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ABSTRACT: Ignition delay and oxidation of two jet aviation fuels, Jet A-1 and
its blended fuel with a bio-jet fuel in half, are investigated by experiments and
numerical simulations. From their major combustion properties, derived cetane
number and molecular weight of the blended fuel, Jet50-Bio50, are higher than
those of Jet A-1, and its H/C ratio and threshold sooting index are lower because
more n-alkanes are contained in a bio-jet fuel and aromatic compounds are not.
The surrogate fuels of the two jet fuels are constructed for numerical simulations
of their ignition and oxidation. Early ignition of the blended fuel measured in a
shock tube experiment is investigated by comparing the speciation profiles of
several products from the two fuels, and their global reactivity is measured in a
laminar flow reactor. Oxidation of the blended fuel is initiated at a lower
temperature than Jet A-1, and reaction pathways of the two fuels are analyzed at
two temperatures of 600 and 1100 K, respectively. At a low temperature of 600
K, reaction pathways of the major surrogate components for the two fuels are
significantly different, while they are almost the same at high temperatures. The active radical of OH is produced more by the
oxidation of Jet50-Bio50, and its oxidation is initiated at a lower temperature than Jet A-1, leading to earlier ignition. At low
temperatures, the difference between initiation times of oxidation of the two fuels is much larger than at high temperatures. At both
temperatures, production rates of the major reaction steps, where OH is produced, are higher in Jet50-Bio50 than in Jet A-1.

1. INTRODUCTION

Conventional jet aviation fuel is a mixture of hundreds of
different hydrocarbons extracted frommiddle distillates of crude
oil. A typical jet fuel is a kerosene which has a broad carbon-
number distribution mainly from 8 to 16. Kerosene such as Jet A
or Jet A-1 is composed of n-paraffins, branched iso-alkanes,
cyclic alkanes, and aromatics.1,2 It has been widely used for jet
propulsion and consumed in a large amount in propulsion
systems. However, it will be depleted in the end since it is one of
the petroleum-based fossil fuels. Furthermore, its burning
produces air pollutants such as soot, CO, CO2, and NOx, and
thereby, conventional jet fuels are confronted with environ-
mental issues of particulates and global warming. For these
reasons and fuel flexibility, the aviation industry is pursuing
alternative fuels such as renewable and environment-friendly
fuels. A bio-jet fuel is one of the promising alternative fuels for jet
propulsion due to less aromatic contents and carbon neutral
properties.3 However, its feasibility should be verified first before
its application to a bio-jet to jet engines.
There can be found several previous works relevant to the

production and utilization of bio-jet fuels. Yang et al.1 evaluated
the performance of bio-jet fuels based on low-temperature
fluidity, thermal oxidation stability, combustion properties, fuel
compatibility, and physicochemical properties including vola-
tility and energy density. This work also reported that the

aromatic content had a significant impact on the performance of
bio-jet fuels. Wei et al.2 reported bio-jet fuel conversion
technology, economic evaluation, environmental impact, and
development status. This work suggested that hydrogenated
esters and the fatty acid process and Fischer−Tropsch synthesis4
could become the most popular techniques for bio-jet fuel
production in the near future and reported that bio-jet fuels from
biomass feedstocks had significant potential for reducing CO2

emissions. Goel and Boehman5 studied the degradation of jet
fuel using a flow reactor.N-dodecane was adopted as a surrogate
fuel to simulate jet fuel and outlet bulk temperature, and the
unreacted fuel fraction was predicted as the flow rate increased.
Pelucchi et al.6 conducted experiments using a jet-stirred reactor
to develop a surrogate model for fast pyrolysis bio-oil (FPBO)
extracted from lignocellulosic biomass. In particular, thermal
decomposition and combustion chemistry of pyrrole (C4H5N),
a candidate reference fuel for the FPBO surrogate model, were
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studied. Zeng et al.7 studied the pyrolysis of the RP-3 jet fuel
using a single-pulse shock tube (SPST) and found that ethylene
was the most abundant product. In addition, it was confirmed
that methane, ethane, and propene were present in a large
amount, and acetylene increased significantly as the temperature
increased. Wang et al.8 performed a thermal decomposition
study on the mixing of the direct coal liquefaction (DCL)-
derived jet fuel and conventional RP-3 jet fuel using a SPST.
This work showed that the formation of 1,3-butadiene is the
main difference between RP-3 and its derived jet fuel.
Recently, Han et al.9 reported that a mixture of Jet A-1 and a

bio-jet fuel available in Korea could be a substitute for Jet A-1
and is adaptable to an existing jet engine in terms of ignition and
emission. The mixture is called Jet50-Bio50, which is produced
by blending Jet A-1 with a bio-jet fuel in the same ratio, that is,
50:50 in volume fraction. The adopted bio-jet fuel was
developed using the biomass produced in Korea, and it was
made by the Fischer−Tropsch process.4 Moreover, it is mostly
composed of normal and isomerized alkanes.
From the previous work,9 it was found that Jet50-Bio50, the

mixture of Jet A-1 and a bio-jet fuel, has the characteristics of
earlier ignition and lower emission than Jet A-1, which is more
desirable in application to aero-propulsion than a conventional
jet fuel. Lower emission can be easily predicted by no aromatic
contents contained in a bio-jet fuel. However, earlier ignition of
the mixture was not clarified and information on the
phenomenon was not provided sufficiently. In this regard,
ignition and oxidation of the mixture, Jet50-Bio50, are studied
here by experiments and numerical simulations to find its
reaction characteristics distinct from the oxidation of a
convention jet fuel, Jet A-1.

2. METHODOLOGIES

2.1. Fuel Properties and Surrogate Fuels. The fuel
compositions of Jet A-1 and the bio-jet fuel are shown in Figure
1, respectively. As can be seen in the figure, there are
discrepancies in compositions between the two fuels. The
mixture of Jet A-1 and the bio-jet fuel, that is, Jet50-Bio50, has
more alkanes than Jet A-1and no aromatics.
The carbon distributions of components of Jet A-1 and Jet50-

Bio50 from C7 to C17 are shown in Figure 2. Both Jet A-1 and
Jet50-Bio50 contain more isomerized alkanes than normal
alkanes over the full range of carbon numbers. Normal alkanes
start to react at a lower temperature than iso-alkanes, and they
would play a critical role in the earlier oxidation of the fuel. Jet A-
1 has more normal alkanes with carbon numbers from 10 to 14
than Jet50-Bio50. However, it has less normal alkanes with

carbon numbers from 7 to 8 and from 15 to 17. On the other
hand, in terms of iso-alkanes, a carbon number distribution of Jet
A-1 is lower than that of Jet50-Bio50 from C7 to C11, but it is
higher from C12 to C17. These distinct distributions would
affect the oxidation of each fuel, leading to different ignition
delays from each other.
For numerical simulations of the fuel oxidation or ignition

process, a real jet fuel is emulated by a surrogate fuel. The
properties of a surrogate fuel should be as close to those of a real
fuel as possible. For this purpose, major properties relevant to
combustion characteristics are considered, which are called here
as combustion property targets (CPTs).9−13 In this work, four
major properties such as H/C ratio, molecular weight, derived
cetane number (DCN), and threshold soot index (TSI) are
selected as CPTs to maintain the combustion characteristics of a
real fuel. Laminar flame speed and the other properties (e.g.,
Wobbe index) are not considered in this work, where the study is
focused on ignition and the initial oxidation process. The
properties of the two fuels, Jet A-1 and Jet50-Bio50, are
summarized in Table 1. It is found that Jet50-Bio50 has a larger
molecular weight, higher DCN, and smaller TSI than Jet A-1.
The molecular weight mainly affects the mass diffusion and local
equivalence ratio. DCN is correlated with the ignition delay of a
liquid fuel after injection into a chamber. DCN was measured
according to the ASTM D6890 standard,14 and an ignition
quality tester (IQT) was used as a device to measure the ignition
delay time, ID, in msec, for DCN. It is calculated by the equation

= + i
k
jjj

y
{
zzzDCN 4.460

186.6
ID (1)

Figure 1. Molecular-class compositions of (a) Jet A-1 and (b) bio-jet identified by the relative signal area percentage analysis of GC−MS.

Figure 2. Carbon distribution of normal and isomerized alkanes in Jet
A-1 and Jet50-Bio50.
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and TSI15,16 indicates soot propensity, which is calculated by
two properties such as molecular weight (g/mol) and smoke-
point (mm) length. Smoke point was measured according to the
ASTM D1322 standard,17 and from the stipulation, its highest
measurable length is 50 mm. Longer smoke point means lower
soot propensity. TSI is expressed in the equation

= +
i
k
jjjjj

y
{
zzzzza bTSI

molecular weight
smoke point (2)

where the constants, a and b, are determined from preliminary
experiments. For this purpose, two distinct baseline fuels are
selected in terms of smoke point and they are methylcyclohex-
ane and 1-methylnaphthalene, which are the same as the
selected ones in the previous work.18 As a result, the two
constants are determined to be 3.667 and −3.663, respectively.
From eq 2, the larger value of TSI means that more smoke is
generated. Accordingly, from Table 1, slower mass diffusion,
shorter ignition delay, and lower sooting propensity are expected
for Jet50-Bio50 than for Jet A-1.
Surrogate fuels for the two fuels are configured to make the

best fit of CPTs between a real fuel and its surrogate fuel,
respectively. In this study, the selected components of a
surrogate fuel are n-hexadecane, n-dodecane, iso-octane, and
1,3,5-trimethylbenzene. These four components represent n-
alkanes, iso-alkanes, and aromatics, respectively.19,20 The mole
fraction of each component for the two surrogate fuels is listed in
Table 2, where the CPTs of the surrogated fuels are shown. As
seen in the table, the CPTs of a surrogate fuel agree well with
those of its real fuel in Table 1, and accordingly, both surrogate
fuels would properly simulate the oxidation processes of Jet A-1
and Jet50-Bio50, respectively. From the table, the total content
of n-alkanes such as n-hexadecane and n-dodecane in the
surrogate fuel for Jet A-1 is less than that for Jet50-Bio50.
Particularly, focused only on n-hexadecane, which is the heaviest
component in the surrogate fuels, its mole fraction in the
surrogate fuel for Jet A-1 is much less than that for Jet50-Bio50
because Jet50-Bio50 has a larger molecular weight than Jet A-1
by around 20%. On the other hand, the surrogate fuel for Jet A-1
has a more aromatic component 1,3,5-trimethylbenzene than
Jet50-Bio50 because the bio-jet fuel adopted here does not
contain any aromatics. Regarding iso-alkanes, they are contained

more in the surrogate fuel for Jet A-1, which contradicts their
relative composition of the real fuels, Jet A-1 and Jet50-Bio50,
which shows more iso-alkanes in Jet50-Bio50 and not in Jet A-1.
This is because the simultaneous fit cannot be made perfectly
with these four components in terms of the four CPTs. In other
words, when the molecular weight of Jet50-Bio50 is realized by
the surrogate fuel with the present four components, the
maximum mole fraction of iso-octane is limited. However, the
summed mole fraction of n-alkanes and iso-alkanes in the
surrogate fuels follows the tendency of the real fuels; that is, the
surrogate fuel for Jet50-Bio50 has more alkanes than that for Jet
A-1 by 12.5% inmole fraction. These surrogate fuels are adopted
in numerical simulations in later sections.

2.2. Experimental Methods. In this study, the ignition
delay of Jet A-1 and Jet50-Bio50 is measured by a shock tube
adopted in our previous work.4 Experiments are conducted at 20
atm and stoichiometric equivalence ratio. It is measured over a
wide range of temperatures from 670 to 1250 K.
Concentrations of the two species, O2 and CO, are measured

by using a laminar flow reactor during the oxidation process of
both fuels Jet A-1 and Jet50-Bio50. They are measured as a
function of residence time of a fuel at 6 atm, 968 K, and
stoichiometric equivalence ratio. Furthermore, the concen-
tration of O2 is demonstrated as a function of temperature over a
wide range of temperatures from 550 to 950 K at a constant
residence time of a fuel to see the temperature-dependent
reactivity of each fuel.

2.2.1. Measurement of Ignition Delay Time by a Shock
Tube. The experimental apparatus including a shock tube is
shown in Figure 3.22 The driver section is 1.45m long and has an
inner diameter of 66.9 mm, and the driven section is 5.85 m long
and has an inner diameter of 64.7 mm. Details on the
experimental apparatus including a shock tube can be found in
the previous work.4 The driven section itself and the feeding
lines connected to the section are heated up to 150 °C. An
evaporator, where liquid fuels are vaporized, is maintained at a
low pressure of 1 × 10−2 Torr, and the injected fuels are
completely evaporated during sufficient time to attain a steady
state. Then, the driven section is depressurized to a pressure
below 1 × 10−5 Torr. The evaporated fuel, the inert gas of high-
purity N2, and the oxidizer of high-purity O2 are supplied into
the driven section, consecutively. The fuel, N2, and O2 are mixed
homogeneously in the driven section for a longer time than 12 h.
Next, the driver section is filled with high-purity He and N2,

whose composition satisfies a tailored condition. When gases
between double diaphragms are evacuated, the diaphragms
burst abruptly by the pressure difference between the driver and
the driven sections. Therefore, a shock wave is generated and
propagates into the driven section. Four pressure transducers
(model PCB 112B05) are installed in an axial direction along the
driven section to determine the propagation velocity of a shock
wave. From the velocity of the reflected shock wave at the end
wall, the gas temperature behind the reflected shock wave is
calculated. The uncertainty limit of the temperature is ±20 K,
and it leads to the uncertainty of 20% in ignition delay.21,22 At
the end wall, a pressure transducer (model Kistler 603C) and a

Table 1. CPTs of Jet A-1 and Jet50-Bio50

fuels

Properties Jet A-1 Jet50-Bio50 Bio-Jet

chemical formula C10.2H20.5 C12.3H24.4

H/C ratio 2.01 1.98
molecular weight [g/mole] 143 ± 4 172 ± 5 210
DCN 46.6 ± 0.6 62 ± 0.6
density (kg/m3 at 15 °C) 794 786 767
flash point (°C) 38 52 66
kinematic viscosity (mm2

/s at −20 °C)
3.2 4.2 5.2

TSI (smoke point) 17.3
(25.14 mm)

10.1
(45.88 mm)

Table 2. Mixture Mole Fraction and CPTs of the Surrogate Fuels Suggested for Jet A-1 and Jet50-Bio50

normal hexadecane normal dodecane iso-octane 1,3,5-trimethyl benzene H/C MW [g/mole] DCN TSI

Jet A-1 0.05 0.405 0.300 0.245 2.004 143.8 50.5 20.7
Jet50-Bio50 0.380 0.240 0.229 0.151 2.065 170.9 65.9 15.0
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quartz window are installed to measure the pressure behind a
reflected shock wave and for the optical access of a photo-
multiplier tube (PMT), respectively. The intensity of chem-
iluminescence from a CH* radical with a wavelength of 431± 1
nm is measured by a PMT, and it indicates the reaction progress
during the ignition process.
Inevitable pressure rise before complete ignition inside the

driven section is induced by the well-known boundary layer
effect, and it is evaluated by the normalized parameter, (1/
P)(dP/dt), which should be maintained low around 3.5%/ms.4

The two fuels Jet A-1/O2/N2(1.35/20.73/77.92 mol %) and
Jet50-Bio50/O2/N2(1.13/20.77/78.10 mol %) are tested in the
present experiments. Thermodynamic and flow conditions for
experiments with the two jet fuels are summarized in Table 3.

2.2.2. Measurement of Species Concentrations by a
Laminar Flow Reactor. In a laminar flow reactor shown in
Figure 4, its wall temperature is maintained constant and
chemical reaction of the mixture occurs herein. The fuel−
oxygen mixture flows through the reactor vessel, and at the same
time, the fuel is oxidated gradually. In front of the reactor, an
evaporator and a preheater are installed in order to vaporize the
liquid fuel and to rapidly raise the temperature of the mixture to
a specified temperature, respectively. A liquid fuel and nitrogen
gas enter the evaporator and come out as a gaseous mixture
(evaporated fuel + nitrogen gas), as shown in Figure 4. Then, it is
mixed with oxygen to attain the equivalence ratio of the

experimental conditions and enters the heater for preheating.
The length of the reaction zone in the reactor is 1200 mm, and a
quartz duct with an inner diameter of 10 mm is installed
concentrically inside the reactor. A sample probe is mounted at
the top of the reactor and inserted into the quartz duct
downward to extract a product gas. It moves downward and
upward to locate its position axially. The position is correlated
with the residence time of the mixture in the reactor; that is, the
residence time can be calculated by the axial position of the
sample probe and the mean velocity of the mixture. The reactor
is surrounded by a copper casing tomake the wall temperature of
the reactor uniform in an axial direction. Moreover, the casing is
surrounded by electric heaters which are composed of four
pieces to maintain the wall temperature of the reactor at a
specified constant in the axial direction. At the downstream of
the reactor, a back pressure regulator is installed to adjust the
operating pressure. In the measurement part, the concentration
of a product gas coming through the sample probe is measured.
The part is heated and insulated by a heating cable to prevent the
gas from being condensed. Two main species of O2 and CO are
selected to see the reactant consumption and product-gas
production, respectively. Their concentrations are measured by

Figure 3. Schematic diagram of the shock tube for the measurement of ignition delay time.

Table 3. Thermodynamic and Flow Conditions for
Numerical Simulations of Ignition Delay in a Shock Tube

fuel

variables or parameters Jet A-1 Jet50-Bio50

pressure [atm] 20 20
temperature [K] 650−1250 650−1250
equivalence ratio 1 1
fuel [%] 1.345 1.127
O2 [%] 20.726 20.772
N2 [%] 77.929 78.101

Figure 4. Schematic diagram of the experimental apparatus (laminar
flow reactor).
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using gas chromatography, and the data are stored in a
computer.
Experiments with a flow reactor are conducted by two

methods. At first, concentrations of chemical species in the
product gas are measured at a specified pressure and reactor-wall
temperature as a function of residence time, which is variable by
changing the position of a sample probe. In the second method,
concentrations are measured at a specified pressure and
residence time as a function of temperature. From this
measurement, the global reactivity of a fuel in its oxidation
process can be evaluated over a wide range of temperatures.
Thermodynamic and flow conditions for experiments with the

two jet fuels are summarized in Table 4. As can be seen in the

table, experiments are conducted at 6 atm and unity equivalence
ratio with the same carbon concentration of 0.3% for both fuels.
Variable parameters are residence time and temperature in the
two methods, respectively. The residence time variable is
changed from 0.125 to 2.0 s. Moreover, global-reactivity
experiments with temperature variable are conducted at a
constant residence time of 2.0 s and at temperatures ranging
from 550 to 950 K with a step of 50 K interval. Additionally, the
experiment is conducted at 968 K, which is the allowable highest
temperature with a uniform temperature profile attained axially
in the present reactor. In this experiment, it was impossible to
make the axial temperature uniform due to heat loss to the
surroundings at high temperatures over 968 K. Below the critical
temperature, uniform temperatures are attained and temper-
ature profiles are shown at various temperatures in Figure 5.
Axial deviation in temperature is within ±5 K, which is
comparable with that reported in previous works.23−25

In Figure 5, the distance of 0 mm indicates the origin point
which is the bottom of the reactor. The electric heater starts
heating from the point and ends at 1200 mm. The reactor-wall
temperature rises from 500 to 950 K and finally up to the highest
temperature of 968 K. Thermal equilibrium is attained between
gases inside the reactor and the reactor wall. From the
temperature profiles shown in Figure 5, available lengths for
experiments are found, which depend moderately on the
temperature and range from 550 to 800 mm. The higher the
temperature is, the shorter the available length becomes. Axial
uniformity of the temperature along the reactor is satisfactory.
2.3. Kinetic Model and Conditions for Numerical

Simulations. For numerical simulations, a detailed chemical
kinetic model22 for a real jet fuel is adopted here, and it was
developed from the first- and second-generation surrogate fuels
validated by Dooley et al.10 and Malewicki et al.20 The kinetic
model is based on the core mechanism for the C0−C4 chemistry
developed by Metcalfe et al.,27 and then, the core mechanism is
combined with the individual kinetic models for iso-octane,

1,3,5-trimethylbenzene, and n-dodecane and n-hexadecane
developed by Mehl et al.,28 Gudiyella and Brezinsky,29 and
Westbrook et al.,19 respectively. The constructed detailed model
is composed of 3147 species and 12,448 reaction steps.26

Measured data by the shock tube and the flow reactor in this
work are compared with numerical predictions in terms of
ignition delay and oxidation process, respectively. For this
purpose, numerical simulations are conducted by using the well-
known program package of the Chemkin-Pro.30 Ignition delay of
a mixture is calculated with a closed homogeneous reactor
model and the oxidation process is calculated with the plug-flow
reactor (PFR) model. Based on the numerical results, reaction
pathways for the oxidation of each fuel are analyzed. For
numerical simulations, the surrogate fuels for Jet A-1 and Jet50-
Bio50 in Table 2 are adopted with the aforementioned detailed
chemistry.26,31 Thermodynamic and flow conditions for the
calculations of ignition delay and oxidation are summarized in
Tables 3 and 4, respectively.

3. RESULTS AND DISCUSSION
3.1. IgnitionDelay Time. Ignition delay times aremeasured

and calculated at 20 atm and unity equivalence ratio for the two
jet fuels Jet A-1 and Jet50-Bio50, which are demonstrated in
Figure 6. Both fuels show negative temperature coefficient
(NTC) behavior4 in the similar temperature range. Numerical
results agree well with experimental data in a qualitative manner.
However, at low temperatures below 750 K, numerical
simulations cannot follow the significant quantitative difference
between the ignition delays of Jet A-1 and Jet50-Bio50 observed
in experiments. It is because the present chemical mechanism
does not reflect the low-temperature chemistry of a jet fuel
accurately.
It is notable that Jet50-Bio50 has an appreciably shorter

ignition delay than Jet A-1 at temperatures below 1000 K, while
ignition delays of both fuels are almost the same as each other at
higher temperatures. It implies that the reaction or breakdown of
Jet50-Bio50 is initiated earlier and activated more than Jet A-1 at
low temperatures, where it takes a relatively longer time than at
high temperatures. From experimental data, the largest differ-
ence in ignition delay between the two fuels is 228%. It is found
that the ignition of Jet50-Bio50 is accelerated much faster than
that of Jet A-1 and more n-alkanes in Jet50-Bio50 contribute to
this acceleration at low temperatures. It will be discussed in the
next section in more detail.

Table 4. Thermodynamic and Flow Conditions for
Experiments and Numerical Simulations with a Laminar
Flow Reactor

Fuel

variables or parameters Jet A-1 Jet50-Bio50

pressure [atm] 6 6
temperature [K] 550−968 550−968
residence time [s] 0.125−2.0 0.125−2.0
equivalence ratio 1 1
oxidizer oxygen oxygen
fuel [%] 0.031 0.037

Figure 5. Temperature profiles measured along the reactor tube within
a reaction zone of 1200 mm.
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3.2. Oxidation Process and Reaction Pathway. As
aforementioned, the oxidation process is investigated intensively
by experiments with the flow reactor and simulations with the
PFR model, which provides information on the global reactivity
of the two fuels. First, concentrations of O2 and CO in a product
gas are measured and calculated as a function of residence time
of the mixture by changing the position of the sample probe.
Concentration profiles at 950 K are demonstrated in Figure 7
over the range of residence time from 0.125 to 2.0 s for Jet A-1
and Jet50-Bio50, respectively.
Although there are quantitative discrepancies between

experimental and numerical data in Figure 7, both data show
that the O2 concentration decreases more gradually in Jet A-1
than in Jet50-Bio50. This means that the reactivity of Jet A-1 is
relatively smaller than that of Jet50-Bio50. Similarly, the
concentration of CO in Jet50-Bio50 rises more rapidly than
that in Jet A-1. Furthermore, it is seen that the concentration of
CO in Jet50-Bio50 is always higher than that in Jet A-1 at any
residence time.
Numerical results show the same behaviors in the relative

reactivity of both fuels but more appreciably; that is, the
concentration of O2 in Jet A-1 maintains the initial value and
then slightly decreases from 0.3 s until around 0.8 s. However, its
concentration in Jet50-Bio50 decreases rapidly after 0.3 s. On
the other hand, a product, CO, is produced gradually as the
reaction progresses and then increases rapidly. The concen-
tration of CO in Jet50-Bio50 is higher at all times than that in Jet
A-1, and it increases more rapidly. From these results, it can be
seen that Jet50-Bio50 is more reactive than Jet A-1 at the same
residence time.
From experiments and numerical simulations, concentrations

of O2 in the two fuels at a specified residence time of 2.0 s are
measured and calculated as a function of temperature, and they
are shown in Figure 8, which imply the global reactivity of the
fuels. These results confirm that the difference in reactivity
between Jet A-1 and Jet50-Bio50 is more significant at a lower
temperature; that is, the concentration of O2 in Jet A-1 is almost
unchanged up to 570 K and then slightly decreases up to 600 K.
At temperatures between 600 and 750 K, NTC behavior is
observed in simulations but not clearly in experiments. At higher
temperatures above 750 K, oxygen is consumed moderately

again and rapidly over 850 K. From this global reactivity of O2, it
is found that the reaction of Jet A-1 is initiated at around 570 K.
The overall behavior in Jet50-Bio50 is similar to that in Jet A-1,
but it is notable that the reaction of Jet50-Bio50 starts at a lower
temperature than that of Jet A-1 or at around 550 K, which
means that Jet50-Bio50 is more reactive than Jet A-1 at low

Figure 6. Ignition delay times of Jet A-1/air and Jet50-Bio50/air over a
wide range of temperatures. Points indicate experimental data (square
symbols: Jet A-1, circle symbols: Jet50-Bio50) and lines indicate model
predictions (straight line: Jet A-1, dotted line: Jet50-Bio50).

Figure 7. Concentration profiles of (a) O2 and (b) CO measured as a
function of time in the flow reactor at 6 atm, 0.3% carbon, equivalence
ratio,Φ = 1.0, and T = 968 K (symbols: experimental data, lines: model
predictions) expressed with time shifts of +0.35 and +0.29 s for Jet A-1
and Jet50-Bio50, respectively.

Figure 8. Concentration of O2 as a function of temperature indicating
the global reactivity of two fuels at 6 atm, 0.3% carbon, Φ = 1.0, and
residence time, t = 2.0 s (symbols: experimental data, lines: model
predictions).
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temperatures. At high temperatures over 900 K, the slopes of
concentration in both fuels are almost the same as each other.
This reactivity dependence on temperature in both fuels agrees
well with the dependence of ignition delay time on temperature,
as shown in Figure 6. Accordingly, Jet50-Bio50 has an earlier
ignition and higher reactivity at low temperatures below 900 K.
However, both Jet50-Bio50 and Jet A-1 have the same reactivity
at high temperatures over 900 K.
Reactivity dependence of Jet50-Bio50 on a temperature

different from that of Jet A-1 found in Figure 8 would result from
its reaction pathways distinct from those of Jet A-1. Accordingly,
reaction pathways relevant to the reaction of four major
surrogate components, n-hexadecane, n-dodecane, iso-octane,
and 1,3,5-trimethylbenzene denoted by n-C16H34, n-C12H26, i-
C8H18, and 135TMB, respectively, are investigated here at both
low and high temperatures. The present analysis is conducted
based on reactions in the PFR model. The two temperatures are
selected as 600 and 1100 K, respectively.
For the analysis, reaction pathways dedicated to the

generation of OH species are investigated because it is one of
the critical radicals that affect the initiation of the chain-
branching reaction. Here, the reaction starts with each surrogate
component and the final species is the OH radical. The reaction
pathways of the two fuels at low temperatures are shown in

Figures 9 and 10, respectively. The dotted arrows in the figures
indicate the pathways relevant to the production of OH. From
Figures 9 and 10, it is found that all the reaction pathways are
simple and proceed straightforward with a weak coupling of a
species with a small number of the other species. Contribution of
the other reactive radicals such as H and O to OH production is
negligible. Moreover, the reaction pathway of each surrogate
component in Jet A-1 is significantly different from that in Jet50-
Bio50 in terms of intermediate species and relative weight in
producing the OH radical. Interestingly, the reaction pathways
of n-C12H26 in Jet A-1 and n-C16H34 of Jet50-Bio50 are similar to
each other. It is because n-C12H26 in Jet A-1 and n-C16H34 in
Jet50-Bio50 are the heaviest and major components, respec-
tively, as listed in Table 2, and they contribute mainly to
breakdown reaction into various lighter hydrocarbons than n-
C12H26 or n-C16H34. Especially, the reaction of 135TMB is
relatively weak at low temperatures,32 and its reaction pathways
for the two fuels are quite different from each other, as shown in
Figures 9d and 10d. The OH radical is produced through more
various pathways from 135TMB in Jet50-Bio50.
On the other hand, reaction pathways of the same

components at a high temperature of 1100 K are illustrated in
Figure 11, which are for Jet A-1. Compared with reaction
pathways at low temperatures, they aremuchmore complex, and

Figure 9. Reaction pathways for the oxidation of Jet A-1 at 6 atm,Φ = 1.0, and T = 600 K: (a) n-hexadecane, (b) n-dodecane, (c) iso-octane, and (d)
1,3,5-trimethylbenzene (dotted arrows indicate the formation reaction of OH species).
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a species is connected with a larger number of the other species
by multiple coupling. Furthermore, various reactive radicals
such as H and O are involved in producing the OH radical as the
intermediate species. In these aspects, reaction pathways at high
temperatures are completely different from those at a low
temperature of 600 K, as shown in Figures 9 and 10. They show
the typical reactions of high-temperature chemistry controlled
by chain-branching reactions with a large activation energy. At
high temperatures, reaction pathways in Jet50-Bio50 are almost
the same as those in Jet A-1 in all the aspects, and the pathway
diagram for Jet50-Bio50 is omitted here.
As aforementioned, reaction pathways of both fuels at a low

temperature are significantly different from each other.
Accordingly, they would make different reaction kinetics,
which should result in a difference in the transient speciation
profiles of major reactants and radicals. Concentration profiles
of three species, OH, n-C16H34, and 135TMB, are calculated as a
function of time with the PFR model at low and high
temperatures and shown in Figure 12. At a low temperature of
600 K, the OH radical in Jet50-Bio50 is produced significantly
earlier than in Jet A-1 by around 0.5 s, and its concentration
increases more rapidly with a higher peak than in Jet A-1. On the
other hand, at a high temperature of 1100 K, it is produced still
earlier than in Jet A-1, but the interval between them is slight,

which is only 0.1 s, and the peaks of OH concentration in both
fuels are comparable with each other. Concentrations of the
major components, n-C16H34 and 135TMB, show consumption
of the species in Figure 12.
The two components, n-C16H34 and 135TMB, are selected

because they are a representative n-alkane and an aromatic
compound, respectively. At low temperatures, they are
consumed much earlier in Jet50-Bio50 than in Jet A-1 as the
OH radical is produced earlier in Jet50-Bio50. Moreover, their
slow consumption lasts for a long time of around 0.5 s for n-
C16H34.
However, at high temperatures, they are consumed at the

almost same time and rapidly in both fuels. Moreover, the
duration of consumption is short, which is 0.01−0.1 s. Regarding
the consumption of 135TMB, it is consumed out in a short time
at a high temperature, while it still remains for a long time at a
low temperature. Accordingly, it is found that Jet50-Bio50 has
different kinetics from Jet A-1, and it has a relatively high low-
temperature reactivity. On the other hand, at high temperatures,
the reaction is so fast that there is little difference between the
reactivity of both fuels.
In addition to the transient concentration profiles of several

species, the production rates of several elementary reaction steps
relevant to OH generation, especially shown in reaction

Figure 10.Reaction pathways for the oxidation of Jet50-Bio50 at 6 atm,Φ = 1.0, and T = 600 K: (a) n-hexadecane, (b) n-dodecane, (c) iso-octane, and
(d) 1,3,5-trimethylbenzene (dotted arrows indicate the formation reaction of OH species).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04002
ACS Omega 2021, 6, 26646−26658

26653

https://pubs.acs.org/doi/10.1021/acsomega.1c04002?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04002?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04002?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04002?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


pathways in Figures 9, 10, and 11, are calculated as a function of
time and shown in Figure 13. At low temperatures, Figure 13a−
d presents the production rates of the principal reaction steps in
each pathway of n-C16H34, n-C12H26, i-C8H18, and 135TMB,
respectively. It is found that OH is produced mainly through the
breakdown reaction of heavy hydrocarbon components with a
high carbon number. From their production rates, all the
reaction steps in Jet50-Bio50 are initiated at around 0.5 s and
significantly earlier than in Jet A-1 by around 0.5 s. Furthermore,
their peaks in Jet50-Bio50 are higher, and especially, the reaction

from the pathway of n-C16H34 has a large difference in the peak
of the production rate between the two fuels. It is because Jet50-
Bio50 contains more n-C16H34 than Jet A-1, as shown in Table 2.
On the other hand, at high temperatures, Figure 13e−h presents
the production rates of the principal reaction steps in each
pathway of the four surrogate components, respectively. At high
temperatures, chain-branching reactions are activated appreci-
ably and well-known hydrogen−oxygen shuffle reactions are
dominant in producing the OH radical. From Figure 13h, it is
found that the oxidation of light components from 135TMB
contributes to OH generation rather than that of heavier
components. Even at a high temperature, all the reaction steps in
Jet50-Bio50 are initiated earlier than Jet A-1, but the initiation
time is around 0.1−0.2 s, which is much shorter than at low
temperatures. Furthermore, the difference between initiation
times of the two fuels is significantly small compared with that at
low temperatures. Still, their peaks in Jet50-Bio50 are also higher
at high temperatures as observed at low temperatures, but the
reaction from the pathway of n-C16H34 does not show very large
difference in the peak of the production rate between the two
fuels, as shown in Figure 13a at a low temperature. It implies the
high reactivity of all the components irrespective of fuel
components at high temperature and dominance of high-
temperature chemistry with strong dependence of reactions on
the temperature. These results show a good agreement with
those in Figure 12 in terms of reaction initiation and reactivity.
Although not shown here, the rate of production of the OH
radical showed the same behaviors as in Figure 13.
Chemical aspects of the two fuels shown in Figures 9, 10, 11,

12, and 13 are summarized here. Both jet fuels have simple
reaction pathways at low temperatures, although they are
distinctive from each other. However, Jet50-Bio50 has a stronger
reactivity in the reaction pathways of n-hexadecane with the
largest molecular weight than Jet A-1; that is, the alkylperoxy
radical isomerization,19 which affects low-temperature reactivity,
is enhanced by the species with a large molecular weight. During
the breakdown of a fuel, heavy hydrocarbons are converted into
light ones. Accordingly, Jet50-Bio50 with a larger molecular
weight produces more various radicals and its reactions are
initiated earlier. Consecutively, reactions of 1,3,5-trimethylben-
zene are more enhanced by more radicals produced from Jet50-
Bio50. It enables the earlier ignition of Jet50-Bio50 than Jet A-1,
especially at low temperatures. This phenomenon still works
even at high temperatures. However, reactions are fast enough to
make the major components decompose and the radical
produce within a short time. Moreover, typical chain-branching
reactions are dominant in the initiation of reactions.
Accordingly, both fuels show the almost same reaction kinetics
and pathways, leading to the same ignition delay as the other
fuel.

3.3. Low-Temperature Ignition Propensity Observed
by the CH2 Functional Group. Dussan et al.

33 suggested that
the CH2 functional group should strongly affect the chemical
reaction at a low temperature. In their works, DCN was
estimated by constructing surrogate fuels through the
quantitative structure−property relationship (QSPR) meth-
od.34−37 In the QSPR method, the spectrum of the overall
molecular structure of a real fuel is identified by several specific
chemical functional groups, and the nuclear magnetic resonator
(NMR) device is used to quantify each chemical functional
group reflecting the chemical structure of the fuel. Finally, its
surrogate fuel is constructed by adjusting mole fractions of the
surrogate-fuel components to make the surrogate fuel have the

Figure 11. Reaction pathways for the oxidation of Jet A-1 at 6 atm,Φ =
1.0, and T = 1100 K: (a) n-hexadecane, (b) n-dodecane, (c) iso-octane,
and (d) 1,3,5-trimethylbenzene (dotted arrows indicate the formation
reaction of OH species).
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same functional groups as the real fuel. Typical chemical
functional groups selected for this purpose are CH2, CH3, and
benzyl groups. The CH2 group represents the content of linear
paraffinic components in jet fuels, while the CH3 and the benzyl
groups represent branched paraffinic and aromatic compo-
nents,33 respectively.
It is well known that the formation of QOOH, called alkyl-

hydroperoxy radicals, is strongly influenced by the CH2 group.
Therefore, when the concentration of species belonging to the
CH2 group increases, chain branching is more probable at a low
temperature, which implies that the CH2 group comes into play
more in low-temperature chemistry.33 Earlier ignition of Jet50-
Bio50 than Jet A-1 at a low temperature can be explained by
applying the concept of the chemical functional group. From
Figure 1, the normal alkanes amount to 26−31% in Jet A-1 and
to 30−40% in bio-jet. In terms of isomerized alkanes, Jet A-1 and
bio-jet have 23−29 and 60−70%, respectively. Here, isomerized
alkanes are assumed to be 2-methyl groups. Then, the fraction of
the molecular structure categorized into the CH2 group in Jet A-

1 is much smaller than in Jet50-Bio50. From these results, it is
expected that Jet A-1 has less chain branching and slower
ignition at low temperatures than Jet50-Bio50.

4. CONCLUSIONS
Ignition delay time and oxidation of the mixture fuel of Jet A-1
and a bio-jet fuel have been investigated by experiments and
numerical simulations for a comparative study with a conven-
tional jet fuel of Jet A-1. Ignition delay has been measured in a
shock tube, and species concentrations in the oxidation process
have been measured in a laminar flow reactor. Surrogate fuels for
two real fuels of Jet A-1 and the mixture fuel, called Jet50-Bio50
here, have been constructed for numerical simulations.
Jet50-Bio50 contains more normal and isomerized alkanes

than Jet A-1 because bio-jet is composed of only alkanes without
aromatic compounds. From experimental and numerical results,
it is found that Jet50-Bio50 has a shorter ignition delay than Jet
A-1. Moreover, the difference in ignition delay is magnified as
the temperature decreases. The experimental results in a laminar

Figure 12. Transient concentration profiles of OH, nC16H34, and 135TMB calculated for Jet A-1 and Jet50-Bio50 as a function of time at 6 atm, 0.3%
carbon,Φ = 1.0, and at low and high temperatures [(a) OH, (b) NC16H34, (c) 135TMB at T = 600 K and (d) OH, (e) NC16H34, and (f) 135TMB at T
= 1100 K].
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flow reactor show that Jet50-Bio50 is more reactive at the same
residence time and shows a higher reactivity at low temperatures
than Jet A-1, which implies that oxidation reactions are initiated
at lower temperatures in Jet50-Bio50 than in Jet A-1.
Reaction pathways at low temperatures are relatively simple in

both fuels at low temperature than at high temperature. Detailed
pathways are distinctive in each fuel at low temperatures, while
they are almost the same at high temperatures. The major
surrogate components are consumed earlier and the radicals are
produced earlier in Jet50-Bio50. The difference between
initiation times of the two fuels is significantly larger at low

temperature than at high temperature. Production rates of
several reaction steps relevant to OH generation show the
similar behaviors; that is, the rates in Jet50-Bio50 at low
temperatures increases much earlier than in Jet A-1. On the
other hand, at high temperatures, reaction pathways are
relatively complex and each species is strongly coupled with
the other ones through various elementary reactions. Oxidation
is initiated more shortly, and the difference between the two
fuels is small in terms of transient concentration profiles and
initiation time of reaction. Earlier ignition and oxidation of
Jet50-Bio50 at low temperatures are originated from the earlier

Figure 13. Production rates of several elementary reactions calculated for Jet A-1 and Jet50-Bio50 as a function of time at 6 atm, 0.3% carbon,Φ = 1.0,
and at low and high temperatures [(a) C16OOH2−4O2 = C16KET2-4 + OH at 600 K, (b) C12OOH2−4O2 = C12KET2-4 + OH at 600 K, (c)
aC8H16OOH−C→ iC8ETERAC+OH at 600K, and (d)D35MB1CH2 +HO2 =D35MB1CH2O+OH at 600K and (e)H+O2 =O+OH at 1100 K,
(f) HO2 + H = 2OH at 1100 K, (g) O + H2O = 2OH at 1100 K, and (h) CH2O + O = HCO + OH at 1100 K].
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breakdown reaction of heavy alkanes than in Jet A-1 because
Jet50-Bio50 has more composition of alkanes, more specifically,
categorized into the CH2 functional group, which has high
reactivity at low temperatures.
Conclusively, the mixture fuel of Jet A-1 and a bio-jet fuel has

earlier ignition and is more reactive at low temperatures
compared with conventional jet aviation fuels. These character-
istics should be considered when the blending ratio of a bio-jet
fuel to Jet A-1 is determined in manufacturing alternative fuels.
Furthermore, optimization of an alternative fuel would be
required to fit for a jet engine combustor in terms of ignition,
propulsion performance, and emission. More species should be
studied by the flow reactor and the existing mechanism needs to
be improved, especially at low temperatures. They will be
considered as a future work for the manufacture of applicable
and alternative jet fuels.
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