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Looking for Lift Exploring high-lift devices and options Neal Willford, EAA 169108 During the first century of powered flight, many ideas were tried with the goal of improving the airplane. Those that worked well were adopted, and those that didn’t were often quickly discarded. It’s amazing how much of what is considered “conventional” on today’s airplanes had been invented by World War I—features like the monoplane wing, ailerons, and high-lift devices. Let’s take a look at high-lift devices—some dating back to the earliest days of flight—as well as some that are fairly recent developments.



ARNOLD GREENWELL



This Slepcev Storch uses multiple high-lift devices including leading edge slats and generous flaps for STOL performance and excellent low-speed characteristics.
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How Slow Can You Go



Because airplane designers can’t do anything about the air density ratio, wing loading and CLMAX are the only two variables they can manipulate to achieve a desired stall speed. Airplanes from WWI to the 1930s typically had a wing loading between 5 to 8 pounds/feet2, and their un-flapped wings were able to produce a CLMAX of about 1.3 to 1.5. These lower wing loadings allowed them to keep their takeoff and landing speeds low enough to safely operate from grass strips or farmers’ fields. Often their designers turned to the biplane configuration to keep the wing Stall Speed in Knots = loading down. For those who want to calculate the stall speed in A low wing loading usually means a large wing, miles per hour, just replace the 295 with 391 in the which results in higher drag and weight. It also gives equation. The stall speed therefore depends on the air it a bumpier ride in turbulent air. Early designers realdensity in relation to sea level (σ), the wing loading, ized this and started making smaller, more streamand the maximum lift coefficient (CLMAX). lined airplanes to obtain higher performance. This The air density ratio depends on the pressure alti- resulted in higher wing loadings. Fortunately, tude and air temperature. It’s equal to 1 at sea level at researchers were exploring various high-lift devices to 59°F, and reduces with increasing altitude or tempera- increase the CLMAX and help keep the stall speeds ture. The result is that an airplane’s stall speed (true, down. Fortunately, researchers were exploring various not indicated) increases at conditions above sea level. high-lift devices to increase the CLMAX and help Because takeoff and landing distances are dependent keep the stall speeds down. on the stall speed, it’s no surprise that they are also Before we continue, it is important to recognize the adversely affected by the air density ratio. These dis- difference between 2-d and 3-d lift coefficients. 2-d tances are roughly equal to the sea level values divided lift coefficients are represented by the lowercase cl by the air density ratio. and indicate the performance of a wing with an infiTable 1 shows the sea level maximum stall speed for a nite wingspan. Most wind tunnel data since the late variety of aircraft. (The stall speeds shown for the light- 1930s has presented airfoil data this way. 3-d lift coefsport aircraft are the proposed values.) For those unfa- ficients are represented by the uppercase CL, and are miliar with JAR/VLA, it is a category of aircraft limited to roughly 5 to 7 percent lower than the 2-d values due two seats and a 1,654-pound gross weight, and is prima- to tip losses. Wind tunnel data prior to the mid-1930s rily used in Europe for flight training and sport flying. presented airfoil data this way, usually for a wing with Homebuilt aircraft do not have a maximum stall speed an aspect ratio of 6. limit. However, within reason, a low stall speed is usualOne other clarification: the CLMAX term used in ly desirable from a safety standpoint and for reducing the stall speed equation represents the trimmed lift the takeoff and landing distances. coefficient of the airplane and not just the 3-d lift coefficient. The trimmed lift coefficient depends not Maximum Stall Speed (Knots) Type of Aircraft only on the 3-d 24 Ultralight value, but also on the airplane’s center of 39 (landing configuration) 45 (flaps up) Light Sport Aircraft gravity (CG) location 45 JAR/VLA and pitching moment of the air61 FAR 23 Certified foil. How to estimate this will be one of Table 1. Sea level maximum stall speeds for various types of aircraft. the subjects of the Improving an airplane’s takeoff and landing performance is the main purpose for high-lift devices. An airplane’s landing distance is dependent on its stall, or minimum flyable speed. The takeoff distance also depends on it, but not as much because the engine horsepower and propeller type (whether fixed pitch or constant speed) come into play. The minimum speed that an airplane can fly is equal to:
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Flap Deflection



Distance forward of upper trailing edge



20º 30º 40º



1.5 percent 1.0 percent 0.0 percent



Distance below upper trailing edge 4.0 percent 3.0 percent 2.5 percent



Table 2. Approximate slotted flap leading edge position (in percent of total wing chord) for highest lift.



Trailing Edge Devices The movable flap is the most common trailing edge device, and one of the earliest airplanes to use it was the 1910 LeBlon monoplane. A variety of trailing edge devices have been tried over the years, but we will only look at those most commonly used on small aircraft. Plain Flap: The plain flap is probably the simplest flap to make and has been used extensively over the years. When the air travels around an airfoil, the air at each position is moving at some speed relative to the airplane’s speed. The location where the air molecules come to a stop is called the stagnation point; at this point the pressure coefficient, CP, is equal to 1. Air traveling faster than the airplane is indicated by a negative CP, whereas a positive value indicates the air is moving slower than the airplane speed. Finally, CP is zero when the air is moving at the same speed as the airplane. The blue curve on Figure 1 shows how the pressure coefficient varies around a NACA 23012 airfoil at a 12-degree angle of attack. You can see that the stagnation point is at the 2 percent wing chord station on the bottom of the wing. The sharp negative CP spike at the 0 percent chord station indicates that the air is moving rapidly around the leading edge, after which the air slows down fairly quickly as it moves toward the trailing edge. The air traveling along the lower surface has a CP greater than 1, indicating that it is 66
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moving at a slower speed than the airplane. The air flowing around the upper and lower surface of the airfoil eventually will meet again near or downstream of the trailing edge. The area enclosed by the CP curve is a measure of the lift coefficient, and the greater the area, the higher the value. The shape of the CP curve depends on the airfoil’s shape and angle of attack. The CP curve will change noticeably when a flap is deflected. The red curve in Figure 1 shows the computed CP distribution for a 20 percent chord plain flap deflected at 20 degrees. The stagnation point has moved to the 5 percent chord location on the lower surface, and the air on the lower surface is moving slower than before the flap was deflected. The air moving over the upper surface has to travel further now, and conse-



quently speeds up, as indicated by the increased negative CP values. The increased speed, plus the kink caused by the flap deflection, makes it difficult for the air to follow the airfoil shape without separating from it. The air traveling around the upper surface can’t negotiate this course completely, and separates from the flap just downstream of the flap hinge. This is indicated by the upper CP curve leveling out over the last 17 percent of the airfoil. The reason that the air separates has to do with the boundary layer—the thin layer of air adjacent to the airfoil where the air is moving slower due to the viscous effects of the air. Even with the air separating on the flap, wind tunnel data for this condition showed that the flap deflection increases the airfoil cl by 0.5. Computer analysis indicates that the



Figure 1. Computed pressure distribution for a NACA 23012 airfoil at a 12degree angle of attack.



Pressure Coefficient, Cp



next article.



cl increase would be 1.3 if it weren’t for the boundary layer effects. Figure 2 shows flap performance for different sizes and deflections based on wind tunnel data from References 1 to 3 (which can be downloaded from http://naca.larc.nasa.gov). Reference 1 (see box) is probably the most comprehensive report on the lift, drag, and pitching moment for a variety of flaps, and is highly recommended for those interested in studying flap performance in more detail. The wind tunnel tests showed that the best results occurred with a 20 to 25 percent chord plain flap. It is also important to minimize or eliminate any gap at the hinge line for a plain flap, as the leakage can significantly impact the flap performance. For example, the cl increase for a 40-degree flap deflection would be 27 percent less if there was a hinge gap of about 1/8th inch. Even with the flaps up, the clMAX would also be reduced by 7 percent due to this gap. Using a piano hinge, the full span of the flap or durable tape between the piano hinges would effectively seal the flap. Gaps are similarly harmful on the other movable control surface, so for good control surface effectiveness the gap should be minimized or sealed as much as possible. Of course, the gap shouldn’t be so small that a control surface could ever get stuck under flight loads or with the control surface deflected. Most wings use airfoils that have a pitching moment that tries to twist the leading edge down and the trailing edge up. This is represented in wind tunnel data by a negative value. Lowering the flaps further aggravates this twisting tendency. This increase in pitching moment due to plain flaps is approximately equal to:



drag increase is not much at small flap deflections, but it increases rapidly for larger deflections due to separation on the upper surface of the flap. High drag along with high lift is desirable for landings as it allows a steeper approach. However, for reduced flap settings used for takeoff, this added drag is undesirable and is one of the drawbacks of using a plain flap. Slotted Flap: Figure 3 shows the slotted flap. It differs from the



plain flap in that a gap between the main wing and flap is desirable. Researchers found that the best performing slotted flaps had an “S” shaped flap cove that was the transition between the lower and upper main wing skin. Look at a Cessna 172 to see an example of this. The lift increment is slightly less if the flap cove shown in Figure 3 is used, but the wing is easier to manufacture without it, and the wing drag with the flap
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Change in 2-d Lift Coefficient



Figure 2. Comparison for different flaps used on a NACA 23012 airfoil.



Figure 3. Slotted flap design guidelines.



Figure 4. Gunnery flap geometry.
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stowed is less since the lower wing skin is better able to close the gap on the bottom. Having the upper wing skin overlap the lower by 8 to 10 percent chord as shown in Figure 3 minimizes the loss in lift by allowing the air to better navigate from the lower wing surface to the upper flap surface. The flap should have a “good looking” airfoil shape, but use a much larger leading edge radius as shown in Figure 3. The slotted flap is basically an airfoil operating at a large angle of attack, and a large leading edge radius helps reduce the CP spike on the flap leading edge. Like the plain flap, when the slotted flap is deflected, it causes an increase in velocity on the upper surface and a decrease on the lower. Figure 2 shows that a slotted flap is superior to a plain flap for all sizes and deflections. This is because the slotted flap operating at a high angle of attack generates a fair amount to the overall airfoil lift. Another contributing factor is that the slotted flap moves aft as it deflects down, effectively increasing the wing area. A lot of wind tunnel work was done to determine the best location of the flap leading edge for various flap shapes and deflections. References 1 to 3 provide a good summary of the results. Table 2 shows the approximate flap leading edge locations for the best lift increment for the flap cove shape shown in Figure 3. A flap track, as used on a Cessna 172, would be required to locate the flap in all the optimum positions. A simpler installation uses an external hinge that locates the flap in the optimum location at either the 30- or 40-degree position. The flap will not be in the optimum position at the other deflections, but the loss in lift may not be significant because the flap still performs surprisingly well when it’s not in the best location. The flap performance shown in



Figure 2 is for a 12 percent thick airfoil. Wind tunnel testing on thicker versions of the same airfoil showed that the lift increment increased as the airfoil got thicker. However, the flaps-up clMAX got worse with increasing thickness, so the net result was that the flapsdown clMAX remained essentially constant with increasing airfoil thickness. Also, the slotted flap performance shown in Figure 2 is 1930s state of the art, and betterperforming flaps can be designed using today’s advanced airfoil design programs. For small flap deflections used for takeoff, the slotted flap has about half the drag as a plain flap for the same lift increment. When comparing the drag at the maximum lift for the same deflection, the drag difference disappears. The slotted flap’s larger lift increment will allow a shorter takeoff roll, though. The slotted flap does result in a greater increase in pitching moment than the plain flap, and the wind tunnel data shows that this increment is approximately equal to:



Fowler Flap: Harlan Fowler conceived this device in 1916. It’s similar to the slotted flap as it also uses an airfoil-shaped flap that translates aft and down. The main difference is that its upper wing skin covers most of the flap in the stowed position. This results in the flap moving even further aft than for the slotted flap and results in more effective wing area with the flap deployed. Figure 3 shows this, especially for zero degrees where the flap has been translated aft without being deflected. Gurney Flap: Finally, a postWWI trailing edge device! The Gurney flap was invented by race car designer Dan Gurney in the early 1970s and is shown in Figure 4. It’s basically a piece of extrusion attached to the airfoil’s trailing EAA Sport Aviation
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edge. Although not commonly found on small airplanes, it’s an elegantly simple way to increase lift that designers may find useful in certain applications. Wind tunnel data from Reference 4 showed that a 1 percent chord Gurney flap increased the clMAX by 0.26 and by 0.4 for a 2 percent flap.



This simplest of flaps does have some drawbacks, though. The change in pitching moment per change in lift is similar to that for a slotted flap, and since the flap does not retract, the resulting higher pitching moment means higher trim drag at cruise. A Gurney flap also increases the air-
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Figure 5. Comparison of high-lift devices on a Clark Y airfoil wing.



about half of an equivalent solid Gurney flap, but the drag penalty was essentially eliminated.



Leading Edge Devices



foil drag by roughly 13 percent for each percent of Gurney flap height. Researchers C.P. van Dam and Bruce Holmes working for NASA developed an improved version of
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the Gurney flap (Reference 6) by cutting notches into the flap as shown in Figure 4. Wind tunnel tests showed that this serrated Gurney flap reduced the lift and pitching moment increase by



Leading Edge Slat: The most common leading edge device is the Handley Page slat, which was invented by Handley Page around 1911. The slat length is about 15 percent of the wing chord and can be movable (like on the Helio Courier) or fixed (like on the Fieseler Storch). The movable slats are usually not pilot controlled, but are automatically pulled out at high angle of attack by the low pressure acting on the leading edge. The slats retract automatically as the angle of attack is lowered. Wind tunnel testing by Fieseler showed that the drag of a carefully located fixed slat was 65 percent higher than the airfoil without a slat. This is a big penalty, but the testing also showed



fuselage. Vortex Generators: The last leading edge device we will look at is the vortex generator. These simple devices are similar to a slat in that they allow a wing to reach a higher angle of attack and therefore obtain higher lift. Figure 6 shows their typical location (from Reference 8). Wind tunnel testing showed a change in CLMAX of 0.5 for a NACA 23012 airfoil equipped with vortex generators and more for thicker airfoils.



Figure 6. Vortex generator (VG) design guidelines. All VG dimensions are with regard to the wing chord.



that with the slat stowed, the drag was still 60 percent higher than the clean airfoil. Not surprisingly, Fieseler went with a fixed slat in production. The leading edge slat does not increase lift in the same way as a trailing edge flap. The slat slows the airspeed down at the leading edge and reduces the “CP spike” shown in Figure 1. This results in less lift at a given angle of attack than the same wing without a slat. Figure 5 (from Reference 6) shows this where the lift curve of the basic airfoil is above that of the slatted airfoil. You can also see in this figure that this is not the case with the trailing edge flap, where deflecting a flap results in more lift at a given angle of attack. The figure shows that the slat increases lift by delaying the stall angle of attack. This is not useful unless the airplane has long enough landing gear legs to allow it to reach the higher stall angle on landing. The increase in stall angle provided by the slat is useful when flying slowly at high power settings because it allows the propeller thrust to be inclined enough vertically to significantly contribute to the airplane’s C LMAX . In fact, Reference 7 showed that the CLMAX for the Storch dropped from 4 to 2 when the power was removed. The Storch had a good slat that provided a CLMAX increase of about 0.8, but it lost nearly 30 percent of the increase due to the gap at the EAA Sport Aviation
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There is a drag penalty for using them (depending on their height), and Reference 8 data showed the airfoil drag to be about 30 percent higher for the vortex generators tested. On homebuilt aircraft, vortex generators are mostly found on the canards of Quickie-type aircraft to make them less sensitive to loss of lift while flying in rain. They were also successfully used on the canard of the around-theworld Voyager for similar reasons. Like any other modifications, adding high-lift devices to an existing design should be done very cautiously. While they may provide the desired low speed improvement, they can also have unexpected structural or flying qualities implications. If you don’t know how to properly estimate this, get competent engineering and flight test help before proceeding.



References NACA Report TR 664, “Wind Tunnel Investigation of an NACA 23012 Airfoil with Various Arrangements of Slotted Flaps,” Wenzinger and Harris, 1938. NACA Report TR 679, “Wind Tunnel Investigation of an NACA 23012 Airfoil with a Slotted Flap and Three Types of Auxiliary Flap,” Wenzinger and Gauvain, 1938. NACA TN 715, “Wind Tunnel Investigation of an NACA 23012 Airfoil with Two Arrangements of a Wide-Chord Flap,” Harris, 1939. AIAA-96-2418-CP, “Aerodynamics of the Gurney Flap,” Jeffrey and Hurst. Low Reynolds Number Aerodynamics, “Wind Tunnel Investigations of Wings with Serrated Sharp Trailing Edges,” Holmes, Howard, van Dam, and Vijgen. NACA Report TR 427, “The Effect of Multiple Fixed Slots and a Trailing Edge Flap on the Lift and Drag of a Clark Y Airfoil,” Weick and Shortal, 1932. “Experiences and Measurements Gained on the Low Speed Aircraft Fi 156 Storch,” Hoerner, 1956. AIAA-85-5014, “Recent Application of Vortex Generators to Wind Turbine Airfoils,” McMasters, Crowder and Robertson.
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Looking for Lift 

Wind tunnel data prior to the mid-1930s presented airfoil data this way, usually for a wing with an aspect ratio of 6. ..... All VG dimensions are with regard to.










 


[image: alt]





Lift Is - Size 

It is always fair game to criticize the establishment and build up one's ..... vance ratio which would give an angle of attack of 4 de- grees. The Clark Y airfoil has ...
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Lift and Thrust, Part 2 - Size 
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Looking for another relative Engel's law 
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Looking for the agent in action 
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Looking for the agent in action 
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Looking for a picnic area - Wooskills 
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CANopen application profile for lift control systems 
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Hints for Homebuilders - Size 
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Ducting for Aircraft - Size 
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