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Abstract 
In industrial explosions, the combustible mixture often accumulates on a ceiling, or forms on the 

ground. An investigation into detonation propagation through a combustible gas layer in a narrow 

channel bounded by an inert gas was undertaken using schlieren video and the soot foil technique to 

obtain the detonation cell structure. A gas layer was generated as a premixed hydrogen-oxygen-nitrogen 

gravity current over an inert gas, or by injecting hydrogen and oxygen separately into the inert gas from 

a plenum located at the top of the channel. Both argon and nitrogen were used as the inert gas. For the 

gravity driven layer tests, the layer development time was varied to control the diffusion of the inert gas 

into the layer. For times of 1.5 s and less, the detonation propagated through most of the layer at the 

local argon-diluted theoretical detonation velocity; where a CFD simulation carried out by a lab 

colleague predicted the argon distribution. For longer times, where significant dilution occurred at the 

leading edge of the gravity wave, the detonation failed before the end of the layer. Detonations through 

a layer of reduced reactivity were unstable, with progressively earlier premature detonation failure 

characterized by decoupling and reinitiation. Nitrogen was shown to affect the detonation propagation 

more than argon, as it produced a critical propagation distance corresponding to 1.5 s, above which time 

the detonation did not propagate any further. A detonation failure criterion based on the calculated 

induction zone length was found to predict the extent of detonation propagation recorded on the soot 

foil records and was especially accurate along the bottom diffuse interface of the layer.  

The jet layer tests successfully produced a detonation propagating through the entire layer. Based on the 

άŎƘǳƎƎƛƴƎέ ƻŦ ǘƘŜ ŘŜǘƻƴŀǘƛƻƴ ŦǊƻƴǘ, and the nonuniform, patchy appearance of the cell structure, it was 

demonstrated that there was a significant mixing issue, with detonable gas pockets formed leading to 

unsteady propagation. Asymmetry in the soot foil records from the two sides of the channel demonstrated 

that the high momentum oxygen jets dominated the hydrogen jets, such that most of the combustible 

mixture ended up on the hydrogen plenum-side window. 
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Chapter 1 Introduction 
1.1 Introduction 
The thermal efficiency of detonative combustion cycles, coupled with an increased awareness of fuel 

efficiency, has led to increasing interest in new detonation-based propulsion and energy generation 

systems. In a detonation wave, combustion is initiated by the adiabatic heating of reactants by a shock 

wave. The release of energy in the reaction zone supports steady shock wave propagation. Practical 

difficulties in harnessing energy from the supersonic detonative mode of combustion has resulted in most 

energy generation systems operating on the subsonic deflagrative mode of combustion. Currently, the 

gas turbine engine is one of the most widely used systems to convert chemical energy into usable work. 

The inlet air is mechanically compressed before it enters the combustor. Fuel injected into the combustor 

is burned as a stationary flame at roughly constant pressure, leading to an expansion of the gas through 

a turbine [1]. Efficiencies of 60% are realizable with heat recovery systems and could approach 80% with 

full use of the heated exhaust gasses for heating or industrial purposes [2]. 

Despite the progress in gas turbine efficiencies, detonation-based propulsion and energy generation 

systems are theorized to have the capacity to be more energy dense and efficient [3]. Detonative 

propulsion was investigated by Voitsekhovskii and Nicholls separately in the 1950s and 1960s but was not 

fully developed due to a lack of understanding of the physics of detonations at the time [4] [5]. In the 

1980s research was renewed for detonation-based propulsion in the form of the pulse detonation engine 

(PDE). The PDE uses pulsed discrete detonations vented through an open-ended cylindrical combustion 

chamber to generate thrust. Issues with the low operating frequency, noise and vibration, and complex 

valve system required to purge and refill the combustor limited the feasibility of the PDE [6]. Since the 

2000s research has shifted towards the Rotating Detonation Engine (RDE) as a system for steady 

detonative propulsion. The RDE does not require the complex valving of the PDE and has a higher 

operating frequency and power density [3]. Furthermore, the continuous rotating detonation wave must 
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only be initiated once for operation [7] and the steady exhaust flow can be easily expanded through a 

nozzle. 

An RDE uses one or more continuous detonation waves propagating around the inside of an annular, 

hollow or disk-shaped combustor. A flow of reactants is continuously fed into the chamber through 

separate injection lines producing a layer of fuel-oxidizer mixture at the manifold-end baseplate to sustain 

the propagation of the detonation(s) [3].  Generally, the oxidizer injection is located on the baseplate of 

the combustor, with some configurations also injecting fuel through the baseplate, while other 

configurations inject fuel from the combustor walls. Detonation(s) will propagate in the layer, producing 

high temperature and pressure combustion products which expand downstream from the baseplate 

towards the open end of the engine. At the exit of the engine, an aerospike nozzle can be placed to 

increase the velocity of the ejected products [6]. 

Initially, simulations of rotating detonation engines employed the injection of premixed reactants in order 

to avoid the complexity of the turbulent mixing process [8] [9] [10]. However, RDEs must separately inject 

the fuel and oxidizer to prevent combustion in the plenum and injection lines that could be initiated by 

the backflow of high temperature combustion products, known as flashback [11]. Recently, some 

numerical studies have been completed with separately injected fuel and oxidizer [12]. Many RDE 

prototypes have been tested using various configurations, some of which allow for optical access for 

chemiluminescence or schlieren imaging, though this cannot be used for all RDE configurations [13] [14]. 

Schlieren photography is often used to visualize detonation structures through their density gradients, 

which allows both the leading shock wave and coupled reaction zone to be observed. Linear, or 

unwrapped, RDEs have been employed to record the characteristics of detonation waves in a single pass, 

but they have mostly focused on chemiluminescence imaging [15] [16]. The single shot nature of the linear 

RDE also allows the use of soot impressions to visualize the cellular structure of the detonations, which 

cannot be performed in operational RDEs, since the detonations would pass over the impression multiple 
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times. Recently, a study performed in our group used schlieren photography and soot impressions in a 

linear RDE analogue to visualize the detonation structure in a layer of premixed reactants [10]. This 

research seeks to expand on this technique by using separate injection of hydrogen and oxygen to 

characterize the effect of fuel-oxidizer mixing on the detonation propagation. 

1.2 Objectives 
This paper is split into two main studies with independent objectives. The gravity wave study seeks to use 

high-speed schlieren photography and soot impressions to generate data for comparison with 

Computation Fluid Mechanics (CFD) models to evaluate failure criterion of detonation with diffuse layers. 

Using an overlay of soot impression and CFD contours, the critical conditions of the detonation can be 

determined, while schlieren photography can be used to track the shape and position of the detonation 

front over time. 

The jet layer testing uses a linear RDE analogue to analyze detonation structure through high-speed 

schlieren photography and soot impressions. The single-shot aspect and linear geometry makes both soot 

impression and schlieren imaging possible. The combustor, consisting of impinging jets of separately 

injected hydrogen and oxygen gas, allows the study of mixing in the stratified reactant layer, which is a 

key aspect of RDE development. The experimental data produced by this research can be used to validate 

numerical models, as well as provide a point of comparison for other RDE experiments.  
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Chapter 2 Literature Review 
2.1 Detonation Theory 
The two distinct modes of combustion, deflagration and detonation are characterized by their speed 

relative to the speed of sound. Deflagration is the combustion mode of subsonic flames; it consists of a 

thin flame region where chemical reactions proceed. This thin region separates the unburned reactants 

from the combustion products. Diffusion of radicals and thermal energy from the flame into the reactants 

sustains the flame [17]. In this way, subsonic combustion can be modelled as a diffusion wave [17]. The 

diffusion driven heating leads to a less abrupt consumption of the fuel-oxidizer and thus a lower 

overpressure, as seen in Figure 2.1 [17] [18].  

2.1.1 Mallard LeChatelier Theory 
The first scientists to develop the distinction between deflagration and detonation were Maillard and Le 

Chatelier who recorded the acceleration of a flame up to the formation of a detonation wave using streak 

photography [19] [20]Φ ¢ƘŜ Ƴŀƛƴ ǎŎƻǇŜ ƻŦ ǘƘŜ ǎŎƛŜƴǘƛǎǘǎΩ ƻǊƛƎƛƴŀƭ ǿƻǊƪ ƛƴǾƻƭǾed the detonation of 

combustible gasses within coal mines [20]. The Mallard-LeChatelier model stipulates that within a flame 

the reactants are heated to the autoignition temperature, at which point chemical reactions begin to 

occur in the mixture to start combustion and propagate the flame [21]. The temperature increases further 

Figure 2.1: Comparison of Pressure-Time function for a.)  Detonation wave (left) b.) Deflagration wave 
(right). The abrupt shock heating of the detonation produces a much higher pressure [18]. 
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as the reactants are consumed until the adiabatic flame temperature is reached at the end of the energy 

release. The model assumes a single dimension of heat transfer through a column of gas, approximating 

the heat transfer to the one-dimensional heat conduction though a bar [21]. 

Extending this 1-dimensional analysis to the shock wave in Figure 2.2 allows for a similar analysis of a 

shock wave moving through a tube of constant cross-sectional geometry [22]. Reactants at state 1 enter 

the control volume with the products exiting the control volume at state 2. Applying conservation 

equations to the control volume yields the following set of equations, neglecting viscous effects and 

potential energy and heat loss effects to the tube walls for the conservation of momentum and energy: 

Conservation of mass: 

 ό” ό” (2.1) 

Conservation of momentum: 

 ὖ ὖ ό” ό ό  (2.2) 

Conservation of energy: 

 Õ

ς
ὧ Ὕ ή

Õ

ς
ὧ Ὕ (2.3) 

Combining the conservation of mass (2.1) and momentum (2.2) equations, with the assumption that the 

mixture is a perfect gas, yields the Rayleigh equation: 

 
ὖ ὖ ”ό

ρ

”

ρ

”
 (2.4) 

Defining the shock velocity as a function of the pressure and densities allows it to be substituted into the 

Rayleigh equation: 

Figure 2.2: Control volume for a steady state shock following the shock perspective [22]. 
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Substituting this into the Rayleigh equation and rearranging yields a linear relationship between the 

pressure and density ratios of the two states, known as the Rayleigh line: 
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Combining the conservation of momentum (2.2) and energy (2.3) equations allows the velocity terms to 

be eliminated and yields the Hugoniot equation, which represent the change in internal energy across a 

shock front: 
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Eliminating the chemical energy release term q results in the Shock Hugoniot [23]. Further assuming the 

specific heats remain constant between states 1 and 2 allows for the equation to be rearranged to solve 

for the pressure ratio as a function of density ratio: 

 
ὖ

ὖ

Ὧ ρ
Ὧ ρ

”
”

Ὧ ρ
Ὧ ρ

”
”

ρ
 (2.8) 

Since both equations yield pressure ratio as the dependent variable, they can be plotted against each 

other. Since the second law of thermodynamics prohibits an expansion shock, the pressure ratio cannot 

be less than 1, thus no state involving a shock wave can exist below the original state. The Hugoniot Curve 

gives every possible end state for a given heat release, based on the conservation of mass and energy 

relationships [17].There exists a Shock Hugoniot corresponding to zero energy release, and an Equilibrium 

Hugoniots, corresponding to a unique energy release, q. The higher the energy release, the further an 

equilibrium curve is shifted to the right of the Shock Hugoniot. The intersections between the Equilibrium 
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IǳƎƻƴƛƻǘ ŀƴŘ wŀȅƭŜƛƎƘ [ƛƴŜ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘǿƻ ǎƻƭǳǘƛƻƴǎ όн ŀƴŘ нΩύ ŦƻǊ ŀ ŘŜǘƻƴŀǘƛƻƴ ǿƛǘƘ ŜƴŜǊƎȅ ǊŜƭŜŀǎŜ ǉ 

(Figure 2.3a) [17].  

2.1.2 Chapman-Jouguet Detonation Theory 
The Chapman-Jouguet (CJ) ǘƘŜƻǊȅ ǿŀǎ ŘŜǾŜƭƻǇŜŘ ōȅ 5Φ [Φ /ƘŀǇƳŀƴ ƛƴ άVI. on the rate of explosions in 

ƎŀǎŜǎέ [24] and Emile Jouguet in άMéŎŀƴƛǉǳŜ ŘŜǎ ŜȄǇƭƻǎƛŦǎέ [25] to describe detonation and deflagration 

waves. The CJ detonation model assumes a one-dimensional structure with instantaneous energy release, 

with the speed of the wave depending on the energy released. The theory classifies three possible 

detonation states obtained from the Rayliegh-Hugoniot analysis [26]. 

For the strong solution, shown as state 2 in Figure 2.3a, the reaction zone that follows the shock can be 

overtaken by an expansion wave propagating in the products, which are subsonic relative to the 

detonation front. Such an expansion would exist if the detonation was initiated at a closed-end of a tube. 

This leads to the eventual failure of the detonation wave. The products of the weak solution (Figure 2.3a, 

ǎǘŀǘŜ нΩ) are supersonic relative to the front, and thus the expansion cannot catch up to the wave front. 

¢ƘŜ ŘŜŎǊŜŀǎŜ ƛƴ ŜƴǘǊƻǇȅ ŦǊƻƳ ǎǘŀǘŜ н ǘƻ ǎǘŀǘŜ нΩ ǾƛƻƭŀǘŜǎ ǘƘŜ ǎŜŎƻƴŘ ƭŀǿ ƻŦ ǘƘŜǊƳƻŘȅƴŀƳƛŎǎΦ ¢ƘǳǎΣ ƴŜƛǘƘŜǊ 

the strong nor the weak solution is a stable solution for the state [26]. 

Figure 2.3: IǳƎƻƴƛƻǘ ŎǳǊǾŜǎ ǎƘƻǿƛƴƎ ŀΦύ ¢ƘŜ ǘǿƻ ǇƻǎǎƛōƭŜ ǎǘǊƻƴƎ όнύ ŀƴŘ ǿŜŀƪ όнΩύ ǎƻƭǳǘƛƻƴǎ όƭŜŦǘύΦ  ōΦύ 
The CJ state (right) [22]. 



8 
 

For a given heat release q there is a unique solution where the Rayleigh line is tangent to the Hugoniot 

curve, as shown in Figure 2.3b. This corresponds to the unique CJ state, for which the entropy change 

across the shock is a minimum. Any pressure ratio above the CJ state would produce a strong shock with 

subsonic products relative to the front, while a lower ratio would produce a weak shock with supersonic 

products. At the CJ state, the products are sonic, which isolates the detonation wave from perturbations 

(such as an expansion wave) traveling at the speed of sound in the combustion products which allows for 

a stable detonation.   

The velocity of the wave at the CJ state is known as the CJ velocity. In the case of a system with a constant 

ratio of specific heats the equation value can be approximated as: 

 ό Ὧ ρ ςzή (2.8) 

The CJ velocity provides a maximum theoretical velocity, that is approached in cases where thermal and 

frictional losses are minimized [26]. Nonetheless, the CJ velocity is an easily calculable parameter that 

predicts the speed of the detonation wave with reasonable accuracy.    

2.1.3 Zeldovich, von Neumann, Doring Detonation Structure 
The next significant development in detonation theory was independently developed by the Russian 

Zeldovich [27], the German Doring [28], and the American von Neumann [29] during the Second World 

War. 

Figure 2.4: ZND structure with the reaction zone bounded at the leading edge by the shockwave 
and terminating at the CJ plane [22]. 
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The Zeldovich, von Neumann, Doring (ZND) structure incorporates a thin reaction zone behind the shock 

front which terminates at the sonic CJ-plane as seen in Figure 2.4. The reaction zone thickness ɲ was 

hypothesized to vary with the reaction rate of the system [30]. 

The application of the ZND model to calculate the variation in gas properties through the hypothesized 

structure is shown in Figure 2.5. The gas is adiabatically heated almost instantaneously in the shock and 

undergoes reactions until it reaches a chemical equilibrium at the CJ plane. In the induction zone ɲi the 

temperature remains relatively constant, and only starts to increase due to exothermic recombination 

reactions. Zeldovich further proposed that the reason CJ theory predicts velocities slightly above those 

measured in experiments was due to the loss of momentum due to wall friction and thermal transfer 

through the chamber walls [27]. 

Figure 2.5: Mach number, temperature, and pressure of an atmospheric hydrogen-air mixture using 
the ZND structure adapted from [17]. 
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2.1.4 Multi-Dimensional Detonation Structure 
The first major indication that detonations were not a steady one-dimensional phenomenon was 

proposed by Donald R. White  [31]. White used interferograms to show that the detonation post-shock 

state was turbulent, and that the reaction zone and post-shock state did not have homogeneous gas 

properties, seen in the shifting of the fringes in Figure 2.6. Note, a one-dimensional detonation would 

have shifted the fringes an equal amount. The interferograms also captured a corrugated shock front, 

evidence of the cellular detonation structure, seen in Figure 2.6b [31].  

Denisov and Troshin used the soot foil technique to investigate the structure of detonations in 1961. 

Based on their findings, they developed a theory of colliding triple points creating the cellular structure 

[32]. The technique involves depositing an even layer of soot on a thin piece of metal, which is placed 

against the wall of the detonation channel. The triple-points of the detonation wave displace the soot, 

creating a patterned outline of the detonation cells (Figure 2.7). The foils can then be removed and  

Figure 2.6: Interferograms by White for detonations of 2H2 +O2 +0.92Xe at a.) 0.075 atm (left) and b.) 
0.04 atm with outlined corrugated wave front in red (right) [31]. 
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Figure 2.7: Soot foil impressions for of 2H2 + O2 at 0.2 atm with the following dilution left to 
right: 50% nitrogen dilution, no dilution, 40% argon dilution [33]. 

Figure 2.8: Cellular detonation structure, with the thick black lines representing the shock front, dotted 
black line representing the reaction zone, and gray lines representing the triple point pathways. Velocity 
of the shock along line FF is given compared to the CJ Velocity [22]. 
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examined for cell size and pattern regularity, which are parameters related to the stability of the 

detonation wave [33]. 

An individual cell pattern begins when two triple-points collide, creating an overdriven detonation wave 

(velocity higher than CJ value) at the apex of the cell (Figure 2.8 point A), which expands as the two 

colliding points move in opposite directions. The detonation velocity drops during the expansion, and the 

initially coupled shock and reaction zone decouples, while the two diverging triple-points collide with 

others nearby at the maximum width of the cell (Figure 2.8 B&C). The collision forces the triple-points to 

begin converging, while the reaction zone decouples completely, and the wave slows further (Figure 2.8 

E). The triple-points then collide again (Figure 2.8 D), repeating the cycle. The structure features a pattern 

where adjacent cells are out of phase, with the lateral distance between triple-points reaching its 

ƳŀȄƛƳǳƳΣ ŘŜƴƻǘŜŘ ŀǎ ˂Σ when the adjacent ǎǘǊǳŎǘǳǊŜΩǎ distance is at its minimum [17].  

The average cell sƛȊŜΣ ˂Σ ŦƻǊ ŀ ƎƛǾŜƴ ƳƛȄǘǳǊŜ Ŏŀƴ ōŜ ŎƻǊǊŜƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ŎŀƭŎǳƭŀǘŜŘ ½b5 ƛƴŘǳŎǘƛƻƴ ƭŜƴƎǘƘ 

calculated using a reaction mechanism, ɲi,, with an experimentally determined proportionality constant, 

A [22]. 

Figure 2.9: Comparison of the predicted and actual cell size using the ZND induction length prediction of 
cell size for hydrogen-air mixtures [34]. 
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  ʇ ὃЎ (2.9) 

A comparison of the predicted cell size to experimentally determined cell sizes of hydrogen-air mixtures 

at 300 K and 650 K are shown in Figure 2.9. The prediction is made using a value of A=51. The equation is 

able to predict the cell size to a reasonable level, however it tends to over-predict the cell size, especially 

for stoichiometric mixtures [34]. It should be noted that the cell size is presented on a logarithmic scale. 

Figure 2.10 shows that the value A for the hydrogen-air mixtures decreases with the mixture temperature. 

For 300 K, the proportionality constant of 51 seems reasonable, but at 650 K this constant seems to be 

significantly lower. Additionally, tests at a higher mole fraction tend to result in lower proportionality 

constants [34]. 

Dilution also has a strong effect on cell size, as seen in Figure 2.11. The dilution of hydrogen-air mixtures 

with increasing ratios of steam, results in larger cell sizes. This relationship follows an Arrhenius-type 

Figure 2.10: The actual value of the constant A for each mixture compared to the predicted value of 
A=51 for hydrogen-air mixtures at 500 K and 650 K [34]. 
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relationship, where the effect of dilution is minimal at low amounts, but influence increases exponentially 

after a critical value is met [34]. 

The effects of dilution depend heavily on the type of diluent used, with a higher specific heat resulting in 

larger cell sizes, indicating the reduced detonability of the mixture. This is due to the diluents with higher 

specific heats reducing the post-shock temperature more than those with lower specific heats at the same 

ratio of reactants to diluents [35]. Monatomic gasses have a lower specific heat than diatomic gasses, 

which reduce their effect on the cell size, and can lead to more regular cell patterns [36]. 

2.1.5 Limits of Detonation 
The detonation limits for a mixture of reactants are the critical conditions for which a self-sustaining 

detonation can form and propagate. The conditions affecting the formation of a detonation cover both 

initial conditions of the fuel-oxidizer mixture and the geometric boundaries of the apparatus. Initial 

conditions include state of the fuel-oxidizer mixture: the fuel being used, the concentrations of each 

species, the nature of the ignition system, and the thermodynamic conditions of the mixture [37]. 

Differing fuels will have different limits based on their chemical structure [35]. Varying the equivalence 

ratio or adding a diluent changes the availability of usable fuel to non-reacting substances, introducing a 

limit to detonability [36] [34]. Lower pressures result in less reactants present, which can be used as a 

Figure 2.11: Cell size for hydrogen-air mixtures with steam dilution [34]. 
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detonation limit, while changing the initial temperature for a fixed pressure can further affect these limits 

because of lower fuel density [34]. Geometric boundaries affect the detonation propagation limits. 

Detonations with larger cell sizes require a larger tube diameter to propagate, which introduces a limit for 

detonation based on the size of the tube. The obvious limit would be that a detonation could not occur in 

a tube smaller than its cell size.  

The geometric limits for detonation propagation in non uniform mixtures are more difficult to quantify. 

Varied concentrations of reactants and diluents lead to a non-uniform cell size, which makes it difficult to 

apply the traditional critical cell height and diameter criteria, since the cell height changes drastically along 

the boundary where the detonation fails [38]. Further, the irregular structure of the visualized detonation 

cells, coupled with unsteady propagation near the detonability limits can further complicate this criterion 

[39].  

2.1.6 Layer Detonations  
The behavior of detonations moving through a mixture of reactive gas bounded by an inert layer was 

examined in detail by Sommers [40]. Sommers used parallel jets of gas to reduce the diffusion, whereas 

subsequent studies separated the gas with a thin film barrier [41]. Recently there have been examinations 

into the behavior of detonations in systems where the fuel layer (often a liquid) is separate from the 

oxidizer [42]. These studies have examined the explosion of the Fukushima-5ŀƛƛŎƘƛΩǎ ¦ƴƛǘǎ м ŀƴŘ оΣ ŀǎ ǿŜƭƭ 

as the probable contained explosion in Unit 4; where a layer of hydrogen is thought to have formed on 

the ceiling and detonated with the air in the units [43] [44].  

A study into the critical height of detonations in channels by Rudy et al. [45] was performed using a 

separating film [45]Φ ¢Ƙƛǎ ǎǘǳŘȅ ŦǳǊǘƘŜǊ ŜȄŀƳƛƴŜŘ ǘƘŜ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǘƘŜ ŎŜƭƭ ǎƛȊŜΣ ˂Σ ŀƴŘ ǘƘŜ ŎǊƛǘƛŎŀƭ 

height, h*, and defined the parameter h*κ ˂ ŀǎ ǘƘŜ ŎǊƛǘƛŎŀƭ ǊŜƭŀǘƛƻƴ [45]. For stoichiometric conditions, the 

critical ratio was found to be 3 for a layer height of 0.03 m [46], therefore a minimum of three cells were 

required to be present for the detonation to sustain itself. For compositions far from stoichiometric, the 
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critical ratio increased [45]. The critical ratio appears to also depend on the layer height, as for a 0.6 m 

layer, the critical ratio was found to be h*κ ˂ҐмоΦ ¢Ƙƛǎ ǿŀǎ ŦƻǳƴŘ ǘƻ ǾŀǊȅ ƭƛƴŜŀǊƭȅ ǿƛǘƘƛƴ ǘƘe range of 0.03 

m - 0.6 m [47] [48]. The thin film separation prevents the mixing of gas across the boundary but also 

provides some level of confinement that can affect detonation propagation. Furthermore, the physical 

boundary does not accurately represent the conditions within an RDE, where the injected gasses mix with 

the products of the previous detonation cycles [3].  

 Lieberman [49] performed a unique experiment to study detonation propagation in a stratified layer of 

fuel-oxygen generated by a gravity current. Two fluids positioned beside one another with different 

densities will interact due to gravity to form horizontal layers, with the heavier fluid flowing below the 

lighter fluid, and visa versa (Figure 2.12) [50].  The speed of the gravity current can be represented by the 

equation: 

 

ό ὅ ὫὬ
Ў”

”
 (2.10) 

developed by BenjaminΩǎ ƛƴǾƛǎŎƛŘ ƳƻŘŜƭ [51], ǿƘŜǊŜ / ƛǎ ŀ ŎƻƴǎǘŀƴǘΣ ƘŀǾƛƴƎ ǘƘŜ ǾŀƭǳŜ ƻŦ мκҞн ŦƻǊ ŀ ƭŀȅŜǊ 

half the height of the channel and h is the height of the wave generated [51].  The model used to predict 

this velocity neglects the diffusion of mass and momentum. In the experiment, the interface between the 

fluids is not sharp; a concentration gradient develops due to diffusion. 

Inert GasReactive Mixture

Reactive Mixture
Inert Gas

Door
Lighter reactive mixture

Heavier inert gas

hUGC

L

H

Figure 2.12Υ ±ƛǎǳŀƭƛȊŀǘƛƻƴ ƻŦ ǘƘŜ ƎǊŀǾƛǘȅ ǿŀǾŜ ǇƘŜƴƻƳŜƴƻƴΦ {ƘƻǿƛƴƎ ǘƘŜ ƳƻǾŜƳŜƴǘ ƻŦ ǘƘŜ ΨǎƭǳƎǎΩ ƻŦ 
gasses as well as the diffusion of each gas at the boundary [50].  
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The two fluids in a horizontal channel were initially separated by a vertical gate (ethylene-oxygen on one 

side and nitrogen or oxygen on the other side) that was retracted to start the experiment. By varying the 

delay between the retraction of the gate and the arrival of the detonation, initiated at one end of the 

channel, Lieberman was able to characterize the effect of the diffuse interface on the structure of the 

detonation wave. The detonation propagating in the fuel-oxygen layer, highlighted by yellow in Figure 

2.13, is curved due to the diffusion of the diluent from above. The dilution of the fuel-oxygen increases 

the induction time making the wave thicker further away from the lower wall, leading to decoupling of 

the detonation wave to a shock and trailing reaction front [52]. The study used nitrogen and oxygen as 

diluents to form a non-reactive layer above or below the combustible layer which produced significantly 

Figure 2.13: Schlieren images with gravity current. Detonation propagates from left to right, the yellow 
on the bottom represents the fuel-oxygen layer of height y0 under nitrogen. Delay of 0, 1, 2, 3 seconds 
for a, b, c, d, respectively [49]. 
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different results. This could, however, also be due to oxygen changing the equivalence ratio whereas 

nitrogen was acting as a non-reactive diluent [49] [39]. 

Liberman proposed that the decoupling of the detonation in the gravity-driven layer corresponded to the 

location where a dramatic change in the ZND induction zone length (calculated based on the assumed 

local composition) occurred [52].  

Bauwens and Dorofeev [53] proposed a general detonation propagation failure criterion governed by the 

cell size gradient (or equivalently the induction length gradient). The criterion proposes a limit for the 

propagation of a planar detonation wherein the increase in cell size cannot increase by more than 10% 

over a distance equal to the cell size (dl/dx <0.1) [53]. Melguizo et al. [41] applied the criterion to the 

numerical simulation of the Lieberman et al. experiments. The numerically produced soot foils are shown 

in Figure 2.14, where the contours depict the cell size gradients. Based on the cell structure obtained, 

Melguizo et al. determined that the failure criterion varied depending on the thickness of the interface 

between the reactant and inert layers, with an average of 0.54.  

Both a critical ZND induction zone length (ZND IZL) and the Bauwens-Dorofeev gradient criterion were 

investigated by Metrow et al. using CFD to predict the composition distribution and soot foils from 

experiments [39]. The experiment nominally used a reactant layer of stoichiometric hydrogen-oxygen into 

Figure 2.14: Numerical soot foils of gravity layer detonations [38]. 
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argon,  they found that both the ZND IZL and the Bauwens-Dorofeev criteria was effective in predicting 

the failure along the bottom edge of the detonation, but could not predict failure at the leading edge of 

the layer (Figure 2.15) [50]. The failure of the model to predict the failure at the leading edge was likely a 

result of inaccurate CFD modeling. The design of the door led to turbulent mixing initially after opening. 

A sharp increase in channel width upstream of the door could also have affected these experiments [39].  

The experiment also used nitrogen dilution to change the Equivalence Ratio (ER) of the reactant layer 

without altering its gravity wave behaviour. Nitrogen dilution varied the reactivity of the mixture 

uniformly, leading to larger, less regular cells throughout the layer. At low ER (2.0 or less) the detonation 

propagated the same length, but at ER 2.5 the detonation fails early [39]. This supports the calculations 

summarized in  Table 2.1, which indicate identical gravity wave behaviour for the different ERs. Finally, 

argon initially in the test section was replaced with nitrogen and carbon dioxide. Diatomic nitrogen, and 

triatomic carbon dioxide gas, have higher specific heats than argon which severely reduced the detonation 

propagation distance when compared to the argon tests. This was a result of more heat being absorbed 

by the diluting gas, which led to a lower post-shock temperature and detonation quenching [39].  
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Figure 2.15: Application of both the ZND IZL (red) and Bauwens-Dorofeev (black) criteria to a soot 
impression from an experiment [50]. 

Table 2.1: Summary of the various mixtures and inert gasses used by Metrow et al. [39]. 
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2.2 Rotating Detonation Engines 
Traditionally most propulsion and combustion-based energy generation systems have used isobaric 

combustion (deflagration) to convert the chemical energy in their fuel to usable work [54]. However, as 

emission limitations have become more prevalent, significant investigation has been carried out to 

develop combustors that are driven by a detonative process due to the increase in thermal efficiency that 

the process provides [55] [56].  Detonation-based combustion systems have a theoretical increased 

thermal efficiency of over 20%, over conventional combustion systems, with an overall increase of 

efficiency up to 13% in unoptimized systems using Rotating Detonation Combustors (RDC) [55] [3]. 

The first rotating detonation engines were developed by Voitsekhovskii et al. [4], who aimed to create a 

continuous detonation for the purpose of understanding the importance of transverse waves in a 

detonation structure [57] [4]. The production of the continuous detonation waves using acetylene-oxygen 

prompted a study by Nicholls [5] to determine the feasibility of a propulsion system based on continuous 

detonation [5]. Although Nicholls found that the concept of rotating detonation wave propulsion was 

conceptually viable, the limited understanding of detonation waves and the difficulty of using separate 

injection of fuel and oxidizer prevented the study from producing a viable prototype. With the advances 

in computing technology facilitating more comprehens1ive computational models and the improvements 

to detonation theory, a significant amount of research has shifted towards the RDE [58].  

2.2.1 Pulse Detonation Engines 
Prior to the interest in the RDEs as a method of detonation-based propulsion and energy generation, the 

Pulse Detonation Engine (PDE) was investigated heavily. A pulse detonation engine generates thrust 

through the propagation of repeated discrete detonations through a combustor. The combustor is 

generally tube shaped, with the ignition and injection systems at one end, opposite an opening at the 

other end of the tube [6]. Reactants are injected into the tube, filling it with a combustible mixture. A 

flame is ignited in the ignition section, which accelerates and transitions to detonation with the help of 

obstacles. This detonation then propagates through the combustor, consuming the reactants. This 
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detonative combustion produces a high pressure at the closed end producing thrust for the system [6]. 

After an expansion wave travels the length of the tube, the now atmospheric pressure, but still high 

temperature products are purged to prevent autoignition of the new reactants introduced during refilling 

[59]. After purging, the system is refilled, and the cycle is repeated. 

Although the shock tube-like detonation mode of the PDE is well understood, there are several issues with 

the design that resulted in reduced interest from researchers [3]. The low frequency of thrust generation 

is the main issue with the system, with PDEs operating around frequencies of 20-200 Hz. This low 

frequency, coupled with a large part of the cycle wasted by purging and filling the combustor results in 

lower thrust than an RDE [60]. Issues with the complexity of the system, especially regarding reducing fill 

and purging times, has further hindered development. The pulse for which the engine is named, creates 

issues due to the unsteady exit profile created by the discrete waves. RDEs, with an operating frequency 

in the kilohertz regime, do not suffer from this issue [3]. 

2.2.2 Mechanical Design and Operation of Rotating Detonation Engines  
The RDE achieves detonation-based combustion in a much less complicated manner than the PDE. The 

continuous detonation wave used in an RDE removes the need for repeated reignitions of the system. In 

an RDE the detonation wave propagates continuously around the annulus of a combustion chamber, 

perpendicular to the thrust output of the engine. Compared to the PDE, which has a detonation traveling 

parallel to the direction of thrust, the RDE is able to nullify many of the issues associated with the PDE. 

The continuous detonation prevents the need for purging and short run-up times associated with PDEs, 

while the more consistent release of power reduces the issues with the exit profile [61]. The main 

complication with the RDE configuration is the increased complexity of annular detonation propagation, 
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and the generation of a suitable combustible layer for the detonation to propagate through [54] [56]. Due 

to the compact geometric configuration of the RDE, cooling has also been a significant concern, with most 

prototype tests being limited due to thermal concerns [62]. A common configuration for an experimental 

RDE is seen is Figure 2.16, with the structure of the detonation, decoupled shock and contact surfaces 

labeled [61].  

The injection of fuel and oxidizer into the RDE is simplified by the interaction between the injected gasses 

and the high-pressure combustions products. Fuel and oxidizer can be continuously injected into the 

combustor, with the speed of the detonation determining the fill time between detonation arrivals, and 

thus the height of the layer. When a detonation travels though the layer, high pressure products will 

initially block the injection of further fuel oxidizer until the expansion of those gasses relieves the pressure, 

allowing a refill of the combustion chamber. Figure 2.17 shows this interaction and the structure of the 

ŘŜǘƻƴŀǘƛƻƴ ŀƴŘ ǊŜŀŎǘŀƴǘ ƭŀȅŜǊ ƛƴ ǘƘŜ ǎŎƘŜƳŀǘƛŎ ƻŦ ŀƴ άǳƴǿǊŀǇǇŜŘέ w59 [62]. Numerical simulations by 

Figure 2.16: RDE operating configuration with the detonation flow pattern [61]. 
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Schwer and Kailasanath [11] have shown that for a single detonation propagating around the annular 

combustor, 13% of the injection nozzles are blocked by this pressure increase, with 63% of nozzles choked. 

The rest of the nozzles were in a transient state, with pressures that were low enough to inject gasses in 

but not to choke the flow. This case was for an injection pressure ratio of 10, with an area ratio of 0.2 [11]. 

This area ratio is close to the range of 0.3 to 0.6 for injector throat to base plate area used in successful 

experiments [63].  

The contact surface, shown in Figure 2.17 occurs as hot combustion products interact with the freshly 

injected reactant layer. This interaction leads to the burning of some of the reactant layer outside the 

detonation. This both reduces the efficiency of the system through the less efficient burning and reduces 

the height of reactants that the detonation can propagate through. This deflagrative burning has been 

found to consume up to 20% of the fuel in experimental RDEs, thus limiting it is an important part of 

maximizing the efficiency of the system [64]. The detonation structure, with a front perpendicular to its 

propagation and an attached oblique shock, is very similar to the structure of the gravity wave detonation 

observed in the Lieberman et al. gravity current experiment [49]. 

Figure 2.17: Schematic of a detonation wave passing through the reactant layer with jet blockage in an 
άǳƴǿǊŀǇǇŜŘ w59έ [11]. 
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2.2.3 Injection Schemes 
Since the injection of gasses does not need to be regulated by any valves or timing systems, the 

mechanical design of the RDE can be very simple, without moving parts in its most basic form. This 

simplicity allows for a smaller engine, especially in the combustor, which coupled with the high-power 

output, makes RDE configuration extremely power dense [56]. This does not make the design of the RDE 

simple, as the geometry of the RDE greatly affects performance. The factors affecting performance include 

the addition of aerospike nozzles to the outlet of the combustor, the ratio of injector area to the cross 

section of the combustor and injection configuration. Injection configurations have included parallel 

injection of fuel and oxidizer radially or axially such as those by Nakagami et al. [14] shown in Figure 2.18 

[14]. Other configurations have used impinging jets, such as those by Bigler et al. [65] in Figure 2.19 [65]. 

Other geometric considerations, such as the minimum outer diameter for the coƳōǳǎǘƛƻƴ ŎƘŀƳōŜǊ ƻŦ пл˂ 

found by Hansmetzger et al. also must be considered in RDE design [54]. 

The production of a well mixed layer to support detonation propagation is a key factor in the development 

of RDEs. The need to produce this layer in a short amount of time to support the multiple kilohertz 

operating frequency of RDEs is a significant challenge. A variety of injection schemes have been used in 

experimental RDEs, as seen in Figures 2.16, 2.18, 2.19, and 2.21.  

Figure 2.18: Annular RDE configuration with parallel injection axially (Left). Disk configuration with 
parallel injection radially (Right) [3]. 
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Despite the need to understand the mixing of reactants in the fresh layer, many of the early numerical 

studies on RDE injection systems utilized a premixed fuel-oxidizer mixture. This is often done to produce 

ŀƴ άƛŘŜŀƭέ ƭŀȅŜǊ ŦƻǊ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘŜ ŘƛŦŦŜǊŜƴt schemes for mixing between products and the reactant 

layer [8].  

A computational study by Liu et al. varied the injection configuration of an RDE with a premixed fuel-

oxidizer mixture to determine the effect on the reactant layer produced and the stability of the detonation 

wave [8]. The study found that increasing the injection area led to a more stable detonation. Having too 

large a gap between the injectors was found to lead to a mixed layer of fresh reactants and products, 

which weakened the detonation by reducing the homogeneity of the layer. The survival of the detonation 

was found to be governed mainly by the flow rate of gas into the chamber, as even with poor mixing, 

given enough fuel, the detonation would sustain itself. This study also found the initiation for subsequent 

detonation waves was due to explosions at the contact surface between the hot products and fresh 

reactants [8]. 

Figure 2.19: RDE configuration with impinging jets of fuel and oxidizer to promote mixing [65]. 
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A recent study by Sato et al. [12] simulated a RDE with separate hydrogen-air injection. This study had 

some important findings related to the injection scheme that could not have been made by a premixed 

simulation [12]. The study found that the response of the fuel and oxidizer injectors to the passing of the 

detonation wave was significantly different. Figure 2.20 shows this asymmetry in jet response. The lower 

density hydrogen fuel is more heavily affected by the detonation initially, but is quicker to recover, while 

the denser air has a reduced effect and recovery. This led to significant variations in equivalence ratio 

within the reactant layer [12]. This phenomenon of asymmetrical response of the injectors to the 

detonation wave was experimentally observed by Nakagami et al [14]. 

Figure 2.20: Response of hydrogen fuel (dotted) and air (solid) injectors in a simulated RDE [12]. 
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In experimental RDEs, impinging jets are most often, but not always, employed to aid mixing. However, 

with few numerical models of the layer mixing from separate injection, the ideal configuration has not 

been found. A variety of injection configurations have thus been developed. Kindracki et al.  [61] used an 

open oxygen slit to inject oxygen axially with radial fuel jets to promote mixing between the two gasses. 

The fuel jets issue from small diameter holes with tight spacing to promote a homogenous layer (Figure 

2.16) [61]. Other RDE experiments have also had success with perpendicular impinging injection [56]. 

Bigler et al. [66] successfully used pairs of impinging jets mounted on the combustor head wall to produce 

a viable layer (Figure 2.19) [65]; while other experiments have used a combination of head wall and 

annulus injection to promote mixing in a similar fashion (Figure 2.21) [67]. Goto et al. [68] used a triplet 

configuration with two fuel jets impinging on a single oxygen jet from both directions [68]. Nagakmi et al. 

successfully used a configuration of parallel jets in a disk style RDE in order to visualise the detonations 

with schlieren photography [14]. This injection schematic is presented in Figure 2.18 [14]. Overall, a variety 

of successful injection geometries have been tested in RDE prototypes, but more study into the mixing of 

the separately injected gasses is required to determine optimal configurations. 

Figure 2.21: Injection configuration for RDE using an axial slit orifice from the head wall and an 
impinging fuel jet on an angle from the annulus [67]. 
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The area ratio is an important factor when designing the injection of an RDE. This parameter represents 

the fraction of the combustor head wall area to the total area of all injectors. A larger area ratio increases 

the performance of the engine by reducing the pressure loss through the injectors. This pressure loss is, 

however, important to reduce the backward flow of the hot combustion products into the fuel-oxidizer 

plenums. Too large an area ratio leads to too much disturbance after the detonation wave propagates 

past the injectors and too much disturbance in the plenum, which reduces the speed at which the reactant 

layer can be refreshed, limiting performance [63]. 

2.2.4 Propagation Modes 
The simplest form of propagation in an RDE is that of a single detonation rotating through the reactive 

layer in the combustor. With sufficient mass flow rates of fuel and oxidizer, the layer can support another 

detonation before the original wave completes a cycle. A second detonation wave may then propagate 

through the layer. If the layer is not replenished fast enough, one of the detonations will fail and the 

system will return to a single rotating wave [67]. The process of generating a second wave can repeat 

leading to a series of waves propagating in the combustor, with up to 9-10 waves being observed [64] 

[65]. It is also possible for the generated waves to move in the opposite direction of the initial wave, where 

they will reflect off each other and reverse direction when colliding. It is thought that these waves will 

eventually develop into a single wave; though it is not confirmed [13]. At lower pressure ratios between 

the plenums and combustor, the detonation wave will not travel around the annulus, but will instead 

pulse axially, with a detonation traveling down the length of the combustor, reflecting as a shock wave at 

the nozzle and traveling back to reinitiate the detonation [56] [67]. This creates a motion very similar to 

that of a pulse detonation engine, however the frequency of the pulses exceeds most current PDE models, 

with pulses in the kilohertz regime [3]. 

2.2.5 Linear Rotating Detonation Engine Development  
The geometry of the rotating detonation engine makes it difficult to visualize the detonation structure in 

detail. The research by Nagakmi et al. [14] used a disk shaped RDE with optical access to overcome this 
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ƛǎǎǳŜΤ ǿƘƛƭŜ ƻǘƘŜǊ ǊŜǎŜŀǊŎƘ Ƙŀǎ ŦƻŎǳǎŜŘ ƻƴ ǳǎƛƴƎ άǳƴǿǊŀǇǇŜŘέ w59ǎ ǘƻ ŎŀǇǘǳǊŜ ǘƘŜ ŘŜǘƻƴŀǘƛƻƴ ǎǘǊǳŎǘǳǊŜ 

[14]Φ  ¢ƘŜ άǳƴǿǊŀǇǇŜŘέ w59 ŀƭƭƻǿǎ ŦƻǊ ŀ ǎƛƴƎƭŜ Ǉŀǎǎ ƻŦ ǘƘŜ ŘŜǘƻƴŀǘƛƻƴ ǘƘǊƻǳƎƘ ǘƘŜ ƧŜǘ ƭŀȅŜǊ ƎŜƴŜǊŀǘŜŘ 

after an initial combustion event in the channel to generate the combustion products atmosphere. This 

linear geometry makes it much easier to visualize the detonation propagation using schlieren photography 

through an optically accessible rectangular cross-section channel.  

Burr et al. [15] conducted experiments with a linear RDE using schlieren and CH*/OH* radical 

chemiluminescence to visualise the detonation structure using semi-premixed jets of a variety of gas 

mixtures (Figure 2.22) [15]. Hydrogen, methane, and ethylene were mixed with oxygen or air to create a 

layer of reactants through which a detonation propagates. The experiment showed the feasibility of the 

linear RDE for more detailed analysis of detonation waves moving through a jet layer. These detonations 

had a similar structure to the gravity wave detonations observed by Lieberman [49], with a detonation 

front perpendicular to the propagation in the reactant layer, which decoupled into an oblique shock where 

there were insufficient reactants to support the detonation. The structure of these detonations can be 

observed in Figure 2.23 [15]. This configuration allowed for visualization of the wave structure but did not 

Figure 2.22: Linear RDE apparatus used by Burr et al. [15]. 
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allow for the capture of the detonation cell structure, as the system cycled multiple times in one 

experiment to better simulate the hot products in an RDE, which prevents the use of soot impressions. 

!ƴƻǘƘŜǊ άǳƴǿǊŀǇǇŜŘέ w59 ǿŀǎ ǳǎŜŘ ōȅ {ŎƘǿƛƴƴ Ŝǘ ŀƭΦ ǘƻ ǾƛǎǳŀƭƛȊŜ ǘƘŜ ŘŜǘƻƴŀǘƛƻƴǎ ǳǎƛƴƎ ŀ ǎƛƳƛƭŀǊ 

chemiluminescence method with unmixed jets. This system rapidly produced detonations in the reactant 

layer, to mimic the high operating frequencies of RDEs. The study determined the cycle limit for various 

equivalence ratios of natural gas-oxygen layers [16].  

A linear RDE analogue was used by Metrow et al. to obtain schlieren and soot luminescence images of 

detonation structure [10]. This experimental setup used a gravity wave-driven predetonator, with 

premixed jets to produce the reactant layer. Soot foils were obtained to track the cellular structure of the 

detonation, which was then compared to numerical simulations of the fuel-oxidizer layer. These were 

used to verify the effectiveness of the Bauwens-Dorofeev criterion for detonation failure in a non-uniform 

layer [53].  

Figure 2.23: Schlieren (a) and CH*/OH* radical chemiluminescence (b) of the detonation waves traveling 
through the reactant layer [15]. 
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This apparatus used a cold inert gas to produce the unreactive layer, which allowed the use of soot foils, 

which would have been disturbed if the tests were run in rapid succession to produce a layer of hot 

combustion products [10]. The effects of jet layer development time on the detonation structure are 

presented in Figure 2.24 [10]. The 0.030 s case is very overfilled, with a layer near the full height of the 

channel, which led to the detonation decoupling very low in the channel. The limit case of 0.014 s had a 

more representative structure for an RDE, with a significant layer of inert gas present. The detonation 

decoupled into an inert shock at roughly half the channel height. For a development time under the limit, 

as seen in Figure 2.24c, the detonation failed early, with a new detonation initiated which propagated 

through the premixed reactant plenum leading to the wedge shape in frames 4 and 5 [10]. Soot 

impressions, such as those recorded in Figure 2.25, provide a more detailed look into the structure of the 

detonation as it propagates through the layer [10]. 

  

Figure 2.24: Schlieren images of the detonation for 0.030 s (a), 0.014 s (b), and 0.013 s (c) [10]. 

Figure 2.25: Soot impression of a test with premixed jets and a 0.014 s development time [10]. 
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2.3 Summary of Relevant Review 
The focus of the two studies within this thesis is to provide experimental data in the form of high-speed 

schlieren video and soot impressions which will be used to characterize the detonation phenomena and 

verify numerical models of the studies performed by other members of the research group. Of key 

importance for the gravity wave studies are the characterization of the gravity wave phenomenon by 

Benjamin [51] and the experiments and ZND IZL failure criteria by Lieberman [49]. The more recent 

detonation failure criteria based on cell size gradients by Bauwens and Dorofeev [53], and the numerical 

modelling of those criteria by Melguizo et al. [38] are of great importance to the study of this phenomena, 

but will be evaluated by other members of the lab group. The jet layer tests will be evaluated based on 

these failure criteria once further work has been done to refine the CFD simulations of the layer 

development. Once the simulation of the current jet experiment is complete, the injection configuration 

will be improved through the simulation and evaluation of other RDE injection schemes, such as those by 

Bigler et al.  [65] and Goto et al. [68]. 
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Chapter 3 Experimental Apparatus 
3.1 Overview of Apparatus 
The apparatus was based around an existing combustion channel with a rectangular cross section. The 

channel was fitted with a manifold to inject gasses and produce the reactant layer, which was fed through 

existing instrument ports. The apparatus is intended to represent an unwrapped RDE. Since the apparatus 

was not initially filled with high-temperature products, it differs from other linear rotating detonation 

engine studies. This apparatus will be referred to as a Linear Rotating Detonation Engine Analogue 

(LRDEA), to distinguish it from its aforementioned counterparts [15] [16]. A predetonator was used to 

generate a steady detonation in a premixed fuel-oxidizer mixture, isolated from the test-section by a 

sliding door. The mixture was ignited at one end of the predetonator by an automotive spark plug which 

generated a detonation through flame acceleration and deflagration to detonation transition (DDT). 

An RDE features a detonation that propagates through a layer of reactive gas injected into the products 

of combustion from the previous cycle. The apparatus replicated this configuration by injecting the fuel 

and oxidizer into a channel initially filled with a quiescent inert gas to replicate the inert combustion 

products.  

Two different types of experiments, jet layer and gravity wave detonation tests, were carried out with the 

same experimental setup. When the sliding door is opened a gravity current is generated where the lighter 

hydrogen-oxygen predetonator mixture flows above the heavier inert gas preloaded in the test-section. 

During a gravity wave test (Figure 3.1a) the development time for the gravity layer is controlled by a pre-

set delay (see Section 3.4) which allowed the layer to develop as the slug of predetonator gas propagated 

into the Field of View (FOV). As the gravity layer developed, a diffuse interface is formed between the two 

gasses, and after the pre-set time a detonation would reach and propagate through the gravity layer. For 

these tests no gasses were jetted into the test area. Argon and nitrogen were used as the inert gasses. 

In a typical jet layer detonation test (Figure 3.1b), the intrusion of the hydrogen-oxygen predetonator is 

limited so as not to affect the detonation propagation in the injected hydrogen and oxygen layer that 
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forms before the detonation arrives. The gravity current was allowed to develop for a pre-set time before 

ignition, with enough time for the layer to overlap with the upstream edge of the jet layer to ensure the 

detonation can transition between the two layers. Valves feeding the jet plenum open, creating a flow 

into the plenum which feeds the jets for a pre-set time before the detonation reaches the layer. The 

WŜǘǎ ƅƻǿ ƘȅŘǊƻƎŜƴ ŀƴŘ ƻȄȅƎŜƴ ƛƴǘƻ ǘƘŜ 
ǘŜǎǘ ǎŜŎǝƻƴ ǘƻ ŎǊŜŀǘŜ ǘƘŜ ƧŜǘ ƭŀȅŜǊ

[ƛƳƛǘŜŘ ǇŜƴŜǘǊŀǝƻƴ ƻŦ ǘƘŜ 
ƎǊŀǾƛǘȅ ƭŀȅŜǊ

[ƻƴƎŜǊ ǝƳŜ ŦƻǊ ƧŜǘ ŘŜǾŜƭƻǇƳŜƴǘ ƭŜŀŘǎ ǘƻ 

ƳƻǊŜ ƘȅŘǊƻƎŜƴ ŀƴŘ ƻȄȅƎŜƴ ƛƴ ŀ ŘŜŜǇŜǊ ƭŀȅŜǊ

aƛȄƛƴƎ ƭŜŀŘǎ ǘƻ ŀ ƭŀȅŜǊ ǿƛǘƘ ǾŀǊƛŜŘ ŀƳƻǳƴǘǎ 
ƻŦ ƘȅŘǊƻƎŜƴ ƻȄȅƎŜƴ ŀƴŘ ƛƴŜǊǘ Ǝŀǎ

DǊŀǾƛǘȅ ǿŀǾŜ ŘŜǾŜƭƻǇǎ ŬǊǎǘΣ ǘƘŜƴ ƧŜǘǎ ŬǊŜ ƛƴǘƻ 
ǘƘŜ ŘŜǾŜƭƻǇŜŘ ƭŀȅŜǊ ǿƘŜǊŜ ǘƘŜȅ ƻǾŜǊƭŀǇ

bƻƧŜǘǎŦƻǊƎǊŀǾƛǘȅƭŀȅŜǊǘŜǎǘǎΦ
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ǊŜŀŎǘŀƴǘǎ ŦƻǊƳ ŀ ƎǊŀǾƛǘȅ ƭŀȅŜǊ ƻǾŜǊ 
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! ƭƻƴƎŜǊ ŘŜǾŜƭƻǇƳŜƴǘ ǝƳŜ ŀƭƭƻǿǎ ǘƘŜ 
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Figure 3.1 Breakdown of the key elements of a.) gravity wave tests b.) jet layer tests. 
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hydrogen and oxygen flow out through their separate jets, displacing the argon to create a detonable 

layer, which the detonation passes through. 

3.2 Combustion Channel 
¢ƘŜ ŎƻƳōǳǎǘƛƻƴ ŎƘŀƴƴŜƭ Ŏƻƴǎƛǎǘǎ ƻŦ ŦƻǳǊ Ƴŀƛƴ ŎƻƳǇƻƴŜƴǘǎ ŀƴŘ ƛǎ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ vǳŜŜƴΩǎ ¦ƴƛǾŜǊǎƛǘȅ 

combustion lab. The predetonator consists of four 0.61 m channel sections, which can be sealed from the 

optically accessible test-section and dump tank via an isolating sliding door. Each section of the 

predetonator is equipped with fence-type obstacles to promote flame acceleration to DDT [69]. Both the 

test-section and dump tank consist of a single 0.61 m channel section, with no internal obstructions. The 

predetonator section is filled with a hydrogen-nitrogen-oxygen mixture, while the dump tank and test-

sections are filled with an inert gas. The test and predetonator sections are separated by the isolating 

door. Figure 3.2 shows a simple schematic of the channel, configured for a test [70].  

3.2.1 Predetonator 
The predetonator section of the channel was used to generate a detonation wave which could be coupled 

to the LRDEA jets during testing. The initial flame was created by a 50 mJ coil over plug on (Nissan 

3280264) discharge through an automotive spark plug [71].  

To reduce the development length for the detonation, fence-type obstacles were employed, which 

promoted flame acceleration and DDT [17] [72]. The first channel section was equipped with 89 mm high 

(66% blockage ratio) obstacles spanning the width of the channel, and the next two channels were 

REDUCER

Figure 3.2: Simple schematic of the combustion channel. BR is blockage ratio. Adapted from [70]. 
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equipped with 50% and 33% obstacles in order to achieve the minimum distance for flame acceleration 

[70].  The channel area blockage ratio (BR) is defined as the ratio of unobstructed channel height, h 

compared to the total channel height, H as seen in Figure 3.3 [17] [69]: 

 
ὄὙ

Ὤ

Ὄ
 (4.1) 

The height H of the entire predetonator was 76.2 mm. The final section of the predetonator assembly had 

a reduced width of 25 mm. The test-section had a width of 12.7 mm, and a height of 63.5 mm in order to 

accommodate the hydrogen and oxygen plenums at the top of the channel. The transition to these 

dimensions was accomplished by the upstream reducer (Figure 3.4), which reduced the channel to the 

required dimensions. The length of the insert was roughly ½ the length of the fourth predetonator 

channel. This allowed the detonation wave time to adjust to the smaller cross-sectional area and 

permitted the inert gas gravity current to propagate without change in cross-section. Note, for the gravity 

wave tests with long delay times the inert gas would reach the change in cross-section, but it is believed 

this did not affect the layer that developed in the test-section. The reducer was designed to withstand 

repeated impacts by detonation waves, but to also reduce the influence of the reflected shock produced 

ōȅ ΨŎǳǘǘƛƴƎΩ ǘƘŜ ŘŜǘƻƴŀǘƛƻƴ ǿŀǾŜ ŀǎ ƳǳŎƘ ŀǎ ǇƻǎǎƛōƭŜΦ ¢ƘŜ ΨƪƴƛŦŜ ŜŘƎŜΩ ƻŦ ǘƘŜ ǊŜŘǳŎŜǊ ƳŜǘ ǘƘŜ ŘŜǘƻƴŀǘƛƻƴ 

Figure 3.3: Configuration of the fence-type obstacles and relative heights. Adapted from [69]. 
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ǘƻ ǎŜǇŀǊŀǘŜ ƛǘ ŎƭŜŀƴƭȅΣ ǿƛǘƘ ǘƘŜ ΨŎǳǘΩ ǇƻǊǘƛƻƴǎ ƻŦ ǘƘŜ ŘŜǘƻƴŀǘƛƻƴ ǘǊŀǾŜƭƭƛƴƎ ŀƭƻƴƎ ǘƘŜ ŜŘƎŜ ōŜŦƻǊŜ ǊŜŦƭŜŎǘƛƴƎ 

off the end wall of the reducer.  

The predetonator section had 3 sealed access points which each had separate functions for setup and 

testing. The main filling point near the spark plug was used to flow gas in and out of the channel and was 

also connected to the vacuum system. The 50% BR section was equipped with an absolute pressure 

transducer to monitor the pressure in the tube during test setup and was protected by a ball valve during 

testing. The isolating door separated the predetonator and optical sections during test setup and was 

opened during the tests to produce a gravity wave. 

3.2.2 Isolating Door 
The isolating door assembly was originally designed by a previous student [85] to accommodate a 25.4 

mm wide opening and was built robustly to withstand repeated detonations passing through it. It was 

constructed of 6061 Aluminum, with 25.4 mm housing on either side of the sliding 25.4 mm thick door. 

The door used a series of BUNA-N O-rings to maintain a seal. O-rings were located on the shaft which 

pulled the door in and out, as well as on both faces that the door slid on. The door aperture had grooved 

edges to prevent damage to the O-rings during movement. The door was fastened together with grade 8 

5ƻƻǊ ƘƻǳǎƛƴƎ 
ŀŘŀǇǘŜǊ

{ƘŀǊǇ ŜŘƎŜ ǘƻ 
Ŏǳǘ ŘŜǘƻƴŀǝƻƴ

соΦр ƳƳ ƘŜƛƎƘǘ
ŀƴŘ мнΦр ƳƳ ǿƛŘǘƘ

нп ƳƳ ŘƻƻǊ 
ŀŘŀǇǘŜǊ

Figure 3.4: Upstream reducer with key elements notated. 
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fasteners, and then fastened between the final predetonator section and the test-section using the 

existing bolt pattern with the same fasteners [70]. 

For these experiments, the door was modified to reduce the effects of the door on the gravity current and 

detonation wave transmission into the test section. The size of the aperture of the door was reduced to 

match the channel width, and reducers were added that extended into each side of the housing to reduce 

the channel width (See Figure 3.4 for the upstream end). This resulted in a continuous channel width from 

the upstream reducer to the end of the windows in the test-section.  

The thickness of the door was reduced to limit the volume of gas within the door aperture. This was done 

to reduce the extent of the turbulent mixing between the predetonator gas and the inert gas initially in 

the door cavity, as the volume of gas slid into position. The old door assembly was modified by designing 

the thinner moving door with the aperture (Figure 3.6, green) and adding a stationary acetal 

homopolymer filler piece (Figure 3.5, red). O-ring seals were added to seal between the door, filler, and 

housing pieces. 

The door was further equipped with a balancing channel that transported the compressed gas ahead of 

the door to an expansion volume on the other side of the door. This prevented the gas from being forced 

through the O-ring seals and into the test chamber, and conversely prevented the newly formed volume 

from producing a vacuum. This is illustrated in Figure 3.5. Drawings each component of the assembly are 

included in Appendix C. 
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Figure 3.5: Isolating door in the sealed and opened positions with one housing removed. Green is the 
moving door. Red is the filler piece. 
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3.2.3 Optical Test-Section 
The test-section has optically-accessible plexiglass/glass windows for schlieren imaging, and soot foil 

incandescence visualization. The glass windows can also be replaced by opaque windows for mounting 

foils and pressure transducers. The height of the optical channel was reduced from 89.0 mm to 63.5 mm 

by the injection assembly that fastened to the top of the channel. The width of the channel was 25.4 mm, 

but any channel width could be produced by changing the thickness of the windows which protruded 

inside the channel width. For these tests, the effective channel width was 12.7 mm. A reducer was added 

to the downstream side of the door to fill the 96 mm distance from the downstream side of the door to 

the right edge of the windows to keep the channel dimensions consistent 

The outer portion of the optical windows was constructed of acrylic, which prevented (and contained) any 

shattering of the inner glass and provided the bulk of the thickness, at 38.1 mm nominally (thickness 

varied 0.5 mm across the piece). The inner portion of the window was 12.7 mm thick glass, which was 

more heat resistant and provided a flat, even surface for the channel, without the waviness of the acrylic 

sheet. The interface between the glass and acrylic was uneven, with a varying amount of air between the 

pieces. The offset cut into the acrylic was performed by the McLaughlin Hall Machine Shop, using the glass 

as a flat surface to base the offset cut into the acrylic which resulted in an even width of the entire channel. 

The two-piece windows were fastened along their parallel edges using a layer of electrical tape to prevent 

movement and to bind the pieces together, followed by 2-3 layers of Nashua 0.3 mm thick aluminum foil 

tape to protect against heat and tearing. The layer of tape obstructed a small portion of the top of the 

schlieren view, while the bottom edge was hidden by the 6.35 mm high obstruction caused by the plate 

which seals the windows from the atmosphere.  

A 50.8 mm thick acrylic plate was used to mount the aluminum foils for tests; it was 0.750 mm thinner to 

accommodate the thickness of the foils attached for the tests and keep a constant channel width. This 

window was also equipped with a pressure transducer to measure pressure in the channel. 
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A two-piece aluminum plenum assembly occupied the top 25.4 mm of the channel. For the gravity wave 

tests, the bottom plate of the plenum was replaced by a blank with no holes.  For jet tests, the jet plenum 

assembly was mounted to the top of the plenum, with both the hydrogen and oxygen gas lines connected 

through an instrument port. For jet tests the hydrogen and oxygen flowed into the plenum assembly 

through separate 3.2 mm diameter holes machined into a standard instrument plug that was positioned 

in the instrument port. The cross-section of the two plenums was 3.2 mm x 3.2 mm. The plenum assembly 

also had two locations where the internal plenum transient pressure was measured.  

3.2.4 Dump Tank 
A 171 mm high by 121 mm wide dump tank was located after the test-section, with the purpose of 

absorbing and weakening the detonation wave. It was filled with the same inert gas as the test-section, 

which forced the detonation to decouple into a shock wave, which was weakened by the increase in width 

from the test-section before it reflected off the end wall of the tank. A valve protects the vent line for the 

channel, and the downstream balancing line connects to this part of the apparatus (Figure 3.). 

3.3 Gas Injection System 
The gas injection system was the core of the jet experiments. This system generated the reactant layer 

through which the detonation propagated. Producing a layer in which the hydrogen and oxygen mixed, 

without too much argon dilution was key in producing a layer that could sustain detonation propagation. 

The Gas Injection System was divided into three components between the gas cylinders and the plenum 

in the test-section channel.  

3.3.1 Gas Injection Feed 
The gas injection feed consisted of all the piping between the gas cylinders and the solenoid valves, 

illustrated in Figure 3.6Φ ¢ƘŜ оκуέ bt¢ (National pipe Thread) port solenoid valves were 12 VDC powered, 

with a 4 mm orifice, purchased from Princess Auto (SKU 8192304). High speed video measurements 

indicated the valves took 6 ms to start opening and were fully open after 15 ms. Rigid stainless-steel tube 

ǿƛǘƘ ŀƴ ƛƴǘŜǊƴŀƭ ŘƛŀƳŜǘŜǊ ƻŦ млΦу ƳƳ όмκнέ ǘǳōƛƴƎύ ǿŀǎ ŎƻƴƴŜŎǘŜŘ ǘƻ ǘƘŜ ǾŀƭǾŜ ƛƴƭŜǘ Ǿƛŀ ŀ {ǿŀƎŜƭƻƪ ŦƛǘǘƛƴƎΦ 
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The tubing ran 1600 mm uninterrupted to a check valve placed before the cylinders to prevent backflow. 

A fast response piezoelectric pressure transducer and dial gauge used to measure the static fill pressure, 

were attached to the hydrogen feed line. This tube acted like a shock tube driver, whereby when the valve 

was opened a constant pressure is maintained at the valve for a period time for the head of the expansion 

fan to travel to the check valve and a compression wave to travel back to the valve. 

The check valves were Swagelok brand valves with a 69 kPa cracking pressure. Just before the check 

valves, 2 ball valves were connected to allow the two lines, and plenums when the solenoid valves were 

open, to be independently accessed by the vacuum and venting system via the control panel. The gas 

cylinders were connected to the check valves by flexible tubing to facilitate the moving of the channel 

without having to move the gas cylinders. 

  

¢h/hb¢wh[t!b9[hн
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Figure 3.6: Piping Schematic of the gas injection system outside the channel. 
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3.3.2 Solenoid to Plenum Injector Assembly 
Beyond the solenoid valve, all of the piping for the injection assembly would be initially filled with inert 

gas. As such, it was important to minimize the volume of this piping to reduce the amount of inert gas 

ǘƘŀǘ ǿƻǳƭŘ ƴŜŜŘ ǘƻ ōŜ ŘƛǎǇƭŀŎŜŘ ōȅ ǘƘŜ ƛƴƧŜŎǘŜŘ ƎŀǎΦ ! оу ƳƳ ƭƻƴƎ ŀŘŀǇǘŜǊΣ ǿƛǘƘ оκуέ ŀƴŘ 1/4έ ƳŀƭŜ bt¢ 

threads on either end, was designed and manufactured to fill the volume outlet port on the downstream 

ǎƛŘŜ ƻŦ ŜŀŎƘ ǎƻƭŜƴƻƛŘ ǾŀƭǾŜΣ ǿƛǘƘ ŀ оΦн ƳƳ όмκуέύ ƘƻƭŜ ŦƻǊ ǘƘŜ Ǝŀǎ ŦƭƻǿΦ ¢ƘŜ ŀŘŀǇǘƻǊ ǘƘǊŜŀŘŜŘ ƛƴǘƻ ǘƘŜ 

outlet of the solenoid valve and the aluminum injector plug, as shown in Figure 3.7. The plug received the 

adapters at an angle, which was required to fit both solenoid valves spatially (Figure 3.8). The 3.2 mm gas 

flow path in the plug turned vertical to fit both channels through the narrow passage into the channel, 

where the gas flow paths aligned with two holes at the top of the plenum assembly. An acetal 

homopolymer gasket was located between the bottom of the plug and the top surface of the plenum 

assembly. A BUNA-N O-ring sealed the plug onto the bottom of the test-section instrument port. Since 

Figure 3.7: Wireframe view of the injector plug with key features labelled. 
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both seals were on bottom faces of the part, the measurements for the heights between the two seals 

was important to ensure both would function properly. The seals were designed such that the gasket seal 

compressed first, since this seal was harder to verify, whereas a failure in the O-ring seal would prevent 

the channel from being sealed for vacuuming, which would be easier to detect. 

3.3.3 Jet Plenum Assembly 

The plenum assembly consisted of two plates bolted together with a BUNA-N gasket sandwiched 

between, similar to that adopted in Metrow [70]. The top plenum plate (Figure 3.9, blue) seated the 

bottom of the injector plug, sealed by a gasket described in 3.3.2, allowing the hydrogen and oxygen 

gasses to flow into the bottom plenum plate. The bottom plenum plate (Figure 3.9, red) received the gas 

and allowed it to flow into the 3.2 mm x 3.2 mm plenum which fed the jets. The laser cut BUNA-N plenum 

gasket (Figure 3.9, grey) matched the pattern of the channels in the bottom plenum plate, sealing the 

млΦуƳƳǘǳōƛƴƎ

{ƻƭŜƴƻƛŘ ǾŀƭǾŜǎ

CƛƭƭŜǊŀŘŀǇǘƻǊǎ

LƴƧŜŎǘƻǊ ǇƭǳƎ

Figure 3.8: Photograph of key components of the jet injection assembly where the connection to the 
channel is made. 
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channels from each other and from outside of the plenum assembly. The two 610 mm x 73 mm x 12.7 mm 

plenum pieces were secured together by a series of countersunk 6-32 fasteners which threaded into the 

top plenum piece. Two 10-24 fasteners secured the plenum to the top of the test-section channel. 

The bottom plenum plate produced a series of jets through 1.3 mm diameter holes (No. 55 drill size), 10.9 

mm long, spaced 4.8 mm (center to center) apart. The two sets of jets impinged on each other at an angle 

of 30° off the vertical, where the two sets of holes were 3.3 mm apart (center to center) at the bottom 

face of the plenum assembly. The original, shorter plenum assembly had a total length of 281 mm,  

consisting of 59 pairs of holes, and was used for preliminary testing and development. The extended 

plenum assembly had a total of 83 jet pairs over a 438 mm length and was otherwise identical to the 

shorter assembly. This extended plenum was used for the majority of the tests, whereas the shorter 

plenum was mainly used for the initial development of the experiment. Both bottom plates of the plenum 

{Ŝŀǘ ŦƻǊ ƎŀǎƪŜǘ ŀƴŘ ōƻǧƻƳ 
ƻŦ ƛƴƧŜŎǘƻǊ ǇƭǳƎ

{ŎǊŜǿ ƘƻƭŜǎ ǘƻ ŦŀǎǘŜƴ 
ŀǎǎŜƳōƭȅ ǘƻƎŜǘƘŜǊ

{Ŝŀƭ ōŜǘǿŜŜƴ ƘȅŘǊƻƎŜƴ 
ŀƴŘ ƻȄȅƎŜƴ ǇƭŜƴǳƳǎ

¢ǿƻ ǇŀǊŀƭƭŜƭ ǇƭŜƴǳƳǎ ǿƛǘƘ 
ƛƳǇƛƴƎƛƴƎ ƧŜǘǎ

Figure 3.9: Exploded view of the components of the plenum assembly, with the white lines showing flow 
of gas from through the components. 
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assembly are shown for comparison in Figure 3.10. Detailed drawings of the plenum assembly 

components can be found in Appendix B. 

Symmetrical holes for the hydrogen and oxygen were used to make the feeds swappable, which allowed 

one set of pressure transducers to capture pressure transients for both gasses. The jets from each plenum 

lined up with one another, and did not offset, as misaligned injection has been found to reduce mixing 

and lead to worse detonation propagation conditions in the layer [66]. The angle of the jets was chosen 

to force a collision of the gasses close to the plenum lower plate, which would induce the mixing of the 

gasses as soon as possible. 

For the gravity wave tests, a blank plenum was used, since no gasses were injected into the test-section. 

This was done by removing the gas injection assembly and replacing it with a plenum assembly with no 

holes. A separate sealing assembly was inserted to seal the injection hole. 

Figure 3.10: Wireframe view of the two lengths of plenum used in the experiments. Extended plenum 
(top) and short plenum (bottom). 
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3.3.4 Transient Injection Pressures 
To characterize the hydrogen and oxygen flow to the plenum, and to aid in CFD modelling of the layer 

development, piezoelectric pressure transducers were placed in the plenum and on one of the feed lines 

just before the solenoid valve (Figure 3.11). The pressure trace recorded in the oxygen feed line just 

before the solenoid valve shows a sudden drop after about 5 ms. This delay includes the time for the 

solenoid valve to start opening and the time for the head of the expansion fan to travel from the 

solenoid valve to the pressure transducer. The distance is 300 mm, taking a speed of sound of 326 m/s 

at 20 oC, the time is 0.92 ms. The pressure drops with several oscillations reaching about 500 kPa 

(gauge) after 75 ms. The pressure then starts to rise as the flow of oxygen through the check valve is 

initiated once the head of the expansion fan arrives. Note the detonation reaches the test section after 

about 20 ms, so after this time the flow through the valve is of no consequence to the experiment. For 

the hydrogen, the speed of sound is 1270 m/s, so the pressure starts to drop almost immediately after 

the valve starts to open. The ensuing pressure drop is smoother than that in the oxygen. 

Figure 3.11: Pressure readings of hydrogen and oxygen injection at 200 HRP. Test 849 EEJR 
0.0195/200/725 N/A  Schlieren, Ar. Test 851 EEJR 0.0195/200/725(SF) N/A  Schlieren, Ar.  
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With the pressure transducer located 343 mm from the plenum inlet, the maximum pressure reaches 4 

and 10 kPa (gauge) for hydrogen and oxygen, respectively; indicating that the plenum orifices are not 

choked. Moving the pressure transducer closer to the plenum inlet, i.e., 114 mm from the inlet, produced 

a maximum pressure of 20 kPa and 28 kPa for the hydrogen and oxygen, respectively. Since the hydrogen 

and oxygen pressure drops over the length of the plenum, this affects the mass flow rate through the 

orifices located at different positions in the plenum. 

3.4 Electrical and Timing Systems 

The electrical system consisted of a series of devices which acquired data and sent signals through the 

system to trigger events within the test process at specified times. Data acquisition was done through a 

Nation Instruments Signal Express workflow with a DAQ (Data Acquisition) card to capture data from 

multiple piezoelectric pressure transducers (PCB 114A24), ion probes and the door trigger button. Signals 

were sent from the DAQ to trigger the camera, solenoid valves, and spark plug. Figure 3.12 gives a 

5hhw ¢wLDD9w {²L¢/I

Figure 3.12: Electrical schematic of the experimental apparatus.  
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schematic of the electrical system used in testing. Note valves 14 and 15 are located on the piping diagram 

provided in Figure 3.16, Section 3.6. 

3.4.1 Signal Express  
The core of the electrical system was a personal computer with a National Instruments PCI-6133 DAQ card 

installed running Signal Express workflow to control equipment during testing. The program could run 

multiple commands simultaneously by grouping them. The program had the following sequence of 

commands, where numbers denote a new grouping of commands, and letter commands run 

simultaneously within their group: 

1. Receiving and recording trigger time. 

a. DAQmx Acquire: The DAQ waited for a 5 V falling-edge signal from the door micro-switch, 

engaged when the door was fully open, before proceeding further. After the program 

detected a 250 mV fall in the signal voltage it would move on to the next sequence (2.). 

b. Save to ASCII/LVM: As the DAQ detected the signal it would record readings from the 

switch in absolute time, so this signal could be compared to the arrival of later 

measurements. 

2. The program waited for the specified Gravity Wave Delay (GWD), varied from 0.25 s to 4.0 s. 

3. Output signal and acquire data. 

a. DAQmx Generate: The program sent out a 5 V signal to the delay generator, 12 V solenoid 

valve relay, and SA-Z camera. This pulse was 60 ms long, which would keep the solenoid 

valves open beyond the arrival of the detonation wave, ensuring gas flow was not cut off. 

The solenoid would open 6 ms after the signal was sent, and be fully open by 15 ms after 

the signal was sent. 

b. DAQmx Acquire: The program acquired data through 5 channels at 2MHz: 

i. Window mounted PCB 114A24 pressure transducer 
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ii. Ion probes (0,2) 

iii. Ion probes (1,3) 

iv. Feed Tube PCB 114A24 pressure transducer 

v. Plenum -mounted PCB 114A24 pressure transducer 

c. Save to ASCII/LVM: The data was saved as a .txt file with 300 000 readings for each 

channel, using absolute time.  

It was found that for tests performed with this sequence of operations that an unavoidable internal delay 

occurred during the running of the program, which added a 0.48 s delay between the 2nd and 3rd step in 

the program. Data was therefore recorded as the sum of these two delays (i.e. a 0.25 s delay became a 

0.73 s delay). 

3.4.2 Triggering Devices 
The 5V signal from the DAQ system travelled to the delay generator, solenoid valve relay, and the SA-Z 

camera. It reached all this equipment simultaneously. The relay provided power from a 12V power supply 

to the solenoid valves, which started the flow of the hydrogen and oxygen through the plenum. In a gravity 

wave test this relay was deactivated, since no jet layer was developed.  The SA-Z camera received the 5 V 

signal and immediately began writing data to its internal drive. A center trigger setup was used so that 

the camera would record data prior to and after the signal was received, ensuring the test successfully 

recorded. 

The delay generator delayed the signal to the spark system, which gave the solenoid valves time to open 

and develop the jet layer. The offset between the opening of the jets and the arrival of the detonation 

was the sum of the delay generator setting, the spark generation time, and the acceleration of the flame 

through the predetonator. The jet delay time was set to between 10 ms and 20 ms, which gave the layer 

enough time to develop, but not overfill the test-section before the detonation wave arrived. 
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3.4.3 SA-Z Camera Setup 
The SA-Z camera was controlled through the Photron Fastcam Viewer (PFV) software and was critical for 

recording high-speed video of the detonation passing through the optical test-section. The camera was 

operated at 240 000 frames per second with a shutter speed of 0.16 µs. This framerate allowed the 

capture of the detonation structure through schlieren and soot incandescence videos. A detonation 

moving throǳƎƘ ǘƘŜ ŎŀƳŜǊŀΩǎ ŦƛŜƭŘ-of-view was in view for at least 20 frames, from which the speed was 

calculated.  

3.5 Optical Setup 

3.5.1 Schlieren Imaging  

High-speed schlieren photography was used to visualize the detonation structure through the density 

gradient created by the detonation and shock wave fronts. The schlieren system relied on a system of 

mirrors to direct beams of parallel light through the test-section. Density gradients bend this light, which 

then appeared dark, as the beams of light at that location did not reach the camera. A pinpoint source of 

light was created using a bright LED bulb which was focused through 2 lenses and cut between 4 razor 

blades. This pinpoint light source was reflected off a parabolic mirror to produce a beam of parallel light. 

This parallel light was then reflected through the optical section of the combustion channel using a pair 

of flat mirrors before it was focused back down to a point by a second parabolic mirror. The light was cut 

Figure 3.13: Schlieren setup used in the experiments. Adapted From [70]. 
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with the edge of a razor to improve the sensitivity of the system before it entered the SA-Z camera. Figure 

3.13 shows the optical setup of the experiments. It is noteworthy that with the 2-piece windows there 

was a small amount of distortion, especially around the right and left edges of the view, which reduced 

the view width from 254 mm to 240 mm. This distortion was a result of the waviness in the acrylic surface 

of the windows. 

Velocity measurements were obtained from the videos by counting the movement of the detonation front 

through the view angle using PFV to gather to the location of the detonation front manually for each 

frame. A scaling factor was used to convert the pixel measurements to distance across the field of view. 

This could be converted to the instantaneous speed of the detonation by dividing the movement of the 

detonation between 2 frames by the time between frames, generating an average detonation speed at 

each location. 

3.5.2 Aluminum Soot Foil Imaging 
The use of an aluminum soot foil prevented the simultaneous capture of schlieren video since it blocked 

the schlieren light from travelling through the channel. Placing the foil on the light-source-side of the 

channel allowed the video recording of the detonation passage via the incandescence of carbon soot as it 

was heated by the combustion. The schlieren system was kept in place, with the mirrors being used to 

direct the image into the camera, however the razor blade was removed, and often replaced with a 

neutral density filter to limit the light intensity entering the camera lens. Pictures of the foils were taken 

after testing to record the cell structure, with a bendable ruler being used to account for bends in the foil. 

These bends were introduced by forces that occurred after the detonation had passed across the foil, 

including the reflected shock from the dump tank. 

3.5.3 Glass Soot Imaging 
Some tests were performed with direct sooting of the glass window to allow for simultaneous schlieren 

and carbon incandescence imaging, along with a recorded cell structure. These tests produced videos 
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showing shock waves as well as area of combustion where the soot incandesced, which provided a unique 

look at the detonation structure.  

Since the cellular structure had to be cleaned off the windows between tests, the only record of the 

structures were photos taken immediately after testing. Due to the thickness of the windows, it was 

impossible to lay them against a surface, since the soot pattern would project a shadow onto each layer 

of window material which resulted in an unusable image. Instead, the window was supported upright, 

with a white background and sufficient uniform light from the background to remove shadow effects. Due 

to the thickness of the glass and the placement of the camera with respect to both the glass and the 

background, the image is slightly distorted, seen in Figure 3.14, where two lines of equal length on the 

Ǝƭŀǎǎ ǎƘƻǿ ǳǇ ŀǎ ǘǿƻ ŘƛŦŦŜǊŜƴǘ ƭŜƴƎǘƘǎ  ƻƴ ǘƘŜ ǇƘƻǘƻΣ ƛΦŜΦΣ ƻƴŜ ǎƘƻǿƛƴƎ ŀ ǎŎŀƭŜ ƻŦ ŜȄŀŎǘƭȅ мέ όнрΦп ƳƳύ ŀƴŘ  

ǘƘŜ ƻǘƘŜǊ ŀǇǇŜŀǊƛƴƎ ŀǎ мрκмсέ όноΦу ƳƳύΦ ¢Ƙƛǎ ǿŀǎ ŀŎŎƻǳƴǘŜŘ ŦƻǊ ǿƘŜƴ ƻǾŜǊƭŀȅƛƴƎ ǘƘŜ schlieren video 

from these tests with the soot impression photographs. 

3.5.4 Optical Views 
The total length of the view that could be accessed through the window was 445 mm, which was 

significantly larger than the 240 mm limit on the view for the main schlieren mirrors. Tests were 

performed with different FOV within the optical section. Tests were repeated with different FOVs to 

Figure 3.14: Visualization of the distortion in soot impression photographs. 
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capture the full length of the phenomenon. It was important to track the location of the FOVs with respect 

to an anchor point, so that data from different tests could be compiled. As a result, three different FOVs 

were developed for testing, and every test had the video FOV recorded, see Figure 3.14. The FOV was 

changed by moving the entire combustion channel axially forward or backward. This was easily achieved 

because the channel was supported on a set of carts. The limits of each FOV were marked on the 

combustion channel using temporary markers.  

Gravity wave test used all three FOVs, however most of the tests were conducted within the BJR 

(Beginning of Jet Region) view, as the most thoroughly analyzed tests were conducted with a Gravity Wave 

Delay (GWD) of 1.5 s and 2.5 s; the former of which decoupled at the right-edge of this FOV, making it a 

perfect location for velocity measurements. Most testing with the short plenum was conducted using the 

EJR (End of Jet Region) FOV since it could be used to determine whether the detonation propagated 

through the entire layer or failed early. For the same reason, most of the extended plenum testing was 

performed using the EEJR (Extended End of Jet Region). For both plenums, tests were conducted with 
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Figure 3.15: Locations of the three views used in the experiments. 
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other FOVs, both to visualise upstream phenomena, and during early testing where the detonation did 

not propagate into the FOVs further downstream. 

3.6 Operational Procedure 
The successful execution of tests using the combustion channel required the flowing and mixing of 

different gasses through a series of connected piping. This required a significant number of ball, metering, 

and solenoid valves. Figure 3.16 shows the relative location of all 23 valves, pressure transducers, and 

other equipment that was used in the preparation and running of experiments. It should be noted that 

valve 9 is a solenoid controlled by a separate lab computer, as it was part of another apparatus, but was 

used here as the mixing tank for its higher-pressure rating. Valves 14 and 15 are the solenoid valves which 

allowed gas to flow into the channel during testing. Valves 11 and 22 were sacrificial valves which are used 

to absorb the impact of the detonation wave and protected the sealing valves 10 and 21, respectively. A 

detailed operation procedure is included in Appendix A. 
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Figure 3.16: Full piping schematic of the testing apparatus with the jet plenum connected. 
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Chapter 4 Results and Discussion 
A gravity wave develops due to the difference in densities between the hydrogen-oxygen-nitrogen 

predetonator mixture and the inert gas in the test section. The initially separated gasses interact once the 

isolating door is opened. The denser inert gas (argon or nitrogen) will flow below the lighter predetonator 

ƘȅŘǊƻƎŜƴ ŎƻƴǘŀƛƴƛƴƎ ƳƛȄǘǳǊŜ ƛƴ ǘƘŜ ǳǇǎǘǊŜŀƳ ŘƛǊŜŎǘƛƻƴΦ ¢Ƙƛǎ ǇǊƻŘǳŎŜǎ ŀ ΨǎƭǳƎΩ ƻŦ ǇǊŜŘŜǘƻƴŀǘƻǊ ƳƛȄǘǳǊŜ 

roughly half the height of the channel penetrating into the optical section, with diffusion-driven mixing 

occurring across the interface. The penetration speed of the combustible predetonator mixture layer 

slows slightly as it moves along the channel due to frictional losses at the channel walls. The composition 

in both layers is affected by diffusion of mass across the interface, as well as turbulent mixing introduced 

by the opening of the isolating door. 

The gravity wave forms an integral part of the experiment as it represents the interface between the 

premixed predetonator, and the jet layer formed by the injection of hydrogen and oxygen into the test-

section. Ideally, the gravity wave develops to the point where the leading edge of the predetonator 

reaches the jet layer, providing a continuous combustible gas pathway for the detonation to propagate 

through. It is also important to investigate the effect of the location of the gravity wave leading edge (by 

varying the GWD) to prevent the gravity wave from άoverdrivingέ the detonation through the jet layer.  

The gravity wave also provides a predictable ideal stratified layer geometry to study detonation 

propagation. The results obtained for a longer GWD can be compared to the propagation through the jet 

layer that is more difficult to model since it involves turbulent jet mixing. The gravity wave layer 

experiment provides the opportunity to precisely control the reactivity of the detonable mixture through 

nitrogen dilution of the predetonator hydrogen-oxygen. Since the layer composition distribution can 

accurately be predicted by CFD, it allows the layer detonation propagation to be modeled and compared 

to soot foil data from the experiment, and to check the various ZND induction length criteria proposed by 

Liberman et al. [52] and Bauwens et al. [53], such as was done by Metrow et al. [73]. 
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The results are presented in two sections. In Section 4.1, only the results from the gravity wave 

experiments are provided. These experiments can be treated as an independent study of detonation 

propagation through a combustible gas layer separated from an inert gas by a diffuse interface. This 

fundamental study can be considered as a baseline for the jet experiments, the results of which are 

presented in Section 4.2, where the composition of the layer is less uniform and more difficult to predict 

numerically. 

4.1 Gravity Wave Detonations 

4.1.1 Stoichiometric Gravity Wave Detonation Propagation in Argon 
Experiments were carried out with just a gravity wave (no hydrogen/oxygen jets), where the layer consists 

of premixed fuel and oxygen and diffusion driven mixing with the inert gas occurs across the layer 

interface. In this section, results obtained from the baseline case of a stoichiometric hydrogen-oxygen 

predetonator with argon initially in the test section are presented. The structure of the detonation wave 

is best viewed from high-speed schlieren photography, see Figure 4.1b. The schlieren system is not 

sensitive enough to see the layer thickness in these images, but it lies roughly at half the height of the 

FOV. The detonation wave is curved in the layer due to a vertical gradient in argon concentration. The 
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Figure 4.1: High-speed schlieren images, a.) showing a detonation propagating in a gravity layer 
generated by a H2-O2 predetonator into argon from selected frames, b.) main features denoted by 
lines. Test 806 BJR ER=1.0 GWD 1.5s Schlieren, Ar. 
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triple-points and associated transverse waves are difficult to make out in the images because they are 

very closely spaced. Below the layer bottom interface, the detonation decouples into an inert shock 

followed by a contact surface, as denoted in Figure 4.1b. Turbulent mixing of the hot detonation 

combustion products and the shock compressed argon occurs at the contact surface. Individual frames of 

the high-speed video (Figure 4.1a) can be used to track the vertical position of the decoupling point, which 

corresponds roughly to the height of the detonable layer at any axial position, as the detonation 

propagates across the FOV. This tracking is useful for validating the detonation propagation failure criteria 

reviewed in Section 4.1.4, where the experimental results are compared to simulated gravity currents. 

The speed of the detonation front as a function of the distance travelled down the channel was also 

tracked from the high-speed video. Dividing the number of pixels in the schlieren FOV by the known length 

provided a scaling for the images. This was done for multiple tests to confirm the accuracy of the value. 

Each schlieren video was then viewed frame-by-frame, and the x-coordinate-pixel of the detonation front 

Figure 4.2: Instantaneous velocity of a detonation wave through a stoichiometric layer in the BJR view 
with CJ velocity for reference. Vertical black lines denote the edges of the FOV. Blue indicates the wave 
front, while orange indicates location of the reaction zone after decoupling. Test 806 BJR ER=1.0 GWD 
1.5 s, Schlieren, Ar. 
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leading edge (along the top wall) was recorded. The average velocity between video frames was calculated 

by measuring the distance the front moved between frames, then multiplying by the 240 000 Hz capture 

rate of the camera. The detonation front progressed up to 13 pixels for each frame, this yields a possible 

error in the velocity measurement of 200 m/s. The CJ detonation velocity for a stoichiometric H2-O2 

mixture was calculated using the Shock and Detonation Toolbox, a CANTERA-based program [74] [75].  

Using this method, the measured speed of the detonation wave for a 1.5 s and 2.5 s GWD is shown in 

Figure 4.2 and Figure 4.3, respectively. The speed of the detonation does not exceed the CJ velocity for 

undiluted stoichiometric hydrogen-oxygen in either case. The scatter in the velocity data is associated 

with the limited number of pixels used in the velocity calculation. These tracked velocities are useful for 

the verification of numerical models of the detonation passing through the layer.  
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Figure 4.3: Instantaneous velocity of a detonation wave through a stoichiometric layer in the BJR view 
with CJ velocity for reference. Vertical black lines denote the edges of the FOV. Blue indicates the wave 
front. Test 788 BJR ER=1.0 GWD 2.5 s, Schlieren, Ar. 
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The detonation enters the FOV at approximately 2600 m/s, in both cases, significantly lower than the 2840 

m/s CJ velocity. This lower value can be attributed to frictional losses in the narrow channel. In the 1.5 s 

GWD case, the detonation maintains its velocity until 225 mm, where the average velocity drops slightly. 

Just before 300 mm, the detonation velocity begins dropping rapidly, with the detonation decoupling into 

an inert shock and reaction front (flame) near the 340 mm mark, with the velocity of the decouple flame 

represented by the orange markers in Figure 4.2. This was a result of the detonation passing through the 

leading edge of the gravity layer, where the argon mole fraction rapidly increased, leading to the 

deceleration and failure of the detonation wave. The sudden drop in the reaction front velocity can be 

used as a criterion for the failure of the detonation wave. For the 2.5 s GWD case in Figure 4.3, the 

detonation does not fail in the FOV and propagates at roughly a constant velocity until about 200 mm and 

then decelerates slightly, exiting at approximately 2300 m/s. Again, this slight deceleration can be 

ŀǘǘǊƛōǳǘŜŘ ǘƻ ŀǊƎƻƴ ŘƛŦŦǳǎƛƴƎ ƛƴǘƻ ǘƘŜ ƭŀȅŜǊ ŦǊƻƳ ōŜƭƻǿ ŀǎ ǘƘŜ άǎƭǳƎέ ƻŦ ǎǘƻƛŎƘƛƻƳŜǘǊƛŎ ƳƛȄǘǳǊŜ ǇŜƴŜǘǊŀǘŜŘ 

Figure 4.4: CJ Velocity as a function of argon mol fraction for a stoichiometric hydrogen-oxygen mixture. 
Calculated using the Shock and Detonation Toolbox [74].  
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the test section. The CJ velocity of a stoichiometric hydrogen-oxygen mixture diluted with an argon, 

calculated using the Shock and Detonation Toolbox [74], is provided in Figure 4.4 . 

A soot foil obtained for a stoichiometric hydrogen-oxygen predetonator, and argon is provided in Figure 

4.5. The detonation leaves behind a cell structure that can be used to identify the detonable part of the 

layer. The cell-filled region shows a layer height that decreases from half the foil height at the right edge 

to a quarter the height at the point of failure. This tapered layer shape is caused by viscous effects 

(diffusion of momentum) ǿƘƛŎƘ ƛǎ ƴƻǘ ǇǊŜŘƛŎǘŜŘ ōȅ .ŜƴƧŀƳƛƴΩǎ ώрмϐ ƛƴǾƛǎŎƛŘ ǘƘŜƻǊȅΦ  

Most of the layer produced very small detonation cells. Larger cells are located in areas where large argon 

dilution is expected, resulting in a lower post-shock temperature and longer induction time, for example, 

along the bottom interface. The detonation eventually fails as the wave passes through the entire length 

of the layer, with very large cells at the leading edge, see inset in Figure 4.5, indicating high amounts of 

argon dilution that eventually result in the detonation decoupling into a shock wave followed by a flame, 

see Figure 4.1a, image 4. When the detonation fails, the triple-points weaken in strength and the 

trajectories fade away. At the layer bottom interface, for the lowest triple-point there is no opposing 

Figure 4.5: Soot foil impression showing the cellular structure of a gravity wave detonation.  
Scale in inches. Test 804 EEJR ER=1.0 GWD 2.5 s Aluimium Foil, Ar. 
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triple-point (moving upwards) to interact with, so it trails off and fades leaving a wispy streak, seen in the 

Figure 4.5 inset.  

The soot foil technique is the best way to capture the detonation cell structure associated with the triple-

point trajectories. However, it does not provide any information on the detonation front shape as it 

propagates through the layer. Kellenberger and Ciccarelli [76] showed that the soot is lofted off the foil 

directly behind the detonation wave and heated to a very high temperature by the combustion products 

such that the soot incandesces, i.e., emits light. In this way, the intense light captured on a video can be 

used to identify the detonation reaction zone where high temperatures are reached.  

Figure 4.6: High-speed incandescence video of a sooted-window test showing the oblique shock and 
illuminated trailing contact surface. Frames 8.3 ˃s apart. Test 823 BJR ER=1.0 GWD 1.0 s, Window Foil, 
Ar. 
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Kellenberger and Ciccarelli also showed that depositing the carbon-soot onto the surface of the glass 

window allows for the simultaneous capture of schlieren video that can be used to identify shock waves. 

The schlieren video captured of the detonation propagating over a window lightly coated with soot is 

provided in Figure 4.6. This image shows the location of the detonation reaction zone but also shows the 

oblique shock and the trailing contact surface separating the hot combustion products from the shock 

compressed argon. In the first three frames, the detonation propagates at roughly a constant velocity and 

the reaction zone light emission is very strong. The detonation fails in the last two frames, where the 

shock wave decouples from the reaction zone forming a flame with lower intensity light emission. 

Between frames 4 and 5 the faint reaction zone barely moves in the time between frames. 
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Figure 4.7: Direct window soot impression with the schlieren video overlayed to track a gravity wave 
detonation. Test 824 BJR ER=1.0 GWD 1.5 s, Window Foil, Ar. 
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Overlaying the schlieren image and the detonation cellular structure, as in Figure 4.7, shows the curved 

shape of the detonation front propagating in the layer (region with cells) and detonation decoupling into 

an oblique shock and contact surface below the layer. The relation between the detonation curvature and 

the layer height is examined further in Section 4.1.4. 

Tests were carried out with a stoichiometric hydrogen-oxygen predetonator for a range of GWD times. 

The decoupling of the detonation was detected by three different approaches: 1) end of the cell structure 

on the soot foil, 2) separation of the detonation into a shock and flame on the schlieren video, 3) sudden 

drop in the reaction front velocity detected in the foil soot incandescence video. The propagation distance 

was measured from the downstream edge of the isolating door, which is 96 mm upstream of the right-

edge of the foil. The measured detonation propagation distance obtained from the three approaches are 

provided in Figure 4.8. The data points from the cell structure on the soot foil and the soot incandescence 

video are from the same tests, as expected the data point pairs are in close agreement. The schlieren and 

soot foil-based data, obtained from different tests, also show excellent agreement and the full data 

follows a clear trend. For GWD times less than 1.5 s the detonation propagation distance increases linearly 
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Figure 4.8: Propagation distance detonation as a function of GWD in argon. 
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with GWD. This is to be expected if the detonation propagates through the entire layer and the leading 

edge of the layer propagates at a constant velocity.  

Equation 2.10, based on the inviscid Benjamin [51] theory, predicts a velocity of 840 mm/s. 

 

ό ὅ ὫὬ
Ў”

”
 (2.10) 

 

Based on the experiments for GWD <1.5 s, assuming the detonation propagated through the entire layer, 

the gravity wave propagated at 200 mm/s. The observed speed was below the predicted value, likely due 

to the large frictional losses in the very narrow channel. 

For longer GWD times the trend in the data is non-linear. This is the result of slowing of the gravity wave 

front due to friction or the failure of the detonation to propagate through the entire layer due dilution of 

the hydrogen-oxygen by argon beyond the propagation limit. It is likely a combination of the two; but the 

latter eventually dominates since the detonation propagation distance asymptotes to roughly 550 mm as 

there is no reason why the layer should stop growing in length.  

Pressure measurements were made for two gravity wave tests, see Figure 4.9. Pressure trace a was 

obtained at a location well within the predetonator layer and traversed by the detonation wave, pressure 

trace b was obtained approximately 12_mm downstream of where the detonation decoupled. Pressure 

trace a (see Figure 4.9a) shows a typical detonation profile consisting of a rapid rise at the front followed 

by a Taylor expansion, with a small secondary rise in pressure associated with the reflected shock passage. 

The CJ pressure ratio of 9 is below the CJ detonation pressure of 18.6 for a stoichiometric hydrogen-

oxygen pressure, and much lower than the von Neumann peak. This is consistent with the lower measured 

detonation velocity. The decoupled detonation produces, pressure trace b, a much lower pressure of just 
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under 6 times the initial pressure over a longer time span, with the reflected shock producing a 

comparable pressure rise immediately after the decoupled shock. 

4.1.2 Stoichiometric Gravity Wave Detonation Propagation in Nitrogen 
In this section, results obtained with nitrogen initially in the test section, instead of argon, are presented. 

Argon, being a monatomic molecule, has a relatively low specific heat of 0.523 kJ/kgK which does not 

significantly vary with temperature [77] [78], compared to nitrogen, a diatomic molecule, that has a 

specific heat of 1.039-1.323 kJ/kgK within a range of 273 K ς 3000 K [79]. As a result, the diffusion of 

nitrogen into the layer should have a similar effect on detonation propagation in terms of the velocity, 

see Figure 4.10a, but a much stronger effect on the reactivity, which is predicted in by the much earlier 

sharp increase in ZND induction length, shown in Figure 4.10b [70]. The fact that nitrogen is less dense 

than argon leads to a lower theoretical gravity wave propagation speed of 640 mm/s, compared to the 

840 m/s for argon according to Equation 2.10. 

ŀ ō

Figure 4.9: Pressure traces of gravity wave detonations a.) typical coupled detonation b.) decoupled 
detonation. Temporal spacing between tests is not representative. a.) Test 927 ER=1.0 GWD 2.25 s 
Aluimiuim Foil, Ar, PCB Upstream, Light Side. b.) Test 928 ER=1.0 GWD 2.25 s Aluimiuim Foil, Ar, PCB 
Downstream, Camera Side. 
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Frames from high-speed schlieren video presented in Figure 4.11, show the difference between the 

detonation propagating in a layer of hydrogen-oxygen generated above nitrogen and argon. In the first 

images taken of the detonation wave entering the FOV, the reaction zone for the nitrogen case is much 

thicker. An inert gas that diffuses into the combustible mixture will absorb energy during the adiabatic 
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Figure 4.11: Select frames of schlieren video for nitrogen and argon as the inert gas. Left: Test 689 EJR 
ER=1.0 GWD 2.5 s Schlieren, N2. Right: Test 694 EJR, ER=1.0 GWD 2.5 s Schlieren, Ar. 
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Figure 4.10: a.) Calculated CJ Velocity as a function of argon and nitrogen dilution b.) Calculated ZND 
Induction Length as a function of argon and nitrogen dilution [70]. 
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shock heating of the reactant mixture, so gasses with a higher specific heat have a lower post-shock 

temperature, resulting in a longer induction zone length, see Figure 4.10b.  

The detonation in the nitrogen test also fails earlier in the layer, while for the argon the detonation 

propagates through the entire FOV. The earlier failure of the detonation for the nitrogen test was a result 

of a stronger dilution effect for nitrogen, and a shorter layer length due to the lower density of nitrogen. 

The structure of the detonation (before decoupling occurs in the final two frames) for the nitrogen test 

shows large irregularities in the reaction zone compared to the test with argon. This is because the 

nitrogen dilution produces larger detonation cells within the layer that show up as transverse striations 

behind the shock. In the lower half of the channel, the decoupled detonation produces large 

discontinuities in the contact surface. The soot foils provide a longer distance to track the detonation 

wave propagation than the camera FOV that is limited to 225 mm. As can be seen in Figure 4.12 (same 

test conditions as the tests in Figure 4.11), the propagation distance based on the length of the cell 

structure is significantly longer for the argon test than the nitrogen test. 

Figure 4.12: Soot impressions of two gravity waves with the same GWD through different inert gasses 
with total propagation distance from the door notated. Top: Test 696 EJR ER= 1.0 GWD 2.5 s Aluminum 
Foil, Ar. Bottom: Test 698 EJR ER= 1.0 GWD 2.5 s Aluminum Foil, N2. 
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Figure 4.13 allows a better comparison of the cellular structure that propagated through layers with 

different inert gasses. The nitrogen gas diffusing into the layer produced larger cells as expected from the 

data in Figure 4.11. Nitrogen dilution also produces a more irregular detonation cell structure compared 

to argon dilution. This irregularity is the result of a higher sensitivity of the reaction rate to temperature, 

governed primarily by the higher activation energy of a nitrogen-diluted mixture compared to argon 

dilution [33]. 

The detonation propagation distance for tests carried out with a stoichiometric H2-O2 predetonator and 

with nitrogen as the inert gas is shown in Figure 4.14 (argon data also shown in Figure 4.8) for comparison. 

Similar to that observed in the argon data, in gravity currents of 1.5 s or less, the detonation propagation 

distance increases linearly with GWD. For the nitrogen, the gravity wave velocity in this linear region is 

120 mm/s, compared to 200 mm/s observed for argon. Both observed velocities are lower than the 840 

mm/s and 640 mm/s velocities predicted by the Benjamin model for argon and nitrogen, respectively. 

Again, this deficit is likely due to frictional losses in the narrow channel. 

Figure 4.13: Detonation cell structure for argon and nitrogen as the inert gas. Note these tests have 
different GWD. Top: Test 804 EEJR ER= 1.0 GWD 2.5 s Aluminum Foil, Ar. Bottom: Test 703 EJR ER= 1.0 
GWD 3.5 s Aluminum Foil, N2. 
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Although the detonation propagation distance increases with increasing GWD, for nitrogen the maximum 

is achieved for a GWD of 2.5 s, after which the distance levels off or even decrease slightly. This limit, 

which occurs at roughly 300 mm occurs earlier than in the argon case due to the stronger effect of nitrogen 

as a diluent. Beyond the limit at 2.5 s, the detonation propagation distance reduces slightly, which is likely 

a result of further diffusion of nitrogen into the layer closer to the door. It is possible that a similar slight 

decrease over a larger length scale would be observed for argon if the FOV was lengthened. 

4.1.3 Effect of Predetonator Reactivity on Detonation Propagation 
The effect of the premixed predetonator mixture reactivity on the detonation propagation through the 

layer was investigated by diluting the predetonator mixture with nitrogen. To isolate the effect of mixture 

reactivity from the rate of spread of the layer, the density of the predetonator mixture was kept constant 

by adding a proportional amount of hydrogen with the nitrogen, see Table 4.1 for the test conditions 

investigated. The added nitrogen diluted the hydrogen-oxygen mixture, and the added hydrogen raised 

the hydrogen-oxygen equivalence ratio (ER). Both diluting the predetonator mixture with nitrogen and 

increasing the ER reduce the mixture reactivity, as shown in Figure 4.15 and increase the detonation cell 

size. Note that for these tests the length and height of the layer as a function of time was the same for all 

Figure 4.14: Propagation distance detonation as a function of GWD in argon and nitrogen. 



72 
 

the predetonator mixtures. The rate of argon diffusion into the layer is not expected to change much 

because hydrogen is the minor component and the diffusion of argon into nitrogen and oxygen is very 

similar (both diatomic and very similar molecular weight). 

For the ER=2.0 predetonator layer the detonation propagated similarly to the undiluted stoichiometric 

(ER=1.0) predetonator tests, with a steady structure consisting of a coupled detonation at the top that 

curved through the layer and decoupled in the argon below, see Figure 4.16 a and b. The detonation has 

Table 4.1: Predetonator compositions and predicted gravity current speeds using Equation 4.1. 

Figure 4.15: ZND IZL as a function of argon mol fraction from Metrow et al. [39]. 
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a slightly thicker reaction zone and larger scale perturbations are observed along the contact surface for 

the ER=2.0 predetonator layer, due to the larger detonation cell size in the layer. In the bottom images it 

can be observed that the detonation decouples slightly sooner in the channel for the ER=2.0. On the other 

hand, the detonation for the ER=2.5 predetonator starts to decouple almost immediately upon entering 

the FOV. Note the layer extends back to the door and further back into the last predetonator section 

(channel section 4). The early detonation failure is due to the very low reactivity of the layer and not the 

height of the layer. 
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Figure 4.16: Select frames of schlieren video of the propagation of different mixtures of predetonator 
with 1.5 s GWD into Ar. a.) ER=1.0 b.) ER=2.0 c.) ER=2.5. a.) Test 806 BJR ER= 1.0 GWD 1.5 s Schlieren, 
Ar. b.) Test 810 BJR ER= 2.0 GWD 1.5 s Schlieren, Ar. c.) Test 716 BJR ER= 2.5 GWD 1.5 s Schlieren, Ar. 

Figure 4.17: Soot foil impressions on glass of gravity wave detonations with 1.5 s GWD, a.) ER 1.0,  b.) 
ER 2.0. Both display the full height of the glass. Dotted line indicates half channel height. Top: Test 824 
BJR ER= 1.0 GWD 1.5 Window Foil, Ar. Bottom: Test 829 BJR ER= 2.0 GWD 1.5 Window Foil, Ar. 
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Despite minimal differences in the detonation front structure observed in the high-speed schlieren video, 

major differences in the cellular structure between ER 1.0 and 2.0 are observed in the soot foils displayed 

in Figure 4.17. The detonation in the ER=1.0 predetonator layer produced very small, uniformly sized cells. 

The ER=2.0 foil shows that the detonation travelled roughly the same axial distance, as observed in the 

schlieren videos of Figure 4.16, but the cell structure is very irregular. The structure consists of larger cell 

containing smaller cell substructure. It is not clear if this irregularity is due to a higher nitrogen content in 

the predetonator, or because the layer height can accommodate very few cells. The cell structure region 

in the ER=2.0 foil tapers down in height along the top wall more than that for the ER=1.0, as seen by the 

gap between the line denoting half channel height i, and the bottom edge of the cell record in Figure 4.17. 

This is due to the increased sensitivity of this mixture to the argon dilution along the bottom edge, is a 

shown by the lower tolerance to argon dilution for the ER=2.0 seen in Figure 4.15. Note, the horizontal 

line in the bottom half of the Figure 4.17b does not appear on the foil, it is an artifact of the photographic 

setup described in Section 3.5.3. 

For ER=2.5 detonation propagation is unsteady, where the detonation fails and then reinitiates. The re-

initiation occurs at a hot spot, see Figure 4.16c  image 2, that typically forms between the decoupled shock 

and flame along the wall. Figure 4.18 shows the re-initiation process for the ER=2.5 detonation shown in 

Figure 4.16c by including more frames. In the first image, the detonation wave is very close to decoupling 

near the top wall, the reaction zone is very thick, and the velocity of the shock has slowed. In the second 
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Figure 4.18: One cycle of the decouple-reinitiation process for an ER =2.5 test. Reinitiated detonation is 
highlighted with the blue dotted line Sequential frames numbered in order. Test 716 BJR ER= 2.5 GWD 
1.5 s Schlieren, Ar. 
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frame, a detonation forms from a hot spot near the top of the channel, where the least amount of argon 

would have diffused. The detonation propagates forward, over-taking the decoupled shock , and at the 

same time, the detonation propagates downward in the compressed mixture between the shock and 

flame surging the leading edge of the detonation front forward between frames 1 and 3. By the fifth and 

sixth frames, the leading edge of the detonation begins to decouple again and the part of the detonation 

propagating down also fails as it encounters a higher argon concentration leading to failure of the wave 

as the reaction zone completely decouples from the leading shock. Numerical simulations of the 

Lieberman et al. [52] experiment by Melguzio et al. [38] showed that detonation reinitiation results from 

the collision of triple-points, reflected off the boundaries of the channel, in an area of unreacted mixture. 

The high-speed schlieren video images were processed to track the location of the detonation front in 

each frame of the video for various equivalence ratios in the argon experiments. The detonation speed is 

plotted for 1.5 s and 2.5 s GWD in Figure 4.19 and Figure 4.20, respectively. The ER=1.0 data in Figure 4.20 
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Figure 4.19: Velocity of the detonation front of different ER into argon for 1.5 s GWD. Vertical lines 
represent the edge of the camera field-of-view. 
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is the same as that shown in Figure 4.2. The vertical black lines indicate the extent of the FOV. The Shock 

and Detonation Toolbox was used to calculate the CJ-velocities for comparison [74] [75].The steady 

detonations produced by layers of ER 2.0 and lower are represented with a trendline to show the average 

speed of the detonation changing over the length of the view area, until a sharp decrease due to 

decoupling occurred. For ER between 1.0 and 2.0, and a GWD of 1.5 s, the detonation speed drops steadily 

until just before the end of the FOV and then suddenly drops off, the position of the shock is plotted for 

the failing wave. For the GWD of 2.5 s the length of the layer is longer, and the detonation does not fail 

within the FOV. The average velocities at 150 mm from the door for the 1.5 s delay case are 2700 m/s, 

2650 m/s, and 2450 m/s for ER 1.0, 1.5, and 2.0, respectively. For the 2.5 s GWD case, the speeds are 

reduced to 2675 m/s, 2600 m/s, and 2425 m/s for each case.  This slight drop in speed is associated with 

the increased time for argon to diffuse into the layer further diluting the mixture, and in the case of ER=2.5 

preventing detonation propagation for a GWD of 2.5 s. The chaotic nature of the propagation for the 
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Figure 4.20: Velocity of the detonation front of different ER into argon for 2.5 s GWD. Vertical lines 
represent the edge of the camera field-of-view.  
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higher ER layers is highlighted in the plot by connecting the data points with lines as the speeds varied 

wildly between frames. For GWD of 1.5 s the detonation does not ever propagate steadily and features 

two main re-initiations. The second of these initiations, just after 225 mm, is seen in the frame-by-frame 

of Figure 4.18. It is very likely that for this mixture, ER=2.5 is the limit for propagation, which aligns with 

the findings in Metrow et al. [73].  For ER 2.25, the detonation enters the FOV for both GWDs very 

unsteadilȅΣ ǊŜŎƻǾŜǊƛƴƎ ƳƻƳŜƴǘŀǊƛƭȅ ōŜŦƻǊŜ ŘŜŎƻǳǇƭƛƴƎ ŀƎŀƛƴ ŀƴŘ ǘƘŜƴ ŦŀƛƭƛƴƎΦ ¢Ƙƛǎ άŎƘǳƎƎƛƴƎέ ƳƻŘŜ ƛǎ 

typical of detonation propagation near the propagation limit.  

It is notable that the velocity of the detonation decreases as it travels through the layer of reactants in all 

cases. This deceleration occurs before any signs of failure of the detonation structure as can be seen in 

the schlieren-soot impression overlay in Figure 4.21. This deceleration is associated with an increase in 

argon concentration along the top wall and a reduction in the height of the cell filled region. This is 
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Figure 4.21: Schlieren overlays depicting the reduced perpendicular detonation height and decreasing 
of layer curvature as the detonation propagates through the reactant layer. Test 829 BJR ER=2.0 GWD 
1.5 s Window Foil, Ar. 
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manifested in Figure 4.21 as a reduction in  the height of the detonation front and increased curvature, 

also observed in the experiments by Liberman et al. and Metrow et al. [52] [73]. 

Tests were completed using nitrogen as the inert gas, with the mixtures presented in Table 4.1. The effects 

of the lowered reactivity were much more pronounced for these cases. For the ER=1.5 case the 

propagation distance was significantly reduced. A decouple-reinitiation mode was not observed, but 

detonations were unable to sustain far enough into the FOV to confirm their presence. By ER=2.0 a 

coupled detonation did not enter the FOV. The much stronger effect of varying the ER for nitrogen 

resulted in no further testing, as the 120 mm distance between the isolating door and the beginning of 

the BJR view made it impossible to continue with this testing. 

4.1.4 Detonation Velocity Deceleration and Failure Criterion 
Metrow et al. [80] [73] performed CFD simulations to predict gravity wave development, considering 

viscous effects and multicomponent mass diffusion across the layer boundary. Vahid Yousefi Asli 

Mozhdehe, a coauthor in the Metrow et al. paper, performed updated 3D Fluent simulations including 

the modifications to the channel used in the present experiment [80]. The argon distribution along the 

channel centreline at four instances for stoichiometric hydrogen-oxygen into argon is provided in Figure 

/
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Figure 4.22: Argon distribution across the channel at the following GWDs: a.) 0.3 s b.) 0.8 s c.) 1.3 s d.) 
1.8 s on the experimental time scale [80]. 










































































































