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ABSTRACT
An experimental and numerical investigation is performed to explore the methods for achieving flame
speeds that are much greater than the laminar burning velocities. A premixed fuel jet is impulsively issued
into a low-speed annular airflow, and ignition is provided after a preset delay time. The temporally varying
structure of the propagating flame in and around the jet is measured using OH planar laser-induced
fluorescence (PLIF) and particle-image velocimetry (PIV). Experiments are performed by varying the
equivalence ratio, ignition delay time and jet momentum. Calculations are also performed using a timedependent two-dimensional code that incorporates seventeen-species finite-rate chemistry for methane fuel.
The ignition process is simulated by temporarily increasing the temperature in a small region within the jet
column. Calculations are performed for the stoichiometric fuel/air mixture with varying ignition delay
times. Instantaneous structures of the simulated and measured flames are compared. Flame propagation
speeds are obtained from the numerical results by tracking the flame location along the centerline. It is
observed that flame speed increases with ignition delay. An order of magnitude increase in flame speed is
achieved by igniting the jet after a delay of ~ 6 ms. Further increase in ignition delay creates unburned fuel
pockets and decreases the flame speed.
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1. Introduction
Premixed flames in which fuel and oxidizer are mixed prior to burning have considerable industrial
importance as they produce clear flames with intense combustion and little soot. These premixed
combustion systems are commonly used in applications such as domestic heating and gas fires. Most largescale practical combustors also contain flame zones, especially near the flame base, that are of the
premixed type. Even though the laminar burning velocities of hydrocarbon fuels are only on the order of 1
m/s, the vortex-flame interactions in turbulent combustor flows can increase flame propagation velocities to
several tens of m/s. Due to the severe geometrical restrictions placed on ultra-compact combustors such as
inter-turbine and trapped-vortex combustors (Katta et al., 2000), it is necessary to increase the flame
propagation velocities beyond the typical turbulent burning velocities. In this context knowledge of flame
propagation through vortices filled with combustible mixture plays a key role in the development of ultracompact combustors.
Due to the frequent occurrence of such vortex-flame interactions in reacting flows of technological
interest, they have received considerable attention in recent years. Renard et al. (2000) provided a
comprehensive review of numerical, theoretical, and experimental investigations of vortex-flame
interactions and their effects on flame dynamics, extinction, ignition, mixing, baroclinic torque, and
thermal diffusion. These investigations typically involved either collisions between laminar flame fronts
and vortices or flame propagation within the vortices. The current study falls into the latter category, which
is useful for studying the effects of flow structure, vorticity, and curvature on flame ignition and
propagation. Previous studies have demonstrated that premixed burning velocity increases when the flame
is moved into a region where fuel is traveling at a higher velocity. Studies by McCormack et al. (1972)
addressed flame speeds up to 15 m/s in vortices and suggested a linear dependence of flame speed on
vortex circulation. Ishizuka et al. (1997) also reported super-laminar flame speeds along the vortex core,
but observed a somewhat reduced dependence on vortex circulation. Cattolica and Vosen (1986) performed
studies of premixed flame propagation in the wake of a vortex for a combustion-torch configuration in
which ignition of lean premixed gases within a combustion chamber generated a vortex ring of unburned,
premixed methane and air. The flame followed in the wake of the vortex and eventually propagated though
the vortex rollers.
In the present paper experimental and numerical investigations have been performed to identify and
understand the various flame propagation patterns that arise in impulsively started jets and associated
vortices. Parametric studies are performed on ignition and flame propagation by varying equivalence ratio,
ignition timing, and vortex propagation velocity (Meyer et al., 2001). Instantaneous flames and flow
structures are measured using OH planar laser-induced fluorescence (PLIF) and particle-image velocimetry
(PIV), respectively. A time-dependent multi-dimensional model known as UNICORN (UNsteady Ignition
and COmbustion with ReactioNs) (Katta et al., 1994) is used for the simulation of ignition and flame
propagation in vortices. This model has been extensively validated through the simulation of various steady
and unsteady flames associated with diffusion (Katta et al., 1998) and premixed (Katta et al., 1995; Katta et
al., 2000) combustion systems.
2. Experimental Set-Up and Conditions
The jet-in-co-flow burner of the current study has been used in a number of previous investigations of
vortex-flame interactions (Rolon et al., 1995, Fiechtner et al., 2000). In the current configuration, shown in
Fig. 1, repeatable vortex rings of premixed methane and air were formed at the exit of a 5-mm-diameter
central nozzle using a solenoid-driven 25-mm-diameter piston at the bottom of the fuel tube. Ignition was
initiated at various phases with respect to vortex formation and propagation using a pair of electrodes
located near the nozzle periphery. A co-flow of air surrounded the fuel-air jet, and a shroud flow of
nitrogen was used to reduce external disturbances. A steady background flow rate of 0.14 m/s was
maintained for all flows when the piston was not being actuated. When acetone planar laser-induced
fluorescence (PLIF) measurements were performed, the nozzle air supply was diverted into an acetoneseeding system prior to premixing with methane.
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Fig. 1. Jet-in-co-flow burner used for vortex ignition experiments.
PLIF of the hydroxyl radical (OH) was accomplished by exciting the R1(8) transition of the (1,0) band
in the A-X system. The requisite 281.3414-nm laser sheet was generated using the frequency-doubled
output of a Nd:YAG pumped dye laser, and subsequent fluorescence from the A-X (1,1) and (0,0) bands
was detected at right angles using a f/1.4 UV lens and an intensified charge-coupled-device (ICCD)
camera. The 576×384 pixel array was binned in 2×2 groups, and the imaged area was 26.5 mm wide × 40
mm high. Prior to detection by the ICCD, the OH PLIF signal was filtered using UG-11 and WG-295
colored glass filters to remove visible and laser scattered light, respectively. Acetone PLIF was
accomplished using the same laser wavelength and camera system (without the UG-11 filter), eliminating
any uncertainties due to misalignment and variations in signal generation. Although most acetone PLIF
measurements were performed to characterize the cold-flow conditions, the 300-ns gate of the ICCD
allowed the UG-11 filter to be removed for simultaneous OH and acetone PLIF. A timing circuit driven by
a Quantum Composer, Inc., pulse generator allowed for synchronization of the laser pulse, camera gate,
spark ignition, and piston actuation.
For PIV measurements, the flow was seeded with aluminum-oxide particles, and the images were
acquired using a Kodak ES 4.0 camera and Micro-Nikkor f/2.8 lens. A schematic diagram of the
simultaneous OH PLIF and PIV image acquisition system is shown in Fig. 2. Cross-correlation processing
of PIV images was performed using custom software developed at Innovative Scientific Solutions, Inc.
(Gogineni et al., 1998).
As shown in Table 1, three main parameters were varied during the experiments: spark timing,
equivalence ratio, and vortex strength. The equivalence ratio was varied from 0.75 to 1.5, and the spark
timing was varied from 2.5 ms to 8 ms after the piston stroke. The effect of vortex strength was studied by
varying the piston stroke from 1.6 to 5 mm while keeping the rise time constant. This resulted in vortex
propagation velocities ranging from 2.5 to 6.5 m/s, which for constant ratios of vortex core diameter to
toroidal ring diameter, is proportional to the maximum tangential velocity in the vortex as well as the
circulation. Since flame propagation is very sensitive to the location of the spark, the position of the
electrodes was kept constant for all runs at 2-3 mm above the fuel-air nozzle, 3.5 mm apart, and just outside
of the central jet. Thus, a flame could be initiated prior to, during, or after the vortex formation and
propagation stages.
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Fig. 2. Schematic of the simultaneous PLIF/PIV system.
Table 1. Experimental Conditions.
Ignition
Timing (ms)*
2.5

Equivalence
Ratio
1.0

Piston
Stroke (mm)
3.3

Vortex
Velocity (m/s)

4

0.75, 1.0, 1.25, 1.5

3.3

5

4

1.0

1.6

2.5

5

1.0

5

6.5

6

1.0

1.6, 3.3, 5

2.5, 5, 6.5

1.0

3.3

5

8
* Relative to piston actuation
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3. Numerical Model
Ignition and flame propagation in the starting jets was simulated using an unsteady two-dimensional
code known as UNICORN (Katta et al., 1994; Roquemore and Katta, 2000). The time-dependent governing
equations are expressed in a cylindrical-coordinate system. Temperature- and species-dependent transport
coefficients are used. The enthalpy of each species is calculated from polynomial curve fits. A
stoichiometric methane/air mixture was used as the fuel. The detailed chemistry model (Peters and Rogg,
1993) used for describing methane combustion consists of 17 species and 52 elementary reaction steps. The
finite-difference forms of the momentum equations were integrated using an implicit QUICKEST scheme,
and those of the species and energy equations were obtained using a hybrid scheme of upwind and central
differencing.
Computations were performed using a 571x151 non-uniform grid system covering a physical domain
of 70x20 mm. The grid system was clustered in such way that the local grid spacing in the axial and radial
directions in the flame zone was 0.1 mm to resolve substantial gradients in the flow variables. The burner
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diameter was 5 mm, and a flat velocity profile with Uave = 0.135 m/s was used as the initial flow condition.
A fuel jet consisting of stoichiometric CH4/O2 and 71.5% N2 was issued into the flow by suddenly
increasing the fuel-mixture velocity to 6.5 m/s. A steady annular airflow of 0.135 m/s was used throughout
the calculation. Ignition was initiated at a location that is 2 mm above the inflow boundary and at the axis
of symmetry. The delay between the initiation of ignition and the start of the fuel jet (ignition-delay time, τ)
was varied to investigate flame propagation through the injected premixed gases.
4. Results and Discussion
4.1 PLIF and PIV Results
A series of acetone PLIF images was collected for each of the three piston strokes in order to
document the cold-flow conditions. As shown in Fig. 3, the piston stroke has a significant impact on the
vortex convection velocity, although the ratio of the vortex-core diameter to toroidal-ring diameter as a
function of distance from the nozzle exit remains fairly constant. This confirms that vortex circulation
should be approximately proportional to the vortex convection velocity and, thus, piston stroke. Note that
the nozzle exit is aligned with the bottom of each image and that the red dot near the bottom marks the
location of one of the electrodes.
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Fig. 3. Acetone PLIF images of cold-flow vortex propagation as a function of time after
the piston is actuated for piston strokes of (a) 1.6 mm, (b) 3.3 mm, and (c) 5 mm.
The effect of spark timing is presented in Fig. 4, which shows a sequence of OH PLIF images for
each of the spark timings listed in Table 1. The vortex propagation prior to ignition is shown in Fig. 3b,
with an equivalence ratio of 1.0 and piston stroke of 3.3 mm. For a spark timing of 2.5 ms, ignition is
initiated just ahead of the approaching vortex. The flame propagates quickly into the vortex rollers and
remains on the exterior of the jet column where fluid velocity is low. The vortex continues to stretch the
flame ahead of the vortex between 4.5 and 7.5 ms and quenches the flame between 7.5 and 8.5 ms. For a
spark timing of 4 ms, ignition is initiated as the tip of the vortex passes the electrodes. Vortex-flame
propagation is similar to that of the previous case, and a clear annular extinction of the flame is shown at 8
ms. This type of extinction is also observed under certain conditions when a vortex of cold fuel impinges
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on flat counterflow diffusion flames (Katta et al., 1998). For a spark timing of 6 ms, the vortex is beyond
the formation stage, and the flame propagates within the jet column and into the vortex rollers.
Interestingly, the flame does not propagate down into a second approaching vortex, but remains on the
exterior. For a spark timing of 8 ms, the vortex is 4-5 diameters downstream of the electrodes and is unable
to propagate into the rollers.
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Fig. 4. OH PLIF image sequence for spark timings of (a) 2.5 ms, (b) 4 ms, (c) 6 ms, and
(d) 8 ms after piston actuation. Equivalence ratio is 1.0 and piston stroke is 3.3 mm.
The effect of equivalence ratio is shown in Fig. 5. The spark occurs 4 ms after piston actuation and
the piston stroke is 3.3 mm. Unlike the stoichiometric conditions shown in Fig. 4b, the lean and rich flames
are almost immediately quenched after initial flame formation ahead of the vortex. Flame propagation
along the exterior of the jet column is quite similar for equivalence ratios of 0.75 and 1.25 (Figs. 5a and 5b,
respectively), but is greatly diminished for an equivalence ratio of 1.5 (Fig. 5c), as expected. Flame
bridging occurs across the jet column in Figs. 5a and 5b, but is suppressed in Fig. 5c.
Figure 6 shows Mie scattering from a typical PIV image and the corresponding velocity distribution.
An OH image is also superimposed to display the flame-front location. This image was taken 8.5 ms after
piston actuation with an equivalence ratio of 1.0.
4.2 Computational Results
To understand further the ignition delay and flame propagation in impulsively initiated premixed jets,
computations are performed using an unsteady two-dimensional code (UNICORN). The flow and
geometric parameters are chosen to be close to the experimental conditions. A 6.6-m/s jet initiated into a
stagnant or low-speed parallel flow generates a large mushroom-shaped vortex at the tip. As the jet pushes
into this nearly stagnant flow, the vortex increases in size through entrainment. In addition, impulsively
started jets generate smaller vortices on the jet column just upstream of the larger vortex. As the primary
vortex convects downstream, it entrains not only the surrounding air but also the secondary vortices on the
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Fig. 5. OH PLIF image sequence for equivalence ratios of (a) 0.75, (b) 1.25, and
(c) 1.5. Spark timing is 4 ms after piston actuation and piston stroke is 3.3 mm.

Instantaneous Velocity Field with
Superimposed OH-PLIF Image

Double Exposed PIV Image

Fig. 6. Typical PIV image and corresponding instantaneous
velocity distribution (Phi=1.0, 8.5 ms after piston actuation).
jet column. As a result of this entrainment, the jet of 6.6 m/s velocity penetrates through the nearly stagnant
flow at a velocity of about 4.1 m/s.
Ignition in the calculations is initiated within the jet column τ ms after the start of the jet. During this
process the temperature within a region of 5 grid points is held at 1600 K for five time-steps. Small
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amounts of H and OH radicals (< 0.5%) are also introduced within this region to initiate the methane-air
combustion chemistry. Calculations were made for different ignition-delay times and the results for four
cases are shown in Fig. 7 in the form of temperature distributions and fuel-jet structures. These cases were
selected to illustrate the different flame-propagation mechanisms. In Case 1, ignition was initiated 0.75 ms
after the jet was started. By this time, the tip of the jet has traveled ~ 1 mm past the spark location and
provided combustible mixture at the time of ignition. The flame and jet structures at 3.5 ms and 12.3 ms for
this case are shown in Fig. 7a in the left and right halves, respectively. The average velocity of the flame
propagation in the axial direction is ~ 3.4 m/s, which is ~ 17% lower than that of the cold jet. This
reduction in propagation speed results because the flame established along the outer core of the fuel column
acts like a barrier to jet propagation. Nevertheless, as the laminar burning velocity of the stoichiometric
methane-air mixture is only 0.38 m/s, the impulsively started jet has increased the flame propagation
velocity by an order of magnitude. Similar ignition and flame propagation are observed in Fig. 7b when the
ignition delay is increased to 1.5 ms. The average flame propagation velocity increases slightly to 3.5 m/s
and the flame is wrapped around the jet similarly to that seen in Case 1. However, there is a significant
difference in the structure of the burning jet when it is compared to the one obtained in Case 1. The jet in
the 1.5-ms case becomes transitional with the formation of 420-Hz organized structures, while the jet in the
0.75-ms case becomes laminar by t = 12.3 ms. Calculations made for these two cases simulated the flow
features observed in the experiment (Fig. 4b).
As shown in Fig. 7c, the flame-propagation mechanism completely changes when the ignition delay is
increased to 6 ms. Similar to the experiment shown in Fig. 4c, the head of the jet has traveled 24 mm past
the ignition location by the time ignition is initiated. The flame rapidly propagates downstream within the
jet column and reaches the tip of the jet with an average burning velocity of 6.5 m/s. As the flame
propagates into the lead vortex and burns the entrained fuel, the size of the lead vortex increases
significantly. The jet in this case also becomes transitional with the formation of organized secondary
vortices. The flame structure matches that shown previously in Fig. 4c. When the ignition delay is further
increased to 9 ms, the flame is unable to reach the jet tip Fig. 7d. As a result the initial fuel vortex formed at
the tip of the jet detaches from the fuel jet and travels as a pocket of unburned gas. This flame-propagation
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Fig. 7. Influence of ignition-delay on flame propagation through a 5-mm-diameter fuel jet. Velocity of
the jet is 6.5 m/s. In each picture locations of particles injected from the fuel jet are superimposed on
the temperature distribution. The ignition delays (a) 0.75 ms, (b) 1.5 ms, (c) 6.0 ms, and (d) 7.0 ms
represent the time lapses between initiation of ignition and start of the jet. Left- and right-half
images represent flame structures during the early and later stages of flame propagation,
respectively.

8

14

mechanism is similar to that observed in the experiments in Fig. 4d. The average burning velocity in this
case has dropped back to 5.5 m/s.
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Traces of the flame locations at the
centerline for the four cases considered are
shown in Fig. 8. It is evident from this
figure that the flame speed (slope), in
general, is decreases with time. The flame
speed at the end of the calculation is lower
than that obtained at the time of ignition.
Also, two regimes for initial flame speeds
may be identified. When ignition occurs
close to the vortex source (τ = 0.75 and 1.5
ms), the initial flame speed reaches a value
of ~ 4.4 m/s, whereas when ignition takes
place in the jet column (τ = 6.0 and 9.0
ms), it jumps to ~ 8.2 m/s. It may be
recalled that the cold-flow velocities in
these two regions are 4.1 and 6.6 m/s,
respectively. Thus, when ignition occurs in
the jet column, the flame speed increases
above the combined value of jet and
laminar burning velocities. The instabilities
that are generated when the ignition takes
place in the jet column (Figs. 7c and 7d)
may contribute to this enhancement in
flame speed.
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Fig. 8. Traces of the flame along the
centerline for different ignition delays.
The variation of average flame speed with
ignition delay is plotted in Fig. 9. It shows that for
the given fuel-jet-injection scheme: (1) the flame
velocity can be significantly increased by changing
the ignition delay and (2) there exists a maximum in
flame velocity that one can achieve in the laminar
flow regime using large-scale vortices.
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5. Conclusions
The current study explores several important
parameters that affect flame propagation in ignited
jets. Flame propagation is highly sensitive to spark
timing and takes place in two distinct regions: (a)
within the jet column and vortex rollers and (b) on
3
0
2
4
6
8
10
the vortex exterior. Ignition after the passage of a
τ (ms)
vortex leads to the former type of flame propagation,
and ignition ahead of a vortex leads to the latter type
Fig. 9. Average flame speeds obtained
of flame propagation. The equivalence ratio affects
for different ignition delays.
the stability and speed of flame propagation, with
ideal conditions found at stoichiometric to slightly rich conditions. Higher vortex strength causes localized
extinction in the flames formed outside the vortex and causes more wrinkling to the flames formed within
the jet column. Calculations for the ignition and flame propagation in stoichiometric fuel are performed
using a well-tested CFD code. These time-dependent calculations with detailed chemical kinetics
successfully simulate the experimentally observed flame-propagation mechanisms. It is found that
propagation speed can be increased significantly by impulsively starting the fuel jet. However, for the given
4
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jet injection, flame speed can only be increased to a maximum value by varying the ignition delay. Further
delay in ignition leaves unburned fuel in the exhaust, and flame speed drops quickly.
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