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ABSTRACT

Flame interaction is a common phenomenon in many common combustion applications that can
have a leading order effect on flame stabilization. In particular, flame stabilization is a key performance
metric in low-emissions gas turbine engines for both aircraft and power generation applications. In this
study, we explore the impact flame interaction on blowoff characteristics and flame shape on three twodimensional bluff-body stabilized flames by varying the spacing between the bluff bodies and the velocity
of the incoming flow. Flame locations are extracted from particle image velocimetry (PIV) data to study
the differences in blowoff limits between two different bluff-body spacing configurations all at the same
entering bulk flow velocity. Increasing the flame spacing led to wider flames and less interaction.
Geometric and flow profile effects are discussed with respect to flame interaction and blowoff
phenomena.
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Chapter 1
Introduction

Motivation
In recent history, policy makers have heightened their focus on regulating emissions. At the
center of the discussion for regulation is NOx. The principle nitrogen oxides present in the atmosphere
are nitric oxide (NO) and nitrogen dioxide (NO2), collectively referred to as NOx [1]. Recently legislated
emission controls have created a serious need in the combustion community for creative ways to reduce
NOx emissions while maintaining combustion stability and engine efficiency. While there are many
natural sources of NOx such as soil, oceans, and lightning, the atmosphere has seen a steady climb in
emissions since the 1950’s, which can be largely attributed to human activities such as fossil fuel
combustion.
Currently, scientists and engineers are implementing several strategies to reduce NO x emissions
including lean combustion, which reduces flame temperatures and NOx formation. The rate of NOx
formation is highly dependent on combustion temperature [1]. Reduction in combustion temperature and
decreasing O2 concentrations through the use of exhaust gas recirculation (EGR) can greatly reduce NOx.
One way to reduce combustion temperature is to run lean flames, where flames are intentionally starved
of fuel. Studies have shown that the use of a pilot flame can help stabilize a flame during very lean
combustion, resulting in lower NOx emissions from the main flame. The pilot flame is used to add heat to
the flame stabilization region enabling a continuous ignition of reactants [2]. Unfortunately, the piloting
method for enhanced lean stabilization is flawed simply because the pilot flame itself generates NOx.

Although lean combustion is highly effective for reducing NOx, it causes several operational
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issues, including both static and dynamic combustion instability. Combustors in gas turbine engines are
designed for lean combustion. Another inherent problem with lean systems is engine turndown ratio. If
these systems are to operate at lean stoichiometry and at high engine power level, they must also be able
to operate with a very low engine power level. As the power is decreased, combustion instabilities in the
system may be observed. These instabilities are indicators that the equivalence ratio at low power is too
lean for the flame to stabilize and can often be the early indicators of flame blowout [2]. Among the
current literature, flame blowout is also referred to as blow-off. These terms describe an event in which
the combustion conditions are such that flames are no longer statically stable and are not able to sustain
continuous combustion.
Flame blowout is a manifestation of static combustion instability. Both dynamic and static
instabilities have adverse effects on combustor efficiency, output power, and operating range. The
occurrence of combustion dynamics is generally understood as being dependent on a coupling between
pressure oscillations and energy release rate, often referred to as the Rayleigh criterion [3]. Dynamic
instabilities resulting from combustor acoustic characteristics, pressure oscillations, and velocity
oscillations are interesting however, not the focus of this research.

Flame Stabilization
Flame stabilization is an important performance requirement that must always be met, especially
while trying to run at lean equivalence ratios. In many cases, flame stabilization is achieved by a bluffbody, swirling the inlet air flow, and/or a sudden expansion of the combustor liner. The creation of
recirculating flow regions provides a source of heat and free radicals that ignite the adjacent shear layer.
The highly turbulent shear layer acts as a continuous ignition source, which has a stabilizing effect [4].
Bluff-body stabilization works in a similar fashion. The bluff body disrupts the incoming fuel and air
creating a recirculation zone downstream. The flame sits in the low velocity region created by the bluff
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body disruption of the incoming flow.

Figure 1: Diagram of individual bluff-body stabilization
Figure 1 shows a simple schematic of a single bluff. This figure is consistent with the notation and set up

used in the research presented in this thesis. The flow is from bottom to top of the 2D triangular prismatic
bluff bodies producing a V-flame. A recirculation zone is located behind the bluff body, and the flame
sits in the shear layers that emanate from the edges of the bluff body.
Flame stabilization depends on the speed of flame propagation; if the flow velocity everywhere in
the flow field is higher than the speed of flame propagation, the flame cannot stabilize and will blow off.
To better understand this important phenomenon, it is often convenient to describe the flame in its own
reference frame. From this reference frame we define laminar flame speed, SL, as the approach velocity
of the unburned reactants normal to the flame front. An observer from the laboratory reference frame sees
the flame as being stationary on the bluff body. In order for the flame to stabilize on a bluff body, the
flame must satisfy the SL = u criterion somewhere in the flow field, where u is the local velocity of the
approaching reactants. This criterion is referred to as the “kinematic condition.” More specifically, the
flame speed must be equal to the component of the unburned reactant velocity normal to the flame.
Equivalence ratio, the fuel to air ratio normalized by the stoichiometric fuel to air ratio, can have
a leading order effect on flame speed. Varying the equivalence ratio away from the stoichiometric
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condition reduces the reaction rate of the chemistry of the flame and decreases the temperature of the
flame. The flame temperature decreases because of the excess reactants that do not participate in the
chemical reaction [5]. For fuel-lean mixtures, where there is excess air, the O2 and N2 molecules absorb
energy into internal energy modes, reducing the sensible energy, or temperature, of the mixture.
Similarly, if the mixture is fuel-rich, the excess fuel acts to absorb energy and decrease the mixture
temperature. For methane, the fuel used in this experiment and a widely used fuel in power-generation
gas turbines, the flame temperature and flame speed peak at approximately φ=1.05.

Figure 2: General variation in laminar flame speeds with equivalence ratios ϕ for various fuel-air
systems at P=1atm and T0=298K [6].
Figure 2 shows data of methane flame speeds as a function of equivalence ratio as compared to a

number of other fuels. The plot shows that a laminar methane flame will increase in speed up until about
an equivalence ratio of ϕ=1. Once the mixture becomes too fuel rich the methane flame speed decreases.
The combustion process is especially sensitive to perturbations in equivalence ratio under lean operating
condition [3]. This is because the equivalence ratio at lean conditions is near the flammability limit, and
perturbations to the equivalence ratio below the lean equivalence ratio can result in inflammable mixtures
and eventual blow-off. When operating at lean conditions the temperature of the flame and burned
products decreases significantly making stability a challenge. The limits for blow-off must be well
established in order to avoid inefficient and unsafe combustion.
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Blow-off has been observed in a number of previous studies; a comprehensive review of the
subject for bluff-body flames is described by Shanbhogue et al. [7]. The lean blow-off limit is decreased
as inlet temperature and pressure are decreased and the incoming air velocity is increased. In order to
increase the stability of this flame, the equivalence must be increased. However, this correlation was
developed based upon data collected from a one flame experiment. It does not take into account potential
effects from an interacting flame.
Other studies have looked more closely into the dynamics of flames during a blow-off event. A
study by Nair and Lieuwen [8] imaged the flame during blow-off and measured the velocity field during
the blow-off event. Figure 3 shows flame edge tracking image of the flame in two distinct stages during
flame blow-off.

a)

b)
Figure 3: Flame edge tracking of first (a) and second (b) stage blow-off events in a bluff-body flame [8].

Fluid flow over a bluff-body without combustion naturally creates vortex shedding by disrupting
the flow. This phenomena is known as von Kármán vortex shedding, which is coherent and axisymmetric
about the center of the bluff-body. Von Kármán shedding occurs at a defined frequency that is related to
both bluff-body diameter and bulk flow velocity [9]. The flame dynamics are different than the flow
dynamics because of combustion. During combustion the wake just downstream of the bluff-body is
most impacted by shear-layer induced vorticity effects [10]. Nair and Lieuwen described the first phase
of blow-off as the development of a hole in the flame shown in Figure 3(a). Figure 3(a) shows the
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convection of the hole downstream at a given time-step. This disruption in flame shape indicates the first
sign of unsteadiness in the flame. During the first stage the flame is unsteady but is able to persist and
recover from the development of the hole. The second stage of blow-off shown in Figure 3(b) more
closely resembles the von Kármán vortex shedding discussed earlier. Reducing the equivalence ratio
transitions the flame from stability into the first and then second stages of blow-off. The large scale
vortex shedding shown in Figure 3(b) is similar to the results in this research discussed later on. As can
be seen from these flame-edge tracking images, much of the flame dynamics before blow-off is driven by
large-scale vortices in the flow field.

Figure 4: Dependence of average vorticity as a function of distance from the bluff body along the
flame arc length for Φ= 0.6 and 0.72 [8]
Figure 4 shows that when operating under a lower equivalence ratio the shear generated vorticity

effects are further downstream. The change in sign of the average vorticity denotes the change from
bluff-body generated vorticity (positive) to flame generated vorticity (negative). For both cases when
ϕ=0.6 and ϕ=0.72, the magnitude of the average vorticity decrease with increasing axial distance from the
bluff-body [8]. Despite this, the instantaneous vorticity dynamics can drive the blow-off phenomenon.

Flame Interaction
Much of the current literature discussing blow-off analyzes a singular flame configuration,
however, this is not the case in practical combustors. Most combustor configurations include multiple
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flames that are in close proximity to each other. This research addresses the effect of neighboring flames
on blow-off limits and combustion stability characteristics. Some initial studies have shown that flame
interaction could widen the combustion stability limits.
Recent literature has shown the importance of flame interaction effects. Looking at images from
Ref. [11] shown in Figure 5 it is clear that interacting flames have a completely different flame shape
compared to a single standing flame. In this study, two axisymmetric bluff-body flames were positioned
at three distances from each other and the time-average behavior of the flames was investigated. The
figure shows that when the flames were moved closer towards each other the interaction zone moved
upstream. The images showed that the flame’s response to acoustic forcing was dominated by the
formation of vortex structures that interact with the flame [11]. In Figure 5, it is important to note that on
the outside of each flame is a wall boundary condition. In most applications to combustion the flames
interact with other flames on both sides and a wall.

Figure 5: Time-average of 100 FSD (flame surface density) images for three flame separation
distances S. The full flame structure is illustrated by stitching top and bottom time-averaged FSD images. U0
= 10m/s and ϕ = 0.7 [11].

Preliminary blow-off experiments have been tried in the two-flame configuration from Worth and
Dawson [11]. Experiments by Kariuki et al. [12] described blow-off characteristics of a single annular jet
flame. The results of this study showed that for a stable flame far from blow-off the flame brush is mostly
located with the shear layer. As the flame approaches blow-off the flame brush from each shear layer
merges creating a top hat or M shape directly above the centerline of an annular jet. The flame shortened
as blow-off approached, as Kariuki et al. noted the flame shape was less disrupted near the attachment
point as compared to further downstream locations [12].
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Another experiment by Dawson et al. [13] showed the impact of flame spacing on blow-off in a
similar chamber to that in Figure 5 where flame-flame interaction and flame-wall interaction were of
similar magnitudes. The results of this study showed that when blow-off was approached the flame
brushes became much wider with decreasing S (flame separation distance). The study revealed that two
flames closer together have an interaction area that is thinner and comparatively further downstream
relative to flames that are further apart [13]. Dawson et al. noted that in general flames with a larger S
behaved more steadily and that beyond S=2 Diameters, the results closely represented those generated by
a single injector configuration [13].
While the results discussed in the previous paragraphs provide important foundational
understanding of the dynamics of interacting flames, these studies were performed in relatively complex
combustor configurations and as a result, the time-varying flame structure is potentially highly threedimensional in nature. This study attempts to gain a more fundamental understanding of flame interaction
in two ways. First, long, two-dimensional bluff-bodies are used to stabilize the flames, resulting in a
highly two-dimensional flow field and nominally two-dimensional flame behavior. This reduces the
complexity of the geometry, and also allows planar diagnostics to be used to capture the flame and flow
dynamics. Second, the current configuration uses three flames, where the center flame is interrogated.
This produces a symmetric boundary condition on either side of the flame and allows for investigation of
flame interaction effects in both the left and right flame branches.
This research investigates to see if increased flame interaction adds heat to the center flame and
thus, extends the bounds of lean blow-off. It will also provide a means for quantifying blow-off from
particle image velocimetry (PIV) data. The data includes two bluff-body spacings (52mm and 42mm
apart) varying the amount of flame interaction that occurs at a given Reynolds number.
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Chapter 2
Experimental Design

Motivation
To date, most flame stabilization research has focused on single flame configurations. Flame
interaction effects have not been significantly explored. In real gas turbine combustors flames interact,
but the level of interaction depends on the design and operating condition of the combustor. Major
questions exist about how the heat release of one flame affects the stability of a neighboring flame. We
hypothesize that flame interaction has a leading-order effect on flame behavior, specifically at blow-off.
At blow-off flames are starved of heat and fuel, and neighboring flames provide additional heat. The
additional heat provided may inhibit blow-off.
This design of this experiment is based off a rig at the Georgia Institute of Technology. There,
Santosh Shanbhogue designed an experiment with a bluff-body stabilized flame for the analysis of flame
response to acoustic forcing. At Georgia Tech they were able to collect very clear data from the set up
shown in Figure 6 because the flow rate through the apparatus was low enough to produce a nearly
uniform velocity profile at the exit where the flame is attached to the bluff body. In our experiment we
extended this set up to accommodate three bluff-bodies so that we can observe flame interaction effects.
However, our research does not consider acoustic forcing effects on flame behavior.
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Figure 6. Experiment Diagram from the Shanbhogue experiment [14].

Our research extends the focus of the previous work by Shanbhogue and considers the influence
of flame interaction on important flame phenomena. We wanted to take advantage of this simple set up to
have data to compare to the single flame configuration to highlight the impact of the interacting flames.
By using a similar set up the data will either support the findings of the research at Georgia Tech, or
provide interesting results as to the differences in flame sheet dynamics when single flames respond to
acoustic forcing as compared to multiple flames interacting at various distances of separation.
Our goals for this project were to build an elegantly simple experiment that would provide data
for various aspects of flame interaction. This facility will allow data collection for the analysis of blowoff characteristics and dynamic flame response, while compiling a large database of flame and velocity
data for interacting flame dynamics. Another important goal for this experiment is flexibility. It is our
hope that this experiment will result in several years of useful data in various fields of combustion
research.

Design requirements
There were a few major design parameters that were considered when developing this
experiment. This first was to independently move three bluff bodies to achieve various levels of flame
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interaction. Second, the flames stabilization points must be well defined in order to better determine
when blow-off occurs. For this reason, we chose to use triangular prismatic bluff bodies for stabilization
because of the sharp recirculation boundary condition they create as compared to a cylindrical bluff body.
Third, a highly uniform flow is necessary at the flame base. Blow-off characteristics have been shown to
be very sensitive to flow conditions. Because the flow rates in the combustor are low - between 1 and 5
m/s - we can use a honeycomb flow straightener or series of perforated plates to prepare the flow.
Finally, the experiment must be capable of acoustic forcing at a range of frequencies and amplitudes. An
example of an acoustically forced flame is shown in Figure 7.

Figure 7. Illustration of an acoustically forced bluff body flame. The flame is stabilized on a circular flame
holder as shown by the black circle.

This experiment will have Reynolds number from 4000 to 8000. The length and width of the
flow exit plane will have an aspect ratio of 3. Based on our calculations of Reynolds number, we believe
that flames will stabilize on these triangular bluff bodies at a range of equivalence ratios above
approximately 0.5 for a methane/air mixture.
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Experimental design
The experiment is made out of four ¼” stainless steel sheets held together by four corner angle
irons. The angle irons are fitted with a gasket to reduce the leakage of fuel and air from the experiment
prior to the bluff bodies. A honeycomb is used on the inside of the box for flow condition through the
apparatus. Approximately 50 cell diameters are required between the honeycomb and the combustor exit
to assume uniform flow thought the width of the experiment. The 50 diameters figure was generated by
consulting research done at NASA’s Lewis Research Center [15]. Research also done by Cesar et al. [16]
provided guidance for honeycomb configuration and separation distance.

Figure 8. Full Design of experiment in SolidWorks shown with front plate suppressed for visual of inside of the
combustion box. Red arrow represents the flow direction through the experiment.

The 2-D bluff bodies slide along a track at the top of the experiment. The track consists of two
rods that go through the mounts where the bluff bodies sit. The triangular bluff-bodies are then secured
into the mounts via a clamp. The mounts are fitted with pointed edges on the bottom, which designate the
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location of the bluff body in relation to the high sensitivity ruler glued to the front face of the experiment.
These pointed fittings are also pinned, which stabilizes the mounts in place on the track.

Figure 9: Front view of the top of the combustion box. Image shown is a line-of-sight flame luminescence image
obtained by averaging 8000 frames capture with a high-speed camera [17].

Diagnostics
High-speed, planar particle velocimetry (PIV) measurement techniques were used to collect data
for this experimental set up. The two-dimensional data sets presented in Chapter 3 and Chapter 4 were
collected using a high speed camera (Photron Fastcam SA 5.5 fitted with a Nikon 50 mm lens), a high
speed laser (Quantronix Hawk-Duo 532 nm Nd:YAG dual cavity laser), a particle seeder (aluminum
oxide seeding particles were used), and a PIV capture and analysis computer. The software used to
process the PIV data was DaVis 8.0 provided by LaVision. For each operating condition in the test
matrix from Table 1, 8001 images were collected at 2 kHz. The time-averaged velocity plots and velocity
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profiles were obtained using velocity fields from DaVis. Fuel and air flow rates were measured by
Thermal Instrument Model 600-9/9500P digital flow meters while K type thermocouples from Omega
Corporation were used to measure exhaust temperature.

Data Analysis Methods
Flame edges were found using MATLAB to process raw PIV image data. The expansion of
gases across the flame creates an interface between a densely seeded region in the reactants and a lightly
seeding region in the products. The boundary between these two regions is assumed to be the flame edge.
Figure 10(a) shows the raw image from DaVis imported using a read function to import .imx files into a
MATLAB readable form. The raw image was then divided into left and right flame braches. For each
branch an algorithm was used to define the boundary between reactants and particles in the binarized
image shown in Figure 10(c). The green line represents the flame edge and the white circle indicates the
furthest downstream point of the flame branch. The built-in function bwboundaries, is used to trance the
instantaneous flame edge of each flame branch for all of the 8001 images in every data set. This point is
defined as the flame intersection point.

Figure 10: Intermediate results from image processing (flow is from bottom to top) [17].

Chapter 3
Steady Results and Time Averaged Velocity

Test Matrix Overview
As shown by the test matrix in Table 1, we collected data for three different bluff-body spacings
and two Reynolds numbers. The velocity RMS was extracted and averaged at the locations indicated by
black circles in Figure 11 and the center of each bluff-body in indicated by the vertical dashed lines [17].
In order to ensure that laser reflections off of the bluff-bodies did not disturb velocity measurements
velocity RMS data was determined at a half bluff-body diameter downstream.

Figure 11: Representative inlet velocity profile with inlet points circled in black [17].

The test matrix was strategically developed to generate interesting flame and flow data. We
chose to compare data at different bluff-body spacings varied at 32mm, 42mm and 52mm, along with
Reynolds Number at 4000 and 8000. While varying these parameters, equivalence ratio was held near
constant around 0.8 to preserve lean combustion conditions. There is no data for the 52mm spacing and
Re=8000 because the experimental facility would not allow for flame stabilization under that condition.
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In these experiments, blow-off was achieved by rapidly cutting off the fuel stream to the experiment using
an emergency cut-off valve.
Table 1: Test conditions for variations in flame spacing and flow velocity [17].

Flow Structure
Axial velocity contour plots with velocity vectors are shown in Figure 12 for all of the
operating conditions listed in Table 1. In all of the images shown in

Figure 12 the flow direction is

bottom to top where Y is the streamwise and X is the spanwise direction. The purple and blue arrows
shown indicate the time-averaged flame branch intersection point of the left and right flame branch
respectively [17]. As seen in

Figure 12 for both Re=4000 and Re=8000, the time-averaged intersection

point travels downstream as bluff-body spacing is increased. Additionally, the time-averaged flame
intersection point moves downstream with increasing Reynolds number for a given bluff-body spacing.
Figure 12 (a,c) with Re=4000 both show recirculation zones downstream of each bluffbody. As shown in Figure 1, this is typical for a bluff-body stabilized flame. At Re=8000 the appearance
of recirculation diminishes significantly. For the 32mm spacing, the recirculation zones are almost
completely nonexistent, shown in

Figure 12(e). While the 42mm spacing shown in

Figure

12(d) has some recirculation seen in the velocity profile, the recirculation zones are much less defined
compared to those seen in the cases with Re=4000. The rapid expansion of gases across the flame in
conjunction with close bluff-body spacing may explain the elimination of the recirculation zones as
previously mentioned. The weakening of the recirculation zone could have an impact on the blow-off
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characteristics of a bluff-body stabilized flame. As described in Chapter 1, the recirculation zone helps to
stabilize the flame by recirculating hot products and radical species towards the flame stabilization points.
If the recirculation strength is diminished, this process may also be hindered.
Finally, where the recirculation zones can be seen, the outer zones are slightly angled toward the
center zone. The convergence toward the axis of symmetry, in this case the center bluff-body, is expected
to be an effect produced by the low pressure regions that form as the jets entrain the surrounding fluid
[18, 19]. The convergence is predictable because the jets from the central bluff-body serve as inner jets to
the jets of the outer two bluff-bodies already converging to the center, thus the outer most jets should
converge to the center.

Figure 12: Time-averaged flow comparisons for bluff-body spacings and inlet velocities [17].
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The time-averaged axial velocity profiles in Figure 13 are shown at various downstream locations
for the 32mm and 42mm spacings. For each plot the red line represents the Re=4000 condition and the
blue line represents the Re=8000. Once again the centers of the bluff-bodies are indicated by dashed
black vertical lines. Figure 13(a,b) show the velocity profiles at the inlet just downstream of the bluffblodes. All cases show a wake velocity profile at the inlet as the negative velocity region near the bluff
bodies.
Similar to Figure 12, the plots shown in Figure 13(c) and Figure 13(d) illustrate the velocity
profiles at the time-averaged intersection point. The plots in Figure 13(e) and Figure 13(f) show the
velocity profiles 10 bluff-body diameters downstream from the inlet. These last two plots demonstrate a
clear transition from a wake profile, with velocity deficits due to the flow obstruction of the bluff bodies,
to a jet velocity profile. 10 diameters downstream the velocity maxima are located above the bluff-body
centerlines indicating the jet profile. It is also apparent that the transition to a jet profile is more
pronounced for the Re=4000 test cases. François, Larrauri [20] acknowledged a similar behavior in
wake-to-jet transition and explained that it is a result of gas expansion across the flame.
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Figure 13: Time-averaged velocity profile comparisons at two velocities and three downstream locations [17].

The instantaneous flow field is comprised of a number of fluctuations due to both turbulence and
coherent vortex shedding. Figure 14 shows that turbulence intensity increases as bluff-body spacing also
increases. Normalized by the bulk flow velocity, the turbulence intensity shows greater sensitivity to
flame spacing compared to varying the Reynolds number.

Figure 14. Turbulence intensity normalized by the bulk flow velocity as a function of bluff-body spacing and
Reynolds number for both the right and left flame branches.
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Flame Structure
The time-averaged flame intersection location for both spanwise (X) and streamwise (Y)
directions can be seen in Figure 15. The results in the spanwise direction demonstrate that the
intersection points are close to symmetric between the flame branches. The streamwise results indicate
that as Reynolds number increases the intersection point moves further downstream. The intersection
point also moved downstream as bluff-body spacing was increased. As the Reynolds number is increased
the spanwise location of the intersection point moves toward the axis of symmetry, which indicates the
flames narrow.

Figure 15: Time-averaged flame intersection points [17].

Progress variable contours are shown in Figure 16. The black line indicated the mean flame
position where

= 0.5. The contour varies from 0 (red) for reactants to 1 (blue) where only products

exist. The progress variable is essentially the probability that a point exists in the product side of a flame.
Figure 16 demonstrates the impact of both Reynolds number and bluff body spacing on the flame shape.
Increasing the Reynolds number lengthened the flame pushing the flame tip further downstream as can be
seen by comparing Figure 16(c) to Figure 16(d). In a similar fashion, when comparing Figure 16(a) and
Figure 16(c), both Re = 4000, the further spacing in (a) shows a longer and thinner flame. A similar
effect on the flame brush was noted by Worth and Dawson [11].
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Figure 16: Progress variable contours at three bluff-body spacings and two Reynolds numbers. Note that the Xaxis is scaled differently for each bluff-body spacing [17].

The flame intersection location was tracked using the edge-finding algorithm described in
Chapter 2. Figure 17(c,d) show the instantaneous intersection point for the left and right branch
respectively. The RMS of the 8000 points shown in each of these figures are shown in Figure 17(a,b).
The results in Figure 15 indicate that the left and right branch intersection points at the same Reynolds
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number are nearly symmetrical in the streamwise direction. As the bluff-body spacing increases the
intersection points of both branches at both Reynolds numbers move away from the bluff-body centerline.
In addition the further bluff-body spacings showed an intersection point moving downstream shown in
Figure 15(b).

a)

b)

c)

d)
Figure 17. Flame intersection point location variation at 52 mm spacing and Re=4000.

The motion of the flame intersection points are driven by turbulence fluctuations along with the
vortices that appear in the shear layers. For the steady burning flames shown in Figure 18 vorticity is
shown in the flow as a product of friction created by the bluff-bodies. As vortices travel downstream they
eventually impact the motion of the flame intersection point. When a single vortex from one shear layer
or multiple vortices from two shear layers reach the intersection point it seemingly “jumps” in the
streamwise direction. This rapid motion is visualized in the sawtooth wave in Figure 19. Vortices
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reaching the intersection point manifest themselves as discontinuities shown in Figure 19. These frames
show a healthy flame with vortices that lie within the shear layers of the flame with relatively small
magnitude. From these images the largest vortex is on the order of a ¼ bluff-body diameter in size.
These vortices are much smaller than those seen in Chapter 4 as the flame approaches blow-off
conditions.

Figure 18: Velocity Fields overlaid with Vorticity for Re=4000 at 52mm spacing

Figure 19. Y-location of the flame intersection point for the left and right flame branches at 52 mm spacing and
Re=4000. The green box indicates a location where rapid flame area destruction is particularly severe.
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Chapter 4
Blow-off
Blow-off events were captured at two different bluff-body spacings in this study. The 52mm
spacing is described as Case C and the 42mm spacing is Case I. For these two configurations PIV data
was collected in the same way as the data seen in Chapter 3. Figure 20 shows the blow-off process in
several particle image snapshots. In these images, flow moves from bottom to top and the reactants are
represented by the region of higher seeding density. The blow-off process occurs over the course of
approximately 1500 images or 0.38 seconds. First in Figure 20(a,b) the left branch begins to extinguish.
The reactants seem to “collapse” starting from the interaction location into the recirculation zone behind
the bluff body. A similar process occurs on the other side of the flow, where the outer-most branch
collapses into the right recirculation zone. Finally, the collapse occurs in the center flame and all the
flames have blown off. There are some regions of “blue” in Figure 21 after the blow-off event because of
the relatively low seeding density in the recirculation zones, but the particle images indicate that the flame
has completely blown off.

Figure 20: Case C 52mm Spacing Raw PIV Images
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Figure 21 shows the same blow-off process in Figure 20 in binarized form. In the images shown,
the flow direction is bottom to top with the reactants represented in red and products in blue. The same
blow-off process seen in the particle images can also be seen in these images.

Figure 21: Binarized PIV Images of Case C (52mm spacing)

These binarized images can be used to quantify the time for each of the branches to blow off.
Figure 22 was generated using an algorithm in MATLAB that worked to detect any sign of unburned
reactants along the center-line of each bluff-body over the course of all 8000 images. In order to quantify
the blow-off process and compare the behavior of the two spacings we developed a process for seeking
the minimum downstream location of the first point that had a value of 1(“red”), or where the reactants
were collapsing into the recirculation zone. The algorithm searches the center-lines of the bluff-bodies
for the minimum downstream location of a red point for every image in the data set. The color coding
shown in the legend of Figure 22 shows that each bluff-body has its own line in the figure. Figure 23
shows the same data as Figure 22 with a median filter applied. Figure 23 confirms that the right and left
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flame branches seemingly collapsed onto the center flame inducing complete destruction of all flames.
The left and right flames blew out when t=0.1s and t=0.05s ahead of the center flame respectively. This
phenomena shows that the outer flames pilot the central flame to an extent until they no longer provide
enough heat to the center flame for lean combustion to occur at this spacing.
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Figure 22: Blow-off Correlation for Case C (52mm Spacing) – Unfiltered
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Figure 23: Case C Blow-Off Correlation with filter (52mm spacing)
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Figure 24 shows the progress of blow-off for the closer 42mm spacing. In this tighter
configuration the vortex rollup is more pronounced in the raw PIV images. Figure 24(c) shows almost
perfectly symmetrical vortices moving downstream in the flow forcing both the left and right outer flames
to converge on the center flame. The symmetrical vortices precede the outer branches leaning toward the
center flame as seen in Figure 24(d). The vortices shown in these images are much larger than those
shown in the steady case of Figure 18. This effect has to do with the coupling of baroclinic and bluffbody generated vorticity. The bluff-body generated vorticity is created by shear in the flow due to the
presence of the bluff-body. The baroclinic vorticity is created by differences in pressure and density
gradients due to the presence of the flame. These two sources of vorticity have the opposite sign
therefore while the flame is steady and hot, baroclinic vorticity is able to cancel out some of the bluffbody generated vorticity. However, as equivalence ratio is decreased, the flame losses heat, the baroclinic
vorticity effects decrease and thus the bluff-body vorticity is able to grow [21]. This effect can be seen in
Figure 19.

Figure 24: Case I 42mm Spacing Raw PIV Images
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Figure 25: Final Raw PIV Images Case I 42mm Spacing

The final images of blow-off case I shown in Figure 25 illustrate the final destruction of the
center flame. Figure 25(b) shows PIV data of cold flow where there is absolutely no combustion
occurring. Interestingly in the 42mm spacing the center flame is the first flame to have unburnt reactants
shown in its flow area above the bluff-body. This phenomena can be seen as early as Figure 24(d) and
becomes more pronounced in Figure 24(e,f) and Figure 25(a). The initial center flame destruction can
also be seen in Figure 26. Figure 26 shows binarized images of the Case I (42mm Spacing) blow-off
process. Here it is shown again that the large symmetrical vortices from the outer two flame branches
disrupt the stability of the center flame.
The blow-off of the 42mm spacing case looked similar to the events seen by Nair and Lieuwen,
while the 52mm case did not. The discrepancy could also be a product of experimental geometry. Since
this data has been collected we have made improvements to the experiment that reduce the amount of
“lean” from the outer flames on the center flame, which is not likely a natural phenomenon occurring in
other flame interaction experiments. The flames in Figure 21(b,c) show the antisymmetric nature of the
outer flames about the center flame. This could be a key distinction when comparing to a single flame
that is symmetric about the centerline of the bluff-body shown by Nair and Lieuwen.
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Figure 26: Binarized PIV Images of Case I (42mm spacing)
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Figure 27: Blow-off Correlation for Case I (42mm Spacing)
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Case I Blow Off Correlation Filtered
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Figure 28: Blow-off Correlation for Case I with filter (42mm spacing)

Similar to Figure 22, Figure 27 shows the same algorithm at work on the Case I (42mm Spacing)
data. Figure 28 represents the Case I median filtered data. The data for Case C shows a more rapid
blow-off event compared to Case I. We see in Figure 23 that the left flame branch becomes unstable
when t =1.6s but that blow-off of all three flames does not occur until t=2s. Case I shows that the
complete blow-off process occurred in about 0.7s from t=1s to t=1.7s. While the flames are closer
together in Case I it is interesting to note the difference in flame shape during the blow-off process. Case
C shows that the outer flames lean towards the center flame as they lose heat and eventually the center
flame extinguishes. Case I shows the vortices from the outer flames eventually cause a circular ball of
unburnt reactants above the center bluff-body that cause the center flame to really disappear first followed
by more rapid blow-off of all three flames. Perhaps the blow-off process is longer for the closer spacing
due to increased flame interaction.

Chapter 5
Conclusion
Data from this research shows that blow-off behavior changes with varying levels of flame
interaction. The blow-off process was different for three flames at closer spacing where the center flame
first extinguished compared to the further spacing where the outer flames extinguish first. The closer
spacing also generated comparatively larger vortices along the flame edges. Vortices signaled that the
flames were losing energy in both cases and approaching unstable combustion conditions.
This research has been a work in progress at Penn State since the fall of 2013. The design
process was an interesting challenge from both flow and flame perspectives. Flame stabilization,
equivalence ratio, and Reynolds number among other parameters had to be met in order to create
meaningful data that would compare nicely with contemporary interacting and non-interacting flame data.
The experimental facility incorporated multiple high-speed cameras, PIV laser, fuel lines, and air lines,
which all had to be accounted for throughout the life of this project.
After designing and building the experiment data collection and processing became a very
important issue. Algorithms for tracking flame shape, flame location and intersection point were
developed in MATLAB to create quantitative means for flame interaction commentary. Additional
methods were used to quantify and compare blow-off as a process between various spacing
configurations.
Further research into flame and flow effects are necessary in order to better understand flame
interaction effects on static combustion stability. Velocity flow fields, vorticity calculations, and time
dependent equivalence ratio data should be used to compliment still image data and quantitatively
describe the blow-off process. Also further experimentation is needed to determine the difference
between flame-flame, flow-flow, and flame-flow interaction effects. A Bunsen design with two
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interacting flames and flows will be soon developed in the Reacting Flow Dynamics Laboratory at Penn
State that will generate data to establish this exact distinction.

Appendix A
Experiment Drawings

Figure 29: 2D Bluff Body Part Drawing
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Figure 30: 5.5" Base Bracket Part Drawing
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Figure 31: 5.5" Combustion Wall Part Drawing
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Figure 32: 12" Base Elbow Part Drawing

37

Figure 33: 12" combustion wall part drawing
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Figure 34: Base part drawing
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Figure 35: Corner piece part drawing
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Figure 36: Bluff body attachment part drawing
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Figure 37: Silder pointer part drawing
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Figure 38: Bluff body holder part drawing
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Figure 39: Bluff body top part drawing
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