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A laboratory-scale gas turbine model combustor fueled with methane is studied experimentally with 
the aid of three-dimensional computed tomography of chemiluminescence (3D-CTC) and high speed (5 
kHz) chemiluminescence imaging. Various fuel-lean operating conditions were tested to investigate the 
impact of flow velocity on heat release rate oscillation and spatial structure transition with fixed global 
equivalence ratio of about 0.65 and dump plane velocity of 2.9–18.3 m/s. In the study of combustion 
structure transition, the three-dimensional relative emissions of CH* were measured and taken as 
qualitative indicators of the heat release rate. This 3D measurement method utilizes CH* images from 
8 directional as inputs combined with tomographic algorithms to compute the 3D distribution of CH* 
CL intensities. For all tested conditions, pronounced extension of inner recirculation zone (IRZ) along 
the nozzle is observed under the attached (V -shaped) swirl stabilized flames. During the increase of 
Reynolds number, the heat release zone changing obviously along the nozzle radial and axis direction, 
and the largest heat release plane moves downstream significantly. In addition, an intensified high-speed 
camera was adopted for the heat release dynamics study. Strong oscillations appeared in the flame zone 
that significantly affected the total heat release oscillations, and oscillation increases with the raise of 
Reynolds number.

© 2019 Elsevier Masson SAS. All rights reserved.
1. Introduction

Swirling burner is vital to gas turbine (GT) combustor, which 
creates the pressure gradient by the swirl flow and then generate 
heat reflux to stabilize the combustion. In recent years, increasing 
attention has been drawn to features of the swirl flames, such as 
the complex flow-field, thermo-acoustic instability and the flame 
shape transition. Excellent reviews aspects above may be found 
elsewhere [1–5] based on the laboratory model combustor by op-
tical diagnosis. Various optical access for laser measurements have 
been conducted for the swirling CH4/air diffusion flames at at-
mospheric pressure with the equivalence ratio between 0.55 and 
0.75 by Weigand et al. [1,2]. They measured the flow field by laser 
Doppler velocimetry, and visualized the flame structures by laser-
induced fluorescence (LIF) of OH and CH radicals. Concentrations 
of some major species, temperature, and mixture fraction were de-
termined by laser Raman scattering.
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In recent years, attention has been drawn to flame shape transi-
tions for the need for understanding and predicting periodic state 
and transient behaviors in certain combustion systems [3–10]. Re-
naud et al. [3] studied the flame shape transition in a laboratory-
scale swirling burner with the help of high speed (20 kHz) spray 
PIV and chemiluminescence imaging. In their experiments, flash-
back happens in the inner recirculation zone (IRZ) in less than 
10 ms, and the flame attaches itself to the injector in a tulip-
like shape. Cheng et al. [11] found that the flame shape changing 
was strongly affected by the turbulent flame speed and the reac-
tants burning in the outer recirculation zone (ORZ). The tempera-
ture variation as much as 100 K has been observed on the tip of 
the buff body during the transitions between attached (V -shaped) 
and lifted (M-shaped) flames [12]. Nowadays, combustion insta-
bility has become one of the most important of issues for the 
working of gas turbine, and investigations have shown that flame 
structural change also has effects on the self-excited combustion 
instabilities [4,13,14]. Lee et al. [13] conducted an experimental 
study to characterize the instability mechanisms, found that the 
flame-vortex interaction and the equivalence ratio fluctuation in-
teract each other and determine the instability characteristics in 
partially premixed conditions. The relation of combustion instabil-
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ity and flame structure indicated using OH chemiluminescence was 
examined by Yoon et al. [4,14], and they suggest that pressure fluc-
tuation of combustion causes deformation of flame structure and 
that variation of flame has a strong effect on combustion insta-
bility. During low velocity instability conditions, vortex structures 
appear at the edge of the flame and it fluctuates at the same 
frequency as the instability, which radiates the same total heat re-
lease rate.

As the identification of combustion reaction zone, the heat re-
lease rate is a basis for monitoring the flame state to control 
combustion oscillation and essential in the study of flame shape 
transition and combustion dynamic oscillation. The spatial varia-
tion of heat release rate has been used for the discusses of the 
appearance of the reaction zones changing with flame parameters 
[15]. Stöhr et al. [16] concluded that a significant part of heat re-
lease takes place in a tubular structure that is located along the 
processing vortex core (PVC) and rotates around the axis of swirler. 
At present, there is no feasible direct measurement method for the 
heat release rate of swirling flames, most of which use indirect 
measurement methods based on the emission of chemilumines-
cence [3,13,17–19], and several studies have shown that OH* and 
CH* are reliable measures for the integral heat releases [20,21]. 
Chemiluminescence can serve as the indicator of heat release rate 
and then combine with the pressure in the combustor to reveal 
the combustion instability [13]. Palies et al. [17] assumed that the 
OH* emission is proportional to the heat release rate and used the 
Abel transformation to estimate the distribution of heat-release, 
the OH* CL signal was expected to be a more diffuse signal due to 
the thermal excitation and transport [22]. Meanwhile, the CH* has 
the minimal thermal excitation and its emission falls with the vis-
ible wavelength range, which lowers the requirement on imaging 
system. For the reasons above, the three-dimensional computed 
tomography of chemiluminescence (3D-CTC) of CH* is the best so-
lution for obtaining the 3D distribution of heat release rate for 
swirl flames and the variation of its 3D shape.

The 3D-CTC method was firstly demonstrated by J. Floyd et 
al. [23,24] for thermal-fluid studies, and is attractive for appli-
cations in harsh industrial environments due to the highly desir-
able of time resolved 3D data. The adoption of fiber-based endo-
scopes for 3D-CTC experiments, making it much more flexible by 
not requiring direct line-of-sight configuration [25]. Works on the 
multiple-projection models were also be made for the reconstruc-
tion method [26–28]. In the 3D-CTC application for swirl flames, 
Mohri et al. [29] illustrates how the locations of the views influ-
ence the reconstructions, and discussed the effect of projection 
numbers on the reconstruction. The evolution of the structural 
features at 4 kHz have been captured by the CTC method, that 
suggested a rotating helical structure of the swirl flame [30]. Un-
fortunately, all those CTC investigations for swirl flames are in the 
opening environment with no restriction of combustion chamber 
that makes the dynamic characteristics are far from gas turbine 
(GT) flame flow fields such as the outer recirculation zone gener-
ated due to confinement effects.

The aim of this work is to investigate the effects of flow veloc-
ity on heat release rate of swirling non-premixed methane flames 
both spatially and temporally. Four operating conditions were ex-
amined based on a laboratory-scale lean GT-like combustor. The 
spatial evolution of heat release rate was discussed by the shape 
transition of CH* captured by 3D-CTC method. 8 projections with 
carefully calibrated multi-projection processing parameters were 
used as inputs of ART (Algebraic Reconstruction Technique) al-
gorithm for tomography computation. The projection model used 
here is based on the out-of-focus imaging model of large field of 
view we proposed [31], which takes the intensity distribution over 
the blurring circle caused by the limited depth of field (DOF) into 
consideration. In addition, an intensified high-speed camera was 
Fig. 1. The model combustor and the 3D-CTC setup.

Table 1
Parameters of the four flames investigated.

Air CH4 �glob v (m/s) Re

sl/min g/min sl/min g/min

A 80 103.6 5.5 3.93 0.65 2.9 5099
B 160 207.1 10.8 7.71 0.64 5.8 10192
C 379 490.6 25.2 18.0 0.63 13.7 24129
D 505 653.8 33.8 24.1 0.64 18.3 32159

adopted to study the temporally variation characteristics. The os-
cillations of heat release rate were analyzed based on the behavior 
of CH* chemiluminescence under different Reynolds numbers.

2. Experimental setup and procedures

2.1. Gas turbine model combustor and operating conditions

The atmospheric-pressure gas turbine model combustor used in 
this work is sketched in Fig. 1, that comprises a section diagram of 
the whole burner, a state of on fire, a swirl core inside the burner 
and the schematically shown of gases feeding. The air flows de-
livered to the flame through the central nozzle and the outermost 
annular nozzle are co-swirled by the swirl core beforehand. The 
non-swirling CH4 is fed through the middle annular nozzle from 
two thin injector tubes with a diameter of 3 mm. The combus-
tion chamber has a square section of 85 × 85 mm and a height 
of 110 mm, and the diameters of three nozzles are d1 = 15 mm, 
d2 = 17 mm and d3 = 25 mm, which configuration is designed 
based on the model combustor of citation [1,2].

Four operating conditions of gas feeding velocity were inves-
tigated with the Reynolds numbers from 5000 to 32000, and 
the global equivalence ratio were all in lean values. The result-
ing values for volume flow rates, mass flow rates, global equiva-
lence ratio (�glob), flow velocities (v) and corresponding Reynolds 
numbers (Re) are summarized in Table 1. Air, generated by air-
compressor, was pre-dried and then controlled by a mass flow 
controller (Bronkhorst In-Flow). CH4 was also controlled by a mass 
flow controller before being divided to two branches and flowed 
through two thin injector tubes accordingly, and the ignition place 
of combustor was at the exit of exhaust tube. The operating con-
ditions were chosen because the variation of gas feeding velocity 
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Fig. 2. (a) Multi-directional imaging system [31]; (b) Experimental arrangement of imaging system.
Fig. 3. Physical coordinate system of the 3D-CTC setup.

there showed a strong response of flames and the stability was 
enough to avoid blow-off.

2.2. Diagnostic setup and physical formulation

For the challenging capture of spatial flame mode transition, 
our multi-directional imaging system used customized 8 × 1 en-
doscopes and only one CCD camera (IMI 147FT). The fiber bundle 
with eight inputs and one output that can obtain all projection by 
single shot without synchronized triggering. Gradient-index (GRIN) 
lens were used before the fiber that establish a field angle of about 
50◦ [31]. To achieve the best quality of the reconstruction, 8 pro-
jections should be scattered as much as possible that we arranged 
two lenses for each optical window with opposite pitch angles as 
shown in Fig. 2(a). Narrowband filters (center wavelength at 430 
nm, FWHM of 10 nm) to block the emission other than CH* CL. 
The exposure time was 60 ms and the 3D-CTC reconstruction was 
the average intensity during this time period.

The CTC problem is schematically shown in Fig. 3. We use F
to denote the distribution of the chemiluminescence intensities in 
the object domain. The emission intensity recorded by the CCD (I) 
from a specific viewing angle is then expressed as:

I
(
x′, y′) =

∑

xi ,y j ,zk

F (xi, y j, zk) · W
(
xi, y j, zk; x′, y′) (1)

where i, j, k are the indices of the voxel; x′, y′ are the indices of 
the pixels; and W is the weight matrix representing the relation-
ship between a pixel and voxels. For our multi-directional imaging 
system, the object domain for is a square section of 90 × 90 mm 
with a height of 70 mm to cover the entire flame, and is dis-
cretized into 567,000 voxels (90 × 90 × 70), whereas the number 
of pixels is 627,200 (280 × 280 × 8).

For studying the temporally variation characteristics, a high-
speed camera (PHOTRON FASTCAM SA-Z) is vertically to the cham-
ber window with an intensifier (Lambert Instruments) in the front, 
Fig. 4. Simultaneous projections of the flame B.

Fig. 5. 3D profile of flame B.

and same optical filter is also used to capture the CH* chemilumi-
nescence. A commercial lens (Nikon AF 60 mm/2.8 D) is carefully 
focused on the center plane of the chamber. The frame rate of the 
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Fig. 6. The reconstructed CH* distribution on x-y planes along the nozzle for flame B (a), the distribution of third graph in (a) that marked with contour lines (b), and the 
values on diagonal lines for each height (c).
camera is 5 kHz with an exposure of 0.2 ms for all operating con-
ditions. The resolution of images is 768 × 808 pixels corresponding 
to an 8.89 × 9.34 cm2 practical interrogation area.

3. Experimental results and discussion

3.1. 3D-CTC reconstruction

After the arrangement of imaging system, the weight matrix 
was calculated by the intrinsic parameters which were calibrated 
based on lens imaging theory. The calibration results show that the 
distances between lens and the coordinate center of the object do-
main (90 ×90 ×70 mm3) are from 135 mm to 170 mm, meaning a 
largest viewing angle of about 37◦ . The projections of CH* chemi-
luminescence were then obtained, as shown in Fig. 4 (flame B), 
and were inputted to the reconstruction algorithm to compute the 
distributions of heat release rate. Fig. 5 illustrates the 3D profiles 
of heat release rate for the responding flames (just flame B was 
showed here), and the reconstructed shapes for all flames are not 
much different from each other.

A V -shape liked zone can be seen clearly from flame B, that 
an inner recirculation zone and an outer recirculation zone are 
formed by the strong swirling effects and confinement. Between 
the IRZ and ORZ, the main heat release zone interacts strongly 
with the swirling flow field. The 3D structure of the main heat 
release zone is not axisymmetric to the nozzle axis, as shown in 
Fig. 5, with four convex peaks closed to the corners of square sec-
tion that means the heat accumulation is more likely to appears in 
the chamber corners than the near front-wall. This may be due to 
the fact that the main non-axisymmetric factor is the square sec-
tion layout of chamber which caused the restriction of flow field. 
To reveal the spatially resolved information of the heat release, 
the reconstructed 2D distribution of CH* CL at five x-y planes are 
shown in Fig. 6(a) with an z-direction interval of 10 mm. The out-
line of the distributions on each plane is an irregular circle, that 
the diameter increases along the z-axis while the heat release val-
ues increase rapidly at first and then decrease slowly. A distinct 
low-heat release zone appears in core of flame corresponding to 
the IRZ in Fig. 5 and disappears gradually with the height in-
Fig. 7. Predicted contours of the CH mole fraction (a) and temperature (b). (For in-
terpretation of the colors in the figure(s), the reader is referred to the web version 
of this article.)

creases. Fig. 6(b) shows the detailed distinction of the third plane 
in Fig. 6(a) that marked by contour lines. Four peak values rev-
eled the inner non-axisymmetric heat release rate and lead to the 
outline of Fig. 5. It indicates that Abel deconvolution could not be 
used for 3D analysis for the swirl burner used here with square 
cross-section. Also, the changing along the diagonal lines for each 
height were shown in Fig. 6(c), which illustrates a more regular 
processes with spatial location.

Similar changing behavior of temperature is also observed by 
the numerical simulations by the aid of ANSYS FLUENT with the 
large eddy simulation (LES). Detailed reaction kinetics of GRI 3.0 
was applied and the flamelet Generated Manifold (FGM) method 
is used to reduce combustion chemistry. As shown in the CH and 
temperature profiles in Fig. 7. The model of the swirl injector was 
of the same structure and size of that used in the experiment, and 
the contours were obtained by the time averaged data. The con-
tours of CH concentration in Fig. 7(a) is in x-z cross section of 
nozzle center (y = 45 mm), and the distribution of temperature in 
Fig. 7(b) is calculated at the height of 40 mm. It should be no-
ticed that the calculated CH concentration is the low-sate CH but 
not the excited CH species (CH*), which is difficult to simulate due 
to the deficiency of exact formation mechanism. Even though, CH 
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Fig. 8. Shape transition based on the gas flow velocities. (a) Heat release rate intensity profiles (normalized) with flame A, B, C and D. The intensity in different height 
(z coordinate) is summed by all the horizontal section (x-y plane), (b) the intensity in different position (x coordinate) is summed by all the side section (y-z plane), and 
the axis of nozzle is at the coordinate of 45 mm.
concentration can be used to indicate the reaction zone and its 
distribution shows the V -shaped flame structure. High tempera-
ture zone suggests the heat release region, its size can be used to 
compare with the reconstructed 3D profiles as shown in Fig. 5. The 
reconstructed flame structure and its size agree well with the CFD 
simulation results. Furthermore, there are four low temperature 
zones at the corner of square section, which means the restrict ef-
fect of boundaries is truly nonuniform on the heat release region.

In order to facilitate the quantitative analysis of the heat re-
lease characteristics of the swirling flames, the horizontal and ver-
tical intensity changing under four conditions were compared. As 
shown in Fig. 8, the curves of distribution (a) is along the nozzle 
(Z axis in Fig. 5), and is the sum of voxels on each x-y plane that 
can reveal the overall heat release characteristics axially. We can 
see the maximum heat release appears at the height of 10.8 mm, 
14.5 mm, 21.1 mm and 28.3 mm for flame A, B, C and D accord-
ingly, that the main heat release region moves downstream with 
the increase in Reynolds number. The distribution (b) is along the 
direction vertical to the nozzle, and is the sum of voxels on each 
y-z plane that can reveal the overall heat release characteristics in 
the horizontal direction. The curves in (b) just shows the half part 
of flames from the near wall point (x = 10 mm) to the axis of noz-
zle (x = 45 mm) and the rest half is approximately axisymmetric 
to it. The profiles of four flames show that the half of full-width at 
half-maximum for major heat release is about 17.3 mm, 20.1 mm, 
24.3 mm and 27.0 mm for flame A, B, C and D.

The size of heat release zone increases with the increase of ver-
tical and horizontal position. In order to analyze the opening angle 
of IRZ, the centroids of heat release zone on the section across noz-
zle center (y = 45 mm) were calculated. As shown in Fig. 9, the 
abscissa is the centroid coordinates of Z and the ordinate is the 
distance from centroid to the axis of nozzle. It is clear that, cen-
troid coordinates become far away from the axis of nozzle when 
the height increases, which is in agreement with the V shape ex-
hibited in Fig. 5. The increments of centroid position are similar 
for all flames that means the contours of the IRZ are nearly iden-
tical for all four flames, agreeing with the results of Weigand et al. 
[1]. The mean heat release position is not subject to the change of 
flow velocity although the region can be enlarged at higher flow 
rate. In order to reveal the spatial resolved relationship between 
the flow velocity and the heat release, the local net heat release 
rate based on first law of thermodynamics was applied [32] as:
Fig. 9. Centroids of the flames on the section of y = 45 mm representing the exten-
sion of IRZ for flames.

Q̇ net = ρ(φ,γ ) · cp(φ,γ ) · (�v ◦ ∇T ) (2)

where Q̇ net is the heat release rate of flame volumetric net, ρ is 
the fluid density, cp is the isobaric heat capacity, �v is the fluid 
velocity, and ∇T is the temperature gradient. The formulation im-
plies that the increase of the sensible enthalpy of the fluid was 
caused by the heat released from the combustion. ρ and cp are 
the functions of the fluid composition that can be specified by the 
local equivalence ratio φ and the time averaged progress variable 
of combustion γ .

For the four cases in current study, the local equivalence ra-
tios are almost the same. Based on the results in Figs. 8 and 9, 
similar heat release distributions for these cases indicate that the 
variance of γ and temperature gradient should not be unremark-
able compared with the velocity vector. Increasing flow rate means 
higher heat-release rate along the edge of the V -shape and the 
flame moves forward due to the flame speed. Therefore, maximum 
heat release rate intensity moves along the axis of nozzle as shown 
in Fig. 8(a), and the heat release region enlarged correspondingly 
in Fig. 8(b). As a contrast, the direction of velocity changes little as 
well as the centroid position of the heat release as shown in Fig. 9.
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Fig. 10. Typical time sequence of the integrated heat release rate for flame D.
Fig. 11. Temporal history of the heat release rate for flame A, B, C and D.

3.2. Dynamics analysis

Analyses [33,34] have been provided that the total chemilumi-
nescence signal, integrated over the combustor volume, fluctuated 
at exactly the thermo-acoustic frequency. Fig. 10 shows the tem-
poral evolution of the chemiluminescence field (flame D) over a 
short interval, during which the signal moved periodically. As can 
be seen, the time of most heat release appearing on right side is 
set to zero, and then the location moves around the burner. When 
the most heat release appears again on right side, the time span of 
the motion is 3.2 ms. Fig. 11 shows temporal histories of the total 
chemiluminescence signal for all flames. The intensity peaks are 
separated by different period of time, and these variations on os-
cillation period indicate a changing of thermo-acoustic frequency. 
The averaged separation for flame A, B, C and D is about 4.2 ms, 
3.8 ms, 3.3 ms and 2.7 ms, corresponding to a thermo-acoustic fre-
quency of 238 Hz, 263 Hz, 303 Hz, 370 Hz.

The frequency variations of thermo-acoustic shows that the 
fluctuation of heat release rate was greatly affected by the flow 
velocity, that is, as the gas feeding velocity raising, in one hand, it 
caused the motion of PVC around the burner enhanced, and then 
the periodic asymmetry in the flame surface increased accordingly, 
on the other, the confinement effects on inflow became more ob-
vious and the oscillations of flow fields were intensified.

4. Conclusion

For studying the effect of the flow velocity on heat release rate 
of swirling flame in a laboratory-scale lean-fuel GT-like combustor, 
a fiber-based 3D-CTC system was used to capture the 3D shape 
of the flame emission (CH*) and thus the 3D heat release rate 
is identified. Based on the 3D imaging, a V -shape reaction zone 
can be clearly seen, indicating the IRZ and ORZ are formed by 
the strong swirling effects and confinement. Both the 3D outline 
shape and the inner distribution shows a non-axisymmetric struc-
ture along the nozzle, and four obvious peak values exist near the 
corner of square section due to the restriction of flow field by the 
square section shape chamber. Comparing with cases at different 
flow rates, it can be found the main heat release region moves 
downstream with the increase in flow velocity while the contours 
of the IRZ are nearly identical for all cases. High speed 2D imaging 
shows thermo-acoustic frequency of 238–370 Hz for the four cases 
and it increased when the Reynolds number increased indicating a 
strong flow-flame interaction of swirl flames.
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