Optical Diagnostics of a Turbulent Pulverized Coal Combustion Flame
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ABSTRACT

The measurements of physical quantities in combustion fields based on optical
diagnostics techniques, which allow non-invasive measurements of velocity, density,
temperature, pressure and species concentration, have recently become of major interest as
tools not only for clarifying the combustion mechanism but also for validating the
computational results for the combustion fields. In this study, the combustion characteristics
of a pulverized coal combustion flame are investigated using advanced optical diagnostics. A
laboratory-scale pulverized coal combustion burner is specially fabricated. Velocity and shape
of non-spherical pulverized coal particles and light emissions from a local point in the flame
are measured by shadow Doppler particle analyzer (SDPA), and a specially designed
receiving optics (multi-color integrated receiving optics, MICRO), respectively. The
simultaneous measurement of OH planar laser-induced fluorescence (OH-PLIF) and Mie
scattering image of pulverized coal particles is performed to examine spatial relation of
combustion reaction zone and pulverized coal particle. The results show that the size-
classified velocity and swelling of the pulverized coal particles in the flame can be observed
by using SDPA. It is also found that the measurements of the OH chemiluminescence and CH
band light emission from a local point in the flame using MICRO and the simultaneous
instantaneous OH-PLIF and Mie scattering image of pulverized coal are effective for
evaluating the ignition condition and characteristic of the pulverized coal combustion flames
and for investigating their detailed flame structure.
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1. INTRODUCTION

Coal is an important and promising energy resource for electricity supply because its
reserve is far more abundant than those of the other fossil fuels. For pulverized coal
combustion, which has been mainly involved in coal-fired thermal power plants, it is desired to
operate boilers with higher efficiency and lower pollutant emission, and recently to utilize
various coals (i.e., low-rank coals) for diversifying fuel sources and lowering the cost in Japan.
To efficiently develop new technologies for these requirements, it is of great importance to
understand the pulverized coal combustion mechanism in detail. However, the combustion
process of the pulverized coal is not well clarified so far, since it is a complex phenomenon, in
which dispersion of coal particles, their devolatilization, chemical reactions of volatilized fuel
and residual char with air, take place interactively at the same time and the simultaneous and
instantaneous measurements for them are very difficult. Furthermore, though numerical
simulation of the pulverized coal combustion has been performed as a supporting tool for the
developments of the new technologies in these days (Kurose et al., 2004; Kurose et al.,
2001a; Kurose et al., 2001b), its reliability has not been sufficiently confirmed yet because of
the lack of the reliable detailed measured data to be compared with.



The measurements of physical quantities based on optical diagnostics techniques,
which allow non-invasive measurements of velocity, density, temperature, pressure and
species concentration, have recently become of major interest. The particle velocity has been
measured in the pulverized coal combustion flame using laser Doppler velocimetry (LDV)
(Schnell, 1993) in these days. However, LDV cannot provide detailed investigation on particle
diameter change and size-classified particle velocity, because LDV measures overall velocity
of pulverized coal particles with diameter distribution. For measuring particle velocity and size
simultaneously, phase Doppler anemometer (PDA) is widely used nowadays. However, the
application is limited to spherical particles. Maeda et al. (1997) and Hardalupas et al. (1994)
developed shadow Doppler particle analyzer (SDPA) by extending the LDV system as a
method for simultaneous measuring velocity and particle shape of non-spherical particles
such as pulverized coal. On the other hand, light emissions and radicals such as OH, CH, NO
and so on in the combustion fields have been monitored by a specially designed receiving
optics (multi-color integrated receiving optics, MICRO) and a laser-induced fluorescence (LIF)
to investigate chemical reaction in gas and oil combustion fields. Presently, LIF is extended to
the planar LIF (PLIF) to visualize two-dimensional distribution with high temporal and spatial
resolution (Rothe et al., 1997; Deguchi et al.,1997; Akamatsu et al., 1999).

The purpose of this study is to investigate the combustion characteristics of the
pulverized coal combustion flame using advanced optical diagnostics in detail. A laboratory-
scale pulverized coal combustion burner is specially fabricated. Velocity and shape of non-
spherical pulverized coal particles and light emissions from a local point in the flame are
measured by SDPA and MICRO, respectively. In addition, to examine spatial relation of
combustion reaction zone and pulverized coal particle, the simultaneous measurement of OH-
PLIF and Mie scattering image of pulverized coal particles is performed.

2. EXPERIMENTAL APPARATUS AND METHODS

A turbulent pulverized coal combustion burner and the supplying system of coal, air
and mthane are illustrated schematically in Fig. 1. The main air for combustion is supplied
from a compressor and the flow rate is regulated by a mass-flow controller. Pulverized coal
particles, supplied and regulated by a screw feeder, is sucked by the main air flow and mixed
with the air in a injector to form solid-gas two phase jet issued from the main burner port
(inner diameter : 6 mm). Methane is supplied to annular slit burner (width : 0.5 mm) installed
outside of the central port to ignite the two-phase jet because the coal injection rate is very
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Tables 1 and 2 show the properties of used coal and the experimental condition,
respectively. Coal we used is Newlands, and this is pulverized on the same condition for
actual pulverized coal-fired thermal power plants. The mass base median diameter measured
by a laser diffraction particle size analyzer is 33 /m. The methane flow rate is the minimum
amount to form stable flame. The pulverized coal is supplied after the methane diffusion flame
became stable, and the measurement is started when the pulverized coal injection rate is
regulated. Unburned pulverized coal particles in exhaust gas are collected by bag filters and
exhaust gas is released into atmosphere by a ventilator after cooling by a heat exchanger.

Figure 2 shows the direct photograph of the pulverized coal combustion flame
(exposure time : 1/8000 sec). The pulverized coal particles are visualized by an Ar-ion laser
sheet inserted above the burner port. The photograph shows that the ignition of pulverized
coal particles starts in the vicinity of the burner port of z = 30mm and combustion proceeds

Table 1 Coal properties

High heating value 29.1 MJ/kg
Low heating value? | 28.1 MJ/kg
(o)
Proximate anaIyS|s [wt % Table 2 Experimental conditions
M0|sture 2.60 . 7
Pulverized coalfeed rate 1.4910" kg/s
Ash' 1920 Thermal input of coal 4.19 kKW
Volatile matter” 26.90 erma’ INput of coa :

: *1 Thermal input of methane 0.83 kw
Fixed carbon™ 57.90 ot 183107 m%
Ultimate anaIyS|s [wt %] Alr flow rate 83 0_4 m3 S

Carbon’’ 71.90 Methar)e flow rate_ 2.3310" m°/s
Hydrogen 4.40 Bulk equivalence ratio 0000
Nitrogen_ i 1.50
Oxygen” 6.53

Total sulfur” 0.44
180mm
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Objective
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Laser T %:25.
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Fig. 2 Direct photograph of the Fig. 3 Optical arrangement of SDPA

pulverized coal combustion flame



downstream to form luminous flame. Figure 3 shows the schematic diagram of SDPA. The
SDPA is based on the imaging of a conventional LDV probe volume onto a linear photodiode
array. The new aspect of this instrumentation is that the shape of the particles is obtained
from the temporal output from elements of a linear photodiode array positioned at the focal
plane of the collection optics of LDV to record the shadow of the passage of the particle. The
detailed measurement principle is described in refs (Maeda et al., 1997; Rothe et al., 1997).
The shape and two components of velocity of burning pulverized coal particles are measured
in the turbulent pulverized coal combustion flame. Equivalent circle diameter is calculated
from section area of each particle for size measurement.

The OH chemiluminescence (306 nm), CH band light emission (431.5 nm) and Mie
scattering (514.5 nm) from a local point of pulverized coal combustion flame are measured by
MICRO. The detailed optical system for local point measurement is described in ref
(Akamatsu et al., 1999).
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Mie scattering of pulverized coal particles is passed through the optical bandpass
interference filter with transmission peak wavelength of 532 nm and half value width of 1.0 nm,
and is captured by a CCD camera (Vision Research Systems, Phantom Ver. 5.0). Laser
induced OH fluorescence, on the other hand, is passed through the optical bandpass
interference filter with transmission peak wavelength of 320 nm and half value width of 20 nm
and captured by a CCD camera (Roper, Model EEV 02-06-202) coupled with an image
intensifier.

The imaging area is a square of 30 mm by 30 mm located at around the central axis of
the flame. TTL signals generated by two pulse delay generators (PDG) (Stanford Research
Systems, Model DG535) are used for timing control of the Nd:YAG laser, and image capture
of OH-PLIF and Mie scattering image of pulverized coal particles.

3. RESULTS AND DISCUSSION
3.1 Simultaneous measurement of velocity and shape of pulverized coal particles in flame by
SDPA

In SDPA measurement, velocity is obtained only when the particle shape is measured
correctly. Hence, the validity of velocity data obtained by SDPA is assessed by comparing



with LDV measurement. Figure 5 shows the axial distributions of mean and rms (root mean
square) velocities of pulverized coal particles by SDPA and LDV, and mean diameter
(equivalent circle diameter) by SDPA. It is found that the velocity data of SDPA is well
consistent with that by LDV. This verifies that accuracy of velocity measurement by SDPA is
the same level as LDV. Mean and rms velocity of particles decreases with increasing axial
distance, z. Mean diameter of particles, on the other hand, increases with moving
downstream.

Figures 6 shows the size-classified mean and rms axial velocities of pulverized coal
particles at the distances from the burner of z = 60, 120 and 180 mm. The measurements are
done on the center and edge of the flame jet. The mean and rms velocities of pulverized coal
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3.2 Local measurement of OH chemiluminescence and CH band light emission from flame
and Mie scattering of pulverized coal particles by MICRO

Figure 7 shows the axial intensity profiles of OH chemiluminescence, CH band light
emission and Mie scattering from a local point of pulverized coal particles by MICRO. Mie
scattering intensity decreases with increasing the distance from burner due to the
disappearance of pulverized coal particles in
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chemiluminescence and CH band light - . on
emission shows the tendency to increase 05 - 4 cH
gradually, and finally decrease with going I ML

downstream. The reason for the high intensity
of OH chemiluminescence near the burner
exit (z = 6 ~ 18mm) is due to the effect of the
pilot burner of methane diffusion flame. It is
also found that the OH chemiluminescence
and CH band light emission show high values
at around z = 80 ~ 120mm, where the
pulverized coal combustion actively takes 5 mm
place (see Fig. 2). Thus, it can be said that the Fig. 7 Distribution of OH

measuring the light emissions’ intensities is chemiluminescence, CH band light

the effective method for evaluating the ignition gmission and Mie scattering intensity in z
condition and characteristic of the pulverized yiraction by MICRO

coal combustion flame.

Singal intensity a.u.

0 20 40 60 80 100 120 140 160 180 200

3.3 Simultaneous measurement of OH-PLIF and Mie scattering images of pulverized coal
particles

Figure 8 shows the instantaneous Mie scattering images of pulverized coal in the non-
combusting case and the combusting case, obtained at 4 axial locations. The monitoring area
of each image is a square of 30 mm by 30 mm as mentioned in the previous section, that
corresponds to r = -15 to 15 mm and z = 15 to 45, 45 to 75, 75 to 105, 105 to 135mm. The
time-averaged Mie scattering images (ten images) of pulverized coal in non-combusting case
and combusting case are shown in Fig.9. These figures illustrate that particles radially spread
with going downstream for both two cases. This radial spread in the non-combusting case is
more apparent than that in the combusting case. This is considered as follows. The mean
axial velocity of pulverized coal particles in the combusting case is faster than that in the non-
combusting case due to the thermal expansion. However, the rms velocity of pulverized coal
particles in the combusting case is smaller than that in the non-combusting case (Tsuji et al.,
2002). Besides this, there is a high radial temperature gradient because the combustion
reaction zone exists in the outer region of the flame. These are attributed to prevent the
particles from moving radially.

To examine the spatial relations of combustion reaction zone and pulverized coal
particles for combusting case, OH-PLIF and Mie scattering images of the particles are
compared. Figure 10 shows the instantaneous OH-PLIF and Mie scattering images of the
particles obtained simultaneously. In the upstream of the flame, the intensity of OH-PLIF in
outer region is high due to the methane diffusion flame. Moving down stream, on the other
hand, the intensity of OH-PLIF becomes high in the region where pulverized coal particles
exist. What should be noted here is that the position where the high OH-PLIF intensity
becomes to overlap the high particle density nearly corresponds to that where the intensities

of OH chemiluminescence and CH band light emission indicate high values (z = 80 ~ 120mm).
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4. CONCLUSIONS

A laboratory-scale pulverized coal combustion burner was specially fabricated, and
shadow Doppler particle analyzer (SDPA) and multi-color integrated receiving optics
(MICRO) were applied to the pulverized coal combustion flame. Particle velocity
measurements with laser Doppler velocimetry (LDV) were carried out to discuss the
accuracy of the those with SDPA. The simultaneous measurement of OH-LIF and Mie
scattering image was also performed in the flame. The particle velocity by SDPA was well
consistent with that by LDV. The particle velocity didn't change with particle size on the
center axis. However, the particle velocity increased with particle size on the edge of the
flame. The axial distributions of OH chemiluminescence, CH band light emission and Mie



scattering intensity by MICRO was reasonable. The Mie scattering images provided particle
motions in the flame. The coal particles radially spread with going downstream. This radial
spread in the non-combusting case is more apparent than that in the combusting case. The
spatial relations of pulverized coal particles and combustion reaction zone were elucidated
by the simultaneous measurement of OH-PLIF and Mie scattering image. It was found that
MICRO, Mie scattering image and OH-PLIF measurement are effective for evaluating the
ignition condition and characteristic of the pulverized coal combustion flames. The authors
are now going not only to investigate the detailed structure of the pulverized coal combustion
flame but also to use these results for the assessment of the advanced numerical
simulations (Kurose et al., 2003; Akamatsu et al., 2000a; Akamatsu et al., 2000b) of the two-
phase combustions.
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