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Calculate the forces at work to maximize strength while reducing weight



D



esigning an airplane obviously starts with estimating its performance and handling qualities, but the ultimate goal is to fly the airplane safely. The big step between these two stages requires the designer to properly size the airplane’s structure and work out all the other details. It is never a good idea to “eyeball” the size of an airplane’s structure—especially those components meant to carry the flight loads. Structural design is the process of sizing the various pieces of the airplane to ensure they are strong enough to handle the expected maximum loads. Stress analysis, on the other hand, is the process of ana-



lyzing a part to see if it is strong enough. The first process is usually used in the aircraft industry and requires the designer and stress engineer to work together during the design phase. Sometimes this collaboration results in spirited discussions when the two don’t see eye to eye, but it usually results in a lighter part and quicker design time. The homebuilt designer often fills both roles, though, and the structural design process is often used by default. It is also important to realize that structural design is not an exact science. Most of the equations are fairly straightforward, but putting the theory into practice leads to simplifications that can introduce uncertainties into the results. This is why it is always a good idea to
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structurally test a new design. There are eight steps required to complete the structural design. First, you need to determine the overall load factors, then estimate the resulting external loads. The loads must be distributed over the airplane, and then you can calculate the resulting loads on the different pieces. After that, you can determine the material, size, and shape of the part. Calculate the resulting stresses in the part and compare them with the maximum stresses allowable for the material used, and then resize the part as necessary. It is important to remember that the load factors and resulting loads need to be multiplied by an additional factor of safety to allow for uncertainties in stress calculations, material defects, and manufacturing. Table 1 provides recommended values for different types of structure. The first three steps are covered well in references 1 through 4, which appear on page 52. Applying the various loads to the different pieces of the airplane and calculating the results require that you understand that all loads an airplane experiences have three things in common: magnitude, direction, and point of application. The magnitude is the amount of force and is measured in pounds (or newtons). The direction is the line on which the force acts. The point of application can be concentrated, such as on the landing gear, or distributed, as are the air loads on the wing. Loads that pull or push on a part, such as a strut, are called axial loads. They are called tension loads when the force pulls on the part and compression loads when the 48
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opposite occurs. An example of a simple tension load case is shown in Figure 1, where the cable going around a pulley is separated by a 70 degree angle. The resulting load of the cables on the pulley brackets can be found by drawing each force as a line, with its length representing the magnitude and the angle showing the direction of the force. Some convenient scale (500 pounds/inch in this case) means that we draw 1-inch lines to represent the 500-pound cable forces. The force lines are drawn connecting tip to tail as shown. Determine the resulting cable load by measuring the length of a line drawn from the beginning of the first line to the end of the last, and multiplying this by the scale used. The angle of this force can be measured using a protractor. For our example the resulting cable force is 818 pounds acting at an angle 35 degrees from the horizontal cable. This simple method can be done on paper if the lines are carefully drawn. Using a computer drafting program makes it even easier. Centuries ago Isaac Newton discovered that for every Figure 1



action there is an equal and opposite reaction, which was his third law of motion. This means that the rivets holding the pulley brackets to the bulkhead are pulling back with the same 818 pound force, but at an angle 180 degrees opposite of the resulting cable load. Newton also discovered that the sum of all the forces acting on an object must equal zero if the object is to remain stationary or continue moving in a straight line at a constant speed. This was his first law of motion and is used in determining the forces acting on the different pieces of an airplane’s structure. This law helps define the loads in the different members of an aft portion of the welded tube fuselage shown in Figure 2. We will use what is called the graphical method, because it is the quickest and easiest way to do the job. The first step is to draw the fuselage to scale. Because the axial loads in the tubes will be parallel to the centerlines of the tubes, having the correct angle is vital in determining the magnitude and direction of the resulting loads. Each joint is numbered, and all
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Airframe Structure



Figure 2



Fuselage Truss Notation



known external loads are drawn on the fuselage in the proper direction as shown in Figure 2. In this example the fuselage only experiences a 1-pound tail load. You may be wondering why we would bother analyzing the fuselage for a 1-pound load. Simple: It keeps the math easy. After solving for the forces in the various tubes for the 1-pound load, you can determine the forces for any other loading condition by multiplying each tube’s load by the new external load. This is handy as it allows you to easily analyze the forces in the tubes for a variety of tail loads. It is important to realize that you can use this “1-pound” method only if there is a single load being applied to the structure being examined. Using the graphical method to determine the loads requires an orderly approach. The one used here is called Bow’s Notation, where each joint is numbered and a different letter is placed on each side of the loads acting on the structure. Different letters are also placed in each area bounded by the tubes, as shown in Figure 2. You can use the graphical method with any number of tubes at a joint, provided that the load in no more than two of the tubes is unknown. At each joint, Newton’s law requiring the sum of the forces to equal zero applies. This means that when you draw the loads in the various tubes at the correct magnitude and angle, the tip of the last force drawn at the joint will end where the first EAA Sport Aviation
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Figure 3



Fuselage Truss Load Diagram



force begins. For this example, the best place to start is joint 4. Bow’s Notation requires that the forces be identified by moving clockwise around the joint. The 1-pound load is therefore identified as force A-B. Using a scale of 1 pound/inch, draw a 1-inch line parallel to the 1-pound load as shown in Figure 3. Moving around the joint we come to the vertical tube member. Reading clockwise indicates that the tube force is called B-C. A line is drawn parallel to that tube starting from point B, which in this case goes right back up to point A and indicates that the load C-A is zero. It also indicates that the load B-C is 1 pound. We now move to joint 5 and repeat the process. Starting with the vertical tube and going clockwise, we see that at this joint the force is called C-B. It has the same magnitude as load B-C, but in the opposite direction. The two unknown loads at this joint are the loads B-D and D-C. We know where points B and C are, but we don’t know the location of point D. We do know their directions though, since the forces are parallel to the respective tubes. We solve for the unknown forces by drawing a line starting at point D that is parallel to the tube between joints 6 and 5. This represents the force B-D. We do the same for force D-C by drawing a line starting at point C that is parallel to the tube between joints 3 and 5. Where the two lines meet is point D, and the length of these two lines represents the magnitude of the forces B-D and D-C. The load diagram shown in Figure 3 is the result when this procedure is completed for each of the joints. We now know the magnitude and direction of each of the loads in the tubes. What we don’t yet know is whether the tubes are in tension or compression. We can determine this by reading clockwise around each joint and seeing if the load points away from the joint (indicating that it is 50
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in tension) or toward it (indicating that it is in compression). For example, at joint 5 the diagonal tube has the load D-C. Looking at Figure 3 shows that load D-C points up and to the left, which is away from joint 5 and therefore means it is in tension. Load C-B points down, which is into the joint in this case and indicates it is in compression. Figure 4 shows the fuselage truss from Figure 2, with the resulting loads in each of the tubes for the 1-pound tail load. All the tension loads are shown as a positive number, and the compression loads are negative. If the tail load would have been up instead of down, the loads in each of the tubes would be the same, but the tension loads would now be compression and vice versa.



Often the loads do not act along the axis of a part, but instead are at some angle to it. When this is the case, the load tries to rotate the part about a given point and creates a moment. The magnitude of this moment is equal to the applied force times the perpendicular distance from the point of interest and the force. A torque wrench is an example of applying a moment to a bolt, and when the user applies a 10-pound load at the end of a 12-inch wrench, the bolt experiences a 120 inch-pound moment (or torque). A wing demonstrates the classic example of a moment being applied to an airplane’s structure, where the moment is caused by the air loads acting perpendicular to the wing’s axis. Figure 5 shows a strut-braced wing that experiences a constant



Figure 4



Resulting forces in the fuselage truss for a 1-pound tail load. Tension loads are shown in green.



Figure 5



Determining the spar reactions. Dimensions are in inches.



The moment caused by the air load is equal to its magnitude (3,000 pounds) multiplied by the distance to the “center of gravity” of the load. air load of 25 pounds per inch along the span. Strut-braced wings use a single horizontal bolt at each spar to attach them to the fuselage. You can see that the air load would cause the wing to rotate counter clockwise around the attach point if the strut was missing. The strut, therefore, needs to pull down to prevent this from happening. A cantilever wing doesn’t require a strut because its spar is designed to internally resist the moments caused by the air loads all the way to the wing root. We will discuss the loads on a spar in detail in the next article, but for now, we are just interested in calculating strut load and the reaction at the wing’s attach point for the given air load. Using Newton’s first law, we can surmise three equations that will allow us to solve for the reactions at the wing’s attach points and strut. The sum of the horizontal forces must equal zero, the sum of the vertical forces must equal zero, and the sum of the moments must equal zero. Before you add the forces, however, you must adopt a sign convention for the forces. Typically a force is positive when it points up or to the right, and negative when it is in the opposite direction. A moment is positive if it has clockEAA Sport Aviation
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wise rotation and negative if it rotates counterclockwise. This method requires us to replace each force acting on the object with two forces, one horizontal and one vertical, that when added tip to tail have the same magnitude and direction as the force it replaces. This can be seen in Figure 5, where the strut force is



replaced by the two forces H2 and V2. At this stage we don’t know their magnitudes, but we do know their direction. The strut load must be along its centerline, so we can draw a line parallel to the strut at some convenient length and then draw a horizontal and vertical line to complete a force triangle. This triangle can then be used
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to determine the magnitude of the strut load components represented by each leg. Once any one of the components has been calculated, the other two can be found by multiplying the known force’s magnitude by the ratio of the lengths from the triangle for the unknown and known forces. When summing the forces and moments, we need to assume whether the unknown values are positive or negative. Quite often this can be determined by inspection, as in the case of the strut load at point 2. Here both the strut’s horizontal and vertical components will be negative when we sum the loads in each direction. The direction of the reactions at point 1 is not as obvious. In this case I assumed the direction of the horizontal and vertical components at point 1 shown in Figure 5. If, while solving for the unknown forces, we end up with a negative value, this means that we initially assumed the wrong direction for the force. Let’s go ahead and work through the spar example to see how the process works. We first sum the horizontal forces on the spar and get H1 – H2 = 0. This indicates that the horizontal components at points 1 and 2 are equal in magnitude but opposite in direction. Summing the forces in the vertical direction we get V1 – V2 + 3,000 = 0, where 3,000 represents the total air load acting on the wing panel (25 pounds/inch times the spar length of 120 inches). Finally, we sum the moments around point 1 and find that 50 x V2 – 3,000 x 60 = 0. The moment caused by the air load is equal to its magnitude (3,000 pounds) multiplied by the distance to the “center of gravity” of the load. Since the air load is evenly spread along the wing in this case, this location is halfway out along the wing panel at 60 inches. In reality, the air load distribution is not constant like this, but has more of 52
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Anyone who is serious about design should spend some time hitting the books on the subject. an elliptical shape that drops down to zero at the tip. The spreadsheet for reference 1 could also have been used to determine the moment due to the air load at point 1. We can rearrange the moment equation and find that V2 equals 3,600 pounds. We can plug this value into the equation for the sum of vertical forces and find that V1 equals 600 pounds. Each time we obtained a positive value, indicating that the direction of the forces assumed in Figure 5 is correct. We still need to solve for H1 and H2. We can solve for H2 by recalling that the components of the strut forces have the same relationship as the lengths of the triangle legs drawn to represent the strut force and its horizontal and vertical components. In this case the legs are equal to the distance from point 1 and the strut’s two attach points, so H2 = 3,600 x (50/40) = 4,500 pounds. Plugging this into our first equation shows that H1 is also equal to 4,500 pounds. Finally, we determine the load in the strut itself using the same process, but this time using the length of the strut in the calculation. Doing this indicates that the strut load is 5,764 pounds. Sizing an airplane’s structure will require a lot of calculations like these. Many of the calculations involve using basic algebra and trigonometry and can be accomplished using a handheld scientific calculator. If your math skills are a little rusty, you may find it worthwhile taking a refresher college course in algebra and trigonometry. Anyone who is serious about design should spend some time



hitting the books on the subject. There have been numerous aircraft stress analysis and structural design books written in the past century. Here are a few of my favorites that, though out of print, are still available in limited quantities from used bookstores, on the Internet, or on eBay: Airplane Structures by Niles and Newell. Written in 1929, it was the structures book of its day. It is a good reference for those interested in designing tube and rag designs. Basic Structures by Shanley. This is one of my favorite World War II-era books on the subject. It covers the topic well without burying the reader in too much theory or math. Analysis and Design of Flight Vehicle Structures by Bruhn. Look on the bookshelf of a stress engineer and you will probably find a copy of this book. It is one of the most comprehensive available on aircraft structural design. A good reference to have, but those new to structural design may find it a bit overwhelming. References: 1. “Estimating Air Loads,” Willford, Neal, EAA Sport Aviation, June 2003. 2. “Down to Earth,” Willford, Neal, EAA Sport Aviation, September 2004. 3. Design Standards for Advanced Ultra-Light Aeroplanes, DS 10141E, available at www.lamac.ca/DS10141 page.htm. 4. Code of Federal Regulations Airworthiness Standards, Part 23, available at www.faa.gov/ regulations.
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