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6. Aerodynamics of 3D Lifting Surfaces through Vortex Lattice Methods 6.1 An Introduction There is a method that is similar to panel methods but very easy to use and capable of providing remarkable insight into wing aerodynamics and component interaction. It is the vortex lattice method (vlm), and was among the earliest methods utilizing computers to actually assist aerodynamicists in estimating aircraft aerodynamics. Vortex lattice methods are based on solutions to Laplace’s Equation, and are subject to the same basic theoretical restrictions that apply to panel methods. As a comparison, vortex lattice methods are: Similar to Panel methods: • singularities are placed on a surface • the non-penetration condition is satisfied at a number of control points • a system of linear algebraic equations is solved to determine singularity strengths Different from Panel methods: • Oriented toward lifting effects, and classical formulations ignore thickness • Boundary conditions (BCs) are applied on a mean surface, not the actual surface (not an exact solution of Laplace’s equation over a body, but embodies some additional approximations, i.e., together with the first item, we find ∆Cp, not Cpupper and Cplower) • Singularities are not distributed over the entire surface • Oriented toward combinations of thin lifting surfaces (recall Panel methods had no limitations on thickness). Vortex lattice methods were first formulated in the late ’30s, and the method was first called “Vortex Lattice” in 1943 by Faulkner. The concept is extremely simple, but because of its purely numerical approach (i.e., no answers are available at all without finding the numerical solution of a matrix too large for routine hand calculation) practical applications awaited sufficient development of computers—the early ’60s saw widespread adoption of the method. A workshop was devoted to these methods at NASA in the mid ’70s.1 A nearly universal standard for vortex lattice predictions was established by a code developed at NASA Langley (the various versions were available prior to the report dates): Margason & Lamar2 Lamar & Gloss3 Lamar & Herbert4,5
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6 - 2 Applied Computational Aerodynamics Each new version had considerably more capability than the previous version. The “final” development in this series is designated VLM4.997. The original codes could handle two lifting surfaces, while VLM4.997 could handle four. Many, many other people have written vortex lattice method codes, some possibly even better than the code described in the NASA reports. But the NASA code’s general availability, versatility, and reliability resulted in its becoming a de-facto standard. Some of the most noteworthy variations on the basic method have been developed by Lan6 (Quasi-Vortex Lattice Method), Hough7, DeJarnette8 and Frink9. Mook 10 and co-workers at Virginia Tech have developed vortex lattice class methods that treat flowfields that contain leading edge vortex type separation (see Section 6.12) and also handle general unsteady motions. The recent book by Katz and Plotkin 11 contains another variation. At Virginia Tech, Jacob Kay wrote a code using the method of Katz and Plotkin to estimate stability derivatives, which is available from the department web page.12 To understand the method, a number of basic concepts must be reviewed. Then we describe one implementation of the vlm method, and use it to obtain insights into wing and wing-canard aerodynamics. Naturally, the method is based on the idea of a vortex singularity as the solution of Laplace’s equation. A good description of the basic theory for vortices in inviscid flow and thin wing analysis is contained in Karamcheti,13 pp. 494-496, 499-500, and 518-534. A good description of the vortex lattice method is given by Bertin and Smith.14 After the discussion of wing and wing-canard aerodynamics, an example of a vortex lattice method used in a design mode is presented, where the camber line required to produce a specified loading is found. The chapter concludes with a few examples of the extension of vortex lattice methods to treat situations with more complicated flowfields than the method was originally intended to treat. 6.2 Boundary conditions on the mean surface and the pressure relation An important difference between vortex lattice methods and panel methods is the method in which the boundary conditions are handled. Typically, the vortex lattice method uses an approximate boundary condition treatment. This boundary condition can also be used in other circumstances to good advantage. This is a good “trick” applied aerodynamicists should know and understand. In general, this approach results in the so-called “thin airfoil boundary condition,” and arises by linearizing and transferring the boundary condition from the actual surface to a flat mean “reference” surface, which is typically a constant coordinate surface. Consistent with the boundary condition simplification, a simplified relation between the pressure and velocity is also possible. The simplification in the boundary condition and pressure-velocity relation provides a basis for treating the problem as a superposition of the lift and thickness contributions to the aerodynamic results. Karamcheti 13 provides an excellent discussion of this approach.
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Aerodynamics of 3D Lifting Surfaces 6 - 3 To understand the thin airfoil theory boundary condition treatment, we provide an example in two dimensions. Recall (from Eqn. 2-54) that the exact surface boundary condition for steady inviscid flow is: V ⋅n = 0 (6-1) on F(x, y) = 0 = y − f (x) . The unit normal vector is n = ∇F(x, y) / ∇F(x, y) and the velocity field is defined using the notation defined in Fig. 6-1.
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V∞ cosα Figure 6-1. Basic coordinate system for boundary condition analysis.



Define the velocity components of V as: V = V∞ +



(6-2)



q(x,y) 123



a disturbance velocity



where q is a disturbance velocity with components u and v. If we assume irrotational flow, then these components are described in terms of a scalar potential function, u = ∇φx and v = ∇φy. The total velocity V then becomes in terms of velocity components: uTOT = V∞ cosα + u(x,y) vTOT = V∞ sinα + v(x, y)
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and we can write out the boundary condition as:  ∂F ∂F  V ⋅n = (uTOT i + vTOT j) ⋅  i+ j = 0  ∂x ∂y  or



∂F



(6-4)



∂F



[V∞ cosα + u(x, y)] ∂x + [V∞ sinα + v(x, y)] ∂y = 0 on F(x,y) = 0, and recalling the relationship between F and f given below Eqn. (6-1):
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6 - 4 Applied Computational Aerodynamics ∂F = ∂x ∂F = ∂y



∂ df (x) { y − f (x)} = − ∂x dx . ∂ { y − f (x) } = 1 ∂y



(6-7)



Substituting for F in Eq.(6-5) we have:



(V∞ cosα + u ) −



df   + (V∞ sinα + v ) = 0 dx 



(6-8)



which, solving for v, is: df (6-9) − V sinα dx ∞ on y = f(x). Note that v is defined in terms of the unknown u. Thus Eq. (6-9) is a nonlinear v = ( V∞ cosα + u )



boundary condition and further analysis is needed to obtain a useful relation.* 6.2.1 Linearized form of the boundary condition The relation given above by Eq.(6-9) is exact. It has been derived as the starting point for the derivation of useful relations when the body (which is assumed to be a thin surface at a small angle of attack) induces disturbances to the freestream velocity that are small in comparison to the freestream velocity. Thus we assume: u 
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