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Characteristics of a premixed, swirl methane/air diffusion flame at atmospheric pressure are measured by filtered
Rayleigh scattering (FRS). Three operating conditions are investigated with the equivalence ratios of the methane/air
flame covering a range of 0.67-0.83. Under each condition, single-shot and averaged FRS images over a region mea-
sured 39.3x65.6 mm? at seven cross sections of the flame are collected to demonstrate the flame behavior. A gradient
calculation algorithm is applied to identify reaction zone locations and structures in the instantaneous FRS measurements.
Statistical analysis for the mean FRS measurements is performed by means of joint probability density functions. The
experimental results indicate that thermochemical state of the swirl flame is strongly influenced by equivalence ratio, lead-
ing to varieties of flame structures and temperature distributions. The gradient of the instantaneous FRS images clearly
illustrates the characteristics of the reaction zone. The results also demonstrate that FRS can provide detailed insights into

the behavior of turbulent flames.

Keywords: filtered Rayleigh scattering, equivalence ratio, swirl flame, temperature measurement

PACS: 47.80.Fg, 47.70.Pq, 47.80.Jk, 33.20.Fb

1. Introduction

Premixed swirl combustion is the most commonly used
flame stabilization strategy in aero engines and gas turbines.
The flame stabilization is achieved mainly by hot combustion
products transported back to the inner recirculation zone (IRZ)
of flame field.!'"~*! However, premixed swirl flames are suscep-
tible to instabilities in the form of thermoacoustic oscillations
or unstable re-ignition.>-8! These instabilities would lead to
fierce disturbances in the combustion field and even destruc-
tion of system structures. Currently, the instabilities driven by
the chemical mechanism are not well understood yet.[>%]

To get a deeper insight into the mechanism of the pre-
mixed swirl combustion, laser-based techniques have been ap-
plied to study the correlations between dynamics of the flow
field and flame structure. For instance, velocity measurement
techniques such as laser Doppler velocimetry (LDV) and par-
ticle image velocimetry (PIV) were used to study the flow
field of swirl flames.!!10-13] The joint probability density
functions (PDFs) of mixture fractions and major species con-
centrations were studied by laser Raman scattering.!'™! For
characterization of flame features, planer laser induced fluo-
rescence (PLIF) of OH radicals, CH and OH* chemilumines-

[2.3,11,12,14] yiqy-

cence imaging were used for front structures,
alization of the reaction zones,! and heat release rate.3:14]
Besides these flame parameters mentioned before, one
scalar that is of particular importance in swirl combustion
community is the temperature field, which yields the com-

bustion processes including chemical reaction, heat transfer
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and gas expansion.!'’! In the field of temperature measure-
ments, laser-based thermometry techniques include filtered
Rayleigh scattering (FRS), planer laser-induced fluorescence
(PLIF), coherent anti-Stokes Raman scattering (CARS) and
absorption-based approaches.!'%!”l Among these approaches,
FRS is a frequently used thermometry technique due to its
ascendant capability of two-dimensional temperature distri-
butions and instantaneous features.!'®-3!1' Another benefit of
FRS thermometry is that it can be applied in confined combus-
tion environment. This is realized by absorption bands from
atomic or molecular vapors, which can effectively remove the
unwanted surface reflection scattering. (6]

Generally, intensity of detected FRS signal depends on
the number density of the local mixture and the mole fraction-
weighted differential Rayleigh scattering cross section. How-
ever, extracting temperature accurately from Rayleigh scatter-
ing is difficult because the number of species present is too
large and changes in space and time due to reaction, mixing

27,281 1p premixed combustion environments,

and diffusion.|
there are mainly three methods to circumvent this problem,
which are (1) simulating the local species through computa-
tional codes coupling equilibrium equations,!'¥! (2) using a
particular fuel combination such that the mixture-averaged dif-
ferential Rayleigh scattering section is nearly constant across
composition space,!?*=! and (3) assuming that the scattering
is from Nj only.[!8-23] The last approach is commonly taken
under premixed methane-air combustion conditions when the

equivalence ratio is less than 1.
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The present study investigates the characteristics of a pre-
mixed turbulent methane/air diffusion flame in a typical swirl
burner, which is operated under three equivalence ratio (P)
conditions. The work employs FRS thermometry at a reple-
tion rate of 10 Hz, providing a large interrogation field of view
(39.3x65.6 mm?) across the flame combustion field. The in-
stantaneous and mean temperature field of the swirl flame at
seven cross sections are measured allowing a detailed descrip-
tion and analysis of the flame features. Based on these mea-
surement results, the gradients of instantaneous FRS images
are calculated to demonstrate the shape, location and inten-
sity of the reaction zone. Statistical analysis for the mean FRS
measurements is also performed by means of joint probability
density functions (PDFs).

2. Theoretical description

Figure 1 shows the spectrum of a combustion zone il-
luminated by a narrow linewidth light source. The molecu-
lar Rayleigh scattering spectrum (black line) has a bandwidth
of several gigahertz based on broadening mechanisms related
to the molecular motion, while the surface/particle scattering
profile (blue line) has the same linewidth as the incident laser.
Iodine makes a suitable filter since its spectral acts as an ex-
cellent medium for attenuating surface/particle scattering, but
transmitting a portion of the Rayleigh scattering signal. The
FRS signal collected by the detector is a superposition of io-
dine transmission curve and Rayleigh scattering spectrum of
the observed volume element.
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Fig. 1. Scheme of the FRS working principle: the surface/particle scattering
(blue line) is absorbed by the I, molecular filter (red line), while portion of
the FRS signal (gray area) passes through and is collected by the detector.
The FRS intensity collected by each pixel of a detector is
the function of gas pressure P, gas temperature 7', observation
angle 6, the flow velocity V' and the versus frequency vyersus-
The Rayleigh scattering spectrum is calculated by employ-
ing the Tenti S6 lineshape model,*?! which is considered to
be the most commonly used and accurate model for diatomic
molecules. 33! The measured FRS intensity for a single species

i is expressed as3+3]

Sers,st = clon Y il (1)
7

where C is a constant representing the efficiency of the collec-
tion optics and imaging system, Iy is the incident laser inten-
sity, n is the gas number density, ¢; is the mole fraction, and I;
is a parameter specific to FRS written as

Jdo o
I = <ag>i/w 7, (V) Ri(P,T,V,0;Vyersus)dv.  (2)

Here, (do/dQ) is the differential Rayleigh scattering cross
section for species i, 7y, is the transmission spectra profile for
the iodine filter, R; is the RBS spectral profile for species i,
and vyersys = v — v — v is the versus frequency referred to the
central frequency vg of the incident laser; v is the Doppler fre-
quency shift dealing with V" and 6.

For methane-fuel premixed flames burning at atmo-
spheric pressure with low fuel velocities (|V'| < 100 m/s) and
low equivalence ratio (P < 1), the local mixture-averaged dif-
ferential scattering cross section term in the S6 model is nearly
constant. Thus, the variations of the parameter I; are not
large in composition space and the Rayleigh scattering line-
shape could be determined by N only (¢n, = 1).11823] In
publication, '] the overall uncertainties in temperature due to
the @n, = 1 assumption and errors associated with other vari-
ables was approximately 2.5%—4.4% in the reacting regions
of the flame. However, in the reactant region of the flame,
the overall uncertainties raised to 11%-34% (respective equiv-
alence ratio: 0.65-1.2), and the higher equivalence ratio re-
sulted in the higher uncertainty. The results presented in our

137 show that the overall deviation between FRS

previous work
and the thermocouple is lower than 7% in the reacting region,
which verifies the applicable usage of ¢y, = 1 assumption in
premixed lean methane/air flames. Therefore, the Rayleigh
scattering lineshape of the investigated flame is determined by
Nj throughout this paper.

Excluding the dependences on C, I, n by dividing Eq. (1)
with the referenced FRS measurement of quiescent air at am-
bient pressure, Eq. (1) can be rewritten to the equation for tem-
perature with respect to the normalized FRS signal intensity

parameter SgRrs f/SFRS air a8

SErs.air Li Pili
Serssf IN,

T = Ty - 3)

3. Experimental setup and flames

A general schematic of the experimental setup is shown in
Fig. 2(a). The laser source for the measurement is an injection-
seeded, frequency doubled, Q-switched, Nd: YAG laser oper-
ating at 532 nm with approximately 500 mJ per pulse. The
laser has a pulse duration of 10 ns with a repetition rate of
10 Hz. Before passing through the sheet forming lens, a small
portion of the laser beam was sent into a spectrometer (SM) to
monitor the wavenumber for each incident laser pulse. Then
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the incident laser beam was transformed into a light sheet by
means of the sheet forming lens. Afterwards, the laser sheet
was directed towards the test area and was aligned propagating
parallel to the surface through the axis of the dual-annular noz-
zle. The laser sheet was approximately 0.5 mm thick (FWHM)
with a height of 30 mm. The swirl generator inside the nozzle
had a swirl number of 0.884. The exit surface of the central
The ar-
rangement of the positions of the investigated cross sections

nozzle was defined as 4 = O for all measurements.

is displayed in Fig. 2(b). By controlling the electric mobile
platform, the laser sheet was successively overlapped with the
seven cross sections (S) of the swirl flame, which were placed
parallel to each other with an adjacent separation distance of
5 mm. The negative signs of the interrogation cross sections
represent the direction towards the ICCD camera.

(a)

Beam splitter

532 nm filter

e

Mobile platform

,‘@
— Sheet forming lens

A major element of the FRS system is the I, filter. The
I, filter is simply a glass cylinder in length 280 mm and di-
ameter 70 mm with flat optical windows on both sides, which
was used to absorb the surface/particle scattering from the col-
lected signal. A high transmission 532 nm bandpass filter with
1 nm FWHM was placed between the I, filter and the ICCD
camera to reduce any extraneous lights. The camera has a
maximum resolution of 512x2048 pixel elements. The in-
terrogation temperature fields consist of 480x800 pixel ele-
ments (39.3x65.6 mm?) with a resolution of 0.08 mm. The
timing of the ICCD camera and the laser was controlled by a
DGS535 delay generator. The investigated flame conditions are
displayed in Table 1. The air and methane flows were con-
trolled by electronic mass flow controllers. The equivalence
ratio was calculated from the flow rates of air and methane.

V.
|4 -
7 v 10
[ ] ® | I
A = I~ 5
A A_ o
[ N - e
f ——
Laser sheet y (mm)
I z (mm)
filter
| —|

Methane inlet

Air inlet

Fig. 2. (a) Schematic of experimental setup for FRS temperature measurements and (b) arrangement of the positions of the investigated cross sections.

Table 1. Investigated flames.

Flame Omethane (L/min) Q,ir (L/min) Equivalence ratio @ Investigated cross sections S
1 2.8 40 0.67 -5 -10 -5 0 5 10 15
2 32 40 0.76 -5 -10 -5 0 5 10 15
3 35 40 0.83 -5 -10 -5 0 5 10 15

4. Results and discussion
4.1. Single-shot FRS measurements

Figure 3 shows the exemplary single-shot topologies at
the investigated cross sections under three equivalence ra-
tio conditions (listed in Table 1). The horizontal axis repre-
sents the uniform radius (r) of the flames while the vertical
axis is the distance above the burner surface. In the single-
shot FRS measurements, an absolute wavenumber fluctuation
larger than 0.001 cm~! from the central wavenumber of the
I, absorption band was removed and was not considered in the
results. For each flame, fifty FRS images were measured in un-
burnt methane/air mixture with the same flow flux to work as

the reference condition for normalization according to Eq. (3).
The normalized FRS images were median filtered by means of
a 5x5 kernel to decrease the effect of measurement noise.

As seen in Fig. 3, it is obvious that the equivalence ra-
tio strongly influences the temperature distribution and struc-
ture of the flames. Since the flame roots were lifted and the
combustion were taking place at around 7 = 8 mm, the ver-
tical axes of all FRS images were started at 8 mm. For all
flames investigated, there were vortices rolling on the verge of
the flame structure, reflecting the turbulent nature of the com-
bustion field. The vortices at downstream locations were af-
fected by the gradual increase of the shear layer instability, and
eventually broken down and extricated from the main flame.

034702-3
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At lower equivalence ratio, the flame shape became narrower
and the overall temperature intensity of the flame was lower,
as expected. When the equivalence ratio was too low, i.e.,
@ = 0.67, the temperature distributions in S —15 and S 15
of flame 1 were almost invisible. In the marginal region span-
ning from S 15to S 10 and S —10 to S —15, the flames col-
lapsed due to the strong turbulence. This was demonstrated by
a great number of structural change observed from one pulse to
another in the 10 Hz instantaneous single-shot FRS measure-
ments. An interest feature is that the shapes of flame structures
in S 10 and S 15 mainly pointed towards left, while in S —10
and S —15, flame structures oriented right. The result corre-
sponds, of course, to the helical mode of the combustion filed
yielded by the swirl generator.

A

S —10

0 20
Flame 3

T (K) 300 500 700 900 1100
N : : ]
.
K
~
20

—20 0 20
Flame 1

—20 O 20
Flame 2

<7 (mm)

Fig. 3. Instantaneous FRS temperature measurements of flame 1-3.

A key parameter of interest in studying turbulent flames in
the spatial position of the reaction zone. In order to reveal the
instantaneous reaction zone characteristics of the investigated
flames, a MATLAB algorithm was developed to calculate the
gradient of the temperature intensity of each image in Fig. 3.
As the local temperature was related to the thermochemical
state of the swirl flame, its gradient could clearly and closely
mark the location of the thermal reaction zone.[*®! From this,
the MATLAB algorithm incrementally scaned each pixel in
each FRS image to compute its gradient intensity. The gradi-
ent of one pixel (x, y) was calculated as the root-mean-square

SSD (sum of square of the difference) of the temperature dif-
ference between pixel (x — 1, y) and (x+ 1, y) in the same row
as well as the temperature difference between pixel (x, y — 1)
and (x, y+ 1) in the same column. Since the incident laser
sheet has a thickness (FWHM) of around 0.5 mm, the temper-
ature gradient is the integral over the thickness region of the
laser sheet, extending the reaction zone up to a bigger scale
than the actual situation. In addition, as a 5x5 median op-
erator has been performed to the instantaneous FRS images
for reducing measurement noise, it decreases the temperature
differences between adjacent pixels, leading to lower gradient
intensities. However, under the present condition, the effects
of the laser sheet thickness scale and the median operator scale
could be negligible regarding to the flame scale consisting of
480 %800 pixel elements (39.3x65.6 mm).

Gradient (K/mm)
I

0

S -10 °

S —15
=4 10
3 —20 O 20 —20 O 20 —20 0 20
\:/ L> Flame 1 Flame 2 Flame 3

7 (mm)
Fig. 4. Gradient of intensity of the instantaneous FRS temperature mea-
surements in seven cross sections of flame 1-3.

Figure 4 shows the gradient of the instantaneous FRS
temperature images from Fig. 3. All the flames show ap-
proximate rotational symmetric distribution around the burner
axis of the reaction zone. The reaction zones of flame 1-
3 mainly exhibit in the flame boundary regions, where the
reaction zones oscillate rapidly and stochastically due to the
strong turbulence, resulting in large positive and negative re-
action zone curvature. Since the local temperature reflects the
thermochemical state of the swirl flame, the gradient of tem-
perature is an effective marker of the heat release tendency.

034702-4



Chin. Phys. B 31, 034702 (2022)

In S 0, strong temperature gradients take place in the district
close to the flame root. The result indicates the presence of
a helical processing vortex core (PVC), which is normally lo-
cated in the flame boundary region between the stream of fresh
gas and the recirculating burned mixture.>!!-38] For a deeper
insight into the reaction zone, a region (red box) in the cen-
tral cross sections of flame 1-3 at a uniform radius r between
0 mm and 20.5 mm and an axial distance & between 0 mm
and 20.5 mm are chosen to explore the heat release features,
as shown in Fig. 5. It is obvious that the gradient has lower

20 P

10

0 10 20 O

intensity and orient more randomly in the outer regions of
the reaction zone, which differs from the gradient of the re-
action zone. The direction of the latter definitely point to the
inner side of the reaction zone, except in these areas coupled
to the vortices in the azimuthal direction. The vortices affect
the flame through flame rolling-up and local change of heat
release. Taken together, the gradient of the instantaneous FRS
results can demonstrate the heat release characteristics and the

reaction zone distributions of the investigated flames.

20 O 10 20

Fig. 5. Gradient distributions of the instantaneous FRS measurements in the central cross section of flame 1-3, zoomed in views of the region

in Fig. 4 marked by red box.

4.2. Mean temperature distribution of the swirl flames

Figure 6 shows the mean temperature distributions of the
FRS measurement results of flame 1-3. Each image displays
the ensemble average of 50 single-shot images. It is clear
from the mean FRS images that there are significant changes
in temperature magnitude and flame structure with changing
equivalence ratio ®. The higher equivalence ratio results in
the higher temperature intensity and wider flame area, as ex-
pected. From the nozzle at the bottom, all the averaged flames
take the form of approximately symmetric, cone-shaped struc-
tures. This is different from the instantaneous FRS measure-
ments in Fig. 3, of which the flames present asymmetric struc-
tures in the marginal cross sections due to the helical com-
bustion flow generation. We conjecture that it is the random
perturbations in the combustion fields that weaken the asym-
metric distributions of the mean results.

To further qualify the axisymmetric distribution feature
of the swirl flames, a simple data extraction algorithm is per-
formed. The algorithm aims at extracting temperature distri-
butions of seven cross sections at each centerline (» = 0 mm)
and of central cross section S 0 at uniform radius » = —15 mm,
—10 mm, —5 mm, O mm, 5 mm, 10 mm and 15 mm. It should
be noticed that the centerline of seven cross sections locates at
the surface perpendicular to the central cross section. Since the
temperature distributions of flame 1-3 are similar and the tem-
perature intensities of flame 3 are greater, we choose flame 3
as a representative analysis object in order to enhance contrast.
Figure 7 shows a comparison of the profiles of the tempera-
ture distributions extracted from seven cross sections at each
centerline and S 0 at seven uniform radius positions. The tem-

perature distribution profiles at the same uniform radius are
plotted designedly in the same color. An overall agreement be-
tween the temperature distributions presented in Figs. 7(a) and
7(b) is observed with some little differences among the seven
sets of curves. The divergences noted at the same uniform
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Fig. 6. Mean FRS temperature measurements in seven cross sections of
flame 1-3.
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radius positions are likely aroused by strong turbulence in the
combustion field. Consequently, the axisymmetric distribution
characteristic of the swirl flames can be determined.

Another interesting point for the mean temperature dis-
tributions of flame 1-3 is that the high temperature zones pri-
marily exit in the central portion of the flames. This explains
the primary role of the swirl generator to create an inner recir-
culation zone (IRZ), through which part of the burned mixture
back towards the nozzle. This provides a hot combustion en-
vironment and a source of radicals, which improves ignition
and thus enhances flame stabilization. Again, because of the
axisymmetric distribution of the investigated swirl flames, the
PDF profiles corresponding to the mean FRS images of flame
1-3 in the cross sections S 0, S 5, S 10 and S15 are calculated,
as shown in Fig. 8. The horizontal axis is the temperature 7
and the vertical axis is the total count of pixel with specific
temperature intensity. Regions related to the high tempera-
ture zone start around 7 = 780 K, as seen in the right peaks
of the joint PDF profiles except that in Fig. 8(d). Apparently,
higher equivalence ratio leads to higher temperature intensity
and wider flame area. The peak around 460 K displayed in
all PDF profiles corresponds to the flame boundary area of the
main flame, where there exists the reaction zone with large

temperature gradient.
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Fig. 7. The histograms of the temperature distributions extracted from
(a) seven cross sections at each centerline and (b) S 0 at seven uniform
radius positions.
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Fig. 8. The PDF profiles of mean FRS measurements of flame 1-3 at cross sections S 0, S 5, S 10, and S 15.

5. Summary

The characteristics of premixed swirl methane/air diffu-
sion flames at atmospheric pressure have been studied by fil-
tered Rayleigh scattering (FRS) thermometry. The equiva-

lence ratio of three investigated flames covers a range from
0.67 to 0.83. Seven cross sections of each flame have been
measured for detailed description of flame characteristics. The

seven cross sections are placed parallel to each other along
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the azimuthal direction with an adjacent separation distance of
5 mm. The instantaneous temperature distribution and flame
shape have shown the features of typical rotational symmetric
combustion field due to the helical mode and vortices break-
down phenomenon because of strong turbulence. The mea-
sured average flow field illustrates the mechanism of flame sta-
bilization by the typical inner recirculation zone (IRZ), which
is typical for swirl flames. The joint probability density func-
tion (PDF) profiles related to the mean temperature distribu-
tions quantify the effect of equivalence ratio on the thermo-
chemical state of the flames. A particular focus of this study is
the gradient intensity of the instantaneous FRS measurements
for the characterization of the reaction zones. The gradient of
the instantaneous FRS result demonstrates the reaction zone
distributions and the heat release characteristics. The high
gradient intensity indicates the presence of PVC (processing
vortex core) at the boundary region, where a large part of heat
release takes place.

The crucial weakness of the current FRS system is the
repetition rate of the Nd:YAG laser source, which is only
10 Hz as used in this work. Higher sampling rate of the FRS
system is preferable and crucial for the measurements of the
temporal evolution process of flame characteristics. This prob-
lem could be solved in the future if high repetition rate laser
with high pulse-energy becomes available.
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