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Abstract

®

CrossMark

Distributions of temperature and H,O concentration in a swirling flame are critical to evaluate
the performance of a gas turbine combustor. In this paper, 1D tunable diode laser absorption
spectroscopy tomography (1D-TDLAST) was introduced to monitor swirling flames generated
from a model swirl injector by simultaneously reconstructing the rotationally symmetric
distributions of temperature and H,O concentration. The optical system was sufficiently
simplified by introducing only one fan-beam illumination and a linear detector array of 12
equally-spaced photodetectors. The fan-beam illumination penetrated a cross section of
interest in the swirling flame and the transmitted intensities were detected by the detector
array. With the transmitted intensities in hand, projections were extracted and employed

by a 1D tomographic algorithm to reconstruct the distributions of temperature and H,O
concentration. The route of the precessing vortex core generated in the swirling flame can

be easily inferred from the reconstructed profiles of temperature and H,O concentration at

different heights above the nozzle of the swirl injector.

Keywords: swirling flame, swirl injector, tunable diode laser absorption spectroscopy

(TDLAS), 1D tomography, temperature, species concentration

(Some figures may appear in colour only in the online journal)

1. Introduction

Flame stability is one of the most critical factors in evaluating
the combustion efficiency, pollutant emissions and lifetime
of a gas turbine combustor. In recent years, lean-premixed
(LPM) combustion technology has been widely used because
of the increasingly strict regulations for pollutant emissions
[1, 2]. As the system usually operates near the lean blowout
limit with low equivalent ratio in LPM combustion, a small
perturbation in the equivalent ratio may generate a signifi-
cant variation in heat release and further causes flame oscilla-
tions [3]. In practical applications of LPM combustion, swirl

1361-6501/17/054002+8$33.00

injectors are employed extensively in the combustors to gen-
erate swirling flows of the reactants and hence swirling flames
[4, 5]. The swirling flames enable high energy conversion in
a small volume and exhibit good ignition and stabilization
behavior over a wide operating range.

The characteristics of the swirling flame mainly include
structure, temperature and species concentrations of the flow
field [S]. Particularly, the temperature indicates the combus-
tion efficiency and influences the lifetime of the gas turbine,
while the species concentrations are most directly related to the
pollutant emissions. On one hand, the temperature and species
concentrations are very useful, in particular for the combustion

© 2017 IOP Publishing Ltd  Printed in the UK
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engineers, to optimize the structure of the swirl injectors and
thus improve the performance of the gas turbine. On the other
hand, they are important parameters for validating the compu-
tational models to simulate the swirling flame and further pro-
vide reliable references for the numerical calculations in fluid
dynamics and thermodynamics. Therefore, it is necessary to
develop efficient combustion diagnostic techniques to monitor
the temperature and species concentrations of the swirling
flame.

As non-intrusive and sensitive optical modalities, laser-
based combustion diagnostic techniques are widely used to
measure the temperature and species concentrations of the
swirling flame. For instance, Thariyan et al developed and
implemented a dual-pump coherent anti-Stokes Raman scat-
tering (CARS) system to measure temperature and major spe-
cies concentrations of the swirling flame in the gas turbine
combustor [6]. Richardson et al reconstructed the distribu-
tions of temperature and carbon-monoxide in the atmospheric-
pressure inverse diffusion flames using two-color planar
laser-induced fluorescence (PLIF) [7]. Stopper et al measured
the temperature and species of the swirling flames using 1D
laser Raman scattering [8]. Kiefer et al analyzed the mixing
and combustion phenomena in turbulent partially premixed
flames using laser-induced breakdown spectroscopy (LIBS)
[9]. Williams et al applied laser-induced thermal gratings
spectroscopy (LITGS) to measure the temperature in a firing
gasoline direct injection engine [10]. Although these attempts
are effective to measure the temperature and species con-
centrations of the swirling flame, the experimental systems
require complicated optics, high-power laser sources and
clean operating environment, which are often hard to meet.

Tunable diode laser absorption spectroscopy (TDLAS) is
a robust, sensitive, fast response and low cost technique for
measuring temperature and species concentrations in the flow
field [11-17]. Given that the averaged swirling flame is rota-
tionally symmetric during a period of stable operation, the
TDLAS technique can be combined with 1D tomography
[18, 19], referred to as 1D-TDLAST hereafter, to retrieve the
radial distributions of temperature and species concentrations
over the cross sections of interest in the swirling flame.

By employing the ID-TDLAST technique, the distribu-
tions of temperature and H,O concentration over typical
cross sections of interest in the swirling flame generated by
a model swirl injector were reconstructed in this paper. The
optical system was sufficiently simplified by introducing
only one fan-beam illumination and a linear detector array of
12 equally-spaced photodetectors. To validate the proposed
method, the results obtained from the 1D-TDLAST technique
were compared with the computational fluid dynamics (CFD)
simulation results under different combustion conditions.

2. Methodology

According to the previous reports [4, 20], although the instan-
taneous images over a cross section of the swirling flame
may be asymmetric, the image accumulated or averaged from
hundreds of instantaneous flame images is symmetric. Given

that the structure of the swirl injectors and their nozzles are
rotationally symmetric, the averaged distributions of temper-
ature and species concentrations over a cross section of the
swirling flame should be rotationally symmetric too. In this
way, ID-TDLAST technique can be applied to reconstruct
the rotationally symmetric distributions of temperature and
species concentrations over the cross sections of interest in
the swirling flame. Firstly, the fundamentals on TDLAS will
be briefly reviewed. Then, the 1D-TDLAST technique and
system for monitoring the swirling flame will be introduced
in this section.

2.1. Fundamentals on TDLAS

When a laser beam at frequency v (cm™!) penetrates a flame
with a total path length of L (cm), the transmitted intensity
I, is related to the incident intensity I by

L
(Iio) = exp(— I POxaps o) ¢dl), 0
v

where P(/) (atm) is the local total pressure, S[T(/)] (cm 2 atm )
the temperature dependent line strength of the molecular
transition of the absorbing species, X,s(/) the local mole frac-
tion of the absorbing species, ¢ the line-shape function [21].
The absorbance «, is defined as

_ L) _ "
av——ln(l—o)v— J Poxm@siTOI0aL @)

Because the line-shape function ¢ is normalized, so that
f = ¢dv =1, the integrated absorbance A of the molecular
—00

transition can be inferred from equation (2) as

A= £+wavdv: fOL PUOXaOSITDO] . (3)

2.2. IDTDLAST

Figure 1 depicts the schematic diagram of a 1D-TDLAST
system. The system mainly includes two distributed feed-
back (DFB) laser diodes at different transitions (v, and v,),
two DFB laser control modules, a 1D-TDLAST sensor,
a data acquisition card and a computer. The linewidth and
maximum output power of the DFB laser diodes are 2 MHz
and 20 mW, respectively. Each of the DFB laser diodes is
independently controlled with a DFB laser control module
by adjusting temperature and injection current. The two
DFB laser diodes work with a time division multiplexing
scheme [22, 23]. To be specific, each laser diode is driven by
a ramp signal at a repetition rate of 10kHz, while the phase
difference between the driven signals of the two DFB laser
diodes is 180°. That is to say, during a scanning period, only
one DFB laser diode is driven to output laser, while the other
is stopped by setting the injection current under the lower
working threshold.

The outputs of the two DFB laser diodes are combined
with a single-mode fiber coupler, and split into two channels.
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Figure 1. Schematic diagram of the 1D-TDLAST system.
The laser in the first channel penetrates through an etalon to A
. . . (a) (b) _ Y i=1.2....N
monitor the frequency during the wavelength scanning pro- . A(x) 2 ""’x
cess. The laser in the second channel is collimated first and " t
penetrates through an anamorphic prism pair and a cylindrical | Detector array | !
lens to form a fan-beam illumination. As noted in our pre- i-th laser beam i
vious works [24, 25], the implementation of the anamorphic =
prism pair is effective to improve the uniformity of the fan-
shaped planar illumination, and hence improving the fidelity
of image reconstruction. Then, the fan-beam illumination pen-
etrates the cross section of interest in the swirling flame and is
detected by the linear array of 12 equally-spaced photodetec- = /—7\;—1/2
tors. In conjunction with the analog switches, the transmitted i

intensities are obtained by the photodetectors independently
and sampled by the data acquisition card. The sampled data
are finally used to calculate the integrated absorbance areas,
i.e. the projections. Justified by the smooth variation of
temperature and H,O concentration, the 12 projections are
interpolated into a total number of 31 projections using spline
interpolation to obtain a smoother display in a higher number
of grids. Finally, the interpolated projections for 100 repetitive
measurements are averaged. The averaged projections, noted
as A, are used in the 1D-TDLAST technique to reconstruct
the radial distributions of temperature and H,O concentra-
tion over the cross section of interest in the swirling flame.
It should be noted that the left-hand side and right-hand side
averaged projections from the center of the fan-beam illumi-
nation display mirrored as the flame is rotationally symmetric.
The right-hand side projections were used in the experiment
to reconstruct the radial distributions of temperature and H,O
concentration. The redundant left-hand side projections were
used to justify the rotationally symmetric assumption of the
swirling flame, which will be detailed in section 3.

An absorption hygrometer was used to obtain the ambient
humidity. As shown in figure 2(a), Given the arrangements of
the fan-beam laser paths, the integrated absorbance area of the
i-th laser beam for the laser path outside the region of interest,
i.e. A,iris can be calculated by

Aair,i = PS(T;iir)XairLair,i, 4)

where the pressure P equals 1 atm, Ty equals 300K, X, is the
measured ambient humidity. L, is the path length out of the

Equivalent
parallel-beam laser

Fan-beam
laser

Figure 2. Illustration of (a) fan-beam geometry and (b) equivalent
parallel-beam geometry for a rotationally symmetric swirling flame.

region of interest for the i-th laser beam. Therefore, the pro-
jection for the ith laser beam, i.e. A;, can be calculated by sub-
tracting A,;;; from the measured integrated absorbance Apeas, i-

To simplify the optical system, the fan-beam illumination
was used in this work instead of the parallel-beam illumina-
tion, as shown in figure 2(a). Given that the averaged swirling
flame is rotationally symmetric, Abel equations can be used
to retrieve the radial distributions of temperature and H,O
concentration. It should be noted that Abel equations are
established for parallel-beam projections. Therefore, the fan-
beam geometry should be firstly transformed into equivalent
parallel-beam geometry with appropriate interpolations, as
detailed in [26]. We suppose the averaged A in the fan-beam
geometry be corresponding to A(x) in the parallel-beam
geometry.

In the equivalent parallel-beam geometry, the origin of the
coordinate system is at the center of the swirling flame with
radius R. The cross section of the flame is discretized into N
equal-spaced concentric circles, as shown in figure 2(b). The
interval of two adjacent concentric circles Ar equals to R/
(N — 1/2). The radius of the i-th concentric circle is r; = iAr,
i=1, ..., N. As the averaged swirling flame is rotationally
symmetric, the pressure, temperature and H,O concentration
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Figure 3. Schematic diagram of the experimental platform for swirl combustion.

in the i-th circle are uniform, noted as P(r;), T(r;) and X(r;),
respectively. The density of the integrated absorbance a(r;)
can be expressed as

a(ry) = P(ry) - S[T(r)] - X(1y). (5

N equivalent parallel laser beams, with interval Ar, penetrate
the cross section of the swirling flame along y-axis. The coor-
dinate of the intersection of the ith laser beam and x-axis is
x; = iAr. Therefore, the relationship between A(x;) and a(r)
can be described by the Abel’s integral equation as follows:

ri+Ar/2

AQ) = Zi‘/;-,j:i

a(rpr
— 2dr, (6)

i

i

. ~2
J=U = Ar2,j>i r-—Xx

Through Abel inversion, a(r;) can be solved by

1 pritar2 A'(x; + 6)
a(ri) = ——j:i,;-:i ]—2d5, (7
T arnsi A+ 8 —

where A(x;) is approximated into a quadratic form in the
neighbor of x;, noted as the three-point Abel deconvolution
[18], i.e.

A(xi11) — Alxi—1) " Alxip) +Ali-1) — AQx)

6.
2Ar Ar?

(®)
By using the two-color absorption spectroscopy strategy, the

radial distribution of temperature 7(r;) can then be retrieved
from equation (5), as

Ax;+06) =

hc
"(Ey — EI')
T(r) = k

ST | he Ef —E))” ®)

In a(ri) In
+ Si(To) k T

ax(r;)

With 7(r;) in hand, the distribution of H>O concentration X(r;)

can be calculated at an atmospheric pressure by:
ai(r;)

X(ry) = .
" = e

(10)

3. Experiments and results

3.1 Experimental setup

In the experiment, the swirling flame was generated on an
experimental platform for swirl combustion. As shown in
figure 3, the experimental platform includes air and methane
supply systems, a plenum chamber with temperature and pres-
sure sensors, a model swirl injector and an exhaust pipe with
a conical top plate. In detail, the air supply system contains an
air tank, a pressure-release valve and an orifice meter for air
flow measurement, while the methane supply system contains
a methane tank, a pressure-release valve and a mass flowmeter
for methane flow measurement. In the experiment, the dry air
at room temperature entered the plenum chamber and went
through a diffuser. After the diffuser, the uniformly distributed
dry air flowed through two swirl generators, named as inner
and outer swirl generators, respectively. The non-swirling
methane was fed through the central nozzle and mixed with
the swirled air from the inner swirl generator. Then, the mixed
fuel and air was further mixed with the swirled air from the
outer swirl generator. To increase the shearing force of the
flow, the inner and outer swirl generators swirled clockwise
and anti-clockwise, respectively. In this way, the mixing
extent of air and methane was significantly improved, which
contributed to higher combustion efficiency. After ignition, an
unconfined swirling flame was generated above the nozzle of
the swirl injector. The diameter of the nozzle was 42 mm. The
feedbacks obtained from the temperature and pressure sen-
sors were used to control the pressure-release valve of the air
supply system in real time and maintain a stable working con-
dition in the plenum chamber. Finally, unburnt methane exited
the exhaust pipe for safety.

Figure 4 depicts the 3D sketch of the ID-TDLAST sensor
that was mounted on the experimental platform. As a major
product of the combustion of hydrocarbons, H,O was selected
as the target absorbing species. The central frequencies of
the two DFB laser diodes were selected at 7444.36cm™!
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Figure 4. 3D sketch of the ID-TDLAST sensor.

and 7185.6cm™!, because of the moderate line strengths
and good temperature sensitivity of H,O transitions at these
two frequencies [22, 23, 25, 27, 28]. The laser was first col-
limated using the collimator (CFC-5X-C, Thorlabs). Then,
the well collimated laser with the diameter of the laser spot
about 0.5 mm was guided through the anamorphic prism pair
(PS-883-C, Thorlabs) and the cylindrical lens (LJ1918L2-C,
Thorlabs). In this way, the fan-beam illumination with a span
angle of 24° was generated. The fan-beam illumination com-
pletely covered the cross section of interest in the swirling
flame and was finally detected by the linear detector array of
12 equally-spaced photodetectors. The height of the fan-beam
illumination can be adjusted to obtain the flame profiles at dif-
ferent heights above the nozzle of the model swirl injector.

3.2. Experimental results

In case of LPM combustion, the flows of methane and air
are critical to the flame profile and flame stability. In prac-
tical experiments, the flows of methane and air should be
precisely controlled to generate the swirling flame. To pro-
vide references for the experimental operations, the swirling
flames were first simulated using CFD by the aid of ANSYS
FLUENT. In addition, the distributions of temperature and
H,0 concentration of the swirling flame obtained from the
CFD simulation were compared with those reconstructed
using the 1D-TDLAST technique.

In the simulation, a 3D computation domain for the flow
field of the swirling flame was established. The model of the
swirl injector was of the same structure and size of that used in
the experiment, as shown in figure 5. The computation domain
was discretized using the semiautomatic meshing tool. The
air and methane inlets were set as the velocity inlets, while
the outlet of the cylindrical combustion volume was set as the
pressure outlet. The solver was defined as a 3D pressure-based
steady solver. The viscous model was specified as a standard
k-epsilon model for turbulent applications. The combustion
model was defined using a probability density function table.
Since heat transfer in the system was considered here, the
energy equations were involved in the simulation.

Given the flows of methane and air, the average distribu-
tions of temperature and H,O concentration were obtained
after the iterative calculation was converged. Figure 6 shows
the simulation results when the flows of methane and air were

swirl injector

air inlet

CH, inlet

Figure 5. 3D computation domain of the flow field of the swirling
flame.

1800 K !

1050 K
-

300 K i

Figure 6. CFD simulation results of the swirling flame

with methane and air flows being set as 8 and 371 1 min~",

respectively. (a) and (b) Show the contours of temperature and
H,O concentration in the plane x—o—z of the computation domain,
respectively.

sets as 8 and 371 1 min~!, respectively. With the above set-
tings, a swirling flame under the condition of LPM combus-
tion was generated. The contours of temperature and H,O
concentration in the plane x—o—z of the computation domain
are shown in figures 6(a) and (b), respectively. As the swirling
flame is rotationally symmetric, the simulation results on the
positive x-axis side are only shown for simplicity.

The height above the nozzle of the swirl injector is noted as z.
The radial distributions of temperature, ST, and H,O concen-
tration, X, were extracted from figure 6 at the height of 2 and
4 cm above the nozzle, i.e. z=2cm and z = 4cm, as shown
in figure 7. The experiments were carried out with the same
flows of methane and air. To validate the proposed method, the
fan-beam illumination was also mounted both at z = 2cm and
z = 4cm, respectively. The radial distributions of temperature,
RT. and H,O concentration, XX, were reconstructed from 50
repetitive experiments. Each midpoint in the curves denotes
the mean of 50 solutions of either X7 or X, while the error
bar to each midpoint denotes the standard deviation of the 50
solutions.

It can be seen that the reconstructed profiles of temper-
ature and H,O concentration agree well with the CFD simula-
tion results. Over the cross sections of interest in the swirling
flame, both the experimental and simulation results show
that the temperature and H,O concentration increase from
the flame center to the maximum values along the radius,
and then gradually decrease because of the heat transfer
between the swirling flame and the surrounding air. The peak
values of T and X at z = 2cm locate at x = 1 cm, while
those at z =4cm locate at x = 1.38cm. The reconstructed
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Figure 7. Simulated and experimentally reconstructed distributions of (a) temperature and (b) H,O concentration at two heights above the
nozzle with the flows of methane and air being set as 8 and 371 1 min~!, respectively.
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Figure 8. Simulated and experimentally reconstructed distributions of (a) temperature and (b) H>O concentration at z = 2 cm for different
equivalent ratios. The air flow was set as 371 1 min—!, while the methane flows, noted as F,,,, were set as 4, 6 and 8 | min~!, respectively.

temperature and H,O concentration at z = 2cm are higher
than those at z = 4cm from the center to x = 1.5cm, while
they are lower than those at z=4cm from x=1.5cm
towards the flame boundary. The peak of the temperature pro-
file for the flame moves outward in the swirling flame from
z=2cm to z = 4cm. Given that the heat release of the flame
is aligned with the precessing vortex core (PVC) located in
the swirling flame [20], it can be deduced that the PVC goes
upward and gradually deviates from the flame center. In addi-
tion, when x is closer to 0, the three-point Abel deconvolution
is more ill-posed, which results in larger standard deviations
of ®T and ®X. On the boundary of the flame, the weak H,O
absorbance leads to low signal-to-noise ratio. Therefore,
the standard deviations of ®7 and X become larger at the
boundary of the flame. It should be noted that the actual spa-
tial resolution of the ID-TDLAST system mainly depends on
the space between each two neighboring photodetectors. In
this work, the photodetectors (G12180-010A, Hamamatsu)
with a diameter of 0.5 cm were employed in the 1D-TDLAST
system, resulting in a space between each two neighboring
photodetectors larger than 0.5cm. In the detector array, the
actual space of neighboring photodetectors is 1 cm. Given a
detector array with smaller space of neighboring photodetec-
tors, a higher spatial resolution could be achieved.

To study the dependence of the profile of the swirling
flame on the equivalent ratio, the air flow was maintained at
371 1 min~!, while the methane flow was gradually decreased
from 8 1 min~! to 4 I min~'. That is to say, the equivalent ratio
was reduced and the characteristic of the swirling flame was
much closer to the lean blowout limit [20]. Figure 8 shows the
simulated and experimentally reconstructed distributions of
temperature and H,O concentration at z = 2 cm with different
methane flows. The reconstructed profiles of the temper-
ature and H,O concentration agrees, by and large, with those
obtained using the CFD simulation. It can be seen that the
temperature and H,O concentration decrease as the equivalent
ratio decreases in both the simulation and experiment results.
The peaks of the ®T and RX locate at around x = 1 cm for the
three cases with different methane flows.

Furthermore, the 1D-TDLAST technique was employed
under the assumption that the averaged distributions of
temperature and species concentrations over the cross sec-
tions of interest in the swirling flame were rotationally sym-
metric. Therefore, the left-hand side and right-hand side
photodetectors from the center of the fan-beam illumination
should display mirrored projection data. In the experiment,
12 equally-spaced photodetectors with serial number n = 1,
2,..., 12 were employed to validate the rotational symmetry of
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Figure 9. For different equivalent ratios, the averaged integrated absorbance areas obtained by the 12 photodetectors at z = 2cm and at

transitions (a) 7444.36cm™! and (b) 7185.6cm™!, respectively.

the swirling flame. After mounting the fan-beam illumination,
the fan-beam laser source, the center of the cross section of
interest in the swirling flame and the midpoint of the detector
array located on an identical straight line. The projection
data obtained from the photodetectors on the right-hand side
(n=1,8,..., 12) were used to reconstruct the radial distribu-
tions of temperature and H,O concentration. The redundant
projections obtained from the other six photodetectors on the
left-hand side (n = 1, 2,..., 6) were used to justify the rota-
tionally symmetric assumption of the swirling flame.

The experiments were carried out when the air flow was
setas 371 I min—!, and the methane flows were set as 4, 6 and
8 1 min~!, respectively. At each equivalent ratio, the averaged
integrated absorbance areas of 50 repetitive experiments at
the transitions 7444.36cm™! and 7185.6cm™!, i.e. the pro-
jections obtained by the 12 photodetectors were calculated
at z = 2cm and shown in figures 9(a) and (b), respectively.
For each equivalent ratio, it can be seen that the projections
obtained by the photodetectors on the left-hand side can be
mirrored to those on the right-hand side. According to equa-
tions (5), (6), (9) and (10), the distributions of temperature
and H,O concentration over the cross sections of interest in
the swirling flame at each equivalent ratio can be assumed to
be rotationally symmetric.

4. Conclusions

The radial distributions of temperature and H>O concentration
over two cross sections of interest in the swirling flame were
reconstructed using the 1D-TDLAST technique. In the experi-
ment, the swirling flame was generated using a model swirl
injector. The measurement system with a fan-beam illumina-
tion and a linear detector array of 12 photodetectors was estab-
lished to realize the 1D-TDLAST technique. At the same height
above the nozzle of the swirl injector, the reconstructed profiles
of temperature and H,O concentration agree well with those
obtained from the CFD simulation, denoting that the proposed
technique is effective to reconstruct the radial distributions
of temperature and H,O concentration of the swirling flame.
With the same combustion condition, the reconstructed pro-
files of temperature and H,O concentration at different heights
above the nozzle were used to trace the precessing vortex core
in the swirling flame. In addition, the radial distributions of

temperature and H,O concentration were reconstructed when
the swirling flame was close to the lean blowout limit. The
results show that the peaks of the temperature and H,O concen-
tration profiles located at same radius in the ROI when the air
flow was maintained and methane flow was decreased from 8 to
41 min~". Furthermore, a detector array with a smaller detector
space will contribute to a higher spatial resolution in the recon-
structed distributions of the temperature and H,O concentra-
tion. The proposed technique and system in this work provides
an effective and low cost way to monitor the swirling flame and
analyze the flame characteristics in practical applications.
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