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Online Cross-Sectional Monitoring of a Swirling
Flame Using TDLAS Tomography

Chang Liu, Zhang Cao, Member, IEEE, Yuzhen Lin, Lijun Xu , Senior Member, IEEE,

and Hugh McCann, Senior Member, IEEE

Abstract— The purpose of this paper is to monitor the dynamic
cross-sectional behavior of swirling flames using the tunable diode
laser absorption spectroscopy (TDLAS) tomographic system. The
newly developed online and highly spatially resolved imaging
system based on TDLAS tomography was employed to monitor
and reveal directly the reaction process in the swirling flame by
reconstructing the 2-D distributions of temperature and H2O
concentration over a cross section of the flame. The system
was demonstrated to be capable of capturing the temperature
distribution accurately and inferring the thermal expansion over
the cross section of interest in the swirling flame generated by a
model swirl injector operating in partially premixed combustion
mode. As the equivalence ratio was decreased, thermal oscil-
lations extracted from the real-time 2-D reconstructions were
used to infer the instability of the swirling flame. Furthermore,
the developed system was applied to capture dynamically the
process of blowout of the swirling flame, illustrating that the
system can provide firsthand and reliable visual data to help
prevent the flame from lean blowout (LBO). This paper reports
the first experimental observation of the dynamic cross-sectional
behavior of the swirling flame, enabled by the high spatial and
temporal resolutions provided by the TDLAS tomographic imag-
ing system. The developed system can help better understand
the LBO mechanism so as to improve the performance of low-
emission gas turbine combustors.

Index Terms— Lean blowout (LBO), species concentrations,
swirling flame, temperature, tomography, tunable diode laser
absorption spectroscopy (TDLAS).
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I. INTRODUCTION

R
ECENT years have seen increasingly strict regulation of

pollutant emissions produced by combustion processes in

gas turbines [1]. These pollutants cause serious problems con-

cerning the environment and human health. To realize cleaner

and more environmentally friendly power generation, various

efforts have been made by employing the lean combustion

technology [2], [3]. As low fuel/air equivalence ratios are

maintained all over the reactive flow field, the lean combustion

is generally characterized by low flame temperature, which

suppresses the formation of thermal NOx to a large extent.

In addition, the lowered temperature increases the reliability

and lifetime of engine components and thus reduces the

maintenance requirement of gas turbines.

Swirl injectors are extensively employed to realize lean

combustion in practical combustion processes. In a typical

swirl injector, the flow is deflected by an array of vanes,

which provide the desired flow pattern and fuel/air dis-

tribution [2], [4]. The swirling flame enables high-energy

conversion in a small volume and exhibits good ignition and

stabilization behavior over a wide operating range. Under-

standing the reaction mechanism of the swirling flame is

important to optimize the structure of the swirl injector.

Furthermore, the risk of a lean blowout (LBO) event is

dramatically increased if the combustion condition of the

swirling flame is close to the LBO limit [5]–[7]. In particular,

LBO poses a significant safety hazard when occurring in

aircraft engines and requires an expensive shutdown and restart

procedure in land-based engines for power generation. To

avoid LBO, combustors can be operated with a wide safety

margin above the uncertain LBO limit (e.g., higher equiva-

lence ratio) [8]. However, enhanced engine performance and

reduction of NOx emission will require a narrower LBO safety

margin. For this purpose, in situ and real-time active control

mechanisms are required to operate low-emission gas turbine

combustors safely and reliably. An important part of the active

control mechanisms is providing an accurate monitoring tech-

nique for the swirling flame with meaningful control variables.

As key parameters of the combustion processes, temperature

and species concentrations have great potential for use as

control variables in physics-based control strategies. In recent

years, nonintrusive laser-based diagnostic technologies have

been applied to sensitive measurement of the temperature and

species concentrations of swirling flames [9]. These technolo-

gies mainly include laser Raman spectroscopy (LRS) [10],

coherent anti-Stokes Raman scattering (CARS) [11], [12],

0018-9456 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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planar laser-induced fluorescence (PLIF) [13], [14], and tun-

able diode laser absorption spectroscopy (TDLAS) [15], [16].

Many researches have been carried out to measure point-wise,

path-averaged, and 1-D temperature and species concentra-

tions, which can be used to infer the instability of the swirling

flame and pollutant emissions. For instance, Roy et al. [11]

demonstrated the applicability of single-shot CARS in mea-

suring the point-wise temperature and relative concentrations

of N2 and CO2 in the exhaust stream of a swirling flame.

Li et al. [17] developed a line-of-sight TDLAS sensor to

monitor the temperature oscillations in propane/air flames

in a swirl-stabilized combustor. Stopper et al. [18] employed

1-D LRS to measure the temperature and the concentration of

major species of the flame generated by a model swirl burner.

The 2-D spatially resolved measurements of temperature

and species concentrations will not only help to better

understand the underlying LBO mechanisms as the

equivalence ratio is reduced but also to validate and optimize

numerical combustion simulation models which then can be

applied to simulate the behavior of technical combustors. The

PLIF technique shows significant applicability to image 2-D

distributions of temperature and species concentrations of the

combustion fields with high spatial resolution. For instance,

Meier et al. [19] applied a two-line PLIF system for the

first time to measure the temperature field in a jet engine

model combustor segment with high pressure. In addition,

Bohlin and Kliewer [20] recently developed a 2-D-CARS

technique that enables planar temperature and chemical

imaging in a combusting flow within a single laser pulse.

However, PLIF and 2-D-CARS techniques require not only

sophisticated and high-power laser sources but also accurate

alignments of the laser beams that are generally realized

by elaborate optics layouts. The combustors should be

significantly modified to achieve two axis or through optical

accesses that withstand the pressure rise and temperature

of the combustion process. These requirements often make

them less applicable for in situ and real-time monitoring of

practical combustors that are operated in harsh environments,

e.g., with dust and strong mechanical vibration.

With the rapid development of room-temperature and

narrow-linewidth laser diodes, TDLAS techniques have been

widely used for in situ and real-time combustion diagno-

sis [15], [21], [22]. By combining TDLAS with the tomo-

graphic concept, it becomes possible to measure spatially

resolved 2-D distributions of temperature and species con-

centrations [23]–[25]. Particularly, a TDLAS tomographic

sensor with good spatial resolution significantly benefits the

understanding of heat release in swirling flames and reac-

tion progress in such combustors. To improve the spatial

resolution of TDLAS tomography, many efforts have been

made to optimize the geometrical arrangements of the laser

beams according to the structure of the combustion cham-

ber [26]–[28]. Recently, sensors with optimized beam arrange-

ments were applied to image continuously the hydrocarbon

fuel distribution and mixing in both multicylinder and single-

cylinder automotive engines [29], [30]. In addition, the so-

called frequency-agile tomography method seeks to improve

the spectral sampling through broadband wavelength sweeping

for the alleviation of deficiencies in spatial sampling [31], [32].

However, the spatial resolution of such tomographic sen-

sors should be further improved to meet the measurement

requirements for capturing accurate temperature distribution

and inferring the thermal expansion in the swirling flame.

Recently, we developed a fan-beam TDLAS tomographic

sensor with a spatial resolution of 7.8 mm in an imaged subject

of diameter 60 mm, which has been proved to reconstruct

accurate and stable 2-D distributions of temperature and H2O

concentration [33]. The applicability of the sensor to real-

time flame monitoring was experimentally demonstrated on

a flat-flame burner. The performance of the sensor makes

it very promising for online monitoring of swirling flames.

The developed sensor reported here is currently suitable for

monitoring unconfined flames with unlimited optical access.

By utilizing fiber optics to launch and collect thin pencil

beams in the region of interest (ROI), the optical windows can

be made very small and discontinuous around the perimeter

of the combustor, in any arrangement that complies with the

operational requirements of the combustor [29]. In this way,

a TDLAS tomographic sensor can be further designed and

embedded in practical combustors with minimal intrusions for

monitoring confined swirling flames.

The current research aims at monitoring the dynamic

cross-sectional behavior of swirling flames using the newly

developed TDLAS tomographic system. The highly spatially

resolved tomographic system was applied to monitor and

reveal directly the reaction process of an unconfined swirling

flame by reconstructing the 2-D distributions of temperature

and H2O concentration over the cross section of interest in

the flame. In partially premixed combustion mode, accurate

temperature distribution was captured to infer the thermal

expansion of the swirling flame. In addition, thermal oscilla-

tions were extracted from the real-time 2-D reconstructions

and used to indicate the instability of the swirling flame.

To provide firsthand and reliable visual data that help prevent

the flame from LBO, the developed system was further applied

to capture the dynamic process of blowout of the unconfined

swirling flame.

II. PHYSICAL AND MATHEMATICAL BACKGROUND

OF TDLAS TOMOGRAPHY

According to Beer’s law, when a collimated laser beam of

frequency v [cm−1] enters a flame with the thickness L [cm],

the absorbance αv is expressed as

αv =

∫ L

0

P(x)X (x)S[T (x)]φdl (1)

where P(x) [atm] is the local total pressure, X (x) is the

local molar fraction of the absorbing species (noted as gas

concentration hereafter), T (x) [K] is the local temperature,

and φ [cm] is the line shape function. The line strength of the

transition S[T (x)] [cm−2 ·atm−1] is a function of temperature

as follows:

S(T ) = S(T0)
Q(T0)

Q(T )

(

T0

T

)

exp

[

−
hcE ′′

k

(

1

T
−

1

T0

)]

×
1 − exp (−hcv0/kT )

1 − exp (−hcv0/kT0)
(2)
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Fig. 1. Geometric description of a line-of-sight TDLAS measurement.

where h [J · s] is Planck’s constant, c [cm · s−1] is the speed

of light, k [J · K−1] is Boltzmann’s constant, Q(T ) is the

partition function of the absorbing molecule, T0 [K] is the

reference temperature, v0 [cm−1] is the line-center frequency,

and E ′′ [cm−1] is the lower energy of the transition.

The line shape function φ is normalized so that
∫ +∞

−∞
φdv ≡ 1, so the integrated absorbance Av of the tran-

sition can be inferred from (1) as

Av =

∫ ∞

−∞

αvdv =

∫ L

0

P(x)Xabs(x)S[T (x)]dl. (3)

For the tomographic analysis, the circular ROI is discretized

into N cells, as shown in Fig. 1. In the j th cell, Pj , T j , and X j

are assumed to be constant. For the i th laser beam, the sampled

integrated absorbance Av,i , i.e., the projection, is expressed as

Av,i =

N
∑

j=1

av, j L i j =

N
∑

j=1

[PS(T )X]v, j L i j (4)

where i and j are the indices of the laser beams and the cells,

av, j is the density of the integrated absorbance in the j th cell,

and L i j is the absorption path length of the i th laser beam

within the j th cell.

For a total of M laser beams, av, j can be retrieved

using tomographic algorithms. By performing the tomographic

reconstructions at two preselected transitions (v1 and v2)

with different temperature dependences, the temperature T j

in the j th cell can be reconstructed from the ratio of the

reconstructed av1, j and av2, j in the j th cell as follows:

T j =
hc

k

(

E ′′
2 − E ′′

1

)

/

[

ln
av1, j

av2, j

+ln
S2(T0)

S1(T0)
+

hc

k

(

E ′′
2 − E ′′

1

)

T0

]

.

(5)

With T j in hand, the concentration X j can be simultane-

ously obtained from (4) at atmospheric pressure

X j = av1, j /S1(T j ). (6)

III. EXPERIMENTAL ARRANGEMENTS

A. Experimental Platform for Swirl Combustion

Fig. 2 shows the schematic of the experimental platform for

swirl combustion, which mainly includes the air/fuel supply

systems, a plenum chamber, a model swirl injector, and an

exhaust pipe.

Fig. 2. Schematic of the experimental platform for swirl combustion.

In detail, a compressor was used to compress the air into a

tank with pressure of 5 MPa. A pressure-release valve and

an orifice meter were used to adjust and measure the air

flow. The room-temperature air entered the plenum chamber

and went through a diffuser. To maintain a stable working

condition in the plenum chamber, the feedbacks obtained from

the temperature and pressure sensors were used to control

the pressure-release valve of the air supply system in real

time. Then, the air with uniformly distributed flow passed

two radial swirl generators, named as inner and outer swirl

generators. The methane (CH4) went through a pressure-

release valve and its flow was precisely controlled using a

mass flowmeter. The nonswirling methane was fed through the

central nozzle and mixed with the swirled air from the inner

swirl generator. Then, the mixed fuel was further mixed with

the swirled air from the outer swirl generator and released from

the 42-mm diameter nozzle of the swirl injector. To increase

the shearing force of the flow, the inner and outer swirl

generators swirled clockwise and anticlockwise, respectively.

As a result, the mixing of air and methane was significantly

enhanced, contributing to an efficient combustion process.

After ignition, an unconfined swirling flame was formed above

the nozzle of the model swirl injector. A conical top plate with

a central exhaust tube formed the exit for the unburnt fuel and

combustion products.

B. Measurement System

Fig. 3 shows a schematic of the online and high spatial

resolution monitoring system for the swirling flames. The

system mainly includes two distributed feedback (DFB) laser

diodes and corresponding laser control modules, a stationary

TDLAS tomographic sensor, a multichannel data acquisition

system, and a host computer.

As a major product of the combustion of hydrocar-

bons, H2O was selected as the target absorbing species.

The central frequencies of the two DFB laser diodes were

selected at 7444.36 cm−1 (NTT Electronics Corporation,

NLK1B5GAAA) and 7185.6 cm−1 (NTT Electronics Corpora-

tion, NLK1E5GAAA), because of the moderate line strengths
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Fig. 3. Schematic of the TDLAS tomographic system.

and good temperature sensitivity of H2O transitions at these

two frequencies [33], [34]. The linewidth and maximum output

power of the DFB laser diodes are 2 MHz and 20 mW,

respectively. As the upper limit of the wavelength scanning

speed of the DFB laser diode adopted in this work was

10 kHz, a temporal resolution of 0.2 ms could be realized

with the time division multiplexing (TDM) scheme between

the two laser diodes, corresponding to an imaging rate of

5 kHz or 5000 frames per second. The TDM scheme was

realized using the developed DFB laser control modules and

the control strategy detailed in [25] and [34]. The temporal

resolution can be further improved when adopting a frequency-

agile laser with a higher wavelength scanning speed. The

output laser beams from the DFB laser diodes were combined

using a fiber coupler and then split into six single-mode fibers

with equal power. The laser beam output from one of the fibers

penetrates an etalon with a free spectral range of 0.084 cm−1

to monitor the frequency during the wavelength scanning,

while the other laser beams from the remaining fibers were

connected to the newly developed TDLAS tomographic sensor

to generate coplanar fan-beam illumination at five views.

The laser beam from each of the five optic fibers was

first collimated and then guided through a combination of

an anamorphic prism pair and a cylindrical lens [33]. In this

way, the fan-beam illuminations with a span angle of 24°

were simultaneously generated, which effectively covered the

ROI with a diameter of 6 cm. The center of the ROI was

located at the center of the target cross section of the swirling

flame. Then, each fan-beam illumination penetrated the ROI,

i.e., the cross section of interest in the swirling flame, and was

sampled by a multiphotodiode array that contains 12 equally

spaced photodiodes (G12180-010A, Hamamatsu). The spectral

response range of the photodiode is from 0.9 to 1.7 µm with

the peak sensitivity wavelength λp at 1.55 µm, while the

typical photosensitivity at λp is 1.1 A/W.

As shown in Fig. 4(a), the sampled data were transferred in

serial order of the beams (i = 1, 2, . . . , 60) to the computer in

real time, taking 12 ms per frame of 60-channel measurements.

The data in each channel contain the absorption spectra of

the transitions at 7185.6 and 7444.36 cm−1. The absorbances

were extracted from fitting the baseline of the transmitted

laser intensity It . Then, the integrated absorbance values for

both transitions Av1,i and Av2,i (i = 1, 2, . . . , 60) were

calculated from fitting the absorbances with Voigt line shape

functions [35]. Fig. 4(b)–(d) shows the extracted absorbances

from Fig. 4(a) and their Voigt fitting results with i = 1, 2,

and 60, respectively. Finally, the integrated absorbance values

were input to the modified Landweber algorithm to reconstruct

the 2-D distributions of temperature and H2O concentra-

tion [33], [36].

In addition, the spatial resolution of the designed TDLAS

tomographic sensor using fan-beam illumination is 7.8 mm.

Due to the use of the fan-beam method of illumination in this

system and the relatively large number of measured “beams”

(60) using the photodiode arrays, the spatial resolution of the

present sensor is significantly better than that which could be

achieved by using parallel-beam illumination and consequently

many fewer beams for a 60-mm diameter subject. Moreover,

the many illumination angles provided by the present sensor

ensure that the angular sampling of the subject is well balanced
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Fig. 4. Signal processing of the sampled TDLAS data. (a) Sampled data from 60 photodiodes for one frame of tomographic image. (b) Extracted absorbances
from (a) and their Voigt fitting results for i = 1. (c) Similarly, for i = 2, and (d) for i = 60.

with the translational sampling relative to the subject center,

thus minimizing artifacts in the tomographic images. As a

result, more details of the swirling flame, such as accurate

cross-sectional temperature profiles and thermal expansion,

can be captured with the designed sensor. As shown in Fig. 5,

five height-adjustable supports were used to image the cross

sections of the swirling flame at various desired heights above

the nozzle.

IV. RESULTS AND DISCUSSION

A. Cross-Sectional Images and On-Line Monitoring of

Swirling Flame

In the experiment, the equivalence ratio of 0.205 is obtained

by setting the flows of methane and air as 8 and 371 L/min,

respectively. With the above settings, a stable swirling flame

was generated above the nozzle of the model swirl injector

after ignition. To balance the spatial resolution against the

accuracy of the tomographic image, the radius of the ROI

was set as 3 cm, while the cell size along both the directions

of x- and y-axes was set as 0.3 cm [33]. The height above the

nozzle of the swirl injector is denoted as z. The height of the

fan-beam illumination was adjusted to 2 cm above the nozzle,

that is, the cross section of interest in the swirling flame at

z = 2 cm was selected as the target ROI.

To capture the dynamics of the swirling flame, instanta-

neous (i.e., single frame) distributions of temperature and

H2O concentration over the cross section at z = 2 cm were

continuously reconstructed using the TDLAS tomographic

system. In consideration of the continuous distributions of the

temperature and H2O concentration in the flame, a Gaussian

Fig. 5. Installation of the stationary TDLAS tomographic sensor above the
nozzle of the model swirl injector.

low-pass filter of size 3 × 3 with a standard deviation of

Gaussian distribution σ of 0.5 was applied within each iter-

ation in the modified Landweber algorithm to remove the

artifacts and render the inherently ill-posed problem more

tractable. Fig. 6 shows three instantaneous tomographic images

of (a)–(c) temperature and (d)–(f) H2O concentration at time

intervals of 12 ms, respectively. It can be seen that a crescent-

shaped region rotates anticlockwise during the sequence of

three tomographic images. The values of temperature and H2O

concentration in the crescent-shaped region are higher than

those in the other regions of the ROI. In this case, the val-

ues of temperature and H2O concentration in the crescent-

shaped region are around 1750 K and 0.16, respectively.
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Fig. 6. Instantaneous tomographic images of (a)–(c) temperature and (d)–(f) H2O concentration over the cross section of interest in the swirling flame at
z = 2 cm when the flows of methane and air are 8 and 371 L/min, respectively. The time interval between the neighboring images of (a)–(c) temperature and
(d)–(f) H2O concentration is 12 ms.

Fig. 7. Instantaneous tomographic images of (a)–(c) temperature and (d)–(f) H2O concentration over the cross section of interest in the swirling flame at
z = 4 cm when the flows of methane and air are 8 and 371 L/min, respectively. The time interval between the neighboring images of (a)–(c) temperature and
(d)–(f) H2O concentration is 12 ms.

The crescent-shaped region is formed by the cone-shaped spi-

ral nature of the swirling flow [37]. The methane fed through

the central nozzle is eventually swirled out into the co-swirling

air. The interaction between the flow field and chemistry

becomes significant in reacting flows due to the existence of

vortex breakdown that induces flow recirculation [38]. The

upstream recirculation zone is close to the swirling inlet, while

the downstream recirculation zone is located in the central

area. Strong velocity gradients occur in the inner side of the

upstream recirculation zone, resulting in vortex breakdown

that is generally aligned with the heat release. Therefore,

a crescent-shaped region with high temperature values is

observed over the cross section of the swirling flame. The

sense of rotation of the crescent-shaped region is determined

by the rotation of the whole spiral, which is anticlockwise in

our case.

Then, the fan-beam illuminations were mounted at the

height of 4 cm above the nozzle, i.e., z = 4 cm. In this

way, the distributions of temperature and H2O concentration

over the cross section of interest in the swirling flame at

z = 4 cm were reconstructed in real time. As shown in Fig. 7,

there are still instantaneous crescent-shaped regions that rotate

anticlockwise in the ROI. Compared with those at z = 2 cm,

the crescent-shaped regions at z = 4 cm deviate a little from

the center of the flame. The values of temperature and H2O

concentration in the crescent-shaped region are around 1400 K

and 0.12, respectively. As the heat dissipates downstream of

the nozzle, the temperature decreases as the height above
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Fig. 8. (a) Photograph and averaged tomographic images of temperature over the cross section of interest in the swirling flame at (b) z = 2 cm and
(c) z = 4 cm when the flows of methane and air are 8 and 371 L/min, respectively.

Fig. 9. Radial distributions of average temperature with its standard deviation
over the cross section of the swirling flame at z = 2 cm and z = 4 cm when
the flows of methane and air are 8 and 371 L/min, respectively.

the nozzle increases. In addition, H2O concentration also

decreases due to the expansion of the cross-sectional area of

the swirling flame as it travels further away from the nozzle.

To highlight the mean temperature distribution of the

swirling flame, 200 continuously reconstructed temperature

distributions (corresponding to 2.4 s in real time) are averaged.

In this way, the crescent-shaped regions in the radial dimension

at different heights above the nozzle can be quantitatively

located without external perturbations. Fig. 8(a)–(c) shows a

photograph of the swirling flame and averaged tomographic

images of temperature at z = 2 cm and z = 4 cm, respectively.

It can be seen that the radius of the flame over the cross

section at z = 4 cm is larger than that at z = 2 cm.

In addition, the temperature distributions in the averaged

images are rotationally symmetric. That is to say, the mean

temperature values extracted from the same radius of the ROI

are identical [34], [39], [40]. Here, mean temperature values on

the positive x-axis in Fig. 8 are obtained. As shown in Fig. 9,

the midpoints signify the mean temperature values, while the

error bar to each midpoint denotes the standard deviation of the

200 solutions. The mean temperature values first increase from

the flame center to the maximum value along the radius and

then gradually decrease toward the boundary of the swirling

flame. The radial distance between the peak of the temperature

profile and the flame center is noted as rpeak. For z = 2 cm and

TABLE I

EXPERIMENTAL CONDITIONS WITH DIFFERENT FLOW

RATES AND EQUIVALENCE RATIOS

z = 4 cm, rpeak is 0.8 and 1 cm, respectively. It can be deduced

that the flame swirled in an anticlockwise helical route with a

radial expansion of 0.2 cm from z = 2 cm to z = 4 cm. Due to

the rotation of the high-temperature crescent-shaped regions,

the standard deviations around the peak are larger than those

in the center and on the boundary of the swirling flame.

B. Cross-Sectional Monitoring of Swirling Flame Close to

Lean Blowout Limit

As the equivalence ratio decreases, the swirling flame

will be closer to the LBO limit. The objectives to reliably

determine the proximity to LBO during operation, and better

understand the dynamics of the swirling flame near the LBO

limit, motivate a desire for online monitoring of the swirling

flame with decreasing equivalence ratios. In the experiments,

the 2-D distributions of temperature and H2O concentration

over the cross section of interest in the swirling flame were

reconstructed in real time as the equivalence ratio decreased.

As shown in Table I, the equivalence ratio was decreased

from 0.205 to 0.101 when the air flow was kept unchanged

at 371 L/min and the methane flow was decreased from

8 to 4 L/min.

Fig. 10 shows a sequence of instantaneous tomographic

images of temperature at the height of 2 cm above the nozzle

when the methane flows are 6 and 4 L/min, respectively.

In this experiment, a crescent-shaped region that rotated

anticlockwise over the cross section was observed, similar to

that observed in Fig. 6. In comparison with the reconstructed

results in Fig. 6, the maximum temperature values in the

crescent-shaped region decrease to around 1450 and 1030 K

when the methane flows are 6 and 4 L/min, respectively. The

swirling flame is still stabilized with the rotation of the helical

structure around the central axis.
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Fig. 10. Instantaneous tomographic images of temperature over the cross section of interest in the swirling flame at z = 2 cm when the air flow is 371 L/min
and the methane flows are (a)–(c) 6 and (d)–(f) 4 L/min, respectively. The time interval between the neighboring images is 12 ms.

Fig. 11. Photographs and averaged tomographic images of tem-
perature over the cross section of interest in the swirling flame
at z = 2 cm with the air flow being set as 371 L/min
and the methane flows being set as (a) and (b) 6 L/min and
(c) and (d) 4 L/min, respectively.

Two hundred continuously reconstructed temperature distri-

butions as exemplified in Fig. 10 were averaged to analyze

the dependence of the thermal distribution in the swirling

flame on the decreasing methane flow. As shown in Fig. 11,

the photographs and the average temperature distributions are

rotationally symmetric for both cases. The mean temperature

values were also extracted from the positive x-axis in each

averaged image. Fig. 12 shows the radial distributions of

mean temperature values with its standard deviations of the

200 solutions over the cross section of the swirling flame at

z = 2 cm when the methane flows are 8, 6, and 4 L/min,

respectively. It can be seen that the temperature of the swirling

flame decreases as the methane flow decreases. The expansion

of the flow field is mainly determined by the structure of the

Fig. 12. Radial distributions of average temperature with its standard
deviation over the cross section of interest in the swirling flame at z = 2 cm
when the air flow is 371 L/min and the methane flows are 8, 6, and 4 L/min,
respectively.

swirlers and the initial jet flow. In these three cases, the air

flow, i.e., 371 L/min, is much larger than the methane flows,

resulting in the similar jet flows. That is to say, the extent

of flow expansion close to the nozzle of the swirl injector

is similar for all three cases. Therefore, the crescent-shaped

regions rotate with the similar radius when the methane flows

are 8, 6, and 4 L/min, while the peak values of the temperature

profiles for all three cases are located at r = 0.8 cm.

Fig. 13 shows the time-resolved temperature values at the

coordinate (rpeak, 0) over the cross sections at z = 2 cm and

the corresponding spectral analysis results when the air flow is

371 L/min and the methane flows are 8, 6, and 4 L/min, respec-

tively. To clearly identify thermal oscillation, the fast Fourier

transform was applied to the time-resolved temperature values.

It should be noted that the point on the coordinate (rpeak, 0) is
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Fig. 13. Analysis of the thermal oscillations of the swirling flame over the cross section at z = 2 cm with decreasing equivalence ratio. (a) Temperature
values at (rpeak, 0) obtained from the 200 continuously reconstructed temperature distributions when the air flow is 371 L/min and the methane flows are
8 L/min (solid curve), 6 L/min (dashed curve), and 4 L/min (dotted curve). (b) Power spectra of the root-mean-square temperature values in (a).

Fig. 14. Instantaneous tomographic images of temperature over the cross section of the swirling flame at z = 2 cm during the blowout event. The time
interval between the neighboring images of temperature is 12 ms.

selected for spectral analysis by taking both the signature of

oscillation and noise effect into consideration. As the tempera-

ture gradient in the central recirculation area is relatively small,

the flame oscillation can hardly be identified at the point in the

center of the ROI. The temperature measurement at the point

close to the boundary of the ROI will be contaminated with

noises caused by violent gas convection at the flame boundary.

Furthermore, the spectral analysis based on the oscillation-

sensitive point is superior to that based on a line-of-sight

TDLAS sensor, by which the path-integrated measurement

result obtained from regions oscillating at different phases may

reduce the observed strength of oscillation. In the three cases,

the temperature oscillates with a main frequency of 17.5 Hz at

the coordinate (rpeak, 0). The amplitude of thermal oscillation

shown in Fig. 13(a) reduces when the equivalence ratio is

decreased and thus yields a lower peak in the power spectral

densities shown in Fig. 13(b). As unsteady heat release is

coupled with the swirling flame, additional power leaks out to

frequencies other than the main oscillation frequency. When

the equivalence ratio is decreased, the swirling flame comes

closer to the LBO and suffers from unsteady heat release to a

larger extent. Therefore, the amplitude of the leaked power to

frequencies other than the main oscillation frequency increases

when the equivalence ratio is decreased.

When the methane flow was further decreased from 4 L/min,

the blowout event occurred. To dynamically monitor the

flame during the blowout event, a sequence of instantaneous

temperature distributions at z = 2 cm were reconstructed

in real time as the methane flow was decreased. As shown

in Fig. 14, the crescent-shaped regions can still be seen in

the tomographic images at t = 0 and t = 12 ms during the

blowout event. Due to the decreased equivalence ratio, the

temperature of the central recirculation zone was too low to

ignite the fuel releasing from the nozzle of the swirl injector.
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That is to say, the supply of heat from the flame root cannot

stabilize the swirling flame any more [6]. It can be seen from

the tomographic image at t = 24 ms that the blowout event

started with the deformation of the crescent-shaped region,

which may be caused by the inability to ignite the flame root.

Then, the crescent-shaped region completely disappeared from

t = 36 ms, denoting that the rotation of the helical structure

around the central axis can no longer be sustained. With

the disappearance of the rotationally crescent-shaped region,

the flame rapidly blew out. It can be concluded that the devel-

oped TDLAS tomography system is capable of capturing the

dynamic temperature profiles of the swirling flame during the

blowout event. In practical applications, the online monitoring

results can be used to investigate the LBO mechanism as the

equivalence ratio is reduced and provide reliable parameters

for LBO control strategies. In addition, the measurement

results can also provide feedbacks to improve the structure

of the swirl injectors and enhance their performance.

V. CONCLUSION

The newly developed TDLAS tomographic system was

applied to monitor in real time the dynamic behavior and

properties of a swirling flame. The 2-D distributions of tem-

perature and H2O concentration over the cross section of

interest in the swirling flame were reconstructed in real time.

In partially premixed combustion mode, the instantaneous

images obtained from the TDLAS tomographic sensor with

excellent spatial resolution of 7.8 mm enabled retrieval of

the crescent-shaped region within the ROI that were used

to infer the thermal distribution in the swirling flame. With

the model swirl injector, the measurement results showed that

the crescent-shaped region went upward in an anticlockwise

helical route and gradually deviated from the center of the

swirling flame.

With a fixed air flow of 371 L/min, decreased methane

flow caused decrease of temperature in the swirling flame.

In the case of stabilized swirling combustion, the crescent-

shaped regions rotated around the same radius in the ROI as

the methane flow decreased from 8 to 4 L/min. As known from

the spectral analysis of the time-resolved thermal oscillations,

the swirling flame suffers from unsteady heat release to a

larger extent when the equivalence ratio is decreased to around

0.1 and thus causes the swirling flame to approach the LBO

limit.

Dynamic temperature profiles of the swirling flame during

the blowout event were successfully captured by the developed

system. The blowout started from deformation of the crescent-

shaped region in the ROI. As the rotation of this helical

structure could no longer be sustained, the crescent-shaped

region completely disappeared and the flame finally blew

out. The cross-sectional dynamic behavior of the swirling

flame reported here has been observed experimentally for the

first time, due to the imaging capability, both in spatial and

temporal resolutions, of the TDLAS tomography system.
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