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Abstract 

There has been increasing worldwide interest in research and development of Rotating Detonation 

Engines (RDEs) as a propulsion system. A study was conducted to examine detonation behavior 

in a linearized representation of an RDE. The two-dimensional nature of the phenomenon in such 

a geometry permits the use of classical detonation visualization techniques. A predetonator was 

used to generate a steady detonation wave upstream of the test section. The test section was 

separated from the predetonator by a sealing door such that it could be filled with inert gas 

replicating the nonreactive properties of the combustion products in an actual RDE. The top wall 

of the test section contained a linear array of small holes through which premixed stoichiometric 

hydrogen-oxygen flowed into the inert gas filled test section to form a stratified layer just prior to 

the arrival of the detonation wave. The test section was equipped with windows to permit high-

speed schlieren photography. The soot foil technique was used to capture the detonation cellular 

structure in the resulting stratified layer. The layer height was varied by changing the time that 

elapsed from when the hydrogen-oxygen injection started to when the detonation wave arrived at 

the test section. The minimum layer height required for detonation propagation accommodated 10-

11 detonation cells. This is significantly larger than the three detonation cell requirement reported 

in previous studies carried out with sharp interface homogeneous-mixture stratified layers.  

 

An alternate rendition of the test was conducted whereby a finite axial-length stratified layer 

formed by a buoyancy driven predetonator gravity current. In these tests, the stratified layer 

occupied roughly half the test section height and the equivalence ratio was used to vary the 

predetonator detonation cell size. When argon was used as the inert gas in the test section, the 

detonation propagated through the full length of the stratified layer for a stoichiometric hydrogen-

oxygen mixture predetonator. The fuel-rich propagation limit corresponded to an equivalence ratio 

of 2.5, for which roughly three cells were accommodated by the stratified layer. Tests carried out 

with nitrogen and carbon dioxide in the test section showed a strong effect of the inert gas, 

indicating that substantial mixing occurred at the leading edge of the gravity current. 
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Chapter 1 

Introduction 

1.1 Introduction 

There is increased interest in research dealing with the detonation mode of combustion as a potential 

mechanism for a new propulsion device. The detonation mode of combustion relies on adiabatic shock 

wave compression to raise the temperature of the reactants to initiate chemical reactions. The speed of a 

detonation wave is extremely fast, traveling at supersonic speeds. Deflagrations, or more commonly flames, 

on the other hand, are subsonic combustion waves. For combustion, detonation and deflagration are the 

only two possible propagation modes. In recent history, deflagration combustion has been widely employed 

for aerospace propulsion and power-generation applications, including the Brayton cycle-based gas turbine 

engines.  In these systems, the air is pressurized prior to entering the combustor using large compressors. 

Fuel is injected into the combustion chamber, and burned as a stationary flame and expanded through a 

turbine[1]. To improve efficiency, heat recovery and recirculation systems may be employed[2].  

Recently, interest in detonation-based propulsion systems has increased substantially. This interest started 

when Bykiovskii et al. reported promising results of “spin detonations” in rocket motors and ramjet 

combustors in 2006[3]. These results have spurred continued research in detonation propulsion, as they 

showed the versatility and potential of detonation combustion in propulsion applications. There is a belief 

that detonations, closely resemble isochoric combustion, can offer higher efficiency than constant pressure 

deflagration combustion[4]. This point is disputed by some[5], who argue that isochoric combustion is an 

entirely different process, and that detonation reactions are far better categorized as pressure gain 

combustion. Pressure gain combustion is simply defined as a process by which the total average pressure 

increases across a combustion device[6]. Either way, there is potential for higher efficiency systems than 

deflagration combustion systems can offer. This is because detonations propagate far faster than 

deflagrations, so the heat release period is much shorter[7]. Entropy increase for detonations is smaller, and 
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thus thermal efficiency is higher. Two designs are of particular interest, the Pulse Detonation Engine (PDE), 

and the Rotating Detonation Engine (RDE).  At first, the PDE received the bulk of the attention, but now 

labs around the world are looking to the RDE as a more attractive suitor due to noise, vibrations, 

compactness, and potential efficiency advantages[5].  

A RDE operates by sustaining one or more detonations, which travel perpetually around the circumference 

of an annular combustion chamber, see Figure 2.14. The detonation(s) are sustained through the constant 

flow of fresh fuel, typically hydrogen, and an oxidizer through a base plate at the bottom of the annulus. 

The detonation propagates just above the base plate and the products of combustion expand axially through 

the annulus. Many RDE prototypes employ an aerospike nozzle at the exit of the combustion chamber, to 

increase the exit velocity of the exhaust[5]. 

A great deal of work has been done to computationally simulate rotating detonation engines[8]–[10]. Such 

simulations typically employ a pre-mixed fuel-oxidizer injection condition due to the computational cost 

associated with modeling the fuel-oxidizer mixing process. Other groups have built working prototypes to 

study performance[11], [12], including some which feature optical access for chemiluminescence 

imaging[13].  While this type of optical access does allow for some visualization of the combustion event, 

the cylindrical geometry of an RDE’s construction presents a challenge. The schlieren method of 

photography is commonly used to study detonation combustion, because it allows for the visualization of 

density gradients. In this way, the coupling of the leading shock to the reaction zone can be observed. The 

challenge is that schlieren photography requires parallel light projection through the area of interest. Since 

this is not possible for a cylindrical RDE, researchers have used other optical methods thus far, as reported 

in[13]. Another common tool used to analyze detonation structure is the soot foil technique[14]. Coating 

one wall of the combustion chamber with soot creates a canvas onto which the detonation scribes its cellular 

structure. Again, since the RDE makes multiple laps over the same sections of combustion chamber wall, 

this strategy is not useful for a typical RDE prototype. The inability to analyze detonation phenomenon in 
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the RDE using the classic Schlieren and soot foil techniques has been a primary motivator for the current 

research. 

1.2 Objectives 

This research aims to employ the use of high speed schlieren photography, and soot foil records as tools to 

analyze detonation structure in a linearized single-shot representation of an RDE combustor. Due to the 

linear nature of the combustion chamber in this research, not only are soot foils and schlieren imaging 

compatible, but premixed fuel and oxidizer may also be used. This provides a unique opportunity to study 

the RDE structure with visualization of the shockwaves, and detonation cellular structure. The premixed 

fuel-oxidizer condition takes reactant mixing out of the equation, which allows for the effects of reactant 

mixing with ambient inert gas (replicating non-reactive products in an RDE) on detonation propagation to 

be studied. Specifically, this research looks to define the limit conditions for detonations propagating with 

the RDE structure. Since the premixed fuel oxidizer condition is impossible to replicate in prototypical 

RDEs, this research also aims to produce experimental data that can be used for code validation and for 

comparison to RDE experiments and simulations conducted with the same premixed fuel and oxidizer. 
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Chapter 2 

Literature Review 

2.1 Detonation Theory 

Detonation research started in the late 1800’s when Maillard and LeChatelier studied coal mine explosions 

with the interest of improving safety[15]. Since then, through the development of the Chapman-Jouget (CJ) 

model, the Zel’dovich-Neuman-Doring (ZND) model, and more recent developments in understanding the 

three dimensional structure of detonation waves, research in this field has come a long way. For years, 

detonation research was driven by the interest of preventing industrial explosions.  More recently, interest 

has increased in using detonation combustion in propulsion systems such as the pulse detonation engine 

and rotating detonation engine. 

2.1.1 Mallard-LeChatelier Theory 

Maillard and LeChatelier studied detonations in the setting of coal mine workplace safety[15]. They were 

the first to decipher the difference between deflagrations (flames) and detonations. In the Maillard-

LeChatelier flame model, a fictitious ignition temperature Ti, was defined such that no chemical reactions 

occurred below Ti. In a flame, heat diffuses into the reactants producing a temperature gradient, chemical 

reactions begin to take place when T > Ti . The temperature rises until the adiabatic flame temperature, Tad, 

is reached due to exothermic chemical reactions.   

 

Figure 2.1: Steady-state control volume from shock wave perspective. 
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2.1.2 Steady State Control Volume Analysis of Shock Waves 

Consider the steady state analysis of a combustion wave in a control volume, see Figure 2.1. Gas enters the 

control volume at state 1 and exits at state 2. Then, it follows that conservation of mass, momentum, and 

energy give the following governing equations.  

Mass cannot be created or destroyed. As such, the product of density and velocity must be consistent 

between states 1 and 2. 

 𝜌1𝑢1 = 𝜌2𝑢2 (2.1) 

Momentum must also be conserved, here the pressure difference from state 1 to state 2 must be equivalent 

to the product of density and velocity in state 1, multiplied by the velocity difference between state 1 and 

state 2.  

 𝑃1 − 𝑃2 = 𝜌1𝑢1(𝑢1 − 𝑢2) (2.2) 

By considering steady state and neglecting potential energy effects and heat loss, conservation of energy 

dictates that half of the square of velocity, plus enthalpy, must be equivalent between states 1 and 2. This 

equation is commonly referred to as the first law of thermodynamics.  

 
𝑢1

2

2
+ ℎ1 =

𝑢2
2

2
+ ℎ2 (2.3) 

Combining conservation of mass (2.1) and momentum (2.2) gives the Rayleigh equation. 

 𝑃2 − 𝑃1 = (𝜌1𝑢1)2 (
1

𝜌1
−

1

𝜌2
) (2.4) 

 Where u1 is the shock velocity, replaced with the more descriptive parameter Vs. The Rayleigh equation 

can be rearranged to give,  

 
𝑃2

𝑃1
= − (

𝜌1𝑉𝑠
2

𝑃1
)

𝜌1

𝜌2
+ (1 +

𝜌1𝑉𝑠
2

𝑃1
) (2.5) 

This arrangement of the Rayleigh equation represents a linear relationship between pressure ratio and 

density ratio. As shown in Figure 2.2, the post shock state is indicated by state 2 which corresponds to a 

pressure rise. Pressure ratios below state 1 lie in the gray shaded zone of the plot. Solutions in this zone are 

invalid since entropy is destroyed across the between state 1 and state 2.   
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Figure 2.2: Schematic showing the Rayleigh line, adapted from [16]. 

Combining conservation of momentum (2.2) and conservation of energy (2.3) gives the Rankine-Hugoniot 

equation[17]. The Rankine Hugoniot equation represents all the possible solutions to the post-shock state.  

 ℎ2 − ℎ1 =
1

2
(𝑃2 − 𝑃1) (

1

𝜌1
+

1

𝜌2
) (2.6) 

By assuming perfect gas, enthalpy becomes dependent only on the specific heat of the gas, and its 

temperature. 

 

 ℎ =  𝐶𝑃𝑇 (2.7) 

Specific heat can be expressed in terms of k value, and the universal gas constant.  

 𝐶𝑃 =
𝑅 ∗ 𝑘

𝑘 − 1
 (2.8) 

Ideal gas law gives the relationship between temperature, pressure, and density for ideal gases.  

 𝑇 =  
𝑃

𝑅𝜌
 (2.9) 

Assuming that k is unchanged between states 1 and 2, equation (2.6) can be rearranged to give,  
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𝑃2

𝑃1
=

𝑘 + 1
𝑘 − 1

−
𝜌1

𝜌2

𝑘 + 1
𝑘 − 1

(
𝜌1

𝜌2
) − 1

 (2.10) 

Both the Rayleigh line and the Hugoniot line are plotted together, with pressure ratio as the dependent 

variable, in Figure 2.3. The post shock state represents the intersection of the Rayleigh line and Hugoniot 

curve, where the slope is proportional to the shock velocity as per equation (2.5).  

  

 

Figure 2.3: Rayleigh line and Hugoniot curve, adapted from[16]. 

2.1.3 One-Dimensional CJ Detonation Theory 

A detonation is a combustion wave characterized by ignition of reactive mixture by shock compression. 

The classical detonation wave theory assumes that the wave is planar, reducing the problem to one 

dimension, as illustrated Figure 2.1. In this model, the reactants are instantaneously heated by shock 

compression that is followed by a heat release period as the combustion process takes place and the system 

moves to thermodynamic equilibrium. 

Applying the conservation equations to the detonation structure shown in Figure 2.1, one obtains the same 

Rayleigh equation (no heat release involved in mass and momentum equation). The Hugoniot equation 

must take into account the heat released per unit mass, q, which shifts the Hugoniot equation to the right of 
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the shock Hugoniot equation that involves no heat release; see Figure 2.4. As shown in Figure 2.4, the 

Rayleigh line intersects the equilibrium Hugoniot in two places. This creates two potential solutions to the 

equilibrium state at the end of the reaction zone.  

State 2 in Figure 2.4 is the strong detonation case. Since the flow in state 2 is subsonic relative to the wave, 

expansion waves originating at the back wall of a closed channel overtake the leading shockwave, 

weakening it, and eventually decoupling the lead shock from the reaction zone. As such, strong detonations, 

commonly referred to as overdriven detonations, are only able to propagate temporarily. State 2’ in Figure 

2.4 represents the weak detonation state. For this solution, the flow is supersonic relative to the wave in the 

post shock state. This solution is impossible due to negative entropy generation from state 2 to state 2’[16]. 

Entropy is a measure of order and randomness in a system. The second law of thermodynamics states that 

the order of a system cannot be reduced. Entropy is always produced when energy is transformed. As such, 

a reduction in energy from state 2 to state 2’ makes the solution at state 2’ invalid.  
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Figure 2.4: Rayleigh line and shock Hugoniot with equilibrium Hugoniot added. Adapted from, 

[16]. 

 

In 1899, DL Chapman published “VI. On the rate of explosion in gases” [18]. He and French scientist Emile 

Jouguet, [19], discovered that the only stable solution for a detonation wave corresponds to the condition 

where the Rayleigh line is tangent to the Hugoniot curve, defining a unique solution. The Chapman-Jouguet 

(CJ) solution also corresponds to the smallest possible Rayleigh line slope, and the minimum detonation 

velocity (also corresponds to a minimum in entropy generation). The solution is stable because the post-

reaction zone state has a velocity equal to the local speed of sound. Thus, expansion waves coming from 

downstream cannot penetrate the reaction zone quenching the detonation wave, as in the strong solution. 

Also, Second Law of Thermodynamics is not violated as in the weak solution. The CJ detonation model 

allows for accurate prediction of detonation velocity for a given mixture specific energy. The approximate 

CJ velocity relation is given in equation 2.11. 
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 𝑢𝐶𝐽 = √(𝑘2 − 1)2𝑞 (2.11) 

 

The CJ detonation velocity has been shown to accurately predict experimentally measured detonation 

velocity in a large diameter channel. In smaller channels heat and momentum losses will result in a 

detonation velocity slightly lower than the CJ value.  

2.1.4 The ZND Detonation Model 

During world war two, three independent scientists made significant contributions to detonation theory.  

Russian Zeldovich[20], American von Neumann[21], and German Doring[22] were working towards 

technological advances for the war effort. Their contribution was an advanced detonation model, which is 

now referred to as the ZND model. They hypothesized that there exists a reaction zone behind the lead 

shock wave in a detonation; see Figure 2.5. The induction length ∆, and reaction zone length, ∆i vary 

depending on the strength of the detonation. To comply with the previously established CJ model, this new 

model stated that the reaction zone terminates at a CJ plane with sonic velocity. 

 

Figure 2.5: Illustration of the ZND model, adapted from [16]. 

Shown in Figure 2.6 are the calculated changing properties of the gas through the reaction zone using a 

transient model. The model includes a conservation species equation that considers a chemical kinetics 

mechanism.  
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Figure 2.6: Temperature, pressure, and Mach number through the induction and reaction zones. 

adapted from [23]. 

2.1.5 Multi-Dimensional, Real World Detonation Structure 

In 1961, Donald R. White used interferogram technology to discover that the detention front structure was  

transient and not one-dimensional, as the ZND and CJ models had stated[24]. The curved lines on the lead 

shock front disputed the planar leading shock wave assumed in previous detonation models. Denisov and 

Troshin studied the detonation wave structure experimentally using the soot foil technique introduced by 

Ernst Mach [25]. Soot foils are still a useful tool for examining detonation structure today. By coating a 

thin piece of metal, typically Aluminum, and placing it flush with the combustion channel wall, a detonation 

will inscribe a diamond shaped pattern into the soot, allowing researchers to establish a record of the 

detonation’s structure. This has led to the modern understanding of detonation structure. These diamonds 

are referred to as detonation cells. The size of a detonation cell is used to characterize the sensitivity of the 

detonation wave. Figure 2.7 gives an illustration of the shock dynamics that occur at the detonation front 

that define the detonation cell, and are responsible for detonation propagation. The black lines represent 

shock waves, the red lines represent the end of the reaction zones, and the dotted lines show the triple point 

trajectory (intersection of three shock waves). Figure 2.7 shows one full detonation cell. Note the reaction 
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zone is decoupled from the lead shock wave just before the start of the cell (far left). This is the tail end of 

the previous cell. There are a pair of converging transverse shock waves attached to the lead shock, forming 

the triple points. When the triple points collide, the mixture is ignited and an overdriven detonation wave, 

consisting of a tightly coupled reaction zone-lead shock wave, is formed. This is the beginning of a new 

detonation cell. As this highly curved detonation wave propagates, it weakens. As the detonation wave 

weakens, the reaction zone moves further and further behind it, due to lower pressure and temperature in 

the post shock conditions. The triple points at each side eventually collide with the neighboring ones. At 

this point they change direction and start to converge. During this period, the reaction zone continues to 

decouple from the leading front. Before long, the converging transverse waves collide again and the process 

repeats. Also shown in Figure 2.7 is the shock strength along the cell length as compared to the strength of 

a CJ detonation. The width of the cell is referred to as the detonation cell size, .  

 

 

Figure 2.7: Detonation cell-shock dynamics, adapted from [16]. 
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The soot foil technique is used to obtain the average cell size for different fuels, initial pressure and 

temperature [26], see Figure 2.8.  

 

Figure 2.8: Soot foil image, adapted from [27]. 

 

The cell size measured in hydrogen-air is provided in Figure 2.9. The cell size has been shown to be 

proportional to the ZND induction length using the following equation, where A is a constant. 

  λ = A∆𝑍𝑁𝐷 (2.12) 

The cell size predicted by equation (2.12) and a value of A=51 is provided in Figure 2.9. The relationship 

between the ZND prediction and experimental results is good, but it is noteworthy that these results are 

plotted on a logarithmic scale. Figure 2.10 shows the value of A backed out from Figure 2.9 as a function 

of hydrogen mol fraction [26]. This shows that there is a large range of applicable values. Figure 2.11 shows 

the increasing cell size for three hydrogen-air mixtures with steam dilution. ZND predictions using equation 

(2.13) are also shown in Figure 2.11. 
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Figure 2.9: Detonation cell size for varying H2 mol fraction[26]. 

 

Figure 2.10: ZND proportionality constant as a function of Hydrogen mol fraction[26]. 
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Figure 2.11: Detonation cell size with steam dilution, at 650K[26]. 

The type of diluent has a strong effect on the resulting cellular structure. The specific heat of the diluent 

has a strong effect on the detonation cell size. Argon has low specific heat so does not have a strong effect 

on the cell size, but effects the regularity of the cellular structure [28]. By taking near-limit cellular 

instabilities out of the equation, as shown in [29], Argon can be useful when trying to decipher the 

detonation limit cell size, and the cause of detonation failure.    

 

2.1.6 Detonation Limits 

Detonation limit refers to the thermodynamic conditions for which the detonation does not propagate. 

Typically this leads to the reaction zone decoupling from the lead shock wave, and propagating as a 

deflagration. Detonation limit conditions are typically reached by altering either the equivalence ratio of 

the mixture, or the initial pressure. By varying the equivalence ratio, both a rich and a lean limit can be 

observed. By lowering the initial pressure, less mixture is present (lower density) to react and so a limit can 

be achieved this way as well. As aforementioned, the larger a detonation cell size the weaker the detonation. 
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The detonation propagation limit in a circular tube has been shown to be related to the cell size, i.e., d> 

[30], [31]. As such, the detonation limit is found when the channel cannot support at least one detonation 

cell. The detonation limits were found to be tied to the three-dimensional cellular structure near the 

limit[32],[33]. Detonations can also be brought to the limit by diluting the mixture with inert gas, such as 

steam, [26]. It has been shown that using argon dilution (a monotonic gas) effects the detonation limit [34] 

e.g., the channel requires many cells across to support propagation.  

2.1.7 Layer Detonations 

Research in which the detonation passes through a layer of reactive mixture is applicable to industrial 

explosions where a heavy fuel such as gasoline is released into the atmosphere. Early work was done by 

NASA in 1965 [35]. Fuel layers also form on ceilings when hydrogen is released in a contained 

environment. Recently researchers have conducted such research in response to the Fukushima Daiichi 

nuclear power plant accident[36]. Rudy et. al. varied the channel width and equivalence ratio for hydrogen 

air mixtures in [37] with a rectangular combustion channel. The premixed hydrogen-air was isolated from 

the inert gas by a thin plastic film. They examined the detonation cell size, λ, and the critical layer height 

h*, to find the dimensionless parameter, h*/λ. In [38], they varied the channel height to find the same 

parameter. Larger channel heights resulted in a concentration gradient of hydrogen. Rudy’s findings state 

that the limiting case for h*/λ is 3. However, larger channel heights and far off-stoichiometric mixtures had 

slightly larger h*/λ. Grune et. al. also conducted such experiments in a large scale channel [39]. Layers 

from 0.03m to 0.6m were tested for hydrogen oxygen mixtures. With good comparability to Rudy’s results, 

they found that h*/λ = 3 for h = 0.03m, h*/λ = 13 for h = 0.6m, and h*/λ = 2 for h = 0.003m in a hydrogen-

oxygen test. It is noteworthy that since a plastic film separated the mixture from the inert gas, there was no 

mixing of the two gases. As discussed later, this is not the case in an RDE. Still, the detonation limit criteria 

is clear for the channel height scale of the current research; the h*/λ value is 3. In other words, a minimum 

requirement of three detonation cells must survive in the reactive layer for the detonation to propagate 

successfully. 
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Lieberman studied detonations in reactive layers with sharp and diffuse interfaces [40]. He generated sharp 

interfaces using a membrane similar to those discussed above in the semi-confined detonation studies [36], 

[38], [39]. The diffuse interface was generated via a gravity wave and the concentration gradient at the 

interface was varied by changing the time permitted for the gravity wave to evolve before interacting with 

the detonation wave. Benjamin studied the phenomenon of gravity waves, and showed that the height of 

the stratified layer produced is equal to half the channel height. He also derived the following simple 

expression for the velocity of the leading edge of the interface. 

  𝑉𝐺𝐶 = C√𝑔ℎ
𝜌2 − 𝜌1

𝜌1
 (2.13) 

A schlieren image from Lieberman’s study of the curved detonation in the fuel-oxygen top layer and the 

shock and contact surface in the air bottom layer is shown in Figure 2.12. The curved detonation structure 

in the top gas layer was a result of increased ZND induction time associated with the nitrogen composition 

gradient (e.g., no nitrogen at the top wall). Lieberman was interested in predicting the detonation curvature 

and the location on the front where the detonation wave decouples, i.e., the critical point in Figure 2.12. 

Lieberman used planar laser induced fluorescence to visualize the gravity current in the test section. Planar 

laser induced fluorescence is an optical diagnostic technique which is typically used for flow visualization.  

The schlieren image of the detonation front, in Figure 2.12, is superimposed on the composition gradient 

(false color image) obtained from the PLIF image captured in a separate test. He also noted that the 

detonation behavior changed drastically when oxygen was used as the inert gas, as opposed to nitrogen.  

 



 

 

18 

 

Figure 2.12: Detonation propagation in a stratified layer of ethylene-oxygen over air generated by a 

gravity current. The critical point indicates where decoupling occurs [40]. 

2.2 Rotating Detonation Engines 

This section will cover the working details and previous work towards the research and development of 

rotating detonation engines. For two review papers on the topic, see [5], [7]. In 1960, Voitsekhovskii was 

the first to create continuous detonation waves[41]. He used a premixed oxy-acetylene mixture in disk-

shaped combustion chamber. With exhaust products exiting at the outer walls of the disk, Voitsekhovskii 

produced continuously rotating detonation waves. He observed six wave fronts propagating simultaneously. 

Later, Nichols et. al. in 1966[42], and Adamson et. al., in 1967[43] ran a series of tests trying to adapt 

Voitsekhovskii’s spin detonation to a rocket propulsion system. In their work they tested various gaseous 

fuels, but were unsuccessful in creating a detonation wave capable of propagating continuously. The 

complexity of the RDE operation made the problem not suitable for simulation. Without the computing 

power to test their setup numerically, RDE research stalled for two decades. Within the last ten years 

however, interest has grown substantially.  

2.2.1 Mechanical Design and Operation 

2.2.1.1 Pulse Detonation Engines 

It is difficult to discuss the rotating detonation engine, without first addressing the pulse detonation engine 

(PDE). Pulse detonation engines, as the title suggests, rely on consecutive, discrete propagating detonations 
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for energy conversion. The PDE consists of a combustor, which is typically a long tube, with an ignitor, 

and injector at one end. To run the engine, the combustor is filled with a reactive mixture through the 

injector. After the injector closes, the mixture is ignited, and a detonation develops, propagating down the 

length of the combustor. An expansion wave traverses back to the ignition end of the combustor. Thrust is 

generated as hot combustion products flow out the open-end of the combustor. After this stage, the 

combustor is still full of combustion products. These are now at ambient pressure, but high temperature. 

Before injection for the next cycle can begin, the combustor must be purged with an inert gas to prevent 

auto ignition of the fresh mixture. The PDE is much easier to design than the RDE, since the behavior of a 

detonation propagating straight down a cylindrical combustor is not difficult to control. There are some 

integral shortcomings of the PDE design however. In particular, the need for purge and fill processes to go 

to completion between each cycle drastically limits the maximum achievable cycle speed, although may 

PDE’s have been operated experimentally at 15-20Hz[44], [45]. Another major problem is acoustics. Due 

to the repeated detonations, vibrations and noise are of significant concern. There are also complications 

associated with designing the nozzle regarding the pulsing nature of the combustor. The use of a PDE as 

part of a gas turbine is problematic because of the impact of the pulsating flow on the turbine blades. 

Scalability restrictions due to longer fill and purge times in higher volume combustors are also a major 

restriction. These issues greatly restrict the PDE’s usefulness in propulsion and power generation 

applications.  

2.2.1.2 Rotating Detonation Engines 

The rotating detonation engine offers a much more elegant method of converting energy through detonation 

propagation.  Rather than re-igniting the mixture and propagating separate detonations down a cylindrical 

combustor as the PDE does, the RDE sustains one or more detonations, which perpetually propagate 

azimuthally in an annular combustion chamber. To sustain the reaction, fuel and oxidizer are injected 

constantly through a base plate, on the bottom wall of the annular chamber. This bottom wall is often 

referred to as the head wall. The RDE negates many of the critical problems that face the PDE, since 
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acoustics, cycle time, and re-ignition are no longer operational restrictions. However, fuel-air mixture 

generation and detonation propagation in an annular chamber is more complicated, and brings with it a new 

set of challenges. Figure 2.13 shows a schematic of a conceptual RDE, with the annular combustion 

chamber, a plenum for reactant storage, and an array of holes in the headwall for reactant injection.  

 

Figure 2.13: Schematic of a conceptual RDE[5]. 

As the fuel and oxidizer are injected to form a combustible mixture near the base plate the detonation wave 

propagates around the annulus. Figure 2.14 shows an example of a numerical simulation for an RDE.   

 

Figure 2.14: Snapshot from an RDE simulation, adapted from [46]. 
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Since the pressure directly behind the detonation is higher than the plenum pressure, flow is reversed and 

fuel injection is suppressed as the detonation passes. The high pressure combustion products expand 

towards the exit, and pressure begins to decrease behind the detonation wave. Before long, the manifold 

pressure exceeds the combustor pressure and the flow of fresh reactants into the combustor resumes. As 

pressure continues to decrease in the combustor, the incoming flows of fuel and oxidizer choke at the inlet. 

Schwer and Kailasanath conducted numerical simulations with a manifold pressure ratio of 10, and injector 

area ratio of 0.2[10]. Their numerical solution for the pressure distribution around the annulus is shown in 

Figure 13. This simulation indicated that 13% of the inlets were blocked, and 63% were choked due to the 

pressure differential between the manifold and the combustor at any given time, when the RDE was 

operating at steady state, see Figure 2.15.  

 

Figure 2.15: Pressure vs. azimuthal degree in the manifold (solid) and nozzle exit (dashed)[10].  

As the detonation circles the annulus, a contact surface occurs between hot combustion products from the 

previous cycle and fresh reactants awaiting arrival of the detonation front, see Figure 2.16. One point of 

concern with RDEs is contact surface burning between these gases. This burning reduces the quantity of 

fresh mixture present when the shock arrives, which reduces efficiency, and could destabilize the 

detonation. Figure 2.16 is an illustration of an unrolled RDE by Lu and Braun[5]. It shows contact surface 

burning at the slip line and the oblique shock (labeled as attached shock) attached to the detonation front. 

This oblique shock trails behind through the burned products. Also notice the region of suppressed products 
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through the injection orifices in the base plate. This flow reversal occurs while the combustion chamber 

pressure temporarily supersedes the manifold pressure.  

 

Figure 2.16: Illustration of an "unrolled" RDE, depicting the detonation wave, oblique shock, slip 

link, contact surface burning, and orifice blockage[5]. 

A basic RDE has no mechanical moving parts and can be very compact. Due to its size, and power output 

potential, one major advantage of the RDE is a large power to weight ratio.  Further, its small geometry 

makes possible increasingly aerodynamic designs for aerospace propulsion applications. Future goals for 

RDEs involve a lightweight, compact engine, with high thrust, and specific impulse. Many groups have 

tested RDE performance in experiments, using thrust tables, pressure transducers, etc. One such study by 

Fotia et. al., coupled the RDE with an aerospike nozzle to evaluate performance [47]. Their analysis 

examined the system with a choked flow condition at the nozzle. They measured thrust and specific impulse, 

while varying equivalence ratio, air mass flow rate, and channel pressure. 

2.2.1.3 RDE Development 

Several challenges currently prevent full realization of the RDE’s potential. This section will outline some 

current challenges to the mechanical systems which are integral to RDE operation, and review some of the 

contributions made towards RDE development thus far.  

2.2.1.4 Ignition System 
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While RDEs do not need to be re-ignited for each cycle, an initial detonation ignition is required to start the 

engine. This could be achieved with an automotive spark plug, a high voltage discharge, hot wire, or any 

number of other common ignition methods. In general, a flame is ignited and obstructions are used to 

accelerate the flame to the point where deflagration-to-detonation (DDT) takes place.  Repeatability is 

critical. In tests conducted by Kindracki et al., an automotive spark plug achieved only 40% 

repeatability[48]. Kindracki’s ignition repeatability increased to 95% once a predetonator was attached to 

the RDE. This system used a diaphragm separating the ignition tube and the RDE combustion chamber. 

This allowed the ignition tube gases to be loaded without mixing into the combustion chamber. While this 

gave good repeatability, the requirement for added hardware is not ideal; also, it is inconvenient to replace 

the diaphragm each time the RDE starts. To reduce the size of the predetonator, a Shchelkin spiral can be 

employed. This device is essentially a helical combustion chamber and is the most commonly used device 

for promoting rapid flame acceleration. The Shchelkin spiral is especially important in PDE designs because 

a short DDT run-up distance is required to keep the combustion chamber as short as possible. In a RDE, 

when the predetonator detonation reaches the main combustor, some consideration must be taken to control 

the direction of the induced wave, to prevent the detonation from travelling around the annulus in both 

directions. In some RDE designs this is done by mounting the spiral tangent to the annulus, such a 

configuration was used by Liu et. al in [49], see Figure 15. Note that the diameter of the predetonator tube 

should be equal to the combustor width. Liu’s injection system resulted in a delay of 6 ms between ignition 

and stable detonation propagation.  

 

Figure 2.17: Bottom view illustration of an RDE with Shchelkin spiral predetonator [49]. 
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2.2.1.5 Injection Patterns 

One of the most interesting and difficult challenges facing RDE development, is that of reactant mixing. It 

is critical to achieve good mixing between fuel and oxidizer for the detonation wave to propagate. Since 

RDEs are capable of high frequency operation 1-10kHz[5], mixing must occur extremely quickly. Most 

designs proposed thus far use a series of small orifices or slots for injection. Although a great deal of work 

has been done trying to simulate RDEs with various injection patterns, many of them assume that the fuel 

and oxidizer are premixed upon injection into the combustor. Lui et al. used the premixed reactant 

assumption with a one-step stoichiometric hydrogen-air chemical kinetic model to simulate detonation 

behavior with five different injection patterns [9]. The five injection patterns used in the study are shown 

in Figures 2.18 and 2.19.  

 

Figure 2.18: Full area injection (left), mid-slit injection (middle), and side-slit injection (right)[9]. 

 

Figure 2.19: radial strip injection (left), and oblique-strip injection (right)[9]. 
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The Lui et al. study was conducted largely to examine the detonation wave stability with some different 

injection patterns. They concluded that intervals or slits on the injection surface, also known as the head-

wall, can cause mixing between products from the previous cycle, and the fresh gas mixture. This is reduced 

by decreasing the area between slits. It could also be done by increasing the overall injection area, this will 

be discussed in more detail later. Unsurprisingly, the stability of the detonation was heavily reliant on the 

interaction between the fresh gas mixture, and combustion products. There are very limited  simulations 

that include separate fuel and oxidizer injection [50], a recent DNS simulation shows that the mixing results 

in very inhomogeneous condition at the base of the annulus [51]. Specifically, there are large pockets of 

combustion products, intermixed with the fuel and oxidizer. Also, the fuel and oxidizer can be incompletely 

mixed. The slotted injection patterns are already pushing the limits of current simulation feasibility, but 

they do not provide insight into detonation stability with partially mixed reactants. In an experimental RDE, 

it is not feasible to inject premixed fuel-oxidizer mixtures. Since high temperature backflow of combustion 

products into the manifold is expected, leading to a detonation in the plenum that will prevent the passage 

of fresh gas into the combustion chamber. Through separate injection of the fuel and oxidizer, the manifolds 

are inert, this avoids the risk of reaction occurring past the injection ports. One possibility is to use a pre-

mixed manifold condition with injection orifices that are smaller than the quenching distance for the 

mixture. Most experimental RDEs used hydrogen as the test fuel [11], [47], [52], which makes this solution 

less practical due to its very small quenching distance requiring very small holes that limit of the mass flow 

rate.  

One common method of injection in experimental RDE designs is a slotted injection area on the head wall, 

with an orthogonally oriented injection slot on the cylinder wall. The head wall slot is typically used for air 

injection, while the smaller wall slot is used for fuel injection. Bykovskii used such a configuration for a 

hydrogen-air RDE [53], see Figure 2.20a). A similar configuration was also used in Frolov et al.’s large-

scale hydrogen-air RDE [11], see Figure 2.20 b).  



 

 

26 

 
a)                                                                                 b) 

Figure 2.20: Experimental injection configuration for hydrogen-air by a) Bykovski et al. [53], b) 

Frolov et. al. [11] dimensions are in mm. 

The other commonly used injection configuration uses a series of small orifices, often angled towards each 

other to promote mixing. A slotted air injection, with small orifices for the fuel is also common, as used by 

Lin et al. [54], and Rankin et. al. [13]. 

 
a)                                                b) 

Figure 2.21: Slotted air injection configuration with angled holes for fuel. (a) Lin et al. design [54], 

(b) Rankin et al. design [13]. 

If injection through holes is to be used, many holes are required to achieve consistent jet mixing around the 

combustor. It would be computationally expensive to simulate such a configuration; such an analysis may 

not be feasible with current computational fluid dynamics technology. Still, it is necessary to obtain greater 

insight as to the jet mixing, and the instantaneous mixing conditions of some various injection patterns just 

prior to arrival of the detonation front. Rankin et al. used chemiluminescence to visualize the reaction zone 

in an optical RDE [13] where the outer wall was constructed from quartz. Unfortunately, such visualization 

does not offer insight into reactant mixing; furthermore, shock waves are not visible. 
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2.2.1.5.1 Area Ratio 

The area ratio of an RDE is defined as the ratio between the area of the head wall to the total injection area. 

This ratio is critical to RDE operation and performance. There are upper and lower bounds on possible area 

ratios for the RDE operation. If the ratio is too small, there will be a large pressure drop across the injector, 

resulting in a low mass flow rate. Yi et al. conducted a two-dimensional numerical study of RDE 

performance. In this study they varied the total pressure, total temperature, area ratio, axial chamber length, 

and the number of detonation waves. It was found that by increasing the area ratio from 0.1 to 0.3, the 

specific impulse was increased from 2400 to 3300s[55]. It has been postulated that higher area ratio leads 

to improved performance. However, if the area ratio is too high, the backflow phase of the RDE cycle will 

last too long and injection of fresh mixture into the combustor will occur too late to sustain the detonation. 

To reap the full benefits of the RDEs efficiency potential, some area ratio optimization is required.  

2.2.1.6 Detonation Propagation Mode 

Experiments [56], [57] and simulations[54], have shown the formation of multiple detonation waves 

rotating simultaneously in the annulus under certain conditions. Bykovskii et al. determined that the number 

of waves depends on the reactant mass flow rate, and the combustor geometry [58]. Also, a critical height, 

h was defined such that a mixture of minimum height h is required to sustain a detonation wave in the 

combustor. The height h is related to the detonation cell size; therefore, the temperature, pressure, and 

reactivity of the mixture are also important in determining the number of waves. In general, if the flow of 

reactants into the combustor is increased sufficiently until the fresh mixture height reaches h, a new 

detonation wave can initiate[3]. In Frolov.’s large scale RDE, as the injection slit width was reduced from 

15 mm to 2 mm, the number of detonation waves decreased from 4 to 1, and eventually failure of the final 

wave[11]. Wang et al. found that tangential flow of fresh gas from a predetonator created detonation 

wavelets and slowed the main wave[59]. The physics of multiple detonations propagating simultaneously 

is not well understood. To implement RDEs in mechanical systems, the ability to control the propagation 
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mode of detonations in the combustor is critical. One or more waves must operate at steady state over a 

longer test time than shown in [11]. 

2.2.1.7 Cooling 

Due to challenges associated with the RDE’s compact nature and high temperatures, suitable cooling 

systems for long duration RDE tests have not yet been developed. Kindracki et al. ran experiments with 

methane, ethane, and propane gas-oxygen mixtures. Their longest experiments lasted only 0.8 s, while 

measuring thrust[48]. Pratt and Whitney Rocketdyne varied engine geometry and fuel choices on their RDE 

prototype[60]. They were able to run a test with total duration 6.95 s. Such run times are considered long 

duration at this time. For RDEs to become more practical in engineering applications, more advanced 

cooling systems are required, so that longer run times can be achieved in testing. Tang et al. proposed a 

modified RDE without the inner annulus wall [61], [62]. This style of RDE was validated numerically by 

Stoddard and Gutmark [63]. Although this design is under-developed at this stage, it could become part of 

a solution to RDE cooling.  

2.2.1.8 Unwrapped Rotating Detonation Engines 

Experiments conducted by Burr et al. have particular relevance to the current research [64]. By “unrolling” 

the RDE, as shown in Figure 2.16, a test rig was created with optical access compatible with Schlieren 

photography, the classic tool often used for studying detonations. Burr’s apparatus also included CH*/OH* 

chemiluminescence, and planar laser induced florescence (PLIF) imaging. The test section was open at the 

top to allow outflow so experiments were carried out at atmospheric pressure.  The 7.6 mm wide test section 

was laden with 48 holes of diameter 2.5 mm, spaced at 6.4 mm along the bottom wall. Each hole was 25.4 

mm deep where fuel and oxidizer were injected separately at the bottom, and mixed over the 25.4 mm 

distance to the floor of the test section. The partially mixed flow eventually entered the channel as a jet. At 

a certain jet height, the detonation arrived from a small diameter predetonator located at the bottom of the 

end wall, and the detonation propagated with RDE-like structure through the test section. This study aimed 
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at predicting the velocity of detonation waves in an RDE, and comparing them to the CJ velocity for the 

mixtures used. Schlieren and chemiluminescence images from the study [55] are provided in Figure 2.22.  

 

Figure 2.22: a) Schlieren images, b) chemiluminescence images in a linear RDE [64]. 

One of the shortcomings of this experiment is that the degree of mixing of the fuel and oxidizer injected 

into the test section is not known. The study did not look at limit conditions for the detonation, e.g., 

minimum jet height for detonation propagation. Cells and triple-points can vaguely be made out in the 

schlieren images in Figure 2.22a and 2.22b, respectively. However, the soot foil technique is better suited 

for this purpose.  
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Chapter 3 

Experiment 

3.1 Overview of the Experiment 

The experiments conducted make use of an existing rectangular combustion channel. The test section was 

modified to introduce a gas manifold and injection holes and a separating door was manufactured. The main 

idea was to use an unrolled representation of a RDE, henceforth referred to as the Linear Rotating 

Detonation Engine (LRDE), to allow for compatibility with schlieren imaging and soot foils to obtain the 

detonation structure. In order to replicate the conditions in an RDE, a few considerations were necessary. 

First and foremost, it was necessary to have a predetonator to transmit a planar detonation wave into the 

LRDE. This was achieved by isolating the first four sections of the channel from the test section by a 

retractable door. The predetonator was filled with premixed hydrogen-air and the detonation was generated 

via flame acceleration leading to DDT.  

In an RDE, a detonation wave propagates though a reactive layer of gas, while an attached inert, oblique 

shock trails through the non-reactive products of combustion generated during the previous cycle. To 

replicate this scenario in the LRDE, the combustion chamber was initially filled with inert gas, replicating 

the non-reactive combustion products atmosphere in a RDE combustor. For all “jet detonation tests,” argon 

was used as the inert gas. After the door was opened and shortly before ignition, a layer of hydrogen-oxygen 

was generated at the top of the LRDE by introducing premixed stoichiometric hydrogen-oxygen through a 

series of small holes. While the reactive mixture was being injected, the predetonator was triggered, such 

that the detonation wave passed through the LRDE where a diffuse stratified layer was generated. A second 

rendition of the experiment was also conducted, in which the reactive layer was generated through the 

natural buoyancy flow (gravity current) of the lightweight stoichiometric hydrogen-oxygen predetonator 

gas. These tests will be henceforth be referred to as “gravity wave tests.” Gravity wave tests were conducted 

with argon, nitrogen, and carbon dioxide as the ambient inert gas.  
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3.2 Experimental Apparatus 

3.2.1 The Combustion Channel 

The combustion channel in the Queen’s University Combustion Lab is comprised of several 0.61m long 

sections. Each section could be removed, and modified independently of the others. For the current 

experiment, six sections were used. Along with the channel sections, some major components of the 

apparatus included a sealing door, a custom injection plenum, solenoid and check valves and two mixing 

tanks and associated plumbing. A schematic of the apparatus is shown in Figure 3.1. 
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Figure 3.1: Simple schematic of the combustion channel. 
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3.2.1.1 Predetonator  

The first four sections of the combustion channel served as the predetonator for the LRDE. The predetonator 

end wall was equipped with an automotive spark plug that was used to initiate combustion. The 500 mJ 

spark discharge was triggered by the DAQ system. Fence-type obstacles were used to rapidly accelerate a 

flame and to  undergo DDT and generate a CJ detonation. Fence type obstacles have been shown to be very 

effective in promoting flame acceleration and DDT in ducts[23], [71]. The first three sections measure 76 

mm x 76 mm in cross-section. In order to get the minimum flame acceleration distance the first, second and 

third sections had blockage ratios (BRs) of 66%, 50% and 33%. The BR is defined as follows. 

 
𝐵𝑅 = 1 −

𝑑

𝐻
 

(3.1) 

 

where d is the opening height and H is the channel height, see Figure 3.2.  

 

Figure 3.2: End view of a predetonator section, with height designations shown, adapted from [72]. 

The fourth and final section of the predetonator, that did not contain obstacles, had cross-section of 25 mm 

x 76 mm and therefore there was a step decrease in the width from the third to the fourth section. There was 
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also a step change in cross-section from the fourth channel to the LRDE that measured 7 mm in width and 

63.5 mm from the bottom of the injection plate to the bottom wall (same as the door opening size described 

next). In order for smooth transition along the top wall into the LRDE section, the end of the fourth section 

was equipped with a channel height reducer (note, the step change in width was not addressed). The 

technical drawing for the height reducer is provided in Appendix A, it was designed specifically to mitigate 

the effects of the reflected shock wave which is generated by the channel height reduction. The reducer was 

bolted to the channel top wall, with the sharp edge facing upstream, towards the sparkplug, see Figure 3.3. 

The channel height, h, with the reducer was 6.4cm, equivalent to the sealing door, and test section heights.  

 

Figure 3.3: CAD snapshot showing the orientation of the channel height reducer. 

When the incident shock reaches the sharp edge, it splits; the bottom 64 mm of the shock continues to 

propagate into the LRDE. The top 13 mm travels into the pocket and reflects off the back wall of the device. 

By the time the reflected shock wraps back around into the channel, the lower part of the shock is already 

well into the LRDE. 

The final two sections of the predetonator were equipped with ion probes, which were used to collect shock 

wave time of arrival measurements. The four ion probes were spaced at 0.304 m. To ensure that a CJ 
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detonation was generated in the predetonator, the time-of-arrival, and probe separation were used to 

calculate velocity. This velocity was compared to CJ velocity.  

3.2.1.2 The Sealing Door 

A 6061 T6 Aluminum sealing door was designed and manufactured for this apparatus, the drawings are 

provided in Appendix A. It was designed to withstand a detonation in stoichiometric hydrogen-oxygen. The 

door was comprised of a 50.8 mm thick housing plate with a cavity that accommodated a 25.4 mm thick 

sliding plate with an aperture measuring 25.4 mm x 64 mm. The sliding plate was contained in the housing 

cavity by a 25.4 mm thick cover plate that had a matching 25.4 mm x 64 mm aperture. The sliding plate 

sealed against the housing and cover plate with BUNA-N O-rings. The O-ring grooves in each housing 

were machined to depths according to the Parker Hannifin O-ring Handbook for static sealing[73]. Since 

the important sealing characteristics of the door occurred when it was stationary, dynamic O-ring sealing 

specifications were not applied. A 0.4 mm silicon sheet was placed between the housing and cover plates, 

this kept the apparatus sealed when the sliding plate was half open, exposing the aperture to the volume 

where the sliding plate resided. The housing pieces were assembled with grade 8 fasteners. The eight 

middle-most fastening holes were designed to align with the bolt pattern on the channel section flanges. As 

such, the door could be bench-assembled with the outer eight holes, then installed in the channel with the 

remaining ones. The door was closed when the handle was retracted, and opened when an operator pushed 

the handle forward a full stroke. 
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3.2.1.3 The Test Section  

The fifth section of the combustion channel, i.e., LRDE, was equipped with the custom plenum assembly 

that was used to form the hydrogen-oxygen jets emanating from the top wall. This section offered optical 

access for schlieren and foil imaging. The test section cross-section was 76 mm square, similar to the first 

three sections; however, with the windows and plenum in place the cross section was 63.5 mm high and 7 

mm wide. To reduce the width of the test section from 76 mm to 7 mm, acrylic windows were machined 

with a protrusion that fit into the channel, reducing the effective width. The CNC milling process produced 

a 6.4 mm heat affected zone along the top and bottom edges that severely impacted the acrylic’s optical 

quality. The passage of the parallel schlieren light through this part of the window was severely refracted 

and appeared highly distorted on the video image. This only affected the top edge of the field-of-view 

because the bottom edge of the window was not in the field-of-view. Therefore, for all schlieren images the 

top and bottom 6.4 mm of the channel are cut off. The heat affected top edge did not affect the soot foil 

imaging tests (did not require parallel light transmission) but the bottom 6.4 mm was cut off. A schematic 

of the width reducing windows is shown in Appendix A.  

Because the window cut-out in the test section started 6.4 mm from the end of the channel, a cavity was 

created between the window protrusions and the door. This cavity was filled in with a reducer plug that 

reduced the channel width from 76 mm to 25.4 mm. See Appendix A for a technical drawing. The reducer 

plug was fastened with screws to the aluminum base plate. Two thin plates were inserted into the reducer 

plug to produce a gap of 7 mm. Future testing with different LRDE widths can be accommodated by using 

different thickness plates and window protrusion heights. 

The top and bottom walls had provisions for four access points. These were previously outfitted with 

transducers or ion probes in various configurations. For some tests a pair of PCB pressure transducers were 

flush-mounted to the floor of the channel. Due to the reactive layer residing at the top of the channel, time-

of-arrival measurements from transducers mounted on the floor were highly retarded and the pressure time-

history was not characteristic of the layer detonation.  



 

 

37 

For jet detonation tests, two of the top wall access holes were employed for reactant gas delivery to the 

plenum that was located at the top of the channel. During a test, reactive mixture prepared in a mixing tank 

was transferred to a stainless steel cylinder located above the test section. A solenoid valve opened, allowing 

flow through a pair of check valves, into the plenum.  

3.2.1.4 The Dump Tank 

The dump tank was the final section in the combustion channel that only contains inert gas. Its purpose was 

to allow the shock wave, produced by the detonation wave, to decay before reflecting off the end wall. The 

dump tank was 171 mm in height and 127 mm. The increase in cross-section width from 7 mm to 127 mm 

severely weakens the transmitted shock wave due to diffraction. 

3.2.2 Jet Injection System 

The most important piece of the jet detonation testing apparatus was the injection system. Through careful 

design work after many iterations, the current apparatus was able to produce relatively uniform jet height 

across the injection length. This system consisted of a few critical pieces.  

3.2.2.1 Pre-Test Section Plumbing 

At the beginning of each detonation jet test, the 16 mm orifice solenoid valve (Princess Auto model, SKU: 

8192304) above the test section was triggered. The valve was powered by a 12V DC benchtop power 

supply. The 12V was actuated using a relay that received a 5V signal from the DAQ system. Pre-mixed 

fuel and oxidizer was stored at pressure in a cylinder above this valve. The flow passed through a pair of 

check valves (Swagelok B-4C2-10, cracking pressure 0.69 bar), which connected directly to a custom 

manifold above the plenum. The check valve male thread screwed into an adaptor, shown in Figure 6.5, 

with an O-ring groove on the downstream face. The manifold was bored to accept the O-ring adaptor end.  

3.2.2.2 Manifold 

The manifold was the upper-most piece of the plenum assembly. The sole purpose of the manifold was to 

accept the check valve adaptor, and provide a fastening platform for the other sections of the plenum 
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assembly, see Figure 6.6. The mounting holes around the perimeter were tapped  with a 6-32 thread, and 

the four centerline holes were bored to accept the O-ring adaptor. Note the two holes on the centerline at 

the two ends were used to fasten the entire plenum assembly to the channel top wall that had matching 

threaded holes where screws were threaded into. Each of the three plenum pieces shared these two holes.  

3.2.2.3 Plenum Parts A and B 

Part B of the manifold received incoming flow from the two check valves and distributed the flow through 

a series of runners. The runners were designed such that the total distance traveled through each runner to 

reach the straight fuel injection plenum in part A was equal. As such, injection holes in Plenum part A that 

were located the furthest from the inflow were provided with a direct flow path from the source flow to the 

injection holes. Contrastingly, holes located nearby, or directly below the inflow, were routed via a less 

direct path. These runners take the flow to a curved part of the through slot in plenum part B. To reach the 

holes, the flow turned down into plenum part A and then flowed to the injection plenum up a series of 

straight runners. The total distance travelled by the gas for these two paths were equivalent. Intermediate 

runners were also added to help uniformly distribute the flow across the entire injection length. Momentum 

losses from flow turning were not considered. No dynamic fluid flow studies, experimental, or simulation-

based were conducted. Rather, practical tests were conducted with high-speed Schlieren photography to 

examine the uniformity of the jet height. Plenum A consisted of a straight slot plenum with 1.27 mm 

injection holes, spaced at 4.76 mm center-to-center. The straight plenum had straight runners branching off 

orthogonally, to meet up with the curved part of the through slot of plenum part B. It is noteworthy that 

while the manifold had a plate thickness of 12.7 mm to receive the check valves, both plenum pieces had a 

plate thickness 6.4 mm. Other dimensions are given in the drawings for plenum parts A and B, see Figures 

6.7, 6.8.  

3.2.2.4 Full Plenum Assembly 
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One of the most difficult challenges facing the detonation jet test was the generation of jets along the test 

section with uniform height. The current assembly represents the fourth design iteration. The exploded-

view CAD snapshots in Figures 3.4 and 3.5 illustrate the flow path through the runners in the plenum.  

 

Figure 3.4: CAD snapshot of the exploded view plenum assembly. 
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Figure 3.5: Translucent CAD snapshot showing flow from the manifold to the injection holes. 

3.2.2.5 Preliminary Jet Injection System Design 

A basic preliminary manifold design involved a single injection point fed from a solenoid and check valve, 

see Figure 6.9. The premixed hydrogen-oxygen flowed from the check valve into the a 3.2 mm by 3.2 mm 

cross-section straight plenum. The first half of the plenum had no holes into the LDRE, so the full flow 

continued to the first hole encountered at midspan, from that point to the end of the manifold flow was 

diverted through the series of holes. As would be expected, this design produced a linearly varying jet 

height with distance, with the longest jet at midspan and the shortest jet at the end of the manifold. 

Nevertheless, pressure drop testing was conducted to better understand the flow of reactants from through 

the solenoid, check valve, plenum, and jet holes. Three PCB piezotronic pressure transducers (PT 1 was a 

B24 transducer which had sensitivity 5mv/psi and PT 2 and PT 3 were B26 transducers with 10mv/psi 

sensitivity) were used. Note that PT 1 was located before the check valve, PT 2 was located before the jet 
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holes, and PT 3 was located over the jet holes. Figure 3.6 shows the flow path of the gas through the solenoid 

and check valves, and eventually out the 1.2 mm jet holes, spaced at 4.8 mm. 

 

Figure 3.6: Schematic of pressure transducer jet testing setup. 

3.2.3 Data Acquisition System  

The data acquisition and ignition systems operated cohesively with a series of software and hardware 

components. These included a National Instruments SignalExpress program, along with a special DAQ 

card and terminal, a delay generator, Ion Probes, Pressure Transducers, and a Photron SA-Z CMOS camera 

with PFV 3 software. See Figure 3.7 for a schematic of the DAQ system layout.  

 

Figure 3.7: DAQ and triggering system line drawing. 

3.2.3.1 Signal Express 
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The data acquisition and ignition systems were controlled using National Instruments (NI) SignalExpress 

(a simplified version of LABview). A PC was outfitted with a NI data acquisition card (PCI-6133). 

SignalExpress communicated with the DAQ card to control a BNC-2110 terminal. The Signal Express 

project file included the following events that occurred in the following order: 

1. DAQmx Generate: A 5V pulse was generated, from the BNC-2110 upon command from 

SignalExpress. This pulse was sent to the solenoid relay, delay generator, and camera. It had a pulse 

width of 60 ms. This was chosen to ensure that the solenoid valve did not close before the 

detonation had passed through the test section.  

2. DAQmx Aquire: This command instructed the necessary input channels to begin acquiring analog 

signals at 2MHz. Such signals included ion probes and pressure transducers in various 

configurations.  

3. Save to ASCII/LVM: The analog signals from necessary input channels are saved as a text file for 

later processing. These files were later processed using the visualization and analysis software suite, 

Tecplot.  

3.2.3.2 Spark Triggering 

To start each test a 5V signal from the PC was sent to the injection solenoid and the camera. The spark 

triggering came by way of the Quantum 9612+ delay generator. This simple device delayed the transmission 

of the 5V signal to the spark plug’s ignition box by an amount of time set by the operator. This delay was 

used to alter the jet injection time into the channel, since the arrival time of the lead shock from the 

predetonator could be altered by delaying the initial predetonator spark timing. For the jet detonation tests 

the delay generator setting was one of the most important parameters. If the delay was set too long, the 

channel would overfill with hydrogen-oxygen mixture, if the delay was too short, the detonation could not 

propagate through the shallow mixture stratified layer.  

3.2.3.3 SA-Z Camera 



 

 

43 

The Photron SA-Z Complementary Metal-Oxide-Semiconductor (CMOS) high speed camera was critical 

to the interpretation of the high speed detonations observed in this work. The camera typically operated at 

240,000 frames/second, with a shutter speed of 0.16 μs. At this framing rate, high quality videos could be 

captured not only to examine detonation structure but also to give a measure of velocity across the field-of-

view with reasonable accuracy. Velocity was recorded using on screen measurements of the propagation 

distance frame-by-frame. While rudimentary, this method yielded accuracy of +/- 172m/s, on the order 16% 

of the velocity being measured. Photron PFV 3 software controlled the camera settings. The camera was 

put into “record mode” using this software before triggering from the 5V SignalExpress program trigger. 

For some tests, the 5V signal output by the delay generator was used to trigger both the ignition box, and 

the camera. The camera was used with both soot foil imaging, and Schlieren imaging applications.  

3.2.4 Optical Setup 

The SA-Z camera was used with both soot foil imaging, and Schlieren imaging applications. Each of the 

two setups will be discussed in this section.  

3.2.4.1 Schlieren Imaging 

Schlieren photography is used to visualize density gradients in gaseous mediums. Using a precise 

arrangement of mirrors, parallel light is directed through an area of interest. Density changes refract the 

light off-parallel, which cause them to appear as a dark region in the images. This is useful for the current 

research because it allows for the visualization of shockwaves. The Schlieren system employed for the 

current research is shown in Figure 3.8. Two lenses were used to focus light from the LED bulb, and a 

series of four razor blades trimmed the light to better represent a point light source.  
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Figure 3.8: Schematic showing schlieren system arrangement. 

A knife edge is placed at the focal point of the light prior to entering the camera (if no knife edge is used it 

is called shadowgraph). The operator must be careful to cut the light enough to improve sensitivity, but not 

so much as to block excessive light, as this could require a longer shutter speed for dark images. Longer 

shutter speeds lead to blurring for high speed subjects like detonation waves.  

For camera based velocity measurements, a simple approximation method was used. By viewing the images 

in the PFV software magnified to 400%, the distance the wave travelled was measured frame by frame on 

screen. This was converted into a true distance in m, then into a velocity based on the known camera frame 

rate.  

3.2.4.2 Soot Foil Imaging 

For soot foil imaging, direct light from soot incandescence was captured, so the schlieren light source was 

turned off and the razor blade was removed. The camera remained in the same position and the settings 

were unchanged. While the mirrors were not required for this type of photography, it was practical when 

switching between setups to avoid repositioning the Schlieren mirrors. The soot foils themselves were 

removed after each test. Later the foils were photographed using a Canon SLR with macro lens. 
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3.2.5 Operational Procedure 

3.2.5.1 Gas Control Overview 

The running of tests with the combustion channel involve the controlled movement of gasses. Most of this 

control was achieved using a main control panel, but other devices were also necessary. With the variety of 

gasses and intricacies for the current tests, a great deal of creativity was needed to control all of the gasses, 

since the control panel had limited provisions to input so many fittings.  In all, the gas control apparatus 

consisted of two mixing tanks, each with a pressure transducer, one vacuum, the sealing door, one 

LabVIEW-controlled solenoid valve, and 22 ball, solenoid, and metering valves. See Figure 3.9 for a 

detailed illustration of the apparatus, including all valves. Note that valve 18 is the solenoid valve for 

allowing mixture flow into the channel. Valve 9 is also a solenoid valve, it is configured for an entirely 

separate apparatus but was utilized here to operate the second mixing tank. This valve was actuated from a 

separate lab computer using National Instruments Labview software. 
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Figure 3.9: Channel schematic with numbered valves.
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3.2.5.2 Preliminary Steps Before Testing 

At the beginning of the testing day, a few preliminary steps are necessary to prepare the lab for testing. Ion 

probe power supply, solenoid valve power supply, ignition box power supply, vacuum pump, camera, and 

Schlieren light source must be turned on. The delay generator is never turned off. Next, the lab computer 

must be turned on, and PFV, and SignalExpress should be opened. In PFV, the program will connect with 

the camera. At this point, camera settings should be adjusted as required for the planned testing. Test details 

should be recorded in the test table Microsoft Excel spreadsheet. At this point, the pre-testing procedure is 

finished, and the operational procedure can begin. Note that all valves should be closed prior to the 

operational procedure starting. Commonly, vent valves may be left open to atmosphere overnight. These 

must be closed before operating procedure can start.  

3.2.5.3 Jet Detonation Test Operating Procedure:  

1. Evacuate mixing tank 2: Open valves 7, 8, 9. Recall that valve 9 is a solenoid, which must be 

actuated on a separate lab computer with Labview. Wait until the pressure transducer on mixing 

tank 2 reads 0.0 kPa. Then Close 9. 

2.  Adding hydrogen: Close 7, then open 1 and 3. This will first vent the line to atmosphere and 

prevent high pressure from entering the vacuum and damaging it. Wait a few seconds, then close 

1, and open 7. This will evacuate the hydrogen line in case any air leaked into it. Wait a few seconds. 

Then, close 7, open 13 and 9, and monitor 8 or 3 until desired partial pressure is reached in the 

tank. Close 9, 13. Then open 1 to vent the line to atmospheric pressure. This will reduce the 

likelihood of hydrogen leaking into the panel, ruining the mixture. Close 1, 3.  

3.  Adding oxygen: Open 1, 6, 15, and 16. This will vent high pressure and protect the vacuum. Then, 

close 1, open 7, and wait several seconds. This will evacuate all lines between the oxygen bottle 

and the tank. Close 7, then open 20. Open 9, and monitor 8 until desired pressure is reached. Note 

that the pressure transducer on tank 2 must not exceed 400 kPa (abs). Close 9, 20, then open 1 to 
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vent pressure. Close 6, 8. If other gasses are needed, follow the same procedure for the valves 

corresponding to that bottle in Figure 3.9. Otherwise, set the mixer to on by twisting the pneumatic 

belt drive motor’s throttle.  

4.  Evacuate mixing tank 1: Open 7, 5. Wait until pressure reaches 0.0 kPa.  

5. Adding hydrogen: Evacuate hydrogen line by closing 5, and opening 3. Wait a few seconds. Then 

close 7, and open 13. Open 5, and monitor 3 until desired pressure is reached. Close 5,13, then open 

1 to vent pressure. Close 1.  

6. Adding oxygen: Open 7, 6, 15, 16, wait several seconds. Then close, 7, and open 20. Open 5 and 

monitor 5 or 6 until desired pressure is reached. Maximum pressure for the transducer in tank 1 is 

350 kPa (abs). Close 20, and open 1 to vent. Close 1, 6, 15, 16. If other gasses (likely nitrogen) are 

needed, follow the same procedure for the valves corresponding to that bottle in Figure 3.9. 

Otherwise set the mixer to run by turning on the electric motor.  

7. Evacuate the channel: Open 7, 6, 14, 15, and 19. Wait until channel pressure transducers read 0.0 

kPa. Time required for this to take place may vary based on ambient humidity.  

8. Adding inert gas to the test section: Close the sealing door, 7, 14. Confirm no leak in the channel 

by monitoring channel pressure on both sides of the door for several seconds. Then, close 6, open 

1, 8 to vent. Close 1, open 7, and wait a few seconds. Open whichever bottle is being used as inert 

gas for the test at hand. Open 6, and monitor 8, for the pressure on the downstream side of the door. 

Then close 19, and inert bottle. Open 1 to vent. Close 1. 

9. Adding mixture to predetonator: Open 7 to evacuate lines to the channel. Wait several seconds, 

then, to add mixture from tank 1, open 5, 6, 14, 15, and monitor 5 or 6. Then close all valves.  

10. Balance pressures: To ensure prefect balancing of gasses in the predetonator and the test section, 

vent both sides to atmosphere if pressure exceeds 1atm. Use 21, 22 for the test section, and 14,15,6, 

1 for the predetonator. If the test at hand is not conducted at 1atm, gasses must be carefully 
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monitored when loading to ensure the same pressure. Then balance the pressures by closing 15, 

opening 14 and 19. If pressure changes, the test may need to be started over. Close all valves.  

11. Load cylinder: Open 7, 8, 6, 15, 17 to evacuate lines from mixing tank 2 to cylinder. Wait several 

seconds, then close 7. Open 9 and wait several seconds. Pressure will balance from tank 2 into the 

cylinder. For a 400 kPa mixture, this results in 380 kPa bottle pressure after expansion into the 

bottle and through the lines. Close 17, 9. Open 1 to vent, then close all remaining valves.  

12. Preparing to fire: Double check that delay generator is set to the correct delay, and that ignition 

power, camera power, and schlieren light are on. Set camera trigger mode to “center” on PFV, and 

click record. Then, in SignalExpress, ensure that all steps of the program are enabled.  

13. Run the test: Walk to the sealing door, manually open it, then immediately select RUN on 

SignalExpress.  

14. Post-test. After the test has fired, trim the video, and save it. Then, open 21, 22 to vent. Open 14, 

15, 6, and 2 to purge the channel with compressed air. Leave running for at least 1 minute. Close 

All valves.  

3.2.5.4 Gravity Wave Detonation Test Operating Procedure 

The gravity wave testing procedure is very similar to that shown above, but it is more simple in a few 

respects. The following will reference steps above for simplicity.  

1. Use steps 4 – 10 to set up the experiment. Steps 1-3 are not required since only one mixing tank is 

necessary.  

2. Preparing to fire: Double check that delay generator is set to the correct delay, and that ignition 

power, camera power, and schlieren light are on. Set camera trigger mode to “center” on PFV, and 

click record. Then, in SignalExpress, ensure that all steps of the program are enabled.  
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3. Run the test: Walk to the sealing door, manually open it, then wait the allocated amount of time for 

the test at hand before selecting 

4.  RUN on SignalExpress.  

5. Post-test. After the test has fired, trim the video, and save it. Then, open 21, 22 to vent. Open 14, 

15, 6, and 2 to purge the channel with compressed air. Leave running for at least 1 minute. Close 

All valves.  

3.2.5.5 Post-Testing Procedure.  

At the end of the day it is critical that all systems are shut down properly. Most importantly, gas bottles 

should be closed. Remaining mixtures in the mixing tanks should be diluted and vented to atmosphere. The 

camera, ion probe power supply, ignition box power supply, jet solenoid power supply, Schlieren light 

power supply, and vacuum should be turned off. If desired, the channel may be left open to atmosphere. 
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Chapter 4 

Results and Discussion 

1.1 Plenum and jet characterization 

1.1.1 Reservoir and plenum pressure measurements 

Pressure measurements were taken with the simplified jet injection apparatus. The locations of the pressure 

transducers are shown in Figure 3.6. Specifically, PT1 was located between the solenoid and check valve, 

and PT2 and PT3 were located in the plenum. For these jet tests, the reservoir pressure was 700KPa 

(absolute) prior to injection. The pressure was not limited by the mixing tank since pure hydrogen was used 

as the test gas. This way, useful measurements could be made in the plenum. The 380KPa of reservoir 

pressure which was used for the jet detonation tests did not yield a discernible change in pressure in the 

plenum. With 700KPa of hydrogen in the reservoir, pressure differences could be discerned between each 

of the transducers. Results from one such test where the solenoid valve was actuated for 30 ms, is presented 

in Figure 4.1. The first step in the DAQ program powers the solenoid. So time zero is taken as when the 

solenoid first receives voltage, and begins to open. Note that these transducers provide gauge pressure (i.e. 

pressure above 1 atm). The two pressure transducer types used have different sensitivities (KPa/mv), i.e., 

the B24 is twice the sensitivity of B26. For the B26 transducers, pressure is given on the left-hand y-axis 

of the figure, while the B24 transducer pressure is given on the right-hand y-axis. The magnitude of the 

pressure recorded by PT2 and PT3 is on the very low end of the transducer full scale, therefore uncertainty 

is quite high. Therefore, the pressure signals in Figure 4.1 are only used for qualitatively establishing trends 

to gain insight into the nature of the gas delivery system.  

The fluctuations in pressure near the end of the test from PT 1 and PT 2 is indicative of the transient 

operation of the check valves. Recall that the check valve cracking pressure is 69KPa. For the detonation 

tests carried out with the lower 380KPa reservoir pressure the choked flow in the check valve fluctuates 

significantly as the pressure straddles the cracking pressure. The valve opens briefly and flows until the 
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pressure in the volume between the solenoid and the check valve drops below the cracking pressure. Flow 

resumes when the cracking pressure is once again superseded, and the valve opens. This cycle generates 

pressure fluctuations which were observed in the pressure tests, and visually observed in some tests in the 

schlieren videos. A typical test is carried out with an ignition delay time of under 20ms (detonation arrives 

at the test section after approximately 13ms + delay time), so the fluctuations do not influence the 

experiment. 

 

 

Figure 4.1: Pressure transient from a jet test, see Figure 3.5 for pressure transducer locations. 

The peak pressures recorded were 342KPa for PT 1, 50KPa for PT 2, and 7KPa for PT 3. The 342KPa 

pressure measured downstream of the 16mm orifice solenoid valve represents a large pressure drop (from 

roughly 600KPa gauge to 342KPa Gauge). However, this pressure drop is not large enough to signify 

choked flow, which requires a pressure ratio of 2. The ratio of the peak pressures from PT1 and PT 2  

(approximately 442KPa absolute to 150KPa absolute) is roughly 3 indicating the flow checks in the check 
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valves. The pressure drops even lower in PT 3, where the gas flows out the plenum holes into the channel. 

If the flow was choked at the plenum holes, the pressure in the plenum would have to be at least 200KPa 

absolute. While the solenoid accounted for a large pressure drop, the flow choked in the check valves, 

making it the limiting flow device. As such, in a jet detonation test, the pressure in the plenum is far less 

than the 380KPa reservoir pressure.  

1.1.2 Jet Height Uniformity 

One of the challenges faced in this research was the generation of a uniform stratified layer, i.e., jet heights 

along the test-section. As illustrated in Figure 3.6 the plenum had jet holes only in the first half of the test-

section. A limitation of using pre-mixed reactants for the jets was that the backpressure was limited to the 

maximum operating pressure of the mixing tank of 400KPa absolute. When the mixture was delivered 

through the lines of the gas control system into the cylinder above the test-section, the pressure dropped to 

380KPa. Due to the low backpressure, and high-pressure losses in the valves and runners of the plenum, 

injecting reactants along the full channel length was not attempted for this plenum design. Using the first 

half of the test-section allowed sufficient distance to fill the camera field-of-view, and allowed the 

detonation to reach steady state.  

A limitation of the detonation experiment is that the stoichiometric hydrogen-oxygen jets were not clearly 

visible with the thick acrylic windows in place. Jet uniformity tests were first performed without the 5 cm 

thick acrylic windows and using pure hydrogen in order to maximize the density difference with ambient 

air. The absence of the windows allowed for higher quality schlieren images such as those shown in Figure 

4.2. The jet height is initially uniform over the full field-of-view but then starts to deviate. Close inspection 

shows discrete, well-defined jets with a turbulent head that grows in length with time. The density gradients 

in the head of the jet persist to late times and the jets never fully merge together. This would indicate that 

the hydrogen and air never fully mix in the stratified jet layer. 
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Figure 4.2: Hydrogen-only jet test with no windows. 

In the next series of tests, 3 mm thick glass windows were installed to produce the same 7 mm channel 

width as the detonation tests. These windows produced good quality schlieren, while providing the same 

lateral jet confinement as in the detonation jet tests. Schlieren video images from a thin-window hydrogen 

jet test are shown in Figure 4.3. The dark obstruction on both ends of the field-of-view were part of the 

mechanism outside of the channel holding the thin windows in place. As shown in Figure 4.3, the jet height 

was far less uniform when the 7 mm lateral confinement is added. While the jet height was uniform for the 

first few frames, similar to the windowless tests, the jet flow advanced further at the outer edges of the 

camera field-of-view at later times. Unlike the windowless jets in Figure 4.2, at later times there are no 

density gradients observed above the turbulent leading-edge of the hydrogen jets as they fill the thin channel 

width. The degree of mixing between the hydrogen and the initial argon in the channel is unknown and is 

expected to play a significant role in the detonation process through the jet layer. 
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Figure 4.3 Hydrogen-only jet test with thin glass windows. 

It is clear that ignition would have to occur before jet layer height uniformity is lost. The flow conditions 

can be considered steady for a short duration after the check valve opens, i.e., up until the check valves 

starts cycling closed-open, see Figure 4.1. The low jet height zone in the middle of the field-of-view resides 

in the area of the plenum, which is fed by the complicated path of runners. The zones of larger jet height, 

at either end of the field-of-view, are fed directly from the check valve, but have an equal flow distance in 

total (see Figure 3.4). It is probable that the pressure losses from turning the flow through the runners 

generated a discrepancy in mass flow through all of the jet holes, causing the observed jet height non-

uniformity. Future plenum designs must consider such fluid dynamics parameters.  

4.1 Jet Detonation tests 

The role of the predetonator is to establish a CJ detonation wave that is transmitted into the optical test-

section that has the stratified hydrogen-oxygen layer established beforehand. While the predetonator did 

not have optical access, velocity data was obtained from the ion probe time-of-arrival data to confirm that 

the predetonator produced a CJ detonation wave entering the test-section. Four ion probes were located in 

the two channel sections preceding the door. Average velocity measurements from the ion probes for a 

typical jet detonation test are presented in Figure 4.4. The average velocity is based on the time of travel 

over the 30.4 cm distance between each consecutive pair of probes. In Figure 4.4 downstream distance 
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along the channel for each velocity data point corresponds to the midpoint between each probe pair. Also 

shown is the CJ velocity, calculated for a stoichiometric hydrogen-air mixture using the Caltech Detonation 

Tool Box [74], and the downstream distance at which the test section started. While only three data points 

are available, the trend is clear. As the combustion front propagates through the obstacles it accelerates 

achieving a final velocity of 1969.8m/s at midspan of the section preceding the door. The CJ velocity for 

stoichiometric hydrogen air is 1970m/s. As such, a CJ detonation was definitely produced. There were no 

obstacles in this final section so the velocity is assumed to be steady up until the test-section.   

 

Figure 4.4: Time of arrival results from the predetonator. 

 

4.1.1 Detonation propagation in a stratified jet layer 

This section presents the results for detonation propagation through the stratified layer produced by 

injecting premixed stoichiometric hydrogen-oxygen into argon. The parameter varied in these tests is the 

delay time between solenoid actuation and spark ignition. This delay time governs the height of the 

hydrogen-oxygen jet region. Images from high-speed schlieren videos captured from three tests performed 

at different delay times are shown in Figure 4.5. The images were captured at 240,000 frames per second, 

with a shutter speed of 0.16μs. While the full sets of images include hundreds of photos, only a few are 
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shown for clarity. The time stamp in each frame is relative to time zero that corresponds to the detonation 

entering the field of view.  

The test results reported in Figure 4.5 a) correspond to a 0.030s delay. This test is representative of a 

drastically overfilled scenario. By the time of detonation arrival, the jets reached the bottom wall of the 

test-section and recirculated, mixing substantially with the pre-existing argon throughout. This is indicated 

by the lack of curvature in the wave front. In the first pair of images the detonation front develops a bulge 

at the top wall. The detonation wave progressively loses it planarity but the detonation wave does not 

decouple into a shock wave and flame anywhere along its height.  

Results from a test carried out with 0.014s of delay, which represents the shortest delay that yielded a 

detonation, are presented in Figure 4.5 b). The detonation wave enters the field-of-view curved but coupled 

nearly to the channel floor as a result of the large jet height at the beginning of the field-of-view, as described 

in the jet-only test presented in Figure 4.3. As the detonation propagates to the middle of the field-of-view, 

it encounters a lower jet height. This test is discussed in greater detail later.  

For any tests performed with a delay time of less than 0.014s the detonation wave fails to propagate through 

the jet layer. For the test with 0.013s delay, shown in Figure 4.4 c), a curved detonation enters the field-of-

view, identified by the coupling of the lead shock with a reaction zone. By the fourth frame, the detonation 

starts to decouple and a small wedge shape region appears ahead of the top of the wave front. The leading 

edge of the wedge pulls away from the original main combustion front which is propagating at a velocity 

of 1777 m/s just before the emergence of the wedge. This velocity is significantly lower than the 2800 m/s 

CJ velocity in stoichiometric hydrogen-oxygen. Close inspection of the wedge region indicates a leading 

oblique shock followed by jets coming from the holes in the top plate. These jets merge forming a contact 

surface behind the oblique shock. Eventually the oblique shock merges with the decoupled shock from the 

failed detonation.  

This wedge-phenomenon is caused by a detonation propagating in the plenum at a velocity equal to 2400 

m/s. This is slightly lower than the CJ velocity because of the small diameter of the plenum resulting in 
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significant losses. When hot combustion products from the channel detonation enter the plenum through 

the jet holes, a detonation develops in the plenum that is filled with stoichiometric hydrogen-oxygen 

(assuming all the argon is purged from the plenum). The initiation of the detonation in the plenum takes 

some time to occur since more than likely a DDT event takes place. It is highly unlikely that the detonation 

from the channel propagates into the plenum directly through the very small jet holes, as such, a DDT event 

is required to start the plenum detonation. If the detonation in the channel does not fail, it can outrun the 

plenum detonation wave to the end of the field-of-view, as in Figure 4.5 a) and b). However, if the 

detonation wave in the channel fails, as in Figure 4.5 c), the plenum detonation overtakes the channel 

detonation. As a result, the products of combustion in the plenum expand out of the jet holes into the channel 

ahead of the channel detonation wave producing the oblique shock wave. The oblique shock and products 

jet flow combination should not be mistaken for a detonation, where shock heating initiates chemical  

reaction. In this phenomenon, the oblique shock is supported by the jet flow that acts like a piston. This 

phenomenon is henceforth referred to as plenum burning. A successful detonation is possible with the 

LRDE structure when it has sufficiently high velocity to outrun the DDT process that occurs in the plenum. 

To prevent plenum burning events from taking place, a few changes could be made to the plenum design. 

If the plenum was separated into discrete smaller sections, the plenum detonation would only propagate 

over the length of the section and would have to initiate in each section. This would provide more time for 

the LRDE detonation to propagate unperturbed in the channel. Alternatively, a plenum design utilizing 

separate injection of fuel and oxidizer would avoid this issue altogether. This adds the complexity of mixing 

the fuel and oxidizers on the fly in the LRDE. However, separate fuel and oxidizer injection would allow 

for higher jet backpressure, since the mixing tank pressure would no longer be a limiting factor.  
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a) Delay = 0.030 s (test 384) b) Delay = 0.014 s (test 307) c) Delay = 0.013 s (test 298) 

Figure 4.5: Schlieren images of detonations passing through jets of various height into argon, 

varied via the delay time between valve opening and ignition. Time between frames is not 

consistent. 

The LRDE structure is examined in greater detail in Figure 4.6. Figure 4.6 a) is a zoomed in image from 

the test performed with 0.014 s delay, see Figure 4.5 b) image at 0.008s. The vertical portion of the 

combustion front in the top half of the channel, represents the coupled detonation front as indicated in 

Figure 4.6 b). The curved part of the front in the bottom half of the channel consists of a decoupled lead 

shock and trailing contact surface (also referred to as a slip-line). The contact surface shows up in the image 

as a highly turbulent mixing zone, wherein the combustion products and the shock compressed argon are 

mixed. The lead shock wave reflects obliquely off the bottom wall producing a trailing reflected wave. The 

reflected shock wave angle, relative to the horizontal bottom wall, refracts at the contact surface that 

separates the argon from the higher temperature (and thus higher speed of sound) combustion products. 

Note, the bottom 6.4 mm of the channel is outside of the field-of-view so the change in angle is not observed 

in Figure 4.6. In a RDE, shock reflection off the bottom wall does not occur since waves exit axially out of 

the annular combustion chamber into a nozzle. Behind the detonation front, a number of transverse 

striations are visible, as indicated in Figure 4.6 b). These striations correspond to the detonation wave 

transverse shock waves, discussed in section 1.1.5. The transverse waves that come off the detonation wave 
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at the triple-points, move laterally across the detonation wave. Neighboring transverse waves reflect off 

each other, whereby the triple-point trajectories form the detonation cellular pattern observed on sooted 

foils. The uppermost transverse wave reflects off the top wall, is a partial reflection as part of the wave 

passes through the jet holes into the plenum. The lowermost transverse wave propagating down has no 

partner wave to collide with because of the lack of detonative mixture, so it continues unaffected to 

propagate along the decoupled shock wave. An illustration of the gaseous zones in the LRDE is shown in 

Figure 4.6 c). Shock waves are illustrated as black lines.  

 

Figure 4.6: a) Zoomed-in image from 4.4 b), b) includes illustrations, c) shows gaseous zones. 

Using the schlieren images from the test in Figure 4.4b (0.014 s delay time), the detonation velocity 

measured across the field-of-view of the camera is provided in Figure 4.7 Also provided is the CJ velocity 

for a detonation in stoichiometric hydrogen-oxygen at standard temperature and pressure. The velocity is 
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consistent through the section, indicating that the varying jet height at the beginning and end of the field-

of-view does not significantly affect detonation velocity. Also there is a discrepancy between the measured 

average velocity of 2200 m/s and the theoretical CJ velocity of 2800 m/s. It is common for detonations to 

propagate slightly below the CJ velocity due to momentum losses, the effect becomes more prominent for 

narrower channel widths as is the case here [20]. However in this experiment there is another important 

factor, argon dilution. As the hydrogen-oxygen jets penetrate the argon, mixing occurs such that there is a 

gradient in argon concentration through the jet layer height that causes the curvature in the detonation front 

due to a change in CJ velocity with argon dilution. See Figure 4.8 for a plot of CJ velocity for stoichiometric 

hydrogen oxygen with argon dilution, compiled computationally using the CANTERA software [75]. Close 

inspection of Figure 4.6 shows that the portion of the detonation front attached to the top wall has a small 

amount of curvature, indicating that the argon gradient continues throughout the entire channel height. 

Recall though that the top 6.4mm of the channel is not included in the field of view. Also, since the 

combustion channel was narrow (7mm) boundary layer effects play a role in reducing the velocity as well. 

For a test with stoichiometric hydrogen air filling the entire channel the detonation velocity was measured 

to be 1955 m/s. Compared to the 1970m/s CJ velocity for this mixture, the measured velocity represents 

less than a 1% deficit. As a result, one can conclude that the main contributor to the curvature of the 

detonation wave is the argon composition gradient across the jet layer height. 
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Figure 4.7: Camera-tracked detonation velocity for the limit test of 0.014 s delay. 

 

Figure 4.8: CJ velocity for stoichiometric hydrogen-oxygen with argon dilution, calculated using [74]. 

4.1.2 Detonation wave cellular structure 

A series of experiments were carried out using the soot foil technique in order to capture the detonation 

front cellular structure. In these tests an aluminum foil was placed inside the back window such that the 

sooted-side of the foil was in the field of view of the camera. The video captured from a test carried out 
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with 0.014s delay, near the limit condition, is provided in Figure 10. The very fine soot particles are lofted 

by the flow immediately behind the detonation front and illuminate as they are heated to the combustion 

product temperature [14]. Note that the shock is not visible with this type of photography, but it is known 

that in the top half of the channel, the shock is coupled to the bright reaction front observed in Figure 4.9. 

The curvature of the front remains fairly constant and the front velocity is constant at a velocity of 2200 

m/s. The zoomed in image of one of the frames is provided in Figure 4.10 showing all the main features. 

The oblique shock in the bottom half of the channel is not visualized but the turbulent contact surface, 

where the hot combustion products expand downward, mixing with the argon, shows up very clearly. Also, 

the reflected shock can be identified because of the change in brightness associated with the higher 

temperature behind the reflected shock wave.  

 

Figure 4.9: Soot foil video images taken during test for near-limit case (0.014 s delay) for a jet 

detonation. Dotted curves are used to identify the leading edge of the combustion front. Test #287, 

240,000 frames/second and 0.16μs shutter speed. 

 

Figure 4.10: Zoomed-in analysis of soot foil image, showing key features (inert shock is inferred 

based on detonation front and lower end of reflected shock on channel bottom wall). 
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The record of the detonation cellular structure is visible by the tracks left behind by the detonation triple 

point trajectories. A photograph taken of the soot foil from test #287 (shown in Figure 4.9 and 4.10) is 

provided in Figure 4.11. The extent of the cells in the vertical direction provide a measure of the height of 

the jet layer and the size and orientation of cells give some insight into the characteristics of the detonation 

wave. A zoomed-in image taken of the foil from Figure 4.11a is provided in Figure 4.11b. Triple-point 

trajectories of a single family (triple points travelling downward on the detonation wave) are drawn onto 

the foil in Figure 4.11b. The slope of the lines are fairly uniform in the top half of the zoomed-in image and 

deviate strongly in the bottom half. The average spacing between these lines drawn in the top half is 2.0 

mm +/- 0.9 mm, which provides a rough measure of the average cell size in that region. This value is close 

to the average cell size of 1.6 mm reported in the Caltech detonation data base for stoichiometric hydrogen 

oxygen [76].  

The cells increase in size in the lower half of the image in Figure 4.11b, and disappear completely at the 

bottom where only argon is present at the bottom of the channel. There are roughly 8-9 cells across the 

height in the uniform cell size part of the foil. Superimposed on the foil photographs in figure 4.10 are the 

scaled dotted curves from Figure 4.8 that identify the leading edge of the combustion products. The “kink” 

(sudden change in the slope) in the curve roughly corresponds to the vertical elevation where the cell 

structure completely disappears on the foil. This is consistent with the interpretation provided in Figure 4.9 

that shows the kink being located at the point on the front where the detonation wave decouples into the 

inert shock and contact surface. This indicates that the vertical region where the cells increase in size 

corresponds to the turbulent mixing zone at the head of the hydrogen-oxygen jets. Here, intense mixing 

with the argon takes place, and the mixture CJ detonation velocity decreases producing the curvature in the 

detonation wave and causing the cells to increase in size. In this region, the detonation cell orientation also 

changes in accordance with the curvature. For example, in Figure 4.11b the diamond shaped cell in the 

uniform region is oriented in the horizontal direction, perpendicular to the vertical detonation front; 
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whereas, in the non-uniform cell size region the cell orientation changes to remain perpendicular to the 

curved part of the detonation wave. 
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Figure 4.11: Soot foil images from the test from Figure 4.9. Full foil showing the cell structure and the position of the leading edge of the 

combustion products transposed from Figure 4.11. The full height of the foil is 58 mm. b) Zoomed-in image of dotted rectangular region 

in Figure 11 a) showing details of cell structure, including triple point trajectories of a single family and two cells.
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The experiments have shown that detonations only propagated if the delay time between start of 

injection and ignition was greater than 0.014 s. This represents the limit condition that can also be 

treated in terms of the minimum jet layer height required for propagation. For the limit condition 

there are roughly 8 cells across the uniform cellular region near the top wall, and 10-11 cells if one 

includes the curved part of the detonation wave. This number of cells is significantly larger than 

the semi-confined detonation tests performed by Rudy [38] and Grune [39] that showed that 

detonation propagation is possible in a layer height equal to 3 detonation cells in fuel-oxygen 

mixtures. As such, the 10-11 cell limit is the result of other factors that did not exist in the tests 

reported in [38], [39]. In the present study the injected hydrogen-oxygen mixes with argon. It is 

well known that large amounts of argon dilution produces “regular,” or so-called “stable,” 

detonation waves due to a reduction in the effective activation energy [77]. These types of 

detonation waves are more affected by loss mechanisms such as lateral expansion [78]. The degree 

of mixing in the present experiment is not known, but for argon dilution to affect the regularity of 

the detonation wave, argon dilutions above 70% are required.  

As discussed above, the measured cell size is only slightly larger than the reported cell size for 

stoichiometric hydrogen-oxygen. For diluents such as nitrogen and carbon dioxide small 

concentrations have a strong effect on mixture reactivity. Argon is a monatomic gas and so it has a 

significantly lower specific heat than the diatomic and triatomic diluents, and therefore has less of 

an effect on mixture reactivity. Interestingly, argon dilution produces higher post shock temperature 

for the same shock Mach number and therefore can positively affect reactivity over a certain 

dilution range. In order to investigate the effect of the diluent concentration on mixture reactivity 

the ZND reaction zone length was calculated using the Caltech detonation toolbox [74] for 

stoichiometric hydrogen-oxygen with different diluents and diluent concentrations. It has been 

shown that the ZND induction zone length is proportional to the measured detonation cell size [79].  
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Figure 4.12: Calculated ZND induction length versus diluent concentration. 

The calculated ZND induction length versus diluent mol fraction is provided in Figure 4.12. The 

strongest and least effect on the induction length is observed with carbon dioxide and argon, 

respectively. This effect is associated with difference in specific heat. For nitrogen and carbon 

dioxide the induction length increases continuously with diluent concentration, with the strongest 

effect (doubling in the induction length) occurring at roughly 11% and 35%, respectively. In 

contrast, for argon the induction length is lower for diluent concentrations up to about 50%, and 

doubles at a concentration of 75%. Based on the cell size measured in the jet layer in Figure 4.11 

the argon concentration could be as high as 70%. Therefore it is possible that the high argon dilution 

results in a regular detonation that is more sensitive to the lateral expansion and boundary layer 

effects. This finding is corroborated by the fact that experiments carried out with nitrogen and 

carbon dioxide, in place of argon, never produced detonation propagation, even for large jet layer 

heights. The jet hole size and spacing used in this experiment was 1.3 mm and 4.8 mm, respectively. 

It is possible that reducing the hole spacing could result in a lower argon concentration in the jet 

layer that could reduce the minimum height required for detonation propagation. In a real RDE, the 
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large backpressure in the injection plenum provides higher pressure jets, which must give improved 

performance in purging the volume near the base plate of non reactive gas. The low velocity, low 

pressure jets used here are too highly diluted with inert gas to produce limit condition cell counts 

comparable to literature.  

4.1.2.1 Effect of predetonator  

The role of the predetonator is to produce a CJ detonation wave that is transmitted into the test-

section. There are several aspects to the transition from the predetonator to the test-section that can 

affect the transmission process. The door opening produces a wake that mixes the predetonator 

contents with the argon initially in the test-section. There is a step in the channel width at the door 

from 25.4 mm to 7 mm. Both these factors are limited to a small axial region near the door and 

aren’t expected to have a strong effect on the detonation transmission.  

For all the detonation jet tests stoichiometric hydrogen-air was used in the predetonator. Due to the 

nitrogen content in hydrogen-air, the detonation cell size is significantly larger, roughly 10 mm, 

compared to the jet hydrogen-oxygen mixture. Also, the CJ pressure is lower so the transmitted 

shock is weaker than the hydrogen-oxygen detonation leading shock. Therefore, it is possible that 

the limit condition for the jet is affected by detonation failure during transition from the 

predetonator to the LRDE. To ease this transition, tests were performed with stoichiometric 

hydrogen-oxygen as the predetonator. In conducting these tests it was discovered that the large 

density difference produced a hydrogen-oxygen “gravity wave” along the top of the LRDE, while 

the argon from the test section flowed into the predetonator along the bottom. The molecular weight 

of stoichiometric hydrogen-oxygen is 12 g/mol, as compared to 40 g/mol for argon. The difference 

is less for hydrogen air that has a value of 29 g/mol. Nevertheless, even for the hydrogen-air 

predetonator tests, there is a small amount of the hydrogen-air that flows into the LRDE. This flow 

is limited by the short time between opening the door and ignition, roughly 0.3 s. This displacement 
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of the hydrogen-air slug into the LRDE potentially makes the transition of the detonation more 

difficult because the mixture is less sensitive just inside the narrow channel. 

For the hydrogen-oxygen predetonator the gravity wave can penetrate just into the field-of-view 

for a delay of 0.3 s. With this predetonator mixture, the hydrogen-oxygen introduced through the 

holes closest to the door penetrate into hydrogen-oxygen (not argon) that should have a positive 

effect despite the fact that the uniformity of the jet layer at the end of the LRDE is affected. Such 

tests were conducted in the current study using a switch on the door to trigger ignition after a preset 

delay time after door closing. The gravity wave worked as expected, but detonations were unable 

to propagate with lower jet heights as compared to the hydrogen-air predetonator tests reported 

above. Still, the ability to use the gravity wave as an extension of the predetonator adds flexibility 

for future experiments.  

4.2 Gravity Wave Detonations 

By employing a hydrogen-oxygen predetonator, the density difference between the predetonator 

gas and the inert gas in the test-section is significant. Opening the sealing door to start a test causes 

the flow of the lighter predetonator gas in the downstream direction along the top half of the test-

section. At the same time, the inert gas in the test-section is displaced upstream into the predetonator 

along the bottom half of the channel. This is an unsteady process by which a hydrogen-oxygen 

gravity wave moves downstream along the top of the test-section; the height of the layer remains 

constant, occupying one-half the channel height. This gravity wave approach was used by 

Lieberman et al. to study detonation propagation in a diffuse stratified layer [40]. The objective 

their study was to investigate the effect of the composition gradient on the detonation curvature and 

to determine the critical condition where the detonation wave decouples into a shock and contact 

surface. 
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The gravity wave approach was used in this study to reduce the uncertainty associated with the 

mixing of the hydrogen-oxygen jet mixing with the argon. In the jet experiments mixing occurs 

initially as the jets develop, and later when the jets merge to form a layer mixing occurs at the layer 

interface. The gravity wave approach establishes the layer in a more controlled manner. The 

objective of the study was to determine the critical layer condition for detonation propagation to 

compare to the jet tests. In this approach the height of the layer cannot be varied without changing 

the height of the channel. Therefore, the critical condition was obtained by varying the predetonator 

reactivity via the equivalence ratio.  

Since the gravity wave propagates along the top of the channel and the composition gradient across 

the layer interface changes over time due to diffusion and turbulent mixing it was important to 

maintain the wave development time before the detonation wave arrives. Since the gravity wave 

velocity depends on the density ratio across the initial vertical interface, the density of the 

predetonator mixture was held constant by diluting the hydrogen and oxygen with nitrogen. 

Therefore, each equivalence ratio required a different amount of nitrogen dilution to maintain a 

molar mass of 12 g/mol. Table 4.1 provides the hydrogen-oxygen equivalence ratios tested and the 

corresponding nitrogen dilution. Each of the mixtures were used to give a consistent 12g/mol for 

the predetonator mixture. The gravity wave velocity was calculated using equation 2.14. Argon, 

nitrogen, and carbon dioxide were all tested as the ambient inert gas in the test section to investigate 

the effect of mixing at the interface. 

Table 4.1: Mixture compositions tested, with according molar mass and gravity wave 

velocity. 

Condition Test-section 

gas 

Predetonator mixture 

ER hydrogen oxygen nitrogen Molar 

mass 

(g/mol) 

Gravity 

wave 

velocity 

(m/s) 
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1 argon 1 2 1 0 12 0.84 

2 argon 1.5 3 1 0.625 12 0.84 

3 argon 2 4 1 1.25 12 0.84 

4 argon 2.5 5 1 1.875 12 0.84 

5 nitrogen 1 2 1 0 12 0.64 

6 carbon 

dioxide 

1 2 1 0 12 0.91 

4.2.1 Detonation propagation with hydrogen-oxygen-nitrogen predetonator  

A series of tests were carried out with argon in the test-section and the equivalence ratio (ER) of 

the predetonator hydrogen-oxygen was increased incrementally in the range of 1 to 2.5 until the 

detonation wave failed to propagate. High-speed schlieren images recorded for a test with 

stoichiometric hydrogen-oxygen as the reactive mixture used in the predetonator, and argon as the 

inert gas in the test-section are provided in Figure 4.13. The most striking difference with the jet 

experiments is that the front (detonation and decoupled shock) is very steady, the same dotted curve 

is shown in the three images. This is because the layer height, and the mixing with the argon across 

the channel height is uniform along the channel length. Since the inert gas moves into the bottom 

half of the predetonator, the structure of the detonation develops very quickly before the start of 

the field-of-view. The front shows the same features observed in jet layer detonation, striations 

associated wave transverse waves are visible over the curved detonation front. The detonation 

decouples to form an oblique shock wave and trailing contact surface. The contact surface interacts 

with the bottom wall producing perturbations that produce a series of complex waves in the 

combustion products. The detonation front velocity versus distance for different equivalence ratios 

is provided in Figure 4.14. Unlike the constant velocity observed in the jet layer tests shown in 

Figure 4.17, the detonation wave velocity decreases roughly linearly as it propagates through the 

gravity layer. This would imply that there is substantial argon dilution occurring because of mixing 

at the leading edge of the gravity wave. 
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Figure 4.13: Schlieren images of a detonation in stoichiometric hydrogen-oxygen with argon 

initially in the test section.  

 

Figure 4.14: Camera-tracked detonation velocity for various ERs in argon. 

Figure 4.15 demonstrates the combined effect of equivalence ratio and nitrogen dilution on the 

structure of the detonation front. The test at stoichiometric equivalence ratio with no nitrogen 

dilution (similar to that shown in Figure 4.13) is compared to tests at ERs of 2, and 2.5 with nitrogen 

dilution 20% and 24% respectively. Based on the dotted curve in the bottom images, the shape of 

the front changes very slightly between from equivalence ratio of 1 to 2, and transverse striations 

behind the detonation and the appearance of the contact surface are similar. High-speed schlieren 
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images recorded for the highest equivalence ratio that produced a detonation wave, i.e., equivalence 

ratio of 2.5, and 24% nitrogen dilution, is shown in Figure 4.15c. The saw-tooth pattern of the 

contact surface is very typical of a decoupled detonation wave with large cell size. There is only a 

single transverse wave visible behind the detonation front in the third image. The transverse wave 

propagates down the detonation to form the characteristic saw tooth indentation in the contact 

surface. Each time a transverse wave reaches the point where the detonation decouples a new saw 

tooth is formed. Average velocity across the field of view was 1965m/s, 1872m/s, and 1747m/s, 

for ER = 1.0, 2.0, and 2.5 respectively. 

 

 

Figure 4.15: Schlieren images of a) ER = 1, 0% N2, b) ER = 2, 20% N2, c) ER = 2.5, 24% N2 

4.2.2 Soot foil imaging 

As with the jet detonation study, video of the luminosity produced on soot foil was captured with 

the high-speed camera. Shown in Figure 4.16 are the foil video images for mixture ERs of 1, 1.5, 

and 2.5. For the ER=1 the triple-points on the detonation front are very close together and difficult 

to discern, however for the ER=1.5 the triple-points are clearly observed in the fourth image (bright 

spots highlighted by arrows). For the ER= 2.5 tests the triple-points are difficult to discern but the 

general structure of the cell is apparent.  
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Figure 4.16: High-speed images of detonation wave propagating across the soot foil for 

different ERs. a) ER=1, 0% N2, b) ER=1.5, 14% N2, c) ER=2.5, 24% N2. 

4.2.3 Soot Foil Cellular Structure Records 

The post-test photos of the soot foils, corresponding to the video images in Figure 4.19, are shown 

in Figure 4.17. The soot foil clearly shows the extent of detonation propagation along the gravity 

wave. For all three tests the gravity wave velocity is the same (based on the same density difference) 

and the time from the opening of the door to ignition is the same; therefore, the length of the 

hydrogen-oxygen-nitrogen layer region should be relatively similar for all three tests. As expected 

the cell size increases with ER. For ER=1 it is difficult to decipher the cellular structure since the 

cells are very small, for ER=1.5 the cells are slightly larger and very uniform throughout the region, 

and for ER=2.5 the cell are much larger and the cell arrangement is chaotic.  

The cell size remains relatively constant until the lower edge of the gravity wave region, where the 

cells disappear. For the limit case of ER=2.5, the cell size is less consistent than in the other tests 

and as such it is difficult to infer the cell size. While it is difficult to visualize some of the cells, 

close inspection reveals a cell count of 3-4 cells across the gravity layer height, which is expected 

for a stratified layer with a sharp interface [38], [39].  
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The cell size for the ER=1 and ER=2 foils clearly show a slight increase in size towards the 

downstream-end of the gravity wave before the cells disappear, whereas for ER=2.5 it is more 

difficult to see an increase in size because of the cell non-uniformity. This indicates that the leading-

edge of the gravity wave becomes increasingly diluted with argon as it propagates downstream. 

Meanwhile, at the upstream end (at the right end of the foil) the hydrogen-oxygen-nitrogen mixture 

is free of argon because it continuously flows in from the predetonator, i.e., there is no interface for 

mixing to occur. The mixing at the leading-edge is only weakly affected by mass diffusion, instead, 

the mixing at the interface starts from the time when the door opens. The door is 25.4 mm thick, so 

it leaves a very broad turbulent wake at the interface between the test section argon and the 

predetonator hydrogen-oxygen-nitrogen mixture. This broad turbulent interface is convected 

downstream to become the leading edge of the gravity wave, therefore strong mixing occurs the 

entire time producing a broad gradient in argon concentration. Whereas, the bottom edge of the 

gravity wave region is created by the stretching of the interface, and mixing occurs across a shear 

layer with a small velocity difference producing a sharper gradient in argon concentration. The 

reduction in the length of the cell-filled region is affected by the broad mixing region at the leading 

edge of the gravity wave. This is consistent with the observed velocity decay measured along the 

gravity wave. The level of mixing at the leading edge of the gravity wave could be reduced in future 

testing by using a thinner door producing a narrower wake. 
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Figure 4.17: Soot foil comparison showing the effect of equivalence ratio. a) ER=1, 0 N2, b) 

ER=1.5, 14% N2, c) ER=2.5, 24% N2. 

Since the type of diluent has an effect on the reactivity of the mixture, hence cell size, a series of 

tests were conducted with stoichiometric hydrogen-oxygen as the predetonator mixture and 

nitrogen or carbon dioxide as test section inert gas in place of argon. While all three gases are inert, 

they have different thermodynamic properties. In Particular the specific heat of argon is 0.523 

kJ/kgK[80], while nitrogen has specific heat 1.039-1.323 kJ/kgK for 273-3000K [81], and carbon 

dioxide has specific heats of 0.819-1.414 kJ/kgK for 273K-3000K [82]. Argon’s specific heat does 

not vary greatly with temperature, less than 0.35%. The specific heat of the inert gas is important 

because in a detonation, adiabatic shock heating raises the temperature of the reactants before 

reaction starts. A gas with a lower specific heat ratio (monatomic molecule like argon) will result 

in a higher post shock temperature compared to larger specific heat ratio (triatomic molecule like 

carbon dioxide) and thus a shorter reaction time and thus smaller cell size. The type of diluent 

molecule can also effect the rate of intermediate three body chemical reactions (i.e., third body 
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efficiency) but this is less of a factor compared to the post shock temperature. Finally the heat 

capacity of the diluent will also effect the CJ velocity, pressure and temperature but this is not 

important for the dynamics of interest for detonation failure. 

Soot foil results are shown in Figure 4.18 compare detonations in a stoichiometric hydrogen-

oxygen gravity wave for three inert gases. The foil from the test with nitrogen in the test section 

(Figure 4.18b) shows very fine cells on the right end of the foil, similar to that of the argon foil in 

Figure 4.18a. This was expected since the hydrogen-oxygen in this region is not diluted by the test 

section gas. Whereas, the leading-edge cell size is more significantly affected by the nitrogen than 

the argon, affectively causing the detonation to fail roughly 80% into the gravity wave. The carbon 

dioxide has a very strong effect, basically intruding the entire gravity wave region. 

 

Figure 4.18: Static foil images showing the effect of test section inert gas for detonation 

propagation with stoichiometric hydrogen-oxygen predetonator. 

 

4.2.4 Gravity Wave Results Interpreted using the ZND Induction Zone Length  
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The ZND induction zone length (IZL) was calculated for each of the mixtures tested in the gravity 

wave study. Shown in Figure 4.19 is the calculated IZL for the hydrogen-oxygen mixtures of 

various ER, and the required nitrogen dilution to maintain a mixture molar mass the same as 

stoichiometric hydrogen-oxygen, e.g., 12 g/mol. As the equivalence ratio is increased from unity, 

i.e., stoichiometric (and the corresponding nitrogen dilution is increased) the IZL increases. It is 

known that both increasing ER and nitrogen dilution will increase cell size, so to determine which 

has a larger impact, the IZL for hydrogen-oxygen with increased ER and no nitrogen dilution was 

also calculated, and is plotted in Figure 4.19. In the range of ER 1-2.5, the cell size increased by a 

factor of 3 for H2/O2 with no nitrogen dilution. For the constant molar weight case, with both 

increased ER and nitrogen dilution, the IZL increased by a factor of 4.5. Considering the compound 

effect of both the factors, one can conclude that both the increased ER and the nitrogen dilution 

equally contribute to the increased IZL over this range.  

The sensitivity of the IZL to nitrogen dilution for different ERs can be seen in Figure 4.20. For 

ER=1 and 24%  nitrogen dilution (limit case in the gravity wave tests) the IZL increased by a factor 

of 1.50 compared to no dilution. Whereas for an ER=2 the same amount of nitrogen dilution results 

in a 1.56 increase in IZL, so the effect of nitrogen dilution is fairly independent of ER in this range. 

For ER=1 and 40%  nitrogen dilution the IZL increases by a factor of 2.25, whereas for ER=2 the 

factor is 3.13. Therefore, the effect of  nitrogen dilution is more pronounced at higher nitrogen 

dilutions, that are not relevant to the this study 
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Figure 4.19: ZND induction zone length vs. equivalence ratio with constant molar mass. 

 

Figure 4.20: ZND induction length vs. nitrogen mol fraction with ER = 1, ER = 2. 

The effect of inert gas dilution on IZL was examined for argon, nitrogen, and carbon dioxide. Here 

a larger range of diluent mol fraction was considered, since the concentration ranges from 0% 

dilution at the top wall (near the door) to 100% dilution near the channel floor in the gravity wave 

tests. The calculated IZL can be used to help interpret the cell size variation seen on the soot foils 
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in the gravity wave tests. The detonation limit condition can be defined with an asymptotic increase 

in the IZL. The detonation limit condition is critical to the soot foil analysis because one can assume 

that the boarder of the cell filled regions corresponds to the detonation limit condition.   

As illustrated in Figure 4.12, the detonation limit condition is different for each of the test section 

inert gas tested because of their specific heat and chemical properties. As discussed in reference to 

the jet layer experiments, carbon dioxide is a very strong detonation inhibitor. For carbon dioxide 

the IZL asymptotic behavior is seen starting roughly at 25% dilution, for nitrogen at 65% dilution, 

and for argon at 80%. This explains the ability of the detonation wave to propagate through the 

entire gravity wave region for the case when argon is used as the inert gas. Large amounts of argon 

dilution can be sustained by the detonation, with minimal implication on the IZL, and thus cell size. 

The argon dilution case is examined further, with specific comparison to the test conditions used 

in the gravity wave study. Figure 27 shows the effect of argon dilution on the IZL for hydrogen-

oxygen-nitrogen mixtures with the same 12 g/mol molar mass, i.e., ER =1, 2, and 2.5 and nitrogen 

dilution of 0%, 20%, and 24%. 

Consistent with the trend in Figure 4.12, the IZL initially decreases with argon dilution for all three 

mixtures. The IZL then increases exponentially above a critical argon dilution. The critical argon 

dilution value is very dependent on the mixture ER and nitrogen dilution. For ER= 2.5 and 24% 

nitrogen dilution, the IZL doubles at 54% Argon, whereas, for ER=1 and 0% nitrogen dilution, the 

IZL doubles at 73% argon. This is consistent with the experimental results that showed cells over 

a large part of the gravity wave region for the ER=1 test, see Figure 4.17, but much less area for 

the ER=2.5 for which the critical argon dilution is lower.  
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Figure 4.21: ZND induction length vs. Argon dilution for various mixtures. 
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Chapter 5 

Summary and Conclusions 

5.1 Summary 

In the jet detonation tests, high speed schlieren and soot foil images were obtained from a linear 

representation of an RDE. The delay time between the introduction of the hydrogen-oxygen and 

spark ignition in the predetonator was varied to give various jet layer heights for the detonation to 

propagate through. The shortest jet height that resulted in detonation propagation corresponded to 

a delay time of 0.014s. For this condition, the coupled detonation front was clearly visible in the 

schlieren images propagating at 2200m/s, with striations trailing behind, indicative of the transverse 

waves inherent to the detonation structure. Also visible was an inert trailing oblique shock attached 

to the lead front. Finally, behind the trailing shock, the turbulent contact surface between products 

of combustion and compressed inert gas was visible.  

The 2200m/s detonation velocity represents a large deficit from the theoretical 2800m/s CJ velocity 

for the stoichiometric hydrogen-oxygen. A test performed with stoichiometric hydrogen-air filling 

the entire 7 mm channel resulted in a detonation velocity less than 1% below the CJ theoretical 

detonation velocity, indicating that window boundary layer effects are expected to be even more 

insignificant for the hydrogen-oxygen mixture. It is therefore deduced that the deficit is due to 

argon dilution of the hydrogen-oxygen. The hydrogen-oxygen mixture was injected into the 

initially argon-filled plenum and then into the argon filled channel. As such, the two gases mixed 

producing a concentration gradient of argon in the stratified jet layer, which lead to the curvature 

in the wave front since the CJ velocity of the detonation was reduced with increasing diluent 

concentration, eventually resulting in the complete decoupling of the detonation at a certain height. 

Where the reaction decoupled, an inert shock was attached to the lead front.  
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In the soot foil analysis, a cell size of 2mm +/- 0.9mm was measured for the limit case. This is 

comparable to the 1.6mm average reported in the literature for stoichiometric hydrogen-oxygen 

mixtures [76]. For the same limit test, 10-11 cells were counted spanning the height of the 

detonation through the stratified jet layer. This is a far greater cell count limit condition than the 3 

cell limit reported in the literature for semi-confined detonations [38], [39], [83]. Using the shock 

and detonation toolbox [74] in CANTERA [75], it was found that the cell size did not increase 

above stoichiometric level until argon concentration exceeded 70% in the mixture. As such, though 

the cell size was small, the near limit detonation was highly diluted with argon, making it highly 

sensitive to lateral expansion. This increased the minimum cell count required for the detonation to 

successfully propagate through the layer. Detonations propagating below the limit eventually 

decoupled and were overtaken by a detonation propagating in the plenum, whose products 

expanded out through the jet holes into the channel ahead of the failed detonation.  

In the constant height gravity wave tests, the detonation propagation limit was found by varying 

the equivalence ratio of the reactive layer to increase the cell size. As equivalence ratio increased, 

nitrogen was added to keep the mixture’s molar mass constant, producing the same gravity wave 

velocity for all cases. As in the jetted tests, schlieren images were collected to visualize the LRDE 

structure. Average velocities of 1965m/s, 1872m/s, and 1747m/s were observed for equivalence 

ratio’s of 1.0, 2.0, and 2.5 respectively with argon as the inert ambient gas. The velocity in the 

gravity wave detonations was seen to decrease with propagation distance through the layer, 

indicating substantial mixing with the argon occurred at the leading edge of the gravity wave.  

Since the limit mixture corresponded to an equivalence ratio of 2.5, the cell size increased 

substantially from the 2.0mm observed in the jet detonation limit. From the soot foils the cell 

structure was highly chaotic, there were roughly 3 across the layer height, which matches the data 

in the literature [38], [39], [83]. Gravity wave tests were also conducted for stoichiometric hydrogen 
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oxygen mixtures, with nitrogen, and carbon dioxide as the ambient gas. The foil from the test with 

nitrogen showed very fine cells on the right end of the foil, similar to that of the argon foil, as 

expected since the hydrogen-oxygen in this region was not intruded by the test section gas. 

Whereas, the leading-edge cell size was more affected by the nitrogen than the argon. The carbon 

dioxide had a very strong effect, as the detonation was inhibited immediately.  

5.2 Conclusions 

Experiments were carried out investigating detonation propagation stratified layer produced by an 

array of reactive gas jets and by a predetonator gravity wave. Schlieren images and soot foils 

collected provided novel visualization of the detonation structure, including the detonation front 

and trailing oblique shock wave and contact surface. The stratified layer limit condition for 

detonation propagation resulted in 10-11 detonation cells across the layer height. This is 

significantly larger than the three detonation cell limit reported in previous studies carried out with 

sharp interface homogeneous-mixture stratified layers. This indicated that there was a significant 

concentration of argon gas throughout the reactive layer. The gravity wave approach yielded a cell 

count of 3 at the limit, however the detonation wave did not propagate through the full length of 

the layer indicating significant mixing at the leading edge of the gravity wave. The vast difference 

between these two limit conditions signifies the importance of mixing of the hydrogen-oxygen 

mixture with the initial inert gas in the channel. It can be concluded that for a RDE detonation 

propagation is heavily dependent on mixing of the injected fuel-oxygen with the combustion 

products.   

Due to the unforeseen complexity of mixing between argon and reactants in the LRDE, jetted 

detonation results from this study are not ideal for RDE simulation validation as anticipated. 

Reactants mixing with argon in the injection plenums particularly makes the mixing difficult to 

simulate. For simplicity, simulations validation is better suited to the gravity wave testing, where 
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the mixing characteristics between the reactant and inert gases is easier to reproduce 

computationally.   

5.3 Future Recommendations 

To improve on the current results, a few critical modifications to the experiment are necessary. A 

higher plenum pressure is necessary for the jetted detonation tests, preferably with a choked flow 

condition at the jet hole. This is necessary to give better jet height uniformity, more efficient 

purging of inert gas from the plenum and near the injection top plate, and better comparability to 

RDE reactant injection. To achieve higher backpressure the pre-mixed condition may not be 

possible. Partial premixing may be used, similar to the apparatus used by Burr et al. in [64]. To 

continue with the premixed condition, more efficient purging of the inert gas near the base plate 

may be achieved with a narrower channel, or closer jet hole spacing. Also, to ease the transition 

from the predetonator, a hydrogen oxygen predetonator is recommended, with triggering beginning 

approximately 0.3s after opening the door (depending on inert gas molecular weight in reference 

to gravity wave velocity) allowing the gravity wave to propagate just to the beginning of the field 

of view. This gives a detonation the best chance to survive through the LRDE’s stratified jet layer.  

For the gravity wave test, a sliding door with a smaller thickness is necessary. The thinner door 

would produce less of a perturbation between the predetonator and test section gas. This would 

reduce the horizontal concentration gradient of inert gas observed in the gravity wave tests thus far.  
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Chapter 6 

Appendix A: Technical Drawings 

All dimensions are given in mm. The author performed all CNC machining operations for the parts 

shown here; a tolerance of 0.5mm +/- 0.5mm is guaranteed.  

 

Figure 6.1: Schematic of the channel height reducer 
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Figure 6.2: Schematic of the sealing door. 
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Figure 6.3: Schematic of one acrylic window with extrusion. 
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Figure 6.4: Schematic of the channel width reducer. 
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Figure 6.5: Schematic of the check valve housing. 
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Figure 6.6: Schematic of the manifold. 
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Figure 6.7: Schematic of plenum part B. 
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Figure 6.8: Schematic of plenum part A. 



 

 

 

 

100 

 

Figure 6.9: Schematic of simple plenum from previous jet and detonation testing. 

 

 


