1.0 AERODYNAMICS AND WING CONFIGURATION






Prior to initiating other aspects of the design process, an assessment of aerodynamic concerns was crucial in determining the preliminary design, specifically in terms of the wing configuration. As such, aerodynamic analyses were conducted using XFOIL
, XFLR5
, and a full 3-dimensional simulation was computed using CFD++
.

1.1 Initial Configuration

At the onset of the design process, a number of options were considered, among which were a conventional rectangular wing, a biplane, a flying wing, and a joined-wing configuration. However, both the joined wing and biplane configurations were quickly ruled out due to their structural complexities. A flying wing and conventional configuration was further investigated. In order to produce a flying wing, a high lift airfoil with a near zero moment would be required. In addition, a configuration with the required moment arm for pitching control surfaces was highly impractical to produce for a flying wing configuration. Hence, a conventional configuration with a single wing, horizontal and vertical tail, and a fuselage, was chosen due to the simple construction and analysis associated with this configuration. 
1.2 Wing Configuration Refinement

The initial main wing analysis was performed using XFLR5. XFLR5 is a code which incorporates XFOIL, Vortex Lattice Method (VLM) and Lifting Line Theory (LLT) into one package, allowing both airfoil as well as wing analysis to be performed in a single environment. Caution must be taken when deciding on which method to use when analyzing a wing. The VLM method will work for any wing configuration, however because it is a linear method it does not predict any stall behavior. The LLT on the other hand generates a lift distribution based on the airfoils used, and hence accounts for non-linear effects and captures the stall if the wing. The down side to this method is that it is not accurate when large amounts of sweep on the wing. Furthermore, because the VLM method calculates pressure distributions it more accurately predicts moments than LLT. For our analysis, LLT was used to calculate lift and drag on the wing, and VLM was used to verify that any sweep angles tested did not invalidate the LLT. In addition, in order to make valid comparisons between wing configurations, the airfoil and area of each wing was held constant. The airfoil was a simple NACA 0012.

The ideal wing has a perfectly elliptical lift distribution, which leads to an approximately 7% reduction of induced drag compared to a rectangular wing of the same aspect ratio
. There are several ways to achieve an elliptic lift distribution, one of which is to construct an elliptical wing. However, such a wing requires complicated manufacturing techniques. In addition, an elliptical wing crates a constant lift coefficient over the span which leads to entire wing simultaneously stalling with complete a loss of control of the aircraft. A near elliptical lift distribution can be achieved by applying a 0.45 taper ratio, or sweeping the wing forward 22°. In order to achieve a near elliptical lift distribution, while creating a desirable coefficient of lift distribution, a combination of sweeps and taper ratios was investigated.

As see in Figure 3.1, a taper ration which originates from the center of the wing, cause a reduction if lift coefficient at the center of the wing with the maximum lift coefficient occurring midway between the center and tip on each side of the wing, which concise with the aileron location. This type of a lift coefficient distribution would cause the wing to initially stall at the aileron location before the root of the wing stall; hence, the wing will loose aileron control before the entire wing stalls and subsequently causing a loss of control of the airplane. By introducing a constant chord section at the root, the lift coefficient at is increased at the root of the wing, however the lift coefficient still remains high at the ailerons. This was corrected by utilizing a forward sweep on the tapered section of the wing. Hence, the final lift coefficient distribution has a maximum lift coefficient near the root of the wing causing this section to stall before the ailerons and producing a wing which maintains controllability during the initial stages of a stall. 

Traditionally, wings are swept back on aircraft in order to decrease the effective chord to thickness ratio and hence increase the critical Mach number for high speed flight. Forward swept wings have been rarely used on practical aircraft due to the complicated structural requirements. During a pitch up motion, a backward swept wing will naturally twist down at the wing tips causing a reduced Angle of Attack (AoA) and forcing the desirable feature of the stall to initially occur at the root of the wing. However, for a forward swept wing, the wing tips tend to twist upward causing an increased AoA near the tip, hence causing the loss of aileron control. Fortunately, due to the relatively small load and size of the wing at hand these problems do not pose a large concern.

	
[image: image1]

	Figure 3.1: Lift coefficient distribution for various wing configurations


Several configurations were investigated with different taper ratios, constant chord sections, and forward sweeps. The final wing configuration in Figure 3.2, where bw is the wing span, has a constant chord at the root reaching 25% of the wing semi-span, a taper ratio of 0.6 at the outer section, and a quarter chord forward sweep on the tapered section of 8°. The wing span is the set 94.488 in, with a Mean Aerodynamic Chord (MAC) of 20.6 in, and wing area of 1901 in2. During the stability and controls investigation of the airplane, a 7° dihedral was introduced on the tapered section. Details for this requirement are presented in the stability and controls section.
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	Figure 3.2: Final main wing configuration



1.3 Airfoil Selection

Because this aircraft does not have a long range requirement, and sole purpose is to acquire a maximum payload fraction, only high lift airfoils were considered during the design process. The highest lifting airfoils are generally shaped similar to a turbine blade with high cambers and maximum thicknesses near or forward of the quarter chord, and addition they are generally plagued with a high moment. These airfoils were initially evaluated using XFOIL and available experimental data in order to reduce the number of airfoils to a select few. Some airfoils were excluded from a manufacturing point of view due to an extremely thin portion of the airfoil, typically located near the trailing edge (e.g. the Selig S1223). Far too many airfoils were evaluated to include them all in this report, but a comparison of two high lift airfoils is presented in order to exemplify the process. The Eppler E423, and the Althaus AH 94-145 in Figure 3.3 are compared here, each airfoil with a maximum lift coefficient of 1.9 at 13° AoA and 1.6 at 9° AoA respectively. 
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	Figure 3.3: The Eppler E423 and Althaus AH 94-145 airfoils



Once the number of airfoils was narrowed down, the wing each airfoil required was also accounted for in the comparison. From previous experience with the OS 0.61 FX engine, an estimated takeoff speed of 40 fps, as well as maximum total takeoff weight of 32.5 lbf was used to calculate the required wing area for a given airfoil. Although 32.5 lbf is above not the anticipated total takeoff weight, it was used in order to account for imperfections in both design and construction of the aircraft. The lift of lift coefficient for each airfoil was calculated by dividing the maximum lift coefficient from the airfoil by 1.22, because lift of velocity typically is 1.2 times the stall speed. The required wing area was then calculated from the lift of coefficient and takeoff speed based on equation 3.1.
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Here, Wmax is the maximum takeoff weight, VLO is the lift of speed, CL_LO is the lift off lift coefficient, and ρ is the air density.

Once the proper wing areas were calculated for each airfoil, the wings were again analyzed in XFLR5. [Why Lift instead of Cl????] Lift vs. drag of each of the wings is illustrated in Figure 3.4, where it is evident that the lift and drag of both wings are identical once the lift exceeds approximately 19 lbf. This point corresponds to a 0° and 3° AoA for the E423 and AH 94-145 wing respectively. In other words, for positive angles of attack, both wing have identical lift and drag performance, with only a shift in angle attack. However, due to the higher lift coefficient associated with the E423, the E423 wing only requires 84% of the wing area of the AH 94-145 wing. Similar results were found when other airfoils were compared to the E423. Therefore, because the E423 both has a higher stall angle and requires a smaller and lighter wing, it was chosen as the airfoil of the main wing.
	[image: image14.wmf]

	Figure 3.4: Drag polar for wing with two different airfoils



For the horizontal and vertical tail, a NACA 0012 airfoil is utilized. This airfoil was chosen because of its simplistic construction as well as satisfying minimal interior space for servo mounting.

1.4 Aircraft Computational Fluid Dynamics
Computational Fluid Dynamics (CFD) is a viable and comprehensive way to compute 3-dimensional pressure distributions over complex geometries which would normally require extensive calculations over a much simplified geometry. Using industry tools for automotive and airplane design and analysis, it was possible to solve non-linear equations over the actual surfaces expected to result from the construction process.

After fully designing the aircraft, a solid model was created in SolidWorks. Exported as a database, the geometry was then imported into Gridgen, a meshing software for developing computational domains for finite difference and finite volume calculations. Adequate resolution for an incompressible, viscous flow was obtained with an unstructured, single block mesh comprised of over 2 million elements. Using Metacomptech’s CFD++ it was unnecessary to create a well defined, structured boundary layer. The wall function scheme required only that points be specified within a few millimeters of the surface for the desired resolution. In order to match the analysis previously performed on the aircraft design, the propeller was ignored. The non-surface boundary conditions at the far-field (where no flow disturbance would be detectable, typically 50 to 75 wing chord lengths) were represented by a pressure-temperature-velocity boundary condition, which used appropriate quantities to solve the elliptic, incompressible Navier-Stokes equations.

Using well developed methods for initialization and flow solving in CFD++ it was possible to obtain pressure distributions on all surfaces of the aircraft, including the landing gear and engine components (though the prop was ignored). This allowed an overall CD and CL for the aircraft to be determined at a variety of angles of attack. The obtained parameters were then compared to the previous analysis.

After correlating the CFD analysis with the aircraft performance data, boundary conditions were added to appropriately simulate the pressure rise and induced swirl of a fan. The data collected would then be used to make educated estimates for the total vehicle performance.
1.5 Total Aircraft Aerodynamics

After determining the final aircraft configuration, a series of parametric models were developed in MathCAD
, which provided the necessary aerodynamic characterization of the total aircraft. In order to maintain a parametric model, the drag polar produced from XLFR5 were not used directly in the MatchCAD models, but rather as a guideline when tweaking parameters. For instance, the total drag for each lifting surface was constructed by summing the profile drag of the airfoil with the induced drag. The drag of the main wing is depicted in Figure 3.5 as an example of this. Once the drag for each component of the aircraft had been established, the total trimmed aircraft drag was produced as the sum of all components through the “D/q” method as seen in Figure 3.6. Similarly, lift was summed up over the wing and horizontal tail, which gave the final full aircraft lift curve in Figure 3.7 and drag polar in Figure 3.7. The trimmed condition was achieved by calculating the required elevator deflection required at each AoA in order to produce a zero moment.

A highly favorable feature of the E423 airfoil is high AoA which stall occurs, as seen in Figure 3.7, occurs at about 19° AoA. Furthermore, the E423 maintains a high lift coefficient for AoA going down to -5°. This gives a desirable wide effective AoA operating range for the aircraft. Furthermore, from Figure 3.6, the minimum drag of the aircraft occurs at -1.4° AoA.
The lift to drag ratio (L/D) for the aircraft can be seen in Figure 3.8, where maximum L/D of 11:1 occurs at 0° AoA. This L/D is relatively small compared to other aircraft which typically have an L/D on the order of 30:1. However, because a high L/D is desirable to increase the range of an aircraft, and the mission range for this aircraft is relatively short, a small L/D is acceptable.

[There has to be something else to say about the total aircraft aerodynamics, but I can’t think of anything.]
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	Figure 3.5: Drag buildup for the main wing
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	Figure 3.6: Trimmed total drag build up 
	Figure 3.7: Trimmed and untrimmed total lift
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	Figure 3.7: Drag polar for the aircraft

	Figure 3.8: Lift over drag vs. AoA
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