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Application of DFB Diode Laser Sensor to Reacting Flow (II)
— Liquid-Gas 2-Phase Reacting Flow —
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Diode laser sensor is conducted to measure the gas temperature in the liquid-gas 2-phase

counter flow flame. CoHz and city gas were used as liquid fuel and gas fuel, respectively. Two

vibrational overtones of H:O were selected and measurements were carried out in the spray

flame region stabilized the above gaseous premixed flame. The path-averaged temperature

measurement using diode laser absorption method succeeded in the liquid fuel combustion

environment regardless of droplets of wide range diameter. The path-averaged temperature

measured in the post flame of liquid-gas 2-phase counter flow flame showed qualitative reliable

results. The successful demonstration of time series temperature measurement in the liquid-gas
2-phase counter flow flame gave us motivation of trying to establish the effective control system
in practical combustion system. These results demonstrated the ability of real-time feedback

from combustor inside using the non-intrusive measurement as well as the possibility of

application to practical combustion system. Failure case due to influence of spray flame was also

discussed.
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1. Introduction

High temporal and sensitive measurements of
gas-dynamic properties are strongly requested
for high efficiency and low pollution combustion.
To accomplish these requirements, we need an
advanced in-process sensing technique that can
measure the gas temperature and concentrations
of major species faster and more accurately. Non-
intrusive temperature and concentration sensors
using lasers are attractive in many situations
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where measurements must be made in a hot and/
or erosive environment such as in a flame. Ther-
mocouple temperature measurements require a
probe that is subjected to the hostile environ-
ment. Concentration measurements via sampling
probe have similar problems. It is also difficult
to make simultaneous temperature and concen-
tration measurements with intrusive probes. La-
ser—based sensors are expected to resolve these
difficulties. Vibrational and rotational spectra of
gases using laser-based sensor can provide an
excellent measure of pressure, temperature, and
species concentration when the detailed depen-
dence of the spectra on these variables are known.
Near-infrared diode laser absorption sensors ha-
ve been applied to in-situ measurement of gas
temperature and species concentration in the
combusting environment (Mihacea, R. M., et al.,
1998b ; Sonnenfroh, D. M., et al., 1997). Applica-
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tions of diode laser have increased dramatically
owing to their robustness, compactness, reason-
able cost, compatibility with optical-fiber com-
ponents, and relative ease of use. The target gases
were H;0 (Arroyo, M. P., et., 1993 ; Allen, M. G.,
et al., 1996), NO (Mihacea, R. M., et al., 1998a),
NO, (Mihacea, R. M., et al,, 1996), CH, (Choi,
S. 1, et al., 1996 ; Nagali, V., et al,, 1996), CO
(Daniel, R. G., et al., 1996) and CO, (Mihacea,
R. M, et al., 1998¢). In practical combustion sys-
tem, flame temperature and species concentration
change with temporal and spatial. Furthermore,
soot or floating materials sometimes exists in
combustion-driven energy. Especially, droplets
do exist for the liquid fuel combustion. Because
the absorption method gives us path-averaged
information, beam steering may restrict extension
of path-length. Rapid combustion measurements,
therefore, have been demonstrated in a variety
of flow-field using scanned wavelength, diode
laser absorption sensors (Arroyo, M. P., et., 1993 ;
Arroyo, M. P, et al.,, 1994; Baer, D.S., et al,
1993). However, it is not cleared whether the
absorption measurement using diode laser sensor
is applicable to spray flame or not. In general,
turbulent combustion field or spray combustion
restricts wavelength sweep frequency and path-
length of diode laser beam especially because of
the non-uniformity in gas temperature and spec-
ies concentration. Therefore, measurement of lar-
ge line strength with high temporal resolution
is needed for measurement of combusting field,
which fluctuates temporally as well as spatially.

The objective, therefore, is to establish the
non-intrusive temperature measurement method
using diode laser absorption sensor and to dem-
onstrate its possibility of application to the liquid
fuel combustion environment.

2. Measurement Theory

The measurement technique is based on the
absorption of monochromatic near-IR laser radi-
ation. The transmission of a probe beam of light
through absorbing medium follows the Beer-
Lambert relation as follows

T=(%O>u=exp(“kul,)

(1
=exp< HP;:ZEX}ZEI_.;SL;( T)0.,,:;L )

where. L is path-length in the medium, /o is the
incident intensity of probe beam, I is intensity
after propagation through a length L of the ab-
sorbing medium, and k. is spectral absorption
coefficient at frequency v. The spectral absorp-
tion coefficient (cm™) comprising NN overlapping
transitions in a multi-component environment of
K species can be expressed as right hand term.
P(atm) indicates the total pressure of the absor-
bing species, X is the mole fraction of j species,
Si;(T) (cm™%/atm) is the line strength transition
7 and species j. and @,,;; (cm) is the respec-
tive line shape function of transition i at frequen-
cy v. Its spectral integral over frequency is unity.
The strategy for measuring the temperature of
the gas is based on the intensity ratio of two-
absorption line. The partial pressure of gas can be
obtained from Eq. (1) if the temperature, line
strength, and path-length are given. Line str-
engths and positions for absorption species at
each temperature have been taken from HITEMP
(high-temperature version of HITRAN) and
HITRAN98. Detail explanation is described in
previous study (Choi, G. M., et al., 2002).

This line-of-sight method may represent a sig-
nificant problem and require complex recons-
truction algorithms for measurement of unsteady
flows such as liquid-gas 2 phase reacting flow.
However, a reasonable estimate of the average
value of gas mole fraction or temperature in the
liquid fuel flames would provide useful infor-
mation in present stage. Characteristics of selected
HO transitions and experimental conditions are
shown in Table | and Table 2.

Table 1 Characteristics of absorption transitions

Transition T Line Strength “

Species| Frequency (1200K) { Transition
(Wavenumber) | (cm™2/atm) i
\
2049.94 nm !
1.08E- 1(021)-(010
li4878.193 cm™Y) 8E-3 ( (010)
B0 506 76 Lo
. !
¢-76 nm 491E-4  |(011)-(000)

| (5008.101 cm™?) \
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Table 2 Experimental conditions

Upper port Lower port
Inlet velocity (m/s) 0.6 06
Fuel n-decan City gas
Equivalence ratio 0.56 0.7

1

City gas (13A) — Air Diode} 'ﬂgd;
Interference Diodel Laserl Laser2

filter
Fig. 1 Experimental schmatic for the in-situ com-
bustion measurements

3. Experimental Setup

Figure 1 shows the experimental setup for ab-
sorption coefficient measurement using diode la-
ser sensor system including liquid-gas 2 phase
counter flow flame burner. There are two DFB
lasers (5 mW), operating near 1996 nm and 2050
nm, respectively. The wavelengths of DFB lasers
were scanned over selected H»O transitions shown
in Table 1. The repetition rate of sweeping fre-
quencies was 1.5 kHz. The output of each laser
was split into three fibers, one for direct absorp-
tion measurement, one for reference beam and
one for fiber ring interferometer (FSR=1.09
GHz). The direct absorption measurements are
carried out using two optical fibers, one from
diode laser source and the other from light coll-
ecting fiber, which is connected to beam splitter
(1996/2050 nm), and electronics. The target fla-
me is the liquid-gas 2-phase counter flow flame.
From the upper port, n-decane (CiHz) with air
is supplied, and from the lower port, city gas and
air premixed mixtures are supplied. To stabilize
the liquid gas 2-phase flame, liquid fuel is in-
jected into the stable city gas and air-premixed
counter flow flame. Liquid fuel is supplied by

free fall from droplet chamber. We supplied rela-
tively large droplet to the gaseous flame region in
order to observe the interaction between droplets
and gaseous flame in the wide droplet diameter
range. The premixed liquid-air and city gas—air
flows are supplied from the inner tube (43 mm
On the other hand, nitrogen is sup-
plied from outer tube (47 mm diameter) to pro-
tect mixing with surrounding air. This nitrogen
jet also protects flame attachment in the burner

diameter).

rim. In present work, we set the distance between
burner ports to 30 mm (40/s strain rate).

Counter flow flame without liquid fuel is form-
ed at H=12 mm, and the flame shape is almost
2-dimensional flat flame. Refraction surface is
observed at h==18 mm, which is estimated as the
stagnation plane between the exhaust gas at high
temperature and the air injected at the normal
temperature from upper port. It is estimated that
the exhaust gas from the premixed flat flame is
accelerated by thermal expansion through com-
bustion. The probe beams for the direct absorp-
tion measurements were reflected 5 times by mir-
rors to make high absorption path/volume ratio.
Because the exhaust gas exists between flame front
and stagnation plane, absorption coefficient mea-
surement is carried out at H=I15mm and 17.5
mm.

4. Results and Discussions

Figure 2 shows the single sweep of H:O ob-
tained from 2 dimensional premixed flame with-
out liquid fuel in the counter flow burner. The
residual shows the difference between the direct
absorption data and the Voigt profile. The H,O
transition was (021)-(010) transition at 4878.193
cm™. Supplied equivalence ratio and position of
measured cross section were 0.7 and H=15 mm,
respectively. The temperature obtained by diode
laser absorption sensor was 1176.70 K. In present
work, it is difficult to obtain precise species con-
centration because of the difficulty in the estima-
tion of path-length. However, because the gas
temperature is determined by the line strength
ratio of two transitions, we can take path-avera-
ged gas temperature.
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Fig. 2 Absorbance coefficients and residual distri-
bution in the post flame of gaseous premixed

flame

Fig. 3 Direct photography of liquid-gas 2-phase
counter flow flame

Figure 3 shows the direct photography of lig-
uid-gas 2-phase counter flame, of which shutter
exposure time is 1/15 second. Measuring cross
section and experimental condition are also
indicated in the photography. The gaseous flame
shape is distorted due to intrusion of the fuel
droplets and penetration of large droplets into the
reaction zone. Luminous flames are observed near
stagnation plane due to liquid fuel combustion.

Combustion of single droplet and droplet gro-
ups occur in high temperature region above gase-
ous flame in diffusion flame mode. Pre-vapori-
zation of droplets occurs in approaching spray
flow in the high temperature region. This pre-
vaporization sustains the diffusion flame though

0.008 .
1120(4878, 193cm Tl

0.006

Absorbance
<
[
L)
o

0.002

Residual %

_10 L L —
0 0.4 0.3 1.2

Relative wavenumber cm™

Fig. 4 Absorbance coefficients and residual distri-
bution in the spray flame
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Fig. 5 Droplet diameter distributions

0.5 of the supplied equivalence ratio of CypHz-
air mixture. The vaporization of droplets in the
high temperature region works as the source of
fuel vapor for burning in diffusion flame mode.
No combustion reaction occurs inside the large
droplet group, and burning in diffusion flame
mode occurs at only the periphery.

Figure 4 shows the single sweep of H,O ob-
tained from liquid-gas 2-phase counter flow
flame and residuals between the direct absorption
data and fitted Voigt profile. Measurement plane
is at H=15mm(A), and the H;O transition was
(021)-(010) transition at 4878.193 cm™".

Figure 5 shows droplet size distribution at each
measuring region. Droplet size was measured by
PDA system. It was found that the droplets
distributed in the wide range, and its averaged
diameter was about 154 um regardless of the dif-
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ference of measuring region. Even though these
droplets exist in the measuring region, diode laser
absorption probe beam was detected at receiving
optical equipment without large beam steering.
Because the probe beam diameter was about 1
mm in present work, it was possible to measure
the absorption coefficient of spray flame region
where droplets, of which mean diameter is 154
pm, are floating in the reacting flow. However,
relatively large discrepancy was observed at cen-
ter frequency of single sweep between direct ab-
sorption data and fitted Voigt profile. This dis-
crepancy is ascribed to beam steering due to
droplets in the laser beam path. We used fitted
Voigt profile for obtaining absorption coefficient
integral in the measurement of temperature.

Figure 6 shows the time series temperature
measured by diode laser sensors in liquid-gas
2-phase counter flow flame. At measuring posi-
tion (A), the measured mean temperature and its
RMS value were 1183.10 K and 18.52 K, respec-
tively. On the other hand, at the measuring posi-
tion (B), mean temperature and its RMS value
were 1227.93 K and 22.76 K, respectively. The
measured mean temperature as well as its RMS
value at the B position was higher than those at
A region. Higher mean temperature at B region
is ascribed to thicker spray flame zone as shown
in direct photography of Fig. 3. As the droplet
group seems to burn in the diffusion flame mode,
the temperature of liquid-gas 2-phase flame is not
so higher than gaseous flame. We can confirm
that the temperature measurement using diode
laser absorption sensor is possible even in liquid
fuel flame environment although it needs addi-
tional improvement for quantitative measurement.

We did not always succeed in absorption co-
efficient measurement in the liquid-gas 2-phase
counter flow flame. There were failure cases in
obtaining absorption coefficients.

Figure 7 shows time series temperature signals
measured at B position. OH luminescence inten-
sity and Mie scattering intensity of droplets were
measured simultaneously. For simultaneous mea-
surement of OH luminescence and droplet Mie
scattering using a CCD camera, image-dividing
optics was used. Ar" laser (central wavelength=
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Fig. 6 Time series temperature signal measured by
diode laser sensors in the spray flame region
of liquid-gas 2-phase counter flame region
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Fig. 7 Time series temperature signal with OH lu-
minescence and droplet Mie scattering images
in liquid-gas 2-phase counter flow flame

514.5nm, 1 w) was used for the laser sheet Mie
scattering technique. An unintensified 256 X256
CCD camera recorded the images of Mie scattered
light. The luminescence images of the OH radical
were also recorded by same CCD camera.
Interference filter, of which central frequency
was 308.5nm, was used for OH luminescence
images. In the images, gray region indicates OH
luminescence. And circle and its size indicates the
existence of droplet and its relative diameter, res-
pectively. We can observe no temperature-plotted
region between 0.07—0.08 second. We can not
obtain line intensity of transitions from direct
absorption signal in this region. In this region,
OH Iuminous area was extended wider compared
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to other condition. These failures were ascribed to
the large refraction of diode laser probe beam in
the spray group combustion region above gases
premixed flame. Additional investigation of diode
laser absorption method is necessary to provide
reliable information of the turbulent flame or
spray flame.

5. Conclusions

Diode laser absorption sensor operating near
2.0 ym was developed. The system was applied to
measure the gas temperature in the post flame of
gaseous counter flow flame and in the spray flame
of liquid-gas 2-phase counter flow flame. Diode
laser absorption method succeeded in obtaining
path-averaged temperature of liquid fuel com-
bustion environment regardless of droplets of
wide range diameter. The successful demonstra-
tion of time series temperature measurement in
liquid—-gas 2-phase counter flow flame gave us
motivation of trying to establish effective control
system in practical combustion system. Path-av-
eraged temperature measured spray flame above
liquid-gas 2-phase counter flow flame showed
qualitative reliable results. It was found that these
results demonstrated the ability of real-time feed-
back from combustor’s inside using non-intrusive
measurement as well as the possibility of applica-
tion to practical combustion system. However,
additional investigation of diode laser absorption
method is necessary to provide reliable informa-
tion of the turbulent flame or spray flame.
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