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ABSTRACT
The spatially resolved chemiluminescence at the flame front and anchor point of a laminar premixed propane/air flame was
measured in this study. The flame front structure, anchor point location, and local equivalence ratio were examined for
different values of the equivalence ratio φ ranging from 0.9 to 1.5 using the chemiluminescence spectra. Local pointmeasurements of the chemiluminescence were obtained using a developed Cassegrain optics system, which had a spatial
resolution of d = 0.08 mm and L = 0.6 mm, sufficient to measure the detailed location of the anchor point and the flame
front shape. The anchor point was not in the same location for different values of φ. The lower anchor point was located
0.3 mm above the rim and at a radial distance of 6.8 mm when φ = 1.0, 1.1, and 1.2, and the anchor point location trace was
a V shape. The equivalence ratio of the anchor point was calculated from the relationship of the OH*/CH* intensity and
the local equivalence ratio, and the measured value was constant for different values of φ. The detailed OH* and CH*
spectra demonstrated that the chemistry at the anchor point was dominated by the same processes for different
equivalence ratios. The local equivalence ratio at the anchor point was between 0.7 and 0.8 for all experimental
conditions. The temperature at the anchor point was estimated using the detailed OH* R and P branch intensity ratio
used for plasma diagnostics. The results indicate that the temperature at the flame front was relatively constant,
although the temperature at the anchor point showed remarkable changes that could be predicted from the heat loss.
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1. INTRODUCTION
Flame stabilization is an essential subject that requires investigation. It must be carefully controlled when using a
combustion apparatus, and is affected by recirculation, mixing, and diffusion. There have been many reports written
about flame holding mechanisms, and the detailed stabilization mechanisms have been intensively discussed (Law, C.K.,
et al. 2000; Chen, Y-C., et al. 2000; Wiiliams, F.A. 1985). Much research has focused on lift flames (Lee, B.J. et al. 1997;
Takahashi, F., et al., 1998; Ghosal, S., and Vervisch, L., 2001; Qin, X., et al. 2001; Kim, J., et al., 2002) and edge flames (Ko,
Y.S., et al., 2000; Favier, V., and Vervisch, L., 2001; Takagi, T., et al., 2002; Bradley, D., et al., 1996; Chen, R.H., et al., 1992;
Shay, M.L., and Ronney, P.D., 1998). The leading edge flame structure is also an important parameter that must be
understood in practical systems . Therefore, the interaction of the leading edge flame with an adjunct cold surface has
also been investigated (Takahashi, F., et al., 1998; Wichman, I.S., et al., 1999; Daou, R., et al., 2002). The attachment
mechanism is a key issue to understanding the flame holding mechanis m both in premixed and non-premixed flames. The
leading edge of the flame can be regarded as the anchor or stabilizing point. The stabilization point of a laminar flame
can be characterized by the local heat release, heat loss, burner dimensions and so on, but there are very few
experimental reports about the local equivalence ratio and its relationship to the anchor point of a laminar flame.
The detailed flame structure at an anchor point and its local stoichiometry must be demonstrated experimentally.
Chemiluminescence measurements have been performed to illustrate the detailed flame structure both in laminar and
turbulent flames (Docquier, N., and Candel, S., 2002; Docquier, N., et al., 2000; Ikeda, Y., et al., 2000; Kojima, J., et al.,
2000; Kojima. J., et al., 2003). Typical radicals, such as OH*, CH* and C2* have been measured, and used to identify the
flame front structure and burning velocity of turbulent premixed flames (Yoshida, A., 1988; Adel-Gayed, R.G., et al., 1986;
Summerfield, M.,et al., 1955; Samaniego, J.M., et al., 1995). The local flame-front structures in fundamental premixed
flames have also been investigated experimentally for laminar (Yoshida, A., 1988; Sinibaldi, J.O., et al., 1998; Chen, J.H.,
and Im, H.G., 1998; Louch, D.S., and Bray, K.N.C., 1998) and turbulent flames (Adel-Gayed, R.G., et al., 1986) and flame
structures at high pressures have been recorded (Kobayashi, K., and Kawazoe, H., 2000; Kobayashi, K., et al., 1998;
Ikeda, Y., et al., 2002). However, there are still many unknown parameters that are required for a complete understanding
of the leading edge flame structure.
Recent experimental and theoretical studies have investigated several meaningful quantitative correlations between the
chemiluminescent emission intensities and the flame structure parameters (Roby, R.J., et al., 1998). Moreover, the OH*
spectra profile has been correlated to the flame temperature (Lee, G.J, et al., 2000). The spatial distribution of the
vibrational temperature has also been obtained with a conventional two-line method using the C2* swan emission band
in preheated air-hydrocarbon flames (Walsh, K.T., et al., 1998). However, chemiluminescence measurements based on
optical techniques are required for combustion control and detailed combustion modelling (Docquier, N., et al., 2000;
Walsh, K.T., et al., 1998; Walsh, K.T., et al., 2000; Berg, P.A., et al., 2000). Therefore, a new optical measurement
technique was developed using a specially designed Cassegrain optics system to detect local flame emissions (Ikeda, Y.,
et al., 2000; Kojima, J., et al., 2000; Ikeda, Y., et al., 2002; Akamatsu, F., et al., 1999). Cassegrain optics has a high spatial
resolution of less than eighty micrometers in diameter. The system can be used to examine the local OH*, CH* and C2*
chemiluminescence to determine the structure of a premixed flame front; this is an original and valuable approach. Our
previous study demonstrated that the emission intensity ratios of OH*/CH* and C2*/CH* measured at the local flame
front were good markers of the equivalence ratio under atmospheric and high-pressure conditions (Ikeda, Y., et al., 2000;
Kojima, J., et al., 2000; Ikeda, Y., et al., 2002). The correlation of the OH*, CH* and C2* emission intensity ratios to the
local equivalence ratio in the spatially resolved reaction zone was used to investigate the chemistry and stoichiometry in
the stabilization region of laminar flames.
The purpose of this study was to obtain spatially and spectrally resolved chemiluminescent spectra in the leading edge
region of a laminar premixed propane/air flame by measuring the local flame emission with a Cassegrain optics system to
better understand the flame front Temperature, its location, anchor point location, and flame structure, as well as the
stoichiometry and attachment mechanisms of a laminar premixed flame.
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2. EXPERIMENTAL DESCRIPTION
The experimental setup is shown in Fig. 1. A Bunsen burner (inner diameter: 12 mm) was installed in open air conditions.
A propane/air gas mixture was supplied to the burner nozzle and controlled by a mass flow controller (Kojima
Instruments Inc., Air: Model 3200-1/4-AIR-10SLM, Propane: Model 3200-1/4-CH4-1.5SLM) to within 0.3% at full scale.
The air flow was fixed at 1.17 x 10-4 m3/s, and the propane flow was varied between 4.4 x 10-6 and 7.3 x 10-6 m3/s, over
which the equivalence ratio φ varied between 0.9 and 1.5. It was not possible to have a stable flame for the lower
equivalence ratio under these conditions. Room temperature air was supplied from the bottom of the chamber. A CCD
video camera was used to observe the flame.
The local chemiluminescence measurement system is also shown in Fig. 1. Cassegrain optics weas used to collect the
local flame emissions at the flame front (Ikeda, Y., et al., 2000; Kojima, J., et al., 2000; Ikeda, Y., et al., 2002; Akamatsu, F.,
et al., 1999). These were comprised of an optical UV grade fiber (core diameter = 100 µm, N.A. = 0.2) and a pair of
optimized mirrors: one concave (d = 200 mm), and one convex (d = 80 mm). The Cassegrain optics provided a high spatial
resolution by minimizing the spherical aberration of the pair of mirrors and avoiding chromatic aberration. The
theoretical spatial resolution of the optics was estimated using ray tracing. The effective control volume was defined
using the measured relative intensity rate, with a threshold level of e-2 times the peak value. The control volume was
estimated to be 80 µm in diameter, which was sufficient to detect spatially resolved flame emissions in the premixed flame
fronts. In order to minimize the effect of background light, a mask with a 10-mm slit was mounted on the front mirror.
The collected flame emissions were guided to a grating monochromator (Oriel, MS257) through the optical fiber. A CCD
detector coupled to an image intensifier (Andor, DH520) and two different gratings (300 and 2400 lines/mm) were used in
the monochromator. The wavelength resolutions of the respective gratings were 0.22 and 0.025 nm. The gain of the
image intensifier was maintained at a constant value for each measurement. The exposure time of the CCD detector was
0.2 ms.
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Schematic layout of experimental apparatus: Bunsen burner (Inner diameter 12 mm), monochromator
(grating: 300 and 2400 lines/mm)
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3. RESULTS AND DISCUSSION

Figure 2 shows a direct picture of the flame. The burner diameter was 12 mm. The anchor point was located 0.3 to 0.5 mm
above the rim, at r = 6.5 mm. The local CH* intensity distribution, measured by the Cassegrain optics system, is also
shown in the same figure. The flame front location measured by the Cassegrain optics system was the same as that
measured by the CCD camera. The flame front structure, attachment angle, location, and stoichiometry are of particular
interest in this study.
Figure 3 shows the local flame spectra at the cone as a function of the height (z = 4 mm, 1 mm, and the anchor point).
These were obtained using φ = 1.1 and a 300-lines/mm grating. The spectra were measured at the CH* maximum
intensity location, which could be determined at a resolution of 100 microns in the z direction. The anchor point was
located at the closest position, where the chemiluminescence intensities could not be detected. The chemiluminescence
intensities of OH*, CH* and C2* had the same peaks at all locations. The OH* intensities at z = 1 and 4 mm were almost
the same, while the CH* intensity at z = 1 mm was two-thirds of that at z = 4 mm. These intensities decreased
dramatically at the anchor point. There was also no remarkable C2* intensity at the anchor point. Typical emission
bands of OH*(0, 0) and CH*(0, 0) were clearly observed within the continuous background CO-O* emissions. The COO* (CO2*) emitters were characterized by a broadband emission spectrum, extending from 300 to 600 nm with no
apparent band structure. These were caused by the radiative recombination of CO with atomic oxygen (Gaydon, A.G.,
1974). The lower plot shows the detailed flame spectra at the anchor point for different equivalence ratios. The OH* and
CH* intensities at φ = 0.9 were extremely weak compared to those obtained with a higher equivalence ratio. The
strongest emission intensities were measured at φ = 1.1. The anchor point for these three conditions shifted slightly,
which will be discussed later in the text . These results demonstrated that the local chemluminescence spectra could be
measured at a standard flame front (z = 4 mm) and close to the leading edge, that is, the anchor point.
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Figure 4 gives the anchor point location as a function of the equivalence ratio. The local point measurements were
performed at a 100-micron resolution in the z direction and a 50-micron resolution in the r direction. The anchor point
locations for different equivalence ratios were not the same, and the equivalence ratio location trace was a V shape. The
anchor point near φ = 1.0 was the lower-most point, located at r = 6.75 mm and z = 0.3 mm, while the anchor point for the
lean flame was at a smaller radius and higher location and the anchor point for the rich flame was at a larger radius and
higher location. In these tests, the air flow was fixed while the propane flow was varied so that the total flow rate
changed. The anchor point of the lean flame was located towards the inner side due to the small flow rate and the heat
balance with the cool metal rim. In comparison, the rich flame had a faster flow rate and flame propagation speed. These
results can be explained by the flame speed diagram for different equivalence ratios, which shows that the maximum
flame speed occurs near φ = 1.0, while flames in lean or rich conditions are slower.
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More details of the flame structure at the anchor point can be observed from the flame spectra. In our previous study,
the chemiluminescent emission intensity ratios of OH*/CH*, C2*/OH* and C2*/CH* were identified as good markers for
detecting the local equivalence ratio in a premixed laminar flame front (Kojima, J., et al., 2000; Ikeda, Y., et al., 2002;
Walsh, K.T., et al., 1998). Furthermore, the chemiluminescence intensity ratio of OH*/CH* was less dependent on the
pressure, even though the individual chemiluminescence intensities changed with the pressure (Ikeda, Y., et al., 2002).
Figure 5 shows the relationship between these intensity ratios and the equivalence ratio. The three emission intensities
were measured carefully, and the detailed flame spectra shown in Fig. 3 at z = 4 mm were obtained. These results
demonstrated that the local flame equivalence ratio could be determined from the three emission intensity ratios, as
reported in our previous papers (Ikeda, Y., et al., 2000; Ikeda, Y., et al., 2002). The intensity ratio of OH*/CH* at the
anchor point is superimposed on the same figure using black circles. The intensity ratio of the anchor point was almost
constant for different equivalence ratios, even though the anchor point shifted outside the flame in rich conditions, as
shown in Fig. 4.
The flame structure at the anchor point should be based on the same chemical processes, regardless of the equivalence
ratio. To demonstrate this, the detailed flame spectra of OH* for different equivalence ratios were compared to those
measured at a standard flame front (z = 4 mm) in Fig. 6. The upper plots show the spectra that were measured at z = 4 mm,
and the lower plots show the spectra that were measured at the anchor point. The left-hand side spectra were normalized
using the OH*(0, 0) P-branch peak. The detailed OH* spectrum had much fewer discrepancies between different
equivalence ratios, both at z = 4 mm and at the anchor point. The OH*(0, 0) R-branch peak of the φ = 0.9 curve was
slightly lower than the curves for φ = 1.1 and 1.3. There were heat balances at the anchor point to provide sufficient heat
loss to the attached metal surface. These can decrease the flame temperature, especially at low equivalence ratios. The
temperature can be measured from the detailed OH* spectra, as demonstrated by plasma diagnostics (Laux, C.O., et al.,
2003). This will be investigated later in the text. A comparison of the detailed OH* spectra at different equivalence
ratios proved that the chemistry at the anchor point was the same for each condition, but the temperature or heat loss
varied. We will see this effect in more detail later in the text .
Figure 7 gives the flame front locations near the burner rim for different equivalence ratios. The anchor points for each
equivalence ratio were shown in Fig. 4; these were used to determine the flame front location and its shape close to the
attachment rim. The detailed flame spectra were measured with a 50-micron resolution in the r direction at different
heights, and the CH* peak location was used to identify the flame front location. As shown in the figure, the shape of
the flame front had a wider angle closer to the rim. The location of the anchor point was close to the metal rim at lower
equivalence ratios, and it shifted outwards as the equivalence ratio increased. The height of the anchor point also
increased slightly with the equivalence ratio. The anchor points for φ = 0.9 to 1.2 were at the same location, which was
also the location observed in Fig. 4. The flame front shifted a distance of about 200 microns in the r direction and 100
microns in the z direction over the range of equivalence ratios.
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The flame front location and its structure close to the rim at different equivalence ratios was not the same, but the
stoichiometry at the anchor point remained similar, as shown in Fig. 8. This result indicated that the flame structure and
chemistry at the anchor point were almost entirely dominated by the same chemical reaction mechanisms. At z = 1.0 mm,
the flame front location moved outwards as the equivalence ratio increased. The local equivalence ratios at the flame
front when φ = 0.9 to 1.2 did not change at z = 0.5 mm, but when z = 0.2 mm, the local equivalence ratios decreased to
between 0.7 to 0.9. For the rich flame with φ = 1.5, the local equivalence ratio decreased to 0.7 at z = 0.5 mm. It was found
that at the anchor point the flame front location and its structure for different equivalence ratios did not change; it
remained at a constant value and constant location.
The temperature at the anchor point cannot be measured directly. Therefore, we used the detailed OH* peak ratio to
determine the temperature, as demonstrated by plasma diagnostics (Laux, C.O., et al., 2003). As shown in Fig. 6, the
detailed OH* spectra were used to compare the peak intensities for different equivalence ratios, which were functions of
the rotational temperature. The intensity ratio of the OH* (0, 0) R-branch and (0, 0) P-branch are compared in Fig. 9. The
P/R intensity ratios had less discrepancies in the flame when z = 0.7 mm for different equivalence ratios, which indicated
that the flame temperature at those conditions was relatively constant. On the other hand, the P/R intensity ratio at the
anchor point varied from 0.78 to 0.86 for φ = 0.9 to 1.5. These results demonstrated that the flame temperature at the
anchor point was not the same for different equivalence ratios. We cannot provide an accurate estimate of the flame
temperature from this experiment, but the flame front location and its structure were measured with sufficient resolution.
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4. CONCLUSIONS
Spatially and spectrally resolved chemiluminescence spectra of premixed laminar propane/air flames were measured in
open air conditions. The spatially resolved chemiluminescence measurements were successfully performed at the flame
front and the anchor point locations for different equivalence ratios using a Cassegrain optics system. The anchor point
location and the flame structure were successfully determined from the detailed flame spectra. The anchor point trace
was a V shape, with the lower anchor point location at 0.3 mm in the z direction and 6.8 mm in the r direction. The
equivalence ratios of the anchor points were calculated using the relationship between the OH* and CH* intensity ratios
and the local equivalence ratio obtained at the standard flame front (z = 4 mm). The values were almost constant
between 0.7 and 0.8 for various equivalence ratios. The location of the anchor point moved outwards and increased in
height with the equivalence ratio, but the chemical processes at the anchor point were similar. The equivalence ratio of
the flame remained at a constant value when z = 0.5 mm, but it changed drastically close to the attachment rim. When φ =
1.5, the equivalence ratio decreased to 0.7 at z = 0.5 mm. The temperature of the anchor point, estimated from the OH* R
and P branch peak intensity ratios, suggested that the flame temperature for various equivalence ratios remained
relatively constant at the flame front but changed considerably at the anchor point.
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