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Abstract
The mechanisms promoting enhanced stability of piloted jet flames with
inhomogeneous inlets are investigated by analyzing measurements of the
instantaneous, line-imaged scalar structure of reaction zones in the near field
of turbulent CH4/air jet flames at selected conditions. A variant of the standard piloted burner is used with a small retractable inner fuel tube inside the
existing tube that supplies air. Both tubes are located within the pilot annulus. When the fuel tube is retracted far upstream of the burner exit, the flame has the same stability behavior as the original homogeneous burner.
However, when the inner tube is retracted an optimal distance, the blowoff
velocity is increased by nearly 40 percent. Measurements of mixture fraction and temperature indicate that combustion within the first few diameters
occurs in a premixed/stratified mode, followed by rapid transition to a partially-premixed (diffusion flame) mode. Dissipation of mixture fraction is
also shown to be much lower in the near field for the flame with inhomogeneous inlet.
Introduction
Inhomogeneous fuel/oxidizer inlet conditions are common in combustion
applications, with examples including pre-vaporized gas turbine combustors, augmenters, and air-blast atomizers. A variety of strategies are applied to stabilize such partially premixed flames, including pilot flames [13] or recirculation of hot products induced by swirl or bluff-body flow fields
[2,4,5]. In order to gain better fundamental understanding of the mechanism
of stabilization in partially premixed flames with inhomogeneous inlet
flows, a new burner [6] was developed at Sydney University based on a
simple modification of the original piloted burner [1]. Figure 1a illustrates
that a central tube is added which may be retracted by a variable distance
upstream of the burner exit. Meares and coworkers [6,7] have applied a
variety of diagnostics to document the flame structure and stability over a
broad range of operating conditions. An important finding was that the
blowoff velocity varies with recess distance in a nonmonotonic manner
when fuel is delivered through the central (recessed) tube and air through
the annulus surrounding the central tube. This behavior is shown in Fig. 1b
for CH4/air flames having a 1:2 mole ratio and having a constant pilot flow.
Measured exit velocities are similar for the optimally stable (inhomogeneous) and fully retracted (near homogeneous) flames [6]. So the enhanced
stability must result from differences in the exit profile of mixture fraction.
The series of flames represented in Fig. 1b is denoted FJ200S (fuel in the
center jet, 2:1 air to CH4, 5-gas pilot as noted below). In the present work
we focus on the near-field scalar structure of just two flames at recess distances of 75 mm and 300 mm and each with bulk velocity UJ set at roughly
56% of the corresponding blowoff velocity, as shown in Fig. 1b.
Approach
Measurements of temperature and major species were obtained using the
line-imaged Raman/Rayleigh/CO-LIF system at Sandia. Details of the dia-
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gnostic setup and data processing methods have been documented [8,9] and
are not repeated here. The inner diameters of the central fuel tube and the
air tube are d=4.0 mm and D=7.5 mm, respectively, and the pilot diameter is
18.0 mm. The flames selected for the present study were stabilized using a
pilot supplied with a mixture of C2H2 /H2/CO2/N2/air to match the temperature and equilibrium composition of a CH4/air flame at equivalence ratio
φ = 1.0. (Note that flames reported in [6,7] have used a pilot flow of
C2H2/H2/air, which has higher adiabatic flame temperature.) Radial profiles
of temperature and major species were acquired by translating the burner by
3-mm steps in the laser beam direction relative to the fixed optical system,
with 500 laser shots collected at each step. The probe volume was 6 mm in
length, with 0.103 mm data spacing determined by binning on the Raman
CCD detector, such that mean and rms results for most locations were calculated from a total 1000 samples from two overlapping steps in the traverse.
Mixture fraction, FB, was calculated from the seven measured major species
(CH4, O2, N2, CO2, CO, and H2) using the formulation of Bilger [10], with
pure CH4 taken as the normalizing fuel condition, giving a stoichiometric
value of FB=0.055.

a)

b)

c)
Fig. 1. a) Burner diagram; b) Bulk velocity at blowoff as a function of
recess distance, Lr, for the FJ200S series of flames, with the two cases
considered here marked by the square and asterisk; c) Profiles at z/D=1.0 of
mean mixture fraction (blue), mean temperature (red), and rms temperature
fluctuation (red dash) in the Lr75, 80 mps flame, and mean mixture fraction
(black) in the Lr300, 59 mps flame.
Results and Discussion
Radial profiles of mean mixture fraction at z/D=1.0 above the burner exit
are compared in Fig. 1c for the two flames marked in Fig. 2b as Lr=75 mm,
UJ=80 m/s (square) and Lr=300 mm, UJ=59 m/s (asterisk). Mean and rms
temperature profiles from the Lr75 flame are included to show the location
of the flame relative to the mixture fraction profiles. Temperature results
for the Lr300 flame are nearly the same and are not shown. The peak in T’

www.flame-structure-2014.com
Berlin Institute of Technology
(TU Berlin)
Prof. Dr. Frank Behrendt
Fakultät III: Prozesswissenschaften,
Institut für Energietechnik
Chair Energy Process Engineering and
Conversion Technologies for
Renewable Energies (EVUR)
Fasanenstr. 89
10623 Berlin
Contact
info@flame-structure-2014.com
frank.behrendt@tu-berlin.de

at radius r=3.9 mm marks the center of the reaction zone between cold jet
fluid and high-temperature pilot gases. The mixture fraction profile for the
Lr300 flame has some asymmetry, due to difficulties ensuring exact centering of the fuel tube, but is relatively flat compared to the Lr75 profile,
which has a high central peak. Both the mixture fraction and its gradient are
much lower at the flame location in the Lr75 case. In fact, the mean mixture
fraction within the reaction zone at the edge of the jet is near stoichiometric,
and the mean gradient is near zero for the more stable Lr75 flame.
To further illuminate and quantify differences in instantaneous nearfield scalar structure of the two flames, single-shot profiles of temperature,
mixture fraction, and scalar (mixture fraction) dissipation at z/D=1.0 are
compared in Figs. 2a and 2b for the Lr75 and Lr300 flames, respectively,
with each individual profile shifted spatially to align at a “center” temperature of 1200K. At just one jet diameter from the exit the instantaneous temperature profiles show a flamelet-like structure with strong effects of turbulence limited to the low-temperature portion of the flow. Histograms are
plotted of the mixture fraction and the 1D radial component of scalar dissipation at the center temperature, as well as the linearized change, dFB/dT, in
mixture fraction across the 1000K jump (700-1700K) around the center
temperature. This last quantity is proposed as a metric of the local combustion mode, at least in the near field of in the present flames, where flamelet-like reaction zone structure is observed. These results show that nearfield combustion in the Lr75 flame is stratified-premixed with relatively
small gradients (both positive and negative) in mixture fraction and essentially all samples within the flamelets being flammable. By contrast the
Lr300 results show partially-premixed diffusion flamelets with cold-side
mixture fraction well outside the rich flammability limit, a relatively narrow
distribution of the flame structure metric dFB/dT centered near 9x10-5 K-1,
and scalar dissipation levels much higher within the flame than in the Lr75
case, even though the Lr75 flame has 36% higher jet velocity than the Lr300
flame. The radial contribution to scalar dissipation is calculated here using
0.1-mm data spacing and a simple central difference formulation, and this
combination is expected to suffer from significant spatial averaging of gradients in the near field of these jet flames. Therefore, the scalar dissipation
results reported here should be used only for qualitative comparison.
a)
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Fig. 2. Single shot profiles of T, FB, and the 1D radial contribution to scalar
dissipation, each shifted in space to align Tcenter=1200K at the origin, and
histograms of FB at Tcenter, dFB/dT, and 1D radial scalar dissipation at Tcenter
from a) z/D=1 in the Lr75 flame, b) z/D=1 in the Lr300 flame, and c) z/D=5
in the Lr75 flame.
Corresponding results from z/D=5 in the Lr75 flame are shown in Fig.
2c, and they reveal much greater turbulent fluctuation in the temperature
profiles and a broad distribution in dFB/dT, which is centered roughly midway between the distributions in Figs. 2a and 2b. This highlights the fact
that there is a very rapid transition from premixed-stratified combustion
mode at z/D=1 toward a partially-premixed mode within a few jet diameters. At z/D=5 in the Lr300 flame (not shown) the histograms of FB and
dFB/dT are almost unchanged from z/D=1, while scalar dissipation decreases with increasing distance from the jet exit.
Conclusions
Single-shot line-imaged measurements of temperature and major species
have been used to investigate differences in near-field scalar structure that
lead to enhanced flame stability of piloted jet flames with inhomogenous
inflow. The partially premixed jet flames have 2:1 volume ratio of air to
methane and were stabilized on a piloted burner with a retractable central
fuel tube. The flame with recess distance Lr=75 mm exhibited blowoff velocity almost 40% higher than for Lr=300 mm, which has the same stability
as the fully homogeneous flame. Mean profiles of mixture fraction acquired
one jet diameter downstream of the exit showed that this optimal recess distance yields near-stoichiometric mixtures and low mixture fraction gradients at the edge of the jet, where cold jet fluid contacts hot combustion
products from the pilot. Instantaneous temperature profiles showed flame-
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let-like character with relatively minor effects of turbulent eddies. The
change in mixture fraction across the 700-1700K temperature points in each
realization was used as a metric of the local combustion mode, with values
near zero indicating premixed-stratified combustion at z/D=1 in the inhomogeneous (Lr=75 mm) flame and values near 1.0x10-4 K-1 in the nearhomogeneous (Lr=300 mm) flame, indicating partially-premixed (diffusion)
flamelets. Results at z/D=5 in the Lr=75 mm flame are intermediate between these limits, indicating that a rapid transition between these burning
modes occurs within the first several nozzle diameters. Results indicate that
the enhanced flame stability of the inhomogeneous jet flame may be attributed to a combination of premixed/stratified combustion within the first few
diameters, which augments the stabilizing effect of the pilot flame, and also
reduced mixture fraction gradients, which translate to higher extinction
strain rates for local reaction zones within the first several diameters. The
rapid transition across combustion modes is expected to be an interesting
challenge for combustion models.
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