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Figure 5 â€” Surface streamlines on the cowl of the RV-6, without propeller effects. ... of 24 different wing shapes in order to .... (MAC). Factoring in the aforemen-. 
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BY DAVID LEDNICER



INTRODUCTION Advances in the field of Computational Fluid Dynamics (CFD) during the last three decades have had a major impact upon the transportation industry. The designer's longtime dream of being able to evaluate the aerodynamics of a vehicle without having to construct a prototype has become a reality, thanks to advances in numerical methods and computer power. This ability reduces the technical risk in developing a new design and allows more refinement with less effort, and in less time, than was ever possible be50 APRIL 1997
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fore. Automobiles, commercial airliners and racing yachts, as examples, all have had their designs heavily influenced by CFD. First, a little background on these CFD programs. The primary program used to produce the results that I will present here is VSAERO. This program is a product of the company I work for, Analytical Methods, Inc. VSAERO is a "panel method" program, so called because the surface of the body to be analyzed is represented as a large number of small flat panels. Such programs first appeared in the early 1960s, but their range of application was very lim-



ited. Succeeding generations, which widened the range of application, appeared culminating in such programs as VSAERO, which was developed in the early 1980s. Analytical Methods delivered an early version of VSAERO to NASA Ames Research Center in 1982; this was subsequently rewritten and renamed PMARC. PMARC forms the basis of the CMARC program described by Peter Garrison in an earlier edition of Sport Aviation. As one might imagine, VSAERO has evolved considerably since 1982. Currently, over 200 customers in 14 countries are using this program.



Figure 1 — Surface mesh used to model the RV-6 Figure 2 — Calculated surface pressure distribution on the RV-6 in cruise. "Cool" colors show areas of high pressure, while "hot" colors show areas of low pressure.



Figure 3 — Surface pressure distribution and wake roll-up calculated in cruise. Figure 4 — Boundary layer traces on the RV-6. The area where the traces disappear in front of the windshield denotes a separated region.



Panel methods compute the pressure and velocity of flow over the surface of an aircraft using certain simplifying assumptions about the behavior of moving air. Such programs don't know about aerodynamic phenomena such as shock waves. Compressibility corrections can improve the results for high speed flight, but if any part of the flowfield goes supersonic, the results are erroneous. Luckily, this limitation will not affect any of the results of my work presented here. Besides the conditions in the flowfield, the forces on the airplane — lift, side forces, pitching moments, yawing moments and rolling moments — can be calculated to a high degree of accuracy. The forces are found by adding up the surface pressures on individual panels, while the moments are found by multiplying the force on each panel by its distance from a reference point, normally the CG location. Unfortunately, the total drag can't be calculated with the same precision. Induced drag can be obtained, but not always accurately. A reliable estimate of drag due to skin friction is provided by the boundary layer calculations; but neither the pressure drag due to boundary layer thickness nor the drag due to boundary layer separations and surface excrescences can be calculated. We can glean clues about whether drag has increased or decreased after a configuration change, but total drag is still best calculated by a build-up method, or measured in flight test. For a more complete discussion of this problem, see Bruce Carmichael's new book Personal Aircraft Drag Reduction. To model an aircraft, the surface is broken up into small, four-sided panels. On an average configuration, 2500 to 5000 panels might be required to accurately represent the surface. As one might imagine, this is a time-con-
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Figure 5 — Surface streamlines on the cowl of the RV-6, without propeller effects. The color coding is arranged so that high velocities are shown by "hot" colors, while "cool" colors show low velocities. Figure 6 — Skin friction distribution calculated on the RV-6. Here, "cool" colors show areas of high skin friction, while "hot" colors show areas of low skin friction. Regions of low skin friction near the leading edge of components are from areas of laminar flow. Other areas of low skin friction are from turbulent boundary layers nearing separation, or fully separated.
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suming process. However, practice helps and after having modeled over 150 different configurations, I can often build a computer model in somewhere between 24 and 40 working hours, given a good description of the geometry. Quite often, I omit details such as fixed landing gear because their influence on the overall aircraft aerodynamics is usually minor. The flows into and out of openings are simulated, however, because they can have a significant impact. Examples of the use of these methods abound in the aerospace industry. An often quoted instance is that of the Gulfstream business jet. The Grumman Gulfstream II wing, designed in 1966, was developed using primitive computational aerodynamic methods. This project required wind tunnel tests of 24 different wing shapes in order to realize its full performance potential. Development of the Grumman designed Gulfstream III wing, done in 1979, made use of more advanced computational aerodynamic methods. Only one wind tunnel test was re-



Body Geometry quired to verify its design. The new de——Cp UPPER SURFACE sign yielded a 3.1% cruise drag ""Cp LOWER SURFACE reduction, with an estimated $4 million Cp Z/C Cf ""U UPPER SURF ACE ""C'fLOWKR SURFACE saving in development costs thanks to 0.00600 -1.00 0.4 computational methods. A change in powerplants, from the Rolls-Royce Spey to the Rolls-Royce Tay, brought about development of the Gulfstream IV in 1983. The new engines, with 50% greater volume, posed a significant aerodynamic challenge because of their potential interference with wing flow. Computational methods were used once again to redesign the wing, and wind tunnel test confirmed that the new design yielded a further decrease in drag. The use of these computational tools has been primarily restricted to the "industrial" sector of the aerospace industry. My daily job involves consulting work in this area. But I have BUTTUNK CUT Y= 60 00 always been curious about the aerodyFigure 7 — Two-dimensional cut through the calculated pressure and skin fricnamics of general aviation, homebuilt tion distribution on the wing, near midspan. and historic aircraft, and I feel that there is quite a bit to be learned from tion; and at zero angle of attack and stability derivatives, which are the restudying them. 1 have prepared many with one degree of elevator deflection. lationships among angle of attack, computer models of these types of air- From these I extracted the longitudinal elevator deflection, lift, and nosecraft (on my own time) and have analyzed them. This article, and I hope subsequent ones, will present the results of some of these analyses. I hope the information I present will be useful Two Seat to designers, builders and modifiers of homebuilt airplanes.
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The aircraft we shall look at here is the Van's Aircraft, Inc. RV-6. Before an analysis can be done, all of the exterior surfaces of the airplane must first be modeled on the computer. This



modeling might sound simple, but trying to generate all of these 3-D points can be rather difficult. L u c k i l y , I worked with Steve Barnard on this project, and he lent me his RV-6 plans. With this information, it only took me seven or eight evenings to generate a model on my home PC. The computer model resembles a mesh lying on the surface of the aircraft, as you can see in the accompanying picture (Figurel). The layout of this mesh is not arbitrary; VSAERO likes some meshing techniques better than others, and experience plays a major part in the layout of the grid. I first did a series of three runs in VSAERO: at zero angle of attack and no elevator deflection; at one degree angle of attack and no elevator deflec-
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Figure 8 — Surface pressure isobars



for the stock RV-6.



Figure 9 — Surface pressure isobars



for the modified RV-6.



usually somewhat ahead of the stickfixed neutral point. To achieve acceptable handling qualities (such as speed stability), a positive change in



stick force with increasing load factor is desired; and so the CG needs to be



still farther forward. Experience has



shown that the aft limit on the CG envelope should be around six to ten percent of chord forward of the poweroff stick-fixed neutral point.



VSAERO placed the RV-6's stick-



fixed neutral point at 39.21% of the aircraft's mean aerodynamic chord (MAC). Factoring in the aforementioned influences, the aft limit on the



CG range should be somewhere near



29-33% MAC. The published CG



range for the RV-6 is from 1 5% to 29% MAC. CAFE flight test results published in Sport Aviation (September 1993) reveal that the aircraft



experiences weak positive stick-free longitudinal stability with the CG located 26.9% MAC and slightly



stronger stick free stability at a CG location of 22% MAC. This weak stability is evidenced by the shallow positive slope of the elevator stick force vs. airspeed plot, especially at the more aft location. This is in strong contrast to the Cessna 152, also shown on the plot, which exhibits strong longitudinal stability, as evidenced by a very positive slope. An extrapolation of the CAFE data given in the article shows that the point of neutral stickfree stability of the RV-6 is relatively close to the aft end of the CG range, indicating that destabilizing effects consume a little less than 10% MAC.



By adding up the area of all of the



up/nose-down moments. These derivatives allow one to determine the angle of attack and elevator deflection required to trim for a given gross weight and CG location. The derivatives can also be used to



calculate the stick-fixed neutral point.



This is the CG location at which a change in angle of attack produces no change in nose-up or nose-down moment; it other words, it the point at which the airplane's longitudinal stability is zero. I modeled the RV-6 as a glider, omitting propeller effects. The propeller affects longitudinal stability in 54 APRIL 1997



two ways. First, the forces produced by the propeller produce moments about the airplane CG; for a tractor propeller, these are destabilizing. Secondly, the slipstream produced by the propeller interacts with downstream surfaces to reduce the aircraft's longitudinal stab i l i t y . In the case of the RV-6, the neutral point with power on is three to . four percent of chord forward of the neutral point with power off. What the pilot senses when flying the airplane, however, are the control force gradients, which are indicative of the aircraft's stick free longitudinal stability. The stick-free neutral point is



surface panels, a very accurate wetted



area for the entire aircraft (Swet) can be found. 1 have a list of wetted areas, calculated by VSAERO, for approximately 100 different aircraft. Currently, the manned aircraft on the list with the lowest wetted area is the Rutan/QAC Quickie, with only 190.5 square feet; and the largest is the Boeing 747-200, with 30,745 square feet, excluding the engine pylons, which were not modeled. The RV-6 was found to have 427.2 square feet of wetted area. As the CAFE flight test results show the RV-6 to have an equivalent flat plate drag area (f) of 2.32 square feet, the CDswet



(f/Swet) of the RV-6 is .0054. The term CDswet is regarded as a measure of the aerodynamic "cleanness" of an aircraft. A value of.0054 places the RV-6 in a league with such aircraft as the NAA P-51 Mustang (.0053), Beechcraft V35 Bonanza (.0054), and Rutan Long-EZ (.0055). Once the angle of attack and elevator deflection required to trim were calculated for a high gross weight and mid-range CG location, the model was run in VSAERO with these values. The resulting surface pressure distribution is shown in the accompanying pictures (Figures 2-3). The colors are arranged so that the highest pressures (and lowest velocities) have "cool" colors, with the highest or "stagnation" pressure being dark blue. Similarly, the lowest pressures (and highest velocities) are shown by the "hot" colors, with magenta indicating the lowest pressure on the aircraft. As one might expect, the lowest pressure occurs primarily on the upper surface of the wing. The lift that holds the airplane up is the difference between the low pressure on the top of the wing and the slightly higher pressure on the bottom of the wing. VSAERO also generated streamlines on the surface and calculated the properties of the boundary layer along these streamlines. Several iterations were run where the boundary layer thickness calculated on each panel was used to correct the initial flow solution on that panel. The color coding in the pictures (Figure 4) indicates the skin friction distribution along the path of each streamline. All the boundary layers start off with the very low skin friction of a laminar boundary layer and quickly transition to the high skin friction of a turbulent boundary layer. Depending on the pressure gradients they are exposed to, most of the boundary layers then start to get thicker and their surface skin friction decreases as they near separation. Several things are immediately apparent to the experienced eye. The



flow over the carb box (Figure 5 — the color coding here is that of velocity along the streamline). This flow pattern will probably lead to a vortex as the flow leaves the back end of the box. Any vortex formation produces to drag, so this is undesirable. The RV-6 wing airfoil is a NACA 23013.5. The 23000-series airfoils have their maximum thickness fairly far forward, with the peak suction at roughly the same spot as the maximum thickness. As the laminar boundary layer can be estimated to transition to turbulent at this location, one can guess that the RV6 wing will not have much laminar flow. Laminar early transition from laminar to turbulent flow can be seen



both in the two-dimensional cut through



the wing pressure and skin friction distributions, and in the 3D map of calculated skin friction (Figure 6). In these pictures, "cool" colors (blue) represent high friction and "hot" ones (magenta) indicate low friction. The calculated boundary layers start out with the low drag indicative of a laminar boundary layer. They quickly change to the cool colors of the high friction turbulent boundary layer. As the turbulent boundary layer progresses aft, the skin friction decreases again, because the turbulent boundary layer is flowing into a region of rising pressure, where it is slowing down and starting to approach separation. By the time the



boundary layer solution stops in front of



the windshield. This indicates local flow separation caused by the steepness of the windshield, a common occurrence in both airplanes and cars. Other than this, the surface flowfield appears to be free from separations at this flight condition.



The streamlines on the cowl show a



strong downwards orientation of the
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Figure 10 — Distribution of surface



pressure on the modified RV-6.



Figure 11 — Streamlines on the upper



surface of the modified RV-6. Figure 12 — Streamlines on the lower



surface of the modified RV-6.
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turbulent boundary layer reaches the trailing edge of the wing, its skin fric-



tion is very low, indicating that it is ready to separate. At higher angles of attack it will separate, increasingly as the airplane approaches the stall. A two-dimensional cut through this pressure and skin friction information on the wing yields more information (Figure 7). Here can be seen the pressure (in coefficient form) on the upper and lower surface. In this case, the pressure coefficient is plotted with the y axis going backwards — negative pressure coefficient (suction) is up. This is how this information is traditionally presented by acrodynamicists. The difference between the upper and lower surface suction is the lift. The other two lines are the skin friction on the two surfaces. Examining the traces, it can be seen that the skin friction starts high and then drops quite low in the laminar boundary layer. When the transition to a turbulent boundary layer takes place, the skin friction suddenly jumps in value. Only near the trailing edge does the skin friction start decreasing, as the turbulent boundary layer nears separation. When the pressure distribution on the upper surface of the wing was viewed as isobars (lines of constant pressure, like on a weather map) (Figure 8), it was immediately obvious that the wing suffers from large three dimensional effects. All of the isobars behind the peak suction sweep forward as one moves out towards the tip. Ideally, the isobars would all be parallel, with no sweep, resulting in the wing airfoil operating at all spanwise locations as it was designed to in two dimensions. Such flow distortion suggests the need for a wing/body fairing. Correctly done, this will straighten out the inboard isobars. To improve the wing pressure distribution, I first designed a new wingtip. My aim straighten out the isobars near the tip of the wing, with the constraints that the wing span could not be increased and that all changes to the tip had to occur aft of the faired-in navigation light. After three design iterations, the wingtip isobars were now well-
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shaped and the calculated induced drag had decreased. Next, I designed a wing root fairing. I felt that a large convex obstruction was needed at the wing root to force the isobars forward. After several iterations, I found such a shape, and the calculated induced drag again diminished (Figures 9-10). By contrast, a conventional concave fairing was found to have little effect on the wing pressure distribution and to produce no improvement in induced drag. The traditional concave wing root fairings are not always the way to reduce drag! Once I had designed the new wing tip and wing root fairing, I translated the coordinates into a .DXF file and transmitted them to Steve Barnard. He used them to cut foam masters of the shapes and to build new parts for installation on his RV-6. Steve's flight testing snowed that the new wing tips produced a cruise speed increase of 2 kt, while the wing root fairings produced no change. Perhaps the increased wetted area of the root fairings is offsetting an induced drag reduction. Since the time this work was done, a second after-market wingtip has appeared for the RV-4 and -6. This tip, which on inspection appears to be a planar, "plain vanilla" tip, is credited in side-by-side fly-offs with increasing the top speed of the RV-6 also by 2 kt. Modeling this tip in VSAERO confirms that the induced drag is also reduced. A comparison of the stock tip with this newer tip also shows, however, that the wing span has been increased approximately 10 inches, raising the aircraft's wing aspect ratio from 4.81 to 5.17. As induced drag, by a commonly-used approximation, varies inversely with the square of wingspan, it is not surprising that increasing the aircraft's wingspan will have such an effect. Development work on winglets has shown that it is very hard to match the drag reduction due to a span increase with a winglet that doesn't increase the wingspan. We have seen here how CFD can be used to analyze the aerodynamics of a sport aircraft. Once problem areas were identified, the CFD model was used to determine modifications to improve the aerodynamics. Lastly, flight test was used to measure the effects of these modifications. In future articles, we will look at the aerodynamics of pusher aircraft, canards and historic aircraft.
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A little about myself- I'm an aeronautical engineer, specializing in applied computational fluid dynamics. I got my BSE and MSB at the University of Michigan, where I was a student of Ed Lesher is. Right out of school, I joined Sikorsky Aircraft and ended up working there for a bit over five years. I then joined on with John Roncz at his company Gemini Technologies, Inc., working with him to provide aero support to Scaled Composites and Beech Aircraft. After three years with John, I came out to the Seattle area in 1989 to work at Analytical Methods, Inc. I got my VSAERO



training back in 1984, and have used the program extensively in each of my three jobs. Being a Total Aviation Person, I've got my flying license (though I haven't flown in quite a while) and I've helped out in the construction of several homebuilts. Of late, I've been more of an armchair TAP, spending most of my free time modeling aircraft in
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