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a b s t r a c t
A harmonically excited conical bluff body stabilized ﬂame was studied to determine its behavior under
strong burning and near blowoff conditions. Chemiluminescence imaging was employed using a high
speed camera to characterize the phase resolved ﬂame characteristics for a range of excitation frequencies from 50 to 400 Hz. Phase-resolved measurements of strain rate along the ﬂame front were utilized to
provide important insights for understanding of ﬂame behavior particularly near blowoff. Phase resolved
particle image velocimetry (PIV) was utilized to map the different phases of the velocity ﬁeld for the harmonically modulated ﬂames. PIV data along the ﬂame front identiﬁed from seed density change were utilized to determine the strain rate variations at different phases of the ﬂame oscillation. Oscillations of
recirculation zone length were also characterized at all harmonic excitation frequencies accompanied
by a cyclically varying strain rate along the ﬂame front. At certain phases of the cycle, the strain rate
reaches a maximum just before the phase when the recirculation zone length is a minimum. At this point,
ﬂame pinching and vortex breakdown phenomena were observed. This vortex breakdown phenomenon
accompanies ﬂame blowoff when the ratio of the minimum recirculation zone length to the convective
length scale is in the range between 0.35 and 0.5. Based on these results, a description of ﬂame blowoff
phenomenon under externally forced ﬂow is proposed.
Ó 2013 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction
Flame stabilization and lean ﬂame blowoff phenomena in premixed combustion mode, has long been a subject of signiﬁcant
practical and technological interest for a wide variety of applications, such as gas turbine combustors, afterburners, ramjets, rockets and industrial furnaces. Two common ﬂame stabilization
schemes employed in premixed combustion systems include swirl
and bluff-body stabilization or some combination of both. Bluff
body ﬂame stabilization typically employed in jet propulsion augmentors has been of particular interest for robust ﬂame anchoring.
The physics of anchoring a premixed ﬂame behind a bluff body
ﬂame holder involves mixing of oncoming combustible reactants
with the hot combustion products residing in the recirculation
zone assisting as a continuous source of ignition for the fresh
fuel–air mixture. Seminal works by Zukoski and Marble have described the global ﬂame holding characteristics of a bluff body stabilized turbulent premixed ﬂame in terms of characteristic
timescales for mixing and chemical reaction induction [1,2]. The
response of laminar conical ﬂames to periodic oscillations was
studied extensively by Candel and his coworkers in a series of
⇑ Corresponding author. Fax: +1 860 486 5088.
E-mail address: cetegen@engr.uconn.edu (B.M. Cetegen).

articles, c.f. [3–5] who also characterized the ﬂame/ﬂow coupling
in conical and inverted conical ﬂames. It has been found that the
presence of oscillatory ﬂow conditions inﬂuences ﬂame blowoff
equivalence ratios as discussed by Chapparo, Landry and Cetegen
[6,7], who conducted experimental studies on the blowoff and response characteristics of bluff-body stabilized conical premixed
ﬂames under upstream ﬂow modulation. Aside from reaching high
levels of pressure and velocity oscillations that lead to noise and
eventually hardware failure, such oscillations can cause unsteady
ﬂame liftoff, extinction, and eventually ﬂame blowout. In landbased gas turbine systems, lean premixed operation of combustors
makes them susceptible to these combustion instabilities and it is
necessary to ﬁnd means of operating these systems at stable
conditions.
In its simplest conceptualization, ﬂame blowoff occurs when
some appropriately deﬁned chemical time scale exceeds a characteristic ﬂow time scale, expressed in terms of a Damköhler number
as Da ¼ schem =sresidence > 1 [8]. However ﬂame dynamics and blowoff are more complex when external acoustic excitations are present. For example, recirculation zone characteristics (its length and
width) under external ﬂow forcing can be different and these differences can inﬂuence the ﬂame holding characteristics based on
the simple time scale arguments. To understand this inherently
complicated phenomenon of acoustically excited premixed turbu-
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lent ﬂame dynamics, phase resolved characterization of bluff body
stabilized inverted conical propane-air ﬂames was employed.
Flames were excited with a loudspeaker at the bottom of a nozzle
providing axial harmonic velocity oscillations. The velocity ﬁeld
was characterized at different phase angles within the imposed
sinusoidal velocity oscillation cycle and characteristics of the recirculation zone length and strain rates along the ﬂame front were
determined from the velocity data. In the next sections we ﬁrst describe the experimental setup followed by discussion of the results.

2. Experimental setup
The experimental setup is schematically shown in Fig. 1. The
burner is made out of brass with a 3.2:1 nozzle diameter contraction with an exit diameter of 40 mm. A stainless steel rim of 2.5 cm
height and of the same inner diameter is attached to the burner
exit to preserve the brass section of the burner in case of ﬂame
attachment to the burner rim. The fuel–air mixture was fed into
the burner through eight equally spaced 0.95-cm-diameter radial
ports on the sidewall of the burner before the contraction section.
A stainless steel circular rod sting with a diameter of 6.4 mm was
centered at the burner exit and it was attached to the bottom of the
burner. Upstream of the contraction, the burner contained a 2.5cm thick honeycomb ﬂow straightener with a cell size of 4.0 mm
and a stainless steel mesh screen above it to minimize the ﬂow
nonuniformities and to remove the possibility of ﬂashback. Attached at the bottom of the burner was a loudspeaker cavity containing a 12.7 cm diameter subwoofer (Inﬁnity Model 6012i) to
modulate the ﬂow. The loudspeaker cavity was designed to allow
free movement of the speaker diaphragm while preventing leakage
of the combustible mixture through the speaker. The loudspeaker
response was calibrated in the frequency range of interest (50–
400 Hz) to maintain a constant ﬂow velocity modulation amplitude with respect to the mean ﬂow velocity (u0 =U mean  0:09) with
±5% error. The ﬂow modulation amplitude was limited by the

maximum level that can be attained by the loudspeaker system
for the range of mean ﬂow velocities studied. A calibrated hot ﬁlm
anemometer probe (TSI Model 1210-20) and signal processing system (TSI IFA 100) have been used to measure both u0 and Umean. The
probe was placed at an axial location 1 mm above the level of the
disc shaped bluff body and was mounted on a two micrometer
stages for 2D radial traversing. The measurements at each location
were taken over a period of 10 s to capture the turbulence characteristics [9–11].
Air ﬂow was supplied by a twin-screw air compressor (Gardner
Denver, Model ECHQHE) with a maximum mass ﬂow rate of 0.1 kg/
s. The compressor air discharge was ﬁrst dried by a refrigerationtype dryer (Hankinson Model 80200) and metered by a bank of
critical ﬂow oriﬁces to obtain the desired air mass ﬂow rate or nozzle exit velocity. Instrument-grade propane with 99.5% purity
(supplied by CT Airgas) was metered using a set of mass ﬂow controllers (Porter Instruments, Model 202). Mass ﬂow controllers
were interfaced to a DAQ board (NI Model PCI-MIO-16E-1) and
the data acquisition computer. The whole experiment was controlled by LabView software. Additional details of the combustor
setup and boundary conditions including measurements of the inlet velocity proﬁles are included in [6,7,9–11].

2.1. High speed chemiluminescence imaging
A high-speed monochromatic camera (Photron SA5) was used
to capture ﬂame luminosity at 1000–8000 fps depending on the
ﬂame excitation frequency employed. These high speed images
were used to resolve the dynamics of the ﬂame front under excitation. No spectral ﬁlter was used in front of the camera lens and as
such the total chemiluminescence was recorded, of which the
majority is from CH. To resolve the oscillation characteristics,
more than 20 images were acquired per imposed excitation cycle.
The camera shutter opening period was set at the inverse of the
framing rate.

Fig. 1. Schematic of experimental setup for phase-resolved characterization of turbulent premixed conical propane-air ﬂames.

S. Biswas et al. / Combustion and Flame 160 (2013) 2843–2855

2.2. PIV measurement
A PIV system (LaVision) was employed for phase resolved
velocity measurements. This system includes a frame-straddling
1024  1280 CCD camera (Model Flow Master 3S) and post
processing software (DaVis 7.0.6). The camera was coupled with
a Nikon 50 mm lens and 532 nm optical bandpass ﬁlter to allow
only Mie scattering from the approximately one micron alumina
seed particles. A bandpass ﬁlter (Andover 532FS02-50) with a
bandwidth of ±1 nm was used to block chemiluminescence emission. A dual-cavity Nd:YAG laser (New Wave Solo PIV III, 50 mJ/
pulse, 10 Hz repetition) provided the two consecutive laser pulses
for PIV. The camera shutter opening was controlled by an external
TTL trigger pulse originating from LabView. A delay generator was
used to adjust the timing of the pulse at different phases of the
velocity excitation cycle.

3. Data analysis techniques
3.1. Conditioned Particle Image Velocimetry (CPIV)
Using the Conditioned Particle Image Velocimetry (CPIV) technique, the ﬂame front was identiﬁed from the sudden change in
the particle number density in Mie scattering images caused by
the steep density gradient across the ﬂame fronts. This technique
allows determination of simultaneous velocity ﬁeld and ﬂame

Fig. 2. PDF of the corrected Mie scattered intensity, I from conditioned PIV (CPIV)
technique.
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geometry data at the same instant in a 2-D plane deﬁned by the laser sheet illumination. In a validation experiment, the ﬂame front
position was deduced for comparison from planar laser induced
ﬂuorescence measurements of OH. Although CPIV is an approximate technique to locate the ﬂame edge, it has been found that
CPIV yields nearly the same spatial position for the ﬂame front as
that obtained from the steepest slope in the OH distribution
[12,13] under appropriately seeded ﬂame conditions. Furthermore,
the CPIV technique has previously proven to be an easily adaptable
technique for determination of the simultaneous statistical quantities derived from the extracted ﬂame front shape of reaction progress variable and ﬂow ﬁelds, e.g., for the direct determination of
turbulent ﬂuxes, the ﬂame surface density and the ﬂame front curvature [14,15].
A good number of journal articles have appeared in the literature to establish and develop CPIV as an effective technique to deﬁne ﬂame edge within a reasonable accuracy level [16–25]. In the
present study, the density reduction from unburned to burnt region as a ﬂame propagates through a combustible mixture of fuel
and air is employed to calculate the ﬂame edge. A thorough investigation of Mie scattering intensity over a region of interest within
the ﬂame propagation region reveals a probability distribution
function with two distinct peaks as shown in Fig. 2. The peak with
low Mie scattering intensity signiﬁes the burned region, while the
peak with high intensities corresponds to the unburned region. A
value in between the high and low peaks may then be used as a
level set value, which is one of the key parameters in the CPIV technique depending on seeding conditions. In this study any region in
the normalized Mie scattering intensity plot with a value above the
chosen level set was designated as reactants, while any region below was assigned to be products. In this work we use a Gaussian
ﬁlter and active contour models to extract the ﬂame front contour,
as described subsequently.
In studies of turbulent ﬂows, due to high local velocity gradients
[26] and nonuniformities of seed injection, seed distribution sometimes shows inconsistency and the product-reactant peaks in
intensity probability density functions (pdfs) are close to one another. A crucial parameter for the CPIV technique is the adequate
adjustment of the seeding particle density. In case of too high particle densities the accuracy of the velocity determination decreases
due to speckle in the acquired images. For too low particle densities, the noise in the images increases which prevents the precise
positioning of the particle density gradient containing the ﬂame
front. The pseudo color Mie scattering image in Fig. 3a was ﬁrst
binarized to discrete values of either zero or one. This image was
then ﬁltered using the Gaussian ﬁlter followed by a convolution ﬁlter, with a 9  9 kernel size and a standard deviation, r, between 3
to 7. Mathematically a 2D Gaussian ﬁlter kernel may be expressed
as,

Fig. 3. Flame edge is determination using CPIV. (a) Pseudo color raw Mie scattering image, and (b) extracted ﬂame edge (shown in red line) as the longest contour in the ﬂow
ﬁeld. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 4. Comparison of extracted ﬂame edge using (a) OH-PLIF data and (b) CPIV
technique (red line) imposed on OH-PLIF result (white line) on Mie scattering
images on a ﬂame with / = 0.9,U = 10 m/s, f = 0 Hz. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)

G2D ðx; y; rÞ ¼

2 2
1
x þy
e 2r 2
2pr2

ð1Þ

The r is the standard deviation and r2 is the variance. Finally, the
ﬂame edge is determined as the longest contour in the ﬂow ﬁeld
as shown in Fig. 3.
3.2. Validation of CPIV algorithm using OH PLIF results
The ﬂame front identiﬁcation procedure outlined above was
checked against a more conventional method based on edge detection from OH planar laser induced ﬂuorescence in the same ﬂame
where simultaneous PIV and OH-PLIF measurements were performed [10,27]. Results obtained for a ﬂame with / = 0.9 are shown
in Fig. 4 for OH-PLIF and Mie scattering. Figure 4a shows the ﬂame
front from OH-PLIF data and Fig. 4b from the CPIV technique with
the ﬂame front contour from OH-PLIF imposed on it. They agree
with each other reasonably well as seen by the comparison of
the two ﬂame contours. The OH-PLIF images represent the location
of hot products including the ﬂame front and the recirculation
zone, whereas CPIV identiﬁes particle density change across ﬂame
front due to the steep density gradient.
Assessment of curvature statistics for the studied premixed turbulent ﬂames starts with the histogram based threshold setting as
shown in Fig. 2, followed by a binarization of the raw Mie scattering images based on the method outlined in reference [12]. A

Fig. 6. Comparison between ﬂame front curvature statistics derived from OH-LIF
and CPIV.

Gaussian ﬁlter of 9  9 pixels was used to smooth the binary image
and extract the ﬂame contour. Subsequently, the Cartesian coordinates of the ﬂame front were identiﬁed, a path-length parameter S
was introduced and a parameterizing of the instantaneous ﬂame
front in form of two functions {x(S), y(S)} was performed. This enables the contour representation by a cubic spline interpolation. Finally, the local curvature, R, is then calculated using the
expression,

R¼

€  y_ €x
x_ y
3

ðx_ 2 þ y_ 2 Þ2

¼

1
r

ð2Þ

By convention, the ﬂame curvature R and the curvature radius r
are deﬁned positive if the ﬂame element is convex toward the reactants. Oversampling of binary pixels by using too small a ﬁlter may
incur small-scale digitization noise, shifting the statistics towards
extremely large curvatures. Undersampling the binary image with
too large a ﬁlter may not capture relevant length scales of the
ﬂame front disturbances. In the present study, the 9  9 interval
length was chosen as it is on the order of the laminar ﬂame front
thickness dL.

Fig. 5. (a) Flame front determination using OH-PLIF data for a ﬂame of / = 0.77,U = 10 m/s, f = 200 Hz and (b) Flame front curvature along the ﬂame surface as a function of
the normalized arc-length parameter S, starting from the bottom of the ROI as shown on the left image.
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The extracted ﬂame front was used to determine the ﬂame position and normal direction for strain rate calculations, and to
determine the ﬂame curvature. For an additional comparison between OH PLIF and CPIV, a single-shot image was obtained from
both these techniques and the curvature values along the ﬂame
front were determined. Figure 5 shows the curvature as a function
of the normalized arc-length parameter S, starting from the bottom of the region of interest (ROI), shown in the left panel of
Fig. 5. The step-size for the cubic spline interpolation is limited
by the cutoff window sizes in the PIV method used for this experiment which is 2.5 mm. It is found that the CPIV technique agrees
quite well with that from the OH PLIF.
Figure 6 shows the curvature distributions from both techniques. Here, the width as well as the center of the distribution
are similar, whereas the distribution from CPIV is slightly wider

than OH-PLIF, meaning that steeper curvatures (i.e., smaller radii)
are present in the CPIV-images. This trend is also obvious from
Fig. 5 and may be attributed to the noisier images compared to
the rather smooth OH distributions. Therefore, we can deduce that
the shift introduced from OH-PLIF and CPIV in different directions
relative to the position of the true position does not signiﬁcantly
affect the analysis of ﬂame geometry.

3.3. Strain rate determination along ﬂame edge
Velocity statistics including the strain rate on the ﬂame were
computed
from the PIV results. The two-dimensional stress tensor,

@U
i
eij ¼ 12 @U
þ @xij , can be written for an axisymmetric geometry in
@xj
polar coordinates (r, h, z) [28] as,

"

j¼

@ur
@r
1 @uz
ð
2 @r

r
þ @u
Þ
@z

1 @ur
z
ð þ @u
Þ
2 @z
@r
@uz
@z

#
ð3Þ

assuming no variation in the h direction. This can be written as a
symmetric two-dimensional strain tensor containing the normal
and shear strain rates that describe ﬂuid element deformation.
The ﬁnal form of the strain rate can be obtained from,

j ¼ nz nr
Fig. 7. Sinusoidal velocity oscillation and nine equidistant phase angles (phase ‘a’ to
‘i’) at which the results are shown.



@uz @ur
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þ ð1  n2z Þ
þ
þ ð1  n2r Þ
@r
@z
@z
@r

ð4Þ

Velocity gradients were calculated from the PIV vectors using a
fourth order central difference scheme [29].

Fig. 8. Time sequence of chemiluminescence images of unconﬁned conical ﬂames at ﬂow velocities of 5 m/s near and far from blowoff at different excitation frequencies
taken at a framing rate of 2000 fps.
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Fig. 9. Time sequence of chemiluminescence images of unconﬁned conical ﬂames at ﬂow velocities of 10 m/s near and far from blowoff at different excitation frequencies
taken at a framing rate of 2000 fps.

4. Results and discussion
An analysis of the ﬂame chemiluminescence emission signal
near and far from ﬂame blowoff is presented. Experiments were
performed at mean ﬂow velocities of 5 and 10 m/s. Corresponding
to each mean ﬂow velocity, the employed loudspeaker excitation
frequencies were 50 Hz, 100 Hz, 300 Hz and 400 Hz in addition
to a no excitation case. For ﬂames approaching blowoff, the air ﬂow
rate was kept constant in each experiment while the fuel ﬂow rate
was decreased gradually until the ﬂame blowoff condition was
reached. It should be noted that there is a phase lag between the
imposed speaker excitation signal and velocity excitation at the
nozzle exit due to convective time delay. Comparing the cold ﬂow
PIV results with the speaker oscillation time series, it was found
the velocity oscillation at the bluff body ﬂame holder position
lagged the speaker excitation signal by 15–20°. In the results
shown and discussed below, nine different equidistant phase angles of the velocity excitation cycle at the exit of the burner, labeled from ‘a’ to ‘i’ respectively, were selected for analysis as
shown in Fig. 7.

300 Hz. At 300 Hz, ﬂame structures also appear to be less well-deﬁned. The ﬂame blowoff sequence in the lower part of the ﬁgure
indicates that blowoff occurs by progressive weakening of the
ﬂame near the base and eventual blowoff starting at the base
and proceeding downstream. At 100 Hz, the ﬂame base gets extinguished and the ﬂame blows off with downstream convection of
the last ﬂame structure. At 300 Hz, ﬂame structures are less deﬁned and ﬂame blowoff occurs by progressive weakening of the
ﬂame base. In Fig. 9 observations are similar for the higher velocity
case of 10 m/s with the exception that ﬂames are more turbulent
as expected. In this case ﬂame modulation at 100 Hz exhibits less
symmetric ﬂame structures and a more columnar ﬂame near its
base. Flame structures evolve to their largest lateral extent at a distance of about ﬁve to eight times the ﬂame holder diameter. At
300 Hz, the ﬂame appears to be more fragmented and the vortical
structures are disconnected indicating extinction of ﬂames in between these structures. Flame blowoff sequence shown in Fig. 9
also suggests a progressive weakening of ﬂame structures as blowoff is approached.
4.2. Flame edge identiﬁcation

4.1. Phase resolved ﬂame dynamics
Figure 8 shows the time sequence of ﬂame luminosity without
excitation and at 100 and 300 Hz excitation at 5 m/s mean ﬂow
velocity. Harmonic ﬂow modulation results in the formation of
vortical structures near the ﬂame holder which convect downstream. Successive ﬂame structures appear to have a constant
spacing at 100 Hz while merging of these structures occurs at

The ﬂame edge was identiﬁed using CPIV algorithm and strain
rates were determined along the ﬂame edge using Eq. (4). The
identiﬁed ﬂame edge is shown over a complete velocity oscillation
cycle for U = 5 m/s, / = 0.9, f = 100 Hz in Fig. 10. The region of interest is restricted to 5–6 bluff body diameters downstream of the
ﬂame since the ﬂame blowoff is initiated at the base of the ﬂame.
The ﬂame loses its conical or ‘V’ shape as the cycle progresses. It
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Fig. 10. Flame front (shown by red lines) determination using CPIV algorithm over a complete velocity oscillation cycle for a ﬂame of / = 0.9, U = 5 m/s, f = 100 Hz. Phase
points are indicated underneath each ﬂame image for ease of identiﬁcation. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

Fig. 11. Velocity ﬁelds and strain rates determined along the ﬂame front for U = 10 m/s, f = 100 Hz. Different phases correspond to those in Fig. 8.

becomes more columnar with a reduction in ﬂame waist as in
phases ‘c’ and ‘e’. At phase ‘e’, outside vortex rings impose strain
on the ﬂame, which gradually decreases towards the end of the cycle. Phase ‘a’ and ‘i’ are identical. A small schematic underneath
each ﬂame image indicates corresponding phase point of the
speaker oscillation cycle.
Figures 11 and 12 show the velocity ﬁeld at different phases of
the imposed ﬂow oscillation for a mean ﬂow velocity of 10 m/s at
100 and 300 Hz oscillation frequencies. Imposed on these velocity
ﬁelds is the ﬂame front as identiﬁed by the CPIV technique and the
magnitude of the strain rate variation along the ﬂame contour as

colored strain levels. Strain rates were calculated from the velocity
ﬁeld as described earlier. Generated vorticity from the edge of the
bluffbody as convected downstream is captured in velocity ﬁeld
data. These vortices play an important role on ﬂame dynamics as
average strain rate changes at each phase, based on the location
of the vortex rings surrounding the ﬂame.
From Figs. 11 and 12, strain rate changes are tracked along the
ﬂame contour. The velocity oscillation in the form of advecting vortices is observed to narrow the ﬂame waist at some locations downstream and some phase angles. High magnitudes of strain are
predominantly found in the close interaction regions of the ﬂame
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Fig. 12. Velocity ﬁelds and strain rates determined along the ﬂame front for U = 10 m/s, f = 300 Hz. Different phases correspond to those in Fig. 8.

Fig. 13. Strain rate PDFs for / = 0.9 (far from blowoff), U = 10 m/s at f = 100 Hz (left column, most probable strain for phase ‘a’ = 540 s1, for phase ‘e’ = 3025 s1), 300 Hz (right
column, most probable strain for phase ‘a’ = 820 s1, for phase ‘e’ = 4280 s1).

front with vortices, particularly in the upstream regions (see for
example, Fig. 11e–g). At f = 300 Hz, the ﬂame waist, or minimum
ﬂame waist downstream, becomes smaller than that at f = 100 Hz;
whereas the average ﬂame waists are similar. At the same time,
average strain along the ﬂame front increases for f = 300 Hz compared to the case of f = 100 Hz. Outer shear layer pinching is more
prominent at f = 300 Hz. As discussed later, this increased ﬂame perturbation leads to a reduction in the blowoff equivalence ratio at
f = 300 Hz; whereas at f = 100 Hz, the ﬂame perturbation has no
measurable effect on the blowoff equivalence ratio.

4.3. Strain rate PDFs
Figures 13 shows the strain rate probability density functions
(PDFs) as the ﬂame undergoes an oscillation cycle for the same
conditions as in Figs. 11 and 12. The most probable strain rate is
lowest at phase ‘‘a’’ midway during the increasing amplitude of
the excitation source. The most probable strain rate on the ﬂame
front increases until it reaches a maximum in between phases
‘‘d’’ and ‘‘e’’ around the middle of the decreasing part of the velocity
oscillation. They progressively decrease back towards the begin-

S. Biswas et al. / Combustion and Flame 160 (2013) 2843–2855
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Fig. 14. Conﬁrmation of strain rate repeatability is shown for phase ‘e’ (critical phase as strain rate reaches maximum) for / = 0.9,U = 5 m/s, f = 100 Hz.

ning of the cycle. This very repeatable behavior of strain rate PDFs
are similar for all velocities and excitation frequencies although the
distributions are wider for the higher frequency and velocity cases,
particularly for those phases where maximum strain rates are observed. This broader distribution of strain rates is consistent with
the larger perturbation of the ﬂame front topology observed in
Figs. 11 and 12 for higher oscillation frequencies.
In Fig. 11, the ﬂame front during phase ‘‘a’’–‘‘b’’ is largely unperturbed below a height of 30 mm. As the velocity oscillation reaches
a maximum during phase ‘‘c’’–‘‘d’’ the ﬂame narrows. During the
decrease of the excitation amplitude, the ﬂame is modestly
pinched and forms a waist that is apparent in phases ‘‘e’’–‘‘f’’ that
then advects downstream. The ﬂame waist is minimum near phase
‘‘g’’. The perturbation of the ﬂame surface by the vortex pinching is
accompanied by an increase in the ﬂame front strain as apparent in
Fig. 13. For the higher oscillation frequency (Fig. 12), the sequence
of ﬂame shape changes and strain variations are similar, but stronger pinching of the ﬂame and a smaller waist is observed that correspond to a higher most probable strain in Fig. 13. With increased
average velocity the same trends are observed but with a wider
distribution of strain for all oscillation frequencies.
Exploration of phase resolved ﬂame dynamics requires instantaneous measurements and analysis of subsequent datasets. Thus
the entire ﬂame edge detection and strain rate PDF calculations
are based on instantaneous images from CPIV and particle image
velocimetry. This raises a question on repeatability of measured
strain rates over a particular velocity oscillation cycle. Strain rate
pdfs at phase ‘e’ plotted from different PIV images obtained in a
phase-locked manner are shown in Fig. 14. This ﬁgure conﬁrms
adequate repeatability of the measurements at a given phase point.
While the measurements from independent realizations show sufﬁcient repeatability, spatial resolution of the ﬂame front and velocity gradients can also impact the error of extracted statistics.
Flame-front conditioned strain rates were recently reported in
bluff-body ﬂames without excitation using CPIV [30]. Since the resolution of the ﬂame front via CPIV is better than that of the velocity
vectors due to windowing in the PIV analysis, the determination of
the ﬂame front location does not signiﬁcantly impact the error. The
extracted strain statistics is then limited by the resolution of the
PIV vectors [30].
4.4. Oscillating recirculation zone
Oscillation of the recirculation region has been studied by
many researchers under a wide variety of experimental conditions
due to acoustic perturbation, ﬂow instability, and variation in tur-

Fig. 15. Oscillating recirculation zone (a) U = 5 m/s [+1.8/1.7 about mean] and (b)
U = 10 m/s [+2.5/2 about mean].

Fig. 16. PIV seed effect on blowoff equivalence ratio, /blowoff.

bulence levels [31–33] and is an important aspect of the bluffbody stabilized ﬂames under forcing. The length of the recirculation zone normalized by the bluffbody diameter, LRZ/d plotted
over a full external oscillation cycle is shown in Fig. 15 for two
different mean velocities of 5 and 10 m/s and frequencies ranging
from 50 to 400 Hz. The recirculation zone length was determined
as the axial location along the center of the bluff-body ﬂame
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Fig. 17. Near blowoff ﬂame dynamics for different mean ﬂow velocities and excitation frequencies. Flame edge shown by red line is determined using CPIV. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

holder where the streamwise velocity changes from negative to
positive. The recirculation zone length responds to the sinusoidal
velocity excitation as is clearly seen in Fig. 15. For the same percentage of incoming velocity modulation, the higher upstream
velocity leads to larger absolute ﬂuctuations of the recirculation
zone length about the mean. At lower excitation frequency, the
recirculation zone has more time to respond and the amplitude

of recirculation zone length oscillations increase. With increasing
frequency, the recirculation zone response decreases. In fact, at
frequencies higher than f = 400 Hz, the recirculation zone length
appears to be unaffected. In the second half of the velocity
oscillation cycle, the recirculation zone length becomes smaller
than the mean RZ length, LRZ|mean and reaches a minimum at
phase ‘g’.

S. Biswas et al. / Combustion and Flame 160 (2013) 2843–2855
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Fig. 18. Strain rate PDFs near and far from blowoff over a complete velocity oscillation cycle U = 10 m/s at f = 300 Hz (left column, far from blowoff, most probable strain for
phase ‘a’ = 820 s1, for phase ‘e’ = 4280 s1), (right column, near blowoff most probable strain for phase ‘a’ = 345 s1, for phase ‘e’ = 1120 s1).

4.5. Flame dynamics near blowoff
One of the main objectives of the present study was to characterize the near blowoff ﬂame dynamics in order to better understand and predict unsteady processes associated with ﬂame
extinction and development of ﬂame blowoff mechanism under
upstream velocity oscillation. An extensive set of phase resolved
particle image velocimetry measurements were conducted mainly
at three different mean ﬂow velocities, U = 5, 10, 15 m/s, with u0 /
U  0.09 and over a range of sinusoidal excitation frequencies,
f = 0, 50, 100, 200, 300, 400 Hz on an unconﬁned bluffbody stabilized propane-air premixed ﬂame. First, blowoff points were determined for a ﬁxed mean velocity over different excitation
frequencies. Then a common equivalence ratio was selected
slightly higher than the highest blowoff equivalence ratio for that
particular velocity. Thus, near blowoff equivalence ratios investigated in the present study for U = 5, 10 and 15 m/s are / = 0.73,
0.8 and 0.88 respectively. Near blowoff, the ﬂame gets weaker
and is highly susceptible to external disturbances. Of possible concern is the effect of seed particles in the ﬂame as they may change
the ﬂame blowoff limit. Figure 16 shows that the effect of seed is
negligible on the ﬂame blowoff limit or all cases examined.
Figure 17 illustrates ﬂame dynamics near blowoff. At the lower
ﬂow velocity, U = 5 m/s ﬂame pinching is enhanced with increase
in frequency up to f = 300 Hz. At a higher frequency of f = 400 Hz,
the ﬂame becomes quite unresponsive as the characteristic ﬂame
response time exceeds the time period of the external oscillation.
For higher mean ﬂow velocities, U = 10 and 15 m/s, with an increase in frequency the shear layers roll up and pinch the ﬂame
making the ﬂame waist (lateral extent of the ﬂame envelope in
the plane of the laser sheet) narrower, inducing entrainment of
reactants from the unburned regions. At higher equivalence ratios,
away from blowoff, the ﬂames appear more axisymmetric. As
equivalence ratio reaches nearly the blowoff limit, ﬂame symmetry
diminishes. This explains the fact that ﬂame behavior becomes
highly responsive to external perturbations. The vortex structures
generated outside the ﬂame envelope are due to the interaction between forced premixed fuel–air jet and its quiescent surroundings
and is strongly dependent on mean velocity and excitation frequency. These vortical structures do not represent the preferred
mode of the jet with a diameter of 40 mm (brass burner exit
diameter).

Strain rate PDFs before ﬂame blowoff are plotted in Fig. 18 and
are compared with those away from blowoff for the same ﬂow conditions, U = 10 m/s, f = 300 Hz. The fact that the most probable
strain rate decreases as the ﬂame approaches blowoff is evident
from strain rate pdfs as they tend to shift to lower strain rate values as compared to those for the far-from-blowoff cases. Strain rate
variation (difference between maximum and minimum strain rate)
is higher for the vigorously burning cases than those for the near
blowoff cases. The phase where maximum strain occurs, remains
unchanged for both cases which occurs in between phases ‘e’ and
‘f’ indicating that ﬂuid dynamics dominates in both cases.
A comparison of strain rate pdfs at phase ‘e’ and ‘f’ of the velocity oscillation cycle near and far from blowoff is presented in
Fig. 19. In both cases, the probability of high strain rate increases
for the far from blowoff condition. As ﬂames reach near blowoff
conditions, the strain rate decreases. Average strain rate can be calculated as the mean of corresponding strain rate pdf
R
j ¼ 01 jPðjÞdj. This mean strain rate averaged over a velocity
oscillation cycle is investigated under different ﬂow conditions
and equivalence ratios. Figure 20 shows the normalized strain rate
with respect to ﬂow velocity, U and characteristic bluff body length
scale, L (its diameter in this case) as a function of the Strouhal
number, St ¼ fL
where f is the excitation frequency. It is clear that
U
the mean strain rates are proportional to the ﬂow velocity as
expected.
4.6. Forced blowoff mechanism
The streamwise length of the recirculation zone normalized by
the bluff body diameter (10 mm) was shown in Fig. 15 for the
mean velocities of 5 and 10 m/s. It was found that the recirculation
zone length oscillates in-phase with the imposed velocity oscillations and exhibits a maximum at the highest velocity and a minimum at the lowest velocity. The inﬂuence of the recirculation zone
characteristics on ﬂame blowoff is displayed in Fig. 21 where normalized ﬂame blowoff equivalence ratios, w(f) = /(f)//0 are plotted
as a function of the ratio of minimum length of the recirculation
zone (RZ) divided by the convective wavelength, k ¼ U=f . Here /
(f) is the blowoff equivalence ratio at a given ﬂow oscillation frequency, f, and /o is the unforced blowoff equivalence ratio. In both
cases, the fuel fraction was decreased at constant average velocity
and ﬁxed oscillation amplitude and frequency until the ﬂame was
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Fig. 19. Comparison of strain rate pdfs near and far from blowoff for U = 10 m/s, f = 300 Hz, at two different phases, phase ‘e’ (top) and ‘f’ (bottom).

Fig. 20. Average strain rate per cycle normalized by U/L versus Strouhal number, fL/
U.

extinguished to determine the blowoff equivalence ratios. It is suggested from Fig. 21 that the blowoff equivalence ratio reaches a
peak value under forced conditions for the values of Lmin
RZ =k between
0.35 and 0.50 depending on the ﬂow velocity.
For almost all cases, the minimum recirculation zone length occurs between phase angles of 270 and 315 degrees at phases between ‘g’ and ‘h’. When the recirculation zone length is
minimum, the cold reactants penetrate farther towards the centerline as is apparent in Figs. 11 and 12 where the minimum ﬂame
waist is observed around phase ‘g’. This pinching may lower the

Fig. 21. Ratio of blowoff equivalence ratio at a particular frequency of perturbation
with that at no perturbation versus Lmin
RZ =k for U = 5, 10 and 15 m/s. Average of two
separate measurements are shown for each mean velocity, U.

temperature of this zone leading to ﬂame blowoff. Fig. 22 offers
some additional evidence from the Mie scattering image for
U = 10 m/s and f = 300 Hz during phase ‘f’ near the minimum waist
location. Enhanced penetration of seed into the recirculation zone
is apparent as compared to other phases of the conditions with larger ﬂame waists where little seed is observed directly in the recirculation zone. This is believed to lead to cooling of the recirculation
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Fig. 22. Mie scattering image of shear layer pinching and vortex roll up at U = 10 m/
s, f = 300 Hz, phase ‘f’.

zone as a result of mixing with cold reactant stream and inability
to ignite the incoming mixture. This view is consistent with our
earlier ﬁndings reported in Ref. [27].
The results of the study using time resolved chemiluminescence
imaging and phase resolved PIV can now be utilized to formulate a
forced ﬂame blowoff mechanism in bluff body stabilized turbulent
premixed ﬂames. It was found that as ﬂame blowoff is approached
by reduction of equivalence ratio, the ﬂame shape changes from a
conical to a more columnar shape and the degree of interaction of
the ﬂame front with the shear layer consequently increases causing increased ﬂame instability. Near blowoff, for initial phases
(phase ‘a’ to ‘d’) of the oscillation cycle, vortices interacting with
the ﬂame front induce high local strain or hydrodynamic stretch
rates that exceed the corresponding extinction strain rates, resulting in local ﬂame extinction along the shear layers. As the velocity
oscillation cycle progresses (phase ‘e’ onward), imposed strain rate
on ﬂame front ﬁrst increases followed by a reduction in the recirculation zone length. Shear layers start rolling up and make the
ﬂame locally weaker and narrower by pinching the ﬂame waist.
Whenever a ﬂame hole is created due to local ﬂame extinction in
the shear layers, fresh cold reactants are entrained through the
shear layers to react within the recirculation zone due to favorable
(longer) residence time there if there is locally sufﬁcient heat for
sustaining reaction. If the recirculation zone is sufﬁciently hot to
ignite the surrounding reactive mixture, the ﬂame may survive
for several milliseconds (evident from high speed CH imaging)
and can reignite the shear layers such that the entire ﬂame is reestablished temporarily. This extinction and reignition event can
happen repeatedly before ﬁnal blowoff which occurs when recirculation zone length drops below a certain critical range and ﬂame
strain exceeds extinction strain rates, then the recirculation zone
fails to reignite the shear layers and ﬂame blowoff occurs.

5. Conclusions
Blowoff mechanisms of bluffbody stabilized premixed turbulent
ﬂames under ﬂow ﬁeld excitation is insufﬁciently understood. A
detailed experimental study was conducted with the aim of understanding ﬂame-ﬂow interactions near the base of a bluff body stabilized premixed ﬂame undergoing periodic ﬂow oscillations.
Phase resolved characterization was employed to study the ﬂame
response and behavior. Flame chemiluminescence and particle
image velocimetry were employed for this purpose. Effects of ﬂow
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modulation on ﬂame topography at conditions near and far from
blowoff were presented. Excitation at different forcing frequencies
result in differences in ﬂame structure and ﬂame blowoff behavior
as it was observed previously. It was found that both the strain
rates along the ﬂame font and the recirculation zone length undergo periodic oscillations. Maximum strain on the ﬂame was found to
occur between 270 and 315 degrees of the sinusoidal speaker excitation cycle (0 degree being the beginning of the sinusoidal oscillation cycle) corresponding to a minimum in the velocity oscillation.
Flame front strain rates increase up to this phase consistent with
enhanced perturbation of the ﬂame front topology. This variation
is similar for the different velocity and excitation frequency cases.
The variation of the recirculation zone length is such that it becomes minimum at about the same phase angle where strain rates
are maximum. This stage of the oscillation also results in convection of the cold reactant stream into the recirculation zone, as evidenced by penetration of cooler reactants into the recirculation
zone due to the presence of a strong vortex ring above the recirculation zone. As described in our earlier work and reﬁned in this
study, the ﬂame blowoff under oscillatory ﬂow conditions is promoted when the ratio of the minimum recirculation zone length
to the convective length scale is in the range between 0.35 and
0.50.
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