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1. Introduction

ABSTRACT

The kinetics of soot formation from Fischer-Tropsch (FT) fuels was studied in a heated shock tube under
homogeneous conditions. Soot induction delay time and soot yield were measured between 10 and
17 atm using a distillation cut at 403 K of a Fischer-Tropsch fuel diesel. Two fuel concentrations were
investigated in pyrolysis: 0.2% and 0.4% FT in Ar. Equivalence ratios (@) = 18 and 5 were also investigated
for the highest fuel concentration. During this study, a second growth of the soot volume fraction profile
was observed with the highest fuel concentration in pyrolysis and at @ = 18. It was shown that this sec-
ond growth appears only at temperatures higher than the temperature at which the soot yield is maxi-
mum. Under the conditions investigated, the soot induction delay time was found not to be very sensitive
to the fuel concentration. A careful analysis of the soot volume fraction profiles showed that this finding
was linked to the measurement method usually adopted. Nevertheless, this method was found adequate
for a systematic comparison between different fuels or for an investigation of the oxygen concentration
effects. The addition of oxygen to the mixture promotes soot formation in its early stages by decreasing
the soot induction delay time. A shift of the soot yield curve toward lower temperatures was also
observed. Moreover, oxygen addition reduces the amount of soot produced. This reduction is propor-
tional to the O, concentration. Comparisons with literature data showed that a Fischer-Tropsch fuel pri-
marily composed of n-paraffins can be correctly represented by an n-paraffin with a molecular size
comparable to the average molecular size of the Fischer-Tropsch fuel. The maximum soot yield of the
Fischer-Tropsch distillation cut studied was not significantly different from that of a diesel fuel surrogate
previously studied (Mathieu et al., Combust. Flame 156 (2009) 1576-1586).

© 2012 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

The Fischer-Tropsch (FT) process has been used for decades to
produce synthetic diesel fuels, almost exclusively composed of n-

Due to the adverse health effects of soot particles [1], legislation
concerning their emission has become more and more stringent
over recent years in most developed countries. To reduce soot par-
ticle emissions from vehicles and meet the requirements of the leg-
islation, several methods, often complementary, can be employed.
One can mention improvements of the engine technology (e.g. fuel
injection system), changes to the after-treatment system, and fuel
formulation. Among these methods, fuel formulation presents the
advantage of being engine-technology-independent and thus, di-
rectly applicable to the entire fleet of existing vehicles. Fuel formu-
lation also allows a decrease of the regeneration frequency of the
after-treatment system and of the associated fuel consumption
penalty.

* Corresponding author. Fax: +33 238 696 004.
E-mail address: chaumeix@cnrs-orleans.fr (N. Chaumeix).
! Current address: Department of Mechanical Engineering, Texas A&M University,
College Station, TX, USA.

and iso-paraffins [2], from any carbonaceous feedstock (natural
gas [2], coal [3], or biomass [4]). The literature generally reports
an ability of Fischer-Tropsch fuels, either used pure or blended
with conventional fuels, to reduce particle emissions from light-
and heavy-duty diesel vehicles [5]. However, probably because of
the use of different engines, operated at different running condi-
tions, the amplitude of these reductions (if any) can vary signifi-
cantly between any two studies [5]. Sometimes an increase in
the smoke quantity can even be observed with modern diesel en-
gine technology [6] when the injection timing is not adjusted.
These observations make obvious the need for a study of FT fuels
in a well-controlled environment, such as a shock tube, to assess
their intrinsic sooting propensity without the complications of
the physical processes present in engines.

Soot formation from FT fuels was investigated in a shock tube
using a direct liquid injection technique that allows the study of
fuels under conditions comparable to those encountered in engines
[7]. Unfortunately, the use of liquid spray introduces heterogeneities

0010-2180/$ - see front matter © 2012 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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Nomenclature

[C] carbon concentration in atom cm 3

fv soot volume fraction

fumax maximum value attained by the f, signal

Nav Avogadro’s number, 6.023 x 102> molecules/mole
Ps pressure behind the reflected shock wave

Q integration constant

RSW reflected shock wave

Ts temperature behind the reflected shock-wave

Topt optimal temperature of soot formation
tobs practical observation time

Y soot yield

Ymax maximum soot yield

p soot density, 1.86 g/cm 3

Tind soot induction delay time

(] equivalence ratio

in fuel concentration and equivalence ratio (), which prevent accu-
rate determination of kinetic data behind the reflected shock waves
(RSW). As a result, the kinetic data determined under these condi-
tions are not easily usable and one can conclude that the determina-
tion of soot kinetics data (induction delay time and soot yield)
obtained under homogeneous and well-defined conditions is still
needed for FT fuels.

In addition, it is worth mentioning that there are relatively
few shock-tube data available for alkanes larger than C4 in the
literature. Indeed, although the n-alkanes family has been relatively
well covered (n-hexane [8], n-heptane [9-12], n-decane [13], and
n-hexadecane [14]), data for iso-alkanes are still scarce (iso-octane
(2,2,4-trimethylpentane) [15] and iso-cetane (2,2,4,4,6,8,8-
heptamethylnonane) [16]), with all the studies concerning paraffins
larger than C7 coming from our group. To our knowledge, there are
no data available for mixtures of n- and iso-alkanes.

The aim of this study is to determine these kinetic data for soot
formation under homogeneous conditions for a FT fuel constituted
of normal and iso-paraffins. Another objective is to provide evi-
dence of the carbon concentration dependence of the second
growth stage of the soot volume fraction (f,), a phenomenon that
was recently studied in a shock tube [16].

Due to the limitations of the heating system of the shock-tube
setup (limited to 423 K), the soot formation process was investi-
gated using a distillation cut at 403 K of a FT diesel fuel. This cut
was studied at two concentrations (0.2% and 0.4% (molar)) in pyro-
lysis and at @ =18 and 5. This range of equivalence ratios covers
the wide range of conditions that can be found during the combus-
tion cycle of a diesel engine. The equivalence ratio of 5 was more
particularly selected as it corresponds to the lower limit under
which it becomes difficult to study with accuracy the kinetics of
soot formation in our conditions. To assess the soot propensity of

LOW PRESSURE

this FT distillation cut, results are compared with those from a die-
sel surrogate [16]. The average molecular weight of this FT distilla-
tion cut, which is close to the molecular weight of n-decane, also
makes these data valuable to assess the soot tendency for the jet
fuels boiling range.

2. Experimental setup

Experiments were conducted in a heated stainless steel shock
tube (driven section 5.15 m long, 52 mm i.d., driver section 2 m
long, 114 mm i.d.) (Fig. 1). The last part of the driven section was
equipped with four piezoelectric shock detectors (Chimie Metal,
Model A25L05B). These shock detectors have a diameter of 2 mm
with a sensitive surface area of 0.75mm? and a rise time of
0.4 ps. The very small surface area coupled with a short rise time
allows precise determination of the shock wave passage and, con-
sequently, more accurate evaluation of the temperature and pres-
sure behind the reflected shock wave (reflected shock pressure, Ps,
and temperature, Ts, were calculated using the classical procedure
[17]). On the other hand, these transducers are very sensitive to
heat transfer and a continuous increase of the signal is observed
after the jump due to the passage of the shock waves (Fig. 2). This
increase in the signal is due to the limited increase of the gas tem-
perature in the boundary layer, which is sufficient to induce a sig-
nal drift that would wrongly lead to the conclusion that the
pressure (and hence the temperature) increases strongly immedi-
ately behind the reflected shock wave. After this continuous rise
in the signal, the end of the observation time is given by the de-
crease of the pressure signal associated with the arrival of the rar-
efaction waves. Recently, a Kistler pressure transducer (603B) has
been installed at the endwall of the shock tube. A comparison of
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Fig. 1. Layout of the experimental setup used during this study.
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Fig. 2. Comparison between the signals delivered by the Kistler (603B) pressure transducer (black line) and the Chimie Metal shock detector (gray line, in arbitrary units).

the signal delivered by the two transducers (Chimie Metal on the
sidewall location and Kistler on the endwall) during a run with
Ar is visible in Fig. 2. As seen, the assumption of constant pressure
and temperature behind the reflected shock wave is verified for our
highly diluted mixtures.

Sidewall shock detectors are equally spaced at 150 mm and
mounted flush with the inner surface. The last transducer was lo-
cated 10 mm before the shock-tube end wall. Two fused silica win-
dows (9-mm optical diameter, 6-mm thickness) were mounted in
the same plane as the last transducer. A slight attenuation (around
1%) of the shock wave was recorded over the measurement section.
To minimize the influence of this attenuation on Ps and Ts determi-
nation, the speed of the shock wave was measured using the last
two transducers. A high-frequency digitizing oscilloscope recorded
the He-Ne laser light attenuation (632.8 nm) detected by a photo-
multiplier (Hamamatsu R928) equipped with an interference filter
(Melles Griot, 633 + 2 nm). At this wavelength, the light extinction
is primarily due to the soot particles, although the effect of the
large compounds containing more than six aromatic rings was re-
ported [18]. To avoid multiple reflections of light, the measure-
ment section was blackened by anodic oxidation over a length of
70 cm. The measurements are based on the Beer-Lambert law

Table 1
Molar composition for the distillation cut at 403 K of a FT diesel fuel.

Number of carbons Molar percentage

(see [16] for more details) and the soot volume fraction (f,) was
calculated using the soot refractive index provided by Lee and Tien
[19] with a soot density (p) of 1.86 g cm~>. A recent and careful
measurement of the soot refractive index has been performed by
Williams et al. [20] at a wavelength (635 nm) very close to the
wavelength used in this study. The refractive index used was, how-
ever, selected for convenient comparison with literature results
[13-16]. It is worth mentioning that depending on the value of
the refractive index selected, the calculated soot yield can differ
by almost a factor of 4 [13].

The FT distillation cut used was composed only of paraffins
(57.2% n-paraffins, 42.8% iso-paraffins, in molar percentage). The
molecular size distribution (in terms of carbon number) is known
(Table 1) but the detailed composition of iso-paraffin isomers
was not available.

The lack of this information was problematic for the accurate
calculation of temperature and pressure behind RSW, since the
thermodynamic data for the mixture components are required.
To overcome this difficulty, we considered the iso-paraffins as
n-paraffins. This approximated composition is responsible for an
error in the Ps and Ts determinations. This error was assessed by
calculating and comparing Ps and Ts over the whole range of con-
ditions investigated for a mixture of 0.4% n-octane in argon and for
a mixture composed of n-octane and iso-octane in FI’s proportion
(0.23% and 0.17%, respectively). Calculated results for the two mix-
tures show differences between 0.17% and 0.2% in temperature and
between 0.02% and 0.05% in pressure. These errors are very small

n-Paraffin iso-Paraffin compared to the experimental error in Ts and Ps determinations

P 0.48 035 (estimated around +1.5%). Hence, we considered these approxima-
8 2.19 1.63 tions negligible for the determination of the reflected shock param-
9 8.51 6.37 eters. Thermodynamic properties for n-paraffins were taken from
10 1079 8.07 the literature [21] or calculated (n-Cy3 to n-C;5) using THERM soft-
11 10.14 7.57 S
12 9.52 712 ware [22] that uses group additivity rules developed by Benson
13 8.54 639 [23].
14 5.55 4.16 The reactive mixtures were prepared manometrically. The li-
15 1.49 1.12 quid fuel was introduced into the mixing tank (30 1) through a sep-
Total 57.22 42.78 tum using a gas syringe and was allowed for vaporizing and mixing

using a magnetic stirrer for 15 min. Tests were conducted to deter-

mine the volume of fuel for which all the fuel will evaporate.

Table 2
Summary of the experimental conditions for diluted mixtures in Ar.
Fischer-Tropsch (Cq1.23H24.46) (%) Ts (K) Ps (MPa) [Carbon]s (atoms/cm?) D 0, % (vol.) in Ar
0.4 1675-2540 1.24-1.71 (1.83-2.76)x10"18 oo 0
1630-2325 1.51-1.65 (2.11-2.50)x10*18 18 0.42
1525-1920 1.05-1.48 (2.17-2.49)x10"18 1.33

0.2 1500-2225 1.15-1.65 (1.15-1.38)x 10"18 0 0
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The amount of fuel used to prepare mixtures was kept well below
this value. To prevent slow degradation of the fuel in the heated
stainless steel tank over time, a new mixture was prepared prior
to each run. The whole setup was kept at a temperature of
405+ 2 K and the shock tube was carefully cleaned after each
run. Investigated conditions are summarized in Table 2. The lowest
value of the range of temperatures investigated corresponds to the
minimum temperature at which soot formation can be detected,
whereas the highest value corresponds to the temperature at
which the soot yield decrease to a value near zero. Note that a sec-
ond regime of soot formation can be found for higher tempera-
tures, above 2500 K [24,25]. This very-high-temperature regime
was not studied, as it was not of practical relevance for diesel
engines.

3. Results
3.1. Soot volume fraction profile (f,)

The evolution of the soot volume fraction versus time is plotted
for some FT/argon pyrolysis cases in Fig. 3a and b. At a reflected
temperature of 1914 + 5 K (Fig. 3a), one can see two soot volume
fraction profiles corresponding to two different initial carbon atom
concentrations: 1.24 x 10'® and 2.45 x 10'8 C atoms cm 3. For the
same initial carbon atom concentration, soot volume fractions at a
higher reflected shock temperature, 2049 + 9K, are reported
(Fig. 3b). For a reflected shock temperature of around 1914 K
(Fig. 2a), f, increases with time following a sigmoid profile after a
given delay between the arrival of the RSW and the beginning of
the soot detection. This delay corresponds to the soot induction de-
lay time and will be discussed in more detail later. After this delay,
the soot volume fraction profile undergoes a period of growth until
fv reaches a maximum value (fymax). At around 2040 K (Fig. 3b), a
similar soot volume fraction profile can be observed for the low
carbon concentration case, whereas a two-step growth profile is
clearly visible for the higher carbon concentration. During our
experiments, this second growth process was observed for the
highest fuel concentration and for temperatures above 1920 K un-
der pyrolysis conditions.

This two-“step” growth is, however, observed not only for the
pyrolysis case but also when oxygen is added to the mixture, as

£}
s
<
2 “~___ Shock Detector
g | Signals
— o .
T 20x10° T 19145 K
L =
ME &’ — 2.54E+18 C atom.cm3
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can be seen in Fig. 4. At an initial temperature of around 1855 K
(Fig. 4a), an addition of small amount of oxygen (& = 18) induces
a rapid increase of the soot volume fraction compared to the pyro-
lysis case and leads to the same amount of soot at the end of the
first growth process. Then, at around 1.5 ms, a second growth oc-
curs at a rate similar to that of the pyrolysis condition, leading to
a final soot load lower than for the pyrolysis condition run. For a
higher temperature of around 2050 K, as shown in Fig. 4b, similar
observations can be made. The soot appearance is detected earlier
when oxygen is present, leading to a period of faster growth. The
second step, which is observed with or without oxygen, occurs at
the same time in both cases and with similar rates. It can be seen
that the presence of oxygen does not significantly modify the con-
tribution of the second growth to fymax (around 30% of fymax in
pyrolysis and around 25% at & =18). At around 2050 K, unlike
around 1855 K, the presence of oxygen drastically reduces the soot
volume fraction during these two growth steps. The double growth
of f, was not observed at @ =5.

3.2. Soot induction delay time

For comparison with literature data purpose, the soot induction
delay time (7;,q) was defined using the classical method [10-16]. In
this method, 7,4 corresponds to the time interval between the mo-
ment at which the fuel mixture is heated by the RSW and the mo-
ment at which soot particles are detected (defined as the
intersection of the inflectional tangent with the time axis), as vis-
ible in Fig. 5. The error associated with the measurement of this
parameter is between 10% and 25% [16]. In some cases, however,
as visible in Fig. 5, this method can lead to wrong interpretation
of the data. In the examples given in Fig. 5, this method led to
induction delays of 950 and 1020 ps for the cases at 0.2 and 0.4%
FT, respectively. However, the soot volume fraction at 950 ps is
1.45 x 1078 at 0.2% FT and 3.6 x 108 at 0.4% FT. At 1020 ps, the
soot volume fraction for 0.4% FT has already reached a value of
5.13 x 1078, which is more than three times higher than that for
the 0.2% FT level at its corresponding induction delay time.

From these observations, it can be deduced that the classical
technique for measuring the soot induction delay time, although
valuable for literature data comparison for similar experimental
conditions, does not seem to be adequate for a comparison
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Fig. 3. Temporal evolution of the soot volume fraction for a cut of a FT fuel in pyrolysis at two different concentrations. (a) Black line: 1919 K, 1.44 MPa; gray line: 1909 K,

1.48 MPa. (b) Black line: 2049 K, 1.6 MPa; gray line: 2031 K, 1.51 MPa.
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Fig. 4. Temporal evolution of the soot volume fraction for a cut of a Fischer-Tropsch fuel in pyrolysis and at & = 18. (a) Black line: 1.37 MPa, 2.35 x 10'® C atom cm~3; gray
line: 1.32 MPa, 2.30 x 10'® C atom cm>. (b) Black line: 1.60 MPa, 2.54 x 10'® C atom cm~>; gray line: 1.55 MPa, 2.38 x 10'® C atom cm>.
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Fig. 5. Illustration of the classical measurement method of the soot induction delay time and its deficiency in representing the variation of the induction delay with the fuel

concentration.

between results obtained at the two carbon concentration investi-
gated during this study. This is confirmed, as is shown in Fig. 6, in
which the evolution of 7;,4 with 1/Ts with this classical method is
plotted. Indeed, results in pyrolysis indicate that the FT concentra-
tion has no noticeable effect on the soot induction delay time: very
similar values of 7,4 and activation energy (E,) were measured.
Careful observation of this Fig. 6 even shows that the induction de-
lay times are, overall, slightly longer at 0.4% FT, which is not what
is observed in Fig. 5.

Concerning the results obtained with oxygen at the highest fuel
concentration, the classical method gives valuable results in terms
of tendency. It is clearly visible in Fig. 6 that the oxygen concentra-
tion has a strong effect on the induction delay: at 1800K,
Tina = 1145 ps in pyrolysis, 865 ps at @ =18, and 395 ps at @ = 5.

The activation energy was found to be independent of the oxy-
gen concentration, as can be seen in Table 3:

At @ =5, where the soot amount and the slope of the growth of
the soot volume fraction profile are low compared to the other con-
ditions, the method of measurement of the soot induction delay

time used creates a higher uncertainty (estimated around 25%),
which can explain the relative scattering of the data and the
slightly higher value of E,. Over the range of conditions investi-
gated, an average value of 162 kJ/mol for the activation energy
can be derived, which is close to the average value determined
for large alkanes [13,14,16].

3.3. Soot yield

Soot yield (Y) is defined as the ratio of carbon content present in
soot to the initial carbon concentration. The initial carbon concen-
tration, [Clinitiar (@toms cm~3), behind RSW is easily deduced from
the initial fuel concentration, while the concentration of carbon
transformed to soot is deduced from the laser extinction signal
using Graham'’s model [26]. This model allows the determination
of the soot yield using the soot volume fraction directly:

Yy (%) _ Navpfv

= x 100,
12[C]initial

(1)
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Fig. 6. Evolution of the soot induction delay with the temperature behind the RSW
for a distillation cut at 403 K of a Fischer-Tropsch fuel at two carbon atom
concentrations (0.2% and 0.4%) in pyrolysis and at equivalence ratios of 18 and 5
(for the 0.4% FT case).

Table 3
Kinetics parameters foEr the induction delay time deduced from Fig. 6 according to the
equation Tia(s) = Ae(®.

Mixture A E, (Jmol™)
0.4% FT, pyrolysis 33.71 x 103 156350 + 8.500
0.2% FT, pyrolysis 2937 x 10° 157100 £ 8.500
0.4% FT, ®=18 23.60 x 10° 157400 + 8.500
0.4% FT, =5 2.80 x 10° 177600 + 36.500

where N,, is Avogadro’s number. To calculate the soot yield, the va-
lue of f, obtained at 2 ms was used. This time is equivalent to the
observation time in the shock tube. In the present study, this time
is also close - or corresponds - to the maximum value reached by
the soot volume fraction signal (Fig. 3).

The evolution of the soot yield with the temperature for the dif-
ferent investigated conditions is visible in Fig. 7 where the evolu-
tion of the soot yield as a function of the temperature follows

8
Fischer-Tropsch, Pyrolysis 1.45+0.3 MPa
Fischer-Tropsch
6 B 0.4%FT

x* 0.2% FT

Soot Yield (%)
»
1

O'X_"%( o T T T 'ﬁ\lﬁ

1600 1800 2000 2200 2400 2600
T5(K)

(a)

Table 4
Values extracted from Fig. 7 using Egs. (2) and (3).
Fischer-Tropsch  Equivalence  Ypax Topt Q Ymax (%)
(% mol. in Ar) ratio (%) Eq. (2) (K) Eq. (3)
0.4 Pyrolysis 6.2 1955 10485 -
18 3.7 1870 75.60 3.9
5 1.3 1705 166.30 1.8
0.2 Pyrolysis 4.6 1850 131.40 -

the classical bell shape. Values for the maximum soot yield (Yiax)
and for the temperature at which Yy, occurs (Top) were extracted
using the best fit (greatest coefficient of determination, R?) of the
equation proposed in [16,27],

2
Y = Yinax - €XP (—Q{—T"p}_ TS} >, (2)
5

where Q is a correlation factor. The different parameters (Ymax, Topt,
and Q) derived by applying Eq. (2) to the results plotted in Fig. 7 are
summarized in Table 4.

A comparison between the pyrolysis results, at fuel molar per-
centages of 0.2% and 0.4%, allows the study of the effect of carbon
concentration (Fig. 7a). It can be seen that the maximum soot yield
increases notably with the carbon concentration: Yp,.x = 4.6% and
6% at 0.2% and 0.4% FT, respectively. The increase in carbon concen-
tration also has an impact on Tope: Tope is around 1850 K at 0.2% FT
concentration and around 1920 K at 0.4% FT. The temperature at
which the first soot particles were detected is also dependent on
the carbon atom concentration. Indeed, soot particles were de-
tected above 1600K for 0.2% FT and only above 1700 K for the
highest investigated concentration.

Figure 7b also shows that the effect of oxygen concentration on
the soot yield is important: compared to pyrolysis, Yiax is decreased
by around 37% at @ = 18 (Ypnax = 3.8%) and by more than 75% at @ = 5
(Ymax = 1.4%). The presence of oxygen also shifts the temperature at
which the first soot particles can be observed toward low tempera-
tures: around 1600 K at ¢ = 18 and 1500 K at @ = 5.

4. Comparison with literature data

Pyrolysis results obtained during this study were compared
with literature data for iso-paraffins (iso-octane [15] and iso-cetane
[16]), for n-paraffins (n-decane [13] and n-hexadecane (or cetane)

8
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Fischer-Tropsch
6 1 B Pyrolysis
[ ] * q) =18

Soot Yield (%)
o
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Fig. 7. Evolution of the soot yield with the temperature behind the RSW for a distillation cut at 403 K of a Fischer-Tropsch fuel (lines: best fit using Eq. (2)).
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[14]), and for a diesel fuel surrogate [16]. This data was obtained
using the same shock tube and under conditions similar to the
present study. The comparison between paraffins and other classes
of components (aromatics, naphthenes) was reported in former
studies [14-16].

Figure 8 shows the results obtained for the soot induction delay
time with the aforementioned paraffins. The induction delay times
presented in Fig. 8 were measured using the classical method of
determination (Fig. 5). It is visible from Fig. 8 that FT, along with
n-decane, exhibits the longest induction delay times. Results ob-
tained with cetane and iso-cetane show that t;,q is comparable
for iso- and n-paraffin isomers. This observation is confirmed in
the present study by comparing FT and n-decane [13] results. Com-
paring n-decane to n-hexadecane and iso-octane to iso-cetane
shows that the smaller the paraffin molecule is, the longer the
induction delay time. From these observations, it can be concluded
that results obtained with the FT (Cy1.23H24.46), which are close to
those of n-decane, are in agreement with literature data. Activation
energies of the aforementioned paraffins are equal to 175 + 19 kJ/
mol, except for the iso-octane (118 kJ/mol).

Comparison between FT and the diesel surrogate (39% propylcy-
clohexane/28% butyl-benzene/33% 2,2,4,4,6,8,8-heptamethylnon-
ane, in mass proportion) shows that the FT has a lower soot
tendency: tinq for the FT is between 2.7 (low temperatures) and
6 times (high temperatures) longer than t;,q for the diesel
surrogate.

Comparison of the evolution of the soot yield with Ts for the FT,
n-decane, n-hexadecane, iso-octane, and iso-cetane is visible in
Fig. 9. It can be seen on this figure that for each type of paraffin
(n- and iso-), at constant carbon concentration, the longer the mol-
ecule, the lower the soot yield. Comparison between iso- and n-
paraffins indicates that iso-paraffins produce more soot under sim-
ilar conditions. For the FT, as for the 7;,4, results are very similar to
n-decane, except that the FT produced more soot than n-decane
above 1920 K. This effect of the branching of paraffin molecule
on soot formation has been investigated for hexane isomers [28]
and the fact that few differences are visible between the soot yield
curve of the FT and n-decane is probably due to the larger propor-
tion of n-paraffins in the FT composition. It is also likely that the
degree of branching of the FT’s iso-paraffins is small, which is usu-
ally the case for FT fuels [29,30]. One of the main outcome of the
present study is that a FT mainly composed of n-paraffin can be
represented by n-paraffin of comparable size for applications
where the boiling curve does not have to be considered (even if,
in the present case, the FT cut would have been probably better
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Fig. 8. Evolution of the soot induction delay with the temperature behind the RSW

for a distillation cut at 403 K of a Fischer-Tropsch fuel, n-decane [13], cetane [14],
iso-octane [15], iso-cetane [16], and a diesel surrogate [16].
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Fig. 9. Evolution of the soot yield with the temperature behind the RSW for a
distillation cut at 403 K for a Fischer-Tropsch fuel, n-decane [13], cetane [14], iso-
octane [15], and iso-cetane [16] (lines: best fit using Eq. (2)).
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Fig. 10. Evolution of the soot yield with the temperature behind the RSW for a
distillation cut at 403 K of a Fischer-Tropsch fuel and a diesel surrogate [16]. (Lines:
best fit using Eq. (2). Note that Eq. (2) was applied on each peak for the diesel
surrogate; see [16].)

represented by a 2- or 3-methyl-decane or a 2,3-dimethylnonane).
In literature, a FT has already been represented by a single paraffin
[31]. This former assessment, however, was not validated by any
experimental or numerical investigation.

Figure 10 shows the comparison of soot yield between the FT
and the diesel surrogate (39% n-propylcyclohexane, 28% n-butyl-
benzene, and 33% iso-cetane, in mass), in pyrolysis and at @ =18
and 5. It can be seen that the FT, while composed of several paraf-
fins, exhibits only one maximum soot yield. Thus, the two maxima
observed on the soot yield curve of the diesel surrogate can be
associated with its composition, meaning that there are no syner-
gistic effects between different natures of hydrocarbon in that
particular case. Overall, the maximum soot yield of the FT is com-
parable to, yet lower than, the maximum soot yield of the surro-
gate in pyrolysis and at @ = 18. Under both conditions, the diesel
surrogate starts producing soot at slightly lower temperature. In
pyrolysis, when considering the temperature range where soot
particles are produced, it can be deduced that the surrogate has a
higher soot tendency than the FT. However, the FT produces more
soot than the diesel surrogate at & = 5.

5. Discussion

The investigation of the soot formation process from a distilla-
tion cut at 403 K of a FT diesel fuel demonstrated the presence of
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a second growth of the soot volume fraction for the higher carbon
concentration in pyrolysis and at & = 18. This second growth of f,
was observed in the literature with various hydrocarbons and mix-
ture of hydrocarbons [16,11] and for hydrogen-free compounds
[32]. The carbon-concentration dependence of this phenomenon
was observed previously in [16], where toluene pyrolysis results
were compared between two studies [14,27]. The theory of the
chemical origin of this second growth of f, postulated in [16] is
supported by the following facts observed during this study: (i)
the temperature at which this second growth appears is sensitive
to the oxygen concentration and (ii) the effect of oxygen concen-
tration on the amplitude of this second growth depends on the
structure of the initial fuel (as can be seen, for example, by compar-
ing results from Fig. 4 with results from n-butyl-benzene in [16]).
At very high temperatures (above 2300-2500 K), a second regime
of soot formation was reported in the literature with shock tube
experiments [24,25]. This secondary regime was attributed to
the C2 radical contributions [33] and it has been found in [16] that
it is not possible to clearly link the double growth of the soot vol-
ume fraction observed in our experiments with this second regime
occurring at higher temperatures.

It is also worth noting that the maximum value reached by the
double growth of f, is generally observed a few hundreds of micro-
seconds after the observation time (t,ps), which is typically around
2 ms in our experiments. The comparison of soot volume fraction
profiles with and without extension of the observation time was
made in a former study with propylcyclohexane [16]. It was shown
that, with the present shock tube configuration, the second growth
of f, is not influenced by the expansion wave during the first hun-
dreds of microseconds after t,,s, where the change in density is
small. A similar conclusion was reached from emission and extinc-
tion profiles by Agofaonov et al. [34] during the soot formation
process from propane with or without FeCOs;. Based on these
observations, it is assumed that a qualitative description of the sec-
ond growth of the soot volume fraction can be conducted until this
second growth reaches its maximum value (between 2 and 2.5 ms,
typically). To date, there is still no clear explanation or satisfactory
theory of this second growth phenomenon. A thorough experimen-
tal study on the effects of the carbon concentration, the test time,
the temperature evolution during the test time, the gas phase com-
position surrounding the soot particles, the adsorbed phase
composition, and the soot structure would be necessary to under-
stand this issue better.

The soot induction delay time for the FT was found to decrease
appreciably when oxygen concentration increased. This result is
similar to previous findings, for example with n-propylcyclohexane
[16] or n-decane [13]. However, the amplitude of the oxygen effect
on Ti,q depends on the structure of the initial hydrocarbon, as can
be seen in [16]. This promoting effect of oxygen on 7j,q was ex-
plained with acetylene-oxygen mixtures in [35], where the
enhancement of the fuel decomposition, leading to a sufficiently
high concentrations of radicals that enhance the soot formation
process, was described. The rapid formation of hydrogen atoms
during the first steps of soot precursors formation was also re-
ported and was found to enhance the polymeric growth of polycy-
clic aromatics. These effects of oxygen are also responsible for the
shift toward lower temperatures of the soot yield curve, whereas
the decrease of the soot yield is due to the oxidation of the soot
particles.

Over the range of investigated concentrations, 7j,q was found to
be relatively insensitive to the FT concentration using the classical
measurement method. A promoting effect of the fuel concentration
was, however, generally observed in the literature with aromatics
[27,36] or unsaturated species [24] using the same measurement
method. Overall, this indicates that the fuel concentration effect
on the induction delay time is not very important for a mixture

of paraffins under the conditions investigated. These induction de-
lay time results, when compared with Fig. 5, also exhibit the
ambiguous signification of the induction delay time in soot extinc-
tion measurements, as mentioned by Wang [37]. Indeed, if differ-
ent measurement methods (pressure profile, radical emission) or
wavelengths (OH* at 307 nm or CH* at 431 nm) generally yield
the same ignition delay time during the oxidation of hydrocarbons
[38], the measurement of the soot induction delay time changes
greatly with the wavelength used to follow the light extinction
profile. Still, the induction delay time can be used as a guide to esti-
mate, by comparison, the soot propensity of a fuel. To have an
induction delay time that better represents the observed results
from soot volume fraction profiles, it should be defined based on
another criterion, such as the time between the moment at which
the reflected shock wave heats up the mixture and the moment at
which the soot volume fraction signal reaches an arbitrary thresh-
old value. Figure 11 presents the determination of the induction
delay time using this threshold method for two carbon concentra-
tions and with threshold values set to 5 x 108 (Fig. 11a) and
1 x 1077 (Fig. 11b). As can be seen from this figure for both thresh-
old values, the induction delay time is shorter for the greater fuel
concentration. For a threshold value of 5 x 1078, the induction de-
lay time is 1170 ps for the 0.2% FT mixture and 1020 ps for 0.4% FT
(Fig. 6a). If the threshold value is fixed to 1 x 1077, then the induc-
tion delay time is 1260 ps for the 0.2% FT mixture and 1150 ps for
0.4% FT (Fig. 5b).

Results employing this method of determination of the induc-
tion delay time are presented in Fig. 12 for the threshold value of
5 x 1078, It can be seen in this figure that the induction delay times
at the lowest fuel concentration are now slightly longer than the
delay times determined at 0.4% FT, as observed experimentally
from the soot volume fraction profiles (Fig. 5). Note that it is
important to select a low threshold value to measure the induction
delay time. Indeed, too high a value would give the same kind of
results as the classical method of determination of 7;,q and would
tend to increase the experimental scattering. A value of 5 x 1078
cm®/cm® was determined to be appropriate for this study. How-
ever, it is worth mentioning that this alternative method does
not remove the ambiguity in the induction delay time signification.
Ideally, the induction delay time would be defined by the time be-
tween the arrival of the reflected shock wave and the moment at
which the single soot particles reach a given average diameter.
The minimum diameter for such nuclei, to be observable is usually
considered to be between 1 and 2 nm. These solid nuclei will be
responsible for a certain amount of light extinction. Increasing
the carbon concentration in the gaseous phase will then induce
the formation of more soot nuclei (their density number should
be higher) and hence a higher soot volume fraction should be ob-
served earlier even if the chemistry is not faster, as is probably
the case in this study. However, such measurement of the diameter
of the nascent soot particles would be difficult to perform under
our conditions and with our system. Another alternative would
be to follow the time evolution of the CH* radical and to determine
an induction delay time from this measurement. However it is very
likely than this measurement would correspond only to some
chemical reactions in the gas phase that are taking place before
the formation of the first soot particles.

With respect to Y., a strong decrease with the carbon concen-
tration was observed, as documented in [27,36]. However, this ef-
fect is not as important as it is for toluene [27], for example. Also,
while the literature generally reports a constant value [39] or an
increase [36] in Top when the fuel concentration is decreased, a
lower value in T, for the lowest FT concentration was observed
in the present study. This decrease in T, is associated with a shift
toward lower temperatures of the lowest temperature at which
soot is detected. It is not immediately clear why this is, and points
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to the need for a comprehensive study of the fuel concentration ef-
fect on soot formation under shock tube environment.

In a former study, Mathieu et al. [16] derived an expression that
allows determination of the maximum soot yield as oxygen is
added to the mixture when the maximum soot yield that can be
achieved during the pyrolysis of a given fuel is known:

25 0.5
Yinaxe = Ymax.pyrolysis : |:1 - (?) :| (3)

This expression (3) was successfully applied to alkylaromatics, from
toluene to n-heptylbenzene, in [16]. The maximum soot yield using
Eq. (3) for the FT at 0.4% would be 3.9% at ® =18 and 1.8% at ® =5
when the value determined experimentally during the pyrolysis of
0.4% FT was used. These values are very close (3.8% at @ =18) or
within fair agreement (1.4% at @ =5) to the values derived experi-
mentally. It can therefore be concluded that the expression (3) is
also valid for alkane fuels. This result would indicate a soot reduc-
tion mechanism with O, that is common regardless of the structure

of the initial fuel. One can therefore conclude that the effect of O, on
the soot yield mostly takes place at the soot level, through hetero-
geneous oxidation, rather than in the gas phase when the first soot
precursor are formed from the parent fuels.

The comparison between the FT and the surrogate showed a
large difference in 7,4, which can be translated by a higher soot
propensity of the diesel surrogate. Comparison between soot yields
showed that mixtures of hydrocarbons can have significantly dif-
ferent behavior depending on their composition. In the case of
the FT, composed of only one class of chemical compounds (paraf-
fins), one peak is observed; whereas two peaks were observed for
the surrogate (composed of three classes of chemical compounds:
paraffin, naphthene, and aromatic) [16]. This observation marks
the importance of the initial fuel composition during the soot for-
mation process and the fact that synergistic effects can be observed
within a class of compounds, which is not necessarily the case for
mixtures that include several classes of hydrocarbons.

The comparison between soot yields from the FT and the diesel
surrogate does not allow commenting on the higher soot propen-
sity of the surrogate. This could be due to the fact that the FT stud-
ied is a low-temperature distillation cut of a diesel boiling range FT
and Fig. 9 shows that, at a constant carbon concentration, the
shorter the paraffin, the higher the soot yield; i.e. the soot yield
of the FT cut is certainly higher than it would be for the complete
diesel FT under similar conditions. In addition, the diesel surrogate
was formulated using the compound class composition approach
with polyaromatic species lumped with aromatics (represented
by n-butylbenzene). Polyaromatics, such as 1-methylnaphtalene,
exhibit an extremely high soot propensity compared to other class
of compounds [14]. The fact that polyaromatics were not included
in the surrogate formulation, even in modest proportions, could
seriously reduce the soot propensity of the diesel surrogate when
compared to a real diesel fuel. Similarly, n-propylcyclohexane
was chosen to represent naphthenes in the surrogate. But, poly-
cycloalkanes, such as decalin, have a higher soot propensity [14],
and it probably would have been better to incorporate decalin into
the surrogate formulation to better represent a real diesel fuel. In
other words, the soot formation propensity of this specific FT dis-
tillation cut might have been artificially increased by the cut in
the boiling curve, whereas the soot formation propensity of the
diesel surrogate might have been artificially reduced, because of
its formulation. As a result, the maximum soot yield is comparable
between the two mixtures (even if the diesel surrogate produces
soot over a wider range of temperatures in pyrolysis). At @ =5,
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surprisingly, the FT distillation cut produces more soot than the
diesel surrogate. To date, there are no clear explanations that help
understand this result, but it may be due to differences between
soot structures and their resistance to oxidation. Indeed, Vander
Wal and Tomaseck [40,41] showed that, at high temperature and
for a low residence time, the nature of the initial hydrocarbon
has a strong influence on the structure of the soot [40], and that
the soot structure is a key parameter for the soot oxidation process
[41]. A systematic TEM study of the soot structure for these two
fuels would, however, be necessary to clarify the results observed
in this study at @ =0.5.

6. Conclusions

During this study, the soot formation process from a distillation
cut at 403 K of a diesel Fischer-Tropsch fuel was investigated in a
heated shock tube. Results showed the appearance of a second
growth stage of the soot volume fraction for the highest fuel con-
centration investigated, in pyrolysis and at & =18. This second
growth was found to be sensitive to carbon and oxygen concentra-
tions and temperature. These observations support the chemical
origin theory of this phenomenon postulated in [16].

The measurement of the soot induction delay time is discussed
and two different methods are compared. Although the standard
method usually adopted in the literature is probably not ideal, it
is still useful for a systematic comparison or when large differences
in the soot tendency exist.

If the FT concentration does not have a strong influence on tjyq, a
strong effect of oxygen on the induction delay time is, however, ob-
served. The oxygen enhances the soot formation process (reduction
of the tiyq, shift of the soot yield curves toward lower temperatures)
but reduces, through heterogeneous oxidation, the amount of soot
generated and, therefore, the soot yield. Comparison with literature
data showed that the FT distillation cut, which is mainly composed
of n-paraffins, can be relatively well represented by n-decane, on n-
paraffin whose molecular size is somewhat comparable to the aver-
age molecular size of the FT distillation cut. This finding, if trans-
posable, makes some FT fuels very interesting for numerical
investigations using a single paraffin. Comparison with a diesel sur-
rogate does not show a significant difference from the FT in terms
of soot yield reduction ability. This result is probably due to the sur-
rogate formulation and to the fact that only a light cut of the FT die-
sel fuel was studied. Nevertheless, it is worth mentioning that these
results are interesting for jet fuel studies, as the FT distillation cut
would correspond to the boiling range of a jet fuel.
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