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Abstract
The use of energetic nanoparticles oﬀers a promising means of adjusting the reactivity of liquid fuels for
enhanced combustion stability in next generation propulsion systems. This work outlines the development
of a novel aerosol rapid compression machine (RCM) for studying the impact of energetic nanoparticles on
reducing the ignition delay of liquid fuels, and a proof-of-concept demonstration is presented using ethanol
and JP-8. Fuel droplets are generated using an ultrasonic nozzle. The seeding of 50 nm aluminum nanoparticles in the liquid fuel is achieved by using a combination of chemical surfactants in addition to mixing
in an ultrasonic bath. The autoignition delay is measured for neat and nanoparticle-enhanced mixtures at
compressed conditions of 772–830 K and 12–28 bar in the RCM. The results show that signiﬁcant changes
in the ignition delay can be observed using a low concentration (2%-weight) of energetic nanoparticles. For
ethanol and JP-8, ignition delays were reduced by 32% and 50%, respectively. Measurements to verify the
uniformity of aerosol dispersion in the RCM, the reproducibility of the RCM data, and a method for
approximating compressed temperature are also presented.
Ó 2010 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction
The next generation of advanced propulsion
systems will strive to combine dramatically
enhanced power output with high eﬃciency and
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control; pushing combustion to occur at the very
limits of ﬂammability and stability for a speciﬁc
fuel. To address the potential challenges ahead in
terms of achieving combustion stability, advanced
technologies for active combustion enhancement
such as high-energy laser spark ignition [1], turbulent jet ignition [2], and plasma jet ignition [3] are
being investigated for a range of novel concept
engines. The problem is further compounded by
the introduction of new and alternative fuel blends
which can exhibit drastic variation in combustion
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characteristics depending on the operational conditions. A new strategy to address this issue is to
change the reactivity and the energetic output of
the fuel itself by adding highly exothermic, energetic nanoparticles to the liquid fuel.
Energetic nanoparticles are nano-sized
(10100 nm range) particles, usually metallic with
a passivated oxide layer, and are characterized by
a high rate of energy release [4]. Energetic nanoparticles oﬀer a high volumetric heat of oxidation,
enabling transportation of more energy per given
fuel volume. When mixed in a fuel or a composite,
they generally exhibit faster ignition timescales
due to the dramatic increase in the surface-tovolume ratio [5], and can ignite below the bulk
melting point of the metal due to rapid temperature gradients through their thin oxide layers
[6]. Nano-sized energetic particles oﬀer the potential of controlled reactivity of the fuel, increased
combustion eﬃciencies, and increased safety in
handling.
The purpose of this study is to develop an aerosol rapid compression machine (RCM), a ﬂexible
experimental platform to investigate the ignition
characteristics of liquid fuels where energetic nanoparticles are suspended by surfactants. Charging
the RCM with an aerosol instead of vaporized fuel
is important as the embedded nanoparticles must
also be carried into the combustion chamber and
cannot undergo vaporization. The new testbed is
designed for combustion at practical high-pressure
conditions and provides optical access for laser and
optical diagnostics to be added in the future. As a
proof-of-concept demonstration of the aerosol
RCM’s functionality, energetic-nanoparticleenhanced combustion of ethanol and JP-8 will be
presented.
2. Target fuels for demonstration
The target fuels used in the demonstrations are
ethanol and JP-8 with 50 nm average particle size
(APS) aluminum nanoparticles. Ethanol was chosen primarily because the combustion characteristics are well-deﬁned and a detailed chemical kinetic
mechanism [7] is available. Also, ethanol is an easy
fuel to handle and adequate for initial testing of
the aerosol RCM. Therefore, most of the characterization of the aerosol RCM was conducted
using ethanol.
Aluminum nanoparticles were selected because
they have a high heat of oxidation and have
received much attention in the literature [8,9].
Compared to the ignition temperatures of
micron-sized particles (13002100 K) [10,11], aluminum nanoparticles have shown ignition well
below the bulk melting temperature [11] and as
low as 800 K [12], enhancing the burning rate of
propellants by 10–20 times over conventional bulk
aluminum particles [5]. Their ignition proﬁles are

generally very rapid and recently have shown
potential as additives for liquid fuels [13,14]. For
this study, we are using 50 nm AlexÒ particles from
Argonide Corporation, which are suspended in
both ethanol and JP-8.
To extend the demonstration of the aerosol
RCM to practical fuels, measurements of energetic-nanoparticle-enhanced ignition are also
shown using JP-8, the most widely used jet fuel
for the Air Force and the candidate for the ‘single
fuel forward’ policy of the Army. A number of
studies have looked into the thermal oxidation
chemistry of JP-8 including ignition delay measurements in shock tubes and RCM [15–17],
chemical kinetics and emission studies in experimental burners [18], and numerical modeling of
both reduced and detailed chemical kinetic mechanisms for surrogate blends of JP-8 [19,20]. These
studies have found large variations in the ignition
properties of JP-8 as a function of initial conditions which can be problematic for design of novel
propulsion systems, and where nanoparticles can
be of beneﬁt by tuning the reactivity.
3. Experimental testbed: aerosol rapid compression
machine
3.1. Design of aerosol rapid compression machine
(RCM)
Central to this study is the design and construction of an aerosol RCM for controlled investigation of energetically-enhanced ignition of fuels.
An RCM uses the mechanical stroke of a piston
to generate high temperatures and pressures for
combustion, and many types are available, with
variations in mechanisms for rapid acceleration
and deceleration of the piston [21–24]. The ability
to charge fuels as droplets is a unique feature of
the aerosol RCM and a necessary function for this
study since (1) many heavy fuels are diﬃcult to
vaporize, (2) droplets represent more realistic
engine conditions, and (3) nanoparticle-enhanced
fuels cannot be vaporized altogether. A similar
concept has been previously applied in a shock
tube at Stanford University [13] for testing nanoparticle slurries for chemical rocket propulsion.
In comparison to a shock tube, an RCM can oﬀer
longer test times, realistic fuel concentrations, and
the ability to carry out multiple test runs within a
short time period. The issues of longer compression times and heat loss in an RCM are of minimal
impact here as our goals are to understand the general characteristics of new ignition concepts and
not detailed chemical kinetics.
The aerosol RCM, illustrated in Fig. 1, is pneumatically-driven and hydraulically-stopped by an
optimized pin-and-groove mechanism [23]. The
core of the machine is modeled after the design
of Mittal and Sung [23] which utilizes a 5-in.

C. Allen et al. / Proceedings of the Combustion Institute 33 (2011) 3367–3374

3369

Fig. 1. RCM schematics. (a) Overall RCM schematic depicting combustion chamber, hydraulic chamber and pneumatic
chamber; (b) aerosol unit that may replace end window and ﬂange in overall setup; (c) creviced piston with dimensions
(in millimeters) [23].

diameter pneumatic driving cylinder and a 2-in.
diameter stainless steel combustion chamber. To
promote the formation of an adiabatically-compressed core of gas, the RCM employs a creviced
piston based on the CFD-optimized design of Mittal and Sung [23].
The RCM can accept an all vapor-phase charge
of fuel, oxidizer and diluent, or the end window
and ﬂange may be replaced with a poppet valve
assembly, as depicted in Fig. 1b, to facilitate an
aerosol test. During an aerosol test, liquid fuel
droplets are carried past the poppet valve into the
combustion chamber by a continuous ﬂow of oxidizer and diluent gases. The design of the poppet
valve is intended to maximize mixture uniformity,
and was developed by using computational ﬂuid
dynamics modeling (CFD) [25]. A Sono-Tek ultrasonic nozzle is used to generate the aerosol which is
directed toward the poppet valve by a ﬂow of
incoming air. The nozzle is capable of producing
aerosols with a median diameter of 18 lm, and
the ﬂow rate of the fuel is controlled using a syringe
pump.
3.2. Aerosol discharge unit optimization
In an RCM ignition test, establishing a uniform
charge is of critical importance for taking accurate, repeatable measurements. In a vapor test,
the test charge is allowed to homogenize in the
combustion chamber before compression begins.
In an aerosol test, a gas and aerosol ﬂow moves
through the combustion chamber until the inlet

(poppet) and outlet valves are closed just prior to
the start of compression. The location of these
valves and the gas inlets are identiﬁed in Fig. 1.
Establishment of a uniformly distributed aerosol
charge relies on turbulent mixing of the gas and
aerosol as the aerosol-laden gas ﬂow moves past
the poppet valve. Given this consideration, CFD
analysis using STAR-CCM+ was carried out to
compare the turbulent swirling generated by airﬂow through the valve opening. The intent of the
model was to provide high-level guidance for the
design of the poppet valve, and the presence of
the aerosol was not considered for the simulations.
A two-dimensional grid was generated for each
poppet valve design with higher mesh density near
the poppet valve. Grid independence was conﬁrmed in tests with an increased mesh density.
For the tested models, increasing the mesh density
led to only modest changes in peak velocity (<1%).
The simulations employed the k-e turbulence
model and no-slip boundary conditions were speciﬁed on all walls. Steady-state solutions were
achieved for each model using an inlet velocity of
0.33 m/s. The results of the simulations are summarized here, and the reader is directed to Allen
and Lee [25] where additional simulation results
are reported.
Preliminary analysis of the poppet valve system
identiﬁed two key design variables that contributed strongly to swirling ﬂow in the combustion
chamber. Figure 2b depicts these dimensions as
V1 and V2. Simulations were conducted for diﬀerent combinations of V1 and V2 and the results were
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Fig. 2. CFD simulation results. (a) The mass averaged
turbulent kinetic energy (TKE) and surface area for
candidate poppet valve designs. The selected design
(V1/V2 = 1.429) is highlighted. The inset image displays
the poppet valve head and stem. The shaded area of the
poppet head corresponds to the surface area used to
compare valve designs. (b) The TKE ﬁeld for the
selected poppet valve design with description of region
that is the focus of (c). (c) The velocity vectors for the
selected poppet valve in the region described in (b).

evaluated using two design criteria: (1) the poppet
valve should maximize turbulent swirl as measured
by mass averaged turbulent kinetic energy (TKE);
and (2) the poppet valve design should minimize
the surface area where the impinging aerosol may
settle out of the ﬂow. The surface area we considered corresponds to the posterior side of the poppet valve, represented by the shaded surface of
the inset poppet valve image in Fig. 2a. The TKE
provided a scalar quantity to measure the relative
strength of eddies in the ﬂow and was used as a
basis to compare turbulent swirl for diﬀerent poppet valve designs. Figure 2a summarizes the TKE
values for an array of V1/V2 values, each with a
poppet valve opening distance of 0.25 in. Additional simulations with changes to the opening distance exhibited the same trend shown in Fig. 2a, of
increasing mass averaged TKE values with
increases in V1/V2. The optimum opening distance
was determined experimentally through a light
scattering experiment that is subsequently
described. The simulations led to selection of the
poppet valve design with V1/V2 = 1.429. This

model is marked in Fig. 2a, and it can be seen
the model has a comparatively large TKE value
(0.0134 J/kg) and a relative minimum for surface
area (1.718 in2). Figure 2b displays the TKE ﬁeld
near the poppet valve for the selected design, and
the ﬁgure describes the region which is the focus
of Fig. 2c. Figure 2c displays the velocity vectors
near the poppet valve for the selected design. The
ﬂow ﬁeld clearly depicts the swirling motion generated as the ﬂow emerges from the poppet valve.
The steady-state solution cannot capture the inherently unsteady nature of the turbulence and vortex
shedding; however, the models are suﬃcient when
comparing relative swirling motion as a design criterion for the poppet valve. Compared to other
models, the selected design showed higher TKE
intensity near the poppet valve, and the TKE ﬁeld
values approached zero over a longer distance
from the poppet valve.
The CFD simulations identiﬁed the poppet
valve design for maximizing turbulence in the
combustion chamber, but gave no direct indication of the overall aerosol distribution uniformity
in the combustion chamber or the optimized poppet opening distance. We qualitatively addressed
these questions by directing a laser light sheet
(8 mW He–Ne) through an aerosol ﬂow and imaging the light scattered by the aerosol droplets for
three diﬀerent opening distances: 1/800 , 3/1600 and
1/400 . The poppet valve assembly was attached to
a glass tube for optical access, and the light sheet
was directed vertically through the center plane of
the glass tube. All of the tests were conducted with
aerosol ﬂow rates 0.15 kg/h and air ﬂow rates of
10 SCFH, corresponding to a ﬂow velocity of
0.28 m/s.
Figure 3 shows one representative image for
each of the opening distances tested. The image
for the 1/400 opening distance clearly shows the
aerosol droplets are entrained in the turbulent
eddies, but the droplets are not uniformly distributed in the plane. By reducing the opening distance to 3/1600 , we observed light scattering from
a large portion of the imaged plane, indicating a
more uniform distribution of aerosol in the chamber. Reducing the opening to 1/800 also showed
light scattering from a larger portion of the
imaged plane when compared to the 1/400 opening
distance. However, the scattered light intensity
decreased for the 1/800 opening distance when
compared to a 3/1600 opening. We suspect this
occurs because more aerosol droplets settle on
the back of the poppet valve for the 1/800 opening
distance thus reducing the aerosol loading in the
chamber. The tests determined that a 3/1600 opening distance maximized droplet loading and uniformity of aerosol distribution. Based on this
conclusion, all aerosol ignition tests in the RCM
were performed with a 3/1600 poppet opening distance. Tests to quantify aerosol loading in the
chamber have been carried out separately.
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Fig. 4. Ignition delay deﬁnition. Reactive ethanol/air
aerosol pressure trace [P(t)] and corresponding time
derivative (dP/dt) used to calculate the ignition delay
(sign). Molar composition: C2H5OH/O2/N2 = 1.0/6.0/
22.6. Conditions: P0 = 1 bar, T0 = 343 K, compression
ratio = 14.2.

4.2. Experimental repeatability

Fig. 3. Aerosol spatial distribution characterization.
ICCD camera images of laser light scattered from
aerosol droplets in glass tube. One representative image
appears for each poppet valve opening distance.

4. Experimental overview
4.1. RCM operation protocol
To prepare the RCM for a new aerosol test,
the combustion chamber is cleaned by opening
the outlet (solenoid) and vacuuming the chamber
to a pressure of <1 Torr. The inlet (poppet) valve
is subsequently opened to introduce a steady ﬂow
of oxidizer and diluent to the combustion chamber. The desired initial pressure is established by
adjusting a valve that exits to the vacuum pump.
Once the pressure stabilizes (typically <3 min),
the nozzle is activated and the syringe pump
begins delivering liquid fuel to the nozzle. The syringe pump ﬂow rate and ﬁlling time are calculated
for the desired aerosol loading. After the ﬁlling
period, the nozzle is deactivated while simultaneously closing the inlet and outlet valves. To
minimize settling of the aerosol, the compression
process is initiated immediately afterward (0.5 s)
by opening a solenoid valve to relieve the hydraulic pressure. The pressure in the oil drops nearly
instantaneously to atmospheric conditions, and
is no longer suﬃcient to restrain the pressure
behind the pneumatic piston. The piston lunges
forward to compress the charge, leading to an
increase in temperature and pressure.

Pressure measurements were taken during the
ignition of neat ethanol aerosols to test the experimental repeatability of the RCM data. The
measurements were taken using a Kistler 6125B
pressure transducer, and the data were used to calculate the ignition delay (sign), which we deﬁne as
the time interval between the end of compression
(top dead center, TDC) and the time at which the
maximum rate of pressure rise due to ignition
occurs [(dP/dt)max]. TDC is identiﬁed as the time
at which dP/dt becomes negative. Figure 4 illustrates this deﬁnition of ignition delay using data
from a reactive ethanol aerosol test. Noise in the
pressure trace is ﬁltered while calculating the time
derivative of pressure to aid in the consistent identiﬁcation of the maximum compression pressure that
corresponds to the arrival of the piston at TDC.
The operation protocol described in the previous section was used to investigate the experimental repeatability of ignition delays for a neat
ethanol aerosol charge. Ignition tests were conducted under identical conditions (initial wall temperature: T0 = 338 K; initial pressure: P0 = 1 bar;
compressed temperature: Tc  830 K; compressed
pressure: Pc = 28 bar) with a molar composition
of 1.0 C2H5OH + 6.0 O2 + 22.6 N2, and the results
shown in Fig. 5 support the repeatability of test
data in the aerosol RCM. The ﬁgure shows six pressure traces that overlap identically during compression, and follow nearly the same proﬁle during
ignition. For the pressure traces shown in Fig. 5,
the ignition delay is repeatable to within ±10%.
4.3. Temperature analysis
Calculation of the compressed temperature for
an aerosol charge is complicated due to heat and
mass transfer between the gas mixture and vaporiz-
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4.4. Test mixture preparation
Tests investigating the inﬂuence of nanoparticles on the ignition of liquid fuel droplets used
50 nm APS aluminum nanoparticles from Argonide Corporation. All nanoparticle-enhanced tests
used 2%-wt nano-aluminum in the respective
liquid fuel where it was suspended by adding
0.03%-wt alizarin and 0.004%-volume triethanolamine before placing the solution in an ultrasonic
bath for 120 min.
5. Results and discussion
Fig. 5. Experimental repeatability. Demonstration of
the experimental repeatability of autoignition of an
ethanol aerosol charge at Pc = 28 bar, Tc  830. Molar
composition (aerosol test): C2H5OH/O2/N2 = 1.0/6.0/
22.6. Initial conditions: P0 = 1 bar, T0 = 338 K.

ing aerosols. Although heat loss to the reaction
chamber walls can be modeled through the eﬀective
volume approach commonly used in RCM studies
[23,26], the volumetric heat transfer to the droplets
that occurs during compression cannot be accurately characterized without the knowledge of aerosol vaporization history, e.g., measured by optical
diagnostics. As a ﬁrst step, here we calculate the
compressed gas temperature under two limiting
conditions. The upper bound of compressed temperature assumes no aerosol evaporation (‘frozen
aerosol’), while the lower bound of compressed
temperature is calculated assuming complete evaporation before the onset of compression. Both limiting calculations proceed through the direct
application of the eﬀective volume approach, which
assumes the existence of an adiabatically-compressed core of gases whose temperature is calculated as
Z Tc
c dT
Pc
¼ ln
ð1Þ
P0
T0 c  1 T
where c is the temperature-dependent speciﬁc heat
of the gas mixture. Subscript 0 represents initial
conditions while subscript c represents compressed conditions (at TDC). The actual Tc is expected to be bounded by the two limiting values,
and would be closer to the lower bound value
for highly volatile fuels. In the following, the Tc
estimates presented are averages of the upper
and lower bounds, and the uncertainties for these
calculations approach ±40 K. Although the presence of the aerosol prevents formation of an adiabatic core for which Eq. (1) is intended, our
approach provides an approximate Tc that is useful for understanding the temperature regime of
nanoparticle-enhancement presented in this paper. Future studies will be devoted to the application of laser and optical diagnostics for improving
the accuracy of these estimates.

Ignition delay measurements were taken for
neat ethanol and compared with ethanol seeded
with 2%-wt aluminum nanoparticles to investigate
energetic-nanoparticle-enhanced combustion of
our model system. A TEM image of the aluminum
nanoparticles appears in the inset of Fig. 6. The
TEM image shows the polydisperse nature of the
nanoparticle size, and conﬁrms the 50 nm APS
technical speciﬁcation of the nanoparticles. As a
baseline for comparison, Fig. 6 shows the same
neat ethanol pressure traces displayed in Fig. 5
from the repeatability experiment. Figure 6 also
shows ﬁve pressure traces obtained for energeticnanoparticle-enhanced ethanol combustion. It is
evident from the pressure traces that the presence
of the energetic nanoparticles leads to a signiﬁcant
reduction in the ignition delay time of ethanol. For
the conditions tested (Pc = 28 bar, Tc  820 K),
the nanoparticles led to an average ignition delay
reduction of 32% (4.6 ms) as compared to neat ethanol ignition delay times, and the results were
reproducible to within ±20%. We emphasize that
all of the neat ethanol and nanoparticle-seeded eth-

Fig. 6. Nanoparticle-enhanced ignition of ethanol.
Reactive pressure traces for neat ethanol (dashed lines)
and for 2%-wt nanoparticle-enhanced ethanol (solid
lines). Inset displays TEM image of 50 nm APS aluminum nanoparticles. Molar composition for neat and
nano-enhanced tests (aerosol + gas): C2H5OH/O2/
N2 = 1.0/6.0/22.6.
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anol tests were conducted with identical initial and
operating conditions. Thus, in spite of the uncertainty in the Tc calculations our observation of a
reduced ignition delay under these conditions supports the enhancement eﬀect of the nanoparticles.
The energetic enhancement requires a lower
concentration (2%-wt) than previously reported
results for nanoparticle-enhanced liquid fuels
which have used concentrations of P5%-wt
nano-aluminum in n-dodecane to achieve ignition
delay reductions of 40–75% in a shock tube at
reﬂected temperatures of 1175–1249 K [13]. The
results demonstrate the ability to energeticallyenhance combustion through low concentrations
of nanoparticles. The mechanism whereby aluminum nanoparticles reduce the ignition delay is
not evident from this study, however, we hypothesize the ignition delay reduction is a result of an
increased droplet thermal conductivity that has
been observed in liquids seeded with nanoparticles
(nanoﬂuids) as compared to the thermal conductivity of the neat liquid [27]. We hypothesize that
by adding aluminum nanoparticles to our liquid
fuel, the thermal conductivity of the droplets
increases which leads to more rapid internal heating and evaporation of the aerosol droplets, and
thereby the earlier onset of fuel vapor ignition.
Once the nanoparticle-carrying aerosol droplets
evaporate, the nanoparticles are exposed to a
hot, oxidizing environment, and the nanoparticles
may ignite in advance of the fuel vapors, providing another route to a shorter ignition delay. Aluminum nanoparticles have been shown to ignite at
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temperatures as low as 800 K [12], which are
attained in our RCM experiments.
Energetic-nanoparticle-enhanced combustion
was also tested by adding nano-aluminum (2%wt) to JP-8. For all tests, we have assumed the
molecular formula of JP-8 to be C11H21 [17].
Before testing nanoparticle-enhanced mixtures,
we established a baseline for JP-8 by obtaining
ignition delays for varying compressed temperatures. These compressed temperatures were calculated using Jet-A thermodynamic data [28]
because JP-8 data is unavailable. Changes in compressed temperature were made by altering the initial temperature of the charge. Nanoparticleenhanced mixtures of JP-8 were tested at the same
conditions as the neat JP-8 fuel, and the results are
shown in Fig. 7. The three plots in Fig. 7 compare
neat JP-8 and nanoparticle-enhanced JP-8 ignition
at three diﬀerent compressed temperatures. For
each of the compressed temperatures tested, the
presence of the nanoparticles at 2%-wt concentrations led to a reduction in ignition delay of nearly
50%. Additionally, for all tests conducted at
Tc 6 804 K, the heat release rate is increased over
that of the neat JP-8 test. To our knowledge, this
is the ﬁrst observation of nanoparticle-enhanced
combustion of JP-8 at concentrations of less than
5%-wt. As with tests of nanoparticle-enhanced ethanol, we suspect the enhancement is a consequence
of the increased thermal conductivity and faster
evaporation of the liquid fuel and nanoparticle
mixtures, relative to the neat liquid fuels.
6. Conclusion

Fig. 7. Nanoparticle-enhanced ignition of JP-8. Reactive pressure traces for neat JP-8 (dashed lines) and for
nanoparticle-enhanced JP-8 (solid lines). Molar composition: JP-8/O2/N2 = 1.0/32.5/122.2.

An aerosol RCM has been designed and built
for the purpose of testing nanoparticle-enhanced
liquid fuels. The aerosol RCM has been demonstrated as a viable tool for investigating the inﬂuence of nanoparticle additives on the ignition
delays of fuels. The poppet valve has been optimized to ensure consistent, reproducible results.
Aerosol ignition tests conﬁrmed that the RCM
produces repeatable ignition delays within ±10%
for identical test conditions.
The addition of energetic nanoparticles at low
concentrations has been shown to signiﬁcantly
alter the ignition characteristics of ethanol and
of JP-8. In ethanol, nano-aluminum concentrations as low as 2%-wt led to an average ignition
delay reduction of 32% at the conditions tested.
Nanoparticle-enhanced (2%-wt) JP-8 showed ignition delay reductions approaching 50% for all
compressed temperatures tested, and led to faster
heat release during ignition at compressed temperatures of less than 804 K. It is hypothesized that
the addition of aluminum nanoparticles to the
liquid fuel increases the thermal conductivity of
the droplets relative to the neat liquid fuel droplets, and that this increased thermal conductivity
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drives faster evaporation and the earlier onset of
ignition. It is unclear whether the reduction in
ignition delay results from fuel vapor ignition or
from ignition of the nanoparticles. Ongoing work
in our lab seeks to identify the contributions of
these sources to the ignition delay reduction and
to validate our hypothesis of faster evaporation.
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