 The Pulse Detonation Engine:-
         The PDE is a big improvement over the pulsejet in that it makes use of detonation  waves to compress and combust the fuel-oxidizer mixture, whereby the temperatures and pressures released and the available power are much higher than pulsejets, gas turbine engines or rockets. Although the amount of energy released by deflagration and detonation is the same, because detonation is supersonic, the energy release occurs at a much faster rate.Therefore,theoretically PDEs can be made smaller and faster than present day engine systems.

The operational frequency of PDEs can range from a few tens to a few hundred cycles per second1. The uninstalled thrust produced by the engine is a function of the number of detonation tubes, area of cross section of each tube, frequency of operation and exit velocity of  the exhaust gases. The PDE has a simple geometry, consisting essentially of a tube which is filled with fuel and oxidizer, before the mixture is detonated. These benefits that PDEs can offer have spurred a growing worldwide interest in PDE research since the early 1990s, with the aim of realizing the next generation of propulsion systems to replace current gas turbines.
          Detonation is a supersonic combustion process, which may be modeled as a shock wave followed immediately by a reaction flame front, together traveling through the mixture at several times the speed of sound of the unburnt gas mixture. On the other hand, deflagration is a subsonic combustion process, ranging in speeds from less than a few m/s to nearly 1000 m/s, well below the speed of sound.

Basic PDE:-
       The basic PDE has a very simple structure, as seen in Figure 1.2, consisting essentially  of a constant area tube, with valving to control the supply of fuel and oxidizer, an ignitionsystem, and a nozzle for accelerating the flow if the engine is to be applied for propulsion.
      The PDE cycle has four stages, namely fill,combustion, blow down (exhaust) and purge. The four stages are presented in Figure 1.3.

     The PDE combustion chamber is filled with fuel and oxidizer during the fill stage. The time taken for the filling is denoted as tf. When the fuel-oxidizer mixture is filled to the required

volume, the combustion stage commences when a spark (arc or any other ignition initiator) is fired to start ignition. A detonation wave is soon created that moves through the mixture and causes the pressure and temperature behind it to rapidly shoot up. The time taken for the detonation wave to take shape and to move through to the end of the combustion chamber is denoted by tc. The next stage is the blow down stage, when a series of rarefaction waves travel upstream into the combustion chamber and reflect off the end wall, causing the high pressure burnt gases to exit the combustion chamber at a high speed. The time taken for the blow down stage is denoted by tb . This is then followed by the purge stage, when fresh air is blown through to clean and cool the tube before the fill stage starts again. The time taken for

purging the tube with fresh air is denoted by tp .
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Figure 1.2 Schematic of a basic pulse detonation engine with valves at the inlet and a nozzle at

the exhaust.

        The purging process is very important as this cools the tube and prevents the fresh fueloxidizer mixture from igniting due to residual heat on entry into the combustion chamber. It also protects the structure of the tube from heat buildup. The amount of time that the fuel-oxidizer mixture remains within the detonation tube is known as the residence time. At higher speeds,

the residence time is very short, in the order of a few ms, and the combustion has to be initiated and advanced to detonation in as short as 1 to 5 ms.

[image: image2.emf]
              Figure 1.3 The four stages of a PDE cycle.

     The total time period t of one cycle is the sum of all the four stages, namely,
            t = t f + tc + tb + t p                                             (1.1)
      The frequency of operation f is the inverse of the time period, measured in Hz. Thus reducing the period increases the operational frequency. The filling and purging processes take a larger fraction of the time period. If the tube is long, filling and purging take longer amounts of time and only low frequencies are possible. However, the tubes cannot be shorter than the distance it takes for DDT to occur. The above processes hold true for an airbreathing PDE or one operating in a rocket mode, where the oxidizer and fuel are carried on board the aircraft. Such a configuration is known as a pulsed detonation rocket engine (PDRE).
1.3.2 Multi-Chambered PDE:-
         In a multi-chambered PDE, two or more combustion chambers are joined to a common plenum chamber which conditions the flow before accelerating it through a common nozzle, as shown schematically in Figure 1.4, where a can-annular four chambered PDE is illustrated. With a multi-chambered design, each chamber can be at a different stage in the cycle, thus creating a smoother flow through the nozzle. The frequency of operation of the PDE can be effectively increased by increasing the number of chambers. Therefore, if the individual chamber frequency is f , the overall PDE frequency is proportional to f multiplied by the number of chambers. However, the flow into and out of each chamber does affect the flows in the other chambers, creating unsteady conditions at the inlets and outlets. It should be noted that the period for all four stages are not equal and more than one chamber may be in the same stage but off-phase from each other.

[image: image3.emf]
Figure 1.4 Schematic of a multi-chambered PDE, with each chamber in a different stage of theCycle.
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                 Figure 1.5 Schematic of a three stroke PDE cycle.                                

1.6 The PDE Cycle

The idealized PDE cycle is often represented by the Humphrey cycle, but a better

representation would be the Fickett-Jacobs cycle26, 27. In Figure 1.10, the p-v and T-s diagrams

of the ideal PDE cycle are superimposed on those of the ideal Brayton cycle representing the

carburetor or fuel injection system. Similarly, an aircraft powered by PDEs can increase the

frequency to attain higher thrust levels.

The slowest stages in the PDE cycle are the fuel-oxidizer filling stage and the purge

stage. The detonation and blow down stages are very fast, together taking about 5% of the total

time period. Therefore, to achieve higher frequencies, the filling and purging stages has to be

sped up. This may be done with multiple inline valves rather than filling from the back end wall

since the latter takes a much longer time for the fluid to fill up the entire length of the combustor.

1.7.2 Area Scaling

The thrust is proportional to the area of the detonation tube. However, the distance for

detonation to develop within the combustor tube is a factor of the diameter32-35. Detonations are

seen to occur in shorter distances in smaller tubes. The minimum tube diameter is limited by the

detonation cell size. Larger tubes require longer detonation run-up distances. As a result, the

engine may be limited from attaining high operating frequencies due to the increased detonation

run-up times as well as the extended blowdown times associated with the longer combustor.

1.7.3 Length Scaling

When the length of the detonation tube is increased, the larger volume also provides for

a larger mass flow per cycle, thereby increasing the thrust. However, longer tubes have larger

frictional drag due to increases wetted area. Also, longer tubes take longer times to fill and

purge and consequently reduces the operating frequency of the engine. Thus, the volume (area

and length) have to be selected carefully depending on the type of fuel used, the Mach number

range of operation and the other factors, such as weight, drag, etc.

1.7.4 Number of Detonation Chambers

As mentioned earlier, the frequency of the PDE can be effectively increased by

operating several detonation chambers in sequence. The total thrust may be expressed as a

product of the total number of detonation chambers and the frequency of each chamber. But the
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increase in number of combustors also increases the complexity of the engine, requiring more

complex ducting and valving mechanisms.

1.8 Motivation for PDE Research

1. No new engine concept has emerged into the market place since the advent of the gas

turbine engine, which can meet or better the benefits and overcome the shortcomings.

PDEs can help the aerospace sector develop better, faster aircraft, space vehicles, etc.

2. The PDE using detonations to derive the energy from its fuel is more efficient than

deflagrative engines. In this day of increased fuel and operating costs for aircraft and

dwindling profits for the airline industry, PDEs can provide considerable savings through

improved fuel efficiency and lower engine initial and operating costs. Exergy analysis

study36 has shown that a PDE based power generation system is significantly more

efficient compared to the gas turbine engine based power generation systems.

Thermodynamic cycle analysis of PDEs37 reveal that the ideal thermodynamic cycle

efficiency of the PDE for common hydrocarbon fuels range from 0.4 to 0.8 with ideal

specific impulses ranging from 3000 to 5000 s, outperforming the Brayton cycle in all

aspects.

3. The PDE has the potential to enable smaller and faster engine systems because

detonation releases the fuel energy much more rapidly as a result of which the power

density is considerably higher than that of deflagrative engines.

4. The PDE is a versatile engine concept. The PDE can be applied for aircraft propulsion or

power generation. PDE can be used in hybrid designs with turbine and compressors or

as afterburner configuration. In addition, detonation in pulsed or continuous wave mode

can be employed in ramjets, scramjets and rockets. Pulsed detonation rockets can be

used for spaceship attitude control and for spacecraft propulsion. They can be made

more efficient and compact than gas discharge or electric propulsion rockets.
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5. The PDE has a wide Mach number range of 0 to about 5. At higher Mach numbers, the

inlet static temperature of the air passing through one or more shocks in the inlet is high

enough to auto-ignite the fuel-air mixture. At such velocities, it is advantageous to use

the scramjet or the shramjet mode of combustion9, 10, 13.

1.9 The Main Difficulties Impeding the Maturation of PDEs

Although the first recorded flight of a PDE powered aircraft took place in early 2008,

some six decades since the concept of detonation engines began to be studied, there are still

many aspects of the design and operation that have to be refined or considerably improved.

Presently, single-shot and short-duration multi-cycle PDE experimental studies in the laboratory

setting along with the associated computational research are continuing worldwide. Obtaining

detonations in single-shot pre-mixed tubes filled with fuel-air or fuel-oxygen mixtures is not a

very challenging task. Quiescent mixtures are easy to ignite and take only small amounts of

energy. Mixtures of fuels with oxygen ignite and progress to detonation effortlessly. Premixed

mixtures of fuel and air can be detonated easily if the right conditions are met, including proper

equivalence ratio, minimum tube diameter and adequate tube length for deflagration to

transition to detonation. However, achieving detonations in multi-cycle setups is much more

difficult. Inadequate supply of fuel-oxidizer mixtures and improper mixing lead to detonation

failure. Short duration oxygen-based and pre-mixed fuel-air based multi-cycle detonation

combustors have been successfully tested. Some of the main issues that have to be worked out

before PDEs can transition from the theoretical realm into real world applications are described

below.

1.9.1 Achieving Successful and Consistent Detonations Repeatedly

The biggest hurdles to cross are to achieve detonations within the fuel-oxidizer mixture

in as short a distance as possible and to attain detonations consistently. The detonations must

also be fully controllable and the results repeatable at a very high rate in order to allow the
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effective on-demand throttling of a PDE-based propulsion system. As explained before, a

deflagration propagating within a constant area tube filled with a fuel-oxidizer mixture will

naturally transition to a detonation wave if the tube is long enough, typically on the order of 1 to

10 m, depending on the sensitivity or energy content of the fuel-oxidizer mixture.

1.9.2 Sustaining Detonations Repeatedly

Even after detonation has been achieved, the unsteady nature of PDE operation can

often lead to the deterioration and eventual extinction of the detonation wave. The main cause

of this is improper mixing of fuel and oxidizer, so that some regions of lean or zero reactant

concentration exist within the tube, while in some regions, the concentration may be fuel rich.

As the detonation wave approaches the regions of low fuel concentrations, the detonation wave

may weaken and decouple. Also, the cell size is very sensitive to fuel concentrations, being

lowest at stoichiometric or slightly fuel rich condition. If the cell size increases due to change in

the equivalence ratio away from unity and eventually becomes larger than the tube diameter,

the detonation will fail.

1.9.3 Protection of Internal Structures and Components of the PDE

The highly unsteady and extremely severe combustion process of the PDE is not

favorable for the long-term survival of critical engine parts, such as valves, ignition plugs, DDT

devices, fittings, joints, etc. Short-duration multi-cycle tests have demonstrated the extent of the

damage suffered by the combustion tube and various components38. In industrial fuel gas

transmission tubes that experience detonations, a large bulge is seen at the location where

deflagration-to-detonation transition (DDT) occurred39. Consequently the region of DDT has to

be reinforced. Making the whole tube of uniform thickness and rigidity may not be a feasible

option for saving weight and design costs in a practical engine. Therefore, the regions of high

stress intensities have to be identified. The deflagration process causes more heat buildup in

the tube, since it is slower and lingers longer in the tube. Once the detonation wave has been
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created, it prefers a clean tube free from major barriers, which create drag and strip energy from

the detonation wave. It has been noted from experiments that the location of the DDT device is

where most of the heating takes place38. The DDT devices can be heavily damaged and

expelled out of the tube by the high pressures. These and other factors will be discussed in

more detail later.

1.9.4 Inlet and Nozzle Design

Unless the PDE is operated in a single chamber rocket mode, external flows heavily

influence the dynamics of the engine. Moreover, the freestream airflow has to be diffused

efficiently without raising the static temperature above the autoignition point of the fuel, and then

correctly diverted to the combustion chamber with no dead zones in the path. At supersonic

speeds, shockwaves will form within the inlets and if the valves are suddenly closed the inlet

can unstart. Hybrid PDEs or PDE with bypass flows also result in complex designs to ensure a

smooth flow of air through the engine as well as the proper filling and purging of the

combustors. Nonetheless, inlet design is not a concern in this study.

1.9.5 Valving Design

The speed and consequently the thrust of a PDE can be effectively controlled with the

help of valves. Thrust control is an essential requirement for an aircraft during takeoff, landing

and for maneuvering. In a multi-combustor PDE, acoustic interactions of inlet and exhaust flows

between the various chambers introduce added complexity to the system. Also, for high

supersonic flight, valves and other flow control components pose a barrier that create drag or

lead to the formation of shock waves. These are issues that will have to be dealt with in the

design of a flight-weight PDE.

In addition, the mass flow rate of air in an air-breathing engine is tremendously higher

than the flow rate of fuel. Therefore, the valves have to be designed and placed to allow

effective filling of the combustors within the short time available at high speeds. The fuel valves
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have to be designed to achieve thorough mixing of liquid fuels with air. Moreover, the

electromechanical valves have to be cooled and meet the power and weight requirement of the

aircraft. Some of these issues will be looked at in more detail later.

1.9.6 Ignition System

The initiation of detonation can be achieved by transferring a large amount of energy

into the fuel-oxidizer mixture, such as from a laser ignition system or arc discharge ignition

system. High voltage low energy ignition systems have been in use on automobiles and in

aircraft engines for about a century. One of the concerns is that the igniter itself has to survive

the harsh detonation environment of the PDE. The various ignition systems will be compared in

detail later on.

1.9.7 Fuel Selection

PDEs, like gas turbine engines, can theoretically run on any type of conventional fuels,

whether gaseous or liquid. In addition, coal particles, in the range of 10 μm, forms highly

detonable mixtures with air and may be used for a ground-based PDE-power generation

system. The fuel delivery systems will have to be developed for special fuels. The sizing of the

engine is dependent on the cell size of the fuels. Various fuels will be analyzed in more detail

later.

1.9.8 Minimization of harmful or undesirable exhaust products

Although detonations can ensure thorough burning of the fuels, preventing the

formation of CO or soot, the higher temperatures can result in the formation of NOX. More

research, possibly into the application of catalytic converters, need to be done to resolve the

issue of adverse byproducts. This topic is not a subject of this study.
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1.9.9 Vibration and Noise

Vibration and noise are two of the factors that need to be dealt with when combining a

PDE with other onboard aircraft systems. But these can be solved with active noise suppression

and damping. Noise can also be minimized by increasing bypass for subsonic engines. This

topic is not a subject of this study.

1.9.10 Conformity with other onboard systems and suitability for mission

The PDE itself has to correctly mate with the existing systems onboard an aircraft for it

to be chosen as a candidate engine for a particular flight application. For example, the vibration

induced by the pulsing or the heat generated must not damage sensitive instruments. The

electrical noise generated by the ignition system must be within the acceptable range of

communication or radar systems. Also, the audible noise must not be too loud for critical

missions where audio range noise is an issue. These factors, however, will not be dealt with in

this study.

1.9.11 Control System, Diagnostics Instrumentation and Data Acquisition Systems

Detonation is a very unsteady process and is prone to fail if the conditions are not just

right within the combustor. Therefore, the conditions have to be monitored and controlled using

a closed-loop feedback system. Once the physical structure of the engine has been built and

the overall geometry, including the DDT devices, has been set, the only control inputs to the

combustor are the filling (which can be subdivided into mass flow rate, fuel-oxidizer ratio,

mixing, timing of the valves, selection of the combustor, etc.) and the ignition (timing and ignition

energy). But the status of the combustion and the location and speed of the detonation has to

be determined. Therefore, sensors are required within the combustion chamber which can

survive the severe temperatures and pressures caused by the detonations. The sensors allow

the control system to regulate the valve timing and flow rates and the ignition settings so that

the engine will produce the required thrust at the required speed. As detonation occurs at
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supersonic speeds, the computer onboard has to be able to process data from the various

sensors at very high speeds. Present day computer systems are very small and fast, making

PDE control possible. The author believes that the reason PDEs were not a reality until now

has been due to the lack of small and fast computerized control systems.

However, sensors are still not adequately developed to meet the requirements of the

PDE. All transducers are affected by heat. When transducers are subjected to the extremely

high temperatures and repeated shock pressure loading in a test PDE, they produce significant

errors in their readings and may be destroyed after a few minutes of continuous exposure. In

this study, various sensors and their applications, along with the data acquisition techniques are

discussed in detail. The closed loop feedback system is not delved into any further than just a

brief description of its potential application for a PDE based propulsion system.

1.10 Objectives of This Study

The main elements that are required for a successful PDE are techniques to initiate and

sustain detonations, fuel-oxidizer injection systems and control and diagnostic systems. The

primary objective of this study was to develop PDE setups that can achieve multi-cycle

detonations for a short duration, on which the various sub-systems could be studied. With the

help of the setups, detonations in a variety of fuels, with fuel-air or fuel-oxygen mixtures, may be

tested. The size of the detonation tube depends on the fuel and choice of oxidizer, as explained

in Section 2.7. The injection of the reactants in the right proportions and at the right times can

be achieved with high-speed valves. The proper design and operation of valves are essential to

PDE development and is a subject of this study. Repeated detonations in liquid fuel-air

mixtures are more difficult to achieve because the fuel has to be vaporized and mixed with air

effectively. The placement of the valves is also important for the proper mixing of the reactants.

In addition, the design of the entry ports and conduits for the flow of fluid into the combustor has

to be studied for the same reason.
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The initiation of detonation, explained in Section 2.6, is another subject of study. Direct

initiation, using a high energy ignition system or a predetonator system, has to be investigated

for their efficacy in a multi-cycle detonation engine. Another method of detonation initiation is to

cause a deflagration to transition to detonation by means of detonation enhancing devices,

called DDT devices. Thus, a multi-cycle PDE platform would make it possible to study the effect

of various DDT devices on repeated detonations. A PDE must have a proper ignition system

that is able to ignite the mixture repeatedly at high frequencies for the entire duration of the

engine’s run time. Thus, it should be powerful enough to initiate combustion and impart enough

energy to reduce ignition delay, while being durable enough to withstand the constant

detonation environment. The PDE setups shall provide the ability to test various ignition

systems and igniter designs.

It can be seen from C-J detonation theory, explained in Section 2.2, that all detonation

properties can be expressed as a function of the wave speed. Thus, it is vital to measure wave

speed along with the properties before and after the detonation, including pressure,

temperature, fuel-oxidizer ratio, etc. One of the objectives of this study is to study the

effectiveness of various transducers, such as dynamic pressure transducers, ion detectors and

photo-detectors to detect the detonation waves. However, the transducers have to be made to

withstand the harsh detonation environment and efforts have to be made to mitigate the effects

of high temperature and shock loading. The protection of the sensors is a matter of vital interest

in this study.

For a PDE ground demonstrator, an open-loop control system is sufficient since the test

times are short and the variables, such as the initial fuel-oxidizer ratios, pressures and

temperatures, as well as the operational frequency of the engine, are held constant during the

test run. The control techniques developed in this study shall help in the future development of

a fully functional flight model PDE. One of the objectives of this study is to enable the control of

the operation of a PDE ground demonstrator using computerized control systems. Thus, the

integration of the various sub-systems, including valving, ignition and data acquisition is critical.

                           ADVANTAGES OF PDE :-                                                          

· Simplicity of design.
· Detonation wave does the work of compressing the gas, producing                               extremely high pressure ratios, higher temperatures.

· No requirement of high compression ratios and thus no compressor required.

· Constant volume combustion offers better efficiencies than constant pressure combustion in Brayton cycle.

· Better thrust, Isp, fuel efficiencies.

· Higher weight to thrust ratios.

                                        DISADVATAGES OF PDE :-

·    Extremely noisy, parts subject to extreme mechanical fatigue, hard to start detonation, not practical for current use.
FUTURE OF PDEs:-


                            Many developers have high hopes that the PDE will ultimately become the most cost-effective method of propelling supersonic sub-orbital craft. The ultra-high compressions obtained by detonation offer the potential for much better fuel-efficiency than even the best turbojet, and the fact that they are an air-breathing engine reduces the fuel-load and increases safety when compared to rocket motors.
                            Unfortunately there are still a number of negative issues that will need to be addressed. Firstly there's the noise -- if you think regular pulsejets are loud then you'll be absolutely blown-away by the noise levels created by a PDE.

                             Then there's the issue of vibration. Although multiple engines could possibly be synchronized to fire in a manner that reduces vibration levels, they will still be significantly greater than those generated by turbojet or rocket motors. High levels of vibration place incredible demands on the materials from which motors and airframes are constructed.
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