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Supervisor:  Noel T. Clemens 

 

Flame flashback in the boundary layer of swirling flows is investigated 

experimentally in a model swirl combustor. The model combustor features a mixing tube 

with an axial swirler and an attached center body. The findings provide novel insight into 

the mechanism facilitating boundary layer flashback of swirl flames. Turbulent, lean-

premixed flames of methane and hydrogen are studied at atmospheric pressure and bulk 

flow velocities up to 5 m/s. Hydrogen contents range from 0% to 95% and equivalence 

ratios range from 0.4 to 1. The focus in the present work is on the upstream flame 

propagation inside the mixing tube. Stereoscopic particle image velocimetry (PIV) is 

applied at kilohertz-rate to provide the time-resolved, three-component velocity field. The 

flame front is detected simultaneously based on the acquired Mie scattering images. 

Simultaneous high-speed chemiluminescence imaging provides the overall flame shape 

and global propagation direction. 

In addition to the planar measurements, a technique capable of detecting the 

instantaneous, time-resolved, 3D flame front topography is developed and applied 

successfully. Oil droplets, which vaporize in the preheat zone of the flame, serve as the 
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marker for the flame front. The droplets are illuminated with a laser and imaged from 

four different views followed by a tomographic reconstruction to obtain the volumetric 

particle field. The velocity field in the unburnt gas is measured using tomographic PIV. 

The resulting data include the simultaneous 3D flame front and volumetric velocity field 

at 5 kHz. 

Flashback is found to occur in the form of large-scale, convex-shaped flame 

tongues, which swirl in the bulk flow direction as they propagate in the negative axial 

direction along the center body wall. Gas dilatation associated with the heat release 

imposes a blockage effect on the approach flow, which causes a 3D deflection of 

streamlines. As a result, a region of negative axial velocity forms along the leading side 

of the flame tongues, which facilitates flashback. These regions of negative axial 

velocity, already observed in previous studies, are shown to be the result of a 

predominantly swirling fluid motion as opposed to boundary layer separation or flow 

recirculation. The effect of hydrogen addition on flashback is investigated. Flashback 

occurs at significantly leaner conditions for hydrogen-rich flames, but the mechanism 

driving flashback is found to be independent of the hydrogen content for the conditions 

investigated in the present work. Quantitative differences in the flame-flow interaction 

between methane and hydrogen-rich flashbacks are discussed in detail. 
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Chapter 1: Introduction 

1.1 Motivation 

The successful design of future lean-premixed and fuel-flexible gas turbine 

combustors requires an improved fundamental understanding of static and dynamic 

combustion instabilities [1,2]. Static instabilities refer to instances when the flame is not 

anchored at its intended location in the combustion chamber any more. Such instabilities 

include flame flashback and blowout. Dynamic instabilities due to the coupling between 

the heat release rate and acoustic pressure fluctuations can cause a mechanical failure of 

the combustor or trigger a static instability [3]. Currently employed combustors, which 

are designed to run on natural gas, are challenged by the desire to operate them with 

hydrogen blends, which differ substantially in their chemical, transport and thermal 

properties [1]. For instance, the gasification of coal, biomass or some other feedstock 

produces a synthetic gas (syngas) primarily containing hydrogen and carbon monoxide. 

Combusting syngas in an integrated gasification combined cycle (IGCC) offers 

advantages with regards to emission control and carbon dioxide capturing. 

One of the key technical barriers in the development of combustors suited for 

operating on hydrogen-rich gas mixtures is preventing flame flashback. Flashback refers 

to the undesired upstream propagation of the flame from the combustion chamber into the 

premix section. The premix nozzles are not designed to withstand the heat load due to a 

flame. Sustained upstream flame propagation and flame anchoring in the preheat section 
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is hence a serious safety risk [2]. An example practical combustor design, which features 

five individual premix sections with a central fuel tube and a single axial swirler, is 

shown in Figure 1.1. The damage to the center body seen in Figure 1.1b was caused by 

flame flashback. 

 
(a) 

 
(b) 

Figure 1.1: Internals of a premix burner design. (a) Combustion chamber with five 
individual premix sections. (b) Damage to the central fuel tube due to flashback. 

1.2 Review 

The primary objective of the present work is to investigate the physics of 

boundary layer flashback of swirl flames. The current understanding of this phenomenon 

is reviewed in Section 1.2.1. High-speed laser diagnostic techniques are applied to study 

the upstream flame propagation during flashback. The employed planar techniques, 

which are described in Section 2.2, are well established and not reviewed separately here.   

As part of the present work, a technique to simultaneously reconstruct the three-

dimensional topography of turbulent flames and measure the volumetric velocity field 

has been developed. Previous works on volumetric measurement techniques applied to 

reacting flows are reviewed in Section 1.2.2. 
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1.2.1 Flame flashback 

A flame front propagates at a characteristic flame speed in a premixture of fuel 

and oxidizer. The traditional view has been that flashback occurs if the flame speed 

exceeds the flow velocity. In a laminar, quasi-1D flow the flame speed is governed by the 

thermo-chemical properties of the mixture [4]. In laminar 2D flows, the flame speed may 

be altered due to aerodynamic straining, flame curvature and flow/flame unsteadiness, 

collectively referred to as stretch effects [5]. For a positively stretched flame, the flame 

speed is increased for mixtures with Lewis number Le << 1 and if the deficient reactant 

has a higher diffusivity (such as in lean H2-air mixtures). 

In practical combustors, the flow field is turbulent. Turbulence wrinkles the flame 

front and increases the speed at which it propagates. For an ideal (statistically planar and 

freely propagating) turbulent flame front, a relationship for the turbulent flame speed 𝑠𝑠𝑇𝑇 

of the form  

 
𝑠𝑠𝑇𝑇
𝑠𝑠𝐿𝐿0

= 𝑓𝑓 �
𝑢𝑢′

𝑠𝑠𝐿𝐿0
,
𝐿𝐿
𝛿𝛿𝐿𝐿0

,𝑀𝑀𝑀𝑀𝑇𝑇� (1.1) 

is expected to hold for the, where 𝑠𝑠𝐿𝐿0 is the unstretched laminar flame speed, 𝑢𝑢′ the r.m.s.-

velocity fluctuations, 𝐿𝐿 the integral scale and 𝛿𝛿𝐿𝐿0 the laminar flame thickness [6]. Stretch 

effects are found to play an important role even at moderate and high turbulence levels 

[7,8]. The sensitivity of a turbulent flame to stretch effects enters the correlation through 

the non-dimensional turbulent Markstein number 𝑀𝑀𝑀𝑀𝑇𝑇.  
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The concept of a turbulent flame speed in the form of Eq. (1.1) assumes that the 

heat release has a negligible effect on the flame propagation. However, heat release may 

wrinkle a flame front owing to a hydrodynamic instability (Darrius-Landau instability) 

associated with the density ratio across the flame [4]. Evidence exists showing that this 

instability has a non-negligible effect on the local flamelet structure by increasing the 

wrinkling and hence the flame speed for weakly turbulent flames, but its importance at 

moderate and high turbulence levels is still unclear [8,9]. Furthermore, the heat release 

may affect the overall approach flow velocity field and hence the propagation of the 

flame front if some constraint (confinement) limits the expansion of the burnt gas. The 

following review on flame flashback shows that for flame propagation close to a wall or 

in a swirling flow, the effect of heat release on the approach flow plays an important role. 

The systematic investigation of flashback started with the work by Lewis and 

von Elbe, who studied flashback in Bunsen-flame type burners [10,11]. In such non-

swirling pipe or channel flows, flashback is led by the upstream flame propagation in the 

boundary layer given that the centerline velocity exceeds the flame speed and that the 

premixture of fuel and air is homogenous (no wall-normal equivalence ratio 

stratification). Boundary layer flashback in non-swirling flows is schematically shown in 

Figure 1.2a. The model proposed by Lewis and von Elbe predicting flashback limits is 

shown in Figure 1.3. A laminar boundary layer profile is assumed. The solid red line 

marks the flame front, which propagates normal to itself at the laminar flame speed sL. 

The flame speed decreases close to the wall as sketched in Figure 1.3b (red line) due to 
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heat loss to the wall and radical recombination at the wall before it is quenched at a 

distance δq. The flame has a convex shape due the decreasing flame speed with the most 

upstream portion being offset from the wall by so-called penetration distance δq, [12]. 

Flow velocity and flame speed are balanced if the velocity gradient at the wall matches 

the critical gradient 𝑔𝑔𝑐𝑐 = 𝑠𝑠𝐿𝐿
𝛿𝛿𝑝𝑝�  as shown by the velocity profile (2) in Figure 1.3b. The 

model suggests that flashback occurs if the velocity gradient is smaller than the critical 

gradient as indicated by the profile (1). Following the work by Lewis and von Elbe, the 

focus of research on flashback has then been on measuring critical gradients for a wide 

range of fuels, fuel-air-ratios inlet temperatures and pressures for laminar and turbulent 

flows [12–16]. More recently the effect of additional parameters such as the burner rim or 

wall temperature, wall material and confinement on the critical gradient have been 

determined [17–22].  

 
Figure 1.2: Three types of flashback. (a) Boundary layer flashback in (non-swirling) pipe 
or channel flows, (b) flashback in the core of a swirling flow, and (c) boundary layer 
flashback in a swirling flow. 
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Whereas the derived empirical correlations for critical gradients are valuable from 

a practical perspective, the critical gradient model is fundamentally flawed because it 

assumes an isothermal flow and hence no coupling between flame propagation and 

velocity field. More recent studies have shown that the flame front strongly modifies the 

approach flow both in laminar [23,24] and turbulent flows [24,25]. In turbulent flows, 

high-speed laser diagnostics and direct numerical simulation have shown that boundary 

layer flashback in channel flows is facilitated by small-scale flame bulges, which 

intermittently form inside low-momentum streaks of the turbulent boundary layer 

[24,25]. These bulges, which are associated with a local pressure peak at the convex 

flame tip, cause local pockets of reverse flow upstream of the flame front. The reverse 

flow pockets are found to reach above the quenching distance. The formation, counter-

propagation and break-up process of the flame bulges leads to a net upstream propagation 

of the flame tip and hence flashback. Clearly, the effect the flame front has on the 

approach flow plays an important role for flame propagation along a wall. A model for 

the flame shape and propagation velocity of a turbulent boundary layer flashback has 

been proposed [26]. In this model, the turbulent flame speed is viewed as the speed at 

which the flame propagates relative to the undisturbed approach flow sufficiently far 

upstream of the flame brush. The effect of heat release on the approach flow is 

incorporated into the correlation for the turbulent speed in form of the density ratio across 

the flame. 
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Figure 1.3: Critical gradient model for boundary layer flashback. (a) Velocity profile and 
flame front. (b) Wall-normal variation of flame speed and flow velocity for a situation 
corresponding to (1) flashback, (2) critical gradient, (3) blow-out. Adapted from [10]. 

 

In practical combustors, swirl flows are typically employed for enhanced mixing 

and flame anchoring purposes. The dynamics and stability of swirl combustors has been 

studied extensively [3]. Combustion instabilities may initiate a flashback process by 

providing, for instance, a momentary local low-momentum region or equivalence ratio 

stratification, which allows a portion of the flame to penetrate into the mixing tube. The 

danger for the combustor hardware lies in the sustained upstream flame propagation and 

flame anchoring inside the premix section [2]. Flashback in swirling flows may either 

occur in the core of the swirl flow (Figure 1.2b) or along a wall in the boundary layer 

(Figure 1.2c). 

In swirl combustors without a central fuel tube (center body) in the mixing tube, 

the flame anchoring in the combustion chamber is achieved by a vortex-breakdown, 

which is triggered by the sudden expansion between the mixing tube and the combustion 

chamber. The two common types of vortex-breakdown at moderate and high Reynolds 
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numbers are the spiral type and bubble type breakdown [27–30]. Both types feature a 

stagnation point on the vortex axis. Flow recirculation downstream of the stagnation 

point only occurs in the bubble type breakdown. Despite extensive research over several 

decades, the phenomenon of vortex-breakdown remains controversial in isothermal and 

reacting flows, and still lacks a generally accepted mechanism explaining its occurrence 

and features [30].  

Flashback in swirl combustors without center body tends to occur in the form of 

upstream flame propagation in the core of the tube along the vortex axis [31–40]. The 

flame base has been found to propagate upstream in a precessing motion about the tube 

axis [31,35]. High-speed measurements of the velocity field revealed a region of negative 

axial velocity in the vicinity of the upstream propagating flame base, which has been 

interpreted as a vortex-breakdown bubble of recirculating fluid [31,41,42]. Flashback in 

the core of swirling flows was henceforth referred to as flashback due to combustion-

induced vortex-breakdown (CIVB) [31]. A model for the mechanism causing CIVB was 

derived based on a 2D unsteady RANS simulation by analyzing the magnitude of the 

different terms in the vorticity transport equation [41,43,44]. The model suggests that the 

cause for CIVB is the production of negative azimuthal vorticity due to baroclinic torque, 

which induces a negative axial velocity on the tube axis. The model further suggests that 

volume expansionhinders flashback as it produces positive azimuthal vorticity. The 

model is related to a model by Ashurst [45], which aims at predicting the significant 

increase in flame propagation speed of laminar flames propagating along a vortex axis. 
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The speed of laminar flames propagating along a vortex axis increases with an increase in 

azimuthal velocity and density ratio across the flame front. A number of models have 

been derived to predict the increase in flame speed, but a generally accepted theory has 

not yet evolved [46].  

The third configuration concerns flashback of swirl flames along a wall, which by 

geometry combines aspects of boundary layer flashback and flashback along a vortex 

axis. In swirl combustors featuring a mixing tube with center body, flashback typically 

occurs along the center body wall [47–51]; however, boundary layer flashback has also 

been observed along the mixing tube outer-wall in hydrogen-air swirl flames [52]. 

Flashback along the center body wall has been attributed to CIVB based on the finding of 

regions of negative axial velocity upstream of the flame base [48–50,53]. The negative 

axial velocity regions have been interpreted as boundary layer separation where the 

recirculating fluid pulls the flame upstream [48]. A scaling law predicting the flashback 

limit as a function of the laminar flame speed was suggested [48]. The potential 

importance of the flame temperature, and hence the density ratio, as opposed to the flame 

speed, was suggested based on a study investigating swirl flame boundary layer flashback 

in a configuration with a conical center body [54]. It was observed that the flame 

statically creeps upstream along the conically shaped center body with an increase in 

density ratio and increase in flame speed but downstream with a decrease in density ratio 

and increase in flame speed .  
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A model based on the modification of the axial pressure gradient along the center 

body wall due to the low-density burnt gas has been proposed to explain the observed 

region of negative axial velocity [48]. Subsequent measurements of the static pressure on 

the center body wall during flashback revealed a pressure increase in the burnt gas [51]. 

A theoretical model predicting an adverse axial pressure gradient for a rotationally 

symmetric, axially propagating flame was derived by extending the flame-back-pressure 

theory  [46] to include confinement and a center body [51]. In a similar extension of the 

original flame-back-pressure theory, a theoretical model predicting the pressure 

difference between unburnt and burnt gas in a purely swirling flame was developed [55]. 

Large eddy simulations of swirl flame boundary layer flashback were conducted to test 

computational models [56].  

1.2.2 Volumetric measurement techniques for reacting flows 

A number of different techniques to obtain three-dimensional information in 

reacting flows have been developed including multiple light sheets [57–59], time-space 

reconstruction [60], a scanning light sheet [61–64], light field technology with a plenoptic 

camera [65], stereo imaging of optically thick flames [66,67] and computed tomography 

(CT). The following review focuses on techniques utilizing CT as it forms the basis for 

an approach developed as part of the present work. In CT, the chemiluminescence is 

frequently utilized as the marker for the flame front and quantity to be reconstructed [68–

75]. Either contributions from all excited radicals are collected or filters are used to 
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isolate emission from OH* or CH*. CT of flame luminescence has been conducted with a 

single camera to obtain the mean or phase-averaged flame shape [69,70,75]. However, to 

obtain an instantaneous flame surface, several simultaneous views are required; for 

example, seven and eight cameras have been used in [74] and [71], respectively. 

Alternatively, five cameras plus mirrors where used in [68] to project two views onto 

each camera sensor and hence obtain ten views. All studies successful in determining 

instantaneous flame surfaces have worked with low speed cameras owing to rather long 

exposure times necessary to integrate sufficient luminescence signal as well as the high 

cost of using a large number of high-speed cameras (particularly because high-speed 

cameras may have to be equipped with an intensifier for sufficient signal). CT based on 

flame luminescence requires the mitigation of any background interference due to 

reflections [76]. Only unconfined flames have therefore been investigated so far. Instead 

of utilizing the flame luminescence, Upton et al. performed CT based on the scattering 

from oil droplets that were densely seeded into the flow and vaporize in the preheat zone 

of the flame [77]. The oil droplets were illuminated with a custom made flash lamp and 

imaged from twelve views (six cameras together with a mirror array).  

Mie scattering from oil droplets or particles illuminated by planar laser sheets is a 

common technique to detect flame fronts. Particle images of droplets, which vaporize at a 

particular isotherm in temperature typically corresponding to a location in the preheat 

zone of the flame, provide a sharp interface between unburnt and burnt gases [58,64,78–

90]. In the case of solid particles, the flame front may be detected based on the gradient 
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in particle number density across the flame front due to the decrease in gas density, which 

has been found to agree well with the location of maximum heat release as obtained by 

CH-LIF or the product of formaldehyde and OH-LIF signals [91–93]. Alternatively, a 

recently developed technique using thermographic phosphor particles to simultaneously 

measure gas velocity and gas temperature [94–96] may in the future be used to detect 

flame fronts in reacting flows. Depending on the suitable temperature range associated 

with the utilized phosphor, the flame front may be defined by either an isotherm in the 

measured temperature field or as the location where the luminescence signal, obtained by 

exciting the phosphor, disappears.  

Upton et al. [77] densely seeded the flow with oil droplets and reconstructed the 

continuous distribution of the scattering intensity to obtain the flame topography. If, 

instead, the flow is sparsely seeded with oil droplets, the velocity field may be 

simultaneously measured by means of tomographic PIV [97,98]. Tomographic PIV 

allows the measurement of the instantaneous volumetric velocity field and has only 

recently started to be applied to problems in the field of combustion including turbulent 

jet flames [71,99–102], IC engines [103], Bunsen flames [104] and premixed low-swirl 

flames [105]. 

Performing tomographic PIV at kilohertz repetition rates is particularly appealing 

to advance the understanding of turbulent flow-flame interactions as it provides 

volumetric insight with spatial and temporal coherence. High-speed tomographic PIV has 

been applied to study unsteady pressure fields as summarized in [106], to study 
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fundamental mechanisms in turbulent shear flows [107–110] and to investigate turbulent 

jet flames [100–102]. High-speed tomographic PIV at kHz rate has so far been limited to 

thin volumes on the order of 5 mm [98] due to small pulse energies available with 

typically employed diode-pumped solid-state lasers. The advantage of performing time-

resolved velocity field measurements from a diagnostic point-of-view is that the velocity 

field obtained in a first iteration can be used to improve the initial tomographic 

reconstruction of the particle field [111]. A cross-correlation is then performed on the 

improved particle field to obtain an improved velocity field. 

If PIV is performed in a volume that contains regions without particles then those 

regions in the particle field need to be masked to prevent any false contribution to the 

cross-correlation within that region or at the interface. If such regions translate and 

deform, then an algorithmic mask is needed that adapts to the moving object at every 

time step. Algorithmic masking techniques for volumetric PIV have so far been 

developed for optically thick objects in the flow based on the visual hull method [112] or 

based on textured surfaces [113,114]. 

1.3 Scope of the present investigation 

Despite recent progress, many aspects of flashback are not yet understood. Given 

that practical combustors generally employ swirling flows for flame stabilization and 

mixing purposes, the focus in the present work is on flashback of swirl flames. Many 

swirl combustor designs feature a mixing section with a center body. In such 
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configurations, the upstream flame propagation during flashback tends to occur along the 

center body wall. The goal of this work is therefore to investigate boundary layer 

flashback of swirl flames. Advanced laser diagnostic techniques are applied to study the 

phenomenon experimentally. A new model swirl combustor with a mixing tube featuring 

a center body has been built for that purpose, which allows triggering flashbacks in a 

controlled manner and provides the optical access needed for diagnostic techniques. The 

combustor is described in Chapter 2. 

The mechanism facilitating swirl flame boundary layer flashback is still unclear. 

Flashback has traditionally been investigated by measuring flashback limits as a function 

of various parameters such as fuel type, fuel-air-ratio, bulk flow, velocity, inlet 

temperature, pressure and, in the case of boundary layer flashback, wall material and 

temperature. For boundary layer flashback in non-swirling flows, correlations exist 

spanning a wide range of parameters. Such correlations are widely applicable since the 

flow field of non-swirling turbulent pipe and channel flows is well defined. In contrast, 

flashback limits of swirl flames tend to be burner specific since the flow field at the 

mixing section exit strongly depends on the geometrical details of the burner and the way 

swirl has been generated. The flow-field is not self-similar as a function of Reynolds 

number. Extracting universal, quantitative trends is difficult since any change in 

parameters, e.g. pressure, modifies the underlying flow field in a way not known a priori. 

Fundamentally understanding swirl flame flashback based on simple flashback-limit 

measurements has therefore not proven successful so far. Instead, recent investigations 
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increasingly focused on the upstream flame propagation during flashback events, enabled 

by the availability of high-speed diagnostic techniques and advanced numerical tools, to 

better understand the mechanism facilitating flashback. The present work investigates 

flashback by studying the upstream flame propagation for the same reason. 

Previous studies have revealed that a strong coupling between flame propagation 

and the velocity field exists in all types of flashback. The key to advance the 

understanding of flashback hence appears to lie in the improved understanding of the 

flow-flame interaction during the onset and the upstream flame propagation. High-speed 

laser diagnostic techniques, which provide the velocity field and the flame front location, 

are therefore desired and applied in this work. 

Only one previous experimental study investigated in detail the upstream flame 

propagation of boundary layer flashback in swirl flames [48]. The measurements were 

limited to measuring the two-component velocity field (radial and axial component) and 

to measurements in the unburnt gas. The azimuthal velocity, which potentially plays an 

important role in the mechanism facilitating flashback, has not been measured previously. 

In addition, interpreting the two-component velocity field is in several ways ambiguous 

in a highly three-dimensional flow-flame interaction, for instance because a 

differentiation between a stagnation region and purely swirling flow is not possible. 

Finally, the study was limited to methane-air flames; the effect of hydrogen was not 

investigated.   
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The first objective of this study is therefore to measure all three components of 

the planar velocity field and to conduct these measurements both in the unburnt and burnt 

gas regions. High-speed stereoscopic PIV is best suited since it provides the velocity field 

with both spatial and temporal coherence. In the current study, the inner structure of the 

flame is not important for understanding the flow-flame interaction on the integral scale. 

Hence, techniques extracting the flame front based on the Mie scattering images, which 

are readily available as part of the PIV measurements, are adequate. These techniques 

provide sufficiently accurate information on the flame front location with the advantage 

of being comparatively easy to implement and avoiding the need for additional expensive 

hardware capable of operating at kHz-rate. Stereoscopic PIV and planar flame front 

detection based on Mie scattering images are well established techniques, but a number 

of challenges associated with applying them in the current configuration had to be solved 

to obtain accurate, time-resolved data close to the center body wall. The details of the 

applied planar diagnostic techniques are described in Chapter 2. 

Given the three-dimensional nature of the phenomenon, simultaneous knowledge 

of the 3D flame topography and the volumetric velocity field is desired. As summarized 

in Section 1.2.2, none of the existing techniques are capable of providing this 

simultaneous information at kHz-rate under the challenging conditions associated with 

conducting the measurements through a curved window close to a wall. Therefore, a 

technique not previously demonstrated successfully has been developed and validated. 

The technique to obtain the 3D flame topography is based on the tomographic 
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reconstruction of particles seeded in the flow and is combined with tomographic PIV to 

obtain the volumetric velocity field.  The setup, data reduction and validation are covered 

in Chapter 3. 

The primary objective of the work is then to utilize the novel information on the 

flame propagation and velocity fields to improve the understanding of boundary layer 

flashback in swirl flames. The focus in Chapter 4 is on the global flame structure and the 

propagation direction. In addition, the planar and volumetric velocity fields of the 

unburnt gas is investigated in detail to complete the understanding how the propagating 

flame front modifies the approach flow. The question is addressed how the flame 

propagation direction and the modified approach flow differ among the different 

flashback configurations (i.e. boundary layer flashback in swirling versus non-swirling 

flows), which is currently unclear. 

Chapter 5 then analyzes an extensive dataset consisting of the planar three-

component velocity field both in the unburnt and burnt gases for H2/CH4-flames ranging 

from 0 to 75% hydrogen. The objective of this chapter is to advance the understanding of 

the mechanism driving flashback and the effect of hydrogen on the mechanism.  

The investigated flow rates in the present work are limited to a bulk flow velocity 

of 5 m/s, which is dictated by the available hardware (lasers and cameras) and the need 

for time-resolved measurements to advance the understanding of the mechanism 

facilitating the upstream flame propagation. Furthermore, the measurements are 

conducted at atmospheric pressure and ambient inlet temperatures. The work is valuable 
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because the understanding of swirl flame flashback is limited even at atmospheric 

pressure and it advances the fundamental knowledge of flame propagation in swirling 

flows in general. However, the investigated conditions are significantly different from the 

operating points of actual gas turbine combustors. The present work is nonetheless also 

valuable in that regard because it provides the thorough understanding of flashback at 

atmospheric pressure needed to better prepare for and decide on the focus of significantly 

more expensive and time-consuming high-pressure experiments. Experiments at elevated 

pressure have been started, but are not discussed in this thesis and instead are included in 

the outlook in Chapter 6. 
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Chapter 2: Experimental Setup  

2.1 Swirl combustor: Design and Control 

A new model swirl combustor has been designed and built to investigate 

flashback in a practical geometry. The swirl combustor features an axial swirler with 

attached bluff body (center body) as shown in Figure 2.1 allowing the investigation of 

boundary layer flashback of swirl flames. Images of the swirl combustor are included in 

Appendix D. 

 

Figure 2.1: Model swirl combustor. 

 

The burner was operated in a fully-premixed mode in this work in which the 

reactants are mixed before entering the plenum. The fuel and air streams are passed 
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through a custom-made static mixing pipe for that purpose, which houses a set of plates 

obstructing the flow path and inducing large-scale turbulence for intense mixing. A 

flashback arrestor (Witt Gas RF 85-10) between mixing pipe and plenum prevented any 

flame from propagating into the mixing pipe. The fuel-air mixture entered the plenum 

through four symmetrically arranged ports. A combination of a honeycomb section and 

wire-mesh elements inside the plenum ensured a clean inflow to the mixing tube. 

Swirl was introduced with a single axial swirler consisting of eight vanes (Figure 

2.2). The stainless-steel swirler was manufactured by selective-laser-melting. Each vane 

features six ports (three on each side), which may be used to inject fuel to operate the 

burner in a partially-premixed mode (technical premixing) where fuel-air mixing occurs 

in the mixing tube section of the combustor as opposed to a separate mixing pipe 

upstream of the plenum. No fuel was injected through these ports in this work as 

described previously. The vane trailing-edges were at an angle of 60° relative to the tube 

axis. The swirl number is approximately S ≈ 0.9 based on a numerical simulation of the 

flow field and is calculated as the ratio of axial to circumferential momentum flux based 

on time and space averaged radial profiles in a plane 10 mm upstream of the mixing tube 

exit. The hub diameter of the swirler is 25.4 mm. A stainless-steel center body, of equal 

diameter to the swirler hub, was attached to the swirler, ending flush with the end of the 

mixing tube.  
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Figure 2.2: Solid model of the axial swirler. 

 

To achieve accurate measurements inside the mixing tube employing the laser 

diagnostic techniques described in Section 2.2 and Chapter 3, a transparent tube with 

highest optical homogeneity was required. Standard quartz tubing, even with high optical 

homogeneity (e.g. standard MIL-G-174-B, grade A), inevitably has lengthwise striations 

due to its manufacturing process (electric fusion). These lengthwise striations were found 

to cause significant localized distortion in the crosswise direction [115]. After initial 

testing, the mixing tube was replaced by a synthetic silica tube (Heraeus Suprasil 310) 

with highest optical homogeneity (i.e. no striations in any direction) owing to a contact-

less manufacturing process (flame hydrolysis). The mixing tube has a length of 150 mm 

and an inner and outer diameter of 52 mm and 56 mm, respectively. The combustion 

chamber consisted of a quartz tube with a length of 150 mm and an inner diameter of 

100 mm. 

Methane-air and hydrogen-methane-air mixtures were used as a fuel. Air und fuel 

mass flows were controlled using fast laminar-flow-element mass flow controllers (Alicat 

MCR series). The mass flows were controlled, monitored and recorded via a RS232 
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connection with a modified version of the Alicat LabView Device Driver. Flashback 

experiments started with a stable flame in the combustion chamber. The sudden 

expansion at the exit of the mixing tube caused vortex-breakdown, which, together with 

the wake of the center body, led to a region of low axial velocity in the core of the 

combustion chamber. This low velocity region held the conically-shaped flame in place 

downstream of the center body. The distance between center body and flame base under 

stable conditions was about 10 mm, depending on flow rate and equivalence ratio. 

Flashback was then initiated either by slowly increasing the equivalence ratio until the 

flashback limit was reached (investigation of onset of flashback, Section 5.2) or by a 

step-change in equivalence ratio to a pre-defined value. For the dataset discussed in 

Chapter 4 the step-change in equivalence ratio was achieved by a sudden change in the 

primary fuel flow rate. In the case of the dataset discussed in Chapter 5, the flame was 

ignited with the final fuel mass flow rates but an excess in air. Flashback was 

subsequently triggered by a sudden decrease in air mass flow rate. The PD control 

settings were tuned such that the sudden changes in mass flow rate were fast enough for 

the flame to propagate into constant equivalence ratio conditions in the measurement 

domain inside the mixing tube, which was tested by monitoring the increase in flame 

luminescence correlated with the arrival of the richer fuel-air-mixture.  

The time from ignition to flashback was typically about 10 seconds to keep the 

thermal load on the combustor low. The center body was heated by both the incident laser 

sheet (Section 2.2) and the presence of the flame. Thermocouples were mounted inside 
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the center body to monitor its temperature. The short time that the heat load was 

experienced by the center body led to a wall temperature of less than 100°C for all runs 

discussed in Chapter 4. Varying center body temperatures below 100°C have been found 

to have neither a noticeable effect on global flame speeds nor on the flame propagation 

direction. Any conclusions drawn in Chapter 4 are hence for wall temperatures below 

100°C. All flashbacks investigated in Chapter 5 were triggered once the center body wall 

temperature about 5 mm upstream of the mixing tube exit reached 80°C as a result of the 

combined heat load of the incident laser sheet and the stable flame in the combustion 

chamber.  

2.2 Planar laser diagnostics 

The interaction between the velocity field and the flame front is of primary 

interest to improve the understanding of flashback. High-speed Mie scattering imaging in 

a radial-axial plane served both to measure the velocity field and to detect the flame front 

location in this work (Section 2.2.1). Stereoscopic particle image velocimetry (PIV) was 

applied to measure the planar three-component velocity field (Section 2.2.2). The flame 

front was detected either based on oil droplets that vaporize in the preheat zone of the 

flame or based on the change in particle number density of solid particles (Section 2.2.3). 

The flashback duration was a few hundred milliseconds. All techniques were hence 

applied at kilohertz rate to temporally resolve the upstream flame propagation inside the 

mixing tube. In addition to the planar techniques described in this section, a technique 
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was developed to simultaneously reconstruct the 3D flame surface and measure the 

volumetric velocity field, which is discussed in Chapter 3.  

2.2.1 High-speed Mie scattering imaging 

The flow was seeded with olive oil droplets of approximately 1 µm diameter for 

measurements focusing on the velocity field in the unburnt gas (Chapter 4). The droplets 

were generated with an atomizer (TSI Six-Jet-Atomizer 9306). Measurements 

investigating both the unburnt and burnt gas velocity fields (Chapter 5) were conducted 

using alumina particles (Al2O3) of comparable size (~1 µm), which sustain flame 

temperatures. The alumina particles were seeded using a fluidized bed. 

The air supply to the atomizer and fluidized-bed, respectively, was monitored 

with an Alicat mass flow meter connected to the LabView program controlling fuel and 

main air flow since the amount of seeding air was non-negligible in determining the 

overall equivalence ratio at which flashback was triggered. The seeded air flow entered 

the premixed fuel-air-stream upstream of the plenum (downstream of the flashback 

arrestor).  

The particles were illuminated with two high-repetition rate, diode-pumped, 

frequency-doubled 527 nm Nd:YLF laser (Coherent Evolution-90) operated with about 

10 mJ per pulse at a repetition rate of 4 kHz.  The two laser beams were combined using 

a polarizing beam-splitter by rotating the polarization of one beam by 90° using a half-

wave plate. Two mirrors upstream of the beam-splitter were used to adjust the near-field 
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and far-field alignment between the two beams. The beam was expanded and re-

collimated with a plano-concave and plano-convex cylindrical lens, respectively, to form 

a sheet with a width of about 20 mm. A long focal length plano-convex spherical lens 

was used to focus the sheet.  

Beam overlap was ensured and the sheet thickness was measured using a scanning 

knife edge technique similar to [116]. One mirror was replaced by a flat glass to reduce 

the laser sheet intensity while operating the lasers at nominal power. A knife edge aligned 

parallel with the laser sheet was translated in 10 µm increments with a translation stage to 

progressively block the sheet. The intensity was measured with a power meter (Ophir 

Nova). An error function was fitted to the measured intensity profile. The laser sheet 

profile (approximately Gaussian) was then obtained as the derivative of the interpolated 

error function. The sheet thickness (full-width at 1/𝑒𝑒2 of the peak intensity) was 

approximately 1.0 mm.  

The particle scattering was imaged with two high-speed CMOS cameras 

(FASTCAM-ultima APX) operated in forward scattering mode at a framing rate of 8 kHz 

and a resolution of 256 x 512 pix². The cameras were fitted with Scheimpflug adapters 

and Nikkor 105 mm lenses operated with an f/5.6 aperture. The angle between cameras 

and light-sheet normal was 30°.  

To enable accurate measurements inside the mixing tube close to the center body 

wall, reflections from the fused silica mixing tube and the center body wall had to be 

eliminated. This was achieved by bringing in the light sheet from the top as shown in 
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Figure 2.3. A 2-inch mirror was placed in the hot exhaust gas to reflect the collimated 

laser sheet along the combustor axis. The mirror was protected by a quartz window 

mounted to an aluminum plate, which in turn was convectively cooled by a fan 

positioned outside the exhaust gas. The laser sheet was aligned to graze along the center 

body, which is a frequently employed strategy for near-wall measurements. A sample 

Mie scattering image (alumina particles) is shown in Figure 2.4. A portion of the center 

body wall is seen along the left edge of the image. Reflections off the center body were 

eliminated entirely provided that no flame is present in the field-of-view. The bright 

stripe along the right edge of the image corresponds to the fused silica tube wall. 

In contrast, reflections did occur when a flame was present in the field-of-view. 

When a flame propagates along the wall, the light is refracted towards the wall due to the 

radial density gradient associated with the presence of the flame. To mitigate the 

occurrence of bright spots on the wall falsifying the cross-correlation in interrogation 

windows close to the wall, the cameras were rotated into a stereoscopic setup in the z-θ-

plane (as opposed to the r-θ-plane) as shown in Figure 2.3 such that the line-of-sight was 

parallel to the tangent on the center body wall. With this setup, bright spots due to 

reflections were limited to within 1 to 2 pixels from the wall minimizing the necessary 

masking in that region and enabling valid velocity vectors to be computed close to the 

wall. An example with a few bright spots along the wall is shown in Figure 2.7a, which is 

taken from the same run as Figure 2.4, but now with a flame in the field-of-view.  
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Figure 2.3: Diagnostic setup for simultaneous stereoscopic PIV, planar flame front 
detection and chemiluminescence imaging. 

 

Measurements were taken in two different fields-of-view. The first field-of-view 

was positioned in the middle of the mixing tube with its top edge being located 42 mm 

upstream of the mixing tube exit plane (z = -42 mm). The second field-of-view was 

positioned with its top edge at the mixing tube exit. Both fields are 13.5 mm wide (to 

cover the width of the annulus) and 27 mm high with a pixel resolution of about 

55 µm/pixel. 

 



 
 

28 

 
Figure 2.4: Sample particle image. 

 

The swirl combustor design allowed the user to remove the center body for 

calibration purposes. A calibration target (dot target) was inserted into the mixing tube 

and mounted on a translation stage outside the tube. The dot target was aligned parallel to 

the laser sheet and traversed in the sheet-normal direction in 0.4 mm increments. Images 

were captured at each target position and imported into the LaVision Davis 8.2. software 

package to obtain the mapping function between sensor plane and physical space. A 

third-order-polynomial was assumed for the mapping function and was found to 

successfully capture the strong distortion introduced by imaging through the fused silica 

tube. The obtained calibration was improved by computing the disparity map and 

applying the stereoscopic self-calibration routine [117], which effectively removed any 

bias introduced by a misalignment between the calibration target and the laser sheet. The 
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disparity map was computed by simultaneously imaging the same particles with each of 

the two cameras. Each of the two images was then mapped to physical space using the 

original calibration. The two particle images were then divided into smaller interrogation 

windows and corresponding interrogation windows were cross-correlated. The computed 

displacement was the disparity in the location of particle-images between the two 

cameras and was solely due to a misalignment between the calibration target and the 

illumination plane. The self-calibration routine virtually rotates and translates the 

calibration target to minimize the mean disparity over all interrogation windows to obtain 

the corrected mapping function.  

The lasers and cameras were synchronized externally by two pulse generators 

(SRS DG353). The timing is illustrated in Figure 2.5. The master clock provided an 

8 kHz signal to the PIV cameras. The 8 kHz signal was further passed through a 

frequency divider to trigger the second pulse generator at 4 kHz, which in turn triggered 

the lasers with a proper delay.  

 
Figure 2.5: Timing diagram for stereoscopic PIV and chemiluminescence imaging. 
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2.2.2 Stereoscopic PIV 

The three-component planar velocity field was computed based on the particle 

image pairs recorded at 4 kHz as described in Section 2.2.1. The time Δ𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 between 

the laser pulses of Laser 1 and Laser 2 (Figure 2.5) was set to 40 µs and 80 µs for the 

5.0 m/s and 2.5 m/s bulk flow velocity case, respectively. The optimal Δ𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is a trade-

off between uncertainty in the particle displacement and correlation loss. In the 

investigated swirl flow the out-of-plane velocity was on the same order as the in-plane 

velocity. The limiting factor in maximizing Δ𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 was out-of-plane correlation loss.  

The PIV processing was done with the LaVision software DaVis 8.2. A multi-

pass cross-correlation approach with decreasing interrogation window size and window 

deformation was chosen in this study. The initial and final interrogation window sizes 

were 64 x 64 pix² and 16 x 16 pix², respectively, with 75% overlap. The cross-correlation 

was performed over a circular interrogation window with Gaussian weighting. The spatial 

resolution may be estimated as the interrogation volume within which the particle 

displacement is computed. With a pixel resolution of 50 µm/pixel, the in-plane 

interrogation window size was 0.88 x 0.88 mm². The depth of the interrogation volume is 

determined by the sheet thickness, which was about 1.0 mm (Section 2.2.1). Owing to the 

circular shape of the interrogation windows and the Gaussian weighting function these 

numbers are only an estimate for the spatial resolution. 

The computed velocity fields contained a small percentage of spurious vectors. 

Typically, more than 95% of the vectors with a signal-to-noise ratio (ratio between first 
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and second correlation peak) of 2 were detected. The few spurious vectors were removed 

with a median filter and the resulting missing vectors were interpolated. No smoothing 

was applied to the final vector fields. The velocity field was filtered, however, before 

gradients were computed such as the vorticity or divergence field. 

The mean stereo reconstruction error was typically 0.1 to 0.2 pixel. The 

uncertainty associated with the random error was computed using the correlation 

statistics approach, which provides the most accurate uncertainty estimates among the 

currently available methods [118,119]. The mean uncertainties (one standard deviation) 

of the three components in the instantaneous velocity fields are reported in Table 2.1 for a 

representative 2.5 m/s and 5.0 m/s bulk flow velocity run, respectively. The uncertainties 

corresponded to about 3% in the core flow of the in-plane velocity components (radial 

and axial) and about 5% in the out-of-plane velocity component (azimuthal). The relative 

uncertainty was found to increase in the boundary layer and peak at about 10% in the in-

plane velocities and about 15% in the out-of-plane velocity. 

In addition to the random error, bias errors may contribute to the total error 

associated with the stereo-PIV measurements. High-speed PIV measurements are prone 

to peak-locking owing to the employed high-speed low-resolution cameras [120]. Peak-

locking, where the particle-image displacement is biased towards integer pixel 

displacements, becomes problematic for particle images smaller than 2 pixels in diameter 

[121]. In the current measurements, typical particle image diameters were 2-3 pixels. 
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PDFs of the modulus of particle-image pixel displacements indicated a moderate but 

acceptable level of peak-locking. 

 

 ubulk = 2.5 m/s ubulk = 5.0 m/s 

𝜎𝜎𝑢𝑢𝑟𝑟  0.07 𝑚𝑚/𝑠𝑠 (0.10 𝑝𝑝𝑝𝑝𝑝𝑝) 0.16 𝑚𝑚/𝑠𝑠 (0.12 𝑝𝑝𝑝𝑝𝑝𝑝) 

𝜎𝜎𝑢𝑢𝑧𝑧  0.08 𝑚𝑚/𝑠𝑠 (0.12 𝑝𝑝𝑝𝑝𝑝𝑝) 0.19 𝑚𝑚/𝑠𝑠 (0.14 𝑝𝑝𝑝𝑝𝑝𝑝) 

𝜎𝜎𝑢𝑢𝜃𝜃  0.15 𝑚𝑚/𝑠𝑠 (0.22 𝑝𝑝𝑝𝑝𝑝𝑝) 0.35 𝑚𝑚/𝑠𝑠 (0.25 𝑝𝑝𝑝𝑝𝑝𝑝) 

Table 2.1: Uncertainty associated with the random error in the stereo-PIV measurements. 
The mean uncertainties 𝜎𝜎𝑢𝑢 of the instantaneous velocity fields are reported for the radial, 
axial and azimuthal velocity component for the 2.5 m/s and 5.0 m/s bulk flow velocity 
case. 

 

PIV techniques rely on the tracers (seeded droplets or particles) to accurately 

follow the flow. The micrometer-sized olive oil droplets and alumina particles employed 

in this work were found to have relaxations times that are two to three orders of 

magnitude smaller than the smallest time scales in the present turbulent flow and hence in 

general follow the flow accurately. However, in reacting flows, where strong temperature 

gradients exist across the flame front, particles experience thermophoresis [122]. The 

thermophoretic velocity, which is induced in the direction opposite to the local 

temperature gradient, may be estimated as 𝑢𝑢𝑡𝑡.𝑝𝑝. = 0.5𝜈𝜈 ∇𝑇𝑇 𝑇𝑇⁄  [123]. For the flames 

investigated in the current work the thermophoretic velocity was found to be at most 

0.15 m/s, which is on the same order as the uncertainty due to the random error; hence, 
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thermophoretic effects only played a non-negligible role in regions where the absolute 

velocity component normal to the flame front was close to zero. In the case of the 

measurements with oil droplets, only the vectors closest to the flame front were affected 

owing to the droplets vaporizing in the preheat zone of the flame and the limited spatial 

resolution. In the case of the measurements with alumina particles, the two to three 

vectors across the flame front were affected. 

Beam steering effects, in which light rays are refracted due to density gradients 

associated with the heat release, may introduce an additional error. The illuminating laser 

sheet passed through the flame in the current work and hence experienced some degree of 

beam steering. Furthermore, the imaged scattered light from alumina particles in the 

burnt gas passed through the flame front. The severity of beam steering was tested by 

comparing the disparity map between non-reacting and reacting cases. The disparity map 

was introduced previously as part of the camera calibration procedure (Section 2.2.1). 

The calibration does not account for beam-steering effects introduced by the flame and 

hence severe beam steering leads to an increased disparity. No systematic disparity 

indicative of a coherent refraction of the laser sheet was found. Furthermore, the 

fluctuations in local and instantaneous disparity in the reacting cases was found to be on 

the same level as in the non-reacting cases, which suggests that beam-steering effects are 

negligible in agreement with previous investigations [124].    

The total error associated with the stereo-PIV measurements was further assessed 

in a similar configuration for the low bulk flow velocity case by measuring the velocity 
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field (reacting cases) with two independent sets of cameras to obtain a redundant 

solution. These measurements were part of the validation of the 3D technique discussed 

in Chapter 3. Since the two camera pairs were calibrated independently and the viewing 

directions differed, bias errors due to potential deficiencies in the calibration and due to 

beam steering effects contributed to the measured discrepancy between the two solutions. 

The discrepancy was assessed by computing the standard deviation of the difference 

between a solution and the mean of the two solutions. The resulting mean deviation of 

five different flashback runs range from 0.05 – 0.11 m/s (0.16 – 0.34 pixels) for the in-

plane components and 0.09 – 0.13 m/s (0.28 – 0.41 pixels) for the out-of-plane 

component. These values are comparable to the uncertainties associated with the random 

error computed with the correlation statistics approach and hence provide further 

confidence in the accuracy of the stereo-PIV measurements.  

2.2.3 Planar flame front detection 

A number of different markers exist to detect the two-dimensional location of a 

flame front by means of planar laser diagnostics. Planar laser Rayleigh scattering 

thermometry may be used to measure the temperature field. The flame front is then 

typically defined as the location of the steepest temperature gradient [93]. Planar laser-

induced fluorescence (PLIF) allows the detection of important species, which mark 

different regions in the flame. For instances, OH radicals mark the radical recombination 

zone whereas CH radicals mark the fuel consumption zone [125]. The product of OH and 
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CH2O has been found to mark the location of the heat release [126]. Another frequently 

applied technique is the detection of the flame front location based on planar-laser Mie 

scattering images of aerosols seeded into the flow. Either the location where droplets 

vaporize or where a step-change in the particle number density of solid seeding particles 

occurs is extracted. Each approach has its strengths and weaknesses and so the best 

selection is very much dependent on the application and desired information. Inferring 

the flame front location based on aerosols is best suited for the current work where high-

speed measurements of confined flames inside a fused silica tube close to the center body 

wall are needed to study the flow-flame interaction during flashback. The diagnostic 

setup for imaging the Mie scattering is described in Section 2.2.1. The flame front 

extraction based on olive oil droplets and alumina particles is discussed in Section 2.2.3.1 

and Section 2.2.3.2, respectively.  

2.2.3.1 Evaporating oil droplets 

The olive oil droplets seeded into the flow vaporized in the preheat zone serving 

as a marker for the flame front in Chapter 3 and Chapter 4. The first use of this technique 

was by Boyer [78] and the analytical analyses by Miles and Gouldin [79,81], which 

estimated the iso-surface in temperature corresponding to the location where the oil 

droplets have vaporized to be about 650 K (with a lower limit of 425 K and an upper 

limit of 800 K). Both the evaporation of silicon oil [58,64,69,77,80,82–84,88,127–131] 

and olive oil [85–87,89,90,132] has since been extensively used as a marker in planar 
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measurements and has proven very valuable for advancing the understanding of both 

laminar flames and turbulent flames that fall within the flamelet regime. In the current 

work, measurements employing oil droplets were restricted to the leading portion of 

propagating flame tongues where the aerosol-based technique is reliable. 

The isotherm at which the olive oil used in the present work vaporizes was tested 

in the current study to better characterize the location of the extracted interface within the 

flame. A Bunsen flame burner with an internal tube diameter of 16 mm was utilized for 

that purpose. Stable flames were tested at equivalence ratios of 0.8 and 1.0, and bulk flow 

velocities of 0.5 m/s and 0.8 m/s. The location of the interface where the droplets 

evaporate was imaged. Ultra-fine thermocouples (0.075 mm diameter) were then inserted 

to measure the temperature at that interface location. It was ensured that the 

thermocouple junction had a negligible influence on the flame front location by imaging 

the flame luminescence both with and without the thermocouple inserted. Due to the 

rather low temperature at which the oil droplets evaporate ultra-fine thermocouples are 

suitable to measure the corresponding temperature. A radiation correction was found to 

be insignificant at the evaporation temperature. The temperature was measured at five 

different locations along the Bunsen cone for three different flow and flame conditions 

yielding a mean temperature of 555 K with a standard deviation of 10 K. This finding 

compares well with previous studies using olive oil droplets, which stated an evaporation 

temperature of 570 K [85,86] and is comparable with silicone oil [81]. In conclusion, the 
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flame fronts presented in Chapter 3 and Chapter 4 mark the preheat zone and are 

coincident with an isotherm of about 555 K. 

As in previous studies, the flame front is defined as the interface between regions 

with droplets (unburnt gas) and regions without droplets (burnt gas). A sample particle 

image with the superimposed extracted flame front of a hydrogen-methane-air flashback 

is shown in Figure 2.6. A series of image processing steps was implemented in a Matlab 

routine to automate the flame front detection. First, a binary image discriminating 

between regions with and without droplets was obtained based on an intensity threshold 

in 8 x 8 pix² interrogation windows with 75% overlap. Second, a morphological opening 

was performed both on the binary image and the inverted binary image to eliminate 

spurious patches in the unburnt and burnt gas regions. Third, the binary image was 

filtered with an averaging filter to avoid artificial high-frequency wrinkles due to the 

discrete nature of the particle pattern. The final binary image is taken as an algorithmic 

mask for the velocity field computation described in Section 2.2.2. The uncertainty 

associated with the automated detection of the flame front was estimated by computing 

the mean deviation between the solutions obtained from each of the two cameras, which 

was about 0.1 mm. This accuracy was sufficiently small for any conclusion drawn in 

Chapter 4 based on the approximate location of the preheat zone. 
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Figure 2.6: Flame front (red line) detection based on evaporating olive oil droplets. 
Hydrogen-methane-air flame (95% hydrogen by vol., ϕ = 0.4). 

 

2.2.3.2 Step-change in particle number density 

For experiments conducted using alumina particles to measure both the unburnt 

and burnt gas velocity fields, the location of the flame front was detected based on the 

step-change in particle number density associated with the gas density gradient across the 

flame [91,92]. The change in particle number density is well defined across premixed 

flame fronts and has been shown to correlate well with the position of the maximum heat 

release in the thin flame regime [93].  

A raw sample image of a hydrogen-methane-air flame flashback is shown in 

Figure 2.7a. A portion of the center body wall is seen along the left edge. The bright 
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stripe along the right edge originates from the fused silica tube wall. The low-seeding 

density region (dark) corresponds to burnt gas. The vertical striations are due to moderate 

beam steering effects. The dewarped and masked image, which was the basis for the 

flame front detection routine, is shown in Figure 2.7b. First, the Mie scattering images 

were filtered with a Gaussian kernel with a standard deviation of 3 pixels (Figure 2.7c). 

The histogram of the filtered intensities has a binary distribution as shown in Figure 2.8 

where the left peak corresponds to burnt gas (low seeding density) and the right peak 

corresponds to unburnt gas (high seeding density).  The minimum between the two peaks 

was taken as the intensity threshold discriminating between burnt gas and unburnt gas. 

This threshold was evaluated for each image individually. The corresponding binary 

image is shown in Figure 2.7d. The flame front extracted from the binary image is shown 

as a yellow line in Figure 2.7e. The flame front was filtered with a circular averaging 

filter with a 3 pixel radius to remove artificial high-frequency wrinkles due to the discrete 

nature of the particles. The resulting filtered flame front is superimposed as a blue line. 
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(a) 

 
(b) 

 
(c) 

   

 
(d) 

 
(e) 

 
(f) 

Figure 2.7: Planar flame front detection based on solid seeding particle number density. 
(a) Raw image (b) Dewarped and masked image (c) Filtered image (d) Binarized image 
(e) Unfiltered (yellow) and filtered (blue) flame front superimposed on dewarped image 
(f) Extracted flame fronts from Frame1/Camera1 (blue, solid), F2C1 (blue, dotted), F1C2 
(green, solid), F2C2 (green, dotted) and mean flame front location (red, solid). Hydrogen-
methane-air flame (25% hydrogen by vol., ϕ = 0.7). 
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Each velocity field was computed based on four particle images (two cameras 

with two frames per camera recorded Δ𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 apart). Hence, four image frames were 

available at each time step to extract the flame front location, which are shown as blue 

and green solid and dotted lines in Figure 2.7f. If the calibration was perfect and the 

particle image intensities imaged by the two cameras identical, the flame front extracted 

from frame 1 of camera 1 and camera 2 would coincide exactly. In practice, slight 

deviations in the extracted flame front location existed. Furthermore, due to the finite 

propagation of the flame during the time Δ𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 between frame 1 and frame 2, the flame 

front extracted based on frames 2 of camera 1 and 2 was shifted. The magnitude of the 

shift depends on lab-frame-of-reference flame propagation speed and was typically about 

1-2 pixels. In this work, the mean of the four extracted flame front locations was taken as 

the final flame front, which is shown as a red solid line in Figure 2.7. The uncertainty, 

defined as the mean distance between the mean flame front location and any of the four 

individual flame front locations, ranges between 2 and 3 pixels (0.12 to 0.18 mm) with a 

standard deviation ranging between 1 to 2 pixels for different runs.  
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Figure 2.8: Histogram of filtered intensities corresponding to the image shown in Figure 
2.7d. 

2.3 Chemiluminescence imaging 

The time-resolved flame luminescence was recorded simultaneously with all 

velocity measurements. In the first part of the work (Chapter 3 and Chapter 4), the 

luminescence was imaged with the intensified high-speed CMOS camera Photron 

FASTCAM-ultima APX-i2 at 4 kHz with a resolution of 512 x 512 pix². The camera was 

fitted with a Nikkor 105 mm lens with an f/2.8 aperture. No filter focused on the emission 

of one particular excited molecule was employed. The quantum efficiency and luminous 

gain of the fiber-coupled intensifier-camera system was sufficiently high to time the gain 

gate such that the luminescence was recorded between the two laser pulses for the Mie 

scattering images for best agreement between chemiluminescence images and velocity 

field data. The timing is shown in Figure 2.5. High-quality chemiluminescence images 

were acquired even for faint premixed, high-hydrogen content flames (Section 4.3). 
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The camera was set up such that the luminescence was viewed perpendicular to 

the laser sheet as shown in Figure 2.3. Information on how the flame propagates in and 

out of the laser sheet was hence available, which enabled an unambiguous interpretation 

of the planar velocity field and its location relative to a flame tongue. 

In the second part of the work (Chapter 5), the APX-i2 was not available and so 

an external high-speed intensifier (Hamamatsu V6887U) lens-coupled to a regular 

Photron APX high-speed camera was used instead. The luminous gain of the Hamamatsu 

intensifier was lower and the phosphor decay time longer compared to the intensified 

APX-i2 system. The gain gate had to be positioned after the second laser pulse to 

increase the exposure time and achieve sufficient signal intensity. The resulting 

luminescence images were of lower quality due to smearing and a lower signal-to-noise 

ratio. Nonetheless, the images still provided the position of the flame in relation to the 

laser sheet, which was crucial to correctly interpret the instantaneous flow-flame 

interaction. 

 

  



 
 

44 

Chapter 3: Simultaneous 3D Flame Front Detection and Volumetric 
Velocity Field Measurement Technique: Setup, Procedure and 

Validation 

Boundary layer flashback of swirl flames is a transient phenomenon characterized 

by a highly three-dimensional flow-flame interaction. Simultaneous, instantaneous, time-

resolved volumetric measurements of the velocity field and flame topography were hence 

desired to investigate the phenomenon. None of the existing techniques summarized in 

Section 1.2.2 was suited for the current application as discussed in Section 1.3. An 

approach based on the tomographic reconstruction of the volumetric particle field has 

been developed and demonstrated successfully as part of this work. The diagnostic setup 

and data processing are described in Section 3.1 and Section 3.2, respectively. The 

reconstructed flame surface topography is validated in Section 3.3. The volumetric 

velocity field is validated in Section 3.4. The suitability of the technique with regards to 

studying flashback is assessed in Section 3.5. The content of this chapter has been 

reported in [133] . 

3.1 Diagnostic setup 

High-speed Mie scattering imaging from an aerosol seeded into the flow and 

illuminated with a laser is utilized to determine the three-dimensional flame topography 

and to measure the volumetric velocity field in the unburnt gas. The scattering is recorded 

from four different views, which provides sufficient information for a tomographic 

reconstruction of the three-dimensional particle field. As described in Section 3.2., the 
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reconstructed particle field provides the basis for the three-dimensional flame-front 

detection algorithm as well as tomographic particle image velocimetry (PIV) to obtain the 

volumetric velocity field.  

Olive oil droplets with a diameter of about 1 µm were used as an aerosol in this 

work, which were seeded into the flow with a six-jet atomizer (TSI-Inc.). The olive oil 

droplets were illuminated with a high-repetition rate diode-pumped, frequency doubled 

(527 nm) Nd:YLF laser (Coherent Evolution-90) operated at a repetition rate of 5 kHz 

providing about 13 mJ/pulse. The laser beam was expanded into a collimated sheet with a 

height of about 30 mm by a set of cylindrical lenses. The large natural beam divergence 

of the employed laser system (𝑀𝑀² =  25) was sufficient to provide a thick sheet with a 

thickness of about 17 mm (FWHM) at the probe volume location. However, a fairly 

constant and sufficiently high signal-to-noise ratio in the reconstructed three-dimensional 

particle field was only achieved in a region where the laser fluence available to illuminate 

the droplets was constant to within about 10% of the peak value corresponding to an 

effective thickness of about 4.5 mm; therefore, the sheet was clipped at that thickness by 

a set of knife edges. The thick sheet entered the mixing tube from the side and was retro-

reflected in order to increase the laser fluence and homogenize the particle image 

intensities over the four cameras. Retro-reflection helped balance the scattering among 

the cameras because each camera received an equal amount of forward and backward 

scattering. The cylindrical fused silica mixing tube acts as a negative lens and thus 

required a positive cylindrical lens to compensate for the effect before retro-reflecting the 
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sheet as shown in Figure 3.1. A second set of knife edges was used to ensure overlap and 

to clip the outer regions of the sheet. 

 

 

Figure 3.1: Diagnostic setup for the 3D flame front detection and tomographic PIV. An 
image of the diagnostic setup is included in Appendix D. 

 

The measurements were conducted in a volume close to the center body wall 

about half way between the swirler and mixing tube exit. The thick sheet entered the 

mixing tube with a gap between it and the center body of about 0.8 mm to reduce 

background illumination, which primarily results from secondary scattering off the center 

body wall when illuminating the droplets. The scattered light intensity off the center body 

is not isotropic and depends on the polarization of the incoming light. A half-wave-plate 

was placed in the beam path to rotate the polarization and achieve a balance in the 

background illumination in the four camera views.  
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The volumetric results are validated against planar flame fronts and planar three-

component velocity fields obtained by means of stereoscopic PIV. For that purpose, a 

second Coherent Evolution 90 laser was simultaneously used to illuminate the droplets in 

a thin sheet. A collimated 30 mm wide sheet was formed with a pair of cylindrical lenses. 

A long focal length spherical lens was used to focus the laser sheet to about 1.2 mm in 

thickness. This laser sheet thickness was needed to reduce the correlation loss to an 

acceptable level, which results from the large out-of-plane particle motion as a result of 

the long Δt between the laser pulses (which is dictated by the available hardware). The 

validation laser sheet entered the mixing tube from the top, as shown in Figure 3.1, and 

was positioned at one of two z-locations within the measurement volume. One location is 

in the center of the volume illuminated by the thick sheet (z = 0 mm) as shown in red in 

Figure 3.2; the second, shown in green, is towards the back edge of the volume close to 

the center body wall (z = -2 mm). 
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Figure 3.2: Locations of flame front and velocity field validation planes.  

 

The Mie scattering was recorded with four high-speed CMOS cameras (Photron 

FASTCAM-ultima APX) operated at 10 kHz, which limits the resolution to 

256 x 512 pix². The cameras were fitted with Scheimpflug adapters and Nikkor 105 mm 

lenses set to an aperture of f/8. The small aperture provided the depth-of-field needed for 

the particles to be in focus in the entire illuminated volume. The cameras were oriented in 

a diagonal cross-like arrangement with a total camera angle of about 60°, which is 

optimal for the tomographic reconstruction [98]. The field-of-view for each camera is 

about 30 x 15 mm² with pixel resolutions within 3% of 64 µm/pix. The cameras were 

calibrated by removing the center body and traversing a dot target through the 
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measurement volume. The calibration for the tomographic reconstruction was improved 

by applying the volume self-calibration routine [134]. The mapping errors should be 

below 0.3 pix for a good tomographic reconstruction [134] with typical values around 

0.1 pix [98]. The remaining disparity in the present work is about 0.08 pix for all planes 

except those close to the curved fused silica mixing tube walls where the disparity 

increases up to about 0.15 pix due to an increase in distortion. 

The four cameras were operated at twice the frequency compared to the lasers to 

quasi-simultaneously record both, the Mie scattering resulting from the droplet 

illumination by the thick sheet as well as from the illumination by the thin sheet. The 

timing is illustrated in Figure 3.3. A master clock (SRS DG353 pulse generator) provided 

external synchronization to all four cameras operating at 10 kHz. The 10 kHz signal was 

passed through a frequency divider to trigger a second SRS box at 5 kHz, which in turn 

triggered the lasers. Laser 1, which provided the thick sheet for the volume diagnostics, 

fired with a delay of 95 µs such that frame 1 in each of the cameras captured the 

corresponding Mie scattering. Laser 2, which provided the thin sheet for the planar 

reference measurement, fired with a delay of 105 µs, placing the pulse at the beginning of 

camera frame 2. The small time delay of 10 µs between the pulses of laser 1 and laser 2 

introduced a small bias error when comparing the resulting flame front locations and 

velocity fields. However, with peak velocities smaller than 5 m/s, droplets move by less 

than 0.05 mm (0.8 pix) between the acquired images during which time the flame front 

location and velocity flow field are essentially frozen. The particle displacement of 
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0.05 mm is significantly smaller than the uncertainty in the extracted flame front location. 

The displacement is also small when considering the time resolution of the velocity 

measurement, since the relevant time step for the velocity measurement is the 200 µs 

between two subsequent pulses of the same laser. PIV essentially provides a velocity 

field that is averaged over these 200 µs, which is the same for the volumetric and the 

planar measurement as both lasers run at 5 kHz. The averaging window is merely shifted 

by 10 µs for the planar measurement compared to the volumetric one. 

The particle field illuminated by the thin sheet will provide four individual planar 

reference flame fronts (one per camera) and two independent planar three-component 

velocity field solutions (one per camera pair) at each time step for validation purposes. 

 

 

Figure 3.3: Timing diagram for 3D measurement validation. 
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The flame luminescence is simultaneously imaged with an intensified high-speed 

CMOS camera (Photron FASTCAM-ultima APX-i2) at a resolution of 512 x 512 pix². 

The corresponding field-of-view is about 50 x 50 mm² spanning the entire diameter of the 

mixing tube and reaching above and below the field-of-view for the volumetric and 

planar flame front detection and velocity measurement. The camera is fitted with a 

Nikkor 105mm lens with an f/2.8 aperture. The second digital delay generator (SRS 

DG535) provided the 5 kHz signal to the camera to synchronize it with the lasers. The 

gain gate was set to start 5 µs after the first pulse of the second laser and ended with the 

end of the camera frame 90 µs later, as shown in Figure 3.3, which provided a good 

trade-off in exposure time for sufficient luminescence signal without smearing out the 

flame fronts. 

3.2 Data processing 

3.2.1 Flame front extraction 

Olive oil droplets were seeded into the flow and subsequently vaporized in the 

preheat zone serving as the marker for the flame front in this technique. The validity of 

using evaporating oil droplets to mark the flame front is discussed in Section 2.2.3. The 

flame front is defined as the interface between regions with droplets (unburnt gas) and 

regions without droplets (burnt gas).  

The overall procedure to extract the three-dimensional flame front includes 

preprocessing of the particle images captured by the four cameras followed by a 
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tomographic reconstruction of the three-dimensional particle field. The reconstructed 

particle field is then improved in two iterations by taking information on the velocity 

field into account. A set of image processing steps is then applied to the final three-

dimensional particle field to detect the void region in the particle field and extract the 

interface corresponding to the flame topography. Each of these steps is described in detail 

in the following paragraphs. 

A raw particle image from one camera at an instant in time when the flame is in 

the field-of-view is shown in Figure 3.4a. The raw particle images suffer from high 

background intensity owing to applying the technique to flames in a confined space close 

to windows and walls. The background intensity is highest where the center body is in the 

background, which is the case in the right half of the region occupied by burnt gas in 

Figure 3.4a. The majority of particle images in the unburnt gas have a peak intensity that 

is a factor of 1.3 to 2.0 above the local background intensity, which requires image 

preprocessing to retain as many true particle images as possible while removing 

background noise efficiently. A sliding average in time with a kernel size of five time 

steps is subtracted first followed by subtracting a constant intensity value. The constant is 

evaluated such that the remaining background intensity in regions of burnt gas as seen in 

Figure 3.4a is removed. The constant differs from camera to camera and is furthermore 

adjusted among different cameras such that the resulting source densities associated with 

the image sets from each camera agree well. This procedure ensures that approximately 

the same number of particles remains in the images corresponding to the four different 
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views. However, since Mie scattering is anisotropic, this procedure does not ensure that 

the particle image corresponding to one particular particle is retained in all four camera 

views as the peak intensity may be above the background-intensity-dependent threshold 

in one view but below it in another. Consequently, particles missing in some views as 

well as residual background intensity add to the ghost particle level in the reconstructed 

particle field. In the tomographic PIV literature, ghost particles refer to artifacts in the 

reconstructed particle field due to solving a highly underdetermined system based on only 

a few views. Here we use a broader definition of ghost particles that refers to any particle 

in the reconstructed field that does not correspond to a true particle in the flow.  

An example pre-processed particle image is shown in Figure 3.4b. Black regions 

correspond to regions where the burnt gas extends over the entire depth illuminated by 

the thick laser sheet. Regions with a low image source density – a quantity typically 

measured in particles-per-pixel describing how dense the particle images appear in a 

recorded image – correspond to regions occupied by both unburnt and burnt gases in the 

depth direction. Hence, the flame front is within the probe volume in such regions of the 

recorded image. Since the source density decreases the farther the flame front penetrates 

into the probe volume in the depth direction and the reconstruction quality increases with 

a decrease in source density, a more accurate flame surface reconstruction is expected in 

such situations. In a final step, Gaussian smoothing followed by a sharpening filter is 

applied to the particle images for noise reduction without increasing the ghost energy. 
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Ghost energy or ghost intensity refers to the intensity associated with artifacts in the 

reconstruction process (ghost particles). 

 

 
(a) 

 

 
(b) 

Figure 3.4: Raw particle image (a) and pre-processed particle image (b). 

 

The tomographic reconstruction to obtain the volumetric voxel-based intensity 

distribution is performed using the fast-MART (simultaneous multiplicative algebraic 
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reconstruction, CSMART) algorithm within the LaVision DaVis 8.2. software employing 

6 iterations with a sparseness threshold of 0.01 counts. The CSMART algorithm is a 

more efficient implementation of the sequential MART (SMART) algorithm [97], which 

takes advantage of the sparsity of the reconstructed volume by not updating voxels below 

the sparseness threshold [135].  The volumetric intensity distribution is referred to as the 

volumetric or reconstructed particle field in this work. A metric to assess the 

reconstruction quality is the reconstruction signal-to-noise ratio SNRR with values 

greater 2 indicating a high-quality reconstruction [98], [136]. The SNRR in the current 

experiment varies between 1.7 and 2.3 for the different runs, which is at the lower limit 

of the acceptable level and a direct result of the low quality raw particle images 

associated with performing high-speed diagnostics inside a confined space close to walls 

and windows.  

A first solution of the velocity field was obtained (see Section 3.3) based on the 

initial particle field. The reconstructed particle field was then improved by performing 

two iterations of Motion-Tracking-Enhancement (MTE) [111], [137]. MTE improves the 

reconstruction accuracy by taking into account that the particle fields are correlated in 

time. The correlation is provided by the velocity field, since only true particles follow the 

velocity field. This method is exploited to reduce the intensity of ghost particles by 

mapping particles forward and backward in time based on a good initial guess of the 

velocity field and summing the intensity distributions appropriately. A total of 5 time 

steps (enhancement objects) are taken into account as part of the MTE processing in this 
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work. The three-dimensional flame topography detection and the simultaneous 

volumetric velocity field measurement are therefore linked. In that sense, taking the 

velocity field into account increases the accuracy of the detected flame front topography. 

MTE-MART is computationally expensive, but a recently proposed new implementation 

for time-resolved measurements may be utilized instead in the future, which strongly 

decreases the computational burden and even increases the reconstruction quality [138]. 

The DaVis native files containing the reconstructed particle fields were imported 

into Matlab to perform the void region detection and flame front extraction procedure. 

The difference between the established planar technique to detect flame fronts based on 

Mie scattering images and the new volumetric approach presented in this work is the fact 

that the void region corresponding to burnt gas is not based on actual particle images 

directly but instead on the reconstructed particle field containing ghost particles.  

The flame front detection routine starts with deleting particles below an intensity 

threshold since ghost particles are characterized by low peak intensities [139]. A number 

of ghost particles, however, remain and will limit the spatial resolution of the extracted 

flame topography since regions of burnt gas have to be evaluated on an interrogation 

volume basis rather than relying on the location of individual particles. In a second step, 

particles are located in the volume using a three-dimensional regional maxima filter. The 

particle density is then computed based on a sliding 16 x 16 x 16 voxels³ interrogation 

volume with 50% overlap. The volume is binarized by marking regions as unburnt gas if 

the particle density is equal or larger than six particles per interrogation volume. The size 
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of the interrogation volume sets a limit in terms of spatial resolution. The optimal 

interrogation volume size is a trade-off between spatial resolution and the reliability of 

the automated detection scheme. The result in general contains small erroneous islands 

indicating burnt gas inside the unburnt gas and vice versa as well as artificial high-

frequency noise along the flame front that are eliminated with a set of morphological 

operations. A three-dimensional morphological erosion with a spherical structuring 

element of unity radius (interrogation window) followed by a dilation with the same 

structuring element is performed.  This procedure removes artificial high-frequency 

wrinkles along the flame front while preserving the sharp edges, and also fills the small 

erroneous islands. The size of the structuring element sets a limit on the size of the small 

pockets of burnt or unburnt gas that are detectable as well as the small scale features 

detectable along the flame front. The resulting binary volume marking regions of burnt 

and unburnt gases is smoothed with a box filter (kernel size of 3) and the flame front is 

extracted as the 0.5 iso-surface. 

The thin-sheet validation measurements provide for four independent planar 

flame front images, one for each of the four cameras. For each particle image, the 

particles are mapped to physical space, and then the particle fields are processed with an 

automated flame front detection scheme. The thin laser sheet illuminating the planar 

particle field entered the combustor from the top and passed through burnt gas as well as 

the flame front, which caused vertical striations in the laser sheet due to light refraction as 

the sheet experiences density gradients. The particle image intensity was hence first 
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homogenized by dividing the image by a horizontal intensity profile averaged over 

regions where no flame was present. In previous works, if the vaporization of oil droplets 

is utilized as a marker for the flame front, the flow is typically densely seeded. A number 

of metrics, e.g. a local intensity average, are then capable of robustly discriminating 

between reactants and products and a flame-front extraction based on a threshold is rather 

straightforward. In the current experiment, the seeding density was low as required for 

the tomographic reconstruction and the background intensity was high due to reflections 

off the center body wall. Together, these effects led to filtered particle intensities in the 

burnt gas being similar to the filtered intensities in the unburnt gas. Furthermore, even the 

“thin” laser sheet was fairly thick (about 1.2 mm) as discussed previously, which led to 

the illumination of droplets in the tails of the laser sheet and hence additional smearing of 

the intensity gradients in parts of the flame front that were characterized by a large out-

of-plane gradient. Even though the tails of the laser sheet illuminated particles, high peak 

intensities were only obtained in the central part of the laser sheet. Regions of unburnt 

gas were therefore identified based on a weighted correlation between peak particle 

intensity (obtained by a sliding maximum filter) and average intensity (obtained by a 

sliding average filter), which was found to reliably detect the flame front in the vast 

majority of cases (assessed by comparing the four individual solutions). However, the 

uncertainty in the extracted flame front was still significantly higher compared to 

experiments optimized for detecting the planar flame front based on densely seeded flows 

as discussed in Sections 4.2 and 4.3.  
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A set of morphological operations comparable to the volumetric case was then 

applied to remove erroneous islands inside the burnt and unburnt gases. The final flame 

front extracted from the binary image was filtered to remove the high-frequency noise. 

The spatial grid based on which the four planar flame fronts were evaluated differed 

slightly as dictated by the individual mapping functions corresponding to each of the four 

cameras. The final four flame fronts were therefore linearly interpolated to a fixed spatial 

grid with a pixel resolution of 0.1 mm for comparison. Slices through the three-

dimensional flame topography were interpolated to the same spatial grid for validation. 

3.2.2 Velocity field measurement 

The volumetric velocity field was determined by performing tomographic PIV. 

The image pre-processing and tomographic reconstruction has been discussed as part of 

the flame-front detection routine in Section 3.2. Each successive pair of reconstructed 

intensity distributions obtained every 200 µs was cross-correlated (time-series mode), 

which led to particle displacements of about 9 – 18 voxels with a mean of about 

14 voxels. The void region corresponding to burnt gas, which was obtained in Matlab for 

each time step as part of the flame front detection routine, was used as an algorithmic 

mask for the PIV processing by switching on the mask flag for the corresponding voxels 

in the DaVis native data structure and then writing it back to a file to be imported into 

DaVis. The remaining PIV processing was conducted in DaVis using version 8.2. The 

cross-correlation was performed with an initial interrogation volume size of 
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64 x 64 x 64 pix³ and a final size of 32 x 32 x 32 pix³ with 75% overlap. Spurious vectors 

in intermediate vector fields were detected by the universal outlier detection scheme 

[140]. The time-resolved nature of the processed velocity field was utilized to perform a 

final outlier detection in a 5 x 5 x 5 vector neighborhood in space and a 3-vector 

neighborhood in time. No spatial smoothing was applied to the final vector field.  

For the validation measurements, stereoscopic PIV was applied to obtain two 

independent planar three-component reference velocity fields. The processing was set up 

to match the tomographic PIV measurement in terms of the in-plane spatial resolution by 

choosing a final interrogation window size of 32 x 32 pix² and an overlap of 75%. A 

comparable outlier detection scheme was employed again taking advantage of the 

correlation in time in a final step. The final vectors were located at slightly different 

physical locations between the two independent planar velocity fields depending on the 

exact camera location and mapping functions. The velocity vectors were linearly 

interpolated to a common fixed spatial grid for comparison. The fixed grid had a constant 

vector spacing of 0.5 mm. The tomographic PIV solution was interpolated to the same 

spatial grid for validation. 

3.3 Flame front validation 

The 3D flame topography is first qualitatively compared to simultaneously 

acquired chemiluminescence images (Section 3.3.1). Quantitative validation is achieved 

by comparing the reconstructed flame topography to simultaneously detected 2D flame 
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fronts based on planar Mie scattering images in two different slices through the volume 

(Sections 3.3.2 and 3.3.3).  

3.3.1 Qualitative comparison to chemiluminescence images 

The reconstructed three-dimensional flame front was first qualitatively compared 

to simultaneously-recorded chemiluminescence images. Figure 3.5 shows luminescence 

images and reconstructed flame topographies at three instants in time taken from a movie 

sequence of a flame swirling upstream inside the mixing tube during a flashback event. 

Note that the luminescence is line-of-sight integrated; hence, the flame may appear to be 

inside the field-of-view in the luminescence image even though it is in fact behind or in 

front of the volume within which the three-dimensional flame front is reconstructed. An 

example for such a situation is seen in the luminescence image in Figure 3.5a, where a 

second flame tongue swirling around the center body appears inside the field-of-view in 

the bottom-left corner.  In comparison, only the centrally-located flame tongue is present 

in the reconstructed topography. However, the second flame tongue seen in the 

luminescence is still behind and has yet to swirl into the volume within which the flame 

is reconstructed. Also, note that the large central region where no flame surface is seen in 

the reconstructed topography corresponds to a portion of the flame that extends in front 

of the reconstructed volume.  

With the line-of-sight versus finite depth-of-field difference in mind, the quality 

of the reconstructed flame topography may be examined. In Figure 3.5a, the overall shape 
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of the flame front as well as a detailed structure – the bulge on the right edge of the flame 

– are captured well. The leading flame tongue continues to swirl upstream when a 

secondary flame tongue appears in the field-of-view 60 frames (or twelve milliseconds) 

later as shown in Figure 3.5b. The recessed region between the leading flame tongue on 

the right and the secondary flame tongue on the left forms in Figure 3.5b and is well 

captured in the reconstructed topography. Note that this recess has a width of about 

1.5 mm, but seems to be quite well resolved. The secondary flame tongue is subsequently 

convected downstream as shown in Figure 3.5c. The three-dimensional reconstruction is 

able to capture the rather pointy shape of the flame at this instant in time as well as the 

bulge in the top left part of the flame tongue. 
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(a) 

 
(b) 

 
(c) 

Figure 3.5: Comparison between flame luminescence (left, line-of-sight) and 
reconstructed 3D flame front (right, front view and 3D-view) at three instants in time 
taken from a movie sequence of a flashback event. (a) t = t0 + 10.2 ms, (b) t = t0 + 
22.2 ms, (c) t = t0 + 25.6 ms. 
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3.3.2 Quantitative assessment in center plane 

The accuracy of the volumetric flame topography detection technique is assessed 

quantitatively in this work by comparing slices through the obtained three-dimensional 

flame front to the simultaneously-acquired planar flame fronts. Four independent 

solutions for the planar flame front are obtained in the current work as each of the four 

cameras provides an independent particle image. This approach is suited as validation 

because the marker for the flame front in the planar reference measurements is the same 

as the marker employed for the three-dimensional flame front detection, i.e. the location 

where the same droplets seeded into the flow vaporize. 

In a first set of runs (Run 1-3) the thin sheet is placed in the center of the thick 

sheet in the z-direction – subsequently termed “center plane” – as shown in red in Figure 

3.2. The true thin sheet location, however, may shift from time step to time step due to 

refraction as a result of the strong density gradients across the flame front (beam 

steering). To test the severity of beam steering, the stereo self-calibration algorithm was 

applied to a sliding interval of 50 images [117]. The resulting disparity maps suggest a 

translation of the calibration plane in the out-of-plane direction (corresponding to a shift 

of the laser sheet) that differs by as much as several tenths of a millimeter compared to 

the corrected calibration of the non-reacting reference case. The shift may even be larger 

for individual time instants since the disparity maps are an average of 50 time steps. As a 

result, the obtained calibration, which provides the mapping between camera sensor plane 

and physical space, has a varying degree of accuracy depending on the instantaneous true 
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laser sheet position. At each time step, the four particle images (one from each camera) 

were mapped to physical space using the camera-specific calibrations in order to extract 

and compare the planar flame fronts. The uncertainty associated with the planar flame 

front solutions will be acknowledged in the form of error bars when validating the three-

dimensional flame surface.  

Figure 3.6a shows the four flame fronts which were independently extracted from 

the particle images of each of the four cameras in red tones and blue tones at one instant 

in time of Run 1. The discrepancy between the four solutions may partially be attributed 

to imperfect mapping functions due to beam steering effects as discussed previously. In 

addition, differences may be a result of the challenges associated with the automated 

flame front extraction based on the low signal-to-noise ratio particle images as discussed 

in Section 3.2. Shown in green is the most-probable planar flame front location which is 

taken as the reference flame front for validation purposes. The deviation (Euclidian 

norm) of each of the individual flame fronts from the most-probable flame front is 

evaluated for all points and all time steps. The corresponding PDFs for Run 1 are shown 

in Figure 3.7. The particle image quality is significantly better for cameras 2 and 4 than 

for cameras 1 and 3, which results in longer tails in the PDFs for the latter two cameras. 

Whereas deviations up to about 1 mm result from imperfect mapping functions as well as 

challenges in the automated extraction of flame fronts, deviations above 1 mm can solely 

be attributed to spurious portions in the detected flame fronts. For cameras 2 and 4, the 

amount of spurious flame front elements is less than 1% leading to a mean deviation of 
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about 0.2 mm from the most-probable flame front. In contrast, about 15% to 20% of 

flame front elements of cameras 1 and 3 are spurious, which leads to a mean deviation of 

about 0.5 mm. Points on the flame front where one solution deviates by more than 1 mm 

from another were considered to be unreliable and were not included in the statistical 

analyses of the accuracy of the three-dimensional flame topography. By excluding such 

spurious flame front elements the mean deviation of flame fronts detected based on 

images from camera 1 and 3 was reduced to the same level (about 0.2 mm) achieved with 

cameras 2 and 4.   
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(a) 

 

(b) 

 

(c) 

 

(d) 
Figure 3.6: Flame topography validation in the center plane: (a) Planar flame fronts 
extracted from each of the four cameras (blue and red) are shown together with the 
resulting most-probable location (green). (b) – (d) Slices through the 3D flame front 
(yellow) are compared to the most-probable planar flame front (green) for different time 
steps. Error bars indicate uncertainties associated with the planar flame front location. 

 

A slice through the reconstructed three-dimensional flame front is shown in 

yellow in Figure 3.6b and compared to the most-probable planar flame front at the same 

instant in time. The reconstructed flame front shows good agreement with only a slight 

deviation in the top right portion. Error bars are plotted for every fourth point on the 

planar flame front. The error bars indicate the uncertainties associated with the most-
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probable planar flame front. The uncertainty at one point is computed from the Euclidian 

distances from each of the four individual flame front solutions shown in Figure 3.6a to 

the most-probable location based on a 95% confidence interval and assuming a t-

distribution. An additional uncertainty only implicitly included in the error bars is the 

positional uncertainty associated with the z-position at which the slice through the three-

dimensional flame front is compared to the planar flame front. At one instant in time, the 

thin laser sheet providing the planar flame front may be shifted due to beam steering in 

relation to where the slice through the three-dimensional flame front is placed. This 

uncertainty is implicitly included in the planar flame front because a deviation of the 

instantaneous laser sheet position from the mean position associated with the camera 

mapping function will lead to an increased discrepancy between the individual flame 

fronts and hence an increase in computed uncertainty. 
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Figure 3.7: Uncertainty associated with planar reference flame front of Run 1: Deviations 
of individual planar flame fronts from each of the four cameras relative to the most-
probable planar flame front. 

 

A more challenging flame topography which appears to feature a detached pocket 

of ignited gas is shown in Figure 3.6c. The seemingly separated pocket in this planar slice 

is, however, merely the result of significant out-of-plane flame curvature, which is 

captured well by the reconstruction technique. In contrast, the reconstruction technique 

exaggerates the flame bulge on the lower left side of the main flame patch and adds 

another bulge on the lower right side, which is not seen in the planar solution. The final 
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example shown in Figure 3.6d is a case where the leading flame tip has propagated far 

enough upstream to reach beyond the field-of-view. Therefore, despite some 

discrepancies, overall good qualitative agreement is again achieved with the 

reconstruction technique. 

The accuracy of the three-dimensional flame front reconstruction is assessed 

quantitatively by defining an error as the distance between each point on the two-

dimensional slice through the three-dimensional flame front and its closest point on the 

previously discussed most-probable planar flame front. PDFs with the resulting error for 

all three runs conducted with the validation plane location being the center plane are 

shown in Figure 3.8. All three PDFs have peak counts between 0.2 and 0.3 mm. For 

Run 1, 95% of the points on the flame front deviate less than 1.2 mm from the planar 

reference flame front. The mean error of these 95% of points is 0.36 mm. In the case of 

Run 2 and Run 3, 95% of the points deviate less than 2.2 mm and 1.4 mm, respectively, 

with corresponding mean errors of 0.44 mm and 0.46 mm. The mean errors are listed in 

Table 3.1. 
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Figure 3.8: PDFs of the error associated with the 3D flame topography taken from all 
time steps of three separate flashback events (Run 1–3). The error is evaluated in the 
center plane (see Figure 3.2). 
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Run Validation Plane Mean Error (d95%) 
1 Center 0.36 mm 5.6 voxels 
2 Center 0.44 mm 6.9 voxels 
3 Center 0.46 mm 7.2 voxels 
4 Near-Wall 0.33 mm 5.2 voxels 
5 Near-Wall 0.27 mm 4.2 voxels 

Table 3.1: Mean error in the location of the reconstructed three-dimensional flame front 
for 5 different flashback events. 

3.3.3 Quantitative assessment in near-wall plane 

An additional two runs (Run 4 and 5) were conducted to validate the three-

dimensional flame topography in a plane towards the back-edge of the volume close to 

the center body wall termed “near-wall plane” in Figure 3.2. The reconstructed flame 

front is again compared to the planar flame front at three instants in time. The chosen 

time instants correspond to the chemiluminescence images shown in Figure 3.5. 

Figure 3.9a and Figure 3.9b highlight again how the discrepancy in the individual 

planar flame front locations translates into error bars associated with the most-probable 

planar flame front. The flame front in a slice through the three-dimensional flame 

topography shown in Figure 3.9b is again in good agreement with the planar solution.  

The bulge in the planar flame around x = 0 mm and y = -59 mm does not appear in the 

reconstructed flame front. However, the planar flame front is associated with an increased 

uncertainty in this region. The complete three-dimensional flame topography at this 

instant in time is seen in Figure 3.5a.  
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(a) 

 

(b) 

 

(c) 

 

(d) 
Figure 3.9: Flame topography validation in the near-wall plane: (a) Planar flame fronts 
extracted from each of the four cameras (blue and red) are shown together with the 
resulting most-probable location (green). (b) – (d) Slices through 3D flame front (yellow) 
are compared to most-probable planar flame front (green) for different time steps. Error 
bars indicate uncertainties associated with the planar flame front location. 

 

A slice through a more convoluted flame topography is seen in Figure 3.9c, which 

corresponds to the chemiluminescence image and full three-dimensional flame front 

shown in Figure 3.5b. This comparison confirms the good agreement in location and size 

of the recess between the two flame tongues already suggested by the qualitative 

comparison to the flame luminescence image. However, a rather large deviation between 
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the three-dimensional and planar flame front solutions exists in the right portion of the 

flame. Interestingly, though, this part of the flame front is also associated with a large 

uncertainty in the planar solution.  

The PDFs showing the quantitative error when evaluated in the near-wall plane 

are given in Figure 3.10. For Runs 4 and 5, 95% of the points on the flame front have an 

error of 1.4 mm and 0.8 mm or less, respectively, corresponding to a mean error of 

0.33 mm and 0.27 mm, respectively. Note that the flame was inside the field-of-view 

during fewer time steps in Run 5. The better accuracy in the reconstructed flame front 

location of Run 5 can be explained by the fact that the flame only covered a small portion 

of the field-of-view during the majority of the time steps. The reconstruction of the three-

dimensional flame topography was found to be more reliable in the center of the field-of-

view where the signal-to-noise ratio of ghost particles versus actual particles is lower. 

Comparing the error in the near-wall plane to the center plane does not show a decrease 

in accuracy near the wall, which may be explained by the fact that the signal-to-noise 

ratio in the reconstructed particle field at the z-location of the near-wall plane is 

comparable to the ratio at the z-location of the center plane (the experiment has been 

setup for this to be the case). 
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Figure 3.10: PDFs of the error associated with the 3D flame topography taken from all 
time steps of two separate flashback events (Run 4–5). The error is evaluated in the near-
wall plane (see Figure 3.2). 

 

In summary, the slices through the reconstructed three-dimensional flame 

topography compare well to the simultaneously detected planar flame fronts. The mean 

error in the center plane as well as the near-wall plane is about 0.4 mm corresponding to 

about 6 voxels, which is a moderate increase of about a factor of two compared to the 

mean uncertainty in the extracted planar reference flame front. Note, however, that this 

rather large uncertainty of the planar reference flame front is a result of the low seeding 

density needed for a tomographic reconstruction, as well as the challenges associated 

with flame front detection with high background intensity and noise. Under ideal 

conditions and for high seeding densities, a planar flame front can be extracted based on 

Mie scattering images with uncertainties on the order of 1 pixel as demonstrated in 

previous works [58,78,82–84,88,131,141]. In contrast to the planar approach, the three-
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dimensional technique requires a trade-off in seeding density, which needs to be as low 

as possible for a reliable reconstruction (low ghost particle level), but as high as possible 

for an increase in spatial resolution to detect small scale features in the three-dimensional 

flame topography. Since the maximum possible seeding density for the tomographic 

reconstruction is a function of the depth of the desired volume, the trade-off for the 

current technique is between spatial resolution and the size of the volume within which 

the flame front is reconstructed.  

The presented technique is based on a marker for the preheat zone of the flame, 

which has a thickness on the order of a millimeter for the lean, atmospheric methane-air 

flames investigated in this work. Considering a mean error of about 0.4 mm, the 

technique is capable of locating the preheat zone of the flame. Certain derived quantities 

in the study of turbulent combustion (e.g. flame displacement speed) require knowledge 

of the flame-front curvature. Whereas the current results suggest a good reconstruction of 

curvature for most portions of the reconstructed flame fronts is achieved, only the in-

plane curvature can be assessed quantitatively and further work is needed to validate the 

accuracy of the full three-dimensional curvature of the flame topography. The current 

technique is not suited if the precise location of the reaction zone as opposed to the 

location of the preheat zone is desired or for studies interested in local extinction and re-

ignition. 
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3.4 Velocity field validation 

The velocity field is validated as it serves to improve the reconstructed particle 

field based on which the flame topography is determined. Furthermore, tomographic PIV 

is not typically applied in confined environments through curved windows close to a 

wall, and so the accuracy of the derived 3D velocity measurements under the challenging 

conditions is established next. In analogy to the flame-front validation method, slices 

through the volumetric velocity field are compared to two independent sets of planar 

velocity fields in the center plane and the near-wall plane shown in Figure 3.2. 

Stereoscopic PIV is performed to obtain all three-velocity vectors in the reference planes, 

which requires particle images from two separate views (two cameras). Consequently, 

two independent reference solutions are obtained for the velocity field as opposed to the 

planar reference flame front, which has been obtained for each of the four cameras 

individually. Details of the PIV processing are described in Section 3.3.   

Contour plots of the velocity field of Run 2 (center plane) at one instant in time 

are shown in Figure 3.11. The top row shows the x-component of velocity with the 

middle row and the bottom row showing the y- and z-component, respectively. The left 

column is the result of performing stereoscopic PIV based on image pairs from camera 1 

and 3 with the center column showing the results based on camera 2 and 4. The right 

column presents the tomographic PIV results in a slice through the volume at the location 

of the center plane. The flame front – marked by a red solid line – is just entering the 

field-of-view at this instant in time.  
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Figure 3.11: Contour plots comparing instantaneous velocity fields (rows correspond to 
different velocity components). Left column: stereo-PIV (cameras 1 & 3). Center 
column: stereo-PIV (cameras 2 & 4). Right column: tomographic PIV. Red solid line 
marks flame front. Black dashed line and cross mark locations for extracted profiles and 
time series shown in Figure 3.12 and Figure 3.13, respectively. 

 

The two stereoscopic PIV solutions agree well both in terms of magnitudes as 

well as flow structures seen in all three velocity components justifying their use as a best 

estimate for the true solution. Note that the fields-of-view for the two camera pairs do not 

match exactly. The tomographic PIV results show good agreement with the stereoscopic 

counter parts in terms of magnitude. The majority of flow structures are also captured 

well.  The tomographic PIV solution tends to be noisier, however, which can be 
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attributed to remaining ghost particles after the two iterations of MTE performed in this 

work (see Section 3.3. for details). Additional iterations of MTE have been tested and 

provided no additional improvement.  

The y-component of velocity corresponds to the axial velocity in the mixing tube. 

The presence of the flame deflects the flow ahead of itself leading to a decrease in axial 

velocity as seen in all three solutions. Since the evaluated plane corresponds to a secant 

through the annulus, the x-component corresponds to the radial velocity at x = 0 mm, 

with the z-component corresponding to the azimuthal velocity component at this same 

location. At any other x-location, the x- and z-component of velocity are a combination 

of radial and azimuthal velocity. The flow swirls from left to right corresponding to a 

positive z-component in velocity in the left half of the field-of-view and a negative 

velocity in the right half.   

Instantaneous velocity profiles along the dashed lines are shown in Figure 3.12. 

The two independent stereoscopic PIV results are shown in blue and red, respectively. 

The tomographic PIV results are shown in orange. The good agreement highlights the 

accuracy of the tomographic PIV results. Discrepancies primarily occur towards the 

edges of the field-of-view. However, small-scale outliers may exist as seen in the y-

component of velocity at around x = 0 mm, which leads to the nosier appearance in the 

contour plots. 
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(a) 

 

(b) 

 

                               (c) 

 Figure 3.12: Instantaneous velocity profiles of all three velocity components along a line 
at y = −55 mm, z = −0.4 mm (see dashed line in Figure 3.11). 

 

The current experiments are conducted at a temporal resolution of 5 kHz 

providing a velocity field every 200 µs. Time traces of velocity at an off-center location 

marked by the cross in Figure 3.11 are shown in Figure 3.13. Measured velocity fields 

obtained by means of PIV are inherently filtered in space before being digitized. The 

filtering is determined by the interrogation window size and weighting. In contrast, 

temporal filtering in high-speed PIV measurements is not possible before digitization, 

leading to aliasing for cases in which not all temporal scales are resolved. This is 
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generally the case at moderate and high Reynolds number flows like the flow studied in 

this work. Consequently, the temporal velocity field evolution obtained by the two 

stereoscopic PIV measurements shown in Figure 3.13 cannot be considered as being the 

true solution. However, they can be utilized as a reference for the tomographic PIV 

measurement, which probes the flow field at the same temporal resolution and essentially 

the same instants in time. The volumetric solution again compares favorably with the 

planar reference measurements in all three velocity components.  

 

 

 

Figure 3.13: Velocity time traces of all three velocity components at point x = −55 mm, 
y = 11 mm, z = −0.4 mm (see cross in Figure 3.11). 
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At each grid point, the mean value of the two planar (stereoscopic) PIV solutions 

is taken as the reference solution to evaluate the accuracy of the tomographic PIV 

measurements. First, the discrepancy between the two planar solutions is assessed by 

computing the standard deviation of the difference between a solution and the mean. The 

resulting mean deviations for all five runs range from 0.16 – 0.25 pixels (0.05 – 0.08 m/s) 

for the x-component, 0.22 – 0.34 pixels (0.07 – 0.11 m/s) for the y-component and 0.28 – 

0.41 pixels (0.09 – 0.13 m/s) for the z-component. The mean uncertainties associated 

with the random error evaluated using the correlation statistics approach [118] based on a 

95% confidence interval are about 0.22, 0.28 and 0.41 pixels for the x-, y-, and z-

component, respectively, which agree with the discrepancies between the two 

independent measurements. In contrast to the comparison between the two independently 

measured solutions, the presented computed uncertainties using the correlation statistics 

approach do not include any bias errors (e.g., due to calibration inaccuracies). The same 

level of uncertainty found in the measurement and the computation may therefore suggest 

that bias errors are small in the current measurement. The overall magnitude of the 

uncertainties suggests that the obtained planar velocity fields are a good estimate for the 

true velocity field solution and the mean value of the two can serve as a reliable reference 

measurement to validate the volumetric velocity field. 

The error associated with the tomographic PIV measurement is defined as the 

standard deviation of the difference between the velocity field in a slice through the 
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volume and the mean of the two planar measurements in the corresponding validation 

plane, 
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where 𝛿𝛿𝑖𝑖,𝑗𝑗 is the difference between the tomographic PIV solution and the mean of the 

two stereoscopic PIV solution associated with velocity component i at grid point and time 

step j. The sum N is the sum over all grid points and all time steps. The errors associated 

with all runs and all components are listed in Table 3.2 and range from 0.50 – 0.66 voxels 

corresponding to 0.16 – 0.21 m/s. 

A recent study investigated the accuracy of low-speed tomographic PIV 

experimentally by a 12-camera system [136]. An error is computed for the velocity 

magnitude according to  
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 (3.2) 

based on two simultaneous uncorrelated measurements (two sets of cameras) following 

the derivation by  [142]. The results show an error of about 0.55 voxels for a four-camera 

system and a particle density of 0.14 ppp (particles per pixel) with a processing algorithm 

comparable to the one employed in this work except that no MTE was used. The error 

decreases to about 0.45 voxels if a six-camera system is used. Simulations predict that 

employing two iterations of MTE with a four-camera system and taking five 

enhancement objects (five time-steps) into account increases the quality factor associated 
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with a measurement with 0.14 ppp to about a level of a six-camera system without MTE 

[111]. 

 

Run Validation Plane Mean Error ux  Mean Error uy Mean Error uz 
  [voxels] [m/s] [voxels] [m/s] [voxels] [m/s] 

1 Center 0.50 0.16 0.53 0.17 0.56 0.18 
2 Center 0.53 0.17 0.53 0.17 0.66 0.21 
3 Center 0.56 0.18 0.59 0.19 0.66 0.21 
4 Near-Wall 0.53 0.17 0.50 0.16 0.59 0.19 
5 Near-Wall 0.59 0.19 0.63 0.20 0.53 0.17 

Table 3.2: Mean errors in volumetric velocity field for 5 different flashback events. 

 

Computing the error associated with the current work according to Eq. (3.2), with 

Set 1 being the velocity field in a slice through the volume of the tomographic PIV 

measurement and Set 2 being the stereoscopic PIV measurement in the same plane, yields 

a mean error over all runs of 0.61 voxels (0.20 m/s). This level of error compares well 

with the investigation by Lynch et al. [136]. The error in the current work using four 

cameras is about 10% higher when compared to their four-camera system and, taking the 

previous discussion on the effect of MTE into account, about 25% higher compared to 

their six-camera-system. The larger errors in the current tomographic PIV measurements 

can be attributed to the lower signal-to-noise ratio in the raw particle images and 

consequently in the reconstructed particle field as well as the lower accuracy of the 

camera calibration. The lower signal-to-noise ratio results from the lower laser fluence 

available to illuminate the droplets at high-speed as well as the high background 
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illumination due to the nearby wall facing the cameras. Tomographic PIV requires high 

precision in the calibration that provides the mapping function between camera sensors 

and physical space [98]. In the current work, the illuminated droplets are imaged through 

a fused silica tube, which introduces high distortion particularly towards the edges of the 

field-of-view; therefore, the remaining disparity, while still sufficiently small, is about a 

factor of 10 higher compared to the study by Lynch et al. 

An additional uncertainty is introduced by the thermophoretic effect for both the 

planar and the volumetric velocity measurement [122,123]. This effect is limited to the 

vectors evaluated in the interrogation windows and volumes, respectively, which are 

closest to the extracted flame front. The second closest vector is outside the influence of 

the thermophoretic effect owing to the spatial resolution of the measurement technique 

(vector spacing of 0.5 mm) and the oil droplets evaporating in the preheat zone of the 

flame. Nonetheless, the thermophoretic velocity, which is about 0.12 m/s for the 

investigated flame at the location where the oil droplets evaporate, is significant in 

regions where flame tongues decelerate the flow to small velocities and therefore adds a 

non-negligible uncertainty to the velocity vectors closest to the flame front in such 

regions. However, since the purpose of this work is to compare the volumetric technique 

to the planar technique, and the thermophoretic velocity adds to both, affected vectors 

may still be included in the validation. 



 
 

86 

3.5 Implications for flashback study 

The presented technique is applied to study the upstream flame propagation of 

swirl flames inside the mixing tube of a model swirl combustor during flashback events. 

As an example, the measured flame topography and velocity field are shown at one 

instant in time in Figure 3.14. The flame surface is rendered in blue. A contour plot of 

axial velocity (y-component) together with velocity vectors are shown in one x-y-slice 

through the volume. At its closest point, this slice is offset from the center body wall by 

about 1.1 mm. The upstream propagating flame tongue deflects the approach flow as 

indicated by the dark blue region corresponding to low axial velocity. Vortical structures 

are visualized by iso-surfaces of the λ2-value and colored by the z-component of 

vorticity. Elongated vortical structures are seen upstream of the flame tongue. The 

structures are oriented perpendicular to the streamwise direction and parallel to the back 

edge of the flame tongue. 

The level of uncertainty achieved with the presented technique is suitable for 

studying flow-flame interactions during flashback events. The mean error of about 

0.4 mm associated with the location of the flame surface as marked by the preheat zone is 

smaller than the flame thickness of about 1 mm for the atmospheric methane-air flame 

investigated in this study, which is sufficiently small if the location of the flame front in 

relation to large scale flow structures is of interest.  
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Figure 3.14: Reconstructed 3D flame front (rendered in blue) and velocity field in 
unburnt gas. Contour shows axial velocity field in one z-plane. 3D vortical structures are 
visualized by an iso-surface of λ2 and colored by the z-component of vorticity. 

 

The relative error associated with the volumetric velocity measurement is 

evaluated by dividing the absolute error at each grid point and each time step by the 

instantaneous absolute velocity at the same grid point and time step. The resulting errors 

for the velocity components are about 5-6% for the x-component, 7-10% for the y-

component and 15-19% for the z-component. Note that the absolute error is about the 

same for all components as discussed previously and listed in Table 3.2. The larger 

relative error associated with the z-component is due to the central portion of the 

measurement volume having a z-velocity component close to 0 m/s since the 

measurement volume (thick sheet) is oriented tangential to the streamlines of the swirl 

flow in this region. 
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3.6 Summary 

A technique to measure simultaneously the three-dimensional flame surface 

topography and the volumetric velocity field by means of tomographic PIV has been 

developed and demonstrated successfully. The technique was specifically validated for 

the upstream flame propagation during flashback events in the mixing tube of the 

employed model swirl combustor. Flashbacks of a turbulent lean-premixed methane-air 

swirl flame (ϕ = 0.8) served as validation cases. The extracted flame surface corresponds 

to the preheat zone as marked by the vaporization of oil droplets. A number of 

advantages distinguish this approach from other techniques, which includes the ability for 

truly volumetric and truly instantaneous measurements even at kHz-rate with just four 

(non-intensified) cameras. In addition, the simultaneous velocity field measurement in the 

unburnt gas is possible without the need for additional hardware, which allows studying 

turbulent flow-flame interactions as opposed to just the flame front propagation. The 

technique is particularly appealing to study practical flames as it is robust enough to deal 

with light sheet refraction and image distortion due to (possibly curved) windows and 

high background intensities due to reflections.  

The technique was validated against simultaneous planar measurements in two 

different slices through the volume. The reliability of the planar reference measurements 

was tested by conducting four and two redundant measurements for the flame front 

location and the velocity field, respectively. The mean error in the position of the three-

dimensional flame topography was about 0.4 mm, which was smaller than the flame 
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thickness for the studied flame. Cusps along the flame front as small as 1 to 2 mm were 

found to be resolved. The mean error associated with the volumetric velocity field was 

about 0.6 voxels (0.2 m/s), which compares favorably with previous assessments of 

errors associated with tomographic PIV considering the challenges associated with the 

current measurement.  
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Chapter 4: Modes of Upstream Flame Propagation and Coupling 
between Flame and Approach Flow 

The upstream flame propagation during flashback is investigated for a methane-

air and a hydrogen-methane-air flame. The experimental conditions are described in 

Section 4.1. The non-reacting velocity field in the mixing tube is introduced in Section 

4.2. The objective of this chapter is first to investigate how the flame propagates 

upstream qualitatively (Section 4.3). The shape of the flame topography and the 

propagation direction for two different modes of flame propagation are identified. As 

highlighted in Section 1.3, the nature of the velocity field ahead of the swirling 

propagating flame front is not well understood. The second objective is hence to measure 

how the propagating flame front modifies the approach flow. The results for the two 

different modes are presented in Section 4.4 and Section 4.5, respectively. Differences 

and similarities are discussed in Section 4.6. The findings presented in this chapter have 

been reported in [143]. 

4.1 Experimental conditions and diagnostic setup 

Flashback is investigated at atmospheric pressure and an inlet temperature of 

about 293 K. In this chapter, flashbacks are primarily investigated at a bulk flow velocity 

of 2.5 m/s, which is dictated by the hardware (laser and cameras) available for the 

volumetric measurements. Planar measurements have furthermore been applied to study 

flashbacks at a bulk flow velocity of 5.0 m/s. Quantitative results in this chapter are based 
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on detailed measurements of ten methane-air flashbacks at an equivalence ratio of ϕ = 0.8 

(sL = 0.26 m/s) and five hydrogen-methane-air flashbacks with 95% hydrogen by volume 

and matched laminar flame speed (ϕ = 0.4). Even though the number of investigated 

flashbacks is limited due to the transient nature of the problem, all findings reported in 

this chapter are repeatedly and consistently observed without any contradicting cases. All 

conclusions are furthermore supported by tens of additional investigated flashbacks in 

preparation for the data set presented in this chapter, which were studied using similar 

experimental setups and moderately different conditions (flow rates, equivalence ratios, 

hydrogen contents). 

High-speed chemiluminescence imaging (Section 2.3) is applied to study the 

qualitative flame propagation. High-speed planar Mie scattering and stereoscopic PIV 

(Section 2.2) based on olive oil droplets is applied to detect the planar flame front and 

measure the three-component velocity field in the unburnt gas. The field-of-view is a 

radial-axial plane located in the middle between swirler and mixing tube exit as shown in 

Figure 4.1a. The volumetric flame topography reconstruction and velocity field 

measurement technique presented in Chapter 3 is applied in a secant through the annulus as 

shown in Figure 4.1b. The back-side of the domain is offset from the center body wall by about 

0.8 mm in order to prevent severe reflections off the center body as described in Section 3.1. The 

only difference between the experimental setup for the validation experiments presented in 

Chapter 3 and the measurements presented in the subsequent sections is that the field-of-
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view for the measurements in this chapter was twice as large with a camera resolution of 

512 x 512 pix².  

 
Figure 4.1: Location of the measurement domains for (a) planar and (b) volumetric 
measurements conducted as part of the data set presented in Chapter 4. 

 

4.2 Non-reacting swirl flow in annular mixing tube 

The bulk flow velocities of 2.5 m/s and 5.0 m/s correspond to Reynolds numbers 

of about Reh = 4,000 and 8,000, respectively, based on the streamwise centerline velocity 

in the mixing tube annulus and the height h of the annular gap. The centerline velocity 

fluctuations are about 0.5 m/s and 1.0 m/s for the lower and higher Reh, respectively, 

corresponding to a turbulence intensity of about 10% in each case. The non-reacting 

radial velocity profiles for each Reynolds number are shown in Figure 4.2. The left axis 
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corresponds to the location of the center body wall (r = 0 mm); the right axis to the 

location of the mixing tube wall. Valid velocity data was not obtained close to the outer 

(mixing tube) wall due to severe image distortion. The swirl flow generated in this 

particular model combustor is characterized by axial velocities (blue lines) that increase 

towards the mixing tube wall before falling off in the outer boundary layer (not seen 

here). The azimuthal velocity (green) peaks at about r = 3 mm. The peak value and 

subsequent fall off is prominent for the higher Reh case. The axial and azimuthal profiles 

translate into a local swirl angle, defined as 𝑡𝑡𝑀𝑀𝑡𝑡−1(𝑢𝑢𝜃𝜃/𝑢𝑢𝑧𝑧) (angle between mixing tube 

axis and streamwise velocity vector), which is plotted in red. The swirl angle is higher 

close to the center body wall and decreases towards the mixing tube wall. Hence, the 

azimuthal momentum relative to the axial momentum is higher close to the center body 

wall. This effect is stronger in the higher bulk flow velocity case where the swirl angle is 

about 65° close to the inner wall in comparison to about 55° for the lower velocity case. 

The radial variation of the swirl angle and the variation of swirl angle with a change in 

bulk flow velocity but constant swirler geometry may suggest that a fixed global swirl 

number based on the swirler geometry is not suited for scaling quantities like a global 

flame propagation speed, in which case the flame predominately experiences the swirl 

close to the center body wall in this configuration. 
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Figure 4.2: Mean non-reacting radial velocity profiles 60 mm upstream of mixing tube 
axis. Circles denote Reh = 4,000 and pluses denote Reh = 8,000 case. Axial velocity 
(blue), azimuthal velocity (green), streamwise velocity (black) and local swirl angle (red) 
are shown. 

 

4.3 Qualitative flame shape and propagation direction 

The upstream flame propagation during a flashback event is first discussed 

qualitatively based on high-speed chemiluminescence movies. The luminescence of a 

CH4-air flame undergoing flashback at Reh = 4,000 and ϕ = 0.7 is shown in Figure 4.3 at 

selected time steps taken from a movie sequence recorded at 2 kHz. The time t0 in this 

case corresponds to the instant when an increase in flame luminescence is first detected 

visually following a step-change in equivalence ratio. This increase in luminescence 

immediately precedes flashback. The flow swirls in the counter-clockwise direction as 

indicated by the red arrows. The flame tongue leading the flashback is convected with the 
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bulk flow in the azimuthal direction as it propagates upstream along the center body wall 

(indicated by the blue arrows in the first two time steps). We use the term “flame tongue” 

rather than “flame front” to emphasize that the leading part of the flame is a protuberance 

or large bulge rather than an azimuthally-uniform flame surface. At t0 + 257 ms, for 

instance, the flame tongue is on the back side of the center body but no portion of the 

flame propagates upstream on the front side. The characteristic shape of the leading flame 

tongues and their swirling motion in the direction of the bulk flow as they propagate 

upstream holds for all flames and flow rates investigated as part of this work (tens of 

individual flashback events). Presented chemiluminescence image sequences during 

flashback in a similar configuration appear to support these observations [47,51].   

 

 
Figure 4.3: Chemiluminescence images at selected time steps of a CH4-air flame during 
flashback recorded at 2 kHz. 
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Additional large flame tongues may form on either side of the leading flame 

tongue as is seen for example at t0 + 355 ms where the leading flame tongue is on the 

right side of the center body and a secondary flame tongue has formed and swirls into the 

field-of-view on the left (circled with a yellow line). However, only one large flame 

tongue is found to prevail during flashback events under most conditions; either the 

originally leading one continues to lead the flashback or a newly formed one is taking 

over. Additional flame tongues are typically washed downstream and only coexist for 

longer periods of times if they form rather far away from the leading flame tongue in the 

azimuthal direction, which suggests that conditions are not favorable for upstream flame 

propagation immediately to the left or right of a leading flame tongue in agreement with 

the velocity field measurements discussed in Section 4.5. 

The shape and propagation direction of flame tongues is investigated in more 

detail for a CH4-air flame (Figure 4.4a and Video 1) and an H2/CH4-air flame (Figure 

4.4b and Video 2). The field-of-view is shown in red in the last time step of Figure 4.3. 

We focus on a region about half way down the mixing tube to investigate the sustained 

upstream flame propagation in a region where the flow field is not affected by geometry-

dependent mixing tube entry or exit effects. In Figure 4.4a and Figure 4.4b, at time t1, the 

leading flame tongue is swirling around the center body into the field-of-view as 

indicated by the green arrow. The nominal flow direction is indicated by the red arrow. 

The edges of the center body are outlined by the vertical grey lines. We again refer to the 

rather large portion of the flame that is leading the flashback as a flame tongue as 
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indicated for both flames at time t2. In contrast, we refer to smaller structures along the 

flame front as flame bulges. Such flame bulges tend to form on the trailing side of the 

flame tongue. Flame tongues and flame bulges, as defined in this work, may be 

differentiated quantitatively in terms of their size (width or radius of curvature), which 

differs by an order-of-magnitude. Flame tongues have a characteristic size on the order of 

the geometry of the mixing tube (diameter of the center body or 20-30 mm) since they 

describe the asymmetry of the overall flame front along the circumference of the center 

body. Instead, flame bulges have a characteristic width on the order of 2 to 3 mm and are 

hence comparable in size with the measured integral scale of turbulent structures in the 

investigated flow. 

 

 
Figure 4.4: Chemiluminescence image sequence showing the upstream flame propagation 
and flame structure of a CH4-air flame (a) and a H2/CH4-air flame (b) in the field-of-view 
marked in Figure 4.3. Corresponding movies are Video 1 and Video 2 in Appendix A. 
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In the case of the methane flame (ϕ = 0.8), flame bulges form occasionally with 

an example seen in Figure 4.4a at time step t3 and highlighted by the yellow dashed 

circle. This bulge attempts to propagate upstream in the negative streamwise direction as 

indicated by the yellow arrow and manages to momentarily resist the approach flow – it 

remains at a fixed location in space for about 3 ms – while the tip of the leading flame 

tongue continues to swirl upstream (green arrow). However, the bulge then breaks into 

two smaller bulges – likely due to the arrival of a faster moving flow structure – and is 

convected downstream as seen 6.25 ms later at time t4. While the flame bulge fails to 

initiate sustained upstream flame propagation, the tip of the leading flame tongue 

continues to swirl upstream as indicated by the green arrows at time steps t2 and t3. By 

time step t4 it is on the back side of the center body.  

The H2/CH4-air flame (95% hydrogen by volume, ϕ = 0.4) shown in Figure 4.4b 

has the same laminar flame speed but a significantly lower flame temperature as the 

previously discussed methane flame and features a more convoluted flame surface, which 

may be attributed to thermo-diffusive effects [5]. The overall shape of the flame during 

flashback, however, is again characterized by a large flame tongue leading the flashback 

as seen at times steps t1 and t2. The formation of small-scale bulges located on the trailing 

side of the leading flame tongue and aligned with the nominal streamwise direction are 

more frequently observed for high-hydrogen content flames compared to the previously 

discussed methane flames. Furthermore, the bulges are smaller in size and do not just 
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resist the approach flow (freeze at a fixed location in space), but sometimes even counter-

propagate into the approach flow for short distances (~1 mm), which may be attributed to 

a smaller quenching distance and an increase in flame speed at the tip of these convex 

shaped bulges owing to local enrichment effects of the deficient reactants. Based on the 

full movie sequence (Video 2 in Appendix A), the two bulges marked by the yellow 

circle at time step t3 are being convected downstream whereas the bulge marked by the 

orange circle manages to counter-propagate into the approach flow for a short time 

(~1 ms) and distance. About 11 ms later (time step t4), this same bulge is seen (again 

marked by an orange circle), but now broken into two separate bulges and again washed 

downstream as indicated by the small orange arrow. All the while, the tip of the flame 

tongue leading the flashback continues to swirl upstream; it is already on the right side of 

the center body at t3 (indicated by the green arrow) and on the back side below the 

bottom edge of the field-of-view at t4.  

The formation and break-up of the small-scale bulges on the trailing side of the 

leading flame tongue, particularly for the H2/CH4-air case, agree well in size and 

occurrence with the observations reported by Eichler et al. [24] investigating flashback in 

a (non-swirling) channel flow. This is reasonable as the trailing sides of the swirling 

flame tongues observed in the current work are aligned approximately perpendicular to 

the streamlines of the approach flow just like in a channel flashback where the flame 

brush is oriented perpendicular to the flow. However, the contribution of these flame 

bulges to facilitate the overall flashback is different. In a channel boundary layer 
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flashback, a combination of parameters likely to include flame speed, quenching distance 

and density ratio (the relative importance of each of these factors is not yet fully 

understood) has to be above a particular threshold such that the formation, upstream 

propagation, break-up and downstream convection of these small-scale bulges leads to a 

net upstream propagation of the entire flame brush. The requirement for the flame to 

achieve overall flashback in a swirl flow is different, however. Instead of fighting the 

approach flow head-on in form of small-scale bulges, the flame is found to flashback in 

the form of large-scale flame tongues swirling upstream, which appears to be the path of 

least resistance for the flame even when flashback was triggered at an equivalence ratio 

significantly beyond the flashback limit.   

In summary, we consistently observe two modes of upstream flame propagation 

during boundary layer flashback in swirl flows. The first mode consists of large-scale 

flame tongues swirling in the direction of the bulk flow as they propagate upstream. The 

second mode concerns small-scale flame bulges aligned with the streamwise direction, 

which – particularly for high-hydrogen-content flames – resist the approach flow head-on 

and counter-propagate into the negative streamwise direction for short distances 

(~ 1 mm) but do not provide net upstream flame propagation on their own. The first and 

second mode will be investigated in more detail in Sections 4.5 and 4.4, respectively, by 

discussing the velocity field in the vicinity of the flame front associated with each mode. 
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4.4 Flame propagation associated with small-scale bulges 

The velocity field upstream of small-scale bulges is compared with non-swirling 

channel flashback results by Eichler et al. [24] and Gruber et al. [25] to provide evidence 

that the same mechanism facilities the upstream flame propagation associated with such 

bulges in the investigated swirl flow as suggested qualitatively by the time-resolved 

chemiluminescence imaging discussed in Section 4.3. The chemiluminescence image 

sequence in Figure 4.5 shows the formation of a small-scale bulge on the trailing side of a 

flame tongue during a CH4-air flame flashback (ϕ = 0.8). Results from the volumetric 

velocity field measurement corresponding to an instant in time when the flame bulge 

resists the approach flow (the local displacement speed matches the flow velocity) is 

shown in Figure 4.5a. The three-dimensional flame front topography based on the marker 

for the preheat zone is shown in grey. The axial velocity field is shown in a secant 

through the annulus, which is offset from the center body by about 0.8 mm at its closest 

point as described in Section 4.1. The white band separates positive from negative axial 

velocity with the region of negative axial velocity colored in blue. A reverse flow pocket, 

marked by the black solid line corresponding to zero streamwise velocity, exists in 

agreement with previous studies [24,25]. Three-dimensional streamlines are plotted and 

color coded by the y-distance to indicate their location in the depth direction as indicated 

in Figure 4.5c, which is a bottom view of Figure 4.5a highlighting again the location of 

the measurement volume in relation to the center body with the back side of the 

measurement domain slightly offset from the center body wall.  
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Figure 4.5: Formation of a small-scale flame bulge on the trailing side of a flame tongue 
(luminescence image sequence, top row). Axial velocity field in y = 0.8 mm plane and 3D 
streamlines showing (a) the reverse flow pocket associated with the flame bulge as it 
resists the approach flow and (b) the recovered flow field subsequently convecting the 
bulge downstream. Streamlines are colored by y-distance from the center body as 
explained in (c). The flame surface rendered in grey corresponds to an isotherm of about 
555 K. 

 

Flame bulges locally push the low-momentum near-wall fluid upstream in the 

negative streamwise direction, which leads to a stagnation point at the upstream end of 

the reverse flow pocket. The near-wall streamlines (green) diverge symmetrically to 

either side of the flame bulge. Streamlines farther offset from the wall (yellow and 

orange) still diverge but to a lesser extent.  The agreement in the velocity field with the 
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DNS results by Gruber et al. suggests that the propagation mechanism associated with 

these small-scale bulges is indeed the same. The DNS was further able to show that the 

reverse flow pockets are associated with a localized pressure peak ahead of the convex 

shaped bulges whereas the pressure drops downstream of the flame brush. The location 

where convex shaped bulges form was found to be correlated with the occurrence of low-

momentum streaks [25] as previously suggested by Eichler et al. [24]. It appears that in 

the investigated swirl flow the formation of small-scale bulges is also linked to the arrival 

of low-momentum fluid either due to low-momentum streaks in the boundary layer or 

due to wake effects originating from the swirler vanes. However, since we cannot 

measure the velocity along the circumference of the center body but only in a tangent or 

wall-normal plane, we cannot establish the correlation with certainty. As described 

before, small-scale bulges are found not to sustain in the investigated swirl flow and are 

washed downstream shortly after their formation as shown in Figure 4.5b. 

4.5 Flame propagation associated with large flame tongues in swirl flows 

4.5.1 Region of negative axial velocity 

Regions of negative axial velocity upstream of the leading flame front have first 

been observed by Heeger et al. [48] in a similar swirl burner configuration featuring a 

mixing tube with center body along which the flame propagates during flashback. The 

planar two-component velocity field in a radial-axial slice was measured in their work 

while simultaneously recording the flame luminescence from a point-of-view 
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perpendicular to the planar measurement domain. Apparent upstream propagation 

without negative axial velocity was observed in about half of the recorded cases. The 

possibility that such cases correspond to instances when the laser sheet slices through the 

leading or trailing side of a flame tongue rather than the leading tip was suggested. 

Our measurements consistently show that upstream propagation without a 

negative axial velocity region is an artifact associated with a planar measurement in a 3D 

flow in agreement with the suggestion by Heeger et al. As an example, a few selected 

time steps of a methane-air flashback (ϕ = 0.8) movie are shown in Figure 4.6. The 

luminescence is shown in the top row with arrows indicating the nominal flow direction 

and the flame propagation direction as well as the PIV measurement domain (green 

vertical line). The corresponding velocity fields are shown in the bottom row with the 

grey vertical bar on the left indicating the location of the center body wall and the red line 

indicating the flame front (based on the employed marker for the preheat zone). The 

planar velocity field and flame front location measurement by itself would suggest that 

flashback is characterized by an initial flame propagation away from the wall (Figure 

4.6b) followed by flame propagation along the wall without a region of negative axial 

velocity upstream of the flame base (Figure 4.6c) and finally upstream flame propagation 

with a region of negative axial velocity (Figure 4.6d). In contrast, the flame luminescence 

reveals that the apparent upstream propagation is instead a swirling motion as previously 

discussed where the flame is behind the center body in Figure 4.6a and the measurement 

slices through a downstream portion of the flame in Figure 4.6b and Figure 4.6c. Only 



 
 

105 

Figure 4.6d corresponds to a time step when the flame tip is in the planar field-of-view. 

We confirmed all findings just discussed based on planar measurements with high-speed 

volumetric measurements to be discussed in the subsequent sections. Studying certain 

aspects of the three-dimensional flame-flow interaction during swirl flame flashback is 

therefore possible if some means to unambiguously interpret the planar data is available 

such as luminescence imaging from a perpendicular point-of-view in this case. True 

upstream propagation of the leading flame tip is found always to be associated with a 

region of negative axial velocity ahead of the flame tip for all conditions and all runs 

conducted as part of the present work. 
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Figure 4.6: Simultaneous chemiluminescence (top row) and velocity field measurement 
(bottom row) highlighting the difference between apparent and true upstream flame 
propagation and its correlation with a region of negative axial velocity. The planar flame 
front (red line) and axial velocity field is shown in a radial-axial slice corresponding to 
the green line in the luminescence images. The white line in (d) is an isoline of 0 m/s 
indicating the region of negative axial velocity. 

 

The region of negative axial velocity upstream of the leading flame tongue is 

found to exist not only immediately at the flame tip but also on its leading side 

corresponding to the fluid region the flame is propagating into as shown in Figure 4.7a. 

On the leading side of the flame tongue negative axial velocity is observed in the near 

vicinity of the flame front only. In contrast, the region of negative axial velocity reaches 
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far upstream in the vicinity of the flame tip as shown in Figure 4.7b. The negative axial 

velocity region is about 5 to 10 mm in extent based on observations from ten flashback 

events. This observation of the extent of negative axial velocity holds even for more 

turbulent conditions (twice the bulk flow velocity corresponding to Reh = 8,000).  

 
Figure 4.7: Velocity field and region of negative axial velocity (white line) in the vicinity 
of the leading flame front (red line) in a slice through the leading side of the flame tongue 
(a) and through the flame tip (b). 

 

As discussed in Section 4.3, the investigated H2/CH4-air flames (95% hydrogen 

by volume, ϕ = 0.4) are found to be more convoluted as a result of small-scale bulges, 

which form more frequently compared to the methane-air flames. However, focusing on 

the similarities in this chapter, the upstream flame propagation again occurs in the form 

of larger flame tongues. The velocity measurements show regions of negative axial 
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velocity upstream of the leading flame tongue, which compare well with the findings in 

methane-air flames. The observed axial extent of the negative axial velocity region 

appear to be smaller (about 5 mm), but a wider range of conditions would need to be 

tested before more general conclusions can be drawn. 

4.5.2 Three-dimensional velocity field in the vicinity of leading flame tongues 

The volumetric velocity field in the vicinity of flame tongues, which dominate 

boundary layer flashback in the investigated swirl flames, is shown in Figure 4.8. The 

axial velocity field is seen in a secant through the annulus, as shown in Figure 4.1, which 

is offset from the center body by about 0.8 mm. The blue colored region bounded by the 

white band shows a region of negative axial velocity. The color coding for the three-

dimensional streamlines follows Figure 4.5c indicating the y-distance from the center 

body. The chosen instant in time captures the tip of a larger flame tongue that is swirling 

with the bulk flow velocity in the counter-clockwise direction as it propagates in the 

negative axial direction, which corresponds to the flame motion found to lead flashback 

in the investigated swirl flames. The velocity field is fundamentally different compared to 

the velocity field upstream of small-scale bulges as presented in Figure 4.5. The region of 

negative axial velocity is merely the result of a rather large-scale deflection of 

streamlines as opposed to a localized reverse flow pocket, which is emphasized by the 

near-wall streamlines (green) deflected around the tip of the flame tongue without being 

reversed. The azimuthal velocity component remains large upstream of the flame tongue 
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in contrast to the reverse flow pockets which are the results of both negative axial and 

negative azimuthal velocity. Note that we define “reverse flow” as a region with fluid 

that flows counter to the dominant upstream flow direction.  In the case of a swirling 

flow, reverse flow propagates in the negative swirl direction. A moderate level of 

deflection of streamlines in the investigated swirl flow is sufficient to result in a region 

with a negative axial component, but without flow reversal. 

 
Figure 4.8: Three-dimensional velocity field associated with flame tongues (grey 
surface): (a) Axial velocity field in y = 0.8 mm plane and 3D streamlines.  (b) Velocity 
field in x = 0 plane. Shown here: CH4-air flame (ϕ = 0.8). 

 

The velocity field is shown in a perpendicular plane in Figure 4.8b, which 

corresponds to a radial-axial slice typically measured with a planar technique as 

presented previously in Figure 4.6 and Figure 4.7. The tangent vectors suggest flow 

recirculation, which has been interpreted as boundary layer separation in previous works 

[48]. However, neither flow recirculation nor boundary layer separation occurs upstream 

of the preheat zone in this case as the volumetric measurements reveal. Furthermore, the 
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location where the velocity vectors switch from a positive to a negative axial component 

at the upstream end of the negative axial velocity region is not a stagnation point but 

instead corresponds to purely swirling flow. 

The volumetric measurement readily provides the explanation for the difference 

in characteristic shape and axial extend of the negative axial velocity region between the 

leading side of the flame tongue and at the flame tip as observed previously in planar 

measurements shown in Figure 4.7. Instead of diverging to either side of the flame 

tongue, the flow is deflected downwards ahead of the flame tongue as well as alongside 

the leading side of the flame tongue, hence providing a region of negative axial velocity 

for the flame to propagate into. 

Fluid farther out in the radial direction is only moderately deflected in the axial 

direction as the streamlines colored in red indicate (Figure 4.8). A shear layer forms 

between the near-wall layer of fluid with a predominantly swirling motion and fluid away 

from the wall moving at a swirl angle closer to the nominal angle and hence with a 

significant axial component. The shear layer consists of negative azimuthal vorticity, 

which may also be measured with planar PIV in a radial-axial slice as shown in Figure 

4.9 and Video 3. The red line marks the location of the flame front. The grey vertical line 

along the left edge indicates the location of the center body wall. The shear layer is 

indicated by the dashed black line. Figure 4.9a corresponds to the time step shown in 

Figure 4.7a, at which the leading side of the flame tongue is in the field of view. Negative 

azimuthal vorticity is concentrated in the near vicinity of the flame front. The flame 
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continues to swirl into the measurement plane, which is associated with shear appearing 

farther upstream of the flame. Figure 4.9d corresponds to the instant in time shown in 

Figure 4.7b when the laser sheet cuts through the flame tip. At this time, a strong shear 

layer exists between the near-wall fluid with a negative axial velocity and fluid moving in 

the positive axial direction farther away from the wall.  

 
Figure 4.9: Azimuthal vorticity field in a radial-axial slice in the vicinity of a flame 
tongue (red line marks flame front) leading flashback. The black dashed line highlights a 
layer of vorticity moving coherently based on the movie sequence (see Video 3 in 
Appendix A). 

 

The production of negative azimuthal vorticity at the flame tip due to baroclinic 

torque, which results from the axial density gradient across the flame tip and the radial 

pressure gradient due to the swirl flow, has been proposed as a mechanism enhancing the 

flame speed along a vortex axis [45]. The concept of vorticity produced by baroclinic 

torque and inducing a negative axial velocity has subsequently been identified as a 

mechanism driving flashback in the core of swirl flows associated with combustors not 

featuring a center body in the mixing tube [41–43]. The measurements in the present 
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work suggest that in boundary layer flashback of swirl flames the observed negative 

azimuthal vorticity present in the immediate vicinity of the flame tip is part of a larger 

coherent shear layer, which reaches far upstream into the cold approach flow and hence is 

not dominated by vorticity production due to baroclinic torque. Hence, the data suggest 

that the observed azimuthal vorticity is not the cause but an effect of the upstream flame 

propagation. The observed concentration of elevated azimuthal vorticity may be the result 

of already existing boundary layer vorticity, which is being reoriented and transported 

away from the wall by the modified flow field in the vicinity of the leading flame tip. 

Additional vorticity may possibly be produced at the center body wall due to a pressure 

gradient induced by the presence of the flame tongue. 

4.5.3 Region of influence of the local blockage effect 

As described in the previous section and highlighted in Figure 4.8, flame tongues 

decelerate and deflect the approach flow. The effect flame tongues have on the approach 

flow may hence be described as a blockage effect due to the gas dilatation associated 

with the heat release. It is instructive to investigate where and how the velocity field is 

influenced at various points relative to a flame tongue. For that purpose time traces of 

axial velocity, azimuthal velocity and swirl angle (angle between the axial direction and 

the instantaneous, local streamwise flow direction) are evaluated at two points in space as 

shown in Figure 4.10. Both points are located at the same axial location as marked by a 

white cross in the sequence of chemiluminescence images shown in Figure 4.10a, which 
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provides the flame location in relation to the measurement points. The instantaneous 

velocity evolution (thin lines) are low-pass filtered (thick lines) to highlight trends due to 

the presence of the flame as opposed to turbulent fluctuations.  

 

 
Figure 4.10: Time traces of axial velocity (blue), azimuthal velocity (green) and swirl 
angle (red) at two radial locations (b) in the boundary layer close to the center body and 
(c) close to the mixing tube wall, respectively. Mean velocities are marked by horizontal 
dashed lines. The global flame position in relation to the measurement points (white 
cross, same axial location) is shown in (a) at nine instants in time. 

 

We first discuss the velocity evolution at the measurement point close to the 

center body wall (Figure 4.10b). As the flame tongue swirls through the laser plane the 

approach flow is decelerated starting at time t2 and subsequently recovers again starting 

around time t5 indicating that the presumed elevated pressure causing the flow deflection 

is limited to the portion of the annulus occupied by a flame tongue. Interestingly, the cusp 
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between the leading flame tongue and a secondary flame tongue is associated with the 

immediate spike in axial velocity at time t4. The flame tongue furthermore accelerates the 

azimuthal velocity on its leading side (time t2) and decelerates it on its trailing side (time 

t6). The same acceleration and deceleration is observed rather far downstream of the 

leading flame tip. At time t7, immediately before the flame front arrives, the azimuthal 

velocity is high. In contrast, the azimuthal velocity is low between the time the trailing 

side of the flame tongue passes through and t9. These observations suggest that the 

presumed region of elevated pressure is not limited to the immediate vicinity of the 

leading flame tip. The described velocity pattern leads to predominantly swirling motion 

of the near-wall fluid ahead of the flame tongue (swirl angle of about 90° between times 

t2 and t5) and a primarily axial fluid motion on the opposite side of the flame tongue. The 

low swirl and high axial velocity around times t6 and t9 indicates a reliving effect away 

from the flame tongue.  

The second measurement point is close to the mixing tube wall and outside the 

burnt gas for all times show in Figure 4.10c. The decrease in azimuthal velocity starting 

around times t5 and t8 indicate the blockage effect of the flame tongue affects the flow 

close to the center body wall but also the incoming swirl flow beyond the radial portion 

occupied by burnt gas. The steady increase in axial velocity relative to the mean velocity 

(dashed line) close to the outer wall as the flame tongue swirls upstream further indicates 

an additional relieving affect for the unburnt gas. It appears that the path of least 
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resistance for the flame to flashback is not to block the flow in the entire annulus or even 

transiently back-pressurize the entire flow, but only locally ahead of flame tongues.  

A recent study was able to measure a static pressure rise on the center body wall 

inside the burnt gas region of a flame tongue swirling past the measurement port [51]. 

The present velocity field measurements further suggest that this increase in pressure is 

not limited to a region close to the center body wall and in addition has a magnitude 

capable of causing a time-rate-of-change in momentum associated with the changes in the 

velocity field just discussed. 

4.6 Differences and similarities of propagation modes 

Evidence for the existence of two different modes of upstream flame propagation 

along a wall during swirl flame boundary layer flashback has been presented. We now 

want to summarize the important features associated with each mode of flame 

propagation and discuss similarities as well as differences. The first mode consists of 

large-scale flame tongues swirling in the bulk flow direction as they propagate in the 

negative axial direction along the center body wall as discussed in Section 4.5. and 

summarized in Figure 4.11a. This form of flame propagation is found to lead swirl-flame 

boundary-layer flashback under the conditions investigated in the present work.  The 

second mode consists of small-scale bulges aligned with the streamwise direction, which 

may counter-propagate into the approach flow as described in Section 4.4 and 

summarized in Figure 4.11b.  
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Figure 4.11: Schematics summarizing flame shape, flame propagation direction and 
important flow features associated with (a) flame tongues leading boundary layer 
flashback in swirl flows and (b) flame bulges counter-propagating into the approach flow 
on the trailing side of flame tongues. 

 

Boundary layer flashback in non-swirling channel flows has been found to be 

driven by small-scale bulges, which are correlated with the arrival of low-momentum 

streaks in the turbulent boundary layer [24,25]. Interestingly, we find that the formation 

of small-scale bulges in the investigated swirl flow is only observed on the trailing side of 

the larger flame tongues where the flame surface is oriented perpendicular to the 

streamwise flow direction and hence provides the same alignment as in a 2D flow. The 

formation on the trailing side is likely assisted by the overall deceleration of the flow in 

that region due to the flame tongue itself. The formation, counter-propagation, break-up 

and downstream convection of small-scale bulges leads to a net upstream propagation of 
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the flame brush in the negative streamwise direction in a channel flashback [24], which is 

not the case for the conditions investigated in the present work as described in Section 4.3 

and Section 4.5. In contrast, the large flame tongues leading flashback in the investigated 

model swirl combustor do not depend on the arrival of low-momentum fluid, which leads 

to a continuous, rather than intermittent, upstream propagation of the leading flame tip.  

The bulges may nonetheless contribute to flashback by additionally modifying the 

approach flow in the vicinity of the flame tip at occasions when they are formed at the tip 

of the flame tongue. Furthermore, they may modify the rate at which reactants are 

consumed by the flame tongue by increasing the flame surface area. Whether the 

consumption rate and hence the rate at which low density burnt gas is generated 

(generation of volume) is a dominant effect for the flashback mechanism requires further 

investigations, however.  

Both modes of flame propagation are coupled with the velocity field through the 

pressure field. Both propagation modes lead to a region of negative axial velocity ahead 

of the leading flame tip and hence enable flashback by strongly modifying the approach 

flow. However, the region of negative axial velocity is the result of a different underlying 

velocity field. In the case of flame tongues, the approach flow is deflected in the negative 

axial direction as indicated by the streamlines in Figure 4.11a such that a predominantly 

swirling fluid motion with a small negative axial component exists upstream of the flame 

tip. No stagnation point exists upstream of the preheat zone in this case. As discussed in 

Section 4.5.3, the velocity field is modified far upstream and downstream of the leading 
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flame tip as well as beyond the burnt gas region in the radial direction, which suggests 

that a large portion of the burnt gas is associated with elevated pressure as indicated by 

the grey area in Figure 4.11a. In contrast, the region of negative axial velocity upstream 

of small-scale bulges is the result of flow reversal in a small pocket ahead of the convex 

shaped flame tip with a stagnation point at its upstream end as sketched in Figure 4.11b. 

The DNS has shown that the elevated pressure is restricted to the immediate vicinity of 

the tip of convex bulges and subsequently decreases in the burnt gas [25], which is 

indicated by the grey spot in Figure 4.11b. 

The newly found velocity field associated with flame tongues causing the 

observed flame propagation during swirl-flame flashback is summarized in more detail 

based on two locations along the flame front, positions 1 and 2, in Figure 4.11a. The 

azimuthal velocity is decreased on the trailing side of the flame tongue corresponding to a 

decrease in azimuthal momentum of the approach flow as indicated by the red arrow at 

position 1. In contrast, the azimuthal velocity is increased towards the leading side 

(position 2) suggesting the flame tongue is pushing the flow ahead of itself. The red 

arrows are drawn to scale based on the velocity field measurement. The axial velocity 

along the leading side is found to be negative or at least significantly decelerated even far 

downstream of the flame tip. The displacement speed associated with the flame front is 

indicated by blue arrows assuming a flame speed of 0.7 m/s. The vector sum of local flow 

velocity and flame speed is indicated by the green arrows providing the propagation 

direction and speed of a local flame front element. The discrepancy in the azimuthal 
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flame front propagation velocity between position 1 and 2 leads to the characteristic 

spreading of the flame tongue in the azimuthal direction with downstream distance. The 

positive axial component on the trailing side indicates that flame front elements are 

convected downstream in agreement with the high-speed chemiluminescence movies 

discussed in Section 4.3, which show structures along this side of the flame tongue being 

convected downstream by the flow. In contrast, the leading side of the flame tongue 

continuously propagates into a region of negative axial velocity that it created by pushing 

the flow ahead of itself. 

4.7 Summary 

The qualitative upstream flame propagation and the approach flow velocity field, 

which is strongly modified by the propagating flame, have been studied in detail in this 

chapter.  It was found that small-scale bulges, similar to those that facilitate flashback in 

non-swirling channel flows, exist in boundary layer flashback in the current swirl flow. 

The formation and break-up process described by Eichler et al. [24] together with their 

finding of reverse flow pockets as well as the agreement of the measured three-

dimensional velocity field with the DNS results by Gruber et al. [25] provide evidence 

that indeed the flame bulges observed in the present swirl flow result from the same 

mechanism. However, the findings further show that the formation, upstream 

propagation, break-up and downstream convection of these bulges on the trailing side of 

larger flame tongues do not lead to a net upstream flame propagation of the flame.  
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Instead, flashback is led by larger-scale flame tongues swirling with the bulk flow 

in the azimuthal direction as they propagate in the negative axial direction along the 

center body wall. The time-resolved planar three-component and volumetric velocity 

field measurements revealed that these large-scale flame tongues modify the approach 

flow differently. A deflection of streamlines ahead and around the flame tip causes a 

predominantly swirling motion including a region of negative axial velocity for the 

leading side of the flame tongue to propagate into. This region of negative axial velocity 

does not correspond to boundary layer separation or a recirculation bubble, and does not 

feature a stagnation point upstream of the preheat zone, as has been shown in channel-

flow flashback [24,25].   

The formation of the observed flame tongues affects the flow on a larger scale 

compared to the small-scale bulges. This observation suggests that the presumed elevated 

pressure region causing the streamline deflection extends well into the burnt gas. Recent 

measurement of the wall pressure inside the burnt gas support this finding [51]. However, 

the region of negative axial velocity, which facilitates the upstream propagation, is still 

local as it only occupies the portion of the annulus in the vicinity of the flame tongue.  

The investigated ultra-lean high-hydrogen content flames differ from the methane 

flames as they are significantly more convoluted. Despite a matched laminar flame speed, 

small-scale bulges form and resist the approach flow more frequently. Yet during 

flashback events these investigated hydrogen flames are found to still form larger 
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tongues, which propagate upstream in a swirling motion with the smaller bulges being a 

superimposed perturbation. 
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Chapter 5: Mechanism Facilitating Swirl Flame Boundary Layer 
Flashback 

This chapter analyzes the flow-flame interaction including the burnt gas velocity 

field to provide insight into the mechanism facilitating swirl flame boundary layer 

flashback. Velocity measurements in the burnt gas are enabled by using ceramic particles 

(rather than olive oil droplets), which do not evaporate as they encounter the flame. 

Flashback of hydrogen-methane-air flames is studied for a range of conditions in two 

fields-of-view as described in Section 5.1. The onset of flashback is analyzed in Section 

5.2 followed by a detailed discussion of the burnt gas flow field in Section 5.3. 

Conclusions with regards to the mechanism causing flashback in the investigated swirl 

flames are drawn in Section 5.4. 

5.1 Diagnostic setup and experimental conditions 

High-speed stereoscopic PIV and planar flame front detection based on solid 

seeding particles provided the dataset analyzed in this chapter. The flame luminescence 

was imaged simultaneously. The experimental techniques are described in Sections 2.2 

and 2.3. The velocity field and flame propagation was investigated in a radial-axial plane 

in the two fields-of-view shown in Figure 2.3.  

Flashback of hydrogen-methane-air flames was studied at atmospheric pressure 

with an inlet air temperature of about 293 K. The sustained upstream flame propagation 

was investigated for a wide range of hydrogen contents and equivalence ratios. The 
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parameter space covered is marked by red dots in Figure 5.1.  The hydrogen content was 

varied from 0% to 75% in 25% increments. Increasing the hydrogen content led to a 

decrease in equivalence ratio when flashback occurred. The grey dashed curve indicates 

the flashback limit at a bulk flow velocity of 5.0 m/s. Equivalence ratios close to the 

flashback limit were investigated for each hydrogen percentage as well as equivalence 

ratios significantly above the flashback limit. The relative size of each red dot shows the 

relative magnitude of the unstretched laminar flame speeds 𝑠𝑠𝐿𝐿0, which were computed 

with Cantera using the GRIMech 3.0 chemical mechanism. The numerical values are 

listed in Appendix B. The convex-shaped flame tongues leading flashback are subject to 

significant stretch effects. The stretched laminar flame speeds are hence expected to be 

significantly higher for the ultra-lean high-hydrogen content flames owing to thermo-

diffusive effects [5]. The colored contours show the adiabatic flame temperatures and 

unburnt-to-burnt gas density ratio, respectively. The density ratios are listed in Appendix 

B and range from 4.4 to 7.6.   
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Figure 5.1: Conditions at which flashback was investigated (shown as red dots). The 
relative dot sizes represent the computed laminar flame speed for the corresponding 
conditions. The color maps show the adiabatic flame temperature (a) and density ratio 
between unburnt and burnt gas (b). The grey dashed line indicates the flashback limit for 
ubulk = 5.0 m/s. 

 

Most of the experiments were conducted using a total flow rate of 500 slpm, 

which corresponded to a bulk flow velocity of 5.0 m/s and a cold-flow Reynolds number 

of about Reh = 8,000 based on the streamwise centerline velocity and the annular gap 

width h. The maximum flow rate was limited by the diagnostic hardware and the 

objective to temporally resolve the upstream flame propagation. Flashbacks of a 

stoichiometric methane-air flame and a hydrogen-methane-air flame with 75% hydrogen 

and a equivalence ratio of 0.4 were also investigated for a flow rate of 250 slpm 

corresponding to 2.5 m/s bulk flow velocity and Reh = 4,000. The detailed flow 

conditions are listed in Table 5.1. The relevant mean velocity 〈𝑢𝑢𝑠𝑠𝑡𝑡〉 and fluctuation 

velocity 𝑢𝑢𝑠𝑠𝑡𝑡′  for the investigated swirl flow are in the dominant streamwise direction. The 
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listed values are evaluated on the centerline of the mixing tube annulus. The turbulent 

integral time scale τ was computed based on the temporal auto-correlation function. The 

integral length scale L was computed from the integral time scale and the mean velocity.  

 

Bulk flow Reh 〈𝑢𝑢𝑠𝑠𝑡𝑡〉 𝑢𝑢𝑠𝑠𝑡𝑡′  τ L 

5.0 m/s 8,000 9.3 m/s 0.87 m/s 0.20 ms 1.9 mm 
2.5 m/s 4,000 4.5 m/s 0.41 m/s 0.51 ms 2.3 mm 

Table 5.1: Turbulent flow characteristics. All quantities are based on the velocity in the 
dominant (streamwise) direction evaluated on the center line. 

 

In total, the findings and conclusions in the following sections are based on 

detailed measurements of 60 flashbacks (12 conditions with 5 recorded flashbacks for 

each condition) in the field-of-view “middle” (Figure 2.3) and an additional three 

flashbacks in the field-of-view “exit”. Any observations presented here are common to all 

flashback events tested at the same condition.  

5.2 Onset of flashback 

The flow field is first analyzed in the field-of-view at the mixing tube exit (Figure 

2.3). The onset of flashback is possibly more geometry dependent and hence less 

universal than the upstream flame propagation analyzed in the subsequent sections. 

Nonetheless, understanding the onset in the current configuration subsequently simplifies 

identifying cause and effect in the mechanism facilitating flashback.  
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5.2.1 Non-reacting velocity field at mixing tube exit 

The non-reacting axial velocity field for a bulk velocity of 5.0 m/s is shown at two 

instants in time in Figure 5.2. The center body wall is on the left. The center body ends 

flush with the mixing tube exit at z = 0 mm. The mixing tube wall is on the right. Every 

second vector is plotted. The non-reacting flow field near the mixing tube exit is 

characterized by an alternate occurrence of high and low axial velocity as shown in 

Figure 5.2a and Figure 5.2b, respectively. Instants with a reduced axial velocity even 

feature a region of negative axial velocity along the mixing tube wall reaching rather far 

upstream as indicated by the solid white line. Note again that the entire flow is non-

reacting.  

The corresponding time traces of the axial (blue) and azimuthal (red) velocity 

component are shown in Figure 5.3 for a location in the boundary layer (r = 0.96 mm) 

close to the dump plane (z = -3.1 mm). A large-amplitude, periodic fluctuation in the 

velocity field is observed. At this particular location, the axial velocity fluctuates between 

about -2 m/s and +7 m/s. The azimuthal velocity fluctuates between about +1 m/s and 

+7 m/s. 
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(a) 

 
(b) 

Figure 5.2: Non-reacting velocity field at mixing tube exit at two instants in time. Dump 
plane is at z = 0 mm. White solid line in (b) corresponds to 0 m/s axial velocity.  

 

 
Figure 5.3: Time traces of axial and azimuthal velocity near the center body wall close to 
the mixing tube exit in the non-reacting case (r = 0.96 mm, z = -3.10 mm).  
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Computing the power spectral density (PSD) revealed a dominant frequency of 

55.7 Hz in all velocity components. The velocity time traces were windowed 

appropriately (Hanning window) before computing the PSD via a digital Fast Fourier 

Transform. Proper amplitude scaling of the spectra was ensured applying Parseval’s 

Theorem. As an example, the spectra for the azimuthal velocity are plotted on a semi-log 

scale at three radial locations and two axial locations in Figure 5.4. The periodic 

modulation of the velocity field is most dominant near the center body wall close to the 

sudden expansion. The relative energy in the dominant frequency decreases with 

increasing radial distance. The modulation is still present at the bottom edge of the field-

of-view rather far upstream inside the mixing tube (z = -31.9 mm), though with a 

decreasing amplitude with increasing distance from the dump plane. The same holds for 

the axial velocity component. By the “middle” field-of-view, this frequency spike is not 

observed. 

The periodic modulation of the velocity field at the mixing tube exit may be 

attributed to a hydrodynamic instability inside the combustion chamber termed the 

precessing vortex core (PVC) [144]. Isothermal swirl flows above a critical swirl number 

of 𝑆𝑆 ~ 0.6 experience vortex break-down when they undergo a sudden expansion such as 

in the swirl burner used in the present study [27,28].  Despite extensive research, vortex-

breakdown is not yet fully understood. Vortex-breakdown is typically associated with a 

flow-recirculation bubble; however, the generally accepted least common feature among 

vortex-breakdowns appears to be a stagnation point on or near the axis [30].  A PVC 



 
 

129 

occurs if a helical hydrodynamic global instability transitions the vortex-breakdown from 

being axisymmetric to featuring a stagnation-point that is off-axis and precesses with a 

frequency that scales with the characteristic azimuthal velocity and the nozzle diameter 

[145]. The frequency associated with the velocity field oscillation was found to change 

linearly with bulk flow velocity in this work, which is a characteristic feature of the PVC 

instability [144][146]. 

Cross-correlating the azimuthal and axial velocity trace shown in Figure 5.3 

yields a phase lag of 5.5 ms with the axial velocity component leading the azimuthal 

component. The phase lag may be explained by the position of the local, precessing 

stagnation zone (elevated-pressure zone) with respect to the observed fluid region in the 

field-of-view at a particular instant in time. The pressure gradient associated with the 

elevated-pressure zone decreases the momentum upstream. At times when the elevated-

pressure zone is immediately above the field-of-view, the axial momentum and hence the 

axial velocity is predominantly decreased. In contrast, the pressure gradient acts 

predominantly against the azimuthal momentum when the elevated-pressure zone has 

precessed some angle relative to the field-of-view.    
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Figure 5.4: Single-sided power spectral density of the azimuthal velocity component in a 
non-reacting case at three radial (columns) and two axial (rows) locations. The dominant 
peak is at a frequency of 55.7 Hz. 

5.2.2 Flame dynamics close to flashback 

Stable flames in the investigated swirl combustor were stabilized about 5-10 mm 

downstream of the center body tip. When approaching the flashback limit, the flame 

shifted upstream and stabilized on the center body rim. In this intermediate state between 

a stable flame and flashback, which was also observed in a similar swirl burner [47], the 

flame was found to already penetrate into the mixing tube along the center body wall 

without initiating a sustained flashback. In some cases, flame tongues were found to 

form, propagate upstream a short distance (~ 5 mm) and swirl around the center body 
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before being washed downstream again. As an example, a chemiluminescence image 

sequence is shown in Figure 5.5 for a methane-air flame at a bulk flow velocity of 

2.5 m/s.  

 
Figure 5.5: Luminosity time-sequence of a condition close to flashback, but without 
flashback. Flame tongues begin to penetrate upstream into the mixing tube without 
initiating a sustained flashback. Horizontal grey bar indicates plate separating mixing 
tube from combustion chamber. Vertical lines outline center body (grey) and mixing tube 
wall (blue).  

 

The velocity field for such an intermediate state with a methane-air flame 

(ϕ = 0.85) stabilized on the center body rim is analyzed next for the 5.0 m/s bulk velocity 

case. The non-reacting flow field for the same bulk flow velocity was discussed 

previously in Section 5.2.1. The spectra are computed for the reacting case at the same 

spatial locations and shown in Figure 5.6. The oscillation in the velocity field, which was 

attributed to a PVC, is completely eliminated. The absence of any dominating frequency 

suggests that the PVC has been suppressed entirely by the flame, which is in agreement 

with previous works showing that a PVC existing in the isothermal case may be 
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suppressed in the reacting case [144,145,147]. As a result, periodically occurring regions 

of negative axial and reduced azimuthal velocity due to a PVC do not exist anymore.  

 
Figure 5.6: Single-sided power spectral density of the azimuthal velocity in the reacting 
case at the onset of flashback in analogy to the non-reacting flow spectra in Figure 5.4.  

 

The axial and azimuthal velocity fields are shown in Figure 5.7 at one instant in 

time. The solid black line marks the flame front. The flame is found to intermittently 

creep upstream into the mixing tube along the center body wall at equivalence ratios 

below the flashback limit. Despite the absence of a PVC, the flow near the center body 

wall upstream of the dump plane is characterized by a predominantly swirling motion 

with a mean axial velocity of about 0 m/s and a positive azimuthal velocity as shown in 

Figure 5.8 before the onset of flashback (t < 200 ms). Turbulent fluctuations around the 
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mean then lead to intermittently occurring regions of negative axial velocity, which is 

shown in Figure 5.7a (solid white line).  

 
(a) 

 
(b) 

Figure 5.7: Velocity fields at the onset of flashback: (a) Axial and (b) azimuthal velocity 
field at the mixing tube exit at conditions close to flashback. Black line: flame front. 
White line: 0 m/s isoline.  
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Figure 5.8: Axial and azimuthal velocity time traces at the onset of flashback and near the 
mixing tube dump plane (r = 0.96 mm, z = -3.10 mm). 

 

In summary, the flame is observed to intermittently penetrate into the mixing tube 

prior to flashback. Experimental evidence is found that regions of negative axial velocity 

corresponding to a predominantly swirling flow exist along the center body wall close to 

the mixing tube exit even before flashback occurs. These regions appear to either be an 

upstream effect of a PVC or caused by the flame being stabilized at the center body rim. 

The latter holds when the PVC is suppressed in the reacting flow as is the case for the 

swirl burner and conditions investigated in this work. A similar observation of, in this 

case, reverse flow prior to flashback was made based on a 2D RANS simulation 

investigating the onset of boundary layer flashback in a non-swirling flow [24]. It was 

argued that flashback occurs once the convex shaped flame bulges induce a reverse flow 

reaching above some quenching distance. To test whether the hypothesis holds for swirl 

flame boundary layer flashback in the current configuration, the radial spread of the 
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negative axial velocity region prior to flashback is evaluated. The histogram shown in 

Figure 5.9 aggregates the maximum radial spread for each of the 1800 time steps 

recorded before flashback occurred. The mean and median thickness of the layer 

characterized by a negative axial velocity is 1.4 mm. In comparison, the quenching 

distance for this lean methane-air mixture (ϕ = 0.85) is below 1 mm [148–150]. It may 

therefore be concluded that for the investigated swirl flames the region of negative axial 

velocity, at least intermittently, already reaches beyond the quenching distance prior to 

flashback. The onset of flashback is seen in the velocity traces in Figure 5.8 at 

t = 200 ms, which leads to a sustained upstream flame propagation investigated in the 

following section.  

 

Figure 5.9: Histogram aggregating the maximum radial spread of the negative axial 
velocity region for 1800 time steps recorded prior to flashback of a methane-air flame. 
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5.3 Burnt gas velocity field associated with flashback 

We now turn from the onset of flashback to analyzing the velocity field associated 

with the sustained upstream flame propagation in the field-of-view “middle” (Figure 2.3). 

In contrast to Chapter 4, the focus is now on the burnt gas velocity field as it provides 

valuable insight in the mechanism driving flashback. A methane-air flashback (ϕ = 1.0) 

for the higher bulk flow velocity of 5.0 m/s is investigated first.  

The velocity field is shown in Figure 5.10 for an instant in time when the leading 

side of the flame tongue is in the field-of-view, which is known based on the 

simultaneously recorded chemiluminescence (Figure 5.10a). As shown in Sections 4.5 

and 4.6 based on 2.5 m/s bulk flow velocity cases, the flow field upstream of the leading 

flame tongue is characterized by a predominantly swirling motion (small uz, small ur and 

large uθ) with a small negative axial velocity component. The negative axial velocity 

region is still observed at twice the bulk flow velocity as seen in Figure 5.10b, again 

indicated by the white solid line corresponding to an isoline of 0 m/s. Furthermore, the 

burnt gas velocity field measurements reveal that the regions of negative axial velocity 

reach well within the burnt gas. On average, 35% of the area characterized by a negative 

axial velocity component is within the burnt gas (based on all time steps of all 5 methane-

air flashback events recorded under identical conditions). The axial velocity then 

gradually increases with downstream distance from the leading flame tip.  
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The azimuthal velocity is reduced in the burnt gas as seen in Figure 5.10c, which 

has important implications for the mechanism driving flashback. The azimuthal velocity 

field is discussed in detail below (Section 5.3.3). 

The radial velocity is generally found to correlate well with the flame front 

location in a sense that the radial velocity tends to be positive on the unburnt side and is 

shifted to negative velocities on the burnt side of the flame front (Figure 5.10d). The 

radial velocity field is discussed in more detail below (Section 5.3.2).  

The velocity magnitude decreases significantly in the vicinity of the leading flame 

tip as seen in Figure 5.10e, which indicates a loss in momentum. The velocity magnitude 

is particularly low on the burnt gas side of the leading flame tip despite the heat release, 

which is in contrast to an ideal planar flame front, where the static pressure drops across 

the flame and the heat release leads to an increase in momentum of the burnt gas. The 

conditions leading to this low-momentum region in the burnt gas will be discussed 

further in Section 5.3.2    

The azimuthal vorticity field is shown in Figure 5.10f. A number of vortical 

structures with sizes on the order of the integral scale and smaller are seen in the unburnt 

gas. Such structures of comparable magnitude are not found in the burnt gas, which is 

expected due to significantly higher viscosity. The region near the center body wall 

upstream and along the leading flame tip is again dominated by negative azimuthal 

vorticity, which has been discussed previously in Section 4.5.2. Strong azimuthal 
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(boundary layer) vorticity is found in the burnt gas, which is attributed to the acceleration 

of the burnt gas in the axial direction seen in Figure 5.10b.  

Gas expansion leads to non-zero dilatation at a premixed flame front. With planar 

PIV, only the in-plane gradients are available. Nonetheless, a significant level of non-

zero in-plane dilatation is generally found to correlate well with the flame front location 

as shown in Figure 5.10g. 
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Figure 5.10: CH4-air flashback at ϕ = 1.0. (a) Luminescence image providing the flame 
tongue location in relation to the laser sheet, (b) axial velocity, (c) azimuthal velocity, (d) 
radial velocity, (e) velocity magnitude, (f) azimuthal vorticity and (g) in-plane dilatation. 
Black line: flame front. White line: 0 m/s isoline. 
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5.3.2 Radial velocity field and flame spread 

The radial velocity field, which was found to be positive on the unburnt side of 

the flame and negative on the burnt side in regions where the flame front is aligned 

perpendicular to the radial direction as shown in Figure 5.10d, is investigated further. The 

corresponding PDFs evaluating the radial velocity component for all time steps along the 

flame front are shown in Figure 5.11. The PDFs are conditioned on the unburnt and burnt 

gas side, respectively. Only vectors within 1 mm of the flame front location to either side 

are included in the PDFs. Also included is the PDF of radial velocities in the non-reacting 

case, which were sampled from the same locations as for the reacting case. The PDFs 

confirm that the shift towards negative radial velocities on the burnt side and to positive 

radial velocities on the unburnt side seen at one instant in time in Figure 5.10d generally 

holds. This observation on the radial velocity field may be compared to two limiting 

cases (with regards to the burnt gas velocity) of premixed flame propagation. The flame 

front is treated as a discontinuity in the following discussion where the role of turbulence 

is limited to slightly wrinkling the flame and moderately increasing the flame speed 

(flamelet regime). 
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Figure 5.11: PDFs of radial velocity magnitudes evaluated along the flame front. The 
PDFs are conditioned on the region within 1 mm of the flame front location to the 
unburnt and burnt gas side. For comparison, the PDF of radial velocities in the non-
reacting case is evaluated at the same location as for the reacting case. 

 

The first limiting case is an ideal planar flame propagating into quiescent 

reactants (e.g., in a channel) as shown in Figure 5.12. The flame front propagates to the 

left into the unburnt gas. Gas dilatation leads to a local pressure build-up acting in all 

directions, which corresponds to a blockage effect (Rayleigh flow). In the case of this 

planar flame, there is no constraint on the burnt gas moving to the right. The products can 

expand freely and accelerate normal to the flame front in the direction opposite to the 

flame propagation direction. Since the burnt gas is much lighter than the unburnt gas 

(density ratio of about 7.5 for stoichiometric CH4-air flame), dilatation primarily 

accelerates the burnt gas whereas the effect on the heavy unburnt gas is negligible. To a 

good approximation, the flame is passively propagating into the reactants without 
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inducing motion in the unburnt gas. The magnitude of the lab-frame propagation velocity 

(green arrow) equals the flame speed with respect to the unburnt gas, �𝒗𝒗𝑓𝑓� = 𝑠𝑠𝑢𝑢. 

The opposite limiting case is the propagation of a spherically expanding flame 

into an initially quiescent unburnt gas, which is frequently utilized to measure laminar 

flame speeds [88,151]. In contrast to the planar flame, the burnt gas remains quiescent in 

the lab-frame, which is effectively a result of a constraint imposed by geometry: Any net 

burnt gas velocity induced by a flame front element is counteracted by the flame front on 

the opposite side of the spherical flame surface. Dilatation hence has no other chance 

than accelerating the unburnt gas ahead of the flame front and so the flame front 

propagates with a lab-frame velocity that matches the flame speed based on the burnt gas, 

�𝒗𝒗𝑓𝑓� = 𝑠𝑠𝑏𝑏 = 𝜌𝜌𝑢𝑢𝜌𝜌𝑏𝑏−1 ∙ 𝑠𝑠𝑢𝑢. The constraint on the burnt gas velocity together with the jump 

condition in density (mass conservation) across the flame front causes the flame to induce 

a radial velocity ahead of itself in the originally quiescent unburnt gas.  

In summary, two flames having the same flame speed s propagate at significantly 

different lab-frame propagation velocities due to the different constraints on the burnt 

gas. The spherically expanding flame propagates faster by a factor equal to the density 

ratio 𝜌𝜌𝑢𝑢 𝜌𝜌𝑏𝑏⁄ , which is about 7.5 for the investigated, stoichiometric methane-air flame. 
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Figure 5.12: Comparison of two limiting cases of premixed flame propagation with 
respect to the burnt gas velocity field. (a) Ideal planar flame propagating in a channel. (b) 
Spherically expanding flame. Symbols: Lab-frame flame propagation velocity 𝒗𝒗𝑓𝑓 (green); 
flame speed with respect to the unburnt (𝑠𝑠𝑢𝑢, dark blue) and burnt gas (𝑠𝑠𝑏𝑏, light blue); 
flow velocity with respect to the unburnt (𝒗𝒗𝑢𝑢, red) and burnt gas (𝒗𝒗𝑏𝑏, orange). 

 

The PDFs in Figure 5.11 suggest the radial flame spread of the investigated CH4-

air flames lie between the two limiting cases. The portion of the flame surface 

characterized by a surface normal vector pointing in the radial direction (vertical flame 

front) does not passively propagate outwards but pushes the flow ahead of itself by 

inducing a positive radial velocity component. At the same time, regions exist where the 

burnt gas has a net negative radial velocity in the lab-frame-of-reference. The constraint 

on the radial burnt gas velocity in the investigated swirl flames is the center body wall, 

since the near-wall flow has to be tangent to the wall (0 m/s radial velocity). The gas 

dilatation combined with the constraint of the center body wall on the burnt gas hence 

acts as a blockage on the approach flow causing the unburnt gas to accelerate axially in 
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the annular gap between flame front and mixing tube wall similar to the findings of 

boundary layer flashback in a (non-swirling) channel flow [26]. The acceleration of the 

unburnt gas was discussed in Section 4.5.3. In contrast to channel flashback, the flow also 

accelerates in the axial direction on the opposite side of the center body, which is possible 

owing to the shape of the flame tongues (they only occupy a portion of the annulus in the 

azimuthal direction).  

Nominally, a positive radial pressure gradient forms, which is responsible for the 

centripetal acceleration in the investigated swirl flow. Pushing the unburnt gas ahead of 

the flame front in the positive radial direction and turning the burnt gas tangent to the 

wall may both be achieved by a reduced radial pressure gradient. A modified radial 

pressure distribution may potentially contribute to the formation of an adverse axial 

pressure gradient as discussed in Section 5.3.4. 

5.3.3 Azimuthal velocity field and blockage effect 

The deceleration of the burnt gas velocity in the azimuthal direction is discussed 

in more detail in this section since the findings have important implications for the 

mechanism driving flashback. A methane-air flashback at 5.0 m/s bulk flow velocity is 

again taken as an example. It is particularly instructive to visualize the velocity in an 

azimuthal-axial plane as opposed to the radial-axial plane (corresponding to the laser 

sheet) in which the planar data has been presented before. Since imaging in an azimuthal-
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axial plane would require a curved laser sheet wrapped around the center body, a pseudo 

azimuthal-axial surface is visualized by taking advantage of the time-resolved data.  

The velocity field is sampled along a vertical line – i.e., at a fixed radial location 

and for all axial locations – over time to construct the vector plots shown in Figure 5.14. 

The horizontal axis is the time axis. Note that time increases from right to left. The 

vertical axis corresponds to the axial direction. Figure 5.14(a), (b), (c) and (d) present 

vector fields at progressively larger radial locations (i.e. r = 0.47 mm, 0.91 mm, 1.35 mm 

and 2.01 mm, respectively). These vector fields are analogues to different diameter 

annular shells on which the velocity measurements are made. Figure 5.13 further 

illustrates how Figure 5.14 is constructed. The luminescence images in Figure 5.13a 

show the global flame propagation and position of the leading flame tongue at four 

instants in time. The time in milliseconds corresponds to the time scale of the time axis in 

Figure 5.14. Each vector column in Figure 5.14 corresponds to a vector column sampled 

at a fixed radial position at one instant in time. The radial positions where the vector 

columns are sampled are illustrated in the radial-axial contour plots in Figure 5.13b and c. 

The inverse time axis in Figure 5.14 may be interpreted as the azimuthal direction in a 

Taylor’s hypothesis sense; however, Taylor’s hypothesis does not hold in this case due to 

the transient nature of the flow and the presence of the propagating flame. Gradients may 

hence not be computed along the time axis. Nonetheless, constructing the velocity field in 

this way is particular instructive since the plotted vectors are composed of the azimuthal 

and axial component. Changes in swirl are hence readily visualized.  
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Figure 5.13: Graphic illustrating the axial distance versus time vector space shown in 
Figure 5.14. (a) Global flame position relative to laser sheet at four instants in time. The 
vector field in Figure 5.14 is constructed by sampling the velocity vectors over time at 
four fixed radial positions. The radial positions are marked by dashed lines in the axial 
(b) and azimuthal (b) velocity field.  

 

The grey background in Figure 5.14 marks the burnt gas region. The obtained 

shape of the burnt gas region approximates the shape of the flame tongue swirling 

through the field-of-view. The global flame propagation direction of the leading side of 

the flame tongue is indicated by the blue arrow. Before discussing the burnt gas velocity 
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field, note how the velocity field on the unburnt side in Figure 5.14b agrees with the 

schematic in Figure 4.11, which summarizes the findings based on the measurements 

presented in Section 4.5.  

A large portion of the burnt gas velocity field is found to be characterized by a 

predominantly axial flow direction at a radial distance from the wall that is on the order 

of the quenching distance (r = 0.91 mm, Figure 5.14b). The azimuthal velocity 

component is essentially decelerated to zero in the center of the burnt gas region enclosed 

by the convex-shaped flame tongue. Close to the wall (r = 0.47 mm), where the azimuthal 

velocity in the non-reacting case is lower, the flow is even turned in the negative 

azimuthal direction in some regions as shown in Figure 5.14a. These regions are marked 

by the white isoline of 0 m/s in Figure 5.13c. At larger radial distances the azimuthal 

velocity is still decelerated as shown at r = 1.35 mm (Figure 5.14c) and r = 2.01 mm 

(Figure 5.14c). However, the final decelerated azimuthal velocity component increases 

with radial distance, which may be expected because the azimuthal momentum flux of 

the approach flow increases with radial distance across the boundary layer. 
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Figure 5.14 
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Figure 5.14: Velocity field in time-z-space at radial locations (a) r = 0.47 mm, (b) 
r = 0.91 mm, (c) r = 1.35 mm, (d) r = 2.01 mm. CH4-air flashback, ϕ = 1.0. 
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Let us now investigate the cause for the deceleration of the azimuthal velocity and 

the turning of the burnt gas flow toward the axial direction. For that purpose, it is 

instructive to compare the characteristic shape of a flame tongue and the associated flow 

field to the two limiting cases of the ideal planar and spherically expanding flame 

introduced in Section 5.3.2. It was shown that for the spherically expanding flame the 

dilatation accelerates the unburnt gas ahead of the flame front due to the geometrical 

constraint (the burnt gas velocity had to be stagnant). A similar effect appears to be 

responsible for the deceleration of the unburnt gas ahead of the flame tongues and hence 

contribute to the occurrence of flashback.  

First, consider flame front elements on the leading side and trailing side of a 

flame tongue, as shown in Figure 5.15. Let us assume for now that these leading and 

trailing side flame fronts develop independently; i.e., there is no constraint on the burnt 

gas velocity field and hence the flame front elements propagate like ideal planar flames.  

The velocity vector in the unburnt gas (red arrow) is based on the measured mean 

non-reacting velocity field at r ≈ 1.0 mm (𝑣𝑣𝑧𝑧𝑢𝑢 = 2.2 m/s, 𝑣𝑣𝜃𝜃𝑢𝑢 = 4.0 m/s). All subsequent 

velocity vectors in Figure 5.15 are drawn to scale relative to the unburnt velocity field. 

The flame front elements propagate normal to themselves with a local turbulent 

displacement speed 𝑠𝑠𝑇𝑇𝑢𝑢 relative to the local unburnt velocity 𝑣𝑣𝑢𝑢. The estimated flame 

displacement speed for the stoichiometric CH4-air flame is 0.7 m/s as discussed in 

Appendix C. The local flow velocity, the flame speed and the lab-frame flame 

propagation velocity are related according to  
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 𝑠𝑠𝑇𝑇𝑢𝑢 = �𝒗𝒗𝑢𝑢 − 𝒗𝒗𝑓𝑓� ∙ 𝒏𝒏, (5.1) 

where n is the flame-normal vector, which is defined positive pointing from the unburnt 

to the burnt gases [152]. The flame speed is the difference between the flame-normal 

component of the velocity vector and the lab-frame flame propagation vector. Solving 

Eq. (5.1) for 𝒗𝒗𝑓𝑓, the lab-frame propagation velocity is computed (green vector), which 

points in the positive azimuthal and positive axial direction. Clearly, in the absence of 

any dilatation induced blockage effect on the approach flow, the flame front element on 

the trailing and leading side both propagate downstream (i.e., no flashback) because the 

nominal approach flow velocity significantly exceeds the flame speed about one 

quenching distance away from the wall. 

 

Figure 5.15: Schematic diagram showing the hypothetical unburnt and burnt gas velocity 
field without any dilatation induced blockage on the approach flow. Red: Velocity field 
in unburnt gas at r ≈ 1.0 mm. Orange: Burnt gas velocity field. Green: Lab-frame flame 
propagation velocity. Assumed density ratio: 7.5. 
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The jump conditions in the limit of a thin flame are now applied to construct the 

hypothetical burnt gas velocity field. Mass conservation in a control volume 

encompassing the flame front then dictates that  

 𝑠𝑠𝑇𝑇𝑏𝑏 = 𝑠𝑠𝑇𝑇𝑢𝑢 ∙
𝜌𝜌𝑢𝑢

𝜌𝜌𝑏𝑏
 (5.2) 

and provides the flame speed with respect to the burnt gases, 𝑠𝑠𝑇𝑇𝑏𝑏. The burnt gas is 

accelerated in the direction normal to the flame front by a factor of 7.5, which is the 

density ratio for the investigated stoichiometric CH4-air flame. In analogy to the unburnt 

gases, the flow velocity, flame speed and lab-frame flame propagation velocity are 

related by the following relation, 

 𝑠𝑠𝑇𝑇𝑏𝑏 = �𝒗𝒗𝑏𝑏 − 𝒗𝒗𝑓𝑓� ∙ 𝒏𝒏, (5.3) 

which provides the burnt gas velocity component normal to the flame front. Assuming no 

forces act in the tangential direction, tangential momentum is conserved and the flow 

velocity tangential to the flame front is constant across the flame front. The burnt gas 

velocity vectors are shown as orange arrows in Figure 5.15. On the trailing side, the 

approach flow velocity is approximately aligned with the flame-normal vector; hence, the 

unburnt gas would be accelerated in the positive axial direction to about 12 m/s, and in 

the positive azimuthal direction to about 15 m/s. In contrast, on the leading side, the 

flame-normal vector is aligned such that the flow is accelerated in the negative azimuthal 

direction, which leads to an azimuthal velocity in the burnt gas of about 0 m/s. The axial 

burnt gas velocity would again be about 12 m/s.  
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The mismatch in the azimuthal burnt gas velocity component clearly shows that a 

constraint on the burnt gas velocity field exists similar to the spherically expanding 

flame. The gas processed by the leading side appears to impose a blockage in the 

azimuthal direction on the gas processed by the trailing side. In contrast to the spherically 

expanding flame, the burnt gas can accelerate in the positive axial direction in this two-

dimensional treatment of a flame tongue. 

To satisfy the constraint on the burnt gas velocity field, gas dilatation significantly 

affects the burnt and unburnt gas as the measured velocity fields show (e.g. Figure 5.14). 

The modified flow fields at characteristic locations on the trailing and leading side, 

respectively, are summarized in the schematic diagram in Figure 5.16. The flow 

velocities are shown at a radial location of r ≈ 1.0 mm to match the previous theoretical 

treatment in Figure 5.15. An actual measured velocity field associated with a flame 

tongue at r ≈ 1.0 mm was shown in Figure 5.14b. The dilatation-induced blockage 

decelerates the azimuthal velocity component upstream of the trailing side to about 3 m/s. 

The flame front along the trailing side propagates downstream in the lab-frame of 

reference as indicated by the green arrow. The lab-frame speed of features on the trailing 

side of the flame front seen in the high-speed chemiluminescence movies agrees well 

with the vector 𝒗𝒗𝑓𝑓,1. Ahead of the leading side, the azimuthal velocity is increased to 

about 4.5 m/s. At the same time, the flow is strongly decelerated in the axial direction 

along the leading side. The axial velocity reaches negative axial values of about -0.5 m/s. 

The modified unburnt velocity vectors 𝒗𝒗𝑢𝑢 are shown in red in Figure 5.16. The lab-frame 
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flame propagation velocity 𝒗𝒗𝑓𝑓 along the leading side is approximately known from global 

flame propagation speed measurements based on the high-speed chemiluminescence 

movies. A CH4-air flame tongue propagates with about 5.2 m/s in the positive azimuthal 

direction and with about 1.1 m/s in the negative axial direction, which is indicated by the 

green arrow. The difference between the local flow velocity and the lab-frame 

propagation velocity is the flame speed according to Eq. (5.1). The difference agrees well 

with the turbulent displacement speed of about 0.7 m/s estimated in Appendix C and used 

for the theoretical discussion in combination with Figure 5.15. 

The burnt gas velocity vector 𝒗𝒗2𝑏𝑏 (orange vector) shown in Figure 5.15 is obtained 

by applying the jump conditions. It is included in Figure 5.15 because it agrees well with 

the actual burnt gas velocity field in the center of the burnt gas region enclosed by the 

convex flame tongue as seen in Figure 5.14b: The burnt gas is decelerated in the 

azimuthal direction to about 0 m/s as discussed before and has a low axial velocity, which 

only increases gradually with downstream distance from the leading flame tip. The fact 

that the jump conditions applied to the local modified flow field at the leading side agrees 

well with the measured burnt gas velocity supports the notion that the gas processed by 

the leading side determines the burnt gas velocity field by imposing a blockage on the gas 

processed by the trailing side. In the absence of the leading side burnt gas, the trailing 

side burnt gas would be accelerated in the positive azimuthal direction. 

The change in azimuthal momentum of the burnt gases described above must be 

caused by an azimuthal pressure gradient. Such a pressure gradient is supported by 
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pressure measurements on the center body wall in a similar configuration [51]. Viscous 

effects may add to the reduction of the azimuthal velocity in the near-wall (low-

momentum) region both along the leading and trailing side of the flame tongue since the 

sharp increase in temperature across the flame front leads to an increase in viscosity. 

 

 
Figure 5.16: Schematic diagram showing measured velocities associated with flame 
tongues  Red arrows: Modified unburnt velocity field at r ≈ 1.0 mm. Green arrows: Lab-
frame flame propagation of local flame elements. Orange arrow: Burnt gas velocity. CH4-
air flashback, ϕ = 1.0. 
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5.3.4 Effect of burnt gas velocity field on radial pressure gradient 

The significant decrease in azimuthal velocity in the burnt gas, together with the 

lower density, significantly reduces the required centripetal force and so it is reasonable 

to conclude that the radial pressure gradient is strongly modified locally where a flame 

tongue is present. To illustrate, radial profiles of the azimuthal velocity component are 

plotted in Figure 5.17 at two axial locations. The first axial location at z = -61.25 mm, 

marked as point A in Figure 5.14, is downstream of the leading flame front. Hence, the 

near-wall region at this point is inside the flame tongue and occupied by burnt gas. The 

dotted vertical line marks the position of the flame front at this axial location. Any fluid 

to the right is unburnt gas. The second axial location at z = -66.08 mm, marked as point B 

in Figure 5.14, is upstream of the flame tongue. The entire annulus is occupied by 

unburnt gas at this location.  

The instantaneous velocity profile (solid line) upstream of the flame tongue 

essentially follows the mean non-reacting profile (dashed line) at this location. In 

contrast, the azimuthal velocity is significantly reduced in the burnt gas, as discussed 

previously based on the vector plots in Figure 5.14. Close to the center body wall (order 

of quenching distance) it is decelerated to about 0 m/s. Figure 5.17 further shows that the 

azimuthal velocity is reduced outside of the burnt gas region in the radial direction; i.e. 

no jump occurs in the azimuthal velocity at the location of the flame front, which is 

reasonable since the azimuthal velocity component is approximately tangent on the flame 

surface in this region. The difference in absolute velocity between the instantaneous and 
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mean profile is approximately constant in the radial portion of the annulus where the 

azimuthal velocity is affected. 

 
Figure 5.17: Radial profiles of the azimuthal velocity component downstream (blue) and 
upstream (red) of the leading flame front. The solid lines are instantaneous profiles; the 
dashed lines are the mean non-reacting profiles. The vertical dotted line marks the flame 
front location at z = -61.25 mm. CH4-air flashback, ϕ = 1.0. 

 

In inviscid flow, the radial pressure gradient is related to the centripetal 

acceleration per the relation 

 𝜕𝜕𝑝𝑝
𝜕𝜕𝜕𝜕

~
𝜌𝜌𝑢𝑢𝜃𝜃2

𝜕𝜕
. (5.4) 

As a consequence of Eq. (5.4), the near-wall fluid layer in the burnt gas region, where the 

azimuthal velocity approaches 0 m/s, does not contribute to the centrifugal force; hence, 

the radial pressure profile is expected to be flat in this region. Beyond the layer in the 

radial direction occupied by burnt gas with an azimuthal velocity of about 0 m/s, the 

slope of the pressure increase with radial distance is strongly reduced compared to 
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unburnt gas ahead of the flame front, both due to the low density and reduced azimuthal 

velocity. Integrating the velocity profiles in Figure 5.17 according to Eq. (5.4) using an 

unburnt gas density of 1.2 kg/m³ and a burnt gas density of 0.16 kg/m³ (factor of 7.5 

lower) yields a reduction in pressure difference between center body and mixing tube 

wall of about 10 Pa. Theoretical models solving the integral momentum equations for a 

rotationally symmetric swirl flame propagating axially and for a circumferentially-

propagating, asymmetric flame, respectively, predict a pressure difference between 

unburnt and burnt gas of the same order [51,55]. 

The reduced radial pressure gradient may lead to a decrease in absolute static 

pressure at the outer (mixing tube) wall, to an increase at the center body wall, or a 

combination of both. Therefore, without a direct measurement of the radial pressure 

gradient at an instance when a flame tongue swirls by, it remains unclear whether a 

reduced radial pressure gradient contributes to an increase in absolute pressure near the 

center body wall and hence to a strengthening of the blockage effect. 

5.4 The effect of hydrogen addition on flashback 

The equivalence ratio at which flashback occurs decreases with increasing 

hydrogen content as indicated by the dashed line in Figure 5.1. The increase in flashback 

propensity with hydrogen content is expected and in line with boundary layer flashback 

limits in non-swirling pipe or channel flows [17,18], flashback in low-swirl burners 

[153], flashback in swirl burners without center body [52] and flashback in swirl burner 
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with central fuel tube [154]. Precise flashback limits are burner specific and hence not the 

focus in this work. Instead, the effect of hydrogen addition on the flow-flame interaction 

during the upstream flame propagation is investigated. 

The decrease in equivalence ratio (at which flashback occurs when the hydrogen 

content is increased) is correlated with a significant decrease in the density ratio and 

unstretched laminar flame speed. As illustrated in Figure 5.1, for a fixed bulk flow rate of 

5.0 m/s, CH4-air flames flashed back at approximately stoichiometric conditions and 

hence a density ratio of 7.5 and a flame speed of 𝑠𝑠𝐿𝐿0 = 0.38 m/s. In contrast, H2/CH4-air 

flames with 75% H2 by volume flashed back at an equivalence ratio of about ϕ = 0.4, 

which corresponds to a density ratio of 4.4 and a computed flame speed of 𝑠𝑠𝐿𝐿0 = 0.05 m/s 

(Section 5.1).  

High-hydrogen content flames were found to qualitatively propagate upstream the 

same way as methane flames, i.e. in form of flame tongues that swirl in the bulk flow 

direction as they propagate upstream. This finding was discussed in Section 4.3 for a bulk 

flow velocity of 2.5 m/s and still holds at twice the bulk flow velocity and the conditions 

covered by the data set investigated in this chapter and summarized in Section 5.1.  

5.4.1 Differences in the burnt gas velocity field 

The velocity field associated with an H2/CH4-air flashback with 50% H2 at ϕ = 0.5 

is presented in Figure 5.18 in a radial-axial slice. The leading side of a flame tongue is in 

the field-of-view at the presented instant in time (Figure 5.18a). The axial velocity is 
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decreased upstream of the flame tongue and a region of negative axial velocity exists in 

the vicinity of the leading flame tip (Figure 5.18b) similar to the CH4-air case (Figure 

5.10b). On the other hand, the acceleration of the burnt gas in the axial direction is more 

gradual compared to the CH4-air flame, which may be attributed to the lower density 

ratio.  

The azimuthal velocity is again decelerated in the burnt gas (Figure 5.18c). 

However, the reduced azimuthal velocity appears to be higher at any given radial location 

inside the burnt gas compared to the CH4-air flame (Figure 5.10c).  

The radial velocity component tends to be positive on the unburnt side of the 

flame front (Figure 5.18d) in agreement with the CH4-air flame (Figure 5.10d). The burnt 

gas velocity field, however, is characterized by a radial velocity of about 0 m/s in contrast 

to the CH4-air flame, which showed a larger region of negative radial velocity. A 

statistical evaluation yields that the mean and median radial velocity in the burnt gas is 

about 0 m/s for flashbacks with 75% and 50% hydrogen, but shifts towards negative 

values for lower hydrogen contents. 
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Figure 5.18: H2/CH4-air flashback with 50% H2 by vol. at ϕ = 0.5. (a) Luminescence 
image providing the flame tongue location in relation to the laser sheet, (b) axial velocity, 
(c) azimuthal velocity, (d) radial velocity, (e) velocity magnitude, (f) azimuthal vorticity 
and (g) in-plane dilatation. Black line: flame front. White line: 0 m/s isoline. 
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A layer of negative azimuthal vorticity is again found upstream and along the 

flame front in the vicinity of the flame tip (Figure 5.18f). The magnitude of the azimuthal 

vorticity in this region is about the same or even higher compared to the CH4-air flame 

(Figure 5.10f). The structure and location of this layer of increased negative azimuthal 

vorticity further supports the argument made in Section 4.5.2 that the production of 

vorticity by baroclinic torque is not a dominant source. 

The location of the flame front is again correlated with a consistently positive in-

plane dilatation in the velocity field (Figure 5.18g). However, the magnitude is smaller 

compared to the CH4-air flashback, which is reasonable considering that the density ratio 

is smaller. To explore this effect further, Figure 5.19 shows the measured in-plane 

dilatation, serving as a proxy for the full 3D dilatation, for a range of hydrogen content, 

equivalence ratio and bulk flow velocity. The error bars correspond to the standard 

deviation obtained from three separate runs per condition. The plot captures the expected 

trend that the dilatation across the flame front increases with an increasing density ratio. 

For a given hydrogen content, the dilatation consistently increases with an increase in 

equivalence ratio. The mean dilatation for the stoichiometric CH4-air flame and the 

H2/CH4-air with 75% hydrogen (ϕ = 0.4) is measured for both the 2.5 m/s and 5.0 m/s 

bulk flow velocity. An increase in bulk flow velocity by a factor of 2 does not lead to a 

significant change in dilatation. However, the uncertainties are too large to comment 

quantitatively on the effect an increase in reaction rate associated with the higher bulk 

flow velocity (i.e. more turbulent) case has on the dilatation. 
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Figure 5.19: 2D-dilatation in the velocity field along the flame front as a function of the 
density ratio (based on the adiabatic flame temperature) for different hydrogen contents, 
equivalence ratios and bulk flow velocities. Error bars denote the standard deviation of 
three separate runs for each condition. 

 

The vector fields in time-z-space are plotted at two radial locations in Figure 5.20 

in analogy to the vector plots of a CH4-air flashback in Figure 5.14. The burnt gas region 

is again marked by a grey background and the lab-frame propagation direction of the 

leading side of the flame tongue is indicated by the blue arrow. The velocity field in the 

unburnt gas of this H2/CH4-air flashback qualitatively agrees with all previous findings 

based CH4-air flashbacks. In particular, the velocity field upstream of the flame tip and 

ahead of the leading side of the flame tongue is again characterized by a predominantly 

swirling motion with a small negative axial velocity component. Furthermore, the 

azimuthal velocity is again reduced inside the burnt gas of flame tongues. 
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Despite the similarities with the CH4-air case, there are some differences. The 

quantitative differences are best illustrated with the contour plots shown in Figure 5.21. 

The azimuthal and axial velocity field at r = 0.9 mm for a stoichiometric CH4-air 

flashback are shown in Figure 5.21a and b, respectively. The same vector field was 

previously shown without the velocity contours in Figure 5.14b. The flame front is now 

outlined by the black solid line. The corresponding azimuthal and axial velocity field at 

the same radial location for the H2/CH4-air flashback investigated in this section is shown 

in Figure 5.21c and d, respectively.  

The axial velocity reaches negative values of about -0.5 m/s upstream of the flame 

tip and ahead of the leading side of the flame tongue in both cases. However, the 

acceleration of the burnt gas in the axial direction, which is very gradual in both cases, 

reaches much higher values in the CH4-air flashback (Figure 5.21b) compared to the 

H2/CH4-air flashback (Figure 5.21d). As an example, about 40 mm downstream of the 

leading flame tip (which is beyond the field-of-view in Figure 5.21), the axial velocity of 

the burnt gas of the CH4-air flashback reaches 20 m/s in contrast to merely 10 m/s for the 

H2/CH4-air flashback. This difference may be attributed to the smaller density ratio of the 

H2/CH4-air flame in addition to the smaller rate at which reactants are consumed. 

The deceleration of the burnt gas in the azimuthal direction is not as strong for 

H2/CH4-air flashback compared to the CH4-air flashback. The final reduced azimuthal 

velocity is about 1.5 m/s within the core region of the flame at r = 0.9 mm (Figure 5.21c). 
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In contrast, the azimuthal velocity is decelerated to about 0 m/s at the same radial 

location in the case of the CH4-air flashback (Figure 5.21a).  
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Figure 5.20: Velocity field in time-z-space at radial locations (a) r = 0.44 mm, (b) 
r = 0.88 mm. H2/CH4-air flashback with 50% H2, ϕ = 0.5. 
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Figure 5.21: Comparison of velocity fields in time-axial plane at r = 0.9 mm. (a,b) CH4-
air flashback, ϕ = 1.0 and (c,d) H2/CH4-air flashback with 50% H2, ϕ = 0.5. The color 
map shows the azimuthal (a,c) and axial (b,d) velocity fields. Solid black line marks the 
flame front. 

 

The change in azimuthal velocity in the burnt gas region with a change in 

hydrogen content and hence density ratio and flame speed is found to follow a general 

trend. The median azimuthal velocities in the burnt gas are evaluated at a fixed radial 

position of r = 0.9 mm and plotted for the different hydrogen contents (for the 

equivalence ratios closest to the flashback limit) in Figure 5.22. The error bars 

correspond to the standard deviation in the median value from three separate runs for 

each condition. Figure 5.22 shows the general trend that, at a fixed radial position, the 
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burnt gas is decelerated to a lower azimuthal velocity with an increase in density ratio. 

This trend confirms what the comparison of velocity field corresponding to 0% H2 

(Figure 5.21a) and 50% H2 (Figure 5.21c) had already suggested. 

 
Figure 5.22: Median azimuthal velocity in burnt gas at a fixed radial location of 
r = 0.9 mm for flashbacks ranging from 0% to 75% hydrogen. Error bars denote standard 
deviation from three different runs for each condition.  

 

The correlation between higher (or less reduced) azimuthal velocity and smaller 

density ratio supports the argument that the burnt gas velocity field is governed by the 

constraint imposed by the flow processed along the leading side of the flame tongue as 

the following discussion shows. This argument was made based on the CH4-air flashback 

in Section 5.3.3. In analogy to the previous discussion and Figure 5.16, the actual 

velocities associated with a flame tongue at r ≈ 1.0 mm are now evaluated for the 

H2/CH4-air flashback with 50% H2 (ϕ = 0.5) as shown in Figure 5.23. The azimuthal 
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velocity upstream of the trailing side is decelerated to about 3.5 m/s compared to about 

3.0 m/s for the CH4-air flashback. Flame elements along the trailing side are propagating 

downstream as indicated by the green vector 𝒗𝒗𝑓𝑓,1. On the leading side, the unburnt 

velocity 𝒗𝒗2𝑢𝑢 (red arrow) has a negative axial component of about -0.5 m/s, which is 

comparable to the CH4-air flashback. The azimuthal component is about 4.0 m/s. 

The lab-frame flame propagation velocity of the leading side is again 

approximately known from the high-speed chemiluminescence movies, which suggest 

that the flame tongues swirl slightly slower with about 4.8 m/s compared to the 5.2 m/s 

measured for the CH4-air flashback. The propagation of the flame tongue in the negative 

axial direction (global flashback speed) is slightly lower (about -0.7 m/s compared to 

about -1.1 m/s), which is partially attributed to the lower turbulent displacement speed 

(owing to the low equivalence ratio) of the H2/CH4-air flame compared to the CH4-air 

The turbulent displacement speed may again be calculated according to Eq. (5.1), which 

agrees well with the estimate of about 0.5 m/s (Appendix C). 

The burnt gas velocity is computed by applying the jump condition Eq. (5.2) and 

solving Eq. (5.3) for 𝒗𝒗𝑏𝑏. The obtained vector is included in Figure 5.23 (orange vector), 

which is again motivated by the fact that the computed burnt gas velocity vector on the 

leading side agrees well with the measured velocity field in the center of the burnt gas 

region enclosed by the convex-shaped flame tongue. The burnt gas along the leading side 

of the flame tongue is again accelerated in the negative azimuthal direction and hence 

imposes a blockage on the burnt gas process by the trailing side, which wants to 
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accelerate in the positive azimuthal direction. However, the azimuthal component of the 

burnt gas velocity field is not reduced as much compared to the CH4-air flame primarily 

because the density ratio is lower (density ratio of 5 compared to 7.5). The final burnt gas 

velocity at a radial location of about r ≈ 1.0 mm has a positive azimuthal component of 

about 1.5 m/s as discussed previously and shown in Figure 5.20 and Figure 5.21. in 

contrast to the CH4-air flashback where the burnt gas is decelerated to an azimuthal 

velocity of about 0 m/s at the same radial location.  

 

 

Figure 5.23: Schematic diagram showing the measured velocities associated with flame 
tongues. Red arrows: Modified unburnt velocity field at r ≈ 1.0 mm. Green arrows: Lab-
frame flame propagation of local flame elements. Orange arrow: Burnt gas velocity. 
H2/CH4-air flashback (50% H2, ϕ = 0.5). 

 

The quantitative difference in the azimuthal velocity field in the burnt gas region 

between the H2/CH4-air flashback and the CH4-air flashback may suggest that the 



 
 

171 

blockage is not as strong. However, the strength of the blockage effect is measured by the 

change in momentum it induces, not the change in velocity. Since the burnt gas density of 

the H2/CH4-air flame is higher by a factor of 1.5 compared to the CH4-air flame, the more 

moderate deceleration in the azimuthal direction is partially compensated (with respect to 

the momentum change) by the higher density. The change in azimuthal momentum 

upstream of the trailing side of a flame tongue is proportional to 𝜌𝜌𝑢𝑢 ∙ �𝑢𝑢𝜃𝜃,1
2 − 𝑢𝑢𝜃𝜃,2

2 �. Inside 

the burnt gas the momentum change is proportional to 𝜌𝜌𝑏𝑏 ∙ �𝑢𝑢𝜃𝜃,2
2 − 𝑢𝑢𝜃𝜃,3

2 �. The H2/CH4-air 

flame tongue decelerates the azimuthal velocity from about 4 m/s to about 3.5 m/s 

upstream of the trailing side, and from about 3.5 m/s to about 1.5 m/s inside the burnt 

gas. The CH4-air flashback flame tongue decelerates the azimuthal velocity from about 

4 m/s to about 3 m/s upstream of the trailing side, and from about 3 m/s to about 0 m/s in 

the burnt gas. The difference in momentum change is then merely about 30% between the 

two flames. The strength of the blockage effect therefore appears to be on the same order 

for the two different flashbacks, which suggests that the azimuthal pressure gradient 

required to decelerate the flow in the azimuthal direction is on the same order.  

5.4.2 The role of the quenching distance 

The velocity field measurements have shown that the flame speed and the local 

velocity vector at the tip and along a portion of the leading side of flame tongues are both 

pointing in the negative axial direction rather than opposing each other (Figure 4.8, 

Figure 5.14 and Figure 5.20). Therefore, the quenching distance does not matter 
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according to the physical picture originally proposed by Lewis and von Elbe [10,11]. In 

that model, the flame speed and flow velocity oppose each other and flashback occurs 

when the flame speed exceeds the flow velocity about one quenching distance away from 

the wall. In contrast, recent studies of boundary layer flashback in non-swirling flows 

show that during flashback reverse flow pockets formed by convex-shaped bulges reach 

well above the quenching distance [24,25]. Similarly, in boundary layer flashback of 

swirl flames, the present work shows that a near-wall layer of fluid is deflected by the 

flame tongues such that a region of predominantly swirling flow with a small negative 

axial velocity forms ahead of the flame.   

Adding hydrogen to a methane flame generally decreases the quenching distance. 

However, whereas the quenching distance of a H2/CH4-air flame decreases with 

increasing hydrogen content for a fixed equivalence ratio, it increases with decreasing 

equivalence ratio for a fixed hydrogen content [155]. Experimental data on quenching 

distances of H2/CH4-air flames for a range of hydrogen volume fractions and equivalence 

ratios is sparse. Different definitions, different experimental methods to measure 

quenching distances and the dependency of the quenching distance on the flame-wall 

interaction (e.g. side-wall versus head-on quenching) further complicate the availability 

of applicable precise, quantitative values. The quenching distance in a head-on quenching 

configuration for stoichiometric methane-air flames is about 0.2 mm based on wall-

normal temperature measurements [156] and flame luminescence images [157]. In the 

case of side-wall quenching, which is applicable to the flame propagation along the 
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center body wall in this work, the quenching distance for stoichiometric methane-air 

flames increases to about 0.35 mm [157]. Alternatively, quenching distances may be 

determined based on the minimal gap height a flame can propagate through, which leads 

to larger values. Quenching distances measured and defined that way are about 2.0 mm 

and 0.65 mm for stoichiometric CH4-air flames and stoichiometric H2-air flames, 

respectively [158,159]. The same measurement technique has been applied to H2/CH4-air 

flames for up to 50% H2 and equivalence ratios as low as 0.63 [155]. The measured 

values for a few conditions are listed in Table 5.2. The absolute values are not expected 

to be applicable for the flames investigated in this work (side-wall quenching), but the 

trends are expected to hold. The conditions highlighted in bold letters are close to 

conditions at which flashback occurred in the swirl combustor investigated in the present 

work at a bulk flow velocity of 5.0 m/s. Despite the increase in hydrogen content, these 

values suggest that the quenching distance is approximately constant at the conditions 

when flashback occurs owing to the decrease in equivalence ratio correlated with the 

increase in hydrogen volume fraction. Assuming that this trend still holds for side-wall 

quenching, the quenching distance at the flashback limit is about 0.35 mm (corresponding 

to a stoichiometric CH4-air flame [157]) for all investigated flames at a bulk flow velocity 

of 5.0 m/s. 

 

 

 



 
 

174 

% CH4 % H2 ϕ dquench [mm] 

100 0 1.0 2.13 
100 0 0.83 2.41 

76.9 23.1 0.83 2.07 

76.9 23.1 0.71 2.46 
52.6 47.4 0.71 1.85 

52.6 47.4 0.63 2.23 

Table 5.2: Quenching distances for H2/CH4-air flames according to [155]. 

 

Since the axial momentum flux increases with distance from the center body wall 

in the boundary layer, the thinner the layer that needs to be deflected for flashback to 

occur, the weaker the force that a flame tongue is required to exert on the approach flow. 

A quenching distance that is about the same for the different flames at the conditions at 

which flashback occurs may suggest that the strength required by the flame tongues to 

deflect the flow in the negative axial direction is about the same. The force exerted on the 

approach flow by the different flames may be quantified by evaluating the radial extent 

(or height above the center body wall) of the region of negative axial velocity. The mean 

radial extent is plotted for a range of conditions in Figure 5.24. The error bars denote the 

standard deviation of three separate flashbacks. Note that the peak heights of these 

regions of negative axial velocity are about 1 to 2 mm as seen previously in the 

instantaneous velocity fields (e.g. in Figure 5.10 and Figure 5.18).  

The sizes of the negative axial-velocity regions are fairly constant across the 

different H2/CH4-air flames, and hence appear to be largely insensitive to variations in 
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density ratio and flame speed. These data then suggest that the force exerted on the 

approach flow by the different flames is approximately the same despite the differences 

in density ratios and flame speeds. The finding that the force exerted on the approach 

flow is approximately the same for such varying conditions then suggests that the 

quenching distance determines the adverse axial pressure gradient needed to the deflect 

the flow in a way that flashback occurs. However, a quantitative comparison shows that 

the maximum radial extent of the negative axial velocity regions (1 to 2 mm) is 

significantly larger than the quenching distance (0.35 mm) at conditions when flashback 

occurs. 

 
Figure 5.24: Mean radial extend (or height above the wall) of regions of negative axial 
velocity. Error bars denote standard deviation from three different runs for each 
condition. 
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5.5 Summary 

Predominantly swirling flow with a region of negative axial velocity that reaches 

beyond the quenching distance already exists prior to flashback along the center body 

wall close to the mixing tube exit (Section 5.2). Furthermore, convex shaped flame 

tongues are found to already penetrate into the mixing tube without initiating sustained 

upstream flame propagation at conditions close to the flashback limit (Section 5.2.2). 

Once the conditions are favorable, flashback occurs in the form of large-scale 

convex-shaped flame tongues, which significantly deflect the approach flow (blockage 

effect) allowing them to propagate in the negative axial direction while swirling in the 

direction of the bulk flow (Chapter 4). Detailed measurements of the planar, three-

component velocity in the unburnt and burnt gas velocity field (Section 5.3 and Section 

5.4) revealed new insights into how gas dilatation leads to a significant blockage effect 

and hence into the mechanism driving flashback. 

In the absence of any confinement, gas dilatation primarily acts on the burnt gas 

as opposed to the unburnt gas. The burnt gas has a much lower density and hence 

accelerating it requires less force than accelerating (or decelerating) the high-density 

unburnt gas. However, if some constraint restricts the expansion and acceleration of the 

burnt gas, such as in a spherically expanding flame, gas dilatation has no other chance but 

to exert a significant force on the approach flow, which manifests itself in a more severe 

blockage effect. 
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Inside the burnt gas region of flame tongues, the radial velocity is approximately 

zero (Figure 5.18) or moderately negative (Figure 5.10). At the same time, the radial 

velocity field in the unburnt gases shows that the flow is pushed towards the outer 

(mixing tube) wall by the flame front. These observations were explained by the 

constraint the center body wall imposes on the burnt gas velocity field, i.e., 0 m/s radial 

velocity at the wall (Section 5.3.2). For the portions of the flame surface that are vertical 

(i.e. the flame-normal vector is aligned with the radial direction), the acceleration of the 

burnt gas normal to the flame front and hence towards the center body wall is restricted. 

Instead, the unburnt gas ahead of the flame front is pushed towards the outer wall, which 

is correlated with an acceleration in the axial direction similar to boundary layer 

flashback in (non-swirling) channel flows where blockage near both walls leads to an 

acceleration of the flow on the center line [26]. In contrast to channel flashback, the flow 

is also accelerated in the axial direction on the opposite side of the center body, since 

flame tongues only occupy a portion of the annulus in the azimuthal direction. 

An additional constraint is identified, which acts in the azimuthal direction. The 

acceleration of reactants processed by the leading side of the flame tongues, by geometry, 

leads to a deceleration in the azimuthal direction. The burnt gas along the leading side 

hence imposes a blockage effect on the gas processed by the trailing side, which, in the 

absence of any constraint, would otherwise accelerate in the positive azimuthal direction 

(Section 5.3.3). The blockage effect is coupled with the formation of an azimuthal 

pressure gradient. The azimuthal pressure gradient reduces the azimuthal momentum of 
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the approach flow ahead of the trailing side and the azimuthal momentum inside the burnt 

gas to fulfill the constraint on the velocity field imposed by the leading side. The reduced 

azimuthal momentum corresponds to a reduction in azimuthal velocity (Figure 5.21).  At 

the same radial position, the reduction in azimuthal velocity of the burnt gas was found to 

be less severe for flames with a higher burnt gas density (lower density ratio across the 

flame front) and lower flame speed (Section 5.4.1).  This trend supports the argument that 

the origin for the blockage effect lies in the gas processed by the leading side of the flame 

tongues, as the theoretical analysis based on applying the jump conditions showed. Even 

though the azimuthal velocity in the burnt gas changes with a change in density ratio and 

flame speed, the change in momentum and hence the strength of the blockage effect was 

argued  to change little between different flames (Section 5.4.1). 

The blockage effect due to the constraints on the burnt gas velocity field in the 

radial and azimuthal direction acts in all directions; hence, it also reduces the axial 

momentum. The resulting reduction in axial velocity and the deflection of the flow 

around the leading tip of the flame tongues was discussed in the previous chapter 

(Section 4.5.2). The velocity field ahead of the flame tip and the leading side of the flame 

tongue is characterized by a predominantly swirling motion with a small negative axial 

velocity component. The measurements presented in this chapter further show that the 

region of negative axial velocity reaches well within the burnt gas (Figure 5.10 and 

Figure 5.18).  
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As a consequence of the decelerated axial and azimuthal velocity in addition to a 

radial velocity of about 0 m/s, a small region inside the burnt gas exists at r ≈ 1 mm 

where the flow is essentially stagnant in the case of the CH4-air flashback (Figure 5.14b). 

However, such a well-defined region of stagnant flow is not found for the H2/CH4-air 

flashbacks with high hydrogen content where, as discussed before, the azimuthal velocity 

in the burnt gas region is not reduced to 0 m/s (Figure 5.20b). A stagnation region 

sufficiently offset from the wall hence does not appear to be a prerequisite for flashback 

to occur. 

The thickness of the layer of negative axial velocity was evaluated for the flames 

with different hydrogen contents (different density ratios and different flame speeds) and 

found to be approximately constant but larger than the quenching distance. The results 

suggest that the force exerted on the approach flow at the conditions when flashback 

occurs is approximately constant for the different flames despite the differences in 

density ratio and flame speed.  
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Chapter 6: Summary and Future Work 

Boundary layer flashback of swirl flames was investigated experimentally in a 

new model swirl combustor, which features a mixing tube with an axial swirler and 

attached cylindrical center body. Flashbacks of lean-premixed H2/CH4-air flames with up 

to 95% H2 by volume were investigated at atmospheric pressure and bulk flow velocities 

up to 5.0 m/s. The focus of the present work was on the upstream flame propagation 

inside the mixing tube, which occurred along the center body wall. The mixing tube wall 

was made of fused silica to provide the necessary optical access. Stereoscopic PIV at 

kHz-rate was applied to obtain the time-resolved, planar, three-component velocity field 

in radial-axial planes. The flame front was detected based on the acquired Mie scattering 

images. Either oil droplets, which evaporated in the preheat zone, or the sudden change in 

particle number density were utilized as a marker for the flame front. The 

chemiluminescence was imaged simultaneously at kHz-rate to provide the flame shape 

and global flame propagation direction. The luminescence image sequences further 

provided the location of the flame relative to the laser sheet, which proved to be crucial 

for an unambiguous interpretation of the planar data in this highly three-dimensional 

flow. 

A technique capable of reconstructing the three-dimensional flame topography 

was developed as part of the present work. The main features of the technique are 

summarized in Section 6.1. The focus of the present work was on advancing the 

understanding of the physical mechanism driving flashback in swirl flame boundary layer 
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flashback. The findings are summarized in Section 6.2. Each section concludes with 

suggestions for future work. 

6.1 3D flame front detection and velocity field measurement technique 

A technique to simultaneously measure the time-resolved 3D flame topography 

and volumetric velocity field was developed and applied to study the upstream flame 

propagation along the center body wall inside the mixing tube. The measurement volume 

was about 30 x 30 x 5 mm³. Olive oil droplets that vaporize in the preheat zone of the 

flame were utilized as a marker for the flame front. The droplets were illuminated with a 

laser at kHz-rate and the Mie scattering was imaged with four high-speed cameras. A 

tomographic reconstruction was performed to obtain the volumetric particle field. The 

void regions in the reconstructed particle field, which correspond to burnt gas, were 

contaminated with reconstruction artifacts (ghost particles). A correlation between 

particle number density and peak particle intensity evaluated in interrogation volumes 

was found to reliably discriminate between unburnt and burnt gas despite the ghost 

particles at the expense of a reduced spatial resolution. 

The volumetric velocity in the unburnt gas was measured simultaneously by 

means of tomographic PIV. The reconstructed void region in the particle field provided 

an algorithmic mask, which was applied prior to the cross-correlation to prevent ghost 

particles dominating the cross-correlation in interrogation volumes near the flame 

surface. The computed volumetric velocity field in turn was utilized to improve the 
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reconstructed particle field in a second iteration by taking advantage of the time-resolved 

measurements and the fact that ghost particles do not follow the velocity field. The 

improved volumetric particle field led to a better reconstruction of the flame surface. 

The 3D flame topography was validated against four redundant, simultaneously 

detected, planar flame fronts based on the same marker (i.e. the location where oil 

droplets evaporate). The mean error based on the distance between the most probable 

planar flame front and the 3D flame surface was 0.4 mm. Cusps along the flame front as 

small as 1 to 2 mm were found to be resolved. The volumetric velocity field was 

validated against two redundant sets of planar, three-component velocity fields measured 

by means stereoscopic PIV. The mean error associated with the volumetric velocity field 

was 0.6 voxels (0.2 m/s). 

The present work demonstrates the feasibility of inferring the three-dimensional 

flame front from a reconstructed field of droplets. The current approach is, however, 

limited to a simultaneous velocity measurement in the unburnt gas owing to the need of 

utilizing the vaporization of droplets rather than a change in number density of particles 

as the marker for the flame front. Furthermore, the spatial resolution of the flame 

topography is limited by the need to average over a fairly large number of reconstructed 

droplets owing to the remaining level of ghost particles. Both limitations may be 

remedied in the future if the technique is combined with a recent advancement in 

tomographic PIV, which successfully demonstrated the reconstruction of individual 

particles including their precise location followed by a Lagrangian tracking, as opposed 
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to a voxel based reconstruction of intensity blobs followed by a cross-correlation 

[160,161]. Such an approach may lead to a negligible number of ghost particles even for 

Mie scattering images with high background intensity and hence allow the extraction 

based on particle number density combined with an increase in spatial resolution of the 

reconstructed flame front.  

The developed technique may also be applied to reconstruct the luminescence 

from thermographic phosphor particles. A planar technique to simultaneously measure 

the temperature field and velocity field based on such phosphor particles has recently 

been demonstrated [94,95]. The luminescence intensity emitted by some thermographic 

phosphors conveniently disappears at temperatures of about 1000 K [96], which may 

serve as a marker for a flame front that is closer to the reaction zone compared to the 

evaporation of olive oil droplets at about 550 K.   

6.2 Physics of swirl flame flashback 

Flashback was found to occur in the form of large-scale flame tongues swirling 

along the center body wall. The term “flame tongue” was used in this work to emphasize 

that flame fronts leading flashback are not axisymmetric but instead have a  convex shape 

(convex toward the unburnt gas) and have a characteristic width on the order of the center 

body diameter. The spatial scale distinguishes them from smaller-scale flame bulges, 

which were observed along the trailing side of the flame tongues. Similar small-scale, 

convex-shaped flame bulges, which counter-propagate into the approach flow in low-
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momentum regions, were previously found to lead boundary layer flashback in (non-

swirling) channel flows [24,25].  

Instead of counter-propagating into the approach flow in the negative streamwise 

direction, flame-tongues propagate with the bulk flow in the positive azimuthal direction 

while flashing back in the negative axial direction. The flame tongues strongly modify 

the approach flow. A region of negative axial velocity in the vicinity of flame tongues 

was already observed in a previous study [48]. The planar three-component and 

volumetric velocity measurements in the present work revealed that this region of 

negative axial velocity, which was previously interpreted as boundary layer separation or 

flow recirculation, is instead merely the result of a 3D deflection of streamlines. The flow 

field along the leading side of the flame tongues is found to be characterized by a 

predominantly swirling fluid motion with a small negative axial velocity component. No 

stagnation point exists upstream of the leading flame tip.  

At the tip and along the leading side of the flame tongue the flame speed acting 

normal to the flame front and the local velocity vector on the unburnt side both point in 

the negative axial direction. Flashback is hence not facilitated by an imbalance between 

an opposing local flow velocity and the flame speed. Instead, flashback is facilitated by 

the blockage effect that the flame tongues impose on the approach flow. 

This blockage effect is attributed to the gas dilatation associated with the heat 

release. In premixed flames, dilatation has a much stronger effect on the low-density 

burnt gas than on the unburnt gas unless some constraint on the velocity field limits or 
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prevents the expansion and hence acceleration of the burnt gas. The effect of gas 

dilatation on the flow field in the vicinity of the flame tongues was studied in detail based 

on planar, three-component measurements in the unburnt and burnt gas. The 

measurements suggest two dominating constraints on the burnt gas velocity field. First, 

the flame was found to push the flow toward the outer (mixing tube) wall, which was 

attributed to the center body wall imposing a constraint on the radial velocity field by 

limiting the acceleration of burnt gases in the negative radial direction (i.e., toward the 

wall). A similar blockage effect in the wall-normal direction was identified in channel 

flashbacks [26]. Second, the gas processed by the leading side of the flame tongues is 

accelerated in the negative azimuthal direction, which imposes a constraint on the 

azimuthal momentum on the unburnt gas upstream of the trailing side and on the burnt 

gas region. As a result, the azimuthal velocity inside the burnt gas region was 

significantly reduced. 

Adding an increasing amount of hydrogen to a methane-air flame decreased the 

equivalence ratio at which flashback occurred significantly. For instance, at a bulk flow 

velocity of 5.0 m/s, a methane-air flame flashback occured at stoichiometric conditions. 

In contrast, for a H2/CH4-air flame with 75% H2 by volume, flashback occurred at an 

equivalence ratio of about 0.4 and hence at a substantially lower density ratio and lower 

flame speed. However, the radial extent of the regions of negative axial velocity, which 

may be interpreted as a metric for the strength of the blockage effect, was found to be 

largely independent to variations in hydrogen content and hence density ratio. Existing 
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data on quenching distances suggests that the quenching distance at the conditions when 

flashback occurred was also approximately the same for the different H2/CH4-air flames. 

However, a quantitative comparison shows that the maximum radial extent of the 

negative axial velocity regions is larger than the quenching distance both at the onset and 

during flashback. 

The following future work is suggested based on the findings in the present work. 

First, the improved understanding of the mechanism driving swirl flame boundary layer 

flashback may be used to derive improved models and correlations predicting important 

quantities such as flashback limits and global flame speeds. The findings suggest that the 

radial profiles of the axial and azimuthal momentum flux play an important role since 

they determine the strength of the blockage required by the flame tongue to impose on 

the approach flow and deflect it. The possibility that the knowledge of a global swirl 

number and bulk flow velocity for a particular burner and operating condition is not 

sufficient needs to be investigated. Furthermore, the role of the quenching distance was 

discussed; however, further investigations are needed to identify the proper quantitative 

measure of a quenching distance relevant for correlations predicting swirl flame 

boundary layer flashback. 

In the present study, fuel and air were fully mixed upstream of the mixing tube to 

eliminate any effects due to equivalence ratio stratifications. Further studies are needed to 

better understand the effect of equivalence ratio stratification on flashback, which may be 

employed as a strategy for improved flashback resistance. 
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Furthermore, the measurements in the present work were limited to atmospheric 

pressure and moderate bulk flow velocities. The question remains whether the described 

mechanism driving swirl flame boundary layer flashback is different at conditions 

relevant for gas turbine combustors. Measurements of flashback in the same model swirl 

combustor have already been conducted at pressures up to 5 atm. The flame propagation 

direction and velocity field showed the same features, which suggests the mechanism is 

largely unchanged for an increase in pressure and hence Reynolds number by a factor 

of 5. However, gas turbine combustors operate at much higher pressures (~ 30 atm), 

much higher bulk flow velocities in the mixing tube (~ 50 m/s) and elevated inlet 

temperatures (~ 600 K). 
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Appendices 

Appendix A: Flashback Videos 

 

Video 1: Chemiluminescence movie sequence recorded at 4 kHz showing the upstream 
flame propagation of a CH4-air flashback (ϕ = 0.8). Movie corresponds to Figure 4.4a. 
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Video 2: Chemiluminescence movie sequence recorded at 4 kHz showing the upstream 
flame propagation of a H2/CH4-air flashback (ϕ = 0.4). Movie corresponds to Figure 4.4b. 

 

Video 3: Movie sequence showing the azimuthal vorticity field in the vicinity of an 
upstream propagating flame tongue (red line marks flame front). Temporal resolution: 
4 kHz. Movie corresponds to Figure 4.9. 
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Appendix B: Computed unstretched laminar flames speeds and density 
ratios for investigated H2/CH4-air mixtures 

H2 by vol. ϕ 𝑠𝑠𝐿𝐿0 [m/s] 𝜌𝜌𝑢𝑢 𝜌𝜌𝑏𝑏�  

75% 0.4 0.05 4.4 

75% 0.5 0.15 5.1 

50% 0.5 0.09 5.1 

50% 0.6 0.20 5.7 

50% 0.7 0.32 6.2 

25% 0.7 0.24 6.2 

25% 0.8 0.34 6.8 

25% 0.9 0.41 7.2 

25% 1.0 0.46 7.6 

0% 1.0 0.38 7.5 

Table B.1: Investigated H2/CH4-air mixtures including computed unstretched laminar 
flame speeds (using Cantera and GRI3.0 mechanism) and unburnt-to-burnt gas density 
ratios. 
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Appendix C: Turbulent displacement speed estimates 

The turbulent displacement speeds are estimated for the flame propagation 

analyses in Section 5.3.3 and Section 5.4.1. The investigated stoichiometric CH4-air 

flame has an unstretched laminar flame speed of 𝑠𝑠𝐿𝐿0 = 0.35 m/s. The Lewis number is 

about unity. The flame is hence not responsive to stretch effects. The effect of turbulence 

on the flame speed is estimated according to [4] 

 𝑠𝑠𝑇𝑇 = 𝑠𝑠𝐿𝐿�1 +  �𝑢𝑢
′

𝑠𝑠𝐿𝐿
� . (0.1) 

The turbulent flame speed for the 5.0 m/s bulk flow velocity case is evaluated 

using the velocity fluctuations in the boundary layer at r = 1.0 mm (𝑢𝑢′ = 0.65 m/s) instead 

of the centerline velocity fluctuations. The resulting turbulent flame speed is 

𝑠𝑠𝑇𝑇 = 0.74 m/s, which is within in the range of experimental data indicating a turbulent 

flame speed for stoichiometric CH4-air flames with rms-velocities of about 0.6 m/s 

ranging from 0.5 m/s to 1.5 m/s [7]. 

For a H2/CH4-air flame with 50% H2, flashback occurs at an equivalence ratio of 

about 0.5. The unstretched laminar flame speed is about 𝑠𝑠𝐿𝐿0 = 0.10 m/s. The Lewis 

number based on the deficient reactants (H2 and CH4) is smaller than unity, 𝐿𝐿𝑒𝑒𝐻𝐻2 << 1 

and 𝐿𝐿𝑒𝑒𝐶𝐶𝐻𝐻4 < 1. The diffusivities of H2 and CH4 are larger than the diffusivity of oxygen, 

𝐷𝐷𝐻𝐻2 ≫ 𝐷𝐷𝑂𝑂2  and 𝐷𝐷𝐶𝐶𝐻𝐻4 > 𝐷𝐷𝑂𝑂2. Hence, the H2/CH4-air flame has a strong response to stretch 

effects owing to the non-unity Lewis numbers and preferential diffusion [5], which 

strongly increases the turbulent flame speed even for moderate and strong turbulence [8]. 
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The limited experimental data for very lean H2/CH4-air flames (ϕ = 0.5) with 50% H2 

suggest a turbulent flame speed of about 𝑠𝑠𝑇𝑇 = 0.5 m/s for 𝑢𝑢′ = 0.65 m/s  [8,162]. 

  



 
 

193 

Appendix D: Model swirl combustor and diagnostic setup 

 
Figure D.1: Model swirl combustor and diagnostic setup for high-speed 3D flame front 
reconstruction and tomographic PIV. 

 
Figure D.2: Mixing tube with axial swirler and attached center body. 
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