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LIF-LIl measurements in a turbulent gas-jet flame

R. L. Vander Wal

Abstract Detection of soot by laser-induced incandescence
(LI) and fuel-rich (PAH containing) regions by laser-induced
fluorescence (LIF) is demonstrated in a turbulent, Re = 2500,
ethylene gas-jet diffusion flame. Simultaneous combined
LIF-LII images allow identification of regions containing PAH
or soot and their relative spatial relationship. Separate LII
images confirm the identity of the soot containing regions
shown in the LIF-LII images. Variations in the size, structure,
spatial location and intensity of the PAH and soot containing
regions are shown qualitatively in the images and quantified
through histograms of image intensities and spatial extents.

1

Introduction

Significant pyrolysis within fuel-rich regions prior to oxidizer
entrainment leads to PAH and soot which are more difficult
to oxidize and creates the potential for emission of unburnt
fuel products in a range of practical combustion processes
(Longwell 1984). To provide a fundamental understanding of
fuel/air mixing and burning in practical combustion processes,
laboratory studies have focused on turbulent diffusion flames
as model systems. Ionization (Lockwood and Odidi 1975),
chemical (Nishida and Mukora 1982), and optical probes
(Copalle and Joyeux 1994), absorption followed by tomo-
graphic techniques (Nyden et al. 1996), laser-induced fluores-
cence (Tait and Greenhalgh 1994), and laser-light scattering
(Dasch and Heffelfinger 1991; Miake-Lye and Toner 1987;
Turns et al. 1989; Lysaght et al. 1982; Chen and Roquemore
1986) have revealed various aspects of the structure of
turbulent diffusion flames. One- and two-dimensional laser
light scattering studies were particularly useful in revealing
the soot distribution within soot containing turbulent
diffusion flames (Dasch and Heffelfinger 1991; Miake-Lye and
Toner 1987; Turns et al. 1989). In each of these laser-light
scattering studies from soot, large soot-free pockets were
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observed throughout a range of axial heights. These regions are
often enveloped by soot containing regions and soot streaks.

A prime motivation of the soot scattering investigations
was to visualize soot zones as markers for the flame front
(Miake-Lye and Toner 1987; Turns et al. 1989). Instantaneous
planar visualization of flame front locations within turbulent
diffusion flames can provide data to test flamelet models of
turbulent flames by serving as a surrogate indicator of the
flame front location and measure of flame surface area (Turns
et al. 1989). Spatial location of the fuel-rich regions in relation
to the soot containing regions would also aid modelling studies
of soot formation coupled with radiation within turbulent
diffusion flames (Young and Moss 1995). In the turbulent
diffusion flames studied by light scattering, the fuel/air ratio on
either side of the soot containing regions remains unidentified
and could correspond to either fuel-rich or fuel-lean regions
(Prado et al. 1976). Unambiguous location of the flame front
location and curvature requires knowledge of the fuel-rich side
of the soot zone thereby locating the flame as opposite of the
fuel-rich region.

To locate fuel-rich and soot containing regions within
a model turbulent flame, simultaneous laser-induced fluores-
cence (LIF) and laser-induced incandescence (LII) (denoted as
LIF-LII images) images were collected. LII has been widely
demonstrated for the detection of soot within diffusion flames
(Vander Wal and Weiland 1994; Quay et al. 1994; Vander Wal
and Dietrich 1995; Ni et al. 1995; Shaddix et al. 1995; Cignoli
et al. 1994; Vander Wal et al. 1996a, b; Vander Wal 1996a, b, c).
Compared to scattering, LII should yield a superior measure of
the soot concentration and distribution since the signal is
proportional to soot volume fraction (Melton 1984; Hofeldt
1993). LIF within fuel-rich regions of diffusion flames is
considered to arise from PAHs (Smyth et al. 1985; Gomez et al.
1987; Vander Wal et al. 1996b; Vander Wal 1996Db, c¢). Con-
versely, fuel-lean regions do not contain PAHs due to the lack
of reactants and likely concurrent oxidation processes.

Recently simultaneous LIF and LII images have been
obtained within laminar diffusion flames successfully revealing
both fuel-pyrolysis (PAH containing) and soot containing
regions along flow streamlines (Vander Wal et al. 1996b;
Vander Wal 1996b, c). Since simultaneous LIF-LII images may
be obtained using a single laser-shot, the combined fluores-
cence/incandescence imaging technique is ideally suited for
time-varying asymmetric combustion processes such as turbu-
lent flames. To clearly distinguish the soot and PAH containing
regions revealed by the LIF-LII images, separate but equiva-
lent (separate in time, identical in spatial location) LII images
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were also obtained. Histogram analysis of the LIF-LII and LII
images quantify the spatial distributions of the PAH/soot in
both formation and oxidation processes at different axial
heights within the flame.

2

Experimental

The experimental configuration is similar to previous measure-
ments (Vander Wal et al. 1996a, b). Light at either 1064 or
266 nm was used for LII and combined LIF-LII measurements
respectively. An 8 x Galilean telescope of spherical UV fused
silica lenses followed by a pair of positive spherical cylindrical
lenses and an aperture formed the 266 nm light into a 50 mm
high laser sheet. An 8 x Galilean telescope followed by

a 1500 mm spherical cylindrical lens formed the 1064 nm light
into a laser sheet. Each laser sheet passed through the jet
centerline. Based on pulsewidths of 10 and 5 ns for the 1064
and 266 nm light, estimated laser sheet intensities were 7 x 10
and 8 x 10° W/cm’ respectively. Due to varying soot loading in
the annular region, the calculated laser intensities must be
considered an upper bound for the laser intensity at the jet
centerline.

Previous measurements of the LII signal dependence upon
excitation laser intensity have shown an initial steeply rising
portion followed by a “plateau” region (Vander Wal and
Weiland 1994; Ni et al. 1995). In this region, the LII signal is
rather independent of the precise value of the laser intensity.
Additionally, typical laser shot-to-shot energy fluctuations are
small relative to the absolute laser energy in this regime.
Experiments reported here using 1064 nm light as the excita-
tion wavelength were performed in this intensity range. Those
performed using 266 nm light to excite incandescence were
near the onset of this range. Prior experiments have also shown
that the fluorescence is saturated at these laser intensities
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Fig. 1. Experimental diagram

(Vander Wal et al. 1996b; Vander Wal 1996b). Decreasing the
266 nm excitation intensity by j resulted in less than a 10%
decrease in the LIF signal level. Thus the simultaneous LIF-LII
and separate LII images were not normalized for laser sheet
intensity variations.

Opposing gated intensified cameras fitted with ultraviolet
f4.5/105 mm (adjustable) focal length camera lenses and
40 mm extension tubes captured the LII (using 1064 nm
excitation) and simultaneous LIF-LII images (using 266 nm
excitation). The object magnification yielded a pixel resolution
of 27 pixels per millimeter. The actual spatial resolution,
determined by using a replica of the 1951 Air Force imaging
standard was found to be approximately 70 um. Bandpass
interference filters transmitting 400450 nm preceded the
gated intensified array cameras. Frame-grabbers digitized the
images for transfer to the host computer. Delay generators
controlled the relative timing of the camera video signals,
the firing of the laser and camera detection gates. The delay
between the 266 and 1064 nm excitation pulses was 1100 ns
thereby yielding essentially simultaneous LIF-LII and separate
LII images. The ethylene flow rate through the 1 mm inner
diameter vertically oriented stainless tube was 3.0 slm resulting
in a lifted flame and cold flow Reynolds number of 7500. The
approximate visible flame length was 30 cm.

3
Simultaneous paired LIF-LIl images

3.1

LIF and LIl signal interpretation

Light at 1064 nm has been demonstrated to excite incandescence
while not creating photochemical interferences or exciting
fluorescence (Vander Wal and Weiland 1984; Vander Wal et al.
1996a, b; Vander Wal 1996b). Spectrally resolved emission
scans of the laser-induced signal (fluorescence/incandescence)
using 266 nm light have similarly indicated an absence of
photochemical interferences within the fuel-rich region of
laminar ethylene diffusion flames (Vander Wal et al. 1996b;
Vander Wal 1996b). Although interferences can arise within
soot containing regions (Bengtsson and Alden 1991; Beretta
et al. 1992) other investigators have found these interferences
to provide an accurate surrogate measure of the soot concen-
tration (Bengtsson and Alden 1995). In the experiments by
Bengtsson and Alden, laser excited fluorescence from vaporiz-
ed C, molecules (from the laser-heated soot) was used as

a measure of the soot concentration. The excitation
wavelengths used in the present study, 1064 and 266 nm,

do not coincide with any resonant electronic transitions of
potential vaporized species from soot such as carbon atoms,
C, and C; molecules. Thus images obtained using 266 nm
excitation should accurately reveal both soot and PAH
containing regions.

With laser intensities greater than 5 x 10° W/cm? at 266 nm,
the incandescence from typical soot concentrations within
these laminar flames has appeared more intense (roughly
2-3 x ) than the PAH fluorescence thus serving to distinguish
PAH and soot containing regions (Vander Wal et al. 1996b;
Vander Wal 1996b, c). These observations agree with expecta-
tions that molecular fluorescence would saturate at far lower
laser intensities than laser-induced incandescence (Eckbreth



1988). LII has been widely recognized as presenting over-
whelming signals to other optical diagnostics such as CARs
(Eckbreth et al. 1986). Alternatively, the PAH and soot
containing regions shown in the LIF-LII images may be
differentiated by comparison to separate LII images as
demonstrated here.

In principle, complimentary experiments to detect the PAHs
by using laser intensities insufficient to cause incandescence
would more clearly distinguish PAH from soot containing
regions. In practice, insufficient PAH fluorescence signal
intensity was attainable at laser intensities that did not result in
incandescence from soot. Hence higher laser intensities were
used to produce simultaneous LIF-LII images to illustrate
by comparison with separate but temporally coincident LII
images the PAH containing regions within the turbulent flame.
With the fastest measured turbulent velocities on the order of
10 m/s, in the 1.1 ps separation between the 266 and 1064 nm
light pulses, the flow may be considered stationary. Addition-
ally, this time separation allows the LII excited by the 266 nm
light to decay prior to detecting the LII excited by the sub-
sequent 1064 nm light pulse.

3.2

Image results

Figures 2—4 show simultaneous LIF-LII images obtained by
using 266 nm excitation and nearly temporally coincident LII
images obtained using 1064 nm excitation. Representative
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Fig. 2a—f. Simultaneous LIF-LII images (a, c, e) obtained using

266 nm excitation and separate LII images (b, d, f) obtained using
1064 nm excitation. The extent of each image is from 7.6 to 9.5 cm
above the burner. The spatial scale is in millimeters. The white arrow
locates the jet centerline axis for each column of images

images were selected at each of the three heights. The three
LIF-LII and corresponding but separate LII image pairs are
temporally uncorrelated within each figure. The lower height of
the images shown in Figs. 2—4 begin at 7.6, 13.1 and 18.6 cm
above the burner. In each figure, the LIF-LII images are shown
in the left column while the LII images appear in the right
column. The LII images reveal soot incandescence while the
LIF-LII images contain both incandescence from soot and
fluorescence from PAHs. Comparison of the LIF-LII images
with the corresponding LII images distinguishes the fluores-
cence from the incandescence.

As observed in the LII images in Figs. 2b, d and £, low in the
flame the soot containing regions appear as elongated narrow
streaks often oriented vertically. Both small and large scale
vortex motions are indicated by the size variation of the curved
soot streaks. As shown in Figs. 2a, ¢ and e, PAH regions,
revealed by fluorescence, generally appear near the jet axis
while soot containing regions, revealed by incandescence,
generally appear away from the jet axis. While soot often
borders the fluorescing regions, both soot and PAH regions
border dark regions (nonfluorescing and nonincandescing).

Comparison of the simultaneous LIF-LII and LII images in
Fig. 3 higher in the flame reveals soot containing regions which
are significantly larger in spatial extent, appearing both as
streaks and pockets compared to the lower axial height. Similar
to Fig. 2, the PAH containing regions are located nearer the jet
centerline while soot containing regions are located along the
outer periphery of the flow. There also is an absence of “dark”

Fig. 3a—f. Simultaneous LIF-LII images (a, c, e) obtained using

266 nm excitation and separate LII images (b, d, f) obtained using
1064 nm excitation. The extent of each image is 13.1 to 15.0 cm above
the burner. The spatial scale is in millimeters. The white arrow locates
the jet centerline axis for each column of images
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Fig. 4a—f. Simultaneous LIF-LII images (a, c, e) obtained using

266 nm excitation and separate LII images (b, d, f) obtained using
1064 nm excitation. The extent of each image is 18.6 to 20.5 cm above
the burner. The spatial scale is in millimeters. The white arrow locates
the jet centerline axis for each column of images

or nonfluorescing regions in the instantaneous LIF-LII images
at this height.

At the highest axial height shown in Fig. 4 no PAH fluores-
cence is observed by comparison of the LIF-LII and LII images.
Soot structures are largely connected and generally are located
along the jet centerline. Regions of low intensity in the LIF-LII
images which often corresponded to fluorescence now repre-
sent low soot concentrations as seen by comparison with the
separate LII images.

33
Image discussion
The thin soot streaks of low soot and PAH concentrations
at the lowest axial height is consistent with soot formation
processes being in the earliest stages. Since the PAH producing
and soot formation reactions require a finite temperature—time
product, their appearance indicates that a minimum threshold
in temperature—time has been achieved. At this lowest axial
height, little time at elevated temperature has elapsed for fuel
pyrolysis and soot formation/growth reactions to occur.
With increasing integrated temperature—time, soot forma-
tion/growth continues resulting in the increased soot concen-
tration at higher axial heights as seen in Fig. 3. Similarly, PAH
formation/growth also continues with increasing integrated
temperature—time resulting in higher PAH concentrations in
the fuel-rich regions. That the dark regions near the jet axis
seen in Fig. 2 correspond to fuel-rich regions of unpyrolyzed

fuel is suggested by the absence of such regions at higher axial
heights as in Fig. 3. If turbulence had caused air-entrainment
resulting in these dark regions being fuel-lean, then persistence
of these regions and additional air-entrainment would be
expected to be observed at the higher axial height shown in
Fig. 3 as well. Thus the non-fluorescing and non-incandescing
regions near the jet axis seen in Fig. 2 likely have not yet
reached the minimum threshold in temperature—time.

At the highest axial height illustrated by Fig. 4, depletion
of PAHs through both soot growth processes and oxidation
likely account for the absence of PAHs. Turbulence acts to
both break up fuel-rich regions and entrain oxidizer into the
fuel-rich regions. Since molecular oxidation proceeds at far
faster rates than soot oxidation, it is not surprising to find large
regions of unoxidized soot yet no PAHs as seen by the high
similarity between the LIF-LII and LII images. Because PAHs
are likely to oxidize last among molecular fuel pyrolysis
products due to their high thermal stability, at large axial
heights any enclosed regions bounded by soot are likely to be
fuel lean as demonstrated by the absence of fluorescence in the
LIF-LII images.

Typically fuel-rich regions within both laboratory flames
and practical combustion devices are visualized by laser-
induced fluorescence of a fuel tracer such as acetone or
acetaldehyde (Lozano et al. 1992; Arnold et al. 1990). The
spatial extent of the fluorescence will provide a measure of
both the extent of mixing and the flame position relative to the
unburnt reactants. Often significant concentrations of the
fluorescing additive are required. Not only does the fluores-
cence intensity vary with temperature (Suntz et al. 1991) but
the fuel tracer pyrolyzes at temperatures well below those at the
flame (Arnold et al. 1990). Unlike these other popular fuel
tracers PAHs survive at high temperatures without undergoing
fragmentation by virtue of resonance stabilization (Stein and
Fahr 1985). Moreover PAHs arise as natural fuel pyrolysis
products and so serve as natural fuel tracer species in soot
forming flames. The first appearance of PAHs within a flame
identifies gas volume elements that have experienced sufficient
temperature—time histories to produce PAHs. Conversely, the
absence of PAH fluorescence in the images obtained using
1064 nm excitation highlights the ability of LII to detect only
solid carbonaceous soot apart from fuel pyrolysis products
when using long wavelength excitation.

34

Image statistical analysis

The image statistics presented here are intended to illustrate
the statistical trends in the soot concentrations and spatial
extent of PAH versus soot containing regions. Although the
means of the distribution converged rapidly, the shape of the
distributions (as judged by the distribution moments) did
not. Some distributions exhibit asymmetry with some sharp
transitions between adjacent bin intervals as shown below.
While this can be partially attributed to the binning, because
there is no apriori reason to expect such characteristics, these
features suggest that a statistically converged sample has not
yet been achieved. The purpose of the histograms was to
illustrate methodology for extracting quantifiable information
regarding the extent of fuel pyrolysis and/or soot distribution
(spatial and concentration). As the introduction indicates,



such information is likely to be the type of experimental data
that can be compared with modelling calculations of soot
formation within turbulent diffusion flames.

In a laser-induced image, two quantities are readily defined.
The white count (WC) is calculated here as the summed
intensity of all pixels composing the image. A count of all
pixels containing a nonzero value may be defined as the
number (N). From a series of such images, a histogram of each
quantity can be compiled. As each histogram represents a
statistical distribution of the quantity of interest, both the
average and width of the distribution are of interest.

While the N histograms provide a measure of the spatial
extent of the quantity, the WC histograms provide a measure
of the intensity. In the LII images, the WC histograms are
proportional to the spatially integrated soot concentration.
Comparison between the N histograms of the LIF-LII and
separate LII images reveals the spatial extent of the PAH
containing regions relative to those containing soot. While
comparison between histograms computed from temporally
equivalent LIF-LII and LII images would be most instructive,
equipment and data storage limitations dictated that the
histograms be obtained from temporally uncorrelated LIF and
LII images obtained separately.

Figures 5a—c shows the WC histograms computed from
a series of 210 individual LII images obtained at each axial
height. For ease of presentation, each histogram has been
equally scaled along the abscissa. The average value of the
distribution provides a relative value of the soot concentration
over each spatial location while the width provides a measure
of the fluctuation. The distribution mean is indicated in each
figure. As is suggested by the LII images of Figs. 2—4, the soot
concentration increases with increasing axial height since soot
formation/growth times increase with increasing axial posi-
tion. This is verified by the mean value of the histogram inten-
sity distributions shifting towards ever larger values with
increasing axial height. The low average value in Fig. 5¢
reflects the onset of soot formation with many images contain-
ing very little soot. The conclusion of soot formation prior
to significant oxidation is signalled by the average of the
distribution shown in Fig. 5a, corresponding to the highest
axial position, being the largest among the three heights
studied.

While no particular functional form is expected for the
distributions, the width of each distribution offers a measure of
the fluctuation in the spatially integrated soot concentration
within each imaged section of the flame. At the lowest axial
height, the narrow distribution illustrated in Fig. 5c likely
arises from intermittency in the soot formation reactions
caused by turbulent fluctuations. The inset in Fig. 5c shows the
distribution expanded 10 x . The asymmetry in the distribution
seen on this expanded scale again reflects the high probability
of many images containing very little soot. At the highest
axial height, both flame motion and varying amounts of
air entrainment due to turbulent mixing likely control the
distribution width. The narrow and highly peaked soot
distribution in the central region of the flame indicates that
fluctuation in the spatially integrated soot concentration
is least across this section of the flame. Possible roughly
comparable rates of soot formation/growth and oxidation may
account for the relative lack of fluctuation. Variations in the
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Fig. 5a—c. Histograms of the white count (WC) of pixel intensity from
210 temporally uncorrelated LII images at the axial positions corres-
ponding to Figs. 2—4. a Panel corresponds to image data 18.6—-20.5 cm
above the burner (illustrated by Fig. 4); b panel corresponds to image
data 13.1-15.0 cm above the burner (illustrated by Fig. 3); ¢ panel
corresponds to image data 7.6-9.5 cm burner (illustrated by Fig. 2)

LIF quantum yield with temperature prevent similar compari-
son of the LIF intensities.

Figures 6a—c show a comparison between the N histograms
of the LIF-LII and separate LII images at each axial position
studied. For ease of presentation, each histogram has been
equally scaled along the abscissa. Each histogram was cal-
culated from 210 images. The histogram corresponding to the
LIF-LII images reflects both PAH and soot containing regions
while that from the LII images reflects only the soot containing

285



286

Image Spatial Extent Histograms
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Fig. 6a—c. Histograms of the number (N) of pixels containing
nonzero values from 210 temporally uncorrelated LIF-LII and
separate LII images at the axial positions corresponding to

Figs. 2—4. a Panel corresponds to image data 18.6—20.5 cm above
the burner (illustrated by Fig. 4); b panel corresponds to image
data 13.1-15.0 cm above the burner (illustrated by Fig. 3); ¢ panel
corresponds to image data 7.6-9.5 cm burner (illustrated by Fig. 2).
Multiply each category by 19.1 to find the spatial coverage of each
quantity in square millimeters

regions. As shown by comparison between the LIF-LII and LII
histograms at the lowest indicated axial height illustrated

in Fig. 6¢, both the distribution width and mean value of

the LIF-LII images is greater than those of the LII images
reflecting both the significant amount of PAH present and
variability in their formation due to turbulence. The difference
between the histograms indicates the relative spatial extent

of the PAH relative to the soot containing regions. Since many
images did not contain detectable soot many of the “LII”
images were blank and thus did not contribute to the LII
histogram. As both PAH and soot formation/growth reactions
continue, both the LIF-LII and LII N distributions reflect the
increased amount of each species as measured by spatial
extent. This is readily observed by comparison of the distribu-
tions in Fig. 6b (the intermediate axial height) to those in
Fig. 6¢ (the lowest axial height). At this axial height, the PAH
regions still comprise a larger spatial extent than the soot
regions. At the highest axial height, the close correspondence
between the two histograms shown in Fig. 6a indicates that
PAH regions are absent. This is attributed to PAH oxidation
preceding soot burnout.

5

Conclusions

PAH regions of the flame may be visualized via LIF. Soot
containing regions may be located by the higher intensity level
of the incandescence signal or, as demonstrated here, by
comparison of simultaneous LIF-LII and separate LII images.
Since the LIF-LII image may be obtained with a single laser
shot, the combined fluorescence/incandescence technique is
widely applicable to transient asymmetric combustion pro-
cesses. Variations in the size, structure, spatial location and
intensity of PAH and soot regions are visualized via LIF-LII
and separate LII images. Defining fuel-rich regions locates the
flame front and curvature by spatially establishing the fuel-rich
side of the soot streaks and regions. Statistical analysis using
histograms of the LII images quantifies the variation in soot
concentration with axial height and the fluctuation at each
height. Comparison of the LIF-LII and LII histograms quan-
tifies the relative spatial extents of the PAH and soot containing
regions.
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