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Abstract

Polycyclic aromatic hydrocarbons (PAHs) are the carcinogenic components of soot. Detailed
understanding of PAH formation characteristics is required for development of effective strategies to
curtail PAH formation and reduce soot in combustion devices. This study presents an experimental
methodology to analyse PAH formation characteristics of a non-premixed methane-air flame with and
without hydrogen (H>) addition, using simultaneous planar laser induced fluorescence (PLIF) imaging
of PAH and hydroxyl radical (OH). OH PLIF was used to represent peak temperature regions in the
flame front. One-dimensional, opposed-jet laminar non-premixed flame simulations were also carried
out for the same fuel mixture conditions. This work describes comparison of trends from both sets of
studies. PAH fluorescence intensity values were observed to increase with increasing height above
burner, however this rate of increase reduced with H; addition. This observed rate of change in PAH
fluorescence (that is, PAH growth characteristics) is indicative of the sooting potential of the fuel
mixture. PAH fluorescence from experiments and PAH concentration from simulation show strong
reduction with increase in H, addition. The percentage reduction in PAH fluorescence signal with H;
addition closer to the burner tip was of a similar magnitude to that observed with flame simulations.
The reduction in PAH with H; addition could be attributed to the reduction in acetylene and propargyl
concentrations, and reduced H-abstraction rates, which reduced the availability of active sites for PAH
growth. The proposed experimental methodology for PAH measurements can be readily applied to any

fuel mixtures.
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1. Introduction

Anthropogenic activities are a major source of air pollution globally due to exhaust emissions from
automobiles, aircrafts and industrial plants. Soot has been identified as a particularly toxic emission due
to the presence of polycyclic aromatic hydrocarbons (PAHS) that are adsorbed on exhaust soot particles.
PAHs are precursors of soot and consist of two or more benzene rings arranged in a variety of
configurations. PAHSs can persist long-term in the environment, often being carried over long distances
without degradation. As an example, PAHs emitted in the UK have been detected as far as southern
Norway [1]. Chronic exposure to PAHSs is toxic to humans due to their carcinogenic properties by which
PAHSs induce mutagenic changes in human DNA, resulting in various malignancies, along with other
adverse health effects such as weakened immune system and impaired lung function [2,3]. Hence, PAHSs
have been identified as serious health hazards, with various agencies, such as USEPA (United States
Environmental Protection Agency) and IARC (International Agency for Research on Cancer),
classifying PAHs with 2-6 rings having the most toxic potential.

In order to develop effective measures to reduce the toxicity of exhaust, it is essential to understand the
complex processes which lead to PAH formation, and subsequent soot production. Open flame
configurations can provide vital information in this regard, and both premixed and non-premixed flames
have been used [4-11]. However, non-premixed flames have been observed to be more suitable to
effectively track the early stages of PAH formation (such as acetylene production), and to understand
the effect of fuel molecular structure on soot production [12]. In addition, it has also been observed
that it is possible to classify PAHs based on their sizes in diffusion flames, which is not feasible in
premixed flames [13]. Two types of non-premixed flame configurations are commonly used for PAH
studies, normal diffusion flames (NDF) and inverse diffusion flames (IDF); in the NDF configuration
the central fuel flow is surrounded by the oxidiser, while the configuration is reversed in IDF. Blevins
et al.[14] established the similarity in the chemical and morphological properties of soot formed from
both flames. However, investigations have reported difficulties in studying particle precursor formation
in NDF because the combustion products convect towards the main reaction zone of the flame and get
oxidised [4,5]. On the other hand, the IDF configuration favours the formation of relatively larger
amounts of PAHSs and soot, as the combustion products get formed on the fuel-rich side of the flame
and avoid undergoing significant oxidation. Furthermore, a study by Dobbins [15] observed that
nanoparticles sampled from inverse diffusion flames (IDF) had similar chemical composition to those
found in diesel engine exhaust. Hence, the IDF configuration is more suitable for the study of PAHS,

and relevant to real world combustion applications.

A variety of optical and non-optical techniques exist to study PAHs produced during combustion, and
to provide information regarding their speciation and concentrations. The use of the non-intrusive planar

laser induced fluorescence (PLIF) technique to detect PAHSs in open flames is preferred over intrusive



techniques (such as collecting samples using microprobes or microfilters), as it does not interfere with
the flow field or disrupt concentration profiles [16], and can provide qualitative spatially and temporally
resolved details of PAH formation in the flame. Several studies have successfully employed the laser
induced fluorescence (LIF) technique in the study of PAH formation [6-8,17]. Liu et al. [9] studied the
effect of doping laminar gasoline flames (in a NDF configuration) with various alcohols (methanol,
ethanol and n-butanol) on PAHSs using PLIF. They observed that increasing the alcohol ratio decreased
PAHs monotonously with methanol reported as having most significant effect in inhibiting the PAH
growth process. Yamamoto et al. [18] compared the PAH LIF signal with quantitative PAH
concentrations obtained using the Gas Chromatography/Mass Spectrometry (GC/MS) sampling
technique in a propane flame in IDF configuration. The authors reported a good correlation between the
profiles of the PAH LIF signal and the quantitative concentrations of benzene and naphthalene.

Many researchers have investigated experimentally the addition of secondary gases (hydrocarbon and
non-hydrocarbon) to hydrocarbon flames to reduce PAH formation [10,11,19-23] and soot [24-31].
Zhang et al. [10] investigated the effect of adding CO, and water vapour in ethylene/oxygen/argon
flames on PAH formation, and reported a monotonic decrease in PAH LIF signal intensities as the
proportion of CO, and water vapour (H20) were increased. In addition, the authors observed greater
PAH reductions with water vapour addition as compared to CO,. The authors suggested the following
explanation for this observation. The addition of CO. reduced the reaction rate of the CO + OH <> CO>
+ H, depleting the concentration of the H radical and increasing OH concentration, thereby enhancing
oxidation rates. However, the addition of water vapour reduced the forward reaction rate of OH + OH
<> O+ H;0 and CH3 + OH <> CHy* + H,0, resulting not only in increased OH concentrations, but also
reduced benzene concentrations (and hence supressed PAH formation). Wu et al. [11] studied the
addition of dimethyl ether (DME) to ethylene-air premixed flames, and concluded that the reduction in
PAHSs could be attributed to both the increase in the concentrations of oxidising radicals, OH and O,
and the decrease in the amount of carbon that is available to form PAHs. The experimental results were
in good agreement with modelling work done in the same study. Park et al. [28] showed that the
addition of toluene to n-heptane resulted in a linear increase in PAH LIF signal, attributable to the
increase in benzyl radicals as the proportion of toluene was increased in the mixture. Hydrogen (H,)
addition has been found to reduce particulates significantly both in open flame configurations
[24,25,27] and combustion engines [32—34]. Previous studies exist which have used computational
models to understand PAH growth mechanisms in hydrocarbon flames with H; addition [26,35] . Guo
et al. [26] observed that H, addition resulted in a reduction in PAHs through both dilution and chemical
inhibition effects. The added H; reduced the concentration of atomic H in the surface growth region and
increased the amount of molecular H; in the close to the burner surface. This resulted in lower H-
abstraction rates in the PAH and soot surface growth processes. This observation was supported by

another numerical study conducted by Park et al. [35] which reported that, close to the burner surface,



the rate of forward reaction of OH + H, « H,O + H increased with increasing H, addition, thereby
increasing the concentration of the H radical in the reaction zone (and reducing PAH growth).
Moreover, it was also observed that the concentration of acetylene was lower close to the burner surface
which impeded benzene (and subsequently PAH) formation. The concentration of benzene increased
with increasing height above the burner, but the rate of formation of larger PAHs was reported to reduce,
attributed to the addition of H, which decreased H-abstraction rates, and hence reduced the number of
sites available for acetylene addition. As outlined in the studies above, hydrogen H, chemically
interferes with PAH formation reactions, and therefore could be a viable candidate for reducing both
PAH and soot emissions.

The review of literature shows that while there are a number of computational studies which show a
positive effect of adding H, on soot and PAH reduction, there is a lack of systematic experimental work
to understand the effects of H, addition on PAH formation. The current work will focus on developing
a methodology to study PAH growth characteristics and, for the first time in the authors’ view, present
a comparison between experimental and computational studies in methane-hydrogen diffusion flames.
The objectives of the current study are: (1) to systematically investigate PAH formation characteristics
of non-premixed methane-air flames, (2) to understand the effect of H, addition on PAH formation in
the methane-air flames and (3) to compare the experimental results with 1-D flame simulations utilising
detailed chemical mechanisms. The paper first describes the experimental hardware and methodology
utilised in this work, before explaining the image processing procedures employed in this work. Details
regarding repeatability and comments related to uncertainties in the methodology are then provided.
Detailed discussions of experimental and computational results for methane-air and methane-hydrogen-

air flames are presented before providing a summary of key conclusions.



2. Methodology

2.1. Burner
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Fuel = Primary (CH,) + Secondary (H,)

Figure 1: Schematic of the burner showing a typical flame and imaging area for PAH ‘zoomed in’ (red
dotted lines, FOV - 34 mm x 26 mm) and ‘zoomed out’ (green dotted lines, FOV - 76 mm x 56 mm)
configurations.

The burner used for this study is based on inverse diffusion flame (IDF) configurations utilised in
literature [7,14], and a schematic of the burner is shown in Figure 1. The burner consists of three coaxial
stainless steel tubes, with the inner and outer co-flow forming consecutive annular passages around the
central tube. The inside diameters of the central, inner co-flow and outer co-flow passages were 10, 30
and 64 mm respectively. To reduce the effect of rim thickness, the burner exit was tapered to a knife
edge for all the three tubes. A combination of steel balls (of diameters 3 mm and 5 mm), wire mesh and

honeycomb were utilised for flow smoothening and straightening for the co-flow gases.

The air and fuel passed through central and inner co-flow passages respectively, allowing stabilisation
of an inverse diffusion flame, IDF. The flame was shrouded from ambient air by nitrogen, flowing in
the outer co-flow passage, to minimise air entrainment effects. The effect of hydrogen (H.) addition
was studied by premixing desired quantities of H, considerably far upstream (approximately 1400 mm)
of the burner exit. Thermal mass flow meters (Vogtlin Instruments) fitted with high precision needle
valves were used for independent control and metering of all gas flows (air, methane, hydrogen and

nitrogen) to the burner. The accuracy of all the flow meters was +1.5% full scale division (FSD).



2.2, Simultaneous OH and PAH LIF imaging
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Figure 2: Schematic of the experimental arrangement used for simultaneous planar
laser induced fluorescence imaging of PAH and OH.

The schematic for the laser and camera setup is shown in Figure 2. For the excitation of the OH radical,
a frequency-doubled output from an Nd:YAG Laser (Litron Nano-PIV) was used to pump a tunable
dye laser (Fine Adjustments Pulsare-S model) with Rhodamine 6G dye. The output from the dye laser
was frequency-doubled and tuned to near 283 nm to obtain the Q1(5) transition of the A2t «
X211 (1,0) band with approximately 12 mJ pulse energy. A combination of a right-angle prism, plano-
concave cylindrical lens (f= -40 mm) and bi-convex lens (f= 500 mm) was used to convert the beam to
a light sheet with height of 50 mm and thickness of 0.15 mm determined by the scanning knife edge

technique [5]. The location of the sheet was adjusted to coincide with the central axis of the burner.

The same laser sheet was also used for excitation of the PAH species. It was noted from literature that
PAH LIF emissions are insensitive to excitation wavelength in the range between 265 and 297 nm [36].
The interference from soot particles, due to resonant radiation from laser induced incandescence, on
PAH LIF measurement in diffusion flames is well-known [21,29,37,38]. A simple soot isolation
technique, described in [39], was used to measure the amount of soot present in the flames; no
interference from soot was observed at the flow conditions used in this study in the region of interest
(ROI).

The fluorescence from the OH radicals and PAH species were imaged simultaneously by two intensified
charge coupled devices (ICCDs) placed perpendicular to the direction of the laser sheet on either side
of the burner (Figure 2). The OH fluoresced near 310 nm and was captured on ICCD-1 (see Figure 2)
which was fitted with a UV 100 mm /2.8 Cerco lens and a combination of UG11 and WG305 Schott

glass filters.



For the PAH species, the fluorescence was captured on ICCD-2 (Figure 2) using lens of two different
focal lengths. A /2.8 Nikon lens of focal length 105 mm was used to image a larger part of the flame
(FOV- 76 mm x 56 mm) with a pixel projection resolution of 25 um. While, a f/1.2 Nikon lens of focal
length 50 mm was used to image up to 26 mm of the flame height hence providing a higher resolution
image of the lower part of the flame closer to the burner lip (FOV- 34 mm x 26 mm, pixel projection
resolution- 56 pum). The two focal length arrangements will from here on be referred as the ‘zoomed
out’ and ‘zoomed in’ configurations, and have been illustrated in Figure 1 using green and red dotted
lines, respectively. A combination of GG420 (high pass Schott filter) and BG12 (low pass Schott filter)
fitted to the lens to image fluorescence from PAH species of three or more rings between the wavelength
range of 420 nm and 480 nm.

The emitted PAH LIF spectra are heavily influenced by variations in temperature and the concentration
of species in the surrounding atmosphere [40]. Hence, it is not yet possible to determine the
concentrations of individual PAH species based on the emitted fluorescence signal [41]. Rather, the
obtained LIF signal collectively represents a mixture of PAH species, often differentiated for specific
sizes based on the collection wavelength range. Most PAH species absorb strongly over a wide range
of excitation wavelengths from UV to visible [13,42] with the corresponding emission wavelength
dependent on the number of aromatic rings possessed by the PAH molecule, and increasing with the
number of aromatic rings [11,21,43]. Vander Wal et al. [44] reported that with excitation wavelength
below 300 nm, PAH with 2 or 3 aromatic rings can fluoresce between 300-350 nm while PAHs of 4
rings or more can exhibit fluorescence in the range 300-700 nm. More specifically, investigations in

[11,43] assigned PAH fluorescence in the visible range of 400 — 480 nm to larger PAHSs of 3 to 5 rings.

The temperature dependence of a given PAH LIF signal primarily arises from the collisional quenching
and the Boltzmann population fraction [45]. Since the LIF signal being obtained in this work represents
a mixture of PAHSs of three to five rings, the absorption and emission spectral characteristics of the
PAHSs can be assumed to be largely similar. There is no data available in literature outlining the variation
in the quenching characteristics of PAH species with temperature in the range of interest [37,46].
However, flame simulation analysis performed for this work shows that the peak PAH occurs at a
narrow temperature range (1540 + 20K) for all the H, addition levels considered in this study — the
data has been presented in Table 1. It was also observed from the flame simulation studies that the range
of temperature remained similar for the different H, addition cases, and therefore it can be assumed that
the Boltzmann constant would remain constant for the different test cases. In this study, it has been
assumed that the quenching characteristics would remain constant for all the experiments conducted in
this study. Hence, it can be concluded that the PAH LIF signal would be primarily dependent on the
number density of the PAH species present in the flame. Furthermore, the PAH LIF technique will be
suitable for this work as it focusses on the relative comparison in PAH formation characteristics with

different levels of H, addition.



2.3. 1-D Flame calculations

To model the flame structure in regions away from the heat loss region and the top curved region of a
laminar inverse diffusion flame, counter-flow laminar flames calculations at a pressure of 1 atm have
been performed using CANTERA [47]. The chemical reactions are modelled using the Appel-
Bockhorn-Frenklach gas-phase mechanism [48]. This mechanism was used as it includes some aromatic
species and has been well validated for C;-C»/air combustion. The fuel stream for the counter-flow was
composed of CH4 or CHa enriched with H, depending on the case under study, while the oxidiser stream
was air. Both streams were set at a temperature of 298 K, and, for all cases, the strain rate was set to a
small value (below 10 s*) to ensure a fully reacting solution which is of interest here. These
computational calculations obtained allowed for qualitative comparison with the experimental results.

2.4. Flow conditions

H, addition % H> T at Tax WoH W{oH]
(Ipm) addition [PAH] max (K) experiments | simulations
(K) (mm) (mm)
0 0 1520 2152 2.61 3.41
0.2 2 1530 2159 2.51 341
0.4 4 1540 2165 2.50 3.27
0.6 6 1550 2171 2.51 3.41
0.8 8 1520 2178 2.44 3.41
1 10 1540 2184 2.56 3.55
1.2 12 1550 2190 201 3.62
1.4 14 1560 2196 2.83 3.41
1.6 16 1530 2202 2.69 3.48
1.8 18 1540 2208 2.98 3.62
2 20 1550 2213 2.81 3.69

Table 1: Hydrogen flow rates (@, ) at corresponding percentage Hz addition (Qg,/Qcg,) for fixed Qcy, (10
Ipm) and Q- (1.5 Ipm) flow rates. The temperature at maximum PAH concentration (T at [PAH]max) and
the maximum flame temperature (Tmax) is also shown for each Hz addition.

For all the tests conducted in this study, the flow rate of methane (CH4), Qcra, and of air, Qair, Were
fixed at 10 Ipm and 1.5 Ipm, respectively. Hydrogen (H.) was added to the CH4 flow line, well in
advance of the flame location to ensure proper mixing. The flow rate of hydrogen (Qw2) was changed
with the resolution of 0.2 Ipm. Up to 2 Ipm of H, was added to the CH4, which is 20% by volume of
CH.. The same mole fraction of fuel mixture (methane and hydrogen) served as input to 1D flame
calculations. In addition, Table 1 also shows the temperature at maximum PAH and the maximum
temperature, both obtained from the flame simulation work. These temperatures will be referred to in

later sections of the paper.



3. Image processing
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Figure 3: Illustrations showing resolution-adjusted, averaged and combined PLIF images of OH and PAH
for the (a) zoomed in and (b) zoomed out configurations (only the region of interest, ROI, is shown).

Figure 3 shows the averaged combined images of PAH and OH for the two different focal length
imaging arrangements, zoomed in and zoomed out (as described in Section 2.2). It should be noted that
the captured LIF images have been cropped to only show the region of interest (ROI) in Figure 3. The
PAH and OH LIF images were captured by two separate ICCD cameras (see Figure 2), with 400
instantaneous images captured for each test condition. A software median filter was used on the
instantaneous images to reduce noise. The filtered instantaneous images were then background
corrected and averaged to obtain averaged PAH and averaged OH images for each test condition. As
the pixel projection resolution of OH and PAH images are different, the OH image was then transposed
(with sub-pixel accuracy) onto the PAH image using an in-house developed image warping MATLAB®
code. The resolution-adjusted images of OH and PAH had common coordinates and were kept
separately for further processing to obtain information regarding PAH formation characteristics. The
combined images are presented in Figure 3 (the purpose of the illustration is to show spatial alignment,
hence the colour scales are arbitrary). Two different image processing approaches were employed to

obtain PAH formation characteristics, as described in the following sections.



3.1. Change in PAH with respect to flame position (flame normal statistics)

ry
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Figure 4: (a) Typical PAH and OH combined LIF image showing the various coordinate systems under
consideration, (b) PAH and OH line profile along the normal ‘n’, at a representative distance of 8§ mm
along the flame front (L¢) (c) PAH line profile at height 20 mm (at y = Ln in Fig.4a) above the burner lip.

PAH formation is a pyrolytic process, thermal and mass transport effects have a strong influence on
PAH concentration profiles. In addition, as the current study utilises hydrogen, which is a relatively fast
molecule as compared to methane and air, preferential diffusion effects of molecules can also have
significant effects on PAH formation. In non-premixed flames, the peak temperature region coincides
with peak OH concentration [49]. Due to the non-availability of well-resolved temperature data, OH
will be used as a substitute to denote peak temperature regions. Hence, as one of the image processing
approaches, the PAH profiles will be presented based on peak OH location (representing the flame
location, that is, peak temperature regions), which would allow meaningful comparison with 1-D

simulation.
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The reference flame location was evaluated based on the loci of the peak of the OH LIF profile at
different heights (referred to as the flame front). A combined (OH and PAH) LIF image is shown in
Figure 4a, annotated with the different characteristic parameters used in this work. ‘Ls’ is the length
along of the flame front with respect to a chosen initial height (as shown in Figure 4a), starting at a
distance ‘yo” (where y, = 1.85 mm) above the burner tip. The PAH profile was then determined by
walking along a perpendicular axis, n, at every reference location (that is, at various flame front
locations ‘Ly" along the flame front). ‘x,” indicates distance normal to the flame front (as shown in Figure
4a), and will be used to describe PAH profiles normal to the flame front. The inter-peak distance or
peak location (xpx) refers to the distance from the flame front to the maximum PAH LIF signal. The
widths of the PAH (wpar) and OH (won) are defined using the full-width half maximums (FWHMSs) of
their respective profiles. Both parameters, xpx and wean, Were normalised with woy along Ly, and have
been illustrated in Figure 4b. The change in PAH peak, PAH, (or the cumulative, referred as ‘PAHsum’)
of the PAH profile with increasing L provided PAH formation characteristics in these flames.
The PAHsun refers to the total amount of PAHs (cumulative of PAH profile) along the flame normal, at
any given distance along the flame front, L. PAHsm incorporates any variation in peak-to-peak distance

(Xpk), PAH profile width (wpan) or profile shape at different L.
3.2. Change in PAH with vertical height above burner lip

The second image processing approach involved presenting the change in PAH concentration with
respect to the vertical height above the burner lip, independent of the flame location. This is because
the flame front (represented by the OH profile) only exists up to about 15 mm vertically above the
burner tip, and hence to observe PAHSs at higher heights it was better to consider the PAH signal
independent of the flame front. Figure 4a shows the ‘x” and ‘y’ axis, which refer to the horizontal and
vertical Cartesian co-ordinates with respect to the centre of the burner lip. Figure 4c shows a typical
line profile at a vertical height of 20 mm above the burner lip; the location of the line profile is shown
by the red line (at a height y=Ly) on Figure 4a. A good symmetry can be observed between the LIF

signal profile for each side of the flame, providing confidence in the axisymmetric nature of the flame.

From here onwards, the PAH LIF signal and the concentration of PAH (from flame simulation studies)
will be referred to as PAH and [PAH] respectively. Similarly, the OH will be denoted by OH and [OH].
PAH,x refers to the maximum LIF signal (profile peak along ‘x” and ‘n” axes) for each side of the flame,

left and right, while PAHsum refers to the cumulative LIF signal for both sides of the flame.

4. Uncertainty and errors

11



The repeatability of the methodology was verified by performing the same experiments (i.e., using the
same test conditions) several times on different days, and the variability in the PAH LIF signals (PAHx
and PAHwm) was determined to be less than 1%. In addition, in order to understand the relationship
between laser intensity and PAH LIF signal, a preliminary set of tests were conducted whereby the laser
energy was incrementally increased from 3 mJ to 12 mJ, and the PAH LIF signal was found to be
independent of laser intensity beyond 8 mJ laser energy. Similar observations regarding saturation of
PAH fluorescence to variation in laser fluence have been reported in literature [38]. For this study, the
laser energy was kept at 10 mJ, with the laser shot-to-shot energy variations observed to be within £
10%. This implies that the observed variations in laser energy (that is, 10 + 1 mJ) are still above the
threshold value (8 mJ) for PAH fluorescence saturation. Hence, it can be concluded that the observed
differences in PAH LIF signal are independent of fluctuations in laser energy.

To ascertain the effect of the number of images being averaged on the PAH LIF signal and associated
noise, up to 800 images were accumulated for the base test condition (methane-only condition), and
averages of different number of images were determined. It was concluded that an average of 200
images was sufficient for reliable data analysis, and beyond that point any variation in the signal was
negligible. The estimated fluctuations in the distribution of the peak value and the corresponding
location was within 3% for the OH and 5% for the PAH, for all test cases. Furthermore, the signal to
noise ratio (SNR) evaluated for various conditions ranged from 15 to 18 for OH and 12 to 20 for PAH,
with higher SNR for the zoomed in imaging configuration relative to the zoomed out configuration.

12



5. Results and discussion

5.1. Methane-air flame formation characteristics

PAHIPAH,,,,
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Figure 5: (a) Variation in normalised inter-peak PAH LIF signal (PAHp) and the cumulative sum of the
PAH line profile (PAHsum) as a function of length along the flame front (Lf), and (b) variation in inter-
distance between OH peak and PAH peak (xpx), and the PAH profile width (wean), normalised with wow, at
various L.

Figure 5a shows the change in the peak PAH LIF signal (PAHp) and the cumulative sum of the PAH
line profile (PAHsum) as a function of ‘L¢’, the distance along the flame front, for the zoomed in imaging
configuration. The results shown in Figure 5a are for the methane-air test conditions only, without any
addition of H.. It can be seen that PAH increases non-linearly with increasing length along the flame
front. The LIF signal from PAH depends on both the number density of each type of PAHSs (that is, the
PAH concentration), and the structure of the PAH molecule. It is generally known from literature, that
larger PAH rings fluoresce with a higher intensity [13,36,50]. Hence, in addition to the increase in the
concentration of the PAHS, the increase in LIF signal could also be due to the smaller PAHs combining
and growing into larger rings further downstream in the flame. It is pertinent to note that since it was
not possible to discriminate between individual PAHSs, the signal shown here is only a qualitative

indication of PAH formation characteristics in the flame, as described earlier.

Figure 5b presents the variation in the normalised inter-peak distance (xp) and the normalised PAH
profile width (wean) with increasing distance along the flame front, Ls; Xpx and wWean Were normalised
using wow Of the respective profile. The inter-peak distance indicates how far from the flame front does
maximum PAH concentration occur with the flame front represented by the loci tracing the peak OH
concentration. As explained earlier, the peak OH can be approximated to the peak temperature regions
with considerable accuracy for non-premixed flames. It can be seen from the figure that inter-peak
distance increases almost monotonically with ‘L¢. However, the profile width (wean) increases

significantly till about 4 mm along the flame front. Up to 4 mm, the signal intensity is weak and the
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signal-to-noise ratio (SNR) is relatively low, due to low levels of PAH present and the limitations of
the imaging system. Furthermore, the effects of heat loss are more significant close to the lip of the
burner. Above 4 mm, the width increases, but not as sharply, indicating the role of continued production
of PAHSs. As evidenced from 1D flame simulations, PAH production is restricted to a fixed temperature
range irrespective of H, addition levels (see Table 1), the change in Xy and the wean With increasing Ly
indicates the effect of residence time. It should also be noted that the similarity in trends of PAHsum and
PAH,x, as observed in Figure 5a, exists because the profile width remains largely the same above 4 mm.
Hence, only the height of the PAH profile was changing, with increasing length along the flame front,
denoting higher LIF signal.

1.0 | o ]
—o— pk : left-hand side :
—O0— pk : right-hand side i
0.8 F |—— sum 7]

PAH/PAH,,,.

35

L, (mm)

Figure 6: Peak PAH LIF signal (PAHx) for the left and right sides of the flame, and the cumulative sum of
PAH line profile (PAHsum) as a function of the vertical height (Ln) above the burner lip.

Figure 6 shows the change in the peak PAH LIF signal (PAH,) and the cumulative line profile (PAHsum),
as a function of vertical height, L, above the burner tip, for the zoomed out camera configuration.
Similar to Figure 5a, this figure also shows a monotonic increase in both PAHy and PAHsm with
increasing distance from the burner lip. Similar trends of PAH concentration with respect to height
above the burner have been observed in previous studies [49,51,52]. For the zoomed out configuration,
since the camera lens was placed further away from the burner (in order to look at PAHSs higher up the
flame), the amount of light entering the camera lens from the flame was reduced (following the inverse
square law relation between intensity and distance from the light source). Hence, no appreciable PAH
signal was observed below Ly = 11 mm for this configuration. It can also be observed from Figure 6a
that both the magnitude and variation in PAH evaluated for both sides of the flame (left and right) are
similar, which confirms the axisymmetric nature of the burner. Hence, from here onwards, results from

only one side of the flame will be presented.

Unlike in Figure 5a, a deviation can be observed between the PAHsum and PAH graphs in Figure 6.
This is due to the fact that above the conical region (represented by OH), the two sides of the PAH

profiles merge to form a bimodal distribution, resulting in variation in trends of PAHsum and PAH .
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5.2. Effect of methane and air flow rate
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Figure 7: Effect of varying the methane (CHa) flow rate on the PAH LIF signal, for a fixed air flow rate.

Figure 7 shows the effect of variation in methane flow rate, Qcra, 0On the peak PAH intensity signal. It
can be seen from Figure 7 that when the flow rate of methane is increased from 6 Ipm to 12 Ipm (a
change of 100%), no significant change in PAH is obeserved. This shows that the effect of change in
convection velocity had negligble influence on the PAH formation characteristics. This could
potentially be explained by the fact that the mixing of reactants in IDF configuration is primarily
diffusion-controlled. Hence, other factors, such as change in bulk velocity or change in the fluid shear
stress (between the central and outer flows) might not have a significant impact. Therefore, when
hydrogen is added to the fuel flow (up to 20% of the volume flow rate of methane, Qcwa), it can be
safely assumed that the change in PAH characteritics is primarily due to H addition and not a
consequence of the variations in bulk velocity values. The rate of change in PAH (both peak and sum)
with respect to the distance, presented here, is an indicative characteristic of the sooting tendency of the
fuel mixture. It is clear from these results, if the air flow rate was kept constant, this PAH growth rate
(change in PAH LIF signal with respect to L or L) will allow direct comparison of sooting tendencies

(that is, PAH formation potential) of various fuel mixtures.
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5.3. Hydrogen addition to the fuel (CH4) stream
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Figure 8: Axial profiles of [OH], three PAH species (3-ring: [phenanthrene], [acenaphthylene] and 4-ring:

[pyrene]), and temperature for (a) 0%, (b) 10% and (c) 20% H addition, simulated using 1-D modelling
of CHs-H: flame. (Note: ‘x’ distance is normalised with FWHM of OH concentration, WioH])

Figure 8 shows the axial profile concentrations of OH, temperature and three PAH species —
phenanthrene (3 rings), acenaphthylene (3 rings) and pyrene (4 rings) — for three different H, additions
(0, 10 and 20%), obtained from 1-D simulations of the methane-hydrogen flame. Simulation results for
other mixture conditions are available, but for brevity only three conditions are presented. To allow
accurate comparison, the x-axis has been normalised with respect to the full width-half maximum
(FWHM) value of the OH profile, wionj. No significant change in the PAH line profile shape is observed
with increasing levels of H, addition. As expected, the peak temperature does show an increase, but

only of about 50-70 K with increasing levels of H, (maximum temperature data also shown in Table 1).
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Figure 9: Line profiles of LIF signals OH and PAH along the normal, at a distance of 8 mm along the flame
front (L¢) for (a) 0%, (b) 10% and (c) 20% H: addition.

Figure 9 shows the line profiles of OH and PAH species for three different H, additions (0, 10 and 20%)
from experiments, obtained perpendicular to the flame front, at a length of 8 mm along the flame front.
Similar to Figure 8, the x-axis for Figure 9 has also been normalised with respect to the FWHM value
of the OH line profile, won. A number of similarities can be observed between the computational and
experimental line profiles presented in Figure 8 and 9. The normalised experimental PAH profiles
similar to PAH concentration profiles from simulation start to increase at about 1 (a.u.) on the fuel side,
away from the peak OH location for both sets of data. The experiments are limited in terms of resolving
between individual PAH species, however the computational data shows that the different 3 and 4 ring
PAH species have almost identical line profiles and are similarly affected by H,. Hence, the

experimental data can be used to represent PAHSs of a certain size group with reasonable accuracy.
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Figure 10: Comparison of the distance between OH peak and PAH peak (Xxpk) normalised with base case
value (Xpk, o), for various Hz addition levels in the methane flame, for both experimental and 1-D flame
simulation studies. For experiments, data was obtained at a distance of 8 mm along the flame front (Lf =
8mm).

Figure 10 shows the variation in the normalised distance between the OH and the PAH peaks against
different levels of H: addition in the fuel (CH.) stream, for experimental (Xpkexp) and 1-D flame
simulation (Xpkcomp) Studies, at a distance of 8 mm along the flame front, Ls. The inter-peak distance Xu«
was normalised with the X« values of the base case, X o (that is, 100% CH4 and 0% H,). It can be seen
from the figure that both Xpk,exp and Xpk,comp ShOW an overall increase with H, addition. This observed trend
is due to variations in adiabatic flame temperatures. Additionally, in an IDF configuration (present
experimental work) combustion products and the unburnt fuel interact, which could potentially result
in increased local mixture temperatures. The differences observed in the experimental and
computational results could be attributed to the differences in flame configurations (2-D for
experimental and 1-D for computational).
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Figure 11: (a) Peak PAH LIF signal (PAHp) and (b) cumulative sum of PAH line profile (PAHsum) as a
function of L¢(length along the flame front), and (c) PAHp and (d) PAHsum as a function of Ln (vertical
height above the burner lip), for various Hz addition levels.

Figure 11 shows the PAH, and PAHsun for both the zoomed in (11a and 11b) and zoomed out (11c and
11d) camera configurations, for different levels of H addition in the fuel (CH,) stream. The zoomed in
data is presented as a function of distance along the flame front (Ls), while the zoomed out data has been
presented as a function of vertical height above the burner (Ly), and shows PAHSs at higher heights as
compared to the zoomed in graphs. It can be observed from Figure 11a that the change in the PAH
signal w.r.t. the length of the flame front is highest for the methane only flame, that is, without any H»
addition. As H is incrementally added, the rate of increase of PAH with respect to Ly, reduces. Similar
trend in the reduction of PAH with H; is also observed at higher heights above the burner tip (Figure

11c-zoomed out configuration), as well as in the PAHwm graphs for both the configurations (Figures
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11b and 11d). This characteristic reduction in PAH with H, addition will be further discussed in the

next few paragraphs.
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Figure 12: Variation in the PAHsum LIF signal normalised using base case value (PAHsum,0), as a function of
percentage H. addition, at five different heights above the burner lip.

Figure 12 shows the variation in the PAHsun at five fixed heights above the burner lip (Lt in the case of
the ‘zoomed in’ configuration and Ly in the case of the ‘zoomed out’ configuration), as a function of H.
addition. The PAHsun values have been normalised against the base case, PAHsum,o (that is, 100% CH,
and 0% H,). It can be seen from the Figure 12 that PAHs.m reduces monotonically with H, addition at
all the heights presented. Considering the reduction in the PAH signal due to H, addition, it can be
observed that at the lowest height presented of 5 mm (Ls) the change in the PAHqn is relatively lower
(70%) as compared to at the highest height where a reduction of almost 90% was observed with at the
highest H, addition level. As noted in previous studies, larger PAHs form at higher heights above the
burner [49,51,52]. Since the addition of H, impedes the formation of smaller PAHs, and hence
preventing the formation of the larger PAHSs, the effect of H addition is more significant at higher

heights.
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Figure 13: Variation in the concentrations of six species - methyl, acetylene, propargyl, acenaphthylene,
phenanthrene, pyrene — as a function of Hz addition in fuel (CHa4) stream, simulated using 1-D modelling.

Figure 13 shows the variation in the concentrations of six species - methyl, acetylene, propargyl,
acenaphthylene, phenanthrene, pyrene — as a function of H, addition in fuel (CH4) stream, simulated
using 1-D computational modelling. It can be seen from the figure that the addition of H; results in an
almost 5% reduction in methyl and acetylene, about 10% reduction in propargyl and a corresponding
60% reduction in the three PAH species. Acetylene and propargyl are important species for the
formation of first ring, benzene (CsHs), which itself is an important intermediate for subsequent
formation of larger rings [53,54]. Both acetylene and propargyl are building blocks of PAHSs, involved
in the primary reaction pathways of PAH formation. Acetylene is a crucial species of the HACA
(hydrogen abstraction-acetylene addition) mechanism of PAH growth, while the recombination of
propargyl is considered to be the most important cyclisation reaction in hydrocarbon flames [52,55—
57]. Hence, a reduction in the concentration of acetylene and propargyl can have a significant impact
on the concentration of the larger species like acenaphthylene, phenanthrene and pyrene, as can be

observed in Figure 13.

The reduction in PAHs with H, addition, as observed in both Figures 12 and 13, could be attributed to
the added H chemically inhibiting PAH formation. The mole fraction of OH has been observed to
increase with H addition to the fuel stream, both in this work and in previous studies [26,58]. Hence,
it can be assumed that the increase in OH radicals could result in an increase in the rate of reactions
which lead to higher oxidation rates of both acetylene and propargyl, hence reducing their availability
to take part in the PAH formation reactions, and suppressing subsequent growth of PAHs. Another
chemical effect associated with increasing the amount of H; in the reacting zone is the increase in the
reverse rate of the H-abstraction reaction (R1 + H <> R, + H>), which is a key reaction whereby H-
abstraction takes place to allow acetylene addition [59,60]. The abstraction of H atoms activates the
surface sites of PAHSs, and various hydrocarbon species such as acetylene and other PAHs then react
with these active sites, hence propagating the surface growth process. The reduced H-abstraction

reaction rate reduces the number of sites available for acetylene addition, inhibiting surface growth of

21



PAHs. Comparing Figures 12 and 13, it can be observed that the reduction in PAHsn at 5 mm along L+
with maximum H; addition is about 70%, which is quite similar to the reduction in PAH concentration

(approximately 60%) observed from the flame simulation studies for the same H; addition.

Conclusions

This paper presented an experimental methodology to analyse PAH formation characteristics in non-
premixed methane-air flames with systematic H, addition, in an inverse diffusion flame, IDF,
configuration. Simultaneous OH and PAH PLIF measurements were performed, and the PAH
characteristics were described in relation to the OH profiles (which represented maximum temperature
locations). This methodology enabled a comprehensive study of PAH formation characteristics with
incremental H; addition in non-premixed flames, and allowed meaningful comparisons to be made
between the experiments and 1-D flame simulations. Some specific conclusions on the effect of H;

addition on PAH formation from this work are:

1. PAH increased with increasing height above the burner attributed to both higher concentration
of PAHSs as well as formation of larger rings.

2. The distance between the OH and PAH peaks was observed to increase with increasing height
above the burner. However, the PAH profile width remained largely similar beyond 4 mm above
the burner tip. The change in the width below 4 mm was attributed to the radiative effects due
to close proximity to the burner lip.

3. When considering H, addition, both experimental and computational results showed similar
PAH profile widths, with no significant change observed with H; addition. However, the peak
PAH location from the experimental campaign was observed to shift slightly away from the OH
peak (representing maximum temperature locations) with increasing H, addition.

4. The rate of change in PAH with respect to the length of flame front (or height above burner) was
highest for the methane only condition, with this rate reducing as H, was incrementally added.

5. The reduction in PAH was observed to be monotonic with H, addition at all the heights above
the burner tip, with higher reductions observed at higher heights above the burner. This was
attributed to H. preventing the formation of smaller PAHSs at lower heights which would in turn
impede the formation of larger PAHSs at higher heights.

6. The percentage reduction in PAH with H, addition at 5 mm above the burner tip was of similar
magnitude to that observed from 1-D flame simulations. This is because the 1-D flame
simulations cannot capture resident time, and hence are most comparable to heights closer to the
burner tip but away from high strain and heat loss region.

7. The reduction in PAH with H, addition was attributed to the increased oxidation of crucial
species, such as acetylene and propargyl, hence reducing their availability for key PAH
formation pathways. In addition, H» reduced the rate of H-abstraction, hence impeding growth
reactions on PAHSs due to reduction of active sites for PAH growth.
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Nomenclature

CHas Methane

FOV Field of view

FWHM Full Width Half Maximum

HACA Hydrogen Abstraction-Acetylene Addition
H> Hydrogen

ICCDs Intensified Charge Coupled Devices

IDF Inverse Diffusion Flames

Lt Distance along the flame front

Lh Height above the burner

Ipm Litres per minute

NDF Normal Diffusion Flames

OH Hydroxyl radical

PAH Polycyclic Aromatic Hydrocarbons

PAH« Peak value of PAH LIF profile

PAHsum Cumulative of PAH LIF profile

PLIF Planar Laser Induced Fluorescence

Q Volume flow rate

ROI Region of Interest

SNR Signal to Noise Ratio

WpAH FWHM of the experimental PAH profile
WoH FWHM of the experimental OH profile
W[OH] FWHM of computational OH profile

Xpk The inter-peak distance between OH and PAH
Xpk,0 The inter-peak distance xpk for pure methane case
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