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attach the mount to the engine, while it is supported from a hoist, remember that you have to maneuver ...... because you are less likely to hit your head on them. 
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1. INTRODUCTION This book is aimed at airplane homebuilders and everyone who enjoys working on airplanes. Installing an engine on an airplane can be a challenging task, especially if you have never done this before, and have only incomplete instructions or drawings. Many decisions have to be made which will affect the safety and efficiency of the airplane when you fly it. In the following chapters you can find some basic information and a lot of hopefully helpful hints, these are based on the experiences others have had doing the same thing. The emphasis of this book is on improving the performance you will get from your powerplant installation. One of the main areas is engine cooling because this part is often left up to the builder or installer and many things can go wrong. This book explaines how to achieve a well cooled engine with a minimum of cooling drag. Included are several different configurations like tractor, pusher, air and liquid cooled engines. Many illustrations should help the reader to visualize installations and problem areas. Not necessarily arranged in chronological sequence of how to install an engine, each chapter is dedicated to a component or system. Because this book only gives an incomplete overview of the techniques required for some of the fabrication and installation of parts, it is strongly recommended to have a copy of AC 43.13-1A “Aircraft Repair and Inspection Manual” available.
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2. FIREWALL



2.1 Materials Let’s assume that you are looking at your airframe, which may be almost complete except for that empty space where the engine needs to go. Because a running engine is a very hot chunk of metal and gets in close contact with very flammable fluids (fuel), it is a good idea to have something in between the engine and yourself that will protect you from high temperatures and smoke in case the fuel decides to find a different place to burn except inside the cylinders. Carbon monoxide from the exhaust is another consideration, it must be prevented from entering the cabin. The safest way to keep fire on the engine side of the firewall is to build a steel barrier. Stainless steel is the most durable solution, although mild steel can be used. Just make sure rust will not eat holes in it. The following materials are considered fireproof by the FAA: • • •



Mild steel, thickness 0.018 in ( 0.5 mm) Stainless steel, thickness 0.015 in ( 0.4 mm) Titanium 0.016 (0.4 mm)



Another material which can withstand the 2000°F which can be expected in case of a fire is ceramic fibers, sold as Fiberfrax. It has no coating, but if you want to save weight and use thinner steel sheets, you can back up the steel with a ceramic fiber blanket for further
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insulation. This may be a good idea in any case, just to keep the firewall from heating the cabin even under normal operating conditions. The firewall can also act as a noise barrier. A combination of steel sheet with some backing material can make a lot of difference in cockpit noise level. Some materials sold as “flexible firewalls” are usually not suitable for fire protection, the temperatures they can withstand are much lower than 2000°F. If you are not sure, request sample of the material you would like to use and hold a torch to it. When you design your firewall, and use fle xible insulation or thermal blanket, make sure it is sealed so that it can not soak up oil. This would create a fire hazard and it would add the weight of the soaked up fluid. It is also recommended not to have anything which is easily flammable on the cabin side in close contact with the firewall. Fuselage fuel tanks should be spaced at least one half inch away from the firewall.



2.2 Firewall Penetrations To make the firewall effective, do not put any holes in it. Okay, but now you say what about those cables, cabin heat opening and fuel lines? There are exceptions of course. Some things have to penetrate the firewall. The opening for the cabin heat for example, must have a shutoff valve, which is as fireproof as the firewall itself. It must seal well enough not to let any fumes through when it is closed. Engine control cables should be routed through bulkhead fittings, to prevent the firewall cutting through them. It also allows them to slide back and forth, if engine movement requires that.



Picture 1 Fuel Bulkhead Fitting Other cables and electrical wires have to be protected with grommets to keep the firewall from cutting or chafing them. All holes must be well sealed to prevent carbon monoxide to penetrate them. Start with a list, which includes everything, which is mounted to or routed through the firewall. Come up with a plan where each needs to be. Before you drill any holes, take a look at the engine or installation drawings and figure out where all the levers are, which will require a cable for actuation. Draw up a sketch and mark the approximate locations of the levers. Then draw up the locations of where the cables come from in the cabin. The hole in the firewall should be somewhere in between those two locations.
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Picture 2 Locating Holes in Firewall Repeat the same thing with all other lines and wires, which need to penetrate the firewall. Draw up also those items, which need to be mounted on the firewall. Check where you may have items on the cabin side of the firewall and mark those areas as not available for holes. It requires a little planning ahead to drill at least some if not all of the necessary holes before you install the engine. Once the engine is in place, there might not be enough room to drill from the engine side. That may not be an issue if you can get easily to the firewall from the cabin side, but in many planes that access is restricted. In any case, measure twice before you drill, a hole in the wrong place is one hole to much. To drill stainless steel, use a small sharp drill to pre-drill, then open up the hole to the required size with a large drill. Use slow speed and a lot of pressure. A step drill is very helpful for the larger holes.



2.3 Sealant Materials One sealant, which has good heat resistance and does not burn is silicone. It will also keep out moisture, but it has poor fuel, oil or hydraulic fluid resistance. Use it only in areas, which are unlikely to get in contact with those fluids. Once you have installed a cable with a grommet, thickly spread the silicone around it to complete the seal. The grommet by itself is not sufficient. Silicone is sufficient as a sealant under normal operating conditions, but it will disintegrate when the temperature rises above 1000°F. If you want good protection in case of a fire, use a firewall sealant rated to 2000°F.
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Dependent on how the airframe is made, the firewall can be attached in different ways. Normally there are enough components attached to the firewall, which will hold it in place if it is a separate sheet on a composite bulkhead. Figure 3 shows typical arrangements for firewall and cowling flange on composite and metal airframes.



Picture 3 Firewall Arrangements
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3. ENGINE MOUNT



3.1 Engine Mount Types An engine mount is probably the most important part between the engine and the airplane. It provides support for the engine and makes sure the prop stays pointed in the right direction. It also provides convenient support for all those little items that can be clamped to it. What type of engine mount is needed is determined by the engine. Engine mounts are divided into bed mounts (as shown above), where all the attach points to the engine are underneath the engine and firewall mounts (Picture 4), with attach points behind the engine. Bed mounts allow the engine more fore and aft movement than firewall mounts. If you are using a bed mount, plan on having no less than 1/2 inch clearance (3/4” is better) between anything attached to the engine mount and components mounted to the airframe. Most of the movement is in direction of flight, but when starting and stopping, it rotates around the longitudinal axis. The vertical motion is fairly small.



Picture 4 Firewall Engine Mount for Lycoming Engine
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Picture 5 Lycoming Engine with Firewall Mount Most engine mounts use some sort of rubber shock mounts. These serve to dampen the vibration caused by the engine. Rubber ages and cracks especially fast if it gets hot, so try to protect the rubber from the exhaust heat radiation. Use heat shields if necessary. Silicone rubber (Barry) has better heat resistance and will last longer than rubber (Lord). Note that the rings for the rubber shock mounts on both bed mount and firewall engine mount are oriented in a way that they point towards the center of gravity of the engine. This is done to improve the support and damping of engine vibrations in all directions (dynafocal mounts). Not all engine mounts use dynafocal mounts. Because they are more expensive to fabricate, a lot of the smaller engines just use straight mounts with some rubber discs for vibration damping, which is then less effective.



Picture 6 Dynafocal Shock Mount Assembly
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The top rubber mount is different from the bottom one, do not swap them. The top one is loaded in compression, the bottom one sees a lot less of that unless you fly inverted. Most airplanes use engine mounts which are separate structures bolted to the firewall (Mooney, Piper). They are usually welded steel tube structures (4130 steel). This has the advantage that the engine is well accessible from all sides when the cowlings are removed compared to those engine mounts which are part of the aircraft structure (Cessna 210, Skymaster front engine, Pulsar XP).



Picture 7 Cessna Integrated Engine Mount



Picture 8 Engine Mount Attachment to Firewall A separate engine mount also makes it easier to install a different engine, if that becomes necessary. An engine mount that is part of the structure may have some structural advantages for the aircraft designer, but for the operator of the airplane it is less
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convenient because of more restricted access to the bottom of the engine. Picture 8 shows a typical way of making the attachment of tube structure to the firewall. 3.2 Engine Mount Design If you are lucky, you can use an existing engine mount. I will assume that the designer of your airplane has provided the information you need to build the engine mount if it is not supplied. To build your own engine mount, start with defining the engine location in the engine compartment. Make sure you have the crankshaft at the correct angle. Does the engine need to be turned a few degrees left or right, up or down? If you already have a cowling, prop and spinner, make sure the spinner will be aligned with the cowling, and the propeller will have enough ground clearance. The engine should have at least half an inch clearance with all fixed airframe parts because it can move that much on its rubber mounts. Have you completed a preliminary weight and balance to determine if the engine should be moved a little further forward or aft? Do you have enough clearance from the firewall to remove items from the back of the engine like magnetos, oil filter, alternator and such for maintenance? If using a dynafocal mount, take into account that the rubber parts will sag once the engine weight rests on them. This sagging needs to planned for with the spacing of the attachments.



Picture 9 Firewall Engine Mount Attach Points In Picture 9 you see two firewalls. Firewall 1 has the attach points for the engine mount spread out as far as possible. This is structurally better than that of firewall 2. It spreads the loads out and reduces them at the attach points. If you have a choice and are not constrained by airframe reinforcements that dictate the use of predetermined location, use firewall 1 as guidance. Does the engine and all accessories fit within the cowling or is a “bump” somewhere unavoidable? Some designers have solved the lack of space behind the engine for maintenance with a swing-out engine mount (Cessna 195), where two bolts on one side are removed and the whole engine swings around on the two remaining bolts, which have become the hinge. Now don’t ever forget to put the two bolts back, otherwise that would make an interesting show on the first startup.
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3.3 Structure Engine mounts are important primary structure. If it fails, it can have catastrophic consequences. They are also subjected to a lot of vibration, which makes a sound structural design important. In case you have to custom build an engine mount, you can use the following numbers as a reference for a load test of the engine mount. The engine mount must support the engine and everything else that is attached to the engine under the worst condition. For a simplified test you can assume that this is the maximum g- load your airplane was designed for plus the thrust the propeller produces. You need to know the engine weight plus the propeller, exhaust and accessories that will have to be carried by the engine mount. Then you need to figure out where the center of gravity of the whole assembly is.



Picture 10 Engine Center of Gravity In Picture 10 the CG is measured from the propeller flange, it is the location of the support when the engine hangs level. The center of gravity is the location in a structural test where the downforce on the engine mount is applied. To find out what the load for a test is, multiply the engine assembly weight with the load factor n your airplane is built for (or use n=3.8 Normal category, n=4.4 Utility category, n=6.0 or more Acrobatic category). In an engine mount test, weight corresponding to this load should be piled up on the engine mount. If you want to be on the safe side, use a safety factor of 1.5 for the weight. Additionally the thrust load needs to be simulated by pulling on the propeller flange (tractor) or pushing respectively in a pusher installation. The thrust load can roughly be calculated with the following formula: Thrust [lbs] = prop efficiency * engine power [hp] / airspeed [kts] * 325.6 The prop efficiency is the propulsion efficiency and indicates how much of the engine brake horsepower is actually transformed into thrust. Numbers between 0.75 and 0.85 are realistic. The slower the airspeed, the more thrust you ge t, so choose a number above stall speed but below Vy of your airplane. If you are doing this test with the engine mount bolted to the airframe, don’t forget to support the fuselage appropriately.
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3.4 Installation Should you bolt the engine mount first to the airframe, and then attach the engine to the mount, or is the other way round easier? I have seen it done both ways, and it depends on each case, and how good the access is to the mounts with the engine in place. If you attach the mount to the engine, while it is supported from a hoist, remember that you have to maneuver the whole heavy assembly towards the airframe without bumping into it and scratching or damaging things. The whole operation is definitely a job for two people. A bedmounted engine ma y be easier to install with the mount attached to the airframe first, because the engine weight can then be used to compress the shock mounts. Get all the rubber mounts on the engine mount, and let the engine down onto it to insert the bolts. Check what torque is required for the bolts and tighten them before you remove the engine hoist. How long does all this take? Usually “longer than you think”, is my experience. Plan to have several hours available for the first time you do this. It seems like nothing ever quite fits the way it should.
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4. INDUCTION SYSTEM



An engine needs 3 things to run: fuel, air and sparks. If it gets all of these in the right quantities, there is no reason why it should not work. The least expensive of those is the air, so we can be generous and supply it to the engine in great quantities. It needs many times more air than fuel to make the air- fuel mixture burn nicely. The engine is somewhat particular how it gets that air. First of all, it would like it to be clean. Anything solid that is ingested together with the air will sooner or later destroy the engine, the larger the sooner. So we start the induction system with an airfilter.



4.1 Airfilter An airfilter is always a restriction to the airflow. It is supposed to filter out dust and other particles. The engine has to make an effort to actually suck the air through the airfilter. Any power that the engine has to spend on anything else except turning the propeller is lost and should therefore be avoided. The power loss due to an airfilter is measured as a pressure loss. If an engine without an airfilter would see a manifold pressure at sea level and full power of 30 inches of mercury (inHG), with a bad airfilter it would see only 29 inHG. That means a pressure difference of one inHG is lost. This loss can be minimized by selecting a suitable airfilter material, making sure the airfilter is large enough and periodically cleaned or replaced.
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The size of the filter element is important, because the larger the surface is, the slower will the air be flowing through it. The slower it flows though, the less drag is caused, or said differently, the less pressure is lost. At full throttle, a four-stroke engine with 360 cubic inches, running at 2700 RPM, has to fill each cylinder 1350 times per minute with fresh air (disregarding losses). That is a volume of 486,000 in³ or 281 ft³ (7.96 m³) per minute. Now if the pipe supplying that volume of air has a diameter of 2.5 inches (64 mm), the speed of the air flowing through that pipe would be 81 kts (41.9 m/s), which is quite fast. To slow it down, the cross sectional area needs to be increased. Twice the area reduces the speed in half. The air filter size is therefore made large enough to allow the air to flow through it at a speed between 10 to 15 kts at full engine power. Anything above that speed would result in larger pressure losses. The engine is also particular about the temperature of the intake air. The warmer the air, the less dense it is. You should be familiar with the effect of reduced engine power at higher altitude. The air at altitude is less dense, which is also what happens when the air is heated. That is one reason why you may notice a power loss when applying carburetor heat. So for normal operating conditions, the air should be as cool as you can supply it to the engine. A bad spot for the location of the airfilter for example would be next to the exhaust, or anywhere on the hot side inside the cowling. You should also minimize the risk that the engine will draw air mixed with exhaust gas, which can happen if the exhaust gas recirculates inside the cowling through the cooling air outlets. The goal is to fill the cylinders with as much cold, clean air as possible. Some people understand this as an invitation to pressurize the air before feeding it to the cylinders, to squeeze in as much as possible, called turbocharging. But for the time being, we will stay with normally aspirated engines. A little bit of pressure increase can be gained by feeding the engine with ram air. Often overrated, this will mostly benefit fast airplanes. In the chart below, the ram air pressure is shown as a function of the speed of the airplane. To gain even one inch in manifold pressure, the airplane would have to fly more than 150 kts. And even that one inch is reduced a little bit, because the air is not slowed to a complete stop, but is still flowing at some speed through the filter. Some airplanes are equipped with ram-air doors, that can be opened up at altitude where the air is clean. When opened, the induction air bypasses the airfilter and is fed straight under ram air pressure to the engine. So far I have yet to see a manifold pressure increase that comes close to the theoretical numbers. I would rather attribute that little bit of pressure rise that I have noticed on such occasions to the reduction of losses through bypassing the airfilter. It is easier to place the airfilter in a high pressure area in the first place, such as the upper plenum chamber of the cowling (downdraft cooling). The location behind the last cylinder and facing forward has been successfully used in several engine installations.
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Picture 11 Ram Air Pressure The orientation of the airfilter can also have some effect on the performance. It is better to orient it perpendicular to the airflow, so that the air can go straight through without changing direction. If the airfilter is parallel to the airflow, the air has to change direction 90 degrees while passing through the filter, which can cause small losses. The shape of the airfilter can be anything suitable, most common are rectangular or round shapes.



4.2 Airfilter Materials There are several filter element materials suitable for aircraft engines. My preferred choice are fairly inexpensive open cell foam elements, which are impregnated with a glycol type substance (not oil), which are exchanged when they become clogged. They are very effective in removing all potential abrasive particles from the air the engine is breathing. Under normal conditions they can be used for 100 to 200 hours and are then replaced. A simple but less effective solution is just a dense wire- mesh coated with oil, which can be washed out and reused indefinitely. These are not recommended for dusty areas. Paper filters are also very common, they need to be cleaned periodically by blowing them out with air and can last up to 500 hours before replacement. Although I have not seen any definite proof for it, I would caution that some engine failures may have been related to their use. If they are in a exposed location, where they can get soaked with water, their
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function is doubtful if the airplane takes off into air below freezing and the airfilter becomes solid ice. Another source for losses caused by the induction system is the shape of it. I have seen many induction systems where the air was forced around sharp corners, through openings which were too small or several varying cross sections. This will make it hard for the engine to achieve its rated power. The easiest way to check out the efficiency of an existing induction is to run up the engine to full throttle. The airplane needs to have a variable pitch setup or constant speed prop for this test. At full throttle and maximum rpm, start increasing the prop pitch or reducing rpm with the prop control. Note which manifold pressure you start with and watch it as you reduce the rpm. If the manifold pressure starts to increase, it is a sign that the air had some trouble flowing fast enough without pressure losses through the engine at high rpm. If the manifold pressure increase is less than 0.5 inHG over an rpm reduction of 500 rpm, the induction system is pretty good. If it is more than 0.5 inHG, often up to one inHG, there is definitely room for improvement. Pressure losses are caused by separation, excessive turbulence and friction in the induction system. Unbalanced lengths of induction pipes to the different cylinders are also a source for pressure losses. Tuning is one way to improve the airflow to the engine. Some of the more modern Continental engines like the IO-360-ES, the IO-240 and the IO-550-G & N have a tuned induction system. That means that all pipes to the cylinders have equal length, starting from the throttle body. Those engines have almost constant manifold pressure at full throttle regardless of rpm. The optimum length of the pipes is determined by the size of the cylinders, the engine speed and therefore the speed of the airflow in the pipes. Tuning will be discussed further in the exhaust chapter, where similar concepts apply. Note the short pieces of rubber hose in the next picture, which separate the long sections of the induction pipes. This is to avoid high stresses on the pipes as the engine expands when it heats up and also dampens vibration.
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Picture 12 Continental TSIO-360 MB with Tuned Induction System



4.3 Turbocharging The picture above shows a turbocharged engine. The air intake is underneath the baffling and cannot be seen, but in the upper left corner you can see the intercooler. When the air is pressurized by the compressor it also increases in temperature. Because that reduces the air density, and our goal is to squeeze as much air into the cylinders as possible, the intercooler helps to reduce the temperature of the induction air. Cold air is also less likely to promote detonation. So if an intercooler is used, higher boost pressure can be used. Keep the pressure in mind when you select the induction system ducts. Now you cannot use flexible ducts anymore. Note that in the picture above the connection from the compressor to the engine induction pipes is made with aluminum pipe. The induction air, which can be as hot as 240°F if the compressor is working hard, flows through the intercooler, the cooling air passes through its lamellas like in any other radiator to remove some of the excess heat.
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Picture 13 Intercooler Another way to use higher boost pressure and increase engine power is to further reduce the induction air temperature by evaporative cooling. This can either be done by water sprayed on the intercooler, water/alcohol mixture sprayed into the induction air stream in front of the compressor or in front of the cylinders. This is very effective and acts as if the octane rating of the fuel were increased. It is commonly done on race cars and planes, and there is a lot of information available on the Internet, so I do not want to elaborate on it here.



4.4 Alternate Air Each induction system should have an alternate air source, which allows bypass of the airfilter, in case it gets clogged. For carbureted engines, the carburetor heat provides that function. Fuel injected engines need to have a separate air inlet in a sheltered area which can be opened by the pilot. In some cases the alternate air door is made to open automatically, when the airfilter does not let enough air through. This is a spring loaded door, which will open against the force of the spring, when a certain amount of suction develops in the air box because of a clogged filter. A means to show the pilot when alternate air is in use must be available, otherwise you might continue flying on alternate air for a month before you realize that your engine is breathing dusty air. Ideally the
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opening of the alternate air source is facing down, to avoid having foreign objects falling into it. Picture 14 shows the composite air box I used on a Mooney with the IO-360 ES. It has only a few parts, the airfilter is bolted directly to it.



Picture 14 Airfilter and Alternate Air Combined



4.5 Carburetors Most carbureted engines get away with only one carburetor, others like the Rotax have two, one on each side for two cylinders. That avoids having to distribute the mixture from one central point, allows the use of shorter induction pipes and results in a better mixture supplied to each cylinder. Unfo rtunately it adds complexity to the installation. Two separate throttle cables and, if installed, choke cables have to be brought together and tied into one control. Unless the carburetors are fed from a central source of filtered air, two airfilters and carburetor heats are required. Having two carburetors is not worth much in form of redundancy, if one fails, the engine will run very rough and does not produce much power anymore, as I have experienced once. The two carburetors need to be synchronized, which means that the manifold pressure each of them produces must be matched as closely as possible. The manifold pressure needs to be measured on each carburetor and the throttle cables need to be adjusted until it is equal. The best way to do this is to use a U-type differential pressure gauge. The pressure difference between the two carburetors should not exceed one inch of mercury. If you have water instead of mercury in the tube, the difference in fluid level can be much more than a few inches. Having a valve in the line that is opened only very slowly helps to avoid getting the fluid sucked into the engine. Connect each end of the pressure gauge to one manifold aft (downstream) of the carburetor. Disconnect any crossover manifold tube. Run the engine at idle and low power, where the manifold pressure is lowest and an
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eventual difference in pressure is the greatest. The level of the fluid in the U will most likely be unequal. Now you need to select one carburetor as a reference and start adjusting the throttle cable of the other one, until the fluid indicates that they both have the same pressure. Instead of the U- gauge, you could also hook up two manifold pressure gauges, but these may have instrument errors in the magnitude of the pressure difference you are trying to measure. If possible, calibrate them first by hooking them together and noting their readings at the same pressure. If you have successfully synchronized the carburetors, the engine should run noticeably smoother.



Picture 15 Balancing Tube between Carburetors (Rotax) Carburetors pose a risk for leaking fuel. The gasket to the bowl may not seal properly or the float valve may not be shutting the fuel off, for whatever reason. In any case, the carburetor should be mounted low in the engine compartment, so that leaking fuel does not drip on hot engine parts. If that is not possible by the design of the engine, install drip pans, which catches the fuel and have a hose attached to allow it to drain in a safe spot. 4.6 Fuel Injection The induction system for fuel injected engines can look very similar as for a carbureted engine, with the exception that the fuel is not introduced into the airstream. They still require a throttle valve, which is usually coupled with a fuel metering unit. As with a carburetor, the fuel needs to be supplied to the engine in proportion to the amount of air it gets. The fuel metering unit does not really know how much air the engine gets, but uses the throttle setting as a reference. 22
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Fuel injected engines also require higher fuel pressure in the lines. Lines and hoses with high pressure fittings are then required. Because these engines require so much fuel pressure, it is unlikely to get them started without an electrical boost pump. One thing you need not worry about anymore is carburetor ice if you have a fuel injected engine. The only drawback may be the hot start characteristics of some of these engines, which may require a bag full of tricks to get them running again after a 10 minute shutdown.



4.7 Carburetor Heat If you have flown in cold, humid air with a carbureted engine, you should be familiar with the effect of carburetor ice. The vaporization of fuel in the carburetor cools the air and parts of the carburetor. The temperature drop depends on the throttle setting and the amount of vaporized fuel, it can be up to 20°C (35°F). That means that even in fairly warm weather parts of the carburetor can drop below freezing temperature. Now add some moisture in the air, which condenses and freezes in the carburetor, and you have what is called carburetor ice. The ice will add obstacles to the airflow and reduce the cross section of the carburetor, which will make the engine run rough, lose power and in the worst case make it quit. To avoid this, you can either heat the carburetor or the air going through the carburetor. The latter solution is more common. Hot air is drawn from a shroud around the exhaust, or from the hot section behind cylinders or radiators.



Picture 16 Carburetor Heat Shroud Example There is another difference between an alternate air valve and a carburetor heat valve. When the carburetor heat is applied, a valve shuts off the cold air and lets only hot air get
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to the engine. If the alternate air door of a fuel injected engine is opened, the primary path of the filtered air is not shut off. If the airfilter is not blocked, the air could either continue to flow through the airfilter, or flow through the alternate air door, depending on which end the higher pressure is. In the case of one installation, the airfilter, in a ram air pressure area, continued to supply so much air that it fed the engine and flowed out through the opened alternate air door instead of in.



4.8 Induction System Leak It is important to have tight joints in the induction system. Any leak aft (downstream) of the carburetor or throttle body will mean additional air is sucked into the cylinders. Unfortunately this air is not mixed with fuel by the carburetor. A similar thing happens on a fuel injected engine. The throttle body, which determines how much fuel needs to be added in a fuel injected engine, does not know about this extra leaking air, and orders too little fuel. In both cases the result is too lean a mixture. This problem is going to be worse at low power settings and with the throttle closed, because then the pressure difference between inside the induction system and the outside world is maximized, and more air can leak inside. With the throttle wide open, there is not much pressure difference, and not much extra air can leak in. A leak in front (upstream) of the carburetor only means a little air is bypassing the filter, this has no noticeable effect on the engine operation. A controlled leak could be used on engines without a mixture control to influence the fuel-air ratio. Most of these engines are set up to work well at lower altitudes, up to about 8000 ft. If they are operated at higher altitudes, the mixture is often too rich. If a small valve, which can be opened and closed by the pilot, is installed downstream of the carburetor in the induction system, it allows fresh air to be drawn into the engine and will lean out the mixture. Of course there has to be lower pressure in the induction pipe than outside, so it would not work with the throttle wide open.
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5. EXHAUST SYSTEM



Exhausts are a hot topic, not just because of their temperature. There is often great potential to improve the performance of the engine here. The primary function of the exhaust pipes is to discharge the hot exhaust gas in a location where it cannot damage anything or do harm otherwise. By adding mufflers, it can be used to reduce engine noise. Why can you not have very short pipes, which end inside the cowling? Would that not save weight, drag and make it easy to build? Maybe, but is not a good idea. First of all, exhaust gas is very corrosive. If you point it at a steel engine mount, it will corrode it in a very short time. The heat will damage any material under the cowling, which cannot withstand at least 1700°F, so it is a great fire hazard. Therefore the exhaust pipes have to end outside the cowling. Select a location, which will keep the exhaust gas clear of any cabin air vents. Exhaust gas contains carbon monoxide, which is very poisonous. Carbon monoxide molecules, if breathed, will attach themselves to the red blood cells taking the place of oxygen molecules. They are very hard to get rid of once present and will cause hypoxia and death if not noticed in time. If you can smell exhaust gas in the cockpit, check your ventilatio n and firewall seals. It is valuable to have a carbon monoxide
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detector in the cockpit to be safe. In some airplanes, even though the exhaust pipe exits at the bottom of the cowling, exhaust gas can be sucked into the cabin at high angles of attack and low power settings. The airflow around wing and fuselage under these conditions makes that possible. Because this is a flight condition which will usually not last very long, this need not be of much concern. Is there an advantage to having two end pipes, one on each side versus one single pipe? This depends on space available and if it is a tuned exhaust or turbocharged engine. In case of a single turbocharger, the question is easy to answer: obviously all exhaust pipes have to merge into the turbo with one endpipe. If there are two turbos per engine, then there are two endpipes. On some other installations there may not be enough space to merge the exhaust pipes from both sides of the engine, and two end pipes are simpler to fit. On four cylinder engines with tuned exhausts the four headers will have to merge into one, to shorten the overall length of the pipes. On six cylinder engines with tuned exhaust it is easier to merge three into one on each side rather than trying to squeeze 6 into one. If the noise characteristics of the engine require a large muffler, all headers will end up in that muffler with one end pipe exiting. On radial engines the exhaust is typically collected in a ring behind the engine, which can have one or more exits. Some radial engines have an exhaust pipe for each cylinder, which has then to snake around to the exit point in the cowling. The material for exhausts should be stainless steel. Although mild steel is somewhat less expensive, in the long run it will cost more because you will have to replace the exhaust more often and worry about holes and corrosion damage in the mean time. Remember that the exhaust gas is very corrosive. The only time a mild steel exhaust makes sense is for testing of various configurations, where changes can be made cheaper. If you need to use mild steel, use aluminized pipes, which will hold up somewhat longer than unprotected steel. Depending on how humid the air is and how often the airplane gets flown, expect a mild steel exhaust to last up to 2 years at the most. If you notice any rust spots at all, check them with a pointy tool. The corrosion starts on the inside and when you see a small rusted area on the outside, it might already be a hole. The material to use for more durable exhausts is 304 stainless steel for low stressed or 316 and 321 for higher stressed exhausts. Stainless steel will not corrode at room temperature, but at exhaust gas temperature, the material will oxidize to a certain degree, which will make it look dark and slightly rusted. That is normal. The wall thickness of exhaust pipes varies from 0.035 in to 0.050 in for aircraft use. What thickness you select depends on engine size, material (stainless can be selected thinner than mild steel, it is stronger at high temperatures), and how much stress is expected to be on the pipes. The thicker the material, the heavier will be the exhaust, but thicker usually also means less likely to break. It will always be a compromise. Ideally the exhaust has the same life of the engine, but reality is often different.
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5.1 Flexible Joints The steel loses a lot of its strength at high temperature. The hotter it gets, the less strength it has. You could compare it with spaghetti. They are hard when they are dry, but when hot and wet, well you kno w what I mean. This has to be kept in mind when designing an exhaust system and supporting it. It is really a challenge to keep it from breaking and cracking. The combination of vibration and heat is very demanding on the material. When it heats up it expands and can build up internal stresses. Long pipes may need slip joints, which allow the pipes to change their length without restriction. If they are made right, they can even be leak- free.



Picture 17 Flexible Exhaust Joint Slip joints should be used if a bending moment cannot be tolerated on the pipe. Long end pipes which exit a muffler for example should have a flexible joint. Because a flexible joint will not transfer a bending moment, the exhaust will be a lot less likely to break in that area.
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Picture 18 Exhaust Ball Joint



5.2 Mufflers Mufflers to reduce the noise can have various shapes, but they all have at least one thing in common: they use up valuable space under the cowling. Some pilots think they don’t need mufflers and subject the mselves, and a lot of other people who usually disagree strongly with this, to a lot of noise. You can recognize those pilots by observing how often you have to repeat a question before they hear you. The only time the absence of a muffler can be sort of excused is on turbocharged engines and those with a tuned exhaust. The turbocharger acts a as a muffler by breaking up the exhaust pulses and using some exhaust energy to drive the compressor.



Picture 19 Disk Muffler
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On tuned exhausts the pipes are usua lly quite long, so that some of the noise energy is absorbed by them. They are also quite sensitive to changes in back pressure, so that it is difficult to make an effective muffler without reducing performance. On two-stroke engines and racecars, disk- mufflers have successfully been used. This type of muffler consists of a cylinder of 1.5 to 2 times the diameter of the original endpipe. The endpipe is perforated where it runs through the larger cylinder, which is filled with a sound dampening material lik e steel wool, glass or ceramic fibers. At its end a number of rings is attached with some space (about 1/8”) between the disks. The exhaust gas has to exit through the gaps between the disks, because the end is closed off. By varying the number of disks and the space between them, the noise level can be reduced without too much power loss. I had tried these mufflers on the tuned exhaust of a Mooney with an IO-360 ES with some success. Because of the long endpipes and the size of the mufflers, which were attached to the end and hanging in the airstream, this concept was abandoned because of too much drag. Also the corrosive exhaust gas seems to burn up the filling rather rapidly. Spacing the disks too close increases backpressure and increases EGT. When experimenting with mufflers, it is strongly recommended to have EGT indications for every cylinder. EGT data should be established with a baseline exhaust and power setting, variations can then be compared to this data. The better the exhaust works, the lower should be your EGT, because the exhaust gas is discharged better from the cylinders. In most cases a muffler consists of a large steel can, into which the header pipes lead. The optimum size of the can depends on the engine displacement, rpm, length of the pipes and several other factors. To define the correct muffler size for maximum noise attenuation requires experience or a lot of trial and error. The result is usually a compromise between space available under the cowling or even outside of it, weight and noise reduction. Usually the more muffler volume the better, but each engine has its specific requirements. Inside the muffler the exhaust gas may have to flow through perforated pipes or in and out through chambers of different size, all to try and break up the peaks of the exhaust pressure pulses. Because of their size and uneven heating, mufflers are prime candidates to develop cracks, sooner than any other location of the exhaust system. Therefore I don’t like the idea of using the exhaust as a hot air source for cabin heat. Too often an unnoticed crack has poisoned the occupants with carbon monoxide through the cabin heat. See the chapter on cabin heating for alternatives.



5.3 Turbochargers Turbochargers require some special attention upon installation. A turbocharger is the hottest item in any engine compartment. Because of the higher pressure in the exhaust in front of the turbocharger, any small crack in the exhaust will have the hot gas spewing from it like a blow torch. Be extra careful to keep lines with flammable fluid away from the turbocharger. Because I have heard of one accident where a failed turbocharger managed to melt a hole in the firewall, it seems to be a good idea to provide some extra
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shielding around it, using stainless steel sheet or additional insulation. Do not wrap the turbocharger with anything, it needs to radiate heat away from it. Not allowing airflow around it would shorten its life drastically.



Picture 20 Turbocharger



5.4 Tuned Exhaust Tuned or balanced exhausts are one of the most effective means to increase your engine power output, or differently said, restore the power that would be lost if an inefficient exhaust was used. Tuned exhausts work because of the pulsating nature of the exhaust gas flow. The exhaust gas does not come from each cylinder in a continuous stream, but only during the short time when the exhaust valve opens. The pressure pulse from the combustion process inside the cylinder travels with high speed down the exhaust pipe. It can be compared to water waves moving away at a certain speed from a rock thrown into the water. The waves have hills and valleys, which in case of the exhaust are high and low pressure areas. Now if the length of two merging exhaust pipes were selected exactly right, the low pressure area following the high pressure peak from one cylinder will travel to the second cylinder and be present at the exhaust valve just as it wants to discharge a new load of burnt gas. This helps a lot to empty the cylinder and have more fresh mixture available for the next power stroke. Usually three or four header pipes are merged into one collector, all pipes have to be equal length, because there is an equal time interval between all the cylinders firing. Aft of the collector another pipe of a certain length can be attached for second stage tuning. The length the pipes depends on the engine displacement, pipe diameter, exhaust gas temperature, but above all the engine speed. A tuned exhaust will work well only in a narrow range of rpm, typically no more than 200300 rpm range for a given length of pipes. At other rpm, it performs not much different from a normal exhaust, but still somewhat better. A header length of 31 ±1 inches worked well on a 3-into-1 exhaust tuned to 2600 rpm ±100 on a six-cylinder engine. The collector pipe was of about the same length. A 4- into-1 exhaust of a four-cylinder engine should require somewhat shorter pipes for similar engine speed and displacement. Be prepared to experiment with the length to find the optimum. 30
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1. Original M20F with Lycoming IO-360 A1A 2. Continental IO360 ES, speed kit and fairings, 201-windshield 231-Cowling, 252-exhaust without turbocharger 3. Modified cowling air inlets, improved cooling air flow 4. Tuned exhaust added
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Picture 21 Performance Gain of Mooney M20F with Tuned Exhaust The power increase in the tuned rpm range can be 10% to 15% depending on how bad the exhaust was before. This increase in power comes without an increase in fuel burn, because the efficiency of the engine is improved. This principle applies to two-stroke and four-stroke engines. Actually two-stroke engines are more sensitive to the exhaust configuration, because they have two strokes less to complete a power cycle including getting rid of the exhaust gas and filling the cylinder with fresh mixture. When comparing engine temperatures of the same engine with a normal exhaust and a tuned exhaust, you would find lower EGT and possibly even lower CHT, because the hot exhaust gas spends less time in the cylinder and is discharged quicker and more complete. If the back pressure is increased for some reason, the EGT will show a rise right away. It is more difficult to fit an effective muffler to a tuned exhaust, because it can affect the tuning. A more practical limitation is again space: the long pipes easily take up all the room under the cowling. The pipes should have slip joints to allow the pipes to expand and contract with temperature changes. The slip joint orientation is of importance if there is no other mechanical means of holding the pipes together like springs. If the slip joints are all pointed in the same direction, the pipes can slide out all the way. Installing them at different angles avoids this problem.
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Picture 22 Tuned Exhaust 3- into-1 on Welding Jig This exhaust was tuned from 2500 rpm to 2700 rpm for this engine and the performance gain was impressive. The Continental IO-360 ES engine was a very suitable candidate to be fitted with a tuned exhaust, since it already has a tuned induction system. The induction pipes from the throttle to the cylinders are of equal length, which improves the air distribution to the cylinders and results in higher manifold pressure at full rpm compared to a non-tuned induction system. Which such long pipes, good design and support of the pipes is extremely important to keep them from breaking very soon.



5.5 Exhaust Support A running engine, and everything that is attached to it, can and will move around on its rubber supports, in extreme cases up to an inch. Just watch someone starting up or shutting down an engine with the cowling removed. The exhaust pipes are very vulnerable to damage because of their length, from being shaken like that all the time. Sometimes the exhaust pipes are arranged in a way where they have sufficient structural strength to support themselves, otherwise suitable support has to be provided by the installer. The best designs avoid bending moments as far as possible. But anytime there is even a small bending moment on a pipe, it has to be supported. If possible, support the exhaust on the engine, so that it can move with the engine.
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Picture 23 Failure of Unsupported Exhaust Pipe If the exhaust is supported by the engine mount or other fixed structure, it will not take long before it is ripped off. Of course long end pipes cannot be supported on the engine if they are too far away from it. In that case a flexible joint needs to be inserted as close as possible to the engine or muffler. Then a vibration damping support can be used at the end of the pipe, to attach it to the aircraft structure.



Picture 24 Vibration Damping Support, This inexpensive support has been proven to hold up very well. It has two silicone rubber disks to dampen vibration and still allow a small amount of flexing. The bolt will ensure that the support does not fail. Silicone stands up to very high temperatures and is preferable to rubber.
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Picture 25 Rubber Strap Support On some airplanes a simple rubber strap is used, but they tend to fail after a while, leaving the exhaust pipe hanging down. If there are any weak points or stress concentrations in an exhaust design, they usually show up within the first 50 hours of operation. If the exhaust survives that long without cracks, chances are fairly good that it will last many hundreds of hours.



5.6 Installation When you install the exhaust, the main thing to avoid are leaks. Leaks are caused by reused old gaskets, warped flanges, eroded flange surfaces, bad slip joints or even a EGT probe hole without probe. Once there is a leak, it will corrode everything within reach of the escaping exhaust gas. The most common way to attach an exhaust pipe to a cylinder is with bolts through a flange. In this case a gasket is required to seal the surface. Always use new gaskets, used ones will not do a proper job of sealing .



Picture 26 Exhaust Flange
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The studs are steel, inserted in an aluminum cylinder head. The nuts need to be designed specifically for exhaust use. They can be steel or brass. If other nut s are used, corrosion can make it eventually difficult to ever remove them. The safest way to go are brass nuts. But unless they turn fairly easily, do not reuse them. The thread of the soft brass gets damaged easily. The less often an exhaust system is removed, the better, in terms of achieving a good seal at the flanges. There seems to be always some corrosion occurring, which can damage flanges and studs. The flanges have to be quite thick (1/4”) to prevent them from getting warped by the heat and stresses on the pipes. A different way of attaching exhaust pipes to the engine is used on Rotax engines. The pipe is inserted into the cylinder head, the sealing surface in the outer surface of the pipe to the engine like a slip joint, and not a straight flange. The flange in this case only prevents the pipe from slipping out, it does not need to be thick. No gasket is needed and it seems to do a better job keeping the exhaust gas in the pipe. This avoids some of the corrosion that the first method shows, and it avoids the thick heavy flanges. A new exhaust system, which has severe stress concentrations, will usually break within the first 50 hours of operation. If it makes it beyond 50 hours without cracks, there still may be some minor stress concentrations, which can show up as failures within the first few hundred hours. If the exhaust has more than 300 hours on it, it can be considered as safe, although after a lot more hours damage can happen due to fatigue.



Figure 27 Rotax Engine Exhaust Mounting
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6. FUEL SYSTEM



The fuel system is probably the most important system on an engine installation, because a lot can go wrong with it and most of it has to be provided by the builder or airframe manufacturer. The engine manufacturer may have a detailed model description, which lists installation instructions and some specific requirements for his engine. Read this carefully and make sure you understand everything. In this chapter I will try to provide enough information and explanations to keep you from making mistakes with the installation. Although you may think at first, what can be so complicated about running a line from the tank to the engine, it is seldom that simple.



6.1 Fuel System Components: Shut-Off Valve The simplest fuel system may indeed be one line from a single tank or gravity feed interconnected tanks of a high wing airplane. But already we have to add one component: a shutoff valve. In case of a fuel leak, fire, forced landing or whatever, the pilot needs to be able to turn off the fuel supply to the engine. The shutoff valve, or fuel selector valve if multiple tanks are available, needs to be within easy reach and preferably in easy view of the pilot. That means it should be located somewhere between the tank(s) and the engine aft of the firewall. There are some inexpensive valves around, made of brass for example. I had one of them, which I used for a while. It eventually got so stiff that I could barely move it. Its operation was from the left tank over OFF to the right tank and I only dared to switch tanks over airports, because I was afraid it would get stuck in the OFF position. If you happen to have one of those, get rid of it and get a good one, because it really might get stuck eventually (it happened to someone I know, it got stuck on one tank). I recommend
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finding a selector valve, which is also used on a certified airplane, because it is more likely to work reliably.



Figure 28 Simple Fuel System If the valve requires any O-rings, make sure they are compatible with the fuel you are using. A simple test will tell the truth. If the O-ring survives 24 hours submerged in the fuel without abnormal swelling, softening, cracking or falling apart when you pull on it a little, it is o.k. to use it. Slight swelling is normal. It is a good idea to do this little test with all O-rings, if you are not completely sure if they are suitable.



Picture 29 Fuel Selector Valve, Handle in OFF Position
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6.2 Fuel Level Gauge Another component, which has been added to the fuel system shown above is a fuel level indicator of the simplest type: a float with a rod sticking out at the top of the tank. Make it a rule to have a fuel level gauge for every independent tank, and your chances of running out of gas unexpectedly are already greatly reduced. What type of fuel level indicator you can use, depends a lot on the shape and location of the tanks. Another simple solution can be used on high or mid-wing airplanes: a sight gauge, which consists of a clear tube mounted to the wing root rib. Here you can directly see the fuel that remains in the tank. If the tanks are not this conveniently located, you will need remote sensors and a gauge to display their information in the panel. Two types of sensors are commonly used. The float types are based on resistors, which change with changing fuel levels. At full fuel the resistance is the lowest, tank empty would show the highest resistance. This is done to avoid showing too much fuel if the resistance increases for other reasons (bad contact, corroded). Capacitance type sensors have no moving parts, and are usually more accurate than float type sensors. Make sure your indicating gauge is matched to the sensors you use, otherwise the indication can be completely wrong.



6.3 Fuel Return Lines If you have an engine which requires a fuel return line (also called vapor return line), you need to provide means to switch the return line to the tank from which the fuel is drawn and also to shut it off when required. The best way is to use a dual line fuel selector, which switches main and return line at the same time. Less elegant and inviting errors in operation is having a separate selector switch for the return line. High wing airplanes should also have a check valve in the return line, which will prevent fuel from draining from the tank back to the engine when the engine is not running. Low wings do not need it, gravity does the job.



Picture 30 Fuel Tank Inner Rib
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The return line should enter the tank at the highest spot at the wing root rib (or innermost tank rib). This is done to minimize the outlet pressure. It usually is not necessary to have the outlet in a high spot in the tank, unless you have very long wings, a lot of dihedral and a limit on what the outlet pressure is supposed to be by the engine manufacturer.



Picture 31 Continental Engine Fuel Pump with Return Line



6.4 Drain Valves To go back one step from the shutoff valve to the tanks an their hardware, even though they are not directly related to the engine installation, they are very important for engine operation. The tanks are supposed to store the fuel. Unfortunately some of them also store incredible amounts of water. Water can come into the tank through leaking fuel caps (most common), refueling out of dirty cans with some water in them, or (quite rare) from a fuel truck, which carries fuel with water. It should not matter too much to you, since you always drain the fuel drain valves before you fly, right? That is if you have any. There are still some airplanes out there, which do not have drain valves, something I cannot understand. It is quite impossible to keep all dirt and water out of the tanks at all times, and drain valves in the lowest spot of the tank are the best way to check if there is



39



Aircraft Technical Book Company PO Box 270 Tabernash, CO 80478 800-780-4115 www.ACTechbooks.com



EFFICIENT POWERPLANT INSTALLATIONS



Sonja Englert



anything before it progresses into the fuel lines. There are several types of drain valves available. They all have in common that they are spring loaded, will let the fuel out when you push them up and seal when you let them go. The valve itself gets screwed into a fitting or pipe thread, which is riveted or bonded to the wing skin in the lowest spot of the tank when the airplane sits on the ground. To quickly drain all fuel from a tank they can be unscrewed. Some fittings protrude quite far underneath the wing skin, while others are nearly flush. I prefer the second type, not only because they produce less drag, but also because you are less likely to hit your head on them.



Picture 32 Left: High Drag Drain Valve, Right: Low Drag Drain Because of their function, they will often get in contact with water. This will make them corrode sooner or later. Keep an eye on them, if they show signs of sticking or leaking, replace them.



6.5 Tanks Actually this is another airframe subject, but now I am at it. One tank by itself is not a problem. Two tanks can be managed by having a selector valve. If there is a third tank, things can get complicated. What would happen in the arrangement shown in the picture below?



Picture 33 Three-Tank Fuel System
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Apart from that I have not drawn all the other components, the third tank would soon be empty. It is mounted above the two other tanks, but connected to the line of the left tank. The fuel would drain from the third tank into the left tank. When that one is full, it would just drain overboard. In this configuration the selector valve would need a third, separate position for the high tank.



Picture 34 Properly Interconnected Wing Tanks Interconnecting tanks is not a bad idea, if it is done properly. The picture below shows an example how separate wing tanks can be connected. Make sure there are connections at the high and low spots. If you fill them through one filler cap, make sure the connecting tubes are large enough to allow for rapid filling. You can also interconnect the tanks of opposite wings, according to the next picture. It is important that the air spaces of both tanks are connected properly, to have equal pressure on both sides. Unequal pressure would mean unequal fuel levels. The lowest connection between the tanks needs to be large enough in diameter to let the fluid level equalize fast enough.



Picture 35 Interconnected Wing Tanks A center drain in the interconnect vent is necessary to avoid trapping fuel in a low spot if the tanks are overfilled. Now the two tanks can be treated as one, no fuel selector valve is required, only a simple on/off valve in the single line to the engine. The only problem arises if you do not fly perfectly wings level because the fuel would drain into the lower wing. The less dihedral a wing has the worse would be this effect.



6.5 Fuel Screens and Filters With the drain valves being in the lowest spot of the tank, the fuel pick up to the engine should be in the second lowest spot of the tank. To further ensure to keep dirt out of the fuel lines, they should have a small screen. This would at least help to keep fibers, paint
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flakes, lose pieces of sealant and such stuff out. This screen should not have too fine a mesh, otherwise it might get clogged too easily and block the fuel supply.



Picture 36 Fuel Finger Strainer in Tank Ideally the screen is removable for cleaning from the outside of the tank. The small particles and any wate, which makes it past the drain valve into the line will get caught in the gascolator. This is a small bowl, which has a fine mesh screen and a valve in the bottom.



Picture 37 Gascolator Scematic Any dirt or water gets trapped in the bowl, which should be drained periodically, prior to each flight. In order to do a proper job the gascolator should be located behind the fuel selector, so that fuel from either tank has to flow through the gascolator. It also should be in the lowest spot of the fuel system. First of all, the lowest spot is where water and dirt will accumulate. The second reason requires a little explanation. Imagine trying to sip hon a fluid from one bucket into another with a hose. One of the buckets is higher than the other and the fluid is flowing nicely. Now punch a hole in the top part of the hose, where it is above the level of the fluid in the buckets. Do you think fluid would come out? If you do, try it out. No fluid will come out, but air will go in and if the hole is large enough, it will quickly interrupt the flow. The same would happen with a gascolator which is mounted too high. If it is one with a drain valve, it will be useless in that location.
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Whether you put the gascolator in front or aft of the firewall is up to you, but if it is firewall forward, it better be made of steel to be fireproof. Especially a gascolator with a glass bowl, which you can visually check for contamination, is better located aft of the firewall. Keep the drain (any fuel drain) away from the exhaust, at least 12 inches. I do not recommend using automotive fuel filters, which are installed inline. Paper filters can get soaked with water, which can freeze and block the fuel flow. They can collect dirt and unless checked and replaced regularly they can restrict or block the fuel flow with no means for bypass. Usually these filters are made of clear plastic or glass. If installed in the engine compartment, they would be difficult to protect them from an eventual engine fire. A gascolator is the better solution. Now if you think I am being too concerned about what could possibly contaminate the fuel and how to keep it from getting to the engine, it is my own experience of Murphy’s Law “What can go wrong, will go wrong” and a stuff- in- fuel related engine failure will keep me doing whatever I can to have clean fuel.



6.6 Electrical Fuel Pump The next paragraph is only for low wing airplanes or fuel injected engines. High wing airplanes should be able to get away without an electrical fuel pump. Their fuel will drain through gravity from the tank to the engine, if the carburetor is below the tank. If it is the other way round, the fuel may need some help from an electric pump to get uphill, at least to get things started. Carbureted engines are happy with a simple pump, which provides only low pressure (a few psi).



Picture 38 Complex Fuel System, Fuel injected Engine with Return Lines
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Once the engine is running, the engine driven pump will take over and provide enough pressure. Fuel injected engines require higher pressure, up to 50 psi. It is unlikely to get one of these engines started without the use of an electric fuel pump. Where should the fuel pump be located in the system? Of course aft of the fuel selector, so that you can use it with each tank. Preferably it also is in a low spot, somewhere near the lowest level of the tanks. That way it will always be reached by fuel. If it is capable of running dry briefly, so that it can pump air out of the lines and raise fuel from the tank, it can also be installed slightly above the fuel level. It is useful to install it aft of the gascolator, because that way you can avoid having dirt go through the fuel pump, which will extend its life. Also some gascolators are not designed to withstand much pressure. If the pump is in front of the gascolator and pressurizes the lines, the gascolator may start leaking. Now we have all components for the fuel system. Picture 38 shows the fuel system for a low wing airplane with fuel injected engine with fuel return lines as an example. The electrical connections for fuel level sender and boost pump are not shown. On the engine fuel system side, once the fuel reaches the engine driven pump, it is either delivered to a carburetor, which will accept fuel to fill its bowl, or it supplies a fuel metering valve on a fuel injected engine. If you install a fuel flow transducer, it should be in the line between engine driven pump and carburetor / fuel metering unit. If it were installed before the engine driven pump, at least on those engines with return lines it would measure too much. In “continuous flow “ fuel injection systems, the fuel is not really injected into the cylinder, as the name would make believe, it just continuously dribbles onto the outside of the intake valve. The accumulated puddle gets sucked into the cylinder when it opens. This is not necessarily the best way to vaporize the fuel, carburetors usually do a better job at this. To make an attempt to mix the fuel with some air before it enters a cylinder, a little shroud with a screen to keep dirt out is built around the injector. The air is supposed to be drawn through the screen. Air will only go somewhere if there is a pressure difference. The only time there is a significant pressure difference between intake manifold and outside world, is at partial or closed throttle settings. With the throttle wide open, the manifold pressure is almost equal the outside pressure and the air sees little reason to enter the injector when it is needed most. Turbocharged engines have to route some of their compressed manifold air to the shrouds. Only Diesel engines are “real” fuel injected engines, where the fuel is injected under very high pressure into the cylinder.



6.7 Fuel Lines Now we should have one word or two about the fuel lines which connect all these fuel system components. The easiest way is to use rubber hoses, hose nipples and clamps everywhere. This is adequate for a low pressure (3-5 psi) fuel system.
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Rubber hoses must be specifically made for the use as fuel lines. If you want to use auto fuel, buy automotive hoses. They can be used for either Avgas or Autogas. Hoses specifically made for airplanes may not be suitable for automotive fuel. Rubber hoses have one drawback. They age, especially if they have to live in a hot environment. Don’t expect unprotected rubber hoses in an engine compartment close to the exhaust to live more than six months before they crack. On the cabin side, protected hoses can be used for 5 years and more. To check if a hose needs to be replaced, bend it in a tight radius. If you see any cracks, throw it away immediately. Older hoses may also get stiff, and if removed for any reason, they should be replaced with new ones. If you want to avoid replacing the hoses periodically, there are two options. Instead of rubber hoses you can use Teflon hoses. They have an unlimited life. See the chapter on the oil system for some examples on hoses. Or you can make up hard lines, at least aft of the firewall. They also have unlimited life. Hard (aluminum) lines are also suitable for higher pressure, hydraulic lines are often aluminum as well. The material for making up those lines should be seamless 1100 or 5052-0 soft aluminum tubing for easy bending. The 1100 aluminum should only be used for low pressures and small diameters. To make up hard lines you need two special tools: a tube bender and a flaring tool. The angle of the flare of aircraft hardware is 37°, automotive hardware uses 45°. Do not mix the two, you would never get it sealed. The material can be easily recognized by the color of the fittings: aluminum is blue, steel is black. Before you flare or bend the tube, slide the sleeves and nuts on the tube. They can not be removed after the ends are flared without cutting the tube. Practice bending and flaring the ends on a spare piece of tubing, before you attempt to make a part for your airplane. It is not difficult, but care must be taken to keep the flare surface smooth. The seal from tube to fitting is made by the two metal surfaces, a scratch can easily lead to a leak. Do not bend the tube back after you have bent it one way, the aluminum workhardens and will break if you try that. There are several ways to seal the components in a fuel system: • • • •



flared tube and fitting pipe thread normal thread and O-ring or gasket flareless fittings (Swagelok)



Do not use any sealant on flared surfaces. If you have to use sealant anywhere, use a MilSpec type sealant like PR-1440 B (1-800 AEROMIX), which is also used to seal fuel tanks. Never use silicone, which is not fuel resistant! Do not over-tighten any of those fittings, the soft aluminum is easy to damage. The correct procedure is to tighten flared fittings by hand until they bottom. Then turn them 1/6 to 2/6 turn further by wrench. The following table gives an overview of torque limits for fittings using the tube outer diameter (O.D.) as a reference.
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Tube O.D. [inch] 3/16 ¼ 5/16 3/8 1/2



Aluminum fitting [inch-pound] 30-50 40-65 60-80 100-125 150-250



Sonja Englert



Steel fitting [inch-pound] 70-80 90-100 135-150 270-330 450-500



Table 1 Torque Limits for Flared Fittings If you have a leak, it can have several reasons. There could be foreign ma tter on the sealing surface, or a gasket could be deformed. Do not try to get rid of a leak by further tightening of the fittings, but disassemble and investigate it. Any tubing needs to be supported in certain intervals, to keep it from vibrating or breaking. The following table gives some numbers as a reference. Tube O.D. [inch] 1/8 3/16 ¼ 5/16 3/8 1/2 5/8 3/4 1.0



Distance to support aluminum line [inch] 9.5 12 13.5 15 16.5 19 22 24 26.5



Distance to support steel line [inch] 11.5 14 16 18 20 23 25.5 27.5 30



Table 2 Spacing of Tube Supports



Picture 39 Fuel Line Support with ADEL Clamps
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6.8 Sizing of Fuel Lines What size of tubing should you use? That depends on the maximum fuel flow of your engine. Find out what the fuel consumption of your engine is at maximum take-off power. Unless you have an unconventional aircraft configuration, which requires very long fuel lines, the following numbers can give you a starting point: • • •



4-8 gal/hour: ¼” O.D. tubing 8-20 gal/hour: 3/8” O.D. tubing 20-40 gal/hour: ½” O.D tubing



If you have an engine which requires a fuel return line, such as fuel injected Continental engines do, you will have to add the return fuel flow to the maximum fuel consumption for that engine at take off power. The detailed engine model description should contain a chart for the amount of return fuel flow. It is typically one third of the total fuel flow on Continental engines, where it is called somewhat misleadingly “vapor return flow”, so you might need a larger diameter main fuel line for a Continental engine than for a Lycoming engine of the same horsepower. To minimize the resistance the fuel will encounter trying to flow through the lines, avoid sharp bends and try to use straight fittings instead of angle fittings where possible. I recommend using a short piece of flexible hose from the fuel pickup in the wing where it comes into the fuselage. There may be some relative movement between wing and fuselage, which would over time cause a hard line to break or leak. The same applies to any other place where movement is expected, especially between airframe and engine. Never run a hard line of any material between the airframe and engine, it will sooner or later break.



6.9 Avoiding Vapor Lock First of all, what is vapor lock? As water will start boiling when it exceeds a certain temperature, fuel components will start boiling / vaporizing at a temperature above 110°F. Once the fuel does that in a fuel line, the bubbles of vapor can effectively block the fuel flow. If you have a vapor lock problem, you will notice a rise in EGT as the mixture leans out (provided you were running the engine rich of peak). Enriching the mixture with the mixture control will not have an effect, because the fuel flow is restricted by vapor, not by the mixture control setting. The best way to avoid vapor lock is to keep the fuel cool. Paint fuel tanks in light colors, insulate fuel lines and strainers and keep some cool airflow around the fuel pump. Automotive fuels have a considerably higher vapor pressure than AVGAS, which makes it more difficult to avoid vapor lock when using autogas. The presence of liquid water in the fuel increases the vapor pressure of the fuel as well. Lowering the pressure in the tank also increases the chance of vapor lock. Having a tank vent that puts positive pressure on



47



Aircraft Technical Book Company PO Box 270 Tabernash, CO 80478 800-780-4115 www.ACTechbooks.com



EFFICIENT POWERPLANT INSTALLATIONS



Sonja Englert



the tank can help to reduce the chance of vapor lock. It may seem strange, but using the electrical fuel pump for more pressure might actually make things worse. The fuel pump agitates the fuel, which will increase the formation of bubbles. Any six- year old can demonstrate this by shaking a can of soda. Vapor lock is more likely to occur at high fuel flow, because the higher drag in the lines reduces the pressure. If the fuel flow starts to fluctuate, it may be an indication of vapor lock. Another thing you can do is install fuel return lines. That way more fuel is pumped through the lines than is actually needed by the engine. The excess fuel is returned to the tank and circulating the fuel helps keeping it cool.



6.10 Quick Disconnect Fittings Some airplanes have removable wings, and in order to enjoy that advantage it is very helpful to have quick disconnect fittings on the fuel lines, if you have wing tanks. It can save the trouble of having to drain all the fuel before removing the wings, and saves time to undo clamps or regular fittings. The disadvantage of quick disconnect fittings is that with some types it is hard to determine when the lines are correctly assembled. Also one has to be careful to avoid fittings, which may restrict the flow. Normally O-rings are used for sealing the various components, again you need to test them by submersing them for 24 hours in the fuel you are going to use to determine their suitability. The material of the quick disconnect fittings themselves can be plastic (Nylon has good fuel resistance) or metal. I have successfully used plastic fittings for a long time with Avgas and Autogas. The fittings should shut off the fuel on both ends when disconnected, but be prepared that the small amount of fuel inside the fittings will be released when the lines are disconnected. The cost is usually less than $10 per fitting, if you buy them from a hardware store.



Picture 40 Quick Disconnect Fittings
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6.11 Fire Protection A study has shown that 94% of all fires in small airplanes occur on the ground (particularly post crash fires). The best protection is of course never to crash an airplane. For the remaining 6%, I will discuss some things that you can do when you install the engine to protect yourself from uncomfortably hot experiences. Up to the firewall you can use aluminum lines and fittings, firewall forward you should use steel fittings and protected hoses. Always keep in mind that everything in the engine compartment should be made as fire resistant as possible. To get the fuel line through the firewall, use a bulkhead fitting. For fittings of less than half inch line diameter, use steel, for half inch and larger, aluminum is considered sufficiently fire resistant. Yo u can make up hoses from the firewall to the engine yourself, or buy them as an assembly, where you specify length and diameter. The rubber hoses are protected with firesleeve, which is a braided glass fiber wrapping impregnated with silicone.



Picture 41 Firesleeved Hose and Stainless Steel Hard Line It provides thermal insulation and will keep a fire away from the content of the hose for a certain time. The firesleeve itself (and all other fluid carrying lines) must be kept from chafing and rubbing against other parts. Once the fiberglass is exposed, it will cut quickly though aluminum. After you have run a newly installed engine for some time, continue to check all lines frequently.
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6.12 Fuel Flow Test Once the connection is made from fuel tank to engine, you should verify that in fact enough fuel is going to flow through the lines. The fuel pump (or gravity feed) must be able to supply about 125% of the maximum amount of fuel needed for full power. This can be done in a simple test. Certified airplanes have to prove that the engine driven pump is capable of supplying the required amount of fuel. The manufacturers have to run the engine with a separate fuel supply while the engine driven pump will pump fuel from the tank into a bucket, where the quantity can be timed. For a homebuilder this test can be simplified if the electric fuel pump or just gravity feed are used to measure the flow. This way the engine does not have to be running. Put just enough fuel in the tank to perform this test, two gallons are sufficient. Position your airplane in the worst attitude. If you have a front engine, this would be a steep climb attitude (15° to 20° is typical). It is more difficult to pump the fuel from a low tank up to a high engine because more pressure is required. If you have a rear engine, the fuel flow should be tested with the airplane in a nose down attitude. Disconnect the fuel line from the carburetor or at the fuel metering unit on a fuel injected engine. Take a container, which can hold exactly a gallon of fuel and insert the end of the disconnected fuel line. Keep the container at the same level where the line was disconnected. Have a stop watch ready and measure the time it takes to fill the container with one gallon of fuel with the electric pump or gravity feed. The following table translates the time to pump one gallon to fuel flow of gallons per hour. You should have at least the fuel flow that your engine needs at maximum power.



Time [min:sec] 2:00 2:20 2:40 3:00 3:20 3:40 4:00 4:20 4:40 5:00 5:20 5:40 6:00 6:20 6:40



Fuel Flow [gal/h] 30.0 25.7 22.5 20.0 18.0 16.4 15.0 13.8 12.9 12.0 11.3 10.6 10.0 9.5 9.0



Time [min:sec] 7:00 7:30 8:00 8:30 9:00 9:30 10:00 10:30 11:00 11:30 12:00 12:30 13:00 13:30 14:00



Fuel Flow [gal/h] 8.6 8.0 7.5 7.1 6.7 6.3 6.0 5.7 5.5 5.2 5.0 4.8 4.6 4.4 4.2



Table 3 Fuel Flow & Time to Pump one Gallon
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While you have fuel in the lines, check for leaks. If you can smell fuel, there is a leak somewhere, unless you have spilled it. Finding a small leak can be quite a challenge. First check all fittings and connections if you can feel anything wet. If it is a very small leak, the fuel will evaporate before it feels wet. A leak that is left alone for some time often shows up as a small stain of the color of the fuel you filled with. Sometimes a faint smell remains from a leak that has been fixed, but it will take long for the smell to disappear, especially with auto fuel. Only if you are thoroughly frustrated and ready to give up the project, resolve to the last test: light a match and see where the fuel fumes start burning. Be ready to jump back quickly and tell your spouse not to bother to bring the fire extinguisher (Just kidding!)
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7. OIL SYSTEM



7.1 Oil System Components The oil system of an engine is designed to lubricate all moving parts and remove heat from the engine. It often also generously lubricates the belly of the airplane, the hangar floor, your hands and clothes... The most important components of an oil system to my experience are plenty of rags. Whether it is an oil change, or a leak somewhere, the rags can help to keep the mess under control. Except for some low power engines, most engines use an oil cooler to get rid of the heat. The oil cooler can be integrated into the engine (typical for Continental engines) or separate, so that it can be mounted somewhere else (Lycoming and most other engines).
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Picture 42 Schematic of Continental Oil System The schematic shows that on the Continental engine the oil is under suction only from the engine sump to the oil pump. From the oil pump it is pushed under pressure up to 100 psi through the oil filter, then on to the oil cooler. The oil temperature on this engine is measured at the outlet of the oil cooler, where the oil enters the engine. The oil cooler has a valve (Vernatherm) which will bypass most of the oil directly to the engine when it is too cold. After it has done its lubricating job, it is allowed to drip down into the sump, where it will wait until it gets picked up and sent aga in to the radiator to cool and relax. Not very long though, because it will have to go on another round right away.
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Picture 43 Rotax 912 Oil System The Rotax oil system is a bit different from the Continental system. The Rotax is a dry sump engine, which means it does not collect the oil in a sump underneath the engine, but in a remote container. From there the oil pump sucks the oil through the lines and through the radiator, before it enters the pump. Then it is pushed through the oil filter and through the engine. It drains to the lowest spot in the engine, where it is pushed by crankcase pressure back into the remote container. This arrangement makes for some unusual operating characteristics. Unless the container is mounted very low (below the cylinders), oil can drain from it into the cylinders like radial engines tend to do. Oil which drains to the lowest spot in the engine after shutdown does not return to the container by itself. So prior to checking the oil level (with a dipstick in the container), you have to turn the prop several times to clear the cylinders and to build up some crankcase pressure to return the accumulated oil to the container. The oil container vent is also the crankcase vent. Because the lines from the container to the engine are suction lines, it is important to avoid tight radii. In combination with soft rubber hoses, the line could be sucked shut. I don’t have to explain the consequences of that event. The return line has very low pressure, so expensive high pressure hoses can be completely avoided in this installation. Starting the engine in cold weather can result in low oil pressure, because the oil flows only reluctantly to the oil pump. Keeping the lines short with few bends helps. Some engines (older models) do not ha ve an oil filter, but just an oil screen. This is designed to catch only fairly large bits and pieces of junk in the oil system. It does not help to filter out small particles as an oil filter would. Engines without an oil filter should therefore get their oil changed more frequently to help keep it clean. The recommended interval for oil with filter change is at least 50 hours, in some case even 100 hours. If you have an oil filter on your engine, you should cut it open and check for metal when you change it. Do not use a hacksaw, this will create metal pieces and you can not tell anymore if they are from the engine or not. A proper tool cuts it like a can opener without producing any shavings.
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Those without a filter can, in addition to checking and cleaning the screen, catch the oil while draining it from the engine and let it run through a funnel with a magnet in it or piece of cloth. The magnet will catch any steel, and any metal will remain in the cloth after the oil has drained through it. Finding a fe w pieces of metal pieces in the oil is always a reason for concern, but not immediately a reason to throw the engine away. Unless there is a lot of metal, you can continue to operate the engine to determine a trend or until the source of the metal has been found and corrected. Depending on the type, size and quantity of metal pieces found, it may or may not require immediate action before operating the engine again, the decision should be made by the engine manufacturer. If this happens in a brand new engine, could it be left over debris from the manufacturing process. Byproducts of the combustion process are the reason why the oil gets dirty. The oil suspends these and transports them along, until they find a quiet corner or dead end, where the dirt can deposit and pile up. Especially those engines burning leaded fuel have a heavy load to dispose of. If you are burning unleaded fuel, your oil change intervals can be raised or even doubled compared to those burning leaded fuel. In general, ashless dispersant oil is preferable to straight mineral oil, if you want to keep the engine clean. But what kind of oil ist best for your engine is determined by the manufacturer, you should stick to his recommendation. This recommendation should be found in the engine operating manual or also in the airplane flight manual of a certified aircraft. Do not mix automotive oil and aircraft oil. Aircraft oil can either be ashless dispersant (AD) or straight mineral oil. The latter is today used only for break in of new engines. The advantage of AD oil is that it does not produce ash when it is burned, and therefore reduces deposits in the engine. Automotive oils are detergent oils which will produce ash and deposits when burned. Engines like Rotax or Limbach (Volkswagen) do require automotive oil and are not allowed to use aircraft oil. Geared engines, which use the engine oil for gear lubrication may require a special brand.



7.2 Oil Lines In most cases oil lines will be under pressure, as the oil pump will push the oil through them. In pressurized lines, the rubber has to be reinforced with flexible braided steel lining. Putting a clamp on these hoses is not adequate, proper hydraulic fittings should be used. Since oil will burn, the lines should be protected by firesleeve. The picture below shows the examples of a high pressure hose, which connect a remote mounted oilfilter. If possible, avoid having more or longer oil lines than necessary. More lines means more chance of a leak. If you use a remote mounted oil filter, make sure you support the lines tro prevent excessive vibration. To prevent another fire hazard, the ends of the firesleeve are sealed, so that no fluid can get soaked up inside.
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Picture 44 Oil Lines



7.3 Oil Radiators The advantage of having a separate oil radiator is the reduction of weight, which has to be carried by the engine mount, if it is mounted elsewhere on the aircraft structure. It also allows more flexibility in mounting the radiator in a optimized location for good airflow. The disadvantage is the need for oil lines, which add complexity, more chances for leaks and extra parts to install. The radiator size is determined by how much heat the engine needs to get rid of through the oil. The radiator heat rejection is a function of the radiator size of course, how much air flows through it and how fast the hot oil will get pumped through it. The last parameter will make only a small difference. If the oil flow through the radiator is increased by almost 30%, only about 4% more heat will be rejected. Unfortunately the less time the oil spends in the radiator, the less time it has to cool. A much larger influence has the airflow through the radiator. As the oil cools off, the air is heated up. The more air you send through, the more heat it will take with it. The same thing happens if the temperature difference between oil and air is larger. The radiator will be able to get rid of more heat when the oil is very hot and the air is cold to start with. Unfortunately in real life the oil usually stays hot because the air is hot as well.
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The engine manufacturer may have experimented with how much heat, which is a form of energy, the radiator can get rid of as a function of the difference in air pressure in front of and behind the oil radiator.



Picture 45 Oil Radiator Pressure Difference Pressure difference is the only way to get air to flow from one point to another, even through an obstacle like a radiator. The same applies to people and work they don’t like. If you do a new engine installation, it is up to you to make sure that there is enough air flow through the radiator. How to do this is explained in the chapter on engine cooling. Keep the space in front of and behind the radiator clear of obstacles, to let the air move freely through it. The oil flowing to and from the radiator is under pressure in most engines. Make sure you use hoses, which are suitable for the pressure. Usually hoses with braided steel cover, which have a maximum pressure of 2000 psi or more are suitable for high pressure oil lines.



Spec



Manufacturer Application



MIL-H-83797 Stratoflex MIL-H-8794



Stratoflex



MIL-H-6000



Stratoflex Aeroquip



MIL-H-8794



Aeroquip Aeroquip



Medium pressure, 1200-1500 psi High pressure, 2000-3000 psi Low Pressure, 250 psi Medium pressure, 1500 psi High pressure, 2000-3000 psi Medium pressure, 1000 psi



P/N 156-xx



Type



Fitting



303-xx



Rubber/wire braid 676-xx Rubber, steel 300-xx reinforced Rubber, fabric reinforced AN-840-xx AE-491-xx Teflon/wire braid AE21502-xx Rubber, steel AE-491-xx reinforced



601-xx



Rubber/wire braid AE-816-xx



111-xx 160-xx 666-xx



Table 4 Fuel and Oil Hoses
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The –xx will specify the size / diameter of the hoses or fittings. The fitting part numbers listed are only straight fittings. There are 45° and 90° fittings available. The Aircraft Spruce Catalog can provide you with more details.



7.4 Crankcase Breather Another component of the engine oil system, which usually has to be provided by the installer, is the crankcase breather line. Some of the pressure from the working cylinders makes it past the piston rings into the crankcase. The crankcase environment is hot, full of oil and oil fumes. It has to be sealed so that the oil does not leak out, but too much pressure inside can damage the seals. Therefore the crankcase needs to be vented. On most engines there is a fitting near the top of the case, where a hose can be attached. The hose will be routed to the bottom of the cowling, where it just ends and will distribute oil all over the belly of the plane. Some of that oil may have splashed out through the fitting, but most of it is oil mist, which condenses as it cools. Many people and certainly the environment prefer to have the oil separated from the air and the oil rerouted back into the engine. An air-oil separator is used for that purpose. It is a small can, which is hooked to the breather line. Two lines exit from it: one returning the oil to the engine, the other one again exiting from under the cowling. This keeps the belly much cleaner. When installing the breather lines, make sure you have a continuous slope in one direction, to avoid accumulating oil in a dip of the line. From the engine to the air-oil separator it should slope to the engine, to make oil run right back where it came from. The oil return line from the separator should of course do the same thing, which means the separator needs to be mounted in a fairly high spot. The engine installation drawing should show you which fitting to use for the oil return into the engine. Do not just choose one that looks conveniently located. The exit line for air of the air oil-separator needs to be at least the same diameter as oil return line to the engine, to ensure adequate pressure relief. You can extend the end of this line to the tail of the plane, if yo u are very concerned about the belly of your plane or plan on flying aerobatics. To avoid a pressure buildup in the engine in case the breather line gets plugged up (in some cases it has even iced up), provide a small backup exit as shown below. A piece of notched aluminum tube is now part of the line and can be mounted on the firewall. Allow enough slack in the line for the engine to move in its mounts. A special case are dry sump engines like the Rotax 912/914. These engines do not have an oil sump built into the engine. The crankcase pressure is used to push the oil, which accumulates at the bottom of the case into the remote storage oil container. The storage container has a vent, which exits through the cowling, prevents pressure buildup and acts (not too successfully) as an air-oil separator.
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Vinyl hose, O.D. 1.0" I.D. 0.75"



Engine



100-20 H



Spring hose clamp A-15 Grommet MS35489-135



MS21919 DG40 100-20 H 2 ft - Firesleeve AE-102-18



OIL SEPARATOR



Vinyl hose, O.D. 1.0" I.D. 0.75"



Clamp 92-10 H



Nut MS21045-3 Washer AN960-10L



Baffle



secure to engine mount where needed



Bolt AN3-4A



Vinyl hose, O.D. 1.0" I.D. 0.75", length = 17 in



Washer AN960-10



Nut MS21045-3



Engine mount Clamp 92-10 H



Breather tube



Spacer



AN3-17A



Clamp MS21919-12



Picture 46 Engine Breather Assembly Drawing (Continental IO-360)



Picture 47 Backup Opening in Engine Breather Line
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8. IGNITION AND ELECTRICAL SYSTEM



8.1 Generator and Alternator The electrical system of most engine installations is fairly simple. Engines with magnetos for ignition do not even need an electrical system. Usually it is the pilot who wants to add such extras as radio, transponder, lights and so on. So it falls back to the engine not only to provide thrust but also the electrical power for all those gadgets. Most engines can be equipped with an alternator. Some older ones and even some fairly modern ones like Rotax engines have a generator instead. What is the difference? Without going into too many details, the main advantage of the alternator is that it provides full voltage and a lot of current even at low engine speeds around idle. A generator requires a lot more rpm to reach its full output, which means that while you taxi to the runway, and have everything switched on, your battery will get drained until you push the throttle forward. Its advantage is that it does not require a battery to start the field as for an alternator. But if you have the choice, install an alternator on your engine.
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If the electrical requirements you have are fairly small, you could avoid the alternator and just install a battery. The battery would have to be recharged after a flight. Usually only airplanes without the possibility of alternator installation like gliders do that. If you have an alternator and a battery, the battery will act as a backup power source in case the alternator fails, and provides power to the electric starter. When you know which electrical instruments you want to install, add up the power requirements for all of them. Some instruments may require only a few mAmps, others like transponder, radio and lights several Amps. When you switch everything on, the alternator must be able to provide power to all of them. If the alternator is rated 40A at 14 volt, it produces 14 x 40 = 560 Watt. If you have all those instruments drawing more current than the alternator can provide, or even if it is busy charging an empty battery at the same time, you can see the voltage drop, often down to 11V until the load is reduced.



8.2 Voltage Regulator The voltage, which is produced by the alternator is not constant, but pulsates. A voltage regulator / rectifier is needed to smooth the voltage out and keep it in the narrow range which the battery requires for charging (13.8 to 14V). The two different types of voltage regulator can be either mechanical or solid state. The latter is limited in the temperature it can take, so keep it away from high heat sources as the exhaust. Typically the voltage regulator is mounted on the firewall in a convenient spot for hooking up the wires. A capacitor in the system is often used to assist the voltage regulator in its function.



8.3 Battery As said before, the main function of the battery is to provide power to start the engine. In addition it should be able to provide about 30 minutes of power for the instruments, should the alternator fail. These requirements determine its capacity. The capacity is measured in Ampere- hours (Ah). That means a battery with 20 Ah capacity can provide a current of one Ampere for 20 hours or 5 A for four hours before it is completely discharged. To recharge this completely discharged battery, it needs to be recharged with one Amp for 20 hours or 2 A for 10 hours as an example. If you start out with an empty battery, jumpstart the plane and fly for half an hour, don’t expect the battery to be fully charged when you land. Airplane systems use either 12 V or 24 V batteries. Make sure you know which one applies to your airplane. Because batteries are usually quite heavy, they have an excellent potential to correct weight and balance issues. The closer you can install the battery to the engine the better, that way you can avoid those long, thick cables, which are necessary to transfer the heavy current to the starter. Batteries do not like extreme heat or cold, their life is longest at the moderate temperatures which people like as well. If you put the battery in the engine compartment, make sure it is shielded from exhaust heat. If you have the battery somewhere behind you, make sure the attachment for it can withstand the g- loads, as they would occur in a crash (at least 30g). If it comes lose, it can hit and kill you from behind. Low spots for installation are therefore preferable to high spots. To test the battery
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attachment, weigh the battery and pull forward on the attachment with 30 times the weight of it. If something breaks, reinforce it. Sealed batteries are preferable to open ones, not just because of the eliminated spillage risk. They can generally provide higher starting currents.



Picture 48 Good Battery Installation Note the protected terminals and the vent on this unsealed lead acid battery. So far leadacid batteries are the best choice as starting batteries, but hopefully something lighter and more powerful will become available at reasonable prices soon. Once the battery is installed, protect the terminals, so that no object falling on it by accident can touch both terminals at the same time. This would short the battery and create some interesting spark effects. Some people have also found out that this easily starts a fire.



8.4 Ignition In general there are two types of ignition sources: magnetos and electronic ignition. Magnetos are small, engine driven generators, which create the high voltage and distribute it to the spark plugs within one unit. As long as there is no mechanical problem with them and they remain attached to the engine, they function fairly well. They do wear, and need to be inspected periodically. Most engines have dual ignition from two magnetos, because a complete magneto failure would shut the engine down. Complete failures are rare, but worn magnetos can cause power loss and misfiring. You can expect a performance increase of seve ral knots if you replace old, worn magnetos after 800-1000
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hours with new ones. Other maintenance issues include magneto timing, which needs to be set or adjusted once in a while.



Picture 49 Magneto Ignition Spark Plug Harness (6 Cylinder Engine) Most engine manufacturers, which use magnetos, adopt the spark plug wiring as shown above (cross-over). One magneto fires the top plugs on one side and the bottom plugs on the other side. It is obvious that the two spark plugs per cylinder should each be fired by a different magneto for redundancy. The reason why half of the plugs each magneto fires are top and the other half are bottom has to do with spark plug fouling. The bottom plugs have a tendency to foul more easily than the top ones. If all plugs on one magneto were bottom plugs, you would see a large difference in rpm drop when you check left and right ignition, if they were fouled. That would now give you a direct indication that the bottom plugs are fouled more than the top plugs. Usually this is not a reason for concern, as long as the engine still runs smooth on both and most likely the plugs would clear at full power for take off. What you really want to know when you check the ignition is if the left and right magneto are both working correctly. Having half the spark plugs at the top and the other half at the bottom for both magnetos should eliminate the rpm drop difference caused by fouled bottom plugs. Electronic ignition relies on an external power source to charge capacitors, which will produce the voltage necessary for the sparks. There are no moving parts, so there is no
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wear. The timing is fixed and does not need to be adjusted. The ignition coils can fail under extreme heat, so keep them away from the exhaust. A good solution for an electronic ignition can be found on the Rotax 912 UL engine. There the ignition has a completely separate electrical circuit from the generator, so that even in the case of a total airplane system electrical failure the engine will continue to run. Of course the battery is an important backup power source for the generator. If the generator should fail, it is important to get the plane on the ground before the battery is drained. If that should happen, it is necessary that you are able to recognize a generator failure quickly. So if you can, install a low voltage light. Normal voltage with the engine running is 14V, if it drops below 13V at cruise rpm something is wrong. The picture below shows the firewall- mounted components of an electronic ignition system. This one is for a six-cylinder engine, one of each coil (A, B, C) provides sparks for two cylinders.



Picture 50 Electronic Ignition



8.5 Starter Relay Another electrical system component, which is relevant for the engine installation is the starter relay. The starter switch in the cockpit activates the starter relay. A relay is used, because it is not desirable to have the starting current, which can be hundreds of amps, run through the starter switch. The starter relay should be positioned on the firewall, close to the starter. The cable from the positive battery terminal comes straight to the starter relay, which will connect it to the starter when it is activated. For the return path a heavy gauge cable from the engine runs back to the starter relay and to the negative battery terminal. The starter itself is normally grounded to the engine, that’s why you will see only one thick wire running from relay to starter. The engine itself is usually insulated from the rest of the airframe by its rubber shock mounts. In that case you need to provide
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a ground strap from the engine to the engine mount, firewall or negative battery terminal, depending on what is used as ground in your system. The ground strap needs to be fairly thick, because it has to return the high starting current to the battery.



Picture 51 Example Starter Wiring Schematic Some starter relays require a certain orientation for mounting. It has happened that under g- loads during aerobatics, the starter relay actuated itself, engaging and ruining the starter in the process. Mounting it 90 degrees rotated or upside down eliminated the problem. These are the main components of the engine electrical system. The engine instruments will require some wiring, and that is dealt with in more detail in chapter 13.



8.6 Circuit Breakers, Fuses and Wires Since those things are going to be needed as part of the engine electrical system, I want to briefly describe them here. Circuit breakers are used to protect the circuit wiring from overload, caused by high currents. They are the weakest link in the chain, designed to break to avoid damage to other components. They should be of a slightly higher rating than the instrument which they protect. If an instrument for example requires 1.5 A for normal operation, the circuit breaker should be rated for 2 A. If a current of more than 2 A is trying to force its way through the wires, the circuit breaker trips and opens the circuit. Usually circuit breakers can be reset, so if the reason for the overload has been removed, the power to the instrument can be restored. Because circuit breakers are expensive, use up a lot of panel space and are sometimes too slow to open the circuit, fuses can be used instead of them. Their main advantage is cost, but you need to have some spares with you when you fly. A well- installed electrical system will seldom have a reason to make a circuit breaker trip. If it happens, it is often because of a malfunction which can not be corrected in flight, then a fuse would have done the same job. Electric motors are an exception, flap or gear motors can be overloaded while in operation, a circuit breaker can be reset while the motor has cooled and the flaps or gear can be lowered or raised at slower airspeeds.
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The following table gives you an idea which wires to use where. A current flowing through a wire encounters some resistance. If the cross section of the wire is too small, the current has trouble flowing through it and some power is lost. That power loss occurs in form of heat. If the wire is way too small, it can heat up considerably and cause smoke and fire. This is why the size of the wire has to be selected in proportion to the current it need to carry. Wire AN Gauge, Copper 22 20 18 16 14 12 10 8 4



Maximum Current 5A 7.5 A 10 A 15 A 20 A 25 / 30 A 35 / 40 A 50 100



Table 5 Wire Gauges In a composite airframe the structure cannot be used to ground wires. It is practical to use a ground bus, where all ground wires can easily be connected. The picture below shows a firewall mo unted ground bus. The ground bus needs to have a good connection to the engine, battery ground and the firewall itself.



Picture 52 Firewall Ground Bus
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9. COWLING AND ENGINE COOLING



9.1 Cooling Requirements One pound of fuel, when burned releases 18,720 BTU (British Thermal Unit) in thermal energy. The efficiency of an internal combustion engine is quite poor, at its best about 36%. This means the rest of the energy contained in the fuel is wasted and has to be disposed of. Most of it is heat, a small portion are friction losses, internal airflow losses and some is used to power accessories. About 40% of the energy exits through the exhaust. Another 20% is heat directly transferred from the cylinder cooling fins into the air on an aircooled engine and the remaining 10% of the heat is disposed of by the oil radiator. The hottest parts of the engine can be found where the heat is generated, the cylinder heads. This is where the piston has compressed its charge to the maximum. Some heat is generated simply by compressing the gas, but most of it comes from the combustion process. While the charge is burning and the piston on its way to bottom dead center, the gas expands and exits though the exhaust valves. The exhaust is made from steel, which can tolerate much higher temperatures than aluminum before melting, cooling the exhaust is therefore not necessary. There is also very little force on the exhaust components compared to the cylinder and cylinder head, so it can be built light and thinwalled. The cylinder and cylinder head, whether made from aluminum or steel, are constantly getting subjected to high temperatures and stresses. In order to keep them from breaking and melting, the temperature has to be kept below a certain limit, which is determined by the
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engine manufacturer. It is usually given as a cylinder head temperature limit (CHT). The cylinders are also supposed to stay below a certain temperature, but this is not monitored. For certified airplanes, the engine installer has to make sure that the cylinders do not exceed their limit under the worst condition. The limit temperature depends on whether it is an aircooled or liquid cooled engine, and on the geometry of the heads. Aluminum loses 50% of its strength at 400°F (204°C) and melts at 1216°F (658°C). This sets some absolute limits for the engine temperature. CHT limits of aircooled engines range from 460°F to 500°F, which means that the heads have to built a lot thicker and stronger than something operating at a lower temperature. Liquid cooled engines will have lower limits because of the boiling temperature of the coolant, typically below 300°F. Steel behaves a little better, but also suffers from high temperature. At 400°F, it still retains 90% of its room temperature strength. At 1000°F (537°C), the strength is down to 45%, and drops off quickly at higher temperatures. Exhaust pipes of a hot running engine can therefore structurally be compared with wet noodles. In case you are thinking of using some other metals in the engine compartment, here a comparison of the melting temperatures. Material Steel, dependent on carbon content Aluminum Copper Chromium Lead Titanium



Melting point [°F] [°C] 2102-2732 1150-1500 1216 1983 3488 621 3141



658 1084 1920 327 1727



Table 6 Metal Melting Points



9.2 Aircooled Engines As everyone knows, the way to get rid of heat is to increase the surface area. The engine manufacturer has taken care of that by providing cooling fins around the cylinders and their heads. Aluminum conducts heat better (quicker) than steel, which makes it the preferred material for cooling fins. Our job as engine installers is to provide enough airflow through these fins to keep the engine temperature below its limits in even the hottest weather. Aircooled engines have an advantage here insofar because the temperature difference between hot engine and cooling air is larger than the temperature difference between radiator and cooling air of a liquid cooled engine. The larger this temperature difference, the easier it is to ge t rid of the heat. To avoid hot spots and to maximize the rejected heat, the air should flow all around the cylinder as shown in the sketch. The reason why air would flow through a restriction such as cooling fins is pressure. Actually it is a pressure difference between one side of the
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cylinder and the other side. Nothing else will convince the air to do this job. What we have to do is make sure that the air coming through some inlet in the cowling is slowed down to build up pressure, and to provide an exit, which has lower pressure. In between we need to seal every gap, which is not a cooling fin to make sure the air cannot take the easy way around the engine. Shown below is a horizontally opposed engine as an example. In order for this to work, the lower plenum cannot have any openings other than the designated cooling air exits, which would allow high pressure air to enter, this would reduce the pressure difference and would make the engine run hotter. Picture 53 Ideal Airflow around Cylinder In this picture pressure P1 (upper plenum chamber) is greater than pressure P2 at the outlet. Getting high pressure to the upper plenum chamber can be done two ways, both involve slowing the air down. One of them has a lot of drag, the other one has low drag. The first and most common method is to have a fairly large opening in the front of the cowling, and let the air hit some obstacle like a baffle, cylinder, Picture 54 Airflow through Cowling alternator. This will slow it down quickly and act like a speed brake, but also cause much turbulence and friction losses. The opening is usually much larger than necessary, so at most speeds some of the air will turn right around and exit the cowling where it came from, spilling out of the opening. It cannot possibly squeeze all through the cylinder fins, and is therefore just wasted and creates drag. But fortunately there is another way of building up the required pressure.



Picture 55 Diffusor Air flowing through the small opening A1 in the sketch above enters a diffusor (inverted funnel). The amount of air that enters the small area A1 has to exit the large area A2, because none can disappear through the sides. At the speeds we are flying at (1/3 in area) was used. The top speed increased by several knots.



Picture 69 Pulsar Original Cowling



Picture 70 Pulsar Modified Cowling



If the performance and efficiency of the inlets is improved, cowl flaps are often not needed any more. This source of drag can then be eliminated.
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9.9 Baffling The function of baffling is to separate the upper and lower plenum chamber (high pressure and low pressure) in the cowling. The baffling directs the airflow and has to seal between engine and cowling to maintain the pressure difference for the cooling air. Any leaks caused by worn or improper installed baffling will reduce the cooling airflow through the engine and increase engine temperatures. Baffling can be made out of any material, which is able to withstand the high temperatures next to an engine, does not burn, and is lightweight. Most commonly aluminum is used, but in a lot of cases composite can replace aluminum. Because the baffling is usually attached to the engine, it is subjected to a lot of vibration. Aluminum will eventually crack, if it is too thin. Composite is less likely to crack, but the resin has to be selected specifically for a high temperature application (see “Composite Facts”, from Sonja Englert). For one-of-a-kind installations, aluminum is the preferred choice, because it requires no molds and is usually faster to fit. To start designing your own baffling, consider carefully which area on your engine needs to be sealed off. The smaller the high pressure area is, the less force will act on the cowling from the inside trying to blow it off. If you had a pressure of one lb/in² inside the cowling, then the air will push it with many pounds (as many as you have square inches) up. Some accessories on the engine do not like a lot of heat and would prefer to stay on the cold high pressure side, you should keep this in mind when you select where to place the baffling. The items should include fuel pump, vacuum pump and alternator. If you can, keep those items on the cold side, otherwise they may require cooling shrouds. Once you have decided where you need baffling, get some paper or cardboard, scissors, a pencil and tape. This is used to fabricate templates for the pieces you eventually need to cut from aluminum. Usually it is not straight forward to measure a few dimensions and draw a perfect pattern. Be prepared to cut and paste until you get a good fit. Once the paper or cardboard part fits, with bends and cutouts if necessary, you can use this as a flat pattern for the aluminum part. It will take a little practice, but you can make almost any piece of baffling that way. Make sure to leave some space between baffling and cowling, between half an inch and one inch, to allow the engine to move without letting the baffling cut through the cowling. This space is later sealed with flexible material, usually rubber or silicone rubber. Keep in mind that every hole in the baffling will let cooling air bypass the engine, so take care to seal it as well as possible. The baffling should be attached to the engine, you can probably use some existing screws and bolts on the engine, provided they are long enough, are of minor structural importance, and are not used to seal a hole which could otherwise leak oil. Try to keep things, which require frequent access or maintenance like spark plugs, oil filler and dipstick, and airfilter accessible. You would regret it later if you had to undo a lot of screws to get to these items every time.
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Once you have all pieces of baffling mounted, you can install the flexible seal around the outer edge as shown in the sketch below. It helps if you have bent the edges of the aluminum up or in (towards the high pressure side) about 10 degrees, to help the flexible seal point in the right direction. You can use screws or rivets or anything else suitable to attach the flexible seal to the baffling. Use large washers so that it becomes less likely that the fasteners will pull through the soft material. Stretch the rubber slightly, to make it curve up to form a good seal. In the sketch below the high pressure would be above the engine, it would press the seal against the cowling. Depending on how large the gap between engine and cowling is, select the seal material thickness between 1/16” and 1/8” (the larger the gap, the thicker the material).



Picture 71 Baffle Seal One you have everything installed, get some silicone in a tube and fill all gaps that you can find. The stuff that you can get in your local hardware store will do just fine.



Picture 72 Lycoming Baffling
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After the engine has run for a few hours, remove the cowling and check where rubbing marks have developed on the cowling inner surface. This shows if the seal touches the cowling everywhere and does a proper job. It will reveal any places where the seal may have folded the wrong way or where gaps have developed.



Picture 73 Baffling Before Modification (left), After Modification (right) In an attempt to reduce the temperature of the front cylinders of an IO-550-N, which was higher than the rest, I trimmed the baffling to expose more of the fins and allow some air to flow down the front of the cylinder. The chart shows the before and after the modification cylinder temperatures. The flight profile is a climb, started after the lowest point at Minute 2. The temperature data was corrected to a 100°F standard day. CHT5 500
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Picture 74 Cylinder 5 Temperatures in Climb
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9.10 Cold Weather Operation If you have a good cooling system, which works well in summer, you might find out that in winter the engine runs too cool. Especially the oil temperature needs to stay in a comfortable range (comfortable for the engine), which is usually 170 to 200°F, to boil off water. If the oil stays consistently below this temperature range, accumulated water will remain in the oil and increase engine corrosion. A Vernatherm valve, which restricts the oil flow through the radiator below a certain temperature, can improve the situation, but I have found them not to be effective enough for real cold weather. Once all the oil is bypassing the radiator and its temperature is still too low, it means that the airflow through the engine has to be restricted. It is simple for liquid cooled engines: cover the radiators with duct tape. Cowl flaps are usually designed to reduce engine temperatures in climb rather than keeping the engine warm during cruise and descent. I have experimented with a baffle door, which creates a large hole in the baffling when the pilot operates a cable to open it. This lets part of the cooling air bypass the engine. The larger this door is the more effective it is and can increase engine temperatures in cruise and descent 20-30°F. Another possibility is to restrict the airflow at the inlets by installing a fixed obstruction. The disadvantage is that the engine may get quite hot in climb, and one has to be careful to remove them right away when the weather warms up. A nice solution is used on radial engines installed in Wilgas: adjustable louvers in front of the engine will block the airflow if it gets too cold.
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10. CABIN HEAT



10.1 Hot Air Sources The easiest way to get hot air for the cabin is to let the engine heat it. There is so much waste heat available from the engine, why not use at least some of it. The most common way to heat up air is to wrap a shroud around the exhaust, and install a duct from there to the cabin. This utilizes the large temperature difference of around 1300°F (700°C) between the cold ambient air and the very hot exhaust to raise the temperature of the cabin heat air. The cold air is drawn from a separate inlet in the cowling, or from the upper plenum (cold side) through the main air inlets. One disadvantage of an exhaust heat exchanger is that the exhaust surface, which gets into contact with the air and is acting as a heat exchanger, is quite small. The faster the air flows through this kind of heat exchanger, the less hot it will get. Some exhaust heat exchangers therefore try to increase the surface area by welding additional pieces of metal to the exhaust. Another method involves wrapping a stainless steel spring many times around the exhaust pipe inside the muffler. This slows the air down and increases the surface area. The other disadvantage is the potential for carbon monoxide poisoning if it leaks through a crack in the exhaust. Because the exhaust underneath a shroud can only be inspected when it is disassembled, dangerous cracks can develop undetected for some time.
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Picture 75 Exhaust Heat Exchanger Schematic



Picture 76 Example of Exhaust Heater Muff A better way of heating up air is to utilize something that is designed as a heat exchanger. For example the oil cooler. All you need to do is collect some of the heated air coming through the oil radiator (or on liquid cooled engines any other radiator). There is no danger of carbon monoxide getting into that air. Because the temperature difference between oil and air is much smaller (about 130°F or 54°C in cruise) than between the exhaust and air, the oil cooler was designed to be more efficient to reject heat and will provide similar hot air temperatures as an exhaust based heat exchanger.
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Picture 77 Oil Radiator mounted Hot Air Pickup, no Hose installed yet The example above is a composite part, which is molded to slide on the bottom of the Continental IO-360 ES radiator and is secured with a tie-wrap from sliding off. If you route the duct from the oil radiator with a low spot before reaching the valve on the firewall, preferably with a drain hole, there should be little risk of oil leaking from anywhere finding its way into the cabin. The disadvantage is that if your engine runs cooler in cold weather, there is less heat available for the cabin. That way if you are getting cold with the cabin heat on, your engine is probably too cold as well and needs less cooling air (winterization kit).



10.2 Valves Whichever method you are using, you should make sure that you have an inlet with fresh air going to the cabin heat exchanger. This air could be picked up through a separate inlet, or it can be taken from the high pressure plenum inside your cowling. That way there is very little chance that exhaust gas will be able to contaminate it. The shutoff valve for the hot air should be located on the engine side of the firewall and be mounted to the firewall. It must be made from fireproof material (steel), because it is a substantial opening in the firewall, which must be shut off in case of an engine fire or smoke. It also must have a provision to let the hot air exit somewhere else if the cabin heat is not on. This is especially important if you are using the oil radiator as a heat source, to make sure its function is not impaired when the cabin heat is off.
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Picture 78 Cabin Heat Schematic Very simple and effective cabin heat is used on the Pulsar. The valve is a door in the firewall, just behind the radiator. If opened, it not only lets hot air right into the cabin without any ducts, it also blocks some of the cooling airflow to keep the engine warm. There is a greater chance of carbon monoxide contamination with this arrangement, because any leak in the exhaust in the engine compartment will release the gas through the cabin heat air. A carbon monoxide detector within your field of view is therefore an important piece of equipment.



Picture 79 Pulsar Cabin Heat System
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11. PROPELLER



Until someone comes up with a real efficient and inexpensive jet engine, we still have to worry about putting a propeller on the nose of our airplane (or on the tail end, if you prefer). How your airplane will perform depends a lot on the propeller. A propeller not suited for an engine-airframe combination can make you lose a lot in take off, climb and cruise performance. To help you with the selection, I am discussing the parameters, which have the most influence on performance in this chapter. The variables that need to be selected are: • • • •



Diameter Pitch (fixed or variable) Blade material Blade geometry
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11.1 Diameter The diameter should be fairly easy to determine: if the propeller tips scrape the ground with the airplane in normal attitude, it is too large. Make sure you have sufficient ground clearance. A nosewheel airplane should have at least 9 inches clearance between propeller tip and ground and in case the front tire goes flat, check that the prop still clears the ground. A tailwheel airplane needs more clearance, because when the tail comes up on takeoff, the nose and prop come down. It may be a good idea to measure the prop clearance with a taildragger in level attitude. Another consideration for the prop diameter selection is noise. If the prop tip speed is getting close to the speed of sound, the efficiency goes down and the number of complaints from the neighbors go up. If your engine has a low maximum rpm, you can use a larger diameter prop than on a fast turning engine. To estimate the limit, you can do a quick calculation: RPM * Diameter [in] * 0.00436 = tip speed [ft/sec] or RPM * Diameter [m] * 0.1885 = tip speed [km/h] Example: 2700 * 72 in * 0.00436 = 847.6 ft/sec or 2700 * 1.829 m * 0.1885 = 930 km/h The maximum recommended tip speed is 900 ft / sec (988 km/h) to stay below the speed of sound. To maximize the thrust you can get from an engine, you should select the largest diameter prop the engine can handle, with the above mentioned constraints of course. If the engine torque is low, it may not turn a long prop fast enough, while a geared engine with lots of torque may want to overspeed a too short prop. If you are limited in diameter, but have a problem with overspeeding, try using wider blades. They will absorb more power. Of course you can also increase the pitch, but wait until you read the next part where I explain how to determine the best pitch for your airplane. Engine power can be expressed as rpm x torque = horsepower. That means if you add a reduction gear, which will reduce the propeller rpm in half, the torque is now twice as much. Or said in other words, if you want more horsepower out of an engine, you can increase rpm or torque, for example by increasing the compression ratio.



11.2 Fixed Pitch Versus Variable Pitch In most cases an adjustable pitch or constant speed propeller is desirable from the performance standpoint. The exception are those underpowered airplanes, which take off, cruise and land at almost the same speed, an adjustable prop would be a waste of money there. If an airplane has a wide speed range, it will benefit more from a controllable pitch
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prop. The engine puts out its maximum power at full manifold pressure and full rpm. If the propeller does not allow it to get to full rpm on take off or climb, the power output of the engine is reduced. As the airplane speeds up, the load on the prop eases and the engine can turn it faster for cruise. So a fixed pitch prop will always be a compromise between achieving enough rpm for take off and not overspeeding in cruise. The left picture shows a prop with too much pitch for the flight condition. The angle of attack is very large, the propeller blade operates near stall, which is not efficient. The airplane either flies too slow for this prop pitch, or the propeller is not turning fast enough for this airspeed. This condition will happen with a fixed pitch prop on take off and climb. It can also happen if a variable pitch propeller is not matched very well to an engine. If the engine has more torque than the propeller can absorb at a normal angle of attack, the blade pitch has to be increased further until the blades create enough drag to balance the torque. This means a lot of efficiency is lost.



Picture 80 Different Prop Blade Conditions The right picture shows the opposite condition. The airplane flies very fast, the propeller pitch is too small to keep up. The engine is turning the prop at redline, although the throttle is not all the way forward. The blade angle of attack starts to go negative, which means that it will create very little thrust. This is the case in cruise with a fixed pitch propeller. Now the airspeed of the airplane is limited by the propeller performance, rather than by airframe drag. These two examples show extreme conditions, normally the prop has a more moderate range of angles of attack to deal with. To check if a propeller has a useful pitch for your airplane, use the following formula: RPM * pitch [in] * 0.0008235 = cruise speed of airplane [kts] Example: 2500 * 62 in * 0.0008235 = 128 kts
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Like an airplane that has its best glide ratio (L/D) at a certain angle of attack of the wings, the prop also has an angle of attack where it performs best. Constant speed propellers have governors, which adjust the blade angle all the time to keep it at its peak efficiency. With an adjustable pitch prop the pilot has to do this work, trying to guess what prop pitch is needed to obtain maximum thrust in every condition.



Picture 81 Rotax Hollow Gear Shaft for Mechanical Prop Pitch Control The Rotax gearbox has a hollow shaft, which allows a very simple propeller pitch control. The cable on the lever pulls the blades into larger pitch, they return to small pitch through spring loading. Next time you visit an airport, take a look at propellers. You can tell by looking at the dead bug pattern and by paint erosion, which prop works well. If the dead bugs are all closely around the leading edge, it means the prop is working at good angles of attack. If the bugs tend to find their final resting place more on the top or bottom surface, the prop pitch is not optimal for this airplane. Constant speed props usually have a very narrow band of erosion on exactly on the leading edge, because the governors are doing a good job of keeping the blade angle well adjusted.



11.3 Blade Material and Vibration Selecting the blade material should not be too difficult either. Metal is a lot heavier than wood or composite, so if your airplane is already nose heavy, stay away from metal (aluminum) blades and remember that three blades weigh more than two. Metal has the advantage that it is stronger than wood, so the blades can be made thinner, and more efficient. Thin blades are desirable for constant speed or adjustable pitch blades, thicker blades will give a fixed pitch prop a larger useable range of blade angles of attack. Metal
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fatigues easily, so a metal prop must be designed to match exactly the vibration characteristics of an engine. If there is a stress concentration from resonance in the blade, it can break after a fairly short time. If you cannot get a certified metal-prop-engine combination, do not use a metal propeller. There is no way for you to determine if a metal prop is safe with an experimental engine. The alternative is to use a wood or composite propeller. Both ma terials are much more fatigue resistant than metal. They are better able to tolerate the engine vibration without breaking. Wood dampens vibration even better than composite, so that should be your first choice. It is usually also the least expensive choice. Wood and composite propellers need to have leading edge protection, if there is any chance that you will ever fly through rain with it. At the high speed with which a propeller blade moves through the air, raindrops will act like sandblasting. Real sand and small rocks will have the same effect, so be prepared. Should you use a two-blade prop, or three or more blades? The more blades the propeller has, the less thrust is required of each blade. This lowers the noise level, because the pressure peaks generated by each blade are smaller, especially if this goes with a diameter reduction. Three-bladed props also tend to give the impression of a smoother running engine. The disadvantage of having more than two blades is first of all higher weight and cost when you buy or overhaul the prop. Second is that I have not seen an airplane that was faster with a three-bladed prop than with an equivalent two-bladed one. It may be close, but less blades usually equals better performance. In case you have an engine failure or power loss, less blades windmilling will create less drag and can let you glide further.



11.4 Blade Geometry As already previously mentioned, small narrow blades require less engine power to rotate at a certain speed than big wide blades. It often requires some experimenting, until the right blade length and geometry is found for an engine. That is probably one reason why ground adjustable props are so popular. You can adjust the blade angle until you are happy with the performance without the added cost and complexity of an in- flight adjustable prop. Mainly to reduce the noise created by the propeller tips, manufacturers have come up with various blade designs. There does not seem to be much difference round versus square tips, but the scimitar shape has proven to be a little less noisy and more efficient.



11.5 Propeller Governor If you have a constant speed propeller, you will need a governor for it. The governor adjusts the blade angle until the engine turns the prop at a speed selected by yo u though the prop control. In case of a hydraulic governor, you need to have a push-pull cable in
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the cockpit (preferably vernier type for fine adjustment), which links to the control arm on the governor. The governor is mounted on most engines on an accessory pad up front, but that pad can also be behind the engine (Lycoming 360). The picture below shows a typical installation. The governor has a stop screw, which can be adjusted as a high rpm stop. It may take a little trial and error to get it adjusted right. Fly the plane and see if the prop wants to overspeed with the prop control fully forward and full throttle. If that is the case, head back to the shop and adjust the stop on the governor. The arrow in the picture below points to the adjustment screw on the governor.



Picture 82 Prop Governor on Continental IO-550-N Engine Some engines do not have a drive pad for a governor. Some propeller manufacturers have developed electronic governors for those engines, which have the same function as a hydraulic governor. Instead of relying on oil pressure, they use an electric motor for the job of adjusting the blade angle. In case you have a feathering prop, you may see counterweights for the blades near the hub. Again something that adds weight, but reduces the power required to feather it.



96



Aircraft Technical Book Company PO Box 270 Tabernash, CO 80478 800-780-4115 www.ACTechbooks.com



EFFICIENT POWERPLANT INSTALLATIONS



Sonja Englert



Picture 83 Prop with Counterweights



11.6 Installation of Propeller and Spinner A propeller can be installed with or without a spinner. If a spinner is used, a backing plate or bulkhead is installed between propeller and engine flange or between prop and spacer, if a spacer is used. Some propellers require a second bulkhead in front of the prop, which will give the spinner improved support. Refer to the engine or airframe manufacturer’s recommendation in which orientation the prop should be installed on the engine flange. If there is no recommended orientation, a good reference is to have the prop blades at a 45 degree or smaller angle to the horizon with the engine stopped. Some engines have threaded flanges, others require nuts on the back of the engine flange. If the flange is threaded, check the threads for damage before trying to install the prop. Torque the bolts according to the chart below, unless the manufacturer has specified the required torque. Apply torque in small increments, working diagonally across the bolt circle until the required torque is reached. Attaching Bolt Diameter 3/8 in 7/16 in ½ in



Recommended Torque in lb 280 - 300 480 – 540 720 - 780



Nm 31.6 – 33.9 52.4 – 61.0 81.3 – 88.1



Table 8 Metal Propeller Bolt Torque
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After installing the bolts in a threaded flange, safety-wire the heads to make sure that they will stay there. A pattern on how to do this is shown below. If nuts are used on the bolts, use only self- locking nuts.



Picture 84 Propeller Bolts Safety Wire Pattern Wood propellers which do not have a metal flange, need to be re-torqued after the first hour of operation, and again after 25 hours of operation, because the wood gets compressed and the preload on the bolts is lowered. Also over time wood continues to change thickness with humidity and temperature changes, so recheck the torque of the bolts several times a year. If this is not done, the prop may fail.



11.7 Constant Speed Propellers Hydraulically controlled constant speed propellers require a hollow crankshaft. The engine oil, which is under pressure, flows through the crankshaft to actuate the propeller pitch. When removing such a prop, be prepared for some oil to come running out of the prop. Try to keep everything as clean as possible and cap all openings. When reinstalling the prop, clean all surfaces, and make sure all seals or O-rings are undamaged. Lubricate the O-ring with oil before installing it. Any debris which found its way into the prop will prevent it from functioning properly. After the propeller is installed, check the track. To do this, measure from a fixed point on the airplane to the tips of the blades, as you rotate them. The difference in distance to the blades should be less than 1/8 in. If it is more than that, loosen the bolts again and try tightening them favoring the side where the distance was too large until the difference is below 1/8”. If that does not work, the prop may be damaged and will need to be repaired.
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HARTZELL PROPELLER BLADES



WASHER SCREW



DOME UNIT SPINNER ASSEMBLY



Picture 85 Hartzell Constant Speed Propeller Installation



All screws and washers of the spinner should be of the same length to maintain the balance of the prop and the spinner. Any repair done to the spinner on one side must be matched with an equal patch or added weight on the opposite side. Spinners tend to crack, at least the aluminum ones. I have had a lot less trouble with composite spinners, which are lighter and resist cracking much better. You should keep between ¼” to ½” clearance between the spinner and the cowling to allow for engine movement. Generally this distance increases in flight, when the prop pulls the spinner and engine forward, but when you descend with low power, where the propeller acts like a brake, it will push the engine back and reduce the clearance of the spinner.
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12. ENGINE CONTROLS



12.1 Cables There are usually a number of cables, which have to be routed through the firewall to operate the engine. At least one of them is found on every engine: the throttle control. Others can be propeller pitch or rpm control, mixture control, carburetor heat control, choke, alternate air and ram air. The simplest version is a cable in a sheath, which operates like and often looks like a bicycle brake cable. The characteristic of a cable is that you can pull on it, but it is usually hard to push with it. This kind of a cable is therefore only useful if the lever you want to operate is spring loaded to return to its default position when the cable is not pulling.



Picture 86 Simple Cable Control
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Note that the spring has to be strong enough to pull the cable and overcome its friction to function properly. If the cable is routed in too a tight radius, the friction can get too high for it to work. Some of the more sophisticated cables and those with a solid wire inner member are strong enough to actually push to a certain degree, no spring on the lever is needed then. All engine control cables, and especially those with spring loaded levers should have a friction lock, which can be adjusted to keep the control from creeping. A friction lock is a very simple mechanism. Usually it is a rubber washer which is pressed with varying force against the shaft by a nut. The nut can be tightened or loosened to adjust the friction. The rubber piece wears out and ages after a few years. Rather than replacing the whole cable, you can remove the friction nut and insert a new piece of rubber, usually the shape is not all that critical, as long as it fits into the designated space.



Picture 87 Cable with Friction Lock



12.2 Installation To work properly, the cable sheath needs to be supported on both ends by something solid. One side is typically the instrument panel, the other side needs to be a fixed point on the engine. Do not support the second end of the cable on the airframe, it needs to be able to move with the engine. For that reason you should also allow some slack in the cable. If it were clamped tight at the firewall, any movement of the engine would result in a changed throttle setting without your input. A sliding bulkhead fitting (sliding on the cable) and some light S-turns of the cable will take care of that. Before you hook anything up, check that you are sure which direction of operation is correct. It would be quite embarassing to start up the engine and find out that what you believed to be idle is actually full throttle. Over the years, the arrangement and direction of operation for the engine controls has been standardized to avoid confusion if pilots transition from one airplane type to another:
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RIGHT MIXTURE RED KNOB



Throttle: forward --> more power Propeller: forward --> smaller pitch, higher rpm Mixture: forward --> full rich Try to stick to this, this is what the FAA would want to see if you would try to certify that airplane. If you have an airplane with side by side seating, think about making the engine controls accessible from both seats, which would mean putting them in the center. It is easier than having to install dual controls. On Rotax engines or other engines with dual carburetors, two throttle cables are needed. Because you have to connect them to a single throttle lever, they have to be joined somewhere. This could look as shown below:



Picture 88 Dual Throttle Cables in Pulsar. Below is an example of the throttle cable on a Lycoming IO-360. The throttle cable is attached with a rod-end bearing to the lever on the throttle valve. You can also see the linkage to the fuel- metering valve. This linkage is adjustable, so that the mixture setting can be changed. Note that the induction air is entering from the right and is passing through the oil sump to warm the air before reaching the cylinders.
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Picture 89 Throttle Cable Lycoming IO-360 A throttle quadrant is sometimes preferable to separate controls, especially in multiengine airplanes. Although throttle quadrants can be bought, they should not be too difficult to fabricate. There are two basic types: the cable acts in the same direction as the lever, or reversed direction.



Picture 90 Throttle Quadrant Types The following pictures show some examples.
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Picture 91 Throttle Quadrants with Prop and Mixture



Picture 92 Throttle Quadrant Internal Structure



104



Aircraft Technical Book Company PO Box 270 Tabernash, CO 80478 800-780-4115 www.ACTechbooks.com



EFFICIENT POWERPLANT INSTALLATIONS



Sonja Englert



13. ENGINE INSTRUMENTS



13.1 Engine Monitoring Requirements The operating limitations which the manufacturer of your engine has established should describe what minimum instrumentation you need. In the simplest case (fourstroke engine) this can be an oil temperature gage, an oil pressure gage and a tachometer. A good source, which lists your minimum engine instruments are the FAR regulations. Paragraph 23.1305 tells you what you are supposed to have: FAR 23.1305 POWERPLANT INSTRUMENTS (some text excluded which is not likely to apply to homebuilt airplanes) The following are required powerplant instruments: (a) For all airplanes (1) A fuel quantity indicator for each fuel tank, installed in accordance with 23.1337(b) (referring to calibration of gage ). (2) An oil pressure indicator for each engine. (3) An oil temperature indicator for each engine. (4) An oil quantity measuring device for each oil tank which meets the requirements of 23.1337(d) (They are talking about a dipstick). (b) For reciprocating engine powered airplanes. In addition to the powerplant instruments required by paragraph (a) of this section, the following powerplant instruments are required: (2) A tachometer indicator for each engine.
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(3) A cylinder head temperature indicator for each air cooled engine with cowl flaps. (4) For each pump-fed engine, a means: (i) That continuously indicates, to the pilot, the fuel pressure or fuel flow, or (ii) That continuously monitors the fuel system and warns the pilot of any fuel flow trend that could lead to engine failure. (5) A manifold pressure indicator for each altitude engine and for each engine with a controllable propeller. (6) For each turbocharger installation: (i) If limitations are established for either carburetor (or manifold) air inlet temperature or exhaust gas or turbocharger turbine inlet temperature, indicators must be furnished for each temperature for which the limitation is established unless it is shown that the limitation will not be exceeded in all intended operations. (ii) If its oil system is separate from the engine oil system, oil pressure and oil temperature indicators must be provided. (7) A coolant temperature indicator for each liquid cooled engine. Of course how many engine instruments you can install is only limited by your panel space. Whatever instruments you end up using, make sure they are marked correctly for engine limitations. It will make it easier for the pilot to see at a glance if the engine parameters are within the limits. A green arc shows the normal operating range, yellow indicates a temporary range. A red line should show which limit must not be exceeded if engine damage should be prevented. When you install the probes and sensors on the engine, give special care to secure wires and connectors. Because the engine is constantly vibrating, chafed wires will at best cause only faulty readings at the instrument. Use padded ADEL clamps, spiral wrap and tie-wraps to keep the wires secure. Always secure a wire close to the sensor, if you leave a long piece of wire hanging free, it will shake and eventually break. Connectors should be treated the same way, do not leave them hanging freely on the end of a long wire, but make sure they can not move around. Keep the wires away from high heat sources like the exhaust, which could melt the insulation if they come too close. If you use spiral wrap in the engine compartment, select a type which is heat resistant up to about 200°F. Otherwise it will melt and drip, which looks like someone has held a dripping wax candle over your engine. Although I will not attempt to give a complete overview of engine instruments, I want to describe some basic types here. Conventional instruments, which measure temperatures often use thermocouples. Thermocouples are two wires of different materials, which are joined together at the ends. Thermocouples are based on the principle that when two dissimilar metals are joined, a predictable voltage will be generated that relates to the difference in temperature between the measuring junction and the reference junction (connection in the instrument). The instrument is then calibrated in degrees F or C rather than voltage. For the installer this means that if the wires happen to be too short to reach
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from the instruments to the engine, he should use longer wires. Splicing thermocouple wires may change the resistance and lead to faulty readings. If splicing cannot be avoided, use the same wire material. J- and K-type thermocouples are the most common ones, the wires are color-coded. After completing the installation of the wires, recalibrate the sensors to make sure their reading is still correct. The Vision Microsystems VM1000 display is a good example how all engine instruments are combined on one display. The VM1000 uses thermocouple wires for their CHT and EGT probes. Other engine instruments use probes or transducers to transform the measurement into an electrical signal, which can be displayed in the cockpit. Fuel, oil and manifold pressure are sometimes measured directly in the instrument, which means the pressure line is routed behind the instrument panel. It is of course preferable to keep those fluids firewall forward. Whether you do it this way or have transducers mounted near the engine, there should be a fitting with a restrictive orifice in the line to the transducer or instrument. This will minimize the loss of fluid should the line break or become disconnected.



13.2 EGT and CHT Probes If you can, install EGT and CHT probes for each cylinder. It is hard to tell in advance which one of the cylinders will be the hottest, especially if you design your own cowling inlets, outlets and baffling. It is a good bet that one of the aft cylinders is running the hottest, but I have seen an installation where one of the front cylinders had the highest temperatures. It really depends a lot on the layout of the cooling system. EGT indication is nice to have as a diagnostic tool, if you have it on all cylinders. It makes it easy to determine if the spark plugs in a cylinder are not firing properly, the EGT in that cylinder would be very low. If the engine is fuel injected, it helps to find plugged injectors. At full rich mixture a cylinder with plugged injector will run leaner than the rest and therefore be hotter. When you lean to peak EGT, this cylinder will peak first and then have a lower EGT than the rest because it is already way past its peak. And of course the most basic function of EGT indication is to lean the mixture and determine where you are in reference to the peak temperature. EGT can also give you an indication of exhaust back pressure. The higher the back pressure, the higher will the EGT rise, because the hot exhaust gas remains longer in the cylinder and does not get discharged as completely. The most common EGT probes are thermocouples which are inserted into a hole in the exhaust pipe and held there with a clamp. CHT probes can either be screwed into the bottom of the cylinder heads, where most manufacturer’s provide a threaded hole. If that is not available, you can use ring-type CHT thermocouples, which replace the gasket under the spark plugs. Check with the engine manufacturer if the temperature limit changes for that case, because of the different location.
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Picture 93 EGT and CHT Probe Installation on Lycoming Engine



13.3 Manifold Pressure Manifold pressure is simply the difference between ambient pressure and the pressure aft (downstream) of the throttle valve. In normally aspirated engines the manifold pressure is always lower or equal ambient pressure. A hose (rated for vacuum pressure) connects the designated port on the engine and the instrument or transducer. The example below shows the port of a Lycoming engine in the manifold of the right aft cylinder.



Picture 94 Manifold Pressure Port Lycoming O-360 (Top View) On a fuel injected Continental engine, the port is right in the throttle body, on the Rotax a T can be inserted in the balancing tube (see picture 15 in chapter 4, “Induction System”).
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13.4 RPM Indication Many engines and cars use a tachometer drive and rotating shaft, which connects directly to an instrument. This mechanical connection is quite reliable, but if the shaft fails eventually from age, the RPM will indicate zero. The larger the radius of the shaft can be kept during installation, the less friction it will experience. A longer life should be the result. Electronic rpm transducers count the firing pulses created by the ignition system and are usually inserted in a magneto. This way there are no moving parts, which can break. The system is not completely fail safe either, because a loose wire can always screw things up.



13.5 Calibration of Engine Instruments If you buy new instruments, it is reasonable to expect that they are accurate. But this may not always be the case. Therefore it is a good idea if you verify the accuracy of your instruments with a few measurements. This may need to be repeated over the years or any time you suspect that a reading is wrong, as the calibration may shift. Instruments, which measure temperature can be checked against a calibrated thermometer. You can remove the probe from the engine and stick it in a container together with the calibrated thermometer. The container is first filled with water and ice cubes. The mixture should have had a chance to equalize the temperature by stirring it for a while. Even without the calibrated thermometer you can be sure that the temperature is 0°C (32°F). The other easy to verify point is boiling water, which at sea level will be close to 100°C (212°F). Beware at higher elevations, the boiling temperature will be lower the highe r you are. If it is not practical to remove the probe from the engine, you can try to attach a thermocouple right next to the probe, to make sure both will have the same temperature. Start the engine and while it warms up, you can compare the temperature readings. The other way round may be more practical sometimes. Run the engine until it is warmed up close to the limit. Then shut it down and hook up the calibration probe. Compare the readings as the engine cools to get data over the whole range. To measure oil temperature, you can remove the dipstick and insert the calibration probe there, if that is close to where the engine probe location is. Pressure instruments need to have a T-fitting installed in the line so that a calibrated pressure transducer and instrument can be connected to the same line. Again run the engine and compare the readings. Tachometers have a reputation for not being too accurate, but it is important that you do not exceed the maximum rpm, in order not to overstress the propeller or the engine. Many maintenance shops have a view-through tachometer available, which can be used for calibration. This device is pointed at the propeller while the engine is running, and counts the passing propeller blades. The output is a digital rpm number. If you have a geared engine and are indicating engine rpm, you need to factor in the gear reduction ratio to get to prop rpm.
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13.6 Vacuum System Although the vacuum system is not directly related to engine instruments, it is part of the engine installation. Usually vacuum is provided by an engine driven vacuum pump. Dry vacuum pumps consist of a metal housing, in which a rotor is spun. The rotor is made from carbon, as are the vanes, which slide in and out of slots to provide the pumping action. Both rotor and vanes are quite fragile, so if you by accident drop a vacuum pump, do not install it, something inside may be broken. The vanes slide along the steel housing, which will wear them down eventually. The vanes of a worn pump can be 3/16” shorter than new vanes. When they get too short, they will break. The pump life of dry pumps can be anywhere between 300 and 1000 hours. It is hard to tell when a pump will fail, but it is sure that it will eventually fail. Temperature has a direct effect on pump life, the hotter it runs, the shorter will be the pump life. The pump has a weak link in the drive shaft, which will prevent damage to the engine drive if the pump parts decide to disintegrate. Shown below is a schematic vacuum system. Picture 95 Vacuum System Example For the functioning of the system it is important to keep the air going through the instruments and the vacuum pump clean. The pump sucks the air first through filters on the instruments, then through the instruments themselves to power them, and through a regulator, where the vacuum pressure can be adjusted. Vacuum pressure is supposed to be between 4 – 6 inHg (2 – 3 psi). The air goes through the pump last, and exits it at the pump. The hose at the exit should be clear, so that you can see when carbon dust starts coming out of the pump. This is an indication that a failure is not far away. It is advisable to route the hose at the exit to a low pressure area. When the pump fails, it is likely to produce some fine carbon dust. If the pressure at the (former) exit is higher than at the instruments, the airflow will reverse and blow the dust into the instruments. A gyro full of dust is then ready for the trash can. Although the vacuum system is supposed to provide a certain redundancy in case of electrical system failure, it happens much more often that the vacuum system fails. The safest replacement for the vacuum driven instruments would be solid state gyros, no moving parts anymore. Those instruments are already available and not that expensive for experimental airplanes.
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14. ENGINE ADJUSTMENT AND FIRST STARTUP



The first time you start an engine after having spent so much time installing it is exciting. And to avoid having it get too exciting, have a few things handy. Have an observer or two stand outside and watch the engine as you start it up. A fire extinguisher should be close by as well. You might want to prepare a list of things you want to check during the first runs before starting the engine, which you can cross off the list as the engine runs. Sometimes it seems harder to remember everything when you are excited. Prior to this you should have rechecked that everything is tight, throttle moving properly, all other controls in the correct position. If you have an adjustable pitch propeller, recheck the pitch on both blades that it is what it is supposed to be. For the first startup the cowling should not be installed. Have you drained the preservative oil and replaced it with the correct oil? Have you checked other fluid levels (coolant)? If the engine was supplied with dehydrator spark plugs, replace them with real ones. Make sure the battery is fully charged, so that it can support several starts. If you bought a new engine, it will most likely have been run in at the factory, so you should not have to worry about setting up every detail prior to the first start. If it is an overhauled engine or it has been in storage for a long time, be prepared for any indications of something going wrong. Select a paved area without sand or loose dirt for the runup, which would sandblast the prop. Put chocks
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in front of the wheels and tie the tail down. Have a notepad and pencil with you in the cockpit, to write down the list of things that need to be fixed / adjusted. I like to run an engine fo r the first time for not more than 30 seconds after the first start. This has several benefits. If there is a big oil leak, which will pump oil overboard quickly, it should at least take that long for the engine to get rid of the oil. Second, if there is a fuel or oil leak in a critical spot, the risk of fire is a lot lower, because in 30 seconds the engine will not have enough time to get hot enough anywhere to ignite it. Make sure you know the proper procedure to start your engine. If it does not start after 30 seconds of cranking, give the starter a chance to cool of for at least 5 minutes. Use this time to figure out why it did not start. If the engine started as it should, watch for the oil pressure to come up right away. The next thing to check are rpm and manifold pressure indications. The third glance should go to the ammeter, to check if it indicates charging. After 30 seconds shut it down, even if everything looks normal. Take a close look at the engine compartment, to see if there are any leaks or anything else that does not look normal. If everything looks o.k., make sure your observer has not run away and start the engine again. This time warm the engine to operating temperature, while monitoring oil pressure, temperature and CHT. Because you do not have a cowling around the engine, the engine cooling will be less effective. Make sure you stop the engine before it overheats. As the temperatures come up, you can apply more power and watch the instrument indications. If anything does not look right, stop the engine and investigate before proceeding. If you have prop and mixture control, operate them and confirm that the engine responds as expected. Check carburetor heat or alternate air, if you have that. Check left and right ignition, if available. When the engine is well warmed up, advance the throttle up to full throttle. Check what your maximum rpm and manifold pressure is. If you have a vacuum pump, check the vacuum gage. Lean the mixture slowly, and see if EGT is rising. This will indicate if the engine is running rich of peak EGT (this can be done at partial power). Do not run the engine at full throttle for longer than it is necessary to check those items. Once you are satisfied everything works right, retard the throttle back to idle. Note the idle rpm, it should be according to the engine’s manual or it needs to be adjusted. Set idle speed and lean the mixture again. Note the rpm rise before the engine shuts down. Again check your engine manual for the appropriate number, and adjust idle mixture if necessary. The picture below shows the installation and set-up drawing for a Continental IO-360 ES. The manufacturer of your engine should have provided a document, which tells you where adjustments can be made.
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Picture 96 Example of Engine Installation Drawing Continental IO-360 ES Once you have completed adjusting things, it is time to install the cowling. Check that all fasteners are in place, and start the engine. Run it only for a short time, then check if there are clearance problems anywhe re. Remove the cowling and check for marks where something may be chafing or rubbing. Stick a carbon monoxide detector on the panel, where you can easily see it. If you have resolved any clearance issues, you are ready to go fly the plane. If the engine has been run by the manufacturer, and unless he issues specific instructions for the first hours of engine operation, plan on the following schedule: • Take off and climb at full power, mixture full rich, or reduce to climb power if that is specified.
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•



Fly for the first hour at 75% power level flight cruise, mixture at best power (about 100°F rich of peak). • During the second hour alternate between 75% and 65% power settings, mixture at best power. • Descents should be made at lower power settings, but do not reduce the power more than necessary and maintain the temperatures above the specified minimums. • During the whole flight monitor engine temperatures and pressures, do not overheat the engine. After the first two hours of operation you can fly at lower power settings, but it is recommended to use 65% power or more until the oil consumption has stabilized. For further flight testing, use my book “Homebuilt Aerodynamics and Flight Testing” as a guide. Have fun !
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