Combustion and Flame 219, 13-19 (2020)
Preprint
On the Effect of Pressure on Soot Nanostructure: A Raman

Spectroscopy Investigation

M. Commodo “!, A.E. Karatas?, G. De Falco?, P. Minutolo!, A. D’Anna?3, O.L. Giilder ™*

! stituto di Ricerche sulla Combustione, CNR, P.le Tecchio 80, 80125, Napoli, Italy
2 Department of Aerospace Engineering, Ryerson University, 350 Victoria St., Toronto,
Ontario M5B 2K3, Canada

3 Universita degli Studi di Napoli Federico 11, Dipartimento di Ingegneria Chimica, dei Materiali e
della Produzione Industriale - P.le Tecchio 80, 80125, Napoli, Italy

4 University of Toronto Institute for Aerospace Studies, 4925 Dufferin Street, Toronto, Ontario
M3H 5T6, Canada

* Corresponding Authors:  Mario Commodo (commodo@cnr.it)

Omer L. Giilder (ogulder@utias.utoronto.ca)



Combustion and Flame 219, 13-19 (2020)

Preprint
Abstract

Although the majority of existing combustion devices operate at high pressure conditions, most of
our understanding of the soot formation process and soot physicochemical properties rely on studies
performed at atmospheric pressure. Pressure is known to have nonlinear effects on combustion
processes and a significant influence on soot formation; soot loading increases with increasing
combustion pressure. Soot characteristics directly affect soot oxidation and optical/radiative
properties, and it is desirable to have a better insight into them under high-pressure conditions. Indeed,
due to scarcity of information on soot primary particles, aggregate morphology and soot nanostructure
relevant to high-pressure combustion, there are challenges in handling the soot oxidation and
radiation, particularly at engine-relevant conditions.

In this study, we perform Raman spectroscopy measurements on soot sampled from a set of
laminar diffusion flames of ethylene at various pressures, ranging from atmospheric pressure to 12
bar. Our results show an increase in soot maturity as the pressure increases within the range of
investigated pressures. In the examined co-flow flame pressure seem to have a indirect influence on
soot nanostructure through an earlier inception of soot resulting in longer residence times of the
carbon soot particles in the hot and reactive flame environment. In the examined flames, soot
maturity, tracked through the size of graphitic domains, La, increases linearly with residence times.
The longer residence time of soot in flame with increasing pressure could be the main cause of the
higher degree of graphitization observed, which presumably reflect into a greater resistance to

oxidation.
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Introduction

Soot nanoparticles are known to have detrimental effects on human health, climate and air quality [1-
3]. As a consequence of these concerns, significant research efforts have been put into understanding
and explaining the chemical and physical processes behind the mechanisms of soot formation in fuel-
rich flames. Although the majority of existing combustion technologies operate at pressure conditions
ranging from moderate to high, most of our understanding of the soot formation process relies on
studies performed at atmospheric condition. Pressure is known to strongly affect flame burning
properties and soot formation [4]. It is established that pressure significantly increases soot loading
[4]; as the pressure is increased in combustion chamber, more soot is formed and released to the
exhaust, however the amount in the exhaust also depends on the extent of oxidation in the chamber.
Nevertheless, soot concentration is not the only parameter to be considered. Particles size,
morphology and nanostructure are also important since they directly affect oxidation rate as well as
particle optical properties [5, 6]. However, probing and characterizing soot from high pressure
environments is not a trivial task, and only a few attempts have been made so far [7-14]. Therefore,
a clear understanding of the effect of pressure on particle size/morphology and nanostructure is far
from being established firmly.

Recently, in an attempt to probe the dependence of soot nanostructure on pressure, we used Raman
spectroscopy to characterize soot particles collected from several methane laminar diffusion flames
operated under a variety of pressure conditions [10]. It was demonstrated that soot nanostructure was
primarily affected by residence time rather than pressure [10]. Soot particles were shown to strongly
graphitize when collected at increasing distances from the burner rim, while no differences were
observable by changing the pressure of the system [10].

Compared to methane, ethylene flames are known to display significant differences in terms of
soot formation and properties. In addition to the considerably different soot propensities, the
dissimilar chemical features of the two fuels may also affect their soot characteristics, such as particle

size, morphology and structure [9,11,15-17]. Thus, to complement our previous work [10] and
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achieve a better understanding of the effect of pressure on soot nanostructures, we carried out Raman
spectroscopy measurements in this work on soot samples extracted from ethylene diffusion flames at

various pressures.

Experimental

Soot samples were collected thermophoretically from a set of nitrogen diluted ethylene laminar
diffusion flames operated under various pressures. A high pressure combustion chamber capable of
stabilizing laminar diffusion flames on a coflow burner was used. The high-pressure combustion
chamber, housing the burner and the integrated thermophoretic soot sampling system has been
thoroughly described elsewhere [8-12]. Briefly, the burner, installed in the high-pressure chamber,
has an exit diameter of 3 mm. The thermophoretic sampling system consists of a circular sampling
disk, a motor drive, and a programmable control system. To keep measurements at different pressures
tractable, fuel mass flow rates were kept constant at all the pressures considered. The ethylene flow
rate was 0.96 mg/s and fuel/nitrogen dilution was fixed at 1:2 by mass. Pressure was changed between
1 bar to 12 bar, and soot particles were collected at 2 and 10 mm above the burner rim, thus roughly

in low and mid-height of the flames as depicted in Fig.1.
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Figure 1. Photographs of the coflow laminar ethylene diffusion flames at
different pressures. Red-dashed lines correspond to the sampling positions

of 2 mm and 10 mm above the burner exit.

Samples for Raman spectroscopy measurements were collected by multiple insertions of the
substrate (TEM grids of 3 mm diameter: SPI, model 3520C-CF) into the flame to accumulate enough
material for the analysis. Soot samples were analyzed by Raman spectroscopy following the same
procedure adopted in [10] and in other previous investigations [18-20]. The grids covered by soot
were directly positioned under the Raman microscope (Horiba XploRA) equipped with a 100x
objective (NAO0.9, Olympus) without further manipulation. The laser source was a Nd:YAG laser (A
=532 nm, 12 mW maximum laser power at the sample). Spectra were obtained with a laser beam
power of 1%, and an accumulation-exposure time of five cycles of 20 s each. For each soot sample
deposited on a TEM grid several spots were randomly selected and averaged to obtain a statistically
relevant Raman spectrum. Background due to the substrate was verified to be negligible for the
analysis of the soot particles signals.

Soot concentration and temperature measurements were performed at pressures of 3, 6, and 10 bar.
The optical measurement setup is based on spectral soot emission (SSE), whose details are given in
[4] and references therein. Briefly, line-of-sight measurements of spectral radiation was collected
within the wavelength range of 690-945 nm. Flames were mapped pointwise using a radial step size
of 0.05 mm in horizontal direction (along the radius of the flame) and 0.5 mm in vertical direction.
Emission profiles at a given height in the flame were inverted to obtain radially-resolved emission
rates from which radial temperature and soot volume fraction distributions could be inferred when
soot optical properties are known. A horizontal spatial resolution of 0.07 mm over the depth of field
defined by the burner nozzle exit diameter was estimated from knife-edge scans across a diffuse light
source located at the object plane. The vertical spatial resolution was inferred to be approximately

0.29 mm.
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Results and Discussion

To track the evolution of soot particles, the ethylene laminar diffusion flames operated at several
pressures, i.e., 3, 6 and 10 bar, have been preliminary characterized by SSE measurements. Two-
dimensional depictions of the soot volume fraction (SVF) measurements for the flame operated under

these three pressures are reported in Fig. 2.
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Figure 2. 2D soot volume fraction (SVF) measurements at three different

pressures.

SVF significantly increases with increasing pressures as also illustrated by the trend of the maximum
soot yield shown in Fig. 3. For all the investigated flames soot reaches its maximum in the annular
region at approximatively 10 mm above the burner. Above 10 mm, oxidation causes an overall
lowering of the SVF values, leading at the end of the flame in a complete burnout of soot and thus in

so called non-smoking flames for pressures below 10 atm. Soot particles, for nanostructure
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characterization via Raman spectroscopy analysis, have been therefore collected at 10 mm, for all the

flames, corresponding to the maximum SVF location in the investigated flames.
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Figure 3. Maximum soot yield vs. pressure.

Raman spectroscopy represents one of the most common and powerful technique for the
characterization of carbon materials, and is also commonly used for investigations of the chemical
and nanostructure properties of soot particles [18-24]. A typical Raman spectrum of a soot sample is
reported in Fig. 4. The spectrum is characterized by the typical two main features of any amorphous
carbon, the G band at 1600 cm™ and the D band, at the Raman shift of about 1340 cm™. Details on

the physical origin of these two Raman modes can be found elsewhere [25].

Normalized intensity

600 800 1000 1200 1400 1600 1800 2000 2200
Raman shift, cm™



Combustion and Flame 219, 13-19 (2020)
Preprint

Figure 4. Typical Raman spectrum of collected soot.

Most importantly, it is well recognized that the relative intensity of the D and G peaks, 1(D)/I(G),
is dependent on the size of graphitic domains, La [25]. In case of highly disordered/amorphous carbon
materials, i.e., for very small size of the graphite crystallites, as in the case of flame-formed soot
particles [18], the following empirical expression has been found to correlate L. with the relative

intensity of the two Raman peaks [25]:

[2(nm?) = 5.4 - 1072 -E;}(eV‘*)% (1)
where E_ is the energy of the incident photon. The La values for soot sampled at different pressures
from the same height above the burner rim (10 mm), derived from the corresponding measured
Raman spectra, are reported in Fig. 5. Note that the data plotted start from the 2 bar condition because
of the insufficient amount of soot that could be collected at 1 bar. The La values approximatively

range between 1.17 nm to 1.21 nm. Despite the large uncertainties in the La values shown in Fig. 5 at

all the investigated pressures, the average values indicate an increase of L as function of the pressure.
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Figure 5. La values calculated from the 1(D)/1(G) ratios derived from the

Raman spectra of soot extracted from flames at different pressures at 10



Combustion and Flame 219, 13-19 (2020)
Preprint

mm above the burner rim. Error bars correspond to the standard deviations

of the experimental data.

These results contrast to those obtained by performing similar analysis on soot particles collected
at different pressures from laminar diffusion flames of methane, in which no effect of pressure on
soot nanostructure was observed with increasing pressure [10]. In distinction to the previously
investigated methane flames, the onset point of soot particle formation in the ethylene flames reported
in this work changes with the operating pressure as can be visualized by the vertical shift in the onset
of flame luminosity in Fig. 1. and the shift in the soot volume fraction measurements in Fig. 2.

For a more comprehensive analysis of soot inception region and further evolution, detailed radial
SFV profiles have been measured, see Fig. 6. Note that measurements were carried out by scanning
the entire flame diameter at each height above the burner, and the data reported in Fig. 6 represent
the averages of the left and right scans. For the flame operated at 3 bar, soot starts forming in the
annular region of the flame and is first detected at 4 mm above the burner by soot emission
spectroscopy, and soot concentrations increase by increasing the height above the burner, with a
maximum that shifts towards the flame centerline. An increased pressure, from 3 to 6 and 10 bar,
results in a lower position of the onset of formation in the flame and a significant overall increase in
soot concentration. Indeed, in the flame at 10 bar, soot concentration at 2 mm above the burner is
already comparable to the maximum SVF measured in the flame at 3 bar, about 5 ppm.

To summarize, soot particles start forming earlier in the flame as pressure increases. The distance
from the onset of formation to the sampling height (where the maximum SVF is reached, 10 mm)
changes from about 4.5 mm to roughly 9.5 mm as pressure increases from 1 to 12 bar. This in turn
implies that, at a fixed flame height, particle residence time is larger in flames with higher pressure.
This observation implies that the particles at the location of maximum volume fraction have
underwent different thermal histories in flames with different pressures. This in turn may affect

particle properties consistent with the earlier observations reporting that, regardless of the fuel
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chemistry, soot inception limit, i.e., the location at which soot starts forming, is the primary factor
impacting soot structure and its reactivity towards oxidation [26].

In view of this, it is possible that the observed trend in soot nanostructure in Fig. 5 is due to
differences in the thermal aging process as a result of an increase in the particle residence time at 10
mm as a function of pressure. To assess this point further, we also measured the Raman spectra of
soot collected at the early stages of formation, i.e., at 2 mm above the burner rim, for the flames
operated at 3, 4 and 6 bar. For these conditions, the average size of aromatic domains was in the range
of 1.14-1.17 nm, thus lower than that of soot at 10 mm.

It should be noted that sampling with a radial resolution was not possible because of the relatively
small flame diameters which are comparable to the TEM sampling grid diameter. Although soot is
integrated over the radial flame cross-section, the two samples collected at 2 and 10 mm are well
representative of soot particles at the onset and at the maximum volume fraction positions. Indeed, as
shown in the soot concentration profiles in Fig. 6, at the soot collection heights of 2 and 10 mm soot
inception and maximum volume fraction are mainly located in the annular region of the flames and
only a relatively small amount of soot particles is present at inner and outer radial positions. In
addition, any further condition, i.e., sampling above 10 mm above the burner, was not investigated in
the present work since after the maximum volume fraction is reached soot oxidation reactions become

predominant over formation ones.
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Figure 6. Radially resolved soot volume fraction (SVF) profiles for flames
operated at 3, 6 and 10 bar pressure. The plots on the left side refer to the
lower half of the flames while the plots on the right side refer to the upper
half of the flames (inset numbers refer to the distances from the burner

rim).

In order to verify that the observed differences in particle thermal aging are not due to changes in
flame temperature, we made detailed flame temperature measurements. As observed from the radial
profiles reported in Fig. 7, flame temperatures slightly decrease with increasing pressure due to

enhanced radiative heat losses with increasing soot loadings. As a consequence of this, a lower
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carbonization rate can be expected since it can be described by a single activation energy Arrhenius

model [27, 28]. Since the effect of temperature alone is not consistent with the increase of La, we can

argue that the change in the particle residence time is the most relevant parameter for soot aging.
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Consideration of the reaction orders involved in the soot formation process may shed some light
on our findings. Soot nucleation via chemical or physical condensation is known to occur through a
complex ensemble of second-order reactions [29]. Similarly, the soot particle growth by particle-
particle coagulation/coalescence and by surface growth, either by acetylene addition or by physical
condensation of other gas-phase molecules, can be all described by bimolecular reactions. These, in
turn, result in a strong effect of the pressure on the rates of nucleation, coagulation and surface growth
of the soot particles [30]. As a consequence, the pressure increase induces an earlier soot nucleation
and faster growth; the former leading to a longer soot particle aging process. The structural
rearrangement of carbonaceous materials as well as the growth of the constituent aromatic lamellae
in a hot and low-oxygen environment (thermal annealing) may involve isomerization by molecular
rearrangement and dehydrogenation [31, 32]. In this regard, a first-order kinetics characteristic of the
carbonization/annealing process of soot in flames was found by Dobbins and coauthors [27, 28]. For
this process, there would be no apparent dependence on pressure but only on temperature and
residence time. In light of this it is clear why the major effect of pressure on the particle properties of
soot at the maximum volume fraction point take place through a faster soot inception and longer
particle residence time in the flame. It should be noted that in our previous work on high pressure
methane flames this effect was not observed, possibly due to the higher values of pressures
investigated.

To have a meaningful comparison of the data obtained by Raman spectroscopy at different flame
conditions it would be helpful to estimate soot residence times. Flame heights for symmetrical co-
flow laminar diffusion flames can be calculated using Roper’s correlation [33, 34], which indicates
that visible flame heights depend on the mass flow rate of the fuel, independent of pressure. Flames
get thinner with increasing pressure, flame cross-sectional diameter being proportional to P~%5 [4].
Then, the average velocity of a gas molecule within the flame envelope and the residence time of the

bulk flow, do not change with pressure at a given height. However, as pressure is increased soot is
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formed lower within the flame envelope, meaning that at a fixed height the corresponding soot
residence time increases with pressure.

The axial velocity, v,, on flame centreline can be approximated as v,(z) = v/2az, where a is an
acceleration constant estimated as 41 m/s? based on numerical simulations [35, 36]. Then, the

residence time of the soot particles on the flame centreline, t, can be predicted from the relationship

t= /22 a and the lower and upper height of the visible soot zone within the centreline. The soot

centreline residence time at 10 mm sampling location increases significantly with pressure, from
approximatively 5 ms at 1 bar to 18 ms at 12 bar. This suggests that soot samples collected from the

same height at different pressures are not always comparable, particularly at the low-pressure range.

It should be noted the calculation of the soot residence times in this study from v,(z) = v2az
provides only approximate values for a number of reasons. Foremost, visible flame heights in Fig. 1
show a slight increase within the pressure range suggesting that the flames studied here are not fully
developed, i.e., buoyancy dominated. In addition, soot particles follow a more complex trajectory
than moving along the centreline [37, 38]. They originate from near the burner rim and drift towards
the centreline, making resident time prediction a rather complex task. Finally, it should be emphasized
that the above procedure neglects any particles forming or particles being removed by oxidation along
their path within the flame between sampling locations. It would be challenging experimentally to
account for these; however, detailed numerical simulations might provide a better treatment of the
phenomena and it will the subjects of our future investigations.

To assess the effect of residence times on soot maturity, we plotted the La values with respect to
the centreline soot residence times, as shown in Fig. 8. The observed linear trend supports that the
soot maturity, and in particular the La value, depends on the soot residence time rather than pressure.
Therefore, particle transformation/aging is essentially governed by particle thermal history and only

indirectly by pressure through the increase of the residence time of soot in the flame.
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It is well known that soot nanostructure strongly affects its propensity to oxidize [5,26], and that
soot aging in flames lowers its reactivity towards the oxidation [26,39], therefore our results show
that soot formed at high pressures, having a larger residence time in the hot region of the flame where
thermal restructuring occurs, is more resistant to oxidation than soot formed at atmospheric

conditions.

Conclusions

In this study, we investigated nanostructure of soot particles collected in a set of ethylene laminar
diffusion flames at different pressures from 1 to 10atm. Soot volume fraction and temperature
measurements by spectral soot emission diagnostic have been performed for flames operated under
different pressures. The flame conditions corresponding to soot inception and maximum volume
fraction were selected and the corresponding soot particle nanostructure analyzed by Raman

spectroscopy.
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The results indicate an overall more graphitic structure (a larger size of the aromatic domains) of
the fully developed soot particles as pressure increases. Such result is particularly important because
of the effect of soot nanostructure on soot oxidative reactivity suggesting that an increase of the
pressure has the effect of producing soot more resistant on oxidation.

A more thorough analysis of the data seems to suggest that the increasing pressure affect soot
properties indirectly through an earlier inception of the soot particles and thus the increase of the
residence time of the soot particles in the flame. Overall, the most effective parameter in determining

changes in the soot maturation/graphitization process at higher pressure is nucleation rate.
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