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Save Energy With A Crossover Exhaust System
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.OVER T-18 crossover exhaust system with more complicated ball joints.
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HY USE A crossover exhaust system? The answer is very simple; to increase engine efficiency. You see, an engine has a big job on its hands not only in driving the load, but also in getting rid of all the hot exhaust gases. It must expend energy and thus do work to push the exhaust from the cylinder and exhaust system. Anything which obstructs or resists the flow of exhaust gases from the cylinders causes the engine to waste energy on "garbage disposal". The resistance to the outflow of exhaust gas is called back-pressure. A fundamental rule of powerplant engineering states that the lower the back-pressure, the higher the powerplant efficiency. When two consecutive firing cylinders port exhaust into a common pipe, like on many early light planes such as the J-3 Cub, the back-pressure is high. Why? Because the two exhaust pressure pulses occur in the pipe close to one another. There is then a long period with no pulses while the other two cylinders are dumping gases into their respective stack. Engineers have found that, in a four-cylinder four-cycle engine, the highest engine efficiency results from manifolding the exhaust from pairs of cylinders such that the exhaust pulses are evenly spaced. If the firing order is 1 - 3 - 2 - 4, then 1 and 2 should share a common stack and 3 and 4 should share the other. The only "flea in the ointment" is that these pairs are on opposite sides of the engine, hence, the need for crossover tubes. Strange as it may seem, this arrangement gives lower back-pressure than individual stacks which port directly into the atmosphere. According to John Thorp, noted aircraft designer, the potential engine efficiency increase which can be realized by using a crossover system is perhaps on the order of 7 per cent. The shape of tubing bends, dimensions and internal smoothness at weld joints in a particular system will give some variation. You may have heard from your automobile hot rod friends that the length of an exhaust tube can be cut so as to tune it for maximum efficiency. This is true if the tube can be made sufficiently long. Standing pressure waves are set up in the tube and the tube length can be adjusted to minimize the back-pressure at the cylinder ports. This tuning on an auto is done by trialand-error by starting with the longest tube practical (perhaps 10 feet) and cutting it down until power output reaches a peak. Since there usually isn't sufficient flexibility in selecting the length of an aircraft exhaust



stack — or the desire to suffer the drag, weight or structural penalties of an extra long one — tuning is not normally practical. DESIGN DURABILITY



welded joint, it makes for a pretty shaky structure. If the entire tube connecting two cylinders is fabricated out of one solid weldment, it is almost certain to develop fatigue cracks within a very short time. First, the whole engine shakes in the engine mounts causing the stack to whip back and forth as much as a half inch during starting and stopping, so the stack cannot be reinforced with a support attached to the airframe. The stacks usually project several feet beyond the engine and attempts to support them with a brace attached to the engine usually result in broken supports within 10 or 15 hours due to vibration. In addition to the motion of the entire engine structure, there is a surprising amount of motion of one cylinder head relative to the other. If you doubt this, observe what happens when someone connects a cooling baffle rigidly from one head to the other. It is just a matter of time before cracks develop in the baffle. The baffle must be constructed in a way that permits relative motion between the parts attached to each head. Exhaust stacks must be made with the same kind of feature. That is why the airplane manufacturers place slip joints in the tubing between cylinders. To solve the problems of supporting the long exhaust stack and raising its resonant frequency above the engine operating range, they break the stack aft of the Yjoint and insert a ball joint. Then, since the stack is free to swivel, it can be attached to the airframe with a flexible mount. Figure 1 shows a properly designed crossover exhaust system. Before the author installed both slip joints and ball joints in the crossover exhaust system of his T-18, during the first one hundred hours the exhaust tubes and various supports cracked at least a half dozen times. This experience has been repeated by other builders. Several times builders have proudly opened their cowlings to show me how they succeeded in keeping their crossover system together with various supports made of brake lining or tubing but had to turn away with a red face when they found them broken loose. Without a large dose of luck, both ball joints and slip joints are an absolute necessity in crossover systems. FABRICATION



For the average homebuilder — or even the old-time expert — locating the proper materials and fabricating a crossover exhaust system may be the most difficult task encountered in building an airplane. If you are fortunate enough to have some extra money, a complete system can be purchased ready made but if you are the intrepid type who likes to make his own — and are hard up — here are some tips which will make your job easier. Finding proper raw material is the first problem. There are three choices: use old tubing salvaged from other aircraft exhaust systems, buy new stainless tubing



When two exhaust ports on opposite sides of an



or use the ordinary automotive type. The latter is the



engine are connected by a long curved tube which



least desirable from the standpoint of weight and durability but it is the cheapest, easiest to fabricate and most



then extends another two or three feet past the resulting
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readily available. It comes in a minimum wall thickness of .065" while the stainless tubing used for aircraft exhaust systems is .035" thick. This means the automotive tubing is twice as heavy. It is made of this heavier wall thickness to facilitate bending without collapsing and creating wrinkles with the tubing benders found in muffler shops. These shops usually charge $1 per bend so a system can be bent up to your specifications or mock-up without too much sweat. The simplest procedure is to have a single bend made in a number of short sections of tubing. These can later be cut to fit and welded in place on the engine. If you want to go to the trouble, make a mock-up from something convenient like 1/4" steel rod. A number of cardboard discs can be slid on to check for clearances throughout the system. Take the mock-up to the muffler shop and they might be able to bend the tubing in sections which will reduce the number of weld joints. You will find the mock-up a great time saver in any case when you try to figure out how to get all those tubes going in the right direction without touching the oil pan, another tube or cowling. Regarding durability, rust isn't too much of a problem because builders have reported good results with the high temperature paint available at automotive stores. The main reason for not using this tubing is the weight penalty. The best exhaust tube material is stainless steel. Two types of stainless are available from most tube supply houses, 304 and 321. The 304 is about half as expensive as 321. Specifications advise that 304 stainless is subject to intergranular corrosion, which can cause cracking, when it is exposed to temperatures between 900 and 1,300 degrees F. 321 is resistant to that type of corrosion. Many builders have used 304 in aircraft exhaust systems without problems, however. One source for stainless tubing is Tube Sales, 175 Tubeway, Forest Park, Georgia, 30050, 404-361-5050. It comes in 1.5, 1.75 and 1.875 OD (for 65 to 90, 115 to 160, and 180 hp Lycomings respectively for example). Order .035 wall thickness. Now for the 64 dollar question, how do you form the thin wall stainless? A trip to your friendly muffler shop will produce one sadly wrinkled up piece of scrap. Fill a section of tubing with sand and weld caps on the ends and the same result will be obtained. After much experimentation, I hit onto the solution. Cut an 18" section of tubing. Machine two 1.5" long aluminum plugs. Insert a plug in each end of the tube and drill two 0.25" bolt holes through each plug and the tubing. In the end of one plug through — drill and tap a hole for a 5/16" coarse thread bolt. Now, install one plug with two bolts and fill the tube with dry sand. Hold the tube on something that vibrates a lot like a grinder that is slightly out of balance. After several minutes the sand will pack down an inch or two. When it stops packing down, install the other plug and fill completely full through the open hole. Install the 5/16" bolt and head for the muffler shop with some spare sand. Just to make sure, when you arrive, remove the bolt and check the sand level. You will be surprised to find the level has lowered significantly due to the jiggling in the car, and more sand must be added. This is why it didn't work to weld the plugs in the tube. Now, insert the bender and presto! A nice bend with the desired radius and angle. A few more trips to the muffler shop and you will have enough bends to make up an entire exhaust system. Again, multiple bends can be made in one piece to reduce the number of trips but this is a complicated process and it is especially difficult to correct a mistake. When you try to drill the second tube for the bolt holes, you will discover that a drill jig is needed. One 66 JULY 1977
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FIRING ORDER: 1-3-2-4 MOUNT FIGURE 1



Crossover Exhaust System



Arrows show ball joints which solved cracking problem and previous reinforcement which had not worked on author's T-18 crossover system.



Flexible exhaust tube mount made of 3/32" stainless welding rod provides simple but effective attachment.



easy way to make this is to find or make a sleeve which



just slips over the tube. Small holes can be put in the sleeve to act as locator holes. After the sleeve has been removed, they can be opened up with a clearance drill for the 0.25" bolts. The drill jig should obviously be made before the holes are drilled in the aluminum



plugs. Slip joints can be fairly easily made. Just machine a die block from any steel bar as shown in Figure 2. Cut a piece of tubing 5" long being careful to make the ends square, and squeeze the die into it in a press. The proper die bevel angle and a sharp corner are necessary to get the tube to release from the die after forming. If it does stick, tap the side of the tube all around at the large end with a ball pen hammer and it will fall off. The expanded sleeve should be about 4" long. It doesn't take much force to expand the thin stainless tubing. A hydraulic jack pressing against a post backed up by a beam in the basement will do nicely. Careful, don't tear the house down though. With this tool, you can easily make a drill jig sleeve for the tube bending operation. Ball joints are a bit more difficult to make. Finding them unavailable, the author made tooling to form on a hydropress the type Piper uses. Anyone needing 1.75" ball joints and slip joints can obtain them from him. Ralph Bowles, RD, Danby, N.Y., supplies the same type for 1.5" tubing. Heat muffs can cause a problem if they are not properly designed. For instance, when the ends of the muff are made by welding flat discs onto the exhaust tube, they are sure to crack. A PA-11 we once had regularly developed cracks in the muff ends. The very best design is like the one used in the Aircoupe. The ends are formed like cones so the thermal gradients do not set up such high stresses. These ends can be formed with a solder bar over an aluminum die. Material can be .015" stainless which is formed around the die and riveted. The ends are then tack welded to the stack with three or four short welds. The muff jacket is made of .025" thick 2024-T3 aluminum. If you don't know how to weld aluminum, hose fittings can easily be put together from .015" stainless sheet and silver solder. They are then riveted to the aluminum jacket. The inlet for the carb heat muff can simply be rows of holes punched around the ends of the aluminum jacket. The total area of all inlet holes must exceed the area of the carburetor inlet. Outside air should be supplied as the inlet source for the cabin heat muff to insure that engine compartment fumes are kept out. When all the pieces have been accumulated, you are ready to put the whole mess together. You will find a chrome cut-off wheel used in a table saw (available at Sears stores) will be of great assistance for cutting the tubing. It is extremely important to fit the stainless tubing very closely at all joints or you won't be able to tack it, much less make a good weld. Whereas you might cheat and fill up a gap greater than the required 1/16" maximum for 4130, you will find it highly desirable to keep all joints in stainless much less than this. To fit the tubing in place, it is best to mount the engine inverted on a bench with a mockup of the section of cowling where the two stacks must exit. Place old exhaust stack gaskets under the flange fittings before bolting them in place. The general arrangement is shown in Figure 1. The spring clamp mounts shown are bent up with a pair of pliers from one length of 3/32" stainless welding rod. They work out perfectly and are the ultimate in simplicity supporting the ends of the exhaust stacks while permitting them to move freely in any direction. See Figure 3. Stainless is most readily welded with a Heliarc
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FIGURE 2 Slip Joint Forming Die made from round steel bar.
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FIGURE 3 Flexible Exhaust Tube Mount made of 3/32 inch stainless welding rod



machine, but if you don't have one available, don't fret because the old faithful oxyacetylene rig can be used. Two gas welding techniques are feasible. With the proper flux and rod, stainless can be welded if a really generous amount of excess acetylene is used. You will find it easier to weld downhill and progress in steps, like in puddle welding, although the bead may look more like a ghastly lump than a puddle. Be careful to keep the bead from sagging through or you will lose everything you gained in efficiency with the crossover system. A second technique involves the use of 308-15 flux coated arc welding rod with the oxyacetylene torch. This does a superb job. Of course, if you are a novice welder, better



get some help from an expert.



Mufflers are an added complexity which few builders elect to use. So far, the Government does not require



them and they are not needed for the comfort of the



aircraft occupants. Crossover systems seem to provide a fair amount of noise attenuation and when reasonably good sound barriers are provided on the firewall and floor, noise level in the cabin is quite acceptable. Sound deadening tape is a must on these areas in addition to other soundproofing. With airplanes like the T-18, wind noise reduction becomes the major concern. When the canopy is sealed well, normal conversation can be conducted with no strain. It is important that the exhaust tubes exit the cowling and terminate as nearly parallel



to the slipstream as possible to minimize aerodynamic drag. This might require the inclusion of small channels in the bottom of the firewall and forward floor area. The very worst arrangement is to extend the exhaust tubes out through holes in the cowling at 90 degrees to the slipstream. In conclusion, don't throw away performance and waste energy with an inefficient exhaust system. It is so much fun passing all those Mooneys and Bonanzas. SPORT AVIATION 67
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