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TURBOCHARGING WHY, HOW AND THE REVMASTER SYSTEM By Herbert L. Gillespie (EAA 704191 404 S. Reese Place Burbank, CA 91506



1 URBOCHARGING OFFERS PERFORMANCE gain for the normally aspirated engine, usually without dimensional or rpm changes, that is not otherwise economically available. To the airplane driver this means increased



performance, fuel economy and operational safety. The turbocharger uses part of the energy in the exhaust gasses to drive the turbine/compressor and provide "boost" to the intake system of the engine. This energy may be considered as free, when compared to a belt or gear driven supercharger, because if it is not utilized in this way . . . it is wasted. Many people do not agree. Their position is that exhaust



gas energy is "not free" because the turbine exerts back pressure on the exhaust system. (Well, so does a muffler.) This is only partially true. When an engine is running full



tilt (wide open throttle) with a well-matched high efficiency turbocharger, intake manifold pressure will be considerably higher than the pressure in the exhaust manifold. Further, exhaust-gas temperatures may drop as much as 300° F across the turbine. This drop in temperature represents the fuel energy that is being returned to the engine via the turbocharger. It is a fact that more power, for a given type of fuel, can be obtained from exhaust-gas energy-recovery than through any other presently available method. A normally aspirated engine running at full throttle/ sea level suffers volumetric loss due to intake friction and



residual gasses left in the space between the piston head and the roof of the combustion chamber. Because of this, most engines will flow only 80 to 90'? of their theoretical capacity. Thus, running wide open throttle at 29.92 in. Hg. is effectively only 24 to 27 in. Hg. in the hole where the work has to be done. Next, a compression ratio is created to match the selected fuel at rpm, ignition position



Airplane engines that use their exhaust gasses to drive a turbocharger to regain this loss of power, to altitude only, are known as "normalized" engines. Traditionally, a normalized engine will have some means of preventing over-boosting or pressurizing the intake manifold beyond design or sea level pressure. Usually, this is an aneroidcontrolled bypass valve or waste gate which dumps all of the exhaust gasses at sea level (normal day) and thus none pass over the turbine. (See Figure 2) Example of a Sea Level Normalized System As the airplane starts its climb and leaves sea level the engine begins to lose power. To compensate for this the waste gate becomes partially closed. This shunts a portion of the exhaust gasses across the turbine and the compressor restores the inlet pressure to sea level equivalent. As the airplane continues its climb the waste gate continues to close, the turbine increases its speed and the compressor continues to maintain sea level intake pressure. This process continues on up to an altitude where the waste gate is completely closed and all of the exhaust gasses are passing over the turbine. If the airplane continues to climb, the engine will start to lose power because the turbocharger can no longer provide sea level intake manifold pressure. This is known as the "critical altitude" of this engine/turbocharger combination. (We assume that the aircraft design-weight power-loading will permit attaining engine critical altitude.) See Figure 1.
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and crankshaft load. Other than tuning the exhaust, what you have now is it. This also serves to illustrate why a normally aspirated engine that produces 75 horsepower at sea level (normal day), full throttle, can only deliver something like 52 horsepower full throttle at 10,000 ft. pressure altitude. (See Figure 1)
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The Problem: Everybody wants high power extracted out of the same basic iron without doing anything but add pressure to the intake system. For relatively slow turning engines (3200 rpm) this can be murder. Small displacement engines turning at much higher rpm can use relatively high boost pressures because they will be farther away from the detonation regime. However, most are too small to be power/weight effective as aircraft engines when turbocharged. Some engines, such as the "converted" Volkswagen series, have at most only 45 to 55 real horsepower available. This is not enough to satisfactorily support most of the amateur two-place aircraft. However, the addition of another ten horsepower tends to make this output at least marginally acceptable. Design Considerations Now as you supercharge the engine, obviously the heat release in the combustion chamber goes up because there is more fuel being burned in a unit of time. So supercharging always increases the cylinder head temperature because the gas inside is more dense and therefore the heat transfer into the cylinder head is greater. Average density is greater, heat flux is proportional to density, among other things, and heat flux out of the cylinder head is more or less constant. So, the temperature has to go up in order to get the heat to flow out of the cylinder head using the same cooling potential. It would just have to be done at a higher Delta T. At high compression ratios the pressure and temperature increase that results from initial combustion may cause the entire remaining charge to spontaneously ignite in advance of the normal flame propagation. This sudden release of energy, termed detonation, is perceived in automobile installations as an audible knock. It is not good for the engine. Revmaster does three things to alleviate this condition. 1) Uses a piston with an offset wrist pin that favors rotation of the crankshaft, 2) tailors the compression ratio to the end usage and 3) 100 octane fuel only is specified. The detonation wave does two things. 1) It increases the temperature of the engine structure, which tends to reduce its yield strength and fatigue life. Also, as the heat from the engine combustion process increases, the crankcase temperature also rises. 2) The engine stress range is increased. The pressure spike from the detonation wave impingement is much greater than the non-detonation pressure spike due to normal operation. Now where this optimum point occurs is determined, mainly, by how dense an explosion wave can be tolerated before entrophy across the wave becomes significantly reduced. In other words, the heat conversion efficiency across the explosion



wave becomes more and more negative as the density of



the wave increases. With the advent of turbocharging and the Maloof/Revmaster variable-pitch oil-controlled propeller, it has become necessary to reexamine the heat rejection capability of Revmaster's R2100 engine (derived from the basic VW IGOOcc crankcase). Heat rejection of the engine is parceled out to three rejection mechanisms. 1. Air exchanged across the cylinder heads and, to a lesser degree, the cylinders. 2. Engine exhaust. Approximately one-half of the heat of combustion is not recovered during the expansion portion of the cycle. 3. Circulation of the engine oil through the crankcase, the exposed cylinder walls and through the heads to lubricate the valve train. All of these areas add heat to the oil. The oil rejects this heat either directly through the crankcase walls or through an auxiliary cooling device. It is important to remember that the heat conducting path available to the oil is usually very massive. While the heat flow is generally outward through the crankcase walls,



heat transfer out of the crankcase can be very limited.
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This is because the only way it is cooled is by handing off its heat energy to the air, and to a small degree, by radiation to the cowling walls. Unfortunately, most cowling walls are reflective to a high degree, so much of this radiated heat gets focused back onto the engine. As the heat load from the engine increases, due to extracting more power, the crankcase eventually gets to the place where its temperature stabilizes. This can be at a temperature that is too high for the oil. The turbocharger running at design speed (85 to 100 thousand rpm) heats its lubricating oil to 290-300° F. This flow may exceed l/2 rpm. With an engine oil body of 3'/2 quarts nominal, this becomes significant. There are two ways to improve that situation. One is to direct more outside air onto the crankcase, which improves its heat rejection. The other is to divert some or all of the oil body into a heat exchanger, which is exposed to cooling air. Actually both of these ways must be done in order to have a weight efficient system. It must be borne in mind that the amount of power an engine is normally capable of developing varies with altitude. Also, that the heat acceptance capacity of the air varies in the same way. So, normally aspirated engines that tend to cool adequately at sea level also tend to cool adequately at altitude. What can change that happy state of affairs is the use of supercharging. Then, the heat rejection remains more or less constant with altitude while the air density, and, therefore, the ability of the cooling air to carry heat away, declines with altitude. Supercharged engines tend to run somewhat hotter at altitude for that reason. Counteracting that is the fact that the efficiency of a heat exchanger (its ability to reject heat) varies approximately as the third power of the temperature differential, i.e., the difference in temperature between the fluid coming in and the temperature of the cooling air coming in. If it were pure radiation, the advantage would be even higher because the radiation efficiency varies as the fourth power of the temperature differential. Aside from the thermal efficiency of an oil cooler, there is a resistance-to-flow factor. This precludes the use of the automobile type coolers. Many of these little serpentine fmned-tube-types generate a pressure drop that seriously inhibits cooling and lubrication of the engine. Their size, shape and weight plus mounting and drag problems have led Revmaster to develop a two-header finned-tube large area unit that is mounted beneath and parallel to the bottom of the crankcase. This mounting has minimum cooling air drag as well as minimum length hose or tube attachment. Weight of the exchanger is 1.5 lbs. and pressure drop (hot oil) is minimal.



Cylinder Head Temperature What you measure under the spark plug is the average temperature of the cylinder head and not the instantaneous temperature. The mass of the cylinder head tends to level out the temperatures and make the variations in temperature with each explosion in the cycle undetectable. They are there all right, it's that you just can't measure



them. So, increasing the compress.on ratio of the engine will increase the "high" and the "low ' surface temperature at the inside surface of the combustion chamber. What would be detected, short of detonation, would be a level temperature lower for a higher compression ratio. As the compression ratio goes up, the temperature of the explosion wave also goes up, and that increases the temperature of the top of the piston. The mean temperature



of the cylinder head actually goes down as the compression



ratio is increased, providing that you do not get into detonation. Detonation, at any compression ratio, will increase



the heat load because the explosion phenomenon represents a decline in engine expansion efficiency. That is what the explosion wave does when it gets past a certain density.



This is controlled, in diesel engines, by admitting the fuel progressively so that the charge temperature tends to remain constant for a time and at a somewhat lower temperature. The most efficient engine is one with the highest achievable compression ratio short of achieving detonation as well, because more of the heat of combustion is converted



to useful work. This means also that less of the heat of combustion is converted to heating the engine structure



and less is left to heat the exhaust gasses.



Reconciliation There is a trade off in compression ratio and fuel/air ratio for turbocharged engines because you must have enough exhaust energy to operate the turbine, so the maximum compression ratio does not necessarily give you the best turbine operating environment. That would come at a lower compression ratio but with the overall efficiency of the engine reduced. You will be able to acquire more horsepower but it would be less efficiently produced. However, as the altitude increases the back pressure seen by the exhaust decreases, which results in a gain in horsepower produced, 5-7% at 10 to 14,000 ft The optimum compression ratio to use in a given installation depends on the drag characteristics of the airplane in which the engine is to be mounted, the speed at which it is to be flown and the altitude. The lower and slower the aircraft, the lower the engine compression ratio using a turbocharger. The Revmaster premise is that the engine "owes" them that 10 to 20% efficiency loss and that "normalizing" should begin by giving back to them what they own. Therefore, sea level horsepower at design rpm should be acquired by adjusting the propeller blade angle to a manifold pressure of 31 to 33 in. Hg. at 3200 rpm. This means also that the observed critical or full throttle altitude will be lower. However, in the meantime a lot of tall rocks will have been climbed over sooner. The Revmaster system is a "draw through". See Figure 3. This eliminates the necessity of a carburetor equipped with shaft seals, which can leak and stick. It also eliminates the wastegate. This leaves the throttle in full control of the inlet. This also leaves the possibility of overboosting the engine in the hand of the pilot. Revmaster believes that an informed pilot is the best protection possible against overboosting the engine. Prior experience and data acquired from producing VW engined race cars and using the Rajay turbocharger was very valuable. The temperature rise "ball park" of the intake system at various mass flow and boost pressures was already known. These data advocated an intake system with a large volume/area trunk and individual cylinder ducting. Placement was on top off and isolated from the engine crankcase. This is to acquire maximum cooling effect from the incoming engine-cooling air (see Figure 4). Exhaust manifolding was developed using generous radii for all bends and collecting at the left aft midsection of the engine. Here the turbocharger is mounted like the head on an octopus (see Figure 5). The system is semi-rigid and is totally separated away from the engine crankcase by attachment to the exhaust and intake ports of the cylinder heads and no other support is required. Now, what does this all add up to? For Revmaster it
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has enabled the upgrading of a normally aspirated engine



of 65 hp at 3200 rpm to 75 hp at 3200 rpm at a weight penalty of 16 lbs. It has also raised the engine critical altitude from sea level to 15,000 ft. (see Figure 1). In addition a short term horsepower of 85 is available at 38 in. Hg. and 3400 rpm. (Like another ten horses for just using the whip.) Simulation of a frozen (non-rotating) turbine showed that 52.5 (70%) of the sea level rated horsepower of 75 was available at 2400 rpm.
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