
Air Force Institute of Technology Air Force Institute of Technology 

AFIT Scholar AFIT Scholar 

Theses and Dissertations Student Graduate Works 

3-2006 

Characterization of Pulse Detonation Engine Performance with Characterization of Pulse Detonation Engine Performance with 

Varying Free Stream Stagnation Pressure Levels Varying Free Stream Stagnation Pressure Levels 

Wesley R. Knick 

Follow this and additional works at: https://scholar.afit.edu/etd 

 Part of the Propulsion and Power Commons 

Recommended Citation Recommended Citation 
Knick, Wesley R., "Characterization of Pulse Detonation Engine Performance with Varying Free Stream 
Stagnation Pressure Levels" (2006). Theses and Dissertations. 3577. 
https://scholar.afit.edu/etd/3577 

This Thesis is brought to you for free and open access by the Student Graduate Works at AFIT Scholar. It has been 
accepted for inclusion in Theses and Dissertations by an authorized administrator of AFIT Scholar. For more 
information, please contact richard.mansfield@afit.edu. 

https://scholar.afit.edu/
https://scholar.afit.edu/etd
https://scholar.afit.edu/graduate_works
https://scholar.afit.edu/etd?utm_source=scholar.afit.edu%2Fetd%2F3577&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/225?utm_source=scholar.afit.edu%2Fetd%2F3577&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholar.afit.edu/etd/3577?utm_source=scholar.afit.edu%2Fetd%2F3577&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:richard.mansfield@afit.edu


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHARACTERIZATION OF PULSE DETONATION 

ENGINE PERFORMANCE WITH VARYING FREE 

STREAM STAGNATION PRESSURE LEVELS  

 

THESIS 

 

Wesley R. Knick, Captain, USAF 

AFIT/GAE/ENY/06-M34 

DEPARTMENT OF THE AIR FORCE 

AIR UNIVERSITY 

AIR FORCE INSTITUTE OF TECHNOLOGY 

 

Wright-Patterson Air Force Base, Ohio 

 
APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The views expressed in this thesis are those of the author and do not reflect the official 

policy or position of the United States Air Force, Department of Defense, or the United 

States Government. 

 

 

 

 

 

 

 

 

 

 

 



 

AFIT/GAE/ENY/06-M34 

 

 

CHARACTERIZATION OF PULSE DETONATION 

ENGINE PERFORMANCE WITH VARYING FREE 

STREAM STAGNATION PRESSURE LEVELS 

 

 

THESIS 

 

 

 

Presented to the Faculty 

 

Department of Aeronautics and Astronautics 

 

Graduate School of Engineering and Management 

 

Air Force Institute of Technology 

 

Air University 

 

Air Education and Training Command 

 

In Partial Fulfillment of the Requirements for the 

 

Degree of Master of Science in Aeronautical Engineering 

 

 

 

 

Wesley R. Knick, BS 

 

Captain, USAF 

 

 

March 2006 

 

 

 

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED. 

 

 



iv 

AFIT/GAE/ENY/06-M34  

 

 

 

 

 

CHARACTERIZATION OF PULSE DETONATION 

ENGINE PERFORMANCE WITH VARYING FREE 

STREAM STAGNATION PRESSURE LEVELS 

 

 

 

Wesley R. Knick, BS 

Captain, USAF 

 

 

 

 

 

 

 

    Approved: 

 

 

 

             /signed/  

 ____________________________________     

  Paul I. King       date 

 

 

             /signed/ 

 ____________________________________     

  Ralph A. Anthenien      date 

 

 

             /signed/ 

 ____________________________________     

  Milton E. Franke      date 

 

 

 

 

 

 



v 

 

AFIT/GAE/ENY/06-M34 

Abstract 

 

 A pulse detonation engine operates on the principle that a fuel-air mixture injected 

into a tube will ignite and undergo a transition from a deflagration to a detonation and 

exit the tube at supersonic velocities.  Studies in the field of combustion have shown that 

both ignition time and deflagration to detonation transition time can vary as a function of 

pressure.  It can be hypothesized that if ignition and deflagration to detonation transition 

times can be reduced by increasing the free stream stagnation pressure level of the tube, it 

would then be possible to shorten the detonation tube length and increase the cycle 

frequency resulting in a weight savings, and an increase in overall pulse detonation 

engine performance.  By attaching varying sizes of nozzle orifices to the exhaust exit of 

the pulse detonation tube of the pulse detonation engine to choke, or increase the 

stagnation pressure levels of the detonation tube it was possible to vary the internal 

pressure of the pulse detonation tube and examine the effect on the performance 

parameters of ignition time, and detonation wave speed, distance, and time.  By varying 

fill fraction, spark delay and equivalence ratio in addition to nozzle orifice size, a 

minimum ignition and overall detonation time was found to correspond to a given orifice 

size to tube diameter ratio.  The effects of pressure in this study produced a less beneficial 

effect on deflagration to detonation transition time and distance.
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CHARACTERIZATION OF PULSE DETONATION 

ENGINE PERFORMANCE WITH VARYING 

FREESTREAM STAGNATION PRESSURE LEVELS 

 

I. Introduction 

 

           Detonations are of interest in the field of propulsion as a detonation is an efficient 

means of burning a fuel-air mixture and releasing energy content.  The Air Force has had 

an interest in the Pulse Detonation Engine (PDE) as a propulsion device for a variety of 

applications ranging from both manned and unmanned aircraft and aerial vehicles, to 

cruise missiles.  The concept of the pulse detonation engine dates back to the pioneering 

work of Hoffman (Hoffman, 1940).  Hoffman explored detonations as early as 1940 using 

both gaseous acetylene and benzene as a liquid hydrocarbon fuel mixed with oxygen with 

intermittent detonation results but most research for propulsion applications has taken 

place only in the last 50 years due to the complex nature of rapidly mixing the fuel and air 

at high speeds, and initiating and sustaining a detonation using a controlled and cyclic 

method in fuel-air mixtures.  PDEs offer the potential for high thrust and efficiency in a 

large operational envelope with the advantage of being mechanically very simple to 

operate, and are of relatively low weight and cost.  The addition of thrust tubes in a multi-

tube arrangement also offers the potential for increased thrust as well as increasing the 

frequency with which as single tube can be fired.  Because of the rapid burning or 

material conversion rate, several orders of magnitude faster than in a flame, there is not 
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enough time for pressure equilibration and the overall process is more thermodynamically 

similar to a constant volume process than the constant pressure process typically found in 

conventional propulsion systems (Kailasanath, 1999:1) 

Operation of the pulse detonation engine involves a dynamic process of filling a 

detonation tube with a fuel/air mixture at ambient conditions followed by ignition, 

deflagration, transition to a detonation wave, and the detonation wave followed by 

combusted gases exiting the tube.  Research in the field of pulse detonation engines and 

combustion suggests that two important pulse detonation engine parameters of ignition 

and deflagration to detonation transition (DDT) time vary as pressure in the detonation 

tube is varied (Schauer et al, 2005:1; Schultz et al, 1999:9).  If it is possible to decrease 

both ignition and DDT time, potential exists to increase the engine cycle frequency 

subsequently the overall thrust of the PDE.  If the overall combined effect of decreasing 

ignition and deflagration to detonation transition time and distance, the axial distance 

down from the entrance of the tube, is decreased it might also be possible to decrease the 

overall length of the detonation tube with a resultant weight savings to the engine and 

aircraft combination.  An important ability of the pulse detonation engine if it is to ever 

be used as a viable source of propulsion for powered aircraft is for the engine to be able 

to regulate pressure within the detonation tube during flight as atmosphere pressure drops 

as an aircraft ascends.  Pressure decreases as altitude increases producing a diminishing 

effect on the important pulse detonation engine performance parameters of ignition time, 

deflagration to detonation transition time, detonation wave speed velocity and most 

importantly thrust.  The dynamic pressure encountered at various Mach numbers will also 
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have a significant, though mostly an assumed positive and beneficial effect on the fill and 

purge pressure within a pulse detonation engine tube, but the pressure and flow rate must 

continue to be regulated as overfilling a straight detonation tube does not offer, at present, 

any appreciable performance benefits.  But how does one increase the pressure inside a 

tube to which a fuel/air mixture is injected and then ignited?  Unlike the internal 

combustion engine to which supercharging or turbo-charging will increase performance 

through mechanical pre-compression, attempting to increase the pressure inside the 

detonation tube will only produce a higher flow exiting the tube and result in higher 

fuel/air consumption without any appreciable increase in performance.  A converging-

diverging nozzle similar to that used in modern rocket engines provides a possible 

solution to increasing the free stream pressure inside a detonation tube of a pulse 

detonation engine.  However, unlike the modern rocket engine which operates at a steady 

state condition, the pulse detonation engine has a pulsing and characteristically unsteady 

flow and must continue to be able to fulfill the three part flow cycle of fill, fire, and 

purge.  The question then remains, is it even possible, and by how much can the flow of a 

pulse detonation tube be restricted and provide an appreciable performance benefit?  The 

ability to restrict the flow upstream using a nozzle could possibly provide for a larger 

initial pressure and overall amplitude during the fill cycle of the pulse detonation engine 

to which ignition and DDT time are expected to decrease providing an increase in overall 

PDE performance.   
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 Research Motivation and Approach 

The objective of this research was to examine the effects, using a variation of 

methods, of increasing the free stream detonation tube stagnation pressure on the PDE 

performance parameters of ignition time and deflagration to detonation transition time 

and distance, and wave speed.  Wave speed was examined by comparing the measured 

wave speed to the known Chapman Jouguet (C-J) for the fuel used (hydrogen) to 

determine whether detonation wave speeds had been measured.  This research performed 

and documented herein examined the effects of dynamic filling and performance on a 

single pulse detonation engine tube using an assortment of nozzle sizes and engine run 

conditions to restrict the pulse detonation engine flow.  Engine control parameters of 

spark delay, equivalence ratio, and fill fraction were examined in an attempt to determine 

optimum flow and performance conditions for the pulse detonation engine tube 

arrangement tested in this research.  Other fuels are hypothetically considered by 

examining the effects of detonation tube pressure in multi-cycle operation on factors such 

as droplet evaporation in liquid fuels, critical initiation energy, ignition time and DDT 

time. 
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II. Pulse Detonation Theory and Background 

Detonation Wave Theory 

 A pulse detonation engine (PDE) generates thrust using intermittent and pulse 

detonation waves.  Similar in certain respects to a pulse-jet engine, the PDE uses the 

detonation waves to produce the thrust capitalizing on the high pressure and temperature, 

and very rapid material and energy conversion.  In studying the pulse detonation engine it 

is necessary to understand two types of premixed gaseous reactions found in the pulse 

detonation engine.  The two reactions which form the basis for operation of the pulse 

detonation engine are known as deflagration and detonation.  A deflagration is defined as 

a combustion wave propagating at subsonic speed (Kuo, 2005: 356).  A detonation is 

defined as a combustion wave propagating at supersonic speed (Kuo, 2005: 356).  The 

formation of a detonation wave requires a deflagration to detonation transition at a time 

and distance occurring after ignition.  Compared to a pulse-jet engine with purely a 

deflagration process to produce thrust, the burn rate or material conversion rate produced 

from a detonation wave in a PDE is typically thousands times faster than a deflagration 

flame.  The fuel/air mixture is ignited in the closed end of an opposite open ended tube, a 

combustion wave is formed and if the tube is of sufficient length a detonation wave will 

develop.  The burned gas products of the initial deflagration cause the specific volume to 

increase to approximately 5 to 15 times the unburned gases ahead of the flame front.  

Each preceding compression resulting from the expansion heats the unburned gaseous 

mixture increasing the sound velocity with each succeeding wave catching up with the 

initial wave.  The preheating that results from the compression increases the flame speed 
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further accelerating the unburned gas mixture until turbulence develops in the unburned 

gases.  The unburned gases and compression waves further accelerate to an even greater 

velocity until a shock forms strong enough to ignite the gas mixture ahead of the wave 

front.  A detonation wave is formed as the reaction zone behind the shock sends forth a 

continuous compression wave to reinforce the shock front and prevent decay (Glassman, 

1996:233).  The coalescing of the compression waves that occurs produces the supersonic 

wave sustained by the chemical reaction or detonation.  Compared to a detonation, a 

deflagration is a subsonic wave sustained by a chemical reaction and differs mostly by the 

flame speed and pressure drop across the flame.  Figure 1 shows a diagram of a one-

dimensional combustion wave characteristic of a deflagration or detonation wave in a 

pulse detonation wave tube (Kuo, 2005:356).  The figure depicts a right to left moving 

wave in the tube with u1 being the reactant velocity with respect to the flame front and u2 

the product velocity with respect to the flame front.  Table 1 shows the qualitative 

differences between detonations and deflagrations of gases.  A comparison of values for 

deflagration versus detonation shows much larger values of M1, p2/p1, and ρ2/ρ1 for 

detonation than deflagration. 

 

Figure 1. Schematic diagram of one-dimensional combustion wave 

u2 u1 

Products 

(Burned) 

Reactants 

(Unburned) 

ρ1, T1, p1, c1, M1 ρ2, T2, p2, c2, M2 

Combustion Wave 



7 

Table 1. Differences of Detonations & Deflagrations of Gases (Kuo, 2005:357) 

Typical Magnitude of Ratio

Ratio Detonation Deflagration

u1/c1 (M1) 5 - 10 0.0001 - 0.03

u2/c2 (M2) 1 0.003

u2/u1 0.4 - 0.7 (deceleration) 4 - 6 (acceleration)

p2/p1 13 - 55 (compression) ≈ 0.98 (slight expansion)

T2/T1 8 - 21 (heat addition) 4 - 16 (heat addition)

ρ2/ρ1 1.7 - 2.6 0.06 - 0.25  

 

 Using the one-dimensional model to consider the relationships between the 

unburned and burnt properties of the premixed gaseous mixtures for a constant area tube 

of the pulse detonation engine it is possible to find the solution of any steady state 

deflagration or detonation wave on the Hugoniot curve.  Assuming the combustion wave 

propagates at a steady-state speed with no heat loss to the surrounding wall it is possible 

to derive the conservation equations for steady one-dimensional flow, with negligible 

body forces, no external heat addition or loss, and negligible Dufour and species inter-

diffusion effects (Kuo, 2005:357): 

Continuity:   
( )

0            where constant
d u

u
dx

ρ
ρ= =     (1) 

Momentum:  
4

3

du dp d du
u
dx dx dx dx

ρ µ µ
  ′= − + +    

     (2) 

Energy:  

2

0

4

2 3

where      and   

cond

cond p

d u d d du
u h q u

dx dx dx dx

dT
q h C T h

dx

ρ µ µ

λ

     ′+ = − + +         

= − = +

 (3) 

 

The bulk viscosity µ’ is small and often neglected:    µ µ′�  
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Integrating the continuity, momentum and energy equations from above gives (Kuo, 

2005:358): 

( )

constant

4
0

3

u m

du d dp d du
u u u
dx dx dx dx dx

ρ

ρ ρ µ

= ≡

 + = − + = 
 

�

   (4) 

From continuity:     ( ) 0
d

u
dx

ρ =       (5) 

The momentum equation then becomes: 

2 4
0

3

d du
u p

dx dx
ρ µ + − =  

     (6) 

Integration with respect to x gives: 

2 4
constant

3

du
u p

dx
ρ µ+ − =      (7) 

Integration of the energy equation with respect to x gives: 

0 21 4
constant

2 3
p

dT du
u C T h u u

dx dx
ρ λ µ   + + − − =   

   
         (8) 

Both du dx and dT dx are equal to zero in the fully burned and unburned regions 

providing the conservation equations providing the relationships of the flow properties in 

the two regions (Kuo, 2005:358): 

1 1 2 2u u mρ ρ= = �      (9) 

2 2

1 1 1 2 2 2p u p uρ ρ+ = +      (10) 

2 2

2 2 2 2

1 1 2 1 1 2

1 1 1 1
  or  

2 2 2 2
p pC T u q C T u h u q h u+ + = + + + = +    (11) 

2 2 2and   p RTρ=           (12) 
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0 0 0 0

1 2 ,

1

  where   
N

i f i

i

q h h h Y h
=

≡ − = ∆∑     (13) 

The four equations above relate the five unknowns: 1 2 2 2 2, , , ,u u T pρ .  Combining 

equations (9) and (10) above it is possible to derive the Rayleigh-line relation: 

2 2 22 1
1 1

1 21 1

p p
u mρ

ρ ρ
−

= =
−

�     (14) 

Figure 2 below is an example plot of lines of constant mass flux known as Rayleigh lines.  

Increasing the mass flux causes the slope to increase through the initial values (P1, 1/ρ1).  

At an infinite mass flux the Rayleigh line would be vertical.  At zero mass flux the 

Rayleigh line has a zero or horizontal slope.  Given the limits of the Rayleigh line slopes, 

no possible solutions can exist in regions A or B in Figure 2 which represent an 

imaginary mass flux and ultimately determine what final states are possible for a 

detonation wave (Turns, 2000:603). 

 

Figure 2. Rayleigh lines of constant mass flux 
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`Using the Rayleigh-line relation, the Mach number relation 1 1 1/M u c≡ , the relationship 

for specific heats, and the above equations, a single equation called the Rankine-Hugoniot 

equation relating only two unknowns 2p  and 2ρ can ultimately be derived (Kuo, 

2005:360): 

( )2 1
2 1

2 1 1 2

1 1 1

1 2

p p
p p q

γ
γ ρ ρ ρ ρ

   
− − − + =   −    

    (15) 

The Hugoniot relation can also be expressed in terms of total (thermal plus chemical) 

enthalpyh (Kuo, 2005:361): 

( )2 1 2 1

1 2

1 1 1

2
h h p p

ρ ρ
 

− = − + 
 

     (16) 

A plot of the Hugoniot curve is shown below illustrating the solutions segments 

corresponding to different conditions of combustion.  The two points tangent to the curve 

extending from the origin are called the Chapman-Jouguet (C-J) points.  Point L 

represents the lower C-J point and point U represents the upper C-J point on the diagram.  

The Hugoniot curve represents all the possible solutions of the Hugoniot equation for the 

burned mixture however, as illustrated in the figure by region V, not all solutions are 

possible.  In region V 2 1p p>  and 2 11 1ρ ρ> , a physically impossible region given that 

the Rayleigh-line expression implies that m�  is imaginary (Kuo, 2005:361).  In studying 

the characteristic nature of the Hugoniot curve at the C-J points it can be determined that 

2 1M =  (Kuo, 2005:362).  In the detonation regions of the Hugoniot curve (regions I and 

II) the density and pressure of the products exceed that of the reactants 2 11 1ρ ρ< , 

2 1p p>  and  1 2u u> .  Pulse detonation engines are designed to operate in regions I and II 
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of the Hugoniot curve at the upper C-J point where products follow the detonation wave 

with a velocity slower than the reactants.  Under most experimental conditions, 

detonations are Chapman-Jouguet waves and occur at the upper C-J point representing 

the usual solution on the detonation branch of the Hugoniot curve [0:363].  The upper C-J 

point corresponds to the minimum detonation wave speed with a large pressure ratio and 

a state of minimum entropy (Kuo, 2005:367). 

 

 

 

Figure 3. Hugoniot curve of p versus 1/ρ 
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In comparison to the upper C-J point the lower C-J point has a maximum wave 

speed for all deflagrations and corresponds to a maximum entropy state (Kuo, 2005:367).  

Near the lower C-J point the unburned gas pressures and densities is slightly greater than 

the burned gases and the burned gases move away from the combustion wave front (Kuo, 

2005:364).  The burned gases flow away from the deflagration wave, a significant 

difference of the deflagration wave in comparison to the detonation wave. 

 Zel’dovich, von Neumann and Döring (ZND) Theory of Detonations 

As a further development on the theory of the C-J theory, Zel’dovich, von 

Neumann, and Döring assumed the flow in a detonation wave is one-dimensional and 

steady relative to detonation front (Kuo, 2005:380).  The detonation wave is a shock 

wave driven by, and part of the trailing combustion wave.  The shock wave heats the 

reactants to a sufficient temperature to allow the reaction rate of the ensuing deflagration 

to propagate as fast as the shock wave (Kuo, 2005:380).  The shock-wave region 

thickness is on the order of a few mean free paths of the gas molecules and with very 

limited reactions.  A relatively very small number of collisions occur between molecules 

within the shock wave and most of the heat release is from a thick region of gas behind 

the shock wave. 
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Figure 4. ZND Wave Structure and physical properties (Kuo, 2005:382) 

  

An understanding of the mechanisms by which combustion occurs in a detonation 

wave is important to properly assess how to predict performance for a variation of fuels 

and initial conditions.  The variation in physical properties of the one-dimensional ZND 

detonation wave is shown in Figure 4 with the magnitude of the pressure, temperature, 

and density behind the shock depending on the fraction of reacted gaseous mixture.  With 

a slow reaction rate that follows the Arrhenius law immediately behind the shock where 

the temperature is not high, a relatively flat density profile can be observed immediately 

behind the shock front known as the induction zone.  Following the induction period, the 

reaction rate increases dramatically with a sharp change in gas properties that reach 

equilibrium when the reaction is completed.  The shock front and fully reacted location 

distance is approximately 1 cm (Kuo, 2005:382). 
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Figure 5. ZND detonation structure on (ρ, 1/ρ) diagram (Kuo, 2005:383) 

 

Figure 5 above represents the reacting mixture on the Hugoniot plot and shows 

multiple paths by which the reacting mixture may pass through the detonation wave to 

state of complete reaction.  Each of the conservation equations can be satisfied by any one 

of the paths a, b, c, or d.  Path a is highly unlikely to have sufficient energy release to 

sustain the wave as the path would require a reaction to occur at all points on the path.  

Path b would represent mixtures with fast chemical kinetics (Kuo, 2005:383).  Path c 

would represent slow chemical kinetics.  Path d represents the zero chemical-energy 

release in the shock wave with the initial portion coinciding with the shock Hugoniot 

curve.  The peak pressure behind the shock wave corresponds to the von Neumann spike 

in Figure 5. 
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Pulse Detonation Engine Cycle and Operation 

 

Figure 6. Pulse Detonation Engine 3 part cycle (120° equal time each part) 

A pulse detonation engine operates on a three part cycle composed of a fill, fire and purge 

process shown above in Figure 6.  The fill portion of the cycle begins the process by 

filling the pulse detonation tube with a combustible fuel air mixture through a valve 

ported through the closed end of the tube.  The fill valve then closes to begin the fire 

portion of the three part cycle.  The fire portion of the cycle begins with ignition of the 

fuel air mixture.  Both the purge and fill valves are closed.  The ignition begins the 

combustion wave process beginning with a deflagration wave followed by a transition to 
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a detonation wave exiting the tube at high (C-J) velocities.  The third and final portion of 

the three part cycle consists of the purge valve opening to purge the tube of the products 

of combustion.  The purge portion of the cycle also contributes to cooling of the 

detonation tube, an important part of the cycle to control thermal stress, hot spots and 

prevent mechanical failure that can result in exceeding material melting points.  A hot 

spot or material point of high temperature can produce an alternate source of ignition 

similar to pre-ignition in an automobile engine disrupting normal operation of the fire 

portion of the engine cycle and can develop at a sharp corner or edge where the material 

is less insulated from the surrounding gas temperatures. 

 
Figure 7. Detonation wave diagram & timeline sequence of events 

The fire process of the three part cycle contains all events which produce thrust 

from the pulse detonation engine to make it a propulsive device.  The fill and purge 

portions of the cycle are to prepare the detonation tube for ignition and combustion.  

Figure 7 depicts a combustion sequence of events as they occur during the fire process of 
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the three part cycle.  The fire portion of the cycle begins when the fill valve closes.  A 

spark or ignition stimulus is then discharged in the entrance or closed portion of the 

detonation tube.  The ignition source can be a spark discharge, in the case of a spark plug, 

and delayed typically up to 10 milliseconds for a predetermined amount of time to 

optimize performance depending on the flow and fill conditions or also the type of fuel 

used.  After spark discharge the reaction begins to propagate in all possible directions 

from the spark source through heat rise and radical production.  The induction time is the 

critical time of radical production necessary to generate sustained reactions that lead to 

ignition.  The ignition time, or the total of induction time and chemical time is defined as 

the time from initial spark to sustained combustion.  If a spark is used for ignition, a 

minimum energy minE , must be deposited by the spark to achieve ignition and is given by 

(Kuo, 1986:758): 

3

min ,
6

p air air stoich qE C T d
π

ρ= ∆                (17) 

where for flowing mixtures:  

( )
( )

0.4 1.4

0.6 0.4

0.30 Tu 100

 ln 1 B

fuel

q

air air

U D
d

ρ

φ ρ µ
=

+
   (18) 

and:     

drop diameter

equivalence ratio

B Spalding transfer number

Tu percentage turbulence intensity 100

RMS value of fluctuating velocity

air velocity

D

u U

u

U

φ
=

=

=

′= =

′ =

=
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The energy generated by a capacitance spark is given by (Glassman, 1996:342): 

    ( )2 2

f 2 1

1

2
E c V V= −      (19) 

where:     

f

electrical energy (J)

condenser capacitance (farads)

condenser voltage before spark (1) and after spark (2)i

E

c

V

=

=

=

 

In the use of a spark as an ignition stimulus the energy generated by the capacitance 

discharge must be greater than the minimum required ignition energy.  Equation (18) 

above defines the minimum ignition energy as a function of drop diameter,D  an 

important parameter when considering the ignition of liquid hydrocarbon fuels as a 

portion of the ignition energy must be used to vaporize the droplets resulting higher 

ignition times.  Fuels such as hydrogen and acetylene are much easier to detonate as both 

exist in a gaseous state at near standard temperature and pressure.  Environmental 

conditions and reactant properties such as heat capacity, heat of combustion, initial 

reaction rate (Kanury, 1975:94), heat flux and pressure (Kuo, 1986:750) can all affect 

ignition delay both adversely and positively depending on conditions. 

After ignition a significant chain of events occur known as the deflagration to 

detonation transition.  The principle by which the ignited fuel air mixture is able to 

detonate provides for the ability of the detonation tube to be considered a propulsive 

device.  For a detonation to occur in a tube a few select criteria must be met for the 

detonation phenomena to occur.  If a combustible fuel air mixture is placed in a tube open 

at both ends and ignited a combustion wave is formed which obtains only a steady 
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velocity (Glassman, 1996:222).  If one end of the tube is closed a combustion wave 

occurs, and if the tube is long enough a detonation wave can develop.  The combusted gas 

products of the initial deflagration increase in specific volume to approximately 5 to 15 

times that of the unburned mixture ahead of the combustion wave (Glassman, 1996:222).  

Each preceding combustion wave from the resulting expansion preheats the unburned fuel 

air mixture increasing the sonic velocity according to the mathematical relationship, 

a RTγ= .  The preheating that results forces the succeeding wave to catch up to the 

preceding wave and coalesce until a shock is formed that further increases velocity and 

acceleration, and generates turbulence to aid in the combustion process (Glassman, 

1996:223).    After a shock is formed the shock itself sends forth continuous compression 

waves into the gaseous fuel air mixture ahead of the front strong enough to stimulate 

ignition and keep the shock from decaying.  The resulting sequence of events is what 

forms the detonation (Glassman, 1996:223).  Two other important phenomena have also 

been observed from the detonation wave that forms.  A retonation wave can also be 

observed to emanate from the location of shock formation and proceed in the opposite 

direction into the burned gas mixture.  Transverse vibrations from the resulting 

detonation can also be observed and contribute to the cellular structure of the detonation 

wave. 

 In 1926 Campbell and Woodhead, after observing spin in limit mixtures in 

circular tubes, showed that detonation waves travel in a manner which is locally three 

dimensional and non-steady.  Desnisov and Troshin later adapted an experimental 

technique of using soot-coated plates near a spark discharge to record and observe the 
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transverse detonation waves left behind on the soot-coated plate to examine a three 

dimensional detonation wave structure.  The three dimensional wave structure is able to 

leave an imprint on the soot-coated plate caused by the intersection of sound wave 

propagating past as shown below in Figure 8 (Glassman, 1996:263).  The soot trace or 

fish-scale like pattern left behind on the smoke-foil is able to reveal presence of the triple 

point, an intersection of the Mach-stem, incident, and reflected shocks. 

 

Figure 8. Schematic diagram of detonation cell structure 

The cell width, λ of a detonation is defined as the width of a cell formed by the 

slipstream associated with the interaction of the transverse and longitudinal waves of the 

detonation (Kuo, 2005:405).  The cellular structure is mapped when the detonation wave 

passes the soot covered point to reveal a pattern schematically depicted as shown in 

Figure 8.  Over the range of possible detonable concentrations of a given fuel-oxidizer 

mixture, the wave structure is called a multi-head wave front (Kuo, 2005:403).  For a 

given smooth circular tube the multi-head, self-sustained detonation becomes a single-

head spinning detonation propagating at about the C-J velocity for a given mixture 
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composition.  The single-head spinning detonation is characterized by an increase in 

transverse wave strength or 3 dimensional wave structure with the mixture gasses rotated 

about the tube axis.  The single-head detonations associated with detonability limits for a 

given fuel-oxidizer mixture, coupled to fuel concentration can also be shown to relate to 

tube diameter.  For each fuel concentration, there is a specific tube diameter call the 

critical tube diameter, cd for which the multi-head detonation becomes a single-head 

detonation.  It can generally be shown for the case of hydrogen as a fuel that 13cd λ=  

(Kuo, 2005:408). 

Using the ZND model for the detonation structure it is possible to compute an 

induction time and also a corresponding induction zone length.  Induction time, a 

characteristic of the chemical reactions in a detonation wave, is strongly coupled to the 

details of the transient gas dynamic processes being ultimately related to the chemical 

length scale, λ (or cL ), and is proportional to the induction time of the fuel oxidizer 

mixture (Glassman, 1996:257).  It can also generally be shown that the cell length and 

cell width can be represented by 0.6 cLλ �  and that chemical reactions are generally 

completed within one cell length or cycle (Glassman, 1996:257). 
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Figure 9. Initiation energy versus initial pressure, φ = 1, T = 293K 

 

The energy required to achieve a detonation can be shown to be directly related to 

the cell size of a detonation wave structure.  The energy required to initiate a hydrocarbon 

fuel detonation can be on the order of 1 MJ whereas the detonation energy for hydrogen 

and air is generally around 5000 J (Tucker et al, 2004:18).  A relationship of initiation 

energy to cell size can be experimentally determined to be given by (Schauer et al, 

2005:2): 

33.375initiationE λ=      (20) 

Using air or oxygen as the oxidizer the above relationship shows that the initiation energy 

drops by the cube of the cell size.  Fuels using pure oxygen as an oxidizer require less 

initiation energy than fuels in a diluted oxygen environment such as air.  It is possible 

using the above relationship to show that minimum initiation energy to achieve a 
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detonation directly correlates with deflagration to detonation transition (DDT) time for a 

fuel air mixture.  Furthermore, if it is possible to relate cell size to initial pressure it 

possible to relate initiation energy to initial pressure for a given temperature and 

equivalence ratio.  Figure 9 relates the initiation energy for initial pressure for a range of 

fuels in the pressure range of interest for a pulse detonation engine (Kaneshige and 

Sheperd, 1997).  Trendlines through the plotted data help to denote that a clear trend can 

be observed for the above fuels that the energy to achieve a detonation decreases as the 

initial pressure is increased. 

 After a detonation is achieved in the confined space of the detonation tube the 

detonation wave exits the tube at high velocity and supersonic speeds.  If the detonation is 

of sufficient strength it is possible for the detonation wave to achieve Chapman Jouguet 

(C-J) speed.  For a vapor fuel such as hydrogen C-J speed is reached at approximately 

1900 m/sec to 2000 m/sec.  Typical fuel-air hydrocarbon mixture Chapman Jouguet 

speeds can range from 1400 m/sec to 2000 m/sec.  The high exit velocity of the 

detonation wave gives rise to a mass flow behind the wave that produces the thrust to 

make the pulse detonation engine a propulsive device.  This high velocity mass induced 

flow provides the propulsive thrust similar to a rocket engine using the familiar thrust 

equation (Humble et al, 1995:110): 

( )exit exit exit atmF mV A P P= + −�      (21) 

While the thrust tube of a pulse detonation engine may not be of a large diameter 

compared to that of a rocket, jet or ramjet engine it produces exit velocities considerably 
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higher than its comparable propulsive devices relying on a deflagration process to 

produce thrust. 

Flammability and Limits of Ignition 

 The effects of varying the equivalence ratio with a variation in pressure are also 

examined in this study.  The equivalence ratio is defined as the mass ratio of actual fuel to 

air, to fuel and air at stoichiometric conditions (Kuo, 2005:9): 

fuel

air actual

fuel

air stoichiometric

m

m

m

m

φ

 
 
 =

 
 
 

      (22) 

where:   

0 1     fuel-lean

1           stoichiometric condition

1     fuel-rich

φ
φ

φ

< <

=

< < ∞

 

At the stoichiometric condition the fuel and air mixture is completely consumed with no 

residual carbon dioxide, CO2 or water, H2O remaining after combustion.  When the 

equivalence ratio is less than 1 the mixture is fuel lean.  When the equivalence ratio is 

greater than 1 the mixture is fuel rich and excess fuel remains after combustion.  When 

considering ignition time with regard to equivalence ratio, ignition time is minimal near φ 

= 1 and increases at values of φ for values greater (fuel rich) or less (fuel lean) than 1.  It 

is also important to note that the equivalence ratio is similar to the stoichiometry,Ψ of a 

mixture but is not identical.  The stoichiometry of a mixture is defined as the ratio of 

mole percent of fuel in the combustible mixture to the ratio of mole percent of the fuel at 

stoichiometric conditions ( ,fuel fuel stoichiometricX XΨ = ). 
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Pulse Detonation Engine Exit Nozzles 

 Variations on pulse detonation engine designs have been and continue to be 

explored but most designs are based on a central design theme.  The most common 

configuration of the pulse detonation engine and that used in this research consists of a 

straight tube of sufficient length and diameter to produce the detonation wave to provide 

propulsive thrust.  In order for the tube to produce a detonation of the fuel air mixture the 

tube must be of sufficient length for the initial combustion wave to form from the initial 

ignition and then transition from a deflagration wave to a detonation wave before exiting 

the tube.  Various techniques have been tested and employed to reduce the ignition and 

deflagration to detonation process.  The Schelkin spiral has been proven a highly effective 

device to reduce the overall deflagration to detonation process (Schultz et al, 1999:9).  

Mostly a spiral wound piece of heavy gage wire, the Schelkin spiral aids in increasing 

turbulence and enhances flame mixing.  Variations on the Schelkin spiral have also been 

extensively tested.  A Pin spiral is a series of struts extending across the diameter of the 

tube in a sequentially helical arrangement.  Another arrangement commonly referred to as 

the chin spiral consists of one or more straight sections of similar diameter wire axially 

welded to the outer diameter of the helical spiral core to also aid in the deflagration to 

detonation process.  The devices added to the interior of the pulse detonation tube all 

share a common purpose of decreasing the deflagration to detonation process.  Devices 

which aid in the promotion of turbulence and flame mixing have all been shown to aid in 

decreasing the deflagration to detonation distance (Schultz et al, 1999:3).  The drawback 

of use of such devices is that while they reduce the overall deflagration to detonation 
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process they can also contribute to losses in the mass induced flow behind the detonation 

wave as it exits the tube much the same way surface roughness can have effect on flow of 

a fluid medium in a pipe.  The addition of the Schelkin spiral also contributes to a 

decreased cross sectional flow area down the length of the detonation tube.  The 

corresponding reduced flow area results in less thrust. 

 

Figure 10. Schelkin Spiral 

The research proposed in this report examines the possibility of reducing the 

deflagration to detonation distance by altering the dimensions and flow characteristics of 

the detonation tube so as to vary the free stream stagnation pressure inside the tube.  Both 

ignition (or induction time) and deflagration to detonation (DDT) times have both been 

shown to exhibit a variation with initial pressure suggesting that potential increases in 

performance could be obtained through pressure changes (Schultz and Shepherd, 

1997:204).   

Table 2. Hydrogen-Air, varying initial pressure (T1 = 295K, φ = 1, diluent = 55.6%) 

P1 VCJ PCJ TCJ aCJ γCJ MCJ

(bar) (m/s)  (bar) (K) (m/s)

0.2 1935 3.1 2826 1067.1 1.160 4.767

0.4 1951 6.2 2880 1078.0 1.170 4.807

0.6 1960 9.4 2910 1084.4 1.170 4.830

0.8 1967 12.6 2931 1088.9 1.170 4.845

1.0 1971 15.8 2948 1092.2 1.170 4.857

1.2 1975 19.0 2961 1094.9 1.180 4.867

1.4 1978 22.2 2971 1097.2 1.180 4.874

1.6 1981 25.4 2981 1099.1 1.180 4.881

1.8 1984 28.7 2989 1100.8 1.180 4.887

2.0 1986 31.9 2996 1102.3 1.180 4.892  



27 

Table 2 shows how the effects of initial pressure can affect C-J properties and 

speeds (Schultz and Shepherd, 2000:204).  From chemical kinetics ignition time can be 

related to the inverse of the reaction rate according to (Lefebvre et at, 1986:6): 

[ ] [ ]0.51
Ignition Time:    where Fuel Oxygen

a bE RT n

ign RR AT e p
RR

τ −∝ =      (23) 

or:              [ ] [ ] 0.51
Fuel Oxygen

a bE RT n

ign e p T
A

τ − − − −∝              (24) 

   where:  
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Using the above relationship it can be shown that ignition time can vary depending upon 

the pressure (atmospheres), temperature, and the fuel and oxygen concentrations based on 

volume. 

Use of mechanical pre-compression is used quite extensively in a variety of 

modern engine designs either by turbo-charging or supercharging a normally aspirated 

internal combustion engine, or by use of a compressor rotor on a jet aircraft or turbine 

powered engine.  The design of the pulse detonation engine is such that the combustion 

processes are initiated at close to atmospheric conditions and attempts to increase the 

initial pressure at ignition simply result in overfilling the detonation tube with little 

increase in pressure.  In recent years several experimental and computational research 

studies have investigated the effects of nozzle attachments on PDE performance.  
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Kailasanath has presented a detailed review and summary of findings from much of this 

research (Kailasanath, 2001).  One approach to increasing the initial pressure of the PDE 

is to augment the detonation tube with a restrictive device such that when the tube is 

filled on the fill portion of the cycle, the fuel/air mixture flowing into the detonation tube 

is restrained in an optimal manner so as to generate an increased pressure differential over 

the ambient surroundings of the operating environment.  A hypothetical nozzle 

attachment providing some form of convergence, or decrease in diameter less than that of 

the detonation tube could provide a viable means to increase pressure.  If the nozzle were 

a converging-diverging attachment to the detonation tube of a form similar to the design 

of the modern rocket engine nozzle the potential exists to both increase the pressure of 

the detonation tube at ignition and also augment the thrust at the nozzle exit via an 

optimally designed diverging nozzle. 

 The unsteady pulsing or intermittent thrust production of the pulse detonation 

engine, while effective at producing a very high rate of energy release from the detonation 

wave to produce thrust, presents several challenges with regard to analysis and PDE 

nozzle design.  Most analytical studies have been based on computational fluid dynamics 

with differing nozzle configurations used for analysis (Yungster, 2003:1).  Factors such as 

injection pressure, chamber pressure and ambient pressure all have the potential for 

significant influence on the experimental and analytical observations of detonation 

initiation.  Cambier and Tegner examined the effects of various diverging nozzles on 

PDE efficiency for single and multiple cycles (Yungster, 2003:1).  Using a detonation 

tube with a nozzle filled with a stoichiometric hydrogen-air mixture Cambier and Tegner 
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were able to computationally demonstrate the performance benefits associated with a 

single thrust pulse.  Eidelman and Yiang numerically studied various converging and 

diverging nozzles using stoichiometric C2H2 and air mixtures on a single detonation pulse 

with results showing that both converging and diverging nozzles can increase PDE 

performance at the expense of achieving higher cyclic PDE engine efficiency for 

converging and straight nozzles (Yungster, 2003:1).  Diverging nozzles were shown to 

exhibit a higher impulse while still achieving higher cycling frequency.  For single-pulse 

operation bell shaped nozzles were shown to produce the highest performance.  Several 

of the studies reviewed by Kailasanath observed conflicting and contradictory 

conclusions (Yungster, 2003:1).  In general all of the studies that considered convergent 

nozzles showed shock reflections that propagated upstream and interfered with the fill 

process, a problem that requires further examination for a solution.  Divergent nozzles 

were found to give higher impulse although in most cases occurring later in time possibly 

affecting cycle frequency for a multi-cycle system with a single thrust tube.  With regard 

to divergent nozzles a bell shaped nozzle similar to the diverging nozzle of a rocket 

engine showed the highest increases in performance. 

 In another separate study Barbour examined single pulse detonation tube 

performance at initial pressures equal and greater than ambient pressure conditions of 1 

atmosphere with a converging-diverging nozzle.  Local heat flux was determined to be a 

significant factor in overall energy release at blow down, highly so when a converging-

diverging nozzle was considered.  Lower increases in specific impulse were noted at low 

initial pressures near ambient pressure conditions.  The effects of the nozzle showed 
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greater overall beneficial performance in specific impulse at higher initial pressures of 2 

atmospheres (Barbour and Hanson, 2005:1).  .  

Several computational studies indicated the rate of relaxation of the internal 

detonation tube pressure to ambient conditions was a limiting factor on performance.  

Higher specific impulse could be achieved through a slower rate of relaxation through the 

use of straight nozzles.  Studies with the diverging nozzle suggest that diverging nozzles 

have the potential for better performance because of the larger effective exit area for 

thrust to act at the expense of a slower relaxation rate.  The larger area of the nozzle also 

contributes to adverse performance effects from an increase in cross section drag and 

additional weight. 

When adding a nozzle of any type to a straight pulse detonation tube the blow 

down process of purging and refilling the tube becomes a significant portion of the 

overall cycle.  The process of filling the tube on the fill cycle has a longer duration in that 

the residual combustion products and/or ambient air from the purge cycle must be forced 

out of the tube for the fuel/air mixture to fill the tube in preparation for the fire cycle.  

The purge cycle poses a challenge in that the purge cycle helps to cool the detonation tube 

and purge the products of combustion in preparation for the fill cycle.  Multiple thrust 

tubes provide for potential alternate solutions to longer cycle times in that each tube cycle 

could operate on different cycle phases.  Each tube could produce a higher overall 

impulse on the fire portion of the PDE cycle when considering nozzles of differing 

converging and diverging area ratios. 
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Nozzle Orifice Fluid Flow Dynamics 

 Most of the studies presented have examined the effects of nozzles of various 

converging and diverging area ratios and have also examined the effects of increased 

initial detonation tube pressure on detonation tube performance.  Performance parameters 

in most studies examined the effects of specific impulse and thrust on detonation tube 

performance.  The focus of the experimental study conducted in this research was to 

examine the effects varying pressure on the performance parameters of ignition and 

deflagration to detonation transition (DDT) time while using a nozzle appended to the 

end of a pulse detonation tube in various initial conditions of multi-cycle tests.  While 

several studies noted above have examined the effects of converging-diverging nozzles, 

the nozzles or flow restriction devices used this study consisted of a flow restriction 

orifice attached to the tube exit.  Performance parameters of thrust or specific impulse 

were not considered in this study.  Orifice diameters of incrementally varying sizes were 

attached at the tube exit and both flow characteristics and performance parameters of 

ignition and DDT times were examined.  If the possibility exists to decrease both ignition 

and DDT time with the PDE cycle it might also be possible to increase the multi-cycle 

frequency and produce a corresponding increase in thrust from an increase in frequency 

of the thrust pulses. 

Flow through an orifice attached to the end of single detonation tube creates a 

flow restriction similar to an orifice plate used to regulate pressure and mass flow rate.  A 

schematic representation of orifice-type plate attached to the exit of the pulse detonation 

tube is shown in Figure 11.  As the flow exits through the pulse detonation tube, the flow 
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