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1.
Abstract
Currently, scramjet designers have two viable choices for fuel; hydrogen or liquid hydrocarbon.  Both of these chemicals have their own advantages and disadvantages as scramjet fuel, and this makes them useful for different scramjet applications.  This literature review illustrates the challenges which must be overcome for combustion to occur in hypersonic vehicles, the advantages of each fuel type, recent advances in scramjet combustion technology, and finally, gives an overview of several scramjet designs which have utilised either hydrogen or hydrocarbon fuel.
2.
Challenges of combustion in hypersonic vehicles

A supersonic vehicle travels at speeds between Mach 1 and Mach 5, and a hypersonic vehicle travels at speeds of Mach 5 or above.  A scramjet operates in these speed ranges, and by its very definition as a supersonic-combustion-ramjet, allows supersonic flow to pass through its combustion chamber.  This is a major difference between a scramjet and conventional propulsion systems, such as a turbojet engine.  Whilst a turbojet can operate at supersonic speeds, the velocity of the airstream is always slowed to subsonic levels before entry to the combustion chamber.

Combustion is still possible at supersonic speeds, but it does pose several design challenges.  The main issue is an incremental volume of fuel/air mix remains in the combustion chamber for an extremely short period time, usually in the order of one millisecond.  This is a problem, as an ignition delay exists for liquid hydrocarbon fuels injected into an air stream (Xuejun Fan and Sung 2006).  This delay results from the time taken for the liquid hydrocarbon to first vaporise, then penetrate into the airstream and finally mix with the air to form the combustion fuel (Walker 2004).

One approach to solving this problem would be to elongate the combustion chamber.  However, due to the ignition delay for conventional hydrocarbon fuels being approximately 1-2 orders of magnitude greater than the “resident time” spent in a typical scramjet combustion chamber, a combustion chamber that would permit subsonic-like combustion at supersonic speeds would be prohibitively long, and is not a practical solution for an operational scramjet.

Historically, workable solutions to this problem have focused on using advanced mixing techniques to promote rapid and more complete mixing of the fuel in the airstream, or relying on highly reactive fuels which burn more readily and rapidly (Rajasekaran 2006).  However, both of these solutions have presented their own complexities to scramjet designers.  In order for efficient combustion to occur, it is necessary for the injected fuel to penetrate deep into the airstream and be mixed completely.  Achieving this penetration using conventional in-stream fuel injectors (as shown in Figure 2.1) is not favourable, as the injectors are exposed to a very stressing aero thermal environment, and introduce significant extra drag on the engine (David M. Van Wie 2005).
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Figure 2.1: Schematic of typical fuel injectors used in scramjet combustion chambers, all dimensions in mm (Shumskii 2000)
Using highly volatile fuels, such as triethyl aluminium or ethyldecaborane, was seen as an achievable way of avoiding the ignition delay problem in the first scramjet laboratory experiments in the 1960s and 1970s.  These fuels were so reactive that they did not need to mix very well in order to completely combust and release significant energy.  However, these types of fuels are also highly pyrophoric (they auto-ignite at ambient temperatures) and toxic, which makes them too dangerous to use in an operational scramjet system.  They are only useful for contained laboratory test vehicles (David M. Van Wie 2005).

3.
Case for hydrogen fuel

The primary hydrogen fuel for scramjets is the bi-hydrogen molecule in a liquid state, commonly referred to as LH2 (Zhao 2005).  Hydrogen fuelled scramjets have been the most popular thus far.  The selection of hydrogen fuel is based on several important advantages that it provides over other potential scramjet fuels.  Primarily, hydrogen burns rapidly and produces high quantities of energy (Walker 2004).  Rapid burning reduces ignition delay and permits satisfactory combustion at high airflow velocities.  As shown in Table 3.1, the Lower Heating Value (joules of energy produced per kilogram of chemical combusted) for hydrogen is 119,600 kJ/kg, as opposed to only 43,190 kJ/kg for JP-8, a hydrocarbon jet-propellant commonly used by NATO military aircraft.  Also, as per the chart in Figure 3.1, hydrogen fuelled scramjets produce a higher specific impulse (pounds of thrust produced per pound of fuel burnt) than current hydrocarbon-fuelled systems.
Table 3.1: Properties of selected fuels at combustion temperatures (Pike 1999)
	Substance
	Density (kg/m3)
	Lower Heat Value (LHV) (kJ/kg)

	Hydrogen
	76
	119,600

	JP-7
	793
	43,500

	JP-8
	​​​​820
	43,190

	Kerosene
	820
	43,100
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Figure 3.1: Comparison of specific impulse for hydrogen and hydrocarbon fuelled aircraft engines (David M. Van Wie 2005)
Also, hydrogen is a gas at ambient temperatures.  Even though it is usually stored in a liquid state, it vaporises immediately upon release into the air stream without the need for an injector spray.  This reduces ignition delay and results in easier mixing with the airstream.  Conversely, liquid hydrocarbon fuels are sprayed into the chamber as droplets, which must evaporate before combustion can occur.  This also leads to simplification of the combustion chamber profile, as there is a reduced requirement for active mixing to be fostered by the chamber wall contours.  This simplification permits stronger, more aerodynamic and cheaper combustion chambers to be produced (Walker 2004).  Also, all hydrocarbon-fuelled scramjets to date have required the use of a heat exchanger to pre-heat the fuel to foster evaporation.  These units add bulk and increase drag, and are not required in a hydrogen-fuelled scramjet (David M. Van Wie 2005).

The chemical properties of LH2 result in it having a relatively wide flammability range of approximately 4-74% concentration of hydrogen in air by mass (Walker 2004).  This means that a hydrogen-air fuel mix is combustible over a wider concentration range than many hydrocarbon fuels.  This property fosters complete combustion, as the hydrogen fuel will burn in both fuel-rich and fuel-lean regions of the combustion chamber.  Complete combustion results in maximum thrust produced per unit of fuel consumed.

A problem, which slowed the development of hydrocarbon-fuelled scramjets, was the need for the fuel to be used to cool the metal surfaces of the scramjet.  The extra weight of a dedicated coolant fluid system makes its use unfeasible, and hence a series of galleys are pumped with fuel to convect heat away from the heated surfaces of the scramjet.  Since LH2 is stored at cryogenic temperatures, it provides a far superior cooling effect than liquid hydrocarbons, which are held at room temperature (Walker 2004).

Finally, the combustion of LH2 in air produces water (H20) as a waste product.  This reduces the environmental impact of hydrogen-fuelled scramjets over hydrocarbon equivalents, which produce carbon dioxide, carbon monoxide and particulate matter (Walker 2004).  The impact of scramjets on the environment will be an especially important factor when scramjets are used in a fully operational system.

4.
Case for Hydrocarbon fuel

In recent times, there has been a push towards developing hydrocarbon-fuelled scramjets as a viable alternative to the hydrogen-fuelled systems.  This focus is driven by several shortfalls that have been identified with hydrogen-fuelled scramjets and their applicability to use by customers such as space agencies and military forces.

Firstly, hydrogen has a very low density in comparison to hydrocarbon fuels.  This is shown by the data presented in Table 3.1.  This means that a larger volume of hydrogen fuel is needed to produce a given amount of energy, and this eclipses the advantage provided by the higher LHV (Walker 2004).  Space is at a premium in a hypersonic vehicle, as the thrust to drag margin is typically quite small.  Hence bulky fuel tanks are undesirable, and using a hydrocarbon fuel allows the size of the fuel tanks to be decreased considerably.

Numerical studies such as that done by Jack Pike, 1999, show that the decreased volume of a hydrocarbon fuel load can provide a twofold advantage to a scramjet vehicle.  Firstly, the decrease in fuel tank size leads to a smaller vehicle, which reduces take-off weight.  Secondly, the reduction in dry weight that is achieved via using a smaller vehicle permits a greater weight of payload to be carried.  Pike’s study focused on the replacement of excess hydrogen fuel with kerosene, a hydrocarbon fuel.  In order to maximise thrust, scramjet engines often operate at a fuel-rich configuration, meaning that the concentration of fuel is greater than stoichiometric.  The extra fuel added is ‘in excess’.  By replacing this excess hydrogen fuel with kerosene, Pikes study estimates that takeoff weight reductions of over 20% and payload weight increases of over 5% can be achieved.  These are quite significant improvements, and have the potential to greatly increase the economic viability of scramjet vehicle systems.  Figure 4.1 shows the reduction in takeoff weight and increase in payload mass that Pike’s numerical model suggests are possible with the replacement of excess hydrogen (LH2) with kerosene (Walker), acetylene (C2H2) or methane (CH4).
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Figure 4.1: Effect of the replacement of excess hydrogen with selected hydrocarbon fuels on takeoff weight (dmt) and payload weight (dmp) for a constant payload density model (Pike 1999)
In hydrogen-fuelled scramjets, the need for higher fuel density has led to the storage of hydrogen in a liquid form.  However, this requires the hydrogen to be stored at high pressure and at cryogenic temperature.  This makes the fuel storage system heavier and more expensive to manufacture, as well as increasing the potential damage associated with a fuel leak/spill (Townend 1999).  A hydrocarbon fuel is a sufficiently dense liquid at ambient temperature and pressure to make cryogenic handling unnecessary.

Finally, the most important drawcard of hydrocarbon-fuelled scramjets is that hydrocarbon fuels are readily available, especially to military operators.  JP-8 is used extensively by NATO nations to fuel jet aircraft, and the United States Navy has approved JP-10 as a fuel for ship-launched missiles, due to its higher auto ignition temperature (Castaldi 2006).  Hydrocarbon fuels are easier and far cheaper to produce than hydrogen, and the infrastructure for the production and distribution of hydrocarbon fuels already exists.  This is especially the case on military deployments, where efforts are in place to use the same fuel for as many applications as possible to reduce logistical demands.  The economical benefit of switching to hydrocarbon-fuelled scramjets has been the driving force behind their development (Castaldi 2006).
5.
Recent advances in hydrocarbon combustion technology

Contemporary research into hypersonic vehicles has yielded several important advances in technology that will hopefully contribute to the development fully operational scramjet system in the near future.  This is especially the case with hydrocarbon-fuelled scramjets, where technological advances have solved many of the problems that stalled the development of hydrocarbon-fuelled vehicles in the past.

Traditionally, research projects on hydrocarbon-fuelled hypersonic vehicles have focused on the optimisation of fuel injector design and configuration.  The aim of this approach is to increase the penetration of the fuel into the airstream and promote better mixing, and hence increased combustion efficiency (Mohammad Ali 2005).  However, as discussed previously, conventional in-stream injectors are exposed to a high stress environment, and increase the drag of the engine.  Increased drag is very unfavourable in scramjets, as the thrust to drag margin is relatively small (David M. Van Wie 2005).

In response to this issue, recent research has investigated alternative injection methods, such as more aerodynamic wall-injectors.  To provide increased fuel mixing, researchers have created active flow-control devices to drive turbulent flow into the airstream, and used plasma-discharge systems to create vortical motions in the combustion chamber flow field.  These methods hold promise of providing the same level of fuel penetration provided by advanced in-stream injectors without the associated drag (David M. Van Wie 2005).

Another continued area of research is the hydrocarbon ignition delay issue, as previously discussed.  The integration of flame-holding cavities and rearward-facing steps into recent combustion chamber designs has sought to provide some regions within the chamber where the fuel-air mix resident time is increased, thus allowing combustion to occur before the fuel escapes from the chamber.  However, the success of these concepts in full-scale hydrocarbon scramjets combustion chambers has been limited, and none have worked without the use of a heat exchanger to pre-heat the fuel (David M. Van Wie 2005).

Finally, a concept that shows reasonable promise of providing benefit is the use of a hydrogen pilot igniter in a hydrocarbon-fuelled scramjet.  The high LHV of hydrogen makes it suitable as an igniter of hydrocarbon fuel, and since it only acts in a pilot role, the volume of hydrogen that needs to be carried is small.  Numerical studies suggest that combustion efficiencies of over 80% are achievable in a kerosene-fuelled scramjet with a hydrogen pilot system (Rajasekaran 2006).

6.
Historical scramjet examples

Several scramjet vehicles to date have illustrated the use of either hydrogen or hydrocarbon fuel.  The development of these vehicles has contributed greatly to the study of scramjet fuels and the practicalities of their use.
The X-43 Hyper X was developed by Boeing during the 1980s as part of the NASA Hyper-X program.  The X-43A (see Figure 6.1) was a small experimental aircraft which achieved a speed of Mach 9.6 during its second successful test in 2004.  It was powered by hydrogen fuel (Paul L. Moses 2004).  To continue the success of the X-43, the X-43C is now under development as a hydrocarbon-fuelled scramjet, and is intended for test in 2008.  If the X-43C proves successful, it will be followed by the X-43B, a full-size scramjet with a Turbine Based Combined Cycle (TBCC).  This engine will propel the X-43B to approximately Mach 2.5, where the engine will convert to ramjet mode, and finally to scramjet mode for speeds in excess of Mach 5.  The TBCC is still under development at this stage (Global Security 2005).
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Figure 6.1: Sketch of the NASA X-43A Hyper X scramjet aircraft (Global Security 2005)
Another hydrogen-fuelled scramjet was the HyShot vehicle developed by the University of Queensland, Australia.  It utilises two rocket stages to propel to a high altitude above the Earth’s atmosphere, before following a parabolic ballistic trajectory back down.  When it descends to an altitude of 35 km, the scramjet is fired for approximately 5 seconds before the experiment is terminated.  The HyShot vehicle program is ongoing, and has provided very important flight data for the University’s scramjet program and for other ventures around the world (University of Queensland 2006).
In response to the military’s desire to use hydrocarbon fuelled scramjets, Pratt and Whitney and Boeing Phantom Works were awarded the Hydrocarbon Scramjet Engine Technology (HySET) contract in 1996 by the United States Air Force Research Laboratory (AFRL).  They were to develop hydrocarbon-fuelled expendable and reusable scramjets for a military application, and have designed the X-51 WaveRider in response.  An artist’s impression of the concept vehicle is shown in Figure 6.2.  This scramjet uses JP-7 aviation fuel, and has an expected top speed in excess of Mach 7 (Kazmar 2005). It also exploits technologies developed under the AFRL Hypersonic Technology (HyTech) scheme, which has been in operation since 1995.  Specifically, the X-51 will use endothermic fuel cooling and a hydrogen pilot igniter, to minimise intrusions into the flow path.  Flight tests are due to begin in 2008 (Global Security 2004).
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Figure 6.2: Artist’s impression of the X-51 WaveRider (Global Security 2004)
7.
Conclusion
The field of scramjet propulsion still holds great promise of further development.  Increased performance will be gained by continued research into supersonic combustion, such as the development of low-drag injectors and more advanced mixing enhancers.  Also, it is probable that more advanced fuels and fuel additives will be developed in the future, and these will have properties that increase the efficiency and performance of future scramjet engines.  For example, research is underway in developing economical manufacturing techniques to produce more complex hydrocarbons, such as quadricyclane, whose properties will make them more applicable to scramjet propulsion than hydrogen or existing hydrocarbons.

Current hypersonic propulsion research operates on the philosophy that there are still roles for both hydrogen and hydrocarbon fuels in scramjet propulsion.  Hydrogen fuel is the primary choice for spacecraft applications where performance is paramount, such as space vehicle launch.  Conversely, hydrocarbon fuel is the most practical for military aircraft and missile applications.  It is likely that this philosophy will continue unless significant gains are made in the development of new fuel types for scramjet propulsion.
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