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a b s t r a c t

The chemical structure of a methane counterflow diffusion flame and of the same flame doped with
1000 ppm (molar) of either jet fuel or a 6-component jet fuel surrogate was analyzed experimentally,
by gas sampling via quartz microprobes and subsequent GC/MS analysis, and computationally using a
semi-detailed kinetic mechanism for the surrogate blend. Conditions were chosen to ensure that all three
flames were non-sooting, with identical temperature profiles and stoichiometric mixture fraction,
through a judicious selection of feed stream composition and strain rate. The experimental dataset pro-
vides a glimpse of the pyrolysis and oxidation behavior of jet fuel in a diffusion flame. The jet fuel initial
oxidation is consistent with anticipated chemical kinetic behavior, based on thermal decomposition of
large alkanes to smaller and smaller fragments and the survival of ring-stabilized aromatics at higher
temperatures. The 6-component surrogate captures the same trend correctly, but the agreement is not
quantitative with respect to some of the aromatics such as benzene and toluene. Various alkanes, alkenes
and aromatics among the jet fuel components are either only qualitatively characterized or could not be
identified, because of the presence of many isomers and overlapping spectra in the chromatogram, leav-
ing 80% of the carbon from the jet fuel unaccounted for in the early pyrolysis history of the parent fuel.
Computationally, the one-dimensional code adopted a semi-detailed kinetic mechanism for the surrogate
blend that is based on an existing hierarchically constructed kinetic model for alkanes and simple aro-
matics, extended to account for the presence of tetralin and methylcyclohexane as reference fuels. The
computational results are in reasonably good agreement with the experimental ones for the surrogate
behavior, with the greatest discrepancy in the concentrations of aromatics and ethylene.

� 2009 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

With the general need for enhanced flexibility in the sources of
fuels, it is becoming increasingly important to improve scientific
knowledge of the combustion properties of practical fuels such as
aviation kerosenes. Jet fuel is expected to continue to play a central
role in both civilian and military aviation for the next several dec-
ades. A successful characterization of the fuel chemical kinetics, as
achieved for simple molecules in the past several decades, would
enable the development of reduced chemical kinetics that could
be incorporated in quantitative models of gas turbines. This, in
turn, will lead to improved engine efficiency and reduce pollutant
formation.

There are a variety of challenges posed by numerical and exper-
imental studies in aero-combustor systems. These include the hos-
ion Institute. Published by Elsevier
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tility of the combustion environment in applying quantitative
diagnostic techniques and the enormous computational resources
required to ‘‘solve” the problem. In addition, the complex compo-
sition of real fuels containing hundreds of chemical species make
their complete kinetic characterization and modeling an impracti-
cal prospect. For these reasons, this type of research ought to be
pursued in simple combustion environments. Therefore, testing/
modeling is typically performed in flow reactors, shock tubes and
laminar flames that are well suited to the development of a chem-
ical kinetic model because of their highly simplified fluid mechan-
ics, as compared to practical, and inevitably turbulent, flames.
Although stirred/flow reactors and shock tubes offer better con-
trolled conditions for a rigorous characterization of the fuel chem-
ical kinetic behavior, the ultimate test remains a flame
environment, since it provides the critical coupling between chem-
ical kinetics and transport that is relevant to all combustion appli-
cations. With respect to the composition challenge, the presence of
a multitude of compounds in a typical kerosene suggests as a prac-
tical approach the identification of surrogate fuel mixtures, having
only a small number of components, whose combustion behaviors
Inc. All rights reserved.
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capture essential features of those of the real fuels. This is the strat-
egy that has been implemented in the combustion community for
the past several years.

To date, candidate surrogates have been identified for kerosenes
such as Jet A, for Fischer–Tropsch Jet A and for JP-8. The combus-
tion properties of these surrogates have been compared success-
fully with those of the original fuels in some narrowly defined
tests. The topic has been comprehensively reviewed by Dagaut
et al. [1]. After an initial effort by Schultz [2] on the thermal and
oxidative stability of a 12-component surrogate, the number of
components in the surrogate has been decreasing to a more man-
ageable six in the so-called Utah surrogate [3], five in the Drexel
surrogate [4], and, most recently, to three in a joint contribution
from the University of Milan and UC San Diego [5]. Also notewor-
thy is the recent work in a jet stirred reactor [6] that presents a
comparison between jet fuel and a 3-component surrogate, with
reasonable agreement between experimental and numerical re-
sults at pressures as high as 40 atm. Clearly, one has to define pre-
cisely the objectives. The oxidation behavior of kerosene may be
even modeled with a single alkane, such as n-decane, if aromatic
behavior is of no concern [6]. Otherwise, at a minimum, a mixture
of alkanes and aromatics is necessary. A very recent study using a
2-component (80% decane and 20% 1,2,4-trimethylebenzene) Aa-
chen surrogate [7] suggests that even such a simple formulation
can mimic successfully flame speed, autoignition behavior, extinc-
tion in diffusion flame and even peak soot volume fraction of jet
fuel flames.

These results are encouraging, but, at this stage, it is still not
clear what is the minimum number of compounds necessary for
a successful surrogate formulation and the answer is likely to de-
pend on the definition of success. If the task is to mimic global
properties such as extinction/ignition behavior and flame speed,
a few components and highly reduced chemical kinetic mecha-
nisms will probably suffice. If aromatic and soot production rate
needs to be captured quantitatively, the answer is still unknown,
although the study in [7] gives hope that even in such a case a sim-
ple formulation may suffice.

The present contribution builds on the research we began in
collaboration with research groups at the University of Utah and
at the University of Milan [8]. The task of the Milan group has been
to provide the chemical kinetic model for a jet fuel surrogate
involving, as mentioned earlier, typically a mixture of alkanes
and aromatics. In their approach, the primary oxidation and
decomposition reactions of reference components are automati-
Fig. 1. Schematic of the
cally generated in a complete and detailed way. The complete
scheme is then lumped and the reactions are grouped to obtain a
semi-detailed or lumped kinetic scheme. This technique has been
successfully applied and already partially validated for gasolines,
n-heptane, iso-octane, cyclo-alkanes, aromatics and ethers [9].

In our earlier study [8], the emphasis was on validating the sur-
rogate selection by matching overall combustion behavior such as
the extinction strain rate and temperature profile in diffusion
flames. This goal was successfully reached with a 6-component
surrogate with the same components as the Utah surrogate [3],
that had been designed to match the volatility of the jet fuel and
its overall sooting behavior based on smoke tests. Now, the focus
is shifted to the validation of this surrogate with respect to diffu-
sion flame structure, with a comprehensive chemical characteriza-
tion of the flame by gas sampling through quartz microprobes and
analysis by standard analytical chemistry techniques such as GC/
MS. Counterflow flames are considered since they provide the sim-
plest one-dimensional environment for concurrent detailed mod-
eling. Initial experimental data on a similar flame were discussed
in [10]. Here attention is focused on a methane baseline flame that
can be stabilized and modeled independently of the liquid fuel per-
turbation, to track the effect of the liquid fuel addition all the way
to C2 species by sorting out the baseline flame contribution to
these species. Furthermore, we model computationally the flame
with the semi-detailed chemical kinetic mechanism. In addition
to attempting to validate the surrogate formulation with respect
to the flame structure, the objective is also to provide a database
for the pyrolysis and oxidation behavior of jet fuel in a diffusion
flame for other investigators to use in parallel research efforts in
this area.
2. Experimental setup

The experimental setup consists of a counterflow burner [8]. A
nitrogen shroud shields the flame from room drafts and ensures
burning only in the controlled atmosphere that is determined by
the composition of the feed streams. Fig. 1 shows a schematic of
the experimental set-up. Obtaining complete vaporization of the
fuel is one of the critical issues when dealing with mixtures of hea-
vy hydrocarbons, since fractional distillation may occur. Previous
work used an ultrasonic atomizer to nebulize the fuel in very small
droplets. This system is now upgraded by using an electrospray
[11], which provides greater flexibility in flow rates, without
experimental setup.
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compromising the stability of the flame. To ensure complete fuel
evaporation and prevent condensation downstream of the electro-
spray unit, PID controllers keep the fuel line at 430 K, which is well
above the dew point of the liquid-fuel/CH4/N2 mixture. Samples of
the gas are extracted from the flame through a small silica probe.
This probe has an outer diameter of 340 lm and an inner diameter
of 170 lm, which yields adequate spatial resolution during the
flame sampling and minimizes the flame perturbation, as demon-
strated by comparison with a much smaller probe used in earlier
work [10].

The jet fuel was provided by Wright–Patterson Air Force Base
(POSF No. 4658). To account for the considerable variability in
the composition of jet fuel from different refineries, an ‘‘average”
jet fuel was synthesized by mixing together 5 Jet A fuels from dif-
ferent U.S. manufacturers. The composition of that blend in vol% is:
55.2% paraffins (n- and i-), 17.2% monocycloparaffins, 12.7% alkyl
benzenes, 7.8% dicycloparaffins and 4.9% indans and tetralins.
The balance, � 2%, is in naphthalenes and trycylcoparaffins. The
surrogate is the 6-component blend of well-known hydrocarbons
as used in [8], with the following molar composition: 10% iso-oc-
tane (C8H18), 20% methylcyclohexane (C7H14), 15% m-xylene
(C8H10), 30% n-dodecane (C12H26), 5% tetralin (C10H12), and 20%
tetradecane (C14H30). This surrogate has the same components as
the Utah surrogate [3], but the above-mentioned percentages are
on a molar basis rather than in volume percent, which amounts
to a lower concentration of aromatics and larger concentration of
aliphatics as compared to the composition of the Utah surrogate.
We will refer to it as the Utah/Yale surrogate in the remainder of
the article. Preliminary experiments showed some evidence of con-
densation in the unheated probe at some positions near the fuel
outlet. In part for this reason, the fuel in the liquid phase is added
in trace amounts to a baseline methane flame, as further elabo-
rated below. Since the dispersion of the liquid hydrocarbons into
fine droplets was implemented by an electrospray, which requires
a liquid of finite electric conductivity, both jet fuel and surrogate
were doped with 0.05% (by volume) of an antistatic additive, Octel
Stadis 450. This additive is already present in JP-8 and may be
present in Jet A at concentrations up to 80 ppm.

The chemical analysis is performed by a gas chromatograph
(Agilent 6890A) equipped with thermal conductivity (TCD), flame
ionization (FID) and mass spectrometry detectors (MSD) (Agilent
5973N). The instrument is capable of quantifying complex hydro-
carbon mixtures, CO and CO2. The GC/MSD uses two columns, a
Supelco Carboxen and an Agilent HP-1, connected to the FID and
MSD, respectively. In addition, the TCD measures non-hydrocarbon
stable gases separated by means of a third column (Alltech, Packed
Molecular Sieve). Because of its much wider linear range, this
detector is better suited than the MSD for the analysis of gases
present as large fractions of the gas sample and/or in greatly vary-
ing amounts. A homemade Nickel-based catalytic converter (Meth-
anizer) allows for FID quantification of CO and CO2 upon their
conversion into methane in the presence of hydrogen. The system
can separate and quantify N2, O2, CO, CO2, light gaseous hydrocar-
bons and higher hydrocarbons up to C14, and even higher.

The GC data are post-processed by identifying the species by
both the column retention time and the molecule specific spec-
trum. GC/MS analysis produces a wealth of information but has
one main drawback: it takes a very long time to complete an anal-
ysis. A concentration measurement at any point in the flame typi-
cally requires: 5 min to load the sample loop, 2 min for the analysis
of O2 and N2 by the TCD, 25 min for the analysis of light (C1 and C2)
species by the FID and at least one hour for the analysis of large
molecular-weight compounds via MS. Clearly, a full flame dataset
with a minimum of 10–12 points would entail a tedious procedure
lasting in excess of 30 h. Preserving a steady flame over such a time
would be challenging, especially in the case of jet fuel that requires
precise metering of liquid flow rates. Using a syringe pump, as is
typically done at the small flow rates of interest, would entail re-
peated flame shut-offs with reloading of syringes. If one factors
in thermal transients of the burner and other inevitable variabili-
ties, for example, sampling probe distortions through flame start
up and shut down over a 30 h time period, the potential for repro-
ducibility problems in the measurements is high.

To ease the protocol of the chemical analysis, an automated
sampling system was developed, along the lines of [12] to allow
for sampling/storing using two multiposition valves, two pneu-
matic-actuated injection valves and a battery of sampling loops,
as shown in Fig. 1. One of the pneumatic valves is responsible for
the TCD analysis (top left in the figure) that is executed in real
time, since it requires only 2 min per data point. The other valve,
on the other hand, controls the FID and the MS. Since these two
instruments require a much longer time to complete a measure-
ment, the samples are stored at 423 K in two sets of 16 sample
loops using other two multi-position valves and analyzed over-
night by a computer-automated sequence. Thanks to this improve-
ment, collecting samples from a flame requires at most three hours
of operator work during which the flame has to run continuously.
This dramatic gain in the implementation of the experiment opens
the doors to the systematic study of flame structures with relative
ease.

The overall accuracy of the chemical analytical instrument has
been assessed both by analyzing gas mixtures of known composi-
tion, to evaluate potential bias errors, and by repeated sampling at
the same position in the flame, to estimate the precision error. The
peak areas of the chromatograms show good repeatability within
±4% confirming the adequacy of the above-described sampling sys-
tem. Another source of uncertainty is the calibration: for small
molecules, calibrated gas mixtures (SCOTTGAS�) are used; for the
heavier species, liquid solutions of acetone and carefully measured
aliquots of each component are prepared and injected in the GC/
MS. The total error is estimated at 7% for light species and 12–
15% for the heavier ones.

Temperature measurements were performed using flame-
welded, silica coated Pt–10%Rh/Pt thermocouples with a typical
junction diameter measuring on the order of 70 lm. Standard cor-
rections for radiative losses were applied.

A non-intrusive laser diagnostics measurement was performed
in one of the flames to assess the perturbation of the sampling
probe and to justify a possible shift between experiments and
computation due to probe artifacts. To measure OH by Planar Laser
Induced Fluorescence (PLIF), a 2 mJ UV laser beam from a fre-
quency-doubled Nd–Yag pumped dye laser was tuned to excite
the Q1(8) transition of the (1,0) band of the A2R+ X2P system
at a wavelength of 283.5 nm. The beam was expanded and shaped
into a laser sheet by a 300 mm cylindrical quartz lens. The fluores-
cence signal at 310 nm was imaged on a 1280 � 1024 ICCD camera
(Cooke Dicam-Pro series) through a UV-Nikkor 105 mm f/4.5 UV
lens.
3. One-dimensional computational model

The form of the governing equations for the counterflow flame
model is well documented and presented in detail elsewhere (see,
e.g., [13,14]). The counterflow problem is modeled by considering a
similarity solution of the two-dimensional conservation equations
of mass, momentum, species and energy, valid along the stagna-
tion point streamline. The resulting set of equations can be written
in terms of a nonlinear boundary value problem on a fixed spatial
domain. Submodels for the thermodynamic and transport quanti-
ties, the chemistry and the divergence of the radiative flux are eval-
uated using highly optimized libraries [15] and an optically thin



Table 1
Boundary conditions.

Flame A Flame B Flame C

Fuel side Molar composition
N2 0.897 0.902 0.902
CH4 0.103 0.097 0.097
C2–C5 alkane impurities 232 ppm 218 ppm 218 ppm
Jet fuel (C11H21) 992 ppm
Methyl-cyclohexane 200 ppm
iso-Octane 100 ppm
m-Xylene 150 ppm
Tetraline 50 ppm
Dodecane 300 ppm
Tetradecane 200 ppm
Mass flux (g/min/cm2) 2.80 2.97 2.97
Temperature (K) 379 379 379

Oxidizer side Molar composition
N2 0.227 0.227 0.227
O2 0.773 0.773 0.773
Mass flux (g/min/cm2) 3.19 3.42 3.42
Temperature (K) 340 340 340
Strain rate (s�1) 134 144 144
zf 0.76 0.76 0.76
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radiation model [16]. Despite the significant variations in the
molecular weight of the species, Ludwig–Soret effects, driving light
molecules towards higher temperature regions and heavier mole-
cules towards colder temperature regions [17], were not included
and may have to be incorporated in future refinements. In all cases,
the software developed at Yale is used to study these problems on
machines that include an 8-cpu AMD Opteron cluster equipped
with 32 GB of RAM and two four-way IBM 44P-270 systems run-
ning Linux. All computational systems are connected to a high-
speed 1.2 TB RAID array via gigabit Ethernet links. Of inherent
importance to the nonpremixed studies is the ability to vary one
or more quantities studied in the experiments, as the remaining
system parameters are held fixed. For example, in the diffusion
flames, the strain rate, inlet mass flow rates and temperatures
are parameters of interest. We apply a continuation method such
that the grid and the solution smoothly change as the parameter
is varied. Specifically, the solution algorithm we implement utilizes
a phase-space, pseudo-arclength continuation method with New-
ton-like iterations and global adaptive gridding [18,19]. A semi-de-
tailed kinetic mechanism for the surrogate blend is used for all
flame calculations and is based on an existing hierarchically con-
structed kinetic model for alkanes and simple aromatics extended
to account for the presence of tetralin and methylcyclohexane as
reference fuels, as in our previous work [8].
4. Criterion for flame comparison

There are several options to choose from to compare flames
with different composition. The overall objective is to use the flame
as a well-controlled chemical reactor. In principle, it is advanta-
geous to use a baseline flame, such as a methane diffusion flame
as a reference with a prescribed velocity and thermal field, and
then to perturb such a flame with known amounts of either jet fuel
or surrogates. This approach, advocated by Hamins et al. [20] and,
more recently, by McEnally et al. [21], has the following advanta-
ges: (i) it minimizes the potential of vapor condensation since
the partial pressure of the condensable components is very mod-
est; (ii) critical (non-chemical) variables, such as temperature
and velocity, can be measured once and for all on the baseline
flame, without the need of repetitious measurements on each
chemically perturbed flame; (iii) probe-induced perturbation can
be studied systematically on the simple baseline flame, since the
fluid dynamic interaction of the intrusive probe and the flame is
the same as when an additive is introduced. Residence time and
temperature can be controlled by the flame strain rate and by
the feed stream composition, respectively. Also, the jet fuel surro-
gate overall heat release behavior was successfully validated in [8],
which is another reason why a self-sustained jet fuel flame is not
indispensible and the perturbation approach is preferable.

Once this approach is chosen, clearly there are many degrees of
freedom to ensure that the comparison between the baseline flame
and the perturbed one is ‘‘fair.” To control the flame temperature
and prevent soot formation, the flame is highly diluted with nitro-
gen. To have measurable concentration of chemical species from
the flame dopants, the concentration of jet fuel needs to be suffi-
ciently large so that any species of interest must be produced in
sufficiently large amounts to be able to distinguish it from the con-
tribution from the background methane flame. Preliminary exper-
iments showed that the additive must be in molar concentrations
on the order of at least 1000 ppm. Such an amount corresponds to
an energetic increment over the base-line methane flow rate on
the order of 7%. As a result, the peak temperature may increase
by 50–70 K and the location of the flame may shift slightly toward
the oxidizer side. To maintain the same temperature profiles of the
baseline flame, one could increase the inert molar fraction in either
one of the two streams or both. Both changes may lead to a further
shift of the flame towards the oxidizer side. However, these shifts
may be compensated by a small increase in the flow rate on the
oxidizer stream to move the stagnation flame in the opposite direc-
tion – towards the fuel side. In summary, by slightly adjusting feed
stream composition, strain rate and mass flux at the burner outlets
one can ensure that the following two conditions are fulfilled: the
same temperature profile is maintained in the flames; and the stoi-
chiometric mixture fraction, zf, defined as

zf ¼
1

1þ s YFF
YOO

; ð1Þ

is unchanged, at zf = 0.76, where s is the stoichiometric mass ratio of
oxygen to fuel, that in the case of jet fuel is assumed to have a
molecular composition equivalent to C11H21, YFF and YOO are the
feed stream mass factions of fuel (regardless of the chemical com-
position) and oxygen, respectively. Since temperature is the most
critical variable in high activation energy chemistry that is typical
of combustion, the first condition suggests that the Arrhenius kinet-
ics can be properly compared between the two flames. The second
condition suggests that, in the first approximation, the flame posi-
tion with respect to the gas stagnation plane is unaltered by the
perturbation, since the mixture fraction is a monotonic function
of the axial position.

Table 1 specifies the density corrected strain rate [22], and the
boundary conditions with mole fractions, total mass flux and outlet
temperatures of both fuel and oxidizer streams for the three flames
under consideration: the baseline CH4 flame – Flame A, the jet fuel
doped methane flame – Flame B, and the Utah/Yale surrogate-
doped methane flame – Flame C. The inner diameter of the burner
outlets is 12 mm and the burner separation is kept at 14.1 mm. Be-
cause of impurities in the CH4 supply, trace amounts of C2–C5 al-
kanes were revealed by chromatographic analysis, the sum of
which averages at approximately 225 ppm. The presence of these
impurities did not prevent us from quantifying the jet fuel and sur-
rogate perturbations.

5. Results and discussion

5.1. Major species and temperature

Figs. 2–8 show comparisons of species and temperature profiles
among the various flames analyzed here. The experimental data



Fig. 2. (a) Comparison of some major species and temperature profiles of Flame B
(full symbols) and Flame C (open symbols (experimental), dash/dot line (compu-
tational)), solid line (computational, Flame A); b) temperature profiles (same
symbols as in a)). The ordinate scale does not allow for the presentation of all the
data for O2 up to the mole fraction (0.78) at the oxidizer boundary.
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are shifted towards the oxidizer side by approximately 2 mm to ac-
count for three effects. The first is related to the nitrogen shroud. In
the absence of such a shroud, the flame tends to be too sensitive to
room drafts. In addition, towards its periphery it bends into a
capped shape towards the fuel side. As a result, even when sam-
pling regions at relatively low temperatures near the fuel mouth,
where significant amounts of large species are present, the sam-
pling probe necessarily crosses the flame, which may lead to probe
artifacts such as the fouling of the probe interior by a brownish tar-
looking compound, as observed in some preliminary experiments.
To avoid this problem, the shroud flow was balanced in such a way
to ensure flatness of the flame even at its periphery. This in turn
required a larger flow rate from the nitrogen shroud on the fuel
side of the burner as compared to that from the oxidizer side,
which lead to a shift of the position of the flame by approximately
1 mm towards the fuel side. This arbitrary shift is obviously not ac-
counted for in the one-dimensional simulation and requires a cor-
rection. There is a second, smaller shift between experimental data
and simulation that is more difficult to quantify. It is related to the
probe intrusiveness and its magnitude depends on the probe posi-
tion, as further elaborated in Section 5.8. The third effect is a likely
mismatch between experiments and computation in the velocity
boundary conditions, that are specified on the basis of the mass
fluxes and the temperatures at the boundaries (see Table 1). No
velocity measurements were performed. It is well-known that
regardless of how careful one is in the of design of the burner, even
an axial velocity profile at the burner mouth that is top-hat in the
jet configuration presents wings at the edges when mounted in
counterflow. Consequently, the velocity at the centerline is slightly
different from the mass-averaged velocity. Another difference in
the velocity profile lies in the gradients at the boundaries that
may vary from plug flow to potential flow and may result in an
additional shift of the flame.

Fig. 2a shows a comparison of the experimental data among
Flame B, Flame C and the computational results for Flames A and
C. The simulation of the undoped Flame A is shown with a solid
line, whereas that of the surrogate-doped Flame C with a dash–
dot line. No experimental data of Flame A are shown, except for
the temperature, to avoid excessive cluttering of the figure. Full
symbols are used for the jet fuel doped flame (Flame B) and open
symbols for the surrogate counterpart (Flame C) in this and all sub-
sequent figures. There is virtually no distinction in the profiles of
the three flames with respect to O2, CO, CO2 and temperature.
The same consideration applies to CH4, except at the boundary
where the molar fraction has necessarily changed between Flame
A and Flames B and C. Fig. 2b shows the virtually identical temper-
ature profiles of Flames A–C. The absence of significant changes in
the concentrations of CO, CO2 and temperature due to the presence
of either jet fuel or the surrogate indicates that most of these spe-
cies and the heat release are produced by CH4 oxidation. Thus, the
goal of establishing a well-defined reactive environment to be
slightly perturbed by either the jet fuel or its surrogate addition
is achieved. Although the agreement between experiments and
computational results is adequate for the present purposes, the
computed CO2 profile and temperature profile are narrower than
the experimental ones, which may be due to the mismatched
velocity boundary conditions, as discussed above. In view of the
fact that methane accounts for the bulk of the heat release even
in the doped flames, the agreement between the computational re-
sults and the experimental data in the figure is merely a reflection
of the successful modeling of a CH4 diffusion flame, which is al-
ready well established in the combustion literature.

The computational results indicate that the gas stagnation
plane is at 7.6 mm from the fuel inlet, showing that the flame is
positioned on the fuel side of the stagnation plane. This result is
also consistent with the value of the stoichiometric mixture frac-
tion zf = 0.76 for all flames. We notice that the large stoichiometric
mixture fraction, and oxygen concentration in the oxidizer stream,
which were chosen to stabilize the flame in the absence of any
soot [23], make these results particularly relevant to oxy-fuel
combustion, which is one of the options, coupled with carbon cap-
ture and sequestration, to minimize global warming impact from
combustion.

5.2. Chromatogram analysis

A lot of care must be put in the selection of the quantitation
ions. When dealing with complex fuel blends as the present ones,
the chromatograms tend to be noisy because of the presence of
many isomers and the fact that the quantitation of compounds that
can be present as different isomers (e.g., alkenes and alkylben-
zenes) is often affected by the overlap of the spectra of more than
one isomeric molecule in the chromatogram. Fig. 3a shows a typi-
cal jet fuel MS chromatogram from a gaseous sample extracted
near the burner mouth, that is, before any significant chemistry
has taken place. The arrows denote compounds that were identi-
fied and quantitated, as specified in the figure legend. The domi-
nant peaks are associated with C9–C16 alkanes, whereas only a
few of the smaller peaks, associated with the aromatics, are
marked. There is a plethora of even smaller, unidentified peaks
and a pedestal on which the peaks are superimposed. The final
number of species we were able to measure is 30, another 20 were
correctly identified but their quantitation lacks the necessary



Fig. 4. Profiles of molar fractions of C7–C15 alkanes: (a) Flame B (full symbols); (b)
Flame C (open symbols (experimental), solid lines (computational).

Fig. 3. (a) Typical jet fuel MS chromatogram, as measured from a gaseous sample
extracted near the burner mouth. The arrows denote compounds that were
identified and quantitated. From left to right: toluene, octane, m-xylene, nonane,
1,2,3-trimethylbenzene, decane, undecane, tetralin, dodecane, tridecane and
tetradecane, respectively; (b) Jet fuel surrogate chromatogram presenting distinct
peaks in correspondence with nitrogen (leftmost peak) and the 6 components of the
surrogate: from left to right, methylcyclohexane, iso-octane, m-xylene, tetralin,
dodecane and tetradecane.
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accuracy. Further refinements will be pursued in the future with
the help of sensitivity studies [24] in the computational modeling
to identify which minor species play a critical role from a chemical
kinetic viewpoint and to develop a chemical analytical strategy to
separate and quantitate them. Nevertheless, the present data are
sufficient to provide a general picture of the chemical evolution
in the pyrolysis and oxidation of jet fuel in a diffusion flame. By
contrast, as shown in Fig. 3b, the chromatogram of the surrogate
is clean and the quantitation of its components poses no difficul-
ties. Additional considerations on the implications of the partial
analysis of the jet fuel spectrum will be made with respect to the
total carbon count originating from the jet fuel and the surrogate.
Similar chromatograms to those in Fig. 3 were reported in [10].

5.3. C7–C15 alkanes

Fig. 4 shows the degradation of the larger, C7–C15 alkanes in
the jet fuel doped flame (Flame B) (Fig. 4a) and in the surrogate
flame (Flame C) (Fig. 4b). First, we notice by comparing the ordi-
nate scales in the two figures that the sum of mole fraction values
of the identified alkanes in Flame B is much smaller by comparison
with the equivalent sum in Flame C. As a result, the comparison
with the surrogate can be only qualitative. Yet, if the identified al-
kanes are regarded as tracers for a broader group of large alkanes,
some useful information can be drawn. As mentioned earlier, the
reason for the modest presence of alkanes in Flame B, despite the
fact that they are known to be major components of the jet fuel,
has to do with the complexity of the chromatogram in Fig. 3a. Jet
fuel contains a large number of compounds, such as alkenes and
aromatics that can have different isomers. As a result, the spectro-
scopic analysis presents a large ‘‘grassy” background and is very
difficult to analyze. In Fig. 3a, we only considered the contribution
from the major peaks (marked by arrows) that represent alkanes
and some small aromatics, as indicators of a larger number of sim-
ilar molecules. The presence of the pedestal prevents us from per-
forming an accurate integration. Conversely, the chromatogram of
the surrogate flame always consisted of distinct peaks that could
be properly integrated, as shown in Fig. 3b. Fig. 4b shows the pro-
files of the same class of compounds for Flame C, along with the re-
sults of the simulation. It appears that the pyrolysis-induced
disappearance of these compounds is delayed by roughly 0.3 mm
in the surrogate flame. The larger alkanes exhibit a pattern roughly
consistent with the disappearance of the larger and more labile
hydrocarbons first, as the high-temperature region is approached.
In other words, tetradecane, tridecane, dodecane, undecane, dec-
ane and nonane vanish well before the region of peak heat release
and highest temperature, as marked by the CO and CO2 profiles in



Fig. 5. Comparison of C3–C6 alkanes in Flame B (full symbols) and Flame C (open
symbol (experimental), solid line (computational)).

Fig. 6. Profiles of molar fractions of C2 hydrocarbons: (a) Flame B (full symbols) and
Flame C (open symbols); (b) doped hydrogen flame with a similar temperature
profile as in Flame A. The computed acetylene, ethylene and ethane are presented as
a solid line, dashed line and dash–dot line, respectively.
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Fig. 2. The data presented here are consistent with a typical hydro-
carbon chemical kinetic pathway with large molecules decompos-
ing thermally. The observed pattern is a consequence of the
addition of jet fuel or the surrogate to the original flame and is
reflective of kinetics relevant to these fuels, since the oxidation
of CH4 per se does not yield any of these large alkanes in detectable
amounts. The data for the C7–C15 hydrocarbons show a non-
monotonic behavior, with a small ‘‘hump” in the relatively colder
region at z � 4.0 mm, whose nature requires further investigation.
It is suspected that it may be an artifact of the long-term storage of
the gas sample in the sample loop at high temperature for off-line
analysis, since preliminary results with on-line analysis of the
same samples do not reveal such a behavior. The well-known
decomposition pathways for alkanes entails either H-atom
abstraction or unimolecular dissociation to alkyl radicals, followed
by beta scission of the alkyl radicals [23]. Consistent with this path,
small quantities of 1-octene, 1-decene and 1-undecene and smaller
alkenes were found immediately after the concentration drop of
their parent alkanes. However, following the decomposition of ole-
fines down to ethylene is extremely difficult because of the over-
lapping spectra of multiple isomers. Similar challenges are posed
by the quantitation of dienes.

5.4. C3–C6 alkanes

Fig. 5 shows the continuous evolution of the parent alkanes
leading through thermal decomposition to the formation of C3–
C6 alkanes, with pentane and hexane decaying at z � 6.25 mm,
and those of propane and butane at z � 5.5 mm. A comparison of
the location of these peaks with that of the disappearance of the
larger alkanes that starts closer to the fuel outlet further corrobo-
rates the observation that these smaller alkanes are a product of
the decomposition of the larger ones. The noisy behavior of C3H8

is possibly related to the same gas sample storage effect discussed
in connection with the ‘‘hump” in the C7–C14 profiles in the previ-
ous figure.

5.5. C2 hydrocarbons

Fig. 6 compares the measured and computed C2 species in
Flames B–C. Flame C has a peak ethylene mole fraction 20% larger
than Flame B, whereas the two flames seem to be in good agree-
ment with respect to ethane and acetylene. Appearances, however,
may be deceiving, since this finding may be due to the fact that a
significant portion of the C2 concentrations comes from the base-
line flame (Flame A). For a better defined validation of how the sur-
rogate mimics the jet fuel behavior with respect to these species,
we decided to perform the same comparison between jet fuel dop-
ing and surrogate doping in a different baseline flame with a sim-
ilar temperature profile as Flame A (Tmax = 1980 K) but with H2 as
the primary gaseous fuel, as opposed to CH4. The molar fractions in
the reactant streams for the hydrogen baseline flame were: 0.18,
0.820, 0.836 and 0.164 for H2 and N2 on the fuel side, and O2 and
N2 on the oxidizer side, respectively, resulting in a stoichiometric
mixture fraction zf = 0.856 and an overall strain rate estimated at
112 s�1. The hydrogen flame results (Fig. 6b) confirm a significant
difference in ethylene mole fractions between jet fuel and surro-
gate, the latter presenting a lower peak concentration by about
30%. The trends for ethane and acetylene, on the other hand, are
well reproduced by the surrogate with the experimental data over-
lapping those of the flame doped with jet fuel. A comparison with
the computational results for these flames shows reasonably good
agreement for ethane, but underprediction of ethylene concentra-
tion by a factor of 3 and overprediction of acetylene concentration
by a similar factor in the computation.

5.6. Aromatics

Fig. 7a shows a comparison for some aromatics between Flames
B and C, including the computational data of Flame C. There were



Fig. 7. Profiles of aromatics: (a) Flame B (full symbols) and Flame C (open symbols
(experimental), lines (computational)); (b) enlarged view of a).
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no detectable aromatics in Flame A. Therefore, the situation is
clearer than for the previously discussed C2 species. m-Xylene, that
is present in the surrogate was not detected in the jet fuel/methane
flame. Tetralin was detected, but its retention time is the same as
tetramethyl-benzene and was not separated. The presence of m-
xylene and tetralin in the surrogate is meant to represent the mul-
Fig. 8. Total carbon mole fraction in Flame B (full symbols) and Flame C (open
symbols) (experimental), excluding the contribution from major products such as
CO and CO2, and their primary source, CH4.
titude of single and multi-ring aromatics that are present in jet
fuel. So, it is not surprising that there is no agreement at all be-
tween Flames B and C away from the reaction zone. More impor-
tantly, is the evolution of the aromatics within the flame. As
shown in Fig. 7b that is a close-up of Fig. 7a, as the concentration
of tetralin and xylene in the surrogate flame and trimethylbenzene,
that is produced in small amounts in the jet fuel flame, decreases,
benzene and toluene appear, with both compounds surviving the
longest in the high temperature region because of their ring stabi-
lized structure. Heavier aromatics (e.g., styrene and naphthalene)
that may eventually contribute to the formation of particulates
were found in even smaller quantities and are currently under
investigation. The aromatic profiles exhibit the most significant
difference between the jet fuel flame and the surrogate counter-
part, the jet fuel flame producing much more benzene and toluene,
with peak values more than a factor of two larger in Flame B as
compared to Flame C. The computational model further underpre-
dicts these species, as compared to the experimental Flame C by
20–30%. The presence of a small peak of tri-methylbenzene, that
is aligned with the benzene peak, is not captured by the simulation
since tri-methylbenzene does not appear as one of the species in
the chemical kinetic mechanism. Significantly, even in the case of
the jet fuel flame (Flame B), whose chromatogram is difficult to
analyze, the error associated with the identification of these small
aromatics (benzene, toluene) is very small, since they do not fea-
ture isomerism (i.e., they generate sharp, coherent peaks) and sur-
vive the early stages of oxidation (i.e., are present after the ‘‘grassy”
baseline of Fig. 2 has disappeared through pyrolysis and initial oxi-
dation). We also tested computationally a more recent surrogate
formulation, Surrogate C in [5] in which the aromatics are repre-
sented by 200 ppm of m-xylene, with the balance of the surrogate
being distributed between only n-dodecane (600 ppm) and
methyl-cyclohexane (200 ppm). No significant improvement in
the aromatic behavior was observed.

5.7. Fuel vapor carbon count

To corroborate further the quantitative nature of the data, with
the exception of the C7–C15 alkanes in Fig. 4a, a comparison of the
total carbon count between Flames B and C is shown in Fig. 8. The
surrogate-doped flame has initially nearly 5 times as much carbon
as the jet fuel doped flame. The data up to z � 5 mm show a flat
profile hovering around 2200 carbon ppm for Flame B and slightly
above 10,000 ppm for Flame C. The total carbon mole fraction ex-
cludes the contributions from major products such as CO and
CO2, and their primary source, CH4 from the baseline flame (Flame
A). Therefore, it should account for the fate of all the carbon gener-
ated from the parent liquid fuel to intermediate pyrolysis products.
Since the overall molecular weight and flow rates of the injected
vapor are comparable in the two flames, the discrepancy suggests
that we properly quantitated only roughly 22% of the total carbon
introduced as jet fuel vapor. Past z � 5 mm, Flame B exhibits a
behavior very different from that of Flame C. In the latter, the total
carbon count monotonically decreases as CO and CO2 are formed,
as shown in Fig. 2, as a consequence of the chosen definition of car-
bon count. At about z � 7 mm the oxidation is completed and no
carbon persists in the fuel state in either flame. Conversely, in
the jet fuel doped flame, after the initial plateau at 2200 ppm,
the carbon count exhibits a nonmonotonic behavior, with an inter-
mediate peak before decreasing, similar to Flame C. This behavior
is a consequence of the better performance of the GC/MS in sepa-
rating the jet fuel intermediate species as the largest compounds
and their isomers are pyrolyzed and partially oxidized, which is
consistent with the trends in the C7–C14 alkanes in Fig. 4a that
were found to be in much smaller concentrations than expected.
If we now revisit Fig. 7, we see that the bulk of the chemical
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‘‘action” in the formation of the small aromatics occurs between
z � 5.7 mm and 6.7 mm. The consistency in total carbon count be-
tween the two flames in this region confirms the quantitative nat-
ure of the measurements of small aromatics even in the jet fuel
doped flame. Therefore, only the C7–C14 alkanes in Fig. 4a are
qualitative in nature and should be used for relative comparison
purposes.

5.8. Probe perturbation

Probe sampling is subject to many sources of error, which can
make it difficult to compare measured and computed absolute spe-
cies. The potential pitfalls of sampling are comprehensively re-
viewed in Ref. [21] (see, also, Ref. [25]). Although the use of
chemical analytical techniques to probe the pyrolysis zone of these
complex hydrocarbon mixtures is virtually indispensable, a com-
mon criticism raised to these types of data is the intrusiveness of
any physical probe inserted into the flame. In addition to introduc-
ing a heat sink into the combustion environments, the probe may
perturb the fluid dynamics of the flame and cause systematic shifts
in the position from which the sample is extracted with respect to
the flame. Here we explore a procedure that assesses the
intrusiveness of the probe by exploiting information from nonin-
trusive PLIF. Fig. 9 shows a typical signal in a jet fuel doped flame
under a UV laser sheet illumination. The OH fluorescence layer in
the middle of the combustion domain is separated by a thin, dark
zone from a brighter region extending all the way to the fuel outlet.
The latter marks the fluorescence from the aromatics contained in
the fuel. These aromatics are well known to have a featureless
broadband fluorescence in the visible and have been used as trac-
ers for fuel concentration, temperature and fuel/air ratios in prac-
tical systems [26].
Fig. 9. PLIF of jet fuel and OH in Flame A.

Fig. 10. PLIF of flame with intrusive
Fig. 10a shows the same type of PLIF image as in Fig. 9, in the
presence of the gas-sampling probe, whose silhouette is noticeable
in the upper right quadrant of the picture. Both the contributions of
OH and fuel sandwich a thin dark zone are still visible. However,
the presence of the probe causes a ‘‘bump” in these regions. In par-
ticular, when the probe is positioned far from the stagnation plane
and close to the burner mouth, the shift of the flame is more pro-
nounced, which results in a reduction of the distance of the probe
position with respect to the flame. The second and third pictures in
the figure show a side-to-side comparison of the perturbed flame
(Fig. 10b), with the probe axis perpendicular to the camera and
the probe tip appearing as a bright, saturated spot, and the unper-
turbed flame (Fig. 10c). In the past, investigators typically ne-
glected the problem and applied a systematic shift between
computational and experimental studies to bring the datasets in
closer agreement, as we provisionally did here. Such a procedure
is in principle inaccurate, since the shift is a function of the probe
position, with the most significant perturbation present when the
probe is close to the burner mouth. The application of PLIF allowed
us to quantify the effect of the probe intrusiveness to a position-
dependent shift of at most 0.6 mm. Such a shift is considered rather
modest since it amounts to approximately 10% of the physical do-
main where chemistry is playing a role, which corresponds to the
region between 4 and 10 mm from the fuel inlet (see Fig. 2). This
observation is also consistent with the results from thermocouple
scans of the flames that were performed both with and without the
probe in the flame, which also yielded a shift of comparable mag-
nitude. The experimental measurements were not remapped to ac-
count for this effect, in view of the fact that the conclusions from
the comparison of experiments and computational results would
not be significantly affected. In summary, the 2-mm shift that
was necessary to overlap experimental results and computational
ones, as discussed in Section 5.1, �1 mm is due to the nitrogen
shroud effect and 60.6 mm to the probe perturbation. The remain-
ing discrepancy may be attributed to slightly mismatched bound-
ary conditions in the velocity profile that may vary from plug
flow to potential flow.

6. Conclusions

An experimental and computational study on the structure of a
CH4 counterflow diffusion flame doped with 1000 ppm of either jet
fuel or a 6-component surrogate was successfully completed.
Experimentally, the chemical analysis was performed by gas sam-
pling through quartz microprobes and subsequent semi-auto-
mated GC/MS analysis. Conditions were chosen to ensure that all
flames had identical temperature profiles and stoichiometric mix-
ture fraction through a judicious selection of feed stream composi-
tion and strain rate. Computationally, a one-dimensional model
was applied using a semi-detailed kinetic mechanism for the sur-
rogate blend that is based on an existing hierarchically constructed
kinetic model for alkanes and simple aromatics extended to
effect of the gas sampling probe.
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account for the presence of tetralin and methylcyclohexane as ref-
erence fuels. Principal conclusions follow:

� The experimental dataset provides a glimpse of the pyrolysis
and oxidation behavior of jet fuel in a diffusion flame. The addi-
tion of the jet fuel results in the fragmentation of heavier
alkanes to smaller ones, the onset of C2-hydrocarbons and the
appearance of peak aromatic concentrations that are capable
of withstanding higher temperatures as the location of the peak
temperature is approached. This sequence is in line with the
anticipated kinetic behavior, based on thermal decomposition
of large alkanes to smaller and smaller fragments and the sur-
vival of ring-stabilized aromatics at higher temperatures.

� The surrogate captures this behavior reasonably well, the most
significant discrepancy with respect to the jet fuel being in ben-
zene, toluene and ethylene.

� The computational results are in reasonably good agreement
with the experimental data of the surrogate-doped flame.

� A major challenge is identified in the quantification of the jet
fuel components whose GC/MS analysis is at present qualitative
and incomplete, as revealed by the fact that roughly only 22% of
the overall carbon introduced as liquid fuel is recovered by the
analysis.

� The intrusiveness of the quartz microprobe was quantified by
laser-induced fluorescence visualizing the shift in OH concentra-
tion due to the presence of the probe. Such a shift was found to
be at 60.6 mm and is considered rather modest since it amounts
to approximately 10% of the physical domain where chemistry is
playing a role.
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