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“Who questions much, shall learn much, and retain much.”
Francis Bacon

“There are known knowns; there are things we know we know. We also know there are
known unknowns; that is to say we know there are some things we do not know. But there are
also unknown unknowns -- the ones we don't know we don't know.”
Donald Rumsfeld
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Abstract
Two experiments were performed to investigate the interaction of a combustion wave with
porous media. The first experiment was performed in a 1.22m long, 76mm wide, and
152mm high horizontal channel with a nitrogen-diluted stoichiometric methane-oxygen
mixture at initial pressures of 20-50kPa. A layer of 12.7mm diameter ceramic-oxide spheres
was placed along the bottom to partially obstruct the channel, leaving a gap of free space
above. For a fixed gap height the bead layer thickness had very little effect on explosion
propagation. For a fixed bead layer thickness the explosion propagation was strongly
influenced by the gap height. For example, a 31% nitrogen diluted mixture at room
temperature resulted in DDT for a gap height of 38mm at initial pressures of 30-50 kPa, but
not for 109mm over the same pressures. The gap above the bead layer permits DDT as long
as the gap height is larger than one detonation cell width. Propagation of the detonation
wave over the bead layer is possible if the gap height can accommodate at least two
detonation cells. For a 38mm gap, velocity measurements and sooted foil imprints indicate
that the detonation undergoes successive failure and re-initiation, referred to as “galloping”
in the literature.
In the second experiment, the head-on collision of a combustion front with a layer of
3 and 12.7mm diameter ceramic-oxide spheres was investigated in a 61cm long, 76.2mm
diameter vertical tube for a nitrogen-diluted stoichiometric ethylene-oxygen mixture at initial
pressures of 10-100kPa. Four orifice plates were placed at the ignition end to accelerate the
premixed flame to a “fast-flame” or a detonation wave. For fast-flames pressures recorded at
the bead layer face were up to five times the reflected CJ detonation pressure. This explosion
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developed by two distinct mechanisms: a) shock reflection off the bead layer face and b)
shock transmission into the bead layer and subsequent explosion therein. The measured
explosion delay time (time after shock reflection from the bead layer face) was found to be
independent of the incident shock velocity. Thus, it was shown that explosion initiation is
not the direct result of shock reflection but is more likely due to the interaction of the
reflected shock with the trailing flame. The bead layer was found to be very effective in
attenuating the explosion and isolating the tube endplate.
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Chapter 1 - Introduction
An explosion is most suitably defined as a sudden and violent expansion of gas caused by
energy from a chemical reaction. Within the explosion regime it is possible to identify a
detonation, which is described as a mode of combustion characterized by a supersonic
reactive front. The front consists of a coupled shock wave and trailing reaction zone, where
chemical reactions are induced by adiabatic shock heating. For stoichiometric fuel-air
mixtures pressure ratios across the detonation can reach 15-20. These large overpressures
and the potential for massive structural damage to buildings and equipment have prompted
the study of detonation waves by industries prone to uncontrolled explosions. It must be
stressed that not all explosions result in detonations. It is possible to observe explosive
events in which a shock/flame coupling is not present.
Although a detonation wave can be directly initiated by the deposition of a large
amount of energy in a very small volume, typically such ignition sources are not present in
industrial settings, where most explosions are caused by flame ignition due to electric sparks
or auto-ignition at hot surfaces. Under certain conditions the newly ignited flame can
accelerate and undergo transition to detonation.
The quenching of premixed flames by porous media has been studied extensively for
its application in explosion safety. For example, flame arrestors employing porous media are
placed in pipelines to quench flames before they are able to accelerate and cause explosions.
Porous media also exist as integral components of process equipment in the chemical
industry. This work investigates the effects of porous media on detonation propagation and
initiation. Detonation initiation by shock reflection and premixed flame acceleration are
considered.
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Experiments were performed in a horizontal channel and vertical tube of rectangular
and circular cross-section, respectively. For the vertical tube, layers of spherical beads were
placed at the bottom. A flame was ignited at the top and accelerated to produce either a fastflame or a detonation wave at the bead layer face. For the horizontal channel layers of
spherical beads were placed along the bottom, leaving a gap of free space above the porous
medium. A flame was ignited in the free space and subsequent events were recorded and
tracked, allowing one to better understand how to mitigate explosion hazards in this
geometry.

1.1 Organization of Thesis
A brief literature review is provided in Chapter 2 and is followed by an experimental outline
in Chapter 3. Chapter 4 is concerned with the horizontal channel, while Chapter 5 deals with
the vertical tube experiments. Chapter 6 provides a summary of conclusions and
recommendations for improvement.
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Chapter 2 - Literature Review
2.1 Deflagration
A combustion wave produced by a weak ignition in a reactive mixture is characterized as a
deflagration, which propagates at subsonic velocity relative to the unburned mixture just
ahead [1]. Deflagrations are localized and discrete combustion waves, and are commonly
referred to as flames [2]. Velocities associated with these premixed flames are initially low,
rendering compressible flow effects negligible. In the absence of turbulence the combustion
resulting from weak ignition is known as a laminar flame and is controlled by molecular
transport of energy and chemical species across the flame front [1].
Figure 2.1 shows a schematic diagram of fuel concentration, temperature, and
reaction rate in a laminar flame structure. Thermal conductivity results in heat transport from
hot combustion products to reactants, forming a preheat zone of characteristic width δ, where
no chemical reactions occur. Due to the strong dependence of reaction rate on temperature
the maximum rate is found in the narrow reaction zone where the temperature is close to Tb,
the adiabatic flame temperature. The concentration of reactants, Y, is seen to drop through
the reaction zone as they are consumed. Since the reaction zone is thin, temperature and
species concentration gradients are very large. These concentration gradients are responsible
for the diffusion of heat and radical species from the reaction zone into the preheat zone,
allowing the flame to be self-sustaining. The preheat zone is typically an order of magnitude
larger than the reaction zone [1, 2].
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Figure 2.1 - Schematic illustration of a laminar flame [1]

An observer moving with the flame, i.e. in the flame frame-of-reference, experiences
the unburned mixture approaching at the laminar burning velocity, SL, as shown in Figure
2.2. The laminar burning velocity is a fundamental property of a flammable mixture and is
the velocity at which unburned gases move into the combustion wave in the direction normal
to the wave surface [3]. Laminar burning velocities are typically on the order of 0.5m/s for
hydrocarbon-air mixtures.

Figure 2.2 – One-dimensional analysis of a laminar flame for an observer in the flame
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Across a deflagration wave there is a negligible local pressure drop. For this reason
the conversion of reactants to products in a deflagration is modeled as a constant-pressure
process. Continuity requires that the burned gas velocity exceed the velocity of the unburned
gas by a factor proportional to the density ratio across the flame. The continuity equation, for
constant area, gives:

ρ u S L ≡ ρ u V u = ρ b Vb

(2.1)

where ρ is density and the subscripts u and b refer to the unburned and burned gas,
respectively. Rearranging equation 2.1 for the velocity of the burned gas (the products)
gives:

Vb =

ρu
S = σS L
ρb L

(2.2)

where σ is the ratio of densities between unburned and burned gas. For a typical
hydrocarbon-air flame at atmospheric pressure σ is approximately 7, indicating the velocity
of the products is substantially larger than the laminar burning velocity [2].
A freely expanding flame is intrinsically unstable. The initially smooth surface of a
laminar flame can become wrinkled due to instabilities. Failure to dampen these instabilities
results in a turbulent flame [1]. In cases where confinement and/or obstacles are present,
velocity gradients may develop in the unburned gas, resulting in further increase of the flame
surface and the reaction rate. When the Reynolds number is large enough the flow becomes
turbulent, where fluctuating components of velocity, temperature, density, pressure, and
concentration are present. The degree to which such components affect the chemical
reactions, heat release rate, and flame structure in a combustion system depends on the
relative characteristic time and length-scales associated with each of these parameters [3].
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Turbulence increases the surface area of the flame and the local transport of mass and
energy. A turbulent flow field dominated by large-scale, low-intensity turbulence will cause
a premixed laminar flame to become wrinkled. A schematic representation is shown in
Figure 2.3, where the turbulent burning velocity, ST, is defined as the speed of propagation of
a turbulent reaction zone or turbulent flame brush relative to the reactants. As the intensity
of turbulence increases, the flame front is partially destroyed and laminar flamelets exist with
turbulent eddies. Finally, at very high intensity turbulence, all laminar flame structure
disappears and one has a distributed reaction zone [3].

Figure 2.3- One-dimensional analysis of a turbulent flame for an observer fixed in the flame

Numerous experimental, analytical, and numerical studies have focused on the
behaviour of premixed turbulent flames. Much detail can be found in comprehensive
reviews on turbulent flames [4-8] and others. Turbulent burning velocities were
systematically measured and correlations have been suggested by Abdel-Gayed, Bradley,
Lau, and Lawes [9-11], Bray [12], Gülder [13] and more recently by Shy, Lin, and Peng [14].
These correlations allow the determination of turbulent burning velocities as a function of
dimensionless parameters characterizing turbulence intensity, scale, and mixture properties.
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Figure 2.4 - Flame propagating away from a closed-end into unburned mixture viewed from the lab

Consider the case of a flame ignited at the closed end of a tube, as shown in Figure
2.4. As the products expand they cause the unburned gas ahead of the flame to move as well.
Since the flame is propagating relative to this unburned gas the flame velocity, Vf, is greater
than the laminar or turbulent burning velocities.

2.2 Flame Acceleration in a Channel
Qualitatively, the mechanism for flame acceleration in smooth and rough-walled channels is
well understood. Turbulence produced at the channel wall increases the local burning rate,
producing a higher flow velocity in the unburned gas. This feedback loop results in a
continuous acceleration of the propagating flame [18] and has been demonstrated in
laboratory-scale experiments and large-scale tests [15-17].
A novel technique was used by Johansen and Ciccarelli [19] to visualize the
development of the unburned gas flow-field ahead of the flame propagating in a square duct
fitted with two-dimensional obstacles, i.e. artificially roughened walls. Prior to ignition at
the closed end of the duct, helium gas was injected between adjacent obstacles, creating a
pocket of low-density gas mixture consisting of the test gas and helium, as shown in Figure
2.5. Flow visualizations along with the trailing flame are also shown in Figure 2.6.
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Figure 2.5 - Schlieren photographs and schematic of the development of the unburned gas flow field
ahead of the flame using helium gas as a tracer [19]

8

.

Figure 2.6 - Schlieren video showing the simultaneous development of the flame surface and the
unburned gas flow field ahead. Inter-frame time is 0.67 ms [19]

9

Upon ignition at the left side a flow is induced ahead of the flame, causing the
helium-diluted gas to be convected downstream, as in Figure 2.6 Concurrently, undiluted
test-gas is convected into the volume originally occupied by the helium-diluted gas. This
sudden onset of flow produces a pair of laminar vortices at the downstream edge of each
obstacle, shown captioned in Figure 2.5 and visible in Figure 2.6. These eddies develop into
large recirculation zones, eventually occupying the volume between adjacent obstacles. In
time, a turbulent shear layer develops, separating the recirculation zone and the core flow.
If the flame reaches an eddy in its early development phase, i.e., for obstacles near
the ignition end, the flame is entrained into the vortex and subsequently burns out (this
entrainment process increases the flame surface and hence the volumetric burning rate).
However, if the flame reaches a vortex after the shear layer has developed, the flame
propagates in the core flow, later burning into the recirculation zone. During later stages of
flame propagation, a significant randomization of the flow ahead of the flame may occur,
resulting in intense small-scale turbulence. This turbulence, along with flame area increase,
is the primary cause of rapid flame acceleration.
It was first shown by Lee et al. [21] and Peraldi et al. [22] that several characteristic
flame propagation regimes exist for obstacle-laden tubes fitted with orifice plates. Based on
the measured terminal flame velocity, four propagation regimes were observed. These
include the quenching, choking, quasi-detonation, and Chapman-Jouguet (CJ) detonation
regimes.
For sufficiently large blockage ratios (BR), in which the pressure difference across
the orifice plate can increase rapidly, the flame is observed first to accelerate and later
quench after propagating past a certain number of orifice plates. This is referred to as the
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quenching regime. In this regime, flame propagation can be considered as a successive
sequence of reactions occurring in combustion chambers interconnected by orifice plates.
Ignition of the mixture in one chamber is achieved by the venting of the hot combustion
products from the upstream chamber through the orifice. Quenching occurs when the hot
turbulent jet of product gases fails to cause ignition in the downstream chamber because of
the rapid entrainment and turbulent mixing of the cold unburned mixture with the hot product
of the jet [18]. The quenching by turbulence becomes more significant as the velocity of the
unburned gas increases. For some insensitive mixtures, this can set a limit to the positive
feedback mechanism and, in some cases, lead to the total extinction of the flame. Dorofeev
[20] has performed a detailed analysis of quenching for a range of sizes of product/reactant
pockets mixed by turbulence. It was suggested that the critical conditions for quenching/reignition of the largest mixed eddies appear to be independent of any parameters
characterizing turbulence, and depend only on mixture properties.
When the conditions for quenching are not met, the flame continuously accelerates to
reach a final steady-state value on the order of the speed of sound of the combustion
products. In an obstacle-laden tube turbulence can sustain the flame at such a velocity
indefinitely [1]. When this happens, flame propagation can be considered as a quasi-steady
one-dimensional compressible flow in a pipe with friction and heat addition. This is referred
to as the choking regime, where the combined effects of wall friction and heat addition
control the final steady-state flame speed [18].
Flame speeds typically attained in the choking regime are on the order of 1000 m/s.
Under this condition a local explosion leading to the onset of detonation may occur. If the
orifice diameter, dop, is sufficiently large, a stable detonation wave can be formed. For
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detonation it is found that the cell size, λ (discussed later), provides an important
characteristic length to determine the limit of propagation. The findings of Peraldi et al. [22]
and Guirao et al. [26] concerning deflagration-to-detonation transition (DDT) in tubes with
orifice plates have suggested that the orifice plate diameter must be larger than the mixture
cell size for a successful transition. The detonation velocity, however, can be significantly
below that of the theoretical detonation velocity (referred to as the CJ velocity after the work
of Chapman and Jouguet) because of the severe momentum and heat losses in the obstaclefilled tube. In previous studies of detonation propagation in very rough tubes by Shchelkin
[23] and Guenoche and Manson [24], detonation velocities of less than 50% of the CJ value
have been observed. Such sub-CJ steady-state detonation waves have been called quasidetonation waves. As a result, this is referred to as the quasi-detonation regime.
The CJ detonation regime is characterized by a variety of parameters, and is discussed
in section 2.3.4. The key feature associated with the onset of a detonation is the formation of
a localized explosion somewhere in the mixture [27]. The cause of this localized explosion
depends on many factors, including the geometry of the confinement.

2.3 Detonation
Detonation can be described as the propagation of a strong shock wave immediately followed
by a thin zone of chemical reaction. This coupling travels supersonically relative to the
unburned mixture and is sustained by chemical energy released by shock compression
leading to the ignition of the unburned mixture. Propagation velocities in a gas will vary
with mixture composition, initial temperature, and initial pressure, and have been observed to
range from 1000-3500m/s [30].
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The elements of the simplest one-dimensional theory were developed by Chapman
(1899) [31] and Jouguet (1905, 1917) [32-33] based on the thermodynamics of shock waves
investigated by Hugoniot (1887-89) [34]. Hugoniot developed a relationship for wave
phenomena from steady and one-dimensional mass, momentum, energy, and state equations.
For non-reactive waves a unique solution is possible, however, for reactive mixtures there is
an additional unknown which renders a unique solution unachievable. Concepts proposed by
Chapman and Jouguet (CJ) provided insights that permitted a mathematical solution under
the assumption that a detonation wave is steady, planar, and one-dimensional. Specifically,
they proposed that the burned gas velocity relative to the front is sonic for a detonation wave.
This newly proposed model showed good agreement with experiment.
A fundamental advance that removed the special postulates and plausibility
arguments of the CJ theory was made independently by Zeldovich (1940) [35], von Neumann
(1942) [36] and Döring (1943) [37]. They constructed the detonation wave as a planar shock
followed by a reaction zone initiated after an induction delay. This structure is generally
referred to as the ZND model. The ZND structure provides a characteristic length scale for
the detonation wave that can be calculated with knowledge of chemical kinetics.
In the early 1960s Erpenbeck [38, 39] showed mathematically that the steady-state
ZND detonation structure is unstable to infinitesimal longitudinal perturbations. During this
time period experimental evidence discredited the notion that a detonation wave was a onedimensional, planar, and steady phenomenon. Some of the first indications of the multidimensional and transient nature of detonations came from the experiments of White [40]
and Denisov and Troshin [41] using interferometery, high speed streak-photographs, and soot
imprints.
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2.3.1 Non-reactive Shock Wave: Rankine-Hugoniot Relations
It is prudent to first discuss the case of a one-dimensional steady-state planar shock wave in a
non-reactive medium, such as air. By convention this model is discussed in the shock frameof-reference, shown in Figure 2.7.

Figure 2.7 - One-dimensional planar shock wave in a non-reactive medium in the shock frame

This description is treated analytically by the following integrated conservation equations:

ρ1V1 = ρ 2V2

continuity

(2.3)

p1 + ρ1V12 = p 2 + ρ 2V22

momentum

(2.4)

1
1
c pT1 + V12 = c pT2 + V22
2
2

energy

(2.5)

p1 = ρ1 RT1

state

(2.6)

p 2 = ρ 2 RT2

state

(2.7)

where T is temperature, p is pressure, cp is specific heat capacity, and R is the universal gas
constant. The subscripts 1 and 2 represent the state of the gas immediately entering and
leaving the shock wave, respectively. Equations (2.3-2.7) can be manipulated to yield
important and useful curves (discussed later).
For a thermally and calorically perfect gas, with γ as the heat capacity ratio:
cp =

γR
γ −1

(2.8)

For a perfect gas all the property ratios across the normal shock are unique functions of γ and
the upstream Mach number, Ma1, which is represented by:
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Ma1 =

V1
γRT1

(2.9)

where the denominator is the speed of sound, often denoted by c1. Assuming no change in
molecular weight or specific heat ratio across the shock, the Rankine-Hugoniot relations are
obtained through the combination of (2.3-2.9):

[

1
p2
=
2γMa12 − (γ − 1)
p1 γ + 1

Ma22 =

]

(γ − 1) Ma12 + 2
2γMa12 − (γ − 1)

(2.10)

(2.11)

ρ2
(γ + 1) Ma12
=
ρ1 (γ − 1) Ma12 + 2

(2.12)

2γMa12 − (γ − 1)
T2
= 2 + (γ − 1) Ma12
T1
(γ + 1) 2 Ma12

(2.13)

[

]

These relations are useful for calculating state changes across a shock wave, since they are
exclusively a function of γ and Ma.

2.3.2 Non-reactive Shock Wave: Normal Reflection in a Tube
To consider the reflection of a shock wave off the closed end of a tube it is more convenient
to use the laboratory frame-of-reference. It is simply a matter of adding or subtracting the
velocity of the shock to switch between frames, depending on the coordinate system. For the
laboratory frame, let u denote the gas velocity in each region.
The left side of Figure 2.8 shows a shock propagating to the right with velocity, Vi.
The gas adjacent to the wall in state 1 is necessarily at rest and does not sense the presence of
the shock, as the shock travels faster than the local speed of sound. The flow behind the
shock at state 2 is at a higher pressure due to the interaction with the shock. The shock

15

reaches the wall and reflects. The reflected shock has strength sufficient to reduce the
trailing flow (state 2) velocity to zero. This decrease in flow velocity manifests itself as an
increase in pressure and temperature (conservation of energy), shown as state 3.

Figure 2.8 - One-dimensional normal shock wave reflection in a non-reactive medium

For a normally reflected shock wave Thompson [42] derives the following relationship,
relating the pressures at all three states:

p2
− (γ − 1)
⎛ p3 ⎞
p1
⎜⎜ ⎟⎟ =
⎝ p2 ⎠ (γ − 1) p2 + (γ + 1)
p1
for which it can be shown:
(3γ − 1)

⎛ p3 ⎞ (3γ − 1)
⎜⎜ ⎟⎟ =
lim
P2
(γ − 1)
→∞ ⎝ p 2 ⎠
P1

(2.14)

(2.15)

from which it follows, for example, that (p3/p2) max=8 for γ=1.4 or (p3/p2) max=13 for γ=1.2.
The temperature change from state 2 to 3 is calculated by the Rankine-Hugoniot relation:
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2
2γMaSR
T3
− (γ − 1)
2
= 2 + (γ − 1) MaSR
2
T2
(γ + 1) 2 MaSR

[

]

(2.16)

where the reflected shock Mach number, MaSR, is calculated by the Rankine Hugoniot
relation for known pressures:

[

p3
1
2
=
2γMaSR
− (γ − 1)
p2 γ + 1

]

(2.17)

Large temperature ratios caused by shock reflection have the potential to auto-ignite gases in
a reactive medium.

2.3.3 Reactive Shock Wave
The case of a shock wave propagating in a reactive medium receives treatment similar to a
shock wave in a non-reactive medium, except the chemical energy of the reactive mixture is
converted to internal energy at state 2. This model is used to describe a detonation wave
propagating in a mixture with chemical energy q. Figure 2.9 illustrates a shock wave
propagating in a reactive mixture with coordinates fixed in the shock/reaction-zone frame.

Figure 2.9 - One-dimensional planar shock wave in a reactive medium in the shock frame

The main difference in the analysis lies in the introduction of a heat input term q, the energy
released per unit mass, into the conservation of energy equation (2.20), giving the following
steady integrated conservations equations:
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ρ1V1 = ρ 2V2

continuity

(2.18)

p1 + ρ1V12 = p 2 + ρ 2V22

momentum

(2.19)

1
1
c pT1 + V12 + q = c pT2 + V22
2
2

energy

(2.20)

p1 = ρ1 RT1

state

(2.21)

p 2 = ρ 2 RT2

state

(2.22)

for which there are five equations and four unknowns. Equations (2.18) and (2.19) can be
combined to yield the equation of the Rayleigh line:
⎛ ρ V2 ⎞
⎛ρ V2 ⎞ρ
p2
= −⎜⎜ 1 1 ⎟⎟ 1 + ⎜⎜1 + 1 1 ⎟⎟
p1
p1 ⎠
⎝ p1 ⎠ ρ 2 ⎝

(2.23)

from which it can be shown that if ρ2 > ρ1 then p2 > p1 and vice versa.
Equations (2.18-2.22) can be combined to yield the equilibrium Hugoniot equation:
⎛ 1
1 ⎞
γ ⎛ p 2 p1 ⎞ 1
⎟⎟ = q
⎜⎜
− ⎟⎟ − ( p 2 − p1 )⎜⎜ +
γ − 1 ⎝ ρ 2 ρ1 ⎠ 2
⎝ ρ1 ρ 2 ⎠

(2.24)

This equation represents all possible states at the end of the reaction zone for a given energy
release. For the case of q=0 Equation (2.24) holds for a non-reactive shock and is called the
Shock Hugoniot. The intersection of the Rayleigh line and the Shock Hugoniot represents
the post-shock state, while the intersection of Rayleigh line and the Equilibrium Hugoniot
curve represents the final equilibrium state for a given velocity. Equations (2.23) and (2.24)
are plotted on p vs. 1/ρ diagram for closer observation, as in Figure 2.10. It can be shown
that the slope of the Rayleigh line is proportional to the wave velocity.
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Figure 2.10 - Hugoniot curve showing possible equilibrium end states

According to the ZND detonation model a particle first passes through the inert shock wave
before entering the reaction zone. Thus, it is common to show the post-shock state (point 2)
that lies on the shock Hugoniot. Two other important states on the equilibrium Hugoniot are
designated by points P and V. The curve between these two points is physically unattainable
due to imaginary values for the front velocity. Points on the upper (detonation) branch of the
equilibrium Hugoniot (above point V) represent supersonic combustion where there is an
increase in pressure and density across the front. Points on the lower (deflagration) branch of
the equilibrium Hugoniot (below point P) represent subsonic combustion with a
corresponding decrease in pressure and density across the front. Point V represents the final
state for an adiabatic constant volume process and point P represents the final state for a
constant pressure process [1].
The Rayleigh line is shown tangent to the upper branch of the equilibrium Hugoniot
curve at point J. This state represents a unique solution for a given energy release and

19

corresponds to the minimum entropy increase across the detonation wave. It also represents
the minimum possible detonation velocity (“minimum velocity criterion”), as a Rayleigh line
with a smaller slope does not intersect the equilibrium Hugoniot curve. Similar to point J,
point C corresponds to a state where the flow velocity at the end of the reaction zone is sonic.
This represents the maximum possible velocity for a deflagration wave [1].

2.3.4 Chapman-Jouguet Model
The state represented by the point J is commonly referred to as the CJ detonation state in
recognition of the pioneering work of Chapman [31] and Jouguet [32, 33] in the field of
detonation waves. This choked state, commonly referred to as the CJ condition, makes it
possible for a detonation wave to propagate unaffected by perturbations originating behind
the detonation since the velocity of the burned gases downstream from the detonation travel
at their local speed of sound. The CJ criterion is required to arrive at a closed form solution
for the integrated conservation equations with five unknowns.
For a given initial thermodynamic state (point 1 in Figure 2.10) there is a unique CJ
detonation wave velocity (point J) that is directly proportional to the square-root of the
energy released per unit mass of the mixture:
VCJ ≅ 2q (γ 2 + 1)

(2.25)

where γ2 is the ratio of specific heats in the combustion products. Observing equation (2.25)
it is clear the detonation velocity depends on the energy released q and is independent of
reaction kinetics.
According to CJ theory (which assumes a one-dimensional planar detonation wave)
any transition from a subsonic deflagration to supersonic detonation must rapidly achieve the
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CJ velocity at point J, since the regions on the equilibrium Hugoniot that correspond to
physically realizable steady-state conditions do not exist between points J and P. Figure 2.11
displays the allowable flow regimes, showing an overdriven detonation with a dashed line.
For the overdriven case the flow is subsonic relative to the wave allowing for expansion
waves originating at the back to catch up to the front and weaken the lead shock wave,
making this solution unstable.

Figure 2.11 - Physically possible results along the equilibrium Hugoniot.
The broken line represents transient conditions

A major consequence of the CJ theory is found in the ability to calculate the detonation wave
velocity and product state. Chemical equilibrium codes, such as STANJAN [43], may be
used to calculate thermodynamic properties, species mole fractions at equilibrium, and
detonation wave speeds. One of the shortcomings of CJ theory is the absence of a
characteristic length scale to define the detonation wave. The CJ model is based on the
assumption that the chemical energy release occurs instantaneously.
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2.3.5 Zeldovich – von Neumann – Döring Model
In the mid 1940s Zeldovich [35], von Neumann [36], and Döring [37] independently arrived
at a theory to explain the structure of the detonation wave. Generally speaking, the ZND
theory states that a detonation wave consists of a planar shock which propagates at the
detonation velocity leaving behind hot and compressed gas. After an induction period the
chemical reaction begins in a reaction zone of length Δ. As the reaction progresses the
temperature increases while the density and pressure fall until the values predicted by CJ
theory are achieved. This process is illustrated in Figure 2.12.

Figure 2.12 -The ZND model of a detonation wave

In Figure 2.12 the leading shock wave is immediately followed by an energy neutral
induction zone where the thermodynamic properties remain roughly constant. During this
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time chemical reactions produce free radical species. Once recombination reactions begin to
take effect the temperature increases as energy is released. The particle velocity after the
shock is subsonic and as energy is released it accelerates towards the CJ choking condition
(Ma=1) as the pressure drops [1].

2.3.6 Detonation Cell Structure
Some of the first indications of the multi-dimensional and transient nature of detonations
came from the experiments of White [40] and Denisov and Troshin [41] using
interferometery, high speed streak-photographs, and soot imprints. These findings
discredited the notion that a detonation wave was a one-dimensional, planar, and steady
phenomenon and revealed experimentally that all detonation waves have a universal threedimensional cellular structure consisting of an ensemble of interacting triple points
comprised of turbulent shear layers and weak transverse shocks.
When a shock wave reflects obliquely from a surface a Mach reflection can result if
the angle of incidence is larger than a critical value that depends on the shock Mach number
and heat capacity ratio [44]. In a Mach reflection a third shock wave, the Mach stem, forms
perpendicular to the reflecting surface and propagates parallel to it. Figure 2.13
schematically illustrates the interaction of an incident planar shock wave, I, with a ramp
producing a reflected shock wave, R, and a Mach stem, M.
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Figure 2.13 - Mach reflection producing a triple-point configuration with incident planar shock wave, I,
reflected shock wave, R, Mach stem, M, and slipstream, S [1]

The intersection of these three shock waves is the so-called triple point, which moves away
from the reflecting surface. A slipstream (shear layer) also extends from the triple point back
into the compressed region between the reflected shock wave and the reflecting surface.
Soot foils were first used by Ernst Mach in 1875 to investigate shock wave reflection
off a ramp as shown in Figure 2.13. Soot foils can be created by depositing soot from a
kerosene torch onto a medium such as aluminum or glass. When placed in a test channel the
triple points sharply erase the uniformly deposited soot resulting in visible lines of trajectory.
An example of a soot foil obtained by Denisov and Troshin [41] for a detonation wave
propagating in a square channel is provided in Figure 2.14. Based on the converging and
diverging lines observed on the imprint they described the structure of the detonation wave as
two triple-point configurations (ABK in Figure 2.14) converging and later diverging.
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Figure 2.14- Soot imprint of a detonation wave propagating from left to right and schematic showing the
two triple point configurations that produce the imprint lines [41]

Denisov and Troshin pointed out that upon collision of the two transverse waves AK, the unreacted gas immediately behind the shock wave AA would be raised to a high pressure and
temperature resulting in auto-ignition after an induction time. This local explosion serves to
produce a new shock wave AA, which sustains the front.

Figure 2.15 - Schematic of the propagation of a cellular detonation front showing the trajectories of the
triple points (dashed lines represent start of exothermic reactions) [45]
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The presence of the transverse waves is essential to the propagation of a self-sustained
detonation wave. The schematic in Figure 2.15 shows the detonation front structure at
several instants in time, as well as the trajectories of the triple points [45]. The triple-point
trajectories trace out a cellular pattern where the transverse dimension of an individual cell,
i.e. ABCD, is denoted by λ and the length by Lc. λ is referred to as the detonation cell size
and represents the characteristic length-scale of a detonation wave. The cell size varies
inversely with the initial pressure, as shown in Figure 2.16, and is also inversely proportional
to the reactivity of the mixture [72].

Figure 2.16 - Cell size vs. initial pressure for H2-O2 mixtures at two different initial temperatures [72]

The experiments of Peraldi et al [22] and Guirao et al [26] have demonstrated the minimum
tube diameter for the onset of deflagration-to-detonation transition (DDT) must be greater
than the detonation cell size, i.e. D>λ.
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2.4 Deflagration-to-Detonation Transition
DDT can be initiated by shock waves, whose high temperatures and pressures are capable of
initiating chemical reactions. If the shock wave is sufficiently strong auto-ignition can lead
to formation of a “hot spot” [28, 29] capable of forming an overdriven detonation that
overtakes the leading shock. This detonation initiation process has been called an “explosion
within the explosion” by Oppenheim [27]. A summary of the DDT process is provided in
Figure 2.17.

Figure 2.17 - The process of deflagration-to-detonation transition [25]
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As discussed previously, the ignition process induces a flow ahead of the flame.
Instabilities develop in the flame and upstream flow eventually leading to the production of
stronger pressure waves ahead of the turbulent flame. When a local explosion develops
within the region bounding the flame and pressure front, a detonation wave results.

2.5 Combustion in Porous Media
Gas combustion in a closed system with an inert porous medium is a fairly new problem.
The transfer of energy and momentum at the interface of the porous medium are rapid,
leading to decreased pressure, reduced flame velocity, and flame quenching.
At present, five distinct regimes of propagation of gas combustion waves in inert
porous media are known. Babkin [47] has studied low-speed flame propagation in porous
media and high-speed flame and detonation propagation has been investigated by extensively
by Pinaev [51]. These studies have shown the existence of several steady-state flame
propagation regimes characterized by the propagation mechanism and front velocity. The
regimes include high velocity flames (0.1-10 m/s), sound velocity flames (100-300 m/s), low
velocity detonations (500-1000 m/s), and normal detonations (1500-2000 m/s). Pinaev noted
that for front speeds greater than 5m/s there is a pressure rise than coincides with the reaction
zone, and that the pressure rise associated with the front steepens with increased propagation
velocity.
For “detonation waves” it was shown that the front can propagate at 50-100% of the
CJ velocity [52, 53]. The combustion front propagation velocity is typically correlated with
the mixture reactivity, analogous to the laminar flame velocity for flames, the detonation cell
size for detonation waves, and the characteristic pore dimension in porous media.
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It is unclear what mechanism allows a detonation wave to propagate in a porous
medium with this range of velocities. Makris et al. [56] strongly suggest that ignition by “hot
spots” is the most likely mechanism. Figure 2.18 shows photographs of detonation
propagation in a two-dimensional porous medium, characterized by repeated attenuation due
to diffraction and reinitiation by shock reflection “hot spots”, which are the result of autoignition. Despite the evidence, there are no existing theoretical treatments to account for the
velocity deficits in obstacle-filled tubes and porous media.

Figure 2.18 - Stroboscopic laser Schlieren photographs of detonation propagation in a two-dimensional
porous medium, the propagation is one of repeated attenuation by diffraction and reinitiation by shock
reflection “hot spots” [56]
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Turbulence induced by the porous medium at the flame front results in flame
acceleration and increased rate of pressure rise leading to the possible development of sonic
and supersonic combustion regimes [54]. Supersonic turbulent jetting of hot products from
upstream to downstream pores entrains and ignites the unburnt mixture after some induction
delay. The jet-mixing enhanced volumetric burning leads to increased jet velocities and
further enhancement of the burning rate in the subsequent pore. It is believed that at this
velocity strong jet-mixing of the cold unburned gas with the burned gas leads to local
quenching at the reaction front when the entrainment and mixing rates in the pores become
too rapid compared to the chemical induction time [57].
The transmission of a flame from an unencumbered space into a porous medium has
been studied extensively in connection with the design of flame arrestors [48, 49]. It is
generally acknowledged that flame quenching occurs when the Peclet number (Pe= SLdp/α,
where SL is the laminar burning velocity, dp is the characteristic pore size, and α is the
thermal diffusivity) is less than or equal to 65 [50].
Several studies [47, 51-53] deal exclusively with the steady propagation of the
combustion front through porous media while the transient development of the combustion
front leading up to the steady-state condition has received little attention.
Johansen and Ciccarelli [68] have investigated combustion in a channel containing a
layer of porous media with a gap of free space above. An explosion front propagating at just
under the CJ detonation velocity was detected in the bead layer despite the pore size being
much smaller than the detonation cell size. It was demonstrated that flame propagation
within the bead layer was the driving force behind the very rapid flame acceleration and that
the DDT event occurring in the gap above the bead layer was unaffected by bead layer
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porosity. Schlieren images (Figure 2.19) show the reaction zone in the bead layer. It was
proposed that the light emitted is the result of hot soot and other foreign matter that is
dislodged from the beads.

Figure 2.19 – Schlieren images of explosion propagation in porous media

Studies have been undertaken investigating the interaction of a shock wave with a
compressible porous medium [58-60], while Levy et al. [61] studied the head-on collision of
a normal shock wave with rigid porous foam. There do not appear to be any studies in the
literature addressing the head-on collision of a reactive shock with a porous medium.
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Chapter 3 - Experiment
3.1 Method
Experiments were performed in a horizontal channel and vertical detonation tube. Gaseous
mixtures were prepared by the method of partial pressures in an evacuated mixing chamber,
accessed by a valve panel, shown in Figure 3.1 (An error analysis for mixture composition is
found in Appendix A.1). The mixing chamber, housing a propeller, was powered by a drill
and activated for 20 minutes. The mixture was downloaded into an evacuated detonation
tube and ignited by a spark plug. At the time of spark ignition a trigger signal was sent to the
data acquisition system starting the collection of pressure transducer (PT) and ionization
probe (IP) signals. Upon completion of the combustion reaction compressed air was used to
purge the products into the exhaust system. Prior to any additional tests the detonation tube
was evacuated for 15-20 minutes to eliminate any water vapour and achieve near-vacuum
conditions. Upon completion of all tests nitrogen was added to the mixing chamber and well
stirred for 15 minutes to render the reactants nearly inert. The mixture was then purged into
the exhaust.
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Figure 3.1 – Experimental Circuit
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3.2 Instrumentation
Ionization probes were used to detect the presence of a flame and consisted of two stainless
steel electrodes protruding into the detonation tube. One electrode was connected to ground
and the other to the positive terminal of a capacitor. The negative terminal of the capacitor
was connected to ground by an output resistor, whose voltage was monitored by the data
acquisition system. The passage of a flame short circuited the electrodes, discharging the
capacitor and passing current through the resistor. This event registered as sharp drop in
voltage. A circuit diagram is shown in Figure 3.2.

Figure 3.2 – Ionization probe circuit

Omegadyne PX219 absolute pressure transducers were used in the mixing chamber
and detonation tube to prepare and fill them. PCB-113A24 and PCB-113A22 piezoelectric
pressure transducers with 1μs response time were used in the detonation tube to measure
combustion pressures. The piezoelectric transducers are activated by a pressure differential,
e.g. a shock wave. A sample scaled output is shown in Figure 3.3. The pressure transducer
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is capable of capturing the rapid pressure rise associated with the passage of a shock wave at
approximately 0.02233s. Uncertainty in instrumentation response is discussed in Appendix
A.2.

Figure 3.3 - A sample scaled output obtained from a piezoelectric pressure transducer
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Chapter 4 - Horizontal Channel
Experiments were performed in an aluminum horizontal channel measuring 1.22m long,
7.62cm wide, and 15.24cm tall. Instrumentation ports were spaced 15.24cm apart beginning
7.62cm from ignition end (see Figure 4.1). In order to achieve vacuum conditions all flanges
were sealed with O-rings and SAE-8 bolts. Intake and exhaust, placed at the front (0m) and
rear (1.22m) flanges, were regulated by Swagelok B-45S8 ball valves.

Figure 4.1 - Horizontal detonation channel equipped with eight instrumentation ports

A mixture of nitrogen-diluted stoichiometric methane-oxygen, i.e., CH4 + 2(O2 +
2/3N2), was used at initial pressures of 20-50kPa. Flush-mounted piezoelectric pressure
transducers (PT) and ionization probes (IP) were used to track the explosion front shock
wave and reaction zone (flame). The ionization probes consisted of two 1.58mm diameter
stainless steel electrodes spaced 3.00mm apart and protruding 3.81cm into the tube. 12.7mm
diameter ceramic oxide spherical beads were chosen as the porous medium. The beads were
loosely packed and layered horizontally.
Tests were performed for a variety of bead layer thicknesses. A single “bead layer” is
defined as the volume of beads necessary to cover the bottom of the channel. Bead layer
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height was measured using calipers at various points along the channel. Gap height refers to
the linear distance from the top of the bead layers to the top of the channel. For tests where
the gap height was fixed and the bead layer height was varied, medium density fiberboard
(MDF) was inserted to fill the volumetric deficit. Table 4.1 presents a summary of
experimental conditions and gives an example test configuration.
Table 4.1 – Experimental Matrix and Sample Test Configuration

Gap height
(mm)
38

74
109

a

Number of bead
layers
1
4
7
10
4
7
4

Bead layer
height (mm)
12.7
43
79
114
43
79
43

Total channel
height a (mm)
50.8
81
117
152
117
152
152

Spark plug used
top

centered
centered

varied using MDF planks.

Soot foils were created by depositing soot from a kerosene lamp on 1.6mm thick
aluminum plates. When placed on the channel sidewall during an experiment the passage of
a detonation wave left a distinct fish-scale imprint on the plate associated with triple-point
trajectories.
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4.1 Results
An experiment was performed to study the effects of varying the gap height above different
depths of porous media on deflagration-to-detonation transition. A mixture of nitrogendiluted stoichiometric methane-oxygen, i.e., CH4 + 2(O2 + 2/3N2), was used in all
experiments. The mixture reactivity was varied via the initial pressure over the range 2050kPa.
In order to characterize flame propagation in the porous medium the channel was
completely filled with 12.7mm ceramic-oxide spherical beads. Figure 4.2 shows a plot of
flame velocity as a function of distance. Data points represent the average flame velocity
between time-of-arrival measurements obtained by ionization probes spaced 15.24cm apart.
For each initial pressure there is a sharp increase in velocity over 0.3m, with higher initial
pressures resulting in faster flame acceleration and higher steady-state velocities.
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Figure 4.2 – Flame velocity for channel filled with 12.7mm beads

One test was undertaken at each pressure. For pressures of 20-40kPa measurements of the
velocity fall short of the “average speed of sound” in the combustion products (1037±12m/s;
each pressure has a slightly different sound speed). The variation in sound speed is not
perceptible given the vertical scale of Figure 4.2. For an initial pressure of 50kPa the average
velocity over the length of the channel is on the order of the speed of sound. These tests
indicate that transition to detonation (2140±25m/s) does not occur in the beads.
Beads were removed from the channel until a gap of 38mm was achieved between the
bead surface and the top of the channel, corresponding to 10 bead layers. Figure 4.3 presents
results obtained for 10 bead layers in a 38mm gap for various initial pressures. Each data
point represents the average taken from 9-12 tests and the error bars represent the standard
deviation. Tests at 15kPa indicate a slow increase and velocity and a tendency to slightly
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surpass the speed of sound in the combustion products by the end of the channel. Increasing
the initial pressure to 20kPa results in faster flame acceleration, achieving velocities (13001500m/s) above the speed of sound (~1037m/s). For tests performed at 30-50kPa an initial
flame acceleration is followed by a jump in velocity to a value approximately 20% less than
the CJ velocity. For cases concerning velocities between the CJ value speed of sound in the
products, visual confirmation of DDT and detonation propagation was achieved using the
soot foil technique (discussed later). The average CJ velocity (~2140m/s) was calculated
using STANJAN. The jump in velocity is located at the point where DDT occurs. The DDT
run-up distance decreases with increased initial pressure.
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Figure 4.3 - Flame velocity in 38mm gap for 10 bead layers at various initial pressures
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Tests for various bead layer depths were carried out for a fixed gap height of 38mm. Results
for an initial pressure of 20kPa are shown in Figure 4.4. All tests at this initial pressure fail
to achieve DDT, falling short of the CJ velocity by a substantial margin.
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Figure 4.4 – Flame velocity in 38mm gap for various bead layer depths at 20kPa

A dataset for a rough surface is included and, when compared to 1 bead layer results,
indicates that 1 bead layer exhibits greater flame acceleration. The rough surface consists of
a single bead layer with interstitial spaces filled by putty, exposing only the upper
hemispheres. Tests for 4, 7, and 10 bead layer depths show a tendency for the flame to
achieve a velocity (1300-1500m/s) greater than the speed of sound in the products
(~1037m/s).
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Further increasing the initial pressure to 30kPa results in velocities that lie between
the speed of sound in the products and CJ velocity. Figure 4.5 illustrates that flame
acceleration is not very sensitive to 4, 7, and 10 bead layer depths, showing similar behaviour
up to 0.60m, after which velocities for 4 and 7 bead layers decrease.
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Figure 4.5 – Flame velocity in 38mm gap for various bead layer depths at 30kPa
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Tests carried out for initial pressures of 40 and 50kPa indicate faster overall flame
acceleration when compared to 30kPa and achieve speeds near CJ velocity, achieving DDT.
The location of DDT appears to be insensitive to the bead layer depth for 4, 7, and 10 layers.
On average the achieved velocities are 20% less than the theoretical CJ detonation velocity.
This behaviour is shown in Figures 4.6 and 4.7, presenting results for 40 and 50kPa,
respectively. For 4 and 7 bead layers there is a slight decrease in velocity after reaching the
maximum velocity prior the end of the channel.
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Figure 4.6 – Flame velocity in 38mm gap for various bead layer depths at 40kPa
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Figure 4.7 – Flame velocity in 38mm gap for various bead layer depths at 50kPa
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Beads were further removed until a gap of 74mm was achieved between the bead surface and
the top of the channel. Figure 4.8 presents a comparison of results obtained at 20kPa with a
74mm gap to those at 38mm (shown in Figure 4.4). For 74mm the overall flame acceleration
is demonstrated to be less when compared to 38mm, with 7 bead layers demonstrating
greater acceleration than 4 bead layers. In addition, flame velocities for 74mm stabilize at
the speed of sound in the combustion products, while velocities for the smaller gap of 38mm
remain well above this speed until decreasing near 1.07m.
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Figure 4.8 – Flame velocities in 38 and 74mm gaps for various bead layer depths at 20kPa

45

1.20

Figure 4.9 presents a comparison of results obtained for 38 and 74mm gaps at an
initial pressure of 30kPa. It is shown that the 74mm gap results in slower flame acceleration
and a longer run-up distance to DDT when compared to 38mm.
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Figure 4.9 – Flame velocities in 38 and 74mm gaps for various bead layer depths at 30kPa
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Figure 4.10 presents a comparison of results obtained for 38 and 74mm gaps at an
initial pressure of 40kPa. It is shown that the 74mm gap results in a longer run-up distance to
DDT when compared to 38mm, as in Figure 4.9. However, detonation velocities for 74mm
are close to the CJ velocity compared to 38mm, which fall short of this speed.
Figure 4.11 presents a comparison of results obtained for 38 and 74mm gaps at an
initial pressure of 50kPa. It is shown that the 74mm gap results in a longer run-up distance to
DDT when compared to 38mm, as in Figures 4.9 and 4.10. It is observed that DDT occurs at
0.76m for both 4 and 7 bead layers for a 74mm gap, achieving CJ velocity. This suggests
DDT does not depend on bead-depth for a 74mm gap.
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Figure 4.10 – Flame velocities in 38 and 74mm gaps for various bead layer depths at 40kPa
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Figure 4.11 – Flame velocities in 38 and 74mm gaps for various bead layer depths at 50kPa
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Beads were further removed from the channel until a gap of 109mm was achieved
between the bead surface and the top of the channel, corresponding to 4 bead layers. Figure
4.12 presents a comparison of results for 4 bead layers obtained with 38, 74, and 109mm
gaps at the highest tested initial pressure of 50kPa. Shock velocity was measured for 109mm
due to the irregular flame shape persisting at this configuration. Although shock velocity is
not reliable for comparison with flame velocities during deflagration, it useful for
determining DDT location since a detonation wave consists of a coupled shock and flame. It
is shown that even up to 50kPa there is no evidence of DDT for 109mm gap when compared
to 38 and 74mm. Measurements for 109mm indicate the shock achieves the speed of sound
in the combustion products.
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Figure 4.12 - Velocity comparison for 38, 74, and 109mm gaps at 50kPa
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However, increasing the initial pressure to 60kPa for 109mm clearly demonstrates DDT is
achievable outside the test conditions set forth in this experiment, as shown in Figure 4.13.
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Figure 4.13 – Velocity comparison at P0=20-60kPa for 109mm gap and 4 bead layers

In summary, over the tested initial pressure range experiments in a channel
completely filled with beads does not result in DDT. For a fixed gap height the bead layer
thickness had very little effect on explosion propagation. For a fixed bead layer thickness the
explosion propagation was strongly influenced by the gap height. When beads are removed
to 38 and 74mm gap heights DDT occurs for 30-50kPa. For a 38mm gap height the final
velocity lies between the speed of sound and CJ velocity, while larger gaps demonstrate
velocities close to either the speed of sound or CJ velocity. For the large gap of 109mm,
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corresponding to 4 bead layers, DDT was not achieved over the initial pressure range of 2050kPa, but was shown to occur at 60kPa.

4.2 Discussion
4.2.1 Combustion Front Structure
Figure 4.14 shows simultaneous pressure measurements made by Johansen and Ciccarelli
[68] for a channel configuration resembling the present experiment, with the addition of
probes along the bottom surface. Pressure transducer locations relative to the ignition end
are shown on the y-axis and pressure signals are vertically offset for clarity. Near the
ignition source (10cm) the pressure rises slowly and near-uniformly. Here the flame velocity
is significantly less than the speed of sound in the fresh mixture. At a channel distance of
23cm strong shocks are seen to arrive at the pressure transducer in the bead layer (bottom
surface mount) prior to the arrival of weaker compression waves at the transducer in the gap.

Figure 4.14 - Pressure transients recorded at the top and bottom surfaces of the channel at different axial
locations for an initial pressure of 40kPa, CH4 + 2(O2 + 2/3N2) [68]
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The formation of shocks in the bead layer is attributed to rapid flame acceleration in the layer
itself. Based on the pressure differential at this axial location one can expect a flow of
combustion products from the bead layer into the gap. From channel distance 53cm onward
the shock in the gap arrives sooner than in the bead layer. At these locations the pressure
differential suggests a flow from the gap into the bead layer. Schlieren images indicate the
flame is continuous across the bead layer surface, leading to a coupling of flame propagation
in the bead layer and gap [68] (see Figure 2.19).

4.2.2 Flow Visualization Using Soot Foils
As described in the introduction the soot foil technique is normally used to track the
triple points of a detonation wave. In this study it was found that this technique could also be
used to determine the flow direction within the bead layer. Figure 4.15 shows a typical soot
foil record obtained within the bead layer, with flame direction from left to right. Shown in
the figure are dotted circles indicating the location of eight beads. Soot is clearly transported
from around the point of contact to a spot at the trailing edge, where it collects. Close
inspection of the image indicates streak lines around the beads caused by the flow-induced
movement of the soot. The flow streamlines around the bead are shown schematically in
Figure 4.15.
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Figure 4.15 - A small section of a typical soot foil with schematic representations of bead locations and
streamlines for an initial pressure of 40kPa with 7 bead layers. Flow movement is from left to right.

The entire directional flow-history can be obtained by inserting a soot foil spanning
the entire length of the tube. Figure 4.16 shows the progression of flow in the beads as it
propagates from left to right for a 7 bead layer test. The top row of beads represents the bead
layer at the bottom of the gap while the bottom row rests on the channel surface. Figure
4.16a demonstrates that initially the flow is horizontal between IP2-IP3 in accordance with
the flow in the gap, suggesting a negligible pressure gradient between the gap and bead layer
regions. Figure 4.16b, obtained much further along the tube between IP5-IP6, illustrates the
flow in the bead layer has turned downward, suggesting a change in the pressure distribution
at the gap/bead layer interface. These results are consistent with the pressure measurements
made by Johansen and Ciccarelli [68] in Figure 4.14.
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(a) flow in bead layer is initially horizontal (gap not shown)
(between IP2 and IP3, 23-38cm down the channel)

.(b) flow later shifts downward due to change in the pressure
distribution between the gap and bead layer (gap not shown)
(between IP5 and IP6, 69-84cm down the channel)

Figure 4.16 - Progression of flow in the beads as it propagates from left to right for initial pressure of
40kPa with 7 bead layers

Once the flame achieves a velocity on the order of the speed of sound in the
combustion products and the gap height is larger than the mixture detonation cell size DDT
occurs in the gap, driving a shock wave into the bead layer. Figure 4.17 shows a soot foil
depicting the passage of a detonation wave at the gap/bead layer interface. Dashed lines
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show the triple point trajectories in the gap while dashed circles provide locations of bead
placement. The extremely large pressures caused by detonation in the gap drives the flow in
the bead layer downwards. Since the detonation cannot propagate in the bead layer an
oblique shock forms, extending from the detonation in the gap, shown in Figure 4.17. Based
on the flow direction obtained by the soot foil one can deduce the oblique shock angle.

Figure 4.17 - A soot foil depicting the passage of a detonation wave at the gap/bead layer interface for
30kPa and 74mm gap, 7 bead layers

Experiments performed for 10 bead layers and 38mm gap indicate the presence of
velocity regimes not predicted by CJ theory. As shown earlier in Figure 4.3, at 20kPa a
velocity of 1300-1500m/s is observed near the end of the channel, which exceeds the isobaric
speed of sound in the combustion products (~1037m/s). Additionally, for pressures of 3050kPa velocities 20% less than the theoretical CJ value are observed.
Figure 4.18 shows the imprint from a test at 50kPa for 10 bead layers and 38mm gap.
The foil spans the distance between IP3 and IP8, with the average flame front velocity
measured between ion probes shown at the top.
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Figure 4.18 – A sooted foil obtained at 50 kPa for 38mm gap with corresponding flame velocity
measurements between ion probes

Based on ion probe data DDT occurs between IP3 and IP4, where the average velocity is
1929m/s based on the ion probe flame time-of-arrival. The detonation wave persists and
achieves a velocity of 2032m/s between IP4-IP5. The wave velocity decreases to 1836m/s
by IP5-IP6 and slows further by IP6-IP7, where the velocity decreases to 1772m/s. Shortly
after, between IP7-IP8, the velocity increases back to 1836m/s. A triple point track is seen
just to the left of IP4 at the location of detonation initiation. The point is seen reflecting off
the bead layer surface and top-plate as the reaction proceeds down the length of the channel,
forming half of a large cell. Within this large cell, a fine-scale cell structure is observed,
corresponding to an overdriven detonation wave. As the wave moves to the right the finescale structures increase in size. By IP6 it is difficult to discern any long lasting triple point
track, indicating the failure of the wave. However, between IP7-IP8 a more pronounced
triple point track is shown, and the velocity recovers to 1836m/s. This type of detonation
propagation is known as “galloping” in the literature because of the large velocity
oscillations associated with successive detonation failure and re-ignition, which are clearly
observed in the soot foils. For lower initial pressures the velocity oscillations are even more
dramatic.
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Studies addressing this topic were undertaken by Dupré et al [64], Vasil’ev [65], and
Teodorczyk and Lee [66], in which a self-sustained detonation was made to propagate in a
duct with acoustic absorbing walls. The experiments demonstrated that the acoustic damping
walls attenuate the transverse waves of the detonation causing the reaction zone to decouple
from the shock wave, leading to the failure of the detonation. Radulescu and Lee [67]
performed such tests in a round tube and a narrow channel equipped with acoustic absorbing
material. They speculated that there is competition between transverse wave elimination at
the porous wall and re-amplification of triple points within the reaction zone. Based largely
on their tube experiments, they proposed a propagation limit of (d/λ)* ≈ 4 below which
detonations fail, where d is the size of the gap. Near the limit the detonation velocity is
significantly lower than the CJ value due to the successive failure and reinitiation of the
wave. Away from the limit the detonation is able to generate new triple points quickly
enough to counteract losses due to the porous walls resulting in lower velocity deficits. The
accepted limit condition for DDT in circular tubes is (d/λ)DDT > 1, for which the diameter
must exceed the detonation cell size [22]. For a rectangular channel d is taken as the smallest
dimension (transverse or vertical). This criterion describes the conditions necessary for DDT
but does not ensure the detonation will persist.
Table 4.2 - Detonation velocity and cell data for CH4 + 2(O2 + 2/3N2),
measured in a 76 mm square channel [63]

Initial
pressure
(kPa)
20
30
40
50

CJ
velocity
(m/s)
2124
2139
2149
2157
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Cell size, λ
(mm)
~76
26±5
19±2
14±2

In the current investigation a single porous wall is present. Based on symmetry one could
extrapolate this to a limit criterion of (d/λ)* ≈ 2. This propagation limit also ensures that the
commonly accepted DDT limit (d/λ)DDT > 1 is satisfied. In the current experiment the
propagation limit was found to be 30kPa. Table 4.2 provides a summary of cell size and CJ
velocity for initial pressures of 20-50kPa for a CH4 + 2(O2 + 2/3N2) mixture obtained by
Johansen and Ciccarelli [63]. Based on the reported cell size of 26mm this gives d/λ=1.6,
which is close to the limit criterion of (d/λ)* ≈ 2.
2146 m/s

2458 m/s
PT5

Flow
“disturbance”
at bead surface

PT6

PT7

Detonation
initiation

PT8
20mm

Figure 4.19 - Soot foil imprint for an initial pressure of 30kPa and 74mm gap

Figure 4.19 shows a flow disturbance at the bead surface just before DDT, described
as a set of clockwise smears. Although velocity information between PT5 and PT6 was
unavailable for this figure the average of two other tests at the same test condition yields a
front velocity of 1315m/s. This is consistent with the velocity regime 1300-1500m/s for
which smears appear, occurring for all bead layer tests, including a single layer. When the
single bead layer is substituted by a rough surface the smear pattern disappears (the rough
surface consists of a single bead layer with interstitial spaces filled by putty, exposing only
the upper hemispheres). This indicates porosity plays a role in the formation of these
disturbances. It is suggested a coupling of the flow in the gap and beads plays an important
role in achieving the 1300-1500m/s velocity, which is not predicted by CJ theory. One may
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hypothesize that the product gas vented from the bead layer into the gap acts like a piston,
permitting a flame propagating in the gap to achieve a velocity higher than the speed of
sound in the products, which is the upper limit when the products are at rest.
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Chapter 5 - Vertical Tube
Experiments were performed in a 61.0cm tall steel vertical tube with inner-diameter 7.62cm
(Figure 5.1). In order to achieve vacuum conditions all flanges were sealed with gasket
material. Intake and exhaust, located at the top and bottom, respectively, were regulated by
Swagelok B-45S8 ball valves. Diametrically opposed flush-mounted piezoelectric pressure
transducers (PT) and ionization probes (IP) were spaced at one tube diameter. The ionization
probes consist of two 1.58mm diameter stainless steel electrodes spaced 3.00mm apart and
protruding 10mm into the tube. The bottom endplate houses a central flush-mounted
pressure transducer to measure the reflected shock pressure. A mixture of nitrogen-diluted
stoichiometric ethylene-oxygen, i.e., C2H4 + 3(O2 + βN2), β=0-3, was used at initial pressures
of 10-100kPa. The ratio of the number of moles of nitrogen to oxygen is denoted by β, with
β=0 corresponding to stoichiometric ethylene-oxygen and β = 3.76 to stoichiometric
ethylene-air. In most tests four orifice plates (BR=55%) were spaced at one tube diameter
from the ignition end. The blockage ratio (BR) is defined as:
⎛d ⎞
BR = 1 − ⎜⎜ op ⎟⎟
⎝ D ⎠

2

(3.1)

where dop is the inner diameter of the orifice plate and D is the inner diameter of the tube. A
layer of ceramic spherical beads was located at the bottom end. Two different bead
diameters, d, were used: 3 and 12.7mm (nominal diameter 1/8” and 1/2”, respectively).
Different bead layer lengths, LPM, were tested.
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Figure 5.1 – Vertical detonation tube equipped with thirteen instrumentation ports
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5.1 Results
An experiment was performed to study the head-on collision of a combustion front with a
porous medium. A mixture of nitrogen-diluted stoichiometric ethylene-oxygen, i.e., C2H4 +
3(O2 + βN2), β=0-3, was used in all the tests performed up to an initial pressure of 100kPa.
The choice of ethylene as the test fuel was motivated by proprietary restrictions from a
previous contract.

5.1.1 Explosion Propagation in Porous Media
In order to characterize combustion front propagation through porous media tests were
performed with the tube completely filled with beads up to a level 3cm below the top plate,
where the spark plug is located. Figure 5.2 shows a plot of flame velocity as a function of
distance in a tube filled with 12.7mm beads for β=0. For initial pressures up to 40kPa the
flame accelerates past the speed of sound in the combustion products within two tube
diameters and decreases slightly thereafter, achieving roughly a steady velocity in the second
half of the tube. For tested pressures larger than 40kPa CJ velocity is achieved over two tube
diameters, with an accompanying drop in velocity towards the end. Since the detonation
wave propagates supersonically relative to the unburned gas the drop in velocity cannot be
attributed to any downstream effects, and is more likely due to a weakening of the detonation
following transition.
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Figure 5.2 - Flame velocity for β=0 mixture for tube filled with 12.7mm beads
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A similar drop in the detonation velocity is observed for less reactive β=1 mixtures for which
transition to detonation occurs at initial pressures greater than 60kPa. This is shown in
Figure 5.3. For β=1 mixtures at initial pressures below 40kPa the flame accelerates to a
velocity on the order of the speed of sound in the combustion products, i.e., 1000m/s. As the
initial pressure increases the distance required to achieve maximum flame velocity decreases.
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Figure 5.3 - Flame velocity for β=1 mixture for tube filled with 12.7mm beads
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The pressure time-histories recorded by pressure transducers spanning the length of the tube
are shown in Figure 5.4 for a tube full of 12.7mm beads and β=1 mixture at an initial
pressure of 20kPa. Pressures are vertically offset for visual clarity. P4 is not included due to
a limited quantity of pressure transducers.

Figure 5.4 - Pressure time-histories and flame time-of-arrival (solid square symbols) for β=1 mixture.
Tube completely filled with 12.7mm beads for an initial pressure of 20kPa

The flame time-of-arrival inferred from the ionization probes are denoted in Figure 5.4 by
solid square symbols. The corresponding flame velocity is shown in Figure 5.3. For this
experiment the flame accelerates to a velocity of about 1000m/s by the time it reaches P3,
located 0.25m from the igniter. The P1 pressure trace in Figure 5.4 indicates the flame is
preceded by a slow pressure rise to a peak overpressure of 0.2MPa. By the time the flame
reaches P2 the pressure pulse has steepened considerably and an overpressure of roughly
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0.4MPa is achieved. Note the arrival time of the flame coincides closely with the start of the
pressure rise. From this point on the pressure profile changes very little with a slightly
higher peak pressure recorded at P7, which is located at the endplate. There is no evidence
of a reflected shock propagating back towards the ignition end of the tube.
The peak normalized pressures recorded at P5, P6, and P7 for the tube filled with
12.7mm beads at β=1 as a function of initial pressure is shown in Figure 5.5. The data
indicates that, in general, the peak pressures at P5, P6, and P7 are on the order of the CJ
detonation pressure (PCJ). On average, the peak pressure recorded at the endplate P7 does not
show any appreciable increase from those measured at P5 and P6. Even for initial pressures
for which a detonation wave propagates the entire length of the tube (see Figure 5.3) the
endplate pressure falls well below the theoretical CJ reflected detonation pressure (PCJ-R).
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Figure 5.5 - Peak pressures recorded at P5, P6, and P7 normalized by the initial pressure (P0) for β=1
mixtures for the tube filled with 12.7mm beads. Also shown are the normalized theoretical CJ detonation
(PCJ), reflected CJ detonation (PCJ-R) and constant volume (PCV) pressures.
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Experiments performed in tubes filled with orifice plates indicate that detonation
propagation is only possible when the orifice plate diameter is larger than the detonation cell
size, λ [22]. Assuming this criterion applies for porous media, i.e., δ/λ ≥ 1, where δ is the
pore size, one can apply the very limited cell size data from the Shepherd detonation database
[62] to estimate the minimum initial pressure required for detonation propagation. The
average pore size is taken to be δ= d/3, where d is the bead size [52]. For beads of
d=12.7mm, β=1 mixture of cell-size λ=3mm, and initial pressure of 70kPa the value of δ/λ is
1.4. This result suggests the detonation propagation limit corresponds to a pressure slightly
less than 70kPa, which compares well with the experimentally measured detonation limit of
50kPa. At this initial pressure (70kPa) the detonation wave propagates well below the CJ
detonation velocity, which again agrees with the findings of Makris et al. [52]. For 12.7mm
beads a β= 3 mixture at 90kPa yields δ/λ= 0.3, and for a β=2 mixture at 80kPa, δ/λ= 0.5.
These results suggest detonation propagation in these mixtures is unlikely even at the highest
tested initial pressure of 101 kPa, and is not possible in smaller beads.
Makris et al. [52] showed that the CJ detonation velocity is attained when pore size,
δ, is larger than the critical tube diameter, which is the minimum diameter from which an
emergent planar detonation wave can pass into free space without failure (δ ≥ 13λ for a tube
of circular cross section). Pore dimensions less than this critical size cause the detonation
wave to propagate at a significant velocity deficit.
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5.1.2 Flame Acceleration in Tube Without Beads
Experiments were performed with four orifice plates and no beads in order to characterize the
flame acceleration in the tube and peak pressures generated at the endplate. The flame
acceleration down the length of the tube for a β=1 mixture at various initial pressures is
shown in Figure 5.6. For a β=1 mixture the average CJ detonation velocity and isobaric
speed of sound are 2100m/s and 1000m/s, respectively. DDT is observed for initial pressures
of 50kPa and above, and the DDT run-up distance decreases with increased initial pressure
due to the higher reactivity of the mixture. For the 60kPa tests DDT occurs after the last
orifice plate, located at 0.305m from the ignition end. For the 30 and 40kPa initial pressure
tests the flame accelerates to roughly the speed of sound of the products by the end of the
tube.
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Figure 5.6 - Flame velocity for β=1, orifice plates in the tube with no beads
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The pressure time-histories recorded by pressure transducers spanning the length of the tube
are shown in Figure 5.7 for a β=1 mixture at an initial pressure of 20kPa. The flame time-ofarrival inferred from the ionization probes are denoted in Figure 5.7 by solid square symbols,
for which the corresponding flame velocity is shown in Figure 5.6.

Figure 5.7 – Pressure time-histories and flame time-of-arrival (solid square symbols) for β=1 mixture,
initial pressure 20kPa, no beads in tube

In Figure 5.6, for the 20kPa test, the flame achieves a velocity on the order of 500m/s by P2.
This is a much slower acceleration compared to the case for which the tube is completely
filled with 12.7mm beads (see Figure 5.3), where twice the flame velocity is achieved by P2.
This is also observed in the very slow pressure rise measured ahead of the flame at P2 and
P3, shown in Figure 5.7. This indicates the flame acceleration process in the 12.7mm porous
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medium is significantly greater than the same process with orifice plates alone. By the time
the flame reaches transducer P5, located immediately after the final orifice plate, a welldefined shock wave develops just ahead of the flame. As the flame propagates to the end of
the tube the shock velocity remains fairly constant at approximately 600 m/s. Flame
acceleration after the last orifice plate ceases due to the absence of flow perturbations. The
most prominent feature of the pressure histories in Figure 5.7 is the extremely large 4.1MPa
peak overpressure generated at the endplate (P7). This represents roughly 203 times the
initial pressure and over 3 times the theoretical reflected CJ detonation pressure. The P7
pressure trace indicates that there is an initial sharp rise of about 1MPa followed by a much
larger jump in pressure. The first rise in pressure corresponds to the reflection of the shock
wave ahead of the flame. This is followed after a short induction time by a shock wave
generated by the explosion of the pre-compressed gas next to the endplate. This
phenomenon is often referred to as pressure piling in the literature. The strong shock
produced by the end-gas explosion propagates through the combustion products back to the
ignition end.
Plotted in Figure 5.8 is the normalized peak pressure recorded at the endplate (P7) for
35 tests performed with β=1mixtures. At an initial pressure of 50kPa or greater DDT occurs
before the endplate. Subsequently, a detonation wave reaches the endplate. As a
consequence, for these initial pressures, the peak pressure recorded at P7 corresponds to
roughly the reflected CJ detonation pressure. In general, the peak pressure is larger than the
reflected CJ value because the detonation wave that reflects is overdriven due to the
proximity of the DDT to the endplate. This effect is more prominent at lower initial
pressures, e.g. 50-60kPa.
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Figure 5.8 - Measured peak endplate pressure P7 normalized by the initial pressure (P0) for β=1 with no
beads. Also shown are the normalized theoretical CJ detonation (PCJ) and reflected CJ detonation (PCJ-R)
pressures.

For initial pressures below 50kPa, pressures significantly higher than the reflected CJ
pressure are recorded due to pressure piling. There is significant scatter in the data below
50kPa due to the irreproducible nature of flame acceleration and pressure piling phenomena.
The normalized peak pressure recorded at P7 for the different β mixtures is shown in
Figure 5.9. The average value based on multiple tests is shown at each initial pressure and
error bars are used to represent the standard deviation.
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Figure 5.9 – Measured peak endplate pressure P7 normalized by the initial pressure (P0) for different β
value mixtures in the tube with no beads. Also shown are the normalized theoretical CJ detonation (PCJ),
reflected CJ detonation (PCJ-R) and constant volume (PCV) pressures for β=0.

For the most reactive mixture (β=0) DDT occurs for all initial pressures such that the peak
pressure is on the order of the reflected CJ detonation pressure. For the β=2 mixture DDT
does not occur, leading to a shock wave contacting the endplate. For initial pressures of
40kPa and less the end-gas does not react whereas for initial pressures of 60kPa and above
there is reaction of the end-gas producing reflected CJ magnitude pressures. For the least
reactive (β=3) mixture the peak pressure corresponds to the reflection of a weak shock with
no end-gas reaction.
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5.1.3 Flame Acceleration and Interaction with a Bead Layer
Experiments were performed with a 15cm layer of 3 and 12.7mm diameter beads at the
bottom of the vertical tube. As seen in Figure 5.1, for this configuration P6 and P7 are
located within the bead layer and P5 is 3.81cm above the bead layer face, which is located
0.46m from the ignition end. Analysis of the P5 and P6 pressure transients provides
information concerning the reflection and transmission characteristics of the interaction.
Experiments were performed with β=1 mixtures only since they produced both detonation
waves and fast-flames incident on the bead layer over the pressure range of interest, i.e., 10–
100kPa. The normalized peak pressures recorded for β=1 mixtures over the full range of
initial pressures is provided in Figure 5.10 for 3mm beads, and in Figure 5.11 for 12.7mm
beads. Error bars represent the standard deviation from multiple tests.
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Figure 5.10 - Normalized peak pressures (β=1) for tube with 15cm layer of 3mm beads
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Figure 5.11 - Normalized peak pressures (β=1) for tube with 15cm layer of 12.7mm beads

There is significant scatter in the peak pressures recorded for initial pressures less than
50kPa, consistent with results obtained for a tube devoid of porous media (see Figure 5.8). It
is clear that the beads act as a buffer for the endplate, as the peak pressure recorded at P7
with beads present is significantly lower than in the absence of beads (see Figure 5.7). This
is especially true for the 3mm beads where the peak P7 pressure is lowered to between the
constant volume and CJ detonation pressures over the entire initial pressure range tested.
The most significant difference between the results for the two bead sizes under this
configuration is the axial location of the peak pressure. For the 12.7mm bead layer the
maximum pressure is recorded within the bead layer at P6, whereas for the 3mm bead layer
the maximum pressure is recorded before the bead layer at P5. This indicates the porosity of
the bead layer plays a role in the reflection and transmission of the combustion front at the
bead layer face.
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For initial pressures greater than 50kPa a detonation wave interacts with the bead
layer face. The peak pressure just prior to the bead layer face lies between the CJ and
reflected-CJ detonation pressures due to the non-ideal reflecting surface, which does not
stagnate the flow. The peak pressure recorded at P5 is higher for the lower porosity 3mm
bead layer. This layer more closely resembles an ideal reflecting surface when compared to
the 12.7mm bead layer face. For the 3mm bead layer the transmitted explosion front
propagates at a velocity, measured between P6 and P7, in the range of 1000 and 1100m/s,
depending on the initial pressure. Therefore, although the 3mm bead layer does not quench
the detonation altogether it effectively causes the decoupling of the shock and reaction zone,
leading to a fast-flame propagating at the speed of sound of the combustion products.
Further evidence of detonation failure is the absence of a sharp pressure rise at the front
recorded at P6. Interestingly, the peak pressure recorded at P6 remains at the CJ value, most
likely due to the interaction at the bead layer face and short distance for attenuation.
For the 12.7mm bead tests a detonation wave is transmitted into the bead layer. Over
the initial pressure range of 60–100kPa the detonation wave propagates between P6 and P7 at
a velocity of 1300–1350 m/s, well below the CJ velocity. This is consistent with the
detonation wave velocity measured near the end of the tube when it is completely filled with
12.7mm beads (see Figure 5.3). The pressure time history recorded at P6 shows a pressure
profile characteristic of a detonation wave. The peak pressure recorded at P6 is well above
the CJ detonation pressure, approaching the reflected CJ value for initial pressures of 50 and
70kPa. This indicates that the detonation wave fails as it enters the bead layer and re-initiates
near P6. The re-initiation process produces a locally overdriven detonation wave which
quickly decays in the bead layer.
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For initial pressures less than 50kPa a fast-flame interacts with the bead layer face.
The bead layer face partially reflects the precursor shock wave back towards the turbulent
flame brush. The lower the porosity of the layer, the more effective is the reflection of the
precursor shock wave. For initial pressures in the range of 20–50kPa the 3mm bead layer is
capable of producing a very strong explosion ahead of the bead layer. This explosion is the
result of precursor shock reflection at the bead surface and is discussed later.
The average of the P5 peak pressure recorded for multiple tests may be significantly
larger than the reflected CJ detonation pressure for the mixture, as demonstrated in Figure
5.10. The degree of scatter in the data, denoted by the error bars, is similar to that found in
the P7 measurements made without beads (see Figure 5.8). A significantly lower peak
pressure, on the order of the CJ detonation pressure, is recorded inside the bead layer at P6.
An exception exists for the 10kPa initial pressure tests where the peak P6 pressure is larger
than the peak P5 pressure.
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5.2 Discussion
The interaction of a fast-flame with a bead layer at initial pressures of 20-50kPa results in
two distinct explosive mechanisms.
If the incident shock wave is sufficiently strong the high temperature and pressure
produced by shock reflection can initiate an explosion at the bead layer face. This explosion
produces a reactive shock wave that propagates into the bead layer. The transmitted front is
overdriven relative to the steady propagation measured for the tube filled entirely with beads
(compare P6 peak pressure values in Figure 5.11 with those in Figure 5.5). The explosion at
the bead layer face also produces a strong shock wave which propagates back into the
combustion products towards the ignition end. This phenomenon is referred to as a shockreflection-induced-explosion.
If the incident shock wave is of insufficient strength to initiate an explosion at the
bead layer face a non-reactive shock wave is transmitted into the bead layer, closely followed
by a flame. The transmitted shock wave induces a turbulent flow of unburned gas in the bead
layer resulting in rapid mixing with burned gas. When the flame arrives in the bead layer the
pre-heated reactants are rapidly consumed, resulting in an explosion. This phenomenon is
referred to as a mixing-induced-explosion. An analysis of P5 and P6 pressure traces for a
particular test is used to identify which explosion mechanism has occurred.
Pressure transients for a test undertaken at 30kPa with 3mm beads are shown in
Figure 5.12, demonstrating a shock-reflection-induced-explosion. This behaviour was found
to be typical for 3mm beads at initial pressures of 30-50kPa. The pressure transient recorded
prior to the bead layer at P5 shows the passage of a 0.34MPa pressure wave. Based on the
flame time-of-arrival at IP5 the pressure front is followed by a flame passing the same
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location 62μs later. For an average shock velocity of 1000m/s this yields a distance of 62mm
between the lead compression wave and the trailing flame. The passage of the initial
pressure wave and flame is followed by a large 2.2MPa pressure spike propagating back
towards the ignition end of the tube, shown again in the P5 pressure transient of Figure 5.12.
A less significant pressure front is observed in the bead layer at P6, whose time of arrival is
coincident with that of the flame at IP6, indicating the presence of a coherent explosion front.
This explosion decays in strength as it propagates through the bead layer, indicated by the
lower peak pressure recorded at P7. The explosion front propagation achieves a velocity of
800m/s between P6 and P7.

Figure 5.12 - Pressure transients and flame times-of-arrival (solid square symbols) for β=1 mixture,
initial pressure of 30kPa, and a 15cm vertical layer of 3mm diameter beads
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Pressure transients for a test undertaken at 20kPa with 3mm beads are shown in
Figure 5.13. The maximum pressure is recorded at P6 in contrast to the 30kPa case
illustrated in Figure 5.12, where the peak pressure is recorded at P5. This result implies that
the 0.16MPa incident shock wave at P5 is incapable of producing an explosion upon
reflection. The trailing flame passes the P5 location 78μs after the arrival of the incident
shock and interacts with the reflected shock with no discernable outcome. The reflected
shock arrives at P5 110μs after the passage of the original incident shock at this location.

Figure 5.13 - Pressure transients and flame times-of-arrival (solid square symbols) for β=1 mixture,
initial pressure of 20kPa, and a 15cm vertical layer of 3mm diameter beads

As observed in the P6 transient, a weak compression wave is transmitted into the
bead layer (note the slow pressure rise ahead of large spike), followed by the arrival of the
flame at the same location. After a brief period a strong explosion is initiated, shown by the
large pressure spike recorded at P6. Proceeding to P7 one notices a substantial reduction in
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pressure, indicating the efficacy of 3mm beads in explosion attenuation. This mixinginduced-explosion was observed in most of the tests performed with 3mm beads at 20kPa
(5/8 tests) and in all tests performed at 10kPa.
Tests performed with 12.7mm beads demonstrate that peak pressures occur at P6 for
all tested initial pressures (see Figure 5.11). Pressure transients for a test at 30kPa are
provided in Figure 5.14, which are typical of measurements in the 30-50kPa range (and
occasionally 20kPa). At first glance there is a striking similarity between measurements
obtained for 3mm beads at this pressure (Figure 5.13). The exception arises when comparing
P6, which is significantly larger for the 12.7mm bead layer. Closer inspection of the P6
pressure transient indicates an absence of gradual pressurization ahead of the large pressure
spike, implying the large spike at P6 is the result of a supersonic event, i.e., a shockreflection-induced-explosion. The conspicuously large peak pressure recorded at P6 is the
result of lower attenuation in the higher porosity 12.7mm bead layer.
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Figure 5.14 - Pressure transients and flame times-of-arrival (solid square symbols) for β=1 mixture,
initial pressure of 30kPa, and a 15cm vertical layer of 12.7mm diameter beads.
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Tests performed at 20kPa fail to produce a shock-reflection-induced-explosion at the
bead layer face. This is demonstrated in Figure 5.15, where a strong a precursor shock
shown at P6, followed by a flame. An explosion soon develops within the bead layer, as
illustrated by the very large pressure at P6. This phenomenon is similar to those observed for
3mm bead tests performed at 20 kPa, shown in Figure 5.13. The larger explosion pressure
for 12.7mm is attributed to mixing caused by high levels of porosity.

Figure 5.15- Pressure transients and flame times-of-arrival (solid square symbols) for β=1 mixture, initial
pressure of 20kPa, and a 15cm vertical layer of 12.7mm diameter beads.

The previously described results were obtained with pressure transducers P5 and P6
at a distance of 3.81cm from the bead layer face. Tests in which an explosion initiates at the
bead layer face show shock waves propagating into the bead layer and towards the ignition
end, each decaying in strength prior to their arrival at P5 and P6, respectively.
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In order to measure the true maximum pressure the bead layer was extended to a
height of 19cm, just below P5, and three orifice plates were used to accelerate the flame. The
peak pressure recorded at P5 under this configuration is provided in Figures 5.16 and 5.17 for
3 and 12.7mm beads, respectively. Experiments for both bead sizes show pressures at P5 to
be significantly larger for a 19cm vertical bead layer. For tests where DDT occurs before the
bead layer, i.e., P0>50kPa, the peak pressure recorded at P5 is closer to the reflected CJ
detonation pressure.

Figure 5.16 - Normalized peak pressures (P5) for β=1 mixture with a 19cm layer of 3mm beads. Also
shown are average values for a 15cm layer from Figure 5.10
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Figure 5.17 - Normalized peak pressures (P5) for β=1 mixture with a 19cm layer of 12.7mm beads. Also
shown are average values for a 15cm layer from Figure 5.11.

Several P5 data points shown in Figures 5.16 and 5.17 are even larger than those
recorded at the endplate with no beads in the tube (see Figure 5.8). This discrepancy occurs
because the shock wave Mach number (between P6 and P7) prior to reflection at the endplate
is slightly lower than the Mach number measured prior to reflection from the bead layer face
(between P4 and P5). Therefore, one can conclude the bead layer does not lower the peak
pressure recorded in the tube, but instead shifts the location from the endplate (in the absence
of beads) to the bead layer face (in the presence of beads).

5.2.1 Explosion Time
For tests in which DDT does not occur prior to reaching the bead layer, i.e., 1050kPa, a fast-flame interacts with the bead layer face. The reader should recall that tests
performed for 30-50kPa resulted in an explosion forming ahead of the bead layer after shock
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reflection. However, without visualizing the shock interaction it is not possible to determine
if the explosion initiation is due to the shock reflection alone or the interaction of the
reflected shock with the trailing turbulent flame, as was studied by Scarinci and Thomas [69].
Some insight may be gained by measuring the “explosion time” that elapses when the
shock passes P5 and the rapid rise in pressure associated with the explosion is recorded. This
measured time is compared to chemical induction time calculated based on the reflected
shock temperature and pressure. Such comparisons are shown in Figures 5.18 and 5.19.
Data was limited to 30-50kPa, for which consistent explosion initiation due to shock
reflection was observed.

Figure 5.18 - Measured and calculated induction times based on reflected shock pressure and time
corresponding to incident shock velocity measured between P4-P5 in 3mm beads.
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Figure 5.19 - Measured and calculated induction times based on reflected shock pressure and time
corresponding to incident shock velocity measured between P4-P5 in 12.7mm beads.

The reflected shock temperature and pressure were calculated assuming ideal normal
reflection from a rigid wall using the incident shock velocity measured between P4 and P5
(Ma=3.2-3.5, Appendix B). This approach assumes the multiple compression waves ahead
of the flame can be treated as a single planar shock wave and bead layer topology and
porosity is neglected. The induction time was calculated assuming a constant volume
reaction and taking the calculated reflected shock pressure and temperature as the initial
conditions [62]. The reaction kinetics were modeled using the Konnov mechanism [70].
The calculated induction time data is fit with an exponential curve that appears as a
straight line on the semi-log plot. The scatter in the calculated data about the curve fit is due
to the effect of pressure on the kinetics (the data is obtained from tests at three different
initial pressures) that is unaccounted for in the temperature dependent Arrhenius exponential
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relationship. It is clear from Figures 5.18 and 5.19 that the experimentally measured time
does not conform to the calculated Arrhenius kinetics. It appears as though the measured
explosion time is independent of the reflected shock temperature and thus the incident shock
velocity. The average measured explosion time for the 12.7mm beads is 34.3μs and 20.5μs
for the 3mm beads. Based on this observation one can conclude that the explosion is most
likely triggered by the interaction of the reflected shock wave and the trailing flame.
Levy et al. [61] noted that normal shock reflection off a rigid porous material
produces a slightly weaker reflected shock wave with a pressure profile characterized by a
rapid rise, followed by a slower rise to the ideal rigid wall reflected pressure. It was
observed that as the reflected shock wave moved away from the reflecting surface the shock
wave strengthened, approaching the rigid wall value. This effect was not taken into account
in this calculation, as it would have resulted in a weaker reflected shock for all the tests and
increased the calculated induction time. However, the exponential dependency on the
inverse of the reflected shock temperature would not be affected. Also, not considered is the
local shock reflection process that could produce shock focusing on the bead scale.
However, it is believed this effect cannot explain the observed difference in the explosion
and induction times with the reflected shock temperature.
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Chapter 6 - Conclusions and Recommendations
Experiments were performed to study the transient behaviour of combustion reactions in the
presence of a porous medium. The studies were carried out in a horizontal channel and
vertical tube of rectangular and circular cross-section, respectively.
Tests were conducted in a 1.22m long, 76mm wide, and 152mm high horizontal
channel for a nitrogen-diluted stoichiometric methane-oxygen mixture at initial pressures of
20-50kPa. Layers of 12.7mm diameter ceramic-oxide spheres were placed along the bottom
to partially obstruct the channel, leaving a gap of free space. It is recommended that other
bead diameters should be investigated and compared. For a fixed gap height the bead layer
thickness had very little effect on explosion propagation. For a fixed bead layer thickness the
explosion propagation was strongly influenced by the gap height. For example, DDT
occurred for a gap height of 38mm for initial pressures of 30-50 kPa, but not for 109mm over
the same pressures. Tests at 109mm and 60kPa indicate DDT, suggesting that if one
performed the same experiment with a longer tube DDT would eventually occur for 109mm
and 50kPa. The gap above the bead layer permits DDT as long as the gap height is larger
than one detonation cell width. This was confirmed using cell size data from Johansen and
Ciccarelli [63]. Propagation of the detonation wave over the bead layer is possible if the gap
height can accommodate at least two detonation cells, which differs from the previously
mentioned criterion, which deals with detonation initiation. An additional row of
instrumentation ports along the bottom of the channel would provide further insight into the
combustion process in the bead layer. The measurements acquired by the current
instrumentation describe only what occurs close to the top-plate and shed little light on
occurrences elsewhere. Further insight could be gained by Schlieren photography, as time88

of-arrival probe measurements provide discrete information, where the photography is nearcontinuous by comparison.
The head-on collision of a combustion front with 3 and 12.7mm diameter ceramicoxide spheres was investigated in a 61cm long, 76.2mm diameter vertical tube for a nitrogendiluted stoichiometric ethylene-oxygen mixture at initial pressures of 10-100kPa. Four
orifice plates were placed at the ignition end to accelerate the flame to a “fast-flame” or a
detonation wave. For fast-flames, peak pressures recorded at the bead layer face were up to
five times the reflected CJ detonation pressure. This explosion developed by what was called
a “shock-reflected-induced explosion” and “mixing induced explosion”, the latter of which
resulted from shock transmission causing mixing of burned and unburned gas in the bead
layer. The measured explosion delay time (time after shock reflection from the bead layer
face) was found to be independent of the incident shock velocity. Thus, it was concluded
explosion initiation is not the direct result of shock reflection. Rather, it is more likely due to
the interaction of the reflected shock with the trailing flame. The bead layer was found to be
very effective in attenuating the explosion and isolating the tube endplate.
For all experiments the ion probes protruded into the test channel, interacting with the
flow. Although this effect is considered minute, it is suggested that one employ flushmounted light sensors instead.

89

References
1.

Ciccarelli G, Dorofeev S. “Flame acceleration and transition to detonation in ducts.”
Progress Energy Combust Sci (2008), doi:10.1016/j.pecs.2007.11.002

2.

Turns, Stephen R., “An Introduction to Combustion: Concepts and Applications”, 2nd
Edition, McGraw-Hill, New York, 2000, pp. 254-256.

3.

Glassman, Irvin, “Combustion: 3rd Edition”, Academic Press, San Diego, 1996, pp.
125, 181

4.

Peters N. “Laminar flamelet concepts in turbulent combustion.” Proc Combust Inst
1986; 2:1231–50.

5.

Clavin P. “Dynamic behavior of premixed flame fronts in laminar and turbulent
flows.” Prog Energy Combust Sci 1985;11:1–59.

6.

Bradley D. “How fast can we burn?” Proc Combust Inst 1992;25: 247–62.

7.

Libby PA, Williams FA, editors. “Turbulent reacting flows”. London: Academic
Press; 1994.

8.

Bray KNC. “The challenge of turbulent combustion.” Proc Combust Inst 1996; 26:1–
26.

9.

Abdel-Gayed RG, Al-Khishali KJ, Bradley D. “Turbulent burning velocities and
flame straining in explosions.” Proc R Soc Lond A 1984; 391:393–414.

10.

Abdel-Gayed RG, Bradley D. “Criteria for turbulent propagation limits of premixed
flames.” Combust Flame 1985; 62:61–8.

11.

Bradley D, Lau AKC, Lawes M. Phil Trans Proc R Soc Lond A 1992; 338:359–87.

12.

Bray KNC. “Studies of turbulent burning velocities.” Proc R Soc Lond A 1990;
431:315–35.

13.

Gülder OL. “Turbulent premixed combustion modeling using fractal geometry.” Proc
Combust Inst 1990;23:83.

14.

Shy SS, Lin WJ, Peng KZ. “High intensity turbulent premixed combustion: general
correlations of turbulent burning velocities in a new cruciform burner.” Proc Combust
Inst 2000; 28:561–8.

15.

I.O. Moen, M. Donato, R. Knystautas and J.H.S. Lee, “Flame Acceleration Due to
Turbulence Produced by Obstacles.” Combustion ands Flame, Vol. 39, 1980, 21-32.

90

16.

J.H.S. Lee, R. Knystautas and C.K. Chan, “Turbulent Flame Propagation in ObstacleFilled Tubes.” In 20th Symposium (International) on Combustion, The Combustion
Institute, 1985, 1663-1672.

17.

C.K. Chan, J.H.S. Lee, I.O. Moen and P. Thibault, “Turbulent Flame Acceleration
and Pressure Development in Tubes”, In Proc. of the First Specialist Meeting
(International) of the Combustion Institute, Bordeaux, France, 1981, 479-484.

18.

Breitung, W., Chan, D.K., Dorofeev, S.B., Eder, A., Gelfand, B.E., Heitsch, M.,
Klein, Malliakos, A., Shepherd, J.E., Studier, E., and Thibault, P., “Flame
Acceleration and Deflagration to Detonation Transition in Nuclear Safety”, Tech.
Rep. NEA/CSNI/R(2000)7, OECD Nuclear Energy Agency, August 2000, a Stateof-the-Art report by a Group-of-Experts.

19.

Johansen C, Ciccarelli G. “Visualization of the unburned gas flow field ahead of an
accelerating flame in an obstructed square channel.” (Submitted to Journal of
Combustion and Flame, 2008)

20.

Dorofeev S. “Thermal quenching and re-ignition of mixed pockets of reactants and
products in gas explosions.” Proc Combust Inst 2007; 31:2371–9.

21.

Lee JH, Knystautas R, Chan CK. “Turbulent flame propagation in obstacle-filled
tubes.” Proc Combust Inst 1985; 20:1663–72.

22.

Peraldi O, Knystautas R, Lee JHS. “Criteria for transition to detonation in tubes.”
Proc Combust Inst 1986; 21:1629–37.

23.

K.I. Shchelkin, “Effect of Tube Surface Roughness on Origin and Propagation of
Detonation in Gas”, Journal of Experimental and Theoretical Physics (USSR), 10,
1940, 823-827.

24.

H. Guenoche, and N. Manson, « Influence des Conditions aux Limites sur la
Propagation des Ondes de Choc et de Combustion », Rev. de l’Inst. Francais de
Petrole, No. 2, 1949, 53-69.

25.

Cooper, M., Jackson, S., and Shepherd, J.E., “Effect of Deflagration-to-Detonation
Transition on Pulse Detonation Engines.” GALCIT Report FM00-3, 2000.

26.

Guirao CM, Knystautas R, Lee JH. “A summary of hydrogen–air detonations for
reactor safety.” Sandia National Laboratories/McGill University, Report
NUREG/CR–4961, 1989.

27.

Urtiew PA, Oppenheim AK. “Experimental observation of the transition to detonation
in an explosive gas.” Proc of Roy Soc A 1966;295:1328.

91

28.

Khoklov, A.M., Oran, E.S., Wheeler, J.C., “A theory of deflagration-to-detonation
transition in unconfined flames”, Combustion and Flame, 108: 503-517

29.

Sichel, M., “Transition to Detonation – Role of Explosion within an Explosion”,
Major Research Topics in Combustion (Hussaini, Y.A., Kumat, A., and Voight, R.G.,
eds.), Springer-Verlag, Berlin 1992.

30.

Ficket, W., David, W.C., “Detonation Theory and Experiment”, Dover Publications,
New York, 1979.

31.

Chapman, D.L., “On the rate of explosions in gases”. Philosophical Magazine, 47:
90-104, 1889.

32.

Jouguet E., "On the propagation of chemical reactions in gases", J. de Mathematiques
Pures et Appliquees 1:347-425, 2:5-85, 1906.

33.

Jouguet, E., “Mécanique des explosifs”, Octave Doin, Paris, 1917.

34.

Hugoniot, P.H., “Sur la propagation du mouvement dans les corps et plus
spécialement dans les gaz parfaits” , Journal de l'Ecole Polytechnique, 57: 3-97, 58:
1-125, (1887, 1889).

35.

Zeldovich Y., B., “On the theory of the propagation of detonation in gaseous
systems”. J Exp Theor Phys 1940; 10(5):543–68.

36.

von Neumann, J., “Progress report on the theory of detonation waves”
Office of scientific research and development, Report No. 549, 1942. 24p.

37.

Döring, W., “On the detonation process in a gas” Ann Phys, 1943; 43:421–36.

38.

Erpenbeck, J.,J., “Stability of steady state equilibrium detonations”. Phys
Fluids 1962; 5:604–14.

39.

Erpenbeck, J.,J., “Stability of steady state equilibrium detonations”. Phys
Fluids 1964; 7(5):684–96.

40.

White, D.,R., “Turbulent structure of gaseous detonations”. Phys Fluids
1961;4(4):465–80.

41.

Denisov, Y.,N., Troshin, Y.,K., “On the mechanism of detonative combustion”. Proc
Combust Inst 1961; 8:62–3.

42.

Thompson, Philip A., “Compressible-fluid dynamics”, Advanced Engineering Series,
1988, pp. 419-420.

92

43.

Reynolds, “The element potential for chemical equilibrium analysis: implementation
in the interactive program STANJAN”, Technical Report A-3991, Dept. of Mech.
Eng., Stanford University, Stanford, CA, 1986.

44.

Hornung, H., “Regular and Mach reflection of shock waves”. Ann Rev Fluid Mech
1986; 18:33–58.

45.

Lee JHS. “Dynamic parameters of gaseous detonations.” Ann Rev Fluid Mech
1984;16:311–36.

46.

Babkin, V.S., et al. “Selective Diffusion during Flame Propagation and Quenching in
a Porous Medium”, Combustion, Explosion, and Shock Waves, Vol 41., No. 4, pp.
405-413, 2005

47.

Babkin, V.S., et al., “Propagation of premixed gaseous explosion flames in porous
media”, Combustion and Flame 87, 182-190, 1991.

48.

L. di Mare, T.A. Mihalik, G. Continillo, and J.H. Lee, “Experimental and numerical
study of flammability limits of gaseous mixtures in porous media”, Experimental
Thermal and Fluid Science, 21:1-3, 117-123, 2000.

49.

P. Joo, K. Duncan and G. Ciccarelli, “Flame Quenching Performance of Ceramic
Foam”, Combustion Science and Technology, 178(10-11):1755, 2006

50.

Trimis, D. and Durst, F. (1996) “Combustion in a Porous Medium-Advances and
Applications”, Combustion Science and Technology, 121:1,153 — 168

51.

A.V. Pinaev, “Combustion modes and flame propagation criteria for an encumbered
space”, Combustion, Explosion, and Shock Waves 30(4):454-461, 1994.

52.

A. Makris, H. Shafique, J.H. Lee, and R. Knystautas, “Influence of mixture
sensitivity and pore size on detonation velocities in porous media”, Shock Waves
5:89-95, 1995.

53.

T. Slungaard, T. Engebretson, and O.K. Sonju, “The influence of detonation cell size
and regularity on the propagation of gaseous detonations in granular materials”,
Shock Waves 12:301-308, 2003.

54.

Babkin, V.S., “Dynamics of Gaseous Combustion in Closed Systems with an Inert
Porous Medium”, Combustion and Flame 109: 507-520 (1997).

55.

Lyamin GA, Mitrofanov VV, Pinaev AV, and Subbotin VA (1991), “Propagation of
gas explosion in channels with uneven walls and in porous media”. In: A. Borisov
(Ed.), Dynamic Structure of Detonation in Gaseous and Dispersed Media, Kluwer
Academ., Netherlands, 51-75

93

56.

Makris A, Papyrin A, Kamel M, Kilambi G, Lee JHS, Knystautas R, (1993)
“Mechanisms of detonation propagation in a porous medium”. In: Kuhl AL, Leyer
JC, Borisov AA, Sirignano WA (eds.) Dynamic Aspects of Detonations, Progress in
Astronautics and Aeronautics, AIAA, 153:363-380

57.

Thibault R Liu YK, Chan C, Lee JHS, Knystautas R, Guirao C, Hjertager B, Fuhre K
(1982) “Transmission of an explosion through an orifice.” Proceedings of the 19th
Symposium (International) on Combustion, The Combustion Institute, Pittsburgh,
PA, 599-606

58.

L.G. Gvozdeeva, I.M. Faresov, J. Brossard, N. Charpentier, “Normal shock wave
reflection on porous compressible materials”, AIAA Progress in Astronautics and
Aeronautics, 106:155-165, 1986.

59.

B.W. Skews, “The reflected pressure field in the interaction of weak shock waves
with compressible foam” 1:205-211, 1991.

60.

G. Mazor, G. Ben-Dor, O. Igra, and S. Sorek, “Shock wave interaction with cellular
materials”, Shock Waves 3:159-165, 1994.

61.

A. Levy, G. Ben-Dor, B.W. Skews, S. Sorek, “Head-on collision of normal shock
waves with rigid porous materials”, Experiments in Fluids 15: 183-190, 1993.

62.

J. Shepherd detonation database http://www.galcit.caltech.edu/detn_db/html/

63.

Johansen, C., and Ciccarelli, G., ISSW26, Gottingen, Germany, 1-6(2007).

64.

Dupré, G., Peraldi, O., Lee, J.H., Knystausas S.R., “Propagation of detonation waves
in an acoustic absorbing walled tube.” Dynamics of explosions; Proceedings of the
Eleventh International Colloquium on Dynamics of Explosions and Reactive
Systems, Warsaw, Poland; United States; 3-7 Aug. 1987. pp. 248-263. 1988

65.

Vasil'ev, A A., “Near limit detonation regimes in channels with porous walls.”
Fiz. Goreniya i Vzryva. Vol. 30, no. 1, pp. 101-106. Jan.-Feb. 1994

66.

Teodorczyk, A., and Lee, J.H.S., “Detonation attenuation by foams and wire meshes
lining the walls”. Shock Waves 4:225-236 (1995)

67.

Radulescu, M.I., Lee, J.H.S., “The Failure Mechanism of Gaseous Detonations:
Experiments in Porous Wall Tubes”. Combust. Flame, 131:29-46(2002).

68.

C. Johansen, G. Ciccarelli, “Combustion in a horizontal channel partially filled with a
porous media”. Shock Waves (online), Springer-Verlag 2008

94

69.

T. Scarinci, J.H. Lee, G.O. Thomas, R.J. Bambrey, and D.H. Edwards,
“Amplification of a pressure wave due to its passage through a flame”, AIAA
Progress in Astronautics 152: 3-24, 1993.

70.

A.A. Konnov, “Detailed reaction mechanism for small hydrocarbons combustion”,
Release 0.4, http:homepages.vub.ac.be/konnov/ 1998.

71.

J. E. Shepherd, A. Sulmistras, A. J. Saber, and I. O. Moen 1986 “Chemical Kinetics
and Cellular Structure of Detonations in Hydrogen Sulphide and Air” Progress in
Astronautics and Aeronautics 106, 294-320.

72.

R. Zitoun et al, “Direct initiation of detonation in cryogenic H202 mixtures”, Shock
Waves (1995) 4:331-337

95

Appendix A – Error Analysis
A.1 Mixture
All mixtures were prepared using the method of partial pressures. As an illustration, the case
of the vertical tube experiment will be used. The reactants are given by:
C2H4 + 3(O2 + βN2), β=0-3

(A.1)

The mole fraction of the ith species, with N as the number of moles, is given by:

Ni
Ni
=
N1 + N 2 + N i + ... N total

χi =

(A.2)

By definition, the sum of all mole fractions must equal unity:

∑χ

i

=1

(A.3)

i

Through the ideal gas law, one can show partial pressure is related to mole fraction:
PiV
Ni
RT = Pi
=
Ptotal
N total PV
RT

(A.4)

Hence the partial pressure may be used as an indicator the number of moles present for a
particular species in the gaseous mixture:
Pi = χ i Ptotal

(A.5)

β, the ratio of moles of nitrogen to oxygen, can similarly be expressed in terms of pressures:

β=

PN 2

(A.6)

PO2

During the mixture preparation phase the mixing chamber is brought to near-vacuum
pressure (it is impossible to achieve a perfect vacuum). The mixing chamber pressure
transducer (OmegaDyne PX219-030A5V) has a quoted accuracy of 0.25%. Any residual gas
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in the chamber, P residual , contributes to the partial pressure of the first mixture
component, PC2 H 4 added . To arrive at the real pressure one must subtract the residual component
as follows:
PC2 H 4 = PC2 H 4 added − P residual

(A.7)

The uncertainty of the mixture component is given by:

δPC H =
2

4

(δP

) + (δP
2

C2 H 4 added

residual

)2

(A.8)

For example, observed values of:
P residual = 0.20 ± 0.03kPa
PC2 H 4added = 20 ± 0.20kPa

Give:

PC2 H 4 = 19.8 ± 0.20kPa
Similarly, for nitrogen and oxygen:
PN 2 = 60.0 ± 0.20kPa
PO2 = 60.0 ± 0.20kPa .
The uncertainty of β, the ratio of moles of nitrogen to oxygen, is given by:
⎛ δP
δβ = β ⎜ N2
⎜ PN
⎝ 2

2

⎞ ⎛ δPO2
⎟ +⎜
⎟ ⎜ PO
⎠ ⎝ 2

⎞
⎟
⎟
⎠

2

(A.9)

Which, for β = 1 , gives:

β = 1± 0.05
This value suggests 5% uncertainty in the overall mixture. Since β takes on discrete values
of β = 0,1,2,3 there is no possibility of overlap between different experimental conditions.
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A.2 Velocity
Standard deviations given by multiple samples are the most effective way to evaluate the
uncertainty in flame and shock velocity measurements. The unpredictable geometry and
non-repeatability associated with these phenomena bring about uncertainties that dwarf any
errors associated with pressure transducer and ion probe response times.
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Appendix B – Calculating Explosion Time
For a fast-flame, in which the shock wave is clearly decoupled from the flame, one can
measure the shock wave velocity between P4-P5 or P6-P7, depending on the configuration.
For the case of P4-P5, the shock wave velocity, VSi, is calculated by dividing the distance
between probes, D, by the transit time, t, measured instantaneously at P4 and P5.

VSi =

D
t5 − t 4

(B.1)

The incident Mach number, MaSi, calculated with reference to the speed of sound in the
reactants, a1, is calculated as:

MaSi =

VSi
a1

(B.2)

For a fixed state, in which p1 and T1 are known (γ=1.4, assumed constant), the post-shock
pressure and temperature, p2 and T2, are calculated using the Rankine-Hugoniot relations:

[

p2
1
2
=
2γMaSi − (γ − 1)
p1 γ + 1

]

(B.3)

T2
2 2γMaSi − (γ − 1)
= 2 + (γ − 1) MaSi
2
T1
(γ + 1) 2 MaSi

[

]

2

(B.4)

In addition the flow velocity in the products behind the shock, u2, can also be calculated as:
2
⎛ 2 ⎞ ⎡ MaSi − 1⎤
u 2 = a1 ⎜⎜
⎟⎟ ⎢
⎥
⎝ γ + 1 ⎠ ⎣ MaSi ⎦

(B.5)

For a normally reflected shock wave Thompson [42] derives the following relationship,
relating the pressures in all three states (including state 3, behind the reflected shock):
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p2
− (γ − 1)
p3
p1
=
p
p2
(γ − 1) 2 + (γ + 1)
p1
(3γ − 1)

(B.6)

Rearranging the Rankine-Hugoniot relation for the reflected shock:

[

p3
1
2
=
2γMaSR − (γ − 1)
p2 γ + 1

]

(B.7)

Solving the previous two equations simultaneous gives the reflected shock wave Mach
number, MaSR, from which T3 can be found using the Rankine-Hugoniot relation:
T3
2 2γMa SR − (γ − 1)
= 2 + (γ − 1) MaSR
2
T2
(γ + 1) 2 MaSR

[

]

2

(B.8)

Chemical induction time, τ, is calculated using software developed by Shepherd [71] with T3
and p3 as input parameters. This value is compared to the calculated time for shock
reflection, defined as the difference between incident and reflected shock arrival at P5, i.e.
t5R-t5.
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