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Sooting tendencies of ethylene diffusion flame
doped by C;-C; alcohols
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2CNRS, Sorbonne Université, UMR 7190, Institut Jean Le Rond d’Alembert, Paris F-75005, France

Abstract

The sooting propensity of steady laminar coflow ethylene/air flames is modified doping the fuel stream with
vapors of alcohol and evaluated as a function of both the position of the alcohol function and the ramification
level (linear/branched) of the molecule. To identify general trends, a range of 3 alcohol sizes (Cs, C4, and Cs) are
compared: the 2 propanol isomers (primary and secondary), the 4 butanol isomers (2 primaries with 1 branched,
1 secondary, 1 tertiary), and 7 pentanol isomers (3 primaries with 2 branched, 3 secondary with 1 branched and 1
tertiary). Every alcohol has been injected as a doping vapor in the central tube of a Santoro’s burner. To evaluate
the sooting tendencies, a Line-of-Sight Attenuation (LOSA) setup allows the extinction of a collimated laser beam
operating at 645 nm to be measured yielding the field of local soot volume fraction f,,. Two indicators are used and
constrasted, i.e. one using integrated data (raw data from the camera capturing the laser extinction) and one using
the local field (deconvoluted data). From these results, several conclusions can be drawn. The two indicators being
in good agreement, it seems unnecessary to obtain local data to compare sooting tendencies at different conditions
(for a given experimental setup). The noise from the deconvolution procedure can be drastically reduced by an
average filter. These results reveal a good correlation between alkene produced in rich premixed CoH4 flame. The
sooting tendencies are consistent with the literature: linear molecule < branched molecule and primary alcohol
< secondary alcohol < tertiary alcohol. Moreover, the number of carbon N¢, here varied from 3 to 5, leads to
a modification of the sooting tendency that is significantly narrower than that associated with the structure of the
alcohol at a given Nc¢.
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1. Introduction

Alcohols, such as ethanol or butanol, are promis-
ing biofuels because they can be produced by biolog-
ical processes [1-4] such as ABE (acetone-butanol-
ethanol) fermentation. They are also known for their
ability to reduce the emissions of particulate matter
[5] when mixed with conventional fuels. One of the
reasons explaining this trend is the oxidizing ability of
the compound, allowing for the destruction of Poly-
cyclic Aromatic Hydrocarbons (PAHs). McEnally
and Pfefferle [6] also suggested that this reduction
could mainly be due to the lower number of carbons
N¢ of the alcohol compared to the conventional fuel.
These authors evidenced that, at a given N¢, some
alcohols, more specifically the secondary and tertiary
ones, exhibit Yield Sooting Indices (YSIs) that are
equivalent or even higher than that of the correspond-
ing alkane.

One reason might be the preferential triggering
four-center reactions, such as the elimination of water
of 2-propanol:

i ! ¥
H 9 HO H-0O
c-Cc-C c-Cc-C c=c-c (RI1)

For purposes of reducing soot formation, this reaction
is very unfavorable: it sequesters the oxygen atom in
an inert species and actually promotes soot formation
since it converts the carbon chain into the largest pos-
sible alkene product (i.e. keeping N¢ constant). The
prevalence of this type of reaction has been shown for
secondary and tertiary butanol isomers in diffusion
flames [7] and more recently for pentanol isomers as
well [8] in rich premixed flames.

Numerous studies have been dedicated to studying
sooting propensities of gaseous and liquid fuel (in the
standard condition of temperature and pressure) usu-
ally by doping diffusion methane flame [6, 9-11]. The
variation of the sooting propensity of those flames is
governed almost exclusively by the dopant chemistry
[12, 13]. This configuration allows to affect sooting
propensities almost exclusively to the dopant. How-
ever, as methane flames produce very few soot, this
requires the use of very sensitive optical diagnostics
for the evaluation of fuels with low sooting tenden-
cies. One of the most used indicators to establish
hierarchy is the Yield Sooting Index (YSI) first de-
veloped by McEnally and Pfefferle [9] which com-
pared the fy ma2 On the symmetrical axis of the flame
(r = 0) thanks to a scale bounded by a lower limit
(lowest sooting propensities with usually Y.SI = 0
or YSI = 30) and a high limit (highest sooting
propensities with usually Y'SI = 100). Kashif et
al. [10, 11] adapted the original definition to study
flame where f, maqz is located outside the symmetri-
cal axis (in wings of an ethylene diffusion flame for
instance). They also defined a second term referred
to as soot load F), which allows reducing the eventual
deconvolution noise by integrating radially the whole
fo distribution.

On the other hand, ethylene diffusion flame has
been extensively studied [14-19]. Consequently soot
properties of this type of flame are well-known, mak-
ing it an excellent reference. It appears then interest-
ing to take advantage of this knowledge to study the
sooting tendencies of various dopants, into an ethy-
lene flame, unveiling eventual interactions between
the two fuels and making relevant Line-of-Sight At-
tenuation (LOSA) measurements to a various range of
fuels since absorption rates, as well as signal-to-noise
ratio, are higher.

To confirm the role of the oxygen atom from al-
cohols on sooting propensities, CoH4 flames, i.e. a
sooting fuel with a low N¢, is investigated. To assess
the importance of the alkene productions derived from
alcohol on sooting propensities, the different types of
alcohol are investigated, i.e. all the propanol, butanol,
and 7 out of the 8 pentanol isomers, including con-
sequently primary, secondary, and tertiary alcohols as
well as linear and branched ones.

To this end, sooting propensities of ethylene ax-
isymmetric non-premixed flames doped by 3.5% (mo-
lar, referred to as X,4p) of the different alcohol va-
pors are investigated by a Line-of-Sight Attenuation
(LOSA) setup. By this technique, absorption is mea-
sured at 645 nm and soot volume fraction inferred, al-
lowing to classify sooting propensities of the dopants
with two indicators: the absorption K and the soot
volume fraction fgs, that are compared to assess the
robustness of the findings.

2. Investigation configuration

2.1. Flame generation

The steady laminar diffusion flame is established
over Santoro’s axis-symmetric coflow burner [14].
The gas supply of the burner used is an upgraded
version of the one used in Ref. [8]. Ethylene is in-
jected via a Bronkhorst EL-FLOW mass flow con-
troller through the vertical central brass duct, which
has an 11 mm effective diameter of injection dr. A
Coriolis regulator CORI-FLOW controls the flow rate
of liquid alcohol, then vaporized and mixed with ethy-
lene with a homemade evaporator.

Two parameters are kept constant, i.e. the over-
all molar flowrate (hence the volumetric flowrate too)
and Xqp. The dopant molar fraction was set at 3.5%
being aligned with a recent study published by our
group where alkene production was measured in rich
(¢ = 1.7) premixed flames (C2Ha/alcohol/air) [8].
Molar flowrate is kept constant so that inflows for all
flames exhibit identical exiting velocities for fuel and
air. To keep the molar flowrate constant, the CoHy
base flame flowrate is higher than the doped-ones
(0.145 and 0.139 nl/min, respectively). All flames,
in the present study, are non-smoking.

In a comparative study, the choice of the quantity
to be kept constant is debatable. In the present work,



keeping the burner exit velocity constant should, the-
oretically, limit the variation of the flame height.
However, this is not the only parameter controlling
the height as carbon content in the fuel stream is
another. On this point, considering an equivalent
molecular formula of the mixture CoHa/alcohol gives
C2.035H4.1400.035 for propanol, C2.07H4.2100.035
for butanol, and Cs.105H4.2800.035 for pentanol.
Thus, the variation of carbon content remains reason-
ably low (and the C/H ratio is almost constant be-
tween 0.49 and 0.5). These differences do not af-
fect the conclusions drawn in this study. Further-
more, the major trends observed between isomers are
not affected by this point. The coflowing oxidizer
is air, whose mass flow rate is controlled by another
Bronkhorst EL-FLOW device. The air flow is then
introduced into the concentric 102 mm inner diam-
eter brass cylinder. A perforated brass plate, glass
beads, and finally a 1.2 mm cell-size 50 mm high ce-
ramic honeycomb straighten the oxidizer flow. The
fuel tube extends 6 mm above the honeycomb upper
surface. Different heating sources allow maintaining
the fuel temperature constant during the experiment
(cf. Table 1).

Parameter Value Uncertainties
Evaporator (°C) 20-61 +2

Heated lines (°C) 80-100 +5

Fuels (°C) 65 +3

Xvap 0,035 £4.107*

Air (nl/min) 30 +0.11

ref. prop. but. pent.
CyHy (nl/min) 0.145  0.139  0.139  0.139  £0.007
Alcohol (g/h) 0818 1.009 1201 +0.02

Table 1: Experimental parameter values.

The optimization of the methodology’s discrimi-
nation potential drove the settings of the conditions
investigated. The fuel flow rates have been adjusted
to get the highest laminar flame that is not smoking,
as the flame’s tip opening that is associated with the
smoke release might influence the level of soot for-
mation upstream. Consequently, the fuel flowrate set-
point has been defined to keep the most sooting case
under this threshold, i.e. the t-pentanol flame. Do-
ing so, the Coriolis absolute error is minimized and
the camera sensor captures the flame on a wide area.
The air flowrate has been set to roughly match the
exit velocity of the fuel. The evaporator temperature
is set between 20 and 61°C. Temperatures for com-
plete evaporation are adapted for each dopant accord-
ing to the recommendations defined by the applica-
tion Fluidat® of Bronkhorst. To make sure the dopant
vapor feeds the ethylene flow at a constant rate, i.e.
there is no accumulation effect throughout the line, a
photodiode measures at a rate of 500 Hz the overall
intensity of the flame. The dopant addition results in
a variation of the flame radiative emission which in-
creases the mean intensity captured by the photodiode
to a level remaining very steady during the acquisition
of the data.

2.2. Optical diagnostic

To measure the absorption and the emission of the
flame at 645 nm, a setup (see Figure 1) similar to the
one in Ref. [20] is used. Figure 1 displays the main el-
ements. A 100 mW (% 0.5 mW) Spectra-Physics Ex-
celsior CW Laser operating at 645 nm (-5/+7 nm) was
used as the continuous light source. The selection of
the wavelength is driven by the required trade-off be-
tween detection sensitivity and the small contribution
of scattering to the laser extinction. Bonnety et al [18]
recently demonstrated that, in the present configura-
tion, the contribution of scattering to laser extinction
was negligible at a wavelength in the range of 645 nm.
Thus, scattering contribution is here neglected and
extinction is considered as absorption only. Conse-
quently, for any pixel impinged, the attenuation Kez+
of the laser light and its absorption K s are merged.

The outcoming 1 mm diameter beam passes
through a neutral density filter to adjust the incoming
power to the camera, then through a Newport Oriel
Electronic shutter that chops the source at a frequency
of 30 Hz. After the first lens of a beam expander, a ro-
tating glass diffuser plate combined with a vibrating
one provide loss of phase to avoid the coherent effects
of speckle and diffraction, which in turn enhances the
spatial uniformity of the beam intensity. Finally, an
achromatic lens ends the beam expander providing a
100 mm diameter collimated beam.

Once the beam has passed through the flame, the
optical setup allows it to be decollimated. A pinhole
with an aperture diameter of 800 um 4+ 5um is lo-
cated at the focal point to provide a telecentric config-
uration possessing depth invariant magnification and
to filter the beam steering due to the temperature gra-
dient that would bias the deconvolution process. The
resulting virtual image formed is re-imaged by an sC-
MOS pco.edge 5.5. camera mounted with a conven-
tional lens and equipped with a narrow band filter cen-
tred at 645 nm + 2 nm and with a 20 nm bandwidth
(at one half the transmissivity maximum). This setup
allows to capture the attenuated laser beam together
with the flame emission through the full optical ac-
cess, i.e. width of 40 mm and a height of 100 mm,
with a resolution of 41 pm per pixel for the projected
data.

2.3. Data acquisition

Absorption measurement K5 is done by the ac-
quisition of a set of 4 frames constituted of 2560 (z) X
704 (z) pixels: 1 frame with laser ON and flame es-
tablished (attenuated laser light intensity [), 1 frame
with the laser OFF and flame established (flame emis-
sion, I¢), 1 frame with laser ON and without flame
(unattenuated laser light intensity Ip), and 1 frame
without laser and without flame (background inten-
sity, Ip). The latter two are recorded before every test.
Each type of frame is acquired 150 times, then aver-
aged and each type of flame (reference or doped one)
is run 3 times, then the 3 corresponding absorption



ND

‘ Laser Filter

‘Shutter ‘ ‘Lens ‘ ‘Diﬁusers ‘ ‘Lens ‘ ‘Flame ‘ ‘Lens ‘

Band-Pass filter Camera
and pinhole sensor

=]

Fig. 1: LOSA optical setup

fields are averaged. The intensity standard deviation
of the 450 frames is around 5%. Therefore the error
range on Kqps, and Ko defined in the next section, is
also attributed to + 5%.

2.4. Data processing

Ata given location (z;, z;) , according to the Beer-
Lambert law, the monochromatic transmittance of a
given ray, as measured by the impinged pixel on the
grid (see the LHS term in Eq. (1)), is related to the lo-
cal extinction coefficient x (r;, z;) along the ray path-
way of length L inside the flame as follows:

_ L
Kaps = fln(l If) =/ K (rj,zi)ds (1)
IO_Ib 0

As a line-of-sight technique, LOSA needs to be
combined with a subsequent deconvolution method
to compute x(r;, z;) from Eq. (1). Three methods
have been employed, namely the onion-peeling (O P),
O P with Tikhonov regularization, and the Abel three
points inversion. First, an onion-peeling method is
performed here as it naturally takes advantage of the
grid that a digital camera provides. At any z;, the
x-axis is discretized to a radial axis r (same dimen-
sion than z) and a system of linear equations Ay=>b
is derived from Eq. (1). y is the unknown vector of
discretized « (75, z;), the vector b contains the dis-
cretized RHS term of Eq. (1), and A is a matrix com-
posed of chord lengths that can be readily calculated
using simple geometrical considerations. Typically,
with the optical arrangement specified above, A is
a 200 x 200 matrix. A is also an upper triangular
matrix, therefore y might be solved by using simple
backsubstitution. However, the aforementioned set of
equations can be shown to be ill-conditioned. There-
fore, a subsequent Tikhonov regularization stabilized
here the deconvolution process with the value of the
regularization parameter A set to 0.5. Finally, the
Abel inversion method was also applied for further
comparison to assess the impact of the deconvolution
method.

Once all the ¢ lines have been processed, the
Mie theory allows the soot volume fraction field
fu (7, 2:) to be inferred from the x(r;, z;) one, as-
suming that particles are in the Rayleigh limit, by the

following relation:

Do AK’(T]VZZ')
fv (7’]721) - 67rE(m>\) (2)

where FE(m.) is a function of the complex refrac-
tive index my of soot. The model of m by Chang
and Charalampopulos [21] is selected for the present
study. Concerning the absolute value of f,, E(m»)
remains one of the highest source of error: a factor up
to 4 can be found for its value at 645 nm throughout
the literature [22, 23]. However, since it is constant
throughout the fields, it has no incidence regarding the
relative values, i.e. the comparison among the flames.

— — — Onion-peeling
— - - — OP + Tikhonov (A=0.5)
Abel inversion

ol (a) ®) |4

f, (ppm)
[N - =

8
6
4
2

0 1 2 3 40 1 2 3 4
r (mm) r (mm)
Fig. 2: Profiles of soot volume fraction f, at z (fv,max)
obtained with the 3 deconvolution processings from (a) the
raw field of absorption, and (b) the filtered one.

The expansion of the laser beam diameter from
1 mm to 100 mm makes the homogeneization of the
backlighting difficult, especially due to the fine reso-
lution of the camera sensor as compared to the charac-
teristic size of the specks on the diffuser disc. There-
fore, before deconvolution, an average filter is used
on the raw absorption field, the 2560 x 704 grid is
averaged by a 64 x 4 filter (2.63 x 0.16 mm). Doing
so, the radial information is slightly spanned without
smoothing significantly the strong gradient while the
wider axial one is homogenized more strongly, tak-
ing advantage of the amount of pixels and the lower
gradient. The impact of this filtering on the decon-
volution process is displayed in Figure 2. The graphs
display (a) the radial profiles of soot volume fraction
at the height of the overall peak of soot volume frac-
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tion fy mae Obtained by the 3 methods of deconvo-
Iution from the raw data and (b) the same profiles
obtained from the filtered field. The high error on
deconvolution process that can be seen on the Fig-
ure 2 (a) comes from laser backlight inhomogeneities
combined with the high number of concentric layers
(rank deficient linear system). Tikhonov regulariza-
tion allows the profile to be smoothed without any
significant damping of the peak. Figure 2 (b) shows
that filtering the data with a proper size filter makes
the field less affected by high frequency perturbations.
Then, all methods are equivalent (and the regulariza-
tion is unnecessary). Consequently, only results with
OP deconvolution are presented in the results sec-
tion.

To assess the sooting propensities of the dopants,
two indicators have then been designed. The first one
(see (al) and (a2) in Figure 3) is inferred from the
raw projected data and is referred to as Ko. It is the
averaged value of the maximum of absorption on J
columns around z = 0 (longest optical path L) de-
fined as:

" max (Kaps ()

Ko=) ¥ 3)
j=1

J is here set to 6 (z = 0 &= 0.1mm).

The second indicator is extracted from the local
soot volume fraction field (see Fig. 3 (bl)) and is
referred to as fo5. Its determination first needs the
cumulative population of f, (see Fig. 3 (b1)) within
the Region of Interest (ROI) encompassed between
r = 1 mm and r = 4 mm, and between z = 15 mm
and z = 55 mm (shaded area in Fig. 3 (bl)). fos
is the value of the local soot volume fraction over
which stands the 95" centile of the sorted popula-
tion. Unlike the peak soot volume fraction over the
entire field, fos is hardly affected by the deconvolu-
tion strategy. The procedure is also applied to the left
side, i.e. r < 0, then fys is average value of both side.

To illustrate the necessity of the procedure, Figure
4 displays the cumulative population within the ROI

for every tested case. While the hierarchy between

— Reference 10

---1-propanol

- --2-propanol

----- 1-butanol

***** i-butanol
2-butanol

----- t-butanol
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— 2m1-butanol
i-pentanol

— 2-pentanol ,

— 3pentanol 94 96 98 100

3m2-butanol A o
— t-pentanol ROI Population (%)

f, (ppm)

Fig. 4: Cumulative distribution of the reference flame and
the doped ones.

the different alcohols is well established for cumula-
tive populations ranging from 94 to 98%, the graph
clearly shows that large and potentially non-physical
variations (possibly caused by measurement artifacts)
appear above 99%.

3. Results and discussion

The field of raw absorption measurements Kgps
and local soot volume fraction f, are presented in
Figure 5. The upper row displays the fields associ-
ated with the reference flame, the 2 propanol isomers,
and the 4 butanol isomers. The lower row shows the
fields associated with the pentanol isomers. The iso-
mers are sorted by type of alcohol, then by the level of
ramification (i.e. primary, then secondary, and linear
then branched). The reference flame exhibits the low-
est sooting tendency and height. The levels of soot
volume fraction measured are in the range expected
for a flame with this flowrate [14, 18].

The results show that the addition of the dopant has
a clear impact on the flame size. Depending on the
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Fig. 5: Fields of K55 (left side of the flame’s axis) and f, (right side of the flame’s axis) for the reference flame and the doped

ones.

type of alcohol added, the flame height H; (defined
by a threshold of the emission captured by the cam-
era) can grow up to about 25% despite the relatively
small amount of dopant added (3.5%), implying that
a reasonable low substitution could lead to a change
in chemical but also physical properties of the flame.
On the contrary, flame width remains constant. In-
terestingly, the flame height correlates well with the
indicator fg5 defined previously and presented in de-
tail later, as displayed in Fig. 6. While the diffu-
sion between the oxygen from the coflow and the fuel
remains identical, the quantity of soot to oxidise is
higher. It could explain why, for a close-tip flame, the
flame is stretched vertically with the increase of soot
concentration.

Concerning the sooting tendencies, the two indica-
tors fos and K allow an easier comparison among
the different flames (see Fig. 7). The first important
feature is the similarity between the two indicators,
pointing out the dispensable interest to the deconvo-
lution process for the classification of dopant sooting
tendencies in laminar diffusion axisymmetric flame.

The addition of every dopant, including the 1-
propanol (the primary alcohol with the lowest N¢
among the dopants), increases the sooting tendency
of ethylene. This result is in agreement with the liter-

65 T T T T
+ Flame heights Hf

Linear regression (R2 =0.96)

fos (PPM)

Fig. 6: Evolution of the flame height Hy with the sooting
indicator fos.

ature since it is known that the sooting tendency may
be partly correlated with the carbon number in the fuel
[9]. The oxidative capacity of the alcohol function
may play a role but is not sufficient to counterbalance
the main trend. A discussion on potential synergistic
effects is developed at the end of this section.



Surprisingly, the carbon number seems to have a
minor impact on the soot production trend. For iden-
tical alcohol class, the Ko and fos indices increase
slightly between propanol and butanol. The evolution
between butanol and pentanol depends on the type
considered: the indices decrease slightly for primary
alcohols, are equivalent for secondary alcohols and
increase slightly for tertiary alcohols. An inversion of
the natural trend of the increasing propensity for soot
production as a function of the number of carbons in
the molecule is observed for primary alcohols. While
this trend seems unlikely, it has to be balanced by the
fact that original YSI also found a YSI lower for 1-
pentanol than 2 butanol isomers, the 2- and t-butanol
[24]. This find needs to be investigated in more de-
tail and may reveal chemical interaction mechanisms
during the decomposition of ethylene and alcohols. It
would also be interesting to extend this work to com-
pare the relative gain in soot production propensity
when the oxygenated compound is added in a heav-
ier fuel. Indeed, the present work suggests that the
weight of the carbon number is less important than
the YSI scales would suggest [24] when the main
fuel is ethylene (methane being normally used for
the construction of the YSI scales). Interestingly, a
study concerning diesel engines found that at constant
content of oxygen, the reduction could be similar for
methanol, n-butanol and n-octanol [25].

Concerning isomers of the same carbon number
(i.e. propanol, butanol, and pentanol), the soot-
ing tendencies rank as follow: primary < secondary
< tertiary and linear < branched. However in the
case of propanol, the difference between the two iso-
mers remains relatively low. In the case of pen-
tanol, 2-methyl-1-butanol (primary) and 2-pentanol
(secondary) have roughly the same levels.

f95 KO
Il I Reference
I Primary K
[ secondary 0
[0 Tertiary 0.17 0.21 0.25
Reference
1-propanol
2-propanol
1-butanol
i-butanol
2-butanol ‘
t-butanol |
1-pentanol
2m1-butanol
i-pentanol

2-pentanol
3-pentanol _7
3m2-butanol g

t-pentanol |

5 7 9
fos (PPM)
Fig. 7: Values of fgs (upper bar) and Ky (lower bar) at-

tributed to the reference flame and the doped ones.

The results on the type of alcohol are consistent

with the literature [7, 8]. The results from Ref. [8]
show the similar hierarchy among the alcohols con-
cerning the production of alkenes with the number of
carbon same as that of the alcohols (i.e. production of
propene by propanol, butene by butanol and pentene
by pentanol). Since these results are from rich pre-
mixed flames, the comparison with the current results,
obtained in non-premixed flame, is not straightfor-
ward but remains relevant. Indeed, in Ref. [7], struc-
tures of non-premixed methane flames doped with
the different isomers of butanol have been probed
(on a Santoro burner). The concentrations of butene,
species produced by the different butanol isomers, are
very similar to those measured in Ref. [8]. Moreover
the numerical study from this reference, carried out
with several kinetic mechanisms, showed that oxygen
was not involved in the formation of alkenes (C3-Cs).
Hence, linking the two types of flames seems reason-
able.
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Fig. 8: Correlation between alkene mean molar fraction X
obtained in rich premixed flames from Ref. [8] (respec-
tively, propene, butene, and pentene for the flames doped
in propanol, butanol, and pentanol) and the indicator fos.

Figure 8 intends to assess the correlation between
alkene and sooting tendency: the indicator fy; is plot-
ted as a function of the average mole fraction X of the
different alkenes (propene, butene and pentene). We
observe that a linear regression allows to describe de-
cently the variation of one quantity with respect to the
other.

More than a simple correlation, a causal link can be
supported: (i) propene, butene and pentene isomers,
even if not directly identified as soot precursors, can
serve as a basis for aromatic ring formation and (ii)
the conversion of alcohol to alkene, in the case of de-
hydration (such as R1), also results in the loss of the
oxygen oxidizing potential of the alcohol through the
formation of non-oxidizing water (H2O). This also
suggests that the oxidative capacity of an alcohol must
be strongly tempered by its structure, in particular the
type of alcohol and possibly the number of branches.

The consequences of these results are important for
industrial applications: doping a hydrocarbon mix-
ture with a primary alcohol, with an equivalent num-
ber of carbons, could have a significant impact on the
propensity to produce soot. In order to reduce the
emission of soot particles, the effort should then focus
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Fig. 9: Propargyl (left) and benzene (right) maximum molar fractions computed during the combustion of (C2H4/dopant)/air
mixtures in constant pressure reactor with various molar fraction of dopant (Xyap). Simulations involving C3 and Cy4 alcools
are performed with CRECK mechanism [26], simulation involving Cs alcools are performed with Kohler [27] mechanism.

on the production of a primary alcohol with a higher
energy content than ethanol, such as 1-pentanol.

In the view of the results, potential existence
of couplings between the decomposition chemical
mechanisms of ethylene and alcohols is to be ques-
tioned. A large number of works have identified
synergistic phenomena between the decomposition of
ethylene and dopants such as DME [28-30], ethanol
[31, 32], or propane [33]. The chemical coupling
mechanisms identified are associated with the pro-
duction of odd-carbon number species, like for in-
stance C; radicals, enhancing the production of ben-
zene precursor species such as propargyl. Similar pro-
cesses involving odd-carbon number species may also
take place in PAH growth processes [33]. Numeri-
cal simulations were carried out using Cantera with
Reactor model (constant pressure and enthalpy) for
high equivalence ratio (¢ = 5) and CaH4/alcohol
mixtures with alcohol molar fractions between 0 and
10%. Simulations are performed for temperatures of
1500 K and for times up to 1 s (composition close
to thermodynamic equilibrium). The mechanism of
CRECK [26] was used for propanol and butanol iso-
mers. The mechanism of Kohler [27] was used for
pentanol isomers. Maximum concentrations of C3Hs,
C4Hs, CoHo, and C¢Hg were extracted. For illustra-
tion, the results obtained with C3Hs and CgHg are
presented in Fig. 9. For all these species, the max-
imum concentration evolution as a function of the
alcohol proportion (propanol, butanol, and pentanol
isomers) is linear, suggesting an absence of coupling
(or not captured by the chemical models). Future ex-
perimental measurements with progressive additions
of alcohol concentration are intended to provide a bet-
ter understanding of this type of phenomenon.

Interestingly, the evolution of benzene concentra-
tion follows the YSI rankings quite closely. The
branched alcohols (i-butanol / t-butanol) tend to pro-
duce more CgHg than the linear alcohols. The influ-
ence of branching is shown to be more pronounced in
these simulations than for the experimental YSI scales

and the hierarchy between i-butanol and 2-butanol is
reversed. In view of this, the hierarchy between pri-
mary, secondary, and tertiary alcohols is also quite
well reproduced.

4. Conclusion

Sooting tendencies of propanol, butanol and pen-
tanol isomers have been evaluated as a dopant of
ethylene flame in a diffusion axisymmetric configu-
ration (Santoro burner) via LOSA at 645 nm. All
dopants increased the level of soot of the pure ethy-
lene flame. From this study, the type of molecule
(type of alcohol and ramification) seems more sig-
nificant than the dopant number of carbon N¢. The
results point out the influence of the type of alcohol
(primary/secondary/tertiary), accordingly with previ-
ous studies [7, 8]. However, the trends of soot pro-
duction as a function of the carbon number are less
pronounced than in the YSI scales. The present work
could be pursued with an in-depth analysis in order to
evaluate the possible presence of interaction between
the decomposition mechanisms of ethylene and the
dopant. Besides, the measurement of soot tempera-
ture could account for the variation of physical prop-
erties.
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