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Abstract 

Flame propagation through a channel equipped with obstacles was studied 

experimentally. Two types of obstacle geometries were investigated, i.e., wall-mounted cross-

flow cylinders and fence-type obstacles mounted on the top and bottom channel surfaces. The 

motivation for this research is its applications to both high-speed propulsion and industrial 

explosion safety.  

 The effect of obstacle distribution and blockage ratio on flame acceleration was 

investigated in a 2.54cm x 7.6cm “narrow” channel with wall-mounted cross-flow cylindrical 

obstacles. The cylinders were arranged in a “staggered” or “inline” pattern, with blockage ratios 

of 0.5 and 0.67. Schlieren images were used to study the flame shape and its leading edge 

velocity for a range of fuel-air mixtures compositions. It was determined that initial flame 

propagation occurs faster in higher blockage ratios due to the higher frequency perturbation to the 

flow. Flame acceleration led to different quasi-steady flame and detonation propagation regimes. 

In general, higher final steady flame velocities were reached in the lower blockage ratios, and 

detonation limits were found to be influenced by the geometry. 

The influence of channel width on flame acceleration was also determined using fence-

type obstacles with a single blockage ratio. Experiments were performed in a 2.54cm x 7.6cm and 

7.6cm x 7.6cm channel. Schlieren images were again used to study the flame shape and to obtain 

leading edge velocity. The flame tip was found to have a parabolic profile across the channel 

width for the narrower channel and flatter profile in the wider channel. It was determined that the 

channel width has a weak effect on the flame velocity down the channel length. As such, flame 

acceleration was initially only slightly more pronounced in the narrow channel before the reverse 

became true later in the wide channel. 
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Chapter 1  

Introduction 

1.1 Project Overview 

Flame acceleration in obstructed channels has important applications for both high-speed 

propulsion and industrial explosion safety [1] [2]. A pulse detonation engine is a simple 

combustion chamber design postulated for missile and aircraft propulsion. The engine operates 

via a propagating detonation wave that raises the pressure in the chamber and is subsequently 

vented through a nozzle located at the end of the chamber. In order to promote a quick transition 

from flame to detonation propagation, with corresponding three orders of magnitude change in 

velocity, the combustion chamber is fitted with turbulence producing obstacles. In most industrial 

explosions a flame is produced by a weak ignition that subsequently accelerates in an obstacle 

field. Common obstacles in an industrial setting consist of piping, tanks, equipment, or even 

vegetation for very large fuel releases like in the 2005 Buncefield accident [3]. In the Buncefield 

fuel-storage depot accident, a very large amount of oil was spilled and the vapors spread 

throughout the plant. It is believed that flame ignition occurred in a pump house and the 

subsequent explosion leveled the plant. A post-accident analysis postulated that the very high 

explosion pressure produced was due to flame acceleration leading to detonation initiation in a 

tree grove on the plant site [4]. 

Early research was carried out in steel tubes equipped with orifice plate obstacles where 

flame velocity was measured via basic time-of-arrival instrumentation. The objectives of these 

studies were to investigate the role of initial flame acceleration in creating the conditions required 

for deflagration-to-detonation transition (DDT) to occur and to determine the final quasi-steady 
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propagation regimes for a variety of mixtures. Recent experiments studying flame acceleration 

have been carried out in square channels equipped with fence-type obstacles and windows 

permitting high-speed visualization of the flame. Schlieren photography is used to track the flame 

propagation around fence-type obstacles, as well as the propagation of shock waves ahead of the 

accelerating flame.  

Recently, with the development of high-speed parallel computing, simulations of flame 

acceleration have become more prominent. Figure 1.1 shows an example from [5] of a flame 

propagating through two pairs of fence-type obstacles in a schlieren image (top) and a rendered 

three-dimensional large-eddy simulation image (bottom). 

 

Figure 1.1: Experimental and numerical prediction of flame propagation in square cross 

section channel (BR = 0.67, W/H = 1, t = 23.7ms) [5]  

The past work analyzing flame acceleration has found that while there are some span-wise 

fluctuations, by and large the flow is two-dimensional after the first couple of obstacles [5]. The 

first objective of this thesis is to obtain flame acceleration data for methane-air and methane-
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oxygen mixtures in a narrow channel (width (W)/height (H) = 0.33) to compare with wide 

channel (W/H = 1) experimental results. 

 While experiments using fence-type obstacles are convenient for controlling the 

perturbations by varying the flow blockage area and plate spacing, a more prototypical geometry 

involves a matrix of cylinders, as shown in Figure 1.2. This would be typical of piping clusters in 

a chemical processing plant or a two-dimensional porous media. 

 

Figure 1.2: Schematic of cylindrical obstacle geometry  

There is very little information regarding flame propagation through this geometry in the 

literature. Recent work [6] [7], discussed in-depth in Section 3.1, has attempted to model flame 

acceleration through this geometry by numerically solving the two-dimensional reactive Navier-

Stokes equation. Experiments have been performed to measure the quasi-steady propagation 

regimes for various mixtures [7]. The main objectives of the present research are to obtain flame 

acceleration data for methane-air, propane-air and hydrogen-air mixtures in the narrow channel to 

compare with the past two-dimensional simulations, determine average flame velocities and 

detonation limits and identify the flame propagation regimes and transition to detonation limits. 
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The following section presents a review of the existing literature on the general topic of flame 

acceleration in obstacle laden ducts leading to detonation initiation. 

1.2 Literature Review 

The two modes of combustion are deflagration and detonation. Deflagrations represent 

the subsonic mode of combustion where propagation is governed by the diffusion of heat and 

active species across the flame front at relatively constant pressure [8]. The burning velocities for 

deflagrations typically range from 1 m/s (laminar flames) to hundreds of meters per second 

(turbulent flames) depending on the turbulent transport properties of the flow. Detonations 

represent the supersonic mode of combustion where the chemical reactions occur as a result of 

adiabatic shock heating. For detonations, the shock wave and reaction zone are coupled and 

propagate at a speed on the order of thousands of meters per second. For stoichiometric fuel-air 

mixtures, the pressure ratio across a detonation wave front is roughly twice the maximum 

combustion pressure produced by deflagration waves under adiabatic constant volume conditions. 

1.2.1 Deflagration Waves 

A deflagration wave is often distinguished as either laminar or turbulent. Laminar flames, 

discussed in Section 1.2.1.1, are produced when there is no initial turbulence present in the flow 

and are acted upon by numerous instabilities that modify their shape. If turbulence is present in 

the unburned gas flow, then turbulent flames, discussed in Section 1.2.1.2, are produced. Flame 

interactions with turbulence result in a variety of turbulent combustion propagation regimes. 

1.2.1.1 Laminar Flames 
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In theory, the flame produced following ignition under quiescent conditions is considered 

to be a laminar deflagration wave. The distribution of temperature, reaction rate and mixture 

concentration through a one-dimensional representation of a stationary, laminar premixed 

deflagration wave are shown in Figure 1.3. 

 

Figure 1.3: Schematic of Laminar Flame Structure [9] 

By definition the laminar burning velocity, SL, is equal to the unburned gas velocity, Uu, 

approaching the flame, see Figure 1.3 . Both the temperature, T, and mole fraction of the fresh 

mixture, Y, vary across the flame thickness, δL. The progress of the reaction is defined by, c (i.e. c 

= 0 for reactants and c = 1 for products). The outer region denoted in Figure 1.3, where there are 

very little chemical reactions, is often referred to as the preheat zone. The part of the reaction 

zone where the heat release occurs is referred to as the inner-layer and is denoted by, δR. 

The two fundamental flame properties are the laminar burning velocity and flame 

thickness. The laminar burning velocity is [10] [11] [1]: 

    
 

 
√(∫        

 

 

)(   ) (
   

      
) 

1.1 

where σ is the ratio between the burned and unburnt gas mixtures, Le is the Lewis number, n = nO 

+ nF is the overall reaction order, χ is the thermal diffusivity of the mixture, Tb is the combustion 
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temperature, β is the Zeldovich number and τR is the characteristic reaction time. The Lewis 

number and the Zeldovich number are further defined as: 

    
 

 
  

 

    
 1.2 

where α is the thermal diffusivity and D is the mass diffusivity. 

   
  (      )

   
  

 

1.3 

where Ea is the activation energy, Tb is the temperature of the burned gas, Tu is the temperature of 

the unburned gas and R is the gas constant. 

An estimation of the laminar flame thickness is calculated using [12]: 

    (
 

   
)

 

  
 1.4 

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

In laminar flames, the initial smooth flame front is intrinsically unstable. As such, the 

flame’s surface can become wrinkled due to the Landau-Darrieus instability, which is then 

stabilized or further destabilized by thermal-diffusive effects. The stability of the flame has been 

shown to depend on the Lewis number, which was defined in Equation 1.2. Figure 1.4 shows the 

effect of the Landau-Darrieus instability on a slightly curved flame front. 
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Figure 1.4: Landau-Darrieus instability. Flame shown at two moments in time, t1 and t2 [1]. 

Landau [13] and Darrieus [14] showed that if the flame front is slightly curved, streamlines in the 

burnt gas tend to converge behind the convex parts and diverge behind the concave parts. This 

“pushes” the convex part forward, increasing the initial curvature.  

Figure 1.5 illustrates the effects of the thermal-diffusive instabilities based on the Lewis number. 

 

Figure 1.5: Thermal-Diffusive instability. Flame shown at two moments in time, t1 and t2. 

Flame propagates from left to right [1]. 

In Figure 1.5, DL represents the mass flux and χ represents heat flux. For cases where Le ˃ 1, the 

diffusion of heat is larger than the diffusion of mass, which stabilizes the flames since concave 

regions propagate at faster rates than convex regions. As a result, the initial curvature of the flame 
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surface begins to flatten and its propagation velocity slows. Conversely, for Le ˂ 1, the curvature 

of the flame is amplified as concave regions decelerate relative to convex regions, which results 

in instability. For Le = 1, the rates of mass diffusion and thermal diffusion are in balance and 

have no effect of the flame front. 

After initial propagation, flame confinement or obstruction influence flame propagation. 

The two most powerful instabilities that are triggered when the flame is suddenly accelerated by 

one of these two conditions are the Kelvin-Helmholtz (K-H) and Rayleigh-Taylor (R-T) 

instabilities. The K-H instability is associated with a velocity shear occurring in the fluid as a 

result of the difference in velocity between the burned an unburned gas. R-T instability occurs 

when acceleration occurs in the direction normal to the flame surface in the direction of the 

products to the fresh mixture. Both these instabilities result in perturbations that grow with time 

which leads to an increase in flame surface area. In compressible flows, the acceleration of a 

flame, in either direction, due to the passage of a shock wave also results in the Richtmyer-

Meshkov (R-M) instability that produces the same effect. 

1.2.1.2 Turbulent Flames 

The transition from laminar flame to turbulent flame is caused by the development of 

flame instabilities and growth of turbulence in the flame generated flow. In many practical 

applications, turbulence can also exist in the unburned gas flow due to high Reynolds number, 

i.e., furnaces and combustors. Globally, the presence of this turbulence results in flame wrinkling, 

which increases flame area as shown in Figure 1.6. 
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Figure 1.6: Definition of turbulent area and velocity [15]. 

In Figure 1.6, A represents the laminar flame’s cross-sectional area and AT represents the 

turbulent flame’s cross-sectional area consisting of a wrinkled laminar flame, sometimes referred 

to as a turbulent brush. As a result of this larger wrinkled area, the rate of mass consumption in 

the cross section area A is larger than that for a planar laminar flame with the same area A. 

Therefore, the turbulent burning velocity, ST, and flame thickness, δT, are larger than the laminar 

burning velocity, SL, and the flame thickness, δL. The burning velocity increase is caused by an 

increase in the volumetric burning rate while the larger flame thickness can be attributed to larger 

heat and mass diffusion rates. 

Historically, the study of turbulent combustion has focused on determining the global 

turbulent quantities ST and δT [16]. However, since these terms rely on knowing the local flow 

conditions, they are not as easy to predict as their laminar counterparts. Instead, the focus has 

been on determining the different possible turbulent combustion regimes. The three non-

dimensional parameters used to describe the turbulent propagation regimes are the turbulent 

Reynolds number (ReT), the Damkohler number (Da) and the Karlovitz number (Ka) [1]: 
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1.7 

In Equations 1.5, 1.6 and 1.7, u’ is the fluctuation in unburned gas velocity, SL is the laminar 

burning velocity, δ is the flame thickness, and LT is the turbulent length scale. The three 

characteristic turbulent flame regimes defined by these parameters are the: laminar flamelet, thick 

flame and distributed reaction zone and well-stirred reactor regimes. Each regime is graphically 

represented in Figure 1.7 on the Borghi diagram. The axes of the figure correspond to velocity, 

u’/SL, and scale LT/δ ratios [17] [18] [19]. 

  

Figure 1.7: Borghi diagram of characteristic regimes of turbulent combustion [20]. 

Thick Flames 
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Equations 1.5, 1.6 and 1.7 determine the slopes of the lines given in the above Borghi diagram. 

Since the zones in this figure are based on these one-dimensional expressions, the lines only 

provide an estimate of the transition limits. It has also been found that the transition from one 

combustion regime to another does not occur abruptly at these limits [16]. However, in channels 

lined with obstacles, the propagation of the turbulent flame has been found to evolve from 

laminar flamelets towards distributed reaction zones and then towards quenching. 

It is important to understand how the flame propagates in each of the turbulent 

combustion regimes listed above. Figure 1.8 illustrates the interaction of a two-dimensional flame 

front with an eddy of varying size in the context of different combustion regimes. 

 

Figure 1.8: a) Wrinkled Flamelet, b) Corrugated Flamelet, c) Distributed Reaction Zone [9] 

In the laminar flamelet regime (Ka ˂ 1, Da ˃ 1), chemical reactions remain fast because 

turbulent eddies cannot penetrate the flame front. Burning occurs in thin laminar flamelets, which 

are stretched and curved by the flow. The laminar flamelet regime can be divided into wrinkled 

flamelets (u’ ≈ SL) and corrugated flamelets (u’ ˃ SL). When u’ ≈ SL, the effect of the turbulence 

is to distort the laminar flame shape without penetrating the internal flame structure. Flame 

propagation in these conditions ultimately leads to flame wrinkling, as seen in Figure 1.8a. When 
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u’ ˃ SL the flame retains its laminar structure but becomes extremely convoluted as small eddies 

traverse the flame front, as seen in Figure 1.8b.  

In the thick flames and distributed reaction zone regime, Ka ˃ 1, Da ˃ 1. Thick flames 

are produced when small scale turbulent Kolmogorov eddies penetrate the flame and are of the 

order of the flame thickness. Distributed reaction zone flames form when the Kolmogorov eddies 

penetrate the inner layer, defined as the part of the reaction zone where the fuel is consumed (see 

Fig. 1.1), as seen in Figure 1.8c. 

In the well-stirred reactor regime (Ka ˃ 1, Da ˂ 1), turbulence mixes everything much 

faster than reaction proceeds and there is no continuous flame present. 

Since the phenomena associated with these turbulent combustion regimes are very 

complex, their study is often simplified to the determination of the turbulent burning velocity, ST. 

It is known that ST is defined by the rate of consumption of the reactants in the turbulent reaction 

zone, which is a function of u’/SL, and LT/δ. It was also postulated that the Lewis number, reaction 

rate and expansion of the combustion products play a role [21] [22]. Experimentally measured 

turbulent burning velocities have been used to correlate these values in Equation 1.8: 
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In Equation 1.8, b1, b2, b3, b4 and b5 are correlation constants. However, recent data have shown 

that u’/SL, and LT/δ play the main role, leaving ST to be approximated by [21] [23]: 
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1.2.2 Flame Acceleration and Detonation Initiation 
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Flame acceleration in a confined geometry is an important concept as it is responsible for 

the transition of a flame front from a deflagration wave (Section 1.2.1) into a detonation wave 

(Section 1.2.3). In early detonation studies, smooth tubes with a weak ignition were used to better 

understand combustion at high speeds. However, due to the limited mathematical software 

available at the time and little knowledge of turbulent flame propagation, flame acceleration was 

initially assumed to be a property of the mixture. Since these studies, a general knowledge of the 

phenomena behind deflagration-to-detonation transition (DDT) has been built. Section 1.2.2.1 

will be used to introduce the basic phenomenon of DDT before more in-depth review of flame 

acceleration in obstructed channels is provided in Section 1.2.2.2. 

1.2.2.1 DDT Phenomenon 

The pioneers of flame acceleration research were Chapman and Wheeler [24], who added 

orifice plates to smooth tubes to determine their effect on flame propagation. In their initial study, 

the duo found that the addition of orifice plates had a significant effect on flame acceleration. In a 

tube without obstacles, the maximum flame velocity achieved in a methane–air mixture in a 5 cm 

inner-diameter tube was approximately 10 m/s. However, with obstacles, which were placed at 

one tube diameter spacing, maximum flame velocities of over 400 m/s were achieved. 

The work completed by Shchelkin and his colleagues in the following decades [25] [26] 

[27] built on Chapman and Wheeler’s initial study. Shchelkin proposed in these studies that the 

increase in flame area occurring during flame acceleration was governed by turbulent fluctuations 

in the unburned gas ahead of the flame.  Therefore, since unburned gas velocity is correlated to 

the flame velocity, there must be a feedback loop between the flame velocity and flame area that 

results in flame acceleration. In order to test this theory, Shchelkin developed the “Shchelkin 

spiral”, which artificially roughens the tube wall, to enhance turbulence ahead of the flame. The 
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addition of this spiral proved to reduce the distance required for the flame to propagate before 

DDT occurred, commonly referred to as the run-up distance. 

Further studies on the run-up distance to DDT in smooth channels [28] [29] [30] used 

either time-of-arrival instruments or schlieren photography. The work completed by Urtiew and 

Oppenheim [31], using high-resolution stroboscopic schlieren photography, represents a 

milestone in the study of DDT phenomenon. During their tests, the camera shot at up to 10
6
 

frames per second with shutter speeds ˂ 10
-8

 seconds. Figure 1.9 shows a montage of videos 

recorded from these tests. 

 

Figure 1.9: Stroboscopic Schlieren photographs taken of hydrogen-oxygen mixture 

explosion in an explosion at initial pressure of 82.7mmHg in a 1 x 1.5 in
2
 channel. Time 

between frames in 5µs, distance between marks at bottom lower photograph is 5cm. See text 

for references to arrows. 
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In Figure 1.9, a detonation occurs as a result of the flame interacting with the boundary layer 

present at the upper-wall of the test channel. In the first frame of the video, there are multiple 

shock waves ahead of the turbulent flame (see arrows) produced during flame acceleration. The 

curved shock wave immediately ahead of the flame, formed in previous frames not shown, is the 

result of an explosion within the thick flame. The interaction of this curved shock wave with the 

lower wall produces a Mach reflection. In the second frame, an explosion occurs in the upper part 

of the flame that develops into a spherical detonation wave with closely spaced transverse waves 

(see arrow). Once formed, the detonation wave overtakes the leading shock waves and fills the 

entire channel height.  

Following Urtiew and Oppenheim’s work, flame acceleration research picked up again in 

the early 1980s. Studies [32] [33] used tubes filled with orifice plates to understand how fuel 

type, mixture composition, tube diameter and blockage ratio affected flame velocity. The results 

of these studies showed that DDT requires two conditions to be met, 1) a flame speed on the 

order of the combustion products speed of sound prior to detonation initiation and 2) the orifice 

opening diameter is sufficiently large. 

1.2.2.2 FA in Obstructed Channels 

Qualitatively, the mechanism for flame acceleration in channels with fence-type obstacles 

is well understood. Figure 1.10 shows the processes involved in flame acceleration in such 

channels. 
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Figure 1.10: Schematic of flame acceleration in fence-type obstacle an obstructed channel. 

When the quiescent combustible mixture is ignited it produces an initially smooth or wrinkled 

flame front depending on the fuel type and mixture equivalence ratio. This initial wrinkling is due 

to the L-D instability, which can be stabilized or destabilized by the thermal-diffusion effects. As 

the hot combustion products expand, they push the cold unburned gas ahead of it. The flame 

shape is influenced by the turbulent structures that form in the unburned gas, which is evidenced 

by flame folding and entrainment in the recirculation zone after each obstacle. As the flame 

continues down the channel, shocks can begin to form in front of the flame. If this occurs, flame 

brush and shock interactions act to accelerate the front further. These shock waves will then 

collide with obstacles possibly leading to deflagration-to-detonation transition (DDT). 

An important aspect of flame acceleration is the role of turbulence. When the flame 

propagates down the channel, turbulence is responsible for increasing the local burning rate by 

increasing the flame’s surface area and local mass and energy transport. A higher burning rate, in 

turn, increases the unburned gas velocity, which results in higher flame acceleration. It is found 



 

17 

 

that an increase in the burning velocity, ST, with turbulence is limited to 10 – 20 times the laminar 

burning velocity [21] [34]. Depending on mixture properties and boundary conditions, either 

weak flame acceleration or strong flame acceleration occurs, as seen in Figure 1.11. 

 

Figure 1.11: Shadowgraph photographs showing slow (L) and fast (R) deflagration in 70% 

H2-air mixtures with BR = 0.6. Channel width is 80mm. Left boundary is 2.4m [35] [36]. 

Slow unstable turbulent flames are shown, on the left, propagating at conditions close to 

quenching. Conversely, the fast turbulent flames characterized by leading shock waves propagate 

at supersonic speed (right side). Under the correct conditions, transition from this fast flame 

regime to detonation can be observed. 

Another important aspect of the flame acceleration process in obstructed channels is the 

effect of blockage ratio (BR), defined as the fraction of the blocked channel cross sectional area 

to the channel obstacle free area, on both early stage and late stage flame acceleration. In tests by 

Johansen and Ciccarelli using stoichiometric methane-air mixtures, flame acceleration was 

promoted by an array of top and bottom-mounted surface obstacles that were equally distributed 

along the entire channel length [5]. The effect of BR was investigated by varying the fence 

obstacle height for three different cases, e.g., BR = 0.33, 0.5 and 0.67.  The objective was to study 
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the flame structure as a function of the obstacle BR during the early stage of flame acceleration 

and in the later stage of flame acceleration to determine the role of shock-flame interactions on 

propagation. 

During their investigation of initial flame acceleration, the ignition source was placed 

within the field of view so initial flame development could be studied. For all BRs, the 

development of the unburned gas flow field and flame shape was found to be similar, as seen in 

Figure 1.12. 

 

Figure 1.12: Schlieren video showing the final frame of early flame acceleration 

development for: a) BR = 0.33 and b) BR = 0.67 [5]. 

 The top composite image shows the flame extending over six 0.33 BR obstacles while the 

bottom shows the same for 0.67 BR obstacles. During initial propagation, the largely laminar 

flame tip accelerates through the open channel core (flame tip is blurred due to insufficiently fast 

shutter speed) driven by the fine-scale turbulent combustion that occurs in the recirculation zones 

amid consecutive obstacles. However, later in the acceleration process, turbulence eventually 

causes compression waves to form ahead of the flame coalescing into a lead shock, seen in Figure 

1.13 for 0.67 BR obstacles. 

 

 

a 

b 
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Figure 1.13: Series of schlieren images obtained from tests with 0.67 BR obstacles. The 

inter-frame time is 33µs. 

At higher blockage ratios, the interaction of shock waves with the flame produces large 

oscillations in the flame velocity due to the interaction of the reflected lead shock wave off the 

inside edge of the fence obstacle and the flame tip, as observed in Figure 1.13 in Images #6 - #8. 

However, for lower blockage ratios obstacles, smaller velocity oscillations were observed 

because of the smaller distance between the flame tip and lead shock, which does not allow 

interaction between the reflected shock wave and the flame tip. 

A velocity plot for the flame acceleration is shown in Figure 1.14 for 0.67BR obstacles.  
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Figure 1.14: Flame tip velocity obtained from high-speed video taken at 120,000 fps in tests 

with 0.5BR obstacles. Video velocity data is superimposed on the ionization probe data [37]. 

Both the ion probe and schlieren video based flame velocities are shown in Figure 1.14. When 

analyzing the schlieren velocity data, smaller oscillations are observed in the first 0.75m of flame 

travel which are attributed to the unburned gas flow contracting and expanding through the 

obstacle pairs. Analysis of the high-speed videos for all blockage ratios showed that flame 

acceleration is more pronounced for higher blockage ratios during this initial stage of flame 

acceleration until the speed of sound of the reactants is reached. This means the flame reaches 

quasi-steady velocity sooner in higher blockage ratios than in lower blockage ratios. 

 Another significant contribution to flame acceleration knowledge by Johansen and 

Ciccarelli [38] was their work on the mechanisms of flame folding and entrainment into 

recirculation zones. The technique used to visualize these mechanisms involved injecting helium 

between adjacent obstacles before ignition as shown in Figure 1.15. 
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Figure 1.15: Unburned gas flow field visualization: a) schematic showing helium gas 

injection ahead of flame front and b) sequence of Schlieren images using this technique [38]. 

See text for references to arrows. 

Once the test gas was ignited, the unburned fuel ahead of the flame is convected into the volume 

occupied by the helium. The sudden onset of flow produces a pair of vortices on the downstream 

edge of each obstacle, as shown in both Figure 1.15a and Figure 1.15b. These eddies grow into 

large recirculation zones that eventually occupy the volume between obstacles on the upper and 

lower surfaces of the channel. A turbulent shear layer develops separating the core flow from the 

recirculation zones (see arrow). If the flame reached an eddy early in the flame acceleration 

process it would become entrained into the vortex and eventually burn out. However, for 

obstacles further downstream the flame could not immediately burn across the strong shear layer 

so entrainment into the recirculation was delayed. 
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When the flame reaches a quasi-steady velocity, four characteristic propagation regimes 

have been identified [39] [40], as seen in Figure 1.16. 

 

Figure 1.16: Variation of velocity with % hydrogen-air in a round tube equipped with 

orifice plates [7]. See text for references to arrows. 

These propagation regimes (see arrows) include the slow flame, fast flame, quasi-detonation and 

CJ detonation regimes. In the slow flame regime, the flame accelerates for a certain distance 

reaches a maximum velocity on the order of 100 m/s or less. In the fast flame regime, the flame 

accelerates to a velocity somewhere on the order of the speed of sound in the combustion 

products, roughly 1000 m/s. This regime produces shockwaves ahead of the flame and is found to 

be governed more by the mixture energy content than the turbulent transport rates [41]. If the 

orifice plate diameter is larger than the mixture cell size, then DDT can occur [40]. In the quasi-

detonation regime, the combustion wave propagates between the speed of sound of the products 

and the Chapman-Jouguet (CJ) detonation velocity. A CJ detonation is one that is unaffected by 

the boundary conditions which will be discussed in Section 1.2.3.1. 

Slow flame 

Fast flame 

Quasi-detonation 
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1.2.3 Detonation Waves 

Detonation waves are the supersonic mode of combustion, whereby the shock wave and the 

reaction zone are coupled due to shock ignition. The study of detonation phenomena is important 

from an explosion hazard perspective due to the relatively large pressure ratios produced across 

the wave front in comparison to deflagration waves. Early studies completed by Chapman and 

Jouguet (Section 1.2.3.1) as well as Zeldovich, vonNeuman and Doring (Section 1.2.3.2) were 

able to predict the detonation propagation velocity as well as peak pressure and temperature. This 

research was followed by experimental work, which determined the conditions required for 

detonations to propagate in a confined geometry. 

1.2.3.1 Chapman Jouguet Theory 

The initial study of detonation waves was completed independently by Chapman [42] and 

Jouguet [43]. They theorized that all the energy released by detonation waves occurred at the 

shock front. Their basic thermodynamic model, which balances the mass, momentum and energy 

across a control volume, is shown in Figure 1.17. 

 

Figure 1.17: Basic CJ thermodynamic model [44] 

This control volume includes the entire detonation wave, where P1, ρ1, T1 and u1 represent the 

reactant variables and P2, ρ2, T2 and u2 represent the product variables. 

After applying conservation of mass, momentum and energy to the control volume, the Rayleigh 

and Hugoniot equations are obtained. 
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The CJ state is represented by the point at which the Rayleigh line is tangent to the Hugoniot 

curve, as shown in Figure 1.18. 

 

Figure 1.18: The two possible solutions for the Rayleigh line lying tangent to the 

equilibrium Hugoniot curve [1]. 

It will be seen that the Rayleigh line intersects the Hugoniot curve at two different locations, one 

along the deflagration branch and the other along the detonation branch. Assuming a constant 

specific heat ratio (k) across the wave the CJ velocity at these points is determined to be: 
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where M is the Mach number and is defined by the wave velocity divided by the speed of sound 

of the unburned gas, and  ̅ is the mixture energy content per unit mass divided by the square of 

the speed of sound. The CJ detonation Mach number is given by Equation 1.12 when the positive 

value (+) of the square root is considered. Based on Equation 1.12 it is clear that the detonation 

wave velocity is only a function of the mixture energy content and is independent of the rate of 

energy release. While CJ theory is good for calculating detonation pressure and velocity, it does 

not provide a characteristic length scale for the detonation wave. As such, a different model, 

namely the Zeldovich, vonNeuman and Doring theory, was developed to study internal wave 

structure. 

1.2.3.2 Zeldovich, vonNeuman and Doring Detonation Wave 

Zeldovich [45], vonNeuman [46] and Doring [47] (ZND) independently developed a 

steady-state one-dimensional detonation wave model that consists of a shock wave followed by a 

finite reaction zone ending at the CJ state, as seen in Figure 1.19. 

 

Figure 1.19: ZND detonation model [44] 

In this model, the shock wave is followed by a reaction zone, in which the temperature and 

pressure of the gases increase until the CJ state is achieved. A typical temperature versus distance 

plot behind the shock wave is seen in Figure 1.20. 
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Figure 1.20: Typical plot of temperature and time derivative of temperature behind the 

shock for 28.6% acetylene-oxygen detonation at standard conditions. 

Solving the steady conservation of mass, momentum and energy equations, with an appropriate 

reaction model one can obtain the temperature profile through the reaction zone. The reaction 

zone is characterized by an induction zone, where the temperature remains roughly constant, 

followed by a heat release zone, where the temperature rises very quickly, and terminates at the 

CJ plane where the temperature reaches the equilibrium value. The reaction zone length is 

defined as the distance from the shock wave to the point of maximum heat release that 

corresponds to the point of maximum temperature gradient. 

1.2.3.3 Three Dimensional Detonation Wave 

While the CJ and ZND detonation models are satisfactory one-dimensional models for 

detonation waves, actual detonation waves are three-dimensional in structure as seen in the 

schlieren image provided in Figure 1.21. 
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Figure 1.21: Schlieren image of detonation wave front in  

2H2 + O2 + 12Ar, Pi = 20kPa in a narrow channel [48]. 

The detonation front consists of three different shock waves, namely the Mach stem transverse 

wave and incident wave, which intersect at a common point, called the triple point. Detonation 

waves are made up of multiple triple points that propagate over the front, which is shown by 

Figure 1.22.  

Mach Stem 

Incident Wave 
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Figure 1.22: Schematic of the propagation of a cellular detonation front showing the 

trajectories of the triple points [49]. 

The trajectory of the triple-points trace out a fish scale pattern, characterized by diamond-shaped 

cells. At the beginning of a cell, a Mach stem forms, decaying as it propagates and the reaction 

zone length increases. This weakening wave then becomes an incident shock in the second half of 

the cell. By the end of the cell, flame front completely decouples from the reaction zone, forming 

a deflagration wave. At the end of the cell, the transverse waves extending back from the triple 

point collide to create a local explosion forming a new strong Mach stem and the process of 

decay repeats itself. 

An important measurable parameter of the detonation cells is the cell width, λd, which 

represents the average triple point spacing over the entire detonation front. The average cell width 
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gives a measure of how detonable a mixture is, the smaller the cell width the more detonable the 

mixture is [50]. The soot foil technique is used in order to measure the detonation cell width [51]. 

This technique involves coating a metal sheet with carbon soot that is placed inside of a 

detonation tube. When the detonation wave passes by the foil, the cell pattern is inscribed onto 

the foil. The preferred method for measuring the cells on the foil was introduced by Moen et al 

[51]. In this method, the cells are measured by identifying the most dominant parallel triple point 

bands that have high contrast.  

Figure 1.23 shows typical cell size versus mixture mole fraction data from studies for hydrogen-

air mixtures completed by Ciccarelli et al. at 1 atmosphere and 500K [52], where the solid line 

represents the modeled cell size behavior and the points represent experimental data. 

 

Figure 1.23: Cell size data of H2-air mixtures at 500K and 0.1MPa [52]. 

It will be seen that the smallest cell size is correlated with a mixture at stoichiometric condition. 

The cell width then increases as the mixture approaches leaner and richer conditions, creating a 
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U-shaped curve. It is also seen that on the lean side, the increase in cell size is much more 

pronounced. 

 Table 1.1 shows cell size data for hydrogen-air mixtures relating to the following results. 

Table 1.1: Typical H2 Cell Size Data at 293K [52] 

Mixture Equivalence Ratio Cell Size (cm) 

0.5124 95.8 

0.5990 41.4 

0.5910 34.3 

0.7900 11.0 

1.0233 8.1 

1.5828 8.7 

2.3830 24.3 

2.3730 31.5 

2.8458 46.4 

3.2920 75.7 

1.2.4 Motivation 

1.2.4.1 FA in Cylindrical Obstacles 

Historically, flame acceleration studies in obstructed ducts have focused on round tubes 

with orifice plates or square channels with fence-type obstacles, as described in Section 1.2.2.2. A 

more prototypical geometry found in industry involves a matrix of cylinders, typical of piping in 

a chemical plant. Figure 1.2 shows a schematic of this obstacle setup. This geometry can also be 

used as a two-dimensional representation of porous media. In Figure 1.3, the gas is ignited in the 
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lower left-hand corner and propagates radially outwards. The flame encounters a different 

obstacle configuration horizontally and vertically (in what will be referred to as the in-line 

obstacle geometry) versus the diagonal direction, (in what will be referred to as the staggered 

geometry). Despite the different obstacle geometry, the basic flame acceleration processes 

described for fence-type obstacles also hold true for cylindrical obstacles. However, unlike, the 

fence-type obstacle geometry, very few studies have focused on this geometry and thus little is 

known about the flame propagation mechanism. 

  A study completed by Chao et al. set out to compare flame acceleration through 

staggered cylinder-obstacle geometry in a square channel with results obtained in a round tube 

with orifice plates with a similar BR [7]. In this study, the two staggered cylindrical obstacle 

arrays in the square channel had a BR = 0.41 and BR = 0. 19 while the tests in the round tube had 

a BR = 0.43. The fuels used in these tests included hydrogen, propane, methane and ethylene 

combined with air. Combustion front velocity was obtained based on time-of-arrival data from 

ionization probes, visualization was not used. Figure 1.24 shows the quasi-steady flame velocity 

results for the hydrogen-air mixtures over a range of hydrogen concentrations. 
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Figure 1.24: Variation of velocity with % hydrogen in hydrogen-air [7]. 

When the results obtained in the square channel were analyzed two outcomes were drawn. First, 

for the cylinder obstacles the hydrogen-air results showed very similar propagation regimes as  

observed in the round tube with orifice plates with BR = 0.43. For example, for the cylinder 

obstacles there were three propagation regimes observed; the slow turbulent flame, fast turbulent 

flame and quasi-detonation regimes. Second, it was found that the lean and rich detonation 

propagation composition limits corresponded to the condition where the channel height was equal 

to the detonation cell size. 

 Another study completed by Ogawa et al. [6] aimed to model flame propagation in both 

staggered and in-line geometries using 2D Navier-Stokes equations.  The reaction model used is 

based on single-step Arrhenius kinetics: 

  
  ⁄         
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Where ρ is the mixture density, Y is the mass fraction rate of the unburned material, Af is the pre-

exponential constant, Ea is the activation energy, R is the gas constant and T is the temperature. 
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Figure 1.25 shows the calculated temperature distribution (where blue is unburned gas and red is 

burned gas) for the two geometries at the same time in the calculation. 

 

Figure 1.25: Accelerating flame in in-line (top) and staggered (bottom) geometries [6]. 

In the simulation, the flame propagation is dominated by the entrainment of the flame into the 

recirculation zones behind each cylinder similar to that observed in fence-type obstacles. Since 

the flame front is more advanced in the in-line geometry, one can conclude the model predicts 

higher flame acceleration in the in-line geometry than in the staggered geometry. In the in-line 

configuration, it was postulated that the faster propagation was caused by the flame being able to 

propagate through unobstructed paths, similar to the fence-type obstacles. 

1.2.4.2 Objectives of Thesis 

The main goal of this thesis is to further the understanding of the combustion wave 

propagation in staggered and in-line cylindrical obstacle geometries. High-speed schlieren 

photography is used to capture images of flame acceleration and detonation propagation in 

methane-air, propane-air and hydrogen-air mixtures. The video-based velocity data are used to 

identify the quasi-steady flame propagation regimes and transition to detonation limits. The high-

resolution video images are used to analyze the flame and detonation wave structure.  
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Chapter 2 

Experiment 

2.1 Overview 

In this study, the processes of early and late stage flame acceleration were investigated in 

both narrow and wide combustion channels. The obstacle geometries utilized consisted of either 

surface-mounted fence-type obstacles or side-wall-mounted cross-flow cylindrical obstacles. The 

obstacles, in both cases, started at the flange near ignition and ran half of the channel’s length. 

The empty second half of the channel is used as a buffer to prevent reflected pressure waves from 

affecting the propagation of the flame. Using existing components, a control system was created 

in conjunction with data acquisition to perform the experiments. Through high-speed schlieren 

photography and pressure-time data at different locations along the channel, detailed information 

about flame acceleration was obtained.  

2.2 Combustion Channel 

The narrow channel (Section 2.2.1) and the wide channel (Section 2.2.2) both consisted 

of optical and non-optical modular units fabricated out of 6061-T6 aluminum material. They also 

contain one optical module for schlieren visualization and multiple non-optical modules used to 

either increase flame run-up distance or provide a buffer from the endwall. 

2.2.1 Narrow Channel 

The narrow channel, which was designed for this thesis, is a 2.54cm x 7.62cm x 1.83m 

long apparatus that contains one optical module and two non-optical modules. Details concerning 

the design of this combustion apparatus are provided in Appendix A. Figure 2.1 shows the narrow 
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channel experimental apparatus with optical module at the ignition end. In the optical module, 

there are two 25.4mm-thick acrylic panels integrated into the channel’s sides for flame 

visualization using a z-schlieren photography system (Section 2.3). Following the optical module 

are two non-optical modules each with a removable side (see middle module in Figure 2.1) for 

access to the obstacle arrays.  

 

Figure 2.1: Narrow channel experimental apparatus. 

Figure 2.2 shows a more detailed schematic of the optical section, along with the two 

different ignition positions. The dimensions of the acrylic panels used for the windows are 

13.97cm x 46.4cm. A metal side plate with a rectangular cutout is placed over the window, as 

seen in Figure 2.1, which provides a field-of-view of 7.6cm x 43.5cm. The two different axial 

ignition locations, e.g., Ignition A and Ignition B in Figure 2.2, are henceforth referred to as end 

plate ignition and advanced ignition. Advanced ignition is used to study early stage flame 

acceleration near the igniter while end plate ignition is used to study late stage, quasi-steady 

propagation. For advanced ignition, for which the channel configuration is shown in Figure 2.2, a 

metal block is placed at the end of the channel so the spark plug can be seen in the field of view. 
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The block extends 2.85cm past the edge of the window, reducing the total field of view by this 

amount. 

 

Figure 2.2: Schematic of the narrow channel optical module. For Ignition B, the first two 

obstacles are removed and a plug is inserted reaching up to the dashed line. 

The tests in the narrow channel were run using four different fuel-air mixtures and three 

different test pressures depending on the obstacle geometry. The test mixtures tested for the 

fence-type obstacles are stoichiometric methane-air at an initial pressure of 47kPa and 

stoichiometric methane-oxygen at 20kPa. For the cylindrical obstacle geometries methane-air, 

propane-air and hydrogen-air mixtures of varying equivalence ratios are tested at 101.3kPa. Once 

loaded into the channel, the mixtures were ignited using a capacitive discharge of approximately 

250mJ of energy through an automotive spark plug. 

2.2.2 Wide Channel 

The wide channel, which was designed in a past thesis [5], is 7.6cm x 7.6cm in cross-

section and 2.44m long that contains one optical module and three non-optical modules. 

Figure 2.3 shows the wide channel experimental apparatus fence-type obstacles installed 

on the top and bottom surfaces. In this optical module, there are two 19mm-thick glass panels 
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used for flame visualization. The choice to change from glass to acrylic used in the current 

narrow channel experimental apparatus was made for cost and durability reasons. Another 

difference between the two optical sections are the instrumentation ports present on the wide 

channel but not on the narrow channel. 

 

Figure 2.3: Wide channel experimental apparatus [5]. 

 Figure 2.4 shows a more detailed schematic of the optical section. While the dimensions 

of the windows are the same, the flame visualization length is slightly longer 7.6cm x 44.5cm, 

due to a difference in the design of the metal side plates.  
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Figure 2.4: Schematic of optical module showing instrument port locations. For Ignition B, 

the first two obstacles are removed and a plug is inserted reaching up to the dashed line. 

The tests in the wide channel were run using two different fuel-air mixtures and test 

pressures as only the fence-type obstacles were tested. The same mixing, transfer and ignition 

processes were also used. 

2.2.3 Obstacle Geometries 

Two different types of obstacles were used in the experiments. In early tests, fence-type 

obstacles (Section 2.2.3.1) were used in the narrow and wide channels to determine the effect of 

channel width on flame acceleration. Three cylindrical obstacle geometries (Section 2.2.3.2) were 

used in the narrow channel to gather information on early stage flame acceleration and later stage 

quasi-steady propagation.  

2.2.3.1 Fence-type Obstacles 

Initial tests promoted flame acceleration using an array of top and bottom surface-

mounted obstacles that were equally distributed along the first half of the channel’s length. Figure 

2.5 shows a basic schematic of a combustion channel with these fence-type obstacles installed. In 
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this geometry, the obstacles span the entire width of the channel, which produces a two-

dimensional geometry. 

 

Figure 2.5: Schematic of combustion channel containing obstacles equally-spaced 

horizontally with a constant blockage ratio (BR) fabricated with 6061-T6 aluminum. 

For present tests, the obstacles were 1.3cm thick with a height of 1.91cm at a spacing of 7.6cm. 

This created a blockage ratio of 0.5, which is related to the gap between the obstacles, h, and the 

channel height, H, through the relationship: 

      
 

 
 2.1 

2.2.3.2 Cylindrical Obstacles 

Later tests promoted flame acceleration using three different cylindrical obstacle setups 

with different geometries and blockage ratios, in all cases the cylinders were 12.7mm in diameter 

aluminium rods. The three setups included two staggered geometries with BR = 0.67 and 0.5 as 

well as an inline geometry with BR = 0.5, shown schematically in Figure 2.6. The obstacles were 

held in place by insertion into 12.7mm blind holes machined into opposing windows. A 

photograph of the optical module with the cylinder obstacles is provided in Figure 2.7. 
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Figure 2.6: Schematic of the 12.7mm diameter cylinder patterns used in the tests: Staggered 

67% BR (top), Staggered 50% BR (middle) and Inline 50% BR (bottom). 

 

Figure 2.7: Narrow channel with cylindrical obstacles in an Inline 50% BR geometry. 
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 For experiments looking at the later stage of flame propagation the optical module was 

placed in second channel position. For these tests the igniter was mounted on the end plate. 

2.2.4 Mixing Chamber and Control Panel 

The fuel-air mixtures used in the tests were created in a separate mixing chamber, via the 

method of partial pressures, which was regulated by a control panel. The mixing chamber is 

equipped with an impeller that is driven by multi-speed drill. After fifteen minutes of mixing and 

thirty minutes of evacuating the combustion channel, the mixture was loaded into the apparatus to 

the test initial pressure. 

The control panel used to regulate the fuel bottles, mixing chamber and combustion 

channel is shown in Figure 2.8. The control panel was constructed using 6.27mm and 12.7mm 

stainless steel tubing with Swagelok valves and fittings. Valve 1 is a 12.7mm ball valve that was 

used to control house air (from a building compressor) which was used to purge the tube of 

combustion products between tests. Valves 2 and 3 are 6.27mm needle valves that were used to 

precisely control the flow of fuel and air, respectively, into the mixing chamber. Valves 4 through 

7 and 9 are all 12.7mm ball valves that are used to allow or block flow from certain components 

of the combustion channel. Valve 4 controlled access to the mixing chamber from the panel. 

Valve 5 and 7 controlled access to the combustion channel from the panel. Valve 6 opened the 

vacuum to evacuate the channel. Valve 9 opened the exhaust to permit purging of the combustion 

products. Valve 8 is a 6.27mm ball valve used to protect the pressure gauge during testing. The 

two pressure gauges have ranges of 0 to 680kPa (100psi) absolute. A detailed operating 

procedure is given in Section 2.4. 
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Figure 2.8: Schematic of combustion channel control panel. 

2.3 High Speed Schlieren Photography 

A z-schlieren photography setup, which is shown in Figure 2.9, was used to obtain 

qualitative and quantitative information regarding the flame structure and acceleration process. 

Schlieren photographs are used to visualize structures that cause density gradients (i.e. flames and 

shock waves) to form in homogenous media. The purpose of the parabolic mirrors and focusing 

lens is to collimate the light coming off the two flat mirrors that reflect the light through the 

optical module section of the combustion apparatus. 
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Figure 2.9: Z-schlieren photography system setup. 

The length of each schlieren image is restricted to the diameter of the parabolic mirrors. i.e., 

25.4cm, and as a result, two tests are required to cover the full length of the window. Figure 2.10 

shows a typical video image in the first half of the optical module. 
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Figure 2.10: Schlieren image of a flame propagating through a fence-obstacle array in the 

2.54cm wide channel, methane-Air, BR = 0.5, P = 47kPa 

The density gradients associated with the flame front are clearly observed in the schlieren image. 

As shown in Figure 2.9 a knife edge is located at the light beam focal point ahead of the camera. 

The purpose of the knife edge is to cut off any light that is refracted as it passes through the flame 

that represents a finite thickness density interface between unburned and burned gas, before it is 

focused into the camera. 

The camera used to shoot these images is a Photron S-5, which is nominally operated at 

30,000 frames per second and 2µs shutter time when the fence-type obstacles are installed and 

70,000 frames per second and 1µs shutter time when the cylindrical obstacles are installed. 

Consecutive schlieren images are used to determine the velocity of the flame front. 

2.3.1 Image Processing 

Flame position data obtained from the videos were processed using Microsoft Excel™ 

and InfranView™ in order to determine the acceleration of the flame front. Since the camera 

frame rate and resolution were known and the pixel position information was found in 
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InfranView™, the following equations could be used to calculate the flame’s downstream 

location and velocity: 

         
 

 
 2.2 

           2.3 

where xff is the flame’s downstream location, xw is the window edge location, ε is the 

number of pixels for the start of the field of view, α is the pixel density, vff is the flame’s 

velocity and f is the camera’s frame rate. 

2.4 Operating Procedure 

The testing operating procedure for both combustion channels can be divided into six 

important tasks, namely initializing the system, evacuating the mixing chamber and combustion 

channel, creating the fuel mixture, filling the channel, firing the mixture and purging the system. 

 The first task when running a test is to initialize the system. This process involves 

opening the gas bottles, turning on the ignition and camera systems and opening the computer 

control programs. The two computer programs used during a test are the Photron FASTCAM 

Viewer™ and LabVIEW™ programs, which control the camera and pressure capturing, 

respectively. When the Photron FASTCAM Viewer™ program is opened, it is important to first 

ensure proper camera and mirror alignment before setting the resolution, frame rate and shutter 

speed. In LabVIEW™, it is important to verify the data file write function is activated and the file 

save name is correct. 

 The second task is evacuating the mixing chamber and combustion channel. When 

evacuating the mixing chamber, the vacuum pump is turned on and Valves 6 and 4 are opened. It 

takes approximately five minutes for the chamber to reach a vacuum. After the mixing chamber is 
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vacuumed, Valves 6 and 9 is closed and Valves 5, 7 and 8 are opened to start the combustion 

channel evacuation. Once the channel is at a vacuum and both should be ready for use. 

The third task is creating the fuel mixture. In order to do this, Valve 2 is opened to allow 

fuel in until the desired pressure is reached. Then, Valve 3 is opened until the correct partial 

pressure of oxidizer is reached. Once both fuel and oxidizer are in the chamber, Valve 4 is closed 

and the drill started to stir the mixture for twenty minutes. 

 The fourth task is to introduce the test mixture into the combustion channel. This is 

complete by first opening Valves 4, 5, 7 and 8 until the desired pressure is reached in the channel. 

Once reached these valves are closed so the test can be safely run. 

 The fifth task is executing a test. First, all personal protective equipment should be put 

on. Then, the camera trigger in the Photron FASTCAM Viewer is primed before the LabVIEW 

program is started and “fired” to ignite the mixture. Once the test is run, the video and pressure 

data are saved. 

The final task is purging the mixing chamber and combustion channel. In order to do this, 

Valves 9, 7, 5, 4 and 1 are opened. This will flow house air through the system diluting any left-

over fuel-air mixture and preventing an auto-ignition from occurring. Once vented for 5 minutes, 

Valve 1 is closed and Valve 6 opened to evacuate the entire system. 
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Chapter 3 

Results and Discussion 

3.1 Overview 

The focus of this thesis is the effect of obstacle geometry and blockage ratio on flame 

acceleration and the final steady flame propagation in mixtures of methane-air, propane-air and 

hydrogen-air mixtures. In the main series of experiments, flame acceleration was promoted by 

side-wall-mounted cross-flow cylindrical obstacles in staggered and inline geometries with BR = 

0.5 and 0.67. These experiments were carried out in the 2.54cm wide “narrow” channel.  

A preliminary study looking at the influence of channel width on flame acceleration was 

carried out in a more traditional, less complex geometry consisting of top and bottom wall-

mounted fence-type obstacles. Experiments were carried out in a 7.6cm square “wide” channel 

with 0.5 BR obstacles. These results were compared with flame acceleration data obtained in a 

2.54cm narrow channel with the same fence-type obstacles.  

3.2 Fence-Type Obstacle Experiments 

The fence-type obstacles were installed in both the narrow and wide channels. Methane-

air mixtures were initially used to compare with previous results obtained in the same channel 

geometry [5]. More reactive methane-oxygen mixtures were used in the narrow channel to 

understand how a combustion wave propagates in the quasi-detonation regime. The methane-air 

mixtures were run at an initial pressure of 47kPa, while the methane-oxygen mixtures were run at 

20kPa. The narrow channel tests were recorded with a camera speed of 30,000fps and the wide 
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channel tests were shot at 28,000fps. All mixtures were stoichiometric and advanced ignition is 

used exclusively. 

3.2.1 Methane-Air Mixtures 

The flame structures that develop in the methane-air mixtures in the narrow and wide 

channels will be discussed separately before they are compared in Section 3.2.1.3.  

3.2.1.1 Narrow Channel 

Figure 3.1 shows a montage of video illustrating the flame propagation in the first 

module. The montage consists of videos captured in the first and second half (spliced roughly in 

the center) of the channel captured at the same mixture condition. At 7.20ms, shortly after 

ignition, a cylindrical laminar flame develops in the channel. The expansion of the product gas 

induces a flow in the unburned gas that is not observed in the schlieren video. As the flame 

approaches the channel top and bottom surfaces at 11.20ms, the top and bottom parts of the flame 

decelerate, resulting in axial flame elongation. This elongation is accentuated by the contracting 

unburned gas flow ahead of the first obstacle. As it passes through the first obstacle at 13.07ms, 

the flame accelerates while retaining its smooth surface, which indicates laminar conditions are 

still present. After passing through the first obstacle, the flame tip decelerates due to the 

expanding flow and is entrained into the recirculation zone between the first and second obstacles 

as seen at 15.73ms. This recirculation zone causes the flame’s surface to become slightly 

perturbed due to flame instabilities and some mild turbulence. In passing the remaining obstacles, 

the flame re-accelerates causing a strong turbulent shear layer to develop downstream of the 

fence-obstacle inner-edge that wrinkles the flame’s lateral surface. As this process repeats itself, 

the flame tip accelerates to higher velocities, with delayed turbulent propagation into the 
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recirculation zones. At 18.66ms, a crease becomes noticeable down the centerline of the flame 

(see arrow in the 20.27ms image), which is believed to be caused by the flame interacting with 

the side-wall boundary layer. 

Figure 3.2 shows a montage of video shot in the second module. When the flame enters 

the field of view at 20.03ms, it is found that the crease present in the flame front from the first 

module has caused the flame tip to invert creating a “fork”-shaped flame front. This inversion is 

due to a combination of the flame interaction with the side-wall boundary layer as well as 

enhanced burning in the turbulent shear layers coming off the obstacle tips. At 20.27ms, the flame 

propagates at a very high velocity in the core flow, completely bypassing entrainment into the 

recirculation zones. However, at 20.47ms, as the flame approaches the tenth obstacle, delayed 

flame entrainment into the recirculation zone between the eighth and ninth obstacles is observed. 

In the remaining images, the flame continues to propagate deeper into the recirculation zone, 

which promotes a higher mixture volumetric burning rate. 
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Figure 3.1: Flame propagation in stoichiometric methane-air in first module with 0.5BR 

fence-type obstacles (arrow shows flame crease). Time is shown in ms. 
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Figure 3.2: Flame propagation in stoichiometric methane-air in the second module with 

0.5BR fence-type obstacle geometry. Time is shown in ms. 
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Figure 3.3 shows the flame tip velocity down the length of the channel for a typical test 

with stoichiometric methane-air mixture in the narrow channel. The graph is constructed from the 

four tests shown in Figure 3.1 and Figure 3.2.The squares shown on the x-axis represent the 

position of the obstacles. The flame velocity is found to oscillate as it accelerates due to the 

unburned gas interaction with the obstacles in the channel [25]. The magnitude of the oscillations 

grows as the flame interacts with more obstacles. The local acceleration of the flame is caused by 

the contracting flow through the obstacles and the local deceleration is caused by the sudden 

expansion of the unburned gas flow after the obstacles. The final flame velocity at the end of the 

first and second modules was roughly 100m/s and 400m/s, respectively.  

 

Figure 3.3: Flame velocity along the centerline of narrow channel for stoichiometric 

methane-air with axial obstacle location shown on x-axis. 
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3.2.1.2 Wide Channel 

Flame acceleration experiments with stoichiometric methane-air were also carried out in 

the wide channel (7.6cm wide). Figure 3.4 and Figure 3.5 show a montage of two videos shot in 

the first module and second module, respectively. 

The early flame acceleration in the first module of the wide channel is very similar to that 

observed in the narrow channel, see Figure 3.1. However, as the flame propagates down the 

channel, two differences in flame structure become apparent. The first is that it takes longer for 

the flame in the wider channel to spread into the recirculation zones between obstacles. The 

second is that no crease develops at the flame tip, which indicates that the side-wall boundary 

layer plays a much less important role in wider channel than in the narrow channel. 

 Since there is no flame crease present in the first module of the wide channel, there are 

several differences seen between the two channels in terms of propagation in the second module. 

The first is that, in the wider channel, the flame tip has a parabolic shape as opposed to the “fork” 

shape seen in the narrow channel. As a result, the flame tip remains largely laminar, however, the 

top and bottom flame surface become highly perturbed as it propagates through the shear layer 

coming off the obstacles tips. At the end of the second module, see Figure 3.5, flame tip 

flattening is observed, which occurs due to flame tip interaction with weak compression waves 

that come off the obstacles ahead.  
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Figure 3.4: Wide channel flame propagation in stoichiometric methane-air in the first 

module with 0.5BR fence-type obstacles. Time is shown in ms. 
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Figure 3.5: Wide channel flame propagation in stoichiometric methane-air in the second 

module with 0.5BR fence-type obstacles. Time is shown in ms. 



 

56 

 

Figure 3.6 shows the flame tip velocity versus distance for a stoichiometric methane-air 

mixture in the wide channel. The same oscillations that occur in the narrow channel due to the 

presence of the obstacles also occur in the wide channel. The final flame tip velocities at the end 

of the first and second modules were 90m/s and 500m/s, respectively. 

 

Figure 3.6: Flame velocity along the centerline of wide channel for stoichiometric methane-

air with axial obstacle location shown on x-axis. 
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3.2.1.3 Comparison of Flame Acceleration in Narrow and Wide Channel 

The flame tip velocity measured in the narrow and wide channels are plotted together in 

Figure 3.9. Shown inset is a zoomed in view of the flame acceleration data through the first three 

obstacles. This early data shows that the flame accelerates slightly faster in the narrow channel. In 

the later stage, for flame tip velocities above 300 m/s where compressibility effects become more 

important, there seems to be some deviation in the velocity data with higher velocities in the wide 

channel, but overall the trend in the velocity data is very similar.  

 

Figure 3.7: Flame velocity along the centerline for stoichiometric methane-air with axial 

obstacle location shown on x-axis. 

In order to get a different visual perspective on the flame shape the obstacles were 

mounted on the windows sides. Images captured in this “top-view” in the first channel are shown 

in Figure 3.8a. Note the images are a montage of two tests, and can be compared to the side view 
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images shown in Figure 3.1. The flame quickly becomes elongated in the first image, in contrast 

to the flame shape at a similar time in the wide channel observed in Figure 3.4, due to the higher 

degree of lateral confinement. This explains the faster flame propagation in the narrow channel 

through the first two obstacles as observed in Figure 3.7. Small-scale turbulent structures form in 

the flame just downstream of obstacle 1 at 16.0ms. This corresponds to the area where the flame 

is entrained in the vortex downstream of the obstacle, see Figure 3.1. The turbulent structure 

appears slight further downstream after obstacle 2, at 19.2ms, as the flame tip velocity is greater 

and thus entrainment is delayed. As observed in 19.8 and 20.3ms the turbulent flame then burns 

back in the recirculation zone. In the image at 20.3ms the burning in the recirculation zone 

between obstacles 3 and 4 is characterized by very fine turbulent structures, but the flame tip 

remains laminar. The flame tip is highly curved compared to the relatively flat flame tip observed 

in the wide channel top-views reported by Johansen and Ciccarelli [53]. Since the crease on the 

side of the flame does not appear in the wide channel, this suggests that the crease is related to the 

interaction of the highly curved flame and the side-wall boundary layer.  

The major difference between the flame development in the narrow and wide channels 

was the crease that develops on the side of the flame and eventually leading to a forked flame tip 

in the side-view. In Figure 3.1 the crease develops after the 3
rd

 obstacle, which coincides with the 

double flame tip edge highlighted between obstacles 3 and 4 in Figure 3.8a by arrow. In the 

second channel side view images shown in Figure 3.2 the crease persists and the turbulent fork 

flame tip develops. There is no strong evidence for the fork flame tip in the top-view images 

shown in Figure 3.8b, however the crease is evident. 
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a) 

 

 

 

 
b) 

Figure 3.8: Top view of flame propagation in stoichiometric methane-air through BR = 0.5 

obstacles in the narrow channel a) first channel, b) second channel. Time is shown in ms. 
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3.2.2 Methane-Oxygen Mixtures 

In the methane-air tests the channel was too short to observe transition to detonation. Therefore 

experiments with a more reactive methane oxygen mixture were performed at 20 kPa. The flame 

structures that develop in the methane-oxygen mixtures in the narrow channel and the wide 

channel will be discussed separately before the two are compared Section 3.2.2.3. 

3.2.2.1 Narrow Channel 

Figure 3.9 shows a montage of two videos shot in the first module. At 0.60ms after 

ignition, a cylindrical flame forms, just as in the methane-air mixtures. However, as the flame 

propagates down the channel, the higher laminar burning rate of the mixture results in faster 

overall flame propagation. After the flame reaches the first obstacle at 0.97ms, a well-defined 

flame roll-up occurs in the vortex. By the third obstacle at 1.33ms, the flame achieves a velocity 

in excess of 500m/s while remaining largely laminar. A strong lead shock wave becomes visible 

at 1.40ms, which corresponds to the start of large oscillations in the flame velocity discussed 

below. The bright light that appears at various locations in the channel is caused by thermal 

luminescence of the products. This luminescence is observed in areas of high temperature caused 

by the reflection of a rearward propagating shock wave off an obstacle. 
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Figure 3.9: Flame propagation in stoichiometric methane-oxygen in the first module narrow 

channel with 0.5BR fence-type obstacle. Time is shown in ms. 
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Figure 3.10 shows a montage of two videos shot in the second module. In the second 

module at 1.80ms, a strong shock precedes the chemical reaction that is characterized by the 

intense light emission. The collision of reflected shock waves, coming off of the first pair of 

obstacles 8 and 9, at the center of the channel leads to the transition to detonation (see arrow) at 

1.81ms. The detonation is identified based on the very high velocity and the close proximity of 

the shock wave and the reaction zone. The chemical reaction is initiated by the lead shock wave, 

unlike in a flame where propagation is due to diffusive transport. The detonation wave fails as it 

diffracts past the 9th obstacle producing a shock wave and decoupled reaction zone, i.e., a 

turbulent flame, at 1.86ms. It is clear from the images taken at 2.04ms and 2.09ms that not all 

collisions of reflected waves off the obstacles, such as that observed at obstacle pair 11 result in 

detonation waves. 
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Figure 3.10: Flame propagation in stoichiometric methane-oxygen in the second module 

narrow channel with 0.5BR fence-type obstacle. Time is shown in ms. 
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Figure 3.11 shows the velocity of the combustion front down the channel for a 

stoichiometric methane-oxygen mixture in the narrow channel. The same oscillations that occur 

in the methane-air mixtures due to the obstacles also occur in this mixture. A noticeable 

difference from the methane-air mixtures are the larger velocity oscillations caused by the 

formation of shock waves. The average final velocities calculated in the first and second modules 

were 1000m/s and 1500m/s, respectively. Note the Chapman Jouguet detonation velocity for 

stoichiometric methane-oxygen is 2361m/s. As can be seen in the plot, the velocity achieved just 

after obstacle 8 approaches the detonation velocity. The detonation then fails as the velocity drops 

to a value below 1000 m/s, typical of the fast flame regime. The subsequent peaks in velocity do 

not approach as closely the detonation velocity. Thus one can conclude that the subsequent peaks 

are associated with local acceleration of the explosion front but detonation initiation did not occur 

beyond obstacle 8. 
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Figure 3.11: Flame velocity along the centerline of narrow channel for stoichiometric 

methane-oxygen with axial obstacle location shown on x-axis. 

  



 

66 

 

3.2.2.2 Wide Channel 

Figure 3.12 shows a montage of two videos shot in the first module at the same condition, while 

Figure 3.13 shows the same for the second module. The early flame acceleration in the wide 

channel is only slightly slower than that seen in the narrow channel but the flame structure is very 

similar. The illumination of the combustion products again begins around obstacle 3 at the same 

time that shock waves form ahead of the flame. Compressibility effects also start at the 4th 

obstacle where the lead shock reflects off of the obstacle and interacts with the flame front. 

In the second module, the transition to detonation occurs at the centerline of the channel 

between the obstacles 9 and 10 as reflected shock waves coming off the obstacles collide. This 

detonation fails past the tenth obstacle and then reinitiates between obstacles 11 and 12, fails 

again and then reinitiates again between obstacles 12 and 13. This detonation initiation and 

failure cycle is typical of a quasi-detonation propagation regime. 
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Figure 3.12: Flame propagation in stoichiometric methane-oxygen in the first module wide 

channel with 0.5BR fence-type obstacles. Time is shown in ms. 
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Figure 3.13: Flame propagation in stoichiometric methane-oxygen in the second module 

wide channel with 0.5BR fence-type obstacle. Time is shown in ms. 
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Figure 3.14 shows the flame tip velocity down the length of the channel for a 

stoichiometric methane-oxygen mixture in the wide channel. The same oscillations that occur in 

the narrow channel due to the obstacles also occur in the wider channel. A noticeable difference 

from the narrow channel is the sustained larger velocity oscillations associated with detonation 

failure and re-initiation. The two detonation initiation events are evident by the large velocity 

excursions. 

 

Figure 3.14: Flame velocity along the centerline of wide channel for stoichiometric methane-

oxygen with axial obstacle location shown on x-axis. 
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3.2.2.3 Comparison of Flame Acceleration in Narrow and Wide Channel 

The major difference between the flame development in the narrow and wide channels is 

the sustainability of the detonations in both channels. Figure 3.15 shows the two velocity plots 

for the methane-oxygen mixtures superimposed on the same graph. In the narrow channel, 

detonation initiation only occurs once at the beginning of the second module. This is evidenced 

by the initial spike in velocity up to ~2000m/s. Conversely, the second module velocity curve for 

the wide channel shows multiple 2000m/s velocities, congruent with sustained detonation. 

Figure 3.15 also shows that early stage acceleration through this obstacle geometry 

occurs slightly faster in the narrow channel and produces larger velocity oscillations.  

 

Figure 3.15: Flame velocity along the centerline for stoichiometric methane-oxygen 

with axial obstacle location shown on x-axis. 
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3.3 Cylindrical Obstacles 

The cylindrical obstacles were installed in the narrow channel to study the effect of 

obstacle geometry and blockage ratio on early and late stage flame acceleration for methane-air, 

propane-air and hydrogen-air mixtures. All mixtures were run at an initial pressure of 101.3kPa 

and a camera frame rate of 70,000 frames per second. Stoichiometric mixtures were used in all 

the presented video montages. The ignition position varied depending on the tests and will be 

specified individually. 

3.3.1 12.7mm Spacing Staggered Obstacles 

Figure 3.16 shows a montage of video for flame propagation in a hydrogen-air mixture in 

the first module with advanced ignition. The BR of the cylindrical obstacle geometry is 0.5. After 

ignition, the laminar flame propagates symmetrically around both sides of the cylinder located 

immediately next to the spark. The flame reaches the second row of cylinders at 1.26ms 

completely engulfing the centerline cylinder. After 2.00ms, the laminar flame propagates past the 

centerline cylinder in the third row and is entrained into the recirculation zone that forms 

downstream of the cylinder. In the image taken at 2.29ms, large-scale “flame folding” is observed 

with turbulent burning in the channel away from the top and bottom walls extending back to the 

third row of cylinders. The turbulent burning occurs in the extended region in the wake of the two 

cylinders in the fourth row. In the next image at 2.43ms, the leading edge of the flame approaches 

the eighth row of cylinders and the flame appears to be roughly planar with indentations 

downstream of the cylinders in row seven. The bulk of the burning is now concentrated in a flame 

brush that is characterized by fine-scale perturbations associated with the turbulent shear layers 

coming off the sides of each cylinder. Fine-scale turbulent burning also extends back one row of 
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cylinders. In the image taken at 2.50ms, the flame front reaches row nine and discrete vortices 

(see arrows) become visible, shedding from the top and bottom sides of the cylinders. These 

vortices, not observed in the earlier images, appear in the schlieren images because of 

compressibility effects that become important as the flame velocity surpasses the speed of sound 

of the unburned mixture. At 2.61ms, three sets of cylindrical shocks interact with each other in 

the two gaps between the three cylinders in row thirteen. These shock interactions result in the 

formation of four shock waves that leave row thirteen at 2.63ms and start the next cycle. The 

flame also sweeps around the two central cylinders in row twelve at 2.61ms forming a crevice in 

the flame front between these cylinders in this row. The three cylindrical shock waves observed 

in the 2.61ms image reflect off the cylinders in row thirteen and the reflected shock waves 

interact with the advancing flame. This interaction causes the flame to locally decelerate resulting 

in a relatively planar global flame front in the image taken at 2.63ms. The reflected shock waves 

generated at cylinder row thirteen, not directly observed in the previous images, become clearly 

defined at cylinder row twelve as the shock thermally excites the products. A similar rearward 

propagating set of shock waves can be seen around cylinder row eleven in the image taken at 

2.61ms. This process is repeated after each cylinder row, producing a train of shock waves. The 

subsequent reflections of these rearward propagating shocks produce multiple shock waves that 

propagate in both directions behind the flame brush. These shock waves (direction shown by 

arrows) are clearly evident in the last image taken at 2.65ms. These shock waves play no role in 

the propagation of the flame front that only extends across roughly one cylinder.  
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Figure 3.16: Flame propagation in stoichiometric hydrogen-air in the first module with 

12.7mm staggered cylinder geometry. Time is shown in ms. 

Figure 3.17 shows a video montage of flame propagation in a hydrogen-air mixture in the 

second module with end plate ignition. The flame advances as a supersonic combustion wave 

consisting of three curved shock waves emerging from the initial obstacle row immediately 

followed by a reaction zone. This supersonic combustion wave will be referred to as a detonation 

wave since it propagates at a velocity close to the CJ detonation velocity. The three waves 

passing the initial obstacle row then interact with the next row of cylinders which essentially 

block their propagation paths. In this geometry, the detonation wave passes through vertically-
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adjacent cylinders and then diffracts forming a cylindrical front that reflects off the “blocking” 

cylinder. This process repeats itself at each row of cylinders. 

 

Figure 3.17: Flame propagation in stoichiometric hydrogen-air in the second module with 

12.7mm staggered cylinder geometry. Time is shown in ms. 

  

Figure 3.18 illustrates the pressure time history corresponding to the detonation propagation 

observed in Figure 3.17. The pressure was recorded in the second module for a test with 

stoichiometric hydrogen-air. The pressure transient is characterized by a rapid rise in pressure 

corresponding to the lead shock wave followed by many pressure oscillations associated with the 
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multiple shock reflections that occur behind the detonation front, as seen in Figure 3.17. The peak 

overpressure is very close to the theoretical CJ detonation pressure of 16 bar. 

 

Figure 3.18: Pressure trace of stoichiometric hydrogen-air mixture in the second module of 

the narrow channel in a staggered geometry with BR = 0.5. 

Figure 3.19 illustrates the combustion front velocity inferred from the high-speed video 

for a typical hydrogen-air mixture test in the 0.5BR staggered geometry. The first appearance of 

compression waves ahead of the flame in Figure 3.16 corresponds to the start of the large 

oscillations in the flame velocity in Figure 3.19. The combustion front velocity in the second 

module also oscillates at a period matching the cylinder spacing seen in the second half of the 

plot in Figure 3.19. The average final velocity in the second module is about 1750 m/s, which 
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falls just below the theoretical CJ detonation velocity at 1970m/s. However the peaks are very 

close to the CJ detonation velocity. 

 

Figure 3.19: Flame velocity along the leading edge for stoichiometric hydrogen-air with 

axial cylinder location shown on x-axis. 

A soot foil was placed on the inside of one of the windows in order to determine if the 

supersonic combustion wave observed in Figure 3.17 is a detonation wave. Recall a detonation 

wave inscribes a fish-scale pattern with a characteristic cell size onto a soot foil. The soot foil 

retrieved from the second module, after a stoichiometric hydrogen-air test, is shown in Figure 

3.20. Note, holes were drilled into the foil in order to accommodate the cylinders. The cell size 

for a stoichiometric hydrogen-air mixture is about 10mm, recall the cylinder diameter is 12.7mm. 

There is no diamond shape pattern of this size inscribed on the foil. There is a very fine scale 

pattern evident just after the two cylinders on the bottom. A zoomed in image, defined by the 
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dashed rectangle, clearly shows the fine cellular pattern. The very small cells are characteristic of 

an overdriven detonation wave. The disappearance of the cells indicates that the detonation wave 

is not sustained. Furthermore the overdriven detonation does not occur behind each cylinder. The 

area behind the cylinder is compressed to very high pressure and temperature since this is the 

location where the two diffraction shock waves that propagate around the cylinder collide. In 

order to better understand this phenomenon, more research, in both this combustion channel and 

larger channels, should be run to more fully understand the propagation mechanism involving this 

complex shock interaction in this mixture. 

 

Figure 3.20: Soot foil for stoichiometric hydrogen-air in the second half of the second 

module with 12.7mm staggered cylinder geometry. 
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3.3.2 6.27mm Spacing Staggered Obstacles 

The second staggered obstacle geometry tested had BR = 0.67. In this geometry, 

methane-air, propane-air and hydrogen-air mixtures were tested. Qualitatively, the flame structure 

and flame acceleration are similar for all three mixtures. In order not to be repetitive, the 

methane-air and propane-air test results can be found in Appendix B. 

Figure 3.21 shows a montage of video shot of the hydrogen-air mixture in the first half 

of the first module with advanced ignition. The combustion front in this case initially develops 

similarly to that described above for the lower blockage staggered pattern. However, the main 

flame acceleration is significantly enhanced in the more congested geometry, e.g. the shock 

waves form in the first half of the optical module. Interestingly, the shocks form near the ninth 

cylinder row, similar to that observed in the lower blockage staggered geometry, see Figure 3.16  
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Figure 3.21: Flame propagation in stoichiometric hydrogen-air in the first half of the first 

module with 6.27mm staggered cylinder geometry. Time is shown in ms. 

Figure 3.22 illustrates the velocity profile of the hydrogen-air mixture in the 0.67BR staggered 

geometry where the flame reaches a quasi-steady velocity of 700m/s. 
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Figure 3.22: Flame velocity along the leading edge for stoichiometric hydrogen-air with 

axial cylinder location shown on x-axis. 
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3.3.3 12.7mm Spacing Inline Obstacles 

Figure 3.23 shows a montage of video shot of flame propagation in the first module equipped 

with a 0.5BR inline cylinder obstacle geometry. The test is performed with a hydrogen-air 

mixture with advanced ignition. At 1.20ms, after ignition, the flame front propagates 

preferentially between the horizontal cylinder arrays forming two distinct laminar flame tips. The 

two flame segments propagate around the first cylinder. As the flame velocity increases the flame 

is entrained into the recirculation zone that forms in the gap between consecutive cylinders, seen 

in the image taken at 2.01ms. Although not observed in the image, the recirculation zone consists 

of opposite rotating vortices and is bounded by shear layers coming off the two sides of the 

cylinder. As the flame tip velocity increases through the unobstructed flow path, the shear layers 

become stronger and flame entrainment into the recirculation zone is delayed, see image taken at 

2.31ms. In the image taken at 2.43ms, the vortex train coming off the cylinder sides becomes 

visible as compression waves form ahead of the flame. As the compression waves coalesce into a 

shock wave, the shock diffraction around the cylinder is characterized by the formation of two 

vortices (see arrow) shedding off each cylinder, seen in the image at 2.43ms. In the final phase, as 

the shock passes between adjacent cylinders the flame tip follows and the reflected shocks 

illuminate the combustion products between the cylinders in row fifteen, seen in the image taken 

at 2.83ms. The flame propagation behaviour just described is identical to that observed in a 

square channel with fence-type obstacles mounted on the top and bottom of the channel walls. 
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Figure 3.23: Flame propagation in stoichiometric hydrogen-air in the first module with 

12.7mm in-line cylinder geometry. Time is shown in ms. 

 Figure 3.24 shows a montage of video shot of the hydrogen-air mixture in the second 

module with end plate ignition. In contrast to the staggered geometry, the flame advances into 

this module as a combination of fast flames and detonations. This front then has segments that 

fail and then re-initiate several cylinder rows downstream. For example, in Figure 3.24, a 

diffracting detonation wave segment is observed propagating through the top two cylinders (see 

arrow). As this segment of the detonation wave propagates past the ninth and tenth rows, it 

decelerates and decouples into a shock and reaction zone. By the eleventh row the detonation 

wave reforms. This process of failure and re-initiation is repeated across the next several cylinder 
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rows. The detonation front propagates with adjacent segments either failing or re-initiating. This 

produces an average front velocity that is lower for this geometry, see Figure 3.25, than the 

staggered geometry, see Figure 3.22. This has very important implications because there is a 

nonlinear coupling that is not captured in channel experiments with obstacles on the top and 

bottom surfaces. A quasi-detonation propagation regime is again found for this mixture. 

 

Figure 3.24: Flame propagation in stoichiometric hydrogen-air in the second module with 

12.7mm in-line cylinder geometry. Time is shown in ms. 

Figure 3.25 shows the velocity profile of the hydrogen-air mixture in the 0.5BR inline 

geometry that was recoded for a typical test. The first appearance of compression waves ahead of 

the flame again corresponds to the start of the large oscillations in the flame velocity in Figure 

3.25. Since the detonations in this geometry initiate, fail and then reinitiate, the oscillations in the 
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second module of this geometry are a lot larger than those in the staggered geometry. The average 

final velocity oscillated between the speed of sound in the combustion and the Chapman-Jouguet 

detonation velocity at 1500m/s. 

 

Figure 3.25: Flame velocity along the leading edge for stoichiometric hydrogen-air with 

axial cylinder location shown on x-axis. 
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3.3.4 Discussion 

A proper comparison of the flame propagation in all three cylindrical obstacle geometries 

is important to understand how obstacle geometry and blockage ratio affect flame acceleration. A 

distance versus time graph in Figure 3.26 will be used to understand early stage flame 

acceleration, while an average flame velocity versus hydrogen concentration in the mixture, 

shown in Figure 3.29, will be used to understand late stage flame propagation. 

 In order to compare the rate of flame acceleration in a stoichiometric hydrogen-air 

mixture in all three geometries the leading flame tip position for every video frame is plotted in 

Figure 3.26. The slope of the curve at any given point represents the instantaneous flame velocity. 

Note each curve is composed from two tests at the same condition, the merging of the two data 

sets occurs at 0.2 m where a small shift in the curve is observed. All three curves show the same 

slow initial acceleration, followed by a more rapid acceleration and then terminating at a steady 

flame propagation velocity. The distance where the flame starts to propagate at a constant 

velocity roughly corresponds to the axial location where shock waves form ahead of the flame. 

Taking the shift in the curve that occurs at 0.2 m into account, the flame acceleration in the 0.5 

BR staggered and inline cylinder geometry is virtually identical. This is interesting considering 

the very different flame behaviour observed in Figure 3.17 and Figure 3.24. This is also in 

contrast to the findings in the simulations performed by Ogawa et al. [6] that showed a difference 

in the acceleration rate for the two geometries. The highlight of Figure 3.26 is the significant 

difference in the rate of flame acceleration observed in the staggered 0.5 and 0.67 BR cylinder 

geometries. This is because, immediately following ignition, the flame in the 0.67BR staggered 

geometry accelerates faster in the higher blockage ratio geometry. This results in the flame 

reaching a steady average velocity more quickly. 
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Figure 3.26: Flame acceleration in stoichiometric hydrogen-air mixtures in staggered (s) 

and in-line (il) cylinder geometries. 

The distance vs. time data for off-stoichiometric hydrogen-air mixtures (20% 

representative of lean mixtures and 50% representative of rich mixtures) in the 0.5BR obstacle 

geometries are plotted for comparison in Figure 3.27. The experimentally measured laminar 

burning velocities for 20%, 30% and 50% hydrogen in air are roughly 0.9m/s, 2.3m/s and 2.7m/s. 

Therefore one would expect noticeable lower flame acceleration in the 20%H2 tests. Unlike for 

the stoichiometric mixtures, the flame does not accelerate at the same rate in both geometries for 

these off stoichiometric mixtures. Instead, the flames in the inline geometry tend to accelerate 

faster than in the staggered arrangement. This is what Ogawa et al [6] found in their simulations 

for a stoichiometric mixture. 
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Figure 3.27: Flame acceleration in hydrogen-air mixtures with 20%, 30% and 50% 

equivalence ratios. 

It is well known that lean hydrogen flames are unstable due to diffusive instability, 

discussed in reference to Figure 1.5, since the deficient component hydrogen, is much lighter than 

air. Evidence for this instability can be seen in Figure 3.26. Wrinkles appear on an otherwise 

laminar flame for 20%H2 flame, see Figure 3.28c), but not 30% or 50%H2 in Figures 3.26a and 

b, respectively. 
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a)  1.45  2.04 

b)  1.69  2.51 

c)  3.47  5.11 

Figure 3.28: Early time images of the flame in 30% and 50%H2 mixtures that show flame 

instability in 20%H mixture, a) 30%H2, b) 50%H2, c) 20%. Times shown are in ms. 

A comparison of the final steady average flame velocity is also useful for defining the 

composition limits associated with different combustion propagation regimes. The average steady 

state propagation velocity obtained for different hydrogen-air mixture compositions in the three 

cylinder geometries is plotted in Figure 3.29. The average flame velocity provided is based on 

propagation through the last four cylinder rows. For some mixtures steady state was not achieved 

before the end of the optical section. Those tests correspond to the data points with open symbols, 

for which the data point is based on the average velocity past the last cylinder row. The 

flammability limits for hydrogen-air at room temperature and pressure are taken to be 5% and 

75% hydrogen. 

 All three flame regimes; low-speed, high-speed deflagrations and detonations were 

observed in the 0.5BR geometries based on abrupt changes in the final steady velocity. The high-
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speed deflagration lean limit for both these geometries corresponds to between 12.5% and 14% 

hydrogen. This lean high-speed regime limit is slightly higher than the 11% hydrogen measured 

by Dorofeev et al. [54] in cylindrical pipes equipped with orifice plates. The rich high-speed 

regime limit is more difficult to define because the flame did not achieve steady state before the 

end of the optical section but it is most likely between 64 and 67% hydrogen, and appears to be 

the same for both geometries. The lean detonation limit for both geometries is roughly 25% 

hydrogen and the rich limits are 37.5% and 43% hydrogen for the inline and staggered 

geometries, respectively. The detonation cell size for 25% hydrogen in air is 11 mm and for 40% 

hydrogen is 9 mm [55]. The spacing between the cylinders, s, is 12.5 mm, so the detonation limits 

are correlated roughly by s/ = 1. This finding is more logical than the correlation based on the 

channel size by Chao et al [6]. 

Unlike the 0.5BR geometries, only fast and slow turbulent flame regimes were observed 

in the 0.67BR staggered geometry. The much more significant blockage in this geometry resulted 

in the lowest steady flame velocities. This lower final velocity can be attributed to the larger 

cylinder surface area leading to higher momentum and heat losses. Furthermore, the 

corresponding higher cylinder number density also results in a higher frequency of shock 

reflections that subsequently interact and decelerates the trailing flame. 



 

90 

 

 

Figure 3.29: Measured final flame velocity as a function of % hydrogen in the mixture. 

Open symbols correspond to tests where steady state is not achieved by the end of the 

optical section. 

The final steady average flame velocities for methane-air and propane-air mixtures in the 

0.67BR staggered geometry are shown in Figure 3.30. While slow and fast turbulent flame 

regimes were observed in this geometry for the hydrogen-air mixture discussed above. Only 

flame propagation in the low speed flame regime was detected in these mixtures. As such, the 

velocities calculated are much lower (80m/s-120m/s) than those for hydrogen (~700m/s). This 

could be attributed to the much lower burning velocity and flame thickness for propane and 

methane compared to hydrogen. A larger flame thickness results in more heat loss to the cylinders 

and thus lower flame speeds. 
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Figure 3.30: Measured final flame velocity as a function of equivalence ratio of methane-air 

and propane-air in the mixture. 
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Chapter 4  

Conclusions and Recommendations 

This research primarily investigated the effect of obstacle geometry and blockage ratio on 

flame propagation in a narrow channel filled with mixtures of methane-air, propane-air and 

hydrogen-air mixtures. Specifically, the flame acceleration phenomenon and the final steady-state 

propagation are of interest. Flame acceleration was promoted by wall-mounted cylindrical 

obstacles in staggered and inline geometries with BR = 0.5 and 0.67. It was determined that initial 

flame propagation occurs faster in higher blockage ratios due to the more congested geometry. 

This finding was corroborated by Figure 3.25 where the flame is found accelerating faster in the 

0.67BR than the 0.5BR for stoichiometric mixtures. It was postulated by Ogawa et al [6] that 

flames will propagate faster in inline geometries than staggered geometries. While this was not 

found to be the case for stoichiometric mixtures, it was found to be true for off-stoichiometric 

mixtures. It was also found that lean mixtures initially accelerate faster than rich mixtures for the 

same blockage ratio obstacle. In the final steady flame propagation, it was found that higher 

average final velocities are achieved in lower blockage ratios. Detonations did not occur in both 

blockage ratio obstacles tested. In the staggered 0.67BR geometry, the spacing between the 

obstacles failed to meet the cell sizes required for detonations to initiate and propagate. Thus, no 

detonations were observed. Conversely, detonations did form in both the inline and staggered 

0.5BR geometries. The detonation limits were larger in the staggered geometry than the inline 

geometry but were found to roughly correlate to s/λ = 1 (cylinder spacing to cell size). 

In the preliminary study, the influence of channel width on flame acceleration was carried 

out in a more traditional, less complex geometry consisting of top and bottom wall-mounted 
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obstacles. The blockage ratio of this obstacle geometry was kept constant at 0.5 and the mixtures 

tested consisted of methane-air and methane-oxygen. In the methane-air mixtures, the data 

showed that the channel width has very little effect on both early and late flame propagation. For 

the more reactive methane-oxygen mixtures, flame acceleration led to a series of detonation 

initiation and failure cycles. In the narrow channel, the principle mode of steady propagation is 

shock propagation followed by a turbulent flame (only a single detonation initiation and failure 

cycle was observed). Conversely, in the wide channel, a detonation initiation and failure cycle 

occurred at most obstacles. The reason for this difference is not understood since the side wall 

boundary layer is negligibly thin for both channels. 

 A number of future studies in different cylindrical obstacle geometries would be 

worthwhile. For instance, if a smaller blockage ratio in both staggered and inline geometries were 

tested, it could be determined if there is a correlation between obstacle geometry (e.g. inline vs. 

staggered) and cell size. Lower blockage obstacles would also permit more detailed 

measurements of the shock interactions leading to detonation initiation behind cylindrical 

obstacles. Experiments with larger cylinder diameters would also provide important data on the 

detonation initiation phenomenon. 

Additional tests with off-stoichiometric mixtures could be performed in order to compare 

flame tip position versus time data in order to determine if the flame consistently accelerates 

faster in the inline geometry. 
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Appendix A 

Narrow Channel Apparatus Design 

The “narrow” channel used in the above experiments (Chapter 3) was built based on the 

design specifications outlined in a previous thesis [5]  for the existing “wide” channel apparatus. 

Figure A.1 shows an assembly view of the optical and non-optical modules. Both modules have 

flanges mounted on either end to allow for additional sections to be connected together so the 

length of the channel can be changed. The flanges are sealed using Buna-N O-rings, which are 

placed in the grooves on one of the two adjoining sections. In the optical module, two 25.4mm 

acrylic panels are secured to the sides of the channel using metal caps. These caps contain 

grooves for two O-rings, one that seals the cap to the acrylic panel and another that seals the cap 

to the channel’s side. The insertion of the panels into the channel allows for a smooth transition 

from aluminum wall to window wall. In the non-optical module, access to the channel’s interior 

is facilitated through a single side-plate since no windows are required. 

 

Figure A.1: View of narrow channel experimental apparatus including an optical module 

and two non-optical modules. 
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 The original design parameters for this channel were to be able to withstand 

stoichiometric methane-air tests at an initial pressure of Pi = 47kPa and temperature of Ti = 293K.  

Since it is not possible to achieve detonation within a mixture with these parameters, the 

maximum theoretical pressure the channel should see is the constant volume explosion pressure 

(Pv=const). However, in order to be conservative, the reflected Chapman Jouguet pressure should be 

used. These pressures were calculated using the following equations in STANJAN™, which is a 

chemical kinetics and thermodynamics calculations package [5]: 

           

  
     

A.1 

             

  
      

A.2 

When a material fails it can fail in either bending or shear. In order to calculate the failure 

forces for this apparatus, the components will be approximated as flat plates seen in Figure A.2. 

 

Figure A.2: Key flange dimensions required for strength analysis. The pressure is applied in 

the shaded gray area. 

The maximum bending stress, σmax, is given by [56]:  
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     (     )

 

  
) 

A.0.3 

where C2 is a coefficient given in Table A.1. 

Table A.1: C2 Coefficient [56] 

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 

 

The maximum level of shear stress, τmax, is given by: 

      (
    

  (      )
) 

A.4 

The material used for this apparatus is 6061-T6 aluminum, which has a tensile yield strength and 

shear strength of σyield = 275MPa and τyield = 206MPa, respectively. The yield and shear strength 

of the acrylic windows are σyield = 70MPa and τyield = 60MPa, respectively. Using a safety factor of 

1.2, the maximum design pressures, Pmax, associated with each component in Figure A.1 is shown 

in Table A.2. 

Table A.2: Design pressures associated with each component in Figure A.1 [5] 

Component Lx (cm) Ly (cm) w (cm) C2 Pmax,σ (bar) Pmax,τ (bar) 

End Flange 18.4 26.7 1.91 0.44 24.4 402 

Side Plate 53.3 14.6 3.81 0.5 313 573 

Window 

Plate 

55.2 20.3 1.91 0.5 40.4 442 

Channel 

Wall 

55.9 7.6 7.31 0.5 4236 3761 

Acrylic 

Window 

46 9.1 2.54 0.5 9.4 29 
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Failure due to bending is the critical failure mode for each of the components in Table A.2. 

Therefore, all components exceed the design requirements to withstand the constant volume 

explosion pressure associated with the test conditions outlined above. 
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Appendix B 

Additional Flame Acceleration Data for Cylindrical Data 

B.1 Methane-Air Mixtures in Staggered 0.67BR Geometry 

Figure B.3 show a video montage of the first half of the first module with an advanced 

ignition. At 1.9ms, the laminar flame starts to propagate symmetrically around both sides of the 

cylinders located immediately next to the spark. The flame reaches the third row of obstacles at 

7.8ms, completely engulfing the centerline cylinder in the second row. After 9.5ms, the laminar 

flame propagates past the centerline cylinder in the row four and becomes entrained into the 

recirculation zones that form downstream of the cylinder. At 10.2ms, “flame folding” is observed 

with turbulent burning extending back to the third row of cylinders. The turbulent burning occurs 

in the extended region in the wake of the three cylinders in row six. Through the rest of the 

channel, the flame’s leading edge is planar and propagates in a slow turbulent flame regime. 

 

Figure B.3: Flame propagation in stoichiometric methane-air in the first half of the first 

module with 6.27mm staggered cylinder geometry. Times shown are in ms. 
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Figure B.4 illustrates a velocity profile for the stoichiometric methane-air mixture in the 0.67BR 

staggered geometry that is received for a typical test.  The flame was found to reach a quasi-

steady velocity, of ~100m/s, by the twelfth row of obstacles in the field of view. 

 

Figure B.4: Flame velocity along the leading edge for stoichiometric methane-air with axial 

cylinder location shown on x-axis. 
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B.2 Propane-Air Mixtures 

Figure B.5 shows a montage of video shot of the propane-air mixture in the first half of the first 

module with an advanced ignition. The flame structure in this montage is virtually identical to 

that observed in the methane-air, which is understandable as both are hydrocarbon-based fuels. 

The flame propagates again in a slow turbulent flame regime. 

 

Figure B.5: Flame propagation in stoichiometric propane-air in the first half of the first 

module with 6.27mm staggered cylinder geometry. Times shown are in ms. 

Figure B.6 illustrates the velocity profile of the propane-air mixture in the 0.67BR 

staggered geometry that is received for a typical test. As with the methane-air, this mixture 

reaches a quasi-steady velocity by the twelfth obstacle in the channel. The average final velocity 

is found as 150m/s, which is 50m/s higher than in methane-air. 
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Figure B.6: Flame velocity along the leading edge for stoichiometric propane-air with axial 

cylinder location shown on x-axis. 
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Appendix C 

Uncertainty Analysis 

There are always uncertainties associated with experimental results. The key 

uncertainties that will be discussed in this section are the fill pressure and flame velocity.  

The specifications for the pressure gauges used to monitor the pressures on the 

mixing chamber and combustion channels listed a measurement accuracy of 0.25% of the 

full scale. This gives an uncertainty of ±1.97kPa for pressures under 789kPa. 

The flame velocity was measured using data extracted from the Schlieren videos. 

In measuring the number of pixels to determine flame velocity in the channel, it is 

estimated that the flame front’s position could be miscalculated by ±2 pixels. In addition, 

the edge offset, which is the distance between the upstream window edge and the camera 

field of view upstream edge, is also assumed to be off by a factor of ±2 pixels. Thus, 

when combined, the pixel density was found to have an uncertainty of ±26 pixels. The 

uncertainty of the window edge location must also be taken into account. The accuracy of 

the mill used to make the window caps was estimated to be ±0.13mm. This gives an 

uncertainty in the flame velocity of ±1m/s. While this uncertainty is low, the uncertainty 

derived from the standard deviation of average flame velocity was found to be ±12m/s. 


