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ARTICLE INFO ABSTRACT

Keywords: It is shown that signals from both laser-induced incandescence (LII) of soot and laser-induced fluorescence
Inverse diffusion flame (LIF) of polycyclic aromatic hydrocarbons (PAHs) decrease with hydrogen addition (in volume fractions of
Hyd“’_ge" ) 3%, 6% and 9% with respect to the fuel mixture) to ethylene-air inverse diffusion flames (IDFs). The structure
I;asir—lnduced incandescence (LIT) of the IDF suppresses soot oxidation and the effect of hydrogen addition under these conditions has been
00

studied. Experiments were performed using a frequency-doubled, pulsed dye laser to perform planar LIF of
PAH, and a pulsed fibre laser to perform LII In relative terms, the LII signal decreases more sharply than the
PAH LIF signal. This would be consistent with the dependence of soot inception on PAH concentration as well
as the suppression of soot growth via the reduced concentration of PAH and perhaps other precursors such
as acetylene. Similar trends in relative signal decrease are observed at a range of heights above the burner,
despite the measurement locations encompassing a wide range of absolute signal levels. As a comparison, the
influence of adding methane to the IDF in the same volume fractions was also studied and found to suppress
PAH LIF and LII signals but to a far lesser extent than in the case of hydrogen.

Polycyclic aromatic hydrocarbons (PAH)
Planar laser-induced fluorescence (PLIF)

1. Introduction To understand the complex processes involved in formation of PAH

and soot, various open flame configurations have been used including

Despite the drive for alternative sources of energy for modern
combustion systems, hydrocarbon fuels remain dominant. These fuels
produce emissions which are hazardous to human health and have
adverse effects on the global climate [1]. A proportion of these effects
is attributed to soot particulates which have been shown to contribute
significantly to global deaths related to cardiovascular and pulmonary
diseases from air pollution [1]. Studies have shown that prolonged
exposure to soot particles can cause cancer primarily due to polycyclic
aromatic hydrocarbons (PAHs) which are building blocks of soot and
are adsorbed on the surface of exhaust soot particles [2]. Furthermore,
formation of soot negatively affects the performance of combustors
in engines and gas turbines and thus reduces their lifetimes [3]. The
accurate measurement of PAHs and soot is key to understanding their
complex formation processes and hence reducing their formation in
combustion systems. Numerical models can be deployed to study soot
formation processes in flames and combustors, but these numerical
studies need accurate experimental data for validation of the models.
Therefore, careful and relevant experimental studies remain a necessity
both to progress the understanding of soot formation and to improve
the predictive capability of numerical models.
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premixed and non-premixed flames [4-9]. Non-premixed (or ‘diffu-
sion’) flames have been shown to be particularly suitable to track the
early stages of PAH formation and understand fuel molecular structure
effects on soot formation [10]. In this regard, the inverse diffusion
flame (IDF) provides good separation between the pyrolysis and ox-
idative processes and as a result, produces a relatively larger amount
of PAH and soot compared to the normal diffusion flame (NDF). In
the IDF configuration, the oxidiser is supplied through the central tube
and the fuel is passed through an inner annular ring, while an outer
co-annular flow of inert gas shields the flame from ambient air. As
a result, the combustion products are formed, and convected away,
on the fuel-rich side of the reaction zone, hence obviating significant
oxidation of soot [5,8,11]. Ethylene fuel has been used for much of the
previous research on soot formation [12-15] due to its high sooting
propensity and significant concentration as an intermediate species in
the decomposition of most large hydrocarbon fuels [12,13].
Laser-Induced Incandescence (LII) is a commonly utilised non-
intrusive optical diagnostic technique for the study of soot forma-
tion [16] and is applied both to flames of conventional hydrocarbons
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and of biofuels [17-23]. Conventionally, it involves the use of the
fundamental beam from a pulsed Nd:YAG laser at 1064 nm or fre-
quency doubled beam at 532 nm to heat up the soot particles to
temperatures of approximately 4000 K to emit incandescence [24-27].
The infrared laser excitation is preferred to avoid interference from
laser-induced fluorescence (LIF) of polycyclic aromatic hydrocarbons
(PAHs) or incipient structures [16,28,29]. The use of fibre lasers for
LII has been investigated previously due to the potential advantages of
safe and efficient beam delivery to industrial test environments [30].
Pulsed fibre lasers have been shown as viable alternative excitation
source for LII because they can generate moderately high-energy pulses
at a high pulse repetition rate and with good beam quality. Fibre lasers
of this type are also rugged and fairly compact, thus allowing them
to form part of a transportable measurement system [31,32]. Initial
studies using pulsed fibre lasers to demonstrate LII have focused on
measuring soot particle distribution at the exhaust plumes of small-
scale aero-engines [30-32]. More recently, a systematic study of the
application of LII with pulsed fibre lasers was performed in laminar flat
flames, complemented by modelling of LII signal generation in response
to the longer pulse duration that is a feature of fibre lasers [33]. It was
shown that relative measurements of soot volume fraction (SVF) can
be performed in laminar flames, in 1D line-imaging mode. The same
pulsed fibre laser source has also been used for in-situ photo-acoustic
measurements of soot distribution in a premixed C,H,-air flat flame [4].

To reduce the formation of soot in hydrocarbon flames, researchers
have explored the addition of hydrogen to the primary fuel [12,34-
36]. Xu et al. [37], for example, studied the effect of H, addition on
soot formation in counterflow diffusion flames of CH, and C,H, using
planar LII. The authors isolated the chemical effects of H, on soot
formation in the mixture by studying reference flame conditions using
He addition. They reported higher soot reduction for H, than He doped
flames for both C,H, and CH, primary fuel. The reduction of SVF by
H, addition for both primary fuels was attributed to the suppression of
PAH growth and soot inception processes. Gu et al. [36] numerically
studied the effect of adding H, and CO, to a C,H, co-flow normal
diffusion flame on soot formation and observed that both additives
reduced SVF. They concluded that H, was more effective in suppressing
soot inception processes by reducing PAH concentrations while CO,
suppressed HACA (H-abstraction-C,H, addition) based soot surface
growth processes by lowering the temperature and H-abstraction rates.
De Iuliis et al. [38] investigated the effect of adding up to 40% H,
to rich G,H,/air premixed flames (with constant C/O ratio of 0.77)
using laser scattering/extinction techniques and transmission electron
microscopy (TEM) for SVF and soot morphology parameters (volume-
mean diameter, primary particle diameter and radius of gyration).
Their results showed reduction in SVF, volume-mean diameter and
primary particle diameter, with no significant changes in flame tem-
perature profile. The authors attributed this to reduced H-abstraction
rates which caused a reduction in PAH formation.

Another additive which has been investigated for its effect on soot
formation in various binary fuel mixtures is CH, [17,39,40]. Roesler
et al. [40] investigated the effect of CH, addition to C,H, co-flow
normal diffusion flame on PAH and soot formation using electron-
impact/quadrupole mass spectrometry and photo-ionisation/time of
flight mass spectrometry for PAH, and LII for SVF. The authors observed
that when the adiabatic flame temperature of the mixtures is kept
constant, the SVF and PAH concentration increased with increase in
the volume of CH, in the fuel mixture. This enhancement in PAH con-
centration and SVF was attributed to the production (via pyrolysis of
CH,) of methyl radicals which promote the formation of PAH through
the propargyl recombination reaction. Hwang et al. [41] studied soot
formation in co-flow normal diffusion flames for binary fuel mixtures
of C,H, and CH, using light extinction and LIF for SVF and PAH
respectively. Contrary to observations by Roesler et al. [40], they
reported that the SVF decreased linearly with increase in the proportion
of CH, in the fuel mixture, which they attributed to the reduction
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Table 1
The flow conditions of the flames tested in this study.
Set PF SF Opp Ogsr Xgp C to H ratio
(slpm) (slpm) (%)
0 0 0.50
0.2 3 0.49
A GHy H, 6 0.4 6 0.48
0.6 9 0.48
0 0 0.50
0.2 3 0.49
B CH, CH, 6 0.4 6 0.48
0.6 9 0.48

Where PF — primary fuel; SF — secondary fuel; Qp; — volumetric flow rate of
the primary fuel; Qg — volumetric flow rate of the secondary fuel; X, — volume
fraction of the secondary fuel in the binary mixture. The standard temperature and
pressure at which volumetric flow rates are quoted are 25 °C and 1 bar respectively.

in the concentration of C,H, as a result of CH, addition. However,
they observed a slight increase in PAH concentration with increase in
CH, which they too suggested could possibly be due to the propargyl
recombination reaction. Ni et al. [42] investigated the effects of adding
CH, to a C,H, laminar normal diffusion flame on soot formation using
LII and LIF for soot and PAH respectively. They observed a reduction
in both PAH LIF and LII signals as the volume of CH, was increased
in the fuel mixture. Trottier et al. [17] also studied soot formation in
various binary fuel mixtures including CH, and C,H, experimentally
and numerically. They argued that the enhancement of soot formation
with increase in the volume of CH, present in the binary mixture of
CH,/C,H, was temperature dependent. These conflicting observations
from various studies of CH,/C,H, binary fuel mixtures as outlined
above require further investigation.

More systematic experimental work is needed to better understand
soot formation processes in binary mixtures of C,H, and H,. Studying
the relationship between PAH and soot in the IDF where soot formation
can be separated from oxidation provides a useful test-case but thus
far has received little attention in the context of H, addition. We
present a comprehensive experimental investigation of the effect of
hydrogen addition on an ethylene IDF based on multi-parameter laser
imaging. The effect of methane addition to the ethylene flame is also
studied. Laser-induced incandescence is demonstrated using a long-
pulsed fibre laser and combined with simultaneous OH LIF imaging.
Simultaneous LIF imaging of PAH and OH is also performed with
the aim of understanding the relationship between the soot and PAH
formed in the binary fuel mixtures investigated.

2. Methodology

Diffusion flames were stabilised on an IDF burner, which has been
described previously [43], hence only a brief description is presented
here. It consists of three concentric stainless-steel tubes with inner
diameters of 10, 30 and 64 mm with the tube lips finished to a knife-
edge to reduce the effect of rim thickness. Flow conditioning was
achieved with steel balls of diameters 3 mm and 5 mm in the co-flow
passages. Fuel gases were passed through the central tube, while air
was passed in the first co-annular tube. To shroud the flame and reduce
air entrainment, N, was passed through the second (outer) co-annular
tube.

Table 1 summarises the flow conditions in this study. The flow
rates of primary fuel, C,H,, and air were fixed at 6 slpm and 1.2 slpm
respectively throughout the study. Varying volumes of secondary fuels
H, and CH, were separately added to the primary fuel from 0 to 9% as
shown in Table 1 to study their effects on sooting tendency. The volume
fraction of the secondary fuel is defined as follows:

Osr
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where Qgp and Qc,p, represent the volumetric flow rates of the
secondary fuel (H, or CH,) and of C,H, respectively. To ensure that
the addition of SF did not have a considerable impact on the global
flame behaviour, the C/H ratio of the binary mixtures tested was kept
within a narrow range of 0.49 + 0.01 (See Table 1). Additionally, the
OH PLIF images captured for the different test conditions did not show
any significant changes in several aspects of the global flame behaviour
(flame height, peak OH signal, and OH profile width). Radial OH LIF
line profiles for the base case and maximum H, and CH, conditions are
presented in Fig. 2(e).

For each flow condition shown in Table 1, LII and OH LIF im-
ages were captured simultaneously, followed by separate simultaneous
imaging of PAH LIF and OH LIF. For each test condition, 200 in-
stantaneous images were acquired. Fig. 1 shows a schematic of the
experimental setup, including the cameras and optical arrangements.
The simultaneous imaging schemes are discussed in more detail in the
subsequent sections.

2.1. Simultaneous PAH and OH LIF imaging

The second harmonic output from an Nd: YAG laser (Litron Nano-
PIV) was used to pump a tuneable dye laser (Fine Adjustments Pulsare-S
model) with Rhodamine 6G dye. The frequency-doubled output from
the dye laser was tuned to near 283 nm to coincide with the Q1(5)
transition of the A2X* «— X2171(1,0) band for the excitation of the OH
radical. The beam was converted to a light sheet of height 50 mm and
thickness 0.15 mm (at the focus) using cylindrical lens (f = —40 mm)
and spherical bi-convex lens (f = 500 mm). The same laser was utilised
to excite PAH species. Simultaneous detection of OH and PAH was
achieved with two intensified charge coupled devices (ICCDs) placed
on either side of the IDF burner and at right angle to the plane of the
laser sheet. The ICCDs consist of a Videoscope intensifier (VS4-1845)
coupled to a PCO Sensicam CCD camera system. The OH fluorescence
was filtered near 310 nm using ICCD-1 fitted with a UV 100 mm /2.8
Cerco lens and a combination of WG 305 and UG11 Schott glass filters.
ICCD-2, fitted with an f/1.2 Nikon lens of focal length of 50 mm and
a combination of BG12 and GG420 Schott glass filters, was used to
detect fluorescence from PAH species of three or more rings between
420 nm and 480 nm [44,45]. The reasons for the PAH detection regime
chosen and the suitability of the LIF technique for analysing PAHs
have been discussed in detail in our previous study [43]. The camera
gating for PAH detection was set at 80 ns. Also, it is important to
note that the quantitative measurement of PAHs is non-trivial. This is
due to the difficulty in distinguishing the spectral properties between
PAH molecules with the same number of rings but different chemical
structures because of the characteristic broadband emission spectra
from these PAHs [46,47]. The possibility of detecting LIF from PAH
dimers cannot be discounted [48], although these may be expected to
be more prevalent further downstream. Hence, only qualitative trends
for PAHs are provided in this study.

2.2. Simultaneous LII and OH PLIF imaging

The same set-up as described above was employed for the OH
excitation and detection. Long-pulse LII excitation was achieved with a
commercially available 1060 nm wavelength fibre laser (SPI redEnergy
G4 20 W EP-Z). The divergent output beam from the fibre laser was
focussed using a spherical lens of 400 mm focal length. The pulse
repetition rate was 10 kHz and the pulse duration was roughly 200 ns.
The laser pulse energy was determined using a thermopile power meter.
The fibre laser output power is adjustable by varying the drive current
of the pump diode laser: a pulse energy of 0.7 mJ was used throughout.
To avoid significant variation in beam diameter over the thickness of
the soot sheet, the laser was focussed about 10 mm in front of the
region of interest. This resulted in a fluence (defined based on the 1/¢?
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~283NmM |Tuneable dye |- 532 nm Nd:YAG
Laser Laser

Laser sheet makin
optics

Beam Dump

ICCD-2

I:l ICCD-1

Beam Dump

Fig. 1. Schematic of the experimental arrangement used for simultaneous LII and OH
PLIF imaging and separate simultaneous PLIF imaging of PAH and OH. The angled
layout of the fibre laser is exaggerated for clarity. ICCD — Intensified charge coupled
device, IDFB — Inverse diffusion flame burner, F, — Filter A (UG11 + WG 305), Fy
— Filter B (BG12 + GG 420), F; — Filter C (450 nm bandpass filter with FWHM of
10 nm).

beam diameter of roughly 650 pm) of approximately 210 mJ cm~2 at
the measurement location.

Detection of LII was achieved with ICCD-2 fitted with an f/1.2 Nikon
lens of focal length of 50 mm and a bandpass filter centred at 450 nm
(FWHM = 10 nm), chosen to avoid interference by emission from C,
and C; radicals. The camera gating for LII detection was set at 210 ns
to include the laser pulse duration. The angled layout of the fibre laser
in Fig. 1 is exaggerated for clarity. The laser beam from the fibre laser
was angled only slightly (roughly 5°) with respect to the PLIF excitation
beam to retain an orientation near perpendicular with the ICCD-2
collection axis. The fibre laser was used as the master signal to the
synchroniser controlling the triggering of the Nd:YAG laser pumping
the dye laser, as well as triggering the cameras for simultaneous OH LIF
and LII detection. The fibre-laser LII generates 1D line images of soot
in the flame. The LII signals provide a relative measure of soot volume
fraction, which is sufficient to reveal the influence of fuel composition
and to compare with the changes in PAH LIF under the same sets of
conditions.

For the flames with H, addition (set A in Table 1), measurements
were performed with the fibre-laser beam displaced to three different
heights above burner (HAB), 6 mm, 8 mm and 10 mm, each time
capturing LIl and OH PLIF simultaneously. This was done to confirm
whether the effect of H, on soot and PAH might vary with location
in the flame. For the flames with CH, addition (set B in Table 1), LII
and simultaneous OH PLIF imaging measurements were performed at
10 mm HAB only, to compare the effect of an alternative additive.

2.3. Image analysis

Fig. 2 shows examples of overlayed PAH LIF, LII and OH LIF images.
PAH LIF and LII signals were each separately imaged with OH LIF
simultaneously. The OH LIF images allow the locations of the soot and
PAH LIF to be referenced with respect to the position of the flame
front. The OH LIF profiles also serve as a check that the flame was
stable, with the reaction zone location maintained between data sets.
Fig. 2(a) and (b) show the LII signal together with the OH LIF signal
and PAH LIF signal together with the OH LIF signal respectively. Data



C. Ezenwajiaku et al.

1 v T
0%H, '
= = = PAH: 10 mm ,I
—~08F|===LIL10mm 1
=. ----- OH-PAH: 10 mm| |
2  ||--- OH-LII: 10mm |/
5 1
= 0.6 )
S 1
o :
» d !
. (d) h
» 041 !
= 1
g 1
5 [
Zo2f Il
!
/
_ /
0 T y
14 42 10 -8

Radial distance (mm)

Fuel 361 (2024) 130613

©
o

Percent Hzlc H,

-3
o
T

_____ o%Hz -OH: 10 mm
_____ 9%H, - OH: 10 mm
_____ 9% CH,, - OH: 10 mm

-
o
T

(23
o
T

o
o
T

S
o
T

(e)

OH signal (arb.u.)
N w
o o

-
o
T

<ho
A
[}
=

Radial distance (mm)

Fig. 2. (a) LII and OH LIF combined image (b) PAH LIF and OH LIF combined image (¢) OH LIF, LIl and PAH LIF combined image (d) The combined OH LIF, LIl and PAH LIF
line profile at HAB of 10 mm (centred using the OH line profile). (¢) OH LIF line profiles at HAB of 10 mm for 0% and 9% H, and CH, addition. Note: OH-PAH and OH-LII refer

to the OH LIF radial profiles obtained from simultaneous OH/PAH LIF and OH LIF/LII respectively.

processing involved averaging the 200 acquired images and subtracting
the background. The images were scaled to coordinates of HAB and
radial distance from the burner centre line using reference images of a
ruler sitting above the burner within the excitation plane. The scaled
images are combined and shown in Fig. 2(a)-(c), which is for the flame
without secondary fuel addition. Soot is present at an intermediate
location, between the reaction zone and the broader zone where PAH
LIF is observed. Note that 1D line imaging of soot was performed, in
this case at 10 mm HAB. The images shown in Fig. 2(a)-(c) are from
the point of view of camera 2, i.e. a mirror image of the OH LIF data
from camera 1 is shown. Thus, these images relate to the side of the
IDF closer to the dye laser source in Fig. 1. All subsequent analysis has
been performed on the image data for this half of the axisymmetric
flame. The representative line profiles obtained from Fig. 2(c) at HAB
of 10 mm, indicated by a red line, are presented in Fig. 2(d) for the
same flame conditions. Radial OH LIF line profiles for the base case
and maximum H, and CH, conditions are presented in Fig. 2(e). It is
important to reiterate here that the radial OH LIF line profiles shown
in Fig. 2(e) indicate no significant changes in several aspects of the
global flame behaviour for the different conditions tested. Subsequent
sections present data evaluated based on the radial maxima of the PAH
LIF and LII signals at three heights above the burner and for a range
of flame conditions. Additionally, to provide an idea of the spread of
LII and PAH at each height investigated, the widths of the LIl and PAH
were obtained using the full-width at half-maximums (FWHMs) of their
respective line profiles. The area under the curve of the radial profile
for LIl and PAH was also estimated as a measure of the total magnitude
of signals at each HAB. The estimated profile widths and the area under
the curve will be referred to as FWHM and area respectively in the
subsequent sections of this paper.

3. Results and discussion

In this section, the effects of H, and CH, addition on PAH LIF and LII
signal levels at a range of HABs are presented. The relative changes in
PAH LIF and LII signals with increasing amounts of secondary fuel are
then compared to establish if a correlation exists between these effects.

3.1. Effect of H, addition

Fig. 3 shows the radial peak values for PAH LIF and LII for various
levels of H, addition presented as a function of HAB. It can be seen that
at each H, addition, the peak signals for both PAH and LII increased
monotonically as HAB increased from 6 mm to 10 mm. This could be
attributed to the effects of increased residence time due to increased
HAB leading to increased formation and growth of both PAH and
soot [49]. It is worth noting that PAH LIF signal increases by a factor
of about 2.9 and LII signal by a factor of about 4.3 between 6 mm and
10 mm HAB for the undoped flame.

Fig. 4 shows the radial line profiles for PAH LIF and LII at various
heights (a), and with and without H, addition (b). These radial profiles
highlight that the shapes and locations of the signal profiles change
little with HAB or with addition of H,. For the purpose of comparison,
the LIF and LII signals have been normalised through division by the
respective signal maxima for the additive-free flame. In Fig. 4(a), the
radial line profiles for PAH and LII are presented for 0% H, addition
at three different HABs: 6 mm, 8 mm and 10 mm. It can be seen that
for both PAH and LII, as the HAB increased from 6 mm to 10 mm,
the peak location shifted very slightly (by about 0.3 mm) inwards
towards the centre of the burner (indicated as the zero position on
the plot). A similar shift in peak PAH LIF location was observed by
Mikofski et al. [11] which was attributed to cold fuel entrainment
of the buoyant flame plume. Also, the profile widths increased very
slightly with height, which could be attributed to the formation of
more soot and PAH as the HAB increases (see Fig. 3). This is consistent
with the shape of the PAH LIF profile shown in Fig. 2(b), where the
PAH-containing zone becomes broader and shifts closer to the burner

centre-line with increasing HAB. In Fig. 4(b), the radial profiles for PAH
and LII with 0% and 9% H, addition at HAB of 10 mm are presented.
It can be seen that as H, addition levels increased from 0% to 9%,
the peak values for both PAH LIF and LII decreased by 37% and 63%
respectively. The reduction in the peak signals for PAH and LII with H,
addition could be due to the effect of H, addition on the reversible
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Fig. 4. (a) Normalised radial line profiles of PAH and LII signals at three different heights above the burner (HAB): 6 mm, 8 mm and 10 mm for 0% H, addition. The line profiles
were normalised with the respective peak values for each height. (b) Normalised radial line profiles of PAH and LII at HAB of 10 mm for 0% and 9% H, addition. The profiles

were normalised with the peak value for 0% H, addition.

reaction (4; + H = A;- + H,) for PAH growth through the HACA
route [50,51], where A4; is an aromatic molecule consisting of i aromatic
rings and A;- is a corresponding aromatic radical. Increasing the level
of H, reverses the H-abstraction reaction of the HACA mechanism
which inhibits the availability of the aromatic radical (4;-) for further
mass addition reactions and hence reduces the abundance of larger PAH
molecules available for soot inception and growth.

To understand the effect of H, addition on the total magnitude
of PAH LIF and LII signals, the areas under the curves for the radial
profiles of PAH LIF and LII at HABs of 6 mm, 8 mm and 10 mm are
presented in Fig. 5(a). The widths of the radial profiles for PAH and
LII, estimated based on the full-width-at-half-maximum (FWHM), are
presented in Fig. 5(b). Fig. 5(c) shows the variation in the radial peak
PAH LIF and LII signals with H, addition. It can be seen that at all
heights presented, the addition of H, reduced the signal level far more
significantly than the FWHM for both PAH LIF and LII. In Fig. 5(b),
little reduction (<10%) in the widths of PAH LIF and LII profiles with
increasing H, addition is clearly evident, except for the case of the
LII signal at 6 mm HAB (~18% decrease). Accordingly, the plots for
integrated areas and radial peak signals show very similar behaviour.
Hence, either the peak signal or area under the curve plots could
be used to represent trends for PAH and LII analysis. From Fig. 5(a)
and (c), it can be seen that as the level of H, addition increased,
the fractional reduction in the PAH LIF signal was near-identical at
all heights investigated. For LII, similar trends are observed at each
HAB, although the signal showed slightly more pronounced reduction

at lower positions (a reduction in peak LII signal by up to ~ 77%
was observed at 6 mm HAB compared to a ~ 63% drop at 10 mm).
A similar trend was observed by Wang et al. [52] in their study of
hydrogen-enriched C,H, normal diffusion flames.

Comparing PAH LIF and LII, the normalised signals reduced more
sharply with H, addition for LII than for PAH LIF at all heights studied.
At each H, addition level, the fractional reduction in the peak LII signal
was found to be approximately 1.5 times greater than for the peak
PAH LIF signal. This general trend may be consistent with expectations,
given the pivotal role of PAH molecules both in the inception and
growth of soot. The dimerisation of larger PAH molecules is considered
to be a crucial step in soot inception and its rate depends non-linearly
on PAH abundance [48,49]. Likewise, H, addition also influences the
growth rate of soot particles. It has been shown that two processes
are important for soot growth in diffusion flames, the HACA mech-
anism and PAH adsorption [49,53]. The addition of H, is therefore
likely to influence the growth rate of soot not only through its impact
on concentration of 3-4 ring PAH molecules but also by influencing
the concentrations of other species involved in soot growth, such as
acetylene [54].

3.2. Effect of CH, addition
In this section, the effects of CH, addition on PAH LIF and LII

are discussed. Fig. 6 shows the PAH LIF and LII radial line profiles
obtained at HAB of 10 mm for 0% and 9% CH, addition. Similar to the
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Fig. 6. Normalised radial line profiles of PAH and LII at HAB of 10 mm for 0% and 9%
CH, addition. The profiles were normalised with the peak value for 0% CH, addition.

observations in the H, addition case (see Fig. 4(b)), it can be observed
that as the CH, level is increased from 0% to 9%, the profile width and
the peak values decreased for both PAH LIF and LII, although here the
reduction in signal levels is far more modest. Again, to understand the
effect of CH, addition, the radial integral of PAH LIF and LII signals,
the FWHM of the radial profiles, and the radial peak signal levels are
presented in Fig. 7. PAH LIF data are presented for HAB of 6 mm, 8 mm
and 10 mm while LII values are presented at only 10 mm.

From Fig. 7(a) and (c), it can be seen that as CH, level increased,
signal levels are reduced at all heights presented for both PAH LIF
and LII. As in the case of H, addition, the integral area and peak
height plots show very similar trends. It can be observed that LII signals
showed a proportionally greater reduction when compared with the
PAH LIF signals. It should be noted that the effect of CH, addition is
far less pronounced than the addition of an equivalent volume fraction
of H,: note the expanded vertical scale for the plots concerning CH,.
In Fig. 7(b), it can be observed that CH, does not make a significant
difference to the widths of the PAH LIF profiles and any effect on the
width of the LII radial profile at 10 mm HAB is slight.

It is worth noting in Fig. 7(a) and (c) that at HAB of 10 mm, the LII
signals showed a higher fractional reduction than PAH LIF signals at
all levels of CH, addition. This shows that a reduction in PAH levels
is associated with a larger fractional reduction in LII irrespective of
whether H, or CH, is used as the additive. The explanations for this
may be similar to those discussed above in relation to H, addition.
Another interesting feature of the results for CH, addition is that
the relative effect on PAH LIF signals is greater at lower HAB, in
contrast to H, addition for which the relative change in LIF signal was
near-identical at each HAB.

To compare the effects of H, and CH, addition to the C,H, IDF
on PAH LIF and LII, the normalised peak LII signal is presented as
a function of normalised peak PAH signal in Fig. 8. The data for H,
addition include all three heights studied: 6 mm, 8 mm and 10 mm.
It can be seen from Fig. 8 that the magnitude of reduction in the
peak signals for both PAH LIF and LII were significantly higher with
H, addition when compared to CH, addition. For example, with 9%
H, addition, PAH LIF and LII showed reductions of about 40% and
70% respectively, as compared to about 7% and 17% reductions PAH
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LIF and LII signals for CH, addition. This could be attributed to the
difference in the chemical effects of H, and CH,; while direct addition
of H, makes it readily available to influence soot inception and growth,
the C-H bond in CH, would need to be broken firstly to release the
H-atom or H,. Furthermore, H, addition reduces the carbon per unit

mass available for PAH and soot formation, and growth in the binary
fuel mixture (dilution effects) to a greater extent than the addition of
an equivalent volumetric amount of CH,. Furthermore, it can be seen
from Fig. 8 that a linear correlation exists between PAH LIF and LII
for both H, and CH, addition, covering all HABs investigated. These
observations are consistent with the role of PAHs as precursors to
soot formation, with the rate of soot inception having a non-linear
dependence on PAH concentration and the rate of soot growth being
dependent on concentration of PAHs and of other precursors, such
as acetylene, whose abundance is also likely to be diminished by H,
addition. The influence of CH, addition is far less pronounced than
that of H, and the confidence in the linear fit shown in Fig. 8 is
correspondingly lower. Nevertheless, the linear fits seem to overlap,
which raises a question about the generality of the correlation for
other additives, which may merit further investigation. It would also
be interesting to explore whether the linear trend continues for even
greater H, addition, to the point where the line might reach the x-axis:
extrapolation would suggest that a PAH LIF signal of about 45% of the
maximum would be a threshold at which the flame might be free of
soot.

4. Conclusion

The effect of hydrogen addition on soot and PAH formation in ethy-
lene inverse diffusion flame was studied using LII (demonstrated with
a long-pulsed fibre laser) and PAH-PLIF. Methane was also separately
added to the ethylene flame to study its effects in comparison with the
hydrogen addition cases. Some specific conclusions on the effect of H,
and CH, addition on PAH and LII from this work are:
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+ The peak signal for both PAH LIF and LII was observed to in-
crease monotonically as the height above burner (HAB) increased
from 6 mm to 10 mm which was attributed to the effect of
increased residence time which allowed further growth of PAH
and consequently soot particles. The PAH LIF signal and LII signal
were observed to increase by a factor of 2.9 and 4.3 respectively
between HAB of 6 mm and 10 mm.

With H, addition, the magnitude of reduction in the peak PAH
signal showed no variation with HAB while slight variation with
HAB was observed in the peak LII signal. For all cases of H,
addition, a higher magnitude of reduction was observed for the
peak LII signal when compared to the peak PAH signal.
Comparing the effects of H, addition with CH, addition indicated
that for all cases investigated, H, addition showed higher reduc-
tions in PAH LIF and LII. This was attributed to the difference in
the reactive behaviour of H, addition and CH, addition; while
H,, when added, is readily available to interact with the soot
formation and growth process, the C-H bond in CH, needs to be
broken to release the H-atom or H,.
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