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Abstract: This paper presents the results of two-line OH planar laser-induced fluorescence (PLIF)
thermometry in a laminar conical flame of a gas—droplet mixture of ethanol and air. Laminar
flow of a droplet-laden ethanol-air uniform mixture was produced by an ultrasonic atomizer in a
vessel filled with liquid ethanol. The properties of the two-phase flow at the nozzle exit without
combustion were controlled by a time-shift optical sensor. The temperature field was estimated
based on the excitation of the Q1 (5) and Q1 (14) lines of the (1-0) band of the A%%+—X?2II electronic
system. The spatial nonuniformity of the energy distribution in the laser light sheet illuminating
the central plane of the flame cone and the change in the pulse energy from frame to frame were
compensated using an additional camera recording the laser light intensity distribution in the
calibration cuvette.
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INTRODUCTION

Currently, stringent requirements are placed on the
efficiency, environmental friendliness, and level of air
pollution from power plants and units based on gaseous
and liquid fuel combustion. The development of new
systems and updating of existing ones is impossible
without a clear representation of the physical processes
occurring in combustion chambers. Full-scale experi-
ments in real conditions are most often unreasonably
expensive and technically difficult to conduct. For this
reason, methods of numerical simulation are used to de-
velop new burners and combustion chambers. However,
the results of numerical simulation methods, in particu-
lar combustion simulation methods, need to be verified
by simple physical realizations.
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Combustion in droplet-laden two-phase flows is
more difficult to numerically simulate and mathemati-
cally describe than the combustion of gas mixtures since
it involves not only chemical reactions and gas phase
transfer, but also transport processes during the motion
and interaction of liquid droplets, their heating, and
evaporation. The effect of these processes on combus-
tion has been considered in a number of review papers
(see [1-4]). As a rule, the ignition [5-8] and propaga-
tion of the flame front [9-12] have been studied in basic
experimental configurations with steady-state constant
flow of a fully mixed mixture with uniformly distributed
liquid fuel droplets. The most common basic configu-
rations are a laminar conical flame [13], a counterflow
diffusion flame [2, 14, 15], and a strained flame stabi-
lized by flow impingement on a solid surface [16, 17].

In this paper, the emphasis is on planar temper-
ature measurements using laser-induced fluorescence
(PLIF) in a conical laminar flame of a gas—droplet mix-
ture of ethanol vapor with air. The PLIF method
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Fig. 1. Diagram of the experimental setup and the
system for preparation of the gas—droplet mixture.

based on the excitation of two different transitions
of the hydroxyl radical (two-line OH PLIF) has be-
come a common method for estimating temperature
in combustion products [18-21]. Different papers re-
port on the use of different transitions to excite fluo-
rescence signals [22-25]. The most widely used are the
pairs of transitions P;(2): R2(13) and Q1(5) : @Q1(14)
[18, 21, 24, 25]. As noted previously [26], the pair
Q1(5) : Q1(14) of those considered in the paper has the
highest ratio of the recorded signals and provides a good
agreement in temperature with the values measured
by the spontaneous Raman scattering method, which
makes this pair most suitable for temperature measure-
ments based on the excitation of the (1-0) band of the
A2YF - X211 system.

The purpose of this work is to obtain new experi-
mental data for a conical laminar flame (Re = 1000)
of a droplet-laden ethanol-air mixture at different
equivalence ratios (¢ = 0.95 and 1.2). The data ob-
tained can be further used to verify numerical mod-
els. In addition, the planar temperature measurement
method based on recording the OH PLIF signal in the
gas—droplet flame was validated and tested. The spa-
tial convergence and calibration of the radiation sources
and recording systems of the two combined PLIF sys-
tems are described. The characteristics of the two-phase
nonreacting flow were measured using the time-shift
method [27].

1. EXPERIMENTAL
1.1. Experimental Setup and Measuring Equipment

The measurements were carried out in a laminar
conical premixed flame stabilized at the exit of an ax-
isymmetric converging nozzle. The three-dimensional
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nozzle geometry (without a swirler) is described in de-
tail in [28], and the three-dimensional model is shown in
Fig. 1. The Reynolds number of the flow issuing from a
nozzle with a diameter of 15 mm was Re = 1000 (calcu-
lated for a flow rate of 10.8 liters/min and the viscosity
of air at room temperature). A mixture of vapors and
a dispersion of ethanol droplets mixed with dry air was
used as a fuel. The choice of ethanol as a fuel is due
to the relative safety of its storage and use compared
to other liquid fuels. In addition, ethanol combustion is
described by a smaller number of intermediate chemical
reactions than other liquid fuels (e.g., kerosene), which
simplifies the use of ethanol as a model fuel in numerical
simulation. Fuel was supplied by passing air through a
vessel with ethanol. At the bottom of the vessel was an
ultrasonic atomizer (KERI M1009-2) consisting of ten
piezoelectric membranes assembled in a single housing
with an electronic unit generating a 1.7 MHz frequency
signal. Similar units are used in industrial humidifiers.
At a maximum air flow rate through the vessel, com-
plete replacement of gas in the vessel (approximately
50 liters, ten of which are liquid ethanol) takes quite a
long time (~4 min). The manufacturer’s claimed perfor-
mance (volume of water converted in total to vapor and
aerosol) of the ultrasonic atomizer is 9 liters/h, which
far exceeds the amount of ethanol vapor carried away
from the vessel by air (1.6 g/min of ethanol vapor at an
air flow rate of 10.8 liters/min). This made it possible
to provide the equilibrium concentration of saturated
ethanol vapor in air in the vessel volume. The main
flow of air with ethanol vapor and droplets could be di-
luted with an additional flow of dry air to change the
equivalence ratio at the nozzle outlet. To ensure better
mixing of the main and additional airflows, the nozzle
was connected to the system through a long (70 cm)
mixer tube. The air flow was controlled with mass flow
meters (Bronkhorst El-Flow). The size and velocity of
ethanol droplets at the nozzle outlet was measured us-
ing a time-shift optical ranging system (AOM Systems
SpraySpy). The average droplet size was 14 pm.
Flame temperature was estimated by the two-line
OH PLIF technique (see Fig. 1) using two indepen-
dent OH PLIF systems synchronized by a pulse gen-
erator (BNC 575 model). One of the PLIF systems
consisted of a tunable dye laser (Sirah Precision scan),
a Nd:YAG pulsed pump laser (QuantaRay, an energy
of approximately 0.7 J per pulse at a wavelength of
532 nm) and an UV sensitive intensified CCD camera
(PCO Dicam Pro, 12-bit images with a resolution of
1280 x 1024 pixel). The other system also consisted
of a tunable dye laser (Quantel TDL+), a Nd:YAG
pump laser (Quantel YG980 with an energy of 0.5 J per
pulse at a wavelength of 532 nm), and a camera (LaVi-
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sion imager sSCMOS, 16-bit images with a resolution of
2560 x 2160 pixel) connected to an amplifier (LaVision
IRO). The intensified cameras were equipped with UV
lenses (LaVision 100 mm, f# = 2.8) and bandpass op-
tical filters (LOT-Oriel with a transmittance of 17% at
a wavelength of 310 nm with a FWHM of 11 nm).

The two-line OH PLIF technique was implemented
using a combination of the Q1(5) and @1(14) lines
of the (1-0) band of the A?YXT—X?II electronic system,
which, according to [26], is one of the most effective
pairs. The average energy of tunable laser pulses for
these transitions was approximately 3 and 15 mJ, re-
spectively. To ensure that the laser wavelengths cor-
responded to the excitation wavelengths, the OH radi-
cal excitation spectrum was scanned and calibrated by
comparison with the simulation results using LifBase
software [29]. The laser beams of the two PLIF systems
were reduced to a single optical path using a Glan—
Taylor (Thorlabs) prism and a half-wavelength plate,
after which the beams were deployed into a collimated
laser light sheet 50 mm wide and 0.8 mm thick in the
measurement area. The optimal spatial coincidence of
the laser light sheets was controlled using photo paper
before the experiment. Two laser pulses of the PLIF
systems were separated in time by 0.6 us. The expo-
sure time of both PLIF cameras was 200 ns. An addi-
tional CCD camera (ImperX Bobcat IGV-B4820, 12-bit
images) controlled the fluorescence intensity inside the
rectangular cuvette filled with a Rhodamine 6G solution
to take into account the nonuniformity of the energy
distribution in both laser light sheets. Part of the laser
radiation was reflected (~4%) into the cuvette with a
translucent mirror placed after the collimator. The spa-
tial convergence of images from the PLIF cameras to a
single coordinate system was carried out using a plane
calibration target (Edmund optics). The target was a
100 x 100 mm white scattering plate with black round
markers of 1 mm diameter located on a regular grid with
a node spacing of 2 mm. Image projection transforms
for each camera were approximated by third-order poly-
nomials [30].

1.2. Processing of Experimental Data

After correction of perspective distortions, the
PLIF images were processed by a set of mathematical
algorithms, including a correction of the spatial nonuni-
formity in the laser light sheet energy distribution and
in the sensitivity of the recording arrays of the cameras.
In addition, the images were processed to remove the
background, shadow current, and reflections (examples
are shown in Figs. 2-5). The nonuniform sensitivity of
detectors was taken into account by recording white pa-
per placed out of focus and evenly lit. The background

was evaluated by recording PLIF images when the laser
illuminated the measurement plane without flame and
droplets. The spatial resolution of the PLIF systems
was 31.42 and 15.11 pixels/mm. To control the spatial
distribution of the laser light sheet intensity, which is
necessary for correcting the PLIF data, we used a rect-
angular quartz cell with a Rhodamine 6G solution in
water.

3. RESULTS

For two-line PLIF thermometry, OH fluorescence
was excited on two different lines of transitions from
the X 2II ground state. The intensity ratio of the fluores-
cence signals (S7 and Ss) is related to the temperature
T assuming a Boltzmann distribution of the population
of the ground states [24]:

St BiL(2J1+1) FEi — Es

= exp ( — ) (1)

Sy Balr(2J2+ 1) kT
Here J; and Jy are the rotational quantum numbers
of the excited transitions 1 and 2 for the ground states
with energies F; and Fs, respectively, B; and B are the
Einstein absorption coefficients, and I; and I are local
values of the laser radiation energy density estimated
based on images in the cuvette.

Figure 6 shows photographs of the laminar conical
flame (Re = 1000) with equivalence ratios ¢ = 0.95
and 1.2. Figure 7 shows three examples of the ratio
of instantaneous distributions of PLIF signals for two
lines (S112)/(S211) for ¢ = 0.95 at different times. Fig-
ure 8 shows an estimate of the instantaneous temper-
ature distribution for the same case. Similar examples
for ¢ = 1.2 are given in Figs. 9 and 10. The data show
that the mixing layer between ambient air and the hot
mixture of combustion products above the flame front
is distorted and oscilated due to the natural convection
resulting from the action of buoyancy forces. The flame
temperature varies in the range 1200-2100 K, with the
lowest values observed in the outer layer of mixing with
ambient air. It should be noted that data analysis and
temperature estimation are possible only in the region
containing hot OH radicals, so the regions without sig-
nals are highlighted in white in the images.

Figure 11 shows the time-averaged temperature
distributions obtained from 500 instantaneous temper-
ature realizations for each case. The distributions show
no significant influence of laser radiation absorption
along the axis of laser light sheet propagation. It is
found that the root-mean-square temperature fluctua-
tions behind the flame front are in the range 100-150 K.
They are mainly caused by the noise of the recording
system, which can be reduced by image binning at the
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Y, pixel Y, pixel Y, mm I, rel. units
: 20000
600 . _ 1 _ _600 : i 15000
: | Correction using white paper
Correction of laser knife |
400 Background subtraction 10000
200 5000
il 0
400 600 800 400 600 800 -15 =75 0 75 15
x, pixel x, pixel x, mm

Fig. 4. Example of processing for the excitation of the Q1(5) line.



Temperature Measurement in a Bunsen Gas—Droplet Flame of Ethanol 511

Y, pixel I, rel. units vy, pixel Y, pixel

15000 600

600 600

400 10000 400 400

R E R R R R R RN
Wsszanenens

FeRasess
Sassssans
3 -

fsssaensas
s sesssnnes

200 5000 500 200 4

sssvsssssssadsanwes

0
400 600 800 400 600 800 400 600 800
x, pixel x, pixel x, pixel

Fig. 5. Examples of the background image and intensity distributions in the laser light sheet and
calibration target in the case of excitation of the Q1(5) line.

(a) (b)

Fig. 6. Photographs of the investigated laminar flame (Re = 1000) for ¢ = 0.95 (a) and 1.2 (b).
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Fig. 7. Examples of the ratio of instantaneous PLIF signals of the Q1(5) and @Q1(14) lines recorded
at different times for Re = 1000 and ¢ = 0.95.



512

Sharaborin et al.

Y, mm T, K y, mm T, K y, mm
2200 2200
30.0 A 2000 30.0+ 2000 30.0 :
1800 1800
22.5 1600 22.5 1600 22.5
15.0 - 1400 150 1400 15 ¢
1200 1200
7.5 1000 7.5 1000 7.51
- - . . - 0 T — T 0 T = T T
-5 =75 0 75 15 -5 =75 0 75 15 -5 =75 0 75 15
Z, mm 2, mm €, mm
Fig. 8. Examples of instantaneous temperature distributions recorded at different times for Re = 1000
and ¢ = 0.95.
Yy, mm 1, rel. units ¥y, mm 1, rel. units Yy, mm
4.0 4.0
30.0 3.5 3.5 30.0
3.0 3.0
22.5 25 25 22.5
15.0 2.0 20 150
! L5 15
7.5 % 1.0 10 7.5
-5 =75 0 75 15 -5 =75 0 75 15
X, mm X, mm
Fig. 9. Examples of the ratio of instantaneous PLIF signals of the Q1(5) and Q1(14) lines recorded
at different times for Re = 1000 and ¢ = 1.2.
Y, mm T, K y, mm T, K y, mm
_ 2200 2200
30.04 2000 2000 30.0
1800 1800 ;
22.5 1600 1600 22.5
15041 1400 1400 15 ¢ |
-4 1200 1200
751 4 1000 1000 7.5
O - O _H

Fig. 10. Examples of instantaneous temperature distributions recorded at different times for Re =

1000 and ¢ = 1.2.

T, K
2200
2000
1800
1600
1400
1200
1000

units
4.0

3.5
3.0
2.5
2.0
1.5
1.0

T, K
2200
2000
1800
1600
1400
1200
1000



Temperature Measurement in a Bunsen Gas—Droplet Flame of Ethanol 513

Y, mm @ T, K
2200
30.0 2000
1800
22.5 1600
15.0 1 1400
1200
7.5 1000
O T T

T T T
-15 =75 0 75 15
2, mm

Y, mm (b) T, K
2200
2000
1800
1600
1400
1200
1000

T T
-15 =75 0 75 15

Fig. 11. Average temperature distributions under the investigated conditions Re = 1000
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Fig. 12. Average temperature profiles in the section
at a height of 25 mm above the nozzle exit.

hardware level. Figure 12 shows the cross section of
the temperature distribution in the flame at a height of
25 mm above the nozzle exit. As expected, the flame
temperature profile in the fuel-rich combustion mode is
wider due to the additional reaction zone near the outer
mixing layer, where excess fuel not burned in the flame
front is oxidized.

CONCLUSIONS

Temperature in a droplet-laden ethanol-air lam-
inar conical flame was estimated using two-line OH

PLIF. Realizations of the temperature field were esti-
mated by mathematical processing with a time resolu-
tion of approximately 0.6 us. The root-mean-square
temperature fluctuations behind the laminar conical
flame front due to the noise of the recording system
were up to 150 K and could be reduced without a sig-
nificant loss of spatial resolution by image binning at
the hardware level.
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