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Abstract. Since PAH and soot cause atmospheric pollution, these emissions in practi-
cal combustors should be reduced. For that purpose, an approach for precise measure-
ment of PAH and soot concentrations is needed. In this study, we measured PAH and
soot of diffusion flames in a triple port burner. The coannular burner consists of three
concentric tubes, where air flows in both inner (central) and outer tubes, and fuel flows
in the annulus between these air tubes. Two diffusion flames are formed in the bound-
aries of fuel and air. To detect PAH and soot regions, the techniques of PAH-LIF (laser-
induced fluorescence) and soot LII (laser-induced incandescence) were applied. The
system of GC/MS was also used to obtain quantitative PAH concentration. Through
a comparison of LIF signal and PAH concentrations measured by GC/MS, LIF signals
correspond well to the major PAHs of benzene and naphthalene. When the longer ex-
citation wavelength was used, the higher-class PAH was better reflected in LIF signals.
For comparison, a diffusion flame in a co-axial burner (simply, double port burner)
was examined by changing the fuel and air flow rates. In the triple port burner, the
flame height is smaller than that of the double port burner, which could be caused by
the promoted mixing of fuel and air. Since PAH which is a precursory substance of soot
is decreased in the triple port burner, the total soot in flames is resultantly reduced.
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Nomenclature

I = signal of soot LII or PAH-LIF

r = radial distance

U; 4 = internal air flow velocity of triple port burner
Uyr = fuel flow velocity of triple port burner

Uz 4 = external air flow velocity of triple port burner
U4 = air flow velocity of double port burner

Ur = fuel flow velocity of double port burner

X; = mole fraction of species i
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z = axial distance
A = excitation wavelength of laser

1 Introduction

Recent years have witnessed the worsening of environmental problems
such as global warming and atmospheric pollution. One of the substances
which cause atmospheric pollution is particulate matter including soot, widely
emitted from diesel vehicles, combustion furnaces, and other applications
[1,2]. Especially, nano-particles are thought to cause asthma and lung cancer,
which makes it further desirable to reduce emission amounts. The precur-
sor substances known as polycyclic aromatic hydrocarbons (PAHs) are pro-
foundly related to soot formation [3-6]. New models for PAH and soot have
been proposed, captured by a detailed chemical kinetic mechanism [7,8]. Sim-
ilar to soot, PAH contains many carcinogens [9], making it necessary to re-
duce the emission amounts of PAH, as well. It is believed that, by measuring
PAH and soot following the study of the formation of these substances, will
thereby be possible to control their emissions. The emissions of PAH and soot
expectedly depend on the design and operating conditions of combustion de-
vices [10]. Thus, as for the reduction of PAH and soot, some fundamental
and challenging researches have been reported in many industrial applica-
tions including gasoline surrogate fuel [11], biomass combustion [5,12], and
coal combustion [13].

So far, we have focused on a triple port burner [14,15]. The burner con-
figuration is quite similar to a coannular burner for inverse diffusion flames
[16-18]. The burner has three concentric tubes, where air flows in both inner
(central) and outer tubes and fuel flows in the annulus between air tubes (see
Fig. 1). Then, there are two boundaries between fuel and air. We have ex-
amined the flame structure and combustion characteristics in the triple port
burner. Compared with the co-axial burner, the contact area between fuel and
air is larger, which enables the promotion of both substances” admixture and
reaction. Since the axis of symmetry lies in the oxidizer stream, rather than
the fuel stream, the temperature decays more quickly in the fuel rich regions
[17], which is confirmed in our simulation [14]. It is expected that PAH and
soot formations could be largely reduced.

In this study, both PAH and soot are measured in the triple port burner. In
order to discuss the PAH and soot, it is necessary to carry out two-dimensional
measurements with high resolution of time and space. Here, a laser-induced
fluorescence (LIF) technique is used to measure PAH, while a laser-induced
incandescence (LII) technique is used to measure soot [19-25]. These abili-



ties to detect very low concentrations of PAH and soot have been confirmed.
Although several experiments have been reported for measuring PAH using
LIF, one shortcoming of PAH-LIF is that it is difficult to specify the chemical
species of PAH. Then, attempts have been tried to measure species selectively
by choosing the laser excitation wavelength and the filter transmission wave-
length [26-28].

Here, PAH-LIF measurements at two different excitation wavelengths are
tested. Simultaneously, we measure PAH concentrations by means of GC/MS
[9,29,30], which enables the identification of chemical species with absolute
concentrations, and then compare the results of both sets of measurements.
We furthermore vary the flow velocities of supplied fuel and air, thus investi-
gating soot and PAH in flames at different flow conditions. For comparative
purposes, we also measure the soot and PAH in the co-axial burner (simply
referred to as a* double port burner” in this paper), then revealing the char-
acteristics of the triple port burner.

2 Experimental setup

21

Triple port burner

Figure 1 shows a schematic of the triple port burner. Originally, this burner
has been developed for the inverse diffusion flame in order to investigate
the phenomena in the turbulent buoyant fire plumes where the air is injected
into the gaseous fuel by turbulent eddies [16-18]. Due to the unique burner
configuration where the fuel is supplied between two air flows, the mixing
between fuel and air is promoted [14,15]. The internal air flow nozzle has an
inner diameter of 11 mm (rim thickness of 1 mm), the fuel flow nozzle has an
inner diameter of 17 mm, the external air flow nozzle has an inner diameter
of 57 mm, and mesh, along with glass beads having diameters of 3 mm, are
used to regulate both air flows. Propane was used for fuel. In experiments,
we used two triple port burners. We refer to this small-model burner in Fig. 1
as' triple port burner (S).” The flow velocity of air flowing in from the center
part (internal air flow velocity of U; 4) and the fuel flow velocity of Ur were
varied. However, the external air flow velocity of Us4 was fixed at 19.4 cm/s.
As for the coordinate system, r and z represent the radial and axial distances
from the center of the burner exit, respectively.

On the other hand, when carrying out GC/MS measurements, a large-
model triple port burner (L) was used in order to minimize the influence
of sampling probe insertion upon the combustion field. For the triple port
burner (L), the internal air flow nozzle has an inner diameter of 74 mm (rim
thickness of 1 mm), the internal fuel flow nozzle has an inner diameter of 88
mm, and the external air flow nozzle has an inner diameter of 102 mm. Be-



cause the central air injection port is large, air is supplied through a diffuser,
where the flow path is widened and the air flow velocity is subsequently uni-
form, after which air flow is further regulated by means of glass beads and a
two-ply mesh.

For comparison, we constructed the double port burner as reference [31-
34]. The fuel nozzle of this double port burner has an inner diameter of 11.1
mm (rim thickness of 1 mm), while the air flow nozzle has an inner diameter
of 101.6 mm. The fuel nozzle has the same cross-sectional area as that of the
triple port burner (S). The fuel volumetric flow rate being identical for both
burners, it is possible to compare the results at the identical fuel supply rate
at the same flow velocity. As for the double port burner, we varied the fuel
flow velocity (Ur). The air flow velocity was set to be the constant, so that
the volumetric flow rate of ambient air was made to be the same as that of
external air in the triple port burner (S).

To see the experimental conditions for two burners, flow conditions are
shown in Table 1. Typically, the Reynolds number was 350-1490 of internal
air flow for triple port burner (S), or 190-1520 of internal air flow for triple
port burner (L). In this case, the characteristic length was the diameter of the
internal air flow nozzle. The Reynolds number of fuel or external air flow
was much smaller. In the present experiments, the flow was almost laminar,
and the shear flow caused by the velocity difference between fuel and two air
flows was not intense.

Table 1
Burner type Uig Uyr (Ur) U4 (Up)
Triple port burner (S) | 9.27,17.0,26.9,39.4 cm/s 2.62cm/s 19.4 cm/s
Triple port burner (L) 3.9,194,31.0cm/s 2.8cm/s 19.4 cm/s
Doble port burner - 1.70,2.62,4.55cm/s | 5.94-19.4cm/s

2.2 Measurement system

The measurement of PAH concentration was carried out using the LIF
method. Figure 2 shows a setup for PAH-LIF system. The beam of a pulsed
laser was used to form a thin laser sheet for 2D imaging. A Nd:YAG-pumped
dye laser is frequency doubled to 283 nm to excite PAH [17,20]. The laser
energy was about 10 mJ/pulse. The fluorescence signal from PAH is gen-
erally detectable for only tens of nanoseconds after laser excitation whereas
LII signal from soot is detectable for hundreds of nanoseconds. The LII sig-
nal typically shows a sharp peak almost coincident with the laser pulse, but
has a longer characteristic decay time. The different temporal decay of the
emission process allows us to distinguish between LIF and LII signals [1,21].
Then, the same strategy was adopted, coupled with interference filters. In



addition, the third harmonic (wavelength of A= 355 nm) of the Nd:YAG laser
was also used for PAH excitation. The fluorescence from PAH was measured
with a gated image-intensified CCD camera (Hamamatsu Photonics C8484).
The CCD camera has a resolution of 1024 x 1024 pixels. In this measurement,
the laser beam thickness was about 400 4 m, and the resolution of the camera
was 23 4 m. The camera lens was equipped with a narrow band-pass filter
(FWHM = 10 nm) with the central wavelength at 450 nm [20,34]. The camera
gate width was set to be 50 ns. The data deviation in LIF measurement was
within 10 %. In order to quantitatively evaluate the PAH fluorescence sig-
nal, we used GC/MS (Gas Chromatograph-Mass Spectrometry, Shimadzu,
QP5050A) and a sampling probe, with a heated on-line connection between
them. Several columns were tested and the CBP middle bore capillary col-
umn (Shimadzu, CBP-1, 0.22mm 1.D.) was mainly used. As for the sampling
line, the pressure drop between the flame and the inlet of the quartz sampling
probe was set to ensure rapid quenching of reactions. The transfer line was
heated at 553 K. We measured the absolute concentrations of cyclopentadiene,
benzene, toluene, phenylacetylene, indene, naphthalene, and phenanthrene.
Calibrations were based on direct injection of pure compounds.

On the other hand, the LII technique was used to measure soot volume
fraction. For the light source, the second harmonic (wavelength of A= 532
nm) of the Nd:YAG laser (PRO-R10, manufactured by Spectra Physics) was
used [20-25]. A laser sheet was passed through the flame to heat the soot
particles up to incandescence temperature [35]. A band-pass filter (FWHM =
10 nm) with the central wavelength at 400 nm was installed in front of ICCD
camera [1,20,26]. The image intensifier gate width was 50 ns in order to elim-
inate light emitted from the flame and background. The data deviation in
LII measurement was within 10 % [32]. Although, in our preliminary exper-
iments, it has been confirmed that LII signal is proportional to soot volume
fraction [23], any calibrations were not conducted for both LII and LIF signals.
In comparing results of two burners, only relative concentrations of soot and
PAH were discussed.
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Figure 1: A schematic of triple port burner (S).
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Figure 2: A setup for PAH-LIF system.

3 Results and discussion

3.1 Appearance of flame

Figure 3 shows direct photographs of flames formed by the triple port
burner (S). In this case, the fuel flow and external air flow velocities were fixed
at Upr = 2.62 cm/s and Us4 = 19.4 cm/s, while the internal air flow velocity
was varied for U4 = 9.27, 17.0, and 26.9 cm/s. It is seen that, due to the
buoyancy effects, the flame largely fluctuates. Clearly shown in this figure,
very bright luminous flames are observed for all cases. Although it is not clear
that two diffusion flames are merged in downstream, two blue flames are
recognized near the burner rims between fuel and air nozzles. Later, the slice
image of the luminous flame obtained by LII measurements will be shown.



The flame length is dramatically shorter when the internal air flow velocity
is increased. For comparison, photographs of flames using the double port
burner are shown in Fig. 4. Fuel flow velocity was varied at Ur = 1.70, 2.62,
and 4.55 cm/s, while ambient air flow velocity was fixed at U4 = 5.94 cm/s.
Similarly, a luminous flame is observed whereas a blue flame is formed near
the burner rim. It is found that the flame length increases when fuel flow
velocity is increased. It should be noted that, different from the triple port
burner, changes in flame length are small even when ambient air flow velocity
is increased to U4 = 19.4 cm/s.

Here, results of both burners are compared at the same fuel flow velocity.
Based on Figs. 3 and 4, it is found that, even at the same fuel flow velocity,
the flame length of the triple port burner is shorter than that of the double
port burner. Interestingly, the flame length can be shorter when more air is
supplied from the internal air flow nozzle. This could be explained by the
fact that a mixing between fuel and air is promoted in the triple port burner,
because air is supplied into the interior of the fuel flow.
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Figure 3: Photographs of flames in the triple port burner (S) for (a) U4 =9.27cm/s,(b) Uy 4 =17.0cm/s, and
(c) Uya = 26.9cm/s; Upr = 2.62 cm/s.
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Figure 4: Photographs of flames in the double port burner for (a) Ur =1.70cm/s,(b) Ur =2.62cm/s, and (c)
Up =4.55cm/s.



3.2 PAH measurement

Figure 5 shows PAH-LIF images using the triple port burner (L), which are
single-shot fluorescence images. The fuel flow and external air flow velocities
were fixed at Upr = 2.8 cm/s and Uz = 19.4 cm/s, while the internal air flow
velocity was varied for U4 = 3.9, 19.4, and 31.0 cm/s. For PAH excitation, the
laser wavelength of 283 nm was used. Image area was in the range of 28 mm
0 r0 52mmand 8 mm O z O 32 mm, where the fuel port is located at 38 mm
0 r O 44 mm. Based on these images, the PAH regions approximately with 5
mm thickness are well visualized. Also, it is found that there are two separate
PAH regions in the upper stream, but they are merged in downstream. This
is because two different flames are formed in the triple port burner. Further-
more, increasing the internal air flow velocity causes a slanted LIF distribu-
tion to arise. Therefore, increasing U; 4 causes both flames to incline to one
side, which in turn causes variations in PAH regions. Then, a planar laser-
induced fluorescence (PLIF) technique is very useful to obtain the slice image
of PAH regions with high resolution of time and space.

Figure 6 shows radial distributions of PAH concentration measured by
GC/MS. The flow conditions are the same in Fig. 5. In this figure, mole frac-
tion of benzene, naphthalene, and phenanthrene, are shown. Only concentra-
tions of these PAHs were reported, and those of other species were very small
in case of triple port burner. Needless to say, it was a point-measurement, and
each plot was obtained when the gas at the sampling point was collected and
analyzed. The very fine probe (0.3 mm L.D., 0.8 mm O.D.) was used for bet-
ter spatial resolution. As seen in these profiles, it is found that there are two
peaks. The left peak around r = 36-38 mm corresponds to the PAH region in
the diffusion flame of internal air and fuel, and the right peak around r = 41-
43 mm corresponds to the PAH region in that of fuel and external air. These
profiles are similar, and the concentration of benzene is much larger.

Next, we compare these profiles with the PAH-LIF signal. The results are
plotted in Fig. 7. To see the relative variation of PAH profiles, the radial PAH
profile are normalized by the maximum value. As for the profile of PAH-
signal, the averaged profile using 100 fluorescence images is plotted, because
the flame fluctuates. Both are obtained at z = 10 mm, which is shown by
dotted line in Fig. 5. These profiles are normalized by the maximum values.
As seen in this figure, the LIF signal takes on almost exactly the same profile
as PAH distributions of benzene and naphthalene measured by GC/MS. In
general, the LIF signal may depend on the temperature due to the collision
quenching etc., which is confirmed to be less observed in this measurement.
In Fig. 6, since concentrations of phenanthrene and other PAHs are much
lower than those of benzene and naphthalene. Thus, it is confirmed that the
LIF signal corresponds well to these major PAH concentrations, and we can



discuss their emissions based on LIF signals.

Figure 5: PAH-LIF images of triple port burner (L) for (a) U4 =3.9cm/s, (b) Ujq =19.4cm/s, (c) Uja
=31.0cm/s.
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Figure 6: Profiles of PAH-LIF and mole fraction of (a) benzene, (b) naphthalene,

and (c) phenanthrene for Uj 4
=19.4 cm/s at z = 10 mm.
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Figure 7: Non-dimensionalized profiles of PAH-LIF and mole fraction of benzene, naphthalene, and phenanthrene
for Uj4 =19.4 cm/s at z = 10 mm.

3.3 Soot measurement

Figure 8 shows LII images to see soot regions, which are also single-shot
images. The triple port burner (L) was used. The flow conditions and the
image area are the same in Fig. 5. Two separate soot regions are observed. To
discuss PAH and soot regions, these radial distributions are compared. Since
the flame fluctuates, the averaged profiles are obtained using 100 images.

Figure 9 shows the radial distributions of PAH-LIF and LII signals at z = 20
mm, which are shown by dotted line in Figs. 5 and 8. In addition, the radial
distribution of PAH-LIF signal obtained at the laser excitation wavelength of
355 nm is shown. These profiles are normalized by the maximum values.
It is found that PAH region is observed within two soot peaks even when
different excitation wavelengths are used. However, by comparing two PAH-
LIF distributions, it is found that the distribution at 355 nm is rather shifted
toward the soot regions. This could be explained by the fact that PAH is a
precursor substance of soot, with PAH forming at an earlier stage than soot
particle growth. It has been reported that the higher-class PAH is measured at
the greater excitation wavelength [27,28]. In this measurement, it is confirmed
that the higher-class PAH is better reflected in signals when the excitation
wavelength is 355 nm. Indeed, PAH is detected near the fuel port in Fig. 5
whereas soot is not observed in this region [21].
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Figure 8: LIl images of triple port burner (L) for (a) U4 =3.9cm/s, (b) Uj4 =19.4cm/s, (c) U4 =31.0cm/s.

—o—LIF( A =283nm)
19 ——LIF( A =355nm) |

r, mm

Figure 9: Profiles of PAH-LIF and LIl signals of triple port burner (L) for Uy 4 =19.4 cm/s at z = 20 mm.

3.4 PAH and soot in flames

To make clear the PAH and soot in flames of the triple port burner, PAH-
LIF and LII measurements were conducted using the double port burner. Fig-
ures 10 and 11 show PAH-LIF and LII images for both burners, respectively.
These are single-shot images. To compare PAH and soot at the same flow con-
ditions, the triple port burner (S) was used. The fuel flow velocity was fixed
at Ur = Upr = 2.62 cm/s, while the internal air flow velocity in the triple port
burner (S) was at U4 =9.27, 17.0, and 26.9 cm/s. The external air flow veloc-
ity in the triple port burner (S) was at Uz = 19.4 cm/s, while the ambient air
flow velocity in the double port burner was at Uy = 5.94 cm/s. Image areas
were in the range of -20 mm O 7 0 20 mm and O mm O z O 70 mm. The
laser wavelength of 283 nm was used for PAH-LIF. As before-mentioned, the
flame in the double port burner is longer. Since it was not possible to cap-
ture the entire flame in one measurement, two images were taken. Due to the
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flame fluctuation, the upper image of LIl signals in Fig. 11 displays a left-right
misalignment at the boundary.

Since two diffusion flames are formed in the triple port burner, two sepa-
rate PAH and soot regions are formed. However, in downstream, these two
regions are merged. As seen in Fig. 10, the peak LIF signal of the triple port
burner is much smaller than that of the double port burner, which indicates
that PAH formation could be reduced by the triple port burner even at the
same fuel and air volumetric flow rates. In Fig. 11, as well, it is found that
the maximum soot concentration evaluated by the LII signal of the triple port
burner is lower. Therefore, PAH and soot concentrations are simultaneously
decreased in the triple port burner.
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Figure 10: Images of PAH-LIF signal of (a) double port burner, and triple port burner (S) for (b) Uy 4 =9.27cm/s,
(c) Uyp =17.0cm/s, (d) Uj4 =26.9cm/s.
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Figure 11: Images of LIl signal of (a) double port burner, and triple port burner (S) for (b) U;4 =9.27cm/s,
(c) U4 =17.0cm/s, (d) Uy4 =26.9cm/s.

However, in the triple port burner, the flames have large diameters, and
two separate flames are formed. There is a possibility that the total amounts
of PAH and soot throughout the combustion zone may increase, even when
peak PAH and soot concentrations are lower than those in the double port
burner. Then, by assuming the axial symmetry, the total PAH and soot in



flames were estimated using the following equation.

Itoml:// 2ntrl(r,z)drdz (3.1)
14

where I represents the PAH-LIF or LII signal. Figure 12 shows integrated
PAH-LIF signal. Results at different flow conditions are shown, using the
triple port burner (S). The internal air flow velocities of U 4 are 9.27,17.0, 26.9,
39.4 cm/s. The fuel flow velocity of Uyr and the external air flow velocity of
Uz, are 2.62 cm/s and 19.4 cm/s, respectively. Averaged values are plotted
using 100 images. For comparison, results using the double port burner are
plotted. The fuel flow velocity of Ur and air flow velocity of U4 are 2.62 cm/s
and 5.94 cm/s. To evaluate the variation of PAH at different flow conditions,
the ratio of the fuel volumetric flow rate to the total air volumetric flow rate is
calculated, which is the sum of the internal and external air flows. The overall
equivalence ratio is also shown. In fact, the total PAH amount is significantly
influenced by the changes in equivalence ratio [36].

It is found that the overall equivalence ratio is much lower than unity. That
is, within these conditions, the enough air was supplied to oxidize the fuel.
At any flow conditions, the total PAH of the triple port burner is much lower.
In the triple port burner, as the internal air flow velocity is increased, PAH
could be diluted. However, by integrating the PAH-LIF signals, it is found
that the total PAH is reduced.

Similarity, the total soot amount in flames for both burners were calcu-
lated. Figure 13 shows the integrated LII signals. The flow conditions are the
same in Fig.12. It has been reported that the soot formation is affectred by
the co-axial air flow in a jet diffusion flame [37]. Expectedly, it is found that
the total soot amount of the triple port burner is smaller. Additionally, the
soot is further reduced when Uj 4 is increased. Therefore, it is concluded that,
in comparison with the double port burner, the mixing between fuel and air
is promoted, because air is supplied inside the fuel flow. These are in accor-
dance with the flame height in Figs. 3 and 4. Resultantly, PAH which is a
precursory substance of soot is largely reduced, thereby decreasing the soot
amount. These results could be very useful to reduce pollutants including
PAH and soot by enhancing the mixing of fuel and air. In future, based on
the simulation results [14,15], we will see the flow field and local equivalence
ratio to discuss the effect of mixing on PAH and soot formations.

13
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Figure 12: Integrated LIF signals for total PAH emission at different flow conditions are shown. To evaluate the
variation of PAH emission at different flow conditions, the ratio of the fuel volume rate to the total air volume

rate is calculated.

Overall equivalence ratio

100000 . 0.|1 . 0]2 . 0.‘3
. D]ljaumer Us=3594cm/s
a T Uta = 9.27 e/
—, 8000} o TbﬂZUSﬂ?.ocms B
E % T burner Upy = 26.9
EP < TbuﬂlBTUl__\‘:39.4
7 6000 -
3
2 4000+ -
Q
v
2000+ S -
0 1
0 0.005 0.010 0.015

Qur/(Q147Qs4) or Qp/Qy

Figure 13: Integrated LIl signal for total soot emission at different fuel flow velocity is shown. Flow conditions
are the same in Fig.12.

4 Conclusions

In this study, by using PAH-LIF and LII, we evaluated PAH and soot in
flames of the triple port burner. Two different excitation wavelengths were
tested. Simultaneously, we measured PAH concentrations by GC/MS. The
fuel flow and air flow velocities were changed. For comparative purposes, we
also measured the soot and PAH in the co-axial burner (double port burner),



15

and then revealed the characteristics of the triple port burner. The following
conclusions were obtained.

(1) In PAH measurements, there are two peaks in the radial profiles. One corresponds
to the PAH region of internal air and fuel, and the other corresponds to that of
fuel and external air. Through a comparison of LIF signal and PAH concentration
measured by GC/MS, LIF signal matches the major PAH concentrations of benzene
and naphthalene. When the longer excitation wavelength is used, the higher-class
PAH is better reflected in LIF signals.

(2) Since two diffusion flames are formed in the triple port burner, two separate PAH
and soot regions are observed. However, in downstream, these two regions are
merged. When radial distributions of PAH and soot are compared, there are two
peaks in soot regions, with maximum PAH concentration existing between them.
This could be explained by the fact that PAH is a precursor substance of soot, with
PAH forming at an earlier stage than soot particle growth. Indeed, only PAH is
detected near fuel port.

(3) When PAH and soot concentrations of both burners are compared by keeping the
same fuel and air volumetric flow rates, these maximum values are greatly de-
creased in the triple port burner. By integrating PAH-LIF and LII signals, it is
found that total PAH and soot in flames are reduced. In the triple port burner,
when the internal air flow velocity is increased, the mixing between fuel and air is
further promoted, causing the flame length to be shortened with lower PAH and
soot amounts.
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