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M AT E R I A L I F Y O U T R E AT I T R I G H T



its strength. Wood can be divided into two categories: soft woods, which are the “Christmas tree” varieties such as spruce, fir, and pines, and hardwoods, which come from broad leaf trees such as birch, walnut, and oak. It is from the softwoods that most aircraft wood comes from. Extensive testing on a variety of species has provided the requirements for selecting wood for aircraft use as well as the strength properties for wood that meets these criteria. These are only discussed briefly here, so Reference 1, Wood Aircraft Building Techniques, should be consulted for those interested in doing their own wood selection. W



F



rom the Wright Flyer to the Hughes Spruce Goose, wood has been used on a wider variety of aircraft than any other construction material. Though seldom used as a structural element on production aircraft, it is still an excellent choice for homebuilts. In this article we look at wood’s structural characteristics. Next month we will discuss how to design aircraft structure using wood. Wood boasts an amazingly complex structure consisting of tightly packed vertical fibers bonded together. These fibers are hollow tubes that allow fluid circulation throughout the tree and are what give wood
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Wood not protected from the elements rots, and varnish is the most common moisture barrier used in aviation. And it works well, as this wing, built in 1966 by Bernard H. Pietenpol, attests. Sitka spruce has long been the favorite wood for aircraft structure and is considered the “gold standard” to which all other woods are compared. Other species that have been used include Douglas and noble firs, Western hemlock, Port Orford cedar and yellow poplar. You recall from grade school that a tree’s age can be determined by counting its annular growth rings. The number of rings per inch is an indication of a wood’s strength, which increases with greater ring density. The minimum requirement for aircraft use is 6 rings per inch for spruce, and 8 rings per inch for Douglas fir. The orientation of the rings is also important because wood swells and shrinks as its moisture content changes. It is more dimensionally stable in the radial direction (across the rings) than along the grain. A wing spar’s height plays a significant 52
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You recall from grade school that a tree’s age can be determined by counting its annular growth rings. The number of rings per inch is an indication of a wood’s strength, which increases with greater ring density. role in its ultimate strength, so we don’t want it to shrink if the spar dries out some. This is why solid rectangular wood spars have the grain orientation parallel to their width. The slope of the grain is also an



important factor. Ideally the grain should be straight along the length of the board, but often there is some spiral to the grain. The maximum allowable spiral slope is 1 inch per 15 inches of length. Other defects, such as small knots and pitch pockets, are allowable as long as they meet certain conditions. With so many requirements, it is not surprising that only about 3 percent of spruce is suitable for aircraft construction. The moisture content of a piece of wood not only affects its dimensions, but also significantly impacts its strength. While growing, wood’s moisture content by weight can be between 35 to 105 percent of its dry weight. This moisture is in the cellular walls and the hollow tube portion of the fibers. Removing the moisture from the tubes reduces the moisture content of the wood to about 27 percent. Further drying removes water



from the fiber cells, which further reduces the wood’s weight, resulting in a 4 percent increase in strength for every 1 percent reduction in moisture content. You don’t want it to get too dry though, or the wood gets brittle. The lower moisture limit is about 8 percent. The drying process is carefully accomplished in large kilns and results in a moisture content of about 10 percent for aircraft wood. Being exposed to humidity will cause the wood’s moisture content to increase, but in most parts of the United States, this will not result in a level exceeding about 12 percent. During World War II, the U.S. government conducted extensive testing on a variety of woods suitable for aircraft structure and the results were published in Design of Wood Aircraft Structures (ANC-18), noted in Reference 2. It is the source of design information for wood aircraft design and copies can be obtained from the EAA library for $25. Anyone designing a wooden aircraft should get a copy and study it thoroughly. Table 1 shows the ultimate strength from ANC-18 for the most commonly used types for aircraft construction and are for wood with 15 percent moisture content. At first glance it would appear that fir would be a more popular choice than spruce. However, Douglas fir is 26 percent heavier, but not 26 percent stronger, so it is not as efficient structurally as spruce. It is also a little more difficult to work with. Its biggest advantages are in cost and greater availability. A look at the values in Table 1 shows the challenges that the wood aircraft designer faces. The tensile and compressive strength perpendicular to the grain is very low compared to when the loads are parallel to the grain. The reason is that the fibers act like a multitude of hollow columns when loaded parallel to the grain, so they withstand the load well. Applying a load perpendicular to the grain EAA Sport Aviation
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tends to crush the walls of these little columns and results in much lower ultimate strength. This can cause problems when designing bolted joints (such as strut attachments on the spar) where the resulting load is applied at some angle to the grain. Using larger diameter bolts and/or bushings



is a way to reduce this problem. However, even designing a bolted joint where the load is primarily along the grain can sometimes be a problem. The attach fittings for a two- or three-piece cantilever wing is an example of this, and in some cases, designers have chosen to make a one-piece wing to avoid this



problem. ANC-18 provides design information for the ultimate loads for various bolt sizes and different angles to the grain. Minimum allowable bolt spacing depends on the load direction with respect to the grain, and the ratio of the bolt diameter to the thickness of the



Table 1. Ultimate strength (lbs/sq. in.) for aircraft grade wood



Sitka Spruce Tensile Stress (parallel to grain)



9400



11500



Tensile Stress (perpendicular to grain)



165



145



Compressive Stress (parallel to grain)



5000



7000



Compressive Stress (perpendicular to grain)



840



1300



Shear Stress (parallel to grain)



850



920



1300000



1700000



Modulus of Elasticity
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wood member. In general, the minimum spacing requirement for spruce is about four bolt diameters when the load and bolt spacing is parallel to the grain. The minimum distance from the last bolt and the edge of the member (in the direction of the load) is also four diameters. Even though there is no load perpendicular to the grain, the minimum allowable distance to the other edge of wood is 1.5 diameters. This minimum distance increases to four diameters if a portion of the load is perpendicular to the grain. The compressive strength (when loaded parallel to the grain) is only about half of its tension value. This means that the upper cap (which is under compression under normal flight loads) of a box spar will need to be much thicker than the lower spar caps. We will discuss this in more detail next month. EAA Sport Aviation
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Plywood The development of plywood helped offset wood’s inherent weakness when loaded perpendicular to its grain. Plywood consists of odd numbers of veneers laminated with the grain of each ply oriented 90 degrees to the adjacent plies. The resulting product has a much higher bolt bearing strength when loaded at an angle to the grain. This is why most wood spars have plywood doublers at bolt locations. The higher bolt bearing strength of plywood makes it tempting to use thick doubler sheets, but service history has shown that plywood doublers thicker than 1/8-inch should not be used on solid wood spars. This is because plywood is more dimensionally stable than the spar if the moisture content changes, and over time a spar will crack if too thick a doubler is used. The two most common types of plywood used for aircraft construction are birch and mahogany, with poplar as the core. Birch is stronger but also heavier. One of the best applications for plywood is as a structural skin. The Germans used it for fuselage skins during World War I. Bill Stout was the first designer in the United States to design a plywoodskinned wing in 1918. Always a forward thinker, he eventually left wood behind and was involved in the pioneering work of developing an all-aluminum airplane. The most famous descendant of his work was the Ford Trimotor.



glue (made from milk products) was used. It deteriorates when exposed to moisture and temperature variations, so it should no longer be used. The big advancement in glue technology came in the late 1930s with the development of synthetic resin adhesives. These include a two-part resorcinol adhesive and water-activated plastic resin glue, which have both been used by homebuilders for years. They both require close-fitting joints and high clamping pressure to insure a proper glue joint. Another adhesive developed in the



The Forest Product Laboratory in the 1960s developed an epoxy especially suitable for wood construction, FPL16A. It and others, such as T-88 epoxy, are less critical of joint quality and clamping pressure and provide a good glue joint.



Adhesives Wood glue joints should be strong enough that the wood fails in shear before the glue fails. This is equal to the shear strength of the wood when the grain of the two pieces being glued together are parallel. Unfortunately, a glue joint’s shear strength is only a third of the wood’s shear strength when the grain direction of the two pieces is at an angle to each other. In aviation’s early days, casein 56
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United Kingdom during that era was Aerolite, which found its first large-scale use on the deHavilland Mosquito. It also has been a favorite of homebuilders, but is no longer available from the big aircraft supply houses in the United States The Forest Product Laboratory in the 1960s developed an epoxy especially suitable for wood construction, FPL-16A. It and others, such as T-88 epoxy, are less critical of



joint quality and clamping pressure and provide a good glue joint. So what is the best glue to use for building a new wood aircraft? That is certainly a sticky question. Reference 3, Acceptable Methods, Techniques, and Practices—Aircraft Inspection and Repair (AC 43-13B), takes a dim view of using plastic resin glue for repair work on certificated aircraft, even though it has been used for many years. It does allow the use of resorcinol adhesives, but not epoxy unless it meets certain test criteria. The big hang-up is that epoxies can soften and lose their strength properties at high temperatures. How much depends on the temperature and epoxy formula. The shear strength of wood is a lot less than the shear strength of epoxy, so some loss in strength would be okay in theory, provided you are certain the temperature inside your wood structure will never get high enough that the epoxy joint becomes weaker than the shear stress of the wood. Unless you have this kind of data, you are probably better off painting your wood aircraft white if epoxy is used.



Splicing Wood Obtaining large pieces of spruce for spars was relatively easy in the early days of aviation. But two world wars, the desirability of spruce for other applications, and the stringent requirements for aircraft quality makes it difficult—and therefore expensive—to obtain large pieces these days. The answer, then, was to generate the criteria by which smaller pieces could be laminated together and have the equivalent strength of a large piece. Laminating is also desirable for a cantilever box spar, where the higher loads at the wing root require much more cap material than at the tip. Plywood fuselage skins, wing skins, and spar webs also usually require at least one splice, since the maximum sheet length is 8 feet. Splicing plywood requires each piece to have a bevel (or scarf) at



least 12 times the thickness. Spar splices require a minimum bevel of 15 times the thickness for each piece, and any splices in a laminated spar must not be located closer than a distance of 10 times the thickness of the lamination. References 1 through 3 provide more detailed information for those interested in making proper splices.
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Probably the biggest concern of using wood is that it can rot if not properly protected from the elements. This is a valid concern, but keep in mind that all materials used for building airplanes can deteriorate if not properly protected. The good news is that wood won’t rot if its moisture content stays below 20 percent. The goal is to prevent standing water from collecting anywhere in the structure and, if it does, to provide enough protection to allow it to evaporate before it penetrates the wood. Proper ventilation and strategically located drain holes will reduce the risk of standing water. Varnish or epoxy thinned with lacquer thinner is applied to the inner structure to provide a moisture barrier. It is important to realize moisture can eventually penetrate the coating and reach the wood if exposed long enough. This is why ventilation and drain holes are important. Next month, we will continue our look at wood and discuss considerations in designing wood structure. Until then, those wanting to design or build a wood airplane should get a copy of the references and spend some time studying them. References: 1. Wood Aircraft Building Techniques, EAA, 1991. 2. Design of Wood Aircraft Structures, ANC-18, 1944. 3. Acceptable Methods, Techniques, and Practices—Aircraft Inspection and Repair, AC 43-13B, available at: http://www.faa.gov EAA Sport Aviation
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