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Part 2



Last month we looked at some of the forces which create pitching moments around your airplane's center of gravity. We computed the moments caused by the wing's lift and drag, the marriage of the wing and the fuselage, and the wing airfoil's pitching moment. Hopefully you survived last month's spreadsheet. This month we are going to consider the effects of the propeller on the pitching moments. Then we will look at the local weather in the vicinity of the tail, to find out the wind speed and direction. PROPELLER NORMAL FORCE



When your plane is in cruising flight, the wing must produce lift, and in order to make lift it needs to be at some positive angle of attack. While it's true that a cambered airfoil produced lift at zero or even negative angles of attack relative to its own chord line, it's still considered to be at a positive angle of attack relative to its zero lift line. The zero lift line is the angle of attack at which the airfoil produces zero lift. A wing producing lift has upwash ahead of the leading edge, and downwash behind the trailing edge. The air moves up ahead of the wing because the wing creates a pressure wave out ahead of it, which travels at the speed of sound. This means that if the plane is supersonic, the plane gets there before the air has a chance to get out of the way. The result is a shock wave and the familiar sonic boom. Assuming that your plane is subsonic, the propeller is also at some angle of attack, because
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it is in this upwash field. This makes the propeller behave like it were a small wing, generating lift. To model it we need to tether a helium-filled balloon to one end of the see-saw. This propeller lift is called the propeller normal force. The word "normal" has nothing to do with its psychological or physical health. Airplane engineers use the word "normal" to mean at right angles to something; in this case, the propeller is producing lift at a 90 degree angle to its thrust line. The propeller's lift or normal force can be very considerable, particularly on little airplanes with great big motors - the kind EAAers drool over. The worst case is when you are on short final, at low airspeed, and a group of those darn kangaroos hop onto the runway, as they so often do, and you have to apply full power for a go-around. In this case the propeller normal force can actually cause the airplane to pitch up and stall. Therefore, it is useful to know how much normal force the propeller is producing. Dommasch suggests the following equation to calculate the coefficient of the propeller's normal force: CNP = n * F T 2 / ( 2 ' V * S ) * B * b b * a *



(2*TT*pb'V/(0*R)-(1 +TC'/4*S/ (IT * R-2) ) + Cd)



That equation might send you run-



ning for cover. Yet like most things which seem a bit intimidating at first glance, this one is a piece of cake once you wade through the hieroglyphs. To solve this equation, first you make a list of the things you need to know: • The propeller diameter • The rpm you're using • The number of blades • The average width of each blade • The equivalent flat plate drag area of your airplane • The speed of your airplane • The wing area of your airplane • The lift coefficient of your airplane • The lift curve slope of the wing The rather pretty Greek letter ft (Omega) represents the rotation rate of the propeller in radians per second. Take the propeller rpm you're using, and divide by 60 to get the number of revolutions per second. I'll use 2400 rpm, so the prop is turning 2400/60 = 40 times each second. Since there are 2tr radians in each circle, we multiply 40 by 6.2831853 and get 251.33 radians per second. The diameter of my prop is 78 inches, or 6.5 feet. The radius is half that, or 3.25 feet, which is the value of the letter R in the equation. The letter V is the speed of the airplane in feet per second. My homebuilt should cruise at 213 mph; to convert to feet per second, multiply by 1.467, giving 312.47 feet per second. The letter S means wing area, which for my bird is 98.12 square feet. The letter B is the number of blades, which is 2. The b-sub-b combination bb means the width of the blade. I don't know, but SPORT AVIATION 35
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SPEED DUE TO PROPELLER ROTATION FIGURE 1



5 inches is a good guess. That's .417 feet, because we can't mix feet and inches in this equation! The next bit of Greek is a (alpha), which is the angle of attack of the propeller. According to Perkins & Hage, the angle of attack of the propeller is always larger than that of the wing, because the tractor propeller lives in the upwash of the wing. The wing's angle of attack is simply the airplane's lift coefficient divided by the wing's lift-curve slope (the amount of CL it produces for each degree angle of attack). If my plane's cruise CL is .185, and my wing's liftcurve slope is .0909 per degree, then my wing is at an angle of attack of .185/ .0909 or 2.04 degrees from its zero-lift line. This leaves the question of how much to add to account for the wing upwash. The spreadsheet from August fortunately (or unfortunately) made you slice your fuselage into strips. Then it calculated the upwash for each strip. Since the propeller is out ahead of the fuselage, the upwash is a bit smaller than for the first fuselage strip, say about 90% of that value. The value for my first fuselage strip was 1.35, so 90% of that is 1.215, or 21.5% more than the angle of attack of the wing. Multiplying 2.04 degrees by the upwash factor of 1.215 gives us 2.53 degrees, which I'll assume is close to the angle of attack of my propeller in cruise. This needs to be converted to radians, so we multiply by iT/180, which gives .04409 radians. This brings us to pb, which is the blade pitch setting at 75% of the length of one blade. Rather than running around with a protractor, trying to measure the blade angle, which is pretty useless on a constant-speed prop anyway, we'll cheat a little here. If my prop's



distance this airfoil travels in one second, I can multiply this circumference by the number of revolutions per second the propeller is turning. Our friend Omega O conveniently contains both 2-n and the number of revolutions per second. So all I need to do is multiply O. by 2.4375. For my plane, that's 251.33 * 2.4375, or 612.62 feet. This



means that even when the plane is standing still, with the prop spinning at 2400 rpm, the airfoil at 75% of the blade length is traveling at 417 miles per hour (612.62/1.467)! Hopefully in cruise the plane is not standing still, however, but is going 213 miles per hour. That's 312.47 feet per second (213 * 1.467). This gives us a wind triangle (Figure 1), whose base is 612.62 feet (the wind speed coming from the prop's own rotation), and whose height is 312.47 feet (the wind coming from the forward speed of the airplane). Resolving the



wind triangle, we find that the angle of the relative wind is 27 degrees. You compute that by taking the arctangent of (312.47/612.62). In order to make the propeller airfoil at that location make positive lift, we are going to add 4.5 degrees to that. This 4.5 degrees compensates for the downwash coming from the blade, and adds some positive incidence. So pb is 27 + 4.5, or 31.5 degrees. This would be the twist of the propeller at 213 mph and 2400 rpm, for the slice of blade which is 2.4375 feet from the center of the hub. This angle needs to be in radians rather than degrees, so 31.5 * -iT/180 gives .54978 radians. The next item in the equation we need to find is the quantity Tc'. Dommasch defines this as the propeller thrust/(wing area ' dynamic pressure). Well, as we all learned in Private pilot ground school, in level unaccelerated flight the thrust has to equal the drag. In the March spreadsheet, you calculated the equivalent barn door area of your homebuilt. We'll just use the drag of the plane, and assume the thrust is the same as the drag. This makes Tc' equal to airplane drag/(wing area ' dynamic pressure), which simplifies to flat plate drag/wing area. The equivalent flat plate drag of my homebuilt is (hopefully) 1.95 square feet, and dividing by 98.12 gives .0199, which is the value of Tc'. The last missing item is cd, which represents the propeller's profile drag coefficient. Profile drag is the drag which comes from skin friction and any flown separation (stalling). Dommasch suggests a value of .02 for this, so we'll go with his



IF C OF G IS ABOVE THRUST LINE, NOSE PITCHES UP WITH POWER



radius is 3.25 feet, then 75% of that is 2.4375 feet. The propeller airfoil that



lives 2.4375 feet from the hub sweeps out a circle once per revolution. Since the circumference of a circle is 2irr, the circumference at this distance from the



hub is 2 * TI * 2.4375. To get the total 36 SEPTEMBER 1990



IF C OF G IS BELOW THRUST LINE, NOSE PITCHES DOWN WITH POWER



FIGURE 2



down. If, on the other hand, the prop's thrust line is below the center of gravity, adding power is going to pitch the plane nose up. A lot of planes have the engine tilted down between 1 and 2 degrees, in order to place the thrust line above the center of gravity, in order to avoid a pitchup with power. It is simple to calculate the moments



about the center of gravity caused by the position of the thrust line. First you measure the vertical distance from the thrust line to the center of gravity, as shown for my homebuilt in Figure 3.



FIGURE 3



suggestion. Having made a list of all the unknown quantities this equation needs to munch, we can proceed to solve the beast: Start with the innermost parentheses: 2* V S becomes 2'312.47'98.12 = 61319.113 II ' R becomes 251.33 * 3.25 = 816.6225 TT * FT2 becomes 3.14159 * 3.25"2 = 33.1831



Looking at the remaining parentheses leaves: (2* T T * pb* V/816.6225* (1 + T c ' / 4 * S/33.1831) + cd)



The innermost set becomes: 1 + .0199/4*98.12/33.1831 = 1.0147



Then we do the outermost set:



(2



* 3.14159



*



.54978 * 312.47/



816.6225 * 1.0147 + .02) = 1.3612



Now we kill off the rest:



fl * R"2/61319.113 * B * b b * « * 1.3612 becomes 251.33 *3.25'2/61319.113* 2 * .417 * .04409 * 1.3612 = .002167



gravity. Since this is a positive number, the propeller's normal force will pitch the airplane nose up.



The spreadsheet for this article will do all this math for you, of course. I've taken the space to write all this out for those of you who have written asking for a bit more help because you're doing this by hand. I also want to demonstrate how you take a rather complicated equation and break it down in steps. Airplane design has a lot of these, and they are not beyond your ability or intelligence, once you overcome your fear of funnylooking symbols. THRUST LINE EFFECTS ON PITCHING MOMENTS



The propeller's axis of rotation establishes a direction for its thrust. This thrust line can be above the center of gravity or below it (Figure 2). If the thrust line is above the C of G, then adding power is going to pitch the plane nose



Find the waterline of the center of gravity, then subtract the waterline of the thrust line. If the thrust line is above the C of G, you will get a negative number, otherwise you will get a positive number. Then you multiply by the propeller thrust. If the thrust line is above the C of G, this results in negative pitching moments, meaning that the thrust will try to pull the nose down. If my homebuilt in cruise produces 203.83 pounds of thrust, the waterline of the C of G is -7.52, and the waterline of the thrust line is 0.0, then the thrust line's lever arm is - 7.52 - 0.0, which is -7.52. Converting to feet gives -.6267



feet, which times 203.83 pounds of thrust would generate -127.73 footpounds of moment. Since the moments are negative, my plane will pitch nose down when power is applied. OTHER THRUST VALUES



Sometimes it's useful to evaluate the pitching moments due to thrust at power settings which are causing the airplane to accelerate. Takeoff and climb are obvious examples of this. In this case the thrust values built into the spreadsheet are wrong, because if the airplane is climbing or accelerating, then you have more thrust than drag. Rather than leave you out in the cold, I've added a section to the spreadsheet which will estimate the thrust in pounds for you for any condition. Normally in order to do this, you



This is the coefficient of propeller normal force. To find the prop's lift in pounds, we multiply this coefficient by the dynamic pressure and by the wing area. You calculated the dynamic pressure in the March spreadsheet, and for



my bird in cruise I'll use 104.53 pounds per square foot. My wing area is 98.12 square feet. So the propeller normal force is .002167 * 104.53 * 98.12, or 22.23 pounds. Next you need the distance from the prop to the center of gravity location which you're using to set your trim. For my plane it's 75 inches, which is 6.25 feet. The moment, then, in foot-pounds is 6.25 * 22.23, or



138.9 foot-pounds, about the center of



WING CXDWNWASH PUTS TAIL AT NEGATIVE ANGLE OF ATTACK
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THRUST:



•••AIRSPEED AT THE tAIL*** TAIL DYNAMIC PRESSURE: FIGURE 5



would need to know the propeller efficiency over a large range of speeds and powers. This is difficult to get. What I've done for you is to design a constantspeed propeller for my 180 hp engine, and then calculate what its efficiency would be at various airspeeds, assuming full power. Then I took these values and fit a polynomial curve to them. If



you don't know what that means don't



worry, because you don't need to. The expression I use is:



prop efficiency = .1220655 + .01223503 ' Vkts - .00006986597 * Vkts"2 + .00000013532* Vkts"3



The symbol Vkts means your true airspeed in knots. The thrust that your



engine + propeller duces is



combination
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DOWNWASH AT THE TAIL



The first local weather question is to find the local wind direction at the tail. This is a difficult question, because the answer depends on how the wing itself is loaded spanwise (it should be semielliptical, remember?), the shape of the fuselage, the shape of the tail, and the spacing between all these parts. Dommasch offers an empirical equation for finding the downwash angle at the centerline of the wing wake. "Empirical" means he has looked at a lot of wind tunnel tests and wrote an equation which fits the results with some degree of accuracy. Sounds OK to me! He gives this equation as: e = 20* CL* X'O.S/AR".725*



prop efficiency is .36, or only 36%. It's true, however. While there's no guarantee that your propeller's efficiency matches the one I used to write this efficiency formula, it's better than nothing and probably is pretty close. For fixedpitch propellers, you could subtract .03 or 3% from the efficiency in cruise. To use this part of the spreadsheet, just type in the speed and horsepower, and the spreadsheet will spit out the thrust in pounds for full power at that speed. You then type the thrust value into cell D79, and the pitching moments due to thrust will be recomputed for you using this new value.



pro-



Thrust (in pounds) = Horsepower * prop efficiency * 550/true airspeed in feet per second. When you try this out in the spreadsheet (or by hand calculator) you may be surprised to see that at 25 mph the



make thrust, and the wing is happily grabbing air and accelerating it gently towards the ground, which obliges by pushing the airplane away and keeping it at a constant altitude. All's right with the world. The horizontal tail is happy to be flying along with you, keeping everything in balance. Yet the conditions at the tail are different. The propeller thrust has increased the wind speed over the tail, and the wing's downwash has changed the direction from which the wind blows over the tail. The angle of attack of any wing is the angle between its chord line and the relative wind. To get zero lift on a symmetrical wing, like the horizontal tail, you line it up with the relative wind. Because of the wing's downwash, the relative wind at the tail is coming from above. So if you mount the horizontal tail at zero incidence, the tail will make negative lift, because it will have a negative angle of attack (Figure 4).



WEATHER CONDITIONS AT THE TAIL



You are cruising along above the weather, the sky is blue, the engine is humming, the propeller is happily grabbing air and accelerating it rearwards to



(3 * c/l)~.25 degrees where e, (the Greek letter epsilon) stands for the downwash angle we're looking for, CL is the lift coefficient of the wing, \ (the Greek letter lambda) is defined as the root chord divided by the tip chord (he says to use 1.5 if you have an elliptical wing, like a Spitfire replica), AR is the aspect ratio of the wing, which is the square of its span divided by its area, c stands for the Mean Aerodynamic Chord of the wing, and I is the



distance from aerodynamic center of the wing to the aerodynamic center of the tail. If I check out my homebuilt at another cruise condition, the CL is .206, the root chord is 59.402 inches and the tip chord



is 22 inches, making X 2.7, the aspect ratio AR is 9.58, the mean aerodynamic chord is 43.57 inches, and the tail lever arm is 258.39 inches. The equation



then becomes



e = 20 * .206 * 2.7-Q.3 / 9.58'.725 *



(3 * 43.57 / 258.39)'.25
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