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Abstract 
 

The purpose of this study is to experimentally and numerically investigate flame 

acceleration in an obstructed channel. The motivation for this research is for the 

development of Pulse Detonation Engines (PDEs), which are unsteady propulsion 

devices that utilize the detonative mode of combustion. A literature survey on flame 

acceleration in the context of PDEs is presented, which covers a wide range of 

combustion regimes including laminar combustion, turbulent combustion, and finally 

detonation. An overview of current numerical modeling strategies is also presented along 

with a selection of recent numerical studies focused on flame acceleration in obstructed 

channels.  

Experimentally, the effect of obstacle blockage ratio on flame acceleration was 

investigated in a modular channel. The channel had a square cross-section and obstacles 

were mounted onto the top and bottom surfaces. Schlieren images were used to study the 

flame shape and the centerline flame velocity. A novel visualization technique has been 

developed to study the unburned gas flow ahead of the flame front. Flame propagation at 

speeds above the speed of sound in the reactants was also studied as compression waves 

formed in the unburned gas. It was found that shock reflection from obstacle surfaces and 

subsequent flame interaction dominates flame acceleration at these higher flame speeds.  

The unburned gas flow field ahead of the flame front was simulated using Large 

Eddy Simulation (LES) and was compared to the visualization technique developed 

experimentally. The detailed unsteady calculation was used to further study the 

development of recirculation zones behind the obstacle surfaces and the generation of 

turbulence in the shear layers. The unburned gas flow field was investigated to give 
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insight into the speed and shape of the flame as it propagates into these regions. Flame 

propagation was modeled using a flame surface density combustion model and 

simulations showed flame interactions with the turbulent flow field and how three-

dimensional vortical structures augmented the flame shape and increase total area.  
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Chapter 1 Introduction 
 

The motivation for this work is for the research and development of Pulse Detonation 

Engines (PDEs). PDEs have the potential to revolutionize propulsion technology over a 

wide range of operating conditions, including subsonic flight up to a Mach number of 

approximately four (Roy et al., 2004). PDEs rely on the intermittent use of detonative 

combustion and must operate at high frequencies to generate quasi-steady thrust. Since a 

detonation wave propagates at over 2 km/s, combustion occurs roughly as a constant 

volume process. As a result, PDEs have been modeled thermodynamically by the 

Humphrey cycle. The Humphrey cycle has been shown to have higher thermal 

efficiencies and thrust density than similar constant-pressure-combustion engines 

modeled by the Brayton cycle such as turbojet and ramjets (Heisser and Pratt, 2002).  

The engine cycle of a PDE is comprised of eight main stages, each of which is 

shown below in Fig. 1.1. The first two stages of the cycle involve filling the combustion 

chamber with a fuel-air mixture and closing of the intake valve prior to ignition. 

Depending on the type of PDE, a detonation wave can then be initiated directly or via 

deflagration-to-detonation transition (DDT), as shown in the figure (stages 3-4). After 

initiation, the detonation wave propagates towards the exit of the PDE at a supersonic 

velocity on the order of Mach 6 (stages 5-6). When the detonation wave reaches the 

exhaust of the PDE, the large pressure differential between the high-pressure combustion 

products and the low-pressure atmosphere causes rarefaction waves to travel back 

towards the closed end of the tube. These waves accelerate the combustion products out 

of the chamber producing thrust (stage 7). Finally, the PDE completely exhausts all of the 



 2

combustion products and the combustion chamber is ready to be filled to start the next 

cycle (stage 8). In addition to the difficulties of initiating the detonation wave, the PDE 

must be able to operate at high frequencies in order to produce quasi-steady thrust.   
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Figure 1.1: PDE Cycle (from Bussing and Pappas, 1996). 
 
 
Figure 1.2 compares the performance of several propulsion devices over a large range of 

Mach numbers. An important parameter that indicates the performance of the engine is 

the specific impulse, which is defined as:  

0gm
FI sp =                     (1.1)  

Ignition 
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where F , m , and g0 are engine thrust, exhaust mass flow rate, and the gravitational 

acceleration constant, respectively. 

 

Figure 1.2: Projected operational regimes for hydrogen-air and hydrocarbon-air  
propulsion systems (from Bletzinger et al., 2005).  
 
 
Although rocket engines are simplistic in design and have large thrust-to-weight ratios, 

they provide a relatively low specific impulse over a large range of flight Mach numbers, 

thus making alternative air-breathing propulsion more attractive. At subsonic speeds, 

turbojets and turbofan jet engines provide a large Isp, which results in the ability to 

transport large payloads over a long range. Unfortunately, the drag associated with higher 

Mach number flight limits the performance of these engines and it becomes desirable to 

switch to ramjet type engines that aerodynamically decelerate the intake air to subsonic 

speeds to raise the pressure instead of using conventional compressor blades. Since a 
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PDE (hydrogen-air) is able to provide a relatively high Isp up to a Mach number of four, it 

is conceivable that the PDE would be able to replace or be integrated into both the 

turbojet and Ramjet engines.   

Due to the simplicity of the PDE design, this low cost and light weight engine 

would be able to provide thrust to achieve flight speeds needed for the operation of a 

Scramjet engine.  Scramjet engines are theoretically able to provide thrust up to Mach 25, 

which corresponds to velocities required for low-earth orbit (Sosounov, 1993). The 

combination of a PDE, Scramjet, and rocket could conceivably provide the required 

propulsion for a single-stage-to-orbit launch vehicle. Currently the costs of obtaining low 

earth orbit with conventional launch vehicles such as the US space shuttle, European 

Ariane 5G, and the Russian Soyuz are $10000/kg, $9000/kg, and $5000/kg, respectively 

(Futron, 2002). The NASA Glenn Research Center forecasts that PDEs will lower the 

cost per kilogram of launching payloads to low-earth orbit by a factor of ten (NASA, 

2004). It is speculated that combined cycle PDE systems, which consist of a PDE 

combined with a ramjet/scramjet flow-path, could serve as part of such a launch vehicle. 

Both Pratt & Whitney and General Electric have active PDE research programs.   

Nonetheless, the realization of a PDE engine lies in the ability to achieve 

detonation in a distance corresponding to a practical engine size without expending 

excessive amounts of additional ignition energy. As illustrated in Fig. 1.3, the ignition 

energy required for the direct initiation of a detonation wave for a typical hydrocarbon-air 

mixture is on the order of 105 J per cycle.  
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Figure 1.3: Detonation cell width versus critical initiation energy (from Kaneshige and 
Shepherd, 1997; Schauer et al., 2005). 
 
 
Therefore, most PDE research is focused on finding a combustor design that reduces the 

length required for flame acceleration leading to DDT, where the ignition energy required 

is on the order of 100 mJ per cycle. Two conditions required for detonation initiation are 

the formation of a shock wave of intensity sufficient for the reactive mixture to autoignite 

and an increase in the local rate of energy release up to a level sufficient to sustain the 

shock wave (Roy et al., 2004). Three possible mechanisms for initiating a detonation 

wave are direct initiation, shock reflection, and DDT. The main advantage of direct 

initiation is a negligible distance between ignition and detonation initiation, known as the 

run-up distance. As discussed above, however, direct initiation is considered impractical 

for PDEs since the ignition energy required per cycle is on the order of 105 J. The rapid 

energy release, typically from a high energy spark discharge, causes the formation of a 

blast wave, which propagates through the surrounding unburned gas. The shock-
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compression of the blast wave raises the temperature of the gas to the point of 

autoignition. The coupled shock and flame propagate through the remaining unburned 

gas as a detonation wave. Detonation can also be initiated by shock reflection, whereby 

the shock wave produced ahead of the deflagration wave reflects off of a rigid surface 

strategically positioned in the PDE. Under suitable conditions, the high temperature and 

pressure generated behind the reflected shock wave will cause the reactive mixture to 

autoignite, which can lead to the formation of a detonation wave. Unfortunately, shock 

reflection requires the placement of a durable reflecting surface in the flow-path of the 

engine, which results in momentum losses. In addition, the small time scale associated 

with a shock reflection event makes research and development difficult. Finally, 

detonation can be initiated by a DDT mechanism, which is dependent on a flame 

acceleration process. If the flame acceleration process associated with this method of 

detonation initiation can be shortened, then the length, costs, and weight of a PDE 

concept can also be reduced.  

Further understanding the flame acceleration process prior to DDT is the focus of 

this work. In particular, the main objective is to understand the enhancement effects that 

surface mounted obstacles have on the flame acceleration process. Chapter 2 gives an 

overview of laminar deflagration, turbulent deflagration, methods of enhancing flame 

acceleration, detonation initiation, and finally detonation propagation. Numerical 

simulations can offer further insight into these phenomena as computations can produce 

large amounts of highly resolved information (temporally and spatially) that are not 

obtainable from an experiment. Therefore, Chapter 3 gives an overview of current 

numerical techniques used to simulate flame acceleration, with an emphasis on Large 
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Eddy Simulation (LES) and flamelet combustion modeling. Chapter 4 presents the 

experimental results of flame acceleration in an obstructed channel with varying blockage 

ratio obstacles. High speed schlieren photography along with a novel visualization 

technique was used to observe changes in the flame shape and the development of the 

flow field ahead of the flame front. An initial and late stage of flame acceleration was 

identified based on the development of compression waves ahead of the flame and their 

influence on the flame-tip speed. Simulations focused on the early development of the 

unburned gas flow field are presented in Section 5.1 and are compared to the 

experimental data of Chapter 4. Insights into the into the vortex rollup downstream of 

obstacles, including the three dimensionality of the rollup event, were obtained. Further 

insights into the flame surface interaction with the unburned gas flow field were obtained 

from numerical simulations and are presented in Section 5.2. The propagation of the 

flame surface was achieved through a flame surface density combustion model and 

predictions were compared directly to experimental data. Finally, a summary of the 

mechanisms responsible for the early and late stages of flame acceleration in the context 

of an obstructed channel geometry are presented in Chapter 6.  
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Chapter 2 Literature Survey – Flame 
Acceleration 

 

2.1 Overview 
 

The two main modes of combustion are deflagration and detonation. A deflagration wave 

is a self-sustaining propagation of a localized combustion zone that propagates into the 

unburned gas at subsonic velocities (Turns, 2000). In premixed systems, the mechanisms 

that govern propagation are diffusion of heat and active species across the flame front 

(Toong, 1983). For slow deflagrations there is a very small pressure drop across the flame 

front due to the conservation of momentum. A detonation wave is a combustion-driven 

shock wave, which propagates into the unburned gas at supersonic speeds. The pressure 

produced at the detonation front is roughly twice the adiabatic constant volume 

combustion pressure while the pressure behind the front (i.e. near the point of ignition in 

a tube) is just under the constant volume pressure. A more detailed analysis of the 

detonation structure will be discussed in Section 2.6. 

2.2 Laminar Deflagration 
 

For PDEs that rely on DDT to initiate a detonation wave, the initial flame produced near 

the ignition source is considered to be a laminar deflagration wave. Distributions of 

temperature, reaction rate, and mixture concentration through a 1D representation of a 

stationary, laminar, premixed deflagration wave are shown below in Fig. 2.1. In this 
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figure, the frame of reference is centered on the flame front, and for simplicity is referred 

to as a laminar flame herein. 

 

Figure 2.1: Internal structure of a laminar, premixed, stationary flame (from Law, 2006). 
 
 

The unburned gas velocity denoted as Uu is equal to the laminar burning velocity SL, 

which is a characteristic velocity scale in laminar premixed combustion. Both the 

temperature, T, and concentration of the fresh mixture, Y, vary across the flame thickness, 

δL. In premixed combustion, it is often useful to define a progress variable, c, which is 

defined as the progress of the reaction (i.e. c = 0 for reactants, and c = 1 for products). 

The majority of heat released from chemical reactions is from a small region within the 

flame called the reaction zone, and has a characteristic thickness, δR. For methane-air 

mixtures at atmospheric pressure, the reaction zone thickness is on the order of 0.1 mm 

(Cant and Mastorakos, 2008). Due to the steep gradient of temperature and species 

concentration in the reaction zone, both heat and radical species are diffused forward into 

the preheat zone.   

The laminar burning velocity and laminar flame thickness are thermochemical 

quantities that are independent of local flow conditions or geometry. In premixed flames, 

Uu = SL 

δL 
δR 

Yu , c=0 

Yb , c=1 
Tu 

Tb 
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the laminar burning velocity is weakly affected by pressure, and strongly affected by 

initial temperature (Turns, 2000). An estimation of the laminar flame thickness, as shown 

by Cant and Mastorakos (2008), is defined as:  

1
L

p LC S
λ

ρ

⎛ ⎞
∂ = ⎜ ⎟⎜ ⎟

⎝ ⎠
                 (2.1) 

where λ and Cp are the thermal conductivity and mixture specific heat, respectively. For 

stoichiometric methane-air, at 293 K and an initial pressure of 47 kPa, the laminar 

burning velocity and laminar flame thickness are estimated to be approximately 47 cm/s 

and 0.9 mm, respectively. These values are representative of the mixture used in this 

study and are calculated using the chemical equilibrium software, Cantera, which 

numerically solves the structure of a laminar, one-dimensional, premixed flame 

(Goodwin, 2009).    

 In laminar premixed flames, changes in the flame shape are described in terms of 

stretch, which is a combination of strain and curvature. Flame stretch occurs from 

hydrodynamic effects in the flow on which the flame is convected, and from local flame 

curvature, which affects how the flame propagates. Flame stretch can have a positive or 

negative effect on the flame propagation velocity depending on the sign of the strain and 

curvature and on the Lewis number, which is the ratio of thermal (α) and mass (D) 

diffusivities (Poinsot and Veynante, 2001):  

p
Le

D C D
α λ

ρ
= =               (2.2) 

Figure 2.2 shows examples of strain and curvature on a two dimensional flame front. As 

the flame propagates into regions of diverging flow (Figure 2.2a), the flame experiences 
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positive strain, which acts to increase the diffusion of fresh gas into the reaction zone but 

also to cool the reaction zone. 

 

Figure 2.2: Local effects of strain and curvature on a flame front: a) positive straining, b) 
negative straining, c) curvature and propagation (from Cant and Mastorakos, 2008). 
 
 
If Le > 1, then positive values of strain will result in a reduction in flame propagation 

velocity since the reaction zone cools at a faster rate than the increase in mass diffusion. 

In contrast, the flame propagation velocity will increase in the presence of positive strain 

for mixtures with Le < 1. Figure 2.2b shows a flame propagating into converging flow, 

which will result in an increase in flame speed for Le > 1 and a decrease in flame speed 

for Le < 1. For Lewis numbers near unity, strain has little effect on the propagation 

velocity.  

In regions of convex flame curvature (Fig. 2.2c, top), the local flame surface 

increases in area while the reaction zone cools. The opposite occurs for regions with 

concave flame curvature since the flame propagates towards itself (Fig. 2.2c, bottom). 

Figure 2.3 illustrates the stabilizing and destabilizing effects that the Lewis number has 

on regions of flame curvature. For Le > 1, the diffusion of heat is larger than the diffusion 

of mass, which is a stabilizing effect on flames since concave regions (relative to the 

       a)        b)     c) 
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unburned gas side of the flame) propagate at faster rates than convex regions. As a result, 

initial perturbations along the flame surface tend to flatten, stabilizing the flame.   

 

Figure 2.3: Effect of Lewis number on flame stability (from Law, 2006). 
 

For Le < 1, however, perturbations in the flame structure are amplified as concave 

regions decelerate relative to convex regions, which results in flame instability. For unity 

Lewis numbers, the rates of mass diffusion and thermal diffusion are in balance and have 

no effect on the flame structure. Hydrodynamic effects due to flow convection can be 

amplified if gas flow is accelerated. For example, in a partially closed channel the 

expansion of the combustion products cause compression waves to radiate ahead of the 

flame towards the open end, which induces a flow on the unburned gas. This ultimately 

results in an increase in flame speed, SF, which is a summation of the unburned gas 

velocity and the laminar burning velocity. As the flame further propagates into the 

unburned gas, the flame speed is accelerated due to the additional flame area created 

initially by the axial velocity profile across the channel width. As the Reynolds number 
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of the flow increases and a transition to turbulence initiates, the hydrodynamic effect on 

flame propagation is strengthened. 

2.3 Turbulent Deflagration 
 

Globally, the presence of turbulence results in flame wrinkling, which increases the flame 

area from a level associated with laminar combustion, A, to a turbulent combustion area, 

AT. As shown in Fig. 2.4, the consequence of a larger flame area is an increase in the 

volumetric burning rate, which results in a faster global burning velocity, termed the 

turbulent burning velocity, ST. In a time-averaged sense, as turbulence mixes products 

with reactants due to an increased turbulent diffusion rate of heat and mass, the laminar 

flame thickness increases to a turbulent flame brush thickness, δT.  

 

Figure 2.4: Definition of turbulent area and velocity (from Peters, 2000). 
 
 
While affected by turbulence, flame propagation also affects the local turbulence field. 

As the unburned gas is processed through the flame, vorticity is generated from 

baroclinic torque that arises from changes in density and pressure. This process is 

referred to as “flame generated turbulence”. However, the rise in kinematic viscosity 
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through the flame due to the rise in temperature acts to dampen local turbulence, which 

has a “relaminerizing” effect on the flow.  

  Historically, the study of turbulent combustion was initially focused on 

predicting global turbulent quantities such as ST, and δT (Poinsot and Veynante, 2001). 

Unfortunately, ST and δT are dependent on local flow conditions, and therefore are not as 

easy to predict like their laminar counterparts. Instead, it is useful to focus on different 

turbulent combustion regimes that occur and to make simplifications tailored to each 

regime. For a given mixture, the effects of turbulence on flame propagation will vary 

depending on the intensities and scales of turbulence. In the context of flame acceleration 

in an obstructed channel leading to DDT, the entire spectrum of turbulent combustion 

regimes is likely to be experienced. In addition to the Reynolds number, two other 

important dimensionless quantities in turbulent combustion are the Karlovitz and 

Damköhler number, defined as (Poinsot and Veynante, 2001):     

/
/

c LS
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uη η

τ δ
τ η

= =
′                (2.3) 
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where cτ  is the chemical time scale. The integral turbulence time, length, and velocity 

scales, denoted as Tτ , lT, and Tu′ , characterize the largest energy containing eddies that 

exist in a turbulent flow. These scales are often dictated by the overall geometry that 

constrains the flow. Energy is transferred from the integral turbulence scales to smaller 

and smaller eddies through a cascade process, which ends at the Kolmogorov scale. At 

the Kolmogorov scale, the dampening effects of viscosity, ν , cause the kinetic energy of 
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potentially smaller scales of turbulence to dissipate into heat. The Kolmogorov time, 

length, and velocity scales are denoted as ητ , uη′ , and η, and defined as (Pope, 2000):   

( )1/2/ητ ν ε=          (2.5) 

( )1/43 /η ν ε=                  (2.6) 

( )1/4uη νε′ =      (2.7) 

where ε  is the dissipation rate of turbulent kinetic energy. A turbulent combustion 

diagram, known as the Borghi diagram shown in Fig. 2.5, illustrates the effect that 

Karlovitz and Damköhler numbers have on turbulent combustion. When fluctuations in 

the unburned gas, u ′ , are smaller than the laminar burning velocity, SL, the end effect of 

turbulence is to merely distort the laminar flame shape, without penetrating the internal 

flame structure. 

 

 

Figure 2.5: Turbulent combustion diagram (Poinsot and Veynante, 2001). 

Lu S′ =

/T Ll δ  

L
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Flame propagation in these conditions corresponds to the “Wrinkled Flamelet Regime”, 

since the ultimate effect is a wrinkled laminar flame. When u ′  exceeds SL, but the 

Karlovitz number is below unity, flame propagation occurs within the “Corrugated 

Flamelet Regime”. The flame retains its laminar structure but becomes extremely 

convoluted as small eddies traverse the flame front. Figure 2.6 illustrates the interaction 

of a two-dimensional flame front with an eddy of varying sizes in the context of the 

different combustion regimes. Combustion within the “Corrugated Flamelet Regime” can 

result in pockets of burned and unburned gas as portions of the flame pinches off from 

the main flame front. As the Karlovitz number increases above unity, small eddies are 

able to penetrate into the preheat zone of the flame, resulting in enhanced heat and mass 

transfer rates. As a result, the flame thickens into a “Distributed Reaction Zone” (Fig. 

2.6c). 

 

Figure 2.6: a) Wrinkled Flamelet ( )/ 1Lu S′ < , b) Corrugated Flamelet ( )/ 1Lu S′ > , and c) 
Distributed Reaction Zone (Ka > 1) (from Law, 2006).  

 
 

As the Damköhler number drops below unity, the time scale of the largest turbulence 

structure in the flow becomes shorter than the chemical time scale and the reaction zone 
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becomes completely scattered, losing all resemblance of a flame. This regime is referred 

to as the “Well Stirred Reactor Regime”. 

 The different zones in Fig. 2.5 are based on dimensional arguments and only 

provide an order of magnitude estimate of the transition limits. Transitions between 

combustion regimes do not occur abruptly at these limits and this phenomenon is an area 

of active research (Poinsot and Veynante, 2001). For example, Fig. 2.7 shows the 

visualization of a flame front (contours of progress variable c) at various Karlovitz 

numbers above unity, which is obtained from a DNS with single step chemistry (Han and 

Huh, 2009). This work was performed on a uniform grid of 256 128 128× ×  nodes with 

approximately 7 nodes distributed through the flame thickness. Although the flame 

propagation is simulated at large Karlovitz numbers, the majority of the flame surface 

appears to have a sharp discontinuity between burned and unburned gas. This suggests 

that although the preheat zone may be affected by turbulence (Figs. 2.7a,b), the reaction 

zone still remains unaffected. The case corresponding to the largest Karlovitz number, 

however, appears to have small localized zones where the progress variable is distributed 

(Fig. 2.7c). Cant and Maskorakos (2008) explain that DNS and experimental results show 

that the boundaries in the Borghi diagram (Fig. 2.5) are conservative for characterizing 

the flamelet regimes. They explain that at high Karlovitz numbers, localized extinction 

will occur due to the intermittency of turbulence, but will be limited to discrete regions. 

DNS results (Poinsot et al., 1991) indicate that flame fronts are more resistant to 

quenching by individual vortices than expected from dimensionless analysis, which puts 

doubts on the limits shown in Fig. 2.5.  
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Figure 2.7: Effects of Karlovitz number on flame structure (from Han and Huh, 2009). 

 
 
A new turbulent combustion regime, termed the “Thin Reaction Zone Regime”, accounts 

for flame propagation at high Karlovitz numbers, but which still have a thin discontinuity 

between burned and unburned gas. A modified turbulent combustion diagram proposed 

by Peters (2000) includes an upper limit for the thin reaction zone regime based on 

R
Kaδ = 1, which is the Karlovitz number based on the reaction zone thickness (Fig. 2.8). 

This limit corresponds to an order of magnitude increase in the upper limit of the 

Karlovitz number based on the laminar flame thickness ( L
Kaδ ) for the “Thin Reaction 

Zone Regime”. Each of the cases shown in Fig. 2.7 are described by the authors as 

combustion within the “Thin Reaction Zone Regime”. A problem with turbulent 

combustion regime diagrams is that limits shown are based on the ratio of a single 

turbulence scale to a single chemical scale. In reality a cascade of turbulent scales exists 

and each interacts with the front. 

b) Ka = 2, / Lu S′ = 7.2,    
    ReT = 125, Da = 2.4 

a) Ka = 2, / Lu S′ = 3.2,    
    ReT = 25, Da = 2.4 

c) Ka = 10, / Lu S′ = 16.1,   
    ReT = 125, Da = 0.5 
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Figure 2.8: Modified turbulent combustion regime diagram (from Peters, 2000; Cant and 
Mastorakos, 2008). 
 

As explained by Poinsot et al. (1991), at high Karlovitz numbers, some turbulent vortices 

may induce flame quenching, some vortices may form pockets of burned and unburned 

gas without quenching, while some vortices might dissipate from viscous effects before 

interacting with the flame. The flow structure is a complex superposition of these 

vortices, making it difficult to characterize a combustion regime by a single turbulence 

length or time scale. This is why Poinsot et al. (1991) offered a different method to 

characterize each of the combustion regimes based on the ability of a turbulent vortex to 

locally quench a flame front, which acts to break the reaction zone apart, eventually 

leading to a “Distributed Reaction Zone Regime”. It is argued that the transition between 

combustion regimes should be determined from flame topology instead of dimensional 

1
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1
L

Kaδ =  L

u
S
′

 

/T Ll δ  



 20

arguments based on turbulence scales. As a result, Poinsot et al. (1991), provides a new 

definition for characterizing combustion within the flamelet regime:   

 

“A premixed turbulent reacting flow is an extended flamelet regime if 

any line-connecting one point in the fresh gases to another point in the 

burnt products crosses (at least) one active flame front.”  

 

A visual representation of this statement is provided below in Fig. 2.9. Although pockets 

of fresh and burned gas exist separately from the main flame front, the classification of 

the regime is still a flamelet since the line from point A to point B crosses through at least 

one active flame front.  

 An active area of research is to develop new criteria to characterize and describe 

the transition between combustion regimes. Spectral diagrams, for example, offer an 

alternative way to visualize the different combustion regimes (Poinsot and Veynante, 

2001). Except for DNS, where the reaction zone is fully resolved, the characterization of 

the combustion regime is important when selecting the type of combustion model needed 

to predict the rate of heat release in numerical simulations. In most practical simulations 

of turbulent combustion, combustion models are only valid for a specific combustion 

regime. In the context of simulating DDT in PDEs, this task is even more difficult as the 

transition between combustion regimes occurs as the flame speed increases. 
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Figure 2.9: Visual representation of the extended flamelet regime (from Poinsot et al., 
1991).  
 

2.4 Enhancing Flame Acceleration 
 

The large run-up distances associated with DDT in a smooth tube can be reduced by 

enhancing the mechanisms of turbulence production in the early stages of flame 

acceleration. The interaction of the flame and the unburned gas flow field generated 

ahead of the flame provides an efficient feed-back loop that can lead to flame 

acceleration up to a velocity relative to a fixed observer on the order of the speed of 
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sound of the combustion products, which is roughly 1000 m/s for stoichiometric 

methane-air. For PDEs with smooth surfaces, turbulence is generated in the buffer region 

of the turbulent boundary layer. In a recent study by Kuznetsov et al. (2005), initiation of 

detonation was observed during the combustion of hydrogen-oxygen in a confined 

smooth tube when the ratio of boundary layer thickness to cell size of the initial mixture 

was greater than ten. The reduction in run-up distance by introducing turbulence 

generating obstacles into a combustion tube were first implemented by Chapman and 

Wheeler (1926) and Shchelkin (1940). Extensive research investigating flame 

acceleration in tubes with orifice plates was investigated by Lee et al. (1985) and Peraldi 

(1986). The effect of tube diameter, mixture type, and orifice plate blockage ratio on 

flame acceleration was investigated with orifice plates spaced one tube diameter apart. It 

was found that the run-up distance was minimized for orifice plate blockage ratio of 

approximately BR = 0.4.  Interest in PDE research using turbulence generating obstacles 

has been promoted by the results of large-scale experiments, which have demonstrated 

the ability of relatively insensitive fuel-air mixtures to undergo DDT (Moen et al., 1982; 

Hjertager et al., 1984; Sherman et al., 1986).  

    Initially the geometric increase in flame area caused by the large-scale flow 

structures produced by the obstacles is responsible for flame acceleration. As flame 

acceleration proceeds and the unburned gas flow becomes turbulent, the transport of mass 

and momentum into the flame is augmented and the resulting increase in the burning rate 

further enhances flame acceleration. The flow structure of the induced flow ahead of the 

flame front in an obstructed channel is illustrated below in Fig. 2.10.   
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Figure 2.10: Flame acceleration process with turbulence generating obstacles. 
 

 
Upstream of (i.e. to the left) the obstacle, the flow is considered to be similar to 

channel flow. The velocity distribution of this type of flow is dominated by the level of 

wall skin friction and the external pressure gradient imposed. As the flow approaches the 

obstacle, streamwise velocity near the channel walls decrease while the centerline 

velocity accelerates due to the flow contraction of the core. The pressure distribution 

along with the vorticity produced in the boundary layer cause a vortex or recirculation 

zone to form upstream of the obstacle (Liou and Kao, 1988). Due to the sharp flow 

expansion downstream of the obstacle, a low pressure distribution causes a larger second 

recirculation zone to form. Finally, further downstream the flow reattaches and returns to 

a channel flow-type behavior until it approaches the next obstacle. The combination of 

the unstable effects of flow deceleration and the presence of a recirculation zone 

upstream of the obstacle causes levels of turbulence to rise. As the flow travels through 

the sudden contraction, turbulence levels are reduced relative to the mean flow due to the 

stabilizing effects of acceleration (Piomelli et al., 2000). The region of separation behind 

the obstacle has the highest levels of turbulence, thereby affecting the flame the most, due 

to the large velocity gradients associated with the recirculation zone (Liou and Kao, 

1988). In addition to the accelerating flow field, the unsteady nature of the large scale 
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turbulence produced in the shear layer of the recirculation zone causes the point of 

reattachment to fluctuate (Yang and Ferziger, 1993). After the point of reattachment, the 

boundary layer begins to redevelop and the pressure loss is represented by channel flow. 

In the context of a steady flow, the ultimate effect of obstructions is to introduce large 

velocity gradients, which enhance turbulence production and increase flame area. Flame 

acceleration, however, must be studied in the context of unsteady flow development as 

the volumetric flow rate of the unburned gas increases rapidly. In this case, the 

development of recirculation zones behind obstacles never reaches a statistically 

stationary state. Unsteady flow development includes an unsteady rollup of a laminar 

vortex, transition to turbulence, and formation of a fully turbulent shear layer.  

As the flame accelerates above the speed of sound in the unburned gas, 

compression waves, which radiate from the flame due to the piston effect associated with 

the unburned gas expansion, begin to coalesce near the flame front. At sufficiently high 

flame speeds, a lead shock forms and can cause shock-flame interactions due to 

reflections from obstacle and channel surfaces. Experimentally, it has been observed that 

the maximum flame speed is less than the speed of sound in the combustion products, 

which is roughly equal to half of the Chapman-Jouguet (CJ) detonation velocity 

(Knystautas et al., 1998). Flame propagation in this quasi-steady “choked” regime can 

lead to overpressures on the order of the adiabatic constant volume explosion pressure. 

The initial stages of flame acceleration prior to propagation in the “choked” regime are 

dominated by the turbulent transport of energy and species typical for deflagrations 

(Kuznetsov et al., 2005). Schlieren photographs of a flame propagating in an obstacle-

laden channel obtained by Veser et al. (2002) show flame development over the flame 



 25

velocity range investigated experimentally in Chapter 4. The schlieren photographs show 

the flame shape during the initial flame acceleration phase in addition to the “choking” 

regime, which is characterized by a precursor shock wave.  

Conditions that determine whether a flame will progress to the “choked” regime 

(fast flames) or continue to propagate at low, subsonic speeds (slow flames) are 

dependent on the mixture expansion ratio (σ), Zel’dovich (β), and Lewis numbers (Le). 

The Zel’dovich number is defined as:  

( )
2

a b u

b

E T T

RT
β

−
=              (2.8) 

where Ea is the activation energy and R is the ideal gas constant. In this last stage, shock 

flame interactions can lead to severe flame distortion which further supports flame 

acceleration and in extreme cases, causes transition to detonation. The process of DDT 

along with dynamic conditions necessary for the transition is discussed in the next 

section. 

2.5 Detonation Initiation 
 

Although the study of transition to detonation is not part of this work, it is important to 

note that flame acceleration is a necessary requirement for DDT. DDT occurs when a 

volume of pre-compressed reactive gas ahead of the choked flame front explodes 

producing a strong blast wave. Oppenheim developed a concept of pre-detonation point 

explosions occurring behind the lead shock wave, which resulted in the formation of 

detonation ‘bubbles’ (Urtiev, 1966). Several pockets of shock-compressed gas explode in 

several exothermic centers, termed ‘hot spots’, resulting in the generation of spherical 
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blast waves. The collision of these blast waves result in the development of detonation 

kernels that ultimately lead to the formation of a detonation wave. Zel’dovich (1980) later 

developed an ‘ignition delay gradient’ mechanism concept to explain DDT. Self-ignition 

of a shock-compressed pocket of gas occurs non-uniformly along a naturally formed 

ignition-delay gradient. Once the speed of the self-ignition wave approaches the local 

speed of sound, a shock wave will form, which could become coupled with the flame to 

form a detonation wave. Lee et al. (1977, 1978, 1980) developed a transition concept 

based on shockwave amplification through coherent energy release (SWACER). 

Simplistically, this theory is a combination of Oppenheim’s pre-detonation point 

explosion concept and Zel’dovich’s ‘gradient’ mechanism. Localized micro explosions in 

the shock-compressed mixture give rise to colliding blast waves, as proposed by 

Oppenheim, and then are amplified via the ‘gradient’ mechanism. Comprehensive 

reviews of flame acceleration and DDT can be found in the literature (Lee. et al., 1984; 

Heisser and Pratt, 2002; Roy et al., 2004; Ciccarelli and Dorofeev, 2008).   

2.6 Detonation 
 

Upon initiation, the detonation wave is sustained by the chemical energy released by 

shock-compression and auto ignition of the unburned gas. The flame and shock wave, 

separated by a small distance determined by the induction time, are coupled both 

temporally and spatially and propagate supersonically into the unburned gas. As the 

propagation is supersonic, there is no pressure rise or induced flow ahead of the wave. 

Experimental observation has shown that the detonation wave is both unsteady and three-

dimensional due to collisions of transverse waves propagating behind the lead shock front 
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(Oppenheim and Stern, 1959). Figure 2.11 illustrates the non-linear instability of the 

detonation front due to the interaction of these transverse waves. 

 

 

Figure 2.11: Cellular structure of the detonation front (from Wintenberger, 2004). 

 

 Since chemical reaction rates are sensitive to the local mixture temperature and 

given that the flow behind the detonation front is subsonic, small variations in 

temperature result in large changes in local shock strength. The collision of adjacent 

transverse waves produced at the detonation front generate zones of high pressure and 

temperature, which during combustion accelerate a local portion of the lead shock 

relative to weaker adjacent portions of the detonation front. After the transverse wave 

collision, the locally accelerated portion of the lead shock decays until the next collision 

occurs. This cyclic process is responsible for the oscillatory motion of the triple points, 

which occur at intersections between transverse waves and the detonation front. The 

trajectory of the triple points obtained on a sooted foil placed on the inside wall of the 

combustion tube, as shown in Fig. 2.12, reveals a cellular structure that resembles the 
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pattern of scales on fish. The detonation wave shown in the figure corresponds to a 2H2-

O2-17Ar mixture with initial pressure and temperature conditions of 20 kPa and 295 K, 

respectively. 

     

 

Figure 2.12: Fish scale pattern of detonation wave captured on a sooted foil (from Austin, 
2003). 
 

The cell size, defined as the width of the cellular structure, is an important parameter 

indicating the chemical sensitivity of the mixture. For a fixed mixture composition and 

initial conditions, Lee (1984) proposed a set of dynamic parameters that are correlated 

with the detonation cell size, which will determine whether a detonation wave will 

propagate or fail. These parameters include minimum initiation energy, limiting tube 

diameter, and critical exit diameter. However, it has been shown that the validity of the 

empirical correlations break down for mixtures with highly regular cellular structures 

(Shepherd et al., 1986). It is speculated that mixtures with highly irregular cellular 

structures are dominated by turbulent combustion (unstable reaction zone) behind 

transverse wave collisions while mixtures with highly regular structures are dominated by 

laminar burning (Radulescu and Lee, 2002).  
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Chapter 3 Literature Survey – Numerical 
Simulations  

 

3.1 Overview 
 

In flows with reactive mixtures, the heat release associated with the chemical reaction 

between the fuel and oxidizer results in an expansion of combustion products, which 

alters the flow. Coupling the rate of heat release to fluid dynamic properties in the flow is 

accomplished through combustion modeling. A short introduction to modeling laminar 

combustion is presented in Section 3.2. If the Reynolds number of the flow is sufficiently 

high, approximating the effects of turbulence is accomplished through turbulence 

modeling. A background to combustion modeling with Large Eddy Simulation is 

discussed in Section 3.3 followed by a literature survey on Flamelet modeling in Section 

3.4. A selection of recent simulations on flame acceleration in obstructed channels will be 

presented in the final section, Section 3.5.  

3.2 Laminar Combustion 
 

The most straightforward way to model a laminar premixed flame is to calculate the rate 

of the chemical reaction based on local flow quantities and couple the heat release to the 

governing equations of fluid dynamics. Since unsteady chemical reactions are occurring 

throughout space, a transport reaction for each component of species is typically solved. 

Eqs. (3.1)-(3.17) have been adapted from Poinsot and Veynante (2001) and Cant and 

Mastorakos (2008). The flame front, for example, can be visualized by tracking 
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maximum levels of the reaction rate. The 3D transport reaction equation for the mass 

fraction, Y, of species, k, is written as: 

( ) ( ) ( ),k k ik i k
k

i i

Y VY u Y
w

t x x

ρρ ρ ∂∂ ∂
+ = −

∂ ∂ ∂             (3.1) 

where Vk,i is defined as the ith-component of the diffusion velocity and is approximated to 

the gradient of species and the mass diffusivity using Fick’s law: 
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The reaction rate, kw , can be calculated by analyzing the chemical kinetics of M number 

of reactions that occur within the flow:  

1 1
1

forward reaction reverse reaction

kj kjM
N Nk k

k k kj fj k rj k
k kj

Y Y
w W K K

W W

ν ν
ρ ρ

ν
′ ′′

= =
=

⎛ ⎞
⎜ ⎟⎛ ⎞ ⎛ ⎞⎜ ⎟= Π − Π⎜ ⎟ ⎜ ⎟
⎜ ⎟⎝ ⎠ ⎝ ⎠⎜ ⎟
⎝ ⎠

∑            (3.3) 

kj kj kjν ν ν′′ ′= −             (3.4) 

where Wk, kjν ′ , and kjν ′′  are the species molar mass, molar stoichiometric coefficients in 

the reactants, and molar stoichiometric coefficients in the products, respectively.  Kfj and 

Krj are the forward and reverse reaction rate coefficients, which are approximated using 

the empirical Arrhenius Law:  

( )/ajj T T
fj fjK A T eβ −
=                   (3.5) 

( )/ajj T T
rj rjK A T eβ −
=                 (3.6) 

where Ta is the activation temperature. The reaction rate, kw , is related to the rate of heat  

release from combustion, Tw , by the formula:  
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where ,
o
f khΔ  is the enthalpy of formation for species, k. The heat release from combustion 

affects the total enthalpy, H, of the fluid through the conservation of energy equation for 

a compressible, reactive flow:  
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ijτ  and hs are defined as the viscous stress tensor and sensible enthalpy, respectively. The 

energy flux, qi, is approximated as the summation of Fourier’s law of heat conduction 

and multi-species diffusion, as shown in Eq. (3.3). For mixtures with a negligible external 

heat source, negligible viscous heating, negligible body forces, and negligible pressure-
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work, Eq. (3.8) reduces to the low Mach number formulation of the energy equation 

(Charentenay et al., 2002): 
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                           (3.13) 

where  

s ph C T=                (3.14) 

In premixed combustion, it is often desirable to represent all of the species with a single 

variable, such as the progress variable, c, in order to reduce the computational load. The 

conservation equation for the progress variable is:  
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where 

T F comb cw Y h w= Δ              (3.16) 

The enthalpy of combustion is denoted as combhΔ . With these assumptions, the reaction 

rate, w , can be approximated with a simplified Arrhenius law:  

( ) ( )/1 aT TB
cw B c T eρ −= − −                (3.17) 

where B is a constant. Accurate solutions of premixed laminar flames can be obtained if 

the full Navier Stokes equations are solved in addition to the full chemical kinetics in Eq. 

(3.3). Often approximating the chemistry with a single reaction is sufficient to estimate 

the reaction rate in direct numerical simulations if detailed pollutant or intermediate 

radical quantities are not required (Thevenin, 2005). Since the number of grid points 

required to adequately resolve the reaction zone is much larger than the grid points 
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required to resolve the surrounding fluid, dynamic grid adaptation is usually applied 

(Poinsot and Veynante, 2001). 

3.3 Large Eddy Simulation 
 

The most accurate but costly approach to simulate turbulence is direct numerical 

simulation (DNS). Unfortunately, at high Reynolds numbers, the limitations in 

computational resources prohibit its use, and other methods of numerical simulation must 

be considered. Unsteady Reynolds Averaged Navier Stokes (URANS) has had some 

success in modeling unsteady separated flows but is completely dependent on turbulence 

closure models to predict the effects of turbulence on the mean flow field (Pope, 2000). It 

is difficult to find an accurate RANS turbulence model that is still robust enough to deal 

with the complicated features of the flow such as laminar-to-turbulence transition, 

unsteady boundary conditions, and flow separation (Pope, 2000). Due to the unsteady 

nature of flame acceleration, LES is a favorable choice for simulating turbulence. 

In LES, the governing equations are filtered in space so that the large eddies are 

resolved while eddies smaller than the filter scale are modeled using a subgrid model.  A 

spatial filter operation is defined as (Sagaut, 2004): 

( ) ( ) ( ),
fD

x x G x x dxϑ ϑ ′ ′ ′= ∫              (3.18) 

where the variable ϑ  is spatially filtered by the filter function ( ),G x x′ over the fluid 

domain, Df. The most common filtering method is an implicit filtering operation:  
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where the filter scale is equal to the grid node spacing (Δ), which corresponds to a 

representative length of each computational volume, V.  With the incorporation of a 

Favre-averaged variable, ρϑρϑ /~
= , the governing equations solved in this problem are 

the spatially-filtered, Favre-averaged, low-Mach number Navier-Stokes equations: 
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These governing equations are complemented by the filtered equation of state: 

p RTρ=       (3.24) 

The subgrid terms on the right-hand-side of Eqs. (3.21)-(3.23), need to be modeled in 

order to close the system of equations. In LES, the effect that these terms have on the 

governing equations is diminished as the filter width is decreased. Therefore, when LES 

is applied to simple, highly resolved, low-Reynolds-number flows, most of the turbulence 

is computed directly and the subgrid models plays a small role in determining the 

numerical solution. However, modeling turbulent combustion in high Reynolds number 

flows requires the subgrid models to play a large role in predicting the effects of 

turbulence.   
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 The most common method to model these subgrid terms is through an appropriate 

gradient diffusion approximation (Boger et al., 1998; Sagaut, 2009): 
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where SGSμ , PrSGS, and ScSGS are the subgrid viscosity, Prandtl number, and Schmidt 

number, respectively. The subgrid Prandtl and Schmidt numbers are usually set as 

constants while the subgrid viscosity is further approximated. 

The effect of PrSGS in Eq. (3.26) has been investigated in several studies (Bardina 

et al., 1980; Basu and Mansour, 1999). Yan (2007) concluded that PrSGS has little effect 

on LES predictions of a turbulent thermal plume. Often an adiabatic assumption is made 

where the progress variable is linked directly to the temperature variable and Eq. (3.26) 

does not have to be solved. The major shortcoming of the approximation for subgrid 

species flux in Eq. (3.27) is the inability to account for the effects of counter-gradient 

diffusion that occur in turbulent flames. Counter-gradient diffusion occurs as light 

combustion products are accelerated at a faster rate than the heavier reactants by the 

mean pressure gradient. This results in preferential transport of products down the 

pressure gradient, which is opposite in sign to the gradient of progress variable. However, 

Boger et al. (1998) showed that resolved motions predicted by LES can account for the 

effects of counter-gradient diffusion even when a gradient-type closure is being used. 

Therefore, if the filter size is sufficiently small, then the resolved scales in LES should be 



 36

sufficient to predict counter gradient diffusion. The subgrid terms in Eqs. (3.21)-(3.23) 

rely on the approximation of a subgrid viscosity and attention will be focused on two 

common methods, which are outlined below.  

3.3.1 Standard Smagorinsky-Lilly Model 
 

The simplest and first widely used subgrid model that calculates the subgrid viscosity 

using an eddy viscosity approach is the Smagorinsky-Lilly model (Smagorinsky, 1963): 

    2
sgs sL Sμ ρ=                              (3.28) 

where 
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                       (3.29) 

2 ij ijS S S=            (3.30) 

κ, y, and Cs are the von Kármán constant, distance to the wall, and the Smagorinsky 

constant, respectively. Although the Smagorinsky constant has been calibrated to Cs = 

0.17 for the decay of homogeneous isotropic turbulence in the inertial subrange, the main 

weakness of this model is the sensitivity of Cs to the grid resolution and levels of 

turbulence. Ferziger (1993) explains that the constant, Cs, should vary in space and time 

and become a function of Δ/lT, where lT is the integral length scale of turbulence.   

3.3.2 Dynamic Smagorinsky-Lilly Model 
 

The dynamic Smagorinsky-Lilly (Germano et al., 1991; Lilly, 1992) model allows the 

value of Cs to vary spatially and temporally to properly model the effects of turbulence on 
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local flow conditions. If Cs is constrained to a single positive value, as done in the 

Smagorinsky-Lilly subgrid model, the energy transfer direction will be limited from large 

scales to small scales of turbulence. Although the energy transfer or subgrid scale 

dissipation is positive on average, intermittently, there are local regions of reversed 

energy transfer (backscatter) from the small scales back to the large scales. The dynamic 

model relies on the comparison of subgrid stresses calculated at two distinct filter widths 

at the same temporal and spatial position within the computational domain. The 

difference between the subtest-scale stress, Tij, and the test-scale average of the subgrid 

stress, îjτ , is defined as Lij: 

              ( )ˆ ˆ ˆ ˆˆij ij ij i j i j i j i j i j i jL T u u u u u u u u u u u uτ= − = − − + = −            (3.31) 

Lij represents the resolved components of the stress tensor associated with scales of 

motion between the test scale and the grid scale and can be approximated as (Germano et 

al., 1996): 

* 2 2 2ˆ ˆˆ2ij s ij ijL C S S S S⎛ ⎞= Δ −Δ⎜ ⎟
⎝ ⎠

          (3.32) 

Values of Cs can be calculated to minimize the error of *
ij ijL L− , and therefore will 

correspond to more accurate levels and directions of energy transfer at the subgrid level. 

Lilly (1991) proposed a least squares method of minimizing this error: 
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where  denotes spatial averaging in homogenous directions. Although this model 

appears to be more robust than the standard Smagorinsky-Lilly model by allowing Cs to 
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vary spatially and temporally, the model has difficulty in averaging in homogenous 

directions when implemented in complex geometries (Marstorp, 2006).   

3.3.3 Monotonically Integrated LES (MILES) Approach 
 

The monotonically integrated LES (MILES) approach was originally proposed by Boris 

(1992) as a simple alternative to subgrid modeling. The MILES approach relies on the 

truncation errors associated with discretization of the Navier Stokes equations to account 

for the effects of small scale turbulence and does not explicitly calculate any subgrid 

viscosity. The MILES approach is ideal to predict transitional flow due to the absence of 

an explicitly generated subgrid viscosity, but is controversial since the user has little 

control over the magnitude of the truncation error (Domaradzki et al., 2003). The 

motivation for using the MILES approach is that for low order discretization schemes on 

low resolved grids, the numerical errors usually dominate the contribution from a typical 

subgrid model (Ghosal, 1996). Since most practical LES are performed at such 

conditions, it is argued that efforts should be focused using the numerical error to mediate 

the dissipation of turbulent kinetic energy rather than try to improve the subgrid 

modeling, which is a difficult process (Grinstein et al., 2007).  

3.3.4 Filtered Reaction Rate 
 

Although modeling the subgrid stress tensor in Eq. (3.25) provides difficulty, the main 

hurdle in turbulent combustion is trying to model the filtered reaction rate, cw , in Eq. 

(3.23). Unfortunately, due to the high non-linearity of the reaction rate with temperature, 
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filtering cw  is not a straightforward process. Borghi (1978) simplified cw  by expanding 

Eq. (3.17) as a Taylor series to produce:  
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This simplification was originally intended for Reynolds averaging of a single step 

irreversible reaction using both fuel and oxidizer species instead of a single progress 

variable. It has been modified here as both fuel and oxidizer are represented by a single 

progress variable and the over-bar refers to a filtering process instead of Reynolds 

averaging. If only the 1st term in Eq. (3.34) is kept, the reaction rate is unaffected by 

fluctuations in temperature or species concentrations due to turbulence. This model is 

relevant only for systems where the chemical time scales are much larger than the 

turbulent times scales (i.e. Da << 1), which corresponds to the “Well Stirred Reactor 

Regime”. For flows with higher Damköhler numbers, it is not justified to ignore the 

higher order terms. Unfortunately, as Poinsot and Veynante (2001) explain, quantities 
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such as c T′ ′  and 2c T′ ′  do not correlate well with resolved quantities such as the mean 

temperature or progress variable. This is referred to as a “stiff chemistry problem”, and 

either a new approach to approximating the reaction rate is needed, or the grid spacing 

needs to be sufficiently small to resolve the reaction zone. Since the amount of resolved 

turbulence in LES is dependent on the filter width, Δ, a modified combustion regime 

diagram can be produced, which is shown in Fig. 3.1. 

 

`

( ) ( )( )1/23/ /L LKa u S δΔ′= Δ  

Figure 3.1: Modified turbulent combustion regime diagram based on filtered quantities 
from LES (from Pitcsh and Duchamp de Lageneneste, 2002). 
 

The Karlovitz number in Fig. 3.1 is based on the filter width and the fluctuation in 

subgrid velocity, uΔ′ . If the filter width corresponds to a turbulence length scale in the 

inertial subrange of the turbulence energy spectrum, this expression for Karlovitz number 

is a good approximation for the Karlovitz number based on the integral turbulent velocity 
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fluctuation, Tu′ , and the integral length scale, lT. As expected, the choice of filter width 

has no effect on the transition between the “Flamelet”, “Thin Reaction Zone”, and 

“Distributed Reaction Zone” regimes. However, a reduction of filter width below the 

Kolmogorov scale, η, in the “Corrugated Flamelet Regime” will allow turbulence to be 

computed directly but still rely on an approximation for the reaction zone. Further 

reduction in filter width below the reaction zone width will allow Eq. (3.17) to be solved 

directly.   

3.4 Flamelet Combustion Modeling 
 

Due to numerical problems of trying to simplify the Arrhenius law using averaging or 

filtering techniques, new expressions for the reaction rate are developed. These models 

are tailored to the “Flamelet” and “Thin Reaction Zone” regimes. “Flamelet” models 

assume that combustion occurs as a laminar flame that propagates in a turbulent flow 

field (), which is a valid assumption at large Damköhler numbers (Warnatz et al., 1996). 

3.4.1 Models Limited to the “Wrinkeled Flamelet Regime” 
 

At low Karlovitz numbers, it can be assumed that the chemistry is infinitely fast 

compared to the turbulence, and the rate of heat release is limited by mixing. In these 

conditions the turbulence field can distort the flame shape, but it is unable to alter the 

internal structure. These conditions correspond to the “Wrinkled Flamelet Regime”. 

Spalding (1971), proposed the Eddy Break Up (EBU) model, which estimates the mean 

reaction rate as: 
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( )1c EBUw C c c
k
ερ= −                       (3.37) 

where k is the turbulent kinetic energy. This is considered to be one the simplest 

“flamelet” combustion models since the effects of chemistry are removed (Warnatz et al., 

1996). The ratio of /k ε  provides the turbulent time scale of the reaction, while the term 

( )1c c−  provides a parabolic profile with a maximum value centered at 0.5c = . Said and 

Borghi (1988) have incorporated some effects of chemistry into the CEBU constant, but 

this simplified model is heavily reliant on the prediction of k and ε  by turbulence 

models to predict the reaction rate. A more accurate prediction of the turbulent time scale 

can be obtained if the EBU model is used in conjunction with LES. The model is 

modified to be (Poinsot and Veynante, 2001): 

( )1SGS
c EBU

k
w C c cρ= −

Δ
       (3.38) 

where kSGS is the subgrid turbulent kinetic energy. As the Karlovitz number increases, 

however, the effects of chemistry need to be accounted for to obtain accurate solutions. A 

simple model that accounts for the effects of chemical kinetics is the Bray Moss Libby 

(BML) model, which takes the general form of the EBU model (Bray et al., 1985). The 

mean reaction rate is based on the turbulence time scale, /k ε , and a calculated progress 

variable, mc :  

   ( )1 1
2 1c

m
w c c

c k
ερ= −

−      (3.39) 

where  
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( )

( )

1

0
1

0

c
m

c

cw f c dc
c

w f c dc
=
∫
∫

             (3.40) 

The term mc , is based on a probability density function for c and can account for 

chemistry driven phenomena such as counter-gradient turbulent transport and flame 

turbulence generation. The function, f(c), is related to the probability of a reaction. As the 

effects of chemistry become more dominant on the mean reaction rate, more 

sophisticated models need to be developed.   

3.4.2 Models Limited to “Thin Reaction Zone” regime 
 

At higher Karlovitz numbers, turbulence is able to distort the flame shape in addition to 

altering the internal flame structure. For the most part, the flame remains continuous with 

the exception of isolated pockets of burned and unburned gas. Although turbulence 

structures are unable to penetrate the reaction zone, the mean reaction rate is affected by 

the small scale turbulence. 

 The artificially thickened flame model proposed by Bulter and O’Rourke (1977), 

introduces a thickening factor, Fth, to allow the flame to be fully resolved on the 

computational grid. The diffusivity, D, and pre-exponential factor, B, in Eq. (3.23) and 

Eq. (3.17), respectively, are replaced with the following corrections: 

( )( )th thD F D=                     (3.41) 

/th thB B F=                    (3.42) 

This results in an artificially thickened flame while maintaining the laminar burning 

velocity. The model has the advantage that it can retain the Arrhenius law to couple the 
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reaction rate with local variables. Since the definition of the Damköhler has been altered 

due to the increase in flame thickness, corrections need to be added to account for 

interaction with turbulence.  

 Another approach is the G-equation, which assumes an infinitely thin flame 

surface, whose position is predicted by the transport of the scalar G: 

( ) ( )i
T

i i

G u G GS
t x x

ρ ρ
ρ

∂ ∂ ∂
+ =

∂ ∂ ∂       (3.43) 

This model, first proposed by Williams (1985), does not have a source term for G , and 

does not require G  to follow the sharp gradients of the progress variable. This allows the 

G  field to be completely resolved. The center of the flame brush is located at a 

predetermined iso-value of G . This iso-surface propagates in the normal direction at a 

turbulent flame speed, TS , which is usually calculated from: 

1
n

T
G

L L

S u
S S

α
⎛ ⎞′

= + ⎜ ⎟⎜ ⎟
⎝ ⎠

         (3.44) 

ij iju S S′ = Δ                   (3.45) 

where αG and n are constants. The G-equation is a popular combustion model used in 

conjunction with LES. Unfortunately, the turbulent flame speed is not a well defined 

quantity, especially due to the intermittency associated with turbulent flows.  

 The final approach discussed in this survey uses flame surface density models. 

These models are based on the filtered species equation as shown in Eq. (3.23):  

( ) ( ) ( )i ii
c c s

i i i i i

u c u cu cc c cw D S
t x x x x x

ρ ρρρ
ρ ρ

∂ − ⎛ ⎞∂∂ ∂ ∂ ∂
+ + = + =⎜ ⎟⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠

     (3.46) 
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where Sc is the local consumption speed, which can be affected by local properties such 

as the temperature and flame topology. The operator, s , denotes an area-weighted 

ensemble average (Pope, 1988), which for a generic variable, q, is defined as: 

 ( ) /sq q ′= Σ Σ              (3.47) 

where ′Σ  and Σ  are the local flame surface area per unit volume and the average flame 

surface area per unit volume, respectively. Σ  is commonly referred to as the flame 

surface density. It has been found (Haworth and Poinsot, 1992; Ruthland and Trouve, 

1994; Trouve and Poinsot, 1994) that if the mixture has Lewis numbers near unity, the 

source term, /c isS c xρ ∂ ∂ , in Eq. (3.46), can be simplified to: 

 c u Ls
i

cS S
x

ρ ρ∂
= Σ

∂             (3.48) 

Direct numerical simulations (Ashurst et al., 1987) have shown that instantaneous 

changes in the consumption speed, Sc, of the flame front have little effect in altering the 

mean value when averaged over the entire flame brush. In the context of flame surface 

density models, the main effect of turbulence is to wrinkle the flame front and increase 

the surface area rather than increase the local consumption speed, which justifies the 

assumption in Eq. (3.48). As pointed out by Poinsot and Veynante (2001), the flame 

surface density quantity is favorable over the artificial G quantity, since Σ  has a physical 

meaning and can be extracted from DNS and experiments. The most accurate method to 

approximate Σ  in LES is to solve the following transport equation: 
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( ) ( )( )( )

( )( )
mean flow convection subgrid diffusion flame strain

flame propa

                                                         

i isi i
ij i j

i i j s

d i s

i

u uu u
N N

t x x x

S N

x

δ
∂ − Σ ⎛ ⎞∂ Σ ∂∂Σ

+ + = − Σ −⎜ ⎟⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠

∂ Σ

∂
gation flame curvature

i
d

i s

N
S

x
⎛ ⎞∂

+ Σ⎜ ⎟
∂⎝ ⎠

        (3.49) 

where Sd is the flame displacement speed, propagating in a direction normal (Ni) to the 

flame surface into the unburned gas. This equation accounts for the effects of strain and 

curvature on flame surface density, which is important at higher Karlovitz numbers when 

turbulence affects the local rate of heat release. Each of the terms in Eq. (3.49) needs to 

be modeled in order to close the system of equations. An overview of the different 

approaches to subgrid modeling in addition to a more detailed derivation of Eq. (3.49) is 

provided by Chakraborty and Cant (2007).  

A more simple approach to approximating Σ  is to use an algebraic model based 

on resolved quantities in the flow. A list of common algebraic Σ  models is shown in 

Table 3.1. The main disadvantage of using algebraic models instead of the Σ  transport 

equation is that effects of flame strain and curvature will not be directly accounted for in 

the simulations. The Σ  transport equation is expected to perform better in cases where 

there are high levels of sub-grid wrinkling and where the flame propagation is highly 

unsteady. An example of a situation with high levels of sub-grid wrinkling is a high 

Reynolds number flow on a poorly resolved grid. All of the algebraic Σ  models listed in 

Table 3.1, with exception to the BOGER model, are based on the gradient of the progress 

variable. The BOGER model approximates Σ  with filtered values of c, the filter size, Δ, 

and a constant, KΣ .  
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Table 3.1: List of algebraicΣ  models (adapted from Chakraborty and Klein, 2008). 

BOGER 
(Boger et al., 1998) 

( )1 /K c cΣΣ = − Δ , KΣ  = const, Δ = filter width 

CHARLETTE1 
(Charlette et al., 
2002a) 

( ) ( )/ / 1 /j Lc x a k S c cΣ = ∂ ∂ + Γ − Δ , kΓ = intermittent turbulent 

net flame stretch (ITNFS) function, ( ) / 2i i i ik u u u u= − , a = const 
ANGELBERGER 
(Angelberger et al., 
1998) 

( )1 / /L ja u S c xΔ′⎡ ⎤Σ = + Γ ∂ ∂⎣ ⎦ , 2 / 3u kΔ′ = , 

( ) ( )( )0.3 2/30.75exp 1.2 / / /L Lu S δΔ
⎡ ⎤′Γ = − Δ⎢ ⎥⎣ ⎦  

WELLER 
(Weller et al., 1998) ( )1 2 1 / jc c x⎡ ⎤Σ = + Θ− ∂ ∂⎣ ⎦ , 1 0.62Re / Lu Sη Δ′Θ = + , 

Re /uη η νΔ′=  
COLIN 
(Colin et al., 2000) ( )1 / /L ju S c xα Δ′⎡ ⎤Σ = + Γ ∂ ∂⎣ ⎦ , ( ) ( )1/22 ln 2 / 3 Re 1ms tcα ⎡ ⎤= Ω −

⎣ ⎦ , 

Re /t u l ν′= , 0.28msc = , 1Ω ≈  
CHARLETTE2 
(Charlette et al., 
2002b) 

( ){ }1 / , / /min  C

L L ju S c xδ
Ω

Δ Δ′⎡ ⎤Σ = + Δ Γ ∂ ∂⎣ ⎦ ,  0.5CΩ = , 

( )
1

1
1

1 11

1/
1/

Re

bbaa ba
uf f f

Δ

−−−− −−
Δ Δ

⎧ ⎫⎪ ⎪⎡ ⎤Γ = + +⎨ ⎬⎢ ⎥⎣ ⎦⎪ ⎪⎩ ⎭
, Re /u νΔ Δ′= Δ , b1 = 1.4, 

remaining details provided in Charlette et al, 2002  
KNIKKER 
(Knikker et al., 2004) ( )/ /k

i jc xη ΩΣ = Δ ∂ ∂ , 

[ ]ˆlog / log / / logk j jc x c x γ⎡ ⎤Ω = ∂ ∂ − ∂ ∂⎢ ⎥⎣ ⎦ , ĉ  denotes c filtered 

at the test filter, γΔ  
FUREBY 
(Fureby, 2005) ( ) 2

/ /
D

L ju S c x
−

Δ′⎡ ⎤Σ = Γ ∂ ∂⎣ ⎦ , 

( ) ( )2.05 / 1 / 2.35 / 1 /L LD u S S u′ ′= + + +  
GÜLDER 
(Gulder and 
Smallwood, 1995) 

( )1 0.62 / / /L ju S u c xη νΔ⎡ ⎤′ ′Σ = + ∂ ∂⎣ ⎦  

POCHEAU 
(Pocheau, 1994) ( )

2
2

1/

11 / /
cc

L jc u S c xΔ
⎡ ⎤′Σ = + ∂ ∂⎢ ⎥⎣ ⎦ , c1 = 1, c2 = 2 

ZIMONT 
(Zimont and 
Lipatnikov, 1995) 

( ) ( )3/4 1/41 0.51 / / /L L ju S c xδΔ
⎡ ⎤′Σ = + Δ ∂ ∂⎢ ⎥⎣ ⎦ , c1 = 1, c2 = 2 

PITSCH 
(Pitcsh and Duchamp 
de Lageneneste, 
2002) 

( ) ( )( )2 2
3 3 1/ / 1 / / /L j jb u S Da Sc b b c x c xΔ Δ Δ′Σ = + ∂ ∂ + ∂ ∂ , 

( )22 / LDa Ka u S−
Δ Δ Δ′= , ( ) ( )32 / /L LKa u S δΔ Δ′= Δ , b3 =1, b1 =2, Sc 

=0.5 
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Chakraborty and Klien (2008) assessed the performance of the algebraic models 

presented in Table 3.1 by comparing their predictions with a DNS of a freely propagating 

premixed turbulent flame. The results of their study are shown in Figs. 3.2-3.5. The DNS 

uses single step chemistry and approximately ten nodes are placed within the flame 

thickness. The Damköhler number and Karlovitz number for this simulation are Da = 

6.84 and Ka = 0.31, respectively. The filtering-to-mesh size ratio shown in Fig. 3.2 is 

/ mΔ Δ = 8, which corresponds to a filter size smaller than the inner cut-off length scale, 

iη . The inner cut-off scale corresponds to the smallest flame structure that occurs within 

the system (Gulder and Smallwood, 1995).       

  
Figure 3.2: Assessment of algebraic Σ  models in the corrugated flamelet regime. 

/ 8mΔ Δ = , Da = 6.84, and Ka = 0.31 (from Chakraborty and Klein, 2008). 
 

 

The simplified BOGER model does relatively well at predicting the distribution of Σ  

compared to the more advanced models. However, the BOGER model is unable to 
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predict the slight skew of Σ  towards the burnt side (c=1) as the simplified expression 

will always predict maximum levels of Σ  at the center of the flame (c=0.5). If the filter 

size is increased relative to the inner cutoff scale (Fig. 3.3), the BOGER model under 

predicts the levels of Σ , but still outperforms many of the more advanced models. 

 

 

Figure 3.3: Assessment of algebraic Σ  models in the corrugated flamelet regime, 
/ 24mΔ Δ = , Da = 6.84, and Ka = 0.31  (from Chakraborty and Klein, 2008). 

 
As the Damköhler number decreases and the Karlovitz number increases, combustion 

occurs in the “Thin Reaction Aone Regime” on the Borghi diagram. Figure 3.4 shows 

predictions of Σ  for a turbulent flame with a Damköhler and Karlovitz number of Da = 

0.32 and Ka = 9.82, respectively. The coarser filter size, / 24mΔ Δ = , means that the 

smallest flame structures are not being resolved. 
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Figure 3.4: Assessment of algebraic Σ  models in the thin reaction zone regime, 
/ 24mΔ Δ = ,  Da = 0.32, and Ka = 9.82 (from Chakraborty and Klein, 2008). 

 

It appears that similarly to its performance in the “Corrugated Flamelet Regime”, the 

BOGER model does well to predict levels of Σ  across the flame brush. However, at 

smaller filter widths (i.e. / 8mΔ Δ = ) the BOGER model largely over predicts levels of 

flame surface density (Fig. 3.5). In addition, Chakraborty and Klein (2008) show that 

predictions of the total flame surface density from the BOGER model are sensitive to 

filter size when the filter width is smaller than the inner cutoff scale, ηi.. The total flame 

surface density is calculated by integrating Σ dV over the entire flame volume. Therefore, 

the BOGER model must be applied carefully on highly resolved grids with resolutions 

near the smallest turbulent combustion scales.     

     Similar to turbulence modeling of non-reactive flows, the performance of 

combustion models will be sensitive to the type of problem being solved. Other 

techniques used to model turbulent combustion, such as probability density function 
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(PDF) models, will not be discussed here. An excellent introduction to modeling 

turbulent combustion is given by Cant and Mastorakos (2008), Poinsot and Veynante 

(2001), and Law (2006). Attention will now be given to simulations focused on studying 

flame acceleration past obstacles.   

 

 

Figure 3.5: Assessment of algebraic Σ  models in the thin reaction zone regime, 
/ 8mΔ Δ = , Da = 0.32, and Ka = 9.82  (from Chakraborty and Klein, 2008). 

 

3.5 Simulations Applied to Flame Acceleration 
 

Bychkov et al. (2008) undertook direct numerical simulations of flame acceleration in an 

obstructed channel using the two dimensional Navier-Stokes equations for a compressible 

reactive flow. The reaction rate was approximated using a single-step Arrhenius kinetics 

model. In the simulations, an expansion ratio of σ = 8 was used. The base grid spacing 
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was equivalent to the laminar flame thickness, δL, which corresponds to 48 nodes across 

the channel height. Near the flame, the grid was dynamically refined so that five grid 

points were placed within the laminar flame thickness.  

Figure 3.6 shows the predicted distributions of temperature, velocity, and vorticity 

for two obstacle blockage ratios (BR = 0.67, 0.5). In the figure, the length, Z, and the 

height, X, are normalized by the channel half-height, R. The spacing between the thin 

“fence-type” obstacles is approximately s/R = 0.25. Due to this relatively small obstacle 

spacing, very little expansion and contraction of the flow field occurs. In addition, the 

small obstacle spacing suppresses larger scales of turbulence, which results in laminar 

burning in the pockets between the obstacles. The obstacle blockage ratio (BR) is defined 

as: 

1
2
hBR
R

= −              (3.50) 

where h is the gap between obstacles. For the larger obstacle BR (BR = 0.67) it appears 

that the flame tip is laminar while for the smaller obstacle BR (BR = 0.5), small vortical 

structures have wrinkled the flame tip. The larger opening between the low BR obstacles 

allows larger flow structures to form near the flame tip.   

The simulations were used to help develop an analytical model that can be used to 

predict the rate of flame acceleration based on the mixture properties, obstacle spacing, 

and obstacle blockage ratio. The model assumes that the initial rate of flame acceleration 

is dominated by the powerful jets created from the delayed burning of reactants between 

obstacles behind the flame front. The flame velocity, Uf, expressed as the time derivative 

of the flame-tip position, Zf, is approximated by:  
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( ) ( )1
(1 )BR

f L
f f L

Z S
U Z S

t R
σ

σ
∂ −

= = +
∂ −    (3.51) 

This model assumes that wall friction and turbulence effects play only a small 

supplementary role in affecting the flame-tip speed. 

 

Figure 3.6: Distributions of temperature (a,d), velocity (b,e), and vorticity (c,f) in the 
flow generated by an accelerating flame. BR = 0.67 for (a-c), BR = 0.5 for (d-f) (from 
Bychkov et al., 2008) 
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Figure 3.7 shows a comparison between the predictions of flame-tip velocity using Eq. 

(3.51), numerical simulations of Bychkov et al. (2008), and the experimental data of 

Johansen and Ciccarelli (2006). The experimental data of Johansen and Ciccarelli (2006) 

is for a stoichiometric methane-air mixture at an initial pressure of Pi = 47 kPa. The 

obstacles had a finite thickness equivalent to w/R = 0.33, which is significantly different 

than the thin, “fence-type” obstacles used in the simulations. More details regarding the 

experimental setup is presented in Chapter 4. In the figure, the Mach number is defined 

as:  

L

c

S
Ma

U
=                 (3.52) 

where Uc is the speed of sound in the reactants. The analytical model is able to predict the 

magnitude of the initial rise in flame-tip speed but is unable to predict large pulsations 

that occur due to the contraction and expansion of the flow. Numerical simulations and 

the experimental results show good agreement in terms of overall velocity magnitude but 

do not agree in terms of the velocity pulsations that occur from the contraction and 

expansion of the flow field. The simulations using a small obstacle spacing (s/R = 0.25) 

do not show any pulsation and have been included in Fig. 3.7 only as a comparison to the 

analytical expression. 

Since the numerical simulations of Bychkov et al. (2008) directly solve the 

governing equations on a grid larger than the Kolmogorov scale of turbulence, the 

simulations are unable to fully resolve the turbulence spectrum. Therefore, the effect that 

the subgrid scale turbulence has on the governing equations is being neglected in these 

simulations. In addition, vortex stretching, which is the mechanism responsible for 

transferring energy from large to small turbulent scales, is a three dimensional 
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phenomenon (Tennekes and Lumley, 1972). Discrepancies between the experiment and 

simulation results at higher flame speeds can be attributed to these drawbacks related to 

the treatment of the turbulence field.      

 

Figure 3.7: Analytical and simulation prediction of the flame-tip velocity (adapted from 
Bychkov et al., 2008) 
 

Recently, Gamezo et al. (2007) simulated flame acceleration in an obstructed 

channel from spark ignition until the initiation of a detonation wave. Simulations were 

completed on a two-dimensional grid with using a Fully Threaded Tree (FTT) based 

adaptive mesh, which allows the hydrogen-air flame thickness to be resolved with 

approximately 18 nodes. The simulation used single step chemistry modeled with 

Arrhenius kinetics and the mesh was refined dynamically at each time step based on 

f

L

U
S  

( )1
fZ

R BR−  

 
Eqn. (3.51) 
 
Experiment (Johansen and 
Ciccarelli, 2006), 
BR = 0.67, s/R = 2 
 
Experiment (Johansen and 
Ciccarelli, 2006), 
BR = 0.5, s/R = 2 
 
Simulation (Bychkov et al., 2008), 
Ma=0.001, BR = 0.67, s/R = 2 
 
Simulation (Bychkov et al., 2008), 
Ma=0.005, BR = 0.5, s/R = 0.25 

 



 56

gradients of density, pressure, velocity, and composition. Figure 3.8 shows the evolution 

of the flame and shock wave based on their predictions.  

Initially, the flame area increases due to distortion of the unburned gas flow field 

interacting with the obstacles. As the flow velocity increases, compressibility effects 

become visible in the unburned gas and a lead shock forms (see frame at 2.046 ms). The 

advantage of directly solving for the energy release from single-step Arrhenius kinetics is 

that further simplifications are not needed to account for the effects of turbulence on 

combustion, as opposed to LES or RANS. Furthermore, advanced features such as 

autoignition that occur from shock reflection can be predicted as the reaction rate is 

directly coupled to the temperature field. Although these computations are considered to 

be direct numerical simulations, there is no indication that the adaption algorithm reduces 

mesh size to the Kolmogorov scales ahead of the flame. Similar to the simulations of 

Bychkov et al. (2008), constraining the simulation to two-dimensions suppresses the 

three-dimensional vortex-stretching mechanism responsible for the cascade of turbulent 

kinetic energy. In their defense, Gamezo et al. (2007) argues that  similar three-

dimensional simulations using 4.5 nodes per flame thickness were found to agree with 

two-dimensional simulation predictions of flame speed and heat release. However, it is 

likely that the turbulence field will become under-resolved at large Reynolds numbers 

away from the flame even for the higher resolved two-dimensional simulations.  

Oran and Gamezo (2007) explain that results using this algorithm can only be 

validated through rigorous resolution tests since experimental results of the DDT event 

are not yet sufficient for comparison. Therefore, global parameters such as the centerline 

flame and shock position were compared at different resolutions. Gamezo et al. (2007) 
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explains that an increase in flame area can be attributed to Kelvin-Helmholtz (KH) 

instabilities from the shear layer downstream of obstacles and Rayleigh-Taylor (RT) 

instabilities caused by flow acceleration. They also argue that at higher flame speeds, 

Richtmyer-Meshkov (RM) instabilities arising from shock-flame interactions govern 

flame acceleration. However, differences in turbulent flame structure were observed in 

high vorticity regions from the resolution tests. For example, the flame topology was 

affected by grid resolution in the obstacle shear layers. 

 

 

Figure 3.8: Simulation of DDT in an obstructed channel. Top surface is a plane of 
symmetry and the time is provided in milliseconds in the top left corner (from Gamezo et 
al., 2007). 
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In the highest resolution case, some small pockets of burned gas that separated from the 

core flame extinguished. At lower resolutions, all of the pockets of burned gas continued 

to burn the surrounding unburned mixture and eventually remerged with the bulk flame. 

Since this study was more focused on the DDT event, regions largely affected by 

turbulence were not given a high priority. Accurate simulation of flame acceleration prior 

to the DDT requires either the full resolution of the turbulence field ahead of the flame or 

a model to account for its effects such as LES or RANS.  

In a study by Di Sarli et al. (2009), the flame propagation in a premixed 

stoichiometric methane-air using algebraic flame surface density models was 

investigated. An algebraic model by Charlette et al. (2002a) and a simplified algebraic 

model assuming negligible subgrid flame wrinkling ( 1ΔΞ = ) were compared to the 

experimental results of Patel et al. (2002). The ( 1ΔΞ = ) model simplifies Eq. (3.48) to:  

c u Ls
i i

c cS S
x x

ρ ρ∂ ∂
=

∂ ∂                (3.53) 

This expression is very similar to the BOGER model, with the exception that BOGER 

model approximates the gradient of c using the expression in Table 3.1. The subgrid 

wrinkling factor in the BOGER model is equivalent to /KΔ ΣΞ = Δ .    

As shown in Fig. 3.9, LES predictions show good agreement to the experiment in 

terms of flame shape and flame time of arrival. Predicted velocity vector fields along 

with pressure time history were also well predicted by the CHARLETTE model (see 

Table 3.1 for model details). It was found, however, that the simplifications of the 

1ΔΞ =  model result in under predictions of the flame velocity (Fig. 3.10) and under 

predictions of the levels of pressure. In the BOGER model, the constant, KΣ , accounts 
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for levels of subgrid wrinkling, and would be expected to perform better than the 1ΔΞ =  

assumption.  

 

 

Figure 3.9: Comparison of predictions of progress variable: a) experimental results of 
Patel et al. (2002), b) Σ  model of Charlette et al. (2002a), and c) 1ΔΞ =  model. 
 

In a similar study by Masri et al. (2006), a 3D large eddy simulation of flame 

propagation past an obstacle was completed. The reaction rate was modeled using the 
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BOGER model. The ratio of grid size to laminar flame thickness was estimated to be 

/ 15LδΔ ∼  over the course of the simulation. Similar to Di Sarli et al. (2009), the 

obstacle was mounted in the center of the channel. Predictions of the rate of pressure rise, 

flame speed, and peak over pressure were predicted well by the model. It was estimated 

that the simulations were predicting combustion in the “Thin Reaction Zone Regime”. 

Kirkpatrick et al. (2003), also simulated premixed combustion over an obstacle in a 

similar configuration using the BOGER model. Similarly, good agreement between 

simulation and experiment was observed in terms of flame shape and flame velocity. The 

peak pressure, however, was under-predicted along with burnout rates behind obstacles. 

 

 

Figure 3.10: Predictions of flame speed by algebraic Σ  model (from Di Sarli et al., 
2009).  

 

It appears that premixed turbulent combustion at low Karlovitz numbers 

computed on highly resolved grids are predicted well by simple algebraic Σ  models, such 

with Charlette model 
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as the BOGER model. Heat release within these combustion regimes is dominated by 

turbulent mixing, which allows for simplified chemistry approximations. An 

experimental investigation of flame acceleration in an obstructed channel will be 

presented next.  
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Chapter 4 Experiment  
 

4.1 Overview 
 

The effect of blockage ratio on the early phase (low flame speed) and late phase (high 

flame speed) of the flame acceleration process was investigated in an obstructed square 

cross-section channel. Flame acceleration was promoted by an array of top and bottom-

surface mounted obstacles that were distributed along the entire channel length at an 

equal spacing corresponding to one channel height. It was determined that flame 

acceleration was more pronounced for higher blockage obstacles during the initial stage 

of flame acceleration up to a flame velocity below the speed of sound of the reactants. 

The progression of the flame shape and flame area was determined by constructing a 

series of three-dimensional flame surface models using synchronized orthogonal 

schlieren images.  

A novel schlieren-based photographic technique was used to visualize the 

unburned gas flow field ahead of the flame front. A small amount of helium gas was 

injected into the channel before ignition, and the evolution of the helium diluted 

unburned gas pocket was tracked simultaneously with the flame front. Using this 

technique, the formation of a vortex downstream of each obstacle was observed. The size 

of the vortex increased with time until it reached the channel wall and completely 

spanned the distance between adjacent obstacles. A shear layer developed and separated 

the core flow from the recirculation zone between the obstacles. The evolution of 



 63

oscillations in the centerline flame velocity is discussed in the context of the development 

of these flow structures in the unburned gas.  

 At sufficiently high flame speeds, compression waves were observed in the 

unburned gas and eventually coalesced into a lead shock wave. Schlieren images 

obtained from a high speed camera were used to capture the flame shape and shock 

system for three different obstacle blockage ratio configurations. Shock-flame 

interactions occurred as the lead shock reflected off of the channel walls and the obstacle 

surfaces, and propagated back towards the flame front. These interactions led to 

combustion instabilities that further promoted the bulk burning rate, resulting in an 

increase in the flame-tip speed. In addition, the shock reflections created a complex flow 

field ahead of the flame, which significantly altered the centerline flame velocity. The 

schlieren image sequences allowed supersonic phenomena, such as the formation of 

Mach stems and Prandtl-Meyer expansion zones, to be identified. Finally, in this later 

stage of flame acceleration, a quasi-steady propagation regime was reached, where the 

flame speed was limited near the speed of sound in the combustion products (i.e. roughly 

1000 m/s). 

4.2 Experimental Setup 
 

Experiments were performed in a modular aluminum 6061-T6 combustion channel 

shown in Fig. 4.1. The 2.44 m long channel is comprised of three non-optical modules 

and one optical module, each with a square cross-section of 7.6 cm x 7.6 cm. Each non-

optical module is equipped with two instrumentation ports spaced 30.5 cm apart and 15.2 

cm from the end flanges on both the top and bottom surfaces. Details concerning the 
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design of the combustion apparatus are provided in Appendix A. In the optical module, 

two-19 mm thick glass panels are integrated into the channel front and back sides to 

facilitate the visualization of the flame acceleration process through a high-speed z-

schlieren photography system. The streamwise distance between the ignition point and 

the first visible part of the glass is 8.255 cm. This module is equipped with a total of eight 

instrumentation ports spaced 15.24 cm apart and 7.62 cm from each end flange. As 

shown in Fig. 4.1, each of the three non-optical modules has a single removable side 

panel to allow access to the obstacle arrays mounted to the top and bottom channel 

surfaces. The instrumentation configuration for all of the flame acceleration tests 

involved four PCB (model 113A24, 113A26) piezoelectric pressure sensors mounted in 

instrumentation ports on the top surface. 

 

 

Figure 4.1: Experimental apparatus (BR = 0.33). 
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To obtain pressure traces along the entire channel length at each of the ten 

instrumentation ports, multiple tests were conducted at the same operating conditions to 

allow for the repositioning of pressure sensors. Ionization probes were mounted in each 

available instrumentation port on the bottom channel surface. Each ionization probe was 

supplied a potential of 200V between two stainless steel electrodes spaced 3.5 mm apart.  

The electrodes protruded 15 mm into the test section and had a diameter of 1.1 mm.  

Average flame velocities were obtained via flame time-of-arrival measurements acquired 

from the ionization probes. Non-protruding aluminum plugs were installed in unused 

instrumentation ports. Both pressure sensor signals and ionization probe signals were 

acquired using a NI PCI6133 DAQ. A sampling frequency of one megahertz and 

resolution of 14 bit was found to be sufficient in capturing the signals.   

A schematic of the optical module shown in Fig. 4.2 indicates the position of 

eight instrumentation ports spaced 15.2 cm apart and 7.6 cm from each end flange. The 

glass windows facilitate 7.6 cm x 44.5 cm of optical access for the visualization of the 

flame acceleration process.   

 

Figure 4.2: Schematic of optical module showing instrument port locations. For ignition 
site B the first two obstacles are removed and a plug is inserted reaching up to the dashed 
line. 
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Flame acceleration was enhanced through an array of top and bottom-surface mounted 

obstacles that were distributed along the entire channel length at an equal spacing 

corresponding to one channel height. The 1.3 cm thick obstacles span the width of the 

channel, producing a two-dimensional geometry. The obstacle blockage ratio (BR) is 

related to the gap between the obstacles, h, and the channel height, H, through the 

following relationship: 

1 hBR
H

= −      (4.1)  

All the experiments were carried out using stoichiometric methane-air, which was 

prepared in a separate mixing chamber via the method of partial pressures. The mixing 

chamber is equipped with an impeller that is driven externally by a pneumatic motor. 

After fifteen minutes of mixing and thirty minutes of evacuation of the channel down to a 

pressure of 0.2 kPa absolute, the methane-air mixture was loaded into the apparatus to a 

final pressure of 47 kPa absolute. The ignition of the mixture was facilitated through the 

capacitive discharge of approximately 250 mJ of energy through an automotive spark 

plug mounted on the center of one of the end flanges, which is designated as position A 

in Fig. 4.2. In some limited testing, the end wall was extended to the position of obstacle 

2 so that the igniter is in the field-of-view, designated as position B in Fig. 4.2. Each test 

was followed by a 5 minute purging process where compressed air displaces the 

combustion products to exhaust vents, which carried the gas outside of the building. This 

process was partially controlled using solenoid valves activated by the commercial 

software, DasyLab5.6.   
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4.3 High Speed Schlieren Photography 
 

Both qualitative and quantitative information regarding the flame acceleration process 

was obtained through the aid of a z-schlieren photography system, which is shown in Fig. 

4.3. Schlieren photographs are used to visualize structures that cause refractive-index 

gradients to form in homogenous media. Density gradients associated with shock waves, 

flames, and the convection of low-density tracer fluid are detected using the system. The 

purpose of the parabolic mirrors and focusing lens is to project a beam of collimated light 

through the optically accessible section of the combustion apparatus.  
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Figure 4.3: Z-type schlieren photography system setup. 
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Thus, the size of each schlieren image was restricted to a height of 7.62 cm and a length 

of 25.4 cm, which corresponds to the dimensions of the aluminum side cut-out and the 

diameter of the parabolic mirrors. Two aluminum side panels were fastened to the 

visualization module to contain the two-19 mm-thick plates of float glass. In addition to 

safely securing the glass plates against the high pressure of the combustion products, a 

double o-ring seal on the aluminum side panel required that part of the glass was blocked 

from taking photographs.  

For the schlieren photograph shown in Fig. 4.4, approximately 8.26 cm of the 

combustion process is not visible to the left of the image due to these side panels. This 

streamwise distance between the ignition point and the first visible part of the glass 

includes one obstacle pair. The schlieren image not only reveals the position of the flame 

front at a given time but also reveals other information, including the flame structure.   

 

 
Figure 4.4: Schlieren image of flame propagation through an obstacle array 
(Stoichiometric CH4-Air, BR = 0.5, s/h = 1, Pi = 47 kPa, 1.08 < x/h < 4.4). 

 

As the flame propagates into the turbulent region along the shear layer downstream of 

each obstacle, an increase in flame area is revealed, while laminar propagation is 

observed near the centerline of the channel. Gradients in the horizontal direction are 

observed in the schlieren image by advancing a vertical knife edge into the focused light 
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beam ahead of the camera. Since the largest gradients will occur in the horizontal 

direction, a vertical knife edge was chosen. The purpose of the knife edge is to cutoff any 

refracted light associated with the combustion event before it is focused onto the 

camera’s complimentary metal-oxide-semiconductor (CMOS) sensor. Since the 

chemiluminescence omitted from the flame was negligible, the structure of the flame in 

Fig. 4.4 was completely due to the schlieren effect. 

The limitations of such a design are dictated by several factors, including the 

quality and geometry of glass panels and mirrors, intensity and quality of the light source, 

performance of the camera system, and the nature of the combustion event. Any 

imperfection in reflecting mirrors or glass panels will result in a local deflection of light, 

which will pollute the schlieren images with artificial gradients. In addition to avoiding 

imperfections in the material itself, all optical surfaces must be kept clean of dust and 

soot associated with combustion. Off-axis optical aberrations associated with a z-

schlieren system can be minimized by careful alignment and by following established 

design guidelines (Settles, 2001). Image quality can also be improved by decreasing the 

arc length of the light source. The 35W Xenon arc lamp chosen has an arc length of 4.2 

mm, and provides sufficient illumination at moderate shutter speeds. As the shutter speed 

of the camera is increased, the amount of light exposure per frame is decreased, resulting 

in a dimly illuminated image/animation. In most of the tests the camera was operated 

with a 1.5 μs shutter and at 3000 frames per second with a spatial pixel resolution of 

1028 524× .   

 The software package used to operate the Photron 1024PCI camera allows the 

user to adjust the sensitivity of the CMOS sensor. Although the image brightness 
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improves as the CMOS sensitivity is adjusted, deviations from the optimal settings result 

in decreased image quality. The maximum resolution of the camera is limited by the 

chosen frame rate. Due to the dimension of the parabolic mirrors and the aspect ratio of 

the test section, the highest frame rate that could be achieved without sacrificing 

resolution was 3,000 frames per second for the Photron 1024 PCI camera and 16,000 

frames per second for the Photron SA1 camera. Due to the higher framing rate, the 

Photron SA1 camera was used for experiments where flame speeds were in excess of 300 

m/s. Table 4.1 shows the maximum frame rate for the two Photron cameras at various 

resolutions.  

 

Table 4.1: Maximum Resolution vs Frame Rate for the Photron 1024 PCI and SA1 
cameras. 

 
 

Camera 

Resolution 
(horizontal 
pixels by 
vertical 
pixels) 1024x1024 1024x512 1024x256 512x256 256x128 128x64 

Photron 
1024 
PCI 

 
Photron 

SA1 

 
Maximum 

framing rate 
(frames/sec) 

 
 

 
1000 

 
 

5400 
 

2000 
 
 

8000 
 

3000 
 
 

16000 
 

6000 
 
 

40000 
 

18000 
 
 

125000 
 

45000 
 
 

250000 
 

     

4.4 Effect of Blockage Ratio on Flame Acceleration 
 

The effect of the obstacle BR was investigated by varying the distance between the 

obstacle’s inner-surfaces (h in Fig. 4.2) for three different cases (BR = 0.33, 0.5, and 

0.67). Figure 4.5 shows the pressure transients recorded at eight axial positions along the 

entire channel length that is filled with obstacles with a BR of 0.33. Also shown in Fig. 



 71

4.5 are the flame time-of-arrivals, denoted by triangle symbols, measured at the same 

axial locations as the pressure traces. Flame time-of-arrival measurements were obtained 

with ionization probes mounted on the opposite wall. The average flame velocity 

deduced from adjacent ionization probes is indicated between the pressure traces. There 

was no noticeable pressure rise ahead of the flame during flame propagation in the first 

half of the channel, where an average flame velocity of 237 m/s was achieved at roughly 

1 m from the ignition end wall. Compression waves started to develop ahead of the flame 

just after mid-span of the channel where the flame velocity was above the speed of sound 

in the unburned gas. The compression waves coalesced to form a lead shock wave by the 

last pressure transducer that was located 15 cm from the end wall. The flame at that point 

followed closely behind the shock wave. The maximum flame velocity achieved at the 

end of the channel was 708 m/s. Since the speed of sound in the products was roughly 

1000 m/s, it is possible that if the channel were longer, flame acceleration would have 

continued. The shock wave reflected off the end wall and propagated back through the 

combustion products and towards the ignition end. Note that transition to detonation was 

not observed in the length of the channel or at the end of the channel following shock 

reflection. 

The flame velocity measured in the channel equipped with three different 

blockage ratio obstacles, i.e., BR = 0.33, 0.5, 0.67, is provided in Fig. 4.6. Each curve 

represents an average based on at least five tests performed at each blockage ratio. The 

error bars represent the standard deviation in the velocity data measured in the five tests. 

The initial flame acceleration immediately following ignition is most pronounced in tests 

where the channel is filled with the largest BR obstacles.  
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Figure 4.5: Pressure traces and flame time-of-arrival corresponding to sensors positioned 
down the entire length of the channel. Average flame velocities shown are based on time-
of-arrival. (BR = 0.33, ignition position A). 

 

 

Figure 4.6: Effect of BR on flame acceleration down the entire length of the channel  
(ignition position A). 
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For example, at a distance of 0.7 m, the flame velocity is the highest in the 0.67 BR 

obstacles and lowest in the 0.33 BR obstacles. Beyond this point the flame velocities 

corresponding to BR = 0.5 eventually become the highest near the end of the channel. 

The flame velocity for the 0.67 BR obstacles levels out near the end wall at a lower 

velocity compared to the other two lower BR obstacles. For all three BR obstacles there 

is an inflection in the flame velocity versus distance curve that occurs at a flame velocity 

value just above the speed of sound in the unburned gas, i.e., 400 m/s. This is the speed 

where compressibility effects are expected to become important. 

This general trend of the influence of obstacle BR on flame acceleration has also 

been observed in tubes equipped with orifice plates. Ciccarelli et al. (2005) indicated that 

for larger BR orifice plates (BR > 0.43) flame acceleration is strongly influenced by the 

recirculation zone that develops between the plates as well as the shear layer that 

separates the core flow with the bounded recirculation zone. Visualization of the 

unburned gas flow field ahead of the flame allows for a more complete picture of the 

influence of these two flow structures on the flame acceleration process. 

 

4.5 Results – Initial Stage of Flame Acceleration 
 

4.5.1 Flame Acceleration Visualization 
 

Figure 4.7 shows six synchronized top (x-z) and side (x-y) view schlieren photographs of 

the flame during the early stages of flame acceleration. The field of view extends from 

just after obstacle #2 to just before obstacle #5. The obstacle locations and numbering 

scheme that will be used herein is shown in Fig. 4.2.  
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Figure 4.7: Three dimensional flame shapes constructed from schlieren images. Field of 
view includes 0.67 BR obstacles #2 through #4. 

 

For these experiments, the ignition source was placed within the field of view by 

removing obstacles #1 and #2, and by extending the end wall forward by 12 cm to the 

x 

y 

z 

t = 8.3 ms t = 15.7 ms 

t = 19 ms t = 20.3 ms 

t = 21.7 ms t = 23 ms 
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position of the downstream face of obstacle #2, i.e., ignition position B in Fig. 4.2. The 

side- and top-view images were obtained in separate tests by placing the obstacles on the 

top/bottom walls and the sidewalls, respectively. The side-view schlieren images were 

obtained with the channel in the position shown in Fig. 4.1. Since there was no optical 

access through the top and bottom surfaces of the channel, the top-view schlieren images 

were obtained by re-orientating the obstacles and securing them directly to the window 

surface. The synchronization of the schlieren images was possible since negligible 

differences in centerline flame position with time were observed for the two separate 

tests.  

The commercial CAD software package, Solid Edge V.17 (UGS, 2006), was used 

to create the three-dimensional revolved protrusion using the flame outline from the top- 

and side-views. The information required to complete the protrusion was the assumption 

of an elliptical cross-sectional flame shape that intersects both schlieren outlines in the 

top and side-views. The three-dimensional rendered flame shape was produced only for 

the first four times where a continuous smooth flame surface could be clearly seen. 

Figure 4.8 shows the centerline flame velocity measured from the photographs along with 

the flame area determined from the 3D CAD model. The vertical dashed lines in the 

graph indicate the times corresponding to the schlieren images in Fig. 4.7. 

Combustion was initiated in the spark plug gap and a flame propagated radially 

forming a spherical shape until the flame reached the end wall behind the spark plug, as 

shown in the image pair at 8.3 ms in Fig. 4.7. This initial propagation appears to be 

symmetrical as the schlieren images indicate similar outlines in both the top- and side-

views. During this early period, the flame area experienced a monotonic growth that is 
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roughly proportional to the square of the flame ball diameter. This increase in the flame 

area led to a similar growth in the volumetric burning rate, which in turn resulted, on 

average, in a monotonic increase in the flame velocity relative to a fixed observer. 

Time (ms)

Fl
am

e
A

re
a

(c
m

2 )

Fl
am

e
V

el
oc

ity
(m

/s
)

0 5 10 15 20 25
-50

0

50

100

150

200

250

-10

0

10

20

30

40

50

60
Flame Velocity
Flame Area

 

Figure 4.8: Flame area and velocity time history inferred from schlieren video (BR = 
0.67). Dotted vertical lines correspond to the times for the video frames shown in Fig. 
4.7. 

 

From Fig. 4.8, it is clear that the centerline flame velocity experienced well defined 

oscillations superimposed on a monotonic increase. The oscillations observed in the 

flame velocity are due to non-uniformities in the flow field of the unburned gas into 

which the flame propagates, and not an increase in the volumetric burning rate because of 

a sudden increase in the flame area. For example, as the flame ball size approached the 

width of the channel, the lateral flame propagation slowed and the unburned gas was 

forced to turn downstream. This, along with a natural contraction of the unburned gas 

flow as it approached the first obstacle in the field of view, caused the flame to stretch in 
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the x-direction. This can be seen in the side-view image at 15.7 ms in Fig. 4.7. The flame-

tip was convected downstream by the high speed contracted unburned gas flow. This 

manifests itself as a sudden surge in the flame velocity observed between 15.7 ms and 17 

ms in Fig. 4.8. 

Immediately after the surge in flame velocity, the unburned gas flow expanded 

downstream of the obstacle and caused the flame velocity to decrease. The schlieren 

photograph taken at 19 ms is representative of this flow expansion period. In the top-

view, the flame remained laminar and took on a parabolic profile corresponding to the 

unburned gas velocity profile across the channel height. As the flame approached each 

channel surface (t  > 19 ms), the assumption of an elliptical cross-section flame area was 

no longer valid. The flame shape became roughly planar with distortions occurring 

mainly in the x-y plane. It appears that after passing through the first obstacle gap, the 

edges of the flame were entrained into a vortex pair positioned downstream of the 

obstacle, which is shown in the x-y plane photograph at 20.3 ms in Fig. 4.7. The 

combustion appears to have remained laminar over most of the flame surface except at 

the core of the vortex roll-up where the surface was slightly wrinkled. This type of 

wrinkling is also apparent in the top-view photograph at 20.3 ms. The entrainment of the 

flame resulted in an exponential increase in the flame area between 15.7 ms and 20.3 ms. 

Interestingly, the flame velocity dropped during this roll-up period, indicating that the 

increase in the flame area and therefore volumetric burning rate was not sufficient to 

counteract the unburned gas flow expansion just ahead of the flame-tip.  

As the flame-tip approached the next obstacle in the field of view it accelerated 

due to the contraction of the unburned gas flow. This acceleration produced a thin flame 
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tongue that passed through the second obstacle, as shown in the x-y plane photograph at 

21.7 ms in Fig. 4.7. This corresponded to a second surge in the centerline flame velocity 

between 20.3 ms and 21.7 ms observed in Fig. 4.8. Both schlieren photograph views at 

21.7 ms indicate that the vortex core became turbulent which resulted in a highly 

wrinkled flame surface. This complicated flame shape prohibited flame area 

measurements using the CAD modeling technique due to the difficulty of accurately 

resolving the flame surface. 

The side-view photograph taken at 23 ms indicates that as the flame propagated 

through the second obstacle gap, it did not roll into the vortex pair, unlike what was 

observed for the first obstacle. The flame-tip took on a mushroom-like shape just before 

the third obstacle located at the end of the field of view. The downstream surface of the 

mushroom shaped flame-tip remained laminar but the upstream surface appears to have 

become highly turbulent in both views shown at 23 ms. The flame velocity dropped 

significantly between 22 ms and 23 ms as the flame approached the third obstacle and the 

flame-tip “mushroomed”. 

The oscillations in the centerline flame velocity discussed above do not appear in 

the flame velocity data shown in Fig. 4.6 because of the large distance between the 

ionization probes. The centerline flame velocity inferred from the schlieren video in the 

first channel module (0.08 m < x < 0.53 m) for the three BR obstacles is provided in Fig. 

4.9. It should be noted that the velocity data in Fig. 4.9 was obtained using ignition site 

A, which is different from the data in Fig. 4.8 that was obtained using ignition site B. As 

observed in the ionization probe data in Fig. 4.6, the average flame acceleration rate is 

larger for higher BR cases. The oscillations in the flame-tip velocity are very apparent in 
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the video-based velocity measurements shown in Fig. 4.9 for all three BR obstacle cases. 

There is a clear trend in the data that the flame-tip velocity accelerates as the flame 

propagates through the opening between obstacles and then decelerates after the opening 

between the obstacles. 
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Figure 4.9: Flame velocity deduced from the schlieren video for different BR obstacles  
(ignition site A). 
 

As discussed above, these oscillations in the flame velocity were due to the contraction 

and expansion of the unburned gas flow that convected the flame-tip. The amplitude of 

the oscillations was more significant in the higher BR obstacles because of the more 

severe flow contraction. 

 

 

Obstacle 
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4.5.2 Unburned Gas Flow Visualization 
 

In order to better understand the phenomenon driving the evolution of the flame shape 

and flame-tip centerline velocity, it is imperative to obtain information on the unburned 

gas flow immediately ahead of the flame. In order to accomplish this, a novel 

visualization technique was developed where a small amount of helium, which is 

significantly less dense than the fuel-air mixture, was injected in the unburned gas to act 

as a tracer in the schlieren photographs. The helium was injected into the channel one 

second before ignition through a 6.4 mm hole in the top surface of the channel with a 

mean jet velocity of 3.7 m/s. As shown schematically in Fig. 4.10, the helium entered the 

channel as a jet and then mixed with the fuel-air mixture in a region bounded by adjacent 

obstacles.  

The schlieren photographs shown in Fig. 4.10 were from a test using ignition 

position A where the helium was injected midway between obstacles #5 and #6. After 

ignition, the expansion of the flame ball, not seen in Fig. 4.10, induced an unburned gas 

flow to the right. Since the flame area continually increased with time (Fig. 4.8), the 

unburned gas mass flow rate through the channel core also increased with time. In the 

schlieren photograph taken at 9 ms after ignition, the helium jet was convected to the 

right and roughly followed the parabolic axial velocity profile across the channel. A 

combination of Rayleigh-Taylor and Kelvin Helmholtz instabilities led to the 

perturbations observed on the upstream jet boundary. The schlieren photographs showed 

the evolution of the interfaces separating the fuel-air mixture and the helium-diluted fuel-

air mixture at obstacles #5 and #6.  
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Figure 4.10: Schlieren photographs and schematic of the development of the unburned 
gas flow field ahead of the flame using helium gas as a tracer. Field of view includes 0.5 
BR obstacles #5 through #7. 
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The unburned gas flow separated at the obstacle’s inner-surface and formed a pair 

of vortices downstream of each obstacle. The generation of the vortex pair seen in the 

schlieren photograph at 9 ms in Fig. 4.10 is similar to the axisymmetric vortex produced 

by ejecting fluid from a circular nozzle via an impulsively-started piston (Didden, 1979).  

Geometrically, the observed flow phenomenon is more representative of the roll-up 

process associated with wing-tip vortices. The thin boundary layer at the inner-surface of 

the obstacle separates at the downstream edge as a planar shear layer rolls up into a spiral 

and entrains irrotational fluid in the process. The initial vortex roll-up is laminar with a 

well defined spiral and core.  

As the unburned gas core flow accelerated ahead of the flame, the flow at the 

upstream edge of the obstacle detached and formed a new, unstable shear layer that 

disrupted the roll-up of the initial laminar vortex. For example, in the photograph taken at 

13.3 ms, the laminar vortex that formed at obstacle #5 was displaced away from the 

channel centerline. The flow separation formed a “separation bubble” that is clearly 

visible next to the inner-surface of obstacle #5 at 16 ms. The separation bubble is visible 

due to the backflow of helium from downstream of obstacle #5. The unstable shear layer 

then rolled up itself and entrained the laminar vortex in the process. The new vortex that 

formed was fully turbulent with no discernible spiral structure and the shear layer had 

some large-scale eddy structures imbedded. With time, the unstable shear layer grew in 

length and extended towards the downstream obstacle inner-surface and the vortex grew 

in size as more fluid was entrained. Once the vortex reached the channel top and bottom 

walls, it lengthened until it filled the gap between the obstacles. This caused a turbulent 
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“recirculation zone” to form, as shown in the photograph at 17.7 ms in Fig. 4.10. The 

recirculation zone was separated from the laminar core flow by a strong turbulent shear 

layer that stretched from the edge of one obstacle to roughly the edge of the adjacent 

obstacle. 

4.5.3 Simultaneous Visualization of the Flame and the Unburned Gas 
 

The visualization of the unburned gas flow field provides insight into the evolution of the 

flame shape, the combustion mode, and the flame centerline velocity down the length of 

the channel. Since the unburned gas flow develops with time, the flame front, especially 

at the tip, will experience different unburned gas flow conditions along the channel 

length.  In Figs. 4.11- 4.13 schlieren photographs show the simultaneous progression of 

the flame and the development of the unburned gas flow field ahead of the flame for tests 

corresponding to the three respective obstacle BRs.   

These schlieren images are a composite of two separate but synchronized videos 

that were positioned side by side to create a total field of view of 7.6 cm x 44.5 cm, 

which corresponds to the dimensions of the entire side cut-out in the optical module. For 

these tests, ignition position A was used and therefore the first obstacle that appears in the 

field of view is actually obstacle #2 (see Fig. 4.2). The video frame and obstacle numbers 

are provided in Fig. 4.11 for reference. Recall that on average, the flame-tip acceleration 

was stronger for the higher BR obstacle cases. For example, based on the data provided 

in Fig. 4.9, the centerline flame-tip velocity measured at roughly 0.5 m from the igniter 

end wall, for the 0.67, 0.5, and 0.33 BR obstacles was 200 m/s, 150 m/s and 125 m/s, 

respectively.  
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Figure 4.11: Schlieren video showing the simultaneous development of the flame surface 
and the unburned gas flow field ahead. Field of view includes 0.5 BR obstacles #2 
through #7. Inter-frame time is 1 ms. 
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Figure 4.12: Schlieren video showing the simultaneous development of the flame surface 
and the unburned gas flow field ahead. Field of view includes 0.33 BR obstacles #2 
through #7. Inter-frame time is 1.33 ms. 
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Figure 4.13: Schlieren video showing the simultaneous development of the flame surface 
and the unburned gas flow field ahead. Field of view includes 0.67 BR obstacles #2 
through #7. Inter-frame time is 0.67 ms. 
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The camera was operated at 3000 frames per second, which yielded a frame every 0.333 

ms. The time between frames in Figs. 4.11- 4.13 was chosen such that the flame entered 

and exited the field of view over the same number of frames. This resulted in an inter-

frame time of 0.67 ms, 1 ms, 1.33 ms for the 0.67, 0.5, and 0.33 BR obstacles, 

respectively. Helium was injected before ignition between obstacles #5 and #6. It should 

be noted that the unburned gas flow field immediately ahead of the flame in any frame 

was roughly the same as the flow field highlighted by the helium that was injected 

between obstacles #5 and #6. Fluid flow, and consequently vortex roll-up, was initiated at 

each obstacle following the passage of the sound wave produced at the onset of flame 

growth. This resulted in a slight delay in the initial development of vortices downstream 

from the obstacles further away from the ignition point. 

 

Channel with 0.5 BR orifice plates 

A general description of the flame acceleration phenomenon for the intermediate 

size 0.5 BR obstacles shown in Fig. 4.11 is discussed in this section. The unburned gas 

flow field between obstacles #5 and #7 shown in Fig. 4.10 was the same as that shown in 

Fig. 4.11. After the flame passed obstacle #2 (first obstacle in the field-of-view), it 

propagated around the vortex outer boundary, burning to the channel wall. As seen in the 

fourth frame in Fig. 4.11, this produced a “mushroom” shape flame-tip. This behavior 

was different from that observed at the earlier times (flame-tip at obstacle #1) where the 

channel core flow velocity was lower and the flame was entrained into the vortex, as 

shown in the photograph at 20.3 ms in Fig. 4.7. By the third frame, the unburned gas flow 

separated from the upstream edge of the obstacle (visualized at obstacles #5 and #6) and 
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the newly formed turbulent shear layer effectively deflected the flame from the initial 

laminar vortex. By the fifth frame, the turbulent shear layer extended to roughly half the 

distance between the obstacles. The shear layer prevented the flame from being entrained 

into the vortex downstream of obstacle #2. The flame eventually burned back towards 

obstacle #2 through the turbulent vortex at a speed on the order of 10 m/s. The flame did 

not propagate immediately to the upstream face of obstacle #2 since it appears that the 

flow in this corner region remained laminar. Unburned gas from the upstream corner fed 

the shear layer downstream of obstacle #2. By the seventh frame, the mixture in the 

recirculation zone between obstacles #2 and #3 was consumed by the turbulent flame, 

which propagated in the vortex. The flame then propagated upstream around obstacle #2 

into the upstream corner region, as shown in the eighth frame. 

After the first few obstacles, flame propagation in the streamwise direction was 

dominant and resulted in a long and narrow flame shape. By the sixth frame, the shear 

layer extended across to the next obstacle and a turbulent recirculation zone was 

established. At this point in time the flame-tip was still laminar and propagated at a 

velocity of 70 m/s relative to a fixed observer. The shear layer extending from the 

upstream edge of obstacles #3 deflected the flame from the obstacle inner-surface around 

the separation bubble. The flame burned into the recirculation zone between obstacles #3 

and #4 just before reaching obstacle #4, where the shear layer would have been expected 

to be weakest. The turbulent flame then burned back towards obstacle #3. In the seventh 

frame, the flame reached the upstream face of obstacle #4. The flame surface at that 

location appears very rough indicating that turbulent conditions prevailed in the corner 

region resulting in a high burning velocity. Once the flame penetrated the flow near the 
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wall, it was quickly convected into the shear layer downstream of obstacle #4. As a 

result, the flame was able to burn into the separation bubble adjacent to the inner-surface 

of the obstacle. The flame burned into the recirculation zone near obstacle #5 and then 

burned back to obstacle #4. This phenomenon repeated itself for all the subsequent 

obstacles. Note that for the seventh and eighth frames, the flame beyond the fourth 

obstacle propagated into a helium diluted mixture. In tests performed without helium the 

flame shape and propagation phenomenon observed were similar.  

By the eighth frame, the flame extended over all six obstacles and the 

recirculation zones between obstacles were at various degrees of consumption. 

Interestingly, the portion of the flame approaching the upstream face of obstacle #2 

remained laminar over the duration of the eight frames and thus burned very slowly. Just 

before the flame left the field-of-view (see frame #7), it appears that the turbulent shear 

layer had not spread to the centerline of the channel and the flame-tip was laminar. The 

flame-tip in frames #5-7 was blurry due to the very fast flame speed (120 m/s – 300 m/s) 

and insufficiently fast camera shutter speed (20 μsec). It appears that before 

compressibility effects set in, the core flow remained laminar due to the short time 

available for the shear layers to spread towards the channel centerline. Therefore, the 

flame-tip was essentially convected downstream at an ever increasing speed as a result of 

the burning in the trailing recirculation zones. Communication between the burning 

recirculation zones and the flame-tip was possible because the speed of sound in the 

combustion products (roughly 1000 m/s) remained significantly higher than the flame-tip 

velocity. As the flame accelerated down the channel, the average unburned gas velocity 

increased, which resulted in a higher average circulation and turbulence intensity level at 
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each subsequent recirculation zone encountered by the flame. Both of these contributed 

to a higher recirculation zone consumption rate. For example, the recirculation zone 

between obstacles #5 and #6 was mostly consumed between frames #7 and #8, whereas 

the recirculation zone between obstacles #4 and #5 required more than two frames for 

complete consumption. 

 

Channel with 0.33 BR orifice plates 

Schlieren video taken of the flame acceleration in the smaller 0.33 BR obstacles is 

shown in Fig. 4.12. The flame-tip that enters the first obstacle was broader than that 

observed in the 0.5 BR obstacles. This is because of the larger core flow area and less 

flow contraction through the smaller 0.33 BR obstacles. Because of the short obstacle 

height, the vortices that developed downstream of the obstacles quickly reached the 

channel top and bottom wall. By the second frame a separation bubble developed at the 

obstacle #2 inner-surface and the flame propagated around the vortex and reached the 

channel wall, similar to that observed with the channel equipped with the 0.5 BR 

obstacles. The flame then burned back into the turbulent vortex and then up to the 

separation bubble by the eighth frame. 

By the fifth frame, the shear layer and the vortex extended roughly half way 

between the obstacles. In the fifth frame, it can clearly be seen that part of the top and 

bottom edge of the flame between obstacles #3 and #4 followed the shear layer. The 

flame surface entering the recirculation zone was largely smooth compared to that 

observed in frame #6 the 0.5 BR case (Fig. 4.11). The flame-tip was roughly at the same 

streamwise position, near obstacle #4, in these two frames. As the flame-tip advanced to 
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the last obstacle and the shear layer became more turbulent, the flame was able to burn 

into the recirculation zone earlier (see the eighth frame in Fig. 4.12). The biggest 

difference between the 0.33 BR and 0.5 BR obstacle cases was the flame surface 

distribution. In the smaller BR case the recirculation zones burned out quicker due to the 

shorter obstacle height. For example, by the time the flame reached the end of the field of 

view in frame #8, most of the recirculation zones had been consumed. This is in contrast 

to the 0.5 BR obstacle case (see frame 8 in Fig. 4.11), where the flame had advanced 

further in the channel, yet there remained significantly more unburned mixture in the 

recirculation zones behind the flame-tip. Similar to the 0.5 BR obstacle case, the flame-

tip remained smooth as it approached the final obstacle indicating that the flow in the 

channel core remained laminar. 

 

Channel with 0.67 BR orifice plates 

Schlieren video taken of the flame acceleration in the 0.67 BR obstacle case is 

shown in Fig. 4.13. As the flame propagated through the first obstacle in the field of view 

it was severely stretched due to the large flow contraction through obstacle #2. The flow 

contraction was amplified by a vena contracta produced from the separated flow at the 

obstacle’s leading edge. Therefore, the flame-tip was effectively only half the height of 

the obstacle opening. The vortex and recirculation zones develop downstream of the 

obstacles and the flame propagated in a manner similar to that observed in the 0.5 and 

0.33 BR obstacle cases. The shear layer that developed downstream of the obstacles 

appears to have large-scale structures not observed in tests with the smaller BR obstacles. 

For example, in the seventh frame, the shear layer that developed downstream of obstacle 
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#6 has two large eddies. It is possible that these large flow structures developed due to 

the interaction of the two shear layers that were in close proximity to each other, 

observed in the 0.67 BR obstacle case. It is also evident that combustion at the flame-tip 

was more turbulent compared to that observed with the lower BR obstacles. In the last 

frame it appears that the flow through the last obstacle in the field of view was fully 

turbulent as the shear layers merge. 

 

Low Flame Speed Propagation Mechanism   

For the two-dimensional obstacles tested with the BR in the range of 0.33 and 

0.67, the early development of the unburned gas flow field and flame shape appears to be 

universal. A comparison of the last frame in Figs. 4.11- 4.13 indicates that the general 

distribution of the flame area appears to have been the same for all three BR obstacles. 

However, the rate at which the flame area evolved was very different as is evident by the 

different inter-frame time for each figure. Therefore, the rate of flame area development 

and the corresponding flame-tip acceleration is dependent on the obstacle BR. 

The development of the unburned gas flow field ahead of the flame dictated the 

evolution of the flame surface. Except for very early times, the flame surface consisted of 

a laminar flame-tip propagating downstream in the channel core and the rest of the flame 

surface propagating transversely into the recirculation zones between obstacles. As the 

turbulent flame burned into the recirculation zones, the combustion products expanded 

into the channel core behind the flame-tip. This is clearly evident in frame #8 of Fig. 

4.11, where streaks can be observed in the combustion products in the core, close to the 

flame-tip. The streaks occurred due to an insufficiently fast shutter speed to “freeze” the 
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motion of the density gradient field that existed in the core. Note that the streaks did not 

appear in the 0.67 BR obstacle image because a faster shutter speed was used. The 

expansion of the combustion products produced over the lateral surface of the flame was 

responsible for the unburned gas flow in the channel core. Theoretically, for a planar 

flame propagating in an obstacle free duct, the combustion products are stationary for 

flame velocities below the speed of sound of the combustion products (Ciccarelli and 

Dorofeev, 2008). In an obstacle laden duct, the flame surface extends to the ignition end, 

such that parts of the flame surface are transverse to the axial flame propagation 

direction. Expansion of the gas across the transverse portions of the flame will generate a 

flow in the combustion products at the channel core, as discussed above. This flow 

convects the flame-tip and unburned gas forward. Combustion along the lateral surface 

behind the flame front persists for longer times for higher BR obstacles.  

4.6 Results – Later Stage of Flame Acceleration 
 

The second phase of flame acceleration is the subject of this section. At flame speeds in 

excess of the unburned gas speed of sound, compression waves were observed ahead of 

the flame. These compression waves propagated forward and eventually coalesced into a 

strong shock wave ahead of the flame. The objective of this part of the study is to 

determine the role of shock-flame interactions on flame acceleration and its effects on the 

maximum flame velocity. Details of the window and the instrument port locations are 

provided in Fig. 4.14 along with the field of view of the schlieren images presented in 

this section. Note that the field of view per test was shorter than that used in the low 

flame speed tests (Section 4.5) so that a higher camera framing rate could be used. The 
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field-of-view covered roughly one-third of the length of the window. Images were taken 

at various framing rates and resolutions with a Photron SA1 high speed digital camera, 

which is a more advanced model than the Photron 1024 PCI camera used in Section 4.5 

(see Table 4.1). 

 

 

Figure 4.14: Schematic showing optical module and obstacle details and camera field of 
views. 
 

As discussed in Section 4.5, the flame-tip velocity, inferred from flame time-of-

arrival measurements made at a spacing of twice the channel height, showed a monotonic 

increase with propagation distance (Fig. 4.6). More detailed centerline flame velocity 

measurements obtained from high-speed video show large oscillations for the first 0.6 m 

of flame acceleration up to velocities on the order of 200 m/s (Fig. 4.9). The flame 

velocity oscillations were attributed to contraction and expansion of the unburned gas 

flow through each obstacle pair upon which the flame-tip was convected. Consequently, 

the magnitude of the flame-tip velocity oscillations was greater for experiments 

corresponding to larger BR obstacles.   

The centerline flame velocity obtained from schlieren images of the second half 

of the channel (modules 3 and 4 positions, see Fig. 4.1) is provided in Fig. 4.15 for each 

of the respective obstacle BRs.  

H

7.6 cm 15.2 cm 15.2 cm 7.6 cm

1.3 cm 

hGlass 

8.2 cm 

PP P P15.2 cm

1 2 3 4 5 6 87

Field of view: A B C



 95

0

200

400

600

800

1000

1200

1400

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3

Distance (m)

Ve
lo

ci
ty

 (m
/s

)

Module 3 Module 4

 

0

200

400

600

800

1000

1200

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3

Distance (m)

Ve
lo

ci
ty

 (m
/s

)

Module 3 Module 4

 

0

200

400

600

800

1000

1200

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3
Distance (m)

Ve
lo

ci
ty

 (m
/s

)

Module 3 Module 4

 
Figure 4.15: Flame-tip velocity measured from high speed video (SA1 camera). Obstacle 
positions are shown on the x-axis. a) BR = 0.33,  b) BR = 0.5,  c) BR = 0.67. 

a) 

b) 

c) 
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These images were taken at 120,000 frames per second. The data shown in these figures 

is a compilation of six tests for each obstacle set, which corresponds to each field-of-view 

shown in Fig. 4.14 at the last two module positions.  

For each BR case, large oscillations were observed in the flame-tip velocity up to 

the end of the channel. The average flame-tip velocity increased slightly through module 

3 but remained constant through module 4. For the BR=0.33 case (Fig. 4.15a), the 

magnitude of the oscillations increased dramatically in the last module position. 

Conversely, for the higher BR obstacles, the magnitude of the oscillations stabilized near 

the end of the channel. The average flame-tip velocity leveled off at the end of the 

channel at a value of about 750 m/s for the 0.5 BR obstacles, 660 m/s for the 0.33 BR 

obstacles, and 600 m/s for the 0.67 BR obstacles. This trend in the terminal average flame 

velocity is consistent with flame acceleration tests made in pipes equipped with similar 

BR orifice plate obstacles (Ciccarelli et al., 2005). 

Schlieren images obtained at 30,000 frames per second are provided in Figs. 4.16-

4.17 for 0.33 and 0.5 BR obstacles, respectively. Note the obstacle numbers shown are 

referenced to the module and not the entire channel. For the BR=0.33 obstacles in the 

module 3 position (Fig. 4.16a), a turbulent flame was observed to propagate through the 

core and no compression waves were observed ahead of the flame even though the flame-

tip propagated at a velocity in the range of 400 – 700 m/s. The flame surface is 

characterized by very fine scale wrinkling due to the high Reynolds number flow ahead 

of the flame. This is in contrast to the early flame acceleration (Fig. 4.12), where the 

flame-tip appeared very smooth and the transverse part of the flame was characterized by 

larger scale wrinkling. The flame-tip velocity data in Fig. 4.15a shows that the flame-tip 
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accelerated as it passed through the obstacle and quickly decelerated, similar to that 

observed in the early phase of flame acceleration (Fig. 4.9). As the flame accelerated 

further downstream, i.e., in the module 4 location, a train of compression waves formed 

ahead of the flame (see between obstacles #6 and #7 in Fig. 4.16b). The compression 

waves reflected off of the downstream top and bottom mounted obstacles. The reflected 

compression waves coalesced and crossed at the centerline of the channel to form a Mach 

stem, which propagated upstream (see frame #2 in Fig. 4.16b).  
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Figure 4.16: Development of lead shock ahead of flame for 0.33 BR in a) 3rd and b) 4th 
modules (field-of-view C, 33 μs inter-frame time). 
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When the flame-tip reached the Mach stem just before obstacle #6 it quickly decelerated, 

as observed in the flame-tip velocity data in Fig. 4.15a. The flame-tip then accelerated up 

to obstacle #7, achieving a peak velocity above 1000 m/s. Very fine-scale perturbations 

appeared on the flame surface as a result of the shock-flame interaction that triggered 

Richtmeyer-Meshkov instabilities. This propagation mechanism is clearly different from 

that observed at the lower flame-tip velocities where no compression waves were 

observed in the schlieren photographs (Fig. 4.12). 
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Figure 4.17: Development of lead shock ahead of flame for 0.5 BR in a) 3rd and b) 4th 
modules (field-of-view B, 33 μs inter-frame time). 
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For the higher blockage (BR=0.5) obstacles, the flame initially accelerated faster, 

which resulted in the formation of compression waves (Fig. 4.17a) sooner in the channel 

compared to what was observed in experiments using BR=0.33 obstacles. The flame-

shock interactions, described above, led to large velocity oscillations in the range of 400–

900 m/s in the module 3 position. Unlike in the BR=0.33 case, the shock-flame 

interaction occurred before the reflected waves interacted at the centerline to form a 

Mach stem. This allowed the flame-tip to follow closely behind the lead shock wave. The 

shock-flame interaction led to a large flame-tip acceleration through the obstacle. This 

occurred because the flow was forced through a narrower passage and the flame did not 

encounter a Mach stem, which would have decelerated the unburned gas flow ahead. 

Further downstream, in the module 4 position, the turbulent flame-tip acceleration 

through the obstacle produced a strong shock wave (see Fig. 4.18). Note that the average 

flame velocity of 750 m/s recorded in the module 4 position was roughly equal to the 

average flame-tip velocity at the end of the module 3 position. However, the minimum 

oscillation velocity was roughly 200 m/s higher in the module 3 position. Towards the 

end of module 4, the shock and flame structure became quasi-steady with streamwise 

distance and a cyclical pattern emerged as the shock and flame propagated past each 

subsequent obstacle. To further understand the shock and flame dynamics in this regime, 

Fig. 4.18 shows a highly time resolved (120,000 frames per second) sequence of 

schlieren images corresponding to the BR=0.5 case at the end of module 4. This sequence 

comprises of 15 images, beginning and ending with the shock positioned at the upstream 

surface of obstacles #6 and #7, respectively.  
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Figure 4.18: Development of compression waves ahead of flame front for BR = 0.5 case 
(4th Module, field of view C, inter-frame time = 8.3 μsec). 

 

In frames #1-2 of Fig. 4.18, the lead shock, which was curved from diffraction caused by 

the expansion after obstacle #5, approached the upstream surface of obstacle #6. Due to 

the shock curvature, incident contact between the lead shock and obstacle #6 occurred at 

the obstacle tips and progressed toward the channel’s top and bottom surfaces (frames 

#3-4). Although not the case here, if the shock wave was of sufficient strength, reflection 

off the obstacle could have led to auto-ignition and hence an enhancement in the energy 

release rate. Transition to detonation can occur for more reactive mixtures when the 

shock wave becomes strong enough that shock reflection off the downstream obstacle 

results in detonation initiation (e.g. Ciccarelli and Dorofeev, 2008). The obstacle 
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reflected waves propagated as transverse waves across the flame-tip towards the channel 

centerline. As a result of the large change in flow velocity behind the transverse wave, an 

inflection in the flame front occurred (frames #6-8). The shock surface near the centerline 

was initially unaffected by the shock reflection from the obstacle and continued to 

propagate forward. After the lead shock propagated through the obstacle gap, it diffracted 

around the downstream surface of the obstacle toward the channel’s top and bottom 

surface (frames #8-11). The shocked unburned gas also turned around the corner due to 

Prandtl-Meyer expansion. The reflection of the transverse waves at the centerline induced 

a surge in the flame-tip velocity up to 1000 m/s through the obstacle. This flame 

acceleration was short lived as the flame front propagated at roughly 800 m/s across most 

of the span between the obstacles (see Fig. 4.15b). Also evident in these images (frames 

#7-10) is a pair of vortices and rearward facing shock waves that are typical of a Mach 2 

shock wave diffracting at a 90o edge. Unlike in the first phase of the flame acceleration, 

the Prandtl-Meyer expansion around the obstacle permitted the flame to quickly 

propagate towards the channel top and bottom walls. As the lead shock contacted the 

channel’s top and bottom surface, a reflected wave propagated towards the channel 

centerline and decelerated the flame before it reached the channel wall and obstacle 

surface (frames #11-13). This allowed combustion to resume near the channel surfaces 

well after the front moved to the next obstacle. The reflected waves distorted the flame 

shape as they propagated towards the channel centerline (frame #14). However, reflection 

of the lead shock with the upstream surface of obstacle #7 occurred before these reflected 

waves were able to reach the centerline (frame #15).  

5 7 54 
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  The full field of view compiled from three separate tests (field of view A, B, and 

C in Fig. 4.14) for each obstacle BR in module 4 is shown below in Figs. 4.19-4.21. The 

inter-frame time was approximately 67 μs and the three separate tests were synchronized 

based on the position of the lead compression wave. These images show the extent of 

flame area behind the flame front and the formation of compression waves far ahead of 

the flame front. For the BR=0.33 case (Fig. 4.19), compression waves formed 

approximately 1.5H ahead of the flame at a relatively large spacing. As the flame 

propagated towards the end of the channel, the spacing between compression waves 

decreased, which resulted in the coalescence of a lead shock (downstream of obstacle 

#7). At higher obstacle BR cases, the spacing between the flame front and lead shock 

wave reduced to approximately 0.2H for the entire field of view. However, even as the 

flame velocity leveled-off at the higher blockage ratios in module 4, compression waves 

were still visible between the flame front and the lead shock. This suggests that the flame 

continued to cyclically reinforce the lead shock at this quasi-steady propagation regime 

that occurred at the end of module 4 for the high BR cases.  

  Although the flame was able to quickly propagate around obstacles due to the 

presence of Prandtl-Meyer expansion, combustion was still observed up to a distance of 

x/H = 4 downstream of the flame front for the 0.33 BR case (Fig. 4.19, Frame #7). As the 

blockage ratio increased, however, the amount of combustion observed downstream of 

the flame front decreased. This observation is most apparent by comparing the flame area 

between obstacles #3 and #4 in frame #7 for each BR case (Figs. 4.19-4.21). In frame #7, 

the flame front for each BR case was at the same streamwise position, near the 

downstream side of obstacle #6. This suggests that at smaller shock-flame spacings, the 
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flame was able to consume unburned gas near the channel walls faster than compared to 

flames that were spaced far apart from the lead shock.   

  With the right camera settings, light emitted directly from the gas could be 

observed in the video. One possible source for this light is the radiation emitted in the 

visible spectrum by excited radicals in the reaction zone (i.e. chemiluminescence), which 

is an indicator of intense burning. In hydrocarbon flames, such as methane-air, CH and 

OH radicals are the main contributors to the emission of light and become excited in high 

temperature zones (Turns, 2000). Thermal radiation emitted from hot combustion 

products is another possible source for the observed light and is an indicator of high 

temperature gas. High temperature regions in the gas will form after the collision of 

transverse shock waves, especially after collisions that occur in the initially hot 

combustion products. Light emitted due to chemiluminescence, however, only occurs in 

regions near the flame front, where combustion is occurring. Natural light emitted from 

the gas is best shown in frame #7 of Fig. 4.20, which corresponds to a time just after the 

collision of two transverse shock waves at the channel centerline. Light is also observed 

further behind the flame front as reflected waves continue to collide at the centerline and 

propagate upstream.      

The complex shock-flame propagation at the end of the channel was quasi-steady 

and did not appear to involve thermal choking. The shock-flame interaction propagation 

mechanism appears to be self-sustaining as the flame remained closely behind the lead 

shock wave. The energy was released behind the shock wave within two or three obstacle 

spacings. This is very different from the first phase flame acceleration mechanism that 

relies principally on the extended flame area generated far behind the flame-tip. The 



 104

shock-flame interaction mechanism is qualitatively similar to that of a detonation wave 

where the leading shock wave decays through the second half of the cell and is 

regenerated due to the collision of the transverse shock waves. Although stable 

detonations rely on a shock-induced chemical reaction to provide heat release, Radulescu 

et al. (2007) have shown that approximately 50% of the unburned gas in unstable 

methane-oxygen detonations are consumed through a similar shock-flame interaction 

mechanism due to the low velocity excursions of the lead shock.  
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Figure 4.19: Schlieren video showing development of compression waves. Field of view 
includes (4th Module, BR = 0.33, Inter-frame time is 67 μs). 
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Figure 4.20: Schlieren video showing development of compression waves. Field of view 
includes (4th Module, BR = 0.5, Inter-frame time is 67 μs). 
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Figure 4.21: Schlieren video showing development of compression waves. Field of view 
includes (4th Module, BR = 0.67, Inter-frame time is 67 μs). 
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Chapter 5 Numerical Simulations 
 

Two important factors governing flame shape and flame speed in an obstructed channel 

are the development of the flow field ahead of the flame and the interaction of the flame 

surface with that flow field. To isolate the development of the flow field, a Large Eddy 

Simulation (LES) of the unburned gas without combustion is presented in Section 5.1 for 

each of the respective obstacle blockage ratios (BRs) investigated experimentally in 

Chapter 4. To further understand the interaction of the flame surface with the unburned 

gas flow field, a simulation of flame propagation is presented in Section 5.2. All 

simulations were implemented through the commercial computational fluid dynamics 

software, Fluent v.6.3.  

5.1 Unburned Gas Flow 
 

A compressible LES of the unburned gas flow field ahead of the flame front was 

undertaken using several subgrid models, including the Standard Smagorinsky-Lilly 

model, the dynamic Smagorinsky-Lilly model, and the monotonically integrated LES 

(MILES) method. Each simulation was run in parallel on twelve UltraSPARC-IV, 

1.5GHz processors at the Canadian High Performance Computing Virtual Laboratory 

(HPCVL). Specifically, the convection of helium gas associated with the experimental 

visualization technique presented in Section 4.5.2 was simulated for each of the three 

obstacle BRs. By restricting the simulation to the early stages of the flame acceleration, it 

was possible to investigate the three dimensional nature of the vortex rollup process, 

which is not available from the experiment. All flow variables presented in this section 
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correspond to resolved values, which negates the need for the tilde designation shown in 

Chapter 3. 

5.1.1 Simulation Setup 
 

Equations (3.20)-(3.22) were solved using the segregated pressure-based solver in Fluent 

v.6.3. Since only the unburned gas flow was considered, heat release due to combustion 

was not included in Eq. (3.22). In the segregated pressure-based solver, the governing 

equations are solved sequentially at each timestep and are corrected using a pressure-

correction equation (Fluent, 2007). The pressure-correction equation was implemented 

through the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) modified for 

unsteady simulations (Patankar and Spalding, 1972). The SIMPLE pressure-velocity 

coupling scheme was used with default under-relaxation factor values, which are 0.3, 1, 

1, 0.7, and 1 for the pressure, density, body forces, momentum, and energy terms, 

respectively. Under-relaxation is used to slow the change of a variable as the governing 

equations are iteratively solved in order to provide stability to the process and ensure fast 

convergence rates. The pressure interpolation scheme and convective terms were 

discretized using a bounded central difference scheme, while diffusion terms were 

calculated using a central differencing scheme. Second order implicit time integration 

was used to discretize time derivatives.    

The computational domain, shown in Fig. 5.1, corresponds to a volume spanning 

over two obstacle pairs ahead of the flame front. The upstream side of the domain was 

positioned approximately 0.9 m downstream of the ignition source. The obstacle spacing 

was equal to the channel height of H = 7.62 cm and the length of the computational 
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domain was varied from L/H = 1.4 to L/H = 2.4. The domain width was varied from a 

pure 2D simulation to a maximum width of W/H = 0.67. The channel width in the 

experiment was W/H = 1. A passive scalar in the gas was initialized to C = 0 and C = 1, 

upstream and downstream of the second obstacle, respectively. C = 0 corresponds to a 

pure methane-air mixture and C = 1 corresponds to helium tracer gas as shown in Fig. 

4.10. In these simulations, however, all gas properties, including the density and 

viscosity, were not affected by values of C and correspond to the methane-air mixture. 

The convection of the interface between C = 0 and C = 1 was simulated merely to 

visualize development of the unburned gas and to allow comparisons with the methane-

air/helium interface that was observed in the experiment. Results from simulations 

modeling the effects of a density interface associated with the methane/helium gas, which 

exists in the experiment, are presented in Appendix B.2.5. 
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Figure 5.1: Computational domain (BR = 0.5). 
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A mass flow inlet boundary condition was imposed on the shaded region in Fig. 

5.2, which corresponds to a streamwise position of 0.5H upstream of the obstacle’s 

surface. The specification of the mass flux was obtained experimentally by tracking the 

convection of the methane-air/helium gas interface across the top of the obstacle’s 

surface (Fig. 4.10). An exponential equation was curve fitted to this data and extrapolated 

to obtain the mass flux at later times. For stoichiometric methane-air at an initial pressure 

of Pi = 47 kPa and initial density of uρ = 0.535 kg/m3, the unsteady mass flux, m , is 

specified as: 

n
um A tρ=          (5.1) 

where t is time. A and n are empirical constants with values of 12,400 and 1.7, 

respectively. Eq. (5.1) does not account for any spatial variations in the mass flux 

including turbulence that may be generated upstream of the inflow boundary. Since 

combustion was not modeled, the duration of the simulation occurred from ignition to a 

time corresponding to the arrival of the flame at the entrance of the computational 

domain. Implementation of Eq. (5.1) into Fluent was facilitated through a user defined 

function (UDF), which is provided in Appendix D. 

The top and bottom boundaries shown in Fig. 5.2 are zero-slip wall surfaces that 

specify zero mass flux and zero streamwise velocity. The mesh density near wall surfaces 

was sufficiently refined to resolve the laminar sublayer ( 1y+ < ). 
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Figure 5.2: Boundary conditions for BR = 0.5 case (W/H = 0.167). 

 

The wall shear stress, wτ , was obtained from the following relationships: 

u y+ +=                   (5.2) 

uu
uτ

+ =                   (5.3) 

u y
y τρ

μ
+ =          (5.4) 

/wuτ τ ρ=          (5.5) 

where uτ  is the friction velocity and wτ  is the wall shear stress. All subgrid terms are 

considered to be negligible in the laminar sublayer and were suppressed near wall 

surfaces through Eq. (3.29). At the outflow boundary, the static pressure was set to the 

initial pressure, Pi. The two side surfaces were designated as periodic boundaries.    
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Figure 5.3: Computational grid at x-y plane for the bottom half of the domain. Obstacle 
BR = 0.5. Dark regions near wall boundaries correspond to high aspect ratio cells.  
     

The base computational grid corresponding to an obstacle BR = 0.5 is shown in 

Fig. 5.3. The base grid has a node spacing of Δ = 0.6 mm, which corresponds to H/Δ = 

127, and a total of one million nodes in the entire domain (W/H = 0.67, L/H = 1.4). 

Hexahedral cells with uniform node spacing in each direction were used in the domain 

interior and high aspect ratio cells were used near the wall surfaces, which are shown as 

dark regions in the figure. To allow for a smooth transition between the wall surface and 

pressure outlet at the downstream face of the computational domain, the high aspect ratio 

cells were extended over the pressure outlet and inflow boundary.  

5.1.2 Initial Laminar Vortex Development 
 

Given that the initial laminar rollup of the vortex is a two-dimensional phenomenon, a 

highly resolved two-dimensional simulation (W = 0) was undertaken to gain insight into 

its development. Figure 5.4 shows the distribution of C and vorticity on a two-

dimensional grid, which was dynamically refined using Fluent’s default mesh adaptation 

scheme. The mesh adaptation scheme dynamically refined and coarsened the mesh based 

upon the local magnitude of the gradient of C, wall y+, and strain rate. The base grid for 
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the dynamic mesh adaption case corresponds to a spacing of H/Δ = 127. Mesh volumes 

marked for refinement at each time step were uniformly split into smaller volumes for a 

maximum of three refinement levels, which corresponds to a minimum grid spacing of Δ 

= 75 μm or H/Δ = 1016 (right image of Fig. 5.4a). This algorithm operated at each time 

step and the grid was repartitioned every 200 time steps (1.3 ms) to properly load-balance 

each of the twelve processors used in this simulation.  

 Contours of C in Fig. 5.4b show how the shape of the initial planar C = 0.5 iso-

surface became distorted in the x-y plane. A large deformation in the C = 0.5 iso-surface 

was visible near the obstacle’s top surface (t = 6.7 ms) due to the transverse (y) 

distribution of streamwise velocity in the boundary layer. Due to the velocity deficit in 

the boundary layer, the core flow near the obstacle accelerated above the centerline 

velocity. This resulted in an indentation in the C = 0.5 iso-surface at the channel 

centerline (left image in Fig. 5.4a). Separation of the flow occurred initially at the 

obstacle’s leading and trailing edges, which are shown as clockwise rotating fluid (red 

contours of vorticity, Fig. 5.4c). As the simulation progressed, the strength and size of 

these separated zones increased, which caused smaller counter-rotating vortices (blue 

contours) to form near the obstacle’s tips (t = 8.7 ms). At t = 11.3 ms, the complex 

dynamic of rotating and counter-rotating vortices were visible along the obstacle’s top 

surface and the core flow was no longer able to reattach near the obstacle’s trailing edge. 

Furthermore, at t = 13.3 ms, large vortices began to shed away from the obstacle and 

convected along the shear layer created by the initial vortex rollup. Reversed flow along 

the obstacle’s top surface (t = 13.3 ms, Fig. 5.4b) allowed fluid marked with C = 0 (blue 
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contour) to convect back towards the obstacle’s leading edge. At this point, small scale 

structures associated with the vortices became visible in the distribution of C. 
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Figure 5.4: Laminar rollup of vortex and instabilities in shear layer shown on a 
dynamically mesh adapted grid. a) C distribution shown on the full field of view with the 
computational grid at t = 8.7 ms. (contour legends shown on left, BR = 0.5, x-y plane). b) 
Evolution of C distributions with over-laid stream-traces. c) Evolution of the distribution 
of vorticity (clockwise = red, counterclockwise = blue) with overlaid stream-traces. 
 

 Stream-traces in the core flow were visibly distorted as they passed through the 

perimeter of these vortices. The shape of these stream-traces is important as they play a 

large role in determining the shape of the flame front as it propagates within the core. As 

the intensity of these vortices increased, span-wise instabilities within the flow will 



 116

caused x and y components of vorticity to form, which are not possible to capture in a 

two-dimensional simulation. The next section presents simulation results based on a 

three-dimensional computational domain.  

5.1.3 Three Dimensional Flow Field Development 
 

Figure 5.5 shows the three-dimensional flow development corresponding to a BR = 0.5 

geometry. The simulation has a corresponding width of W/H = 0.67, length of L/H = 1.4, 

and a uniform grid spacing of H/Δ = 127 (Fig. 5.3). Visualization of the interface was 

accomplished by tracking a C = 0.5 iso-surface over time, which shows the two-

dimensional formation of the recirculation zone downstream of an obstacle. Stream-

traces distributed near the bottom channel surface indicate that for early simulation times 

(t = 13.3 ms) the flow field contracted and expanded upstream and downstream of the 

obstacles. This oscillating streamwise velocity was responsible for the oscillating flame-

tip velocity observed in the experiment. However, at later times (t = 20 ms) the shear 

layer that developed spanned the distance between the obstacles. Consequently, the core 

flow did not expand past the obstacles as is indicated by the roughly horizontal stream-

traces.  

Levels of small scale turbulence are indicated by the presence of subgrid 

viscosity, which are shown as contours on the C iso-surface. The ratio of the subgrid-

viscosity to the molecular viscosity is equivalent to the ratio of the local subgrid stress to 

the viscous stress. Low levels (blue color) of subgrid viscosity were observed along the 

shear layer and within the core flow between the obstacles. As expected, the largest levels 
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(red color) of subgrid viscosity were observed near the leading edge of each obstacle 

where the level of strain rate was at a maximum. 

 

 

Figure 5.5: 3D flow field development (BR = 0.5). Distribution of subgrid viscosity 
shown as contours on C=0.5 iso-surface. Distribution of z vorticity shown on x-y plane. 
Stream-traces are distributed along y axis at the –z extent of domain and near bottom wall 
surface.  
 

After the recirculation zone spanned the distance between the obstacles (t = 20 ms), the 

level of subgrid viscosity exceeded five times the magnitude of the molecular viscosity 

t = 10 ms t = 13.3 ms 

t = 16.7 ms t = 20 ms 
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and span-wise (z direction) variations began to occur in the C iso-surface. Small 

deformations along the C iso-surface were due to the interaction with the discreet vortices 

that were convected along the shear layer. This is observed as small clumps of z-vorticity 

as shown on the x-y plane on the left periodic boundary.  

An iso-surface of x-vorticity, shown in Fig. 5.6, displays the formation of small 

scale vortical structures in the streamwise direction that are concentrated in the shear 

layer. This indicates that although uniform flow without any prescribed perturbation 

entered the inflow boundary, the discretization error was large enough to cause span-wise 

instabilities to occur along the shear layer. Vorticity components in each of the three 

spatial dimensions are an indication of a transition to turbulent flow. The characteristic 

size and vorticity magnitude of the streamwise vortices predicted in the simulations were 

very small compared to values observed from z-vorticity field. As a result, all major 

distortions of the flow still occurred in the x-y plane, which explains the absence of major 

span-wise variation in the streamlines near the end of the simulation (t = 20 ms).  

 

Figure 5.6: Iso-surface of x-vorticity (ωx = 1000 s-1, BR = 0.5). Contours of subgrid 
viscosity is shown on x-vorticity iso-surface. Stream-traces are distributed along y axis at 
the –z extent of domain and near bottom wall surface as shown in Fig. 5.5. 
 

t = 16.7 ms t = 20 ms 



 119

5.1.4 Sensitivity Analysis 
 

An investigation of the solution sensitivity to input parameters is presented in Appendix 

B and the results of that analysis are summarized in this section. A steady and unsteady 

flow analysis showed that the solution is insensitive to levels of grid resolution (H/Δ = 

127, H/Δ = 171, H/Δ = 254) at both early and later stages of flow development. Even as 

instabilities within the shear layer developed and vortices began to shed from the 

obstacle’s leading edge, the overall structure of recirculation zone remained insensitive to 

the choice of grid resolution. Noticeable differences in the small scale structure, however, 

were visible as the grid resolution increased. Furthermore, when the shear layer extended 

between the obstacle’s tips, the size and shedding frequency of the vortices was affected 

by the grid resolution. The solution was found to be insensitive to the CFL number over a 

range of 0.125 < CFL < 1. 

 Variation of the domain width (W/H = 0.03, W/H = 0.17, W/H = 0.67) and the 

domain length (L/H = 1.4, L/H = 2.4) had no impact on the solution at early simulation 

times as the initial laminar rollup is a two-dimensional phenomenon and is unaffected by 

the position of the outflow boundary. As the transition to turbulence occurred within the 

shear layer, three dimensional effects became important and the domain width began to 

have an effect on the distribution of C. Results from the smallest domain width case 

(W/H = 0.03) showed that the shedding frequency was approximately 25% lower than 

what was observed in simulations with larger domain widths. In addition, the size of each 

vortex convected along the shear layer increased at the smallest domain width. As the 

shear layer spanned the distance between the obstacles, the position of the outflow 

boundary began to affect the structure of the recirculation zone. For example, the flow 
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remained artificially symmetrical near the imposed pressure field at the outflow boundary 

(t = 20 ms).  

Finally, the effect of subgrid model was also investigated by varying Cs, which 

was used to correlate the filter width, Δ, to the length scale of the subgrid turbulence, Ls. 

High levels of Cs correspond to large predictions of subgrid viscosity, which act to 

smooth out small scale perturbations in the resolved flow field. The Standard 

Smagorinsky-Lilly model (Cs = 0.1) often over-predicts levels of subgrid viscosity 

because the model assumes a constant flow of energy from the resolved scales of 

turbulence to the dissipative Kolmogorov scales at equilibrium conditions. The dynamic 

Smagorinsky-Lilly model (Cs = dynamic) calculates Cs based on the comparison of 

subgrid stresses calculated at two distinct filter widths at the same temporal and spatial 

position within the computational domain. Although more complicated, this model is 

more able at predicting subgrid turbulence levels in an accelerating transitional flow, as is 

the problem investigated in this study (Germano et al., 1991). The monotonically 

integrated LES (MILES) method (Cs = 0) relies on the truncation errors associated with 

discretization of the Navier Stokes equations to account for the effects of small scale 

turbulence and does not explicitly calculate any subgrid viscosity. The MILES approach 

is ideal to predict transitional flow due to the absence of an explicitly generated subgrid 

viscosity, but is controversial since the user has little control over the magnitude of the 

truncation error.  

As expected, the subgrid model had no effect on the initial vortex rollup due to 

low levels of subgrid viscosity. As the shear layer spanned the distance between the 

obstacles, the dynamic subgrid model and MILES method predicted smaller vortices shed 
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at a higher frequency than predicted by the standard Smagorinsky model. As the 

contribution of the subgrid model diminished (i.e. Cs = 0), asymmetry was observed in 

the flow. However, stream-traces were not significantly affected by the asymmetry 

suggesting that the core flow was not largely affected by small scale turbulence.  

5.1.5 Effect of Obstacle Blockage Ratio on the Unburned Gas Flow 
 

One of the main objectives of this study is to understand the effect of the obstacle 

blockage ratio on the unburned gas flow field. Qualitatively, Fig. 5.7 shows the 

convection of the passive scalar, C, for three different blockage ratios and is compared to 

the methane-air/helium gas interface observed in the experimental schlieren images. In 

these simulations, Cs was calculated using the dynamic Smagorinsky model, the domain 

width was W/H = 0.167, and the domain length was L/H = 2.4. The grid resolution for 

these simulations corresponded to H/Δ = 127. The unsteady mass flux at the inflow 

boundary was identical for each simulation and is defined in Eq. (5.1). The early flow 

development was predicted extremely well as the laminar vortex grew behind each 

obstacle. The main observations from the simulations were that the vortex centerline 

position advances quicker for the higher BR obstacles due to the higher core flow 

velocity through the obstacle. Also, for the smaller BR cases, the recirculation zones 

reached the channel surface earlier, thus affecting the roll-up. Due to the higher core 

velocity corresponding to the higher BR cases, the recirculation zones became turbulent 

earlier, which is a phenomena predicted in the simulations and confirmed in the 

experiment.  
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Figure 5.7: Effect of blockage ratio on flow field development. Top images are contours 
of C from simulations (dynamic Smagorinsky). Bottom images are evolution of 
helium/methane-air gas interface from experiment (Section 4.5.2). 
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Figure 5.8 shows the evolution of centerline streamwise velocity for six different 

simulation times on the same computational domain (L/H = 2.4, H/Δ = 127). A smooth 

rise in streamwise velocity before each obstacle was observed in each simulation, with 

the largest rise occurring in the largest BR case. Following the rise, a drop in velocity 

after each obstacle occurred, which resulted in a sinusoidal type oscillation in the 

centerline velocity. The duration of the oscillation was longer in the lower obstacle BR 

simulations since the recirculation zones grew at a slower rate compared to the higher 

obstacle BR simulations. For example, at t = 16.7 ms, the recirculation zone 

corresponding to the BR = 0.67 case grew to span the distance between the obstacles, 

while the recirculation zone corresponding to the BR = 0.33 case only grew to 

approximately half the distance between the obstacles (Fig. 5.7).    

Instabilities produced near the obstacle’s leading edge caused a laminar-to-

turbulence transition to occur. This transition first occurred in the larger obstacle BR 

simulations (t = 13.3 ms) due to the high streamwise velocity near the obstacle’s leading 

edge and the large adverse pressure gradient downstream of the obstacle’s trailing edge. 

Small perturbations in the centerline velocity shown in Fig. 5.8 (t = 15.3 ms, BR = 0.67) 

are due to the small vortices that formed at the obstacle’s leading edge, which were 

convected along the shear layer. As the size of these vortices increased, the amplitude of 

centerline velocity oscillations also increased.   
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Figure 5.8: Effect of blockage ratio on evolution of centerline velocity. 
 

The proximity of vortex shedding to the centerline of the channel was much 

smaller for the large BR case, and therefore the effect that the vortices had on the 

centerline velocity was amplified. Instabilities in the centerline velocity predicted by the 

BR = 0.5 simulation did not start until approximately t = 16.7 ms. The larger opening 

between the obstacles allowed for a lower centerline velocity in the BR = 0.5 case, which 



 125

delayed the transition to a turbulent vortex. In the obstacle BR = 0.33 case, the 

oscillations in centerline velocity appeared to be unaffected for most of the simulation. 

For the BR = 0.5 and BR = 0.67 cases, the lengthening of the shear layer at later 

simulation times inhibited flow expansion, which allowed the centerline velocity to 

remain high downstream of obstacles (t = 22.7 ms).   

Oscillations in the flame velocity followed a sinusoidal profile at early times as 

predicted by the simulations (Fig. 4.9). At later times, however, oscillations in flame 

velocity still occurred in regular intervals between the obstacles prior to the formation of 

compressibility effects. Since the centerline velocity of the unburned gas is much larger 

than the laminar burning velocity of methane-air, convection of the flame-tip at the 

centerline should be dictated by the velocity in the unburned gas. It is possible that 

changes in the volumetric burning rate did not follow the smooth rise in mass flux that 

was specified at the inflow at these later simulations times. Flame interaction with the 

turbulent flow field is expected to cause changes in the volumetric burning rate. A 

simulation of the flame propagation at these speeds is required to understand the nature of 

these oscillations and is presented next. 

5.2 Flame Propagation Simulation 
 

The propagation and acceleration of a flame past obstacle obstructions, which includes 

flame interaction with the developing turbulent flow field, was investigated using Large 

Eddy Simulation (LES). Heat release was calculated from an algebraic flame surface 

density combustion model. Both two-dimensional and three-dimensional cases were 

simulated, from the initiation of a combustion kernel through spark ignition to the 
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acceleration of the flame front at speeds in excess of 200 m/s. The transition from laminar 

flame propagation to turbulent flame propagation within the “thin reaction zone” regime 

was observed in the simulations. The objectives of this section are to further understand 

how the flame propagates into the turbulent recirculation zones that form between the 

obstacles and to observe how turbulent combustion affects the development of the 

unburned gas flow. By tracking the evolution of the three-dimensional flame surface and 

calculating the corresponding flame area, oscillations in flame velocity at higher flame 

speeds can be better understood. Combustion simulations were primarily run on eight 

Intel Quad Core i-7 processors connected in parallel through a gigabit Ethernet switch 

using the commercial code, Fluent v.6.3.      

5.2.1 Simulation Setup 
 

Similar to Section 5.1, Eqs. (3.20)-(3.22) were solved using second order discretization 

for both spatial and temporal derivatives. Details of the discretization scheme and the 

under-relaxation factor values were presented in Section 5.1.1. Combustion was modeled 

through a transport equation for the reaction progress variable, which was shown in Eq. 

(3.22). Progress variable values of c = 0 corresponds to stoichiometric methane-air at 

initial conditions and c = 1 corresponds to the combustion products near the adiabatic 

flame temperature. The heat release term in Eq. (3.22) was closed using the algebraic 

flame surface density model of Boger et al. (1998), which  is reproduced below:  

( )1 /BOGER K c cΣ ΣΣ = − Δ     (5.6) 

The subgrid wrinkling constant and model filter width were KΣ = 1.065 and ΔΣ/Δ = 4, 

respectively. The subgrid stress term in Eq. (3.21) was closed using the dynamic 
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Smagorinsky-Lilly subgrid model. The details of both the flame surface density models 

and the subgrid stress models were presented in Sections 3.3-3.4.  

The domain shape is shown below in Fig. 5.18, which corresponds to the 

experimental setup of ignition point B in Fig. 4.2. The pressure, temperature, velocity, 

and progress variable in the computational domain were initially set to Pi = 47 kPa, Ti = 

293 K, Ui = 0 m/s, and ci = 0, respectively. 
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Figure 5.9: Computational domain for flame propagation simulations. BR = 0.5. 

 

The boundary conditions for the computational domain are shown in Fig. 5.19. The 

ignition source was positioned at the intersection of the end wall surface, the x-y 

symmetry plane, and the x-z symmetry plane. The initiation of the flame kernel was 

achieved through patching in the combustion products (c = 1) into a hemispherical 

volume at the ignition point. The temperature within the ignition radius was set to the 

adiabatic flame temperature of Tad = 2205.38 K. This value was calculated from the 

chemical equilibrium code, STANJAN, for a stoichiometric methane-air mixture at the 
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simulation’s initial pressure and temperature. The initial flame profile was specified using 

a Gaussian error function. For example, the distribution of c at a radius, r, away from the 

ignition point is defined as: 

( ) ( ) 1( )
22

i
i

i

r r A
c r erf r r

r r δ
Δ

Δ

⎛ ⎞−
= − +⎜ ⎟

− ⎝ ⎠
      (5.7) 

where AΔ = 3.275 is a constant. The initial patch radius was ri = 6 mm and the initial 

numerical flame thickness was δΔ = 4 mm. The numerical flame thickness is defined as 

the thickness that bounds c from values of 0.01 to 0.99. The initial thickness corresponds 

to approximately 6 cells on the base mesh (H/Δ = 127). Implementation of Eqs. (5.6)-

(5.7) into Fluent was facilitated through a user defined function (UDF), which is provided 

in Appendix D. 
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Figure 5.10: Boundary conditions for flame propagation simulations. 

 

Similar to the simulations of the unburned gas flow, the bottom surface was set to 

a no-slip wall boundary. The right side boundary, however, extended to the side wall 

surface of the channel and was also set as a no-slip boundary. The pressure outlet was 
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located above the upstream surface of the final obstacle in the computational domain and 

was maintained at the initial pressure and temperature of the reactants. Appendix C 

presents results from a sensitivity study investigating the effect of parameters such as grid 

resolution, time resolution, domain length, and domain width on the solution predictions. 

5.2.2 Flame Development 
 

Figure 5.11 shows the three-dimensional development of a flame propagating past five 

BR = 0.67 obstacles at six different simulation times using the BOGER flame surface 

density combustion model. Two images of the flame at t = 12.5 ms are displayed to assist 

the interpretation of the images at later times in the figure. The left image shows the 

distribution of an iso-surface of the reaction progress variable (c = 0.5) created by 

reflecting the computational domain over each of the symmetry planes shown in Fig. 

5.19. The distribution of the c = 0.5 iso-surface, which is representative of the flame 

surface, was superimposed onto a light grey wireframe, representing the computational 

domain. The flame-tip at this simulation time had not yet reached the first obstacle pair. 

The right image at t = 12.5 ms, shows x-y and y-z planes positioned along the symmetry 

planes of the computational domain so that the internal flame structure can be observed. 

Contours of c are shown on these planes and stream-traces are overlaid to show the 

instantaneous paths of a particle through the flow field at each given time.   
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Figure 5.11: 3D evolution of c = 0.5 iso-surface (BR = 0.67, BOGER combustion model). 
Contours of c shown on x-y and x-z planes positioned at the symmetry planes of the 
computational domain. Stream-traces overlaid onto x-y and x-z planes. 
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At t = 15 ms, the flame-tip accelerated through the opening between the 

obstacles, which stretched the flame and increased the flame area. This phenomenon was 

discussed extensively in Section 4.5.1. The divergence of stream-traces was observed 

along the lateral flame surface near the channel’s top and bottom surfaces at the ignition 

end of the channel. On the burned side of the flame, the expansion of hot gas drove the 

flow inwards, away from the flame surface (i.e., stream-traces point towards the center of 

the channel and then turn towards the end of the channel). On the unburned side, the 

flame acted as a piston, driving the unburned gas outwards and away from the flame (i.e., 

initially stream-traces point towards the channel walls and then turn towards the end of 

the channel). Similar to the predictions from the numerical simulations of the unburned 

gas flow in Section 5.1, laminar recirculation zones grew in the unburned gas after each 

obstacle. Once the flame reaches the recirculation zone after the first obstacle pair, it was 

entrained into the vortex, as seen in the roll-up of the flame surface at t = 17.5 ms.   

  Up to a simulation time of t = 17.5 ms, the flame on the x-z plane was parabolic 

in shape due to the wall friction on the side walls. A small kink formed in the lateral 

flame surface between the first and second obstacles (t = 20 ms) and grew (t = 21.25 ms), 

causing lateral deformation of the stream-traces. A second, larger kink appearred between 

the third and forth obstacles, which also grew and is most visible in the last frame where 

a large pocket of unburned gas penetrated into the channel core (t = 22.5 ms). These 

deformations in flame shape occurred due to the three-dimensional effects of accelerating 

flow through the obstacle gaps. As the flame-tip approached the opening between 

obstacles, the centerline became stretched narrowing the diameter of the flame cross-

section. This deformation occurred both in the x-y and x-z planes. As the flame rolled up 
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into the vortex downstream of the obstacle, it was able to propagate laterally, closer to the 

channel side walls. Since the entire flame surface is shown in the schlieren images in 

Section 4.5.3, the deformation at the centerline on the x-z plane is masked. The 

importance of the three-dimensional effects on the predictions of the flame shape, speed, 

and area are presented in Appendix C. 

 Near the end of the simulations (t = 22.5 ms), the flame shape became stretched 

in the x direction and did not immediately propagate into recirculation zones between the 

obstacles. Thin filaments in the flame surface, however, appeared to have jetted into the 

recirculation zone resulting in highly contorted structures, which occurred at small length 

scales. The flame velocity near the end of the computational domain in Fig. 5.11 reached 

approximately 200 m/s and large areas near the flame-tip appear to have had distributed 

zones of the progress variable. Furthermore, small isolated pockets of burned gas began 

to appear in the unburned gas outside of the main flame front. The breakup of the flame 

surface is possibly an indication that a transition was occurring between turbulent 

combustion regimes. Since the flame surface density models are only intended to operate 

within the “thin reaction zone regime”, a transition to a “broken reaction zone regime” 

would render the assumptions of the model invalid. It is noted that since a low-Mach 

number formulation of the governing equations were solved, compressibility effects in 

the energy equation were not accounted for. Therefore, flame speeds in excess of 200 m/s 

were not simulated in this study.  

The Karlovitz number, Ka, is defined in Eq. (2.3) and is a global indicator of the 

type of turbulent combustion regime that exists. As discussed in Section 3.3.4, Pitsch and 

Duchamp de Lageneste (2002) show that for a filter width selected within the inertial 
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subrange of the turbulence energy spectrum, Ka can be estimated from subgrid quantities. 

When applied specifically to the standard Smagorinsky-Lilly and dynamic Smagorinsky-

Lilly subgrid models, Ka can be calculated as:  

     

1/23
s L

L

C S
Ka

S
δ⎡ ⎤⎛ ⎞Δ ⎛ ⎞⎢ ⎥= ⎜ ⎟ ⎜ ⎟⎜ ⎟⎢ ⎥Δ⎝ ⎠⎝ ⎠⎣ ⎦

      (5.8) 

Figure 5.12 shows the spatial distribution of Ka as a contour plot on an iso-surface of the 

progress variable for a simulation time of t = 22.5 ms. The absence of turbulence near the 

ignition end of the channel resulted in a smooth flame surface and corresponding low 

levels of Ka (blue contour). The flame surface near the third and fourth obstacles had 

higher levels of Ka due to high levels of strain-rate and subgrid viscosity predicted in the 

shear layer.  

 

 

Figure 5.12: Spatial distribution of the Karlovitz number over flame surface (c = 0.5) 
calculated from Eq. (5.8). Obstacle BR = 0.67 and t = 22.5 ms. 
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Karlovitz numbers within this region are limited to approximately Ka < 20. Near the 

flame-tip, high levels of Ka (red contour) formed in localized patches along the flame 

surface in the shear layer. These spatial distributions were highly unsteady and the 

maximum levels increased as the simulation progressed.  

Figure 5.13 shows the type of turbulent combustion regime that is being modeled 

as the simulation progresses in time. Red points located on the regime diagram are based 

on maximum levels of Ka calculated from Eq. (5.8). Since the filter width was held 

constant throughout the simulation, the value of Δ/δL = 0.67 did not change as levels of 

turbulence increased.  
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Figure 5.13: Range of turbulence combustion regimes occurring in the unsteady 
simulation (BR = 0.67). Red points indicate maximum Karlotivz numbers calculated at 
different simulation times, which correspond to the images in Fig. 5.11. Limits of the 
combustion regimes are reproduced from Pitcsh and Duchamp de Lageneneste (2002). 
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Therefore, as the simulation progresses in time, one would expect a transition to occur 

from a “laminar flamelet regime”, to a “thin reaction zone regime”, and finally to a 

“broken reaction zone regime”. At t = 22.5 ms, the maximum Karlovitz number was Ka 

= 288, which placed a localized region of the flame within the “broken reaction zone 

regime”. However, choosing the maximum Karlovitz number to be representative of the 

combustion regime along the entire flame brush is a conservative approach. As shown in 

Fig. 5.12, the majority of the flame surface between the fourth and fifth obstacles has a 

corresponding Karlovitz number below Ka = 50. This puts that flame surface well within 

the limits of the “thin reaction zone regime”. A comparison to the schlieren images 

obtained from the experiment is needed to help assess the validity of the combustion 

model.     

5.2.3 Simulation Comparison to Experimental Results 
 

Figure 5.14 shows the predictions of the flame shape in both the x-y and x-z planes 

obtained from simulations using the BOGER combustion model. Simulations are 

compared to the schlieren images obtained from the experiment (Section 4.5.1) and have 

a corresponding grid resolution of H/Δ = 127. The simulation time, t, in Fig. 5.14 was 

adjusted by subtracting 3.38 ms in order to properly synchronize the simulation to the 

experiment. Since the schlieren images were created by integrating all of the density 

gradients over the entire channel width (W/H = 1), the simulation results are presented as 

a projected three-dimensional iso-surface (c = 0.5) onto each of the respective planes in 

Fig. 5.14.  
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Figure 5.14: Simulation predictions of flame shape (bottom row, c = 0.5 iso-surface) 
compared to schlieren images (top row). Both x-y and x-z planes shown. BR = 0.67 and 
BOGER Flame Surface Density Model is used. Obstacle #s shown in white. 
 

The iso-surfaces were colored in a grey scale to mimic the black and white schlieren 

photos and were translucent so that the internal structure was visible beneath the outer 

three-dimensional flame surface. At t = 21.7 ms in the x-z plane, for example, the roll-up 
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of the flame surface around the vortex created downstream of the first obstacle would 

obstruct the view of the winkled flame surface beneath if a non-translucent c iso-surface 

were used. 

 Figure 5.15 shows the simulation predictions of the increase in the centerline 

flame-tip velocity and the increase in the flame area. The centerline flame velocity is well 

predicted, as the contraction and expansion of the flow field ahead of the flame produced 

the oscillating flame velocity that was observed in the experiment. The flame area, 

however, is slightly under-predicted in the simulations (Fig. 5.15b), which is confirmed 

by observing the flame shape predicted in Fig. 5.14. At t = 22.7 ms, for example, the 

cross-section of the flame-tip downstream of obstacle #2 in the x-y plane was smaller 

than the cross-section of the flame-tip in the corresponding schlieren image. In addition, 

the lateral flame surface was much closer to the channel top and bottom walls in the 

schlieren images compared to the simulations in both the x-y and x-z planes (t = 23.7 ms).  
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Figure 5.15: Simulation predictions of the centerline flame velocity (a) and the flame area 
(b). BR = 0.67, BOGER Flame Surface Density Model used, L/H = 5.8, and H/Δ = 127. 
 

a)      b) 
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Overall, it appears that in the simulations, the flame became more stretched in the x-

direction than what was observed in the experiment, which resulted in a lower flame area 

for a given x-position of the flame-tip.   

 The simulations predicted the overall flame shape well, including many of the 

main features observed in the schlieren images. The roll-up of the vortex downstream of 

obstacle #1, for example, was a feature predicted in the simulations. The extent of the 

entrainment of the flame surface into the vortex roll-up, however, was smaller in the 

simulations compared to the schlieren images. Downstream of obstacle #2, the 

development of the shear layer resulted in a different flame shape than what is observed 

downstream of obstacle #1. The flame propagated along the core and then “mushroomed” 

near the end of the domain before the third obstacle. The mushrooming shape is 

explained by investigating the interaction of the flame with the developing recirculation 

zone.  

Figure 5.16 shows a sequence of predicted vorticity distributions in the unburned 

gas as the flame-tip approaches the outflow boundary. The inter-frame time of these 

images was 250 μsec. Stream-traces and the projection of the translucent c = 0.5 iso-

surface show the velocity flow field and flame structure, respectively. The 

“mushrooming” effect observed in the schlieren images (Fig. 5.14, t = 23.7 ms) was due 

to the convection of the flame-tip along the shear layer, which followed the shape of the 

large recirculation zone. In each of the images shown in Fig. 5.16, the expansion of the 

stream-traces occurred near the downstream side of the recirculation zone, which was 

caused by the rotational velocity of the vortex. Near the upstream side of the recirculation 

zone, stream-traces were roughly parallel in the horizontal direction.  
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Figure 5.16: Distribution of vorticity for flame development after second obstacle.  
Stream-traces and c = 0.5 iso-surface overlaid onto the vorticity contour. BR = 0.67 and 
the BOGER Flame Surface Density Model is used. 
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Therefore, the flame appears elongated as it passed through obstacle #2 (Fig. 5.14, t = 

22.7 ms, x-y plane) because it had not reached the downstream side of the recirculation 

zone, where expansion occurred. The expansion of the flame surface downstream of the 

second obstacle began roughly at t = 23.2 ms in Fig. 5.16. The mushrooming shape, 

however, was not obvious until the flame surface had propagated significantly towards 

the channel walls (t = 23.7 ms). At that time, the distribution of c along the lateral flame 

surface near the flame-tip became highly wrinkled in each of the three spatial dimensions. 

These three-dimensional distortions in the flame surface coincided with the breakdown of 

larger, mainly two-dimensional vortices, into smaller three-dimensional vortices. Also, 

the unburned gas velocity magnitude was lower in the recirculation zones compared to 

the core flow. As a result, the lateral flame surface was more susceptible to distortions 

from lower strength vortices in the recirculation zone.  

A diamond shaped feature, which was just upstream of the mushroom shape, (Fig. 

5.14, t = 23.7 ms, x-y plane) was observed in the experiment and predicted in the 

simulations. This phenomenon was also due to the development of the recirculation 

zones. In Fig. 5.16 (t = 23.7 ms), stream-traces expanded and then contracted 

immediately downstream of the second obstacle, which coincides with the formation of a 

small secondary vortex at the obstacle’s trailing edge. For example, at t = 23.2 ms, the 

flame surface slowly expanded near the flame-tip due to the formation of the main 

recirculation zone. Only small deformations existed along the lateral edge of the flame 

surface at this time. At t = 23.7 ms, the center of the main vortex associated with the 

recirculation zone convected downstream and a small secondary vortex formed at the 

obstacle trailing edge. This augmented the stream-traces toward the channel surfaces and 
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the flame shape propagated accordingly in the transverse direction. The stream-traces 

were then redirected back towards the channel centerline as the velocity associated with 

the upstream side of the main recirculation zone pointed towards the channel centerline.  

As the flame further accelerated, new features formed due to the flame interaction 

with a changing flow field in the unburned gas. The overall structure of the flame was 

expected to change further downstream since the flame-tip interacted with subsequent 

larger recirculation zones. Figure 5.17 shows the distribution of vorticity and the 

development of the flame shape on a longer computational domain (L/H = 5.8). The c = 

0.5 iso-surface in the figure is non-translucent and the flame-tip propagated 

approximately from obstacle #3 to obstacle #5. As the flame-tip progresses forward, 

stream-traces ahead show how the recirculation zones grew to span the distance between 

the obstacles. As a result, expansion and contraction downstream of obstacles decreased, 

and the flame initially propagated in the core. The “mushrooming” shape observed at t = 

24.95 ms was not as predominant as the transverse flame propagation observed near the 

flame-tip at t = 23.95 ms.  

Simulation results also show the convection of the small vortices that were shed 

from the obstacle tips. The vortices traveled along the shear layer downstream of obstacle 

and then became engulfed into the recirculation zone. By t = 25.7 ms, the recirculation 

zones were uniformly filled with shed vortices. A turbulent recirculation zone was 

required to achieve the high burning rates essential to support the ever increasing flame-

tip velocity. Some vortices which were positioned closer to the channel centerline were 

able to convect over the next obstacle pair.  
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Figure 5.17: Distribution of vorticity for L/H = 5.8 domain. Stream-traces and c = 0.5 iso-
surface overlaid onto the vorticity contour. BR = 0.67 and the BOGER Flame Surface 
Density Model is used. Contour legend shown in Fig. 5.16. 
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At t = 23.95 ms, the absence of vortices in the core flow resulted in a smooth flame-tip 

surface, whereas at t = 25.7 ms, a high concentration of vortices in the core flow caused 

the flame-tip to become wrinkled.  

Figure 5.18 shows the evolution of the centerline gas velocity along the length of 

the channel at four simulation times. At t = 23.2 ms, an oscillatory motion in the 

centerline gas velocity was observed ahead of the flame. At the ignition end of the 

channel, the gas velocity was close to stationary due to the presence of the wall boundary.  

 

t = 23.2 ms
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Figure 5.18: Simulation predictions of the centerline flame velocity. BR = 0.67, H/Δ = 
127, L/H = 5.8, and BOGER Flame Surface Density model used. Flame-tip position 
shown as dashed red line. 
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Since combustion still occurred at the lateral flame surface at the ignition end, a positive 

centerline gas velocity was observed between the ignition point and the flame-tip. In 

addition, since the burned gas flow also experienced flow contraction and expansion near 

obstacles, an oscillatory pattern was also observed in the burned gas velocity. The peak 

velocity in the burned gas occurred at the second obstacle and exceeded each of the 

velocity peaks in the unburned gas. A higher burned gas velocity was due to the 

acceleration of the lower density combustion products behind the flame-tip, which was 

driven by combustion in the recirculation zones behind obstacle #2. As the flame-tip 

accelerated, the regular oscillating motion of the unburned gas velocity degenerated due 

to instabilities and vortex shedding in the shear layer, which was also observed in 

simulations of the unburned gas flow (Section 5.1).  

At t = 24.95 ms in Fig. 5.18, the oscillations in the unburned gas velocity did not 

appear regular and did not appear to amplify. This is contrary to the flame-tip velocity 

shown in Fig. 5.19a, which shows large regular oscillations in the flame velocity at t = 

24.95 ms. This is due to the changes in flame area, which are related to the bulk burning 

rate of the flame. Eq. (3.51), which is reproduced here, is an analytical expression 

developed by Bychkov (2008) that ignores the effects of turbulence: 

( ) ( )1
(1 )

f L
f f L

Z S
U Z S

t BR R
σ

σ
∂ −

= = +
∂ −     (5.9) 

In this expression, the expansion ratio (σ = 7.56) was determined from the chemical 

equilibrium software STANJAN. Due to the inability to account for the effects of 

turbulence, Eq. (3.51) under-predicted the magnitude of the flame speed compared to 

both numerical simulations and experimental results. The pulsation of the flame-tip 
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velocity due to flow contraction and expansion was also a phenomenon that was not 

captured by the simple correlation. 
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Figure 5.19: Simulation predictions of the centerline flame velocity (a) and the flame area 
production rate (b). BR = 0.67, BOGER Flame Surface Density Model used, L/H = 5.8, 
and H/Δ = 127. 
 

The evolution of the flame area production rate, which is directly proportional to 

changes in the bulk burning rate, is shown in Fig. 5.19b. Large oscillations were observed 

in the flame area production rate near obstacles #4 and #5. Since the flame acts as a 

piston to drive the unburned gas forward, large changes in the bulk burning rate are 

partially responsible for oscillations in the unburned gas velocity, irrespective of the flow 

field created by the obstacles. The flame-tip velocity was well below the speed of sound 

in the unburned gas, which negates the formation and reflection of compression waves as 

a possible mechanism to affect centerline flame-tip velocity.  

 

 

 

a)      b) 
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Chapter 6 Conclusions 
 

The early (low velocity) and late (high velocity) stages of flame acceleration in an 

obstructed channel have been investigated for a range of obstacle blockage ratios. The 

characterization of the flame shape and the flow field ahead of the flame front was the 

primary focus of the early stage investigation. A compilation of a sequence of three-

dimensional rendered flame shapes constructed from schlieren images showed that the 

flame-tip was initially smooth and distortions were mainly restricted to the x-y plane. A 

helium tracer visualization technique revealed the development of recirculation zones 

downstream of each obstacle, which are flow structures that govern the combustion in the 

gap between obstacles. It was found that the initial flame-tip velocity oscillations were 

due to the acceleration and deceleration of the unburned gas, which was a result of flow 

contraction and expansion near obstacles.  

Numerical simulations of the unburned gas flow indicated that a transition from 

two-dimensional to three-dimensional flow occurred roughly at the time when the 

recirculation zones lengthened to span the distance between obstacles. This point of 

transition coincided with instabilities produced near the obstacle’s leading edge, which 

resulted in a transition to turbulence and subsequent shedding of vortices along the shear 

layer. The development of these small flow structures resulted in the wrinkling of the 

flame surface, which increased the total flame area. High levels of small scale turbulence 

produced near the obstacle’s leading edge were indicated by the large levels of subgrid 

viscous stresses. The flame front velocity oscillations that were observed in experiments, 

due to the flow contraction and expansion, were predicted in the simulations. Results 
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showed, however, that as the recirculation zones lengthened to span the distance between 

obstacles, the level of contraction and expansion of the core flow diminished even though 

the experiment showed continued centerline flame velocity oscillations. This suggests 

that the observed late-time flame front velocity oscillations were not caused solely by 

flow contraction and expansion, but by a change in the burning rate. 

Experimentally, it was found that the initial rates of flame acceleration were 

higher for the large obstacle blockage ratio cases due to the enhanced turbulence 

production and the increased bulk burning rate associated with the larger flame areas. 

Numerical simulations of flame propagation using a flame surface density combustion 

model predicted both the flame-tip velocity oscillations and the increase in flame area 

that were observed in the experiment. For the initial stage of flame acceleration, the entire 

cross-section of the three-dimensional channel was modeled to accurately predict the 

flame-tip velocity and flame area. Simulations showed that the flame shape became 

highly stretched in the stream-wise direction as small vortical structures formed in the 

shear layer. The development of these small three-dimensional flow structures in the 

unburned gas resulted in a highly wrinkled transverse (or lateral) flame surface, which 

increased the bulk burning rate. The flame interaction with small recirculation zones at 

low flame speeds resulted in a relatively smooth roll-up of the flame surface. The 

“mushroom” shape of the flame-tip that was observed at higher flame speeds occurred 

due to flame interaction with a much larger recirculation zone. The main features in the 

flame shape evolved as a result of the continuing change in structure of the recirculation 

zones between obstacles. 
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  Experiments have conclusively shown that there is a change in the propagation 

mechanism as a flame propagates above the speed of sound in the reactants. At these later 

stages of flame acceleration, the flame-speed and bulk burning rate are governed by 

shock-flame interactions. High speed schlieren images showed the development of 

compression waves ahead of the flame and the coalescence of these waves into a lead 

shock. Large oscillations in the flame-tip velocity were observed at the end of the channel 

in the low blockage ratio case due to the large spacing between the flame and the lead 

shock. Shock reflection from obstacle surfaces formed a Mach stem, which drastically 

altered the unburned gas flow ahead of the flame-tip. Smaller oscillations in the flame-tip 

velocity were observed at the larger obstacle blockage ratios due to the smaller spacing 

between the flame and the lead shock. Consequently, the flame-tip did not interact with 

the Mach stem. At this later stage of flame acceleration where a lead shock developed, 

the flame was able to quickly propagate around obstacles due to Prandtl-Meyer 

expansion, which made the reaction zone length much shorter than in the early stage. It 

was found that shock-flame interactions due to shock reflections from the channel walls 

and obstacles’ surfaces severely affected the flame-tip velocity and ultimately limited the 

combustion to a final quasi-steady regime.  
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Chapter 7 Recommendations 
 

  At the early stages of flame acceleration, it is recommended that a more advanced 

flame surface density combustion model be used in order to account for the effects of 

strain and curvature on the local flame speed. Models that use a differential equation to 

calculate the evolution of the flame surface density are more suited than algebraic models 

for this type of problem. Experimentally, more advanced optical diagnostics such as 

Particle Image Velocimetry (PIV) should be used to further visualize the development of 

the recirculation zones and provide quantitative information of the velocity field. At 

higher flame speeds, compression waves, which interact with the turbulent flame brush, 

become difficult to distinguish from the reaction zone in the schlieren images. Planar 

Laser Induced Fluorescence (PLIF) is a non-intrusive technique that permits the 

visualization of the flame at any x-y plane by energizing a molecule, such as the radical, 

OH, that is found in the reaction zone. PLIF distributions overlaid onto schlieren images 

would help understand the transition that occurs between turbulent combustion regimes at 

high flame speeds. PLIF would also assist in further understanding the effects of shock-

flame interaction on flame acceleration. Since shock reflections from the channel walls 

and obstacle surfaces significantly affect the centerline flame velocity, numerical 

simulations of this phenomenon should be investigated. Simulations can also give insight 

into the coalescence of compression waves, which form into the lead shock ahead of the 

flame. This phenomenon is important as its occurrence coincides with the transition in the 

flame propagation mechanism due to shock-flame interaction. Finally, it is recommended 
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to obtain more detailed pressure measurements near the end of the channel to accurately 

measure the shock speed as it propagates between obstacles.  
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Appendix A Apparatus Design 
 

Figure A.1 shows an exploded view of the non-optical and optical modules used in the 

experiment (Chapter 4). Each module type has two flanges mounted on each end to allow 

multiple sections to be connected together in order to increase the total channel length. 

These flanges are sealed together using an o-ring, which is indicated by the grooves in 

Fig. A.1. At each end of the channel, an end-flange is positioned, which includes the 

spark plug assembly required for ignition. In the optical module, two 19 mm glass panels 

are secured to the sides of the channel using a window plate. As shown on the right image 

of Fig. A.1b, the window plate has two O-ring grooves to provide sealing. The inner o-

ring seals onto the glass panel and the outer o-ring seals directly onto the channel. This 

configuration allows the channel interior to have a smooth transition between the glass 

and the aluminum walls. Since the non-optical module does not include any glass 

windows, access to the channel interior is facilitated through a single side-plate.  

a) b)

Glass WindowSide Plate
Flange

Window Plate

x

y

z

Top Wall

Bottom Wall

a) b)

Glass WindowSide Plate
Flange

Window Plate

x

y

z

Top Wall

Bottom Wall
 

Figure A.1: Exploded view of experimental apparatus including a non-optical module (a) 
and an optical module (b). 
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The constant volume explosion pressure (Pv=const), the Chapman Jouguet (CJ) 

detonation pressure (PCJ), and the pressure from a reflected CJ detonation wave 

(PCJ,reflected) are approximations to the upper limits expected to occur within the apparatus 

at various mixture sensitivities. For a stoichiometric methane-air mixture at an initial 

pressure of Pi = 47 kPa and an initial temperature of Ti = 293 K, these upper limits are 

computed from the chemical equilibrium software, STANJAN: 

8.9v=const

i

P
P

=     (A.1) 

17.3CJ

i

P
P

=             (A.2) 

42.2CJ, reflected

i

P
P

=          (A.3) 

Due to the small channel cross-section, however, a detonation wave is not able to form in 

the mixture at an initial pressure of Pi = 47 kPa. Therefore, Eq. (A.1) provides the upper 

limit to the pressure expected in the channel at these initial conditions. However, if the 

initial pressure increases above Pi = 47 kPa, which has not been attempted with this 

mixture, the reflected CJ pressure should be used as the conservative estimate of the 

upper limit of the expected pressure.   

Each of the main components in Fig. A.1 can be approximated as a plate, which 

when subjected to the forces from the high pressures of an explosion, will either fail in 

shear or fail in bending. The end flange, for example, can be analyzed as a clamped 

(fixed) plate, secured by the fasteners around the flange perimeter. Figure A.1 shows the 

key dimensions of the end-flange when applied to a clamped plate case.  

 



 161

Ly

Lx
w

Ly

Lx
w  

Figure A.2: Key end-flange dimensions required for strength analysis (clamped plate). 
Pressure area shown within o-ring groove (shaded region). 
 

The maximum bending stress, maxσ , that occurs in a clamped plate under a uniform 

pressure load is given by (Roark, 1965):  

2
2

max 2

min( , )x yc L L
p

w
σ

⎛ ⎞
⎜ ⎟=
⎜ ⎟
⎝ ⎠

                      (A.4) 

where c2 is a coefficient given in Table A.1.  

 
Table A.1: c2 coefficient (reproduced from Roark, 1965). 
 

Max (Lx/Ly, Ly/Lx) 1.0 1.2 1.4 1.6 1.8 2.0 ∞ 
 

c2 0.3078 0.3834 0.4356 0.4680 0.4872 0.4974 0.5000
 

Similarly, the maximum levels of shear stress, maxτ , that occurs in a clamped plate under 

a uniform pressure load is given by: 

( )max 2
x y

x y

L L
p

w L L
τ

⎛ ⎞
⎜ ⎟=
⎜ ⎟+⎝ ⎠

                 (A.5) 
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The entire channel is an assembly of custom machined 6061-T6 aluminum alloy blocks, 

each of which have a tensile yield strength and shear strength of yieldσ  = 275 MPa and 

yieldτ  = 206 MPa, respectively (Matweb, 2009). The material strength of the window 

glass (float glass) varies depending on microscopic flaws that occur on the surface. 

Unfortunately, the quality of the glass surface is difficult to estimate during the operation 

of the experiment. In engineering design, the nominal strength and design stress values of 

float glass that are typically used are 70 MPa and 7 MPa, respectively (Kreith, 1999). The 

conservative design stress value of 7 MPa is used as both the shear and bending strength 

of the glass window. Using a safety factor of 1.2, the maximum design pressures, Pmax, 

associated with each component in Fig. A.1 is shown in Table A.2.  

 
Table A.2: Design pressure associated with each component in Fig. A.1.  
 

Component Lx (cm) Ly (cm) w (cm) C2 max,P σ  (bar) max,P τ  (bar) 

 
End Flange 

 
Side Plate 

 
Window Plate 

 
Channel Wall 

 
Glass Window 

 
18.4 

 
53.3 

 
55.2 

 
55.9 

 
46 

 

26.7 
 

14.6 
 

20.3 
 

7.6 
 

9.1 
 

1.27 
 

3.81 
 

1.91 
 

7.31 
 

1.9 
 

0.44 
 

0.5 
 

0.5 
 

0.5 
 

0.5 
 

24.4 
 

313 
 

40.4 
 

4236 
 

9.4 * 
 

402 
 

573 
 

442 
 

3761 
 

29  * 
 

Note: max,P σ  and max,P τ  are the design pressures based on failure in bending and shear, 
respectively. Conservative values are marked with *. Safety factor of 1.2 is used in 
calculations. 
 
 

Failure due to bending is the critical failure mode for each of the components in Table 

A.2. All components exceed design requirements to withstand the constant volume 
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explosion pressure associated with stoichiometric methane-air at Pi = 47 kPa and Ti = 293 

K. With glass windows installed, the channel design pressure is limited to 9.4 bar, which 

corresponds to the constant volume explosion pressure of a stoichiometric methane-air 

mixture at an initial mixture pressure of Pi = 1.06 bar. The low design pressure associated 

with the glass window component is due to the conservative value of the tensile yield 

strength used in Eq. (A.4). For example, if the nominal glass strength value of yieldσ  = 70 

MPa is used instead, the design pressure of the glass window would increase to Pmax = 92 

bar.  

If photography of the combustion event is not necessary, the removal of the glass 

windows would increase the design pressure to Pmax =  24.4 bar. This design pressure can 

be further improved to Pmax =  40.4 bar if the existing 1.3 cm thick end-flanges are 

replaced with larger, 1.9 cm thick end flanges. This new design pressure corresponds 

roughly to a reflected CJ detonation wave at an initial pressure and temperature of Pi = 96 

kPa and Ti = 293 K, respectively.  
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Appendix B LES Unburned Gas Flow 
Sensitivity Analysis  

 

A sensitivity study was undertaken to determine the effect of simulation parameters on 

the solution. Since the mass influx in Eq. (5.1) is unsteady, the analysis was grouped into 

two separate phases determined by flow development. The first sensitivity study, 

presented in this section, focuses on higher unburned gas speeds, which corresponds to a 

high Reynolds number flow. This was achieved by specifying a steady constant mass flux 

at the inflow boundary that corresponds to the maximum velocity expected in the 

unburned gas flow. From this analysis, the effects of grid resolution and temporal 

resolution were investigated. It should be noted that the inflow boundary for the steady 

flow simulations was extended upstream to coincide with the downstream surface of the 

previous obstacle (Fig. B.1).  

The second sensitivity study, presented in Section B.2, focuses on the initial 

laminar rollup of the vortex behind each obstacle. In that section, the inflow boundary 

was unsteady as specified in Eq. (5.1). The effects of domain shape, domain length, and 

subgrid model were investigated. All simulations presented in Section B.2 were based on 

the domain shape shown in Fig. 5.1. Finally, the artificial effects associated with the 

density interface that forms when using the helium injection visualization technique 

(Section 4.5.2) is presented.  
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B.1 Steady Flow Sensitivity Analysis 
 

The maximum flame speed observed in the experiment as the flame propagates past three 

obstacle pairs was limited to approximately 50 m/s (Fig. 4.9). Since the ratio of laminar 

burning velocity to flame speed was very low, the unburned gas velocity can be assumed 

to be the same order of magnitude as the maximum flame velocity. Therefore, an 

average, steady mass flow rate of m  = 1.619(10-3) kg/s, was specified at the inflow 

boundary, which corresponds to a velocity of Uinf = 50 m/s (BR = 0.5). The Reynolds 

number based on the obstacle height and inflow velocity is approximately ReBR=0.5  = 

29,575.  

The time required for a particle to convect at the free stream velocity, Uinf, 

through the length of the domain, Ldomain, is defined as the realization time, Treal:   

inf

domain
real

L
T

U
=             (B.1)     

In this section, the simulation time, t, is normalized by the realization time, Treal. To 

accommodate long simulation times (t/Treal > 200) required for statistical analysis on 

numerous simulation runs, the total number of grid-nodes was limited by reducing the 

domain width. Reducing the domain width to W/H = 0.03 decreased the computation 

time to run a single simulation on twelve UltraSPARC-IV, 1.5GHz processors to 

approximately two weeks. This grid size reduction corresponds to 3 grid-nodes spanned 

across the domain width. Although the domain width was not sufficient to resolve the 

three dimensional nature of the turbulence field, the largest gradients were expected to 

occur mostly in the x-y plane. The main objective for this sensitivity study is to gauge the 

effect of input parameters on solution predictions rather than to accurately simulate 3D 
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obstacle flow. The effect of domain width and length on the solution is presented in 

Section B.2, where the duration of the simulations was much smaller (t/Treal < 5).  

Figure B.1 shows the distribution of vorticity obtained from a typical simulation 

at a time corresponding to t/Treal = 0.4. The Courant-Friedrich-Levi (CFL) number 

corresponding to this simulation is 0.5, which is a non-dimensional time-step defined as: 

infU t
CFL

Δ
=

Δ
          (B.2)    

By observing the evolution of distributions of vorticity, it was found that most vortices 

were shed from the sharp corners of the obstacle leading edge and propagated along a 

shear layer through a point designated as the “shedding location” (Fig. B.1). A time-

history of velocity, static pressure, and vorticity was recorded at this point, located both 

3.18 mm above and 3.18 mm downstream of the obstacle’s trailing edge.  

 

Figure B.1: Distribution of spanwize (z-) vorticity and location of measurement point in 
steady flow simulations (CFL = 0.5, t/Treal = 0.4). 
 

Figure B.2 shows the effect of grid resolution on the instantaneous velocity signal in both 

the time and frequency domain. Large differences between predictions of velocity 

became noticeable after the simulation had progressed passed t/Treal = 0.5.  Moreover, 

Shedding location 

(s-1) 
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after t/Treal = 2, the differences between magnitudes of flow variables became 

increasingly large as the signals became out of phase with respect to each other.   

 

Figure B.2: Effect of grid resolution on velocity signal at the shedding location, shown in 
the time domain (a) and frequency domain (b). 
 

Due to a level of regularity in the oscillations of the velocity signal, a dominant shedding 

frequency was found to exist around a frequency of 1
realT −  for each of the cases analyzed. 

The window sample size for the FFT included two samples of 8192 points, which were 

averaged to produce Fig. B.2b. To assess the global effects of grid resolution, the mean 

velocity and velocity fluctuation at the “shedding location” are compared in Fig. B.3. The 

sample size was approximately 100,000 points, which corresponds to a simulation time of 

t/Treal =  200. Similarly, the effect of CFL on the solution is shown in Fig. B.4. Based on 

these global indicators, the solution appears to be insensitive to the choice of time step 

and grid resolution. It should be noted that the filter size is implicitly connected to the 

mesh size and changes with mesh resolution accordingly. A more detailed look at 

solution sensitivity based on the initial laminar vortex rollup is investigated next. 

 

a) b) 
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Figure B.3: Sensitivity of solution to grid resolution, (a) mean velocity and (b) velocity 
fluctuation. 
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Figure B.4: Solution sensitivity to CFL. a) mean velocity and b) velocity fluctuation. 
 

B.2 Unsteady Sensitivity Analysis 
 

In the unsteady sensitivity analysis of the unburned gas flow, Eq. (5.1) was used to 

specify the mass flux at the inflow boundary shown in Fig. 5.1. Similar to the steady 

sensitivity analysis, all simulations were undertaken using BR = 0.5 obstacles. A 

minimum CFL of 0.5 was required to keep the solution independent of time step. Since 

the velocity at the inflow boundary was continuingly accelerating, the maximum CFL 

was calculated from the maximum velocity expected in the simulation (i.e. 50 m/s). Due 

to an unsteady mass flux at the inflow boundary, it was no longer meaningful to 

a) b) 

a) b) 
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normalize simulation times by the realization time as done in Section B.1. Therefore, 

simulation results in this section are referred to in terms of the simulation time, t, instead 

of t/Treal. In this section, the effect of grid resolution, domain width, domain length, and 

subgrid model are presented.  

B.2.1 Grid Sensitivity 
 

Figure B.5 shows a qualitative comparison of the evolution of C for simulations with 

three different grid resolutions (H/Δ = 127, H/Δ = 171, and H/Δ = 254). The domain 

width in these simulations corresponds to W/H = 0.03. Initially, the overall structure of 

the vortex appears to be unaffected by the level grid resolution up to a simulation time of 

t = 13.3 ms. The interface between C = 0 and C = 1 is sharper and the small instabilities 

responsible for vortex shedding near the obstacle leading edge are visible on the higher 

resolved mesh (H/Δ = 254). One of the consequences of the chaotic nature of vortex 

shedding is that small changes at early simulation times can greatly affect the solution at 

later simulation times. For example, at t = 16.7 ms, the large differences in the position of 

individual vortices is a result of small differences observed at t = 13.3 ms. At t = 16.7 ms, 

stream-traces corresponding to each grid resolution show the recirculation zone grow to 

approximately two-thirds the distance between obstacles. Similarly, at t = 20 ms, the 

recirculation zones corresponding to each grid resolution have grown to span the distance 

between obstacles. The shedding frequency and vortex size appear to be affected by the 

level of grid resolution as smaller vortices are shed at higher frequencies in simulations 

corresponding to higher resolved grids. As a result, smaller deformations are visible in 

the stream-traces along the shear layer for higher resolved simulations. 
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Figure B.5: Effect of grid resolution on distribution of C (C = 0 shown in blue, C = 1 
shown in red). Contour legend shown in Fig. B.6. BR = 0.5. Stream-traces overlaid onto 
contour plot. 
 

 

To obtain a more quantitative comparison, profiles of streamwise velocity are 

compared between simulations at two locations shown in Fig. B.6. These profile 
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locations are overlaid onto contours of C for a simulation that has progressed t = 12 ms, 

and has an inflow velocity of Uinf = 6.7 m/s.  Line 1, denoted as L1, is positioned 6.03 cm 

(x/H = 0.79) downstream of the inflow boundary, which corresponds roughly to the 

position of the vortex in Fig. B.6. L2 is positioned along the centerline of the domain at a 

height of H/2. Both L1 and L2 are positioned at the center of the domain width, which 

corresponds to a distance of W/2 from either periodic boundary in the spanwise (z) 

direction. In simulations focused on investigating the effects of domain width, multiple 

L1 and L2 lines were placed at different spanwise positions.   
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Figure B.6: Location of lines of comparison for unsteady sensitivity analysis  
(CFL = 0.5, t = 12 ms). 
 

A comparison of streamwise velocity along L1 and L2 at three grid resolutions is 

shown in Fig. B.7. Differences in transverse (y) and streamwise (x) distributions (Fig. 

B.7) of streamwise velocity are negligible for simulation times below t = 12 ms, which 

corresponds to the end of the vortex laminar rollup.  

L1 

6.03 cm

L2 

C 
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Figure B.7: Quantitative effects of grid resolution on the distribution of streamwise 
velocity at a) L1 position and b) L2 position (BR = 0.5). 
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Instabilities visible in the shear layer (Fig. B.5) become visible in the profiles of 

velocity at t = 13.3 ms and cause large deformations to form in the laminar vortex. 

Consequently, a transition to turbulence begins to occur. After this time it is no longer 

suitable to directly compare instantaneous profiles of streamwise velocity due to the 

chaotic nature of the instabilities. Instead, comparisons of the vortex structure from the 

distribution of C must be relied upon to gain insight into the effects of grid resolution on 

solution accuracy (Fig. B.5). 

B.2.2 Domain Width Sensitivity 
 

Figure B.8 shows the effect of domain width on the evolution of C. The domain width 

was varied from W/H = 0.03, 0.17, 0.67. The initial laminar rollup and instabilities along 

the shear layer are two-dimensional phenomena at early simulation times (t < 16.7 ms) 

and unaffected by domain width. As the flow becomes three dimensional at t = 20 ms, 

differences in the distribution of C become noticeable at different domain widths. The 

growth of the recirculation zone, however, appears to be independent of the domain 

width. The size and frequency of vortices shed from the obstacle leading edge are 

artificially affected at low domain widths (i.e. W/H = 0.03). The structure of the 

recirculation zone downstream of the obstacle at t = 20 ms is very similar between the 

W/H = 0.17 and W/H = 0.67 cases, which suggests that W/H = 0.17 is sufficient to 

accommodate three dimensional effects in the flow.  
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Figure B.8: Effect of domain width on distribution of C (C = 0 shown in blue, C = 1 
shown in red). Contour legend shown in Fig. B.6. BR = 0.5. Stream-traces overlaid onto 
contour plot. 
 

B.2.3 Domain Length Sensitivity 
 

Figure B.9 shows the effect of domain length on the distribution of C at three simulation 

times. The L/H = 2.4 case includes two obstacles within the computational domain and 

has identical inflow and outflow boundary conditions as the L/H = 1.4 case. In the L/H = 

2.4 case, the volume between the downstream surface of the first obstacle to the 

downstream surface of the second obstacle was initialized with C = 1 (red contours). The 

remaining volume in the domain was initialized to values of C = 0. This allows for the 
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comparison of the vortex development behind the first and second obstacles in the L/H = 

2.4 case to the vortex development in the L/H = 1.4 case.   
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Figure B.9: Effect of domain length on distribution of C (C = 0 shown in blue, C = 1 
shown in red). Contour legend shown in Fig. B.6. BR = 0.5. Stream-traces overlaid onto 
contour plot. 
 

As expected, the solution was unaffected by the domain length for simulation time less 

than t = 16.7 sec. This time corresponds roughly to the time for a particle to convect one 

obstacle spacing on the free stream flow. After this time, the influence of the flow field 

upstream of the obstacle became important on the solution. For example, at t = 20 ms, 

differences were observed in the flow structure behind the first and second obstacles in 

the L/H = 2.4 case. Individual vortices shed from the first obstacle were observed near the 

leading edge of the second obstacle, affecting vortex shedding at this location. In 

addition, stream-traces did not show the same flow contraction at the leading edge of the 
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second obstacle compared to what was observed at the leading edge of the first obstacle. 

This is important during flame acceleration as the unburned gas flow field plays a large 

role in determining the flame shape. The artificial effects of the outflow boundary are 

shown in Fig. B.9. Near the outflow boundary, the flow structure appears to be 

symmetrical in both the L/H = 1.4 and 2.4 cases. The recirculation zone behind the first 

obstacle in the L/H = 2.4 case is in the domain interior, placed one channel height (H) 

away from the outflow boundary. As a result, variations in flow variables near the second 

obstacle allow asymmetrical structures to form within the recirculation zones behind the 

first obstacle pair.  

B.2.4 Subgrid Model Sensitivity 
 

Figure B.10 shows the effect of subgrid model on the distribution of C. Three different 

subgrid models were simulated, each with a different approach to calculating Cs. As 

explained in Section 3.3, Cs is a parameter used to correlate the values of subgrid stresses 

to the resolved strain rate:  

( )2sgs sC Sμ ρ= Δ          (B.3) 

Three cases investigated included the Standard Smagorinsky-Lilly subgrid model (Cs = 

0.1), the Dynamic Smagorinsky-Lilly Model (Cs = dynamic), and the MILES method (Cs 

= 0). 
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Figure B.10: Effect of LES subgrid model on distribution of C (C = 0 shown in blue, C = 
1 shown in red). Contour legend shown in Fig. B.6. BR = 0.5. Stream-traces overlaid 
onto contour plot. 

 

As expected, the subgrid model was found to have no effect on the development 

of the flow field for the initial rollup (t < 16.7 ms). It appears that at later times (t = 20 

ms), the dynamic subgrid model predicted smaller vortices shed at a higher frequency 

than the standard Smagorinsky model. As the contribution of the subgrid model 

diminishes (i.e. Cs = 0), more asymmetry was observed in the flow. Streamlines, 

however, were not significantly affected by the asymmetry and did not expand 

downstream of the obstacles at later simulation times (t = 20 ms). This suggests that this 

phenomenon is not largely affected by small scale turbulence. It should be noted that as 

the mesh resolution increases, the contribution of the subgrid model will decrease since 

subgrid viscosity is proportional to Δ2, as shown in Eq. (B.3). 
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B.2.5 Effects of Helium/Methane-Air Density Interface 
 

The validity of the helium injection technique (Section 5.1.1) is unknown since the 

density gradient associated with the helium/methane-air mixture could possibly introduce 

artificial instabilities within the shear layer, which do not exist in tests without injected 

helium. Therefore, a series of simulations were undertaken with varying degrees of 

helium gas concentration used in the tracer gas to further understand this problem (Fig. 

B.11). As explained in Section 5.1.1, the interface between the tracer gas and the 

methane-air mixture was visualized through a passive scalar, C. In all of the simulation 

results presented in Section 5.1, values of C had no effect on the density or viscosity of 

the gas, which corresponds to simulation shown in Fig. B.11b. In exception to the Kelvin-

Helmholtz instabilities that form in the shear layer (t = 13.3 ms), the majority of the C = 

0.5 iso-surface remained smooth due to the absence any density related instabilities. For 

simulation results shown in Fig. B.11c, the tracer gas (C = 0) was replaced by a CH4-

air/helium mixture (50% helium by mass) to introduce a density gradient at the gas 

interface (i.e. C = 0.5). As a result, Rayleigh-Taylor instabilities formed along the gas 

interface as the light tracer gas was accelerated into the heavier methane-air mixture. The 

severity of these instabilities grew as the helium concentration increased in the tracer gas, 

which corresponds to the simulation results in Fig. B.11d.  

 Schlieren images from the experiment (Fig. B.11a), however, do not show any 

instabilities forming along the density interface, which are observed in the simulations 

with high helium concentrations. Due to the mixing and diffusion of the small amount of 

injected helium with the reactive mixture in the experiment, the density gradient was 

significantly reduced so that Rayleigh-Taylor instabilities did not occur. 
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Figure B.11: Artificial density effects associated with the helium/methane-air interface. a) 
experimental images. b) simulations without helium in the tracer gas. c) simulations with 
CH4-air/He mixture (50% He by mass) as the tracer gas. d) simulations with He used as 
the tracer gas. Tracer gas is shown as blue contours (C = 0) and CH4-air is shown as red 
contours (C = 1). 
 

Experiments in tests with and without helium injection (Section 4.5.1) show that 

the dilution of the reactive mixture from the inert gas does not affect flame propagation 

upstream of the injection point. Therefore, the development of the unburned gas ahead of 
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the flame front can be accurately visualized in the experiment by the aforementioned 

helium injection technique. 
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Appendix C LES Flame Propagation 
Sensitivity Analysis 

 

The simulations of flame propagation presented in Section 5.2 are an extension to the 

simulations of the unburned gas flow in Section 5.1. An extensive sensitivity analysis of 

the unburned gas flow simulations is presented in Appendix B. The results of that 

sensitivity analysis also apply to simulations of flame propagation given that a large part 

of the simulation is devoted to the evolution of the unburned gas flow. The addition of 

combustion, however, requires that a separate sensitivity study be undertaken to look at 

the effects that grid resolution, temporal resolution, domain length, and domain width 

have on the simulation predictions. 

C.1 Effect of Grid Resolution 
 

Figure C.1 shows the effect of grid resolution (H/Δ = 64 and H/Δ = 127) on the 

development of the centerline flame velocity and the growth of the flame area. The 

centerline flame velocity and flame area are considered to be global parameters to assess 

the solution sensitivity to input parameters. In these simulations the BOGER Flame 

Surface Density combustion model was used to model the heat release due to chemical 

reactions. A subgrid wrinkling constant of KΣ = 1.065 and a filter width of ΔΣ/Δ = 4 were 

used in this model. The flame area (Fig. C.1b) was initially unaffected by the grid 

resolution as turbulence levels were low and small scale wrinkling was not significant. At 

approximately x = 0.1 m, the flame area associated with the finer grid resolution increases 

at a faster rate than the flame area observed in the coarser grid case (H/Δ = 64). 
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Predictions of large levels of flame area, however, do not translate to a faster centerline 

velocity, as shown in Fig. C.1a. The flame velocity corresponding to the coarser grid is 

larger at all simulation times, which is due to the subgrid wrinkling constant, KΣ.  
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Figure C.1: Effect of the grid resolution on the centerline flame velocity (a) and the flame 
area (b). BR = 0.67, BOGER Flame Surface Density Model used. 
 

By calibrating KΣ, however, a reasonable estimate of the flame velocity compared to 

experimental measurements can be obtained (H/Δ = 127 in Fig. C.1a).  

Qualitative comparisons of the effect of grid resolution on the evolution of an iso-

surface of the reaction progress variable (c = 0.5) at three different simulation times is 

shown in Fig. C.2.  

a)      b) 
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Figure C.2: Effect of the grid resolution on the evolution of the c = 0.5 iso-surface. 
Experimental schlieren image shown on the top row. H/Δ = 64 is shown on the second 
row. H/Δ = 127 is shown on the third row. Both x-y and x-z planes shown. BR = 0.67, 
BOGER Flame Surface Density Model is used.  
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Both x-y and x-z schlieren images obtained from the experiment (Section 4.5.1) are 

compared to simulations with a grid spacing of H/Δ = 64 and H/Δ = 127. Since the 

schlieren images are created by integrating all of the density gradients over the entire 

channel width (W/H = 1), simulations results are presented as a projected three-

dimensional iso-surface (c = 0.5) onto each of the respective planes in Fig. C.2. The iso-

surfaces are colored in a grey scale to mimic the black and white schlieren photos. The c 

= 0.5 iso-surface is translucent so that internal structure can be seen beneath the outer 

three-dimensional surface of the flame.  

Two main phenomena that are affected by the level of grid resolution are the 

small scale flame structure and the overall flame shape. The increase in the small scale 

flame structure in the higher resolved simulation is expected due to the turbulent flow 

structures that form near the subgrid scales. The total flame area becomes affected by this 

small scale structure after t = 21.7 ms, as shown in Fig. C.1b. Overall, the predicted flame 

shape more closely resembles the schlieren images from the experiment as the 

simulations become more resolved. For example, at t = 22.7 ms on the coarser grid case 

(H/Δ = 64), the roll-up behind the first obstacle is delayed and combustion has not yet 

penetrated the vortex. In the refined grid case (H/Δ = 127), the simulation is able to 

predict the flame roll-up around the vortex. Furthermore, in the last frame (t = 23.7 ms), 

the simulation correctly predicts the mushrooming of the flame-tip that occurs before the 

third obstacle near the outflow boundary. 

 Overall, the BOGER combustion model appears to be sensitive to the level of grid 

resolution. This is expected due to the simplicity of the model, which uses a single 

constant, KΣ, to characterize all of the subgrid flame wrinkling. Also, as explained in 
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Section 3.4.2, the BOGER model becomes sensitive to levels of grid resolution when the 

filter size, ΔΣ, approaches the inner cutoff scale, which is the smallest turbulent flame 

structure in the flow. The ratio of the BOGER filter width to the laminar flame thickness 

for the highly resolved case is ΔΣ/δL = 2.67. Further grid refinement is unattainable based 

on the available computational resources.  

Nevertheless, predictions of the flame area, centerline flame velocity, and flame 

structure at the higher grid resolution (H/Δ = 127) are very close to experimental 

measurements. Results presented in Appendix B show that the predictions of the 

unburned gas flow field are insensitive to grid resolution at the same grid spacing (H/Δ = 

127). Therefore, conclusions from the simulations of flame propagation using the 

BOGER model must focus on the development of the unburned gas flow field and the 

convection of the flame surface into this flow.  

 

C.2 Effect of Temporal Resolution 
 

Figure C.3 shows the effect of temporal resolution on the development of the centerline 

flame velocity and growth of the flame area. Temporal resolution appears to have no 

effect on these two global parameters. In longer computational domains, a temperature 

divergence in the solver occurred due to regions of the flow where the CFL number 

exceeded unity. This divergence is expected since the CFL is an indicator of numerical 

stability. Therefore, in all simulations, the CFL number is limited below 0.5 by adjusting 

the time step as the flame velocity increases. In Fig. C.3, the CFL number is limited to 

approximately CFL = 0.5 and CFL = 0.25 for both the lower and higher time resolved 

cases, respectively. 
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Figure C.3: Effect of time step on the centerline flame velocity (a) and the flame area (b). 
BR = 0.67, BOGER Flame Surface Density Model used. 
 

C.3 Effect of Domain Length 
 

Figure C.4 shows the effect of domain length on distributions of the centerline flame-tip 

velocity and the growth of flame area. The grid resolution for these simulations 

corresponds to H/Δ = 127, and the CFL number is limited to 0.5. Small differences in 

flame velocity are observed between the two domain length cases at the third obstacle 

position (Fig. C.4a). This is due to the artificial effects of the outflow boundary, which is 

maintained at the initial pressure of Pi = 47kPa. The outflow boundary does not account 

for the pressure rise due to the channel walls and obstacles further downstream. 

Therefore, it is expected that for shorter domains, the flow velocity will be higher near 

the outflow. The total flame area, however, is not affected by the position of the outflow 

boundary or by the length of the computational domain. 

 

a)      b) 
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Figure C.4: Effect of domain length on the centerline flame velocity (a) and flame area 
(b). BR = 0.67, BOGER Flame Surface Density Model used. 
 

Figure C.5 shows the effect of the outflow boundary on the velocity field at a 

simulation time of t = 23.7 ms. Contours of streamwise velocity show significantly higher 

flow speeds near the outflow boundary for the L/H = 2.8 case compared to the longer L/H  

= 5.8 case. Note that the L/H = 5.8 case corresponds to five obstacles but only two 

obstacles are shown in the figure to allow for direct comparison to the L/H = 2.8 case. As 

a result of a longer domain, the static pressure at the second obstacle is 49.2 kPa, which is 

2.2 kPa higher than values measured in the L/H = 2.8 case. The larger pressure 

differential in the L/H = 2.8 case is responsible for the slight increase in flame velocity 

near the end of the computational domain. The velocity field is otherwise unaffected by 

the length of the computational domain, which is also observed in the flame surface in 

Fig. C.5.  

a)      b) 
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Figure C.5: Effect of domain length of velocity field. Contours of streamwise velocity 
and vectors of velocity shown. Projection of 3D iso-surface (c = 0.5) overlaid onto 
contour plot. BR = 0.67, t = 23.7 ms. 
 

C.4 Effect of Ignition Type 
 

Figure C.6 shows the effect of the ignition method on the centerline flame velocity and 

the increase in the flame area. In these simulations, the BOGER combustion model was 

used on a grid corresponding to a resolution of H/Δ = 127. In Fig. C.6, 3D-spherical 

ignition refers to the initialization of the reaction by patching in combustion products (c = 

1) into a spherical shape corresponding to an ignition radius of ri/Δ = 10. Ignition of this 

type is described in Section 5.2.1 and is most representative of the spark ignition used in 

the experiment. 3D-cylindrical ignition refers to simulations where ignition is achieved 

by patching combustion products into a cylindrical shape with the same ignition radius of 

ri/Δ = 10. 2D-circular ignition refers to a two-dimensional simulation at the same grid 
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spacing (H/Δ = 127) and the ignition is achieved through patching a circular shape at the 

same ignition radius. An implication of a two-dimensional simulation is that spanwise (z) 

instabilities cannot occur and cannot contribute to an increase in the flame area. The 

flame area for the 2D-circular ignition case was calculated by projecting the perimeter of 

the flame surface by a distance equivalent to the channel width (W/H = 1).  
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Figure C.6: Effect of ignition method on the centerline flame velocity (a) and the flame 
area (b). BR = 0.67, BOGER Flame Surface Density Model used. 
 

No differences are observed between the centerline flame velocity for the 3D-

cynlindrical ignition and 2D-circular ignition cases, as shown in Fig. C.6a. Similarly, no 

differences are observed between the flame area for these two cases with the exception of 

when the flame-tip is near the end of the computational domain. This difference can be 

explained by observing the distribution of the c = 0.5 iso-surface as the flame accelerates, 

as shown in Fig. C.7b. Initially, at t = 19.7 ms, the iso-surface corresponding to the 3D-

cylindrical ignition case is two-dimensional.  

 

a)      b) 
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Figure C.7: Effect of ignition on the development of the c = 0.5 iso-surface for spherical 
ignition (a) and cylindrical ignition (b). BR = 0.67, BOGER Flame Surface Density 
Model used. Simulation times synchronized to experiment. 
 



 191

As the simulation progresses (t = 21.7 ms), span-wise variations in the flame surface 

become visible as three-dimensional effects become important within the shear layer. 

Although these span-wise variations increase the total flame area, flame stretch in the x-y 

plane still dominates the total flame area. Only near the end of the simulation (t = 22.7 

ms) does the total flame area of the 3D-cylindrical ignition case noticeable rise above 

levels associated with the 2D–circular ignition case.  

 Both the 3D–cylindrical and 2D–circular ignition cases have corresponding 

higher levels of flame area than the 3D–spherical ignition case (Fig. C.6). The initial 

flame area associated with the cylindrical ignition case is larger than the initial flame area 

of the spherical ignition case due to the geometry of the respective shapes. For a given 

initial flame radius, ri, the ratio of the area of a cylinder to a sphere is Acylinder/Asphere = 

0.25W/ri. In the simulations, the ratio of the channel width to the initial radius is W/ri = 

12.7. Therefore, the ratio of the initial flame area corresponding to the 3D–cylindrical 

case to the flame area corresponding to the 3D–spherical case is Acylinder/Asphere = 3.18. 

The decrease in volumetric burning rate associated with a lower flame area, which is 

observed in the 3D–spherical ignition case, results in a lower centerline flame velocity. 

The flame in the 3D–cylindrical ignition case continues to grow at a faster rate than the 

flame in the 3D–spherical ignition case since distortions in the flame shape occur mainly 

in the x-y plane.  

The effects of the ignition type are important as this type of problem is often 

simulated using a two-dimensional domain (e.g. Gamezo et al., 2007). First, simulating 

this problem on a two-dimensional domain will give artificially high predictions of both 

the volumetric burning rate and the centerline burning velocity for the initial stage of 
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flame acceleration when compared to experiments in channels using spark ignition. 

Second, span-wise variations in the flame shape, which are impossible to capture in a 

two-dimensional simulation, will contribute to the overall flame area at later simulation 

times. For this configuration, it appears that span-wise variations of the flame surface 

become significant as the flame-tip nears the third obstacle (Fig. C.6).  
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Appendix D Fluent User Defined Functions 
(UDF) 

 

D.1 UDF for Unburned Gas Flow Simulations 
 

The following UDF is used to implement the unsteady mass flux at the inflow boundary 

for simulations presented in Section 5.1. 

 

/********************************************************************** 
   unsteady.c                                                         
   UDF for specifying a transient velocity profile boundary condition  
***********************************************************************/ 
 
#include "udf.h" 
 
DEFINE_PROFILE(unsteady_massinflow, thread, position)  
{ 
  face_t f; 
  real t = CURRENT_TIME; 
 
  begin_f_loop(f, thread) 
    {    
      F_PROFILE(f, thread, position) = 6636.48*pow((t),1.7); 
    } 
  end_f_loop(f, thread) 
} 
 
 

D.2 UDF for Flame Propagation Simulations 
 

The following UDF is used to implement the BOGER flame surface density combustion 

model when premixed combustion is selected in Fluent. The model was used in the 

simulations presented in Section 5.2. 
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/******************************************************************* 
UDF that specifies a custom turbulent flame speed and source 
for the premixed combustion model 
********************************************************************/ 
 
#include "udf.h" 
#include "sg_pdf.h" /* not included in udf.h so must include here */ 
#include "mem.h" 
 
DEFINE_TURB_PREMIX_SOURCE(turb_flame_src,c,t,turb_flame_speed,source) 
{ 
  real flame_density, beta, delta, ut, ul, grad_c, rho_u, x[ND_ND]; 
  rho_u = 0.5331311; 
  ul = 0.623; 
  delta = 0.0006; 
  beta = 0.2; 
  C_CENTROID(x,c,t); 
  ut = ul; 
  flame_density = 4*(beta/delta)*C_PREMIXC(c,t)*(1-C_PREMIXC(c,t)); 
   
  *turb_flame_speed = ut; 
  *source = rho_u*ut*flame_density; 
} 
 
 

D.3 UDF for Progress Variable Initialization 
 

The following UDF is used to initialize the progress variable using the Gaussian error 

function defined in Eq. (5.7). This function was used in the simulations presented in 

Section 5.2. 

/******************************************************************* 
UDF that initializes c when using the BOGER premixed combustion model  
********************************************************************/ 
 
DEFINE_INIT(flame_init,d) 
{ 
 
// Material Properties 
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real Cp = 1443.35; 
real Hcomb = 50016000.; 
real Pi = 47000.; 
real Ti = 293.; 
real Yi = 0.05518731; 
real Tb = Yi*Hcomb/Cp+Ti; 
real dT = Tb-Ti; 
 
// Flame Dimensions 
 
real k = 833; /* Corresponds to flame thickness = 4 cell, see err function.xls in 
g:/combustion/ */ 
real flameradius = 0.006; /* FLAME RADIUS - AT TOP LEFT OF DOMAIN */ 
 
// Variables 
 
face_t f; 
cell_t c; 
Thread *t; 
real xc[ND_ND]; 
int i; 
real rstar = 0.; 
real flamepos = 0.; 
real flamepos_squared = 0.; 
real flamepos_xsquared = 0.; 
real flamepos_ysquared = 0.; 
real flamepos_zsquared = 0.; 
real xradius = 0.; 
real yradius = 0.; 
real zradius = 0.; 
  
 thread_loop_c(t,d) 
 { 
  begin_c_loop_all (c,t) 
  { 
   C_CENTROID(xc,c,t); 
   xradius = xc[0]; 
   yradius = (0.0381-xc[1]); 
   zradius = xc[2]; 
   flamepos_xsquared = pow((xradius),2); 
   flamepos_ysquared = pow((yradius),2); 
   flamepos_zsquared = pow((zradius),2); 
   flamepos_squared = flamepos_xsquared + flamepos_ysquared + 
flamepos_zsquared; 
   flamepos = pow((flamepos_squared),0.5); 
   rstar = (flamepos-flameradius); 
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   if (rstar < 0) 
   { 
     C_PREMIXC(c,t) = 0.5*erf(-k*rstar) + 0.5; /* Progress Variable 
Inside Flame*/ 
   } 
   if (rstar > 0) 
   { 
     C_PREMIXC(c,t) = -0.5*erf(k*rstar) + 0.5; /* Progress Variable 
Outside Flame*/ 
   } 
   C_T(c,t) = C_PREMIXC(c,t)*dT+Ti; /* Static Temperature as a 
Function of C */ 
             
  } 
  end_c_loop_all(c,t) 
   
 } 
} 


