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Oblique Detonation Wave Engine Systems
Abstract
This paper examines the combustion mechanism and application of engines based on oblique detonation wave engine (ODWE) systems.  Oblique detonation waves (ODW) result from the combination of fuel, an attached oblique shock wave (OSW), and an ignition source (if necessary).  OSW are formed when a stream of supersonic air passes over a wedge shaped object or constricting nozzle in the flow stream.  As the supersonic air passes around the wedge, an attached oblique shock wave forms around the wedge.  Fuel can be injected prior to the wedge without affecting the stability of the OSW, or after the leading edge depending on the desired results.  Depending upon the intake air conditions, fuel injected before the wedge can be detonated by the compressive action of the OSW or by a separate igniter.  Systems utilizing a post wedge fuel introduction process require an igniter to initiate combustion. ODWC systems are useful in applications requiring speeds in excess of mach 1.45 and beyond mach 15.  After an ODWE has been ignited it is only limited by its structure, the variable angle range of the wedge that develops the OSW, and the rate at which fuel can be introduced into the air stream. 
Introduction
Combustion systems rely upon the combination of a fuel, an oxidizer, and an ignition source to extract energy from a chemical system in order to produce the power necessary to perform work on some object.  In the case of atmospheric rockets, rockets staying within the Earth’s atmosphere, this has traditionally been accomplished with stores of solid or liquid fuel and an oxidizer carried by the rocket.  The fuel and oxidizers are combined and then burned to produce an expansion of hot gasses that accelerate the shuttle to the speed necessary to leave the gravitational attraction of Earth.  Once the shuttle reaches that speed the boosters are jettisoned to be reused for other launches.  Though the space shuttle appears much heavier than it is, the shuttle and booster rockets weigh approximately 306.5 tons un-fueled compared to 2200 tons when fueled.  Without the oxidizer, which is presently required, the shuttle and booster rocket weight would decrease approximately 30% to only 1550 tons when fueled [1].  The decrease in weight will lead to a decrease in the fuel that is needed for each shuttle launch and will also decrease the cost of shuttle launches.
One system currently being analyzed by NASA, and other agencies interested in light-weight propulsion systems for high-speed air borne vehicles, as a replacement for the current shuttle launch/propellant system is an air-breathing engine that develops thrust from the combustion of fuel and an oxidizer (air) without the use of a turbine/compressor system.  Because this system uses the oxygen in the air as an oxidizer it is lighter than the current systems that use a self-contained oxidizer.  This air-breathing propulsion system, known as an ODWE, requires an initial air velocity greater than mach 1.45 to initiate combustion [2].  After an ODWE has been ignited at some speed greater than mach 1.45 it will continue to accelerate until it reaches the either limits of its throttling mechanism, the thermal limits of the engine materials, the fuel introduction limits, or all of the fuel has been expended. 
The ODWE uses a wedge in a supersonic air flow stream to create an attached OSW.  The shock wave increases the pre-ignition temperature and pressure of the air, and fuel if it has been introduced.  Fuel can be injected into the air-stream prior to the wedge for shock induced combustion or fuel can be introduced behind the shock wave and ignited by a secondary ignition source.  As the ODW passes through the ODWE it is directed through a diverging nozzle that directs the flow of exhaust gasses to produce directed thrust [3].  Compared to traditional jet-turbine engines the mechanical operation of an ODWE is simplistic.  The moving parts are limited to non-rotating parts limited to the adjustable wedge angle, the fuel delivery system, and the adjustable diverging nozzle.  In some applications with fixed wedge and nozzle angles the moving parts are limited only to the fuel delivery controls.
Research
The research covers the effects of a variable geometry of the OSW, stability of the ODW, and application possibilities for ODWE.  In the research section air-stream velocities are measured relative to the engine.
Effects of a Variable Geometry OSW
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Shock waves form after an air-stream, passing around an object, reaches supersonic speeds.  From mach 1 to approximately mach 1.45 the shock wave is unattached and is referred to as a bow wave.  After the air-stream passes mach 1.45 the shock wave forms an attached OSW as shown by the blue line in figure 1 [4].  Equations 1-5, shown below, 

are accurate for Mach numbers (M) less than 5.  After the air-stream has reached M=5 the specific heat ratio is no longer constant and must be taken into account [2].  As the airspeed increases the shock angle (s) approaches the wedge angle (a) the Mach number (M.1) of the shock wave approaches the Mach number (M) of the air-stream.  The relationship of a to s and M is shown in equation 1 [4].  
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(1)
The relationship of the shock wave mach number  (M.1) to the wedge angle (a), the shock angle (s) and the velocity (M) is shown in equation 2 [4].

[image: image2.wmf]M

1

M

2

sin

2

×

s

(

)

×

5

+

7

M

2

×

sin

2

×

s

(

)

1

-

é

ë

ù

û

sin

2

×

s

a

-

(

)

é

ê

ê

ë

ù

ú

ú

û

1

2

:=


(2)

As the shock angle (s) or the Mach number (M) increase the temperature (T.1) and pressure (p.1) and density (r.1) of the shock wave increase as shown in equations 3, 4, and 5 respectively [4].
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These equations show how an ODWE with a variable wedge angle device would be able to change the operating parameters based upon the Mach number of the air-stream and the ambient conditions.  This would allow the ODWE to throttle or control the amount of thrust that was produced at different airspeeds.  Also, the ODWE throttling capacity would allow the engine to be tuned to produce fewer noxious emissions [3].
ODW Stability

In the theoretical ODWE, which is adiabatic, the combustion of the fuel and air is induced by the ODW in a thin layer ODW that is attached to the fore mentioned wedge [5].  As shown in equation 1 as the Mach number (M) increases or the wedge angle (a) decreases, then the shock angle (s) decreases.  As s decreases, the distance between the OSW and the wedge decreases and the pressure and temperature between the OSW and the wedge increase.  This thin layer of pressurized high temperature air ignites the fuel and creates what is known as an overdriven detonation, or ODW.  Through wedge geometry manipulation relative to the ambient conditions it is possible to initiate combustion in a predetermined place each time allowing greater control over the ODWE performance [5].
In an actual ODWE the energy loss to engine components and heating the air and fuel during combustion limits the operational ranges of a variable geometry wedge due to instability of the ODW.  If the wedge angle is too great the wedge will create a detached bow wave.  This is a result of subsonic air behind the OSW that pads the wedge preventing attachment, or the layer of subsonic air deflects the shock wave around the ODWE intake represented by point B (figure 1, Appendix A) [6].  The other extreme is a wedge angle that is too small to create sufficient pressure or temperature changes required to induce combustion in the ODWE.  The small wedge angle and loss of concentration corresponds to regions above the Chapman-Jouguet point D (figure 1 Appendix A) [6].
In mathematic modeling tests involving ODWE it was found that the stability of the wedge significantly affected the stability of the ODW.  If the wedge was allowed to oscillate about its center axis, deflections of the ODW occurred.  The ODW deflections created small flow and energy disturbances behind the wedge that lead to decreased combustion efficiencies or flow disturbances from acoustic waves formed by the oscillating wedge [6].

ODWE Applications
Though ODWE are different than SCRAM jet engines some of these principles, involving airflow and OSW stability, are applicable to both engine systems.  Both systems are air-breathing engines with few or no moving parts.  Current research into SCRAM jet technology indicates that it is most effective between Mach 5 and Mach 15, while the ODWE is believed to become more efficient than the SCRAM jet at speeds in excess of Mach 15 [3].  With the simplicity of SCRAM jets and ODWE it is hoped that rockets, such as the space shuttle booster rockets, requiring a self-contained fuel and oxidizer will soon be replaced with less expensive air-breathing engine systems that will decrease the cost of space exploration and the cost of satellite launches.  In addition to their usefulness in the field of space exploration, ODWE systems are being developed and tested for applications in military aircraft and civilian transport vehicles.  It is hoped that the efficiency of ODWE will be higher than the jet-turbine engines in use so that one day jet-turbine engines may be replaced with engines that are more powerful in addition to being more efficient.
Conclusions
Use of OSW to ignite a mixture of fuel and air is both feasible and practical.  Propulsion systems based upon the ODW have proven to be feasible through mathematical modeling and solid model testing in wind tunnels.  The practical application of a variable geometry wedge, rigidly positioned, to control the location and geometry of detonation waves allows an ODWE to be tuned in flight to the most efficient combustion state for the speed and ambient conditions.  The variable geometry wedge will also make it possible to inject fuel into the air-stream, prior to the wedge, without resulting in pre or no-ignition situations.  The combination of improved burning and propulsion over current jet engine technologies allows the ODWE to have a large number of useful applications to space exploration and to civilian uses.   
Due to the simple, air-breathing design of the ODE, it is likely that development and testing of the ODWE will yield hypersonic (Mach number >5) civilian transport systems with the capacity of atmospheric and space travel.  In addition to the potential transportation capabilities and the decreased cost of space exploration, the ODWE shows large improvements in emissions and the decreased fuel consumption over current rocket systems.
Appendix A
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Figure 1:  This figure shows the geometry of an oblique shock wave and the shock angle (s) and wedge angle (a) relative to the horizontal axis of the wedge [4].





Figure 1:  This is figure 16.3 pg 604 [6].  “Rankine-Hugoniot curve for q=q_1 with origin A at (P_1, v_1).  Note that the curve does not actually pass through the so-called origin.  Dashed (solid grey) lines passing through A are Rayleigh lines.”  [Words in bold added by author]  








