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Laminar flame speeds and extinction limits of premixed and nonpremixed flames of conventional jet fuels, such as
jet propellant 7 and jet propellant 8, and alternative jet fuels, such as synthetic and bioderived, were determined in
the counterflow configuration at atmospheric pressure and elevated unburned reactant temperature. The results
were compared against those of flames of n-decane and n-dodecane, both being candidate components of jet fuel
surrogates. Results indicate that jet propellant 8/air and jet propellant 7/air flames exhibit lower propagation speeds
and resistance to extinction compared with flames of alternative fuels. The reduced reactivities of jet propellant 8/air
and jet propellant 7/air flames are caused by the alkylcycloparaffins and alkylbenzenes that are present in notable
quantities in conventional jet fuels. The combustion characteristics of bioderived jet fuels were found to be
indistinguishable from those produced synthetically via the Fischer-Tropsch process. The phenomena of flame
propagation and extinction were modeled using rn-decane and r-dodecane flames, for which kinetic models are
available and for which the molecular weight is representative of that of practical jet fuels. Sensitivity analysis was
performed, and results revealed that, compared with flame propagation, flame extinction is, in general, more
sensitive to Kinetics and diffusion, especially under nonpremixed conditions.

I. Introduction

ESPITE their extensive use in airbreathing propulsion, the

combustion properties of conventional petroleum-derived jet
fuels, such as jet propellant 7 (JP-7) and jet propellant 8 (JP-8), are
still not well characterized. JP-7 and JP-8 fuels contain myriads of
compounds, with compositions that are variable and dominated by
n-paraffins, isoparaffins, cycloparaffins, and aromatics compounds
(e.g., [1]). The oxidative and pyrolytic characteristics of these classes
of fuels are known to differ notably and, as a result, the combustion
characteristics of JP-7 and JP-8 are sensitive to fuel composition
variations.

In addition, the trend of fuel diversification is expected to continue
and accelerate, especially with respect to fuels derived from
renewable sources, such as biomass, and those produced synthet-
ically via, for example, the Fischer—Tropsch (F-T) process [2].
Currently, F-T and bioderived fuels are considered as alternative
fuels in airbreathing propulsion. Examples of F-T fuels are those
derived from natural gas by Syntroleum, hereafter referred to as S-8,
and from gas to liquid (GTL) by Shell, hereafter referred to as Shell-
GTL. An example of a bioderived fuel is that produced by Tyson
from animal/vegetable oil and subsequently deoxygenated, hereafter
referred to as R-8. These three fuels are available to researchers, and it
has been reported that they have similar compositions# that are
dominated by n-paraffins and isoparaffins [3]. Although the viability
of the S-8, Shell-GTL, and R-8 fuels has been demonstrated in
military aircraft, their chemical and physical properties have yet to be
fully characterized (e.g., [4]).

The large number of complex hydrocarbons present in conven-
tional and synthetic jet fuels makes their modeling a rather daunting
task. Thus, recent and current efforts have been focusing on
developing suitable surrogate fuels that could be modeled. However,
deriving surrogate fuels that can closely mimic both the physical and
chemical properties of practical jet fuels over a wide range of
conditions remains a major challenge. Compared with neat
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compounds, few studies exist on the combustion characteristics of
conventional and alternative jet fuels. Different experimental meth-
odologies, such as flow reactors [5,6], shock tubes [7,8], and
spherical [9] and counterflow flames [10-14], have been used to
measure the ignition delay times, laminar flame speeds, and
extinction limits of conventional and alternative jet fuels over wide
ranges of temperatures and pressures. Although many efforts have
focused on the development of pertinent kinetic models (e.g., [15—
23]), there still exists notable disagreement among experimental
data, as well as between experiments and models predictions.

Based on the aforementioned considerations, the main goal of this
study is to provide archival experimental data on flame propagation
and extinction of JP-7/air, JP-8/air, S-8/air, Shell-GTL/air, and R-8/
air flames, which will contribute toward better understanding of their
high-temperature combustion characteristics. Laminar flame speeds
S9 and extinction strain rates K., of premixed and nonpremixed
flames were determined in the counterflow configuration for a wide
range of equivalence ratios ¢. All measurements were carried out at
atmospheric pressure and elevated fuel-carrying stream temperatures
T,. The data obtained in premixed flames were compared against
those obtained for n-decane (n-C,yH,,) and n-dodecane (1n-C,H,4)
flames in a previous study by the Ji et al. [24]. Measurements of K.
of nonpremixed n-C;yH,, and n-C,,H,4 flames were performed in
this study as well. The compounds n-C,yH,, and n-C,H, have
molecular weights that are similar to JP-7 (C,H,5) and JP-8 (C;,H,,)
[1], as well as S-8 (C,oH»,7) [2], and they are among the main
candidate components of jet fuel surrogates (e.g., [20]). The
molecular weights of Shell-GTL and R-8 fuels are not available, and
they were assumed to be close to that of S-8, given that their chemical
compositions are similar. ¥

II. Experimental Approach

A. General Configuration and Procedures

S% were determined in the symmetric twin-flame opposed-jet
configuration, as shown schematically in Fig. 1 (e.g., [24-28]). The
extinction studies of premixed flames involved the use of the single-
flame configuration that results from counterflowing an ambient
temperature N, jet against a heated fuel/air jet [24]. The single
premixed flame configuration was chosen over the twin-flame one, as
it results in lower K.,,, compared with the twin-flame configuration.
Lower K, require lower Reynolds numbers (generally between 400
and 1500), so that intrinsic flow instabilities are minimized.

*Tim Edwards, private communications, 2008.
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Fig. 1 Schematic of the experimental configuration.

Nonpremixed flames were established by counterflowing an ambient
temperature O, jet against a heated fuel /N, jet [12]. Different burner
nozzle diameters D and nozzle separation distances L were used.
More specifically, D = L = 14 mm was used for the determination
of 89, while, D = L = 10 mm was used for the determination of
Kext'

The vaporization system included a high-precision syringe pump
to inject the liquid fuel [24]. Uniformly sized fuel droplets, ranging
from 0.5 to 5 um, were produced with a nebulizer (Meinhard,
type TR-50-C3), and they were vaporized instantly in a vaporization
chamber. To prevent fuel condensation, the gas delivery line was
wrapped with heating tape and the temperature was monitored using
K-type unsheathed thermocouples. The partial pressure of the fuel
was kept below its vapor (saturation) pressure under all conditions
reported in this work. The burners were heated with ceramic heating
jackets. A K-type thermocouple was used to monitor 7', at the center
of the burner exit. All measurements were performed at p = 1 atm
and 7, = 403 K.

The axial flow velocities were measured along the stagnation
streamline using digital particle image velocimetry (DPIV). The flow
was seeded with submicron-sized droplets of silicon oil that was
previously mixed with the fuel at small concentrations, i.e.,
0.2 ~ 0.5%. The vaporization temperature of the silicon oil is 540 K,
which allows the droplets to survive well into the preheat zone while
capturing the minimum point of the axial velocity profile just
upstream of the flame that is defined as a reference flame speed S, ¢,
as shown schematically in Fig. 2. The droplets are small enough so
that they follow the flow and they have no measurable effect on the
flames [12]. A dual laser head, Solo neodymium-doped—yttrium-
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Fig. 2 Typical computed axial velocity profile along system centerline
and definitions of K and S, .., (symbols: velocity profile; and line:
temperature profile).

aluminum-garnet laser system (New Wave Research, type Solo-III-
15) was used in this work. This laser system produces a 50 mJ/pulse
light beam at 532 nm, with a 3-5 ns pulse width and a 3.5 mm beam
diameter. A particle image velocimetry imager intense system
(LaVision) was used to capture the images. The system contains a
12-bit 1376 x 1040-pixel charge-coupled device (CCD) camera
(pixel size 6.45 x 6.45 pm), which runs at 5 frames/s, along with a
200 mm/F4 Micro Nikkor lens, a PC interface board, and a
programmable timing unit (version 9) for generation of complex
patterns of pulses with highly accurate timing controlled by the DPIV
software. An optical filter with a passband centered at 532 nm was
used to minimize the luminous emission from the flames. The CCD
camera operates at a double frame mode that records the first frame
with 10 us exposure, while the second image was integrated for
100 ms. The DPIV software is capable of recording the image data as
well as processing them through the cross-correlation data reduction
technique.

S¢ is determined experimentally by first establishing the variation
of S, rr With the strain rate K, which is defined as the absolute value
of the maximum velocity gradient, as shown in Fig. 2 as well.
Subsequently, the variation of S, s with K is computed using a
detailed description of chemical kinetics and molecular transport.
Additionally, SY is computed and corresponds to K = 0. The
computed S, ¢ and S, values are then fitted as a polynomial function
of K. This polynomial function could then be translated vertically to
best fit the experimental S, ¢ and determine S¢,. This computation-
ally assisted nonlinear extrapolation is described in detail in previous
studies by Ji et al. [24], Wang et al. [29], and Veloo et al. [30]. It has
been shown [24,29,30] that small but finite uncertainties in rate
constants and reactant transport coefficients have a negligible effect
on the shape of the nonlinear S, ..; vs K correlation, which can thus
can be used with confidence to determine S¢ from the raw
experimental data. All raw experimental data (i.e., the variation of
S.rer Vs K) in this study were well documented and are available
upon request. The JetSurF 1.0 kinetic model [31] was used to
produce the S, ¢ vs K correlations and attendant polynomial fits for
n-C,yH,, and n-C,,H,s flames at conditions that are identical to
those considered in the jet fuel flames. Given that reliable surrogate
fuels and the attendant kinetic models are not available for jet fuels,
the polynomial functions derived from n-C;yH,, flames were also
used to fit the experimental S, ,.; of JP-7, JP-8, S-8, Shell-GTL, and
R-8 flames; details of the JetSurF 1.0 kinetic model will be given in
Sec. III.

Similar to S9, K, cannot be measured directly. Its determination
requires that a near-extinction flame be established first, followed by
a measurement of the prevailing K just upstream of the flame.
Subsequently, the fuel flow rate in the fuel/air jet is varied slightly to
achieve extinction [24,28]. In premixed flame experiments for fuel-
lean mixtures, this is done by slightly reducing the fuel flow rate,
while for fuel-rich mixtures, extinction is achieved by slightly
increasing the fuel flow rate. For nonpremixed flames, slight
reduction of fuel in the fuel/N, stream results in extinction. The
modification to K due to the small changes in the fuel flow rate has
been determined to be insignificant.

The U.S. Air Force Research Laboratory has provided the four jet
fuels with attendant POSF identification numbers, and their
compositions are summarized in Table 1. JP-7 (POSF-3327) consists
mainly of n-paraffins, isoparaffins, cycloparaffins, and a small
amount of aromatics (less than 1%). JP-8 (POSF-3773) contains
n-paraffins, isoparaffins, and cycloparaffins, as well as notable
amounts of aromatics (greater than 13%). The compositions of two
F-T fuels [S-8 (POSF-4734) and Shell-GTL (POSF-5172)],
however, are dominated by n-paraffins and isoparaffins, with
negligible amounts of cycloparaffins and aromatics being present.
The composition of R-8 (POSF-5469) is reported to be similar to S-8*
and is not shown in Table 1.

B. Experimental Uncertainties

The uncertainties of the experimentally determined S, ¢, S¢, and
K are attributed largely to the uncertainties associated with the
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Table 1 Jet fuel composition on a per mass basis

JP-7 (POSF-3327) JP-8 (POSF-3773) S-8 (POSF-4734) Shell-GTL (POSF-5172)

Paraffins (n- + iso-) 67.9 57.2
Cycloparaffins 21.2 17.4
Dicycloparaffins 9.4 6.1
Tricycloparaffins 0.6 0.6
Alkylbenzenes 0.7 13.5
Others 0.2 5.2

99.7 99.0
<0.2 0.8
<0.1 <0.1
<0.1 <0.1
<0.1 <0.1
<0.1 <0.1

flowfield and the DPIV measurements. The fluctuation of 7', affects
the density of the unburned gas and the nozzle exit velocity. In this
work, 7, was measured at the center of the burner exit, and it was
found to vary by as much as =2 K. Although this fluctuation is small,
its influence was accounted for by making a linear correction to S,
using a simple density scaling relation. The upstream pressure of
each sonic orifice was monitored by a pressure gauge with a precision
of +0.25%. For the liquid fuel injection rate, the syringe pump has a
reported accuracy of £0.5%. The uncertainty associated with the
DPIV measurements can be estimated by considering various
parameter settings, such as the period between pulses, pixel
resolution, and timing error [32]. Using the estimation method
reported in [32], the DPIV uncertainty is determined to be within the
range of 0.8 to 1.0%. The combined uncertainty can then be
estimated using the following equation [33]:

(M

n 2
=Y (5) we

i=1

in which u.(y) is the combined standard uncertainty of the
measurand y (S, . and K in this study), u(x;) is the uncertainty of the
measurable quantities x; (T, ¢, and measurement error of DPIV in
this study), and y= f(x;,x,,...,x,) is their mathematical
relationship. The df/dx; gradient is a measure of the sensitivity of
function f with respect to quantity x;. In the current study, all the
measurable quantities are assumed to be uncorrelated, so there is no
covariance term in Eq. (1). Moreover, most of the sensitivity
coefficients, df/dx;, in this study are considered to be unity. For
example, perturbing 1% of the pressure gauge value will also change
the oxidizer flow rate by 1%. Thus, the combined standard
uncertainty of the velocity measurements can be estimated to be
1.25% using Eq. (1).

Figure 3 depicts the histograms of the experimentally determined
K and S, ,.; under a given air/fuel flow rate. In Fig. 3, K is the mean
strain rate and o(K) is the standard deviation, defined as

\/Zf"zl ([{i —K)?/(N—1); Su,ref is the mean reference flame speed
0 (S rer) the defined

and is standard  deviation, as
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\/Zf’:](Sumﬂ,- — S,rer)?/(N — 1), where N is the total number of

data sets. A total number of 150 data sets were recorded. Both K and
S..ret €xhibit a normal distribution, as shown in Fig. 3. The standard
deviations for K and S, . are 1.3 and 1.2%, respectively, which are
close to the estimated values. It should be noted that the uncertainty
of K., is the same as that of K, while the uncertainty of S¢ is not the
same as that of S, ¢, given that S7, is an extrapolated value.

Figure 4 depicts the measured S, ¢ as a function of K for JP-7/air
flames at ¢ = 1.0. There exists a minimum value of K below which
measurements are not possible, given that the flames become
unstable and, eventually, flashback occurs. It is noticed that, for
Karlovitz numbers Ka, defined as K§/S¢ (where § is a characteristic
flame thickness), are greater than 0.015, the variation of S, ,.; with K
is nearly linear (120 s~' < K < 480 s™'). As Ka approaches zero, a
nonlinear behavior is noted. The uncertainty of S9, £(S9) could then
be estimated using the following equation [34]:

_ 1 K?
&(89) = irﬁfjﬂ?s\/l +—+ 2)

N (K - K)

where N is the total number of data sets, tg/;? is the critical value of ¢

distribution having N — 2 degrees of freedom with a 100(1 — «)%
confidence interval, and s is the standard error of the estimated S¢
defined as

Su,ref,i)2

N-2 ®)

§= \/ngl(su,ref,i -
where S, ¢ ; is the reference flame speed of the ith measurement, and
S..ret.i 18 the calculated reference flame speed at strain rate K; using
the polynomial function fitted by the nonlinear extrapolation
methodology. The variables £(S9) are estimated to be &1 ~ 2 cm/s
for the conditions used in this work. Figure 4 also depicts the upper
[S9 + e(S9)] and lower [S4 — &(S9)] prediction limits, as well as S,
for a stoichiometric JP-7/air flame with a 95% (« = 0.05) confidence
interval.
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Fig. 3 Histograms of a) K and b) S, .. at a given air/fuel flow rate for JP-7/air flames at ¢ = 1.0.
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III. Modeling Approach

Given that reliable surrogate fuels and the attendant kinetic models
are not currently available, computations of S¢ and K., were carried
out for n-C,yH,, and n-C,,H,4 flames in order to provide insight into
the phenomena of flame propagation and extinction for jet fuels. The
compounds n-C;yH,, and n-C,H,s were used as representative
fuels, because their molecular weights are similar to jet fuels and
notable amounts of n-paraffins are present in all jet fuels. At the same
time, it should be noted that by considering either n-C,yH,, or
n-C,Hyg, essentially as a one-component surrogate, several effects
are missing, stemming from the oxidation of isoparaffins, cyclo-
paraffins, and aromatics. At the same time, it is of interest to quantify
the effect of omitting the aforementioned compounds on flame
propagation and extinction that are indicative of the heat release rate
in flames.

S¢ and K, were computed, respectively, using the PREMIX code
[35,36] and an opposed-jet flow code [37] that was originally
developed by Kee et al. [38]. Both codes have been modified to
account for thermal radiation of CH4, CO, CO,, and H,O in the
optically thin limit [37]. The codes are coupled with Chemkin [39]
and the Sandia transport [40] subroutine libraries. Several key binary
diffusion coefficients involving atomic and molecular hydrogen are
based on recent revisions [41,42].

In a recent study by Ji et al. [24], the axial velocity gradient along
the centerline at the burner exit, denoted as «, was found to have a
considerable effect on the numerical determination of K. The o
values at different experimental conditions, related to different
measurements of K., for premixed flames, are documented in
Table 2. For K., of nonpremixed flames, the o values were
determined to be, on the average, 40% of the K,,;.

S¢% and K., were simulated using the JetSurF 1.0 kinetic model
[31]. The model includes 194 species and 1459 reactions describing
the pyrolysis and high-temperature oxidation kinetics of n-paraffins
up to n-C,H,¢. Additional details and an extensive set of validation
results for JetSurF 1.0 can be found in [31].

Table 2 Axial velocity gradients at burner exit «(s~!) at state of
extinction of premixed flames with D = L = 10 mm

¢ JP-7 JP-8 S-8 Shell-GTL R-8
0.8 20010 190+10 170+£10 180=£10 180 + 10
09 260£10 240£10 290+10 300+10 320+ 10
1.0 4504+20 450+20 490+£20 500+20  520=+20
1.1 550+20 51020 530£20 560+20 590 =+20
12 540+20 520+£20 520£20 530+£20  540+£20
1.3 500£20 530+£20 580420 580420  590+20
14 440+20 460+20 510£20 530+20  550=+20
1.5 270+£10 240%x=10 280+£10 31010 340+£10
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Fig. 5 Computed S (®) and K, for premixed (®) and nonpremixed

(A) flames using the multicomponent transport formulation and scaled

by the attendant values obtained using the mixture-averaged transport
formulation.

Both the PREMIX and the opposed-jet codes allow for the use of
either mixture-averaged or multicomponent formulations of trans-
port coefficients. Figure 5 illustrates the differences between these
two transport formulations in predicting S and K., for premixed and
nonpremixed n-C,H,s flames. It can be seen that, while the
difference is less than 3% for S9, for K., it increases to more that 10
and 20% for premixed and nonpremixed flames, respectively. Thus,
all the calculations in the present work were performed with the
multicomponent transport formulation.

IV. Results and Discussion

Figure 6 depicts the experimentally determined S¢ of S-8air,
Shell-GTL/air, R-8/air, JP-7/air, and JP-8/air flames at 7, = 403 K
for 0.7 <¢ < 1.5 in this study, as well as experimental and
computed S of n-CoH,, /air and n-C,,H,4/air, as reported in [24]
for the same thermodynamic conditions. The JetSurF 1.0 kinetic
model closely predicts S% of n-C,yHy,/air and n-C;,H,s/air
mixtures within their experimental uncertainty. S} of n-paraffin
flames are the highest among all fuels. Compared with n-paraffins,
S-8/air, Shell-GTL/air, and R-8/air flames exhibit similar S9, while
JP-7/air and JP-8/air flames propagate, on average, 5 and 8% slower,
respectively. The maximum values of S are 62.7, 62.9, 62.8, 60.6,
and 58.5 cm/s for S-8/air, Shell-GTL/air, R-8/air, JP-7/air, and JP-8/
air flames, respectively, and they occur between ¢ = 1.05 to 1.1,
similar to n-paraffin/air flames [24].

The relative magnitudes of S¢ for flames of the various fuels is
largely caused by differences in the oxidation kinetics of the different
compounds present in jet fuels. Flames of alkylcycloparaffins and
alkylbenzenes have lower S¢ compared with n-paraffins (e.g.,
[43.44]). Equilibrium calculations show that alkylcycloparaffins/air
and alkylbeznenes/air mixtures have either equal or higher adiabatic
flame temperatures compared with n-paraffins/air flames. Thus, the
observed differences in S, are caused by kinetics. As shown in [43],
during the initial reactions of alkylcycloparaffins, branched-chain
intermediates are produced that subsequently crack to form large
amounts of propene and allyl and less 1,3-butadiene compared with
n-paraffins. Propene and allyl are less reactive compared with 1,3-
butadiene, which constitutes an effective chain termination sequence
[43]. Similarly, the initial reactions of alkylbenzenes [44], such as
toluene or m-xylene, produce benzyl radicals that are relatively
stable, the oxidation of which becomes a rate-limiting process for
flame propagation. As shown in Table 1, JP-7 and JP-8 contain
significant amounts of cycloparaffins and alkylbenzenes that tend to
reduce the rate of flame propagation.
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Fig. 6 Experimentally determined S at 7, = 403 K of JP-7/air (A),
JP-8/air (@), S-8/air (®), Shell-GTL/air (A), R-8/air (W), n-C, H,,/air
(o) [24], and n-C,H,z/air (OJ) [24]; and computed S, of n-C;yH,,/air
(dashed line) and n-C,H,s/air (solid line) mixtures using JetSurF 1.0
kinetic model.

Figure 7 depicts the experimentally determined K., of premixed
S-8/air, Shell-GTL/air, R-8/air, JP-7/air, and JP-8/air flames as
functions of ¢, along with previously reported K., of n-C,yH,, /air
and n-C,Hyg/air flames [24]. Similar to S9, R-8, Shell-GTL, S-8,
n-CoHy,, and n-C,H,s flames exhibit similar resistance to
extinction. Compared with S-8/air, Shell-GTL/air, and R-8/air
flames, K., of JP-7/air and JP-8/air flames are lower. As mentioned
earlier, the observed ranking of the extinction propensity is caused
largely by the differences in the oxidation kinetics of the different
fuels considered in this study. Another observation is that the peak
values of K. for all the flames occur around ¢ = 1.2, which is
greater than the attendant value for S9. This is largely due to the
increase of flame temperature at positive stretch for subunity Lewis
numbers Le, as is the case for fuel-rich mixtures (e.g., [26]).

Figure § depicts the experimental K, as functions of fuel/N,
mass ratio (F/N,).. for nonpremixed flames of n-C;oH,,,
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n-C,Hyg, JP-7, JP-8, S-8, Shell-GTL, and R-8; in all experiments,
the oxidizer was O,. The computed results of n-C,,H,,/N, and
n-C,Hys /N, are indicated with solid lines, and they were performed
using the JetSurF 1.0 model. The experimental data were fitted using
dashed lines to facilitate the comparisons. Only the uncertainties of
the n-C,yH,, /N, flames are shown for clarity, and they are similar for
all flames considered. Among all fuels, n-C,yH,, flames have the
highest resistance to extinction, followed by n-C;,H,4 (S-8, Shell-
GTL, and R-8), JP-7, and JP-8 flames, in descending order.
Compared with flame propagation and extinction of premixed
flames, the nonpremixed flame results reveal more discriminative
differences in the extinction behavior among the fuels, although there
are no distinguishable differences among the S-8, Shell-GTL, and
R-8 flames. For example, JP-8/air mixtures propagate 8% slower
than n-C,;oH,,/air mixtures, while this difference increases to 25%
when comparing K., of the corresponding nonpremixed flames.
This is reasonable, because kinetics and reactant diffusion affect the
extinction of nonpremixed flames in a more profound way (e.g.,
[45]). It is also noted that the JetSurF 1.0 model overpredicts K, of
nonpremixed n-C;yH,,/N, and n-C;,H,s /N, mixtures by as much
as 10%. On the other hand, JetSurF 1.0 slightly underpredicts S¢
(Fig. 6) and K, of premixed flames (Fig. 7). This is largely due to the
uncertainties associated with the reactant diffusion coefficients,
which have a greater effect on nonpremixed flames compared with
premixed flames.

To provide insight into the first-order effects on the combustion
behavior of jet fuels, numerical simulations and attendant sensitivity
analyses were carried out for n-C;,H,s flames. Figures 9 and 10
depict the ranked logarithmic sensitivity coefficients of S¢ and K,
on kinetics and binary diffusion coefficients, respectively. The
sensitivity results are presented for stoichiometric flame and a
(fuel/Ny) . = 0.066 nonpremixed flame.

The results of Fig. 9 reveal that, compared with S, K., for
premixed flames is notably more sensitive to kinetics. The reason is
that K, ~ w, while S§ ~ (w)'/2, where w is the overall reaction rate
[46]. The sensitivity of K., to kinetics appears to be different under
premixed and nonpremixed conditions. This is largely due to the
locations at which key reactions, such as the main branching H +
0, — OH + O and main termination H + O, + M — HO, + M,
take place and the directions of diffusive transport of key species in
the two different reacting configurations.

The results of Fig. 10 reveal that both S and K., are rather
sensitive to the O, — N, binary diffusion coefficient. For fuel-lean or
stoichiometric premixed flames, increasing the diffusivity of O,
results in higher flux of O, into the reaction zone, which makes the
flame more fuel-lean and less reactive, resulting in lower S¢ and K.
In nonpremixed flames, however, increasing the diffusivity of O,
increases the efficiency of diffusion of O, toward the fuel side, thus
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H+0,+M — HO,+M

H+OH+M —H,0+M

So
HCO+H — CO+H, !

B K

'ext

(premixed)

C;Hs+OH —aC;Hs+H,0 B K, (nonpremixed)
HCO+H,0 —CO+H+H,0
HCO+M =—>CO+H+M

CO+OH —> CO+H

H+0O, — O+OH

-0.4 -0.2 0 0.2 0.4 0.6
Fig. 9 Ranked logarithmic sensitivity coefficients on kinetics of S% and
K. for a stoichiometric n-C;,H,s/air flame, and of K., of a
(n-C13H36/N3) mass = 0.066 nonpremixed flame.

0,<=>N,

n-C,Hy<=>N,

CO,<=>N, 59

K

ot (Premixed)

O<=>N, B K., (nonpremixed)
H,0<=>N,

OH<=>N,

H<=>N,

H+0,—0+0OH

-0.5 -0.3 -0.1 0.1 0.3 0.5
Fig. 10 Ranked logarithmic sensitivity coefficients on binary diffusion
coefficients of S% and K., for a stoichiometric n-C,, H,4/air flame, and of
K, of a (n-C13H,5/N3) mass = 0.066 nonpremixed flame. The sensitivity
on the main branching reaction is also shown for comparison.

augmenting the rate of the main branching reaction H + O, —
O + OH and increasing the resistance to extinction. Also, the binary
diffusion coefficients of H, O, and OH radicals in N, exhibit positive
influence on K, of premixed flames. However, this is not the case for
the H — N, binary diffusion coefficient for nonpremixed flames.
Larger diffusivity of H leads to greater losses of H from the reaction
zone upstream and into the fuel /N, stream, thus retarding the overall
reactivity. The diffusion of n-C;,H, to N, has no significant effect
on S but has a notable effect on K, for nonpremixed flames. Thus,
for the near-extinction nonpremixed flames considered in this
investigation, the overall reaction is limited by the transport of fuel
toward the reaction zone.

V. Conclusions

Laminar flame speeds and extinction strain rates of premixed
S-8/air, Shell-GTL/air, R-8/air, JP-7/air, and JP-8/air flames were
determined experimentally as functions of fuel/air mass ratio at an

elevated unburned mixture temperature and atmospheric pressure.
Extinction strain rates of nonpremixed flames of S-8, Shell-GTL,
R-8, JP-7, JP-8, n-decane, and n-dodecane/air were determined
experimentally as well. Results revealed that the propagation rates of
S-8/air, Shell-GTL/air, and R-8/air flames are similar to those of
n-decane/air and n-dodecane/air, while JP-7/air and JP-8/air flames
propagate at rates that are 5 and 8% lower, respectively. Similarly, JP-
7 and JP-8 flames were found to be less resistant to extinction
compared with n-decane, n-dodecane, S-8, Shell-GTL, and R-8
flames under both premixed and nonpremixed conditions. This effect
is caused largely by differences in the oxidation kinetics of the
different classes of hydrocarbon compounds that are present in these
fuels. There is no distinguishable difference found between
bioderived jet fuel (R-8) and F-T processed jet fuels (S-8 and Shell-
GTL) in the present study. Sensitivity analysis also revealed that,
compared with flame propagation, flame extinction is, in general,
more sensitive to kinetics and diffusion, especially under non-
premixed conditions.

It is of interest to note that the laminar flame speeds, a measure of
the heat release rate, of n-decane and n-dodecane flames closely
reproduce those of the alternative fuels and are within 5-8%
compared with JP-7 and JP-8 flames. Thus, heat release rates
resulting from n-decane and n-dodecane flames can be used to
approximate to the first order those of real jet fuels. However, it
should be noted that such one-component surrogates might not be
able to mimic other combustion properties of real jet fuels including
extinction and ignition.
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