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The local chemiluminescence of excited radicals such as OH*, CH* or C2* can be used to
measure the local equivalence ratio. Furthermore, using high repetition rate acquisition system, it is
possible to measure the flame passing frequency and to determine the width of the flame front. When
using simultaneously three detectors, the velocity can be measured. This technique is applied to a
turbulent premixed burner to estimate its accuracy. Typical uncertainties are below 4%. When using
Cassegrain optics in a high pressure oil burner, oscillations are measured and their frequency can be
determined.

1. INTRODUCTION

In order to control the turbulent combustion [1-3] for reducing pollutant [4-6], increasing combustion
efficiency [7] and obtaining stable flame holding [8-11], we have to know more detailed structure at turbulent
flame-front. Local flame-front structures have been investigated to determine effects of turbulence - chemistry
interaction, vortex interaction with the flame-front, stretch rate, flame curvature, extinction, and equivalence ratio
[12-26]. Turbulent flames can be defined by the chemical reaction at the flame-front affected by turbulence, so it is
necessary for combustion diagnostics to have a high spatial and temporal resolution.

Laser techniques have greatly been playing a major role to measure flame-front structures and their features
under various conditions. Laser-induced fluorescence (LIF) [27-29] becomes a very powerful tool to visualize the
OH*/CH*/C,* reaction zone and its time evolution [30]. LIF techniques [27, 31, 32] can provide useful 2-dimensional
information on flame shape and flame front structure, but time-series analysis of the flame front structure could not be
demonstrated because the laser repetition rate.

The chemiluminescent emissions from excited OH, CH and C, originate from the chemical production of the
excited states. Even by LIF, the ground state radical concentration can be measured. Chemiluminescence
measurements are needed in reaction modeling to predict excited radical concentrations, but what we can actually
measure is not the excited radical concentrations but the intensity of chemiluminescent emissions [33-37].

In order to measure the chemical reaction scale and the flame-front structure with high temporal and spatial
resolutions, Cassegrain optics were developed that are capable of measuring local chemiluminescences (OH*, CH*,
C,*) inasmall control volume (0.1x0.8 mm) [38, 39]. The size of the measurement volume was sufficiently small as to
detect the flame-front location and reaction intensities profiles.

We have applied this local chemiluminescence measurement in a laminar premixed flame [40], a turbulent
flame [41-44] and a S| engine [45, 46]. The local measurement system has been evaluated and the measurement results
could provide useful information such as, local equivalence ratio, flame thickness, flame passing frequency, detail
radical profile within the flame front.

In this study, we developed 3-point local chemiluminescence measurement system in a turbulent premixed
flame to measure local equivalence ratio in time series, its flame passing frequency and its moving characteristics.

This chemiluminescence measurement system was applied to understand combustion fluctuation [8, 47, 48] in
apractical oil burner at elevated pressure [47][49-53], which is a pilot burner of industrial gas turbine combustor [7].



2. EXPERIMENTAL APPARATUS

2.1. Turbulent premixed flame

The experiments were carried out using a turbulent premixed burner of 20 mm inner diameter, Reynolds

number of 8100, mean velocity U of 4.0m/s, RMS velocity U’ of 0.32m/s.  Methane was used as fuel at an equivalence
ratio ¢ of 1.0, where the laminar burning velocity § is0.37 m/s. Asu’/S. = 0.86, the wrinkled flame regime is expected
and the laminar velocity of the flame predominates.
Cassegrain optics was developed [38, 39] the measurement volume dimensions are shown in Fig. 1. A small
measurement volume of ¢ 0.1x0.8 mm was achieved to produce a spatial resolution similar to that of Laser Doppler
Velocimetry [54]. The simultaneous measurement system for the local chemiluminescences of OH*, CH* and C,* is
also shown in Fig. 2. Flame emissions from excited species received by Cassegrain optics was focused onto an optical
fiber (quartz, core: 200um diameter), transmitted to band-pass filtered (BPF) spectroscopy unit and photo-multipliers
(PMT). The analog output signals of these PMT were amplified, filtered, and digitized by a multi-channel A/D
converter at a sampling rate of 200 kHz. The large memory capacity of the system permitted continuous measurements
for several seconds. As shown in the figure, four color splitters (interference and dichroic filters) for OH*, CH*and C,*
were implemented for each radical emissions. The specifications for each of the optical filters were determined as
follows (center wavelength / half-band width / transmitting efficiency):

OH* : 306nm/ 14nm/ 61%
CH* 431.4nm/ 1.5nm/ 40%
Cr 516.5nm/ 2nm / 58%

2.2. High pressure oil burner

For elevated pressure conditions, the test nozzle assembly, which had a vertical traverse system, was mounted
in apressure vessel of 230 mm in inner diameter and 1,300 mm in vertical length. It could operate at pressures up to 5.0
MPa. The combustion chamber was designed with purged quartz windows, through which laser diagnostics and
chemiluminescence measurements of combusting spray could be made from outside the combustion chamber. Highly
pressurized air was supplied to the vessel from a high-pressure air tank, which had a 32-m® capacity and held
compressed air charged by a compressor. A heat exchanger was installed between the high-pressure air tank and the
vessel; this used combustion exhaust gas to heat the air to around 400 °C (673 K). The maximum mass flow rate of the
high-pressure air was 7kg/s. Light oil was pressurized by a fuel pump and sprayed into the vessel. The pressure vessel
was carefully designed [55-57], and much attention was paid to the size and location of the optical windows used to
measure phase Doppler anemometry (PDA) [58-62] and laser simultaneously.

High-pressure air passed through axial swirler vanes surrounding the nozzle, and was then gjected at the
swirler exit, which had an inner diameter of 81 mm. At the tip of the nozzle body, which had an outer diameter of 54
mm, a pressure-swirl atomizer (DELAVAN Inc.) was mounted on the central axis of the nozzle. The flow rate of the
atomizer was 35 GPH (gallons per hour), and a spray angle of 80° was chosen to create a hollow-cone spray.

3. RESULTS AND DISCUSSION

3.1. Turbulent flame
3.1.1. Local Equivalence Ratio and itstime Series

The instantaneous flow vectors were measured by PIV system [30] as shown Fig. 3. In order to understand
turbulent characteristics, two measurement points were chosen, as flame cone asillustrated in the figure.

Time-series signals of OH*, CH* and C,* chemiluminescences at the Cone (r/R=0.4, x/D=2.8) of flame are
measured by this system, at 200 kHz sampling rate as shown in Fig. 4. Each intensity of chemiluminescence was
normalized by each maximum peak value. These three time traces of chemiluminescence intensity peak and its location
synchronized each other very well. The usefulness of Cassegrain optics for understanding local combustion intensity
and flame movement is proven in this measurement. Here, each peak intensity of these three radicals, is varying in
time and position, thisis mainly because the variation of local equivalence ratio.

Here, it is found that the time depending flame front structure can be defined by this measured system in terms
of local eguivalence ratio and flame passing interval. There are some un-known factors remained, such as effects of
flame stretch, curvature, strain rate, temperature, pressure, and so on, which are current research subjects going on.

In our previous study [40], the ratio of the C,*/CH* and the OH*/CH* versus equivalence ratio for the local
flame front of alaminar premixed flame was investigated and found a strong correlation. These results showed that the
relationships between these curves and the equivalence ratio were nearly linear when the equivalence ratio was less than



1.4 as shown in Fig. 5. This high degree of correlation indicated that the local equivalence ratio at the flame front can be
determined by spatially resolved chemiluminescence measurements. In the same matter, equations for prediction of
local equivalence ratio can be derived as presented in Fig. 5.

In the present study, we applied this technique to analyze turbulent premixed flamesin order to detect the local
equivalence ratio at the flame front in time series. We confirmed that the same correlations between local equivalence
ratio and local emission intensity ratio were obtained with the error of 5% in previous studies [40-43].

The local equivalence ratio at a local flame-front was directly measured in turbulent methane/air premixed
flames using the correlation formula of OH*/CH* based on laminar flame results. Figure 6 shows the time evolution of
instantaneous local equivalence ratio of flame front at the Cone of turbulent premixed flames.

Probability density functions (PDF) of the instantaneous local equivalence ratio are also shown. The mean
measured local equivalence ratios were 0.96, 1.04, and 0.98 at the cone for a pre-set equivalence ratio of 1.0. The
RMS of the local equivalence ratio was less than 0.2. The detection accuracy of the local equivaence ratio in the
present study was 4%.

These time-series measurements of the flame-front structure can also provide the flame passing frequency, as
shown in Fig. 7. The average frequency at the flame cone was 0.39 kHz.

3.1.2. Multi-point Local Chemiluminescence signals

To investigate the local flame front movement and its velocity vector, multi-point Cassegrain Optics were used
for simultaneous time-resolved measurement of local chemiluminescence emission intensities at three different pointsin
the turbulent premixed flame. The locations of the measurements and a sketch of the local chemiluminescence intensity
signals are shown in Fig. 8 [63, 64]. Three similar peaks would be seen if alocally flat flame front passed through each
measurement point; and the flame front speed and direction would be defined by the periods ©; and 7, which are
expressed as:
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where V; and & are defined as the local flame velocity and flame displacement angle for a horizontal surface;
d; and d, are the distance between measurement points aand b, and b and c, respectively; and « is the interior angle of
the equilateral triangle formed by the three measurement points.

From Egs. (1) and (2), for = 0, V; and & are:

T, + 21
6. =cot| X 2 ©)
a2
and
d~sin(”—6'fj
V, __\2 ) (4)
7

0, =~ (5)
2
and
d-sn”
vV,=— 3 (6)
75

where V; is defined as a positive.



3.1.3. Local flame front movement

The typical local chemiluminescence emissions measured by multi-point Cassegrain Optics at point (r/R=0.4,
x/D=2.8) in a turbulent premixed flame in the wrinkled laminar flame region. Irregular peaks, which represent the
passage of the flame front, correspond with each other well, although there is atime delay between the peaks. V; and &
for the local flame front were obtained from a series of chemiluminescence signals using the above-mentioned scheme.

In this study, only sharp emission intensity peaks exceeding a certain level were used to determine Vi and ¢ in
order to reduce erors in calculating these values. If the flame front passed through the control volume aong the
Cassegrain optical axis, the calculated velocity of the flame would be extremely high because the flame front would
arrive at all the measurement points at nearly the same time. In this case, however, the peak profile of the emission
signals would not be sharp and the peak intensity would be less than when the flame front crossed the control volume
perpendicular to the optical axis. By using only the sharp peaksin the data, we should avoid this error. The sensitivity of
the Cassegrain Optics system to the flame front configuration requires further evaluation.

The local flame front measurement was investigated using this multipoint system. The local flame speed and
its propagating angle as well as its thickness were measured in flame cone (Fig. 9).

The flame propagating speed at flame tip was about 3.4 m/s, where the flame propagating flow velocity was
4.0 m/s. The flame propagating angle was about 28 degree, which means the flame is propagating in vertical direction
with fluctuating.

On the other hand, at flame cone, the flame propagating speed is about 0.7 m/s, which means that the flame
front is stable at flame cone. The flame propagating angle was about 53 degree. This 53 was due to the flame front
inclination. This turbulent flame is not so strong turbulence, like winkled turbulent flame. The flame thickness at flame
cone was about 5.7 m/s, which is large in comparison with the laminar flame front thickness. This value can be reduced
with optical filter in smoothing process of each sample.

In this study, it was found that emission intensity ratio for OH*/CH*, C,*/CH*, and C,*/OH*can be a good
marker of local equivalence ratio at the turbulent premixed flame-front. The accuracy of detection of local equivalence
ratio at the present study was about 7 %. In the next study, un-known factors such as effects of strain rate and
temperature will be investigated.

3.2 High pressure oil burner
3.2.1. Experimental facility

Experiments in the combustion field were conducted under a fixed air temperature of 400°C (673K) and an
airflow rate of 0.172 m*/s. The ambient air pressure was varied from 0.25 to 2.5 MPa. In this study, the fuel-to-air ratio
(F/A) was fixed at 1.5(wt.%). Diesel fuel was injected from the nozzle and the fuel flow rate was varied from 38.3 to
218.9 kg/h depending on the atmospheric pressure.

Figure 10 shows direct-observation-averaged and instantaneous images of the flame formed in the pressure
vessel at 0.25, 1.0, and 2.0MPa. As seen in the figures, the flame had a triangular cone shape, which was essentially the
same at each pressure. The averaged and instantaneous flame-spreading angle can be measured from the images.
Although the fuel and air were supplied at constant conditions, the complicated wrinkled structure of the flame seen in
the instantaneous images indicates that it was a turbulent spray flame. The flame intensity distribution and length
fluctuated strongly in time and space. Looking at the averaged images, the spatial structure of the flame and the
characteristics at each pressure condition can be observed briefly.

In the images at 0.25MPa, a bright region was observed around the nozzle exit and a similar region was seen
upstream from the nozzle, due to the reversing flow around the nozzle. High intensity regions were also formed at the
flame edge. Reaction radicals and scattered light from soot particles were the source of these high intensity regions.
Inside the hollow cone structure, where we found a reverse flow region during cold flow measurements, the emission
intensity was lower than at the edge of the surrounding flame. The instantaneous pictures were taken with a 100us
exposure. The features of the high-intensity regions could not be seen in the averaged pictures. The flame-spreading
angle was almost the same in both the instantaneous and averaged images.

Now, we will discuss changes in the flame spreading angle and the location of the flame front region with
changes of surrounding pressure. The spray droplets from the nozzle traveled at an angle, evaporated, and combusted,
but it is difficult to see these droplet behaviors by viewing these images alone. The detailed droplet dynamics will be
discussed later.

At 1.0MPa, a wrinkled flame structure was apparent in the instantaneous image. Furthermore, two
high-intensity regions were also observed, and were even seen in the averaged image. The flame-spreading angle was
dlightly narrower and the flame extended further downstream than in the images at 0.25MPa. At 2.0MPa, the
flame-spreading angle was very narrow in comparison with 0.25 and 1.0MPa. The flame was aso longer. This was



essentially due to the experimental conditions. The higher-pressure condition had much more fuel and air, but a constant
equivalence ratio. When the pressure increased, the flame appeared to stretch vertically. Moreover, the other important
consequence of increasing the surrounding pressure was that the flame-spreading angle from the nozzle narrowed. One
possible reason for this narrowing is that the hollow cone angle of the fuel droplets changes due to the effect of the
surrounding airflow structure. On the 1.0MPa images, the flame expanded horizontally in the middle stream due to
volumetric expansion and centrifugal force caused by the swirling airflow. At 2.0MPa, the flame-spreading angle was
narrower and the flame stretched vertically.

The flame-spreading angles in the averaged images do not differ from those in the instantaneous images. In all
conditions, two higher-intensity regions are seen: one close to the nozzle and one near the flame front. These are formed
by emission of soot or other radicals, and will be examined in the CH* images of flames. The figure also shows the
CH* chemiluminescence [40] intensity distribution. The relationship between pressure and flame shape
(flame-spreading angle and vertical length) is easily seen. The trend seen in the direct observation images with
increasing pressure is also seen, i.e., the flame-spreading angle narrows and the flame extends vertically. Although the
CH* filtered image showed a different angle at 2.0MPa, the increased atmospheric pressure still narrowed the flame
angle. On the CH* images, two high-intensity regions were clearly seen. At the edge of the hollow cone, CH* radicals
were formed and the intensity increased with atmospheric pressure.

Figure 11 shows the change in the spreading angles and lengths of the flame as a function of ambient pressure
from 0.25 to 2.0MPa. These values were measured directly from the images. As the ambient pressure increases, the
flame lengthens, while the spreading angle narrows. The CH*-spreading angle was wider than the flame. We found that
the ambient pressure affected the flame-spreading angle. One possible reason for the change in flame angle is the
increased pressure difference between inside and outside the hollow spray cone with increasing ambient pressure. Next,
we will quantify the relationship between ambient pressure and spray angle.

3.2.2. Droplet behavior measurement by PDA

The previous section described the change in spray flame-spreading angle with ambient pressure. To grasp
the characteristics of flame structure and droplet behavior in more detail, PDA was applied to flow fields at 0.25, 0.5,
and 0.75MPa. The vector maps for each pressure condition acquired by PDA are shown in Fig. 12. At x=15mm and
x=35mm there are some vectors with a strong radial component. This is another possible explanation for the horizontal
expansion of the flame that we found in the image analysis.

3.2.3. Chemiluminescence measurement in an oil burner

At the flame front, the flame fronts are fluctuating. The combustion oscillation and its instability come from
local heat release rate and its fluctuation in space and time.

As we observed in the premixed turbulent flame, the fluctuation can be measured with Cassegrain technique.
The measurement system of local chemiluminescence was the same as those used in the turbulent burner. The time
series chemiluminescence datais shown in Fig. 13. Figure 13 shows two measurement results at 0.25 and 2.0MPa. The
equivalence ratio of the combustion was set up at ¢=1.0 but air flow rate and fuel rate was amost ten times higher at
2.0MPa. The flame picture shows the enlarged flame. The chemiluminescence signals in time were shown in this figure,
in which OH*and CH* were indicating same tendency and fluctuation. The peak location seems to be the same; the
local equivalence ratio can be measured if the calibration curve is measured in advance. But this correlation, the
intensity ratio of OH*/CH* being a function of local equivalence ratio, cannot obtained so far for oil fuel.

The local heat release being a good maker for combustion oscillation and instability, the local chemiluminescence
measurement results can be analyzed in frequency domain. The FFT data was shown in Fig. 14. A hundred thousand
sampling was done at each measurement point. There is no remarkable peak up to 1.0MPa, while the peak comes from
1.5MPa and 2.0MPa. The peak can be the same order both in OH* and CH*signas. The measurement point was
illustrated in Fig. 13, where is at the flame front.

It is not well known that combustion oscillation was yielded at flame front or not, but it is clear that the flame front
movement generate local heat release at different location.

The Cassegrain measurement techniques were demonstrate to see the fluctuation at flame front. We shall see the
correlation to pressure fraction and flow fluctuation and those phase delay.

4. CONCLUSIONS

Time-series measurements of the local chemiluminescence intensities of OH*, CH* and C,* were obtained
for a premixed turbulent flame to eucidate the flame front structure and its time evolution. The findings were as



follows:

Local measurements of flame spectra and its time evolution to elucidate local flame structure was
demonstrated using Cassegrain optics developed for aturbulent premixed flame.

The local equivalence ratio was measured from the emission intensity ratio of OH*/CH*, CH*/C,* and
C,*/OH* at flame tip and cone in the turbulent premixed flame-front. The estimated value is very close to
preset value of 1.0. The accuracy was 4%.

The flame passing frequency was obtained by time series chemiluminescence measurements. Therewas a2
kHz peak at the flame tip, but no peak at the flame cone.

Thelocal flame front velocity and its angle were measured by these point measurements.

Direct observation images showed flame shape and length together with the spray-spreading angle. With
increasing ambient pressure, the flame lengthened due to increased fuel, and the spray angle narrowed.

CH* distribution images showed the same changes; with increasing pressure the spray angle narrowed.

CH* distribution images showed that the spreading angle was bigger than the flame itself and the area of
distribution was dlightly bigger than that of the flame.

PDA was used to quantify the spray angle at each pressure; the results also showed that as the ambient air
Chemiluminescence measurement in an oil burner can detect flame front movement at flame edge. The time

series data of OH* and CH* can show some order 20Hz were produced at elevated pressure of 1.5 and
2.0MPa, although these peaks cannot be measured below 1.0MPa.
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Instantaneous direct image and PIV data
- 45

Tip: 1.0 X 1.0 (mm)
r/R=0, x/D=3.5

TS m/s

Cone: 1.0%X1.0 (mm
r/R=0.4, x/D=2.8

Ss=>=

e Nt
NSNS

u, u’=4.0, 0.32 (m/s)
Re=8100
u’/S, =0.86

\\\\

S

s

S A e e e e
x/D

E S e S S S EN

P ey

N
RN
= —>—ac
e S

(11s)

380
I 190
-230

N ¢ B ‘
, > g ¢ 1
I | f = A I-190
=.460 | : %, # 1 -380
y -25 0 25
() aK
-

I1873

1373

v

U el
 _adh

873 -

I 373 3

v

-10 0 10
X (mm)

Fig. 3 Instantaneous direct image, PIV data and temperature measurement



CH4 turbulent premixed (¢ = 1.0)
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Fig. 4 Peak emission intensities at the flame fronts of turbulent premixed flame
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CH,/air turbulent premixed ( $=1.0)
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Fig. 6 Time evolution of measured equivalence ratio at local flame fronts
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CH,/air turbulent premixed (¢ = 1.0)
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Fig. 1 Time series measurements of flame velocity, flame

propagating angle and its thickness at flame cone
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Fig. 13 Time series chemiluminescence of OH* and CH*
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