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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Paul Williams Air flowrate is an important parameter for airbrast nozzles and low air inlet flow rate in airbrast type combustors

will lead to worse atomization, combustion instability, and increased pollutant emissions. Using non-linear

Keywords: excitation regime two-line atomic fluorescence (NTLAF) thermography imaging and planar laser-induced fluo-
I(\)I;L:EIF rescence of hydroxyl radical (OH-PLIF), temperature and flame structure in the near-nozzle area are investigated

at different low air flow rate to study the combustion deterioration of kerosene swirl-stabilized spray flames. In
this concerned area, combustion occurs mainly at the near-wall region but a few OH signals are present at the
centerline region except for the kerosene LIF particles. With the air supply getting low, the near-wall OH signals
get low, corresponding to the change of indium Stokes and anti-Stokes fluorescence. The temperature in the
centerline region is presented to be reduced and the region for the temperature threshold filter expands, indi-
cating the reduction of the downstream hot combustion products brought back by weak swirl, which is closely
related to the extremely low air flowrate. Under extremely low air flow rate, the highly fluctuating temperature
and weak gas-liquid mixed combustion at the centerline area may tend to cause combustion instability or ignition

Low air inlet flow rate
Combustion deterioration
Swirling spray combustion

failure.

1. Introduction

Due to the excellent mixing effect between liquid fuel and air, air-
brast nozzles are commonly used as atomizers for turbine engines. Air-
brast type combustors utilize the relative velocity between airflow and
liquid phase for atomization [1-4], and require lower fuel pressure and
higher air flow rate to produce a finer spray, which results in good
gas-liquid mixing as well as reduction of soot formation [5,6]. However,
the engines may operate under some unfavorable operating conditions,
such as relight in areas with thin air, or the start-up phase where the air
with a low flowrate is supplied to assist the ignition in order not to blow
off. At this time, the combustor is under the condition of insufficient
oxidizer, and thus combustion deterioration takes place in the com-
bustion chamber.

The atomizing air to liquid fuel mass ratio (ALR) is an important
parameter in the study of airbrast nozzles. Previous research has studied
the effect of ALR on atomization and combustion by varying air flowrate
with a fixed fuel flow rate to vary the ALR [1,7]. Hence the air flow rate
is a frequently studied variable. If the air inlet flow rate is low enough, it
will lead to worse atomization and combustion instability, resulting in

ignition failure and a sharp increase in pollutant emissions [7]. In
addition, the disappearance of the reverse flow zone (RFZ) in the
swirl-stabilized flame is directly related to the decrease of inlet gas
momentum [8]. This rapid drop may directly affect the near-nozzle
temperature distribution, which harms the flame stability. Therefore,
the discussion of conditions at low air flow is meaningful for an
advanced understanding of the combustion deterioration of kerosene
spray flames.

The effect of the airflow was studied experimentally and numerically
in several works of literature before. I.A. Ibrahim et al. [7] created a
computational model to investigate the effect of air mass flow on the
kerosene spray and combustion characteristics. The numerical results
showed that the reverse flow zone was shifted away from the combustor
swirler with low air mass flow and some localized high-temperature
zones arose resulted of fuel-rich combustion. The experimental results
of I.A. Ibrahim et al. [9] showed the high temperature regions were
shifted downstream away from the burner head and also were shifted
inward close to the combustor by decreasing the ALR. In our previous
works [10,11], we developed laser-based methods for the real-time 3D
measurement of kerosene droplet distribution in the near-nozzle area of
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Table 1
All recorded experiment conditions.
case  Fuel Fuel Air inlet Air mass ALR
flowrate temperature differential flow (g/
(g/s) Q) pressure (kPa) s)
1 0.277 21.9 2.5 3.6 12.94
2 0.277 21.9 1.5 3.3 11.77
3 0.279 21.8 1 3.0 10.66

a swirl spray combustion under low airflow. The results presented that
the droplet peak diameter increased and Sauter mean diameters (SMD)
distribution became uneven with the air flow rate decreased, revealing a
worse effect on atomization in both liquid kerosene spray and spray
flames. For further understanding of combustion in the near-nozzle area,
the flame structure and temperature are the focus of the present work.

However, studies on laser-based measurement for deep evaluation of
this worse combustion performance are still lack. For example, the
measurement for temperature distribution mainly relies on the ther-
mocouple [9]. Thanks to some experimental studies on combined laser
methods in kerosene combustion, non-invasive measurement becomes
possible. Through non-invasive diagnostic, flame topologies, combus-
tion radicals, and temperature could be systematically studied [12-14].
But the temperature and flame structure imaging would be more diffi-
cult work because of abundant soot, PAHs, and unburn fuel when at
conditions of combustion deterioration as well as complex components
in kerosene which would cause some unexpected interferences when
used in laser diagnostic [15].

In this work, non-linear excitation regime two-line atomic fluores-
cence (NTLAF) thermography imaging was applied to acquire instan-
taneous temperature distribution. This laser method was confirmed to
be more applicable in the complex combustion regardless of interference
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from combustion process [14,16-18]. And different from the correction
method in previous studies [16,19,20], an experimental method for
thermocouple correction was conducted to acquire reliable parameters
and the accuracy of NTLAF was also described. Combined NTLAF and
OH-PLIF (planar laser-induced fluorescence of hydroxyl) were per-
formed across a range of kerosene swirl-stabilized spray flames at
different low air flow rate. And the phenomena at conditions of low air
flow were explored with the instantaneous images of 2D temperature
distribution and OH signal fields. Contribution of this paper is to provide
results of optical diagnostics for evaluation of combustion performance
when combustion deterioration happens.

2. Experimental details
2.1. Experiment conditions

The air inlet differential pressure is monitored across the burner inlet
cavity by a single crystal silicon pressure transmitter and the relation-
ship between differential pressure and flowrate was calibrated in
advance by a rotameter. The experimental apparatus of the swirl burner,
air supply system, and fuel supply system are illustrated in Ref. [10].
Different from combustion under open space in Ref. [10], a 107 mm X
107 mm square UV fused - quartz chamber is adopted to confine the
fumes, with a height of 200 mm. The RP-3 kerosene used in this paper is
the same as [11]. Detailed experimental conditions are listed in Table 1.
The kerosene flowrate of about 0.28 g/s was kept constant. This
included 8.9% acetone, which was required to dissolve the InCl3 for
NTLAF thermography imaging described in follow section 2.2.

Fig. 1. Schematic diagram of the experimental setup.
&7 = M, mirror; DM, dichroic mirror; OD, neutral density
attenuation filter; CL, cylindrical lens; BS, beam
splitter; L, spherical lens; LPF, long-pass filter; PD,
-J;L- /ZEEETEES\ photoelectric detector; DG535, delay pulse signal
F1 < . . . .
generator; S, stokes signals camera; AS, anti-Stokes
BS |Z 0 H: AS signals camera. F, optical filters with different cen-
2 M 451nm tral wavelength of F1 (451.4 nm, 1.2 nr.n), F2 (410.3
nm, 1.1 nm). The black shaded part beside the Basler
Tank (I\J OPO Laser || camera is a picture of the Rhodamine 590 dye fluo-
= U (451nm) MM rescence, used for monitoring th ial dis-
DG535 3 g the spatial energy dis
L tribution of the laser sheets, which is used for raw
Burner LPF = images correction.
Dye Laser Nd:YAG-Laser
o | LDSs21 (532nm)
Basler % (~820nm)
Camera
Oscillos
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Fig. 2. One-shot (left) and ensemble-averaged (right) temperature images of the planar premixed laminar flame of methane for calibration process.
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Fig. 3. Results of temperatures at HAB of 10, 15, 20, 25 mm using NTLAF and
thermocouple. The absolute error for NTLAF is within 3.7%.

2.2. Experimental setup of optical diagnostics

Fig. 1 shows the optical setup for NTLAF thermography imaging. The
LDS821 dye was excited by 532 nm laser from a 10Hz Nd:YAG laser
(Powerlite DLS 8010, Continuum) to generate ~820 nm laser through a
dye laser (Vista, Continuum). After frequency doubling, the needed
~410 nm Stokes laser was generated. The ~451 nm anti-Stokes laser
was produced by tuning the OPO crystal module of the OPO tunable
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laser (Radiant 355LD, OPOTEK). Two laser beams were integrated into
the same spatial location by a dichroic mirror (DMLP425R, Thorlabs),
and passed through a concave lens (f = —75 mm) and a convex lens (f =
+500 mm) to form a planar laser sheet with height of 30 mm and
thickness of 250 pm. Laser energy per pulse and laser sheet profile were
confirmed to be an important interference for NTLAF accuracy [21]. In
order to monitor the laser fluctuations, before passing through the
concave lens, a small part of the combined laser separated by a beam
splitter was converged into a small spot by a convex lens and entered a
photoelectric detector (PD, DET10 A/M, Thorlabs). Signals of the com-
bined laser received by the PD were recorded through an oscilloscope
(WaveRunner 64MXi-A, LeCroy), and the power of each laser pulse can
be obtained and monitored in real time after calibration using a laser
power meter (S401C, Thorlabs). Moreover, the planar laser sheet passed
through a quartz tank and excited the Rhodamine 590 dye in the tank to
generate fluorescence. Thus the laser sheet profile could be monitored
by detecting the dye fluorescence through a Basler camera. For the
NTLAF thermography imaging in kerosene spray flame, the power of the
Stokes laser and anti-Stokes laser were both kept at ~2.3 mJ/pulse. The
time interval between the two laser beams was maintained at 100 ns.
The LIF signals were captured by two intensified CCD cameras (PI-MAX
3: 1024i and PI-MAX 4: 512 EM) equipped with 105 mm, f/4.5 NIKKOR
lenses. The ultra-narrowband filters were proven to be critical for
reducing the interference from PAHs and soot [22]. So the signals were
spectrally separated with a cubic beam-splitter with ~50% transmission
and then were spectrally selected using two customized narrow-band
filters (Alluxa) with full widths at half maximum (FWHM) of 1.2 nm
(Stokes) and 1.1 nm (anti-Stokes). The in-plane spatial resolution of the
matched images was estimated to be 150 pm/pixel, and the ICCD gate
width was set as 50 ns. Over 200 images were taken by each ICCD
camera for NTLAF temperature calculation. Raw images were firstly

Data of
Profiles

Centerline Near-wall Region

Swirlers

Fig. 4. An real flame image and an annotated image from Case 1, including the locations of centerline (white dashed straight line), near-wall region (white dashed
elliptical) and radial profile data(black dashed straight line). Locations of the burner nozzle and the swirlers are also included.
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Fig. 5. Instantaneous tuned and detuned OH-PLIF images of Case 1. (a) Tuned process: the laser wavelength is on the OH excitation line to excite OH-PLIF. (b)
Detuned process: the laser wavelength is shifted by 0.05 nm to prevent the production of OH-PLIF so that kerosene-LIF can be imaged without OH-LIF.
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Fig. 6. Instantaneous images of normalized indium fluorescence intensity for
different air supply. Stokes and anti-Stokes images are on the left-hand and
right-hand side of centerline, respectively (Stokes images have been flipped
right-left). Color bar is kept constant in all images. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 7. Mean radial profiles of indium fluorescence measured at z = 15 mm,
radial profiles of Stokes and anti-Stokes LIF are on the left-hand and right-hand
side of centerline.

corrected from spatial energy distribution of the laser sheet, and then
were filtered with a two-dimensional 3 x 3 median filter after size
calibration.

The optical arrangement of OH-PLIF was the same as previous study
[23]. The energy of the UV laser used for exciting the Q1(5) rotational
transition of A%XT « X211 (1,0) was kept at 10 mJ/pulse. A 310 nm
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narrow-band filter (FWHM of 10 nm, peak transmittance of ~60%,
Alluxa), a 305 nm long-pass filter (305FG01-50, Andover), and a UG11
filter (FGUV11, Thorlabs) were used to eliminate interference of UV
laser elastic scattering and acquire clear OH-PLIF images. Image
acquisition field of view was the same as NTLAF.

2.3. NTLAF parameters calibration processing

Based on the theory of NTLAF thermography imaging, the temper-
ature T is determined by the strengths of the Stokes and Anti-Stokes
signals, F»; and Fy, through the following equation [16]:

AEy/k

D= 1 Foy % (1% Cs J1)) — In(Fag % (14 Ca /1)) + Cr

@

where AEj is the energy differential between levels of 52p; ,2 and 52p, /2
of neutral indium atoms (In) [16], k is the Boltzmann constant, I, and
I5; are the pulse energy of the Stokes and Anti-Stokes lasers, Cs and Cx
were constants that derived experimentally from a plot of fluorescence
versus laser pulse energy for the two excitation schemes (Stokes and
anti-Stokes). Cr was an experimental system parameter, calibrated by
comparing with thermocouple measurement results. Cs, Ca4, Cr are
determined in a planar premixed laminar flame of a heat flux burner.
The burner structure is described in Ref. [24].

For seeding indium to the planar laminar flame, an ultrasonic
nebulizer was applied to atomize the InCls solution (2.8 g InCls diluted
in 750 mL 95% ethanol) and a certain flowrate of N, was used as carry
gas. The flowrate of CHy4, O2 and Ny were kept at 1.03 L/min, 1.71 L/
min, and 4.55 L/min, respectively. The laminar flame was a fuel-rich
flame with stoichiometric ratio of fuel and oxygen of constant 1.22.
Fig. 2 shows the one-shot and ensemble-averaged temperature images of
the premixed laminar flame of methane. This flame is close to an adia-
batic flame and the mean temperatures near the burner center are
relatively uniform, approximately 1900K.

The thermocouple calibration should be processed carefully, because
Cr significantly affected accuracy of NTLAF. In this work, an experi-
mental method named “assumed zero diameter” was adopted for ther-
mocouple correction. Several B-type thermocouples were used to
acquire a plot of temperature versus junction diameter, and the correct
temperature can be determined when the junction diameter was
extrapolated to 0. The derivation process is detailed in Appendix A. The
used thermocouple diameters were 150, 250, 300, 350, 400, 450 pm,
respectively.

Fig. 3 shows the results of temperatures at HAB (height above
burner) of 10, 15, 20, 25 mm using NTLAF and thermocouple. The flow
field and temperature of the hot flue gas will be relatively uniform along
the centerline over 5 mm above burner. So the selection of 10, 15, 20
and 25 mm (HAB) for comparison is beneficial to ensure the accuracy of
thermocouple measurements without affecting the combustion and
flame structure. The absolute error for NTLAF is 69.1 K max, and 10.3 K
min, within 3.7%. This indicates that the NTLAF temperature imaging is
relatively reliable for engineering measurement. Cy at different HAB are
calculated very similar, which are 1.14, 1.20, 1.11, 1.12, respectively.

After calibration, the swirl burner is placed at the same position of
heat flux burner, which ensures the calibrated parameters are correct for
NTLAF temperature imaging for swirl-stabilized kerosene spray flames.

3. Results and discussion
3.1. Overview of the near-nozzle area

The focus of interest in this work is the near-nozzle area in the
kerosene swirling spray flames. This area is subject to large changes in
root flame stability and atomization characteristics, so the effect of
airflow on temperature is evident in this near-nozzle area and the dis-
cussion is practical for the combustion performance. The atomizer of the
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Fig. 8. Instantaneous images of temperature (left-hand side) and OH-PLIF (right-hand side).(a) Casel; (b) Case2; (c) Case3. The particles near the nozzle in the OH-

PLIF images are kerosene LIF from droplets that are not completely burned out.
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Fig. 9. Radial profiles (z = 15 mm) of ensemble-averaged temperature (upside)
and ensemble-averaged OH-LIF signal (downside) for Casel - 3.

burner in this work is a airblast nozzle and the structure of the
combustor has been described in detail in Ref. [11]. Fig. 4 shows an
image including the burner nozzle and an annotated instantaneous
NTLAF temperature image with the locations of centerline, near-wall
region and radial profile data. The images of PLIF/NTLAF are 30 mm
high above the burner outlet plane.

Instantaneous tuned and detuned images are taken for flame struc-
ture visualization and OH-LIF signal validation. As shown in Fig. 5 (a),
the OH signals mainly exist in near-wall region. When the UV laser
wavelength is shifted by 0.05 nm, the signals disappear, which means

these signals are from OH radicals. In addition, in the tuned or detuned
image, most speckled signals at nozzle outlet are from fuel LIF. Because
of the density differential, liquid fuel would generate stronger fluores-
cence than gaseous products under UV laser [25]. To distinguish these
speckled signals from OH-LIF, these signals are named “fuel LIF parti-
cles”. These fuel LIF particles are recorded although the filters for
OH-PLIF have filtered most of the kerosene LIF. Kerosene spray LIF. LIF
spectrum of the flame are provided in the Supplemental materials,
which will contribute to further understanding of the kerosene LIF
particles. Importantly, by comparing the tuned and detuned images, it’s
clear that the combustion occurs mostly in the near-wall area and almost
never in the centerline of near-nozzle area. The near-wall combustion
probably results from the gas-phase mixtures related to the fine mist
droplets carried by air. But it seems that the flame is not connected and
not in island. This is because the air supply is insufficient, the swirl in the
flame is weak, and the liquid kerosene near the nozzle can’t be burned
rapidly under the weak reverse flow. But with the swirl developing, the
centerline combustion can occur in higher zone of the chamber out of
the view of the PLIF image if refer to the real flame image.

3.2. Indium fluorescence of the near-nozzle area

Information of the indium fluorescence signals can help under-
standing the flow field in the flame and provide some intuitive change of
the combustion. Fig. 6 shows instantaneous images of indium fluores-
cence induced by stokes/anti-stokes lasers. Stokes and anti-Stokes
fluorescence in each image are taken simultaneously on either side of
the centerline. Color bar is kept constant in all images. In these images,
distribution of indium fluorescence presents the well adaptability in
spray soot flames, showing relatively high signal-to-noise (SNR). Indium
salt is diluted in kerosene fuel and distributes throughout the view under
the control of flame flow field. The fluorescence depends on the
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Fig. 10. Images of the ensemble-averaged temperature and OH-LIF signal. Images are 30 mm high above the burner plane. The right edge of the image corresponds

to the square quartz chamber wall.

conversion of indium chloride to neutral indium atoms [19,26], and it is
commonly accepted that the neutral indium atoms are generated in the
redox process of the fuel combustion heat release. Thus the strong sig-
nals are typically related to the combustion reaction front. Significantly,
unlike the kerosene LIF particles seen in the nozzle outlet of the tuned
OH-PLIF image, the indium fluorescence is distributed more evenly,
which presents no negative interference from laser Mie scattering or
kerosene laser induced fluorescence. Although the centerline regions are
lack of combustion reaction, neutral indium atoms can be taken back
from the further downstream with the weak reverse flow, unless the air
momentum is so low that the reverse flow zone disappears.

Fig. 7 shows the mean radial profiles of indium fluorescence
measured at z = 15 mm. The Stokes and anti-Stokes fluorescence are
normalized to compare at different air flow rate. Over 100 images shot
in the succession of indium fluorescence are used for the calculation of
the mean radial profiles. The indium fluorescence shows two obvious
regions of the centerline region and near-wall region as described in
Section 3.1. As shown in Fig. 7, the near-wall fluorescence peaks at x =
+ 40 mm are strong, while the signals at the centerline region are
relatively weak despite the maximum indium chloride concentration at
this region, which means that the generation of neutral indium atoms
relies on the interaction with the flame front [27]. Importantly, the
signals at the centerline region are closely related to the airflow. When
the airflow gets weak, the flow momentum of air becomes lower, the
swirl effect becomes weaker, and a strong reverse flow zone fails to form,
resulting in the reduction of indium atoms brought back to the center-
line area. Like case 3, the signals at the centerline region almost disap-
pear. But as long as the air supply increases to the condition of Case 1,
the indium fluorescence at the centerline presents an apparent rapid

increase, both Stokes and anti-Stokes fluorescence. Besides, despite the
appearance of hot products such as indium atoms in the centerline re-
gion, the incompletely-evaporative kerosene droplets at the nozzle
outlet fail to burn off immediately. This means that when the air flow
rate is low, the reverse flow is not enough to maintain a stable flame for a
long time.

3.3. Results of temperature and OH radical imaging

Fig. 8 shows the combined instantaneous images of OH-PLIF and
temperature. The regions with low temperature and low fluorescence
intensity in the NTLAF images are filtered with a Matlab algorithm.
Because the low temperatures in these regions are unable to generate
enough neutral indium atoms for NTLAF calculation, which would result
in low SNR in the temperature images. Hence these regions where
temperatures are below 800 K are set as a presumed temperature value
of 500 K. As shown in Fig. 8, the instantaneous high-temperature region
is mainly distributed in the near-wall region. Instantaneous maximum
temperature can exceed 2000 K. Correspondingly, signals of hydroxyl
radicals exist mainly at the near-wall region. Since OH radicals come
from the combustion front of the hydrocarbon fuel with air [28], this
indicates that the relatively strong heat release leads to the high tem-
perature in the near-wall region, which demonstrates that the flame in
these zones behaves more like a premixed flame. This high temperature
keeps the quartz chamber surface hot all the time, which helps the
near-nozzle flame attach to the chamber wall or part of the burner exit
plane, and then the flame can propagate along the wall. In the centerline
area, the instantaneous temperature of Case 1 and Case 2 can exceed
1000 K, but there is no strong combustion happening except for the
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kerosene LIF particles and the weak OH-LIF at the upper end of the field
of view. This implies that the temperature here is not influenced greatly
by the spray combustion but by the swirl recirculation. In addition,
when the air flow rate gets low, the filtered region which is set as a
presumed temperature value expands. In the images of Case 3, the
filtered region expands throughout the whole centerline region, which
indicates that the swirl effect gets considerably worse, leading to un-
acceptable indium fluorescence intensity for calculation and low tem-
perature across the centerline.

Fig. 9 shows the mean radial profiles of ensemble-averaged tem-
perature and OH-PLIF which are obtained by averaging radial intensities

of 150 instantaneous images. As shown in the figure, the time-averaged
OH signals decrease severely with the decrease of air supply due to the
reduction of oxidant and worse flow field arrangement. However, in the
near-wall region, except an obvious decrease under the condition of case
3, the radial time-averaged temperature distribution of Case 1 and Case
2 shows no significant difference. The anomaly of Case 2 may result from
the “bridge region” [14] out of the view of the images, which allows the
downstream hot products to flow to the near-wall region and keeps the
near-wall temperature from dropping. As for the centerline zone, tem-
perature distinctly decreases with the decrease of air supply. Such as
case 3, the centerline region becomes “cold” entirely, mostly close to the
NTLAF temperature calculation limit. This means the temperatures in
the centerline region are mainly affected by the downstream hot com-
bustion products brought back through the recirculation effect, which
are controlled by the weak swirl. Hence the failure of stable ignition in
the centerline region probably results in this “cold” temperature. The 2D
images of the ensemble-averaged temperature and OH-PLIF can be
found in Fig. 10, which provides a visual variation of these two areas.
As shown in Fig. 11, conditional temperature histograms are derived
for different cases at the centerline (x = 0 mm) and the line close to the
near-wall region (x = 40 mm). Different from the results of Case 1 and
Case 2, when under the condition of Case 3, the mean temperature of
these two regions becomes both lower. Additionally, the temperature of
500 K (presumed temperature value) accounts for the majority in the
centerline temperature histogram of Case 3, which is consistent with the
previous analysis that the temperature in this area is low and almost no
neutral indium atoms exist. It’s explicit that the swirl effect practically
disappears under the condition of case 3. In addition, the mean tem-
peratures are not high (<1400 K) in all these abundant-soot flames
because of the imperfect combustion and worse flow field arrangement.
But interestingly, the NTLAF shows well adaptability for temperature
imaging in these flames. The indium fluorescence can exist below 1200
K in all cases because the soot environment provides a well deficient-
oxygen atmosphere for long residence time and easy formation for in-
dium atoms, in spite of the relatively low flame temperature. Thus,
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under combustion deterioration such as abundant soot formation, the
signal detection limits can be expanded in the range of 800-1200 K for
both Stokes and anti-Stokes.

Fig. 12 presents several point data derived at z = 25 mm of the
centerline for analyzing the characteristics of hot products controlled by
the weak swirl. This area is the end of the downstream reverse flow zone,
which is the upper edge of the image field of view. It can be found that
the decrease of indium atoms with the decrease of air flow rate illus-
trates the reduction of the reverse-flowing hot products, which leads to
the reduced temperature not allowing the kerosene droplets to burn
adequately, and OH-LIF thus decreases. This weak gas-liquid mixed
combustion at the centerline area is not conducive to the combustion
stability. As shown in the figure, the large standard deviation of tem-
perature in the case 3 condition indicates that the temperature is highly
fluctuating, which probably means the flameout is prone to happen. This
suggests that the instability of combustion or ignition failure tends to
occur in the area of gas-liquid mixture at the centerline when the gas
flow rate is too low.

4. Conclusions

Utilizing NTLAF and OH-PLIF, the temperature distribution and
flame structure of the near-nozzle area are evaluated in the kerosene
swirl-stabilized spray flames under different low air flowrate which is
the critical parameter for airbrast type combustors. The useful findings
from this study are as follows:

1. Flame structure in the near-nozzle area can be defined into near-wall
region and centerline region. Combustion occurs mainly at the near-
wall region and a few of OH signals present at the centerline region
except for the kerosene LIF particles because most near-nozzle fuel
can’t be burn off immediately with the weak swirl.

2. The near-wall OH signals get low with the air supply gets low, which
corresponds to the change of indium atom fluorescence in the near-
wall region, both Stokes and anti-Stokes, which relies on interaction

Appendix B. Supplementary data
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with the flame front. The central indium fluorescence mainly comes
from the downstream products, disappearing with the decreased air
supply.

3. The temperature in the centerline region is presented to be reduced
and the region for temperature threshold filter expands with the
decreased air supply, indicating the reduction of the downstream hot
combustion products brought back to the nozzle by weak swirl which
closely related to the extremely low air flow.

4. Under extremely low air flow rate, the highly fluctuating tempera-
ture and weak gas-liquid mixed combustion at the centerline area
may tend to cause combustion instability or ignition failure.
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Appendix A

“Assumed zero diameter” is an extrapolation method for thermocouple correction. When the fume of the planar laminar flame has a very low
Reynolds number (<4) and low outlet velocity (<0.2 m/s), the Nusselt number of the thermocouple junction can be described as:

Nu=hd | =f(Re, Pr)

A/h=d/f(Re,Pr)

(A1

(A.2)

where h is the coefficient of convective heat transfer, 4 is the coefficient of heat conductivity, Re and Pr are the Reynolds number and Prandtl number, d
is the junction diameter. In the equation above, when d/f(Re, Pr) is infinitely close to 0, 1/h ~ 0, signifying h is close to infinity and the convective heat
transfer of the thermocouple junction far exceeds the thermal radiation or the heat conduction. Considering the convective heat transfer formula q =
h(t,, — tr), the fume temperature t; is almost equal to the thermocouple junction temperature t,,. Hence, several thermocouples with different diameter
can be used to acquire the proportional relation of d/f(Re, Pr) and d.

As shown in Fig. A.1, the used B-type thermocouple diameters are 150, 250, 300, 350, 400, 450 pm, respectively. When the assumed zero diameter
do is deduced to be —0.387 mm, d/f(Re, Pr) = 0 can be satisfied. According to a plot of temperature versus junction diameter, the actual temperature
can be determined by dy. One example shown in Fig. A1 indicates that the actual temperature at height above the heat flux burner (HAB) outlet plane
of 25 mm can be deduced to be 1908.609 K.
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Fig. A.1. Process for deducing the assumed zero diameter dy which satisfies d/f(Re,Pr) = 0. Blue line, the proportional relation of d/f(Re, Pr) and d; Red line, the
relation of temperature versus junction diameter.
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