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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.



AFIT/GAE/ENY/06-M34

To my wife and daughter who bring me joy and have provided loving and wonderful

support.

vi



Acknowledgments

I would like to express my sincere appreciation to my faculty advisor, Dr. Paul 1.
King, for his guidance and support throughout the course of this thesis effort. His insight
and experience were certainly appreciated. I would, also, like to thank my sponsor, Dr.
Frederick R. Schauer, Dr. John Hoke, Mr. Royce Bradley and Mr. Curt Rice from the Air
Force Materiel Command for providing the facilities, guidance and assistance to produce
my research results.

I also have to thank Dr. Ralph Anthenien for also providing me with considerable
guidance and help on my thesis especially in the field of combustion even when he was
short on time. Lt Timothy Helfrich was a most valuable asset on those long hours every
evening while I was trying to gather data after hours. His understanding of the PDE
facility and initiative could not have served me better and quite often turned what would
have been hours trying to figure something out or why it was broken into minutes... and
yes he knows it!... But then again, he would always do about anything for a burrito at
Qdoba! Talso have to thank Capt Joe Hank and all my friends and colleagues who have
aided in my long journey through AFIT to be able to arrive at a point in my academic

career where I could be given the opportunity to produce a thesis.

Wesley R. Knick

vii



Table of Contents

Page

AADSTIACT ...ttt ettt ettt ettt e bt et e b e e et e e bt e eabeeneen v
ACKNOWIEAZMENLS......ccciiieiiiiecieeece et ettt e et e e e e et e e esaeeensaeeenseeennseees vii
TabIe OF CONENLES ... ..eiiiiiiieiie ettt ettt ettt e st et esaeeeeee s viil
LISt OF FIGUIES ...vieeieeeeieee ettt ettt e et e et e e et e e et eeesaaeesssaeeessaeesnneeesaseeenns X
LSt OF TADIES ...ttt et et sttt e Xiv
LISt Of SYMDOIS ..ot e eree s XV
L INEEOAUCTION ...ttt et 1
Research Motivation and APProach ..........ccceveeiiieiiiieiiieecieeeeeee et 4

II.  Pulse Detonation Theory and Background ............cccooeeiiiiiiiiiiiiiiiieceeceeeeee 5
Detonation Wave TREOTY........ceeciiieiiieciiieeie ettt et e etae e sare e saee e earaeenes 5
Zel’dovich, von Neumann and Doring (ZND) Theory of Detonations......................... 12
Pulse Detonation Engine Cycle and Operation ...........cccceeevveeevieeecieeeiieesiieesiee e 15
Flammability and Limits of Ignition..........ccccueeiiiiiiiiiiieiiieeceeeeeeee e 24
Pulse Detonation Engine Exit NOZzZIes........ccccccoiiiviiiiiiieeiiececeee e 25
Nozzle Orifice Fluid FIow DynamicCs...........cccuveviiieiiiieeiie e 31
Cylinder Head Poppet Valve Flow Dynamics...........cccccuveeriieeiieeeiiieecieeceee e 37
Tube Fill and Fill Fraction........ccccooiiiiiiiiieiee e 41
L. Facilities and InStrumentation..............coceeiiiiiieiiiiieenie e 46
Facility and Engine Control SyStem ..........cccuieiiiiiiiiieeiiie e 46
PDE Engine Test Rig and Supply SyStem.........ccceevviieiiieeiiieeieeeieeeee e 49

F N L] 103 o) SRR 49
FUCL SUPPLY ...t et e e e e tae e st e e e raa e e enbaeesnseeas 50
Air and Fuel Flow Control Calculations .............ccooeiiiiiiiiniiiiiiieneeeeeeee e 51
Spark Ignition System for PDE Operation ...........ccceccveeeiiieiciiieniie e 52
Detonation TUDE SETUP ......ccciiieiiiecieecee ettt e e e e e s e e seaeeeenreees 53
Ion Probes and Data AcquiSition Cards...........cccveeriieeriieeriieeiieeeriee e svee e 54
IENTION TIME ..eeeeiieeiiie ettt e et e et e e e aaeeesnaeeesseeesnsaeesnseeas 55
Nozzle Orifice FIoW ReStrICtION......cc..iiiiiiiiiiiiiiiiiieceee e 56
Cold Flow (No Ignition) Tube Head and Exit Pressure Measurements....................... 57

viii



IV. Test Planning, Methods and Procedures..............ccoevuveviieiieniieeniieniceiiesee e 58

Development of the Baseline Test Setup.........coccveeeiieiiiiiiieiieiiieieceeeee e 58
Hot Ignition Test ProCedUre ...........cccueeoiieiiiiiieiieeieee et 61
Cold Flow Measurement Test Procedure ............cocoveeveriiniinenienieeceenece e 63
V.  Data Reduction and Error ANalysiS.........cccecverieeiiienieeiiienieeieeriee et 66
Data Acquisition and SamMpPIiNg..........cccveriiiiiieiieeiiieie et 67
Determination of Ignition TiMe..........cccveriiiiiiiiiieiiieie e 68
Determination of Wave SPeed.........cceeviiiiiiiiiiiiiciiee e 69
Detonation and DDT TImME......cc.cevuiriirieririiniieieeieseeie et 70
Wave Speed Measurement UNCEIrtainty ........c.eevveecieerieeiieenieeiieiiesieeniee e eieesveenenes 71
Data Standard Deviation and Confidence ............ccceveeverienienieniienieniceneeeeeeee 71
Cold Flow Data Reduction for Pressure...........cococveveevenieniinenienieieseneee e 72
VI. Experimental Results and ANalysis.........ccccceeriieiiiiniiiiiienieeieeeeciceee e 79
Baseline Test Conditions versus Varying Nozzle Orifice Exit Diameter .................... 79
Variation of Equivalence Ratio ...........cccoeoiiiiiiiiiiiiiieciiee e 85
Variation of Initial Spark Time ...........cccoeeviiiiiiiiiiiiieie e 89
Fill Fraction Variation .........c.c.ceeerieeieniienienieneeteete ettt e 94
VII. Conclusions and Recommendations.............cceceeverierieneniieniinenienceieeeeseeee e 99
CONCIUSIONS ...ttt sttt ettt b ettt sae et sbeesbeenesaee b enees 99
RecomMMENdAtionNsS ........cceevuiiiiiiiiiiieiieee e 105
Appendix A: Engine Performance for Hot Ignition Testing.........ccccoceevervenieneneenenn 108
Engine Fuel and Air Mass Flow Rate Hot-Ignition Tests .........cccccecueververienieniennene 108
Hot-Ignition and Cold Flow Manifold Pressure Comparison ............cccceveevuerevenuennee. 109
Hot-Ignition and Cold Flow Air Mass Flow Rate Comparison..........c..cccceevvervenennee. 110
Appendix B: Initial PDE Nozzle Tests with 93 cm Detonation Tube...............ccveeneeee. 111
Appendix C: Single versus multi-tube test comparison at 0.65 D,/D; nozzle size ........ 112
Appendix D: MATLAB code for pressure measurement at spark discharge ................. 113
Appendix E: Cold Flow Pressure Trace Measurements ..............ccceecveerueeneeeneeeneeenneennn 114
BiblIO@IAPRY ... .eiiiieiieee et ettt e e esnbeeraens 151
72 L SO OO ST SRPPP 155

X



Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.
Figure 9.
Figure 10

Figure 11

Figure 12.

Figure 13.

Figure 14.

List of Figures

Page
Schematic diagram of one-dimensional combustion Wave ...........c.ccceecveerveenns 6
Rayleigh lines of constant mass fluX .........ccccoccvveiiiieriiieciie e 9
Hugoniot curve of p VEIsuS 1/ .ooceveeeiiieeiiieceeeee e 11
ZND Wave Structure and physical properties (Kuo, 2005:382) ......ccceevuveeeneee. 13
ZND detonation structure on (p, 1/p) diagram (Kuo, 2005:383) ......cccevuveenneee. 14
Pulse Detonation Engine 3 part cycle (120° equal time each part) ................... 15
Detonation wave diagram & timeline sequence of events...........cccoeeevveeeveennee. 16
Schematic diagram of detonation cell structure...........ccccveevieeecieeecieeeieeee. 20
Initiation energy versus initial pressure, ¢ =1, T=293K .....cccceevvririieernnrennne. 22
- SChElKin SPiral......c..eieiiiiiiecee e e 26
. PDE nozzle exit orifice reStriCtion ..........ccevueeruieeiiienieeieenieeieesee e 32
Pressure drop (Ap) versus mass flow rate for varying nozzle orifice diameters
............................................................................................................................ 37
Cylinder head poppet valve GEOmMEtrY .......ccccvvveeciiieiiiieciieeiee e 38

PDE cycle pressure trace versus time (D,/D; = 0.75, spark delay = 0, FF =2.5)

.................................................................................................................................... 44
Figure 15. Engine Control Panel...........ccccocuiiiiiiiiiiieeie e 47
Figure 16. PDE hydrogen and air supply system schematic ............cccccceevvveercieencnneennnnn. 48
Figure 17. Experimental detonation tube SEtUP ........ccccueeeviieeriieeiiiecieeeeeeee e 53
Figure 18. Autolite spark plug (part# 4302) used as ion probe.........ccccceeeerveercieercveeennnenn. 54
Figure 19. Example nozzle orifice end caps used to restrict flow with and without

pressure tap (0.8 inch, (2.032 cm) and 0.85 inch, (2.159 cm) shown)....................... 56



Figure 20. Sensotec 100 psia (0.69MPa) Model TJE/0713-10JA pressure transducer..... 56

Figure 21. Ignition and DDT time referenced from spark discharge ..........cccccecevveienene 66
Figure 22. Ignition trace processed with Savitzky-Golay filter ...........ccccooveeviniinnnnnnn. 67
Figure 23. Sensitivity Analysis (D2/D; =0.9, ¢ =2, spark delay =0) .....cccceovervirinnnnnens 68

Figure 24. Sample ion probe voltage drop for measuring combustion wave passage
(voltage trace for ion probe 1 not ShOWN) ......c.oooiiiiiiiiiiiiiieeeeeeee e 69

Figure 25. Cold flow spark discharge pressure (D,/D; = 0.675, Spark Delay = 5, FF = 2)
.................................................................................................................................... 72

Figure 26 - Tube head voltage versus time signal output trace...........cceceeveeveervereeneennnens 73
Figure 27. Engine manifold pressure versus nozzle size (cold and hot flow comparison)75
Figure 28. Manifold pressure versus ignition pressure correction chart.............ccccecuene. 76

Figure 29. Corrected ignition pressure at tube head versus nozzle size for baseline test
conditions (FF =2, Spark Delay = 0, ¢ = 1)..cccceeviiiiieniieieeeeeeeeeee e 78

Figure 30. Ignition, detonation & DDT time versus nozzle size (FF =2, ¢ = 1, spark delay
Figure 31. Ignition, detonation & DDT time versus initial spark pressure (FF =2, ¢ =1,
SPATK dLAY = 1) .eeentieiiiieiie ettt ettt e e beeeaaaens 80

Figure 32. Non-dimensional pressure versus non-dimensional ignition time (FF =2, ¢ =
L, Spark delay = 0) ....ocouieiiieiee e 81

Figure 33. Superimposed ignition and cold flow cylinder head pressure traces with
pressure change at ignition delay depicted (0.75 D,/D;, FF = 2, spark delay = 0, ¢ =

L)ttt h et ettt a e aesae s 82
Figure 34. Percentage of detonations occurring with nozzle variation (spark delay = 0, Fill
FTaCtiON = 2) .oiiiuiiiiiiie ettt ettt et e et e e ta e e e taeeenae e sabaeenanee s 83
Figure 35. Detonation distance versus nozzle size (FF = 2, spark delay =0, ¢ = 1)......... 84

Figure 36. Ignition time versus nozzle size with varying equivalence ratio (FF = 2, spark
EIAY = 0) ittt ettt e et e st e e beeenaeenneas 85

Figure 37. Detonation time versus nozzle with variation of equivalence ratio (FF =2,
SPATK dLAY = 1) .eentieeieeiie ettt ettt e e e et e enaaens 86

xi



Figure 38. DDT time versus nozzle size with equivalence ratio variation (FF = 2, spark
Figure 39. Ignition time versus initial pressure with varying equivalence ratio (FF =2, ¢ =
L, Spark delay = 0) ....ocouieiiieieee et en 87

Figure 40. Percent detonations occurring with variation of equivalence ratio (spark delay
=0, FIL FTaCtion = 2) ...uviiiiiieieiee ettt et e e srae e eanee s 88

Figure 41. Average detonation distance versus nozzle size with variation of equivalence
ratio (FF =2, spark delay = 0) ......ccceeiiiiiiiiieieeeeeeeeeeee e 88

Figure 42. Pressure depression after fill valve closes (Cold Flow-No Ignition, D,/D; =
0.85, spark delay =5, FF = 2) .o..oioiioiieieeeee ettt 89

Figure 43. Ignition time versus nozzle size with varying spark delays (FF =2, ¢=1).... 90

Figure 44. Detonation time versus nozzle size with spark delay variation (FF =2, ¢ = 1)
.................................................................................................................................... 92

Figure 45. DDT time versus nozzle size with spark delay variation (FF =2, ¢=1)........ 92
Figure 46. Percent detonations occurring with variation of spark delay (¢ = 1, FF =2)..93

Figure 47. Average detonation distance versus nozzle size with variation of spark delay
(FF = 2, 0= 1) ettt 94

Figure 48. Ignition time versus fill fraction with nozzle size variation, D,/D; (¢ = 1, spark
EIAY = 0) it ettt e et esabeebeeenaeenneas 95

Figure 49. Ignition time versus initial pressure (Tube head) with varying nozzle sizes,
Dy/Dy (=1, spark delay = 0) ...c.coouieiieeiieiieeie et 95

Figure 50. Detonation time versus nozzle size with varying fill fraction (¢ = 1, spark

.................................................................................................................................... 97

Figure 53. Average detonation distance versus nozzle size with fill fraction variation
(Spark delay = 0, ) = 1).eeuiieiieiieeie ettt ens 98

xii



Figure 54 - PCB dynamic pressure transducer trace (D»/D; = 0.6, spark delay = 0, FF = 2)
.................................................................................................................................. 100

Figure 55 - Engine fuel and mass flow rate versus nozzle size for a variation in fill
TACTION ...ttt 108

Figure 56 - Engine manifold pressure versus nozzle size comparison for cold flow and hot
1ZNTEION ENZINE TUINS ..ttt ettt ettt ste et eatesteebeeatesbee bt satesbeebeeaeesaeensesanens 109

Figure 57 - Engine air flow rate versus nozzle size for comparison of ignition and cold
FTOW EESES .ttt 110

xiii



List of Tables

Table 1. Differences of Detonations & Deflagrations of Gases (Kuo, 2005:357).............. 7

Table 2. Hydrogen-Air, varying initial pressure (T; = 295K, ¢ = 1, diluent = 55.6%)..... 26

Table 3. IgNItion TeSt MAIIX ....eieeiiieeiieeeiieeciee et e ettt e e e e e e e e esaeeeeaeeenaeeeenreees 62
Table 4. Cold FIOW TeSt MAtIIX......eeiiiiiiiiiiiiieriie ettt et 64
Table 5. Pressure Correction at Ignition for Volumetric Flow (spark delay =0) ............. 74

X1V



Acronyms

ACFM
AFIT
AFRL
CFD
C-J
DDT
FF
PDE
TTL
RTV
ZND

[0)

N
’§
on

DO O™ W >
2 S o o

£ A

esilies!

g
=]

nozzle loss

P AR T

SN

List of Symbols

Actual Cubic Feet per Minute

Air Force Institute of Technology

Air Force Research Laboratory
Computational Fluid Dynamics
Chapman Jouguet (speed)
Deflagration to Detonation Transition
Fill Fraction

Pulse Detonation Engine

Transistor to Transistor Logic

Room Temperature Vulcanizing
Zeldovich, vonNeumann, and Ddring wave theory

Area (m?)

sonic velocity (m/s)

Spalding transfer number (dimensionless)
Seat Angle (degrees)

empirical discharge coefficient (dimensionless)
condenser capacitance (farads)

specific heat (J/kg K)

drop diameter (nm), tube diameter (m)
Head Diameter (mm)

critical tube diameter (mm)

density (kg/m’)

air fuel mixture diameter (spherical volume)
electrical energy (J), activation energy (kJ)
minimum ignition energy (J)

friction factor (dimensionless)

propulsive force (N)

constant (1 kg m/N s?)

specific enthalpy of formation (J/kg)

flow coefficient (CM)

nozzle loss coefficient (dimensionless

cell length (mm)

effective tube length (m)

valve lift (mm)

mass flow rate (kg/sec)

XV



M Mach number, velocity of approach factor

n reaction order (a + b, ~0.5 to 2.5)

p, P pressure (N/m?)

q heat per unit mass (J/kg)

Q volumetric flow rate (m*/sec)

Jeond heat per unit mass conducted (J/kg)

R universal gas constant (8.31451 J/gmol K)
U} stoichiometric ratio

T temperature (K)

Tu percentage turbulence intensity (100u /U)
U air velocity, wave speed (m/sec)

u, V velocity (m/s), volume (m?)

w seat width (mm)

u’ RMS value of fluctuating velocity

Vi condenser voltage (Volt)

Xiirel mole percent fuel

Y expansion factor (dimensionless)

o standard deviation

@ equivalence ratio (dimensionless)

¥ specific heat ratio (dimensionless)

A thermal conductivity (J/(sec m K)), cell width (mm)
y7, viscosity (N sec/m?)

Y7, bulk viscosity (N sec/m?)

Tign ignition time (sec)

Subscripts

1 upstream
downstream

air referenced to air properties

atm atmospheric

cond conductivity
fuel referenced to fuel properties

ign ignition

min minimum

mix referenced to fuel/air mixture properties

Xvi



CHARACTERIZATION OF PULSE DETONATION
ENGINE PERFORMANCE WITH VARYING

FREESTREAM STAGNATION PRESSURE LEVELS

1. 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



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



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.



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.



I1. 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



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 u; being the reactant velocity with respect to the flame front and u,
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 My, p»/p1, and p,/p; for

detonation than deflagration.

Combustion Wave

i,
Reactants : Products
U ) %)
p1, T1, p1, €1, My P2, T2, P2, €2, M

7

Figure 1. Schematic diagram of one-dimensional combustion wave



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

Ratio
ui/cq (My)
U,/C, (My)

Uy/Uy

P2/p1

T,IT,

p2/p1

Typical Magnitude of Ratio

Detonation

5-10

1

0.4 - 0.7 (deceleration)
13 - 55 (compression)
8 - 21 (heat addition)
1.7-26

Deflagration
0.0001 - 0.03

0.003

4 - 6 (acceleration)

=~ 0.98 (slight expansion)
4 - 16 (heat addition)
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:

Momentum:

Energy:

d(pu)
dx

u
pdx dx dx|\3

o s,

u 4 h+u—2 __4 +i_u(i + ’j@
P dx 2 dxqmd dx | 3” # dx

__,41

where ¢, = .

=0 where pu = constant (1)

) du |
ujdx (2)

(3)
and h= CpT+h0

The bulk viscosity £’ is small and often neglected: ' < i



Integrating the continuity, momentum and energy equations from above gives (Kuo,
2005:358):

pu = constant = m

du d dp d(4 du (4)
u—-+u—-_pu)= + — |=0
r dx dx(p ) dx dx(3 dxj
From continuity: di( pu)=0 (5)
X
The momentum equation then becomes:
d 4 du
u +p—— 0 6
w[p P 3”@J (6)
Integration with respect to x gives:
pu’+p —i,u@ = constant (7)
37 dx

Integration of the energy equation with respect to x gives:

1 dT 4 du
u| C T+h’+—u’ |-~ A——u| — u— | = constant 8
pul Cran et - 2% [ 2 ®)
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):

P, = Polly, =M )
P+ P = py+ pot; (10)
l 1, 1, 1,
C, T +Eul +q=C,T, +Eu2 or h1+5u1 +q:hz+zu2 (11)
and p, = p,RT, (12)



N
q=h'—h) where " =Y Ah}, (13)
i=1

The four equations above relate the five unknowns: u,,u,, p,,T,, p,. Combining
equations (9) and (10) above it is possible to derive the Rayleigh-line relation:

2.2 P — P .2
put=—t2TP (14)
Y Up-1p,

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 (P, 1/p;).
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).

P“

increasing
mass flux, m

pitm’(1/p;-1/p,)

| S B i

Figure 2. Rayleigh lines of constant mass flux



"Using the Rayleigh-line relation, the Mach number relation M| = u, / ¢, , the relationship

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

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

2005:360):

1 1 1
L[&—ﬂj——(pz—pl)(—+—j=q (15)
yr=1\p, p) 2 PPy

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

enthalpy 4 (Kuo, 2005:361):

1 1 1
hz—hFE(Pz—Pl)(;Jr;j (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. Inregion V p, > p, and 1/ p, >1/p, , 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

M, =1 (Kuo, 2005:362). In the detonation regions of the Hugoniot curve (regions I and
IT) the density and pressure of the products exceed that of the reactants 1/p, <1/p, ,

p, > p, and u, >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).

Hugoniot Curve

V (physically impossible, u; imaginary)

Il (Weak Deflagration)

IV (Strong Deflagration
(Origin of the ( g g )
Hugoniot Curve)

l f" h ~ e

: 1/py Lower Chapman-Jouguet Point

1lp

A J

Figure 3. Hugoniot curve of p versus 1/p
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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 Doring (ZND) Theory of Detonations

As a further development on the theory of the C-J theory, Zel’dovich, von
Neumann, and Doring 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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Deflagration p!

Reaction
Zone

Axial Distance

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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von Neumann spike

-— Hugoniot Curve (q > 0)

Shock Wave Followed by Deflagration

Shock Hugoniot (¢ = 0)

A\

1/p
Figure 5. ZND detonation structure on (p, 1/p) 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, ¢, 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 ¢
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

Fill valve closed Fill valve open

R L

Spark PIUg —_— [ . .................................... Spark P]ug —_
Purge valve open Purge valve closed
Purge Process: Fill Process:
1. Purge Valve Opens 1. Fill Valve Opens
2. Purge air cools tube and 2. Fuel-air mixture flows
cleanses tube of combustion /\‘ ) in to fill tube
byproducts Purge Fill

Fire

Fire Process:

1. Both valves closed

2. Spark initiates combustion

3. Combustion wave transitions
from deflagration to
detonation and exits tube

Fill valve closed / Combustion wave exits tube

Spark plug discharges —>

Purge valve closed

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.

Fill valve Toil of Combustion

Compression Shock Front
7] Zone (Flame Brush) P ock Fron

Waves

Spark T SR R R :
plug ; B PN .. ) ' A a3
: i Retonation Transverse Waves
Wave
Purge valve closed
Spark
I?)ellagf Ignition DDT Tube Wave exits
- . . . _ 144
Combustion ( N ms) T1Jrg1€ Tqu Exit  tube-Thrust!!
s N\~ N~ N + » .
Sequence of Events: £ f ) 1 » Time
Fill Spark Sustained Detonation
Valve Discharge Ignition  (C-J speed)
Closes

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 £

min ?

must be deposited by the spark to achieve ignition and is given by

(Kuo, 1986:758):

T
Emin = Cp,airpairAI;toich gd; (17)

where for flowing mixtures:

L 030 p, (Tu/100)U"* D

18
T g a1+ ) o

and:

D = drop diameter

@ = equivalence ratio

B = Spalding transfer number

Tu = percentage turbulence intensity = 100u'/U
u' = RMS value of fluctuating velocity

U = air velocity
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The energy generated by a capacitance spark is given by (Glassman, 1996:342):
E=te(rp-n 19
_ch( 2 N ) (19)

where:

E =electrical energy (J)
¢, = condenser capacitance (farads)

V. = condenser voltage before spark (1) and after spark (2)

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 =+/yRT . 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.

Triple Point
Triple Point Incident Shock

\ Track\ Mach Stem /

............ \ / Detonation

......... Wave Direction

Transverse
Wave

l«— Cell Length, Loc———»|

Figure 8. Schematic diagram of detonation cell structure

The cell width, A 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, d, 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 d, =134
(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, A (or L, ), 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 4 = 0.6L, 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, ¢ =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):

E

initiation = 3375]’3 (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):

F = m I/ve)cit + Aex[t (Pexit - Patm ) (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):

o
¢ — ma” actual
&
ma” stoichiometric

0<g<1 fuel-lean
where: p=1 stoichiometric condition
I<gp<oo fuel-rich

(22)

At the stoichiometric condition the fuel and air mixture is completely consumed with no
residual carbon dioxide, CO; or water, H,O 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 ¢
= 1 and increases at values of ¢ 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, '¥ 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 (¥ = X ,,,, /X

fuel ,stoichiometric )
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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.

ANNNANNNNNC

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 (T; = 295K, ¢ = 1, diluent = 55.6%)

I:)1 VCJ PCJ TCJ acy YcJ IVICJ
(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
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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):

Ignition Time: 7, o« R_IR where RR = AT’ e */*" [Fuel]a [Oxygen]b p" (23)

ign

or: T, m%eE/ * [Fuel] * [Oxygen]” p~'T~** (24)

A = Pre-exponential Constant

E = Activiaton Energy

R = Universal Gas Constant
where: p = pressure

T = Temperature

a +b = Reaction Order

n = experimentally determined constant ( ~ 0.5 to 2.5)

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 C,H, 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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