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Abstract: A system for three-dimensional computed tomography of chemiluminescence was 
developed to measure flames over a large field angle. Nine gradient-index rods, with a 9 × 1 
endoscope and only one camera are used. Its large field of view, simplicity, and low cost 
make it attractive for inner flow field diagnostics. To study the bokeh effect caused by the 
imaging system on reconstruction solutions, fluorescent beads were used to determine the 
blurring function. Experiments using a steady diffusion flame were conducted to validate the 
system. Three models, namely the clear-imaging, out-of-focus imaging, and deconvolution 
models, were utilized. Taking the bokeh effect into account, the results suggest that based on 
run-times the deconvolution model provides the best reconstruction accuracy without 
increasing computational time. 
© 2017 Optical Society of America 
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1. Introduction 
Using just the emitted photons of combustion reaction, chemiluminescence measurements of 
combustion provide an important indicator of heat release rates [1–4], equivalence ratios [2, 
5], excited species concentrations [6, 7], without the need for lasers to be subjected to harsh 
conditions. This advantage of chemiluminescence enables researchers to use multiple 2D 
projections from various views of the target flame, combined with reconstruction algorithms, 
to obtain multidimensional measurements. Termed computed tomography of 
chemiluminescence (CTC) [8], J. Floyd et al. demonstrated its potential as a diagnostic tool 
for thermal-fluid studies from just the spatial structure of the flame and its physical variation. 

In recent years, three-dimensional CTC (3D-CTC) has been widely studied because of the 
great improvements in optical sensing capabilities and computing technologies, and the high 
resolution and instantaneous 3D measurements that have become achievable in practice. 
Floyd et al. [8] systematically studied various projection models and reconstruction 
algorithms, as well as resolutions from different viewpoints and noise. They also greatly 
reduced the equipment required in performing CTC that enable high resolution 3D 
measurements to be much more viable. In their experiments [9], ten commercial cameras in 
combination with mirrors provided simultaneous multi-directional projections of the flame. 
An optical distance of 637 mm and a corresponding 22-mm object domain were performed. 
Algorithms such as the algebraic reconstruction technique (ART), combined with cylindrical 
projections that were nonparallel and perspective corrected, were applied to achieve image 
reconstructions. Fiber-based endoscopes were used in the 3D-CTC experiments of Ma et al. 
[10–12], making the 3D-CTC procedure much more flexible by not requiring direct line-of-
sight. Two or more cameras were used in their studies. The degradation in spatial resolution 
was investigated, and the capacity to resolve sub-millimeter flame features was demonstrated; 
also 3D measurements at kilohertz sampling rates in a supersonic combustor were performed. 
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Fig. 1. Physical coordinate system of the 3D-CTC setup. 

2.2 Multi-directional imaging system 

For our multi-directional imaging system (Fig. 2), projections were obtained using a 
customized fiber bundle with nine inputs and only one output, which was recorded by a single 
CCD camera (IMI 147FT). Each input is an assemblage of 13,000 fibers circularly bunched 
within an area of diameter of 1.5 mm. The nine fiber bundles guide the light signals to a CCD 
comprising a 3 × 3 array. Hence the total number of fibers is 117,000. The core diameter of 
each single fiber is 12 µm and the pixel size of the CCD is 6.45 µm × 6.45 µm. 

The object domain is 45 × 45 × 20 mm3 at an object distance of about 65 mm, which 
establishes a field angle of about 50°, which is much larger than that in previous studies. To 
obtain the maximum DOF, nine GRIN lenses were used to direct the optical image of the 
object to the nine fiber inputs. The virtue of this kind of lens for imaging is its symmetrically 
smooth radial decrease in refractive index. It is commonly used as an objective lens or a relay 
lens for endoscopes for its small size and weight, as well as its advantage in correcting the 
Petzval field curvature [17]. There are various studies on the image quality of the GRIN lens 
using geometric optics [18, 19] and numerical techniques [20, 21]. The GRIN lenses used 
were 6.54 mm in length and 2 mm in diameter with a center refractive index of 1.64 and field 
angle of about 50°. At the object distance of 65 mm, its DOF is 86 mm under a permissible 
circle of confusion of 0.035 mm. 

 

Fig. 2. (a) Multi-directional imaging system; (b) Blurring circle from a point light source. 

                                                                                                   Vol. 25, No. 18 | 4 Sep 2017 | OPTICS EXPRESS 21011 







 

Fig. 5. Jet nozzle and CH4 diffusion flames. 

 

Fig. 6. (a) Simultaneous projections of the ten diffusion flames; (b) Intensity distribution along 
the red line. 

3. Projection processing models 
The traditional parallel projection mode is not suitable in practice for the optical setup 
because of the light-collecting characteristics of the lens [13]; this is more obvious for our 
experiments because of the large field angle. As the projection onto the CCD is based on the 
incoming photon counts, not only are the intersection area of the pixel and the blurring circle 
from the object point important factors of the projection but also the intensity distribution of 
the blurring circle. The blurring is caused by several sources and can be modeled using 
convolution [23]. The inverse deconvolution operation is being increasingly used for image 
processing to enhance resolution and contrast in the microscope and micro-CT fields [24–26]. 

In this study, three projection processing models were compared (Fig. 7): (a) Clear-
imaging model—blurring is ignored so that the measured projections are used as input data, 
and the voxel-to-pixel weight factors are determined by pinhole imaging theory; (b) Out-of-
focus imaging model—the measured projections are used as input data, and the voxel-to-pixel 
weight factors are determined from the intersection area times the intensity fitted using 
Gaussian functions corresponding to the separation between pixels and the blurring-circle 
center; (c) Deconvolution model—Lucy–Richardson deconvolution artifacts (Gaussian 
function) of the measured projections are used as input data, and the voxel-to-pixel weight 
factors are determined as for model (a). To simplify the calculation, we approximate the 
intersection area, which cannot be covered completely by the blurring circle, with polygons. 

For models (a) and (b), flame images were not corrected or filtered prior to applying the 
tomography algorithm whereas the Lucy–Richardson deconvolution was applied in model (c); 
no other correction or filter was used. 
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5. Conclusion 
To increase the field angle of 3D-CTC diagnostics while mitigating blurring, GRIN lenses 
were used combined with customized 9 × 1 endoscopes and only one CCD camera. Nine 
projections from different views were obtained simultaneously in a single shot, making this 
system quite simple and low cost. The object domain is 45 × 45 × 20 mm3 at an object 
distance of about 65 mm, corresponding to a field angle of about 50°. 

As lenses and a fiber bundle were used in this imaging system, blurring cannot be ignored. 
Small fluorescent beads were used to calibrate the blurring function. The results showed that 
the blurring circle barely changes in the object domain of imaging system (65 ± 25 mm). A 
2D Gaussian fit was found appropriate for the intensity in the radial direction. 

Three projections models (clear-imaging, out-of-focus imaging, deconvolution) were 
employed for image reconstructions with experimental measurements taken from ten small 
flames arranged on a ring. The diameters of the three reconstructed flames match well with 
the burner dimensions, illustrating the sub-millimeter resolution capabilities of the models. 
Top views of the reconstructed flames provide the best fidelity for the out-of-focus imaging 
model. Nevertheless, computational costs are 17 times that of the other two models. The 
model using deconvolution produce more distinctive details than the clear-imaging model, 
demonstrating that adopting deconvolution may help improve spatial resolution. 
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