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Abstract

Several alternative synthetic fuels are in discussion as a replacement for conventional fuels like Jet A-1
to cope with limited supplies of crude oil as well as their emissions connected with its use such as the
greenhouse gas CO,. One of the alternative fuels which have received high attention recently is far-
nesane (2,6,10-trimethyldodecane), a biofuel produced from sugar using a biotechnological process.
In this paper, combustion characteristics of farnesane were investigated by measuring its ignition
delay time using a shock tube at elevated pressure (16 bar) and two different stoichiometries (¢ = 1.0
and @ = 2.0) and the laminar burning velocity at atmospheric and elevated pressures (1, 3, and 6 bar).
These results were compared to a conventional Jet A-1 fuel showing that farnesane has a similar
combustion behavior. Furthermore, a reaction model was developed capable to predict the measured
combustion properties. The calculation of the ignition delay times yields excellent results when com-
pared to the measurements; the computations of the laminar flame speeds are in good agreement
with the measurements. In addition, the reaction model was analyzed to get further insight into the

main reaction steps of farnesane oxidation.

Keywords: Farnesane, biofuel, ignition delay time, laminar flame speed, shock tube, reaction mod-

eling
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1. INTRODUCTION

Until now crude oil is the dominant source of fuels for transportation. But the use of conventional
transportation fuels is connected with at least two problems: They are produced from crude oil,
which is an exhaustible raw material, and their combustion is connected with emissions such as the
greenhouse gases CO, and water vapor (H,0). Further emissions are nitrogen oxides (NO,), and par-
ticulate matter [1 - 3].

Over the past years different liquid synthetic fuels were developed either based on other fossil re-
sources, like Gas-to-Liquid fuels (GtL) made from natural gas, Coal-to-Liquid fuels (CtL) from coal [4 —
6], or obtained from biomass (BtL). Typical organic raw materials are sugar, vegetable oils, and fatty
acids but also wood-based biomass [1, 2, 7, 8]. At present, alternative aviation fuels are predomi-
nantly developed as drop-in-fuels because of the long lifetimes of jet engines and due to stricter reg-
ulations [1]. In general, conventional jet fuel has to comply with the standard ASTM D1655 and syn-
thetic jet fuel with ASTM D7566 [2, 8] ensuring that the combustion is reliable and safe under all
flight conditions, e.g. cold temperatures at high altitude. Moreover, this certification assures that the
new synthetic jet fuel is compatible with current engines and technology and that synthetic jet fuel
blends are interchangeable with conventional aviation fuels to prevent any logistics or storage prob-
lems at airports that may arise due to the handling of different fuels.

The use of coal or natural gas as feedstock for synthetic fuel production via the Fischer-Tropsch
process (CtL or GtL) led to the first approved alternative fuels for blending up to 50 %. Moreover a
CtL production process exists which yields a fully synthetic jet fuel (FSJF), meaning that it can be used
as a replacement of crude oil based fuels without blending [2]. This is of course an alternative to the
use of crude oil, but it is neither sustainable nor can a reduction of CO,-emissions be expected. How-
ever, Fischer-Tropsch technology also allows the use of biomass as raw material to produce synthetic
fuels; but to our knowledge up to now no commercial or large scale plant is operational using this

technology.
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To benefit from biofuels — a sustainable replacement for crude oil based fuels, reduction of overall
emissions, including the greenhouse gas CO, [3, 9] — other fuels, processes and technologies were
developed. Approved in 2014 [10], a biofuel for aviation which can be used as a drop-in-fuel is far-
nesane [8], a branched alkane with 15 carbon atoms as it is shown in Fig. 1. Its chemical name is
2,6,10-trimethyldodecane; for a better readability, only the name farnesane is used in this paper. The
production of farnesane has three major steps. At first, sugar is fermented by yeast to farnesene, a
molecule with four double bonds [11]. The second step is the hydrogenation from farnesene to far-
nesane which in the last step is purified by distillation [8]. Whereas Jet A-1 is a multicomponent mix-
ture [2] farnesane is a single component with a molecular size being in the upper range of the molec-
ular size distribution typically found in Jet A-1. Since it is a pure component only some physical prop-
erties (selected properties are shown in Tab. 1) are in the acceptable range for aviation fuels like
boiling point or flashpoint. Density and viscosity are out of the range [8], so consequently farnesane
is approved as a blending component to Jet A-1 up to an amount of 10 % only. For comparison, HEFA
(hydrotreated esters and fatty acids) kerosene, a biofuel made from vegetable oils consisting of dif-
ferent, predominantly branched alkanes, is approved as a drop-in-fuel up to 50 % [8]. Passenger
flights from Florida to Sao Paulo [12, 13] and in Germany [13, 14] were already operated using a 10 %
farnesane blend as jet fuel as well as a delivery flight of an Airbus A350 from Toulouse to Hong Kong
[15].

Since farnesane is not only considered as a biofuel for aviation but also as an alternative for diesel
fuel [16], few studies have focused on the ignition and decomposition behavior [16 — 19]. Moreover,
engine emissions tests were performed with jet fuel [3, 8] as well as diesel blends [20]. Recently spe-
ciation data for farnesane were published [21] providing information on its reaction behavior and
product distribution.

The aim of the current paper is to present new experimental data for two major combustion

properties, ignition delay time and laminar burning velocity, as well as a first reaction model devel-
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oped to describe the combustion of farnesane; the model’s performance with respect to the experi-

mentally measured combustion properties will be discussed.

A A A

Fig. 1: Chemical structure of the farnesane molecule (2,6,10-trimethyldodecane), C,sH3,

2. EXPERIMENTAL STUDY

Two global combustion properties of farnesane were investigated: the ignition delay time and the

laminar burning velocity. The obtained results were compared to measurements of a conventional

Jet A-1 fuel. An overview about selected physical properties of farnesane as well as of the specific

Jet A-1 used in the experiments is given in Tab. 1.

Tab. 1: Selected physical properties of farnesane and the specific Jet A-1 used in this study (data of farnesane are taken

from [8], formula of Jet A-1 are empirically determined from its H/C ratio of 1.9)

Farnesane Jet A-1[22]
Formula CisHs, CioHa3
Molar mass (g/mol) 212.41 167
Density at 288 K (g/cm?) 0.7731 0.8035
Boiling temperature (K) 520 423 -551
Flashpoint (K) 380.65 313.15
Viscosity at 253 K (mm?/s) 14.13 4.122
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2.1. Ignition delay time

Experimental Setup

The experiments were carried out in a high pressure shock tube with an internal diameter of
46 mm. It was divided by aluminium diaphragms into a driver section of about 10 m and a driven
section of 3.25 m in length. The driver section was heated to 393 K and loaded with mixtures of heli-
um and argon controlled by Bronkhorst mass flow controllers to achieve tailored interface conditions
[23]. The driven section was heated to 453 K and pumped down to pressures below 10 mbar by a
turbomolecular pump. Gas mixtures were prepared in a 5 liter stainless steel storage vessel, which
was heated to 180 °C, nitrogen flushed and evacuated using a separate rotary vane pump to obtain
pressures below 102 mbar. For each experiment a new mixture was prepared by injecting the liquid
fuel with a syringe onto fibers permanently purged by hot nitrogen which evaporated and transport-
ed the fuel into the evacuated vessel. Preheated synthetic air (80 vol-% N,, 20 vol-% O,) and nitrogen
were added thereafter adjusting equivalence ratio and dilution. All gases were delivered by Linde at
purities of N,: 99.999 %, syn. air: 99.9995 %. After a mixing time of 10 min the fuel-air-N, mixture was
filled into the shock tube. The optimal mixing period, gas preheat temperatures, and the mixtures’
composition were determined and controlled by gas chromatographic analysis monitoring fuel deg-
radation and recovery rate.

The incident shock speed was measured over three 30 mm intervals using four piezo-electric
pressure gauges. The temperature and pressure behind the reflected shock wave were computed
from the measured incident shock speed and the attenuation using a one-dimensional shock model.
For farnesane the thermodynamic data by [24] were used and for Jet A-1 the data of Jet A (g) given
by Goos et al. [25]. The concentration of Jet A-1 (g) was calculated using its average composition
(Ci2H,3) and the equivalence ratio of the experiment. The estimated uncertainty in the reflected

shock temperature is less than +15 K throughout the temperature range of our measurements.
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The ignition was observed by measuring pressure profiles with piezo-electric gauges (PCB®
112A22 and Kistler® 603B coated with a thin layer of RTV106 high temperature silicone rubber) lo-
cated at a distance of 1 cm from the end flange. In addition, the CH*-emission at 431 nm, at the
same position and through the end flange as well, was selected by a narrow band pass filters (Hugo
Anders, FWHM = 5 nm) and measured with a HAMATSU® R3896 photomultiplier in combination with
a FEMTO® HLVA-100 logarithmic amplifier. Moreover, two measurement ports at a distance of 7 cm
and 10 cm from the end plate were detecting the CH*-chemiluminescence emitted by the propagat-
ing deflagration wave. All ignition delay time values shown in this paper were determined by measur-
ing the time difference between the initiation of the system by the reflected shock wave at the end
flange and the occurrence of the maximum of the CH*-signal at the side on measurement port 1 cm
away from the end plate; this characteristic can be reproduced easily from the corresponding simula-
tions. The experimental setup allows measurements of ignition delay times up to 10 ms depending
on the temperature. Post-shock compression effects mainly due to the interaction of incident gas
with the attenuated reflected shock wave introduce a time dependent pressure increase p = p(t) with
a maximum compression of ps/ps (t=0) = 1.22 at about 8 ms resulting in a temperature increase

T=T(t) and thus, in an acceleration of the reactive system towards ignition.

Experimental ignition delay time determination

The ignition delay times of farnesane and Jet A-1 were determined at stoichiometric (¢ = 1.0) and
fuel-rich (¢ =2.0) conditions. The fuel-synthetic air mixtures were diluted with nitrogen (50 % mix-
ture / 50 % N, defined as dilution 1:2). The temperature range was 800 K < T < 1400 K at initial pres-
sures of about 16 bar. A pressure profile as well as radial and axial CH*-emission profiles of a single
experiment are presented in Fig. 2: The pressure signal of the farnesane-0,-N, mixture (¢ = 1.0, dilu-
tion 1:2) at an initial temperature T, = 883 K and an initial pressure p; = 16.85 bar (green curve) shows
at the very first stage a two-step increase due to the incident and reflected shock wave; this is fol-

lowed by: (i) a slow pressure increase due to gas dynamic effects as described above without any
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influence of the fuel’s combustion; (ii) a turning point at 2500 ps due to the reflected shock wave
passing the contact surface; and (iii) a further increase due to the superposition of gas dynamic ef-
fects, caused by the propagation of the reflected shock wave into the driver gas, and the heat release
by the ignition. Pressure profiles from experiments without ignition or from non-reactive mixtures of
similar acoustic impedance were used to deduce a characteristic pressure profile p = p(t) without

distortion due to heat release for modeling ignition delay times.
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Fig. 2: Pressure and emission profiles of a synthetic air-farnesane-N, mixture at ¢ = 1.0, dilution 1:2, T, =883 K and

pi = 16.85 bar

The axial CH*-emission profile (Fig. 2, red line) remains at zero level up to 5000 ps, followed by a
steep rise at 5800 us indicating the start of the ignition process. Please note that the emission signals
were amplified by a logarithmic amplifier. The first phase of the ignition process was observed to
happen statically, i.e. no propagation is detectable. When propagation of the ignition kernel is start-
ing, a more or less intense dip or a shoulder in the axial emission profile was observed — here at
about 6000 us — followed by a further increase of the axial emission signal, and from now on also of
the radial, due to the formation of the deflagration wave. The time of the maximum CH*-emission at
the side port is taken as ignition delay time (Fig. 2, dashed grey line).

From the pressure and emission signals of the stoichiometric farnesane mixtures, we have no in-

dication to deduce on a two-step ignition process as it has been observed during the ignition process
7
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of n-alkanes [26]. Nevertheless, for mixtures at ¢ = 2.0 and temperatures below 850 K, emission pro-
files at 431 nm turn out to show a low level emission within millisecond range accompanied by a
slight pressure increase that ceases again until main ignition occurs later.

In Fig. 3, the ignition delay times evaluated from the CH*-emission signals are plotted as a func-
tion of the reciprocal temperature: Farnesane and for comparison Jet A-1 obtained under the same
experimental conditions as described above. The comparison between the different equivalence
ratios shows that at temperatures less than 1000 K the ignition delay times of Jet A-1 at ¢ = 2.0 (Fig.
3, blue open triangles) tend to become shorter than at ¢ = 1.0 (Fig. 3, red open circles), whereas
those of farnesane (Fig. 3, solid symbols) do not differ significantly. However, a NTC-effect (Negative
Temperature Coefficient), even though less pronounced, cannot be deduced from the farnesane
ignition delay time measurements due to their scatter (Fig. 3, blue solid triangles).

Above 1000 K, ignition delay times of farnesane and Jet A-1 at both considered ¢-values are very
similar, although for stoichiometric conditions Jet A-1 (Fig. 3, red open circles) seems to have a slight-
ly higher apparent activation energy. This is especially remarkable for temperatures below 1000 K,
where ignition delay times of farnesane at ¢ = 1.0 (Fig. 3, red solid circles) are significantly shorter
than those of Jet A-1 (Fig. 3, red open circles). Similar results were obtained from Valco et al. [19],
who measured ignition delay times of conventional and alternative fuels for temperatures between
625 and 735 K using a rapid compression machine. Their work shows that farnesane has shorter igni-

tion delay times in the considered temperature range than the jet fuels chosen for comparison.
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Fig. 3: Ignition delay times (t;;,) of farnesane and Jet A-1, measured with synthetic air and dilution in N, (d = 1:2) at

equivalence ratio ¢ and an initial pressure of p; = 16 bar attributed to the initial reciprocal temperature T;.

2.2. Laminar burning velocity

Experimental Setup

The laminar burning velocity (S,) was deduced from the measurement of the cone angle (a) of the
flames investigated (see Fig. 4 and equation (1); and also [4, 27, 28]). The flow speed of the unburned
gas mixture (v,) was calculated from the volumetric flow rate measured in the experiment and the

cross-section of the nozzle outlet.

Sy =V, sina (1)

flame contour

Vu

fuel-air mixture

Fig. 4: Determination of the laminar burning velocity S, (v, - flow speed of the unburned gas mixture, a - cone angle)
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The measurements were performed at a preheat-temperature of 473 K, at pressures of 1, 3 and
6 bar and at an equivalence ratio ¢ ranging from 0.6 to 2.0 at 1 bar (the range is slightly smaller at
elevated pressures). A schematic of the experimental setup is shown in Fig. 5. In the first part of the
test rig, which contains the preparation of the fuel-O,-N, mixture, the fuel was vaporized [29] at
temperatures from 560 K to 660 K; the exact temperature depends on the fuel (farnesane or Jet A-1)
and the pressure in the system. The fuel volume flow was regulated by a HPLC-pump (type LC-20AD,
Shimadzu). In order to avoid early oxidation or cracking reactions, the fuel was purged with helium
before vaporization; then, mixed at first with nitrogen (Linde, purity 99.999 %) only. During the ho-
mogenization with nitrogen, the temperature of the gas-mixture was reduced to the set preheat-
temperature of 473 K before the oxygen (Linde, purity 99.95 %) was added. The ratio between nitro-
gen and oxygen was 79:21 (N,:0,); their flow rates were controlled by mass flow controllers (type F-
111B, Bronkhorst) calibrated with Cal-Trak (type SL-800-24, Sierra Instruments).

The next part of the setup consists of the burner itself where at the nozzle outlet the gas mixture
was burned. To generate elevated pressures, housing of the burner was necessary. To stabilize the
flames over a fuel-air-ratio as broad as possible, a coflow was introduced: air at rich conditions (¢ >
1.0) and a mixture of 5 % CH,4, 5 % H, and 90 % N, at lean conditions (¢ < 1.0). Due to the use of
these different coflows post-combustion processes enable the flame stabilization at rich as well as at
lean conditions: During the combustion of a fuel-rich mixture, some hydrocarbons in the hot exhaust
gas will get in contact with the oxygen from the surrounding air. Consequently, a post-combustion
process takes place. At lean conditions that isn’t possible since all hydrocarbons are consumed by the
reaction with oxygen; instead excess oxygen remains in the exhaust gas. However, using the
CH./H,/N,-mixture as coflow, the same effect, post combustion, occurs compared to the fuel-rich
flame with an air-coflow — a post-combustion in the exhaust gas by the reaction of the remaining

oxygen with the reactive components (CH,; and H,) of this coflow.

10
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The last part of the setup contains the analysis section. Pictures of the flames were recorded with
a CCD-camera (type Imager Intense, LaVision); examples are shown in Fig. 6. The laminar burning
velocity was derived from these images by measuring the cone angle and using equation (1) for the
flow rate set. The uncertainties, resulting from the accuracies of the mass flow controllers, the cone
angle detection and the treatment of the fuel as ideal gas, were estimated to be in the range from
3% to 12 % depending on the pressure and the fuel-air-ratio; they rose with increasing pressure and

@-difference to stoichiometric conditions.

fuel HPLC- vaporizer window L pressure control
ue pume (T=To e+ 40K) .
homogenizer —— heat exchanger
fuel + N,
F (T=473K) (T[] ccp-camera
MFC preheating nozzle
(T = Tuaporzer) (T = 473 K)
reheatin homogenizer Q ‘
(T=473K) (7= 473K) L %
coflow
preparation fuel-O,-Ny-mixture burner analysis

Fig. 5: Experimental setup for measuring the laminar burning velocity via the cone-angle method (MFC - mass flow

controller, Tg - boiling temperature)

—_— —_— —_—

Fig. 6: Typical flame contours of laminar premixed farnesane-air flames at ¢ =1.15, T=473 K, and p =1 bar (left),

p = 3 bar (middle), p = 6 bar (right)

Experimental determination of burning velocity
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The results of the measured laminar burning velocities are presented in Fig. 7. It is clearly visible
that the laminar burning velocity decreases with increasing pressure and that all curves have a slight-
ly bell-shaped progression. The maxima are obtained at an equivalence ratio between 1.05 and 1.10,
as typical for a hydrocarbon flame, with values of 78 cm/s at a pressure of 1 bar, 64 cm/s at 3 bar,
and 56 cm/s at 6 bar. For clarity, some error bars, representing the maximum error are plotted in Fig.
7; the larger error bars for p = 6 bar are due to higher fluctuations during the measurement.

For comparison of the laminar burning velocity of farnesane with a conventional jet fuel, meas-
urements of Jet A-1 were performed using the same method. The result of the comparison is also
shown in Fig. 7: Farnesane has nearly the same laminar burning velocity compared to Jet A-1 at all
three pressures, with insignificant deviations at the higher pressures. This similarity between crude
oil based jet fuels and alternative fuels was also found in previous studies, e.g. [2, 4 — 6, 30, 31] and is

confirmed for farnesane by this work.
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Fig. 7: Laminar burning velocity (S,) of farnesane- and Jet A-1-air mixtures at a preheat-temperature of 473 K (¢ - equiv-

alence ratio)

3. MODELING STUDY

Reaction mechanism of farnesane oxidation

12
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Farnesane is a branched hydrocarbon (iso-alkane) with three methyl groups attached to the main
Cy,-linear hydrocarbon molecule at C-position 2, 6, and 10 (see Fig. 1). This branching pattern makes
it a complex molecule for reaction modeling. The reaction sub-model of farnesane is implemented in
our in-house existing reaction model that can describe the oxidation of normal- and iso-alkanes up to
C1, [32, 33]; with the new sub-model of farnesane it contains now 227 species and 1443 reactions.
The full mechanism is available from the authors upon request.

The reaction sub-model of farnesane considers the depletion of farnesane by thermal decomposi-
tion as well as by H-atom abstraction reactions via various radicals present in the system, mainly H,
O, OH, and CHs. For simplicity, the reaction model is lumped to primary, secondary, and tertiary car-

bon and radical sites, as shown in Fig. 8.

a a a a: primary (attached to tertiary carbon)
d M b: SeCf)ndal'y
C C C™g c: tertiary
b b b b b d: primary (attached to secondary carbon)

Fig. 8: Nomenclature used for lumping isomers to primary, secondary, and tertiary radical sites

Thus, for the farnesane molecule there are 5 primary, 7 secondary and 3 tertiary carbons which
are lumped in order to model the H-abstraction reactions. In addition, the reaction model also in-
cludes decomposition of alkyl radicals such as iC;5H3; formed by H-abstraction of the fuel molecule,
or formed from the unimolecular decomposition of farnesane such as iC;,H,5 and iCy3H,7 to olefins (a
species dictionary is provided as supplemental material to clarify structure of isomers). In addition,
radical isomerization reactions as well as reactions describing olefin decomposition are also an im-
portant part of the high temperature farnesane chemistry. The olefins are mainly formed by the B-
scission of the first fuel radical iC;5Hs; and they (iCysH3o, iC14H2g) are added to the model. Additionally,
reactions addressing the low temperature farnesane chemistry are added to the mechanism. The
rate coefficients for the above mentioned reactions are estimated from analogies to similar mole-

cules available in the base mechanism or taken from literature as described below.
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The thermal decomposition of farnesane (iCisHs,) forms either (iCysHs;1) and H-atoms or leads to
smaller alkyl radicals considering the decomposition at each carbon atom of the parent molecule.
The rate coefficients of these reactions have been considered from the analogy of iCy;H,4 species as

included in the base mechanism [32]. The thermal decomposition produces thirteen alkyl radicals:

iCi5H3o <> b-iCy3H,7 + CyHs (R1)
<> d-iCqyHys +iC3H5 (R2)
<> d-iCy1Hy3 + sC4H, (R3)
<> d-iC13Hy3 +iCyHo (R4)
<> iCgHy7 +iCsH 15 (R5)
<> iCoHyg +iCsH13 (R6)
&> a-iCyoHyp; +iCsHyg (R7)

The H-abstraction reactions of farnesane are:

iCisHs, + R ¢ a/b/c/d-iCisH3; + RH where R = H/O/OH/CH; (R8)

The H-atom abstraction reactions as well as the thermal decomposition reactions are lumped to
one secondary (b-site), one tertiary (t-site) and two primary radicals namely a-site (C-atom attached
to adjoining tertiary carbon) and d-site (C-atom attached to adjoining secondary carbon) based on
the nomenclature used in Slavinskaya et al. [32]. The rate coefficients of these reactions are based on
analogous reactions described by Curran et al. [34] as part of their iso-octane reaction model.

Each of the alkyl radicals formed undergoes B-scission and decomposes to form olefins (such as
iCi5H3g, iC14Hyg, iC11H5), iC1gHy0, iCgH1s, iCsH 16, iC7H14, iCsH1,, iCsHyg, and iC4Hg) and alkyl radicals such as
iC13H,7, iIC1oHys, iCi1H,3, iCioH3s, iCoH1g, i1CgH17, iC7Hys, iCeH13, iCsH13, iC4Hg, iC3H4, CoHs, and CH;. Most of
the products of the decomposition of the radicals are branched olefins and iso-alkyl radicals. The

reactions are available in the supplementary material. The rate coefficients of these reactions are

14
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from the recommendations given by Ratkiewicz and Truong [35]; their rate predictions were ob-
tained by applying transition state theory, with derived reaction rates of C-C bond scission in a wide
range of alkyl radicals. In addition, they provided a general rate equation which - depending on the
H-abstraction sites — can be used to obtain a rate for any reaction belonging to this class depending

on the abstracting radical site i.e. primary, secondary and tertiary radicals.

The iCy5H3; radicals formed are isomerized to 4 different isomers:

a'iC15H31 &~ b'iC15H31 &~ C'iC15H319 d'iC15H31

The reaction rates of iC;sHs; isomerization are based on the reaction rate expressions determined
experimentally and numerically by Awan et al. [36] for the analogous 5-methylhex-1-yl radical. They
studied isomerization and decomposition reaction rate in the temperature and pressure range of 500
to 1900 K and 0.1 to 1000 bar.

The farnesane reaction sub-model also includes new decomposition reactions of olefins (iCi4H>s,
iC15H3p), produced during fuel decomposition, which were not present in the base mechanism [32,
33].

In addition, the reaction model includes preliminary low temperature farnesane chemistry: alkyl
peroxide radical formation; isomerization to hydroperoxyl alkyl radical; formation and decomposition
of the hydroperoxyl alkyl peroxy radical as well as the keto hydroperoxide decomposition. The reac-
tion rates of the low temperature farnesane chemistry are adapted by the analogy to the iCy;Hy, re-
actions which is already part of the base mechanism. The farnesane sub-model contains 17 species

and 84 forward reactions. The entire farnesane sub-model is provided in the supplementary material.

Calculation of global combustion properties
The reaction mechanism developed for describing the farnesane oxidation is used for calculating

both global fuel characteristics, ignition delay time and burning velocity, measured experimentally.
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The predictions of ignition delay times and laminar flame speeds are based on the zero-dimensional
(0-D) homogeneous closed reactor model and the one-dimensional laminar freely propagating flame
model respectively, as implemented in the software-package Chemical WorkBench (CWB) [37] used
for the calculation.

Ignition delay times are calculated with the initial mixture composition, the initial temperature
behind the reflected shock wave and the measured pressure profile as input. The ignition delay times
are determined from the maximum of CH*-profiles. Laminar flame speeds are calculated with fuel-
oxidizer mixture composition, preheat-temperature, and pressure as required input. The flames are
calculated considering thermal diffusion using a multi-component transport model. The thermo-
chemical data for the farnesane sub-model specific species (Farnesane, iCisHsy, iCisHzp, iCiaHas,
iC13Hz7, iC1Has, CisH3105, CisH300O0H, 0,C;5H3,00H, OCisH,000H) are obtained from the RMG [24]

which are based on group additivity.

4. RESULTS AND DISCUSSION

4.1. Ignition delay time

Ignition delay times of farnesane-air-mixtures (synthetic air — 80 %, N, 20 %,, O,) were meas-
ured behind reflected shock waves at a dilution of 1:2 in nitrogen for two fuel equivalence ratios, ¢ =
1.0 and ¢ = 2.0. The measurements were carried out at pressures of around 16 bar and for tempera-
tures between 800 and 1400 K. For deriving ignition delay time data experimentally, the time span
between the initiation of the reactive system by the reflected shock front and the observed CH*-
maximum emission at 431 nm served as an indicator, as described above (Fig. 2). In the simulations,
the maximum of the calculated CH-concentration is chosen as the indicator for the ignition. For the
simulations, in order to account for the pressure rise in the experiments, a pressure profile is used as

input.
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The comparison between the measured and predicted ignition delay times are presented in Fig. 9.
The detailed reaction model captures well the trend of the measured ignition delay times in the en-
tire temperature range. The predicted ignition delay times (curves) are in excellent agreement with
the measured ones (symbols). Thus, the reaction model is capable of correctly reproducing the ex-

perimental obtained dependency of the ignition behavior on stoichiometry.
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Fig. 9: Comparison of measured (symbols) and computed (curves) ignition delay times of farnesane-synthetic air mix-
tures versus reciprocal initial temperature T(t/s=0). The measurements are carried out at an initial pressure of
pi = p(t/s=0) = 16 bar and at two stoichiometries: ¢ = 1.0 (red circles) and ¢ = 2.0 (blue triangles). The error bars
shown represent the uncertainty due to the post shock compression (see Fig. 2) by a deviation of £10% in

p(t/s>0) / p; and were determined by calculating the ignition delay time using the new mechanism.

A global sensitivity analysis was performed for ignition delay times with three different initial
temperatures selected depicting the low temperature, the intermediate as well as the high tempera-
ture regime covered within the present work. As an example, results are shown in Fig. 10 for stoichi-
ometric farnesane-air-mixtures. For each temperature around ten important reactions showing max-
imum sensitivity are taken, usually that are reactions with normalized sensitivity coefficient larger
than 0.3. At high temperatures, T = 1400 K, the reaction system is sensitive to the base hydrogen
chemistry that generates radicals important for the radical pool build up, as known from previous

studies. In addition, the ignition chemistry is sensitive to decomposition reactions of small branched
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hydrocarbon formed from the farnesane decomposition channel. Among the reactions from the far-
nesane sub-mechanism, the farnesane decomposition channels leading to iCsHy9 + iCgHi3 and a-
iCioH,1 + iCsHy; are important at this condition. At the intermediate temperature, T = 1000 K, the
reaction sensitivity is similar to the one at high temperatures, in addition reactions involving HO,
radicals are important. The ignition at low temperatures is shown to be sensitive to reactions of low
temperature Cys alkyl peroxide formation and C;s alkyl peroxy radical decomposition reactions as

well.

b-C15H3000H=>iC6H120+iC9H18+0OH
b-C15H3000H=>iC7H140+iC8H16+0OH
b-C15H3000H=>iC15H30+HO2
b-iC15H31+02<=>b-C15H3102
c-iC15H31<=>{C9H18+iC6H13
c-iC15H31<=>iC14H28+CH3
b-iC15H31<=>iC14H28+CH3
a-iC15H31<=>iC14H28+CH3
a-iC10H21+iC5H11<=>C15H32
b-iC10H21<=>iC7H14+iC3H7
iC10H22+HO2<=>a-iC10H21+H202
iC10H22+0OH<=>a-iC10H21+H20
iC10H22<=>{C5H11+iC5H11
iC9H19+iC6H13<=>C15H32
iC4H8<=>C4H6+H2
iC5H10<=>CH3+iC4H7
iC3H7+02<=>C3H6+HO2
C3H5+HO2<=>0H+HCO+C2H4
C3H5+H02=>C2H3+CH20+0H
C2H3+02<=>CH20+HCO
C2H2+0OH<=>C2H+H20
CH20+0OH<=>HCO+H20
HCO+02<=>0H+C0O2
HCO+M<=>H+CO+M
OH+HO2<=>H20+02
20H+M<=>H202+M
2HO2<=>H202+02
H+HO2<=>H2+02

H+O2<=>OH+O 71— 1 T T T T T T

-10 08 -06 -04 -02 0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 10: Sensitivity analysis for ignition delay times presented in Fig. 9, at three different temperatures (T = 800, 1000 and

1400 K) for stoichiometric condition

4.2. Laminar flame speed

Laminar flame speeds of farnesane-air mixtures were calculated by using the farnesane mecha-
nism discussed above. Figure 11 presents the comparison between measured burning velocities and
calculated laminar flame speeds, at a preheat-temperature of T = 473 K at ambient (p = 1 bar) and

elevated pressures (p = 3 and 6 bar) for fuel equivalence ratios ¢ ranging from ¢ = 0.6 to ¢ = 2.0. For
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all pressure regimes studied, a good agreement between calculated and measured profile is seen
with respect to the shape of the profile as well as to the position of the maximum value. The calcu-
lated flame speeds of farnesane within the lean to stoichiometric fuel range as well as up to ¢ values
of approximately 1.5 are in excellent agreement with the measured values at p =1 and p = 3 bar. For
fuel richer mixtures (¢ > 1.5), the measured burning velocities are underpredicted at both of these
pressures by up to about 30 %. This shows that the reaction mechanism requires more attention at
rich conditions.

At the highest pressure studied (p = 6 bar), the laminar flame speed simulations underpredict the
measured burning velocities for all fuel-air mixtures. Although in this regime, the uncertainty range
of the measurements is larger compared to the one at lower pressures, additional investigations are

required on the above disagreement.

90 T T T T T T T T T T T T T T T T

S, (cm/s)

Fig. 11: Comparison of measured burning velocities (symbols) and simulated laminar flame speeds (curves) for farnesane-

air mixtures at 473 K and p = 1 bar (blue), p = 3 bar (red), and p = 6 bar (green)

4.3. Important fuel destruction pathways

In order to get more insight into the consumption routes of farnesane, a reaction path analysis is
performed. Results of farnesane oxidation at stoichiometric flame condition are presented in Fig. 12,

for p = 1 bar. We follow the main decomposition paths starting from the heavier primary species to
19
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smaller C,- and Cs-hydrocarbon species and identify key species alongside. The integral rate shows

that the decomposition reactions of farnesane are prominent at the given condition forming smaller
iC10H,1 as major product followed by iCgH4;, iCsH13 and iCsH4; radicals. In a minor reaction channel, at
given condition, the abstraction reaction by H-atoms is seen to produce secondary C;sHs; radicals.
Farnesane
W + /w/\ Y\ + M Y\/M
aCgHy, ICyoH2," c-iCyoHy

||| ‘<
‘<

=

¢

§

M

Fig. 12: Integral rate of production analysis showing fuel consumption for stoichiometric laminar flame condition, the

thickness of arrows represents the importance of the reaction path, *refers to lumped species (structure of iso-

mers available in supplementary material)
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The main consumption of iCoH,1 occurs by inter-isomerization reactions of this radical followed
by decomposition of the relatively stable secondary iCyoH,; radical finally formed. The main decom-
position products form alkenes such as iCsH1o and iC;H14, and iCsH; radicals as well. The alkenes thus
formed undergo a B-scission leading to alkyl radicals and further smaller species, whereas iC3H- yields
an alkene which further reacts to C,-species. Thus, in summary, the typical pathways that occur are
consecutive H-abstraction followed by the scission of a C-H or C-C bond in B-position. The chemistry

of species smaller than C,-C; is well known and not shown here.

5. SUMMARY AND OUTLOOK

The focus of the work is farnesane, a biofuel and blending component for Jet A-1 approved for the
use as a drop-in-fuel up to 10 % [8]. In this paper, a first reaction mechanism as well as new experi-
mental data for relevant global combustion properties for farnesane are presented. The considered
combustion properties are the ignition delay time and the laminar burning velocity, including a com-
parison to conventional Jet A-1. The measurements of the ignition delay times were performed for
two different stoichiometries (¢ = 1.0 and ¢ = 2.0), each at a temperature range from about 800 to
1400 K and initial pressure of 16 bar. The laminar burning velocity were measured at a constant pre-
heat temperature of 473 K for three different pressures (1, 3 and 6 bar) in a stoichiometric range
from ¢ = 0.6 to ¢ = 2.0 for 1 bar and a slightly smaller range for elevated pressures. The comparison
to Jet A-1 for both the ignition delay times (Fig. 3) and the laminar burning velocity (Fig. 7) shows a
good agreement, concluding that farnesane has a combustion behavior similar to the one of the con-
ventional fuel Jet A-1. Only for temperatures below 1000 K farnesane shows slightly shorter ignition
delay times than Jet A-1.

The reaction mechanism was developed on the basis of an existing in-house mechanism for n- and
iso-alkanes up to Cy, [32, 33], focusing on the prediction of the global combustion properties ignition

delay time and laminar flame speed (see Fig. 9 and Fig. 11 for results). The reproduction of the igni-
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tion delay time by the reaction model match perfectly with the experiments also, the calculations of
the laminar flame speeds at 1 and 3 bar with a ¢-range from 0.6 to 1.5 are in a good agreement with
the experimental results.

An improvement of the reaction model is required for the calculation of laminar flames at a pres-
sure of 6 bar as well as for rich conditions. The recently published speciation data from ORwald et al.
[21] will be helpful for a further development of the mechanism, looking deeper into single reaction

pathways.
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