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1 Statement of Problem Studied

The Department of Defense directive # 4140.25 dated April 12, 2004 mandates that “primary
fuel support for land-based air and ground forces in all theaters (overseas and in the Con-
tinental United States) shall be accomplished using a single kerosene-based fuel, in order of
precedence: JP-8, commercial jet fuel (with additive package), or commercial jet fuel (without
additives).” A key challenge is to develop technologies for converting diesel-powered equip-
ment employed by the US Army so that they can be powered by JP-8. This conversion is a
complicated process. Many issues with fuel properties and performance have to be considered.

They include autoignition, combustion, fuel injection, lubricity, and spray characteristics.

The objective of the study described in this report is to understand those key aspects
of combustion of JP-8 that are required to facilitate conversion of diesel-powered equipment
to JP-8. JP-8 is a mixture of numerous aliphatic and aromatic compounds. The major
components of this fuel are straight chain paraffins, branched chain paraffins, cycloparaffins,
aromatics, and alkenes. The concentration of paraffins is on the average 60 % by volume, that
of cycloparaffins 20 %, that of aromatics 18 %, and that of alkenes 2 %. It has been estab-
lished that an useful approachis to first develop surrogates that reproduce selected aspects of
combustion of JP-8. Surrogates are mixtures of hydrocarbon compounds. The hydrocarbon
compounds used to construct the surrogate will depend on those aspects of combustion of

JP-8 that the surrogate is expected to reproduce.

Combustion processes in diesel engines closely resemble nonpremixed systems. Therefore,
the research was focused on nonpremixed flames. Experimental and numerical studies were
carried out. The counterflow configuration was employed. The studies were carried out using
many hydrocarbon fuels, jet fuels, and potential surrogates. Critical conditions of autoignition
and critical conditions of flame extinction were measured. To characterize the structure of the
reactive flow field, temperature profiles, and concentration profiles of stable species were be
measured. Numerical calculations were performed using detailed chemistry. The next section

describes the important results obtained in this research.

2 Summary of the Most Important Results

The summaries of the important results are given in this section. Section 2.1 describes re-
search with application to fire safety. Section 2.2 describes a simple procedure to calculate
critical conditions of autoignition on n-heptane. This can be extended to other hydrocarbon
fuels and to surrogates. Section 2.3 describes experimental and numerical studies carried out
on single component fuels, jet fuels and surrogates. Section 2.4 describes experimental studies

on methanol and ethanol flames. These fuels are considered as alternative fuels. Section 2.5



describes aspects of combustion in partially premixed flows. The information is of importance
in modelling combustion processes taking place in practical devices. Section 2.6 describes ex-
perimental and analytical studies on components of surrogates of JP-8. Section 2.7 describes
experimental studies on toluene. This is a component of surrogates of JP-8. Section 2.8 de-
scribes experimental studies on JP-8 and surrogates of JP-8. T'wo potential surrogates of JP-8

are suggested. Section 2.9 describes studies on surrogates of biodiesel.

The research described in sections 2.1, 2.2, 2.3, 2.4, and 2.5 have been published in peer-
reviewed journals. Reprints have been sent to the Army Research Office. The research de-
scribed in section 2.6 has been submitted for publication in a peer-reviewed journal. A copy of
the manuscript has been sent to the Army Research Office. Manuscripts describing research
described in sections 2.7, 2.8, and 2.9 are in preparations for submission to peer-reviewed

journals. A draft of these manuscripts is attached to this report.

2.1 Chemical Inhibition of Nonpremixed Methane Flames by CF3;Br

Experimental, numerical, and analytical studies are carried out to elucidate the mechanisms of
inhibition of nonpremixed methane flames by bromotrifluoromethane (CF3Br). Experiments
are performed in the counterflow configuration. In this configuration the reactants are injected
into a mixing layer from two ducts. A fuel stream made up of methane and nitrogen (Ng) is
injected from one duct, and an oxidizer stream of oxygen and Ns is injected from the other
duct. The inhibitor CF3Br is either added to the oxidizer stream or to the fuel stream. A key
objective of this study is to compare chemical inhibition of methane flames when CF3Br is
added to the oxidizer stream with that when this inhibitor is added to the fuel stream. Critical
conditions of extinction are measured. The concentrations of reactants at the boundaries are
so chosen that the values of stoichiometric mixture, &, and adiabatic temperature, Ty, are the
same. Numerical calculations are performed using a detailed chemical-kinetic mechanism. A
reduced chemical-kinetic mechanism made up of eight global steps is derived from this detailed
mechanism. Rate-ratio asymptotic analysis is carried out using this reduced mechanism.
Experimental data, numerical calculations, and results of asymptotic analysis show that CF3Br
is more effective in inhibiting methane flames when it is added to the oxidizer stream when
compared with its effectiveness when it is added to the fuel stream. The elementary reaction H
+ Bro — HBr + Br plays a central role in the inhibition when CF3Br is added to the oxidizer
stream. This reaction, however, has negligible influence on critical conditions of extinction
when CF3Br is added to the fuel stream.



2.2 Rate-Ratio Asymptotic Analysis of Autoignition of n-Heptane in Lam-
inar Nonpremixed Flow

The research described here was carried out in collaboration with Professor N. Peters, N., and
Mr. G. Paczko, at RWTH Aachen, Germany.

A rate ratio asymptotic analysis is carried out to elucidate the mechanisms of autoignition
of n-heptane (C7Hig) in laminar, nonpremixed flows. It has been previously established that
autoignition of m-heptane takes place in three distinct regimes. These regimes are called
the low-temperature regime, the intermediate temperature regime and the high temperature
regime. The present analysis considers the high temperature regime. A reduced chemical-
kinetic mechanism made up of two global steps is used in the analysis. The reduced mechanism
is deduced from a skeletal mechanism made up of 16 elementary reactions. The skeletal
mechanism is derived from a short mechanism made up of 30 elementary reactions. The short
mechanism is deduced from a detailed mechanism made up of 56 elementary reactions. In the
reduced mechanism, the first global step represents a sequence of fast reactions starting from
the rate limiting elementary reaction between n-heptane and HOs. In this global step C7H1g
is consumed and hydrogen peroxide (H2O3) is formed. The second global step represents a
sequence of fast reactions starting from the rate limiting elementary reaction in which HyOq
is consumed and OH is formed. A key aspect of the second global step is that the sequence
of fast reactions gives rise to consumption of fuel only without net consumption of HsOs.
This makes the chemical system auto-catalytic. The unsteady flamelet equations are used to
predict the onset of autoignition. In the flamelet equations a conserved scalar quantity, Z,
is used as the independent variable. On the oxidizer side of the mixing layer Z = 0, and on
the fuel side Z = 1. The practical case where the temperature of the oxidizer stream, T, is
much greater than the temperature of the fuel stream is considered. Therefore autoignition is
presumed to take place close to Z = 0. Balance equations are written for C7H14 and HsOo.
It is postulated that autoignition will take place when the gradient of mass fraction fuel with
respect Z, evaluated at Z = 0, is zero. The value of T5 when autoignition takes place is
obtained as a function of the strain rate. These critical conditions of autoignition obtained
from asymptotic analysis agree well with those calculated using the detailed mechanism and

the skeletal mechanism.

2.3 Experimental and Kinetic Modeling Study of Combustion of JP-8, its
Surrogates and Reference Components in Laminar Nonpremixed Flows

The research described in this section was carried out in collaboration with Professor Mr. A.
Frassoldati, Ms. S. Granata, Mr. T. Faravelli, and Professor E. Ranzi, at Dipartimento di
Chimica, Materiali e Ingegneria Chimica, Politecnico di Milano, 20133 Milano, Italy.



Experimental and numerical studies are carried out to construct reliable surrogates that
can reproduce aspects of combustion of JP-8 and Jet-A. Surrogate fuels are defined as mixtures
of few hydrocarbon compounds with combustion characteristics similar to those of commer-
cial fuels. The combustion characteristics considered here are extinction and autoignition in
laminar nonpremixed flows. The “reference” fuels used as components for the surrogates of jet
fuels are m-decane, n-dodecane, methylcyclohexane, toluene, and o-xylene. Three surrogates
are constructed by mixing these components in proportions to their chemical types found in
jet fuels. Experiments are conducted in the counterflow system. The fuels tested are the
components of the surrogates, the surrogates, and the jet fuels. A fuel stream made up of a
mixture of fuel vapors and nitrogen is injected into a mixing layer from one duct of a coun-
terflow burner. Air is injected from the other duct into the same mixing layer. The strain
rate at extinction is measured as a function of the mass fraction of fuel in the fuel stream.
The temperature of the air at autoignition is measured as a function of the strain rate at a
fixed value of the mass fraction of fuel in the fuel stream. The measured values of the crit-
ical conditions of extinction and autoignition for the surrogates show that they are slightly
more reactive than the jet fuels. Numerical calculations are carried out using a semi-detailed
chemical-kinetic mechanism. The calculated values of the critical conditions of extinction and
autoignition for the reference fuels and for the surrogates are found to agree well with exper-
imental data. Sensitivity analysis is used to highlight key elementary reactions that influence

the critical conditions of autoignition of an alkane fuel and an aromatic fuel.

2.4 Experimental Investigation of Methanol and Ethanol Flames in Nonuni-
form Flows

Experimental studies are conducted on extinction and autoignition of methanol and ethanol
flames in laminar, nonuniform flows. Two flame types are considered: nonpremixed and
premixed. The studies are performed in the counterflow configuration. The burner used in the
experiments is made up of two ducts. Studies in the nonpremixed configuration are carried out
by injecting a stream comprised of fuel vapors and nitrogen from one duct, and a stream of air
from the other duct. In the premixed configuration a premixed-reactant stream made up of fuel
vapors, air, and nitrogen, is injected from one duct, and a nitrogen stream from the other duct.
Numerical calculations are performed using detailed chemistry at conditions corresponding to
those used in the experiments. For the nonpremixed systems considered here, the calculated
values of the critical conditions of extinction agree well with experimental data. At given
values of the strain rate and temperature of the fuel stream, the calculated temperature of
the oxidizer stream at autoignition is found to be higher than the measured values. In the
premixed configuration the strain rate at extinction is measured for various values of the

equivalence ratio of the mixture in the premixed-reactant stream, ¢;. The value of ¢, at



which the calculated extinction strain rate is the highest, is found to be larger than the value
of ¢1 at which the measured extinction strain rate is the highest. Sensitivity analysis is carried
out to test the influence of various elementary reactions on critical conditions of extinction.
The structure of a nonpremixed methanol flame is investigated. Concentration profiles of
stable species and temperature profiles are measured. The flame structure is calculated using

detailed chemistry. The results of numerical calculations agree well with experimental data.

2.5 Rate-Ratio Asymptotic Analysis of the Structure and Extinction of
Partially Premixed Flames

The research described in this section was carried on in collaboration with Professor X. S. Bai

at Lund University of Technology, Lund, Sweden.

Rate-ratio asymptotic analysis is carried out to elucidate the structure and mechanisms of
extinction of laminar, partially premixed methane flames. A reduced chemical-kinetic mech-
anism made up of four global steps is used. The counterflow configuration is employed. This
configuration considers a flame established between a stream of premixed fuel-rich mixture of
methane (CHy), oxygen (O2), and nitrogen (N3) and a stream of fuel-lean mixture of CHy, Oo,
and No. The objective of the study is to characterize the influence of premixing one reactant
stream of a nonpremixed system with the other reactant on structures and critical conditions
of extinction. The levels of premixing are given by the equivalence ratios ¢, of the fuel-rich
mixture and ¢; of the fuel-lean mixture. The mass fraction of the reactants at the boundaries
are so chosen that the diffusive flux of reactants entering the reaction zone is the same for all
values of ¢, and ¢; considered in the analysis. The analysis shows that the value of the scalar
dissipation rate at extinction increases with increasing ¢ for ¢, = 0 while it decreases with
increasing ¢; ! for ¢y = 0. The results of the analysis agree with numerical calculations carried
out using a chemical-kinetic mechanism made up of elementary reactions. They also agree
with experimental data. A key finding is that at fixed values of the scalar dissipation rate,
the leakage of oxygen from the reaction zone to the inert regions outside the reaction zone
decreases with increasing ¢. As a consequence the flame temperature increases. This makes
the flame more resistant to strain. At fixed values of the scalar dissipation rate, the leakage of
oxygen from the reaction zone increases with increasing values of ¢, ~'. This makes the flame

less resistant to strain.



2.6 Activation-Energy Asymptotic Theory of Autoignition of Condensed
Hydrocarbon Fuels in Nonpremixed Flows with Comparison to Exper-
iment

An activation-energy asymptotic theory is developed that predicts autoignition of condensed
hydrocarbon fuels in nonpremixed flows. Steady, laminar, stagnation-point flow of an oxidizer
stream, toward the vaporizing surface of a liquid fuel is considered. The analysis is restricted
to the case where the temperature of the oxidizer stream, T», is greater than the normal
boiling point of the liquid fuel. The gas-phase chemical reaction is described by a one-step
overall process. The chemical-kinetic rate parameters are the activation temperature, T,
and the frequency factor, B. A Zel’dovich number, 3, is constructed that is proportional
to the ratio T,/T5. The analysis is performed in the asymptotic limit of large values of 3.
It predicts the value of the Damkdhler number, at autoignition. The Damkohler number
is defined as the ratio a characteristic flow time to a characteristic chemical reaction time.
The flow time is the reciprocal of the strain rate, and the chemical time depends on the
chemical-kinetic rate parameters. To illustrate the application of the results of the analysis,
experiments are conducted in the counterflow configuration. Fuels tested are n-heptane, n-
octane, n-decane, m-dodecane, n-hexadecane, iso-octane, cyclohexane, methylcyclohexane,
o-xylene, JP-10, JP-8, and diesel. The temperature of the oxidizer stream at autoignition is
measured for various values of the strain rate. The strain rate, and the value of the Damkdhler
number at autoignition, obtained from the analysis, are used to obtain the chemical-kinetic
rate parameters, for the fuels tested here. Critical conditions of extinction of flames burning
these liquid fuels are also measured. A key finding of this work is that for the straight-chain
alkanes tested here, at a given value of the strain rate, n-heptane is the most difficult to ignite
followed by n-octane, n-decane, n-dodecane, and n-hexadecane. The order is reversed for
extinction, here it is found that flames burning n-heptane and n-octane are the most difficult

to extinguish followed by m-decane, n-dodecane, and n-hexadecane.

2.7 The Structure of Nonpremixed Toluene Flames

Experimental and numerical studies are performed to elucidate the structure and mechanisms
of extinction and autoignition of toluene flames in a counterflow configuration under non-
premixed conditions. Experiments are conducted in a flame stabilized between two opposing
streams. The fuel stream is a mixture of prevaporized toluene and nitrogen, and the oxidizer
stream consists of ambient air. Concentration profiles of C7Hg (toluene), Oz, No, CO4, CO,
H20, CHy, and CoHg (benzene), and hydrocarbons ranging from Cs up to Cs are measured.
The profiles of stable species are measured over the distance between the two opposing ducts
by taking gas samples from the flame using a small quartz microprobe. The gas samples are

analyzed using a gas chromatograph. Temperature profiles are measured using a thermocou-



ple. Critical conditions of extinction are measured. Critical condition of autoignition are also
obtained evaluating the fuel mole fraction and the temperature of the oxidizer stream as a
function of the strain rate. Numerical calculations are performed using detailed chemistry to

determine the flame structure. These results are compared with the the measurements.

2.8 Combustion of Jet Fuels and its Surrogates in Laminar Nonuniform
Flows

Experimental studies are carried out to characterize nonpremixed combustion of jet fuels and
a number of its surrogates in laminar nonuniform flows. The counterflow configuration is
employed. Critical conditions of extinction and autoignition are measured for JP-8, Jet-A,
and Fisher Tropsch (FT) JP-8. Fifteen surrogates of JP-8 and one surrogate of FT JP-8 are
tested. It is found that critical conditions of extinction and autoignition of JP-8 and Jet-A are
similar, while FT JP-8 is more reactive than JP-8 and Jet-A. Among the surrogates tested, the
Aachen surrogate made up of n-decane (80 %) and trimethylbenzene (20 %) by liquid volume,
and the UCSD surrogate made up of n-dodecane (60 %), methylcyclohexane (20 %), and o-
xylene (20 %) by liquid volume best reproduce extinction and autoignition characteristics of
JP-8. Surrogate G made up of n-decane (60 %) and iso-octane (40 %) by liquid volume best
reproduces the combustion characteristics of FT JP-8.

2.9 Autoignition and Extinction of Methyl-Esters in Non-Premixed Flows

Biodiesel is defined as mono-alkyl esters of long chain fatty acids derived from vegetable oils.
It contains no petroleum, but it can be blended at any level with petroleum diesel to create
a biodiesel blend. An improved understanding of the combustion characteristics of esters can
provide insights on combustion of biodiesel. Critical conditions of extinction and autoignition
are measured for diesel, biodiesel and a number of esters in nonuniform flow fields under non-
premixed conditions. The esters considered are methyl butanoate, methyl crotonate, and ethyl
propionate. Methyl butanoate is considered to be a surrogate for biodiesel. The counterflow
configuration is employed. The strain rate at extinction is measured as a function of the com-
position of the reactant streams of the counterflow system. In the autoignition experiments,
the temperature of air is increased until autoignition is obtained. The temperature of air at
autoignition is measured for various values of strain rate. Numerical calculations are per-
formed using a previously developed chemical-kinetic mechanism for methyl butanoate. The
critical conditions of extinction and autoignition calculated using this mechanism is found to

agree well with experimental data.
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The Structure of Nonpremixed Toluene Flames
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?Institute for Internal Combustion Engines and Automotive Engineering
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Abstract

Experimental and numerical studies were performed to elucidate the structure and mechanisms of extinction of
toluene flames in a counterflow configuration under nonpremixed conditions. Experiments are conducted on
flames stabilized between two opposing streams. The fuel stream is a mixture of prevaporized toluene and
nitrogen, and the oxidizer stream consists of ambient air. Concentration profiles of C;Hg (toluene), O,, N», CO,,
CO, H,0, CH,, C¢Hs (benzene), and hydrocarbons ranging from C, up to Cs are measured. The profiles of species
are measured over the distance between the two opposing ducts by taking gas samples from the flame using a
small quartz microprobe. The gas samples are analyzed in a gas chromatograph. Temperature profiles are
measured using a thermocouple. Critical conditions of extinction are measured. Critical conditions of autoignition
are also obtained evaluating the fuel mole fraction and the temperature of the oxidizer stream as a function of the
strain rate. Numerical calculations are performed using detailed chemistry to determine the flame structure. These

results are compared with the measurements.

I ntroduction

Gaseous fuels have seen a higher interest of research
in comparison to liquid fuels. This happened because
of the much higher complexity of liquid fuels in
handling and operation of experiments but also
because the mechanisms of smaller hydrocarbons are
the basis for investigating the mechanisms of larger
ones. The research on tolueneis of interest sinceitisa
typical representative of the thousands of components
of gasoline, diesel, and aviation jet fuel. Toluene
(C;Hg) is a member of the aromatic-fuel group. It isa
natural component of crude oil, out of which gasoline,
diesel fuel, aviation fuel, and other fuels are produced.
Toluene itself is produced by distillation from gasoline
streams and is used as a high octane blending
component. Diesel and aviation fuel consist of
approximately 29 vol% [1, 2], and 18 vol% [3]
aromatics, respectively. Furthermore, it has been
proposed to use toluene as a surrogate for describing
aromatics in combustion of diesel and aviation jet fuel.

Therefore detailed data of oxidation chemistry of
aromatics are important to accurately model the
combustion process of the above mentioned fuels.

The combustion of toluene has been studied
experimentally by various investigators. Previous
studies were conducted on shock tubes [4-6], jet-
stirred reactors [4], flow reactors [5-10], and rapid
compression machines [11, 12]. Most of these experi-
ments were conducted on premixed systems. In this
work experimental data obtained from a non-premixed
toluene flame in a counterflow configuration are
presented. In the following the experimental setup and
method are described, and data for stable species and
temperatures are reported. Additionaly, data for
extinction and autoignition are provided. Numerical
calculations are conducted and compared with the
experimental data.

Experimental and Numerical Studies

In this study a nonpremixed toluene flame is
stabilized in a counterflow configuration. Figure 1
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shows a schematic illustration of the counterflow
configuration with the setup for temperature and
species concentration measurements. Two ducts, each
one surrounded by an outer concentric duct are
opposing each other. A diluted fuel-nitrogen mixture,
containing prevaporized toluene with a mole fraction

of Xcu, =0.15 and nitrogen, exits from the lower

inner duct (referred to as fuel duct), ambient air exits
from the upper inner one (referred to as oxidizer duct).
Both outer ducts (referred to as curtain ducts) carry
nitrogen flows. The flows are regarded to be laminar,
steady, and axisymmetric. The curtain flows prevent
any influence from the surrounding air. In the mixing
region between the ducts a stagnation plane is formed.
The experiments are conducted a a strain rate

a, =100s™, which is calculated by following
formula[13].

. :zw2|[l+ Mp: J

(D

B U AN/

Here p denotes the density and V the velocity at

the duct exit. Subscripts 1 and 2 refer to the fuel
stream and oxidizer stream, respectively. The
separation distance between the opposing ducts is
given by L=10 mm. The momentums between the two
opposing streams are balanced as described by
oV, = p, V7. Plug flow boundary conditions are

assumed. Details and dimensions of the counterflow
burner are given in Refs. [14-16].

' . 5 mm off Axis

Ll T
TITTT Microprobe

Figure 1. Schematic illustration of the counterflow
configuration employed for temperature and species
measurement in a nonpremixed toluene flame. An
uncoated Pt-Pt 13% Rh (type R) thermocouple is used
for the temperature measurements. Gas samples are
removed using a quartz microprobe.

To measure the concentration of stable species, gas
samples are removed from the reaction zone using two
types of quartz microprobes. The gas samples are
analyzed in a gas chromatograph. The tips of the
handmade microprobes have outer diameters of 225
microns and 180 microns, and inner diameters of 126
microns and 117 microns, respectively. A tapered
copper shield is attached around the tip of the probe to
reduce heat transfer from the flame to the front thin
part of the probe in order to prevent and to minimize
further reactions of the gas after sampling. The probe,
al sampling lines, and the sample loop of the gas
chromatograph are held at approximately 350 K. By
proper balance of this temperature with the pressure of
the sampling lines and the sample loop, condensation
of sampled vapor is prevented. The inside of the probe
was filled with glass-fiber to filter out the soot and to
prevent that it reaches the gas chromatograph. For the
temperature measurement a thermocouple is
employed. As shown in Fig. 1, the location of the tip
of the prabe is placed 5 mm off the center lineto avoid
any disturbance of the flow field and any influence on
the reactive diffusive balance in the vicinity of the
probe. It is assumed that the species concentrations
and temperatures are only functions of the vertical
coordinate [17]. The gas samples are analyzed in a SRI
8610C gas chromatograph. The instrument is equipped
with a 4.5ft mole-sieve (80/100 mesh) - for separation
of Hy O, Ar, Ny, CHy and CO - and a 12ft long
Porapaq Q column for separating all other species. To
optimize the performance of both columns,
temperature programming and valve switching is
employed. After the species are separated in the
columns they are quantified by a thermo-conductivity-
detector (TCD) and a flame-ionization-detector (FID).
The chromatograms are analyzed by in-house software
comparing measurements of known gas-samples to
determine the absolute mole fraction. For species that
were not previously calibrated, calibration factors are
determined by inter- and extra-polation around known
species. This was done by plotting the FID-calibration
factors as a function of the number of C-atoms. In one
curve for paraffins, species measured consist of ethane
and propane. A second curve for the alkenes was
similarly established by calibrating ethene, propene, 1-
butene, 1-pentene, and 1-hexene. All species of C4-
hydrocarbons are reported as one concentration
because separation into single components and
calibration was not possible. Similarly Cs and Cs-
hydrocarbons are reported, assuming that they are
mostly made up of l-alkenes, using the 1-alkene
calibration. Only benzene (CsHg) can be separated



from other Cg-species, and therefore the concentration
of this could be determined. Ethene and ethyne appear
in the gas chromatogram as a single peak and are
reported as their sum using the calibration for ethene.
Argon eludes together with oxygen from the columns
of the gas chromatograph. By assuming the Lewis
number of argon and the Lewis number of the main
species to be equal, the amount of argon at any point
in the flow-field is determined from the mixture
fraction (calculated using the carbon mass fraction
from the measured species) and the amount of argon in

the oxidizer stream (Y, =0.01313)[18]. The error

for the maximum concentration of O,, N,, CO,, and
CO is expected to be less than £10%. These species
can be clearly identified by the TCD-detector. The
error for the maximum concentration of CHy,
CoH,+CoHy, CoHg, CiHg, CsHs, C4-, Cs-, CeHe, and
C;Hs species is expected to be less than £5%. These
species can be clearly identified by the FID-detector
and the disturbance of the signal due to noise is very
low. Hydrogen gives a very small signal on the TCD-
detector, and therefore its accuracy is expected to be
only better than +30%. The signal for water appeared
as peak with along tail on the TCD-detector. The area
of this peak was determined by using a linear baseline
starting at the onset of the water signal and parallel to
the baseline for a measurement containing no water.
An accuracy of better than £20% is expected for water.
The temperature profile was established by using an
uncoated Pt-Pt13%Rh (type R) thermocouple with a
wire diameter of 25 microns and a bead diameter of
182 microns. Radiation of the thermocouple was taken
into account, assuming a spherical shape of the bead
and a constant emissivity of 0.2 [19]. Catalytic effects
are neglected. The error of the temperature
measurements is better than £+60 K. The influence of
soot on the temperature measurements is presumed to
be small. A digital camera and an image processing
software with a coordinate evaluation feature was
utilized to determine the location of the sampling
probe and the thermocouple in the flow field. The
accuracy of the position determination s
approximately 50 microns.

The extinction experiments result in a plot of the fuel
mole fraction over the strain rate at extinction.
Therefore a flame with a certain fuel/nitrogen mixture
is stabilized between the ducts, and the strain rate is
increased step by step until the flame extinguishes.
Autoignition results show the ignition temperature as a
function of the strain rate. At afixed fuel mole-fraction

of X, =0.15, the oxidizer stream is heated up

dowly until autoignition occurs. The separation
distance between the two ducts for the extinction and
the autoignition experiments are L=10 mm and L=12
mm, respectively. The temperature of the fuel stream
is 375 K for both experiments and the oxidizer stream
299 K for the extinction experiments.

The same boundary conditions as in the experiments
are applied to perform the numerical calculations using
detailed chemistry. It is assumed that the experimental
setup satisfies plug-flow boundary conditions, and
buoyancy is neglected. The computer program
FlameMaster which was developed at RWTH-Aachen
is used for the numerical caculations [20]. The
conservation equations of mass, momentum, and
energy and species balance equations used in the
formulation of the numerical problem are summarized
elsawhere [20-22]. The species balance equations
include thermal diffusion, and the energy conservation
equation includes radiative heat losses from carbon
dioxide and water vapor [20]. A detailed chemical
kinetic mechanism for toluene containing 379 species
was assembled by Pitz et a. [23]. Solutions could not
be obtained with the 379 species detailed mechanism
due to numerical “stiffness’ problems. Therefore it
was reduced to a detailed chemical kinetic mechanism
containing 58 species with 215 reversible reactions
[24] which is used for the numerical calculations.

Results and Discussion

Figure 2 shows experimental data on the temperature
field in the nonpremixed toluene flame. The
temperature of the thermocouple is plotted by the
triangles. Taking into account the radiation from the
surface of the thermocouple, the actua gas
temperature is evaluated and plotted using circles in
Fig. 2. The maximum temperature of the corrected
temperature profile is 1739 K and dlightly higher than
the maximum temperature of the computation which is
1680 K, and the peak of the measurementsis closer to
the fuel side. The temperature profile of the
measurements is broader then the results from the
numerical calculation. Furthermore, the data of the
numerical computation appear shifted to the oxidizer
side by approximately 300 microns compared to the
results of the experimental measurements, not solely
for the temperature profile but aso for all
concentration profiles. The profile of the main species
in the toluene flame can be seen in Fig. 3. The profile
of the measured and the calculated concentrations
agree very well besides the shift. The main products of
combustion of hydrocarbons - CO,, H,O, and CO - are



usualy well predicted by chemical-kinetic
mechanisms. The CO profile is broader and the O,
leakage is higher than expected by the calculation.
Figure 4 shows experimental data on intermediate
species of small molecular weight. The maximum
concentration of C,H,+C,H, is overpredicted by about
80% whereas for CH, the calculation corresponds
pretty well. Figure 5 shows the profiles of H, and
benzene. The numerical computations overpredict the
presence of benzene in the toluene flame by about
30%, whereas hydrogen is underpredicted in the
computations by almost the factor 2. Figure 6 shows
experimental data on concentrations of stable
hydrocarbon species like C;Hg and larger. These
species but also C,Hg in Fig. 4 are not represented in
the chemical-kinetic mechanism and therefore no
corresponding computational data are plotted. Figure 7
shows experimental data on extinction of a
nonpremixed toluene flame with variable fuel
concentrations. Figure 8 shows experimental data on
autoignition of a nonpremixed toluene/ air system.
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Figure 2. Temperature Measurement in a nonpremixed
toluene flame. The triangles represent the measured
temperature using a thermocouple, the circles
represent the measured temperature corrected for
radiation losses. The line is the result of the numerical
calculation using detailed chemistry.
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Figure 3. Experimental data showing the mole fraction
of toluene, O,, N,, CO, CO,, and H,O as a function of
distance. The points represent the experimental data,
and the lines are results of the numerical calculations.
The numerically computed temperature is shown for
reference.
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Experimental studies are carried out to characterize non premixed combustion of jet fuels and a number
of its surrogates in laminar nonuniform flows. The counterflow configuration is employed. Critical
conditions of extinction and autoignition are measured for JP-8, Jet-A, and Fisher Tropsch (FT) JP-8.
Fifteen surrogates of JP-8 and one surrogate of FT JP-8 are tested. It is found that critical condi-
tions of extinction and autoignition of JP-8 and Jet-A are similar, while FT JP-8 is more reactive than
JP-8 and Jet-A. Among the surrogates tested, the Aachen surrogate made-dgcahe (80 %) and
trimethylbenzene (20 %) by liquid volume, and the UCSD surrogate made ngloflecane (60 %),
methylcyclohexane (20 %), armxylene (20 %) by liquid volume best reproduce extinction and au-
toignition characteristics of JP-8. Surrogate G made up-@écane (60 %) and iso-octane (40 %) by
liquid volume best reproduces the combustion characteristics of FT JP-8.

1 Introduction

Developing chemical-kinetic models that describe combustion of commercial fuels is of practical
importance [1, 2]. Practical fuels, for example, gasoline, diesel, and jet fuels comprise hundreds of
aliphatic and aromatic hydrocarbon compounds. The focus of the present work is on jet fuels. The
major components of jet fuels are straight chain paraffins, branched chain paraffins, cycloparaf-
fins, aromatics, and alkenes [3, 4]. JP-8 is a “kerosene” fuel used by the U.S. Air Force. Detailed
chemical-kinetic mechanisms describing combustion for many of the components in JP-8 are not
available. A useful approach in developing chemical-kinetic mechanisms for jet fuels is to first
develop surrogates for these fuels. Surrogate fuels are defined as mixtures of few hydrocarbon
compounds whose relative concentrations can be adjusted so that the physical and chemical prop-
erties pertinent to combustion approximate those of commercial fuels [2].

Here, an experimental investigation is carried out with the aim of developing an appropriate surro-
gate for JP-8 and Fisher Tropsch (FT) JP-8. The counterflow configuration is employed. Critical
conditions of extinction and autoignition are measured for various jet fuels in non premixed sys-
tems. Similar measurements are made for potential surrogates of these fuels.
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2 Experimental Apparatus and Procedures

Figure 1 shows a schematic illustration of the experimental setup. The liquid fuels are vaporized
using a vaporizer. A thermocouple is used to monitor the temperature inside the vaporizer. The
flow rates of gases are adjusted by computer-regulated mass flow controllers. The flow lines were
heated to prevent condensation. A detailed description of the burner is given elsewhere [5, 6].

In the burner a fuel stream made up of prevaporized fuel and nitrogen is injected from the fuel-duct,
and an oxidizer stream of air is injected from the oxidizer-duct. These jets flow into the mixing
layer between the two ducts. The exit of the fuel-duct is called the fuel boundary, and the exit of
the oxidizer-duct the oxidizer boundary. The mass fraction of fuel, the temperature, and the com-
ponent of the flow velocity normal to the stagnation plane at the fuel boundary are represented by
Yr 1, Th, andV;, respectively. The mass fraction of oxygen, the temperature, and the component of
the flow velocity normal to the stagnation plane at the oxidizer boundary are represenfted,.by

T,, andV5;, respectively. The tangential components of the flow velocities at the boundaries are
presumed to be equal to zero. The distance between the fuel boundary and the oxidizer boundary
is represented by. The velocities of the reactants at the boundaries of the counterflow burner are
presumed to be equal to the ratio of their volumetric flowrates to the cross-section area of the ducts.
The temperature of the fuel stream and the temperature of the oxidizer stream at the boundaries
are measured using thermocouples.

The value of the strain rate, defined as the normal gradient of the normal component of the flow
velocity, changes from the fuel boundary to the oxidizer boundary [7]. The characteristic strain
rate on the oxidizer side of the stagnation planés presumed to be given by [7]

_ 2[Ve] Vilv/pr

w =1 (1+W2’\@>. (1)

Herep,; andp, represent the density of the mixture at the fuel boundary and at the oxidizer bound-
ary, respectively. Equation 1 is obtained from an asymptotic theory where the Reynolds numbers
of the laminar flow at the boundaries are presumed to be large [7]. Critical conditions of extinction
are presumed to be given by the strain rate, and the mass fraction of fuel at the fuel boundary.
Critical conditions of autoignition are presumed to be given by the strainaatethe temperature

of the oxidizer streani: ;, and the mass fraction of fuel at the fuel boundary.

The fuels tested were:

e Multicomponent fuels:
1. JP-8 (obtained from China Lake), JP-8 POSF 4177 (obtained from Wright Patterson
Air Force Base (WPAFB)), JP-8 POSF 3773 (obtained from WPAFB).

2. Jet-A (obtained from San Diego Airport), Jet-A POSF 3602 (obtained from WPAFB) ,
Jet-A POSF 3638 (obtained from WPAFB), Blend POSF 4658.

3. Fisher Tropsch JP-8 (obtained from WPAFB).
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e Fuel mixtures (liquid volume): Possible surrogates of JP-8:

1. Surrogate A: 60 %-decane, 20 % methylcyclohexane, 20 % tolued¢C' = 1.93.
2. Surrogate B: 60 %-decane, 20 % methylcyclohexane, 2@%ylene. H/C' = 1.93.

3. Surrogate B1: 60 %-decane, 20 % methylcyclohexane, 159%ylene, 5% methyl-
naphthalene.

4. Surrogate C (UCSD surrogate): 60#edodecane, 20% methylcyclohexane, 20 %
o-xylene.H/C = 1.92.

5. Surrogate C1 : 60%n-dodecane, 20% methylcyclohexane, 15d4ylene, 5%
1-methylnaphthalene.

Surrogate Dn-decane 50 %, butylcyclohexane 25 %, butylbenzene 26%. = 1.92.
Surrogate En-decane 34 %, butylcyclohexane 33 %, butylbenzene 38%. = 1.84.
Surrogate Fn-decane 60 %, butylcyclohexane 20 %, butylbenzene 2B8%. = 1.97.

© © N O

Aachen Surrogaten-decane 80 %, trimethylbenzene 20 %/C = 1.99.

10. Modified Aachen Surrogater-dodecane 80 %, trimethylbenzene 20Rh.C' = 1.97.
11. Surrogate N1n-decane 80 %, propylbenzene 20 %.

12. Surrogate N2n-decane 70 %, propylbenzene 30 %.

13. Drexel Surrogate 1n-dodecane 26 %, iso-cetane 36 %, methylcyclohexane 14 %, de-
caline 6 %, and 1-methylnaphthalene 18£%.C’ = 1.82. [8]

14. Drexel Surrogate 2n-dodecane 43 %, iso-cetane 27 %, methylcyclohexane 15 %, and
1-methylnaphthalene 15 %{/C = 1.87. [9]

15. Utah Surrogaten-dodecane 30 %)-tetradecane 20 %, iso-octane 10 %, methylcyclo-
hexane 20 %, o-xylene 15 %, and tetraline 584.C' = 1.93. [10]

e Fuel Mixtures (liquid volume). Possible surrogate of F-T JP-8.

1. Surrogate Gn-decane 60 %, iso-octane 40 %,/C = 2.22.

3 Extinction of Flames

In the extinction experiments the temperature of the fuel stream i$473) K, and the temper-

ature of the oxidizer stream, is 298 K. The distance between the fuel duct and the oxidizer duct
is 10 mm. At some selected value of of the mass fraction of fiie|, the flame is stabilized at

a strain ratel, < aq., Whereas . is the strain rate at extinction. The strain rate is increased until
extinction is observed. The accuracy of the strain rate 19 % of recorded value and that of the

fuel mass fractiont 3 % of recorded value. The experimental repeatability on reported strain rate
is =5 % of recorded value.

Figure 2 shows experimental data for jet fuels. Extinction characteristics of different batches of
JP-8 and different batches of Jet-A are similar. F-T JP-8 is harder to extinguish. Figures 3 and
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4 compare experimental extinction data for potential surrogates of JP-8 with that for JP-8. The
extinction characteristics of the surrogates are placed in three groups: Group 1 best, Group 2 good,
Group 3 significant differences. The surrogates placed in these groups are:

e Group 1: Drexel Surrogate 2, Utah Surrogate, Aachen Surrogate, and Modified Aachen
Surrogate.

e Group 2: Surrogate C, Surrogate C1, Surrogate B1, and Surrogate E.

e Group 3: Surrogate D, Surrogate F, Surrogate B, and Surrogate A.

Figure 5 shows that the extinction characteristics of surrogate G agrees well with those for F-T
JP-8.

4 Autoignition of Flames

The parameters that influence autoignition are:

1. Composition of the fuel streanty ;
. Temperature of the fuel streaff,

. Composition of the oxidizer strear¥, -

2
3
4. Temperature of the oxidizer streaiffs,
5. Strain rateu,

6

. Pressurep

The experiments are conductedlat= 473K, Yo, = 0.23 (air), p = 1.013 bar. Two sets of
measurements were obtained. In one set the valdg pfvas maintained at a constant value of
0.4. the values of;, were measured for various valuesaf In the other set, was maintained

at a constant value of 5505 Here the value of; was measured for various valuesgf;. The
experimental accuracy of the measured valuéxas 4+ 30K and that ofu, is + 7 % of recorded

value, andYy ; is =3 % of recorded value. The experimental uncertainty (repeatability)for

is + 4K of recorded value for a given mass fraction of fuel. The transient autoignition process,
at any critical condition, was observed using a high spped camera. Only data where autoignition
takes place around the axis of symmetry was recorded. Figure 6 shows photographs of the tran-
sient autoignition process recorded by a high-speed camera. The fuel is JP«B with27s™ 1,

Yr1 = 04, T} = 483K, Yo,» = 0.23, and7; = 1225K. The image on the left shows a faint
illumination around the axis of symmetry. This is onset of autoignition. The image on the right
shows a steady flame.

Figure 7 compares the critical conditions of autoignition of JP-8, Jet-A and F-T JP-8. It shows
that the autoignition characteristics of JP-8 and Jet-A are similar, while F-T JP-8 is easier to ignite.

4
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Figures 8 and 9 show that the autoignition characteristics of different batches of JP-8 are the same.
Similar results for Jet-A are shown by Figures 10 and 11.

Figures 12, 13, 14 and 15 compare experimental autoignition data for potential surrogates of JP-8
with that for JP-8. The autoignition characteristics of the surrogates are placed in three groups:
Group 1 best, Group 2 good, Group 3 significant differences. The surrogates placed in these
groups are

e Group 1: Aachen Surrogate.

e Group 2: Surrogate C, Surrogate C1, Surrogate B1, Drexel Surrogate 2, and Modified
Aachen Surrogate, Utah Surrogate,

e Group 3: Surrogate D, Surrogate N1, Surrogate N2.

Figures 16 and 17 show that the autoignition characteristics of surrogate G agrees well with those
for F-T JP-8.

4.1 Summary

The surrogates of JP-8 are ranked employing the following criteria listed in the order of importance:
(1) how well they reproduce critical conditions of autoignition, (2) how close is the hydrogen to
carbon ratio to that of JP-8, (3) simplicity (availability of chemical kinetic mechanisms), and (4)
how well they reproduce critical conditions of extinction. Using this criteria the surrogates are
listed in the following order:

1. Aachen Surrogate,
2. Surrogate C, Surrogate C1, Surrogate B1.

3. Drexel Surrogate 2, and Modified Aachen Surrogate.

The Aachen Surrogate hastgy/C ratio of 1.99. Its autoignition characteristics agrees best with
JP-8 when compared to all surrogates tested here. Its extinction characteristics agrees well with
JP-8. Professor Peters at RWTH Aachen, Germany has measured the volume of soot formed and it
is similar to those for JP-8. The Aachen surrogate has only two components. The chemical kinetic
mechanism fon-decane is well known (Bikas and Peters C&F 126, 1456, 2001). There is a need
to compare the low and intermediate temperature chemistry of this surrogate with those for JP-8.

Surrogate C (also called the UCSD surrogate) Hd§' ratio of 1.92. This is very close to that

of JP-8. The components in the surrogate match the classes of fuel in JP-8. Its autoignition char-
acteristics agrees very well with JP-8. Its extinction characteristics agrees with JP-8, although
some differences are observed. It has only three components. Many investigators are developing
chemical kinetic mechanisms for the components. There is a need to compare the low and interme-
diate temperature chemistry of this surrogate with those for JP-8. Surrogates C1 and Surrogate B1

5
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include 1-methylnaphthalene therefore rates of soot production during combustion of these surro-
gates may be closer to those for JP-8.

The Drexel Surrogate 2 hasr/C ratio is 1.87. Its autoignition characteristics agrees well with
JP-8. Its extinction characteristics agrees best with JP-8 in comparison to all surrogates tested. The
chemical kinetic mechanisms for the components still are early stages of development. The low
and intermediate temperature chemistry of this surrogate agrees well with those for JP-8 (shown
by investigators at Drexel).

The Modified Aachen Surrogate ha#/dC ratio is 1.97. Very close to that of JP-8. Its autoignition

and extinction characteristics agrees well with JP-8. It has only two components. Many investiga-
tors are developing chemical kinetic mechanisms for the components. There is a need to compare
the low and intermediate temperature chemistry of this surrogate with those for JP-8.

Overall the Aachen surrogate and Surrogate C (UCSD surrogate) appear to best reproduce the com-
bustion characteristics of JP-8. Surrogate G reproduces the combustion characteristics of F-T JP-8.

Acknowledgments

The research at the University of California at San Diego was supported by the U. S. Army Re-
search Office, grant # W911NF-04-1-0139. Program manager Dr. Ralph A. Anthenien Jr, PhD,
PE.

References

[1] In J. W. Hudgens, editokMorkshop on Combustion Simulation Databases for Real Transportation. FISE
Gaithersburg, Maryland, September 2003.

[2] E. Ranzi, T. Faravelli, A. Frassoldati, and S. Gran#ELC, 44 (2005) 5170-5183.

[3] T.Edwards and L. Q. Mauricelournal of Propulsion and Powel7 (2001) 461-466.

[4] T. Edwards.2001 Fall Technical Meeting, Eastern States Section of the Combustion Ing@084) journal.
[5] R. Seiser, L. Truett, D. Trees, and K. SeshaBroceedings of the Combustion Institu2& (1998) 649—-657.
[6] R. Seiser, K. Seshadri, E. Piskernik, and Aiam. Combustion and Flamé 22 (2000) 339-349.

[7] K. Seshadri and F. A. Williamdnternational Journal of Heat and Mass Transfed (1978) 251-253.

[8] A. Agosta, N. P. Cernansky, D. L. Miller, T. Faravelli, and E. Rarizkperimental Thermal and Fluid Science
28 (2004) 701-708.

[9] N.P. Cernansky. personal communication, 2006.

[10] A. Violi, S. Yan, E. G. Eddings, A. F. Sarofim, S. Granata, T. Faravelli, and E. R&wmnbustion Science and
Technology174 (2002) 399-417.



5th US Combustion Meeting — Paper # EQ9 Topic: Laminar Flames

List of Figures

1

10

11

Schematic illustration of the experimental setup. The figure shows the counterflow
flow field and the air, nitrogen, and fuel feed systems and the vaporizer. . . . . .. 9

The mass fraction of fuel as a function of the strain rate at extinction. The symbols
represent experimental data, and the lines are best fits to experimental data. The
figure compares extinction characteristics of various batches of JP-8, Jet-A, and
FTIP-8. . . e 10

The mass fraction of fuel as a function of the strain rate at extinction. The symbols
represent experimental data, and the lines are best fits to experimental data. The
figure compares extinction characteristics of various surrogates of JP-8. . . . . . . 10

The mass fraction of fuel as a function of the strain rate at extinction. The symbols
represent experimental data, and the lines are best fits to experimental data. The
figures compares extinction characteristics of different UCSD surrogates. . . . . . 11

The mass fraction of fuel as a function of the strain rate at extinction. The symbols
represent experimental data, and the lines are best fits to experimental data. The
figure compares extinction characteristics of a surrogate and FTJP-8. . . . . . .. 11

High speed photograph of onset of autoignition. The fuel is JP-8 with=
427s71, Yr1=04,T) =483K, Yp,2 =0.23, andT, = 1225K. . . . . ... .. 12

The temperature of the oxidizer stream at autoignition as a function of the strain
rate at fixed values ofr; = 0.4. The symbols are experimental data. The lines

are best fit. The figure compares of autoignition characteristics of JP-8, Jet-A, and
F-TJIP-8 . . e 12

The temperature of the oxidizer stream at autoignition as a function of the strain
rate at fixed values ofr; = 0.4. The symbols are experimental data. The lines

are best fit. The figure compares of autoignition characteristics of various batches
of JP-8. . . . 13

The temperature of the oxidizer stream at autoignition as a function of the mass
fraction of fuel in the fuel strean} ; at a fixed value of the strain rate = 550 s'.

The symbols are experimental data. The lines are best fit. The figure compares of
autoignition characteristics of various batches of JP-8. . . . . . .. .. ... ... 13

The temperature of the oxidizer stream at autoignition as a function of the strain
rate at fixed values ofr; = 0.4. The symbols are experimental data. The lines

are best fit. The figure compares of autoignition characteristics of various batches
of Jet-A. . . e e 14

The temperature of the oxidizer stream at autoignition as a function of the mass
fraction of fuel in the fuel streant} ; at a fixed value of the strain rate = 550 s'.

The symbols are experimental data. The lines are best fit. The figure compares of
autoignition characteristics of various batches of Jet-A. . . . . . .. .. ... ... 14



5th US Combustion Meeting — Paper # EQ9 Topic: Laminar Flames

12

13

14

15

16

17

The temperature of the oxidizer stream at autoignition as a function of the strain
rate at fixed values ofr; = 0.4. The symbols are measurements. The lines are
best fit. The figures compares autoignition characteristics of various surrogates of
JP-8. . e 15

The temperature of the oxidizer stream at autoignition as a function of the mass
fraction of fuel in the fuel strean¥} ; at a fixed value of the strain rate = 550 s'.

The symbols are measurements. The lines are best fit. The figures compares au-
toignition characteristics of various surrogatesof JP-8. . . . . . . .. ... .. .. 15

The temperature of the oxidizer stream at autoignition as a function of the strain
rate at fixed values ofz; = 0.4. The symbols are measurements. The lines

are best fit. The figures compares autoignition characteristics of different UCSD
SUITOQAtES. . . . . . o o e e e e 16

The temperature of the oxidizer stream at autoignition as a function of the mass
fraction of fuel in the fuel strean¥; ; at a fixed value of the strain rate = 550 s'.

The symbols are measurements. The lines are best fit. The figures compares au-
toignition characteristics of different UCSD surrogates. . . . . . . .. ... .. .. 16

The temperature of the oxidizer stream at autoignition as a function of the strain
rate at fixed values ofy; = 0.4. The symbols are measurements. The lines are
best fit. The figures compares autoignition characteristics of a surrogate of F-T
JP-8 . . e 17

The temperature of the oxidizer stream at autoignition as a function of the mass
fraction of fuel in the fuel strean} ; at a fixed value of the strain rate = 550 s'.

The symbols are measurements. The lines are best fit. The figures compares au-
toignition characteristics of a surrogate of F-TJP-8 . . . . . . .. ... ... ... 17



5th US Combustion Meeting — Paper # EQ9 Topic: Laminar Flames

L air supply

'
heatedi air, T,
—‘Euppw syringe pump
! fuel supply
). } D

L stagnation
plane

J
)

(2}
(%}
§ thermocouple
e}

heated line

vaporized fuel — N»
thermocouple heated line

heating plate

Figure 1. Schematic illustration of the experimental setup. The figure shows the counterflow flow
field and the air, nitrogen, and fuel feed systems and the vaporizer.
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Figure 2: The mass fraction of fuel as a function of the strain rate at extinction. The symbols
represent experimental data, and the lines are best fits to experimental data. The figure compares
extinction characteristics of various batches of JP-8, Jet-A, and FT JP-8.
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Figure 3: The mass fraction of fuel as a function of the strain rate at extinction. The symbols
represent experimental data, and the lines are best fits to experimental data. The figure compares
extinction characteristics of various surrogates of JP-8.
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Figure 4: The mass fraction of fuel as a function of the strain rate at extinction. The symbols
represent experimental data, and the lines are best fits to experimental data. The figures compares

extinction characteristics of different UCSD surrogates.
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Figure 5: The mass fraction of fuel as a function of the strain rate at extinction. The symbols
represent experimental data, and the lines are best fits to experimental data. The figure compares

extinction characteristics of a surrogate and FT JP-8.
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Figure 6: High speed photograph of onset of autoignition. The fuel is JP-8 with as = 42757 Yp, =
0.4, Ty = 483K, Yo, 2 =0.23, and 175 = 1225K.
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Figure 7: The temperature of the oxidizer stream at autoignition as a function of the strain rate at
fixed values of Yy, = 0.4. The symbols are experimental data. The lines are best fit. The figure
compares of autoignition characteristics of JP-8, Jet-A, and F-T JP-8
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Figure 8: The temperature of the oxidizer stream at autoignition as a function of the strain rate at
fixed values of Yr; = 0.4. The symbols are experimental data. The lines are best fit. The figure
compares of autoignition characteristics of various batches of JP-8.
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Figure 10: The temperature of the oxidizer stream at autoignition as a function of the strain rate at
fixed values of Yr; = 0.4. The symbols are experimental data. The lines are best fit. The figure
compares of autoignition characteristics of various batches of Jet-A.
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Figure 11: The temperature of the oxidizer stream at autoignition as a function of the mass fraction

of fuel in the fuel stream,

Yy, at a fixed value of the strain rate
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experimental data. The lines are best fit. The figure compares of autoignition characteristics of

various batches of Jet-A.
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Figure 12: The temperature of the oxidizer stream at autoignition as a function of the strain rate
at fixed values of Yp; = 0.4. The symbols are measurements. The lines are best fit. The figures
compares autoignition characteristics of various surrogates of JP-8.
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Figure 14: The temperature of the oxidizer stream at autoignition as a function of the strain rate
at fixed values of Yp; = 0.4. The symbols are measurements. The lines are best fit. The figures
compares autoignition characteristics of different UCSD surrogates.
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Figure 15: The temperature of the oxidizer stream at autoignition as a function of the mass fraction

of fuel in the fuel stream,

Yr, at a fixed value of the strain rate
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measurements. The lines are best fit. The figures compares autoignition characteristics of different

UCSD surrogates.
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Figure 16: The temperature of the oxidizer stream at autoignition as a function of the strain rate
at fixed values of Yp; = 0.4. The symbols are measurements. The lines are best fit. The figures

compares autoignition characteristics of a surrogate of F-T JP-8
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Appendix A

Here we describe tests carried out to prove that no decomposition of Jet-A and JP-8 takes place
in the fuel lines of our counterflow burner. A schematic illustration of the counterflow
configuration is shown in Fig. Al.

0, N,
A ; Up s oT
L ' Stagnation Plane
Y :
U, ,T
FuelN,

Figure Al: Schematic illustration of the counterflow configuration

The counterflow burner is made up of two ducts. Here, a fuel stream made up of prevaporized
fuel and nitrogen is injected from one duct, and an oxidizer stream made up of oxygen and
nitrogen is injected from the other duct. The velocities of the fuel stream and the oxidizer stream
at the injection planes are represented by U; and Uy, respectively. The temperatures of the fuel
stream and the oxidizer stream at the injection planes are represented by T; and T, respectively.
The distance between the injection planes is L. The liquid fuels are vaporized in a device called a
multicomponent vaporizer. This device has a heated mixing chamber into which fuel is sprayed
as a fine mist together with nitrogen. To prevent condensation, the vaporizer and flow lines are
heated. The temperature of fuel vapors entering the counterflow burner is measured using a
thermocouple.

Experiments were performed to verify that jet-fuel did not decompose, when its vapors are
carried in hot nitrogen towards the burner. For this purpose, the apparatus was modified in a
way, that a line was attached to the exit of the fuel-duct, followed by a condenser and an aerosol
filter. The modified apparatus is shown in Fig. A2. The purpose was to re-condense the fuel
vapors and analyze the resulting liquid in a massspectrometer. The vapors that remained in the
nitrogen stream after the aerosol filter were analyzed in a gas-chromatograph.

The conditions for this experiment are described in the following. The fuel side velocity is 0.375
m/s with an approximately equal curtain co-flow velocity. The mass fraction of fuel in the fuel
stream is 0.228 with the balance being nitrogen. This corresponds to an oxidizer strain rate of
128 s for the counterflow setup. The temperatures of the apparatus components on the fuel-side
were measured using thermocouples. The temperature of the vaporizer was 513 K, the
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temperature at the exit of the fuel-duct was 493 K, and the flow lines in between had various
temperatures with a local maximum of 563 K.

After the portions of jet-fuel were collected in the condenser and the aerosol filter, a liquid
sample was created by mixing the two portions together in approximately the same ratio as they
were collected in the two units. A reference sample was taken from the original jet-fuel. The two
samples were analyzed in a gas-chromatograph/massspectrometer.

Figure A3 shows the comparison of the two samples. The total mass count of the mass-selective
detector is plotted versus the time it takes for a component to travel through the GC-column and
reach the detector. The black result represents the original jet-fuel and the red result represents
the jet-fuel that was vaporized, heated, and recondensed. It can be seen from these results, that
the chromatograms are nearly identical, and that there is no major shift from any major fuel
groups to others. Most peaks are preserved and have about equal height between the two
samples, that is, within the accuracy of the instrument. The differences between the two samples
are also smaller than when two different jet-fuels are compared. Figure A4 shows a comparison
between Jet-A purchased at local airport (Montgomery Field, no pristine added) and Jet-A
received from WPAFB, shown in black and blue, respectively. At last, Fig. A5 shows a
comparison between Jet-A and JP-8 (WPAFB). In Figs. 4 and 5 it can be seen that the same
major components, as indicated by large peaks, are present within the different fuels. The
amounts, as indicated by the height of the peaks are sometimes smaller or larger between the
different fuels. In summary, the jet-fuel that has been used in the vaporizer shows less variation
from the original fuel than different jet-fuels vary from each other.

A second test was performed to test if there were any smaller hydrocarbon species created by
thermal breakdown of the fuel in the vaporizer. These species would not be detected in the GC-
MS system, which is limited to species with molecular weight of above ca. 100. Some of these
species could be condensed out in the condenser/filter, others could leave the system as vapors.
A gas-chromatograph was used to monitor these gases/vapors (see Fig. A2). A GC-column
combination of a molesieve and a Porapag Q column was used to separate the species, and a
flame-ionization-detector (FID) was used to detect them. A sampling line was connected from
the end of the flow arrangement to the sample-loop in the gas-chromatograph. To measure
components already present and dissolved in the original jet-fuel, a liquid sample (0.002 ml) was
injected with a syringe into the instrument’s injection port. The chromatograms of both analyses
are shown in Fig. A6. There are four peaks easily identified in the chromatogram of the exit-gas
(red line). When compared with the reference (black line) it is seen, that all four components are
also present in the original fuel. The relative amounts are also consistent, since it is expected that
more volatile species (peaks toward the left) are enriched in the exit-gas compared to less
volatile species (peaks toward the right), since the vaporization and condensation in effect
represent a distillation step. In summary, no new species (that could be products of fuel
breakdown) were detected in the analysis of the vapors leaving the experiment. These
experiments clearly prove that the jet-fuels do not decompose in the fuel lines.
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Figure A2: Schematic illustration of the experimental setup.
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Figure A3: GC-MS output of jet-fuel. The black curve represents the original jet-fuel. The red curve
represents the jet-fuel after it was vaporized and recondensed.
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Figure A4: GC-MS output of Jet-A fuels. The black curve represents the original jet-fuel purchased
at alocal airport. The blue curve represents jet-fuel from WPAFB.
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Figure A5: GC-MS output of jet-fuels. The black curve represents Jet-A from WPAFB. The red
curve represents JP-8 from WPAFB.
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Figure A6: GC output of jet-fuel liquid and vapor fraction. The black curve represents original Jet-
A injected as aliquid. The red curve represents the portion of the vaporized fuel that was not
captured in the condenser and aerosol filter.
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Biodiesel is defined as mono-alkyl esters of long chain fatty acids derived from vegetable oils. It con-
tains no petroleum, but it can be blended at any level with petroleum diesel to create a biodiesel blend.
An improved understanding of the combustion characteristics of esters can provide insights on combus-
tion of biodiesel. Critical conditions of extinction and autoignition are measured for diesel, biodiesel
and a number of esters in nonuniform flow fields under nonpremixed conditions. The esters considered
are methyl butanoate, methyl crotonate, and ethyl propionate. Methyl butanoate is considered to be
a surrogate for biodiesel. The counterflow configuration is employed. The strain rate at extinction is
measured as a function of the composition of the reactant streams of the counterflow system. In the
autoignition experiments, the temperature of air is increased until autoignition is obtained. The tem-
perature of air at autoignition is measured for various values of strain rate. Numerical calculations are
performed using a previously developed chemical-kinetic mechanism for methyl butanoate. The critical
conditions of extinction and autoignition calculated using this mechanism is found to agree well with
experimental data.

1 Introduction

Biodiesel is a nontoxic alternative fuel produced from renewable resources. In the United States
biodiesel is generally made from soybean seeds. Biodiesel from soybean seeds consists of five
methyl esters. Their proportions by volume are methyl palmitate (11 %), methyl sterate (4 %)
methyl oleate (17 %), methyl linoleate (67 %), methyl linolenate (1 %). Research is in progress in
many laboratories to investigate if pollutant emissions can be reduced by addition of biodiesel to
diesel [1-4]. Wang et. al [4] measured exhaust emissions from heavy trucks employing as fuel a
blend of 65 % diesel and 35 % biodiesel. This blend is called as B35. The emissions were com-
pared with those measured using diesel as fuel [4]. The test results showed that the heavy trucks
fueled by B35 emitted significantly lower particulate matter (PM) and moderately lower carbon
monoxide (CO) and hydrocarbons (HC) than the same trucks fueled by diesel. Oxides of nitrogen
emissions were generally in the same level [4]. This clearly shows that biodiesel has promise as an
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emissions-reducing alternative fuel for diesel engines.

An improved understanding of combustion characteristics esters is a first step in understanding the
combustion characteristics of biodiesel. Methyl butanoate, for example, is considered as a surro-
gate for biodiesel fuels [5]. Fisher et. al. [5] have developed a detailed chemical-kinetic model for
describing the combustion of methyl butanoate. This mechanism has been tested against limited
experimental data that was obtained at low temperatures, sub-atmospheric conditions in closed ves-
sels. These experimental data were obtained in premixed systems and did not include the influence
of fluid flow. Here, experimental and numerical studies are carried out on non-premixed com-
bustion of methyl butanoate, methyl crotonate, and ethyl propionate in nonuniform flows. Ciritical
conditions of autoignition and extinction are measured. A detailed chemical-kinetic mechanism for
methyl butanoate employed in Ref. [5] is used here to calculate critical conditions of autoignition
and extinction in non-premixed flows. The results are compared with experimental data. Critical
conditions of autoignition are also measured for diesel (obtained from a local vendor), biodiesel,
n-heptane, and a mixture of 8084heptane and 20 % methyl butanoate by volumdieptane is
considered as a surrogate for diesel, while methyl butanoate is a surrogate for biodiesel. Thus
studies on mixtures af-heptane and methyl butanoate can be used to obtain an improved under-
standing of the influence of biodiesel on combustion of diesel.

2 Experimental and numerical studies

2.1 Experimental

To capture the influence of the flow field on the critical conditions of autoignition and flame ex-
tinction, experiments are conducted in the counterflow configuration. Two types of configuration,
the condensed fuel configuration and the prevaporized fuel configuration, are employed. Figure
1 shows a schematic illustration of the condensed fuel configuration. Here, oxidizer is injected

Injection plane
0,. N, -Ct
’ Oxidizer boundary), U,, T,
y=L / ( ¥), U, To
I
|
I
:
I
! Fuel-gas
y=0 ' interface, v, T,
Liquid Fuel
Figure 1: Schematic illustration of the condensed fuel configuration. U, and v, are the velocities at
the oxidizer-injection and the gas side of the liquid-gas interface planes, respectively. Ty and T are

the temperatures at the oxidizer-injection and the liquid-gas interface planes, respectively.

from a duct and it flows against fuel evaporating from the surface of a liquid pool. The oxidizer
is a mixture of oxygen and nitrogen. At the injection plane, the velocity of the oxidizer stream is
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denoted by/, and the temperature is denotedBy At the liquid-gas interface, the velocity on the
gas side is denoted hy and the temperature is denoted’Ry The distance between the surface
of the liquid fuel and the injection plane is It has been shown previously that the strain rate is
given by [6].

a=2U/L. Q)

In the condensed fuel configuration, extinction experiments are performed with the temperature
oxidizer stream] = 298 K, and the separation distanfe= 10 mm. At a given value of the mass
fraction of oxygen in the oxidizer streat, -, the velocity of the oxidizer stream is increased until
extinction takes place. The strain rate at extinction is calculated using Eqn. (1). It is represented
by a,. The experiments are repeated at different valuegyph. In the autoignition experiments

the oxidizer stream is air antl = 12 mm. Here for a given value of the flow velocity of the ox-
idizer stream/[/,, its temperature]y is increased until autoignition takes place. The valu&of

at autoignition is represented y;. The value of strain rate is calculated using Eqn. (1). Itis
represented by,. Values ofI; ; are measured for various valuesagf

The prevaporized fuel configuration shown in Fig. 2. Here a fuel stream made up of prevaporized

02 s N 2
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|

Y I
: U, T,

Fuel, N,
Figure 2: Schematic illustration of the prevaporized fuel configuration. Uy and Tj are the velocity

and temperature at the oxidizer-injection plane and U, and T; are the velocity and temperature at
the fuel-injection plane.

fuel and nitrogen is injected from one duct and an oxidizer stream made up of oxygen and nitrogen
is injected from the other duct. The velocities of the fuel stream and the oxidizer stream at the
injection planes are represented By and U, respectively. The temperatures of the fuel stream
and the oxidizer stream at the injection planes are represent&d agd7;, respectively. The
distance between the injection planed.isThe strain rate on the oxidizer side of the stagnation
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plane,a is given by the expression [6]
2|Uo| ( |U1!\/,01)
a = ]- + )
L |Uolv/po

wherep, and p, are, respectively, the density of the oxidizer stream and the fuel stream at the
injection planes.

A detailed description of the burner is given elsewhere [7]. In the extinction experiments the tem-
perature of the fuel strearfh;, for methyl butanoate, methyl crotonate, and ethyl propionate respec-
tively are 453+ 10) K, 448(+ 10) K, and 445+ 10) K. The temperature of the oxidizer stream,

T, = 298 K. The distance between the fuel boundary and the oxidizer boundary i mm. At

some selected value of the mass fraction of fuel in the fuel strgam the flame is stabilized. The

strain rate is increased by increasirigand U, until extinction is observed. The accuracy of the
strain rate ist 10 % of recorded value and that of the fuel mass fracticd% of recorded value.

The experimental repeatability on reported strain rate % of recorded value. In the autoigni-

tion experiments the distance between the fuel boundary and the oxidizer bounflaryiBmm

and the mass fraction of fuel in the fuel stred@y = 0.4 and the temperaturé;, for methyl bu-
tanoate, methyl crotonate, and ethyl propionate respectively arét488 K, 458(+ 10) K, and

458(+ 10) K. At chosen values of strain rate the flow field is established. The temperature of air
is increased until autoignition takes place. The temperature of the oxidizer stream at autoignition,
To1 is recorded as a function of the strain rate. The accuracy of the measurement of the temperature
of air at autoignition is expected to Be30 K, the strain rate- 10 %, and fuel mass fractioh 3 %

of recorded value. The experimental repeatability in the measurement of the temperature of air at
autoignition is expected to he 6 K.

2.2 Numerical

Numerical computations are performed to predict the critical conditions of extinction and autoigni-
tion for methyl butanoate. A computer program called the Flamemaster is used to integrate the
conservation equations of mass, momentum and energy, and the species balance equations [8].
The species balance equations include thermal diffusion, and the energy conservation equation
includes radiative heat loss from carbon dioxide and water vapor. Buoyancy is neglected. The
chemical-kinetic mechanism for methyl butanoate employed in the calculations is derived from
the one published by Fisher et al. [5]. At both ends of the computational domain the tangen-
tial components of the flow velocity are set to zero (the so-called plug-flow boundary conditions).
For the gaseous boundaries, the normal component of the flow velocity, the temperature, and the
mass fluxes of species are specified according to the experiments. Here, the flow velocities are
calculated from the flow rates divided by the cross-sectional areas. For the liquid boundary in the
condensed fuel configuration, the heat of vaporization of the fuel is specified as 331.28 kJ/kg. The
mass-flux of the fuel evaporating from the liquid surface is obtained during the numerical compu-
tations from an energy balance. Here, the rate of heat conducted to the fuel surface per unit area is
equated to the product of the mass burning rate of fuel per unit area and the heat of vaporization.
Heat losses from the liquid pool to the burner is neglected. The surface temperature is assumed to
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Figure 3: Experimental data showing the temperature of air at autoignition, Tp,1, as a function of the

strain rate. The symbols represent measurements. The lines are best fits to the experimental data.
The experimental data was obtained employing the condensed fuel configuration shown in Fig. 1

be the normal boiling point of methyl butanoate. Hence the surface temperatard75K. To
facilitate the numerical computations in the quasi-one dimensional configuration, the mechanism
was reduced regarding the number of reactive species. This was done by performing a number of
homogeneous reactor ( zero dimensional) calculations for different temperatures, pressures, and
equivalence ratios. The initial temperatures chosen were 1200K, 1600 K, and 2000 K. The pres-
sures were 1 and 10 bar, and the equivalence ratios were 1 and 2. Over all combinations of these
guantities, ignition delay times were calculated with the full mechanism, and with all mechanisms
that had one species at a time removed. Based on the root-mean-square deviation from the ignition
delay time of the full mechanism, the mechanism was reduced from 256 to 75 reactive species.
Based on a reaction path analysis, 8 more species were eliminated that were only produced but
not consumed in this skeletal mechanism. The specie@H and CHCHCO were eliminated

since they were only formed from,8; and GHg, respectively, and did not appear to be crucial

for the oxidation reactions starting with methyl butanoate. After introducing these simplifications
the chemical-kinetic employed in the numerical calculations is made up of 65 reactive species and
415 reversible reactions. This mechanism is used to calculate the critical conditions of extinction
and autoignition in the condensed fuel and prevaporized fuel configurations.

3 Experimental Results

Figure 3 shows critical conditions of autoignition for a number of fuels. The experimental data
in Fig. 3 was obtained employing the condensed fuel configuration. It shows the temperature of
air, Ty 1, at autoignition as a function of the strain raig, for biodiesel, dieseh-heptane, methyl
butanoate, a mixture 80 #heptane and 20 % methyl butanoate by volume. At a given value of
the strain rateg,, autoignition will take place for values of the air temperature larger fyanFor
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Figure 4: Experimental data showing the mass fraction of fuel in the fuel stream, Yr 1, as a function

of the strain rate, as, at extinction. The symbols represent measurements. The lines are best fits
to the experimental data. The experimental data was obtained employing the prevaporized fuel
configuration shown in Fig. 2

all fuels tested the value @t ; increases with increasing. It shows that at a fixed value of, the

value ofTj ; for methyl butanoate is the highest followed by diesel, the mixture of 8df&ptane

and 20 % methyl butanoate, aneheptane. Therefore among these fuelseptane is easiest to
ignite and methyl butanoate the most difficult to ignite. At low strain rates and biodiesel is easier
to ignite when compared with-heptane, while at high strain rate it is more difficult to ignite.

Figure 4 compares the critical conditions of extinction for various esters. The experimental data
was obtained using the prevaporized fuel configuration. It shows the mass fraction of fuel in the
fuel stream,Yr; as a function of the strain rate. The critical conditions of extinction of methyl
butanoate and methyl crotonate are nearly the same. At a given valge @dhe value ofa, at
extinction for ethyl propionate is much larger than that for methyl butanoate and methyl crotonate.
Therefore ethyl propionate is much more difficult to extinguish when compared with the other
esters. Figure 5 compares the critical conditions of autoignition for the esters. The experimental
data in Fig. 5 was obtained employing the prevaporized fuel configuration. It shows that ethyl
propionate is easiest to ignite followed by methyl crotonate and methyl butanoate.

4 Comparison between Numerical Calculations and Experimental Data

Figures 6, 7, 8, and 9 compare experimental data with results obtained from numerical calcula-
tions using detailed chemistry. The fuel employed is methyl butanoate. In Figs. 6, 7, 8, and 9 the
symbols are experimental data and the lines are results of numerical calculations. Figures 6 and
7 respectively show critical conditions of extinction and autoignition obtained employing the con-
densed fuel configuration of Fig. 1, while Figs. 8, and 9 show similar results obtained employing
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Figure 5: Experimental data showing the temperature of air at autoignition, Tv1, as a function of

the as. The symbols represent measurements. The lines are best fits to the experimental data. The
experimental data was obtained employing the prevaporized fuel configuration shown in Fig. 2

the prevaporized fuel configuration of Fig. 2. These figures show that the critical conditions of
extinction and autoignition calculated using the detailed mechanism of Fisher et al [5] agree very
well with experimental data.
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Figure 6: The mass fraction of oxygen in the oxidizer stream, Yo, 2, as a function of the strain rate,

ag, at extinction. The fuel is methyl butanoate. The symbols represent measurements. The lines are
results of numerical calculations. The experimental data and numerical calculations are obtained
employing the condensed fuel configuration shown in Fig. 1
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Figure 7: The temperature of air at autoignition, To,1, as a function of the strain rate. The fuel is

methyl butanoate. The symbols represent measurements. The lines are results of numerical calcu-
lations. The experimental data and numerical calculations are obtained employing the condensed
fuel configuration shown in Fig. 1
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Figure 8: The mass fraction of fuel in the fuel stream, Yr 1, as a function of the strain rate, ax,

at extinction. The fuel is methyl butanoate The symbols represent measurements. The lines are
results of numerical calculations. The experimental data and numerical calculations are obtained
employing the prevaporized fuel configuration shown in Fig. 2.
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Figure 9: The temperature of air at autoignition, To,1, as a function of the ay. The symbols represent
measurements. The lines are results of numerical calculations. The fuel is methyl butanoate. The
experimental data and numerical calculations are obtained employing the prevaporized fuel config-
uration shown in Fig. 2
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