Research and Development 2005 & 2006.
Preface.
The experimental work discussed in the section Research and Development pre 2005 deals with fuel delivery into the combustion chamber where surfaces are kept relatively cool. Fuel impinging on these surfaces would wet the surface and cause a disruption to charge preparation the result being a significant departure from charge homogeneity. Heated fuel experiments showed that when a charge approaching homogeneity was delivered to the prototype it performed exceptionally well even for an unoptimized prototype. This section discusses work relating to hot surface fuel impingement and the AAE fuelling system. The unidirectional valve is also discussed in this section.

The AAE has the facility to run the surface of the communication passageway at elevated temperatures. Therefore it is inevitable that the deliberate impingement of the hot surface by the fuel jet would be investigated having seen and understood the phenomenon of a drop of water being unable to wet a surface if the surface were hot enough. That is, if the temperature difference between the liquid saturation temperature and the surface temperature were above the Leidenfrost point. For water at atmospheric pressure this temperature difference is around 120o C. for petrol (gasoline) it is around 330o C. Single shot bench testing had shown that if an injected fuel jet were placed into a helical trajectory on the inner cylindrical wall of a sufficiently hot metal extremely rapid evaporation would occur.  

What follows is an outline of the work and various experiments conducted on hot surface fuel impingement.  
1. Preparing the Cylinder Head for hot surface fuel impingement engine trials. 

2. Initial investigation into hot surface fuel impingement. 

3. The Unidirectional Valve. 

4. Further investigation into hot surface fuel impingement and the AAE Fuelling System. 

5. Fuel Residence Times Experimentation. 

Preparing the Cylinder Head for hot surface fuel impingement.
In March 2005 the prototype was again modified so that fuel could be delivered onto the wall of the communication passageway insert. A third boss was welded onto the head to allow an injector port and fixing studs to be machined into it to facilitate fuel delivery onto the communication passageway wall. See Image H1 & H2 below. Three bosses are visible, the one to the  right facilitating access to the communication passageway. The boss to the left was to allow for the installation of a pressure transducer. A third boss with two studs extending outwards is visible at the top of the photograph. This boss was for the fuel injector port into the unidirectional valve allowing fuel delivery onto the valve wall, experiments pertaining to fuel delivered onto the valve wall are discussed under the heading R&D pre 2005.
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IMAGE H1.   This is a photograph of the AAE Prototype Cylinder Head. The Cylinder Head is a modified DY41DS Robin Diesel stationary engine cylinder head   Three bosses which have been added to the head allowing for various facilities are visible as well as the unidirectional valve and the variable area valve. The occlusion member of the variable area valve together with its connecting rod is also visible. Damage to the head due to the unidirectional valve failure is also discernable.
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IMAGE H2.   This is a side view photograph of the AAE Prototype Cylinder Head. The photograph shows the combustion chamber fitted into the head together with the water jacket inlet and outlet. The connecting rod of the occlusion member of the variable area valve is also visible. 

  

Back. 

  

Initial investigaion into hot surface fuel impingement. 

The initial experiments pertaining to hot surface fuel jet impingement were conducted using a billet of aluminium having a hole the same diameter as the AAE prototype orifice machined into it. An injector port was machined perpendicular to the axis of the orifice hole and with such dimensions that the injector could be positioned to allow the fuel jet to impinge on the orifice surface at various angles from near tangentially, helically or through to diametrically opposite. The billet was heated in an oven to 350 degrees C and tests conducted. The tests showed that indeed centrifugal force could be used to force increased contact between the liquid and the hot surface.

Constant flux analytical solutions for semi-infinite solids of heat transfer for steel and stainless steel were evaluated at assumed heat transfer areas for the mass evaporation rates. These solutions showed that the metal was capable of producing heat fluxes of the order of 20 Megawatts per meter squared. This is an order of magnitude heat flux requirement. The engine model was modified to incorporate a finite difference model of the orifice wall to numerically investigate heat transfer off the surface during fuel evaporation and heat transfer into the surface during the rest of the engine cycle. There were two main questions. Did the insert require an air gap in order to facilitate the required heat transfer? If an air gap were deployed could the orifice melt? 

This presented the necessity of an approximation of the gas to wall heat transfer coefficient. The orifice can be modelled as a short piece of pipe. Entry length effects applied to fully developed turbulent flow as expounded by the National Advisory Committee for Aeronautics (NACA) paper 1451 (July 1948) indicated that with an air gap, total fuel evaporation off the orifice wall was a border line case. There are also some similarities between an engine exhaust port servicing a fully open valve and the orifice-combustion chamber geometry. Therefore exhaust port heat transfer data were used in the analysis. A particular data set of Nusselt number verses Reynolds number as found in Figure 17 of Society of Automotive Engineers (SAE) paper no. 931085 titled ‘Automobile Exhaust-System Steady-State Heat Transfer ‘, by D. Wendland was used. That data set was found by J. Caton and J. Heywood of reference 5 of the paper. Using this data the model indicated that an air gap was not necessary for total fuel evaporation off the orifice wall and that if an air gap were deployed the peak temperature would reach about 1250 K. Therefore the engine was prepared for a trial using a 0.2mm air gap between the orifice wall and its housing. 

At subsequent trials the modified prototype ran well albeit briefly. It was clearly fuelling better. As was the case during all trials the engine would be started at some parameter settings and adjustments made to find optimum settings. The object being that once the engine was running apparently sound enough a power versus fuel consumption data grab would be attempted. The project has the facilities to measure torque, rpm, time and fuel mass consumed. All settings other than injection timing could be altered as the engine was running. The injection timing was advanced 20 degrees from the 30 degrees before top centre compression and restarted. At this new injection setting the engine was running smoother. The engine was running well enough at this point in the proceedings for a data acquisition trial to be conducted but it was not running as smoothly as the heated fuel experiments. The injection timing could be advanced in 2 degree increments a further 330 degrees to a limit of 20 degrees before top centre exhaust (this is an arbitrary limit, fuel may exit with the exhaust gas if injection were advanced further) in order to find an optimum injection timing setting. However the engine broke down five minutes into the trial. The unidirectional valve poppet was forced into the main chamber whilst the engine was revving at 2800 rpm. resulting in considerable structural damage. Damage to the head can be seen in Image H1. The white looking substance on the fire deck is plasma sprayed zirconia, an insulating material. 

This last trial raised two questions. Why did the valve fail and why did the engine not run as smoothly as the heated fuel experiments?

Back.
The Unidirectional Valve.
In dealing with the failed valve: Judging by the annular indentation in the piston it was clear that the main body of the poppet had been sheared from the seat annulus allowing the main body or central slug to be forced out into the main chamber. Was the shear failure due to closing impact or gas pressure generated forces? Image H3 below, shows the pulverized poppet and a cross sectioned poppet mounted in Bakelite for hardness testing. The hardness was found to be about 32 Rockwell C. Since both poppets were heat treated together it can be inferred that the failed poppet was of the same hardness. This is well below the 56 Rockwell C hardness that this particular alloy can be treated to. The request was for maximum hardness. The material was H13. Inconel 751 would have been a better choice of alloy but committed to the same fate if not heat treated properly.
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IMAGE H3.   This photo shows a sectioned poppet mounted in Bakelite for hardness testing, the pulverized  failed poppet and the bisected valve seat of the failed valve. The pulverized poppet had the same dimensions as the sectioned poppet (12mm diameter by 5mm high) prior to failure.    

Moving the Strength versus Temperature diagram graphs for ultimate strength and 0.2 % permanent set for the particular H13 treated to about 46 RC. down, to be coincident with 32 RC. tensile strength on the ordinate (data on the H13 treated to such a low hardness was unavailable from the steel manufacturer) indicates that if the poppet temperature exceeded 600 degrees C. it would have failed under a gas pressure differential of around 70-90 bar. This is an order of magnitude pressure differential that the engine would normally operate at and a temperature the poppet could have reached. The pressure differential calculation is based on a shear yield strength of 0.56 of yield strength at 600 degrees C. and a shear area based on the valve body seat inner diametral circumference times the poppet thickness at this diameter. Clearly this may well have been the dominant failure mode. Had the poppet been treated to a maximum hardness of 56 RC. it would have required a pressure differential of about 500 bar in order to fail in this mode. The engine would never operate at such pressures.

In dealing with the possibility of impact being the dominant failure mode. The valve seat does not appear to have impact damage. Under a magnification of 100X there is clearly a ridge of metal at the inner radius of the seat deposited by the poppet as it was extruded through the hole. From the ridge of deposited metal to the outer radius of the seating area there appears to be no damage under this magnification. The seat material is commercial grade 4140 which would have a hardness of around 43-44 RC. The intention of using this material was that the seat should sustain damage rather than the poppet. At elevated temperatures of around 600 degrees C. the poppet  would have a hardness of  around 25 RC or 250 Brinell. Therefore the poppet may well have been failing under impact generated stresses, these stresses being so low that no damage to the seat is apparent. Therefore it is not possible to state what the dominant or primary failure mode was.

A Computational Fluid Dynamics model (CFD) of the unidirectional valve has been implemented based on finite difference methods. The period of interest is of the first 0.1 to 0.2 milliseconds of closing and how the pressure, density, temperature and velocity along the fluid flow path evolves from initial conditions. The model predicts that under typical pressure differences across the valve, the poppet can reach velocities of around 30 metres per second. The poppet lift is less than 2 mm and the mass around 3 grams or about 2 grams if a titanium alloy is used. At 30 metres per second closing velocity impact generated stresses present as a problem. However the model predicts that if the poppet mass to seat area ratio is 25 kg/m2 or less the poppet starts to decelerate rapidly from about 0.3 of a millimeter out from closing. The model predicts that the poppet decelerates to near zero velocity over the last 0.3 of a millimeter. This deceleration effect is expected given that the density of the gas at the start of closing is 13 times or greater than standard atmospheric density and that the gas under the seat cannot be crushed into non-existence. That is, the gas is a viscous fluid needing to be pumped out of the projected seating area volume at a very fast rate if the valve were to close at 30 meters per second. The model indicates that the gas cannot be pumped out from under the seating area rapidly enough causing very high transient pressure and density to evolve under the seat. Since the poppet mass is small these large pressures cause a high rate of deceleration of the poppet to occur. Although the deceleration effect predicted by the CFD model will exist it is unsure as to the correctness of the predicted magnitudes. It must be stated that this effect can be enhanced by geometry if necessary. The mass to seating area ratio of the failed valve was approximately 115 kg/m2. The mass to seating area ratio of a typical engine valve is in the order of 600 kg/m2. 

Back. 

Further investigation into hot surface fuel impingement and the AAE Fuelling System. 

In order to study fuelling the AAE by hot surface impingement more thoroughly a test rig was set up to investigate fuel evaporation off an orifice wall, see Image V1 below. The photo shows a Bosch P-type pump fixed into the lathe and fitted with a flexible fuel line (allowing ease of injector orientation) to a Standardyne pencil injector which is locked into an orifice of similar dimensions intended for the AAE. A Makita hot air gun is seen fitted to an insulated cylinder and delivers air at a temperature of between 100 and 300 degrees C. (as measured at the orifice exit) at a mass flow rate of about 1.4 grams per second. This is equivalent to about three 400cc. engine charges per second. The orifice is fitted into an electrical coil made from a piece of domestic stove oven element. It was then fitted into the top cylinder end plate. The electrical coil is connected to an arc welder. The input voltage to the arc welder is controlled and in this way the orifice can be heated to any temperature between room temperature and 650 degrees C. and held there. Also seen in the photograph is an oxy-acetylene torch welding tip for ignition, a thermocouple reader thermometer, a cooling fan for the air gun and a clamp for length scaling in the photographs (the left leg measures approximately 90 mm. from the top of the metal tube it is fixed to). 
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 IMAGE V1.   Hot surface impingement test rig.    

The tests were conducted mainly on orifices made of stainless steel since this is the material the discharge orifice of the engine will be made of. The quantity of fuel delivered per injection event was approximately 0.0275 grams, this is around a stoichiometric quantity of fuel for approximately a 400cc air charge. The prototype capacity is 412cc. The majority of initial testing was conducted at a lathe speed of 755 rpm. Tests were also conducted at 1255 and 2000 rpm. to evaluate higher evaporation rates. The lathe speed limit is 2000 rpm. which is equivalent to a four stroke engine running at 4000 rpm. The injector nozzle used in these experiments had a single orifice of 0.2 mm. diameter. The discharge pressure as calculated by the spring tension over the injector piston effective area ranged from 50 to 200 bar. 

A test consisted of bringing the orifice temperature up to 220 degrees C., setting the air temperature to 150 degrees C. then changing the jet trajectory until the maximum amount of vapour as perceived by the naked eye was produced per injection event. The injector was then locked into the preferred orientation and tests conducted from orifice temperatures of 150 to 650 degrees C. at intervals of 20 degrees C. At 200, 300, 400, 500 and 650 degrees C. tests were carried out at lathe speed of 1255 and 2000 rpm. to investigate evaporation rates at elevated fuel delivery rates. 

It was found that gasoline (petrol) injected to strike the far side wall on a trajectory about 15 degrees off the diametrically opposite trajectory at a 5mm helical pitch onto a stainless steel surface finished with P600 waterproof paper (i.e. a reasonably smooth surface finish but not mirror finish) would completely vaporize at orifice bulk temperatures of between 150 and about 250 degrees C. The bore diameter of the orifice was 12mm. Up to temperatures of about 190 degrees C. a lacquer like substance would form on the exit flange of the orifice during a number of evaporation events however no trace of the substance was left as the orifice reached temperatures greater than 250 degrees C. (the lacquer results from non boiling fractions of the petrol adhering to the surface). At orifice temperatures greater than 250 degrees C. the evaporation rate would degenerate as characterized by the appearance of airborne droplets mixed with the vapour. The proportion of droplets increased with increasing temperature and at a temperature of around 350 degrees C. very little vapour could be seen. At this and higher temperatures a thin sheet or surface of highly atomized fuel droplets could be observed emanating from the orifice. The droplets exiting the orifice having angular and axial velocity would form an inverted conical sheet or surface of around 400 mm high with a maximum diameter of about 400mm. by the end of the injection event. 

It is hypothesized that this phenomenon of low vapour production at surface temperatures greater than 250 degrees C. is the main cause of why the engine did not run as smoothly as the heated fuel experiments during the engine trials of pre 2005. Refer to R&D pre 2005.

After several trials of orifices with different surface finishes and other means to force a better outcome at elevated temperatures, it became clear that the fuel most likely in droplet form moved freely on the surface buoyed by vapour produced at a low liquid to surface contact area. A sphere contacts a plane at a point and the fuel droplets under the level of centrifugal force applied in the tests unable to wet the surface would tend towards this ideal resulting in the observed low vapour production rates. The fuel simply skated on vapour to the orifice exit after the surface temperature became high enough to cause a degeneration or breakdown of the surface wetting phenomenon i.e. the Leidenfrost phenomenon was observed.

The Basis of the AAE Fuelling System.
It was though that if the fuel jet were placed into circular motion in a concentric V-groove it would be trapped by centrifugal force or radial inertial acceleration against the hot surface and that the liquid fuel would be forced back onto itself in three orthogonal directions i.e. radially, axially and circumferentially. This would suppress drop formation and therefore force the liquid to maintain a relatively large liquid/surface contact area. In addition vapour produced at the liquid surface interface could exit the groove along the groove surface and vapour bubbles buoyed by the liquid may become entrained in the air above the liquid/air interface. That is, for a liquid fuel under a centrifugal force a V-groove would act as a vapour pump and liquid trap. For a liquid fuel under a centrifugal force, a V-groove would provide an acceleration well with no escape (so long as the radial acceleration prevailed) other than vapourization. This was found to be correct. 
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IMAGE V2.  This photograph shows two successive vapourization events  produced  at the rate of 755 injection events per minute (12.5/second), at 0.0275 grams per injection event. The temperature and velocity of the air jet carrying the vapour away from the vapourization site was about 40o C. and 16 m/s respectively as measured at the orifice exit. The ambient air temperature was measured at about 18o C. The injector discharge pressure and orifice diameter was 155 bar and 0.2 mm. respectively. The aluminium rod was 75mm. long and gives a length scale to the image. The vapour of the leading event has expanded and become entrained in the atmosphere to a far greater extent than the trailing event and is approaching a sphere approximately 140mm in diameter. Each event has been produced by the vapourization of a spherical droplet of liquid fuel 4mm. in diameter and has an inclusive vapourization and injection period of approximately 8 milliseconds. 

Image V2 is a digital photograph of a fuel vapour plume. The fuel was standard unleaded petrol (gasoline) purchased from the local service station. The photograph was taken using a Kodak Z730 digital camera at a shutter speed of 1/1000 seconds. The plume is produced by an injection of fuel into concentric V-grooves machined into the orifice. Refer to Image V3 below. The groove dimensions are approximately 2.4mm width by 0.7mm radial depth. The V-grooves produce total vaporization of fuel independent of air for a temperature range of 150 to 650 o C., from 190 to 2000 injection events per minute (2000 rpm. is the lathe speed limit) and discharge pressures from 50 to 200 bar. No experimentation was conducted at orifice temperatures greater than 650 o C. due to the possibility of heating coil burnout. Each vopourization event is characterized by a single major explosive vaporization event. An audible sound is produced as the vapour explosion or phase change event occurs. As the temperature of the orifice is increased the vapour plume becomes less visible indicating a high degree of super heated vapour and the audible sound is perceptively louder.
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IMAGE V3. Section of orifice showing V-Grooves and injector port. The groove dimensions the largest of which is approximately 2.4 mm. wide by 0.7 mm radial depth. 

Back. 

Fuel Residence Times Experimentation. 

Once it was established that fuel could be forced to vapourize off a surface heated to a temperature above the Liedenfrost point, i.e. a non wetting surface, attention was turned to establishing the fuel residence time in the V-grooves. The test rig was modified so that only vapour issuing from the orifice was visible and a method was devised to calculate the vapourization period from photographs. 

Image V4 below, is a picture of the modified test rig with a vapourization event in progress. The image shows the lathe chuck with yellow paint-pen marks at 10 degree intervals and a fixed timing reference mark at about lathe spindle height. This is one of a series a photographs taken during testing of fuel residence times at a lathe speed of 2000 rpm and orifice temperature of approximately 550 Degrees C. On the rear edge of the chuck is what remains of a paint-pen mark used to find the start of injection at 2000 rpm. As can be seen from the image the injection timing starts approximately at interval 6 and has been under way for about an interval indicating that a time of about 0.833 milliseconds has lapsed. Vapour is seen issuing from the orifice. Also visible is an air vacuum arrangement the funnel of which is positioned 17mm. above the orifice exit and a thermocouple reader. The air vacuum arrangement is used to clear the area of vapour so that only vapour issuing from the orifice to the funnel is visible. The Makita air gun has been removed and a compressed airline feed attached to the copper tube that feeds into the orifice. This was done since it was found that the temperature of the air issuing from the orifice in the range of 40-300 degrees C (the air gun temperature range) had little bearing on the evaporation event. The velocity of the air issuing from the orifice could be maintained at about 55 m/s but was usually maintained at around 25 m/s (air velocities greater than 80 m/s were possible but for very short periods due excessive load on the air compressor). The photograph reference distance is from the orifice exit to the funnel entrance a distance of  17mm. 
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IMAGE V4.   Fuel residence time test rig. Vapourization in progress at 2000 injection events per minute (33.33/second) at 0.0275 grams per injection event. Orifice temperature 570 Degrees C. The temperature and velocity of the air jet carrying the vapour away from the vapourization site was about 40o C. and 25 m/s respectively as measured at the orifice exit. The ambient air temperature was recorded at 24o C. The injector discharge pressure and orifice diameter was 155 bar and 0.2 mm. respectively. 

 A test would consist of: bringing the orifice temperature up to the testing temperature; setting the fuel pump rack to the 0.0275 grams per injection event calibration mark for the revs under investigation; taking a Pitot static tube and thermocouple reading of the orifice air flow and the air vacuum air flow before and after testing and taking between 100 and 150 photographs of the vapourization events. 

The start of the fuel residence time was taken to be the start of the injection event. To find the end of the residence time use was made of the Kodak EasyShare software. By using the EasyShare feature ‘Exposure’ in the image edit mode, images could be scanned for any sign of vapour not obvious to the naked eye. Refer to Image V5 and V6 below. The image closest to the start of injection that showed no trace of vapour using the ‘Exposure’ scanning technique was used to fix the end of the fuel residence time. It was assumed that the end vapour had just entered the funnel of the air vacuum arrangement. This set the minimum distance the end vapour had travelled from the groove where it was produced to the funnel entrance. The vapour was assumed to be travelling at the velocity of the air jet issuing from the orifice. The time lapse between the production of the end vapour and it's entry into the funnel was then calculated. The swept angle from the start of the injection event to the angle as shown in the fixing image divided by the angular velocity of the lathe set an upper limit to the fuel residence time. The upper limit minus the calculated time lapse gave a refined limit on the fuel residence time.
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IMAGE V5 & V6.   Image V5 shows a segment of an image prior to scanning for vapour not obvious to the naked eye. No vapour is visible. Image V6 is an over exposed image of Image V5 produced by the Kodak EasyShare Software feature ‘Exposure’. At a very high level of over exposure, vapour was discernable and therefore this image was rejected as a candidate to set the upper limit of fuel residence time for that particular experiment. An image further out from the start of injection was sought and found that showed no discernable vapour using this scanning technique to set the fuel residence time upper limit.     

All the Fuel Resident Time experiments were conducted with the injector discharge pressure set at approximately 155 bar. The injector nozzle had a single discharge orifice of 0.2 mm diameter. The mass of fuel injected per injection event was 0.0275 grams. The injection rate, injection period, orifice temperature and the observed fuel residence times are itemized in Table 1. 

Table 1. Fuel Residence Time.

	Injection Events per minute
	Injection Period         (milliseconds)
	Orifice temperature (Degrees C)
	Fuel Residence Time (milliseconds)

	755
	4.7
	500
	8.6

	1255
	5.4
	500
	6.3

	1255
	5.4
	575
	5.7

	2000
	4.9
	570
	5.5


The fuel residence times as found in the experiments are clearly within functional limits for an engine revving out to 5000 and 6000 rpm. For example a four stroke engine revving at 6000 rpm. completes a four stroke cycle in 20 milliseconds. There is ample time available to vapourize the fuel if the start of injection was delayed till as late as two thirds through the induction of such an engine. 

A note on the fuel residence time of 8.6 ms. for the 755 injection events per minute. This time extends past the injection period much further than the other entries. As stated earlier these times set the upper limit, that is the times may well be found to be shorter but will not be found to be longer. The fixing image used to fix this upper limit was 2.65 ms further out than the next closest candidate. The next closest candidate had just discernable vapour emanating from the orifice at near maximum EasyShare ‘exposure’ and therefore could not be used to set an upper limit but was probably nearer the actual time.

A note on the injector discharge pressure. The injector discharge pressure was set to 155 bar in order for minimal times to be found. The absolute minimum time a vapourization event can approach is equivalent to the injection period. Therefore a fundamental requirement in this system is that the injection period be within a functional limit. This can be achieved as with the experimental apparatus, a single hole with relatively large discharge pressure or several holes with lower discharge pressure. As previously stated the lowest pressure tried thus far was 50 bar resulting in total vapourization of the fuel per injection event. At 50 bar the injector would require two 0.19mm diameter holes rather than the one 0.2mm diameter hole to maintain the same injection period. At 50 bar any DGI injector pump would suffice.  

The Flame and Vapour images throughout this Webpage give a visual  sense of the power of the AAE fuelling innovation. More importantly however are the results found throughout the Fuel Residence Time experimentation at illustrating the power of the AAE fuelling system. Vaporization of fuel, a fundamental and necessary step in the oxidation process can be achieved without the assistance of charge air. Charge air is not needed to stall the flight of the fuel before it strikes a surface such as a cylinder wall which is extremely advantageous given that surface impingement is almost inevitable and that surface impingement unless it produces vapour retards the vaporization process. Nor is charge air needed to supply the heat of vaporization or to transfer energy from compression work to facilitate the vapourization process. Fuel can be injected anywhere suitable in the engine cycle to produce a vapour in readiness for mixing with charge air. The inability to deliver a homogeneous charge prior to ignition has been a major obstacle in the life of the AAE. It is expected that with the AAE fuelling innovation, delivering a homogeneous charge prior to ignition can now be achieved. 

It is worth noting with reference to the AAE fuelling innovation that there is also the potential of a significant saving of energy in that if a substantial portion of the heat extracted off the orifice wall to vaporize the fuel were otherwise to find its way to the cooling system then it would be simply waste heat. At about 350 kJ/kg heat of vaporization and specific heat of about 2.4 kJ/kg.K a mass of 0.0275 grams of petrol (gasoline) requiring a 70 K average  temperature change to bring it to boil requires an energy input of about 15 joules to vaporize. This represents a cost of around 3.75 kW for a 2.4 litre engine at full load at 5000 rpm. It is a significant quantity of energy. 

Back. 

Another AAE prototype which will incorporate the AAE fuelling innovation and will incorporate a unidirectional valve the poppet section of which will have a mass to area ratio of less than 25 kg/m2 is currently under design, machining and assembly. The cylinder head will be a completely manufactured item i.e. not a modified existing item.
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