications such as heating and chemical
processing. These flames are typically turbulent, and inherently unsteady and three-dimensional (3D). Therefore, instantaneous volumetric data is needed to obtain more detailed
knowledge and to optimise combustion efficiency, with respect to energy and pollutant production. The flame shape and expansion as well as temporal fluctuations, e.g. combustion
instabilities, are important information for the development and optimisation of thermal processes.
CTC is an imaging technique that provides spatially- and temporally-resolved representations of a flame. Tomographic imaging of flames has been achieved using numerous modalities, for instance: tuneable light absorption [1], schlieren [2] and chemiluminescence [36]. Our CTC technique was first developed to reconstruct the instantaneous flame chemiluminescence field by Floyd [7], and was proven to work using commodity cameras. It was
tested using several phantoms and some real flame experiments [3, 8]. Since chemiluminescence occurs in a region close to the reaction zone, the reconstructed 3D chemiluminescence
field can reveal important geometrical features such as flame propagation and wrinkling,
flame orientation, vortex shedding and breakdown, jet precession and recirculation and local
quenching.
Most recently, we built a new tomography setup at the IVG, that constitutes 24 low-cost (<
€600) and light-weight (< 90 g) monochrome CCD cameras. The new CTC setup was applied to quasi-steady [9] and unsteady Bunsen flames [10], and a turbulent swirl flame [6].
The setup can be transported relatively easily, and not requiring an extra source of illumination means that it is less complex than its laser-based flame diagnostic counterparts. The
CTC setup was applied to an industrial burner, that was made optically accessible, outside
laboratory conditions for the first time at the GWI in Essen, Germany. Within three days,
the CTC was setup around the burner and flame reconstructions were achieved. The shorttime requirement, relative simplicity and low-cost of the CTC setup are desirable aspects,
especially for industrial-based applications. The 3D instantaneous reconstructions showed
that the flame was very wrinkled at the point of measurement and was shedding vortical
structures.
The CTC Technique
The CTC directly calculates the instantaneous 3D chemiluminescence field using multiple
line-of-sight integral measurements that are obtained from different angles around the object, as depicted in Figure 1. The flame images are fed into the tomography algorithm, that
is based on the Algebraic Reconstruction Technique (ART) [11], to calculate the 3D field.
The CTC algorithm incorporates non-parallel, perspective-corrected projections that also
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consider limited depth-of-field by ray-tracing and taking the blur-effect into account. More
detail on the algorithm and initial parametric phantom studies are in Floyd et al. [3, 7, 8].
The experimental setup
A standard industrial burner was used, which is commonly utilised for heating purposes in
thermal processes. The burner is modular and can be equipped with different nozzle configurations. The ceramic nozzle head used here had an exit diameter of 𝐷 = 65 mm and length
𝐿 = 300 mm. The burner was not encased and the premixed combustion gases constituted
natural gas (90 mol% methane) and air at atmospheric conditions. Premixing is achieved
inside the ceramic nozzle. The flame tomography tests were carried out using several operating conditions, up to 105 kW thermal power. The results of one exemplary case are presented here and the flow conditions are given in Table 1.
As shown in Figure 1, a total of 𝑁% = 24 CCD cameras (Basler acA645-100gm containing a
&
" Sony ICX414 monochrome sensor, 659 by 494 pixels of size 9.9 × 9.9 µm) were posi'
tioned within a 172.5° region around the burner. The spectral response of the cameras,
at > 60%, is between about 400 nm and 680 nm. Kowa C-mount lenses (focal length
12 mm) were used. One trigger signal was sent to all cameras and the image readout was
done through two Ethernet switches (Gigabit smart TL-SG2424P) that were connected to
the control and evaluation computer. The tomography setup used here was the same as the
one used recently to reconstruct a turbulent swirl flame [6].
The interest was in lowering the camera exposure time 𝑡+,- as much as possible to minimise
motion blur, so that finer flame structures could be resolved. The aperture opening was set
to its largest opening size, 𝑓/1.4, and an exposure time of 𝑡+,- = 0.1 ms was used. Images
of the background signal (the scene without the flame) were obtained by each camera directly after the flame tests. Background correction was applied by subtracting the pixel intensities of the background images from the flame images.

ROI

Figure 1: The CTC setup, constituting 24 cameras with filters (Shott BG40) arranged equiangularly within a 172.5° region, around the burner operated with natural gas at 83 kW, 𝜙 =0.79 at
the GWI (the white box shows the CTC region of interest ROI).
Table 1: The burner flow conditions: f is the equivalence ratio, 𝑉345 and 𝑉678 are the methane
and air volume flow rates of the combustion gases respectively, 𝑅𝑒 is the cold flow Reynolds number based on 𝐷, 𝑡+,- is the camera exposure time and 𝑃 is the flame thermal power.
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3D instantaneous reconstructions of the flame
All 24 views of the flame were used for the reconstructions. The flame images had a pixel
resolution of 0.8 mm, and contained 164 by 168 pixels in the horizontal and vertical directions respectively (providing a total of 27,552 projection measurements per view). The 3D
reconstruction domain constituted 164 by 164 by 168 voxels in the 𝑥𝑦𝑧 directions, the coordinates are illustrated in Figure 2. Examples of the flame images obtained at different
angles, in one plane, around the flame for one instantaneous time are shown in Figure 3.

Figure 2: Reconstruction domain around the flame, discretized into voxels.

Figure 3: Examples of the flame images obtained from different angles, in one plane.

Examples of the reconstructed flame for different instances in time are shown in Figure 4.
These images illustrate the volume-rendered view of the flame reconstructions. For one
case, 𝑡D , two further inclined views at random angles are illustrated. It was clear from the
experimental images, and the reconstructions, that the flame was shedding vortices in the
downstream direction. The instantaneous reconstructions presented in Figure 4 were chosen
such that to illustrate this vortex shedding. The image capturing frequency in the experiments was 5 Hz, which is far too low compared to the flame dynamics and does not allow
us to determine the shedding frequency. We are currently developing the tomography setup
to enable higher image-capture frame rates (in principle 100 Hz or 200 Hz are possible using
the existing cameras), to resolve the vortex motion. An important test for the reconstruction
quality is to look at the horizontal slices (normal to the flame image plane) [6]. The horizontal slices at different heights above the burner, for one instantaneous reconstruction (at
𝑡E ), are presented in Figure 5.
Conclusions
A turbulent industrial burner flame at the GWI was reconstructed for the first time using the
full CTC setup that constitutes 24 low-cost CCD cameras, and the non-parallel perspective-
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corrected projections in the reconstruction algorithm. Volume-rendered views of the reconstructed flame showed the expected flame shape, as compared to the experimental images.
Reconstructions from different instances in time showed that the flame is shedding vortical
structures, but the shedding frequency could not be determined since the flame images were
captured at very low frequencies (5 Hz). Horizontal slices from the reconstructed flame were
analysed and reveal a good quality.

Figure 4: Volume-rendered views of the reconstructed flame at different randomly chosen instances in time, shown from random angles that does not correspond to a view angle.

Figure 5: Horizontal slices from the reconstructed flame, at instantaneous time 𝑡E , at different
heights above the burner z.
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