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Abstract 

Accidental explosions in the chemical, oil & gas industry are a serious problem. The ultimate 

objective of this thesis is to establish a new parameter/process that can be used to categorize the relative 

detonation explosion hazard of a fuel that can be measured in a smaller, more practical apparatus. 

Experiments were carried out in an apparatus consisting of a 6.1 m long (composed of 2 equal length 

sections), 100 mm inner-diameter tube. A detonation was initiated in the first half of the tube using an 

acetylene-oxygen driver ignited by a weak spark. The second half of the tube contained orifice plates 

equally spaced at the tube diameter. Six different orifice plate diameters between 38.1 mm (1.5˝) and 76.2 

mm (3˝), in increments of 6.4 mm (1/4˝) were used in the study. The average combustion front velocity 

was obtained from time-of-arrival measurements deduced from ionization probe signals. The critical 

(minimum) orifice plate diameter required for successful transmission of a detonation from a smooth tube 

was measured for different stoichiometric fuel-air mixtures. The ratio of the critical orifice plate diameter 

(d) and the mixture detonation cell size (λ) varies strongly with the orifice plate blockage ratio (BR), with 

a value approaching unity (d/λ→1) with decreasing blockage ratio. It is proposed that the critical orifice 

plate diameter could be used to categorize the detonation hazard potential of single or multi-component 

fuels. Additional experiments were performed in same apparatus to measure the Deflagration to 

Detonation Transition (DDT) and detonation propagation limits (distinguished by the method of 

initiation). Both the propagation and the DDT limits narrow with increasing BR, more significantly for 

the DDT limits. The narrowing of the limits with increasing BR also corresponds to a larger deviation 

from the d/λ=1 detonation limit criterion. These results indicate that the beneficial effects of the orifice 

plate in providing a reflection surface diminishes with increased BR due to the increased effect of shock 

wave weakening by the diffraction process. Novel use of soot foils showed that the structure of the 

detonation wave is very non-uniform and highly unsteady, characterized by local detonation initiation and 

failure. 
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Chapter 1 

Introduction 

1.1 Project Overview 

There are two distinct modes of combustion. Deflagration (commonly referred to as a 

flame) represents the subsonic mode of combustion that is governed by the diffusion process of 

mass and heat. The supersonic combustion mode is detonation, and it is governed by adiabatic 

shock heating. Deflagrations typically propagate at a rate of only a few meters per second, 

whereas detonations commonly propagate in the range of a couple of thousand meters per second 

[1]. The detonation mode of combustion presents a large risk from an industrial safety point of 

view due to the extremely high shock overpressure associated with the high propagation velocity. 

The energy required to initiate a direct detonation of a gaseous fuel is also relatively large. The 

measured order of magnitude required for direct detonation initiation of a free cloud is 10 – 1000 

kJ for Hydrogen-air mixtures of varying equivalence ratio. A deflagration can be ignited within a 

similar mixture, with as little as a few millijoules [2]. This is why industrial explosions typically 

start from a weak ignition source, such as static discharge producing a slow moving deflagration. 

Although static discharge is common, there are an abundance of possible weak ignition sources. 

The transition from a subsonic deflagration to a supersonic detonation is possible through the 

process of flame acceleration and is often referred to as deflagration-to-detonation transition 

(DDT). The flame acceleration leading up to DDT is highly dependent on the fuel mixture 

composition as well as the surrounding geometry and has been thoroughly studied over past 

century. 

The study of flame acceleration and the detonation phenomenon goes back to the work of 

Mallard and Le Chatelier [3]. Their work stemmed from the prevalence of coal mine explosions 

in the late 1800s due to the high demand for the popular fuel source. The continuous increase in 
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the world demand for energy and the push towards environmentally friendly sources has resulted 

in the emergence of alternative fuels. These alternative fuels, such as methanol and ethanol, pose 

an unknown explosion hazard in their production, transportation, storage, and use. The current 

methodology of characterizing detonation sensitivity developed by Peraldi et al. and Dorofeev et 

al. respectively, provide a reasonable estimation of the detonation propagation limits of a fuel in 

an obstacle filled tube [4, 5]. However, the application of these criteria is limited by the reliability 

of the detonation cell size (to be defined in the next chapter) as a scaling parameter for a fixed 

range of mixtures and initial conditions [2]. Detonation cell-size data is available for common 

fuels but has an inherent uncertainty associated with its measurement. This uncertainty can be as 

large a ±50% of the measured value [6]. The large uncertainty associated with cell size 

measurements makes the application of these criteria inappropriate for industrial safety 

applications. A new parameter is required that can be used to categorize detonation explosion 

hazard of a fuel and the improvement of industrial explosion safety codes.  

This multi-part project involves the measurement of DDT and Detonation Propagation 

limits of various fuels in an obstacle filled tube. In the first part of the study the objective was to 

look more closely at the DDT limits in an obstacle filled tube. Specifically, to determine if the 

measured detonation composition limits are dictated by the DDT event, or by the detonation wave 

propagation requirements. This was done by comparing the composition limits obtained from the 

classical flame acceleration and DDT obstacle filled tube experiment and a new approach, where 

a steady detonation wave is transmitted from a smooth tube into an obstacle filled tube. For both 

set-ups, the limit for successful transmission from the obstacle-section into the smooth tube was 

also obtained in order to gain insight into the propagation mechanism of the detonation wave in 

the obstacle section. Additionally, the soot-foil technique was used to provide insight into the 

detonation wave propagation mechanism in the obstacle filled tube. This soot-foil method will be 
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discussed in a later chapter.These tests were done with several fuel-air mixtures in order to 

confirm the universality of the results. 

In the second part of this study a new methodology was developed to characterize the 

detonation sensitivity of a fuel-air mixture. As part of this methodology, a new experimentally 

measured parameter was developed called the critical (minimum) orifice plate diameter. The 

parameter represents the smallest orifice plate diameter for which a detonation wave can 

propagate through an orifice plate filled tube. These tests were done using the method described 

above, where for a given stoichiometric fuel-air mixture a detonation wave is transmitted from a 

smooth tube into an obstacle filled tube where the orifice plate diameter is increased until the 

detonation wave successfully propagates. This detonation sensitivity method is desirable for the 

reasons it does not require a large-scale apparatus or use of controlled solid explosives, like 

existing approaches. These tests were run with a number of different test fuels such as Hydrogen, 

Ethylene, Acetylene, Propane, Dimethyl ether (DME), and Methane, in order to classify them in 

terms of their relative detonation hazard . These fuels were chosen based on concurrent research 

in the Queen’s University Combustion Lab and popularity in the combustion research field. 

The principal contribution of this project is the large quantity of flame acceleration and 

detonation propagation data that was produced for several different fuel-air mixtures and orifice 

plate diameters. This data can be used to characterize the detonation sensitivity of a fuel that is 

more practical than existing approaches. The novel application of the soot foil technique increases 

understanding of the propagation mechanism of a detonation wave in an obstacle filled tube. 
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Chapter 2 

Detonation Theory 

This chapter provides a concise review of theory relevant to the current study. The 

objective is to provide the reader with the necessary information to understand the motivation for 

this work. 

2.1 Introduction 

Combustion can occur in one of two different modes, e.g., a deflagration or detonation. 

Deflagration represents the subsonic mode of combustion that is more prevalent in common 

engineering applications. Deflagrations are governed by the molecular transport of heat and mass, 

which limits the one-dimensional laminar burning velocity (flame velocity relative to unburned 

gas velocity) to typically less than 1m/s for fuel-air mixtures at atmospheric conditions [3]. When 

a flame is ignited at the closed-end of a channel it will propagate at a flame speed higher than the 

laminar burning velocity due to the expansion of the combustion products (products have a lower 

density than the unreacted gas). The flame velocity increases with increased flame surface 

associate with a non-uniform velocity profile in the unburned gas, as well as with the presence of 

turbulence. Bulk velocity and non-uniformities and turbulence are generated when a flame 

propagates in a duct equipped with obstacles. Expansion of the combustion products induces a 

flow in the unburned gas ahead of the flame. The larger the flame area the higher the volumetric 

burning rate, which translates into a higher unburned gas velocity that translates to a higher flame 

velocity. This positive feedback mechanism between the unburned gas velocity and the flame 

area results in flame acceleration. Flame acceleration can result in velocities as high as the speed 

of sound in the combustion products, i.e., around 1000 m/s for stoichiometric hydrogen-air. A 

deflagration travelling at this velocity is termed a “fast” or “choked” flame.  
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Detonation represents the less commonly experienced supersonic mode of combustion 

(unburned gas velocity relative to the combustion wave is supersonic). A detonation wave is 

characterized by a propagating lead shock and a coupled trailing-reaction zone travelling up to a 

couple of thousand meters per second for fuel-air mixtures. Detonations are able to propagate at a 

constant velocity well above the speed of sound in the unburned gas through the mechanism of 

adiabatic shock heating. This mechanism describes the adiabatic compression of the unburned 

mixture by the shock wave. Adiabatic compression of the reactants initiates the rapid chemical 

reaction or auto-ignition necessary for the system to propagate at a constant velocity that depends 

on the energy content of the fuel. This propagating wave system can generate overpressures of 

around 20 bars [7]. The pressure rise across a detonation wave presents a significant hazard for 

the safe storage, transportation and use of reactive gases and is the main reason why detonations 

are studied for industrial safety applications. The focus of this review will be on the detonative 

mode of combustion, including the transition from a deflagration to a detonation. 

2.2 Combustion Propagation Regimes 

As discussed above, there are two general modes of combustion, detonation and 

deflagration. These modes are very general titles which can be broken down into more specific 

categories based on the strength of the detonation/deflagration and the boundary conditions of the 

system. Figure 2.1 shows typical average flame velocity measurements made at the end of an 

obstacle filled tube (following flame acceleration) for different hydrogen-air mixture 

compositions. 
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Figure 2.1: A typical velocity versus mole fraction curve for DDT tests in an obstacle filled 

tube. The Chapman-Jouguet (CJ) detonation velocity and speed of sound in the products 

are shown for reference. 

Once the flame reaches a quasi-steady velocity in the obstacle section, three quasi-steady 

propagation regions are possible: low-speed turbulent deflagration, high-speed turbulent 

deflagration, and quasi-detonation. Low-speed deflagrations propagate at subsonic velocity 

typically below 200 m/s; high-speed deflagrations propagate at a velocity between the speed of 

sound of the unburned and burned gas (calculated based on adiabatic constant pressure 

combustion); quasi-detonations propagate at a velocity between the burned gas speed of sound 

and the theoretical detonation velocity. A quasi detonation propagates at a velocity deficit from 

the theoretical detonation velocity due to the failure and re-initiation of the detonation wave 

between obstacles. The size of this deficit depends largely on the reactivity of the mixture and the 

obstacle geometry. These propagation regimes will be discussed in more detail later in this thesis.  
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2.3 One Dimensional Detonation Wave 

The pioneering work of Mallard and Le Chȃtelier [8] demonstrated the possibility of two 

modes of combustion in the same gaseous mixture. This was the first significant study of 

detonation waves where a transition from deflagration to detonation was observed and marked the 

discovery of the detonation phenomenon. After the discovery of the detonation phenomenon 

Chapman [9] and Jouguet [10] independently introduced a quantitative theory used to predict the 

detonation velocity of an explosive gas mixture. This theory is known as the Chapman-Jouguet 

(CJ) Theory.  

The CJ theory is used to find the unique solution to the one-dimensional conservation 

equations across the detonation front. The theory assumes an equilibrium is reached downstream 

of the wave and that all the energy released in the detonation wave occurred instantaneously 

across the shock, i.e., neglecting the presence of a reaction zone. Based on this a one-dimensional 

thermodynamic model was developed, where mass, momentum, and energy were balanced across 

a control volume surrounding the detonation wave front. The control volume shown in Figure 2.2 

surrounds the entire detonation wave where the unburned reactants enter the control volume at the 

detonation wave velocity, indicated by state 1, and exit as combustion products at state 2.   

 

Figure 2.2: CJ one-dimensional thermodynamic model. Steady-state combustion occurs 

within the control volume and equilibrium is achieved at state 2 [11]. 

The one-dimensional, steady conservation equations are  

Conservation of mass 

 𝜌𝜌1𝑢𝑢1 = 𝜌𝜌2𝑢𝑢2 (2.1) 

 

 

  

State 2 State 1 
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Conservation of momentum 

 𝑃𝑃2−𝑃𝑃1 = 𝜌𝜌1𝑢𝑢1(𝑢𝑢1 − 𝑢𝑢2) (2.2) 

Conservation of Energy 

 𝑢𝑢12

2
+ ℎ1 =

𝑢𝑢22

2
+ ℎ2 (2.3) 

 

Assuming a perfect gas provides the following two additional equations 

 𝑃𝑃 = 𝜌𝜌𝜌𝜌𝜌𝜌 (2.4) 

 ℎ = ℎ𝑓𝑓° + 𝑐𝑐𝑝𝑝(𝑇𝑇 − 𝑇𝑇°) (2.5) 

 

where T°= 298K and hf
o represents the heat of formation at standard conditions 

Applying Equations (2.4) & (2.5) to (2.3), the energy equation becomes 

 𝑢𝑢12

2
+ 𝑐𝑐𝑝𝑝1𝑇𝑇1 + 𝑞𝑞 =

𝑢𝑢22

2
+ 𝑐𝑐𝑝𝑝2𝑇𝑇2 (2.6) 

 

Where q is the chemical energy per unit mass 

 𝑞𝑞 =  ℎ𝑓𝑓1
 ° + ℎ𝑓𝑓2

°  (2.7) 

 

This system of equations has 5 unknowns (P2, ρ2, T2, u2, u1) and only 4 equations.  

 

The Rayleigh equation is obtained by combining the conservation of mass and momentum, 

Equations (2.1) & (2.2) respectively. 

 𝑃𝑃2
𝑃𝑃1

= −�
𝜌𝜌1𝑢𝑢12

𝑃𝑃1
�
𝜌𝜌1
𝜌𝜌2

+ �1 +
𝜌𝜌1𝑢𝑢12

𝑃𝑃1
� (2.8) 

 

The Hugoniot equation is obtained by combining the conservation of momentum and energy, 

Equations (2.2) & (2.3) respectively. 

 𝑐𝑐𝑝𝑝𝑇𝑇2 − �𝑐𝑐𝑝𝑝𝑇𝑇1 + 𝑞𝑞� =
1
2

(𝑃𝑃2−𝑃𝑃1) �
1
𝜌𝜌1

+
1
𝜌𝜌2
� (2.9) 

 

Assuming constant specific heat across the detonation wave, i.e., 𝑘𝑘1 = 𝑘𝑘2 = 𝑘𝑘 
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 �
𝑘𝑘

𝑘𝑘 − 1
� ��

𝜌𝜌1
𝜌𝜌2
� �
𝑃𝑃2
𝑃𝑃1
� − 1� −

𝜌𝜌1𝑞𝑞
𝑃𝑃1

=
1
2

(
𝑃𝑃2
𝑃𝑃1
− 1) �1 +

𝜌𝜌1
𝜌𝜌2
� (2.10) 

 

Where the chemical energy released can be defined as a function of initial sensible energy 

content, Equation (2.11). When applied to the case of a shock wave, where there is no chemical 

reaction (q = 0), one gets 

 

 �
𝑘𝑘

𝑘𝑘 − 1
� ��

𝜌𝜌1
𝜌𝜌2
� �
𝑃𝑃2
𝑃𝑃1
� − 1� −

(𝑘𝑘 − 1)𝑞𝑞
𝑐𝑐𝑣𝑣𝑇𝑇1

=
1
2

(
𝑃𝑃2
𝑃𝑃1
− 1) �1 +

𝜌𝜌1
𝜌𝜌2
� (2.11) 

 

This equation, often referred to as the Hugoniot equation, gives all the possible end-states for a 

specified heat release. The blue colored curve in Figure 2.3 represents the Shock Hugoniot 

obtained from Equation (2.11) with no heat release (q = 0). The red colored curve represents the 

Equilibrium Hugoniot where there is chemical reaction resulting in heat release (q ≠ 0). The CJ 

state is the unique solution corresponding to the point where the Rayleigh line, Equation (2.8), is 

tangent to the Hugoniot curve (Equation (2.11)), shown graphically in Figure 2.3. It can also be 

shown that this state represents the minimum possible entropy rise across the detonation wave 

and the flow at state 2, exiting the control volume, is choked (M2=1) [3]. 
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Figure 2.3: A graphical representation of the unique solution where the Rayleigh line is 

tangent to the Hugoniot curve. This point is referred to as the Chapman-Jouguet (CJ) state. 

The slope of the Rayleigh line is proportional to the detonation wave velocity. [11] 

In order to solve for the CJ detonation velocity analytically, the pressure ratio in the 

Rayleigh and Hugoniot equations are equated to give the density ratio across the shock. The result 

is an equation with two possible solutions for a given incoming flow Mach number, M1, (this also 

represents the wave Mach number relative to a static condition ahead of the wave) revealed by 

Equation (2.12). 

 𝜌𝜌1
𝜌𝜌2

=
1

𝑘𝑘 + 1�
𝑘𝑘 +

1
𝑀𝑀1

2�± ��
1
𝑀𝑀1

2 − 1�
2

−
(𝑘𝑘2 − 1)2𝑞𝑞�

𝑀𝑀1
2  

(2.12) 

 

Where the average heat release is given by 

 𝑞𝑞� =
𝑞𝑞
𝑐𝑐12

 (2.13) 

 

To solve for the unique CJ state solutions, the square root term is set equal to zero and M1 is set to 

the CJ Mach Number, MCJ, is isolated. From this a CJ velocity can be obtained. 
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 �
1
𝑀𝑀1

2 − 1�
2

−
(𝑘𝑘2 − 1)2𝑞𝑞�

𝑀𝑀1
2 = 0 (2.14) 

 1
𝑀𝑀𝐶𝐶𝐶𝐶

2 = (𝑘𝑘2 − 1)𝑞𝑞� �1 +
1

(𝑘𝑘2 − 1)𝑞𝑞�
± �1 +

2
(𝑘𝑘2 − 1)𝑞𝑞��

= 0 
(2.15) 

 

The two unique solutions to Equation (2.15), where the (+) and the (-) represent the detonation 

and deflagration solutions respectively, indicated graphically in Figure 2.4.  

 

Figure 2.4: The two possible CJ state solutions indicated by the tangency of the Rayleigh 

line to the equilibrium Hugoniot curve. [11]  

The upper branch of the Hugoniot curve includes the indicated strong CJ solution and is 

termed the “Detonation branch”.  This branch has a pressure rise across the shock typical of a 

detonation wave. The size of this pressure rise indicates the strength of the detonation. The lower 

branch of the Hugoniot curve includes the indicated weak CJ solution and is termed the 

“Deflagration branch”. This branch has a theoretical decrease in pressure across the shock, typical 

of a deflagration wave. This pressure decrease (or increase in specific volume) across the 
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deflagration wave causes an expansion of the hot combustion products inducing a flow ahead of 

lead shock, observed as a critical mechanism for DDT in smooth tubes. This will be discussed 

further in the Deflagration to Detonation Transition section of the thesis.  

 

 

Figure 2.5: Detonation Process consists of shock compression followed by energy release. 

Equilibrium is attained at the end of the reaction zone. Adapted from Ciccarelli et al., [11]. 

The Rayleigh line generally intersects the Hugoniot curve at two points as indicated by 

the square root term in Equation (2.15). These two points, 2 and 2’ as shown in Figure 2.5, 

represent the strong (overdriven) and weak detonation wave end states respectively. State 2 

indicates a case where the flow in the products is subsonic relative to the detonation wave. This 

particular solution is unstable because the expansion waves generated at the back wall of the tube 

will catch up to the detonation front and weaken the lead shock wave. State 2’ indicates a case 

where the flow in the products is supersonic relative to the wave (M2 >1). This solution is not 

possible because all of the energy is released at state 2. Additionally the decrease in entropy 

required to achieve state 2’ violates 2nd Law. This is indirectly indicated by the CJ detonation 

state, which represents the minimum possible entropy increase. 
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The CJ Theory is excellent for predicting the end state of the combustion process; 

however it does not accurately represent the detonation wave structure due to the absence of a 

reaction zone. In order to gain insight into the dynamic parameters a more detailed model is 

necessary. This leads to the development of the Zeldovich, von Neumann, and Döring (ZND) 

model which more accurately represents the internal detonation wave structure. 

2.4 ZND Detonation Model 

The one-dimensional ZND model was independently developed in the 1940’s by 

Zeldovich [12], von Neumann, and Döring.  They realized that the energy release after the shock 

wave was not instantaneous as originally assumed by Chapman and Jouguet. The ZND model 

introduces a finite length reaction zone that terminates at the CJ state as shown in Figure 2.6.  

 
Figure 2.6: ZND detonation model [11]  

The ZND model consists of a lead shock, a finite reaction zone, and a CJ plane. The 

reaction zone behind the lead shock consists of an initial induction zone in which the temperature 

and pressure remain nearly constant. The length of this induction zone is commonly defined as 

the distance downstream from the shock to the point where the rate of temperature increase is at a 

maximum, shown in Figure 2.7 [11]. The length of this induction zone is characteristic of the fuel 

mixture. Chemical energy is rapidly released following the induction zone increasing the 

temperature, asymptotically approaching the CJ state values [13]. The induction zone length is 

commonly used to represent the entire reaction zone length due to the asymptotic approach to 

chemical equilibrium shown in Figure 2.7. This rate of heat release correlates to the temperature 

gradient of the reaction zone. 
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Figure 2.7: ZND detonation front structure for atmospheric hydrogen-air. The induction 

zone length is indicated at the point of maximum temperature change at the detonation 

front, li. Note the asymptote to unity of the post shock Mach number. [11] 

In order to quantify the change in properties throughout the reaction zone, the time-

dependent conservation equations and a reaction model can be integrated. Essentially this 

integration is carried out along the Rayleigh line defining all possible states throughout the 

reaction. The post shock state is obtained from the CJ theory. 

To model the reaction zone properties a reaction model is necessary. Essentially a 

reaction model is an equation or set of equations that describes the change in chemical species 

with time. The most basic application is the Arrhenius rate law, Equation (2.16).  

 
𝑑𝑑
𝑑𝑑𝑑𝑑

(𝜌𝜌𝜌𝜌) = −𝑘𝑘𝑘𝑘𝑘𝑘exp � −
𝐸𝐸𝐴𝐴
𝑅𝑅𝑅𝑅

� 
(2.16) 

Where α is the reactant mass fraction 

The induction zone chemically represents the time necessary for the formation of free 

radicals to initiate a chain reaction or recombination [3]. 
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To increase the accuracy of the model a detailed reaction mechanism can be used in 

which a series of elementary reactions are considered for individual species. The main challenge 

that is in computational modeling of detonations arises for three-dimensional models. The 

computational power required for these computations is significant and the cost associated with 

these computations makes them currently impractical for this application. 

2.5 Multidimensional Detonation Wave Structure 

The CJ and ZND models both assume that a detonation is one-dimensional. This has 

proven to be accurate for determining detonation parameters; however actual detonation waves 

are very much three-dimensional. An actual detonation is characterized by a three-dimensional 

shock wave followed by a reaction zone. The detonation consists of three different waves, an 

incident wave, Mach stem, and transverse wave interacting in a Mach stem configuration as 

shown in Figure 2.8. The point of connection between these three waves is referred to as a triple 

point. An actual detonation wave captured using Schlieren photography is shown in Figure 2.8 

where it can be seen clearly that the detonation front is not planar.  
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Figure 2.8: Schlieren photograph of three-Dimensional detonation front propagating from 

left to right in 2H2-O2-3.5N2, P1 = 20 kPa in a narrow channel adapted from Austin [14]. 

The detonation front consists of a series of triple points propagating transversely along 

the detonation front. As the detonation propagates these triple points generate a cellular 

detonation wave pattern similar to that of “fish scales” shown in Figure 2.9 [7]. The average 

transverse width of the cells is characteristic of the reactivity of the mixture and is referred to as 

the detonation cell size, λ  
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Figure 2.9: Schematic of cellular detonation wave front showing the trajectories of the triple 

points. The dynamic parameters detonation cell size, λ and cell length, Lc are shown. [7] 

It is important to understand the mechanism by which a detonation propagates. For 

example, the collision of two transverse waves at location A of Figure 2.9, results in the 

generation of a local explosion and a strong shock wave that propagates toward location D 

decaying in strength. This strong shock is referred to as a “Mach stem” in the first half of the cell 

and is responsible for initiating chemical reaction. However, as the Mach stem begins to decay 

and the reaction zone length increases significantly it becomes the “incident wave” in the second 

half of the cell. The incident wave fully decouples from its reaction zone at the end of the cell 

propagating as a decoupled shock wave and deflagration. As the incident wave approaches the 

end of the cell the transverse waves from each triple point collide causing a local explosion that 

generates a new Mach stem at location D. This new Mach stem propagates into the next cell 

continuing the process. Similar collisions can be seen at locations B and C from the collision of 
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neighboring triple points. A more detailed schematic of this process is shown in Figure 2.10 

isolating two connected cells.  

 

Figure 2.10: Schematic of time evolution of detonation wave front adapted from Ciccarelli 

et al. [15] showing the decaying incident wave and the subsequent collision results in the 

generation of a new Mach stem.  

This propagation method characterized by a collision, decay, and re-initiation is 

responsible for the highly time dependent, unstable propagation of a detonation. As the Mach 

stem decays, there is notable difference in wave velocity from the beginning of the cell to the end. 

The velocity along the centerline at the beginning of the cell was found to be approximately 1.6 

times the CJ velocity [16]. Conversely the velocity of the decaying incident wave was found to be 

only 0.6 times the CJ velocity at the end of the cell [16]. That being said, the average velocity 

across the cell corresponds to the CJ velocity as specified by the CJ theory conservation 

equations. 

 

2.5.1 Cell Size Measurements 

A record of cellular detonation structure is generally available for common fuels [17, 15, 

18, 19, 5, 20, 21]. These records have been collected using the soot foil technique. This method 

involves covering a thin “foil” (metal sheet) with carbon soot from a kerosene lamp. The foil, 
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with soot on the inside, is placed in inside a tube in the path of a propagating detonation wave. As 

the detonation passes over the foil the cellular structure is etched into the soot. The mechanism by 

which the triple point displaces the soot is not well defined in the literature, but is thought to be 

related to the high vorticity at the triple point [22]. The result is a history of the wave propagation 

along the length of the foil as shown in Figure 2.11.   

 
Figure 2.11: Side wall soot foil of 85% Ar-diluted stoichiometric H2-O2 mixture. This 

particular mixture displays high regularity in cellular structure from Pintgen et al. [23] 

Difficulty arises in interpreting the three-dimensional cellular structure from a two-

dimensional soot foil record. The measurement of cell size from a soot foil record can be 

problematic depending on the degree of irregularity in the cellular structure. Strehlow [24]  

originally demonstrated this variation in cellular structure for different fuel mixtures shown in 

Figure 2.12. 



20 

 

 

Figure 2.12: Soot foil records obtained by Strehlow [24] in a 31/4” x 1 1/2” detonation tube 

for different mixtures at different initial pressure, units are mm mercury. The degree of cell 

structure regularity is expressed qualitatively for each mixture. The addition of Argon gas 

to a mixture has proven to stabilize the cell pattern as seen in the top left record. 

The regularity of the cell structure is specified based on the observation of two 

characteristics. The first is the degree of regularity of cell size defined by the triple point spacing 

along the foil. The larger the variation in cell size the more irregular the resultant structure will 

be. The second characteristic sign of cellular irregularity is the presence of “substructure” within 

the dominant structure. Substructure is produced by the transverse motion of weaker triple points 

along the detonation front inside of a cell. These less prominent waves do not play a role in the 

overall propagation of the detonation and often do not follow the same direction as the dominant 

structure. Substructure is inherent of the unstable nature of a detonation, but is most prominent in 

hydrocarbon-air mixtures [15]. The presence of substructure typically appears at the beginning of 
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a cell and decays towards the latter half. This can be explained by the variation from CJ velocity 

from the beginning to the end of the cell previously discussed. The local explosion caused by the 

collision of two triple points generates a Mach stem that is originally “overdriven” propagating at 

a velocity of roughly 1.6 times the CJ value [16]. The result is the generation of very small cells 

that grow in size as the wave decays toward the latter half of the cell as shown in Figure 2.13. As 

the wave approaches CJ velocity within the cell, the substructure caused by the temporarily 

overdriven detonation disappears.  

 

Figure 2.13: Schematic of variation of velocity along the length of a cell displaying presence 

of substructure adapted from Ciccarelli [11]. 

It is common to have substructure and cell irregularity in soot foil traces due to the 

unstable nature of the detonation phenomenon. This variation in cell-size found in literature can 

be attributed to the difficulty in choosing the correct or dominant triple point traces on the foil. 

This introduces significant subjectivity resulting in an associated error of ± 50% of the measured 
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value [19]. This uncertainty can be quantified by increasing the quantity of data collected and 

determining an average cell size based on a larger number of measurements. A method described 

by Moen et al. [25] called the “dominant mode method” is commonly used to systematically 

measure the average detonation cell size. In this method the cell size is based on the average 

spacing between triple point trajectories on the foil. The longest most prominent lines are chosen 

as representative of the structure. This method is described in actual application by Ciccarelli et 

al. [15]. The foil is removed from the detonation tube after a test and is sprayed with a clear coat 

to protect the record. The most dominant lines are traced on an overlaid clear Mylar, plastic sheet 

and measured using calibres. A minimum of three cells are necessary to provide an accurate 

representation of the entire structure. 

2.6 Flame Acceleration in Obstructed Channels  

The flame acceleration process in obstructed and non-obstructed channels has been 

studied extensively through the application of shadowgraph, Schlieren, and other high-speed 

photography methods and is qualitatively well understood. The process of flame acceleration can 

lead to DDT under the right conditions and has been the focus of many studies due to its 

importance to industrial explosion safety.  

2.6.1 Deflagration to Detonation Transition 

  In order for a detonation wave to form, not only does an ignition source need to exist, but 

also obstacles must be present to produce turbulence in the unburned gas ahead of the flame. If 

the flame is able to accelerate to a velocity on the order of a 1000 m/s, a detonation wave can be 

initiated. This process is referred to as DDT. Chapman and Wheeler [26] were one of the first to 

perform experiments to investigate the effect of the presence of obstacles on flame acceleration. 

Starting in the early 1980s flame acceleration leading to DDT has been investigated primarily in 

round tubes equipped with repeated orifice plates [3]. Peraldi et al. [4] showed that in this 

configuration a quasi-steady explosion front can propagate at a velocity between the speed of 
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sound of the combustion products (isobaric process) and the CJ detonation wave velocity. This 

type of wave was referred to as a “quasi-detonation”. For a given tube diameter and orifice plate 

blockage ratio (BR) the quasi-detonation regime is defined by the lean and rich composition 

limits. These DDT limits represent the initial mixture condition required to achieve flame 

acceleration leading to hot spot generation and transition to detonation. 

 

Figure 2.14: Typical schematic showing flame acceleration and transition to detonation in 

an obstacle filled tube, adapted from Ciccarelli [11]. 

 The energy required to get a direct detonation initiation is very large. Explosions 

typically start with a weak ignition source such as static discharge. The weak ignition generates a 

flame that accelerates aided by obstacles to a critical velocity at which detonation can occur. The 

schematic in Figure 2.14, shows the typical flame acceleration and DDT process in an obstacle 

filled tube. In order of occurrence, a flame is generated from a weak ignition source and a laminar 
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“Flame Folding” area enhancement 
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flame begins to accelerate down the tube pushing the cold unburned gas ahead of it. As the flame 

encounters the first obstacles the laminar flame is distorted by the unburned gas flow field 

generated by the obstacle. This leads to an increase in surface area of the flame, and thus the 

volumetric burning rate, which increases the flow velocity of the unburned gas. This feedback 

mechanism greatly enhances the acceleration of the flame. As the flame accelerates to 

approximately ~300m/s (speed of sound in unburned gas) compression waves form and coalesce 

into a lead shockwave in front of the flame. When the flame reaches a velocity of around the 

combustion products speed of sound (approximately 1000 m/s), the shock/flame complex is 

referred to as a fast (or choked) flame. If the flame reaches this critical velocity then transition to 

detonation can occur resulting in a propagating quasi-detonation, Figure 2.14. 

2.7 Quasi-Detonation Propagation 

Quasi-detonations are highly unsteady, with large swings in instantaneous velocity as the 

wave propagates past individual obstacles. Using high-speed schlieren photography Teodorcyk et 

al. [27] showed that in the quasi-detonation regime the large CJ detonation velocity deficit 

(difference between measured average wave velocity and the CJ detonation velocity) can be 

attributed to intermittent detonation initiation and failure during diffraction around obstacles, 

shown schematically in Figure 2.15. 
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Figure 2.15: Schematic of propagating quasi-detonation. Detonation re-initiation is shown 

due to shock reflection of the obstacle face resulting in a strong shock collision at the 

channel centerline. 

In recent experiments performed with sub-atmospheric hydrogen-oxygen in an optically 

accessible channel equipped with top and bottom surface mounted fence-type obstacles 

Kellenberger and Ciccarelli [28] captured the fast flame and quasi-detonation propagation modes 

using high-speed schlieren photography. 
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Chapter 3 

Literature Review 

Several methods of categorizing the detonation hazard associated with gaseous fuels exist 

in the literature.  This section will introduce the dynamic parameters associated with gaseous 

detonations and the experimental methods used to measure these parameters. A full review of the 

relevant theory necessary to understand these methods is provided in the following sections of 

this chapter.  

3.1 Dynamic Parameters 

Dynamic parameters require information about the internal turbulent structure of the 

detonation and the related chemical reactions rates. This is why they are referred to as dynamic 

detonation parameters, as opposed to the static equilibrium states of the CJ theory [7]. These 

dynamic parameters include but are not limited to the detonation cell size λ, critical tube diameter 

dc, and critical initiation energy Ec.  The large range in temporal and spatial scales that need to be 

resolved, as well as the complex multi-step reactions, make direct numerical simulation in three-

dimensions economically impractical [29, 30]. The dynamic parameters are determined 

exclusively through experimental measurement.  

Extensive experimental data on cell size, critical tube diameter, and critical activation 

energy has been collected over the past century. The majority of this data is focused around 

common fuel mixtures such as hydrogen-air and small hydrocarbons [6, 31, 32, 33, 19]. There is 

to-date very little data for less common fuels due to the large cost associated with running these 

scale of tests. To mention just one of these projects, a large scale project was carried out by 

Knystautas et al., 1983 to systematically produce experimental measurements of several 

dynamics parameters. Detonation cell size and estimates of critical tube diameter, critical 

initiation energy, and detonability limits for various hydrocarbon-air mixtures (H2, C2H2, C2H4, 
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C2H6, C2H8, and C4H10) were obtained [19]. These experiments were carried out over a range of 

fuel concentrations in three different tubes of diameters 5, 15, and 30 cm. This project represents 

the largest single collection of dynamic property data and was largely used to verify the 

universality of several detonation sensitivity correlations developed on the principle of these 

dynamic parameters. The Knystautas et al. study will be referred to often due to the commonality 

in fuel-air mixtures used with the present study. A collection of data from this study, along with 

other recognized studies of dynamic properties are effectively organized in the Caltech 

Detonation Database [34]. 

3.1.1 Detonation Cell Size, λ 

Detonation cell size represents a characteristic length scale associated with a detonation 

wave’s characteristic “fish-scale” structure. This scale has been fundamental to the development 

of several important correlations that categorize the reactivity of a fuel. Large quantities of 

experimental cell-size data have been collected by several prominent researchers for common 

fuels using the soot foil technique. Knystautas et al. measured the cell size of a variety of 

common hydrocarbon fuels over a complete range of compositions using this soot foil technique 

[19]. As previously mentioned, this study represents only one of several important studies in 

determining the universality of λ as a parameter for ranking the detonation sensitivity of gaseous 

fuels.  Detonation cell size, λ is typically plotted as a function of fuel-air mixture equivalence 

ratio resulting in a U-shaped curve as shown in Figure 3.1 [35]. As expected for the range of 

fuels, the smallest cell size commonly occurs at roughly an equivalence ratio of one (Φ ≈ 1). This 

can be expected since stoichiometric mixture corresponds to the most reactive mixture. Based on 

this, the various fuels sensitivity can be ranked based on their minimum detonation cell size. 

Referring to Figure 3.1, it is straight-forward to determine the relative explosion hazard of each 

mixture. Based on this method of ranking fuels, it is safe to say that acetylene (C2H2) is the most 

sensitive of the mixtures tested and methane (CH4) is the least. This method cannot give an 
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absolute measurement of sensitivity but is valuable in giving a relative measurement to other 

common fuels and has been used in combination with other dynamic parameters to give a more 

finite measurement.  

 

Figure 3.1: Cell size of fuel-air mixtures at atmospheric pressure. [35] 

Detonation cell size is still used extensively as a parameter for characterizing the relative 

hazard a fuel represents. However, issues arise with the high level of uncertainty associated with 

the detonation cell size measurement for industrial hazard prevention applications. Through the 

entire cell size data record reported in literature there is a noticeable variation between sources all 

using the soot-foil method [35]. The soot-foil method is relatively straight forward to apply but 
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there is a large amount of subjectivity in interpreting the soot-foil traces. It is common to have 

substructure and cell irregularity in the traces due to the unstable nature of the detonation 

phenomenon. This variation in cell-size found in literature can be attributed to the difficulty in 

choosing the dominant triple point traces on the foil. This introduces a large amount of personal 

judgement and subjectivity resulting in the ± 50% uncertainty in the measured value [19]. This 

error can be reduced significantly by increasing the quantity of data collected and determining an 

average cell size based on a larger number of measurements. This has been done over time for 

only the most researched mixtures such as hydrogen-air, but data for less common fuel mixtures 

has been less established. For safety applications where the potential risk is measured in lives 

lost, this type of uncertainty is unacceptable. The complexity of the detonation wave makes the 

numerical simulation of this phenomenon not practical at this time for predicting cell size. 

3.1.2 Critical Tube Diameter, dc 

 

 

The critical tube diameter dc is defined as the minimum diameter tube in which a 

detonation can propagate and successfully transmit into an unconfined space filled with the same 

gas mixture. As the detonation emerges into the unconfined space the detonation wave diffracts 

around the corner. This diffraction proceeds by the propagation of expansion waves from the tube 

exit diameter towards the tube centerline. This expansion weakens the lead shock wave, reducing 

the post shock temperature and slowing the chemical reaction rate. This causes the reaction zone 

to increase and eventually decouple. The larger the tube diameter the longer it takes for the 

expansion to reach the tube centerline and thus more opportunity for the detonation to re-establish 

itself. A successful transmission produces a propagating spherical CJ detonation; conversely, a 

failed transmission produces a decoupled shock wave and flame where the distance between the 

two increases with time. This dynamic parameter is useful in the design of detonation prevention 

systems for industry where the spacing between pipes and the size of openings to 
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chambers/rooms can be specified to quench detonations and avoid transmission. A schematic of a 

critical tube diameter apparatus used by Knystautas et al. is shown in Figure 3.2. 

Zeldovich et al., 1956 first investigated the detonation transmission phenomenon using 

different diameter smooth tubes over a range of gas mixtures. They were able to specify a critical 

diameter for which a specific mixture would transmit from the smooth tube to an unconfined 

space [36]. From this they deduced that the critical tube diameter was determined by the chemical 

reaction induction zone length. This is along the line of reasoning used by Schelkin and Troshin, 

1963 who proposed a linear correlation between the induction zone length and the detonation cell 

size [37]. With this commonality of both dynamic parameters, cell size and critical tube diameter, 

the two parameters could be used together to better define a method to characterize the hazard a 

gas mixture presents. Mitrofanov & Soloukhin were the first to recognize this correlation and 

proposed that dc = 13λ for a mixture of stoichiometric acetylene-oxygen [38]. This correlation 

was later confirmed to be universal to other detonation systems and gas mixtures by several 

Critical Tube 
Diameter  

Figure 3.2: Schematic of experimental apparatus used by Knystautas et al. (1982) for critical tube 

diameter measurements. [31] 
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sources including Knystautas et al. 1982 [31]. A summary of these studies and their findings are 

shown in Figure 3.3, demonstrating a strong correlation between dc and λ. 

 

Figure 3.3: Comparison of experimental data for the critical tube diameter in fuel-air 

mixtures with the 13λ correlation, collected from various sources, as presented by Lee 1984. 

[7] 

In a traditional experiment the size of the tube is increased until the detonation 

successfully transmits into the unconfined space. In order to make these experiments more 

practical Liu et al., 1984 [39] changed the size of an orifice plate placed at the end of a fixed 

diameter tube. The critical orifice diameter was determined in a similar fashion as in the critical 

tube diameter experiment. It was determined that the critical tube diameter for successful 

transmission from smooth tube is equivalent to the critical orifice diameter. This was explained 
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by hypothesizing that the attenuated core detonation wave (along the tube axis) is dominate in the 

development of the spherical detonation [7].The critical orifice diameter was applied to different 

geometries by defining an effective diameter, deff to be used in place of the critical orifice 

diameter. The effective diameter is defined differently based on the aspect ratio of the orifice 

plate [7]. For small aspect ratios, the effective diameter is specified as the mean of the largest and 

smallest characteristic dimensions of the orifice opening. For larger aspect ratios, the effective 

diameter is defined by the smallest characteristic length of the orifice opening. The distinction 

between aspect ratios is defined by L/W > 7, where L is the length of the slot and W is the width 

of the slot [39]. The effect of aspect ratio on the critical orifice diameter is best described by Lee, 

where he attributes the effect to a critical wave curvature criterion [7]. To avoid straying from 

topic, this effect will not be discussed in this thesis. 

Compared to detonation cell size, the critical tube diameter is a much less subjective 

dynamic parameter. The detonation is either transmitted successfully to the unconfined space or 

fails upon diffraction. Therefore, the critical tube and orifice diameter are excellent parameters 

for determining the explosion hazard of a gas mixture but the cost associated with running these 

types of experiments for a range of fuels is extremely large. These costs arise from design of the 

test apparatus. Critical tube diameter experiments require the diameter of the entire tube be 

changed for each fuel and mixture composition. Additionally, the size of test apparatus necessary 

for less sensitive mixtures that have a critical diameter in the range of meters rather than 

centimeters makes these tests difficult to do in a laboratory environment. The combination of 

design and build costs with the scale of these tests make them an economically ineffective 

method of quantifying explosion hazards of large numbers of gas mixtures in industry. 
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3.1.3 Critical Initiation Energy, Ec 

Critical Initiation Energy is another parameter used in characterizing the detonation 

sensitivity of a gas mixture at known initial conditions. The critical initiation energy is defined as 

the minimum energy required for direct or prompt initiation of a spherical detonation. This is 

typically done using a powerful ignition source such as a high explosive or a high voltage arc. 

This ignition source deposits a large amount of energy into the mixture generating a blast wave 

which decays asymptotically to a propagating CJ detonation wave. In the case of insufficient 

energy deposition, the shock reaction zone system will decouple and the wave will fail to 

propagate. 

Critical initiation energy was extensively studied by Bull et al. [40] where he initiated 

several hydrocarbon-air mixtures using high explosive Tetryl charges [40]. It was determined that 

for mixtures close to the detonability limits the propagating wave pressure and velocity became 

very irregular. It was hypothesized that this irregularity occurred after initiation due to the 

decoupling of the shock and trailing reaction zone indicating a failed detonation initiation. Bull et 

al. confirmed the universality of this observation with five common hydrocarbon fuels where the 

critical initiation energy was recorded for a large range of equivalence ratios, see Figure 3.4. 



34 

 

 

Figure 3.4: Summary of critical initiation energy data for fuel-air mixtures over a range of 

equivalence ratios. A comparison of these experimentally determined initiation energies 

with the surface-energy theory developed by Lee et al. are shown. [7, 40] 

The surface-energy theory was developed by Lee et al. to provide a connection between 

the critical initiation energy and the detonation cell size through the application of the critical 

tube diameter [20]. The proposed connection is based on a minimum surface energy before a 

planar wave can successfully progress into a spherical wave. The result is Equation (3.1) based on 

strong blast theory that accurately relates the critical initiation energy to detonation cell size [7]. 

 

 𝐸𝐸0 = (2197 16)⁄ 𝜋𝜋𝜌𝜌0𝐼𝐼𝐷𝐷2𝜆𝜆3 (3.1) 
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Figure 3.4 shows a comparison of the predicted critical initiation energies based on this theory 

with the experimentally determined energies from Bull & Elsworth [40]. The energies for both 

are measured in grams of Tetryl for a direct comparison based on Bull & Elsworth’s data. The 

correlation between the two is strong enough to be used to approximate critical initiation 

energies. The shape of the curve produced is very similar to that of detonation cell-size and 

critical tube diameter, Figure 3.1 and Figure 3.3 respectively. This U-shaped curve is typical of 

all detonation properties [3].  

Critical initiation energy is not without its issues for practical use as a method of 

quantifying an explosion hazard. The use of high explosives to experimentally determine this 

dynamic parameter introduces a hazard on its own working with a highly regulated and controlled 

material. This type of experiment requires a secure environment with the appropriate procedures 

in place to store high explosives, making them less than ideal to run repeatedly in order to gather 

the amount of data necessary to be used industry wide. The application of the surface-energy 

theory to obtain critical initiation energies eliminates the hazard associated with experiments but 

retains the issues associated with cell size measurement. As previously discussed, the lack of 

availability of cell size data for less common fuels and the large uncertainty associated with its 

measurement make it unreliable for explosion prevention applications. 

3.2 Criteria for onset of detonation in tubes  

3.2.1 DDT Limits 

It is of interest to know what the minimum tube diameter is that can support the 

propagation of a detonation wave. Similarly, it is of interest to know composition range of a fuel-

air mixture that can support a detonation wave in a tube of given diameter. These limits were 

measured in experiments where a flame accelerated and transitioned into a stable detonation wave 

[4]. For this reason they are often called DDT limits. There was some controversy concerning the 

DDT limit criterion for smooth tubes. One argument was that at the limit a single-head spin exists 
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(detonation where on a single triple exists that rotates along the wall as the detonation moves 

forward). A single-head spin detonation wave has an effective cell size of πd and therefore the 

corresponding limit criterion is d/λ≥1/π [Moen et al., [25]]. Knystautas et al [31]performed 

experiments where a quasi-detonation was transmitted from a rough-tube into a smooth-tube of 

the same diameter and found that at the limit where the detonation could not be re-established in 

the smooth tube, d/λ=1. 

The flame acceleration process in a smooth tube relies on the enhanced burning in the 

tube wall boundary layer and for fuel-air mixtures results in run-up distances (distance from 

ignition to the point of DDT) that are very long. To simulate more closely the obstructed tube 

geometries found in industry experiments were also carried out in tubes filled with obstacles. A 

series of DDT experiments were carried out by Peraldi et al. in a tube filled with orifice plates, 

spaced nominally at the tube diameter, with Hydrogen, Acetylene, Ethylene, Propane and 

Methane [4]. The results indicated that there are two necessary conditions for the onset of 

detonation in an obstacle filled tube. The first of these conditions is that the flame must accelerate 

up to a speed on the order of the speed of sound of the products. The second condition is that the 

minimum transverse dimension of the orifice plate must be equal to or larger than the 

characteristic cell size of the gas mixture. These findings are consistent with the findings in the 

smooth tube discussed above. These conditions are necessary but do not guarantee the transition 

to detonation will take place. The criterion specified by this minimum transverse dimension is 

commonly referred to as the minimum tube diameter criterion defined as, d > λ. 

Additional studies have demonstrated this criterion and discovered a dependency on the 

obstacle configuration including the spacing between obstacles and the obstacle blockage ratio 

(BR) [41, 27, 42, 43]. These studies showed that the critical d/λ increases with a decrease in 

obstacle spacing (4.28d to 1.07d) [3, 27] or an increase in BR (0.1 to 0.75) [3, 42]. This tells us 
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that there is more than just the minimum transverse distance that is controlling the onset of 

detonation initiation. The minimum scale requirement criterion recognizes these findings. 

3.2.2 Minimum Scale Requirement Criterion (L > 7λ) 

A second DDT criterion was proposed by Dorofeev et al. [43, 5]  termed the minimum 

scale requirement criterion. Similar in principle to the minimum tube diameter criterion, d > λ, 

proposed by Peraldi et al. but recognizes the dependence of the spacing between obstacles and the 

tube diameter as key parameters in the onset of detonation [44, 5]. This approach suggested that a 

minimum distance, L, characteristic of the obstacle configuration was necessary for a detonation 

to form. Dorofeev defined this length as the minimum length-scale of “sensitized” mixture in 

which a detonation could originate and specified that if L > 7λ detonation initiation is possible 

[5]. For practical applications the length L was defined using the concept of a channel containing 

repeated obstacles representative of a chain of connected rooms. L1 was defined as the 

characteristic size of a single “room”. This is shown in Figure 3.5 and Equation (3.2) as the 

average of the two largest dimensions of the room, where S is the obstacle spacing and H is the 

channel height.  

 𝐿𝐿1 = (𝑆𝑆 + 𝐻𝐻) 2⁄  (3.2) 

 

This definition can be applied to a system of connected rooms or repeated obstacles where an 

empirical factor, α is used to describe the opening between rooms/obstacles. 

 

 𝐿𝐿 = 𝐿𝐿1 + 𝛼𝛼𝐿𝐿𝑛𝑛 (3.3) 

 

This value of α was found to be most accurately defined by d/D where d is the size of the 

unobstructed passage, and D is the tube diameter (or channel height, H) [5]. This was determined 

based on a comparison of L defined by Equation (3.3) and DDT data from studies of the 
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minimum tube diameter criterion. The definition of α was varied to provide the best correlation 

between the data sets and the two DDT criterion [5]. The result is a definition of L for repeated 

obstacles that can be applied to practical applications of similar geometry shown by Equation 

(3.4). 

 

 𝐿𝐿 =
(𝑆𝑆 + 𝐻𝐻) 2⁄
1 − 𝑑𝑑 𝐻𝐻⁄

 (3.4) 

 

 

Figure 3.5: Illustration of characteristic size L for channels with obstacles. The effect of 

varying blockage ratio on the size L is shown [5]. 

For the specific case of a tube filled with repeated obstacles this equation takes the form of 

Equation (3.5). 

 𝐿𝐿 =
(𝑆𝑆 + 𝐷𝐷) 2⁄
1 − 𝑑𝑑 𝐷𝐷⁄

 (3.5) 
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Where the channel height, H, is replaced by the tube diameter, D. 

The L/λ correlation for the onset of detonations is based on a collection of DDT studies 

outlined by Dorofeev et al. [5]. Dorofeev et al. collected a large database of DDT studies done 

measuring the onset of detonation in similar geometries based on a simplistic “go and no-go” 

criteria. The characteristic size L, defined by Equations (3.4), (3.5) was used to describe each 

experimental configuration and cell size data was taken from each corresponding study, where 

available. By plotting the data from these studies with respect to the characteristic size, L, 

Dorofeev et al. were able to define a critical value of L/λ= 7, shown in Figure 3.6, where 

detonation initiation began universally.  

 

Figure 3.6: Summary of detonation onset conditions based on the proposed L/λ correlation 

by Dorofeev et al. [5] where black filled circles are DDT and gray filled circles are no DDT 
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The criteria, L/λ > 7 was fitted to the data based on the distinction between cases where 

DDT was observed and those where only a fast deflagration were observed. This criterion is 

indicated graphically as a solid horizontal line located at L/λ =7. The deviation from this line was 

found to be approximately ±30% [5], indicated by the dashed horizontal lines above and below 

the L/λ =7 line in Figure 3.6. The uncertainty is ultimately governed by the ±50% uncertainty of 

the measured cell size value [19].  
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Chapter 4 

Experimental Apparatus and Procedure 

4.1 Overview 

In this study, the detonation hazard of several fuel-air mixtures was investigated based on 

the critical orifice plate diameter for detonation propagation. Equally spaced orifice plate 

obstacles were placed in the second half of the combustion tube. Ignition was via a weak 

automotive capacitive discharge spark positioned centrally at the tube endplate. A CJ detonation 

wave, initiated promptly using an oxygen-acetylene gas driver in the smooth tube, propagates into 

the obstacle section. The average combustion front velocity was obtained from flame time-of-

arrival measurements deduced from flame ionization probes, spaced equally along the length of 

the tube. Six different orifice plate diameters between 38.1 mm (1.5”) and 76.2 mm (3”), in 

increments of 6.4 mm (1/4”) were used in the study. Soot foils were added between obstacles for 

select tests to gain insight into the propagation mechanism of a quasi-detonation. Mixtures 

investigated included hydrogen, ethylene, acetylene, propane, and DME -air mixtures. A series of 

tests was done for each orifice plate size where the lean and rich detonation propagation limits 

were obtained by varying the mixture composition.  

4.2 Combustion Tube 

Experiments were carried out in an apparatus consisting of a 6.1 m long, 10 cm inner-

diameter tube (5” XXH), shown in Figure 4.1. The tube is constructed from two equal length 316 

stainless steel tubes connected at the middle by 5” 1500 class ANSI flanges sealed with a metal 

spiral gasket [45]. This configuration allows for easy access to the middle of the tube for 

changing the obstacle configuration and placement of soot foils.  Instrument ports are located 

along the top of the tube, spaced evenly at 0.305 m (12”), allowing for a total of 18 different 

measurement locations. As shown in Figure 1 a gas driver section is located at one end of the tube 
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where a small amount of reactive mixture can be added to the combustion tube in order to obtain 

a prompt detonation initiation in the less reactive test mixture. 

 

Figure 4.1: Combustion Tube Apparatus 

4.2.1 Obstacles 

Orifice plate obstacles of varying inner diameter were machined out of a 0.5” cold rolled 

steel plate, see Figure 4.2. The outer diameter of the orifice plates was approximately equal to the 

inner diameter of the combustion tube. The three holes along the outer edge of the orifice plate 

shown in Figure 4.3 allow for alignment and spacing of multiple plates using threaded rod. The 

orifice plate inner-diameter is defined as, d. and the spacing between obstacles, S. The spacing 

between obstacles was kept constant at a value equal to the tube diameter. This value was 

specified based on previous findings that obstacle spacing equivalent to the tube diameter 

provided the optimal distance for acceleration in the obstacle section [3]. 
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Figure 4.2: Orifice plate obstacle geometry          

     

           

Figure 4.3: Series of equally spaced obstacles separated using threaded rod to maintain 

configuration. 

A full set (enough to fill half the combustion tube) of thirty orifice plates were originally 

cut using a water jet cutting machine. These obstacles were cut to the smallest specified orifice 

diameter of 38.1 mm (1.5”) and after a complete set of experiments the diameter was opened up 

by an increment of 6.4 mm (1/4”). This was done manually using a TRAK lathe and a boring tool 

bar.  

  

d 

d 
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4.2.2 Obstacle Configuration  

Two distinct obstacle configurations were used in this study. As shown in Figure 4.4 for 

“detonation propagation” experiments the second half of the tube contained orifice plates equally 

spaced at the tube diameter. For “DDT experiments” (see Figure 4.4) ignition was via a weak 

automotive capacitive discharge spark positioned centrally at the right-endplate, such that flame 

acceleration occurred from right-to-left in the obstacle field. For the detonation propagation limit 

experiments, a CJ detonation wave was initiated at the left-end of the tube using an oxygen-

acetylene gas driver using the same spark ignition system. The CJ detonation wave is transmitted 

into the obstacle section. By using a gas driver to obtain a prompt detonation initiation the effects 

of flame acceleration and transition to detonation can be eliminated, allowing for the isolation of 

the detonation propagation mechanism conditions.   

 

 

Figure 4.4: Experimental apparatus showing the gas handling system and obstacle filled 

tube. a) The DDT limits setup - flame propagation right to left, b) The detonation 

propagation limits setup - detonation propagation from left to right. 

  IP1     IP2     IP3     IP4      IP5     IP6       IP7       IP8      IP9      IP10     IP11 

Mixing 
chamber 

Vacuum 

Gas panel 
Air 

   

O2 
C2H2 

(a) 

(b) 

Ionization Probes 

Vent 



 

45 

 

The average wave velocity was obtained from flame time-of-arrival measurements 

deduced from ionization probe (IP) signals. The IPs were distributed evenly, 305 mm apart 

(spanning roughly three orifice plates), down the length of the tube.  

4.2.1 Driver Gas Setup 

A gas driver system is used to deliver a small amount of reactive gas mixture to the 

combustion tube in order to obtain a prompt detonation initiation which transfers into the less 

reactive test mixture. A combination of acetylene and oxygen were chosen as driver gases based 

on extensive experiments performed previously by Diakow et al. [45] Diakow analyzed the gas 

driver gas dynamics using pressure transducers located in the driver section and combustion tube. 

The amount of driver gas added to the test section was set by pneumatic actuated valves 

controlled using LabVIEW. This allowed the acetylene and oxygen valves to be opened for a 

chosen amount of time with acceptable repeatability. Based on the findings of Diakow et al. an 

acetylene regulator pressure of 15 psig and oxygen regulator pressure of 60 psig was used and a 

valve open times between 0.2 and 0.5 seconds was specified to provide optimal detonation 

initiation without interfering with the gas characteristics of the test mixture. A schematic of the 

gas driver system is shown in Figure 4.5. 
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Acetylene was injected through ¼” tube and oxygen was injected using ½” in order to 

provide a suitable mixture concentration. The gas mixture system used to mix the two driver 

gases as they are injected is outlined in Figure 4.5. This piping system allows for both gases to be 

injected and mixed simultaneously. The flow generated by the injecting the high pressure gases 

allowed for adequate mixing of the gases at the T-fittings before being introduced to the driver 

section. Initial experiments were performed to determine the total pressure of the driver gas 

introduced to the combustion tube. This pressure is important as it contributes to the overall 

pressure of the test mixture in the combustion tube. A summary of these tests is shown in Table 

4.1 for the various injection valve times used. 

Figure 4.5: Schematic of gas driver setup used to produce the driver gas slug for prompt detonation 

initiation.  
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Table 4.1: Experimental driver gas pressure summarized as a function of valve injection 

time. 

Driver Gas 
Injection Time 

(s) 

Corresponding 
Driver Gas 

Pressure (kPa) 
0.2 3.36 
0.3 5.63 
0.4 7.36 
0.5 8.57 
0.6 9.9 
0.7 11.77 

 

4.2.2 Mixing Chamber 

The test mixture was prepared by the method of partial pressures in a separate mixing 

chamber equipped with an air driven impeller stirrer. The mixture constituents were added to the 

chamber and mixed for 20 minutes. Gases were supplied from standard compressed gas cylinders. 

The mixing chamber is an ASME certified 30 L pressure vessel equipped with a piezoelectric 

pressure transducer, Omega digital display and air driven belt stirrer which allow for the 

formation of accurate uniform gaseous test mixtures. The mixing chamber is certified to 3.4 MPa 

at 425 K with a failsafe rupture disk rated at 3.74 MPa at 425 K. A Parr Instruments magnetic 

sealing drive was used to provide a leak free linkage between the pneumatic motor and the 

internal propeller. The magnetic sealing drive solved issues encountered with a traditional packed 

gland assembly originally used. The mixing chamber is wrapped with conductive heating wire 

supplied by a voltage controller and insulated using fiberglass insulation. This setup allows for 

the heating of the mixing chamber to above room temperature which is favorable for fuels with 

low vapor pressures at standard temperature and pressure. A check valve was placed in-line 

between the mixing chamber and the combustion tube to ensure that there is no backflow to the 

mixing chamber when loading the test fuel. 
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4.2.3 Gas Panel  

A gas panel was used to organize the majority of the valves and gauges for the operation 

of the combustion tube. The gas panel is plumbed with surface mounted ¼” (6.4 mm) stainless 

steel tubing. Mounting the plumbing on the surface of the panel allows for an easy understanding 

and visualization of the flow of gases involved in the operating procedure. All gases are supplied 

to the gas panel from standard compressed gas cylinders equipped with regulators for fine control 

over the flow of test gases. All fittings, valves and hoses used are supplied by Swagelok. The gas 

panel uses pneumatically actuated ball valves triggered with three-way solenoid valves. These 

solenoid valves are controlled using a computer equipped with two National Instruments USB-

6525 data acquisition cards which are interfaced with LabVIEW software. Two data acquisition 

cards (8 digital outputs each) are necessary to remotely control a total of 12 valves. Power is 

supplied to the solenoid valves by a compatible National Instruments PS-16 24VDC power 

supply. 

 

 

  

Figure 4.6: Detailed control panel and piping schematic 
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4.2.4 Test Gases 

In order to validate the method chosen to characterize the detonation hazard several 

different test gases were used. These test gases ranged in detonation sensitivity from Acetylene to 

Methane, Table 4.2. 

Table 4.2: Summary of test gases used and initial conditions 

Fuel Oxidizer Temperature (K) Pressure (atm) 

Acetylene Air 298 1 

Hydrogen Air 298 1 

Ethylene Air 298 1 

DME Air 298 1 

Propane Air 298 1 

Methane Air 298 1 

 

All test gases were commercial grade and supplied from standard compressed gas 

cylinders equipped with regulators to maintain adequate control while introducing the gases to the 

mixing chamber. The initial temperature and pressure of the test mixture were maintained at 

approximately 298 K and 1atm over the entire range of experiments. The mixture equivalence 

ratio was varied in order to determine the detonation propagation limits of each fuel-air mixture at 

a given orifice plate diameter. 

4.2.5 Instrumentation & Data Acquisition 

Data acquisition was addressed using National Instruments LabVIEW, a NI PCI-6133 

DAQ card and an external NI BNC-2110 terminal block. A LabVIEW program was created to 

sample inputs from ion probes at a rate of 2 MHz for an excessive total of 900,000 samples. A 

large number of samples were taken to ensure that data was not missed due to occasional spark 

ignition delay. A total of 8 ion probes were used along the length of the tube to record flame 
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velocity profile following ignition. The ignition system was triggered by a 5 V pulse provided by 

the NI card digital output, simultaneously starting the data acquisition system. 

 

4.2.5.1 Ionization Probes (IP) 

Ionization probes are ideal for measuring the average flame velocity along the length of 

the combustion tube. Chemical ionization in the hydrocarbon flame between two electrodes 

closes a simple circuit which provides a signal to the data acquisition system that can be 

interpreted to get the flame time-of-arrival. Ionization probes were made out of 1/2” Swagelok O-

ring sealed male connectors. An electrically insulating Delrin core was inserted in the fitting and 

two conductive rods were drilled through the insulating material to provide an ionization gap. The 

rods were sealed using epoxy at the top and bottom of the fitting, see Figure 4.7. When the probes 

were fitted along the length of the tube the electrodes penetrated approximately 2.54 cm into the 

combustion tube. 

 

Figure 4.7: Ionization Probe constructed from ½” Swagelok O-ring fitting 

Two independent circuit boards were used, each with 4 ion probe circuits shown in 

Figure 4.8. A Systron RS320-2C DC power supply provided a voltage potential of approximately 
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260 V to each ion probe. As the flame propagates between the protruding electrodes in the tube 

the electrical circuit is temporarily closed. This results in a distinct voltage drop across the output 

resistor that is recorded by LabVIEW. The time associated with these voltage drops and the 

known distance between probes allows for a simple calculation of average flame velocity. 

 

Figure 4.8: Ionization probe circuit schematic. The output voltage from the circuit, Vout, is 

relayed to the data acquisition system. [45] 

A typical signal obtained for the passage of a detonation wave passed 8 ion probes is 

shown in Figure 4.9. A 5 V voltage drop is evident as the detonation wave passes each ionization 

probe. The red and green signals shown in Figure 4.9 are supplied by the two independent circuit 

boards supplying alternating ion probes along the length of the tube. This is done to make the 

analysis of successive ion probe signals obvious when the signal is not as clear as the one shown 

in Figure 4.9. The analysis of this signal will be discussed in the uncertainty section of this report. 
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Figure 4.9: Ionization probe signal for stoichiometric Acetylene-Air mixture plotted using 

Tecplot 360. Each drop in voltage represents an individual ionization probe as the flame 

passes. The red and green signals are from independent alternating circuit boards. 

 

4.2.6 Operating Procedure 

The operating procedure for the combustion tube was dependent on the type of 

experiment. However, the method of preparing mixtures and introducing them to the combustion 

tube remained the same. This section will focus on the methods involved in this part of the 

experiment. The first step was to turn on the vacuum pump in order to evacuate the gas panel 

lines as well as the mixing chamber of all atmospheric and residual gas. While the gas panel and 

mixing chamber are being evacuated the compressed gas cylinders are opened. If a cylinder had 

been recently attached to the system the line connecting it to the control panel is also evacuated to 

ensure that only the desired gas is in the line. The mixing chamber is typically evacuated to a 

Time between successive 
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pressure of 0.1 kPa but can vary marginally. The test gases were introduced to the mixing 

chamber individually using the method of partial pressures to create the desired mixture 

composition. The gas panel lines were evacuated between introducing gases to removed residual 

gas from the line. Once the mixture was formed the mixing chamber was isolated and the mixture 

was stirred using a pneumatic driven impeller stirrer for 20 minutes. This amount of time was 

previously determined to be sufficient for complete mixing based on a comparison of test data to 

data in literature.  While the mixture is being mixed, the gas panel lines and the combustion tube 

were evacuated in preparation to load the test mixture. The combustion tube was typically 

evacuated to 0.5 kPa. A perfect vacuum was often not achievable due to the large volume of the 

tube and the potential for small leaks at fittings and instrument ports. When the mixture was 

finished, the stirrer was turned off and the mixture was loaded into the combustion tube to desired 

preset pressure. This pressure was 1 atm for tests where a driver gas was not used. If a driver gas 

was used the pressure of the introduced driver gas was considered in addition to the test mixture, 

resulting in a total test pressure of 1 atm. Immediately after the mixture was loaded into the 

combustion tube the mixture was ignited via a LabVIEW ignition program. The ignition program 

automatically records and saves the ion probe signals in a data file to the computer where it can 

be analyzed. Following the combustion of the test gas the remaining combustion products are 

purged using compressor supplied air to vent before creating the next test mixture and repeating 

the process. 
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Chapter 5 

Results and Discussion 

Experimental results are presented for each of the experiments involved in this project 

(DDT vs. Propagation Limits & Detonation Hazard Classification). To be concise not all of the 

experimental data is presented in this section due to the number of different fuels and blockage 

ratios tested. The trends presented in this section will focus on Hydrogen and Ethylene as test 

fuels; however other fuels were tested in addition. This additional experimental data is organized 

graphically in Appendix A for reference.  

Theoretical CJ detonation velocity and speed of sound have been added to graphics 

where appropriate for comparison to experimental values. The theoretical velocities are calculated 

using the thermodynamic equilibrium program STANJAN. STANJAN was given its name based 

on its implementation of the JANNAF thermochemical data tables and Stanford University origin 

and solves for the chemical equilibrium state using the method of element potentials. This 

program and method is comprehensively described by Reynolds et al. in a report from Stanford 

University [46]. 

5.1 Influence of Blockage Ratio on the DDT and Detonation Propagation Limits  

5.1.1 DDT experiments (BR= 44%) 

DDT experiments were originally carried out in an apparatus consisting of a 6.1 m long, 

0.10 m inner-diameter tube as described in the experimental section of the report. The tube 

contained 76.2 mm diameter orifice plates (44% area blockage) equally spaced at the tube 

diameter (L= 0.417 m) arranged in different configurations, as shown in Figure 5.1. In the first 

series of experiments a length of obstacles was positioned at the right-end of the tube and the left-

end of the tube empty, as shown in Figure 5.1a. Tests were first carried out with 4.11 m of 

obstacles (with 1.07 m of obstacles to the left of mid-span of the tube), followed up with a few 
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tests with an extended 5.18 m of obstacles. Ignition was via a weak automotive capacitive 

discharge spark positioned centrally at the right-endplate, such that flame acceleration occurred in 

the left direction. In a second series of tests, a CJ detonation wave, initiated promptly using an 

oxygen-acetylene gas driver on the left-end of the tube, propagates into the obstacle section. 

These tests are done in two configurations (see Figure 5.1b). In configuration 1, the orifice plates 

filled the entire right-half of the tube. In configuration 2, the orifice plates were located in the first 

half of the second-half of the tube, i.e., 1.52 m long section of the tube starting at 3.04 m from the 

ignition endplate.  

 Experiments were performed with hydrogen-air and ethylene-air mixtures at an initial 

pressure of approximately101 kPa (1 atm) and room temperature. Experiments were carried out 

using the traditional flame acceleration setup shown in Figure 5.1a with 4.11 m of obstacles. The 

Figure 5.1: Experimental apparatus showing gas handling system and different obstacle 

configurations: a) flame acceleration and DDT in 4.11m/5.18 m obstacle section- flame 

propagation right-to-left, b) gas driver obstacle configuration 1 (3.05 m obstacle section) 

and 2 (2.44 m obstacle section) - propagation left-to-right. 
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orifice plate configuration and blockage ratio used in this experiment is very similar to that used 

by Knystautas et al. [47] where they performed experiments in 0.05 m and 0.15 m diameter tubes. 

The measured flame velocity down the tube is shown in Figure 5.1a for three lean mixtures and 

stoichiometric hydrogen-air mixtures. The velocity data points in the obstacle section (open 

symbols) are based on the flame time-of-arrival for two ionization probes 0.61 m apart, whereas 

the flame velocity in the smooth part of the tube (closed symbols) is averaged over 1.22 m after 

the last obstacle. The lines represent a fourth order polynomial fit of the velocity data in the 

obstacle section. The speed of sound in the combustion products and CJ velocity for a 19% 

hydrogen in air mixture (dotted line and solid line respectively) calculated using the equilibrium 

code STANJAN is included for reference in Figure 5.2a. The test performed with 30% hydrogen 

resulted in relatively quick flame acceleration leading to DDT and quasi-detonation propagation 

in the obstacles. A detonation wave was successfully transmitted into the smooth part of the tube 

that propagated at close to the CJ value. For the other three fuel-lean mixtures the flame 

accelerates reaching a maximum velocity above the products speed of sound at 2.5 m. For the 

19% mixture the flame velocity remains above the products speed of sound but for the 17% and 

18% mixture the flame velocity dips below in the last part of the obstacles. For all three of these 

mixtures the flame decelerates in the smooth part of the tube to a velocity below the products 

speed of sound typical of a decoupled shock wave and flame. The velocity data for three rich 

mixtures is provided in Figure 5.2b. Also shown in this figure is the reference speed of sound of 

the combustion products. Quasi-detonation is achieved in the obstacle section for a 57% hydrogen 

mixture in air, but the detonation wave fails to transmit into the smooth tube. For a slightly richer 

mixture of 57.5% a choked flame propagates in the obstacle section that decouples into a 

decelerating flame and shock wave upon exiting the obstacles. 

The quasi-steady combustion wave velocity in the obstacles, following flame acceleration 

and DDT, can be obtained from the velocity versus distance data. The term “quasi-steady” in this 
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context refers to an average velocity (note, large velocity fluctuations exist between obstacles). 

The measured average combustion wave velocity at the end of the obstacle section (measured 

between IP7 and IP5, i.e., between 2.74 m and 3.96 m) is shown in Figure 5.3 as a function of 

hydrogen mole fraction. The error bars represent the low and high average velocity between IP7 

and IP6 and between IP6 and IP5. Also shown for reference, is the calculated CJ detonation 

velocity and isobaric speed of sound in the combustion products (represents the maximum steady 

deflagration velocity) calculated using STANJAN. The bulk of the data is concentrated at the 

detonation limits, in order to resolve the limit composition. 
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Figure 5.2: Flame acceleration in 4.11 m obstacles, setup shown in Figure 5.1a. Empty 

symbols are for inside obstacles, solid symbol is for in smooth tube after obstacles. Colored 

lines through the data are fourth order polynomial fits. A solid line represents CJ velocity 

and a dotted line represents the speed of sound in combustion products for a) 19% 

hydrogen and b) 60% hydrogen in air mixture. 
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There is a step-change in the quasi-steady velocity across the speed of sound in the 

products at the fuel-rich limit, similar to that observed by Knystautas et al. and Peraldi et al. [47, 

4]. However, on the fuel-lean side the average velocity continuously decreases from 

stoichiometric (30% hydrogen) to 15% hydrogen, with a small jump at 18% hydrogen. Based on 

the traditional definition of the DDT limit (leanest and richest mixture where the quasi-steady 

velocity is above the isobaric speed of sound in the products), the limits are 16% and 57% 

hydrogen, corresponding to the vertical dotted lines in Figure 5.3.  

 
Figure 5.3: Average combustion wave velocity at the end of the 4.11 m obstacle section 

(setup in Figure 5.1a). Solid line is for CJ detonation velocity and dotted is for isobaric 

products speed of sound. 

New detonation cell size data obtained in the smooth tube using a gas driver for prompt 

detonation initiation is provided in Figure 5.4 (average value plotted and the vertical error-bars 

represent the standard deviation). Also shown in the Figure 5.4 is detonation cell size data 

previously reported by Ciccarelli et al. [6] obtained in a 27 cm diameter tube. The cell size data 

on the lean and rich sides of the curve are fit with straight lines (lean-side data fit: λ=-
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19.7*%H2+431.1; rich-side data fit: λ= 5.6*%H2-257.4). Based on the detonation cell size data, 

the lean and rich DDT limits correspond to d/λ=0.6 and d/λ=1.1, respectively. The rich-limit is 

consistent with the d/λ>1 DDT criterion proposed by Peraldi et al. [4], but the lean-limit (even 

taking into account the uncertainty in cell size measurements) does not agree with the d/λ>1 

criterion. A similar disagreement exists between the L/λ values at the lean limit  (L/λ=3.5 and 

L/λ=6.0) and the L/λ>7 DDT correlation (Dorofeev et al., [5]).  

 
Figure 5.4: Detonation cell size for hydrogen-air at atmospheric pressure. Dotted lines are 

linear fits of data. 

As seen from the results given in Figure 5.2 after the combustion wave exits the obstacle 

section into the smooth part of the tube, it either propagates as a CJ detonation wave, or continues 

as a decaying, decoupled shock wave and flame. The velocity of the detonation wave, or flame, in 

the smooth section (measured between IP2 and IP3) is overlaid with the quasi-steady velocity 

measured within the obstacle section in Figure 5.5. It is well known that in this effectively “one-

dimensional” geometry the decoupled flame decelerates at a faster rate than the shock wave 

(shock velocity not measured in the experiment). For mixtures just outside the detonation limits 
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the reflection of the decoupled shock wave at the endplate initiated an explosion (most likely a 

detonation). This finding is based on the final ionization probe (IP1) signal that showed a weak 

pulse, associated with the passage of the flame, followed by a large amplitude pulse associated 

with ionization of the combustion products behind the reflected shock/detonation. This explosion 

at the endplate does not affect the transmission phenomenon at the end of the obstacle section, 

and thus is not discussed further. 

The study by Knystautas et al. [47], performed in a similar geometry, found that for 

mixtures just outside the detonation limits, the decoupled-flame could re-accelerate and transition 

to detonation. This transition to detonation typically occurred over a very long distance (roughly 

80 tube diameters). Due to the limited length of the smooth part of the tube in this study, this re-

acceleration phenomenon did not occur. Knystautas et al. [47] used the re-acceleration and DDT 

in these near limit mixtures to define the DDT limit in the smooth tube. Based on this data they 

proposed the D/λ>1 correlation for the detonability limits in a smooth tube.  

The data shown in Figure 5.5 shows a sharp transition for the transmission of the 

detonation wave into the smooth tube on both the lean and rich sides. For mixtures between 20% 

and 55% (vertical dotted lines in Figure 5.5) the quasi-detonation wave transmission into the 

smooth tube results in a CJ detonation wave. Outside these limits the quasi-detonation wave fails 

after exiting the obstacles, decoupling into a decaying shock wave and quickly decelerating flame 

(note: in this case the data point represents a single velocity measurement between IP2 and IP3). 

The limits are narrower than the DDT limits based on a propagation velocity greater than the 

isobaric speed of sound in the products in the obstacles shown in Figure 5.3. Specifically the lean 

limit for transmission to detonation after the obstacles is 20% hydrogen versus 16% for the lean 

DDT limit. 
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Figure 5.5: Average combustion wave velocity at the end of the 4.11 m obstacle section (see 

Figure 5.3), and in the smooth tube after the obstacles (setup in Figure 5.1a). Solid line is for 

CJ detonation velocity and dotted is for isobaric products speed of sound. 

The large difference in the measured lean DDT and lean transmission limit, and the 

continuous decrease in the quasi-detonation velocity to the products speed of sound puts into 

question the measured lean DDT limit. In order to confirm that the DDT limits were not affected 

by the length of the obstacle section, a few tests were performed with the obstacle section 

lengthened to 5.1 m (obstacles shown in red up to IP2 in Figure 5.1a) for mixtures near the lean 

and rich DDT limits. The measured steady-velocities from these tests are shown in Figure 5.6. 

With this longer obstacle section the rich limit was unchanged at 57% hydrogen but the fuel lean 

side data was strongly affected. The data on the lean side shows a step-change at 19% hydrogen, 

the true lean DDT limit. Based on the detonation cell size data, the lean and rich DDT limits 

obtained using the longer obstacle section correspond to d/λ=1.3 and d/λ=1.1, respectively. 

These limits are consistent with the d/λ>1 DDT criterion proposed by Peraldi et al. [4]. A similar 

agreement exists between the L/λ values at the limits (L/λ=7.3 and L/λ=6.3) and the L/λ>7 DDT 
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correlation (Dorofeev et al., [5]). The d/λ and L/λ values at the limits for the different experiment 

configurations are summarized in Table 5.1. A closer look at the flame acceleration data for 18% 

hydrogen in Figure 5.2a shows an overshoot in the flame velocity between 2 and 3 m. This raises 

the average velocity to a value greater than the products speed of sound but the wave is not 

steady, resulting in a false lean DDT limit. This gradual increase in flame velocity past the speed 

of sound of the products in the lean hydrogen mixtures is very different from the sudden change 

in velocity at the time of DDT observed in the 30% and 57% hydrogen tests in Figure 5.2 that 

more closely resembles what happens with DDT in a smooth tube. 

 

 
Figure 5.6: Average combustion wave velocity at the end of the 5.18 m obstacles (setup in 

Figure 5.1a). Solid line is for CJ detonation velocity and dotted is for isobaric products 

speed of sound. 

Similar DDT experiments were performed with ethylene-air. The quasi-steady velocity 

values obtained in the shorter obstacle section is shown in Figure 5.7 and in the longer obstacle 

section in Figure 5.8. The DDT limits obtained from the short and long obstacle section are both 



 

64 

 

4.8% and 11.4% ethylene, respectively. However, the velocity data obtained in the long obstacle 

section shows a well-defined jump in velocity at the limits. For mixtures near the limits the flame 

velocity measured in the shorter obstacle section does not reach steady state, as evidenced by the 

larger error bars in Figure 5.7, similar to that observed in the lean hydrogen data. Based on the 

cell size data obtained from Knystautas et al. [19] the corresponding d/λ is 0.9 and 1.9. Taking 

into account the inherent uncertainty in cell size measurements, the lean DDT limit is in 

agreement with the d/λ>1 DDT limit but the rich limit is not. The values of L/λ at the lean and 

rich limits are 4.8 and 10.5, respectively, and are summarized in Table 5.2. The limits for 

detonation transmission into the smooth tube were measured to be 5.3% and 11.5% ethylene, very 

close to the DDT limits. 

 
Figure 5.7: Average combustion wave velocity at the end of the 4.11 m obstacle section, and 

in the smooth tube after the obstacles (setup shown in Figure 5.1a). Solid line is for CJ 

detonation velocity 
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Figure 5.8: Average combustion wave velocity at the end of the 5.18 m obstacles (setup in 

Figure 5.1a). Solid line is for CJ detonation velocity and dotted is for isobaric products 

speed of sound. 

 

5.1.2 Detonation propagation experiments (BR= 44%) 

The detonation limits for an obstacle filled tube are governed by detonation propagation 

and DDT requirements, e.g., a detonation cannot propagate if the geometry cannot accommodate 

the propagation mechanism or conditions are not met for initiation. The detonation propagation 

limits in the obstacle-section obtained in the experiments performed in the traditional setup (see 

Figure 5.1a) include effects associated with the flame acceleration and local DDT event. In order 

to obtain the quasi-detonation propagation limits (independent of the DDT process) experiments 

were performed where a CJ detonation wave was transmitted into the obstacle-section. For these 

experiments the orifice plates were set up in configuration 1 (see Figure 5.1b), with the second 

half of the tube filled with obstacles and where the gas driver was used to achieve prompt 

detonation initiation. The detonation velocity measured just before the obstacles (between IP5 

and IP6) for hydrogen-air mixtures is provided in Figure 5.9, along with the calculated CJ 



 

66 

 

detonation velocity and the speed of sound of the combustion products. Detonation waves were 

successfully initiated by the gas driver for mixtures between 17% and 60% hydrogen. The 

measured detonation velocity is in agreement with the theoretical CJ detonation value, indicating 

that the gas driver successfully generates a self-sustained detonation entering the obstacle section. 

Based on the cell size linear fits shown in Figure 5.4 (the plot includes data from a larger 27 cm 

tube from Ciccarelli et al [6]), the corresponding cell size for these mixtures are 96 mm and 84 

mm, respectively. This is in agreement with the D/λ>1 (where D=100 mm is the inner-diameter 

of the tube) smooth tube detonation propagation correlation proposed by Knystautas et al. [47]. 

The average velocity recorded at the end of the obstacle-section of the tube (between IP9 

and IP11) is shown in Figure 5.9. The error bars represent the low and high average velocity 

between IP9 and IP10 and between IP10 and IP11. The small size of the error bars indicates that 

the combustion wave achieves steady-state propagation by the end of the tube. Transmission of 

the CJ detonation wave leading to quasi-detonation propagation in the long obstacle field 

(average velocity above the speed of sound in the products) was observed for mixtures between 

18% and 58% hydrogen. These limits are identical to the DDT limits obtained in the traditional 

setup (refer to Table 5.1).  
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Figure 5.9: Detonation velocity before and at the end of 3.05 m obstacle section (setup 

shown in Figure 5.1b config 1). Solid line is for CJ detonation velocity and dotted is for 

isobaric products speed of sound. 

In order to measure the detonation transmission limits (obstacle to smooth tube) 

experiments were carried with configuration 2, shown in Figure 5.1b, with the gas driver. The 

velocities measured at the end of the obstacle section and in the smooth-tube section after the 

obstacles are shown in Figure 5.10. The detonation velocity just before the obstacle section (not 

shown in Figure 5.10 in order to avoid data clutter) was close to the CJ detonation velocity, 

similar to the values obtained in the configuration 1 tests, shown in Figure 5.9. Detonation 

transmission to quasi-detonation propagation in the obstacle section was observed for mixtures 

between 19% and 57% hydrogen. These limits are exactly the same as the DDT results obtained 

with the longer obstacle section in configuration 1 (see Table 5.1). Transmission of a quasi-

detonation to a CJ detonation in the smooth tube was observed in the range of 20% and 57% 

hydrogen. The corresponding d/λ and L/ λ for the transmission tests (see Table 5.1) agrees very 

well with the with the d/λ >1 and L/ λ >7 limit correlations. The rich limit is slightly wider than 

the transmission results obtained in the DDT tests performed in the setup shown in Figure 5.1a 
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(20% and 55% hydrogen, see Table 5.1). The difference in these limits could be attributed to 

insufficient obstacle length for the quasi-detonation to achieve steady-state in the DDT tests.  

 
Figure 5.10: Detonation velocity inside and after the 2.44 m obstacle section (setup shown in 

Figure 5.1b config 2). Solid line is for CJ detonation velocity and dotted is for isobaric 

products speed of sound. 

The detonation transmission limit experiments with the gas driver were also carried with 

ethylene-air mixtures. The velocities measured at the end of the obstacle section and in the 

smooth-tube section after the obstacles are shown in Figure 5.11. For all tests the detonation 

velocity measured just before the obstacle section was very close to the CJ detonation velocity 

(not shown in Figure 5.11). Detonation transmission to quasi-detonation propagation in the 

obstacle section was observed for mixtures between 4.8% and 13% ethylene. The lean limit is the 

same as the DDT result obtained with the obstacle section in configuration 1 (see Table 5.2). 

However, the rich limit is slightly larger than the 11.4% ethylene value measured in the DDT 

tests. The 13% ethylene rich limit was confirmed by experiments with the obstacle section 

extended all the way to the end of the tube (similar geometry to configuration 1 in Figure 5.1b but 
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with 3.96 m of obstacles). The corresponding d/λ values are 0.9 and 1.2 for the lean and rich 

limits, in good agreement with the d/λ >1 criterion. For the transmission into the smooth tube the 

limits were 5.3% and 13% again in good agreement with the limit correlations (see Table 5.2). 

 
Figure 5.11: Detonation velocity inside and after the 2.44 m obstacle section (setup shown in 

Figure 5.1b config 2). Solid line is for CJ detonation velocity and dotted is for isobaric 

products speed of sound. 

Table 5.1: Measured limits for hydrogen-air in the three different configurations in Figure 

5.1. 

Experiment Limits (%) d/λ             L/λ 

Flame acceleration and DDT       
DDT (VD>cb) in 5.12 m long obstacles 19 57 1.3 1.1 7.3 6.3 
Gas driver       
Config. 1- velocity greater than speed of 
sound 18 58 1.0 1.1 5.5 5.8 

Config. 2 - velocity greater than speed of 
sound 19 57 1.3 1.1 7.3 6.3 

Config. 2 - detonation transmission 20 57 2.1 1.1 11.3 6.3 
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Table 5.2: Measured limits for ethylene-air in the three different configurations in Figure 

5.1. 

Experiment Limits (%) d/λ L/λ 
Flame acceleration and DDT       
DDT (VD>cb) in 5.12 m long obstacles 4.8 11.4 0.9 1.9 4.8 10.5 
Gas driver       
Config. 2 - velocity greater than speed of 
sound 4.8 13 0.9 1.2 4.8 6.5 

Config. 2 - detonation transmission 5.3 13 1.1 1.2 6.2 6.5 
 

 

5.1.3 DDT & Detonation Propagation Limits with Increasing Blockage Ratio 

An additional series of tests was performed where the lean and rich DDT and detonation 

propagation limits were obtained for higher BR (0.44, 0.53, 0.61, 0.75, and 0.81) orifice plates. 

The DDT experiments were performed using the setup shown in Figure 5.1a. The flame velocity 

measured down the obstacle filled first-half of the tube equipped with higher BR (0.53), 69.9 mm, 

orifice plates is shown in Figure 5.12a. For most of the tests the flame accelerates reaching a 

quasi-steady velocity before the end of the obstacles at 3.05 m. For example, for the 30% 

hydrogen test the flame accelerates quickly with a sudden jump in velocity establishing a steady-

state velocity before the end of the obstacle section. Whereas for 22% and 52% hydrogen the 

flame acceleration is slower and there is no sharp rise in velocity associated with a DDT event, 

resulting in a shorter velocity plateau. For the other two tests the terminal velocity is lower and 

thus a longer velocity plateau is established.   

The detonation propagation experiments were performed for the higher BR (0.53) orifice 

plates using the typical setup in configuration (a) of Figure 5.1b. The explosion front velocity 

measured in the obstacle section filled with 69.9 mm orifice plates is shown in Figure 5.12a. The 

detonation velocity measured in the smooth tube just before the obstacles corresponds to the data 



 

71 

 

point at 2.6 m. In all the tests the velocity measured at the end of the smooth part of the tube was 

within 2% of the theoretical CJ detonation wave velocity. The velocity data point at 3.05 m in 

Figure 5.12b represents the average velocity measured between ion probes located 305 mm 

before and after the first orifice plate (located at the mid-span of the tube). For all the mixtures 

tested, the detonation velocity drops rapidly upon entering the obstacle section and stabilizes 

within the first 0.5 m of the start of the obstacle section. 

 

Figure 5.12: Explosion front velocity versus distance for hydrogen-air mixtures with 69.9 

mm orifice plates. 
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For both the DDT and detonation propagation experiments the average velocity measured 

at the end of the obstacle section (69.9 mm orifice plate diameter) for hydrogen-air mixtures is 

plotted in Figure 5.13. The error bars represent the maximum and minimum velocity measured 

over the steady part of the velocity profile. For points with no error bars a velocity plateau was 

not achieved and the velocity based on the last two ionization probes was used. Also shown in 

Figure 5.13 for reference are the theoretical CJ detonation velocity and the speed of sound of the 

products (isobaric process). The velocity data shows that two propagation regimes exist. In the 

quasi-detonation mode, as defined by the lean and rich limits (shown as vertical dotted lines), the 

velocity is between the isobaric speed of sound of the products and the CJ detonation velocity. In 

general, the magnitude of final average velocity for each mixture is similar for both the DDT and 

the detonation propagation experiments. This is an indication that the propagation mode is 

independent of the initiation process. However, the initiation process does influence the quasi-

detonation regime limits. Specifically, the propagation limits are wider than the DDT limits. 

Similar experiments were carried out with ethylene-air mixtures, the average velocity data is 

provided in Figure 5.14. The DDT limits are narrower than the detonation propagation limits, 

similar to that observed for hydrogen-air, with a significant difference on the rich side, also 

reported in [17]. 
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Figure 5.13: Average explosion front velocity for hydrogen-air mixtures with 69.9 mm 

orifice plates. The CJ detonation velocity and isobaric speed of sound in products (dashed) 

are shown for reference. 

 

 
Figure 5.14: Average explosion front velocity for ethylene-air mixtures with 69.9 mm orifice 

plate. The CJ detonation velocity and isobaric speed of sound in products (dashed) are 

shown for reference. 
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The distinction between the DDT and Propagation limits observed in Figure 5.13 and 

Figure 5.14 for hydrogen and ethylene respectively is not unique to these fuels. This trend of 

diverging limits is also observed for acetylene (only lean limit data provided), DME, and propane 

air mixtures. Graphs associated with these fuels are organized in Appendix A.  

Similar experiments were carried out for 63.5, 57.2, 50.8 and 44.5 mm orifice plate 

diameters in order to further understand the relationship between the obstacle blockage ratio and 

the detonation limits.  The quasi-detonation regime limits obtained for all the orifice plate 

diameters for the DDT experiments are summarized in Table 5.3. The limits represent the leanest 

and richest mixture that resulted in DDT before the end of the obstacle section. The data shows 

that the DDT limits widen with increase in orifice diameter for all test fuels. The value of d/λ 

corresponding to the DDT limits varies significantly with the orifice plate BR. For both hydrogen, 

ethylene, and acetylene fuels the value of d/λ (lean and rich) decreases with decreasing orifice 

plate BR to a value of roughly 1 for BR=0.44.  This convergence to unity is also projected for 

DME and propane. However, due to limitations with the test apparatus, smaller blockage ratios 

than 0.44 could not be investigated to confirm this. The exception to this trend is rich ethylene-air 

for which d/λ=1.9. The breakdown of the d/λ=1 criterion for BR greater than 0.6 was also 

reported by Kuzntesov et al. [48]. A similar divergence from the L/l= 7 criterion is also observed 

with increasing BR. 
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Table 5.3: DDT limits for hydrogen-air, ethylene-air, acetylene-air, and DME-air 

Orifice 
diameter 

(mm) 
BR 

Limit 
resolution 

Lean 
limit Equiv. 

ratio 

Lean 
limit 
d/λ 

Lean 
limit 
L/λ 

Rich 
limit Equiv. 

ratio 

Rich 
limit 
d/λ 

Rich 
limit 
L/λ (% fuel) (% 

fuel) 
(% 

fuel) 
Hydrogen-air 

44.5 0.81 DDT not observed   

50.8 0.75 1 30 1 6.9 25.7 33 1.2 6.4 27.6 

57.2 0.68 1 29 0.95 6.8 26.8 37 1.4 6.6 27.8 

63.5 0.61 1 24 0.74 4.2 20.3 44 1.8 4.8 18.1 
69.9 0.53 1 22 0.66 2.2 8.5 52 2.5 1.8 10.2 
76.2 0.44 1 19 0.55 1.3 6.1 57 3.1 1.1 7.2 

Ethylene-air 
63.5 0.61 DDT not observed   
69.9 0.53 0.25 6.5 0.99 2.1 9.9 9 1.41 2.7 12.6 
76.2 0.44 0.25 4.75 0.71 0.9 4.7 11.4 1.84 1.9 10.2 

Acetylene-air 
44.5 0.81 0.25 9 1.18 8.6 34.9         
50.8 0.75 0.25 8.75 1.14 9.8 39.2         
57.2 0.68 0.25 6.75 0.86 8.3 33.7         

63.5 0.61 0.25 6 0.76 7.9 33.9         

69.9 0.53 0.25 4.75 0.59 3.4 15.9         
76.2 0.44 0.25 4.25 0.53 2.8 14.9         

DME-air 
63.5 0.61 DDT not observed   
69.9 0.53 DDT not observed   
76.2 0.44 0.25 6.54 1 14.2 86.7 8.75 1.37 16.3 99.3 

 
The quasi-detonation limits from the detonation propagation experiments using the 

configuration (a) setup shown in Figure 5.1b are provided in Table 5.4. Similar to that observed 

for the DDT limits, the propagation limits widen with decreasing BR, and the d/λ corresponding 

to the limits (lean and rich) decrease to a value of roughly unity for BR=0.44. The detonation 

propagation and DDT composition limits from Table 5.3 and Table 5.4 are plotted as a function 

of the orifice plate BR in Figure 5.15. The propagation and DDT limits for the largest orifice 
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plate diameter (BR=0.44) are in general very similar. The exception is rich ethylene that also has 

the DDT limit anomaly of d/λ=1.9. For both fuels the DDT limits are narrower than the 

detonation propagation limits, and the DDT limits are more strongly affected by the orifice plate 

BR. 
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Table 5.4: Detonation propagation limits for hydrogen-air, ethylene-air, acetylene-air, and 

DME-air 

Orifice 
diamete
r (mm) 

BR 

Limit 
resolutio

n 

Lean 
limit Equi

v. 
ratio 

Lean 
limit 
d/λ 

Lean 
limit 
L/λ 

Rich 
limit Equi

v. 
ratio 

Rich 
limit 
d/λ 

Rich 
limit 
L/λ (% fuel) (% 

fuel) 
(% 

fuel) 
Hydrogen-air 

44.5 0.81 Detonation propagation not observed   
50.8 0.75 1 26 0.82 4.3 17.2 41 1.62 5.7 22.7 

57.2 0.68 1 24 0.74 3.8 15.5 46 1.98 3.2 13.2 

63.5 0.61 1 22 0.66 2 8.5 50 2.33 2.4 10.1 
69.9 0.53 1 20 0.58 1.9 8.8 54 2.74 1.4 6.6 
76.2 0.44 1 18 0.51 1 5.3 58 3.22 1.1 5.6 

Ethylene-air 
54.5 0.81 Detonation propagation not observed 
50.8 0.75 Detonation propagation not observed 
57.2 0.68 Detonation propagation not observed 
63.5 0.61 0.25 6.25 0.95 1.7 7.3 10.5 1.68 1.9 8.2 

69.9 0.53 0.25 5.5 0.83 1.2 5.4 12.25 1.99 1.3 6.2 

76.2 0.44 0.25 4.75 0.71 0.9 4.7 13.5 2.23 1.1 5.7 

Acetylene-air 

44.5 0.81 0.25 7.75 1 7.7 31.2         
50.8 0.75 0.25 6.75 0.86 7.4 29.5         
57.2 0.68 0.25 5.5 0.69 5.3 21.5         

63.5 0.61 0.25 4.75 0.59 3.1 13.2         

69.9 0.53 0.25 4.5 0.56 2.9 13.5         
76.2 0.44 0.25 4 0.5 2.7 14.5         

DME-air 
63.5 0.61 Detonation propagation not observed 
69.9 0.53 0.25 6.54 1 14.9 69.5 9.75 1.54 14.2 66.2 
76.2 0.44 0.25 5.5 0.83 N/A N/A 11.25 1.81 10.2 54.3 

 



 

78 

 

In a cylindrical tube at the limit a single head spin exists (an effective cell size of πd) and 

therefore the corresponding limit criterion is d/λ≥1/π. Knystautas et al [47] found when a quasi-

detonation was transmitted from a rough-tube into a smooth-tube of the same diameter the limit 

where the detonation could not be re-established in the smooth tube corresponded to d/λ=1. The 

trend in the data in the present tests indicates that as the BR decreases, the critical orifice plate 

diameter, for both the DDT and propagation experiments, approaches the cell size (i.e., at the 

limit d/λ→1). This is consistent with the smooth-tube limit condition (BR→1) reported by 

Knystautas et al. [47]. For both the DDT and the propagation limits, for the highest BR the orifice 

plate diameter was at least five times greater than the detonation cell size for hydrogen-air, and 

two times larger for ethylene-air. The orifice plate plays a key role in the DDT process by 

providing a surface for the leading shock wave of the fast-flame to reflect and generate a hot spot. 

Concurrently the lead shock wave must diffract around the orifice plate, thereby weakening it 

before the interaction with the next orifice plate. Weakening of the shock wave makes it more 

difficult to generate the critical condition for a hot spot to form and transition to detonation. The 

beneficial effects of the orifice plate in providing a reflection surface diminishes with increased 

BR due to the increased effect of shock wave weakening by diffraction. 

In the present study the DDT and propagation limits for a given orifice plate diameter are 

distinguished by the two experiments. For the larger BR orifice plates, the DDT composition 

limits were found to be significantly narrower than the detonation propagation limits. 

Kellenberger and Ciccarelli [28] showed using high-speed schlieren photography that the global 

propagation of a quasi-detonation wave near the limit is largely governed by local detonation 

initiation at the obstacle face following shock reflection. The present study shows that if this 

mechanism can artificially be engaged (in this case by transmitting a CJ detonation wave into the 

obstacle field) then a detonation wave can propagate beyond the restrictions of the DDT limits 
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that require flame acceleration to a fast-flame as well as the local DDT process itself that is not 

well understood. 

 
Figure 5.15: Detonation propagation and DDT limits as a function of orifice plate BR. A 

larger version of this figure can be found in Appendix A. 

In conclusion, the experimental results demonstrated that the detonation propagation and 

the DDT limits are strongly affected by the orifice plate BR. For the 100 mm diameter tube used 

in the experiment, the propagation and DDT limits are similar for 0.44 BR orifice plates. Both the 

propagation and the DDT limits narrow with increasing BR, more significantly for the DDT 

limits. The narrowing of the limits with increasing BR is accompanied by a large deviation from 

the d/λ=1 detonation limit criterion. The beneficial effects of the orifice plate providing a 
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reflection surface for detonation initiation diminishes with increased BR due to the increased 

effect of shock wave weakening by the diffraction process. 

 

5.2 Detonation Hazard Classification Based on the Critical Orifice Plate Diameter 

for Detonation Propagation 

A sensitivity parameter (measured from a standardized experiment) is required to 

categorize the detonation hazard potential for fuels. Lee et al. [49] proposed that the minimum 

initiation energy be used as a parameter for the sensitivity of a fuel-air mixture to detonation. In a 

follow-up study Matsui and Lee [21] inferred the minimum initiation energy of a range of fuel-

oxygen and fuel-air mixtures from critical tube experiments. The critical tube diameter represents 

the smallest diameter of an open-ended tube from which a detonation wave can emerge and 

continue to propagate in the surrounding explosive atmosphere. The scale of a critical tube 

diameter apparatus is very large because a “receiver vessel” is required. For less reactive fuels, 

tests are carried out in remote outdoor test sites using a large plastic bag to contain the fuel-air 

mixture at the exit of the tube. Due to the experiment scale requirement, critical tube diameter 

data is only available for a limited number of hydrocarbon fuel-air mixtures [31].  Correlations 

exist relating both the critical tube diameter and critical initiation energy with the detonation cell 

size [31, 19]. However, detonation cell size measurements are subject to a high level of s 

uncertainty that greatly reduce their reliability and usefulness for safety applications. The 

objective of this portion of the study is to establish a new parameter that can be used to categorize 

the relative detonation explosion hazard of a fuel that can be measured in a smaller, more 

practical apparatus. This new parameter is the minimum orifice plate diameter required for 

detonation propagation in a tube (of given diameter) equipped with orifice plates. For diameters 

below the critical orifice plate diameter a fast-flame (or choked flame) propagates [4]. As a 



 

81 

 

significant part of this study the critical orifice diameter was measured for stoichiometric 

acetylene, hydrogen, ethylene, propane and dimethyl ether (DME) air mixtures. 

These experiments were carried out in parallel to the DDT/detonation propagation study 

using the apparatus shown in Figure 5.1b, configuration (a). A detonation was initiated in the first 

half of the tube using an acetylene-oxygen driver ignited by a weak spark. The second half of the 

tube contained orifice plates equally spaced at the tube diameter. Six different orifice plate 

diameters between 38.1 mm (1.5˝) and 76.2 mm (3˝), in increments of 6.4 mm (1/4˝) were used in 

the study. These orifice plate diameters correspond to the BR’s used in the DDT/detonation 

propagation study. The average combustion front velocity was obtained from ionization probe 

time-of-arrival measurements. The probes were distributed evenly, 305 mm apart (spanning 

roughly four orifice plates), down the length of the tube.  

The measured explosion front velocity versus distance for stoichiometric hydrogen-air 

and ethylene-air for different size orifice plates is provided in Figure 5.16. In all the tests a CJ 

detonation wave (1979 m/s for hydrogen-air, 1825 m/s for ethylene-air) entered the obstacle 

section that starts at 3.05 m. The velocity data point at 3.05 m in Figure 5.16 represents the 

average velocity measured between ion probes located 105 mm before and after the first obstacle. 

In most cases, the front stabilizes to a sub-CJ detonation velocity within the first 0.5 m of the 

obstacle section. The data shows that the smaller the orifice plate diameter, the lower the steady-

state wave velocity. For hydrogen a transition in the propagation regime occurs for an orifice 

plate diameter of 44.5 mm, see Figure 5.16a. For diameters smaller than 44.5 mm a significantly 

lower final velocity is achieved (roughly 650 m/s). For ethylene the change in propagation regime 

occurs for a 63.5 mm diameter. 
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Figure 5.16: Explosion front velocity versus distance for stoichiometric a) hydrogen-air and 

b) ethylene-air. 
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The steady-state average wave velocity (normalized with the CJ detonation velocity) 

measured at the end of the obstacle section for stoichiometric hydrogen (30% by volume) is 

plotted in Figure 5.17a. The average velocity measurement was made over the last 1 m of the tube 

and the “error bars” correspond to the maximum and minimum velocity measured over this 

distance. Note the deviation in velocity is typically no greater than ±3% of the average value. 

Also shown in Figure 5.17a is the data for 35% hydrogen that corresponds to the hydrogen-air 

mixture with the smallest detonation cell size. The speed of sound of the combustion products for 

these two mixtures is roughly half the CJ detonation velocity (i.e., 984 m/s). The step change in 

average velocity for the 44.5 mm and 50.8 mm orifice plate diameters for 30% hydrogen (and 

between 38.1 mm and 44.5 mm for 35% hydrogen) represents a change in propagation mode 

from fast-flame to quasi-detonation. The smaller critical orifice plate diameter, and slightly 

smaller detonation velocity deficit, for 35% hydrogen suggests that the change in propagation 

mode is influenced by the detonation cell size. There is a linear drop in the CJ detonation velocity 

deficit with increasing orifice plate diameter. The average velocity measured for the two mixtures 

in the 38.1 mm diameter orifice plate, where fast flames were observed, are identical.  

The average wave velocity measured at the end of the obstacle section for the different 

orifice plate diameters for stoichiometric ethylene (6.5% by volume) and 7% ethylene are plotted 

in Figure 5.17b. Again there is a linear drop in the detonation velocity deficit with increasing 

orifice plate diameter. The critical orifice plate diameter for both mixtures is 63.5 mm, which is 

larger than that observed in both the hydrogen-air mixtures, see Figure 5.17a. The average fast-

flame velocity data (obtained for three orifice plate sizes) are identical for both mixtures (6.5% 

and 7% ethylene-air) and show a linear dependence with the orifice plate diameter, similar to the 

quasi-detonation velocity but with a different slope. 
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Figure 5.17: Normalized detonation velocity versus orifice plate diameter for (a) hydrogen-

air, and (b) ethylene-air. 
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Additional experiments were performed with stoichiometric acetylene, propane and DME 

air mixtures. These results are summarized in Figure 5.18. Tests were carried out with 

stoichiometric methane-air but a stable detonation before the obstacle section could not be 

achieved. The critical orifice plate diameter data obtained from Figure 5.18 is summarized in 

Table 5.5, along with the detonation cell size data. Note, two cell sizes were reported for DME in 

[18]. In Figure 5.18 the critical orifice plate diameter (corresponding to an abrupt change in 

average velocity) for each fuel is highlighted by a dotted vertical line. The smallest to largest 

critical orifice plate diameter corresponds to: acetylene, hydrogen, ethylene, DME, propane. This 

ranking is slightly different from that of Matsui and Lee [21], as they categorized hydrogen as 

being less sensitive to detonation than propane. 

 

Figure 5.18: Flame front velocity as a function of orifice plate diameter for different 

stoichiometric fuel-air mixtures. A larger version of this is located in Appendix A. 
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The linear relationship between the wave front velocity (both for the fast-flame and 

quasi-detonation) and the orifice plate diameter appears to be universal for all the fuels tested. 

Figure 5.18 indicates that the velocity deficit itself could also be used as a detonation sensitivity 

parameter, e.g., the larger the deficit the less sensitive the fuel. In fact for each orifice plate the 

ranking of the fuels based on velocity deficit is the same as that for the critical orifice plate 

diameter. However, it is prudent to only use the velocity deficit to fine-tune data where two fuels 

have similar critical orifice plate diameters. 

A similar linear relationship between CJ detonation velocity deficit and diameter is 

observed in smooth tubes [50]. In smooth tubes the linear drop in velocity deficit is due to the 

curvature of the detonation wave caused by the interaction of the detonation wave with the 

boundary layer. In a very-rough wall tube the boundary layer is severely disrupted by the orifice 

plates and thus cannot explain the linear velocity dependency with orifice diameter. Assuming 

detonation initiation occurs at the outer- edge of the upstream orifice plate face following shock 

reflection, as observed in [28], a decrease in the orifice diameter translates into a proportional 

increase in distance for the detonation to travel across the obstacle-face resulting in a slower axial 

velocity. A better understanding of the detonation propagation mechanism in a round tube with 

orifice pates is required to advance this postulation. 
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Table 5.5: Detonation propagation limits for stoichiometric fuel-air mixtures speed 

diagnostics 

Fuel Fuel % 
By volume 

Critical 
orifice plate 

diameter 
(mm) 

Blockage 
ratio 

Cell size, λ 
(mm) 

d/λ 

Acetylene 7.8 45.5 0.83 5.7 [19] 7.9 

Hydrogen 29.6 50.8 0.78 7.6 [17] 6.7 

Ethylene 6.5 63.5 0.61 31.5 [17] 2.0 

DME 6.5 69.9 0.53 
34 [18] 2.1 

119 [18] 0.6 

Propane 4.0 76.2 0.44 53 [19] 1.4 
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5.3 Quasi-detonation-wave structure 

All the available data in the literature on quasi-detonation propagation comes in the form 

of velocity measurements and DDT limits, similar to that in Section 5.1. The results reported in 

Section 5.1 show that there is a strong dependence of the propagation of a quasi-detonation on the 

orifice plate BR. The objective of the study reported in this section is to gain some insight into the 

quasi-detonation propagation mechanism. The soot foil technique was used to record triple-point 

trajectories indicative of a detonation wave. 

Soot foils were placed at the middle and end of the tube between adjacent orifice plates, 

see Figure 5.19 for the plate numbering scheme used here on in. The two types of soot foils used 

are shown in Figure 5.20. A curved foil is shown on the tube-wall between orifice plates #1 and 

#2 in Figure 5.19 with a 10 mm gap on the top of the tube for easy foil installation and retraction. 

A flat foil, sooted on both sides, is shown placed horizontally across the tube diameter between 

#2 and #3 in Figure 5.19. Three 6.4 mm diameter threaded rods fit through the holes in the orifice 

plate that maintain the angular alignment. Tube spacers (89 mm long, 12.7 mm outer-diameter), 

that are not shown in Figure 5.19, are slid over each threaded rod between the orifice plates, to 

maintain axial spacing. The flat foil was held in place by tabs (at the four corners) that permitted 

the foil to fit into the orifice-plate hole, as seen in Figure 5.19, resting on one of the spacer tubes. 
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Figure 5.19: Soot foil installation between orifice plates. Both Flat and Wall style foils are 

shown. 

 Experiments were performed with horizontal and curved soot foils located at the 

beginning of the orifice plate section. These locations are shown in Figure 5.20 between orifice 

#3 

#2 

#1 

a) 

b) 
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plates 1, 2 and 3. These foil locations were chosen because a planar CJ detonation (propagating 

left – right in Figure 5.20) is known to exist just before orifice plate #1.  

 

 

 

INSERT NEW FOIL RESULTS 

 A planar CJ detonation enters the obstacle section shown in Figure 5.20 where it 

subsequently diffracts passing through the first orifice plate. In order to confirm the CJ detonation 

wave structure prior to the first obstacle a 30.5 cm long soot foil was placed on the wall of the 

tube. This foil was placed such that the end of the foil butted up against the face of orifice plate 

#1 as indicated in Figure 5.21. The cellular pattern observed on the soot foil is consistent with a 

CJ detonation wave. A sample of triple-point trajectories is shown by dotted lines. The average 

cell size measured from this foil is 10 mm, which is consistent with values reported for 

stoichiometric hydrogen-air in the literature [19] . 

Figure 5.20: Soot Foil Locations to investigate the detonation structure between orifice plates at the 

start of the obstacle section. Detonation propagation is in the direction left – right. 
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Figure 5.21: Stoichiometric Hydrogen – Air (44% BR) wall foil located prior to obstacle #1. 

 When the detonation wave reaches the first orifice plate the planar wave reflects off the 

orifice plate face and the core of the detonation wave remains planar producing a cellular pattern 

similar to that observed in Figure 5.21 as it propagates through the orifice plate. This core part of 

the detonation wave diffracts as it propagates around the inner-edge of the orifice plate. This 

diffraction produces expansion waves that propagate from the orifice plate inner-edge radially 

inward to the tube centreline. The expansion waves cool the gas behind the detonation shock 

wave resulting in an increase in the reaction time and decoupling of the detonation wave. This 

results in a progressive disappearance of the cellular pattern from the orifice plate inner-edge to 

the tube centreline. This can clearly be seen in both the top and bottom-sides of the flat foil 

placed after orifice plate #1, see white dashed triangular area with cells in Figure 5.22. The 

number of detonation cells across the unaffected core decreases linearly from 8 at the orifice plate 

to none after 71 mm of axial propagation. The radial symmetry of the core cellular imprint on 

30.5 cm 
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both the top and bottom of the flat foil indicates that the planar detonation wave crosses the foil 

orthogonally. 

The flat foils shown in Figure 5.22 are cut out of 1100 aluminum sheet. Based on the 

buckling damage observed on the flat foil it is clear that this aluminum alloy is too soft to be used 

at the middle flange locations where the leading edge of the plate is exposed to the CJ detonation 

wave. Experiments conducted with steel flat foils located at the middle flange did not incur the 

same damage (see Figure 5.23), however, the steel foil produced a lower quality soot foil pattern. 

Wall mounted foils after orifice plates #1 and #2 are also provided in Figure 5.22. The 

part of the foil at the bottom of the tube is indicted in the figure along with the position of the two 

rods onto which the flat foil rests. The third rod is located in the foil gap at the top of the tube. 

The wall foil located after orifice plate #1 shows a very complex pattern where immediately after 

the orifice plate there are no detonation cells. This is expected as the diffraction around the orifice 

plate causes the part of the detonation wave nearest to the back of the plate to fail (shock wave 

decouples from reaction zone). The diffracted shock wave reflects off the tube wall downstream 

from the orifice plate initiating a detonation wave.  

The first indication of activity is the appearance of a few “wispy” tongues that are not 

characteristic of triple-point tracks and do not appear to contain any detonation cells. These tracks 

most likely form where the stronger surviving triple-points from the decoupled detonation wave 

collide with the wall. Note, the triple-points represent the locations on the shock wave with the 

highest pressure and temperature. Detonation initiation occurs at several “hot spots,” after the 

wispy tongues, where two triple-points collide. The cellular pattern then spreads laterally across 

the tube wall as it propagates forward such that the cells fill the full circumference of the tube by 

the end of the foil at orifice plate #2. The individual cells can be observed and are of similar scale 

to that observed on the foil obtained before the obstacle section, i.e., Figure 5.21. The wall foil 

after orifice plate #2 does not show any wispy tongues, but a similar detonation initiation pattern 
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is observed. The cells originate at several points with a larger spread angle and finer cells 

indicative of an overdriven detonation wave. The flat foil located after orifice plates #2 is not 

symmetric (top and bottom) like the one after orifice plate #1. This asymmetry is caused by the 

non-orthogonal approach of the detonation wave to the flat foil. Based on the pattern the wave is 

most likely inclined forward, reflecting off the top and diffracting downwards.  

 

Figure 5.22: Stoichiometric Hydrogen – Air (44% BR) propagation between Obstacles #1 -

#2 and Obstacles #2 - #3. Aluminum soot foils were used for this test. 
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Figure 5.23: Stoichiometric Hydrogen – Air (44% BR) propagation between Obstacles #1 -

#2 and Obstacles #2 - #3. Steel soot foils were used for this test. 

Soot foils located at the end of the tube at orifice plates #29 and #30 (refer to Figure 5.20) 

obtained from a test with stoichiometric hydrogen-air propagating through 69.9 mm orifice plates 

(BR=0.53) are shown in Figure 5.24. From the wall foil in Figure 5.24a it is clear that the 

explosion front propagating between orifice plates is not uniform. A detonation wave is initiated 

at a single point on the top half of the tube. It appears that a detonation wave survives the 

diffraction process around the left-side of orifice plate #29. Based on the cascade of cells from a 

point (on the right hand side), a detonation wave was initiated when the diffracted shock wave 

reflected off the tube wall. Based on the wall foil it appears that a detonation waveforms across 

the entire tube entering orifice plate #30 before the horizontally oriented flat foil located after 

obstacle #30. However, a non-symmetric pattern appears on the bottom and top of the horizontal 

foil in Figure 5.24b and Figure 5.24c, respectively. On the bottom side of the foil (Figure 5.24b) 

transverse waves collide at the centerline forming a hot spot (see arrow) from which a detonation 

wave forms and then fails (evidenced by the increasing size of the cells). On the top side of the 

foil (Figure 5.24c) a detonation wave sweeps around the right side of the orifice plate (arrow 

points to a band of small cells) but fails by the time the front reaches the next orifice plate. 
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Figure 5.24: Soot foils for stoichiometric hydrogen-air with 69.9 mm orifice plates (test 

#296); a) wall foil b) bottom of horizontal foil, c) top of horizontal foil. Orifice plate 

numbers correspond to designation in Figure 5.19. 

In the standard experimental setup, the detonation re-initiation process is interrupted by 

the following orifice plate. A set of experiments was carried out in order to study the unimpeded 

detonation wave initiation process following diffraction past an orifice plate. For this experiment 

the last two obstacles in the detonation tube were removed and a longer wall foil was set flush to 

the back face of the last obstacle. Tests were carried out in this configuration for both 70mm and 

76mm orifice plates. The corresponding wall foils are shown in Figure 5.25 . 
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Figure 5.25: Extended wall foils located after orifice plate #29 for both 70 mm and 76 mm 

orifice plates. The images are shown on the same scale to clearly indicate the required 

distance for the diffracted shock to recover. 

The re-initiation process depends largely on the size of the orifice or the associated 

blockage ratio. The two foils displayed in Figure 5.25 show similar cell patterns, specifically 

initiation occurs at two distinct points after the orifice plate. The detonation waves spread 

laterally that collide roughly at midspan of the foil producing an overdriven detonation wave with 

associated fine cells.   The distance from the orifice plate required for re-initiation is noticeably 

shorter for the larger 76 mm orifice plates. This is consistent with the shorter distance required for 

the diffracted shock wave to reflect off the wall for the larger 76 mm orifice plate. For very small 

orifice plates (high BR) this interruption of the re-initiation process could prevent the propagation 

of the quasi-detonation wave. 

 Soot foils obtained after orifice plates #1 and #2 for a test with 50.8 mm orifice plates 

(BR= 0.75) are shown in Figure 5.26 . Unfortunately the steel flat foils are very poor quality but 

the pattern is similar to that observed in the lower BR tests shown in Figure 5.22. The core 

detonation region is shorter on the flat foil due to the smaller orifice diameter and thus shorter 

distance for the expasion to reach the centreline. The main conclusion that can be drawn from the 
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wall foils is that the detonation re-initiation occurs further downstream and as such the 

propagation detonation wave is strongly influenced.  

 

Figure 5.26: Stoichiometric Hydrogen – Air (75% BR) 

Soot foils obtained from a test with stoichiometric hydrogen-air and a 50.8 mm the 

orifice plate (BR=0.75), corresponding to the minimum orifice plate diameter for a quasi-

detonation, are provided in Figure 5.27. A single hot spot that develops into a detonation wave is 

observed on the wall foil, see arrow in Figure 5.27a. The top of the horizontal flat foil shows no 

detonation cells and the bottom of the foil shows a patch of fine detonation cells (see arrow) but 

the detonation fails before the next obstacle.  

In general, it is very difficult to interpret the flat foils because the structure and 

orientation of the front incident on the foil leading-edge is not known. What is clear is that the 

front is not uniform entering the orifice plate, e.g., in no test did cells cover the leading edge of 
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the flat foil, and re-initiation between the orifice plates occurs at a point despite the axisymmetric 

geometry. 

 

 

Figure 5.27: Soot foils for stoichiometric hydrogen-air with 50.8 mm orifice plates (test 

#309); a) wall foil b) bottom of horizontal foil, c) top of horizontal foil. Orifice plate 

numbers correspond to designation in Figure 5.19. 
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Chapter 6: Conclusions 

In the present study the influence of the orifice plate blockage ratio (BR) on the DDT and 

detonation propagation limits is investigated for hydrogen, ethylene, DME, propane and acetylene 

air mixtures. The experimental results demonstrated that the detonation propagation and the DDT 

limits are strongly affected by the orifice plate BR. For the 100 mm diameter tube used in the 

experiment, the propagation and DDT limits are similar for 0.44 BR orifice plates. Both the 

propagation and the DDT limits narrow with increasing BR, more significantly for the DDT 

limits. The narrowing of the limits with increasing BR is accompanied by a large deviation from 

the d/λ=1 detonation limit criterion for both the DDT and propagation limits. The beneficial 

effects of the orifice plate providing a reflection surface for detonation initiation diminishes with 

increased BR due to the increased effect of shock wave weakening by the diffraction process.  

The critical (minimum) orifice plate diameter required for successful transmission of a 

detonation from a smooth tube was measured for hydrogen, ethylene, acetylene, and DME 

stoichiometric fuel-air mixtures. Again the ratio of the critical orifice diameter and the detonation 

cell size was found to vary strongly with the orifice plate blockage ratio, with a value 

approaching unity (d/λ→1) with decreasing blockage ratio. It is proposed that the critical orifice 

plate diameter (and velocity deficit) be used to categorize a fuel’s detonation hazard potential. 

This characterization parameter is advantageous because of its independence from cell size as 

well as the requirement for a large scale apparatus. 

The placement of soot foils has previously been limited to smooth tube or channel 

applications. Novel use of both wall and suspended flat soot foils between adjacent obstacles, at 

the beginning and end of the obstacle section, confirmed that the detonation wave structure of 

sustained quasi-detonation propagation is not inherently uniform which is contradictory to results 

universally reported for a smooth tube. This instability suggests that a detonation requires a 

length of unobstructed tube to regain uniformity which is not always provided in the obstacle 
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spacing used in this project. It was consistently observed that the propagation mechanism 

involves detonation failure and re-initiation on the tube wall. This re-initiation occurs at hot spots 

generated by shock compression, most likely associated with a triple point collision with the wall. 

It is recommended that the use of soot foils between obstacles be continued to further understand 

the quasi-detonation propagation process.  
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Appendix A: Detonation Propagation and DDT Limits Graphs 

 

This appendix serves to organize experimental results including results that were not 

directly referenced in the results section of this thesis. The CJ detonation velocity (─) and 

isobaric speed of sound in the products (- -) are shown for reference. 

Table A. 1: Reference Table – Detonation Propagation and DDT Limit Graphs 

Figure # Orifice Plate Size [in/mm] Blockage Ratio  Fuel-Air Mixture  

Figure A. 1 3”/76.2mm 0.44 Hydrogen - Air 

Figure A. 2 2.75”/69.9mm 0.53 Hydrogen - Air 

Figure A. 3 2.5”/63.5mm 0.61 Hydrogen - Air 

Figure A. 4 2.25”/57.2mm 0.68 Hydrogen - Air 

Figure A. 5 2”/50.8mm 0.75 Hydrogen - Air 

Figure A. 6 3”/76.2mm 0.44 Ethylene - Air 

Figure A. 7 2.75”/69.9mm 0.53 Ethylene - Air 

Figure A. 8 2.5”/63.5mm 0.61 Ethylene - Air 

Figure A. 9 3”/76.2mm 0.44 Acetylene - Air 

Figure A. 10 2.75”/69.9mm 0.53 Acetylene - Air 

Figure A. 11 2.5”/63.5mm 0.61 Acetylene - Air 

Figure A. 12 2.25”/57.2mm 0.68 Acetylene - Air 

Figure A. 13 2”/50.8mm 0.75 Acetylene - Air 

Figure A. 14 1.75”/44.5mm 0.81 Acetylene - Air 

Figure A. 15 3”/76.2mm 0.44 DME - Air 

Figure A. 16 2.75”/69.9mm 0.53 DME - Air 

Figure A. 17 3”/76.2mm 0.44 Propane - Air 
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Hydrogen-Air 

3” / 76.2mm Orifice Diameter, 0.44 Blockage Ratio 

 
Figure A. 1: Average explosion front velocity for hydrogen-air mixtures with 76.2 mm 

orifice plate 

 

2.75” / 69.9mm Orifice Diameter, 0.53 Blockage Ratio

 

Figure A. 2: Average explosion front velocity for hydrogen-air mixtures with 69.9 mm 

orifice plate 
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2. 5” / 63.5mm Orifice Diameter, 0.61 Blockage Ratio 

 

Figure A. 3: Average explosion front velocity for hydrogen-air mixtures with 63.5 mm 

orifice plate 

 

2.25” / 57.2mm Orifice Diameter, 0.68 Blockage Ratio 

 

Figure A. 4: Average explosion front velocity for hydrogen-air mixtures with 57.2 mm 

orifice plate 
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2” / 50.8mm Orifice Diameter, 0.75 Blockage Ratio 

 

Figure A. 5: Average explosion front velocity for hydrogen-air mixtures with 50.8 mm 

orifice plate 
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Ethylene-Air 

3” / 76.2mm Orifice Diameter, 0.44 Blockage Ratio 

 

Figure A. 6: Average explosion front velocity for ethylene-air mixtures with 76.2 mm orifice 

plate 

2.75” / 69.9mm Orifice Diameter, 0.53 Blockage Ratio 

 

Figure A. 7: Average explosion front velocity for ethylene-air mixtures with 69.9 mm orifice 

plate 
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2. 5” / 635.mm Orifice Diameter, 0.61 Blockage Ratio 

 

Figure A. 8: Average explosion front velocity for ethylene-air mixtures with 63.5 mm orifice 

plate 
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Acetylene-Air 

3” / 76.2mm Orifice Diameter, 0.44 Blockage Ratio 

 
Figure A. 9: Average explosion front velocity for acetylene-air mixtures with 76.2 mm 

orifice plate 

2.75” / 69.9mm Orifice Diameter, 0.53 Blockage Ratio 

 

Figure A. 10: Average explosion front velocity for acetylene-air mixtures with 69.9 mm 

orifice plate 
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2. 5” / 635.mm Orifice Diameter, 0.61 Blockage Ratio 

 

Figure A. 11: Average explosion front velocity for acetylene-air mixtures with 63.5 mm 

orifice plate 

2.25” / 57.2mm Orifice Diameter, 0.68 Blockage Ratio 

 

Figure A. 12: Average explosion front velocity for acetylene-air mixtures with 57.2 mm 

orifice plate 
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2” / 50.8mm Orifice Diameter, 0.75 Blockage Ratio 

 

Figure A. 13: Average explosion front velocity for acetylene-air mixtures with 50.8 mm 

orifice plate 

1.75” / 44.5mm Orifice Diameter, 0.81 Blockage Ratio 

 

Figure A. 14: Average explosion front velocity for acetylene-air mixtures with 44.5 mm 

orifice plate 

0

500

1000

1500

2000

2500

3.25 4.25 5.25 6.25 7.25 8.25 9.25 10.25

Av
er

ag
e 

Ve
lo

ci
ty

 (m
/s

) 

Acetylene Mole Fraction (%) 

Propagation
DDT

0

200

400

600

800

1000

1200

1400

1600

1800

2000

6.25 6.75 7.25 7.75 8.25 8.75 9.25 9.75 10.25

Av
er

ag
e 

Ve
lo

ci
ty

 (m
/s

) 

Acetylene Mole Fraction (%) 

Propagation
DDT



 

115 

 

DME-Air 

3” / 76.2mm Orifice Diameter, 0.44 Blockage Ratio 

 
Figure A. 15: Average explosion front velocity for DME-air mixtures with 76.2 mm orifice 

plate 

2.75” / 69.9mm Orifice Diameter, 0.53 Blockage Ratio 

 
Figure A. 16: Average explosion front velocity for DME-air mixtures with 69.9 mm orifice 

plate 
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Propane-Air 

3” / 76.2mm Orifice Diameter, 0.44 Blockage Ratio 

 
Figure A. 17: Average explosion front velocity for propane-air mixtures with 76.2 mm 

orifice plate 
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Summary of detonation propagation and DDT limits as a function of 

orifice plate BR 

 

 

Figure A. 18: Detonation propagation and DDT limits as a function of orifice plate BR. 
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Flame front velocity as a function of orifice plate diameter for different 

stoichiometric fuel-air mixtures 

 
Figure A. 19: Flame front velocity as a function of orifice plate diameter for different 

stoichiometric fuel-air mixtures. 
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Appendix B: Uncertainty Analysis 

 

In this section the uncertainty associated with various aspects of this project will be 

discussed. This project was based on a large quantity of experiment based data collection. As is to 

be expected, the sources of uncertainty with this type of project are more focused on 

instrumentation and procedure. Several sources of error are discussed, as well as the steps taken 

to reduce these uncertainties.  

Mixing Chamber Pressure Transducer 

An OMEGA PX209-060G5V solid state pressure transducer was used to measure the fill 

pressure of the mixing chamber. This transducer has a reported accuracy of 0.25% which is ideal 

for accurate measurement of mixture pressure. This corresponds to a manageable error of 1.025 

kPa over the reported pressure transducer range, 0 – 60 psi (0 – 413.7 kPa). The method used to 

calibrate the transducer is discussed below. 

 

Combustion Tube Pressure Transducer 

An OMEGA PX219-015G5V solid state pressure transducer was used to measure the fill 

pressure of the combustion tube. Similar to the mixing chamber transducer it has reported 

accuracy of 0.25% which corresponds to a manageable error of 0.25 kPa over the reported 

pressure transducer range 0 – 15 psi (0 – 103.4 kPa). The method used to calibrate the transducer 

is discussed below. 

 

Pressure Transducer Calibration 

The transducer was calibrated using a standard two point calibration method. To obtain 

the first calibration point the vacuum pump was connected directly to the pressure transducer. 

This was done to minimize the system volume and the prospect of a leak. The pump manufacturer 
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specifies a vacuum condition of 2.0x10-4 kPa which is acceptable. The output voltage of the 

transducer was recorded using a multi-meter and was assumed to correspond to an absolute 

vacuum condition (0 kPa). This represents the first of the two calibration points.  The second 

calibration point was obtained by exposing the transducer directly to atmospheric room pressure. 

The output voltage was recorded again at this condition and was assumed to correspond to the 

atmospheric pressure reported by The Weather Network in Kingston, Ontario. This procedure 

was repeated when necessary in order to maintain an accurate calibration throughout the 

experimentation period of the project. 

 

Mixture Composition 

Test mixtures were consistently created in the mixing chamber based the method of 

partial pressures. This method is best described by Equation B.1. 

 [𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹] = (𝑃𝑃𝑓𝑓 − 𝑃𝑃𝑣𝑣)/𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 B.1 

 

Where the concentration of the test fuel is [Test Fuel], the fuel pressure is Pf, the initial pressure 

at vacuum is Pv, and the total mixture pressure is PTotal. Based on a ratio of the mixing chamber 

and combustion tube volumes a total mixture pressure of 310kPa was specified. This value 

ensures that the pressure difference between the two volumes is enough to transfer the initial test 

pressure (101.3 kPa) to the larger tube volume.  

 

To calculate the uncertainty associated with the creation of test mixtures a sample mixture of 30% 

fuel will be used. A maximum initial pressure after vacuum of 0.4 kPa and a total mixture 

pressure of 310 kPa were used. 

 0.3 = (𝑃𝑃𝑓𝑓 − 0.40)/310 B.2 
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Solving Equation B.2 for the fuel pressure, Pf, a total fuel pressure of 93.4 kPa will need to be 

added with the remaining mixture pressure being air. The associated uncertainty with the mixture 

composition can be determined using partial derivatives to propagate the effect of each variables 

uncertainty, Equation B.3 . 

 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = �
𝐷𝐷𝑃𝑃𝑓𝑓 + 𝐷𝐷𝐷𝐷𝑣𝑣
𝑃𝑃𝑓𝑓 + 𝑃𝑃𝑣𝑣

�+
𝐷𝐷𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

 B.3 

 

The total uncertainty of the mixture composition is given by Derror. DPf and DPv are the 

uncertainties associated with adding the test fuel and initial vacuum pressure respectively. These 

uncertainties are both 1.025 kPa calculated previously. Continuing with the same sample mixture 

as before, the total mixture composition error is calculated as shown in Equation B.4 . 

 

 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = �
1.025 + 1.025

93.4 + 0.40
� +

1.025
310

 B.4 

 

The result is a total mixture composition error of 0.025 kPa for this typical sample. 

 

 

Combustion Tube 

There is a notable source of error associated with loading the test mixture from the 

mixing chamber to the combustion tube. For experiments where the total specified fill pressure is 

equal to atmospheric pressure the mixture can be overfilled and vented back down to atmospheric 

pressure. In the case where the additional driver gas pressure must be considered there is a minor 

error due to the sensitivity of the pressure transducer (discussed previously).   

A more significant source of error is due to the natural fluctuations in atmospheric 

pressure. In order to minimize this error the combustion tube pressure transducer was regularly 

calibrated, however this does not account for daily fluctuations between calibrations. Based on 

observed fluctuation on a day to day basis this inaccuracy is typically 1 kPa. It was noted that 
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more extreme atmospheric changes (seasonal changes) can cause this fluctuation to be as high as 

approximately 2 kPa. 

 

Ionization Probe Output Signal 

The uncertainty associated with manually processing the ionization probe signals is a 

large source of error in this project. The ionization probes are used to provide flame time of 

arrival measurements in the form of distinct voltage drops. The times associated with these drops 

in voltage are manually recorded using a data probe tool in LabVIEW to accurately select the 

point at which the drop occurs. A sample signal that is very distinct is shown in Figure B. 1 

 

 

Figure B. 1: Distinct Ionization Probe signal (7.75% Acetylene Driver 3in orifice plates) 

In test cases where the mixture is close to the propagation limit this signal is not always 

as distinct. An example of this is shown if Figure B. 2.  
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To remain consistent in the analysis of ion probe signals each signal is analyzed identically. 

The signal point for each probe is selected based on two criteria: 

1. The signal is the strongest (largest and most immediate drop in signal if more than one 

drop is shown for an IP). 

2. The start of the voltage drop (closest point to 0 V datum where the flame initially reaches 

the IP). 

These two criteria are indicated on Figure B. 2. Based on these criteria a large amount of 

uncertainty with the analysis of IP signals can be mitigated. However, signals that are less regular 

than others will always provide a significant source of error. This type of error was quantified by 

taking several sets of measurements of the same signal and determining the standard deviation. 

This technique was used by Diakow et al. with IP signals in a similar experimental setup [45]. 

Using the IP signal from Figure B. 2 there is an uncertainty between repeated measurements of 

0.31 %. 
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Figure B. 2: Indistinct Ionization Probe signal (8.75% DME DDT 3in orifice plates)  

 

Determining Detonation Limits 

The detonation limits shown graphically throughout this project were determined based 

on a “Go / No-go”. That is to say if a single test is able to propagate at an average velocity above 

the isobaric speed of sound in the products it is considered able to propagate as a detonation. 

Average velocities are measured over a span of obstacles after a quasi-steady velocity is obtained 

in the obstacles. The plotted error bars represent the maximum and minimum velocity measured 

over the steady part of the velocity profile. For points with no error bars a velocity plateau was 

not achieved and the velocity based on the last two ionization probes was used. The total 

uncertainty associated with determining detonation limits is due to a combination of this quasi 

steady velocity and the mixture composition testing resolution. This testing resolution was limited 
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to a maximum of 1 % (Hydrogen Tests) and as little as 0.25 % for the remaining fuels. These 

testing resolutions were chosen based on the width of the detonability limits and are summarized 

in the results section of this report. Adding these two independent uncertainties together the total 

uncertainty associated with determining the detonation limits is approximately 1.25% by 

composition.  

The validity of this experiment depends largely on the ability to consistently generate a 

planar CJ detonation wave prior to the orifice plate obstacle section. This aspect of the 

experiment was achieved by using a regulated amount of driver gas and measuring the wave 

velocity prior to the obstacle section. The specific amount of driver gas used for each fuel was 

determined by experimentation. Beginning with a small amount of driver gas the quantity was 

increased incrementally until a successful detonation was achieved prior to the obstacle section. 

This was done instead of recurrently using a large amount of driver gas to avoid interference with 

the combustion properties of the test mixture. This wave velocity was compared to a theoretically 

calculated CJ velocity, using STANJAN. If the two velocities were the same the test results could 

be considered valid. However, if the detonation wave was overdriven (velocity > theoretical CJ 

velocity) or under driven (velocity < theoretical CJ Velocity) the test data was void. 
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