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Abstract

Pulse detonation technology can be a revolutionary approach for propulsion system since it offers significant fuel efficiency, higher thrust to weight ratio and low cost. Although the design concept of a pulse detonation engine is comparatively simple, but the development and stabilization of sustainable detonation wave front is difficult. Consequently, pulse detonation engine technology is still in active research stage. To accelerate the development of pulse detonation engine, there is a need to carefully pursue the experimental analysis of pulse detonation engine.
An ideal PDE design can have a thermodynamic efficiency higher than other designs like turbojet sand turbofans because a detonation wave rapidly compresses the mixture and adds heat at constant volume. Consequently, moving parts like compressor spools are not necessarily required in the engine, which could significantly reduce overall weight and cost. PDEs have been considered for propulsion for over 70 years. Key issues for further development include fast and efficient mixing of the fuel and oxidizer, the prevention of auto ignition,

and integration with an inlet and nozzle.

Pulse detonation engine primarily relies on Deflagration-to-Detonation Transition (DDT) to avoid the high energy required for direct detonation initiation. DDT is the process whereby a deflagration is initiated using a weak energy source (typically tens or hundreds of mili Joules). The subsonic flame is accelerated via a series of gas dynamic processes, eventually transitioning to a supersonic detonation before exiting the combustion tube. A drawback of this approach for practical devices is the necessary length and time for transition to detonation.
We have studied various parameters affecting the performance of Pulse detonation engine (PDE) like pulse detonation engine Tube diameter (combustion tube), Pulse tube length for proper deflagration to detonation transition (DDT), Cell size, Equivalence ratio of fuel used. The Structural aspects like materials for fabrication of pulse detonation engine have been discussed.

The global interest in the development of PDE for propulsion has led to numerous studies on detonations, particularly pertaining to its control and confinement. This is evident from the formation of collaborative teams by universities and industry worldwide. Dedicated technical meetings and special mini symposia and sessions on PDE in combustion-related conferences are becoming very popular. Several reviews have been already presented at various meetings and published in archival journals.
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                                                                                   Introduction

1.1. Definition
A pulse detonation engine, or "PDE", is a type of propulsion system that uses detonation waves to combust the fuel and oxidizer mixture. The engine is pulsed because the mixture must be renewed in the combustion chamber between each  detonation wave initiated by an ignition source.

Pulse detonation technology can be a revolutionary approach for propulsion system since it offers significant fuel efficiency, higher thrust to weight ratio and low cost. Although the design concept of a pulse detonation engine is comparatively simple, butthe development and stabilization of sustainable detonation wave front is difficult. Consequently pulse detonation engine technology is still in active research stage.

[image: image1.emf]
Fig. 1.1. Pulse Detonation Engine Design
1.2. History
In principle, detonations are an extremely efficient means of burning a fuel-air mixture and releasing its chemical energy content. However, detonations have been explored for propulsion applications only for the past fifty years or so because of the difficulties involved in rapidly mixing the fuel and air at high speeds, and initiating and sustaining a detonation in a controlled manner in fuel-air mixtures. Recently, there has been a renewed interest in the application of intermittent or pulsed detonations to propulsion and hence it is timely to review the past work.

Detonation process was described first by Berthelot, Vieille, Mallard and Le Chatelier in 1881and nearly twenty years later the zero dimensional theory of detonation was independently presented by Chapman and Jouguet. First attempt of application of pulse detonation to jet propulsion was made at the University of Michigan by J.A. Nicholls in fifties of the last century and first demonstration of establishment of the continuously rotating detonation was demonstrated fifty years ago by Vojciechovski, Metrofanov and Topchiyan at the Institute of Hydrodynamics of Siberian Branch of Soviet Academy of Sciences in Novosibirsk. About twenty years ago intensive research was reinitiated on Pulsed Detonation Engine (PDE) and nearly ten years ago on Rotating Detonation Engines (RDE). Many papers on this subject can be found in publications . In 2004, Tobita, Fujiwara and Wolanski applied for a patent on the Rotating Detonation Engine (RDE) and the patent was issued in 2005.
1.3. Basic Features of PDE
1. It is a revolutionary engine that uses detonation to combust the fuel.
2. Detonation Principle Operation
3. It operates in a cyclical and intermittent fashion.

4. Detonation is a more rapid and efficient form of combustion, as opposed to deflagration.

5. PDEs do not need heavy multi-stage compressors.

6. Thus PDEs can reduce weight, costs and improve fuel efficiency of propulsion systems dramatically.

7. PDEs can operate from Mach 0 to about 5 and can be used in supersonic or hypersonic vehicles.

8. PDEs can be applied for ground based electricity generation or aircraft propulsion

9. PDE can run on gaseous or liquid fuels, e.g. Hydrogen, Propane (Natural Gas), Coal Gas, Kerosene, Diesel, Jet Fuel, etc.

10. PDE with Hydrogen is the ideal engine of the future.

1.4.  PDE Cycle
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Fig. 3.1.Ideal PDE Cycle

For an ideal situation the initiation process takes only a short time and the detonation wave is quickly established,propagating near the CJ velocity. A detonation wave propagating in a closed end tube is followed by an isentropic

expansion wave (Taylor wave) that brings the flow to rest at some distance behind the detonation wave .The pressure decreases at the end of the tube ,the detonation is propagating and for short period of time afterwards.When the detonation wave reaches the open end of the tube the detonation process ceases since there is no fuel outsidethe tube. The detonation products flow out of the tube creating a shockwave in the external region and a series ofexpansion waves are reflected back into the tube. As the tube is emptied the pressure decreases to equal the ambientvalue, often with an intermediate excursion to sub ambient values.
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Fig. 3.2. Thermodynamic cycle of PDE

Detonation engine follows fickett-jacobs cycle as shown above with red line.

If detonation combustion is applied to jet engine, efficiency of the engine cycle can betheoretically increased even more then 15%. This is due to the fact that during detonation specific volume of reacting mixture is decreased, so the theoretical efficiency of the cycle is even higher than for constant volume combustion.

Since in detonation the energy release rate is much higher than in deflagration, also enginesutilizing detonation have higher thermodynamic efficiency, and they are easier to scaling ascompared to conventional engines which use deflagrative combustion. All this is giving strongmotivation to apply detonative combustion to jet engines.

                                                                               Chapter 2

                                                  Detonation and Deflagration

2.1. Detonation

Deflagrations are thermal processes that proceed radially outward in all directions through the available fuel away from the ignition source. As the volume of the reaction zone expands with every passing moment, the larger surface area contacts more fuel, like the surface of an inflating balloon. The reaction starts small and gathers energy with time. This process occurs at speeds depending largely on the chemistry of the fuel--from 1 to 10 meters per second in gasoline vapors mixed with air to hundreds of meters per second in black powder or nitrocellulose propellants. These speeds are less than the speed of sound in the fuel (The speed of sound through a material is not constant, but dependent on the density of the material; the higher its density, the higher the speed of sound will be through it). Deflagrations, then, are thermally initiated reactions propagating at subsonic speeds through materials like: mixtures of natural gas and air, LP gases and air, or gasoline vapors and air; black powder or nitrocellulose (single-base) propellants or rocket fuels. The pressures developed by deflagrating explosions are dependent on the fuels involved, their geometry, and the strength (failure pressure) of a confining vessel or structure (if any). Pressures can range from 0.1psi to approximately 100 psi for gasoline :air mixtures to several thousand psi for propellants. Times of development are on the order of thousandths of a second to a half-second or more. Maximum temperatures are on the order of 1000-2000 degrees Celsius (2000-4000 degrees Fahrenheit).
2.2. Deflagration

Detonations are very different. While a detonation is still chemically an oxidation reaction, it does not involve a combination with oxygen. It involves only special chemically unstable molecules that, when energized, instantaneously splits into many small pieces that then recombine into different chemical products releasing very large amounts of heat as they do so. High explosives are defined as materials intended to function by detonation, such as TNT, nitroglycerine, C4, picric acid, and dynamite. The reaction speeds are higher than the speed of sound in the material (i.e., supersonic). Since most explosives are roughly the same density, a reaction speed of 1000 m/s (3100 feet per second) is set as the minimum speed that distinguishes detonations from deflagrations. Due to the supersonic reaction speed, a shock wave develops in the explosive (like the sonic boom from supersonic aircraft) that triggers the propagating reaction. Detonation speeds are on the order of 1000-10000 m/s so times of development are on the order of millionths of a second. Temperatures produced can be 3000-5000 degrees Celsius and pressures can be from 10000 psi to 100000 psi. It should be noted that a few materials can transition from deflagration to detonation depending on their geometry (long, straight galleries or pipes), starting temperature, and manner of initiation. Double-base smokeless powders (containing nitroglycerine), perchlorate-based flash powders, hydrogen/air mixtures and acetylene (pure or with air) can detonate under some conditions.
2.3. Detonation vs.  Deflagration
	Detonation



1. Detonation is a supersonic combustion process.
2. While a detonation is still chemically an oxidation reaction, it does not involve a combination with oxygen.


3. Since most explosives are roughly the same density, a reaction speed of 1000 m/s (3100 feet per second) is set as the minimum speed that distinguishes detonations from deflagrations.
4. Temperatures produced can be 3000-5000 degrees Celsius.


5. Pressures can be from 10000 psi to 100000 psi.


	Deflagration



1. deflagration is a subsonic combustion process.
2. Deflagrations are thermal processes that proceed radially outward in all directions through the available fuel away from the ignition source.
3. This process occurs at speeds depending largely on the chemistry of the fuel--from 1 to 10 meters per second to hundreds of meters per second.


4. Maximum temperatures are on the order of 1000-2000 degrees Celsius.

5. Pressures can range from 0.1psi to several thousand psi.




The effects of detonations are very different from those of deflagrations. Deflagrations tend to push, shove, and heave, often with very limited shattering and little production of secondary missiles (fragmentation). Building components may have time to move in response to the pressure as it builds up and vent it. The maximum pressures developed by deflagrations are often limited by the failure pressure of the surrounding structure. Detonations, on the other hand, tend to shatter, pulverize and splinter nearby materials with fragments propelled away at very high speeds. There is no time to move and relieve pressure so damage tends to be much more localized (seated) in the vicinity of the explosive charge (and its initiator) than a deflagration whose damage is more generalized. Damage from a deflagration tends to be more severe away from the ignition point, as the reaction energy grows with the expanding reaction (flame) front. It is for this reason that identification of an ignition source and mechanism for a deflagration may be more difficult than for a detonation.
                                                                                             Chapter 3
                                                                       Starting the Detonation 

The major difficulty with a  pulse detonation engine is starting the detonation. While it is possible to start a detonation directly with a large spark, the amount of energy  input is very large and it is not practical for an engine.

Because of this the typical solution is to use Deflagration –to-Detonation Transition (DDT) 

3.1 Deflagration to Detonation Transition (DDT)

DDT is the process whereby a deflagration is initiated using a weak energy source (typically tens or hundreds of mili Joules). The subsonic flame is accelerated via a series of gas dynamic processes, eventually transitioning to a supersonic detonation before exiting the combustion tube. A drawback of this approach for practical devices is the necessary length and time for transition to detonation (referred to as the run-up distance and time, respectively), which can limit cycle frequency. The run-up distance in fuel air mixtures can be significantly reduced by placing suitable obstacles inside the detonation chamber with little additional weight and complexity. Optimization for an obstacle-based DDT section is a trade-off between minimizing run-up distance via enhanced turbulence, and minimizing performance loss (total pressure losses) via less obstacles or smaller blockage.

A lot of work has been done to find out the effect of obstacles on the DDT (Deflagration-to-Detonation Transition) process in detonation tubes. However, intensive study needs to be done to examine the effect of obstacles on detonation wave propagation since the interactions between a detonation wave and an obstacle is a basic problem in detonation science. These interactions are known to affect he leading shock strength as well as temperature behind the shock wave and hence the chemical reaction rate. Therefore, there is a need to investigate the effect of obstacle on detonation wave propagation in a pulse detonation engine combustor. To accomplish this investigation, numerical modeling and simulation of Pulse Detonation Engine combustor with and without obstacle has been carried out by using a commercially available CFD code. A comparative study of simulation results has been performed by plotting pressure, hydrogen mass fraction and Mach number
3.2 Steps of DDT

1) Ignition and wave propagation.

2) Flame wrinkling, turbulence onset, and dramatic increase in burning rate.

3)  Increased burning rates increase flow velocity ahead of the mixture due to expanding gases. Unsteady compression waves ahead of the flame front increase temperature sufficiently to produce an acceleration effect on reaction rates. Shock front formation occurs due to the coalescence of compression waves.

4) Detonation onset, “explosion in an explosion”, in which there is an abrupt appearance of explosion centers or “hot spots” in the shock.

5) The detonation wave propagates, if successfully formed, developing into a pseudo-steady, self-sustaining wave at a CJ wave speed and thermodynamic conditions.
Figure 3.1 shows, through a series of stroboscopic Schlieren images, DDT from the work done by Urtiew and Oppenheim.

[image: image4.png]


[image: image5.jpg]tin

60

80

90

100

e
-
£

distance (m)




Fig. 3.1. Deflagration to Detonation Transition Schlieren Images
CHAPTER 4
PARAMETERS AFFECTING PERFORMANCE
4.1 Pulse Detonation Engines (PDEs) are new concept propulsion systems that utilize repetitive detonations to producethrust or power. Pulse Detonation engines offers the potential to provide increased performance while simultaneously reducing the engine weight, cost and complexity relative to conventional propulsion systems currently in service. Due to its obvious advantages, worldwide attention has been paid to the scientific and technical issues concerning Pulse Detonation Engine. Despite extensive research in Pulse Detonation Engine over the past several decades, it is not yet to be used practical propulsion applications. One of the key barriers to the realisation of an operational Pulse Detonation Engine lies in the difficulty to ignite the detonation wave in the engine in a reliable and controllable manner. This barrier is particularly critical for application that involves hydrocarbon/air mixture since it is well known that detonations are difficult to achieve with in a practical length in hydrocarbon/air mixtures, which are less sensitive to detonation initiation taking atomization, vaporization anddetonation into account. Detonation can be initiated either directly or by deflagration flame acceleration followed by deflagration to detonation transition (DDT). Direct detonation initiation energy and power requirement are a function of Cell Size or Cell Width, of a detonable mixture, which is the measure of the combustion reaction rates of the fuel mixture. Minimum energies are approximately 260000 joules for several hydrocarbon/air mixtures which are prohibitive for practical Pulse Detonation engines. It is desirable to use low initiation energy system to produce fully developed detonations with in an acceptable distance. The objective of this study is to investigate how the parameters affecting the performance of the pulse detonation Engine.

4.2 Detonation Cell Width (λ):

The cell width, 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 or as the average transverse wave spacing recorded on a sooted foil, is a useful measure of detonation. Generally speaking, the smaller the cell width, the smaller the minimum energy required to initiate detonation. The cell width can also be empirically related to other dynamic parameters such as the minimum tube diameter that is required for detonation propagation. Detonation cell size is also a measure of the sensitivity of the mixture to detonate .Table 5.1 shows a comparison of select fuels and their cell size. Although mathematical models to predict cell size exist, their poor accuracy favors values obtained experimentally.
Table 4.1

	Fuel
	λ (mm)

	
	Oxygen
	Air

	Hydrogen
	1.3
	10.9

	AcetyleneC2H2
	0.109
	5.8

	MethaneCH4
	8
	280

	EthaneC2H6
	-
	51

	PropaneC3H8
	2.5
	51.3

	Kerosene
	30.0
	-


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 . A relationship of initiation energy to cell size can be experimentally determined.

E initiation = 3.375λ3
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 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.
4.3 Detonation Tube Diameter(d)

A detonation typically cannot propagate in a tube of diameter less than the Cell Size (λ) divided by Π the limit corresponding to highly unstable or spinning detonations.

d < λ/Π ═> detonation cannot propagate (spinning detonation)

Where d= Dia of detonation tube,

λ = Cell Size

This corresponds to a minimum diameter of about 0.75 inch. A more realistic limit is associated with transition to detonation which usually requires that the “minimum detonation tube size is about one cell width which is nearly equal to 2.4 inch” .

4.4 Detonation Tube Length (L)

Another parameter affecting detonation is that the detonation tube should belong enough so that the detonation has the time to be successfully initiated (3). This is especially true if the detonation is deflagration to detonation transition (DDT). A rough estimate of the “minimum length required for detonation initiation and stabilization is 10 λ or 23.6 inch.

Relation Between Detonation Tube Diameter (D) And Length (L)
For fixed thrust relation between tube length (L) and diameter (d)

Length of tube (L) α 1/d2

Where T= Iv. * L* Πd2 /4 * f

Detonation tube size must be larger than the minimum dimensions which are proportional to Cell Width (λ).

Diameter of detonation tube (d) ≥ λ/Π

Length of detonation tube (L) ≥ 10 λ

The lower limit on the Detonation tube length is determined by DDT criterion.

4.5 EQUIVALENCE RATIO OF FUEL- OXIDIZER MIXTURE (φ):
The composition and the thermodynamic properties of fuel oxidizer mixture during combustion/detonation are dependent on the “Detonation Cell Width” if the wave propagates at supersonic speeds. Equivalence ratio (φ) greater than 1 would imply excess fuel or rich mixtures than would be required for stoichiometric reaction and conversely Equivalence ratio (φ) less than 1 would imply excess oxidizer or fuel lean mixtures. The detonable mixture’s Equivalence ratio is an important factor in how rapidly it was able to transition into detonation. Optimized Equivalence ratio for every condition lies from range of Φ’s from 0.9 to 1.2. There is a sharp increase in XDDT for φ’s less than 0.75.Equivalence ratio is defined as “The ratio of the fuel – oxidizer ratio to the Stoichiometric fuel–oxidizer ratio. Pulse detonation engine with it’s specific mixture at Equivalence Ratio (φ) slightly greater than stoichiometric, would minimize the detonation transition distance.
4.6 Detonation Sensitivity
The customary measure of detonation sensitivity is the “Cell Width (λ)”. This is

one of the constraints that determines the minimum detonation tube diameter (d) and detonation tube length (L).Data from earlier experiments shows that by a careful Igniter design it is possible to initiate a mixture with sensitivity (Stoichiometric Acetylene –Oxygen mixture λ=55mm) comparable to JP-10-air and obtain nearly ideal performance with a tube of diameter 3 inch and a length of 40 inch. These dimensions are substantially larger than the minimum dimensions. If sensitivity of mixture could be increased i.e. Cell Width decreased, then the Pulse Detonation Engine could be shorter and run at higher frequency.

                                                                                          Chapter 5
                                                                                              Research

5.1 Early Research

The development of the concept of Pulse Detonation Engines (PDE) has been traced back to the pioneering work of Hoffmann in a number of papers. Both gaseous (acetylene) and liquid (benzene) hydrocarbon fuels were employed with oxygen and intermittent detonation appears to have been achieved but attempts to determine an optimum cycle frequency were less successful. Nicholls et al. were also exploring the concept of intermittent (or pulse) detonation waves for propulsion applications. Both single cycle and multi-cycle operations with hydrogen and acetylene as fuels and oxygen and air as oxidizers were demonstrated. The basic set up was a simple detonation tube, open at one end with co-annular fuel and oxidizer injection at the closed end. Thrust, fuel flow, air flow, and temperature measurements were made over a range of operating conditions. When the spark plug was located 2 or 5 inches from the end of the mixing plane, spasmodic firing was observed suggesting problems with fuel-air mixing. However, with the spark plug located 10 inches downstream, periodic detonations for a range of mixtures were reported. For a hydrogen-air mixture, a specific impulse of 2100 seconds was attained along with a cycle frequency of 35 Hz. They also presented a very simplified theoretical analysis that gave overall results very much in agreement with their experimental data on hydrogen but less so in the case of acetylene. The agreement was partly fortuitous since the measured thrust-time history was significantly different from the theoretical. Recently, questions have also been raised whether the periodic waves observed in this early work was actually detonations or some form of high speed deflagrations. It is interesting to note that they also attempted initiation from the open end but were not successful. The issue of open end or closed end initiation continues to be a point of contention to this day. A set up similar to that of Nicholls was constructed by Krzycki, who used automotive spark plugs for ignition. He demonstrated operation at 60 2 Hz with propane-air mixtures but there is some doubt whether the device was operating in the detonative mode or merely as a pulse jet engine due to the low initiation energies employed. His overall conclusion was that although thrust was possible from such a device, practical applications were not promising.
5.2 Research In  80s And Early 90s

In the late 80’s, the concept of using intermittent or pulse detonations was re-examined experimentally. An ethylene-oxygen detonation in a small diameter tube was used as a pre-detonator to initiate detonations in a larger tube containing an ethylene-air mixture. Periodic fuel injection within the naturally aspirated tube resulted in an intermittent frequency of 25 Hz. Specific impulse estimated using the pressure time history and the amount of fuel consumed ranged from 1000 to1400 s. The velocity of the observed waves (less than 1 km/s) are significantly below the C-J detonation velocities for the reported mixtures, indicating that a fully developed detonation wave was not formed.

Soon, quasi one-dimensional numerical simulations were carried out to investigate the ideal performance of a PDE burning a stoichiometric mixture of hydrogen and air. The system simulated consisted of a 50 cm long main tube attached to a 43 cm long diverging nozzle. Issues of mixing, ignition and transition to detonation were all ignored. Overall performance calculated by integrating the instantaneous thrust and the fuel flow rates gave a specific impulse of about 6500s and a potential operating frequency of 667 Hz. The first look at the interactions between the flow inside the chamber and that outside appears to be the work of Eidelman et al. who simulated a cylindrical detonation chamber with air inlets. In their two-dimensional simulations, planar detonation was assumed to be created at the open end and traveled towards the closed end, ejecting some of the burnt gases through the open inlets. In this configuration, the system can operate in a self aspirating mode. Thrust was predicted to scale linearly with detonation chamber volume and operating frequency.

Many of the early efforts on intermittent or pulsed detonation engines have been reviewed, where a link is also made between these detonation engines and pulse jet engines (which do not use detonative combustion). A characteristic feature of this device is that detonation is initiated at the open end and travels towards a thrust wall at the closed end. An advantage of this approach is that it is self-aspirating. Air is entrained into the chamber through inlets near the closed end when the pressure falls below atmospheric during part of the cycle. Unsteady Euler simulations were used to study the operation of the device from static (M = 0) to supersonic (M = 2) conditions. As stated in their paper, a proof of principle experimental demonstration of the PDE mode of operation where detonation is initiated at the open end still needed to be done.

Bussing and Pappas [9] provided a detailed description of the basic operation of an idealized PDE. They also reported some one-dimensional studies of PDE’s burning hydrogen-oxygen and hydrogen-air mixtures. The detonation was initiated at the closed end in this engine using a high temperature and high pressure region. An advantage of this design is the confinement provided at the closed end which should enable a more rapid initiation and establishment of a detonation. Both air-breathing and rocket mode of operation of this design were discussed. Lynch et al  presented a computational study of an axisymmetric PDE with a straight inlet, very similar to that of Eidelman et al.. Various inlet lengths from 1 to 12 cm and flight Mach numbers of 0.8 and 2.0 were studied. The results were similar to those reported earlier except that some additional details of the detonation front were resolved in these studies.
5.3 Recent Research

In the past few years, there have been an explosion of papers related to the PDE and complete sessions have been devoted to the topic at the annual AIAA/ASME/SAE/ASEE Joint Propulsion Conferences. Due to space considerations, only selected papers from these years are briefly discussed here. Sterling et al. conducted one-dimensional numerical investigations of a self-aspirating PDE. A key observation from their studies was that only a portion of the detonation tube can be filled with fresh charge under self-aspirating operation. In spite of this limitation, they reported a specific impulse of 5151seconds for a hydrogen-air system. However, they concluded that the ideal performance of such an engine is “near those of other hydrogen-fueled/air breathing engines”.

Several basic shock tube experiments related to the development of a hydrogen-fueled PDE was described by Hinkey et al. . These include the measurement of detonation velocities and DDT (deflagration to detonation) transition lengths for a range of equivalence ratios. As expected, the DDT lengths were found to be too large for practical application seven in hydrogen-oxygen mixtures. Therefore, traditional techniques such as the use of a Schelkin spiral were tried to reduce the transition length. A factor of 2 to 4 reduction was observed over the range of equivalence ratios investigated. This work highlights the difficulties involved in obtaining a fully-developed detonation in a short distance (as assumed in the conceptual studies and numerical simulations discussed above) and questions if the detonations reported in previous experimental investigations were really fully transitioned from deflagrations. An interesting PDE concept presented by Bussing was that of a rotary valved multiple-pulse detonation engine. Here, several detonation chambers are coupled to an air inlet and fuel source using a rotary valve as suggested in one of the early papers of Nichols. The rotary valves allow the filling of some detonation chambers while others are detonating or exhausting.

Five different nozzle shapes and their effect on performance were studied computationally by Cambier and Tegner. Their results indicate that the presence of a nozzle can affect the performance of the PDE by increasing the thrust delivery during the ignition phase. The bell-shaped nozzles appeared to give higher performance than shapes with positive curvature. Their results also showed that nozzles also affected the flow dynamics and hence the timing of the various phases of the engine cycle. More recently, the effect of various nozzle shapes, including converging, diverging and straight have been re-examined computationally. The converging sections of nozzles introduced shock wave reflections while diverging sections generated a negative thrust for a portion of the cycle due to overexpansion. In spite of these limitations, the overall conclusion of these studies was that “nozzles can drastically increase efficiency of the PDEs”. However, factors such as the effect of the nozzles on cycle frequency and the detailed structure of the flow have not been elucidated. This appears to be an area that needs further investigation.

More recently, a two tube rotary valved PDE with flight-size components was operated at 40 Hz per combustor for 30 seconds with an ethylene-air mixture . In addition, throttling of the device allowed operation at three thrust levels during a 10 second demonstration experiment. Contrary to some earlier estimates, the thermal loads were significant and it was not possible to operate for more than 3 seconds without water cooling. It is not clear if this was because of periodic detonation failures and consequent deflagrative modes of combustion as reported in some earlier studies.

Computational studies have also made progress. The effect of nozzle shapes and incomplete transition to CJ detonations have been studied by Eidelman and Yang. They find that the cycle efficiency will be virtually the same whether a CJ detonation is initiated instantaneously or if it attains the CJ value only at the end of the detonation chamber. Primarily based on this, they come to an interesting conclusion that “initiation energies that are required for PDE operations can be small and comparable with energies required for initiation of (other) combustion process.” However, this is yet to be substantiated experimentally. Injection and mixing issues that have generally been ignored in previous numerical studies are also beginning to be addressed.
5.4 First PDE Powered Flight
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Fig. 5.1.In-flight picture of the pulsed detonation powered, and heavily

modified, Rutan Long-EZ on January 31, 2008.

The first flight of an aircraft powered by a pulse detonation engine took place at the Mojave Air & Space Port on January 31, 2008. The project was developed by the Air Force Research Laboratory and Innovative Scientific Solutions, Inc. The aircraft selected for the flight was a heavily modified Scaled Composites Long-EZ, named Borealis. The engine consisted of four tubes producing pulse detonations at a frequency of 80 Hz, creating up to 200 pounds of thrust (890 newtons). Many fuels were considered and tested by the engine developers in recent years, but a refined octane was used for this flight. A small rocket system was used to facilitate the liftoff of the Long-EZ, but the PDE operated under its own power for 10 seconds at an altitude of approximately 100 feet (30 m). Obviously, this flight took place at a low speed whereas the appeal of the PDE engine concept lies more at high speeds, but the demonstration showed that a PDE can be integrated into an aircraft frame without experiencing structural problems from the 195-200 dB detonation waves. No more flights are planned for the modified Long-EZ, but the success is likely to fuel more funding for PDE research. The aircraft itself has been moved to the National Museum of the United States Air Force for display.
CONCLUSION

Application of the detonation into jet propulsion combustion chamber offers significant advantages over the conventional solution with deflagrative combustion mode. 

In the detonation chamber, combustion occurs at a very small distance and the combustion chamber is compact. Since the pressure in detonation is increasing, the thermal efficiency of the system is also increasing. 

At the present stage, the development of the PDE is carried out in many countries including:, China, France, Japan, Poland, Russia, USA and other. The experiments were conducted for all kind of possible configuration of the PDE . It is just only matter of time that the PDE will be utilized in the majority of jet propulsion systems. 
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