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SUMMARY  

Lean blowoff sets operational limits on modern combustion systems that find a 

variety of uses including power generation and propulsion. Significant work has been done 

to predict the onset of blowoff and to understand the complex coupling between the flow 

and flame dynamics that exist close to blow off. Being able to predict when it will occur 

as well as how to delay its occurrence is an important scientific and engineering problem.  

This work utilizes simultaneous OH PLIF, CH2O PLIF and stereo-PIV to examine flames 

undergoing blowoff at high and low density ratios. Both cases followed a similar series of 

steps in spite of their different base hydrodynamic stability states. The reduced flame speed 

near blowoff forced the flame to sit atop the shear layers where it experienced high values 

of flow strain induced flame stretch. This caused transient extinction zones to form along 

the reaction surface - a process which marked the onset of stage 1 of blowoff dynamics. 

Interestingly, this work found that the frequency of occurrence and lengths of these 

transient extinction zones significantly reduced as the flame approached global extinction. 

These transient extinction zones were found to grow, decay and convect with the local flow 

field.  

Near blowoff, regions with significant out of plane velocity began to manifest towards the 

end of the recirculation zone either due to confinement effects or due to secondary 

instabilities. The overall strength of out of plane activity was determined by the levels of 

gas expansion in the flow field. This activity played an important role in the spanwise 

transport of materials (combustion products or reactants) from the near span wall regions 

towards the centerplane. Streamwise oriented vortices formed due to secondary 
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instabilities similarly played a role in introducing reactants and removing products from 

the centerplane near blowoff. This work found that vitiated flames were prone to secondary 

instability driven effects whereas unvitiated flames were prone to confinement effects. This 

introduction of reactants into the centerplane played a vital role in exacerbating permanent 

downstream extinction, which was seen to be a major driver of the blowoff process.  

Permanent extinction slowly led to the wake/recirculation zone being replaced with 

reactants. Additionally, it led to a flame being present within the recirculation zone. This 

flame was continually pushed towards the back of the bluff body by the strong backflow 

within the recirculation zone. As this happened more of the recirculation zone was replaced 

by reactants and there came a point where all of the combustion products within the 

recirculation zone were completely replaced by cold reactants, which caused it to lose its 

piloting ability. In its absence, the autoignition of the flame anchor point was no longer 

possible and flame stabilization was hindered, causing ultimate blowoff.  

Finally, this work shed additional light on the blowoff process, particularly the details of 

transient stage 2; it suggested that accurate computations of the blowoff transient must be 

three dimensional and computed for at least 100ὈȾό . 
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CHAPTER 1. INTRODUCTION  

This chapter serves as an introduction to the various concepts utilized in the work 

presented in this thesis. We start by motivating the need for this work before moving on to 

relevant concepts. At the most basic level, we introduce flow over bluff bodies, how it 

varies as a function of Reynolds number and what instability modes it might be subject to. 

Then, we will look at variable density (heated/cooled) flow over bluff bodies, and finally 

reacting flow and the various manifestations of the instability modes. Then, we will 

introduce concepts of flame blowoff in premixed, recirculation stabilized configurations, 

reviewing the work done until now to understand the process of blowoff and identify the 

gaps present in the understanding. For the sake of completion, we will then briefly go over 

blowoff in other configurations like non-premixed flames and spray flames.  

1.1 Motivation  

The power generation sector and the aviation industry heavily rely on gas turbines 

for energy production and aircraft propulsion. Combustors house the process of 

combustion in these machines and are responsible for transferring chemical energy of the 

fuels into other, more usable forms. The widespread interest in combustion as a field stems 

from the wide impact of these gas turbines. In 2020, primary energy consumption in the 

United States was around 93 quadrillion BTU [1]. The four end-use industrial, 

transportation, residential and commercial sectors utilized 36%, 35%, 17% and 12% of all 

power generated by the electric power sector respectively. The source of energy utilized 

varies sector to sector and is illustrated in Figure 1-1.  
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Figure 1-1 US energy consumption by source and sector [1] 

Even in an age of increasing renewable sources, non-renewables still play a heavy hand. 

For instance, the electric power generation sector sources 56% of the electricity it produces 

from non-renewable resources (with natural gas accounting for 33%). Natural gas on its 

own is heavily relied upon as an energy source in the US. The industrial sector sources 

41% of its energy from natural gas, whereas the residential and commercial sectors source 

42% and 38% of their energy from it. The transportation sector heavily relies on petroleum 

to meet its energy demands ï the aviation sector is a part of this sector. The aviation sector 

and power generation sector utilize gas turbines for generating thrust and power 

respectively. While both these uses feature different ñstylesò of gas turbines, the combustor 

is present in both. Finally, taking the example of the electric power sector, over the past 10 
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years, electric power plants utilizing natural gas as a fuel have steadily risen, whereas those 

utilizing coal, petroleum and nuclear energy as sources have in fact reduced [2]. Gas 

turbines for power generation are advantageous for several reasons [3]. They feature high 

combined-cycle efficiencies (> 60%) [4, 5], feature modular power generation capability, 

can respond quickly to grid demand fluctuations, require minimal on-site installation 

efforts and can burn a variety of different fuels. Similarly, the demand for time-efficient 

transport and cheaper flights has driven the growth of the aviation sector, nearly 16 million 

flights being operated annually in 2019 [6].  

Over the next few years, increasing demand for electricity production and further increase 

in the number of flights, is anticipated to cause a lot of environmental distress. In order to 

manage this, and to curb damages already caused to the environment, strict emission 

regulations are placed on the operation of these gas turbines [7]. These regulations aim to 

control the levels of carbon monoxide, nitrogen oxides, unburnt hydrocarbons and other 

harmful emissions that are released into the atmosphere as a result of the combustion 

process in these machines. In order to meet these emissions regulations, gas turbines 

usually operate within a strict parameter space that also optimizes performance and 

reliability [8, 9].  

The lean premixed prevaporized (LPP) mode of combustion promised reduced 

emissions. Even otherwise, lean combustion is a key part of other modes of combustion 

utilized in jet engines and ground-based power generators [10]. Operating lean however, 

introduces several additional challenges like combustion instabilities and flame stability 

issues [9, 11]. Combustion instability involves the coupling of heat release with a natural 

mode of the combustor. It can lead to large amplitude oscillations and can cause 
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catastrophic failure of combustion systems. Lean blowoff is a transient phenomenon that 

happens when the flame is unable to be stabilized at its design location within the 

combustor and is sometimes carried downstream [12]. This puts the expensive 

turbomachinery parts downstream of the combustor at risk of being exposed to high flame 

temperatures. In land based systems, this results in a costly (unscheduled) shutdown, 

maintenance and repair process, whereas in aircraft engines this results in flame loss (and 

thereby propulsion loss) which then requires a risky high altitude engine relighting process. 

A dramatic illustration of this process can be seen in Figure 1-2 which shows the SR-71 

blackbird with both of its flames undergoing blowoff. Even in lean operation, such 

challenges further limit the operability regimes of the combustor. 

 

Figure 1-2 Lockheed SR-71 blackbird experiencing flame blowoff [13] 

The combustor along with its associated processes plays an important role in deciding the 

ñsafeò operational envelopes of these gas turbines. There is particular interest in studying 

the physics behind blowoff which often involves the close coupling of kinetic effects with 
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hydrodynamic stability effects [12]. This work aims to ñdecoupleò these effects in an 

attempt to understand blowoff physics as a function of flow fields with different 

background fluid mechanics. The improved understanding of blowoff can then be used to 

expand the operational envelopes of gas turbines.  

1.2 Non reacting flow over bluff bodies 

The flow past a bluff body is a canonical flow configuration that finds applications 

across a wide variety of engineering disciplines, including civil engineering [14], ocean 

engineering [15], and architectural design. In the field of combustion, bluff bodies are used 

for their flameholding ability in high velocity reactant streams, where flame stabilization 

is only possible over a range of conditions, and recirculation zones are frequently employed 

to anchor flames at a certain location [16]. Bluff bodies are used in a variety of industrial 

and aerospace propulsion systems, like afterburners and heat recovery steam generators 

(HRSGs). The term bluff body is used to refer to a body whose surface is not aligned with 

the streamlines of the flow it is placed in, resulting in separated flow over a substantial part 

of its surface. The drag in this case is dominated by pressure drag which is in contrast to 

streamlined bodies where separated flow is minimized and the drag is dominated by 

viscous drag [17]. 

1.2.1 Reynolds number and the transition to turbulence 

Non reacting bluff body flow fields see several regimes that are a function of the 

bluff body Reynolds number, ὙὩ ὠὈȾ’ (where, ὠ is the flow velocity, Ὀ is the bluff 

body hydraulic diameter, and ’ is the kinematic viscosity). These are illustrated in Figure 

1-3 and are briefly discussed below. For very low values of ὙὩ, i.e., ὙὩ << 1, the flow is 
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in the creeping flow limit [17] where the viscous forces dominate the inertial forces; the 

flow field is symmetric. As ὙὩ increases further, the flow field develops two symmetrically 

placed recirculation bubbles; the wake is steady. Beyond a certain critical value of ὙὩ (ὙὩ 

~ 46 for cylinders [18]), the wake undergoes a bifurcation, becomes globally unstable and 

leads to the formation of unsteady, asymmetric vortical shedding off the bluff body ï the 

Bénard-von Kármán (BVK) instability that manifests in a purely laminar setting. Further 

increase in ὙὩ beyond this point starts the process of transition to turbulence.  

 

Figure 1-3 Cylinder flow regimes as a function of Reynolds number [19] 
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At practical values of ὙὩ, the two-dimensional bluff body flow consists of three distinct 

regions ï the boundary layer along the bluff body surface, the shear layers emanating from 

the bluff body at the point of separation and the wake behind the bluff body. Each of these 

regions individually transition to turbulence as ὙὩ is increased. The wake is the first one 

of these regions to do so when ὙὩ reaches values between 150 and 300, followed by the 

shear layers and finally the bluff body boundary layers [20, 21]. We are particularly 

interested in scenarios where the boundary layer has not transitioned to turbulence, but the 

shear layers and wake have (referred to as the ñsubcriticalò regime). In this case, the 

dynamics of the flow field are heavily dictated by the shear layers and wake. Care must be 

taken to separate the effects related to the process of transition to turbulence, as just 

discussed, from the low dimensional flow instabilities that each of the three distinct regions 

of these bluff body flows are subject to. We will now go on to discuss the latter.  

1.2.2 Low dimensional flow instability 

The spatio-temporal dynamics of open shear flows like shear layers, mixing layers, 

jets, wakes etc. are described using the concepts of absolute/convective and local/global 

instabilities [22]. Assuming that the streamwise variation in the mean velocity profiles are 

small over a typical instability wavelength (or a parallel flow assumption), we can 

distinguish between local and global instability. Local instability refers to local velocity 

profiles while global instabilities refer to the entire flow field. When it comes to local 

instability, they must be further classified based on their impulse responses. For instance, 

if a disturbance (or an impulse) propagates upstream and downstream of its point of 

occurrence, and ends up contaminating the entire flow field, it is referred to as locally 
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absolutely unstable. Conversely, if amplifying disturbances are swept away from their 

point of incidence, it is referred to as locally convectively unstable.  

Flows that are convectively unstable everywhere are noise ñamplifiersò due to their 

tendency to amplify disturbances as they convect out of the system. They exhibit extrinsic 

dynamics. In contrast, flows with a sufficiently large pocket of absolute instability display 

intrinsic dynamics, and are self-excited oscillators. The separated shear layers in bluff body 

flows are convectively unstable via the Kelvin-Helmholtz mechanism [23]. This is 

characterized by shear layer rollup into tightly concentrated regions of vorticity. The 

frequency of the most amplified mode is observed to be 

 Ὢ πȢπςσυὪ ὙὩȢ  
(1) 

where Ὢ  is the frequency of the BVK instability, and ὙὩ is the bluff body Reynolds 

number. The bluff body recirculation zone is the site of absolute instability in such flows, 

which manifests as the BVK instability, characterized by periodic vortex shedding with a 

frequency given by 

 
Ὢ Ὓὸ

ὠ

Ὀ
 

(2) 

Where Ὓὸ is the Strouhal number, Ὀ is the bluff body hydraulic diameter and ὠ  is the 

approach flow velocity. Both these instabilities are visualized in Figure 1-4. Extensive 

characterization studies for these flow fields have been conducted for a cylinder, which 

state that ὛὸπȢςρ in the subcritical regime. Even within the non-reacting flow limits, the 

underlying flow stability characteristics of bluff body wakes are affected by the geometry 
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of the bluff body, use of splitter plates in the wake[24-26], flow bleeding/blowing [27, 28] 

and changing the wake temperature relative to the free stream[29, 30]. The latter is of 

immediate interest and is briefly discussed next. 

 

Figure 1-4 Evidence of Kelvin-Helmholtz and Benard-Von Karman instabilities in 

the flow behind a bluff body [20] 

Yu and Monkewitz [29] studied the effect that heating/cooling the jet/wake flow relative 

to the freestream had on the stability characteristics of the flow field. They defined two key 

parameters for two-dimensional jet/wake type flows, the backflow parameter, ‗ and the 

density ratio Ὓ as 

 ‗
ό ό

ό ό
 

(3) 

 Ὓ
”

”
 

(4) 

where a and b denote the quantities with respect to the wake and freestream, respectively.  
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Figure 1-5 Boundaries for convective/absolute instabilties in jet/wake type flows 

(horizontal line: sinuous absolute instability, vertical line: varicose absolute 

instability, thatched lines: sinuous and varicose absolute instability, no line: 

convective instability)[29] 

Figure 1-5 illustrates how heating/cooling of the wake changes the manifestation of the 

flow instabilities. For instance, as ‗ is decreased or as the strength of the backflow within 

the wake is increased, there is a transition from convective to absolute instability. As S 

decreases, or as the wake is heated, there is a stabilizing effect on the wake. The opposite 

effect is seen as S is increased, or as the wake is cooled. It becomes more susceptible to 

absolute instability. This can be attributed to the changing vortex-vortex interactions of the 

two bluff body shear layers. 

1.2.3 Three dimensional effects 

When it comes to the wake behind bluff body flows, the two dimensional aspects 

of the instabilities it is subject to are well understood [31]. However, secondary instabilities 

that occur on top of the existing two-dimensional wake structure introduce significant three 

dimensionality to this flow field [18]. This first becomes relevant when the wake is 

undergoing turbulent transition (ὙὩ ~ 200 ï 260) where two distinct instability modes were 

identified [21, 32-34]. Both modes result in the formation of streamwise vortex pairs in the 
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wake, in the braid region between the primary (steam-roller type) BVK vortices. The first, 

mode A, forms vortex loops (spaced ~3Ὀ ï 4Ὀ apart) due to the spanwise deformation (or 

waviness) of the BVK vortices. A deformed spanwise vortex tube is pulled by the vortex 

tube upstream and stretched to form streamwise braids between consecutive BVK vortices 

as visualized in Figure 1-6(a).  

  

(a) (b) 

Figure 1-6 Secondary instability modes: (a) Mode A, (b) Mode B as observed in a 

bluff body flow field [34] 

The second, mode B, changes the three-dimensional effects in the near wake region through 

the formation of closely spaced (~1Ὀ) streamwise vortex pairs. This mode relies on the 

induced velocity of a periodic array of already existing streamwise vortices (through mode 

A) imprinting onto a newly forming vortex braid and is shown in Figure 1-6(b).  
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Vortex shedding in the spanwise direction is not always uniform. There are regions or 

ñcellsò of different shedding frequencies that are found at different spanwise locations. For 

instance, cells of lower shedding frequency were found near the ends [35]  (presumably 

due to end effects) and near the center of the spanwise direction  [34, 36]. The region 

between these spanwise cells sees large three-dimensional structures or spot-like ñvortex 

dislocationsò which is how the neighboring shedding vortices move in/out of phase with 

one another. These spot-vortex dislocations are another source of spanwise non-uniformity 

in these flow fields, both at near-wake transition values of ὙὩ, and at higher values of ὙὩ 

[34].  Oblique vortex shedding instead of the archetypal parallel shedding is yet another 

way the two dimensional nature of this flow field is changed, leading to more three-

dimensional motion as viewed from the centerplane [37]. End effects play a major role in 

determining the primary kind of shedding observed and have been utilized to control the 

kind of shedding desired. Parallel shedding can be induced through several means like the 

use of angled end plates, increased end suction, etc. [32, 37-39]. These techniques have 

been noted to result in an increase in velocity at the span ends or an increase in base suction. 

Finally, the shear layer transition to turbulence begins at ὙὩ~1000, and is characterized by 

the largely two dimensional Kelvin-Helmholtz instability. Once amplified, these shear 

layer vortices could also be responsible for streamwise vorticity generation [20, 33] as 

discussed earlier via modes A and B. 

In flows over confined bluff bodies, two distinct modes of vortex shedding were observed 

[40]. Mode I is the classical BVK instability, having a nearly constant dimensionless 

shedding frequency (or Strouhal number). Mode II was related to the separation of the wall 

boundary layer in the presence of the shedder due to confinement effects. It occurred at a 
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higher Strouhal number than Mode I. Both these modes can occur at the same time, and 

can interact at certain Reynolds numbers, with the lock on of Mode I onto Mode 2 also 

being possible. The topology of Mode I was often found to be linked to the presence or 

absence of a splitter plate (or tail) with sufficient length attached to the back of the bluff 

body. In the absence of a tail or with short tails (tail lengths < 3Ὀ) the archetypal spanwise 

roller type BVK instability is observed. However, with larger tail lengths, the flow field in 

the reciruclation zone becomes highly three-dimensional. A double vortex pattern is seen 

on either side of the tail; this is thought to be a part of a single hoop-like vortex structure 

associated with the primary shedding, referred to as the Tail Anchored Vortex (TAV) [41]. 

Figure 1-7 illustrates the potential structure of this TAV.  

 

Figure 1-7 Tail anchored vortex schematic in bluff body with tail with primary 

vortex (black) and secondary vortex (red)[42] 

The TAV is composed of two vortex structures ï a primary one which is responsible for 

most of the shedding/transport, and a closed, stable vortex immediately behind the bluff 

body lip. Above a certain value of bluff body Reynolds number, Mode II appears ï it is 

characterized by the periodic shedding of the boundary layer from the walls [40, 42]. This 

separation is hypothesized to results from the rapid acceleration over the bluff body, 

followed by the sudden expansion after it. The accelerating flow sees a thinning boundary 
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layer, and an increased likelihood of relaminarization, further exacerbating the wall 

boundary layer separation. 

1.3 Reacting flow over bluff bodies 

Having considered the non-reacting flow over bluff bodies, we shall now look at 

reacting flow over bluff bodies. Past the initial ignition transients, the recirculation zone is 

filled with hot combustion products, which serve to ignite the oncoming flow of reactants 

[8, 43], thereby resulting in a stabilized flame front behind the bluff body, as shown in 

Figure 1-8.  

 

Figure 1-8 Photograph of a bluff body stabilized flame 

The flame spreading angle and the subsequent final flame position is primarily a function 

of the local flow properties and the turbulent flame speed at that location. In order to 

understand the various effects that the presence of a flame has on the flow field, we will 

now consider the instantaneous vorticity transport equation,   
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where ‫ᴆ is the vorticity, Ὗᴆ is the velocity, ” is the density, ὴ is the pressure, †ᴆ is the viscous 

stress tensor and ὄᴆ is the total external body force. The terms on the RHS correspond to 
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the vortex stretching/bending term, gas expansion term, baroclinic term, viscous term and 

the external force term. In the absence of external body forces, the corresponding term 

drops out. Naturally, the presence of a flame greatly increases the temperature, which in 

turn takes up the kinematic viscosity (which influences the viscous term) in the post flame 

region [44]. This increases visocus dissipation and diffusion of vorticity when compared 

to non-reacting flows. There is significant flow dilatation across the flame surface which 

manifests via the gas expansion term and serves as a vorticity sink in these flows. The non-

normal flame stabilization angle with the horizontal (flow), activates the barocilinc term. 

A density gradient exists across the flame surface with the products downstream being less 

dense than the reactants upstream. Coupled with the already existing favorable pressure 

gradient, this misalignment of the two gradients results in baroclinic vorticity production 

that was otherwise not present in non-reacting flow. Having discussed the direct effects via 

the vorticity transport equation, let us now consider the effects this will have on the shear 

layers and the wake separately.  

A stable flame usually lies outside of the shear layers beyond a certain axial location, 

suggesting that the shear layers lie coincident with the high temperature product region in 

these flows. This subjects them to increased viscous damping and gas expansion based 

vorticity destruction in addition to increased baroclinic vorticity generation, which is 

oppositely signed to shear layer vorticity. This results in a decrease, cancellation or 

sometimes complete reversal of the sign of vorticity observed at some axial location and 

can be thought of as a change from wake flow (in the near wake region) to a jet type flow 

configuration (in the far wake region). In fact, in this case, the average vorticity is observed 
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to decrease with axial distance and even switch sign to match baroclinic generated vorticity 

[45].   

As already mentioned, in recirculation stabilized bluff body flames, the wake or 

recirculation region holds hot burnt combustion products which serve to ignite the 

oncoming fuel/air mixture. For sufficient levels of gas expansion across the flame, 

characterized by increasing density ratio 
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 the BVK instability is often suppressed in reacting flows, as the flame suppresses the 

interactions between the two shear layers ï a trait observed in many studies [46-50].  

 

Figure 1-9 Flame position spectra for two different density ratios[8, 50] 

For instance, Figure 1-9 shows the spectrum of flame position for two different density 

ratios of a stable flame, well away from blowoff. At lower density ratios, narrowband flame 

flapping behavior is evident, with the flow field reminiscent of the sinuous BVK vortex 

shedding. At high enough values of density ratio, this instability is completely suppressed. 
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Erickson and Soteriou [51] observed similar behavior in computational work. Increasing 

the density ratio led to a systematic drop in the strength of sinuous mode until after a point, 

where it completely vanished. Thus, the dominant instability mode in reacting bluff body 

flows are determined by the density ratio, „ or equivalently for low ὓὥ flows, a 

temperature ratio, 

 
†
Ὕ

Ὕ
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here Ὕ and Ὕ denote the post and pre flame temperatures, respectively. This is due to the 

flow dilation driven vorticity destruction across the flame, which inhibits the interaction 

between the two shear layers that would have led to the development of the classical vortex 

shedding [46]. This interaction is still present at lower density ratios and results in the 

manifestation of the BVK instability in stable flames. It must be noted that there is no 

abrupt transition from the suppression to the sudden appearance of the BVK instability as 

a function of say „. The flow field appears to intermittently switch between these two 

cases, with the relative fraction of the two cases being a monotonic function of „. This 

intermittency results from the parametric excitation of the growth rate of the global mode 

in the vicinity of a supercritical Hopf bifurcation [50]. The suppression or stabilization of 

the absolute instability in wake flows with sufficient heat release levels resembles results 

from previous work done on variable density wake/jet flows[29]. The stability map 

presented in Figure 1-5, clearly shows how for lower density of the wake relative to the 

freestream (or lower values of S / higher values of „), there is complete suppression of the 

BVK instability in wake type flows; only the convective instability of the shear layer 
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vortices (or the Kelvin-Helmholtz instability) is seen. The critical density ratio required to 

stabilize the BVK instability depends on the velocities of the wake and the freestream. It 

is also important to recognize that this suppression is only possible in the near wake region. 

The far wake region ( φπ) is still capable of exhibiting a staggered (antisymmetric) 

vortex arrangement referred to as the ñfar wake instabilityò, which also manifests as a 

flapping flame. In non-reacting flows, this resulted in the formation of vortices that had a 

wider horizontal separation and lower frequency (than the BVK instability) [52]. Evidence 

of this behavior is also seen in reacting flows where the BVK instability in the near wake 

region was stabilized.  

Having gone over the baseline controlling physics, we will now start looking at flames 

undergoing blowoff. First, we will consider bluff body stabilized premixed flames, which 

will be a natural transition from the discussion presented thus far and is the main topic of 

this work. We will also briefly look at blowoff in other flame configurations, and touch 

upon non-premixed blowoff concepts. 

1.4 Premixed flame blowoff 

1.4.1 Bluff body stabilized flames 

1.4.1.1 Correlations and controlling physics 

Early work involving blowoff correlated the phenomenon as a function of several 

parameters including equivalence ratio, inlet velocity, inlet pressure, inlet temperature, 

bluff body shape, blockage ratio etc. The earliest of these came from a study of disk 
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stabilized flames by DeZubay [53] which established a correlation between the blowoff 

equivalence ratio (‰ ) and the tested operating conditions via the DeZubay number 
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Where U is the inlet velocity (in feet per second), P is the inlet pressure (in psi) and D is 

the disk diameter (in inches). This worked well but did not capture the effect of inlet 

temperature, which was later introduced as a modification to the DeZubay number as 
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Where T is the inlet temperature (in Rankine). King [54] proposed a correlation for ‰  

as a function of total pressure, total temperature and velocity at the inlet. Literature is rich 

with several studies investigating flame blowoff as a function of several relevant 

parameters [55-57]. These studies eventually result in correlating the blowoff equivalence 

ratio (or the blowoff limit) with some kind of a Damköhler number [58] 
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a ratio of the flow time scale († ) to the chemical time scale († ). Though literature 

is in agreement about the final nature of these correlation studies (in the sense that they can 

all be reduced to some form of a Damköhler number), what constitutes an appropriate 

choice of the chemical time scale is unclear [12]. Several chemical time scales have been 

used: (1) the residence time in a perfectly stirred reactor for which negligible reactions just 
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occur, (2) the characteristic extinction time scale obtained from an opposed flow 

calculation, (3) a characteristic autoignition time based on how long reactants are present 

in the shear layer.  

In line with the last of these, Zukoski and Marble [59] suggested a blowoff mechanism 

dependent on the amount of time reactants spent in the shear layers, in the vicinity of the 

recirculation zone which served to ignite them. The characteristic ignition delay (or 

autoignition) time determined when blowoff occurred because of the inability of the 

reactants to ignite. This was calculated as the ratio of the length of the recirculation zone 

to the inlet velocity at blowoff. Plee and Mellor [60] came to the similar conclusion that 

extinction or conversely stabilization of a flame was a competition between fluid 

mechanics and chemical kinetics. Their characteristic time model incorporated 

homogenous effects (operating conditions, fuel type, fuel injectors etc.) as well as 

heterogenous effects (droplet evaporation, fuel injection). Potter and Wong [61] correlated 

blowoff velocity and recirculation zone lengths as a function of pressure, burner diameter 

and tunnel geometry over a range of Reynolds numbers. They found that the pressure 

dependence was due to a critical time (ratio of recirculation zone length to blowoff 

velocity) variation whereas the dependence on the other two factors were due to a change 

in the recirculation zone length. Ballal and Lefebvre [62] studied the dependence of ñweak 

extinctionò limits on operating conditions (including inlet turbulence intensity levels) and 

flameholder/containment geometries. They found that these weak extinction limits had a 

negligible pressure dependence, weak inlet velocity and turbulence intensity dependence 

and strong inlet air temperature dependence. This school of thought relies on the interaction 

or exchange of energy between the hot wake and the reactants, and has been questioned 
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[12]. In the presence of an unbroken, continuous flame, the only way of such heat transfer 

present is due to thermodiffusive fluxes or small-scale eddies within the preheat zone of 

the flame. Direct contact only occurs when there is extinction along the flame surface.  

Longwell et al. [63, 64] subscribed to the first of the various explanations for the choice of 

chemical time scale, as introduced earlier. They were of the opinion that the recirculation 

zone served as a perfectly stirred reactor within which homogenous chemical reactions 

occurred. Unburnt reactants fed (or were entrained) into the recirculation zone at a constant 

rate, and were instantaneously mixed with all the materials within the recirculation zone as 

they react. Combustion products left the recirculation zone with the same temperature and 

composition as its constituents, at a constant rate. A related set of works [65, 66] view 

flame stability as the balance of the heat flux from the recirculation zone to the reactants 

with that of the heat flux from the flame to the recirculation zone. The flame blows off 

when this balance breaks down. This theory has received some criticism in a more recent 

review due to little evidence of the existence of a distributed reaction regime (or perfectly 

stirred reactor type regime) [67]. Using advanced modern laser diagnostics, this work 

found that the flamelet mode of combustion prevails over a wide range of conditions, and 

thereby does not agree with the existence of a reacting, perfectly stirred, reactor zone.  

Finally, in line with the second of the three proposed explanations for the choice of 

chemical time scale, i.e., an extinction based explanation for flame blowoff, Pan and Ballal 

[68] found that the excess entrainment of reactants into the recirculation zone led to 

flamelet extinction. Similarly, other studies [47, 69] also found that the flame surface near 

the end of the recirculation zone was subject to excessive stretch levels leading to its 

extinction and believed this to trigger the process of blowoff. This line of thought was still 
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in agreement with the overall Damköhler number based reasoning as the inverse of the 

extinction strain rate can be thought of as a characteristic time scale (‖ ), allowing one 

to rewrite the definition of the Damköhler number as 
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where ὑ  can be estimated by taking the inverse of some relevant fluid mechanical time 

[12].  

It is now known that flame extinction occurs near blowoff. The exact role of flame 

extinction is yet to be uncovered. Blowoff is a complex phenomenon which involves the 

coupling of fluid mechanical effects with chemical kinetics. The actual process/mechanism 

requires close study and is known to have strong spatial and temporal dependencies. It is 

somewhat surprising then, that these correlation studies which utilize a global formulation 

based on time averaged parameters work so well at predicting blowoff. It is now believed 

that these correlations actually describe the physics associated with flame extinction that 

occurs as the flame approaches blowoff (referred to, as discussed next, ñstage 1ò of 

blowoff). The reason they work so well at predicting global extinction or blowoff is due to 

the subsequent correlation between stage 1 and ultimate blowoff [12]. However, given that 

a flame can exist at stage 1 of blowoff indefinitely [45], it is important to recognize the 

differences between the onset of blowoff and ultimate blowoff and the fact that these are 

interlinked, yet distinct processes.  

In the bluff body stabilized flames that are focused on in this work, blowoff is preceded by 

multiple stages [12]. Flames can be brought to blowoff in several ways (all reducing the 
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average Damköhler number experienced by the flame) like increasing the approach 

velocity, decreasing the fuel flow rate etc. As a flame is brought close to blowoff, it enters 

stage 1 of blowoff, where the flame is similar in appearance to its stable condition. The 

flame surface is locally extinguished, and the extinction edge flame might grow or shrink, 

as it is convected with the flow [8, 70]. Extinction also creates the opportunity for 

entrainment of unburnt reactants into the otherwise combustion product exclusive wake 

where they quickly react [71]. The flame can persist in this stage indefinitely, and there is 

no significant change in the wake features at this stage. With significant enough levels of 

extinction, larger changes in flow/flame topology occur - stage 2 of blowoff, where large 

scale flow disruption and flame flapping is observed [72], possibly due to the excitation of 

the Benard-Von-Karman (BVK) instability. Increased reactant entrainment levels lead to 

alteration of the wake composition at this stage. We will now look at the details of these 

stages involved in the process of blowoff and the various works that made them possible.  

1.4.1.2 Near blowoff dynamics ï Stage 1 

Flames at this stage appear largely similar to their stable counterparts and can stay in this 

stage indefinitely if the conditions are fixed. This stage is characterized by the presence of 

extinction events along the flame surface [12]. These extinction events are initiated in 

regions of high flame stretch (exceeding the extinction stretch rates). Once initiated, the 

edge flame can have a retreating front (failure wave), causing the extinction event to 

become larger, or have a propagating front (ignition wave), which may cause the extinction 

event to heal, or even stay the same size [8, 73]. All of these occur as the created extinction 

event is convected with the flow field. In this work, they are referred to as ñtransient 

extinction eventsò. Nair and Lieuwen [45] were able to capture this process, when they 
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showed the formation of a ñflame holeò (or extinction event) which convected downstream 

and eventually was able to heal, creating an uninterrupted flame surface. They observed 

the formation of these extinction zones for equivalence ratios under ρȢρπ, and were 

able to show that as the flame approached blowoff, the fraction of images that saw these 

flame holes increased. Flame holes refer to the absence of a flame or a reaction zone, or a 

broken reaction surface along a flame front. Smith et al. [74] were able to show the presence 

of such a broken reaction rate contour in their simulations of a bluff body flame undergoing 

blowoff. There is a possibility for reactants to enter the recirculation zone (or the wake) via 

an extinction event that is appropriately located for instance at the end of the recirculation 

zone (where reverse flow is prominent). At this stage, such entrained reactant volumes are 

usually small, and they do not survive very much past the flame brush [71]. The process of 

extinction and reignition observed near blowoff was used to define blowoff precursor 

events using optical measurements and acoustic measurements [75-78]. These blowoff 

indicators were able to show that the duration and frequency of these events increased as 

blowoff was approached. Spectral analysis on these time series were able to identify a shift 

in the low frequency (tens to hundreds of Hz) energy content as blowoff was approached 

[77]. A simplified analytical calculation of the extinction fraction was carried out in the 

review by Shanbhogue [12]. It allowed for the prediction of the fraction of time a particular 

point on the flame sheet saw extinction events, given an average Damkohler number and 

strain rate fluctuation statistics. The global approach towards the calculation of an 

extinction fraction emphasized the importance of the spatial distribution of Damkohler 

numbers and strain rate statistics on the overall extinction fraction [79, 80], highlighting 

the point that the process of blowoff, even in stage 1, is not a single point/local process; it 
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is a complicated process with spatio-temporal dependencies [12]. It probably involves 

multiple chemical kinetic time scales related to strain-driven flame extinction, ignition, 

flame propagation etc., in combination with near wake/recirculation zone dynamics.  

1.4.1.3 Near blowoff dynamics ï Stage 2 

Stage 1 of blowoff is self-sustaining; the extinction zones formed are able to heal or convect 

downstream, allowing for the flame to remain in this stage indefinitely, if all controlling 

parameters are kept constant. In reality, flames approaching blowoff, quickly move through 

stage 1, and eventually enter stage 2 of blowoff. This stage is characterized by the presence 

of large-scale wake flow disruption, possibly due to the reappearance of the BVK 

instability. Evidence of this sinuous flow field disruption is seen in Figure 1-9. However, 

the flow field is not periodic, it appears to randomly shift between this sinuous disturbance 

and a more symmetric appearance [12, 50]. This sinuous disturbance is responsible for 

most of the unsteadiness that is associated with flames near blowoff. The flame violently 

flaps from side to side, and has large kinks (and regions of high curvature) reminiscent of 

the vortex shedding observed in non-reacting flow. The regions of high curvature increase 

the curvature induced stretch contribution leading to flame extinction [12, 81]. The large-

scale sinuous fluctuation could be responsible for transporting cold reactants from one side 

of the flame to the other. An uninterrupted flame surface will ensure that such reactants 

burn as they pass through it. However, if the flame is locally extinguished, this creates a 

pathway for unburnt reactants to cross over into the recirculation zone/wake (i.e., reactant 

entrainment) ï something that was not possible before. Unburnt reactants with larger 

volumes than seen before find their way into the wake and are thought to change the 

temperature and composition of the (usually combustion product dominated) recirculation 



 26 

zone, i.e., it cools, gets diluted and shrinks. Obviously, the actual axial location of the 

entrainment determines if the reactants ware convected downstream or entrained into the 

near wake region, close to the bluff body [12]. As long as combustion products above a 

certain temperature are in contact with unburnt reactants in regions of sufficiently low 

strain rates, they are able to ignite them. Once such a flame in ignited near the base of the 

bluff body, it separates the reactants from the products thereby weakening this effect in the 

downstream regions. This behaviour which is due to preheating effects near the anchoring 

point, is strongly analogous to that observed in piloted Bunsen flames and jet flows in 

vitiated co-flows. The reactants are ignited due to the presence of a pilot/vitiated products, 

in a flow field where they otherwise would not have existed. When the ñpilotingò effect 

reduces, the flame extinguishes further downstream [82-86].  

Literature related to the blowoff dynamics of recirculation stabilized flames is rich, with 

several applications of modern diagnostics. Chaudhuri et al. [87] performed simultaneous 

low speed OH PLIF and PIV to compare a stable flame with one near blowoff in an 

unconfined bluff body combustor. They pointed out that stable flames had a conical 

structure with the flame front lying on either side of the shear layers. As blowoff is 

approached, the reduced flame speed results in a smaller flame stabilization angle with the 

flow leading to a flame that is columnar in appearance. The flame front lies atop the shear 

layers subjecting it to locally high stretch rates that exceed the extinction stretch rates 

instantaneously and on average, leading to the formation of extinction zones along the 

flame surface. Reactants enter the recirculation zone through these extinction zones, where 

they react when most of the flame is extinguished. Ultimate blowoff happens when this 

residual flame is unable to ignite the shear layers. In flows with high turbulence intensities, 
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the flames displayed increased wrinkling/corrugations and also saw instances with 

significant flame fragmentation [88, 89]. The latter provided an additional path for the 

penetration of reactants into the recirculation zone. They observed similar behavior for 

confined bluff bodies [90] and were able to conclude that shear layer extinction and 

recirculation zone burning are general characteristics of premixed flames near blowoff. In 

vitiated flames however, they [81] found no evidence of extinction and shear layer 

reignition once combustion only occurred within the recirculation zone. They made the 

point that the BVK instability played an important role in the blowoff of vitiated flames 

but the Kelvin-Helmholtz instability played an important role in the blowofff of unvitiated 

flames. Vitiated flows at the same approach velocity and Reynolds numbers saw blowoff 

at much lower equivalence ratios than their unvitiated counterparts, due to shorter chemical 

reaction time scales and increased molecular transport; the exact mechanism and the 

controlling processes of vitiated flame blowoff require further analysis. Analysis of 

acoustically coupled flames undergoing blowoff revealed that their mechanism was 

different from that of unforced flames approaching blowoff [91, 92]. Unlike unforced 

flames where unburnt mixture could only enter the recirculation zone via shear layer 

extinction of the flame surface, forced flames see forced vortex shedding within the 

recirculation zone due to the coupling between convective waves and the recirculation 

zone. These vortices carry large amounts of cold unburnt mixture to the end of the 

recirculation zone which cools the flame and leads to blowoff.  

An alternative blowoff scenario was observed in confined axisymmetric bluff bodies [93] 

using OH* chemiluminescence, OH PLIF and flame tomography. While they also agree 

that close to blowoff, the flame shape shifts from conical to cylindrical, they go on to make 
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the point that the process is driven by the closing together (or ñpinchingò) of the two shear 

layer flames near the end of the recirculation zone. Once they meet, the recirculating flow 

(composed of entrained reactants) forces the creation of an M-shaped flame that is 

continuously pushed back towards the bluff body. This results in a smaller volume of 

recirculating combustion products available to sustain combustion. The high levels of 

turbulence in this region are thought to cause further fragmentation of the flame within the 

recirculation zone leading to complete blowoff. They also observed a gradual reduction in 

flame surface density and higher values of curvature as blowoff is approached [94].  They 

do not see evidence of strain induced flame extinction in the shear layers, nor do they see 

any reactant penetration into the recirculation zone. The differences in the observations 

were explained as a fuel effect (methane vs propane), or due to the particular burner 

dimensions and flame lengths [94]. As pointed out in Law [95] propane flames (Le > 1) 

can see strain driven extinction, whereas methane flames (Le < 1) need high curvature 

rates, incomplete combustion or heat loss for extinction to occur. A similar analysis 

utilizing simultaneous OH PLIF and CH2O PLIF was performed using ethylene air flames 

[96]. It found no qualitative difference in the blowoff mechanism of the two kinds of 

flames; it observed no evidence of strain-based extinction in the shear layers or the 

subsequent entrainment of unburnt reactants into the recirculation zone. Another study [97] 

examined blowoff using a variety of fuels like methane, vaporized ethanol, heptane, jet-A 

and alcohol derived kerosene using OH* chemiluminescence, OH PLIF, fuel PLIF and 

CH2O PLIF. They observed a qualitatively similar process to blowoff for all the fuels 

considered. The kerosene-based fuels had a longer characteristic blowoff transition time 

when compared to the others, and had a blowoff equivalence ratio higher than the single-
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component fuels. A detailed review of bluff body flames and their dynamics as they 

approach blowoff, including descriptions of stage 1 and 2 can be found in [12].  

More recently, several works [98-101] have been conducted involving scalar and velocity 

measurements on a confined bluff body stabilized flame in the spanwise plane in addition 

to the traditionally imaged plane. They found that the near wake recirculation zone 

possessed a highly three-dimensional nature with strong out of plane motion near blowoff. 

This was similar to the three-dimensional recirculation zone structure observed in non-

reacting, confined bluff bodies with a sufficiently long tail (or splitter plate). A secondary 

spectral mode, in additional to the primary BVK instability is excited in this case which 

results in vortex loops oriented in the flow normal direction parallel to the confinement 

walls. These have been postulated to be a part of a larger ñhoop-likeò vortex structure 

responsible for spanwise non-uniformity [41, 42]. These TAV roots (or corner vortical 

structures) held the last vestiges of a flame approaching blowoff, even after the flame no 

longer existed in the mid-plane recirculation zone. They hypothesized that the presence of 

a flame (with high enough density ratio across its surface) was analogous to that of a splitter 

plate in the sense that they both suppressed the BVK instability, promoting the formation 

of this three-dimensional recirculation zone and the TAV. This is an important observation, 

as past studies of blowoff have largely focused on 2D phenomenological explanations.  

1.4.2 Swirl stabilized flames 

Gas turbine combustors frequently employ a swirling flow field in an expanding flow for 

flame stabilization. The swirl results in increased flame stability, shorter combustor lengths 

(owing to a shorter flame length), improved mixing and better emissions performance [8]. 
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Beginning with non-reacting flows, the presence of swirl changes the time averaged and 

instantaneous characteristics of the flow field. The swirl number, defined as the ratio of 

axial flux of the angular momentum to the axial flux of the axial momentum (or alternately 

the ratio of the azimuthal to axial velocity) [102, 103] plays an important role in governing 

these characteristics. Additionally, Reynolds number, geometry and several other 

parameters are also relevant [8, 104-107]. One of the defining features of high swirl number 

flows is vortex breakdown which is a fundamental change in the base flow state of these 

flows resulting in the formation of a stagnation point in the flow field. The stagnation point 

is followed by a region of reverse flow (vortex breakdown bubble) around which the rest 

of the flow (that is not entrained into this bubble) accelerates. This swirl induced stagnation 

point can either remain fixed in position in the flow field (axisymmetric breakdown) or can 

be positioned off-axis and move in position (spiral breakdown). In particular, the position 

of the zero azimuthal velocity point (or the vortex core) is not fixed and moves about the 

geometric centreline; a phenomenon referred to as the precessing vortex core (PVC) [108, 

109]. The swirling flow also causes helical flow instabilities of the shear layer. In the 

presence of combustion, several of these features are present, though in a modified fashion. 

High levels of gas expansion, along with the sub/supercritical nature of the flow are 

responsible for flow field alteration [8, 109, 110].  For example, azimuthal flow velocity 

leads to baroclinic vorticity generation which results in an induced velocity on the flame 

in the direction of its propagation. Finally, combustion induced vortex breakdown becomes 

relevant at higher swirl numbers [111].  

Understanding blowoff of premixed swirling flames at engine relevant conditions is 

complicated by these rich dynamics and in particular, the varying degrees of vortex 



 31 

breakdown. Several flame configurations are possible in annular swirling flows, ranging 

from stabilization in both the inner and outer shear layers, stabilization in the inner shear 

layer alone to lifted aerodynamic stabilization [8]. These flame configurations can be 

thought of as a sequence of steps that manifest on the way to blowoff. Muruganandam et 

al. [77, 78, 112] did a lot of work on identifying precursors to blowoff in swirling flames. 

They used chemiluminescence measurements to identify these precursors, which they 

showed was characterized by local extinction and reignition events. These events increase 

in number and frequency, and spread across more areas as blowoff is approached. They 

studied optimal sensor placement for PMT sensors to efficiently calculate a ñblowoff 

proximity measureò for use in active control systems onboard gas turbines. In another study 

[113] they used high-speed imaging to observe that the flame (initially stabilized above the 

swirl centerbody) detaches due to turbulent fluctuations [114]. This detached portion then 

rotates due to the swirl and the feedback mechanism of the inner recirculation zone. Closer 

to blowoff, the weaker flame (due to decreased flame speed, say) detaches more often, and 

more drastically than before. The spatial extent of the detachment becomes more severe 

and there comes a point where, for sufficient detachment heights, a large enough volume 

of unburnt reactants enters the recirculation bubble, decreases the feedback or the 

stabilizing effect of this bubble and causes the entire flame to detach from the centerbody. 

This is explained to be the source of the extinction events observed in prior work. The 

decreased heat release in the region immediately downstream of the centerbody, results in 

a larger recirculation zone and stronger swirl. The flame stabilizes in what they refer to as 

a ñtornado modeò far downstream of the chamber inlet. Occasionally, burning volumes of 

gases might be convected to the chamber inlet. If this has a strong enough effect, it could 
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lead to the restoration of the original flame position and flow field. This would be the 

source of the reignition events observed in the prior work. Zhang et al. [115] also observed 

similar weakening and extinction at the base of the flame (the flame root) using OH PLIF 

and CH* chemiluminescence. They observed that a flame close to blowoff lay closer to the 

central recirculation zone than one away from blowoff. They identified the decreasing 

burning intensity at the flame root and strong shear forces in regions further upstream as 

important factors that promote blowoff. In addition to flame root weakening at near 

blowoff conditions, Guo et al. [116] found that the PVC vanished at stable conditions but 

reappeared near blowoff. Using simultaneous OH PLIF and PIV in addition to LES 

simulations, they concluded that blowoff was driven by interactions between ignition/re-

ignition events, PVC instability and flame liftoff. A detailed analysis of the transition 

between attached and lifted swirl flames and the roles of strain rates, local flame extinction, 

hydrodynamic instability in an effort to predict the attachment state of these flames can be 

found in [69].  

1.5 Non-premixed gaseous flame blowoff 

Blowoff in premixed flames involve the coupling of kinetics with fluid mechanics, 

as pointed out by the effectiveness of the early correlation-based studies in predicting the 

onset of blowoff that have been discussed in Section 1.4.1.1. When it comes to non-

premixed flames, the degree of mixing also needs to be considered, making blowoff in such 

cases either kinetically limited or mixing limited. The largest literature pertaining to this 

case is possibly associated with jet flames. We will briefly summarize the same here for 

the sake of completion. Starting with a jet flame stabilized on the burner, as blowoff is 

approached (via an increase in jet velocity or a decrease in jet equivalence ratio, say), the 
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flame stabilizes without a physical element, downstream of the burner exit, resulting in a 

lifted jet flame. This flame exists over a range of conditions before a critical point at which 

it blows off. Several theories of flame stabilization have been proposed [117, 118] which 

can be broadly classified into the following: (1) premixed flame theory [119-121], (2) 

critical scalar dissipation theory [122], (3) large eddy theory [123, 124], (4) turbulent 

intensity theory [125] and (5) the edge flame theory [73, 126-129]. Theory 1 proposed a 

quasi-stationary lifted flame in the laboratory frame of reference, i.e., the flame base of the 

lifted flame is premixed and had a local burning velocity that was balanced by the flow 

velocity at the point of stabilization. However, it lacked dependence on large scale 

structures and was unable to accurately predict lift off heights at varying operating 

conditions [130]. Even in premixed flames, stabilization was proposed to be due to the 

equilibrium between the premixed turbulent burning velocity and the average flow entering 

the flame base [121]. This was opposed by Peters and Williams [122] who thought that 

there were no sufficient levels of premixing upstream of the flame leading edge, and instead 

proposed theory 2 which suggested that diffusion flamelets played a deciding role in flame 

stabilization. For the stoichiometric mixture fraction contour, the scalar dissipation rate 

increased axially before decreasing. The flame stabilized where the scalar dissipation rate 

falls under a certain critical value. Points against this theory include the fact that it ignores 

any level of premixing before the flame [117]. Additionally it does not differentiate 

between a time mean scalar dissipation field and an instantaneous one. Theory 3 stressed 

the importance of large eddies that naturally occur in the flow field in flame stabilization. 

These studies hypothesized that the flame was anchored to (or a part of) a large eddy 

structure and was able to migrate upstream repeatedly in order to stabilize itself [117, 125].  
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Theory 4 proposed that the enhanced turbulent burning velocities affects the propagation 

of the reaction zone at the leading edge of the flame. Finally, theory 5 proposed that the 

leading edge of the lifted flame was partially premixed, allowing it to propagate upstream 

and change the local flow field due to heat release [8, 117]. This edge flame concept 

suggests a tribrachial or triple flame structure at the leading edge, composed of a lean 

premixed flame, a rich premixed flame and a diffusion flame. It is important to note that 

these theories are not separate from one another and several studies have observed 

overlapping concepts across these theories [117, 119].   

Recirculation stabilized flames experience a permanent downstream extinction as they 

approach blowoff. The point of downstream extinction moves closer to the flame base as 

blowoff is approached [12]. Jet flames and other non-premixed flames usually lift off the 

burner with a liftoff height that increases as blowoff is approached [117, 130]. Non-

premixed gaseous flames see the formation of holes along the flame sheet with increased 

frequency as blowoff is approached [131]. Study of their dynamics reveal randomly 

occurring lift-off events (a manifestation of local extinction), that increase on average as 

blowoff is approached [117, 131]. The most prevalent understanding of non-premixed 

flame extinction is that high local levels of scalar dissipation cause these instances of flame 

extinction. As a result, these have been used in several correlation studies to reasonably 

predict flame extinction levels [122, 132]. The transient blowoff process was hypothesized 

to occur in 4 broad steps [118]: flame pulsation, onset of flame receding, flame receding 

and extinction. 
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1.6 Spray flame blowoff 

In addition to the mixing time that is present in non-premixed gaseous flames, these 

flames also feature atomization and vaporization effects which come into play. Most liquid 

fuels are composed of several constituents, as such all their physical properties like boiling 

points, viscosities, surface tensions etc. become relevant, especially due to preferential 

vaporization effects [133]. Conclusions on the governing physical phenomenon that 

influence blowoff of such flames are convoluted owing to the several different time scales 

that are in play. Additionally, the kind of injector and the operating conditions determine 

whether blowoff ends up being kinetically limited or mixing limited; most practical 

applications are thought to operate in an intermediate region where both effects are 

important. A detailed overview of the blowoff of spray flames and their underlying 

physical mechanisms can be found here [60, 134-136]. 

1.7 Scope of work 

This work first examines a swirl stabilized flame close to blowoff and compares it with a 

stable flame. The results from this study serve as the primary motivation for the work 

conducted in the rest of the thesis. The initial work saw several characteristics of flames 

near blowoff including transient extinction zones, reactant entrainment and evidence of 

flame flapping. It was of particular interest to further examine these characteristics in a 

comparatively similar, nominally two-dimensional flow field which would also enable 

easy tracking of flame/flow structures across space and time. As such, the work scope 

explained below is considered in a bluff body stabilized flame. 
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Previous studies have found how combustion modifies the bifurcation between absolute 

and convective instability in recirculation stabilized flows. At high enough levels of 

reactant to product density ratio across the flame, the global Bénard-von Karman instability 

is suppressed leaving only the convective Kelvin-Helmholtz instability present. These 

studies were performed at stable conditions far away from blowoff where kinetic effects 

were not a limiting factor, and they establish the density ratio across the flame as the 

governing parameter that determines the dominant mode of instability in such flows.  

Flames are commonly brought near blowoff by decreasing their equivalence ratio or 

increasing the flow velocity. This results in slower kinetics relative to the flow which can 

be characterized by a local Damköhler number. The slower kinetics leads to discontinuous 

flame sheets, that are plagued by frequent extinction zones along their surface (Stage 1 of 

blowoff dynamics).  Added to this, is the change in the temperature ratio across the flame 

directly stemming from the lower equivalence ratio. This changes the flow stability 

characteristics, which in turn influences the effect that kinetics has on the flame, i.e., where 

extinction spots occur, how large they can be, etc. This coupling between kinetics and 

hydrodynamic stability of the base flow is what makes blowoff interesting, and at the same 

time, difficult to understand. Studying the process of blowoff at different base 

hydrodynamic states enables a deeper understanding of the blowoff process and how it 

might be influenced by hydrodynamics and vice versa ï this is one of the key objectives of 

this work.  

Little quantitative information is known about stage 2 of blowoff dynamics. In particular, 

the exact phenomenon that the flame is unable to ultimately recover from is not known. 

i.e., is it an increased number of flame extinction zones, or the increased reactant 
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entrainment that alters the composition/temperature of the wake and disrupts the reignition 

capability of the hot recirculation zone, or perhaps, a change in the hydrodynamic stability 

features of the flow? This work aims to shed some light on this question by examining 

flames in the process of blowoff and trying to discern the driver of the blowoff process.  

Finally, most studies of this problem have confined their phenomenological explanations 

to two-dimensional vortex dynamics.  However, recent work has clearly demonstrated that 

three-dimensional vortex effects become prominent near blowoff.  In addition to the three-

dimensional secondary instabilities associated with reorientation of concentrated vortex 

tubes in the spanwise direction, prominent confinement-driven three dimensional effects 

also manifest in the bluff body near field. This work will study the role of these three-

dimensional structures in the process of blowoff.   

The following chapters of the thesis are organized in the following fashion. Chapter 2 

introduces the two experimental facilities that were utilized in this work, along with a 

description of the operating conditions and diagnostics. Chapter 3 introduces the data 

reduction and processing techniques that were utilized in this work. Chapter 4 examines a 

swirl stabilized flame close to blowoff, identifies several of its defining characteristics and 

compares them to a stable flame. Chapter 4 examines a high density ratio flame in the 

process of blowoff. Next, Chapter 5 examines a low density ratio flame in the process of 

blowoff and compares several of its characteristics with a high density ratio flame. Finally, 

conclusions of this work along with recommendations for future work are presented in 

Chapter 7.  
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CHAPTER 2. EXPERIMENTAL FACILITY AND DIAGNOSTICS  

Though the bulk of this work will later focus on bluff body flames, much of the 

motivation was derived from some preliminary work involving a swirl stabilized flame. 

This chapter will therefore describe two experimental facilities that were used in this work. 

Each facility description is followed by a description of the operating conditions used and 

finally a description of the diagnostics used in the investigation. 

2.1 Triple nozzle (swirl) rig 

2.1.1 Description 

This rig shown in Figure 2-1 featured an unwrapped annular combustor with three 

nozzles and has been used in several previous works [137-139]. For this work, only the 

center nozzle was operated.  

 
   

(a) (b) 

Figure 2-1 - Triple nozzle rig (a) schematic and (b) photograph 
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Air was supplied to the rig from the building air supply (Quincy QSI 600 -1500 rotary 

screw air compressor) at 125 psig which was regulated down to 95 psig, after which it was 

split into the cooling line and supply line. Air flowing through the supply line was metered 

using a subcritial orifice assembly after which it could be preheated (if desired) upto 590 

K (Ὕ ) using a Watlow 50 kW in-line flow heater. Downstream of the heater, the flow 

was split into three separate lines supplying each nozzle. Flow through each line could be 

individually regulated using gate valves. Whenever, required, a seeding air supply line, 

consisting of a compressed air bottle and a fluidized bed seeder was connected between the 

gate valves and a secondary critical orifice based metering system. Fuel to the rig was 

supplied from the building natural gas (composed primarily of methane) supply at 30 psig. 

Fuel to each nozzle could be precisely controlled using needle valves and were individually 

metered using sub-critical orifice assemblies. Fuel and air for each nozzle was premixed 

approximately 61 cm (~10 hydraulic diameters) upstream of the nozzle assembly (flow 

diverger, axial swirler and flow converger). Premixed reactants then passed through a flow 

diverger, to ensure smooth entry into the annular passage with inner and outer radii of 

ὶȟ ρψ mm and ὶȟ σρ mm, respectively. Next, the flow passed through 

an axial swirler with a geometric swirl of 0.6. The annular passage then converged over an 

axial distance of 88.9 mm, to the nozzle (ὶȟ ρψȢυ mm and ὶȟ υ mm) such 

that the annular area is reduced by 50% at the dump plane of the combustion chamber (with 

nominal velocity ό ). This chamber measured 1.16 m × 0.4 m × 0.15 m. A detailed 

image of the nozzle assembly relative to the combustion chamber is shown in Figure 2-2. 

Ignition was achieved using a diffusion hydrogen torch that blew across all 3 nozzles. 

Exhaust ports were located on top of the combustion chamber and led to a suction-based 
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exhaust system. The rig was optically accessible via the large front and back quartz 

windows and also featured a laser entry window to the side. 

 

Figure 2-2 Triple nozzle rig combustion chamber with nozzle assembly 

(blowup[137]) 

Static pressure measurements were made using Omega PX309 voltage or current 

transducers. Differential pressure measurements were made using Omega PX771A or 

Emerson Rosemount 3051 sensors. All temperature measurements were made using 

Omega K-type thermocouples. Transverse acoustic excitation is achieved with 2 speakers 

on each side of the combustor (ref. blue regions Figure 2-1). The amplitude and phase can 

be varied independently for each speaker. Both in-phase (IP) and out-of-phase (OP) forcing 

at constant amplitudes have been explored in previous studies[140, 141]. Excitement of the 

longitudinal mode is achieved via 3 speakers ï one on each mixing tube (ref. blue regions 

Figure 2-1). There are 10 acoustic sensors on the rig ï 4 on the standoff tubes to the left 
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and right (PCB 113b28), and 2 on each of the mixing tubes at the bottom (PCB 112a05) as 

seen in Figure 2-1 (red circles). Practical uncertainty on the mass flow rate measurements 

is expected to be under 2% [142]. Control and monitoring of the facility including 

parameters like flow rates, equivalence ratios, temperatures, acoustic pressures etc., was 

done using LabVIEW. Data was acquired and logged using a National Instruments (NI) 

compact Reconfigurable Input/Output (cRIO) system with several relevant modules at 

variable acquisition rates (1 Hz ï 100 Hz). Acoustic pressure transducer data was 

conditioned, converted to a voltage signal and amplified using a signal conditioner prior to 

being recorded at 40 kHz. Representative image of the swirl stabilized flame with only 

center nozzle operation is shown in Figure 2-3. 

 

Figure 2-3 Instantaneous CH* chemiluminescence image of the swirl stabilized 

flame with only center nozzle operation obtained at 10 kHz 

2.1.2 Operating conditions 
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As already mentioned, for this work, only the center nozzle (diameter, Ὀ σχ άά, 

equivalence ratio, ‰) was operated. Table 1 lists the operating conditions utilized in this 

work. There was no flow through either of the remaining nozzles. 

Table 1 Operating conditions for triple nozzle (swirl) rig  

Property Case 1 Case 2 

◊╫◊■▓[m/s] 35 35 

╣▬▐[K]  367 367 

 ꜚ 1.05 0.8 

2.1.3 Diagnostics 

Simultaneous OH and CH2O PLIF were performed in the XY (Z=0) plane centered about 

the center nozzle (ref. Figure 2-4).  

 

Figure 2-4 Diagnostic setup for triple nozzle rig 
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The OH PLIF system consisted of a frequency doubled, diode pumped Nd:YAG pump 

laser and a frequency doubled dye laser. The pump laser delivered 532 nm pulses at 10 

kHz and the dye laser was tuned to excite the OH Q1(6) transition of the (1,0) vibrational 

branch in the A-X system near 283 nm using a premixed methane/air burner. The dye laser 

had an output energy of 200 ʈ*ȾÐÕÌÓÅ. A combination of perpendicularly aligned 

cylindrical concave lens and cylindrical convex lens was used to create an expanding laser 

sheet which had a waist thickness of about 0.5 mm, measured using the knife edge 

translation technique. The sheet was placed to bisect the center nozzle. Images were 

acquired perpendicular to the sheet using a bandpass filter (Semrock 320/40) that was 

placed in front of a UV lens (45 mm, f/1.8) fitted to an intensifier (LaVision IRO) coupled 

to a high-speed CMOS camera (Photron FASTCAM SA-Z). Images were recorded at 10 

kHz at a resolution of 1024 x 1024 pixels.  

The CH2O PLIF system utilized the all-diode pumped, burst mode, frequency tripled 

Nd:YAG laser (Spectral Energies QuasiModo [143]). The laser was configured to produce 

355 nm pulses at 10 kHz for a 10.5 ms burst duration, every 12 s, with an estimated energy 

of 100 mJ/pulse. A similarly created diverging laser sheet was placed coincident with the 

283 nm sheet. Images were obtained perpendicular to the laser sheet using a bandpass filter 

(Semrock CH2O) in front of a UV lens (45 mm, f/1.8) that was fitted to an intensifier 

(LaVision IRO) coupled to a high-speed CMOS camera (Photron FASTCAM SA-Z). 

Images were recorded at 10 kHz at a resolution of 1024 x 1024 pixels. 

Sheet alignment and orthogonality was verified using specially manufactured reference 

plates that were mounted on the nozzle centerbody. Camera registration and calibration 
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was done using a double-sided, dual plane, dot patterned calibration plate (LaVision 106-

10).  

2.2 Vitiated bluff body rig  

2.2.1 Description 

The test rig is a horizontal blow down rig, as shown in Figure 2-5, comprising of two 

premixed, natural gas combustors in series. The rig is comprised of 3 main sections ï the 

vitiator, the flow conditioning section and the bluff body test section. Vitiator preheat 

temperatures (Ὕ ) of up to 560 K can be achieved via an inline 50 kW flow heater. Natural 

gas is mixed with the preheated air more than 1 m upstream of the four tangential vitiator 

injection points. Ignition is achieved using a diffusion hydrogen torch and results in an 

aerodynamically stabilized swirl flame in the vitiator. Natural gas for the bluff body is 

injected co-axially with additional dilution air downstream of the vitiator, 1.2 m upstream 

of the bluff body. This mixture of vitiated products, dilution air and fuel passes through 

ceramic flow straighteners (ACI Versagrid) which condition the flow and remove the swirl, 

before reaching the bluff body test section. This section has a cross section of 12.7 cm x 

7.6 cm, and exhausts into a suction-based exhaust system. The ballistic bluff body spans 

the width of the test section and has a diameter, Ὀ ρȢωρ cm (pictured in Figure 2-5, inset). 

At the bluff body, the X and Y direction variation in bluff body (‰ ) and vitiator (‰ ) 

equivalence ratio was measured to be within 3%, using a Horiba (CO2) gas analyzer and is 

discussed in detail in Section 2.2.4. 
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(a) 

 

(b) 

Figure 2-5 Vitiated bluff body combustor rig (a) schematic and (b) photograph 
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This test section featured fused quartz (TGP TSC-3) windows for optical access. Air 

(ά ȟ ) and fuel (ά ȟ ) to the vitiator, and dilution air (ά ȟ ) and fuel 

(ά ȟ ) to the bluff body, were metered independently using sub-critical orifice 

assemblies. Practical uncertainty on the mass flow rate measurements is expected to be 

under 2% [142]. Temperature measurements (unburned) are achieved via K-type 

thermocouple probes (accurate to within 0.75% or 2.2°C, whichever is greater) and post 

vitiator temperatures were approximated using an R-type ceramic shielded thermocouple. 

Static pressure measurements were made using Omega PX309 transducers (accurate to 

0.25%), and differential pressure measurements were made using Omega PX771A or 

Rosemount 3051 sensors (accurate to 0.15%). The facility, associated instrumentation and 

derived quantities of interest were monitored using LabVIEW. Data acquisition was 

enabled with a National Instruments (NI) cRIO system with relevant modules at variable 

acquisition rates (1 Hz ï 100 Hz).  

The pre-flame temperature (Ὕ) was measured in the reactant stream upstream of the bluff 

body. We define an average reference axial velocity as ό  (where ὃ is the cross-

sectional area at the bluff body lip and ” is the pre-flame density calculated using the ideal 

gas law). The bluff body Reynolds number (ὙὩ) was calculated using ό  and the 

upstream reactant viscosity (’) calculated from Sutherlandôs law as ὙὩ ό ὈȾ’. The 

post flame temperature (Ὕ) is approximated as the equilibrium temperature obtained from 

an adiabatic mixing calculation of the vitiated products with the dilution air and bluff body 

fuel. Quoted turbulence intensities (όȾό) of the approach flow to the bluff body were 
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determined by averaging in a 10 pixel x 10 pixel window in the reactant stream close to 

(X,Y) = (0 mm, 20 mm). 

2.2.2 Operating conditions 

The rig was developed with a number of possible ñknobsò which 

include ά ȟ ȟά ȟ , ‰ , ‰ , Ὕ  and Ὕ, that could be adjusted to reach a host 

of different operating conditions as summarized in Table 2. The goals of the test matrix 

design were two-fold: (1) to approach blowoff by keeping the parameters that influence its 

hydrodynamic stability approximately constant, particularly flow velocity (ό ) and gas 

expansion ratio („ ), and (2) to compare near LBO dynamics under conditions 

where, well away from blowoff, the flame is globally stable (high „ case) and globally 

unstable (low „ case). The latter case was of particular interest as most prior detailed 

diagnostic studies of LBO have been performed at high „, BVK-suppressed conditions, as 

discussed in CHAPTER 1. Given the observations that ñBVK-like featuresò appear near 

LBO in these cases, it is of interest to look at the LBO process in flames that are already 

manifesting the BVK instability. 

Conditions U1, V1 and NR1 are statistically stationary whereas conditions U2 and V2 are 

transient, capturing a flame in the process of blowoff. The latter process was conducted in 

the following way:  

1. First, ‰  was dropped slowly and the flame was allowed to stabilize with each 

change, until the flame proceeded to global extinction spontaneously. The resultant 
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value of ‰  at which this occurred was averaged over 5 repetitions to estimate the 

blowoff equivalence ratio (‰ ).  

2. The flame was then brought as close to blowoff as possible without allowing it to 

proceed to global extinction, i.e., ‰  was set to ͯ‰ πȢπς.  

3. The fuel valve was then closed, and data was recorded for ~ 1 s.  

Numerical studies [144-148] have examined the blowoff transient using a step change in 

equivalence ratio of the flame. However, such step changes cannot be implemented 

experimentally, due to the ñcapacitanceò or delay associated with the response of the fuel 

supply system which is a function of several parameters that are difficult to control, for 

e.g., the length of piping downstream of the fuel valve, pressure downstream of the fuel 

valve and pressure fluctuations in the rig that may feed back to the fuel supply system. The 

fuel supply system which had a 250 ms response time, showed that the bluff body fuel flow 

rate,  ά ȟ  dropped such that the measured ‰  went from ͯ ‰ πȢπς at the start of 

the data recording to a value of ͯ‰ πȢπρ, ~2 s after the start of the data recording. 

Table 2 summarizes the conditions at the start of the data record for these transient cases. 

Simultaneous 10 kHz stereo-PIV, OH PLIF and CH2O PLIF were recorded at all conditions 

and are described in the following section. For conditions U1, U2 and NR1, stereo-PIV and 

OH PLIF were recorded for ~ 0.6 s and ~ 0.5 s respectively, while for conditions V1 and 

V2 they were recorded for ~ 1.2 s and ~ 1 s respectively. CH2O PLIF was recorded for the 

first 10.5 ms of the data record at all conditions.  
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Table 2 Selected operating conditions for bluff body rig 

Property Case U1 

(stable, 

unvitiated) 

Case U2 

(near 

blowoff, 

unvitiated) 

Case V1 

(stable, 

vitiated) 

Case V2 

(near 

blowoff, 

vitiated) 

Case NR1 

(non-

reacting) 

ό m/s] 8 8 22 19 7 

ά ȟ g/s] 25 32 18 18 32 

‰  0 0 0.5 0.5 0 

ά ȟ g/s] 42 38 79 49 38 

‰  0.62 0.47 0.52 0.46 0 

Ὕ K] 300 300 539 640 300 

Ὕ K] 1710 1440 1605 1555 300 

„ 5.7 4.8 2.9 2.4 1 

ὙὩ 9700 9700 9800 6400 8500 

Ὕ  [K] 300 300 353 353 300 

όȾό  [%]  9.5 5.6 5.1 5.2 7.3 

ὒ ȾὈ 1.4 2.9 2.6 1.8 1.3 

All test conditions were meticulously monitored several times prior to final data 

acquisition.  

2.2.3 Diagnostics 

Simultaneous 10 kHz stereo-PIV, OH PLIF and CH2O PLIF was performed to characterize 

the flow field and flame structure at different conditions. The experimental setup is shown 
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in Figure 2-6. The CH2O PLIF system featured a third-harmonic, hybrid-pumped (fiber 

and flashlamp amplified), pulsed burst-mode Nd:YAG laser (Spectral Energies 

QuasiModo [143]). The laser produces 355 nm pulses at 10 kHz for a 10.5 ms burst 

duration, every 12 s, with an approximate energy of 125 mJ/pulse. Images were obtained 

perpendicular to the laser sheet using a high-speed CMOS camera (Photron SA-Z) coupled 

with a high-speed image intensifier (Lambert HiCATT), affixed with a 100 mm visible 

lens (Tokina, f/2.8), behind a combination of longpass (Semrock 364LP) and bandpass 

(Semrock 439/154) filters. A cylindrical concave lens (f = -200 mm, CC1) and a cylindrical 

convex lens (f = +1000 mm, CX1) were used to create an expanding sheet that had a width 

of nearly 40 mm and waist thickness of σψπ ʈÍ, as measured using a knife edge technique. 

The intensifier exposure was between 100 ï 200 ns depending on the test condition. 

 

Figure 2-6 Diagnostic setup for vitiated bluff body rig 

The OH PLIF system featured a frequency doubled, diode-pumped Nd:YAG pump laser 

(Edgewave INNOSLAB) and a frequency doubled dye laser (Sirah Credo). The pump laser 
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delivered 532 nm pulses at 12 mJ/pulse at 10 kHz. The dye laser was tuned to excite the 

A2× ŶX2ʇ (1,0) Q1(7) transitions near 283 nm. The dye laser delivered laser pulses at 

0.25mJ/pulse. Images were obtained perpendicular to the laser sheet using a high-speed 

CMOS camera (Photron SA-Z) coupled with a high-speed image intensifier (LaVision 

High-Speed IRO), affixed with a 27.5mm lens extender (Nikon PK-13) and a 100 mm UV 

lens (Sodern Cerco, f/2.8) behind a bandpass filter (Semrock 320/40). Additionally, an 

absorption filter (Newport FSQU340) was used in front of the bandpass filter to reduce 

reflection of the 355 nm light into the CH2O imaging system on the opposite side of the 

test section. A cylindrical concave lens (f = -500 mm, CC2) and a cylindrical convex lens 

(f = +750 mm, CX2) were used to create an expanding sheet that had a width of nearly 40 

mm and a thickness of σππ ʈÍ. The intensifier was gated at 150 ns. The OH PLIF system 

had a raw spatial pixel resolution of ~ 23 ʈÍ/pixel.  

A dual oscillator/single head, frequency doubled, diode-pumped Nd:YAG laser 

(Continuum Mesa-PIV) provided the 532 nm light for particle illumination. Imaging was 

performed with two high-speed CMOS cameras (Phantom v2640) affixed with 

Scheimpflug adaptors, 100 mm visible lenses (Tokina, f/2.8) and bandpass filters (Semrock 

FF01-532/3) operating at 20 kHz in frame straddling mode. A cylindrical concave lens (f 

= -200mm, CC3) and a cylindrical convex lens (f = +1000mm, CX3) were used to create 

an expanding sheet that had a length of nearly 50 mm and a thickness of τππ ʈÍ. The 

seeding system consisted of a fluidized bed seeder that was connected in parallel to the 

dilution air supply system. The flow is seeded with 1 ʈÍ alumina particles more than 2 m 

upstream of the test section. To minimize agglomeration of the seed particles in the seeder 

and in the connecting lines, the seed was dried in a 500 K oven for 24 hours prior to use.  
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The three laser systems created 532 nm, 355 nm and 283 nm sheets which were used for 

PIV illumination, CH2O PLIF and OH PLIF respectively. They were combined by using a 

series of three beam combining mirrors ï to reflect 532 nm (Lattice Electro Optics (LEO) 

R532/T608, D1), to transmit 532 nm and reflect 355 nm (LEO T532/R355, D2) and to 

transmit 532 nm and 355 nm while reflecting 283 nm (LEO T532/T355/R283, D3).  The 

three sheets are placed along the bluff body centerline equidistant from the span walls. 

Sheet placement, spatial overlap and orthogonality was verified using laser levels and rig 

mounted reference plates. Camera registration, calibration and dewarping of images from 

all the cameras to a common coordinate system was done using a double-sided, dual-plane 

calibration plate (LaVision 058-5) in Davis 8.3.1. The PIV pulse separation was 30 ʈÓ. The 

355 nm pulse was placed 15.24 ʈÓ after the first 532 nm pulse, and the 283 nm pulse was 

delayed by 760 ns from the 355 nm pulse to minimize interference. The laser timing was 

controlled by a digital delay pulse generator (Quantum Composer 9530). A secondary pulse 

generator (Berkeley Nucleonics 577) was run slave to this pulse generator and was used to 

synchronize the cameras and intensifiers. Timing was monitored using a digital 

oscilloscope (Tektronix TDS 3014).  

A small fraction (~1%) of the 355 nm sheet is transmitted through optic D2 ï this is used 

for the 355 nm sheet profile correction. The transmitted sheet was imaged onto an anodized 

aluminum screen coated with a thin, uniform layer of blue phosphor (Phosphor Tech 

BAM:Eu2+) as shown in Figure 2-6. The screen is placed at the waist of the transmitted 

sheet ensuring that the imaged sheet has approximately the same level of divergence as the 

reflected sheet at the test section. The phosphor has a broad luminescence spectrum 

dominating blue emission, a short lifetime (2 ʈÓ at room temperature) and linear 
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luminescence response to incident laser light, making it suitable for shot-to-shot 

corrections at 10 kHz. Imaging was done using a high-speed CMOS camera (Photron 

SA1.1) affixed with a lens (Nikon AF Nikkor 24-85 mm, f/22), behind a series of ND filters 

(OD 1, OD 0.5, OD 0.2). The choice of ND filters ensures that none of the camera pixels 

are oversaturated even when the laser reaches its peak pulse energy. The camera recording 

was straddled around the 355 nm pulse, and the shutter speed was 100 ʈÓ. The proposed 

technique is only demonstrated on the 355 nm sheet, and is described in detail in Section 

3.2.2.  

Sheet profile correction for the 283 nm light sheet was performed using acetone PLIF 

which provided a time-averaged sheet profile. Shot-to-shot correction is not possible with 

this method, but it is worthwhile to note that this laser system displayed constant, stable 

sheet profiles that did not vary significantly on a shot-by-shot basis. Images were obtained 

by using the same camera and intensifier setup as the OH PLIF. A longpass filter (Semrock 

364LP) was used to image the fluorescence of the acetone in the visible blue region [149]. 

2.2.4 Equivalence ratio uniformity 

To evaluate the level of equivalence ratio uniformity of the approach flow to the bluff body, 

CO2 emissions were measured at the bluff body lip axial location, at 6 different cross-

sectional positions as illustrated in Figure 2-7. The emissions analyzer (Horiba PG 350) 

used a standard non-dispersive infrared (NDIR) absorption method to detect CO2 levels 

[150]. Samples at the point of interest were obtained using a copper tube which passed 

through a heat exchanger to cool the sample, before being fed into the analyzer.  
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Figure 2-7 Upstream view of the bluff body rig with marked emissions stations (1-6) 

With the vitiator on (‰ πȢυ) and the bluff body flame off (‰ π), samples were 

collected at several different dilution air flow rates at the bluff body lip axial position. 

Figure 2-8(a) depicts how the measured equivalence ratio (‰ ), calculated using 

%CO2 levels shows agreement with the set equivalence ratio, with and without the presence 

of dilution air. This observation was independent of the vitiator equivalence ratio and the 

dilution air flow rates.  

To evaluate the level of equivalence ratio uniformity of the bluff body flame, 

measurements were taken at all 6 emissions stations located axially downstream of the 

bluff body flame, with both flames turned on (‰ πȢυ, ‰ πȢφ), at ά ȟ υπ g/s. 

The corresponding measured bluff body equivalence ratios (‰ ) are shown in 

Figure 2-8(b). Excellent spanwise uniformity of equivalence ratio is seen. Similar results 

were obtained at several different combinations of ‰ȟ‰  and ά ȟ . Using this 



 55 

technique, the maximum variation in equivalence ratio was measured to be 3.1% (for the 

vitiator) and 3.6% (for the bluff body).  

  

(a) (b) 

Figure 2-8 Emissions (%CO2) measurements at 6 different stations for evaluation of 

(a) vitiator (at 2 dilution air levels) and (b) bluff body equivalence ratio uniformity 

 

Figure 2-9 Emissions (%CO2) measurements at 6 different stations for evaluation of 

bluff body equivalence ratio uniformity using CO2 flow at 2 representative 

conditions 

Finally, to rule out any effects of the heating of the copper tube, equivalence ratio 

uniformity was also evaluated by flowing CO2 through the fuel line instead of natural gas, 
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and then directly measuring its concentration at the aforementioned 6 stations at the bluff 

body lip axial plane, under fully non-reacting conditions. This gave an idea of what the 

incident equivalence ratio at the bluff body flame would be before burning. Care was taken 

to match the momentum flux of the CO2 jet to that of the fuel jet while conducting this test. 

Measurements were obtained at several different conditions with similar performance. Two 

representative conditions are shown in Figure 2-9 and demonstrate good levels of 

uniformity, in agreement with the previous technique.  
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CHAPTER 3. DATA REDUCTION AND PROCESSING  

This chapter is split into two sections each detailing the various processing 

techniques applied on the data obtained from the two described facilities. The first section 

deals with the triple nozzle rig facility, where preliminary data was gathered on a swirl 

stabilized flame which then inspired the work behind the rest of this thesis. It goes over 

several image processing techniques beginning with raw image processing and dewarping, 

all the way to the extinction zone detection and unburnt reactant detection strategies using 

the available scalar measurements. The next section goes over similar techniques for the 

bluff body rig in greater detail. It also introduces a new ex-situ technique to perform 

simultaneous beam profile correction that is utilized for CH2O PLIF. Diagnostics setup has 

been discussed in detail in CHAPTER 2.  

3.1 Triple nozzle (swirl) rig 

3.1.1 Scalar field processing 

Consider a raw pixel coordinate system (ὼȟώ). Beginning with raw OH PLIF images 

(ὕ ὼȟώȟὸ), pulse profile correction was done on a time averaged basis using acetone 

PLIF. The rig test section was filled with acetone and plugged allowing the acetone to 

vaporize and fill the chamber with a uniform concentration of acetone vapor. The 

fluorescence of the acetone was then imaged at 10 kHz to yield acetone fluorescence 

images, ὃὼȟώȟὸ. The time average fluorescence field was summed along the sheet 

propagation direction (y) to result in a normalized (by global maxima) profile, ὃὼ . This 

profile was applied to the raw images by creating a 2D array, ὃ ὼȟώ  having the same 
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dimensions as the PLIF image, wherein each row of ὃ ὼȟώ  consists of ὃὼ . The 

final pre-processed OH PLIF (ὕ ) images were computed as: 

  
ὕ ὼȟώȟὸ ꞈ

ὕ ὼȟώȟὸ

ὃ ὼȟώ Ὁὸ
 

(12) 

where Ὁὸ is a pulse energy marker and ꞈ  is the coordinate transform to go from the pixel 

coordinate system to the real world coordinate system (dewarping). The dewarping process 

is done using Davis 8.3.1. Ὁὸ can be estimated by summing the intensities within a region 

of interest that is known to have a fixed, uniform OH concentration. A similar process can 

be applied to the raw CH2O PLIF images (ὅ ὼȟώȟὸ), to yield the final set of pre-

processed CH2O images, ὅ ὼȟώȟὸ, time synchronized with ὕ ὼȟώȟὸ.  

    
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
 (g) 

 
(h) 

Figure 3-1 O(x,y,t) for Case 1 (a) - (d) and Case 2 (e) - (h) with ╬ Ȣ, ╬ Ȣ  and  

╬ Ȣ (all smoothed) shown in yellow, blue and green respectively. 

ὕ ὼȟώȟὸ images have an instantaneous nominal signal to noise ratio (SNR) defined as 

the ratio of the average signal to the standard deviation of the background noise in a region 

where laser radiation is present without fluorescence signal, both calculated in a 5 x 5 pixel 
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window of  ~20. They are subjected to two consecutive bilateral filters [151] and a 7 x 7 

pixel median filter to reduce noise while retaining edges. The final processed OH PLIF 

images are represented as ὕὼȟώȟὸ. Representative images are shown in Figure 3-1. 

ὅ ὼȟώȟὸ images have a nominal instantaneous SNR of ~5, and as such need to be treated 

carefully. Initial noise reduction was done using a 3 x 3 pixel median filter. Controlled 

noise reduction while preserving existing edges was done using a bilateral filter. The final 

processed CH2O PLIF images are represented as ὅὼȟώȟὸ. Representative images are 

shown in Figure 3-2. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

Figure 3-2 C(x,y,t) for Case 1 (a) - (d) and Case 2 (e) - (h) with  ╬ Ȣ, ╬ Ȣ  and  

╬ Ȣ (all smoothed) shown in yellow, blue and green respectively. 

3.1.2 Edge extraction 

An unsupervised algorithm was designed to extract edges of the OH PLIF field. Starting 

with ὕὼȟώȟὸ, the following steps were applied to extract its edges: (1) an intensity 

histogram saturation filter was used to amplify the OH signal in the wake, (2) Otsuôs 

method [152] was used to binarize the resulting field, and (3) edges are extracted from the 

boundaries of the binarized image. An overlay of the extracted edge with the OH PLIF 
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image is displayed in Figure 3-3 for both cases 1 and 2. The extent of the OH PLIF laser is 

shown with a dotted blue line, and the nozzle is shown as well.  

  

                             

(a) (b) 

Figure 3-3 Extracted OH PLIF flame edge (yellow) overlaid on OH PLIF fieldȡ (a) 

Case 1 ╞ ●ȟ◐ȟ◄ ◄ , (b) Case 2 ╞ ●ȟ◐ȟ◄ ◄ , with the lower bound of the laser 

sheet marked in dashed blue 

3.1.3 Progress variable calculation 

The binarized OH PLIF images (obtained as discussed in Sec. 3.1.2) represent reactants 

and products as 0 and 1 respectively. These binarized fields were then averaged over time 

to produce a flame progress variable field,  ὧӶὼȟώ. The relevant progress variable 

contour  ὧӶ ὧӶ was obtained by extracting all points that lie within a neighborhood, 

ὧӶ ȟὧӶ‏ ‏ where ‏ πȢπυ. Figure 3-1 and Figure 3-2 show ὧӶπȢςȟπȢυȟπȢψ 

contours extracted using such a procedure in yellow, blue and green respectively. 

3.1.4 Extinction detection 

A heat release rate marker, Q(x,y,t) can be computed as Q(x,y,t) = C(x,y,t) × O(x,y,t), 

motivated by the fact that the forward reaction rate of #(/ /(O (/ (#/ is 
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directly proportional to /(#(/ and that (#/ concentration has been correlated with 

heat release rate [153]. The following processing was performed on the Q(x,y,t) field: (1) 

edge preserving contrast enhancement filter [154], (2) a 3x3 pixel median filter. (3) Finally, 

the expected zero bias due to the zero multiplied signal outside the OH PLIF edge is 

corrected. The extracted OH edge is used as a reference surface to track local, transient 

extinction events. A point on this edge is classified as an extinction zone if it lies in a region 

of low ὗ. Formally, this can be done by following these steps: (1) ὕὼȟώȟὸ edge was 

overlaid on ὗὼȟώȟὸ. (2) At each point on the edge, a 10 pixel neighborhood on either 

side is considered.  

 

Figure 3-4 Intensity histogram traces and choice of threshold for both cases 

Figure 3-4 shows the intensity histogram for all such neighborhoods at a particular time 

instant. (3) The bimodal distribution allows for a natural threshold, ‪
ȟ

ρ (where 

ὗ ȟ is the second peak of the bimodal distribution of the particular case). The existence 

of an insensitivity band of detected extinction zones (region between the peaks), suggests 

the existence of several other threshold values with similar performance that can be 

utilized. A point on the edge with 
ȟ
‪ is an extinction zone, whereas others are 
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reaction surfaces. An extinction zone must be at least πȢππσψ άά  in area to be detected 

by this method.  

  

                                                            
Figure 3-5 OH PLIF overlaid with flame (yellow) and extinction zone (blue) regions 

in (left) Case 1 and (right) Case 2, with the common overlap region of the lasers 

marked in dashed blue. 

3.1.5 Entrained reactant detection 

The presence of reactants in the wake can be explained in two ways. The first, is if the 

flame moves out of plane, into the laser sheet. This would show up as an OH pocket 

bounded by a reaction front, evident either as a loop of superequilibrium OH in the vicinity 

of the pocket, or by the presence of finite CH2O in the region. The second is if local 

extinction spots allow reactants to cross the flame edge into the product dominated wake. 

These reactant pockets may not actively burn. We observe no evidence of the first way, 

suggesting that the second is the more dominant one. Figure 3-6 shows two representative 

ὕὼȟώȟὸ fields with potential entrained reactants (encircled) in case 2.  
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(a) 

 

(b) 

Figure 3-6 Representative images showing entrained reactants into wake, encircled 

(yellow) on the OH PLIF field 

To extract these reactant pockets, using an unsupervised algorithm, a simple approach 

was adopted where a threshold was set at † ‘ ὲ„ (‘: mean, „: standard deviation, of 

the OH field). In order to decide the appropriate value of ὲ, a sensitivity analysis was 

conducted. Figure 3-7 shows the results of this sensitivity analysis study, which plots the 

normalized area of entrained reactants as a function of ὲ calculated over the entire available 

data record. A flat region is observed between ὲ τ and ὲ φ, suggesting the presence 

of a band of insensitivity. Any value of ὲ chosen within this band was found to yield 

qualitatively similar results. We chose ὲ τ (indicated in green), realizing the upper limit 

of the threshold is ὲͯ φ. Once identified, the area of these entrained reactants can be 

determined by identifying connected pixels (based on 8-pixel connectivity), and using a 

high pass filter to remove salt and pepper noise.  
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Figure 3-7 Normalized area of entrained reactants as a function of threshold 

hyperparameter, ▪, calculated over the entire data record. Upper limit of threshold 

is shown in red and the chosen threshold is shown in green.  

3.2 Bluff body rig  

3.2.1 Vector processing 

The PIV cross-correlation algorithm was implemented using Davis 8.3.1. A 4 x 4 particle 

intensity normalization filter was used to enhance the sensitivity of the PIV algorithm. 

Vector calculation was performed using multiple passes with decreasing interrogation 

window size, starting at 64 x 64 pixels and ending at 24 x 24 pixels with 50% overlap. This 

yielded a final vector spacing of 0.54 mm. Figure 3-8 shows the time averaged and 

instantaneous vorticity fields respectively, both overlaid with in-plane velocity vectors at 

1/4th of the available resolution (for ease of viewing). The final instantaneous vector field 

is denoted as ὠᴆ όὼȟώȟὸ Ƕὺὼȟώȟὸ Ƕύὼȟώȟὸ Ὧ where ǶȟǶ and Ὧ represent the 

unit vectors in the X, Y and Z direction respectively (defined in Figure 2-5). Any subscript 

corresponds to the case name as introduced in Table 2; e.g., ό  refers to the X component 

of the instantaneous velocity field for case U1. Time averages are denoted as Ȣ and 

fluctuating quantities as Ȣ. Instantaneous in-plane PIV uncertainty [155] was calculated 
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to be 1.5% and 3.5% of ό  for the unvitiated (U1, U2) and vitiated (V1, V2) cases 

respectively.  Out of plane uncertainty was 25% and 10% of ό  for unvitiated (U1, U2) 

and vitiated (V1, V2) cases respectively. In addition to the higher uncertainty that is 

expected from the out of plane component in stereo-PIV, the increased out of plane activity 

(discussed in CHAPTER 5 and CHAPTER 6) is another contributing factor for these 

values.  

The spectral content of the signal was quantified via a Fourier transform of the transverse 

velocity fluctuations, ὺὼȟώȟὪ. The Nyquist frequency (Ὢ ) is 5 kHz and the minimum 

frequency resolution (ɝὪ ) lies in the 0.8 Hz ï 1.6 Hz range, depending on the case (ref. 

Section 2.2.2). For the statistically stationary cases, averaging is performed over 3 

ensembles to reduce noise. Fourier spectra presented hereafter for these cases are always 

ensemble averaged. For the transient cases, the Fourier spectra is computed over the entire 

data record. In order to analyse the varying time-frequency dynamics of these cases, a 

continuous wavelet transform of the non-stationary signals is computed using a Morse 

analytic wavelet. 

  
(a) (b) 

Figure 3-8 Time averaged (a) and instantaneous (b) vorticity field with in plane 

velocity vectors overlaid. 
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3.2.2 Shot to shot pulse profile correction 

A novel pulse profile correction technique was developed to perform laser beam intensity 

profile correction (pulse profile correction) [156]. The proposed technique utilized a blue 

phosphor with short relaxation times and was ex-situ in nature. It is demonstrated on the 

CH2O PLIF images via shot-to-shot profile and energy correction. The diagnostics setup 

to achieve this is discussed in Section 2.2.3. Figure 3-9 shows phosphor response images 

at three different time instants in the same burst. Each figure shows three different phosphor 

response lines. The profile corresponding to the 355 nm laser sheet is shown within the 

dashed box. The other two profiles in the figure correspond to the phosphor response from 

the other laser sheets (532 nm and 283 nm). The 532 nm sheet that is imaged on the 

phosphor screen is not from the transmission through D1, but the reflection off the incident 

surface of D2 (ref. Figure 2-6) ï potentially explaining the counterintuitive position of the 

sheets on the phosphor screen. The increasing width of the 355-nm profile is indicative of 

the 355 nm pulse characteristics. Though the 355 nm line appears to not be parallel to the 

other lines, this is not representative of its final placement in the test section, which after 

transmission through optic D3 was verified to be coincident. 

 

Figure 3-9 Sample phosphor response images at (a) 1.0 ms, (b) 3.5 ms and (c) 9.5 ms. 

Dashed box shows response line chosen for intensity profile correction. 
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The pixel intensities within the dashed box are aligned with the horizontal, summed along 

the ώ axis and spline fitted to extract an instantaneous laser sheet intensity profile, Ὅὼȟὸ 

as a function of the pixel x coordinate (ὼ) and time (ὸ). Then, a CH2O PLIF intensity 

profile is extracted from one of the transient cases (where the PLIF does not span the entire 

FOV), for e.g., the PLIF image at ὸ ρ ms, corresponding to the sheet profile from Figure 

3-9(a) as Ὅὼȟὸ  ᷿ὅὼȟώȟὸὨώ , where ὅὼȟώȟὸ represents the dewarped background 

subtracted CH2O field. Figure 3-10(a) shows the two profiles in the pixel coordinate 

system. In order to transform Ὅὼȟὸ into the coordinate system of the experiment or the 

real world coordinate system, i.e., Ὅὼȟὸ, a coordinate dilation and translation is applied. 

The dilation factor is estimated by matching the widths at half the global peak values of 

the two intensity profiles. The translation factor is estimated by matching the location of 

the global peak. The transformed intensity profiles spanning the field of view are shown in 

Figure 3-10(b). The same coordinate transform factors are used for the remainder of the 

instantaneous snapshots for a test. Note that the choice for Ὅ to use the CH2O image itself 

to extract the CH2O intensity profile will be influenced by the turbulent flame motions 

causing spatial variation in the CH2O layers due to flame wrinkling and coherent fluid 

mechanic motions. The case chosen here has a relatively uniform CH2O distribution that 

minimizes the influence from these effects.  
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Figure 3-10 Laser sheet intensity profiles, ╘Ⱦ╘□╪● and CH2O PLIF intensity profiles, 

╒Ⱦ╒□╪● normalized by their spatial maximas in the (a) pixel and (b) real world 

coordinate systems 

The profile Ὅὼȟὸ is applied to the images by first creating a 2D array (ὅ ὼȟώȟὸ) of the 

same dimensions as the PLIF image, wherein each row of ὅ ὼȟώȟὸ consists of Ὅὼȟὸ. 

The corrected PLIF image (ὅ ὼȟώȟὸ) is calculated as  

 ὅ ὼȟώȟὸ
ὅὼȟώȟὸ

Ὁὸ ὅ ὼȟώȟὸ
 

(13) 

where the pulse energy, Ὁὸ, can be calculated as Ὁὸ Ὅ᷿ὼȟὸὨὼ. 

3.2.2.1 Pulse profile characteristics 

For each burst of the 355-nm laser, approximately 105 laser pulses are produced at a 10 

kHz rate. This is illustrated in the laser sheet pulse profiles in Figure 3-11(a) and motivates 

the work towards spatio-temporally capturing the laser sheet characteristics.  
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Figure 3-11 (a) Laser sheet profiles, ╘●▬ȟ◄ at different pulses in the same burst, 

and (b) pulse energy, E(t) for a single burst 

At Ô ρ ÍÓ, a high-peaked narrow profile, characteristic of the transient phase is seen. As 

time progresses the profiles get broader and end up spanning the field of view. Similar to 

the profile, the pulse energy sees a gradual ramp up from the transient phase. Figure 3-11(b) 

shows the pulse energy as a function of time for a particular burst. The laser begins to pulse 

after a πȢχ ÍÓ delay from the start of the data record. The pulse energy increases steadily, 

reaches a peak value and then starts to decrease towards the end of the burst. Appropriate 

correction for these laser profiles is essential to accurately interpret the PLIF images and 

paves the way for more quantitative measurements in future.  

3.2.2.2 Correction demonstration 

The effectiveness of the proposed correction technique will be evaluated with the average 

(over 80 frames) uncorrected CH2O field for case 1, ὅӶ, and its corrected 

counterpart, ὅӶ . This is shown by extracting the profiles from the spatial region 

denoted by the dotted box in Figure 3-12(a) and comparing the two in Figure 3-12(b).  The 

intensities within the dotted box are summed in the vertical direction to extract profiles in 
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the X direction. The corrected profile is significantly flatter when compared to the 

uncorrected one, demonstrating reasonably good correction. Though the profiles shown in 

Figure 3-12(a) indicate wide spatial non-uniformity, a slit placed above the test section 

ensures appropriate cut-off of the overexpanded sheet, i.e., the sheet going into the test 

section is fairly uniform past the initial transient cases. As a result, an instantaneous 

demonstration of the correction capability is not appreciable, leading to the choice of an 

average for demonstration.  

 

Figure 3-12 (a) Corrected average CH2O field (╒╬▫►►▄╬◄▄▀ ) with the dashed box 

showing the region of interest, and (b) uncorrected and corrected line profiles 

within the region of interest 

3.2.3 Scalar field processing 

Raw, time synchronized CH2O and OH images are subjected to the following steps in 

order: (1) pulse profile correction (shot-to-shot for CH2O ref. Equation (5)), time averaged 

for OH), (2) pulse energy correction and (3) dewarping to real world coordinates. 

Following this, the CH2O PLIF images are subjected to (1) a 7 x 7 weiner filter, and (2) 

two repeated bilateral filters to reduce noise while retaining edges. The final CH2O time 

series is denoted as C(x,y,t). The instantaneous nominal SNR is ~ 20. Sample CH2O images 
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are shown in Figure 3-13 and Figure 3-14 for cases 1 (stable) and 2 (near blowoff) 

respectively.  

 

Figure 3-13 OH field, O(x,y,t) (red) and CH2O field C(x,y,t) (green) for stable flame 

(case 1) 

 

Figure 3-14 OH field, O(x,y,t) (red) and CH2O field C(x,y,t) (green) for near blowoff 

flame (case 2) 

The OH PLIF images are subjected to (1) 7 x 7 median filter, (2) 5 x 5 weiner filter, and 

(3) a bilateral filter to retain edges and reduce noise. The final OH time series is denoted 

as O(x,y,t). The instantaneous nominal SNR was ~ 35. Sample images are shown in Figure 

3-13 and Figure 3-14 for cases 1 and 2 respectively. 

3.2.4 Edge detection 

In order to robustly detect flame edges in an unsupervised fashion from O(x,y,t) (for 

eg.,Figure 3-15(a)), a series of steps are followed (illustrated in Figure 3-15 for two sample 



 72 

fields): (1) histogram saturation filter to enhance the intensity of the OH region (ref. Figure 

3-15(b)), (2) a 5 x 5 Weiner filter and (3) a 5 x 5 Gaussian filter to reduce noise.  

     

(a) (b) (c) (d) (e) 

     

(f) (g) (h) (i) (j) 

Figure 3-15 Edge detection steps: (a),(f) OH field, O(x,y,t), (b),(g) enhanced OH 

field, (c),(h) gradient of enhanced OH field, (d),(i) binarized gradient field and (e),(j) 

O(x,y,t) with overlaid edge (black) 

The gradient of this resultant field (ref. Figure 3-15(c)) was binarized using Otsuôs 

technique (ref. Figure 3-15(d)) and finally a morphological thinning process was iteratively 

applied until a mathematically tractable, single pixel wide contour, denoted as the OH edge 

(ref. Figure 3-15(e), black curves) could be extracted. Figure 3-15(f) ï (j) shows an 

identical sequence of steps for a different field sample. 

3.2.5 Reactants in the wake 

The presence of reactants in the wake is commonly observed near blowoff, and has been 

documented in other studies [12, 87, 90]. Elevated OH levels in premixed flames 

correspond to the reaction zone (where super-equilibrium levels exist) and post combustion 

zone, whereas low OH levels signify unburnt reactants (or cooled combustion products). 
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In the past, these have been extracted using thresholding techniques based on the mean and 

the standard deviation of the instantaneous image field [71]. An unsupervised algorithm to 

detect unburnt reactants in highly corrugated, broken flames approaching blowoff using 

such a technique was especially challenging due to the multiple reacting/non-reacting 

surfaces with varying intensity levels that were present across the field of view. A hybrid, 

intensity and segmentation powered algorithm was developed to supplement the older 

algorithm [71] to work on corrugated flames with widely varying intensity levels: 

1. First pass: Starting with O(x,y,t) (for eg., Figure 3-16(a)) the previously mentioned 

steps (1), (2) and (3) for edge detection are performed to increase the intensity of the 

product region and reduce noise. The resulting field is binarized using Otsuôs 

technique. A mask generated from the binarized image yields the first set of unburnt 

reactants which are shown as the marked lower intensity regions in Figure 3-16(b).  

2. Second pass: The instantaneous OH edge was used to create a mask which was used to 

search for unburnt reactants within burning/burnt regions (for eg., region A in Figure 

3-16(a)) using a maximally stable extremal regions (MSER) algorithm [157]. 

3. The results from the two passes were put together to create the final unburnt reactant 

field as shown in Figure 3-16(c).   

   
(a) (b) (c) 

Figure 3-16 Unburnt reactant detection steps 



 74 

3.2.6 Reaction surface and extinction detection 

Detected OH PLIF edges can be thought of as reacting or non-reacting interfaces that 

separate reactants from products in recirculation stabilized flames. The former, as the name 

suggests, signifies a reaction surface or flame, whereas the latter signifies an extinction 

zone. There are 3 possible ways that these may be identified: 

 

1. Superequilibrium OH: An actively burning flame or reaction surface would have 

superequilibrium OH concentration in the flame normal direction. This is visible around 

the boundary of reactant region A in Figure 3-16(a) signifying that its edge is a reacting 

interface. This serves as a quick method to visually identify potential extinction zones. 

Similarly in Figure 3-17(a), point A shows no superequilibrium OH in its vicinity when 

compared to point B, signifying that this is a potential extinction zone. This becomes 

even more obvious when we look at the flame normal OH profiles of these points, 

presented in Figure 3-17(c) and Figure 3-17(d). Point B (ref. Figure 3-17(d)) has a 

profile reminiscent of a laminar flame with a rapidly rising OH level reaching a 

superequilibrium (Omax) before dropping to an equilibrium level in the wake, whereas 

point A (ref. Figure 3-17(c)) shows a gradually increasing OH profile reaching the 

equilibrium wake level with no presence of a superequilibrium.  
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Figure 3-17 Extinction detection strategy: (a) OH field, O(x,y,t) (red) and CH2O 

field, C(x,y,t) (green), and (b) OH gradient magnitude field, ȿ Ἓȿ (x,y,t) with 

extinction zone (black) and reaction surface (yellow). (c), (d) O, C and heat release 

rate marker (Q) profiles in the flame normal direction (s) at A and B respectively. 

(e), (f) similar ȿ♩╞ȿ profile at A and B respectively. 

2. Heat release rate marker:  As mentioned earlier, a heat release rate marker, Q(x,y,t) 

can be computed as Q(x,y,t) = C(x,y,t) × O(x,y,t). Inspired by the global thresholding 

based approach used previously [71], an improved detection technique based on local 

thresholding of Q(x,y,t) is used to classify points on the detected edge into extinction 

zones and reaction surfaces. A simple peak detection algorithm is used to find peaks of 

Q, 2 mm on either side of the detected edge in the flame normal direction. Points on the 

edge with peaks having a prominence greater than a threshold, † are classified as 

reaction surfaces whereas ones with no peaks or with peaks having a prominence less 

than † are classified as extinction zones. The choice of ʐ πȢππψ is made after 

performing a sensitivity analysis study to optimize performance across all available 
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snapshots. In addition to the differences in OH profiles of points A and B discussed 

earlier, some other differences also come to light (ref. Figure 3-17). For instance, at 

point B, high concentrations of CH2O can be observed in the preheat zone leading up to 

the flame which rapidly drop at the flame (ref. Figure 3-17(d)). Additionally, the Q 

profile shows distinct peaks (global maximum, Qmax), once again in agreement with the 

fact that point B is part of a reaction surface [43, 95]. In contrast, point A shows no 

prominent preheat zone accumulation of CH2O and a flat Q profile, signifying that it is 

an extinction zone (ref. Figure 3-17(c)). Figure 3-17(a) shows the results of this method 

where the detected OH edge has been classified into reaction surfaces (yellow) and 

extinction zones (black), overlaid on C(x,y,t) (green) and O(x,y,t) (red). Figure 3-18(a) 

plots Omax versus Qmax for all points on the OH edge for 85 snapshots. We can see the 

underlying correlation between these quantities which alludes to the effectiveness of the 

superequilibrium OH method in identifying reaction surfaces and extinction zones.  

 

3. OH gradient: Consider Figure 3-17(e) and Figure 3-17(f) which show the OH 

gradient (ɳὕ ὼȟώȟὸ) magnitude profiles in the flame normal direction at an extinction 

zone (A) and reaction surface (B) respectively. Point B has a sharp gradient magnitude 

peak (ȿɳὕȿmax) while point A has a flat profile. This can be exploited to detect reaction 

surfaces and extinction zones in a manner identical to method 2, using ȿɳὕȿὼȟώȟὸ in 

place of Q(x,y,t). Unlike method 2 this method does not rely on the availability of 

C(x,y,t) and can be used past the first 10.5 ms.   
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As OH gradient techniques are noisy in their interpretation of reacting/non-reacting 

surfaces in turbulent premixed flames, it makes sense to tune the performance of this 

method based on method 2 ï the resultant choice of peak prominence threshold is †

πȢπτ. The results of this method are shown in Figure 3-17(b) with reaction surfaces 

(yellow) and extinction zones (black), overlaid on ȿɳὕȿ. The effectiveness of the tuning is 

seen by comparing Figure 3-17(a) and Figure 3-17(b) which show similarly classified 

extinction zones and reaction surfaces. The effectiveness can be compared to that of the 

heat release marker method in a more quantitative fashion by considering Figure 3-18(b) 

which plots ȿɳὕȿmax versus Qmax for all points on the OH edge over 85 snapshots. There is 

clear correlation observed for Q < 0.1. For higher values of Q, the noise associated with 

ὕɳ computation increases the spread of the scatter significantly but still suggests a positive 

correlation.  

  
(a) (b) 

Figure 3-18 Scatter plots showing (a) OH maxima, Omax vs heat release rate marker 

maxima, Qmax and (b) OH gradient magnitude maxima, ȿ╞ȿmax vs Qmax for all 

points on the OH edges of 85 snapshots 
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CHAPTER 4. NEAR BLOWOFF DYNAMICS OF A PREMIXED, 

SWIRL STABILIZED FLAME  

This chapter is dedicated towards the discussion of results obtained from the swirl 

stabilized flame on the triple nozzle rig. These preliminary results served as the primary 

motivator for the rest of the work that was pursued as part of this thesis. The first subsection 

deals with the broad, immediately observable differences between the two scalar fields 

(OH and CH2O) available for the two cases ï 1 (stable) and 2 (near blowoff). This is 

followed by a discussion of transient extinction events in these two statistically stationary 

cases. Finally, the role of entrained reactant pockets on the edge of blowoff is analyzed in 

detail.  

4.1 Observable differences 

This sub-section presents basic observations from the data, comparing and contrasting case 

1 and case 2. Clear differences in the overall configuration and degree of wrinkling are 

observed between the two cases considered.  Figure 4-1 and Figure 4-2 show processed 

OH fields (ὕὼȟώȟὸ) for cases 1 and 2 respectively. Similarly, Figure 4-3 and Figure 4-4 

show CH2O (ὅὼȟώȟὸ) fields for case 1 and case 2 respectively. Case 1 exhibits small 

scale flame wrinkling, likely associated with the Kelvin-Helmholtz instability [50]. In 

contrast, large-scale flame wrinkling, characteristic of ñstage 2ò, is evident in case 2, over 

and above the small scale flame wrinkling. 
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Figure 4-1 Sample OH fields (╞●ȟ◐ȟ◄) for case 1 (stable) 

   

Figure 4-2 Sample OH fields (╞●ȟ◐ȟ◄) for case 2 (near blowoff) 

   

Figure 4-3 Sample CH2O fields (╒●ȟ◐ȟ◄) for case 1 (stable) 

   

Figure 4-4 Sample CH2O fields (╒●ȟ◐ȟ◄) for case 2 (near blowoff) 



 80 

Figure 4-5 shows sample CH2O fields overlaid with the OH edge, along with progress 

variable contours (ὧӶ) of 0.2, 0.5 and 0.8 for both stable and near blowoff cases. The 

difference between the two cases is also evident from the spread of the ὧӶ lines as they move 

downstream ï case 1 seems them remaining close together, whereas case 2 sees a larger 

spread, showing evidence of flame flapping. This large-scale flapping could be due to the 

manifestation of large-scale organized flow motion near LBO. 

  

(a) (b) 

Figure 4-5 Sample OH edge (yellow line) from O(x,y,t) overlaid on CH2O field 

(C(x,y,t)) for Case 1:(a) and Case 2:(b), with  ╬ ȢȟȢ ╪▪▀ Ȣ (outside to 

inside) 

For example, the BVK instability, or at least something that resembles it, of a two-

dimensional bluff body wake, which is often suppressed by gas expansion effects during 

combustion, emerges under near-LBO, ñstage 2ò conditions [12]. Figure 4-5 shows that 

case 2 displays a broader spatial extent of C(x,y,t) upstream of the OH edge than case 1. 

Such distributed C(x,y,t) fields have been observed in previous studies and is possible 

evidence of preheated fuel/fuel decomposition without heat release [88, 158, 159]. This 

can be indicative of preheat zone broadening, exacerbated under the LBO dynamics of case 

2 [160]. This is also observed in bluff body flames discussed in CHAPTER 5 and 
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CHAPTER 6. In addition to flame flapping, extinction is evident in significantly more time 

instants and in larger sections of the flame in case 2, as can be seen in Figure 4-6. These 

extinction events provide a passage for unburnt reactants to cross over the flame into the 

recirculation zone which then either (1) react, (2) are rapidly mixed and diluted (but not 

reacted) with the products, and/or (3) are convected out of plane and vanish.   

  

                                                            

Figure 4-6 OH PLIF overlaid with flame (yellow) and extinction zone (blue) regions 

in (a) Case 1 and (b) Case 2 with the common overlap region of the lasers marked in 

dashed blue 

4.2 Transient extinction analysis 

The OH edge can be thought of as reacting/non-reacting reference surfaces that separate 

reactants from products in recirculation stabilized flames. Extinction zones located along 

these edges are followed by flame/reaction surfaces downstream and in no way remain 

permanently (over time) extinguished. In fact, they convect with the flow and can get larger 

or smaller due to edge flame propagation effects that are a function of background local 

conditions [8]. Very often, they completely heal to form a fully reaction flame surface [45], 

however, tracking these events in these datasets is challenging due to the strong out of 

plane motion. Throughout this work, such extinction zones are referred to as transient 

extinction zones. To compare the extent of extinction between the 2 cases, Figure 4-7 plots 
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the maximum length amongst all of the connected extinction zones at a time instant, 

denoted by ὒ ὸȢ Case 1 sees limited extinction zones, with occasional spikes of length 

~ ὕρὈ . Case 2, on the other hand, sees much longer extinction events, with maximum 

lengths frequently over 3D. It is also evident that it sees more frequent and much higher 

spikes than case 1. Case 2 often sees a detected flame edge length of around τὈ, suggesting 

that there are instances where almost the entire detected flame edge is an extinction zone, 

whereas case 1 never sees such drastic events. Overall, case 2 sees both more extinction 

events, and events that occur over larger sections of the flame, than case 1.  

 

Figure 4-7 Maximum length amongst all extinction events at an instant, ╛▄▄, 
normalized by the nozzle diameter, as a function of time 

4.3 Reactant entrainment analysis 

A common blowoff hypothesis is that entrainment of cold reactants into the hot wake 

cools and disrupts the wake, and that this may be what ultimately leads to the blowoff 

event. As such, quantifying this entrainment is important. The entrained reactants are 

quantified using 2 metrics - the number of detected entrained reactant pockets, ὔ ὸ and 
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the area of these pockets, ὃ ὸ. One interesting observation that is immediately evident 

in Figure 3-6 and quantified next is that the size/cross sectional area of these pockets is 

quite small, even on the edge of blowoff (for a statistically stationary flame). In other 

words, we do not observe large area distinct reactant pockets in the wake when we are in 

stage 1 of blowoff. Figure 4-8(a) plots the number of entrained pockets and, as expected, 

shows that case 1 nominally sees a much lower number than case 2. 

  

(a) (b) 

Figure 4-8 (a) Number of reactant pockets╝►▬  (and their respective means 

(dashed lines)) as a function of time and (b) histogram of the area of entrained 

reactant pockets ═►▬ normalized by the nozzle area  ═▪▫◑◑■▄ (and their respective 

means (dashed lines)) 

Case 2, on the other hand, consistently sees a larger number of reactant pockets ï around 

3 for most of the time, with frequent spikes over 8, and larger spikes sometimes reaching 

18. The average value of Nrp, indicated by the horizontal dashed lines, shows that about 2.5 

times as many pockets are present in case 2 than case 1. Moreover, roughly 66% of the 

time there are no reactant pockets in case 1, in contrast to 36% in case 2. Figure 4-8(b) 

quantifies the number of occurrences of pockets of various cross-sectional areas. These 

pockets are almost consistently greater in number for a given area for case 2 than case 1. 
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Nonetheless, even on the edge of blowoff, these pockets are always very small relative to 

the nozzle cross sectional area, never exceeding 1.2% in all cases. 

The positions and extent of wake penetration of these distinct pockets is of particular 

interest. Figure 4-9 plots the number of times entrained reactant pockets were observed at 

each spatial location for 1000 image frames obtained from 10 different bursts each 

containing 100 images each, separated by 12 s as explained in Section 2.1.3  

 

Figure 4-9 Number of occurrences of entrained reactant pockets over 1000 images 

of case 2 with  ╬ ȢȟȢ ╪▪▀ Ȣ (outside to inside) 

It shows that discernable reactant pockets are not entrained far into the wake before they 

react and/or mix out. Together with Figure 4-8(b), this result demonstrates the small size 

and short lifetimes of the entrained reactant pockets once they enter the wake. This is 

interesting because even with large scale flow disruption, presumably induced by 

extinction, no discrete large reactant pockets exist in the wake. This is a seemingly different 

picture than suggested in our prior work [12], where we had hypothesized a near-LBO 

wake region as consisting of large pockets of reactants. Detailed analysis of the near wake 
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region of a simpler flow field yields a greater understanding of this particular result and is 

discussed in the following chapters.  

4.3.1 Estimation of 3D effects 

As this analysis was done using planar scalar measurements, which only allow for an 

estimate of the area, not the volume of the reactant pockets, it is important to try and 

estimate three dimensional effects based on these observations. Consider an entrained 

reactant pocket of area ꜝ, at a distance ּי from the centerline as shown in Figure 4-10.  

 

Figure 4-10 Schematic illustrating the upper bound calculation of the volume of 

reactant pockets 

If this pocket is isotropic, completely detached from the swirl, the lower bound on the 

volume can be approximated by a sphere as, ὠ “
ꜝ

. If there were a coherent 

flow structure that was driving its spatio-temporal behavior, its volume can be 

approximated by that of a half torroid (it consists of a helical tube that persists with the 

same cross sectional area at that radial location over ρψπЈ, ὠ יּ“ .ꜝ As we do 
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not see the structure actually appear on the other side of the image, this is the upper bound 

of the largest 3D structure that could be present. Table 3 establishes some bounds on these 

projected volumes, normalized by a nozzle volume measure, ὠ “Ὀ . The mean 

volume is still small relative to a characteristic volume, ὠ “Ὀ , with the 

defined bounds varying from 0.0044% to 0.18%. Even for the largest observed reactant 

pockets, the upper bound calculation still leads to a value of about 3%, showing once again 

that the volumes of these entrained reactant pockets are very small.  

Table 3 Selected statistics of computed volumes of the entrained reactant pockets 

over time 

 ╥▼▬▐▄►▄Ⱦ╥▪▫◑◑■▄  ╥◄▫►►▫░▀Ⱦ╥▪▫◑◑■▄  

Mean 0.440 17.9 

Global maxima 10.7 276 

Global minima (zero 

exclusive) 
0.0238 0.0719 

 

4.3.2 Extinction zones and reactant pockets ï a causal relationship?  

To explore the possibility of a causal relationship between the number of extinction zones 

along the flame edge, ὔ ὸ, and reactant pockets, ὔ ὸ, Figure 4-11 plots the 

correlation coefficients between these quantities as a function of normalized time lag. It 

shows that the two are correlated for small time lags with a peak value of about 0.6. While 

expected, this provides an independent check on the flame extinction indicator which is 
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calculated with a completely different approach and at different spatial locations than the 

reactant pockets.  

 

Figure 4-11 Pearson correlation coefficient vs normalized time lag, with 95% 

confidence interval for maximum correlation marked 

The drop in correlation with increasing time lag is also expected, as swirl is continuously 

rotating these pockets into and out of the laser sheet, even as they are presumably being 

formed at all azimuthal angles. Assuming an azimuthal flow velocity of about 20 m/s (from 

previous studies of this rig with flow field measurements [137]), these pockets will 

completely rotate out of the laser sheet between successive images, corresponding to 

ɝὸό ȾὈ = 0.095. Thus, one might expect for the cross correlation to drop to zero very 

rapidly; in fact, it drops much more slowly to a value of  of its maximum after a time lag 

of ~ χὈȾό . The fact that it decays much more slowly suggests that the extinction events 

and number of reactant pockets are more directly correlated with a coherent flow feature 

of time scale ~ χὈȾό . 
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4.4 Summary 

This chapter compared the near blowoff dynamics of a swirl stabilized flame with that of 

a stable case, using simultaneous scalar measurements of OH and CH2O PLIF obtained at 

10 kHz. Statistically stationary data was obtained at these two conditions; the near blowoff 

case was as close to blowoff as the flame could be stabilized, and we expect to see 

characteristics corresponding to stage 1 of blowoff when this is analyzed.  

Prior work has shown that flames stabilized by recirculation zones pass through two 

distinct stages as they approach blowoff ï ñstage 1ò where local extinction occurs, but 

overall the appearance of the flame and velocity field do not materially change, and ñstage 

2ò associated with a fundamental change in flow structure leading to violent flapping of 

the flame, and large scale disruption of the wake.  This chapter quantified local flame 

extinction and reactant entrainment to better understand their influence in causing such 

recirculation stabilized flames to blow off. Extinction was quantified by the regions of 

overlap of OH and CH2O, and results unambiguously showed numerous local extinction 

spots along the flame near blowoff.  Reactant entrainment was quantified by identifying 

pockets of low OH that were not surrounded by CH2O inside the high OH, product zone.  

Results showed that the flame near LBO displayed significantly more pockets of entrained 

reactants within the recirculation zone when compared to the stable burning case.  

Interestingly, the volume of entrained reactants relative to products is quite small even at 

the very edge of blowoff conditions, and the entrained reactant zones do not persist very 

far into the wake, presumably because they react quickly.  This is a somewhat surprising 

result given the significant disruption of the baseline flow and flame position observed 

under these conditions, showing that the average wake composition itself is not 
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significantly different from a stable flame even at the very edge of blowoff. The results are 

succinctly summarized in Figure 4-12 which shows both cases presented in this chapter 

side by side. Progress variable contours (ὧӶ) of 0.2, 0.5 and 0.8 are shown (outside to inside) 

ï their wider spread in case 2 indicates prevalent flame flapping. Reactant pockets are 

shown in blue. Extinction zones along the OH edge (black) are shown in green. 

 

Figure 4-12 Product region (gray) with flame (black) and extinction zone (green) 

regions overlaid in (a) Case 1 (stable) and (b) Case 2 (near blowoff), with  ╬
ȢȟȢ ╪▪▀ Ȣ (outside to inside). Entrained reactant pockets marked in blue in 

(b). 

(a) Case 1 (b) Case 2
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It is well known that premixed recirculation stabilized flames see permanent downstream 

extinction, with the point of permanent extinction moving further upstream as blowoff is 

approached. This is in stark contrast to say non-premixed jet flames where the flame lifts 

off from the burner with a lift off height which increases as blowoff is approached. The 

final stages of a flame approaching blowoff lie close to the recirculation zone, which 

stresses the need to analyze this region in greater detail to be able to better understand why 

these flames ultimately blow off. In this chapter, the imaged field of view was significantly 

far away from the near wake region immediately downstream of the swirl centerbody. Also, 

this work deals with statistically stationary datasets; we do know how such flames behave 

on the very edge of blowoff. Additionally, the complex three-dimensional flow field made 

the interpretation of results and subsequent prescription of a mechanism governing blowoff 

difficult. Keeping these factors in mind, and deriving inspiration from this work, some 

results on the simpler, bluff body combustor, in the near wake region will be presented in 

the following chapters. This will also help to understand the relative roles of (1) unburnt 

reactants entrained into the wake, (2) the reappearance of the BVK instability (suppressed 

in high density ratio, stable flames), and (3) retreating edge flames (failure waves) which 

appear downstream as blowoff is approached. 
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CHAPTER 5. BLOWOFF AT HIGH DENSITY RATIO 

CONDITIONS  

This chapter discusses the processes involved in the blowoff of a high density ratio 

bluff body flame. It involves close inspection of a transient dataset that captures blowoff 

(case U2, ref. Table 2 for detailed operating conditions). The chapter begins with a 

discussion of the instantaneous images obtained, comparing the flame undergoing blowoff 

to a statistically stationary, stable flame (case U1). This is followed by a discussion of time 

average characteristics, and a close look at the dynamic flame/flow characteristics of the 

flame. Significant three-dimensional activity is observed in case U2; evidence of this is 

introduced, and potential sources are briefly discussed in this chapter. Finally, several time 

snapshots depicting the various steps of a flame undergoing blowoff are presented and 

discussed in detail.  

5.1 Instantaneous images 

Figure 5-1 shows instantaneous images depicting OH fields, ὕὼȟώȟὸ (red) and CH2O 

fields, ὅὼȟώȟὸ (green) for case U1 (unvitiated, stable) and (b) case U2 (unvitiated, near 

blowoff) at several values of normalized time from blowoff, ὸᶻ , where ὸ  denotes 

the time instant of global extinction as imaged within the FOV.  
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(a) (b) (c) 

   
(d) (e) (f) 

Case U1 

   
(g) ὸᶻ ςςυȢω (h) ὸᶻ ςςτȢχ (i) ὸᶻ ςςυȢυ 

   
(j) ὸᶻ ςςυȢρ (k) ὸᶻ  ςςτȢω (l) ὸᶻ ςςτȢχ 

Case U2 

Figure 5-1 Instantaneous images depicting OH fields, ╞●ȟ◐ȟ◄ᶻ  (red) and CH2O 

fields, ╒●ȟ◐ȟ◄ᶻ) (green) for case U1 ((a)-(c)) and case U2 ((d)-(f)) at several 

representative time instants from blowoff (◄ᶻ).  
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Case U1 shows thin, concentrated CH2O fields that lie on the reactant side of the flame, 

with strongly burning reaction surfaces at all axial locations; this is typical of stable, 

unvitiated flames. Both fields also show evidence of small scale roll up of the flame by 

shear layer vortices. Case U2 shows a broader spatial extent of CH2O on the reactant side 

of the flame, similar to that observed in previous studies of near LBO flames [159, 160]. 

Interestingly, the CH2O layer lies inside the average shear layer location, which could be 

another reason for their broad spatial distribution (discussed in the following section). The 

reduced flame speed causes flame spreading at a smaller angle relative to the flow 

compared to case U1.  

Both cases show a low intensity OH region immediately behind the bluff body. Presumably 

this is due to cooling of the recirculating products as they interact with the back of the bluff 

body; this causes a drop in temperature and subsequently OH concentrations.  

 

Figure 5-2 Time averaged OH field profile extracted along the centerline (Y=0) for 

case U1 (blue) and case U2 (red). 

This is illustrated in Figure 5-2 which shows profiles of the time averaged OH field along 

Y = 0 (ὕὼȟώ π) for case U1 (blue) and case U2 (red). This low intensity region is 
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larger in cases when there is an extinction zone in its vicinity. On average, these regions 

measure around 20 mm (~ 1D) in length for both these cases. 

5.2 Time average analysis 

Figure 5-3 shows the time averaged vorticity field,  ὼȟώ overlaid with selected ‫ 

isocontours of the time averaged OH field, ὕ ὼȟώ (red), CH2O field, ὅӶ ὼȟώ (green) 

and  ό π contour (black), for cases U1 and U2.  

  

(a) (b) 

Figure 5-3 Overlay of time averaged vorticity field,  ⱷ●ȟ◐, representative contour 

lines of the time averaged OH field,  ╞●ȟ◐ (red) and CH2O field,  ╒●ȟ◐ (green), 

the time averaged zero axial velocity contour (black) and the in-plane velocity 

vectors, for cases (a) U1 (unvitiated, stable) and (b) U2 (unvitiated, near blowoff) 

The time averages for Case U2 are computed over the time interval before which significant 

downstream extinction is observed (see Figure 5-9). The fields appear qualitatively ‫ 

similar in both cases, as expected. The axial distance at which the shear layers curve in 

towards the centreline defines the length of the recirculation zone, ὒ , which is a function 

of the flow velocity/Reynolds number, turbulence intensity (), equivalence ratio and 

turbulence-combustion interactions [59, 161, 162]. For instance, in both non-reacting and 



 95 

reacting flows, ὒ  decreases with increasing values of . Also, the effect of heat release, 

(parametrized by ‰  in this work) is known to be non-monotonic and a strong function of 

; for small levels of  (<10%) like the ones in this work, ὒ  increases from the 

isothermal case and then decreases as stoichiometric conditions are reached. Table 2 shows 

 for the cases investigated. The increased heat release and  levels can explain the 

decrease in ὒ  from case U2 to case U1.  

   

(a) Case U1 

   

(b) Case U2 

 

Figure 5-4 Time average profiles of vorticity magnitude, ȿⱷȿ, OH field,  ╞ and 

CH2O field,  ╒ at axial positions of X = 5 mm, 15 mm and 30 mm for (a) case U1 

(unvitiated, stable) and (b) case U2 (unvitiated, near blowoff). 

To get a detailed look at Figure 5-3, time averaged profiles of vorticity magnitude,  ȿ‫ȿ 

(blue), OH fields,  ὕ (red) and CH2O fields,  ὅӶ (green) at three axial locations of X = 5 



 96 

mm, 15 mm and 30 mm for cases U1 and U2, are shown in Figure 5-4. For case U1, 

immediately behind the bluff body, the flame (denoted by the rising edge of  ὕ, moving 

towards Y = 0 from either side) lies on the inside of the bluff body shear layers (denoted 

by the  ȿ‫ȿ peaks). At this axial location, the CH2O layers lie within the shear layers. As 

one moves further downstream, the shear layer thickens (as seen by the increasing FWHM 

of the  ȿ‫ȿ peaks) and moves closer towards the centreline. At the same time, the flame 

moves away from the centreline, reaching a point where it lies within the shear layers and 

eventually outside of it (beyond X/D ~ 15), while the CH2O layer moves further away from 

the centreline continually with the flame. 

For case U2, the flame starts off similarly, lying on the inside of the shear layer. The 

reduced flame speed results in a smaller angle with the flow (ref. Figure 5-1), causing the 

flame to lie within the shear layers as one moves downstream, subjecting it to higher levels 

of vorticity all along its length. Gas expansion driven vorticity destruction and baroclinic 

vorticity production will lead to a transition of this wake flow field (in the near field) into 

a jet (in the far field) [12]. This is partially why  is decreasing with axial distance in ‫ 

Figure 5-3; although not shown in the measurement window, it will go to zero and actually 

flip sign further downstream. 

5.3 Dynamic analysis 

Figure 5-5 shows representative normalized Fourier spectra of the fluctuating velocity in 

the Y direction at (X,Y) = (35 mm, 0 mm).  



 97 

 

Figure 5-5 Fourier spectra of vertical velocity fluctuations (ȿ○ȿ) normalized by the 

bulk flow velocity (◊╫◊■▓) at representative locations for cases U1 (blue) and U2 

(red) as a function of Strouhal number, St. St=0.22 line is shown in dashed green. 

Case U1 shows no clear spectral peaks at Strouhal number, Ὓὸ ~0.22 as expected ï 

an observation consistent with prior data [50]. In contrast, case U2 clearly shows a strong 

spectral peak at this frequency range, suggesting that the BVK instability re-emerges at the 

high density ratio, near blowoff case. This point has been noted from earlier qualitative 

flame imaging [12, 45, 72] but the quantitative agreement of dominant Strouhal number 

reported here lends significant evidence that this is, indeed, the case. These disturbances 

and the consequent sinuous flame flapping grow with downstream distance, particularly 

near and after the end of the recirculation zone as discussed later in this section. Note also 

that a variety of non-reacting wake studies with different bluff bodies have demonstrated 

similar global mode frequencies [12, 15, 163].  
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Figure 5-6 Magnitude of the wavelet transform of the vertical velocity (╥╬◌◄) 
normalized by the bulk flow velocity (◊╫◊■▓) plotted as a function of Strouhal 

number (St) and normalized time from blowoff (◄ᶻ) for case U2.  

Given the non-stationary nature of case U2, a wavelet analysis was also used to characterize 

the time-frequency dynamics in order to understand when (along the data record) the BVK 

instability manifests itself. Figure 5-6 plots representative wavelet transform magnitudes 

of the normalized vertical velocity (ὺ) as a function of Strouhal number (St) and normalized 

time ὸᶻ, for case U2. Stage 2 of blowoff involves a phenomenological characterization 

including large scale flame flapping, increased reactant entrainment, wake composition 

modification etc. [20]. For case U2, it is interesting to note a few instances of high 

narrowband activity (near St = 0.22) that appear at the beginning of the dataset whereas 

after ὸᶻͯ υπ, sustained narrowband activity is evident. This would suggest that stage 2 

of blowoff begins at ὸᶻͯ υπ after a sufficient change in the global density ratio of the 

flow field has occurred. This work will refer to the onset of stage 2 as the time after which 

narrowband disturbances permanently set in. 

A better picture of the spatial distribution of the activity around ὛὸπȢςς is presented in 

Figure 5-7 (a), (b) which shows contour plots of the normalized Fourier spectra of the 
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vertical velocity fluctuations integrated over the 0.19<St<0.24 range for cases U1 and U2 

respectively, with the extent of the recirculation zone marked in black and in-plane velocity 

vectors overlaid. Case U1 shows little to no activity in this Strouhal number range, even 

downstream of the recirculation zone, signifying a complete suppression of the BVK 

instability, as is expected at the high density ratio of „ υȢχ. Case U2 on the other hand, 

shows some activity in this Ὓὸ number range, towards the end of the recirculation zone as 

is expected and suggested by the representative line spectrum in Figure 5-5. Given the near 

wake FOV in these cases, it is important to note that much of the ñflappingò associated 

with the narrowband BVK instability occurs away from the region immediately behind the 

bluff body; it is prevalent further downstream/towards the end of the recirculation zone.  

Figure 5-7 (c), (d) shows normalized standard deviation fields of the out of plane velocity 

magnitude (ȿύȿȾό ), for cases U1 and U2, with representative contours of the average 

vorticity overlaid in red. This quantity provides a useful metric for the magnitude of three-

dimensional disturbance field effects. Case U1 sees low out of plane velocity magnitude 

fluctuations; in fact, the peak fluctuation values are 30% of ό . In contrast, case U2 sees 

much more significant fluctuations, with peak values of 70% of  ό . This result is in 

agreement with prior studies [100, 101] and points to the fact that blowoff is an intrinsically 

three-dimensional phenomenon. The high levels of gas expansion in case U1 could be one 

reason why the three-dimensional structures that might otherwise be present, are 

suppressed in this case.  
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                              (a)                 Case U1                          (c) 

  

                              (b)                 Case U2                       (d) 

Figure 5-7 Magnitude of the Fourier spectra of vertical velocity fluctuations (ȿ○ȿ, 
greens) integrated over the Ȣ ╢◄ Ȣ  range and standard deviation of the 

out of plane velocity magnitude (|◌ȿ, blues) both normalized by the bulk flow 

velocity (◊╫◊■▓), for cases U1 (unvitiated, stable) and U2 (unvitiated, near blowoff). 

Plots show zero axial velocity contour (black), representative contours of average 

vorticity magnitude (red) and in-plane velocity vectors overlaid. 

Confinement/wall effects can be one source of these fluctuations. As discussed in 

CHAPTER 1, a three-dimensional recirculation zone involving a hoop-like vortex structure 

connected to transversely oriented vortex tubes aligned in the Y direction (corner vortical 

structures or CVS) has been seen in non-reacting confined bluff body flows. If present, 

these CVS could induce velocity across the Z = 0 plane, as suggested by previous works 

[41, 101]. Another source (not arising out of a confinement effect) of these fluctuations 

could be the streamwise vortices (oriented in the X direction) that form from secondary 
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instabilities of the shear layer and/or BVK instability [21, 32, 34]. These points are visited 

again, and in further detail in CHAPTER 6 along with other conditions. 

    

(a) ὸᶻ  ςρρȢχ (b) ὸᶻ  ρψφȢφ (c) ὸᶻ  ρχτȢπ (d) ὸᶻ ρττȢχ 

    

(e) ὸᶻ  ρςσȢχ (f) ὸᶻ  ρπςȢψ (g) ὸᶻ  ψρȢω (h) ὸᶻ τπȢπ 

 

Figure 5-8 Normalized out of plane velocity (
◌

◊╫◊■▓
) overlaid with the instantaneous 

zero axial velocity contour (black), for case U2 ((a)-(d)) at several normalized time 

instances from blowoff, ◄ᶻ. 

In order to take a detailed look at the instantaneous structure of this out of plane velocity 

field, Figure 5-8 shows normalized out of plane velocity ( ) at representative time 

instants for case U2. It seems that regions with high out of plane activity are usually located 

towards the end of the recirculation zone; with some occurrences overlapping with the 
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shear layers. The vortex tubes that manifest due to secondary instabilities are oriented along 

the X direction and appear as alternating regions of in and out of plane velocity, when 

sliced (for eg. Figure 5-8(a), X>20 mm, Y<0). However, such organized, coherent, 

staggered structures with alternating sign, are not a common occurrence during case U2, 

pointing to the fact that this out of plane motion might be dominated by confinement 

effects.   

5.4 Detailed description of steps approaching blowoff 

Flames near blowoff see extinction zones along the flame surface and reactants within the 

otherwise product dominated recirculation zone. Throughout this data, and consistent with 

prior studies, we see two different kinds of extinction zones. The first, are referred to as 

ñtransient extinction zonesò due to the fact that they are followed by a reaction surface, and 

get bigger/smaller as the edge flame located next to them retreats or advances. The second 

kind are characterized by complete extinction (or absence of a reaction surface) beyond a 

certain axial distance and are referred to as ñpermanent extinction zonesò in this work.  

We can quantify the different types of extinction with two characteristic length scales. First, 

we define ὒ  as the total length of the individual extinction zones that are contained within 

the flame surface on both the top and bottom flame branches, shown in Figure 5-9 (red) as 

a function of normalized time (ὸᶻ). 
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Figure 5-9 Normalized length scale at which permanent extinction occurs (╛█Ⱦ╓) 

and normalized total length of transient extinction zones (╛▄◑Ⱦ╓) as a function of 

normalized time from blowoff (◄ᶻ) denoted by the orange vertical line, for case U2. 

Time instants of interest are denoted by dashed vertical lines. 

Second, we define a reference length scale at which permanent extinction occurs, ὒ by 

dividing the volume of the combustion products by the bluff body test sectionôs cross-

sectional area as 

 ὒ
ὠ

Ὀὒ

ὃὒ

Ὀὒ

ὃ

Ὀ
 

(14) 

where ὒ is the span width of the test section, ὃ  is the area projection of ὠ in the plane of 

the OH laser sheet, and Ὀ is the bluff body diameter; a sample illustration is shown in 

Figure 5-10. A value of ς indicates that the flame does not permanently extinguish at 

some downstream axial location, or if it does, that it is outside of the FOV. Normalized 

time traces of ὒ are shown in Figure 5-9 (blue). Figure 5-9 also depicts the instant of global 

extinction as imaged within the FOV (orange). 



 104 

 

Figure 5-10 Sample reference length scale at which permanent extinction occurs 

(╛█) for a particular time instant.  

Figure 5-9 shows how the U2 flame at ὸᶻ < ~-100 usually spans the entire axial field of 

view (~2D) which is expected given its similarity to stable flames at this stage of blowoff 

(i.e., stage 1). There are instances where the point of extinction moves upstream (between 

1D-2D); however these are temporary, and the flame recovers to span the FOV almost 

entirely. One potential source of the bursts of extinction observed could be the damped 

pulsations of the fuel supply system introduced by the sharp change in ‰  as described in 

Section 2.2.2. Past t* ~ - 100, the flame length progressively shortens as the point of 

permanent extinction moves closer to the bluff body as it approaches global extinction. 

This progressive shortening is indicative of departure from stage 1 characteristics to the 

permanent, irrecoverable stage 2 of blowoff dynamics at t* ~ -50 (ref. Figure 5-6). The 

defining characteristic of stage 1 of blowoff is the first appearance of transient extinction 

zones along the flame surface [12]. While these transient extinction zones are observed in 

this case (ςτπὸᶻ ρππ), it is unclear why their occurrence reduces as the flame 

approaches global extinction. When present, they rarely have total lengths over πȢυὈ. 

Closer to global extinction, they get much smaller (well under πȢυὈ) suggesting that the 

shortened flame at this stage sees large levels of permanent downstream extinction beyond 
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a certain axial location, but sees few transient extinction zones. Finally, the observed 

intermittency in their time trace is due to frequent extinction/reignition processes that are 

prevalent at this stage and have been observed in previous studies [45, 71, 93]. 

The size and lifetime of these transient extinction zones can also be estimated in an average 

fashion from their space-time cross-correlation. To calculate this, let us first define a 

binarized function along the lower OH edge, Ὅὸᶻȟ , where:  

 
Ὅὸᶻȟ

ὼ

Ὀ
ρȟὭὪ ὸᶻȟ

ὼ

Ὀ
ȟ
ώ

Ὀ
ᶰɮ

πȟέὸὬὩὶύὭίὩ
 

(15) 

where ɮ is the set of all space-time coordinates of all transient extinction zones that lie 

along the lower OH edge (ref. Figure 5-13) of case U2. The autocorrelation of this field, 

ὃ ɝὸᶻȟ  is shown in Figure 5-11.  

 

Figure 5-11 Autocorrelation, ═ ◄ᶻȟ
●

╓
 of the binarized function, ╘◄ᶻȟ

●

╓
 for case 

U2 with the average axial convection speed line (black) 

The angle that this space-time correlation surface makes with the ɝὸᶻ axis quantifies the 

average axial convection speed, ό  of the transient extinction zones. Its value of 
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πȢρ (denoted by the black line) agrees with the axial velocity at the nominal location of the 

detected transient extinction zones within the shear layer, suggesting convection by the 

local flow field. The correlation drops to 1/e of its maximum at ɝὸᶻȟ ρȢσȟπȢρσ 

which gives a sense of the average space-time lifetime of these extinction zones. Their 

length can be inferred from the width of the space-time correlation surface at fixed ɝὸᶻ to 

be about 0.1D. It is interesting to note that the shape of the space-time correlation surface 

is skewed for ȿɝὸȿzȟ Ḻρ. It is rhombus shaped, rather than the elliptical shape that it 

has for larger times/distances. Similar to how the orientation of the major axis of that ellipse 

denoted the average axial convection speed (ό ), the orientation of the major axis of the 

rhombus can be related to a velocity, which comes out to  
ᶻ

 ͯψ. Note that this high 

apparent velocity does not correspond to any flow velocity within the FOV, but is 

presumably the speed of the reaction edges, reflecting the rapidly changing length of the 

transient extinction zone.  

Next, we consider the ways in which burnt products/unburnt reactants can enter the 

recirculation zone near blowoff, and the ways in which they will manifest themselves in 

planar measurements. In the OH PLIF fields, unburnt reactants can appear as low intensity 

ñislandsò that are surrounded by a flame or combustion products. First, these islands could 

be a part of an out of plane, continuous reaction sheet. These manifest themselves in planar 

images as being surrounded by a reaction sheet, that has a ñringò of superequilibrium OH 

around them; they actively add heat to the wake. We see repeated instances of these 

ñburning reactant fingersò inserting themselves into the planar sheet in this work. For 

instance, Figure 5-12 shows a sample OH field, ὕὼȟώȟὸ (left), and some representative 
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contours of this field overlaid on the normalized out of plane velocity magnitude field 

(ȿύȿȾό , right) at the same time instant. It clearly shows the presence of two burning 

reactant fingers. The larger one seems to be introduced by out of plane motion, whereas 

the smaller one is devoid of out of plane activity. Close observation of the entire data record 

suggests that out of plane activity is dominant towards the end of the recirculation zone; it 

introduces these burning reactant fingers which are subsequently caught in the backflow of 

the recirculation zone. Closer to the bluff body, there is no large out of plane activity and 

the burning reactant finger is only subjected to in-plane convection and burning (reactant 

consumption).  

 

Figure 5-12 OH field, O(x,y,t) with overlaid in -plane velocity vectors (left) and 

normalized out of plane velocity magnitude field, ȿ◌ȿ●ȟ◐ȟ◄Ⱦ◊╫◊■▓ overlaid with 

two O(x,y,t) contour levels at the same time instant (right). 

If the reactant islands are not surrounded by a flame, they presumably entered the 

recirculation zone through a transient extinction zone [12] and are referred to as entrained 

reactants [12, 45, 71]. These entrained reactants do not add heat to the wake (as they are 

not burning) and cool it down. We do not see any evidence of non-reacting, entrained 

reactant islands in these images, except after burning reactant fingers impinge on the back 

of the bluff body, as discussed later. In the presence of permanent extinction, when a ñshort 
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flameò has the recirculation zone downstream of it (described later), unburnt reactant 

volumes also can directly enter the recirculation zone through purely two-dimensional 

effects. 

Consider next, several snapshots around times of interest (ὸȟὸȟὸ) denoted by the green 

dashed lines on Figure 5-9. These snapshots plot the edge of ὕὼȟώȟὸ with the reaction 

surface (green), transient extinction zone (orange) overlaid on the magnitude of the Z 

component of vorticity, ȿ‫ȿὼȟώȟὸ. Regions with out of plane velocity magnitude greater 

than 50% of ό  are shown in red (positive) and yellow (negative).  

Starting around ὸᶻ ὸ, we start off in stage 1 of blowoff dynamics (ref. Figure 5-13(a)-

(i)). The flame spans the entire field of view at this stage. We see several instances of 

transient extinction zones along the flame surface, especially near the anchor point. Figure 

5-13(a) ï (f) follows one such extinction zone as it grows in size due to the retreat of the 

edge flame adjacent to it. At some point, under favourable local conditions (Figure 5-13(c), 

(d)), the retreating flame front transitions into a propagating one, reducing the size of the 

extinction zone and sometimes even healing it completely (Figure 5-13(e)). Such behaviour 

is typical of flames in stage 1 of blowoff dynamics[45]. The high out of plane activity 

regions do not display an alternating pattern (as discussed earlier) and several instances 

show large regions that are not coincident with high vorticity regions (e.g., Figure 5-13(c)-

(e)). This suggests that they may be driven by confinement effects and not secondary 

instabilities, as argued earlier. 
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(a) ὸᶻ ςςυȢφ (b) ὸᶻ ςςυȢρ (c) ὸᶻ ςςτȢω 

   

(d) ὸᶻ ςςσȢυ (e) ὸᶻ ςςσȢρ (f) ὸᶻ ςςςȢφ 

   

(g) ὸᶻ ςςςȢς (h) ὸᶻ ςςρȢφ (i) ὸᶻ ςςρȢς 

Figure 5-13 Images depicting the initial instances of a flame undergoing blowoff as a 

function of normalized time from blowoff (◄ᶻ). Each image consists of vorticity 

magnitude field, ȿⱷȿ●ȟ◐ȟ◄ overlaid with regions having out of plane velocity 

magnitude greater than 50% of ◊╫◊■▓ (red-positive, yellow-negative), reaction 

surfaces (green), extinction zones (orange), and in-plane velocity vectors.  

Transient extinction zones have been previously proposed to create paths for non-reacting 

volumes of reactants to enter the recirculation zone [12]. Though we observe several 
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instances of transient extinction zones throughout the dataset, we see no evidence of such 

reactant entrainment in the FOV. The location of transient extinction needs to be 

considered; for example, significant backflow towards the end of the recirculation zone can 

create conditions favorable for reactant entrainment. However, at this stage we begin to see 

small volumes of burning reactant fingers within the recirculation zone (ref. Figure 5-18 

(b)). They are caught in the backflow associated with the recirculation zone and always 

burn out completely before reaching the bluff body. There is significant out of plane 

activity towards the end of the recirculation zone (X > 25 mm) whereas closer to the bluff 

body, the out of plane activity is almost absent.  

As the flame comes closer to blowoff, there comes a point where there are large volumes 

of reactants present within the recirculation zone, say around ὸᶻ ὸ. These may be in the 

form of either burning reactant fingers (Figure 5-14(c)) or intermittent instances of 

downstream extinction of the flame (Figure 5-14(a) ï (i), bottom shear layer X > 20 mm).  

We begin to see increased levels of out of plane activity, largely coincident with the 

reactants-only region of the recirculation zone. Their lack of organization in the form of 

alternating in and out of plane motion, coupled with the fact that they are not coincident 

with high vorticity regions typical of the shear layers suggests that they are due to 

confinement effects. This out of plane activity seems to be responsible for introducing 

reactants into the imaged plane which are immediately caught in the reverse flow of the 

recirculation zone and convected towards the back of the bluff body. The fact that the out 

of plane motion continually introduces reactants, and not products, into the imaged plane 

suggests that much of the off centerplane regions could already have been replaced by 

reactants, i.e., permanent extinction has already set in earlier away from the centerline. This 
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would mean that the imaged centerplane is not representative of what is happening in 

planes parallel to it due to spanwise (along Z) non-uniformity [100]. Together with the out 

of plane activity, this would point towards the role of permanent extinction in driving 

blowoff by moving reactants from planes away from the centerplane into it. This 

sometimes manifests as burning reactant fingers.  

Figure 5-14(a) ï (i) show how flame propagation effects lead to the creation of a burning 

reactant finger that reacts as it convects towards the bluff body, while continually reducing 

in size. However, we also see other images where these burning reactant fingers impinge 

upon the back of the bluff body before burning out, after which portions of their burning 

surface are quenched (e.g., Figure 5-14(h)). This is a comparatively rare outcome for a 

burning reactant finger; only 15% of the total observed burning reactant fingers around this 

time reach the back of the bluff body, the rest are consumed as they convect towards it. 

   

(a) ὸᶻ ωςȢρ (b) ὸᶻ ωρȢψ (c) ὸᶻ ωρȢσ 


























































































































