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Abstract

Unsteady flame propagation, the critical radius for flame initiation, and multiple flame regimes of
n-decane/air mixtures are studied experimentally and computationally using outwardly propagating spher-
ical flames at various equivalence ratios and pressures. The transient flame speeds, trajectories, and critical
radius are measured. The experimental results are compared with direct numerical simulations using
detailed high temperature kinetic models. Both experimental and numerical results show that there exist
multiple flame regimes in the unsteady spherical flame initiation process. The transition between the flame
regimes depends strongly on the mixture equivalence ratio (or Lewis number). It is found that there is a
critical flame radius and that it increases dramatically as the mixture equivalence ratio and pressure
decrease. The large increase of critical flame radius leads to a dramatic increase of the minimum ignition
energy. Furthermore, the flame thickness and the radical pool concentration change significantly during
the transition from the ignition flame regime to the self-sustained propagating flame regime. For the same
steady state flame speeds, the predicted unsteady flame speeds and the critical flame radius differ signifi-
cantly from the experimental results. Moreover, different chemical kinetic mechanisms predict different
unsteady flame speeds. The existence of multiple flame regimes and the large critical radius of lean liquid
fuel mixtures make the ignition of lean mixtures at low pressure and the development of a validated kinetic
model more challenging. The unsteady flame regimes, speeds, and critical flame radius should be included
as targets of future kinetic model development for turbulent combustion modeling.
© 2012 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction successful relight of gas turbine engines [1] and
stable operation of the internal combustion engine

Understanding of the entire process from flame in unmanned aircraft systems (UAS) [2]. In order
initiation to propagation is of great importance for to address this issue fundamentally, the flame tra-

jectories of outwardly propagating premixed
flames have been investigated in spherical or
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[4-6], and numerical [7-9] approaches have shown
that the flame undergoes multiple unsteady transi-
tions from initiation to propagation. The unsteady
flame transition not only affects the flame initiation
period, but also defines a critical flame radius
below which ignition might fail [4].

Outwardly propagating flames have been exten-
sively used to determine laminar flame speeds [10—
13], but few studies have emphasized unsteady
flame transitions [4-6]. A theoretical study examin-
ing the unsteady ignition to flame transition was
conducted by Chen and Ju [3]. They found that
the minimum ignition energy is governed by the
critical flame initiation radius, itself a function of
the flame chemistry, mixture Lewis number, and
flame thickness. The critical flame radius is the
radius for spherical flame initiation such that flame
kernels that can attain this critical radius result in
successful ignition. [7] (see also references in Ref.
[7]) In addition, at Lewis numbers less than a criti-
cal value (slightly larger than unity), the critical
flame initiation radius is dictated by the flame ball
size [14]. At Lewis numbers larger than the critical
value, the critical flame radius is controlled by the
stretch extinction limit. In order to demonstrate
the validity of the theoretical study [3], an experi-
mental and numerical study was conducted using
hydrogen mixtures in a cylindrical bomb [4]. How-
ever, considering that practical systems utilize
liquid fuels, it is of interest to quantitatively mea-
sure the transient ignition to flame transition,
involving the critical flame initiation radius for
these fuels.

Jet fuel has an average carbon number of
about twelve. Therefore, lean jet fuel/air mixtures
have a Lewis number far larger than the critical
value. Furthermore, the existence of aromatic
components reduces the reactivity, increasing the
global activation energy [15,16]. Consequently,
the greater Lewis number and activation energy
lead to an increased critical radius and minimum
ignition energy. Due to difficulties in turbine after-
burner and UAS ignition at low pressure [1], it is
of interest to investigate the relationship between
the critical radius and the success/failure of igni-
tion at low pressure.

Recently, a kinetic model has been developed to
quantitatively predict the combustion properties of
jet fuel [15,16]. The kinetic model has been vali-
dated against laminar flame speeds, but it has not
been validated under unsteady conditions. There-
fore, the following questions need to be addressed:
(1) Can a kinetic model validated by the laminar
flame speeds also predict the unsteady flame prop-
agation and the critical radius? (2) How different is
the unsteady flame structure from that of the
steady flame? (3) How does chemical kinetics affect
the unsteady flame propagation? And (4) is this
unsteady flame initiation relevant to turbulent
combustion?

The goals of the present study are to examine
quantitatively the unsteady flame propagation by
measuring the critical radius of n-decane
(n-CioH»»)/air mixtures at various equivalence
ratios and pressures using a near constant pressure
spherical bomb. Since n-alkane plays a significant
role in populating the active radical pool and con-
trolling the high temperature reactivity of jet fuel
[15,16], n-decane is chosen for the current study.
Direct numerical simulations are conducted to
assess the fidelity of kinetic models, regarding pre-
diction of flame regimes, critical flame initiation
radius, and flame structure.

2. Experimental method and numerical models

The experimental setup is composed of a
nearly constant pressure spherical combustion
bomb, fuel vaporization chamber, oven, and pres-
sure release system as shown in Fig. 1. The spher-
ical bomb has a 20cm inner diameter. Two
250 um diameter tungsten electrodes are installed
at the top and bottom of the bomb and the upper
electrode is mounted with a linear motion device
to control the distance between the electrodes.
The bomb is housed inside of an oven heated by
two electrical heaters (total 2200 W) with an elec-
tric fan to achieve a uniform temperature distribu-
tion. K-type thermocouples are installed at the
top and bottom of the oven to monitor tempera-
ture uniformity. The temperature inside the bomb
is maintained at 400 K by PID controller and a
K-type thermocouple. The inlet lines and vapori-
zation chamber are also heated to the same tem-
perature as the oven.

The bomb is filled with a combustible mixture
using the partial pressure method. n-Decane (99%
purity) is vaporized in a vaporization chamber
(500 cm®). Nitrogen (99.9%) and oxygen (99.5%)
are added to the bomb through heated tubing. A
pressure release system is installed for safety
[11]. Flame propagation is visualized using a high
speed Schlieren imaging [11]. Experimental data
for flame radius less than 2.5 cm are used for the
analysis to avoid the compression effect [11]. The
pressure inside of the bomb rises less than 3%
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Fig. 1. Schematic of experimental setup.
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when the flame radius reaches 2.5 cm, which is the
upper limit of all experiments. Therefore, the near
constant pressure assumption can be held [9,11].
The confinement effects can be neglected because
of the large inner diameter of the spherical bomb,
so that the unstretched burned flame speed can be
extracted from the linear relationship between
burned flame speed and stretch rate K= (2/
Ry) x (dRg/dt). The laminar flame speed S° is
found by using the calculated equilibrium density
ratio.

The experimental uncertainties have been
analyzed considering the errors due to pressure
readings, temperature fluctuations, mixture con-
centra tion fluctuations, high-speed visualization,
and data analysis. Errors from the Schlieren sys-
tem were negligible because of the high speed
(15,000 fps) and high spatial resolution (86 pixel/
cm). The overall uncertainty due to pressure, tem-
perature and mixture fluctuations on laminar
flame speed was estimated to be 1.1-7.2% depend-
ing on the equivalence ratio using the RMS sum
of each uncertainty estimated from [17,18]. The
critical radius R, was determined at the point that
the flame trajectory started to deviate from the lin-
ear correlation, similar to [4]. The uncertainty in
R, was defined by the radius giving a 1% change
in R? for the linear correlation between stretch
rate and flame speed.

Chemical kinetic models from Chaos et al.
[19] and Sirjean et al. [20] are used in calcula-
tions. The models are reduced with the Princeton
Chem-RC software [21] for computational effi-
ciency. The laminar flame speeds are calculated
with CHEMKIN PREMIX [22]. Flame speeds
have been calculated up to more than 600 grid
points for all flame speed calculations to confirm
no dependence on the number of grid points.
The comparison between the detailed and
reduced models has been made to validate the
reduced model.

Unsteady flame propagation is computed using
the Adaptive Simulation of Unsteady Reacting
Flow (A-SURF-1D) code [9]. The details of the
compressible reactive flow governing equations,
numerical schemes, initial and boundary condi-
tions, and code validation can be found elsewhere
[4,7-9]. In all simulations, the spherical combustion
bomb radius is set to be Ry = 10 cm to match the
experimental condition. A reflective boundary con-
dition with constant temperature is used at the wall.
An initial hot spot with a given radius Ryor and
temperature of 1800 K located in the center of the
chamber is used to initiate the ignition. In order
to match the initial flame trajectories between the
experiment and simulation, the size of the ignition
hot pocket Ryor is varied between 1 and 3.5 mm.
The laminar flame speeds computed from A-SURF
with a linear extrapolation are within 4% of PRE-
MIX, justifying the appropriateness of linear
extrapolation employed in experiments.

3. Results and discussion
3.1. Laminar flame speeds

The laminar flame speeds have been measured
for n-decane/air mixtures for equivalence ratio ¢
from 0.7 to 1.4 at initial pressures between 0.7
and 5 atm and the initial temperature, T, =400
K. Figure 2(a) shows the measured and predicted
flame speeds along with published data at atmo-
spheric pressure. For lean mixtures, the measured
laminar flame speeds are slightly lower than those
from the nonlinear extrapolation of counterflow
flames [17], but considerably lower than those from
the linear extrapolation using the same configura-
tion [23]. On the rich side, the present measure-
ments are between the two sets of counterflow
flame measurements, showing large uncertainty in
the measurements of laminar flame speed. Both
kinetic models under-predict the laminar flame
speeds on the lean side, but exhibit very different
predictions on the rich side. At ¢ = 0.9, however,
both models predict the same flame speed as the
experiment. This condition will be used later to
examine the fidelity of the kinetic models, whether
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they can predict both laminar and unsteady flame
speeds simultaneously.

The laminar flame speeds at pressures from 0.7
to 5 atm for ¢ =0.7 are measured and compared
with the predictions in Fig. 2(b). The result shows
that the laminar flame speed decreases as pressure
increases. Note that both models predict the lam-
inar flame speed reasonably well at 1 and 2 atm,
but fail to capture the pressure dependence of
laminar flame speed in the entire pressure range,
indicating the importance of kinetic model valida-
tion over a wide range of pressures.

3.2. Observation of three flame regimes

Figure 3(a) and (b) shows the unsteady burned
gas flame speed S}, with flame radius and stretch
rate, respectively, for ¢ =0.7. The result in
Fig. 3 (a) shows the existence of three distinct
flame regimes; spark assisted ignition kernel prop-
agation (Regime I), unsteady transition from
spark ignition to normal flame propagation
(Regime II), and normal flame propagation
(Regime III). In regime I, the flame speed rapidly
decreases with the increase of ignition kernel size
right after ignition due to the reduced excess
enthalpy from the spark ignition energy. If the
ignition energy is lower than a critical value, the
ignition kernel will extinguish and ignition will fail
[3-5]. The unsteady flame trajectory in regime I
strongly depends on the ignition energy [7,8]. If
the ignition energy is larger than a critical value,
a transition between ignition and flame propaga-
tion occurs in regime II. The flame speed in this
regime increases rapidly within 2 ms. The fast
transition is attributed to a change in flame struc-
ture, which will be discussed later with numerical
simulations. At the end of regime II, the flame
structure becomes close to that of the normal
flame. As the flame radius increases and the
stretch rate decreases, the normal flame structure
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Fig. 3. Flame speed S, as a function of flame radius R
(a), and stretch rate K (b) for n-CjoHp/air at ¢ =0.7,
P=1atm, and T, =400 K.

approaches that of the unstretched planar laminar
flame.

The different flame regimes can be more clearly
demonstrated in the stretch rate coordinate in
Fig. 3(b). The flame trajectory exhibits two turn-
ing points. One represents the transition from
regime I to II, and the other from regime II to
III. In regime I, the initial kernel development
occurs at relatively higher stretch rate from about
200 to 600 s~! with small flame radii. The flame
speed decreases with the decrease of stretch due
to the ignition energy dissipation. This depen-
dence reconfirms that the ignition kernel propaga-
tion is driven by the excess enthalpy from the
ignition energy. It takes about 5.7 ms to reach
the first turning point. After the first turning point
in regime II, the stretch rate has little change due
to the simultaneous rapid increases of both the
flame radius and the flame speed over 2 ms until
the second turning point when the transition to
the normal flame occurs.

Figure 4 shows the normalized burned gas
flame speed Sy,/S} as a function of K at various
equivalence ratios. At ¢ =0.7, the flame trajec-
tory exhibits two noticeable turning points,
whereas these turning points disappear with richer
mixtures. This result clearly shows that the mix-
ture Lewis number, Le, has a significant impact
on the unsteady flame trajectories. For rich mix-
tures at Le < 1, stretch strengthens the flame due
to the large curvature effect at small flame radius,
so the ignition kernel in regime I can directly pro-
gress to regime 11T without experiencing regime II.
However for lean mixtures, the flame regime II
becomes increasingly important, qualitatively
consistent from the theoretical analysis [3].

3.3. Critical flame initiation radius

The dramatic change of flame trajectories has
been observed previously with a mixture of large
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Fig. 4. Normalized flame speed Sb/Sg as a function of
stretch rate K for n-CjgHx/air at P=1atm and
T, =400 K.
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Le such as rich hydrogen/air [4,5], and lean etha-
nol/air [6] using spherical or cylindrical chambers.
Mostly, the normal flames (regime III) have been
used to extrapolate the laminar flame speeds.
Detailed studies on the other regimes are limited,
although Bradley et al. [6] hypothesized the phys-
ical meaning of the second turning point as the
extinction limit of the premixed flame. It is found
that the radius at the minimum flame speed in
Fig. 3(a), the first turning point in the present
study, is critical for successful ignition [5], but it
varies with ignition energy. However, the critical
radius is independent from the ignition source
when the ignition energy is low [4]. Therefore,
the critical radius has been proposed as the radius
above which an ignition kernel can lead to a suc-
cessful ignition (i.e. transition from either regime I
or II to III) [3].

Figure 5 shows the experimentally measured
and numerically predicted critical radius R, as a
function of equivalence ratio and effective Lewis
number, Le.s. The effective Lewis number is a
weighted average of the individual fuel and oxi-
dizer Lewis numbers [24]. The critical radius
increases rapidly above 10 mm as the equivalence
ratio decreases and Le.g increases. Numerical pre-
diction gives a good trend of the equivalence ratio
dependence, but fails to predict the quantitative
values.

The dependence of the critical radius on pres-
sure for an equivalence ratio of 0.7 is shown in
Fig. 6. The critical radius increases rapidly with
the decrease of pressure. In general, it has been
known that the flame thickness increases as the
pressure decreases. This implies that ignition at
low pressure will be extremely difficult, thus
requires a large ignition energy to overcome the
large critical radius. The kinetic model qualita-
tively predicts the increase of critical radius, but
again fails quantitatively.
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3.4. Modeling results of unsteady flame trajectory

In order to answer the first question of whether
the kinetic model can predict the laminar flame
speed and the unsteady flame propagation
simultaneously, numerical simulations have been
performed with A-SURF [9]. We choose an equiv-
alence ratio of 0.9, at which both models, Chaos
et al. [19]and Sirjean et al. [20], reproduce the mea-
sured laminar flame speed at P=1atm and
T, =400 K (Fig. 2(a)). Figure 7 shows both mea-
sured and predicted transient flame speed trajecto-
ries as a function of stretch rate. Although both
models predict the same laminar flame speed, the
flame trajectories in regime I and II as well as the
critical radius differ significantly from the experi-
mental results and also between the models. To fur-
ther investigate the impact of ignition energy, the
flame trajectories with the Chaos et al. [19] model
have been calculated while altering the initial hot
pocket size, Ryor, from 2.5 mm to 3.5 mm. The
results show that the model accurately predicts
the behavior of flame trajectory in regime

Normalized flame speed, S, / Sbo
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Fig. 7. Experimentally and numerically determined
normalized flame speed as a function of stretch rate
for n-CoHa,/air at ¢ = 0.9, P =1 atm, and T, = 400 K.
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IIT regardless of Ryot, but fails to predict the
transitional behaviors in regimes I and II.
Although the actual ignition process in the simula-
tion is not identical to the experiment due to spatial
nonuniformity and radical deposition in spark
ignition, it is noteworthy that two tested kinetic
models show different trajectories in the same com-
putational conditions. The models also fail to pre-
dict the critical radius and regime III, where the
ignition process has no effect on the trajectory for
large Le mixture. In this regards, the critical radius
and unsteady normal flame propagation can be a
new validation target of a chemical kinetic model
in addition to the laminar flame speed.

As mentioned above, the time duration for
regime II is only 2ms, during which a strong
change of flame structure and flame chemistry
occurs. Figure 8(c) shows the conditions plotted
in Fig. 8(a) and (b) at ¢ =0.7. These conditions
are given by the first turning point and a point
in regime III at the same stretch rate. Figure.
8(b) shows the mole fractions of fuel, ethylene
(C,Hy), H atom, and OH radical at these condi-
tions. The locations of the maximum heat release
rates are chosen as the origin of the coordinates.
Significant changes in the distributions of heat
release rate (HHR) between the two cases are
shown in Fig. §(a) compared to the change of tem-
perature profiles. Considering that the heat release
rate in a flame is strongly governed by the rate of
radical pool population and its consequent impact
on fuel decomposition [25], the result in Fig. 8
indicates the considerable difference in flame
chemistry between these two flame regimes. After
the energy deposition from the ignition source, the
fuel is immediately consumed and a strong radical
pool is established. In regime I, the populated rad-
ical pool starts to diffuse out, exhibiting the mono-
tonic decay of radical concentration toward the
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upstream. At the first turning point, point 1 in
Fig. 8(c), finally the localized peak of radical con-
centration appears in the reaction zone, indicating
that the flame may be NOT self-sustained, but able
to overcome the sub-limit strong positive stretch
with help from the reduced initial ignition energy.
Thus, the time scale between ignition and the first
turning point in regime I can be regarded as the
delay time for the effect of initial ignition energy
and the sub-limit strong stretch, which is a func-
tion of ignition energy, mixture Lewis number,
and flame chemistry.

Unlike flames in regime I, flames in regime II
are self-sustained without assistance from the igni-
tion energy. However, the flame is still strongly
stretched and has a lower flame temperature due
to broadening of the reaction—diffusion zone caus-
ing decreased fuel diffusion to the reaction zone.
Chemical kinetic flux analyses have been per-
formed to identify the role of chemical kinetics
for flames in regime I1. The fuel, n-decane is mainly
decomposed through H abstraction reactions via
OH radical, and then converted to C,H, through
the sequential unimolecular decomposition reac-
tions [26,27]. C;H4 consumption plays an impor-
tant role in radical pool growth, forming C,Hj,
which leads to production of HCO, CH,0, and
H atoms quickly at high temperature, populating
the radical pool (Fig. 8(b)). Consequently, the fuel
consumption is promoted by the acceleration of
the chain branching reactions, so that the pre-
mixed flame structure is fully established by the
positive feedback loop of fuel consumption and
radical pool growth. The kinetic analysis recon-
firmed that flames in regime II are self-sustained.

The changes of the flame trajectory, maximum
heat release rate, flame thickness, and maximum
mole fractions of key intermediate species are
shown in Fig. 9 in the stretch coordinate. These
quantities differ dramatically in the different flame
regimes. Normalized flame speed shown in
Fig. 9(a) qualitatively agrees with experimental
result, but differs quantitatively. As the flame in
regime II evolves, the flame speed increases and
the flame thickness (defined as (T.q— To)/
(max|dT/dx|) [28]) decreases, Fig. 9(c). The
reduced flame thickness accelerates the diffusion
of fuel and further raises the flame temperature,
leading to an increase in the radical pool concen-
tration at the transition to regime III. This is why
at the same stretch and equivalence ratio, the
flame can have different structures. Note that
since the flame temperatures and diffusion fluxes
of a flame in regime I and II are lower than that
of a flame at the same stretch in regime III, the
chemical kinetics play different roles in regime I
and II compared to that of normal flames.

Both experimental and numerical results in
Fig. 9 show that the flame exhibits the unsteady
transition (regime II), which can be conceptually
regarded as the middle branch in the S-Curve
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[29,30]. Classically, the middle branch flame (or
weak flame) is often thought unstable. Contrary
to the conventional knowledge, the results in
Fig. 9 indicate that the weak flame regime can be
observed and is an attractor of the unsteady flame
propagation. Therefore, the existence of the weak
flame and its short evolution time (2 ms) in regime
IT have an important implication for near limit tur-
bulent combustion where the normal flamelet may
not be applicable. Moreover, the big difference in
flame structures between regime II and III suggests
that the flame trajectories in regime II cannot be
used to extrapolate unstretched flame speed either
linearly or nonlinearly.

4. Conclusions

The unsteady flame propagation and critical
radius of n-decane/air mixtures are measured over
a broad range of pressure and equivalence ratio.
Three distinct flame regimes, an ignition driven
excess enthalpy flame kernel, an ignition to nor-
mal flame transition (weak flame), and a normal
flame, are observed. There exists a critical radius
beyond which a successful flame transition from
ignition to normal flame can be achieved. It is
found that the mixture equivalence ratio (Lewis
number) and the pressure affect the flame regimes
and the critical radius. The critical radius
increases as the equivalence ratio and pressure

decrease, suggesting the possible cause of the igni-
tion difficulty for UAS and afterburner relight.

The weak flame has different flame structures
and radical concentrations from that of the
normal flame for lean mixtures. The existence of
the weak flame and the short transition time
suggest that this weak flame regime may be signif-
icant in lean, turbulent combustion of large
hydrocarbon fuels. Numerical models can reason-
ably predict the laminar flame speeds but fail to
emulate the critical radius and unsteady flame
propagation quantitatively. This implies that a
kinetic model should be validated against the crit-
ical radius and the unsteady conditions for accu-
rate kinetic model development.
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