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Computed tomography of chemiluminescence (CTC) is a promising technique for combustion diagnostics, providing instanta-
neous 3D information of flame structures, especially in harsh circumstance. This work focuses on assessing the feasibility of CTC
and investigating structures of hydrogen-air premixed laminar flames using CTC. A numerical phantom study was performed to
assess the accuracy of the reconstruction algorithm. A well-designed burner was used to generate stable hydrogen-air premixed
laminar flames. The OH" chemiluminescence intensity field reconstructed from 37 views using CTC was compared to the OH"
chemiluminescence distributions recorded directly by a single ICCD camera from the side view. The flame structures in different
flow velocities and equivalence ratios were analyzed using the reconstructions. The results show that the CTC technique can
effectively indicate real distributions of the flame chemiluminescence. The height of the flame becomes larger with increasing flow
velocities, whereas it decreases with increasing equivalence ratios (no larger than 1). The increasing flow velocities gradually lift the
flame reaction zones. A critical cone angle of 4.76 degrees is obtained to avoid blow-off. These results set up a foundation for next

studies and the methods can be further developed to reconstruct 3D structures of flames.

1. Introduction

The development of combustion theory and the improvement
of advanced combustion equipment need detailed studies of
flame structures. The application of laser-based diagnostic
techniques, such as particle image velocimetry (PIV), planar
laser induced fluorescence (PLIF), and planar laser induced
Rayleigh scattering, can perform in situ, nonintrusive diag-
nostics of flame characteristics. These methods have advan-
tages of obtaining planar information with high spatial and
temporal resolution but at the cost of expensive and complex
experimental devices, such as powerful lasers, ICCD cameras,
and various optical components.

Compared to these laser-based diagnostic techniques, the
chemiluminescence technique is relatively simple and cheap
since there is no laser equipment. Chemiluminescence is a
natural indicator of flame structures and combustion char-
acteristics, because it intrinsically represents electronically

excited radicals formed by exothermic reactions within reac-
tion zones. The most common chemiluminescence is from
OH (A-X) with wavelength of 310 nm, CH (A-X) of 430 nm,
and Swan bands of C, (d-a) between 470 nm and 550 nm [1].
These three types of chemiluminescence can indicate flame
structures [2, 3], combustion characteristics of heat release
rate [4],local equivalence ratio [5], and stability [6]. Although
the chemiluminescence measurement is an effective method
to study flame structures and combustion characteristics, it
only captures integral results in light paths. This shortcoming
that is unable to resolve spatial distributions greatly limits
the application of this diagnostic technique. An effective way
to solve the problem and obtain 3D flame structures is the
combination of the chemiluminescence measurement with
the computed tomography (CT) technique, which leads to a
prospective tool for flame studies named as computed tomog-
raphy of chemiluminescence (CTC). In 1988, Hertz and Faris
[7] first used CTC to conduct a simple 2D reconstruction.



Since then, studies on the CTC technique have been widely
carried out.

The reconstruction algorithm and the experimental sys-
tem are the foundations of the CTC technique. The optimiza-
tion of them attracts worldwide interests. Denisova et al. [8]
developed an algorithm based on local regularization and
maximum entropy to meet the characteristics of the narrow
emitting region and the great intensity gradient, which
results in a better reconstruction even with few cameras
and severe noises. Goyal et al. [9] further optimized the
algorithm and obtained a new one using the maximization
of entropy methodology, which significantly reduced errors
as compared to 2D slice-by-slice reconstruction algorithms.
Cai et al. [10] developed a hybrid algorithm to solve the mea-
surement problem of 3D chemiluminescence intensity fields
and validated this by both numerical and experimental meth-
ods. Despite the considerable progress, the reconstruction
algorithm of CTC still has a great potential for further opti-
mization in terms of computational speed, reconstruction
precision, and efficiency by improving calculation models,
access methods of the weight function, and the full use of the
prior information. Gilabert et al. [11] and Hossain et al. [12]
designed a series of experimental systems by using an optical
transmission unit and optical fiber bundles, respectively, to
increase the efficiency of CTC and reduce the cost. Fiber-
based endoscopes (FBEs) were also applied for instantaneous
3D combustion measurements combined with tomography.
Kang et al. [13] conducted a series of tests to quantify the
accuracy of the view registration and the spatial resolution
of the FBEs. These studies have further improved CTC
by optimizing the reconstruction algorithm and designing
the experimental system, which make CTC more suitable
for combustion diagnostics. Numerical tests have been per-
formed to evaluate the reconstruction algorithm. Most tests
are performed on the assumption of parallel beams, which
is uncertain in practical experiments as the depth of focus
is limited, and thus more direct experimental verifications
are needed to assess the feasibility and the accuracy of CTC.
However, such convincing experiments are rarely reported.

Based on the development of the reconstruction algo-
rithm and the experimental system, the CTC technique has
been widely used in combustion diagnostics. Floyd et al. [14]
reconstructed the 3D chemiluminescence field of a turbulent
opposed jet flame with the CTC technique to obtain the flame
surface density, wrinkling factor, flame normal direction, and
heat release rate. They [15] also studied the instantaneous 3D
information on flame geometry and excited species concen-
trations on a matrix burner using 10 simultaneous camera
measurements. Anikin et al. [16] reconstructed 2D OH*
chemiluminescence distributions with a spatial resolution of
about I mm in turbulent diffusion flames with an exposure
time of 200us. Li [17] first obtained instantaneous 3D
combustion structures of turbulent jet flames imaging across
a sizable measurement volume at kHz based on tomographic
chemiluminescence technique, and phantoms simulating the
experimental flames were also performed for comparison
and validation purposes [18]. Many reconstructed results
of different flames have been obtained, but most studies
just focus on the reconstruction of chemiluminescence field
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regardless of the relationship between the chemilumines-
cence information and the combustion characteristics.

The studies and applications of the CTC technique are still
insufficient although considerable progress has been achieved
in recent years. In this work, a phantom study is carried out to
assess the ability of the ART algorithm. Then, a well-designed
burner is employed to generate stable conical hydrogen-air
premixed laminar flames, which are used to perform an
experimental verification to further assess the feasibility of
CTC. The OH" chemiluminescence intensity fields, which
are important indicators of reaction zones of flame fronts,
are reconstructed using the CTC technique. With the use of
these reconstructions, the flame structures and effects of flow
velocities and equivalence ratios are studied.

2. The CTC Method

2.1. The ART Algorithm. The CTC method contains two
main processes: acquisition of chemiluminescence projec-
tions from different angles and reconstruction of the intensity
field of the chemiluminescence from these projections using a
suitable reconstruction algorithm. The algebraic reconstruc-
tion technique (ART) algorithm is used in this study.

The ART algorithm is suitable for the CTC among
a series of robust reconstruction algorithms due to these
following reasons: the ART algorithm is a kind of iterative
reconstruction algorithm, which is quite appropriate for the
reconstruction from few projections and with severe noises;
the ART algorithm allows for more flexible projection geome-
tries, which brings great potential of applications for different
flames; the ART algorithm is easy to be improved with a
priori information, which greatly enhances the efficiency of
the reconstruction. However, the ART algorithm also has
some disadvantages, and the most serious one is its high
dependence on computing resources. With the development
of the computing devices, this problem is gradually solved,
especially in 2D reconstructions. In this work, we only focus
on 2D reconstructions and the most serious disadvantage of
the ART algorithm is not a problem. Based on the reasons
above, the ART algorithm is employed in this work.

The reconstruction problem is reduced to solving an
underdetermined system of linear equations. The system is
obtained by approximating each projection measurement I
as a finite sum taken through the discrete object (the flame)
domain as shown in the following [15]:

N‘/
lyp = Y Wapefo M
v=1

where I, is the intensity value of the pth projection in the
qth view (an image contains a series of projections measured
from a projection angle using a ICCD camera); f, is the
average scalar value of the pixel v, which is the goal; w,,,
is the weight coefficient representing the contribution of the
pixel v to the pth (maximum value N,) projection in the
gth (maximum value N) view, which is approximated as the
proportion of the intersection area between the projection
beam and the pixel area to the pixel area. With both the
necessity to obtain the correct weight coefficient for each
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projection and the importance of enhancing the computing
efficiency considered, a simplified calculation approach is
employed in this study, where the pixel is divided into 10 x
10 subgrids, and then the sum of area of these subpixels
whose center passed through the beam is computed as the
intersection area. In this work, the object domain is divided
into pixels that are indexed by a single index v from 1 to N,,.
A relaxed additive version of the ART algorithm is used
in this work as follows [15]:
(W, x F¢V - 1,)

' x W, (2)

(i) _ pl-1)
FY =F"V —yx
v W, x W '

In this equation, F is a N,-dimensional vector of f,; I isa
(Nq pr)-dimensional vector ofqu; Wisa [(Nq ><Np) xN,]-
dimensional matrix of w,,,; y is a relaxation factor, which is
used to improve convergence in the presence of noises, and
it is 0.5 in this work as the noise is not so high; index i (i =
q % p) represents both the index of the projection in all views
and the number of the iteration. Once all indexes have been
addressed, the next round of iteration begins.

A simple criterion described by Mishra et al. [19] is
employed to reduce the computational cost. Once the abso-
lute difference of the sum of the chemiluminescence intensity
(f,) is below a threshold value 0.0001 x |F'|, the reconstruc-
tion is considered to be converged.

In this work, the 2D reconstruction domain was divided
into 131072 pixels (N, = 131072). 37 projection angles (N, =
37) were chosen, and the number of projections in each view
was 255 (N b= 225) as the amount of the reconstruction grids
was small.

2.2. Phantom Study. Phantom studies are typically used to
assess the feasibility and the accuracy of the reconstruction
algorithm, which is the foundation of the CTC technique. A
phantom object is designed with a size of 1 x 0.5 (relative
length with unit of 1, as the length unit is meaningless in a
phantom study) as shown in Figure 1, which is divided into
200 x 100 pixels and the detailed parameters are listed in
Table 1. It includes four geometric shapes of one rectangle
and three intersecting rings. This phantom object is similar
to the shape of the flame structure, used in our experimental
studies. The corners of the rectangle can be used to assess
the abilities of the ART algorithm to reconstruct detailed
information and the intersecting rings can help to assess the
spatial resolution.

Projections were achieved in every 5 degrees from 0
degrees (the angle of the projection orientation to the base
of the phantom object) to 180 degrees. Up to 37 views in total
were collected, and each view included 225 projections. The
criterion was followed strictly.

Through the analysis of the flow field and the experience
of previous work, the relative position of the flame can be
determined before the reconstruction. This will be greatly
helpful to improve the accuracy of the reconstruction. The
method is known as the introduction of prior knowledge.
It was implemented in this work. Figure 2 shows an initial
distribution of the reconstruction, which is determined by the
prior knowledge. The detailed parameters are listed in Table 2.
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FIGURE 1: The phantom object for testing the reconstruction algo-
rithm.
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FIGURE 2: The initial distribution of the reconstruction.

TABLE 1: Geometric parameters of the phantom object.

Shape . Width Length Cen-t et Intensity
(in-radius) (out-radius) coordinate
Rectangular 0.20 0.40 (0.10, 0.20) 50
Ring 0.30 0.31 (0.00, 0.50) 200
Ring 0.38 0.40 (0.00, 0.60) 300
Ring 0.30 0.33 (0.00, 0.35) 400

The reconstructed results are shown in Figure 3, which
shows a good agreement with the phantom object in general
distribution information of the geometric shapes, but small
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FIGURE 3: The reconstructed result of the phantom object.
TABLE 2: Geometric parameters of the initial distribution.
Width Length Center .
Shape (in-radius) (out-radius) coordinate Intensity
Rectangular 0.20 0.40 (0.10, 0.20) 50
Ring 0.30 (0.00, 0.50) 300
Ring 0.40 (0.00, 0.60) 300

noises can be seen and the detailed information has some
errors.

In order to further assess the accuracy of the ART
algorithm, the maximum deviation coefficient E,, and the
normalized root mean square error (NRMSE) E,, were cal-
culated. They are defined as follows, respectively:

E, = ”}L(F) 3)
_ ZVN;I (Fv B fv)z (4)
R IR

where F is a N,-dimensional vector of the reconstructed
result; f, is the average scalar value of the pixel v; f, .« is
the average scalar value in the same pixel with the maximum
element of F. E,, represents the maximum deviation between
the phantom object and the reconstruction. It indicates the
worst situation in the reconstruction. E, represents a general
deviation level. These two coefficients can effectively assess
the accuracy of the reconstructions and verify the feasibility
of the ART algorithm.

Relative intensity distributions (at different heights above
the bottom) were compared as shown in Figure 4 at three
different relative heights of 0.25, 0.50, and 0.75 from the
bottom to the top, respectively. The relative intensities, which
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FIGURE 4: Comparison of relative intensity distributions of the
phantom object and the reconstructed result at three different
relative heights of 0.25, 0.50, and 0.75 from the bottom to the top

(the axis “x” represents the relative distance to the left boundary of
the phantom).

were achieved from the intensity values divided by the
average values on each height, showed a good agreement
with each other. In this phantom, E, is calculated as 0.059,
which is a very small one. It quantitatively represents a good
performance of the ART algorithm. However, in the areas of
large intensity gradient, errors can be found up to 9.3% (E,,, is
0.093), which indicates a weakness of the ART algorithm in
reconstructions of detailed information. In spite of this, the
reconstructed result indicated main features of the structure
of the phantom object, which verify the feasibility of the ART
algorithm.

3. Experimental Arrangement

3.1. Combustion System. The burner and its gas supply system
used in this study are illustrated in Figure 5(a). The burner
had two blocks with the height of 15mm, which were
arranged on the perforated plate with a distance of 2mm.
It mainly consisted of the premix chamber, flame arrester
device, perforated plate, and protective gas chamber. The
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FIGURE 5: Schematics of the combustion system: (a) burner and its gas supply system; (b) arrangement of the circular nozzles.

arrangement of the circular nozzles on perforated plate was
shown in Figure 5(b). Flame arrester device mounted in
the premix chamber mainly consisted of steel balls with
two different diameters of 2mm and 1 mm, respectively, to
get rid of backfire. Check valves and backfire relief valves
were also employed in the pipelines for safety reason. Gases
were adjusted by Alicat Scientific mass flow controllers
(MECs), which could provide adequate flow control with
high accuracy. Premixed reactants (hydrogen-air) entered the
burner and were further mixed in the premix chamber to
ensure the accuracy of the equivalence ratio of the reactant
stream above the blocks at the burner exit. N, was used as a
protective gas to provide a relatively closed region eliminating
the interference of the ambient air. Stable hydrogen-air pre-
mixed laminar flames, which were perfect for the verification
experiment, were achieved due to the special structure of the
burner.

In this work, 9 different flame conditions were designed
to study the effects of the flow velocity and the equivalence
ratio on the flame structure. Considering the stability of the
flames, the flow velocities were limited from 11 m/s to 15m/s
and the equivalence ratios were changed from 0.35 to 0.55, as
shown in Table 3.

TABLE 3: A list of 9 flame conditions with different flow velocities
and equivalence ratios.

Identifier Equivalence ratio Flow velocity (m/s)
F1 0.45 14.36
F2 0.45 13.04
F3 0.45 11.73
F4 0.45 15.67
F5 0.45 16.95
F6 0.50 14.36
F7 0.55 14.36
F8 0.40 14.36
F9 0.35 14.36

3.2. Optical System. Figure 6(a) illustrates two orientations of
the projection view and the side view. The projection view
orientation demonstrated a plane, in which projections were
obtained, while the side view orientation demonstrated an
orientation perpendicular to the projection plane in which
integral images were recorded directly. Integral images of the
OH" chemiluminescence from the side view were used as a
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FIGURE 6: Schematics of the optical system: (a) two typical view orientations; (b) a single camera mounted on a guideway and rotated around
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FIGURE 7: Projection images from four projection angles of 0, 45, 90,
and 135 degrees.

real 2D distribution of the OH* chemiluminescence for com-
parison with the reconstructed results. An annular guideway
working as a detent mechanism was mounted vertically to
the burner exit located at the center, as shown in Figure 6(b).
A single camera was mounted on the guideway and rotated
around the center, while maintaining the alignment and the
distance of 750 mm from the center. Every 5 degrees from
0 degrees to 180 degrees, added up to a total of 37 angles,
were chosen as projection angles. Due to symmetric view, the
projections from 0 degrees and 180 degrees were identical,
of which the angle of 179 degrees was chosen to be the 37th
projection angle as a result. Views were measured from 37
projection angles as mentioned above using a PI-MAX 1512 x
512-pixel ICCD camera with a 50 ms exposure time and a gain
of 20, which were appropriate for getting a high signal-to-
noise ratio (SNR). An interference band-pass filter of 307 nm

with 17% transmission at peak frequency and a full width at
half maximum of 12 nm was added in front of the UV lens for
acquiring OH" chemiluminescence.

Calibration was carried out to ensure the precise location
of the center, along which the camera rotated. The boundaries
of the chemiluminescence images were easily recognized as
the shape of the flame in this study was simple. The midline of
the boundaries was taken as the reconstruction plane (which
here was a line in an image) in each view, which was also
helpful to get the projection geometries.

Figure 7 shows 4 images (views) from the projection
angles of 0, 45, 90, and 135 degrees. The midline of the
boundaries of the chemiluminescence distribution in each of
the images was used as the projections for reconstruction as
mentioned above.

4. Results and Discussion

4.1. Experimental Verification for CTC. The reconstructed
result obtained using the CTC technique is presented in
Figure 8(a), along with the side image (the integral image
achieved from the side view as mentioned above) shown
in Figure 8(b). The side image was processed by position
transformation to make it easier to compare. It is clear that the
reconstructed result can reflect the distributions of the OH"
chemiluminescence of the flame despite the slight differences
in detail.

In order to further evaluate the feasibility of CTC, a rel-
ative intensity distribution is compared between two images
in Figure 8. Figure 9 shows the comparison at three different
heights above the exit plane of 2mm, 6 mm, and 10 mm,
respectively. As shown in Figure 8, the relative intensities
agree well with each other, and E,, is calculated as 0.185.
Differences can be found especially on the bottom part
with the maximum deviation up to 26.7%, which shows a
weakness of the ART algorithm to reconstruct the field with a
cavity surrounded by the valuable information (areas of large
intensity gradient). In spite of this, the reconstructed result
can indicate main features of the flame structures, which
verify the feasibility of CTC.
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FIGURE 8: Comparison of the reconstructed result (a) and the side image (b) of the OH" chemiluminescence.
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FIGURE 9: Comparison of relative intensity distributions of the
reconstructed results and the side image at three different heights of
2,6, and 10 mm from the bottom to the top (the axis “x/d” represents
the ratio of the distance to the center of the burner and the width of
the exit).

The coefficients (E,, and E,,) in this reconstruction are
bigger than those in the phantom study by about 3.1 times
and 2.9 times, respectively. This is mainly caused by the
experiment devices and the errors in projecting system. The
uncertainty of this CTC system for combustion diagnostics is
determined by the maximum deviation (26.7% in this work).
It is a big one for quantitative analysis. However, the relative
distribution of the OH" chemiluminescence in flames are
fairly precise. It is good enough to perform the study of the
flame structures by the CTC technique.

4.2. Flame Structures Based on CTC. Figure 10 shows the
reconstructions of the OH" chemiluminescence for 8 flame
conditions. A blow-off phenomenon appeared in F9 and the
reconstructed result was not displayed as no OH" chemilumi-
nescence was obtained in this condition. These reconstructed
results of the OH* chemiluminescence intensity fields can
represent the real OH" radiation distributions. OH* distri-
bution is an important indicator of the reaction zones of the
flame fronts and it can characterize the flame structure. The
intensity values are increasing with larger flow velocities as
shown in Figure 10, due to the increasing reactant mixtures.
Figure 10 also shows the same trend with the increasing
equivalence ratios.

In order to characterize the flame structure information,
the height of the flame (HF) and the ratio of relative
distributions of the flame chemiluminescence (RDF) were
employed in the OH" data analysis. The height of the flame
(HF) is defined as

HF=Y,-Y,, (5)

where Y, is the vertical coordinate of the dividing line
between the flame and the surroundings determined by the
threshold value, which is 1/3 peak value in each image, and
Y, is the vertical coordinate of the burner exit. The ratio of
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relative distributions of the flame chemiluminescence (RDF)
is defined as

Its
RDF = —, (6)

IWS
where I, is the sum of the chemiluminescence intensities of
the top half of the flame; I is the sum of the chemilumines-
cence intensities of the whole of the flame. Flame structures

can be preliminarily characterized by these two parameters.

HFs and RDFs with different flow velocities and equiva-
lence ratios are presented in Figure 11. HF becomes larger with
increasing flow velocities as shown in Figure 11(a), whereas
it decreases with increasing equivalence ratios (no larger
than 1) as shown in Figure 11(b). HF relies on the relative
relations between the flow velocity and the flame propagation
velocity, which is connected with the equivalence ratio. The
largest flame propagation velocity is usually obtained near

the equivalence ratio of 1 with other parameters unchanged.
That means a larger flame propagation velocity with a larger
equivalence ratio (no larger than 1) in this study. Figure 12
shows a geometric relationship of the flame structure and
the velocities. It is clear that HF is proportional to tan®,
which is determined by the flow velocity and the flame
propagation velocity. It shows the same regularities with the
experimental results. The 9th flame condition shows a blow-
off phenomenon, as the cone angle is too sharp to hold the
flame. Therefore, the cone angle of 4.76 degrees, which is
calculated by HF and the exit width, in 8th flame condition
can be considered a critical cone angle, which will be a useful
criterion to avoid the blow-off phenomenon, although the
actual one should be sharper.

Figure 11(a) shows a positive effect of flow velocities on
RDFs, indicating that the reaction zone was gradually lifted
with increasing flow velocities. The equivalence ratio shows
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a minor effect as seen in Figure 11(b). Therefore, RDF is
independent of HF and is just related to the flow velocity,
suggesting RDF is a useful parameter of the flame structure.
Figure 11(a) also reveals a critical flow velocity of about
15m/s, which leads RDF to 0.5. It is an indicator of the
OH" chemiluminescence distributions. It suggests that the
reactions relatively gather to the top of the flame and the flame
gradually separates from the exit of the burner, while the flow
velocity increases to 15m/s. It should be noted that this is
just a rough estimate. Some other factors may also contribute
to RDE, which calls for more experimental data and further
studies.

5. Conclusions

In conclusions, the numerical and experimental verifications
of computed tomography of chemiluminescence (CTC) were

conducted and the structures of hydrogen-air premixed
laminar flames were investigated using CTC. A phantom
study was performed to assess the ability of the ART algo-
rithm. A well-designed burner was built to generate a stable
hydrogen-air premixed laminar flame for the experimen-
tal verification of CTC. The experimental verification was
carried out by comparing the reconstructed result to the
side image recorded directly from the side view. The OH"
chemiluminescence intensity fields reconstructed by CTC
were used to indicate the flame structures and study the
effects of flow velocities and equivalence ratios on the flame
structure. Detailed conclusions obtained from this study are
listed as follows.

The uncertainty of this CTC system for combustion
diagnostics is determined as 26.7% in this work, and it is not
suitable for quantitative analysis. However, the reconstructed
results can still effectively indicate the relative distributions of
the flame chemiluminescence. It is good enough to perform
the study of the flame structures by the CTC technique.

The height of the flame is affected by the flow velocity and
the equivalence ratio. With an increase of HF, the cone angle
of the flame structure decreases until a blow-oft phenomenon
appears at a critical cone angle of 4.76 degrees.

The increasing flow velocities gradually lift the reaction
zone, while the equivalence ratio has a minor effect on it.

It should be noted that the CTC technique still fails to
show the flame structure with high accuracy in areas with a
large intensity gradient, which calls for further optimizations.
In addition, the extension of the CTC method to reconstruct
complex 3D turbulent flames is also required in the next
step.
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