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Aerodynamics is an engineering science concerned with the interaction between bodies and the atmosphere. Technological applications include: General aviation (commercial, cargo, and business aircraft); V/STOL vehicles (helicopters, some military aircraft, tilt rotors); lighter-than-air vehicles (airships, balloons, aerostats); aerodynamic decelerators (parachutes, thrust reversal devices); road vehicles (passenger and racing cars, commercial vehicles, high speed trains); spacecraft, missiles and rockets, low- to high-speed flight (micro air vehicles to hypersonic waveriders), high altitude flight, human powered flight, unmanned flight, gliders, energy conversion systems (wind and gas turbines); propulsion systems (propellers, jet engines, gas turbines). 
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The number of aerodynamic systems that can be found is incredibly large. Here we present a short (and by any means incomplete) list of systems that are related with the aerodynamics topics discussed in linked pages. 

Single components are basic aerodynamic shapes that are generally studied alone: airfoils and wings are among the most well known. Other components are only used as add-ons to promote specific aerodynamic performances, for example slots, dams, spoilers, fairings, fences, canards, strakes, flaps, vortex generators, splitter plates, tip devices, etc. 

Fixed-Wing Aircraft

McDonnell-Douglas C-17 on a demonstration flight. The plane is designed for take off and landing on short runways. High lift systems are required. 
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Lift is a force in a direction normal to the velocity. It is due to both pressure and viscous contributions. The weight of the pressure component is generally far more important; when the viscous component is effective, it works as to reduce the total amount of lift obtainable by an aerodynamic system. 

Importance of the Subject

High lift systems are required in aeronautics to produce higher maneuverability, for higher endurance under engine failure, for lower take-off and landing speed, higher pay-load, for aircraft weight constraints, maximum engine power limits, etc. 

High lift systems are of the utmost importance in human powered flight, unpowered gliding, etc. High lift systems are also used (differently) in racing cars and competition sailing boats. 

The picture below shows the cargo plane C-17 Globemaster with high lift system in operation during a slow landing phase. 

Flow Phenomena

Flow phenomena of multi-element wings include: wakes from upstream elements merging with fresh boundary layers on downstream elements; flow separation in the the cove regions; flow separation on the downstream elements, especially at high angles (landing configurations); confluent boundary layers; high- curvature wakes; high flow deflection; possible supercritical flow in the upstream elements, see figure below. 
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Figure 2: Multi-element wing 

Two boundary layers are confluent when they develop on different solid surface and come together (generally at a different stage of development). 

Confluent boundary layers can be identified by studying the local velocity field. Flow separation occurs in cove regions because of the high curvature associated with locally high speed. High speed can also be the reason of supercritical regimes in aircraft configurations. 

Maximum Lift

The maximum lift obtainable by a single/multi element wing (or by more complicated devices) is generally attributed to flow separation on the suction side, and on the maximum suction peak. The two problems are somewhat dependent. 

Airfoil characteristics that have a strong effect on the maximum lift coefficient are: camber and thickness distributions, surface quality, leading edge radius, trailing edge angle. 

CLmax also depends on the Reynolds number. At a fixed Reynolds number, the operation on the above parameters must remove or delay the flow separation, and delay the pressure recovery on the suction side, along with a number of other details. 

Prediction of Maximum Lift

Accurate prediction of the maximum lift coefficient for an airfoil or wing is still considered an open problem in computational aerodynamics. This difficulty is due to the approximation of the boundary layer conditions at various stages of turbulent transition and separation, besides the proper modeling of the turbulent separated flows. 

An empirical formula correlating wing CLmax of a swept wing to the main geometric parameters of the high-lift system was derived at the Research Aeronautical Establishment (RAE, UK) in the late 1970s. More recent work was done at McDonnell- Douglas (Valarezo-Chin, 1994). 

Vortex Lift

The lift force from a wing can be augmented by appropriate manipulation of separation vortices. Basically, this can be done in two ways: with highly swept wings (delta wings) and strakes. The longitudinal vortex has the effect of shifting the stagnation point on the suction surface of the wing (Pohlamus, 1971). 
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Figure 3: Vortex Lift 

High-Lift Systems

High lift can be produced by aerodynamic design of single components, design of entire systems, integration of already existing systems, ad hoc technical solutions. The most important methods are the following: 

· High-lift wing design 

· Multi-element lifting systems 

· Boundary Layer Control 

· Propulsive Lift 

· Other Technical Solutions 

Powered vs Unpowered Systems

There is a broad classification among all high lift systems: that is between powered and unpowered. The range of applications in aviation is discussed below. The data collected in the figure below have been elaborated from Airbus research (Flaig and Hilbig, 1993). Performances of the C-17 and the YC-14 have been guessed. 

Data available on CD-ROM 

High-Lift Airfoils

In order to obtain high lift from an airfoil the designer must increase the area enclosed by the pressure coefficient (Cp), that is: the pressure on the lower side must be as high as possible (pressure side), the pressure on the upper side must be as low as possible (suction side). The latter requirement is in fact the most difficult to fulfill, because low pressure is created through high speed, and high speed triggers flow separation. Flow separation can be limited at high speed by turbulent transition. 

Pressure Distribution

One idea commonly used in design is to control the pressure distribution on the upper side as to maintain the flow at the edge of separation. 

The more separation is delayed the higher the lift coefficient. This is obtained through a flat top and a gradual pressure recovery (Stratford recovery). Airfoils designed with this approach can exhibit aerodynamic efficiencies L/D of up to 300 ! 

Multi-Element Airfoils

Generally speaking, a multi-element airfoil consists of a main wing and a number of leading- and trailing-edge devices. The use of multi-element wings is a very effective method to increase the maximum lift of an aerodynamic system. 

The Slat

The first element to be added to a main wing was a leading edge slat (Handley-Page, Lachmann, 1917). The solution worked, but it was not clear how. For many years is was assumed that the leading-edge slat was a boundary layer control device (Betz, 1920). 

Smith (1972) proved that the slat is so effective because of its strong effect on the inviscid pressure distribution. 

The leading-edge slot deviates the streamlines, creates a downwash on the main element and modifies markedly the leading edge suction peak. 

Later on, more elements were added to the main wing. A three-element configuration (with leading-edge slat and trailing-edge flap) is classic, but the technology has improved. A system with increasing number of elements provides an increasing amount of lift. This increase is however associated with an increase in drag. 

High-Lift Wing Systems



Technical solutions include strakes, various types of flaps (Kruger flap, Fowler flap, compound flap, split flap, jet flap, etc.), droop nose, ground effect, dams, spoilers, maximum possible speed and lifting area, wing sweep, etc (McCormick, 1994). Fig. 1 below shows a typical wing arrangement on a modern transonic commercial aircraft. 
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Figure 1: Some leading edge high lift devices 

Leading-Edge Devices

Fig. 2 below shows a few examples of high-lift devices. The most common arrangment is the ventilated slat. 
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Figure 2: Some leading edge high lift devices 

An example of lift characteristics for such a lifting configuration is given in the figure below. 
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Figure 3: Lift characteristics of a wing with a L.E. slat 

Trailing-Edge Devices

Some trailing-edge devices are sketched in the figure below. 
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Figure 4: Some trailing-edge high lift devices 

Design Issues for High-Lift

A fundamental problem involved in high-lift design is the evaluation of the computational tools. There is always the possibility of failing to meet the design target. 

Optimization and design cannot be approached by using the wind tunnel alone, because extensive parametric testing is time consuming and economically unaffordable. In fact, only the final design is generally build and tested in a wind tunnel at the design conditions. 

The design is complicated by the mutual interaction (interference) among the aerodynamic components. Industry is in fact interested in integrating each component into a more complex aerodynamic system (aircraft design, turbomachinery, etc.), besides optimizing a single device. 

With the improvement of the computational capabilities a more rational approach to design and optimization has become possible. The use of wind tunnel techniques is complementary and now in a process of closer integration. 

Examples from the real world include the design multi-stage turbines for aircraft and power generation, aircraft design, internal flows in pipes and channels for pumps, compressors and exhaust gas. 

Computational Methods

In the past few years the computational methods for high lift have been converging toward Navier-Skotes solvers (unstructured, and multi-block structured), although methods including strongly interactive boundary layers have proven to be almost as successful. 

The method of computation depends on the complexity of the problem (2-D, 3-D, number of high-lift bodies, precision requirements, turbulence modeling, etc.). 

The figure below shows the pressure field around an inverted 2-element wing for racing applictions. The flow field was computed with a structured multi-block Navier-Stokes code. 
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Figure 4: pressure field around multi-element inverted wing. 

Lighter-than-Air Systems

Lighter-than-air are basically balloons and airships (or dirigibles). The balloons are the first machines that were able to lift from the ground with a man on board. Airships came at a much later time, and they are usually associated with pleasure journeys across the Atlantic or major disasters (or both). Either way, lighter-than-air have captured the fantasy of many, not least writers of fiction...
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The Balloon

The balloon qualifies has the first successful lighter-than-air flying machine, with over 200 years of history. The first manned flight is attributed to the Montgolfier brothers in 1783. Yet the appeal of flying on a balloon has not diminished. According to some estimates over 1000 balloons, Ref. 2, are built every year. 

Over the years the balloon has fascinated writers and dreamers. The French writer Jules Verne wrote the adventure book "Five Weeks in a Balloon" (1870). After dozens of attempts only recently (March 26, 1999) the first successful non-stop flight around the world was made (Breitling Orbiter III). The flight lasted over 19 days to cover a distance of 42,610 Km. 

Balloons are nowdays employed for scientific exploration in the lower and upper atmosphere (telemetry, ocean circulation, cosmic radiation, solar physics, ozone depletion). balloons and airships appear often fair shows. 

The Airship

Other lighter-than-air vehicles are the airships ... They are now days employed for military and scientific flight operations, unmanned recoinnassance, as TV platforms, lift transport, and other commercial exploitation. Gone are the days of the gigantic airships used for exploration (Arctic regions) and transatlatic flight. Worth mentioning are the Zeppelins and Hindenburgs of the 1920s and 1930s. 

Aerodynamic Decelerators

Aerodynamic decelerators include parachutes, thrust reversal systems and aerodynamic brakes, although only the first ones (broadly called parachutes) are generally treated in this category. Parachutes have many applications in military operations, deployment of payload, rescue operations and sports, as shown in the photo at right. 
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The parachute is an aerodynamic system belonging to the class of aerodynamic decelerators. It is in fact used also for deceleration of aircraft and spacecraft on short runways, and delivery of payload into inaccessible areas. Some parachutes are known to be so precise that they can land on ... a dime. 

The photo at right was taken at a sport event in the Arizona desert (1997). The airmen were in fact able to land on the target with amazing precision. 

HOW IT WORKS

The main idea behind the parachute is to create a bluff body of large aerodynamic drag. Drag coefficients higher than 4 can be produced. 

Basically, all models require inflation of the canopy shortly after the parachute canopy is released from the deployment bag. Air starts flowing into the canopy, which has the effect of increasing the pressure over the air flowing around. 

The canopy expands outward due to the radial component of the pressure. This makes more air flowing in, which in turns causes a faster expansion. The process continues until all the forces (radial, axial and inertia) are balanced. At this point the parachute assumes a constant speed, said of terminal descent. 

MORE PHYSICS

During the inflation process there are very strong dynamic forces, among which the aerodynamic drag plays an important role. The amount of these forces and the size and shape of the payload determines the speed of terminal descent. The payload is ideally an axial-symmetric slender body. 

Large non symmetric bodies create a wake flow that interferes with the air captured by the canopy, either slowing the inflation process or creating an unsymmetric situation wherein the operation is compromised. 

The deformation of the canopy creates a strongly non linear interaction between the aerodynamics and the structure. The aerodynamics is that of a bluff body, which is one of the most difficult problems in terms of quantitative prediction. 
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The sinking speed (or rate of descent) U depends on the drag coefficient, on the frontal area of the canopy and the total weight of the parachute. In a vertical descent it is simply a balance between the aerodynamic force (upwards) and the wight (downwards). 

Buildings Aerodynamics

A wide variety of buildings is subject to particularly strong aerodynamic forces. These systems include industrial towers, long suspension bridges, and off-shore platforms. The figure at right shows two industrial towers equipped with spirals in order to reduce the vortex drag. This technical solution serves to promote turbulent separation around a cylinder, thus creating a drag crisis at lower wind speeds. 
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Drag of Well Known Bodies

Flat plate, circular cylinder, sphere and cones have been widely studied over the years, and the amount of data collected is staggering: in particular drag data are available from the smallest Reynolds numbers (unity and below), to the largest Mach numbers (hypersonic speeds). The data witness the importance of this set of bodies as a limiting case of real life problems. 

Flat Plate Drag

The effect of the velocity (or Reynolds number) on the behavior of the drag coefficient of a flat plate for both laminar and turbulent incompressible flow is shown in the figure below. The turbulent drag has been computed with various theories (von Kármán-Schoenerr, Prandtl- Schlichting, White). 
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Figure 1: Computed flat plate CD at subsonic speeds 
Current laminar wings have drag coefficients closer to the laminar curve (Blasius theory) than to the turbulent curve. The problem is, however, far more complex, since real-life flows involve a range of Reynolds numbers with transitional boundary layers. The laminar curve in Fig. 1, though, can be considered a practical barrier of the skin friction drag. 

The effect of turbulent transition on the flat plate drag coefficient is shown schematically in Fig 2. (incompressible flow) 
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Figure 2: Real flat plate CD at subsonic speeds 
At transonic and supersonic speeds the problem is complicated by the temperature gradient in the boundary layer. Semi-empirical correlations of the type shown above have been proposed (Green, Hoerner, Winter-Gaudet, etc.) to reduce the compressible skin friction coefficient to an incompressible one by using the free stream Mach number. 

Flat plate drag calculations at supersonic Mach numbers were first performed by van Driest, 1952. For details on high speed drag on a flat plate see White, 1974. 

Circular Cylinder

There is a large body of investigations on cylinders at all speeds and all aspect ratios, with fixed or rotating bodies. The infinite cylinder (e.g. cylinder of very large L/D) is one of the most amusing problems in fluid dynamics. Its rational study was first performed by von Kármán (1911), who investigated the appearance of the so called vortex trail (or vortex street), while studying the advantages of streamlined bodies for drag reduction. 

The following considerations will be restricted to the drag characteristics as function of the Reynolds number. Fig. 3 below shows a classic summary of cylinder drag coefficients, from the creeping flow domain (see below) to large Reynolds numbers. Speeds are intended as subsonic at all cases. The data show a drag crisis at about Re=500,000. 
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Figure 3: Cylinder CD at subsonic speeds 
The technical literature reports a large number of semi-empirical formulas for the CD. The experimental drag of Fig. 3 can be fitted with a simple equation. 

The finite cylinder is not less interesting. Actually, it features a great variety of wake flow patterns, instabilities and drag coefficients (Williamson, 1996). 

Sphere Drag

Fig. 4 shows the behavior of the drag coefficient for a sphere at subsonic speeds. The surface finish has been found of extreme importance in imparting aerodynamic characteristics. The two curves on the graphic refer to two different surface conditions. When the surface is rough, turbulent transition occurs earlier, and so does the drag drop. This feature is fully exploited in golf balls (Metha, 1985). 
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Figure 4: CD of a sphere at subsonic speeds 
Experiments on spheres have been perfomed up to M=12.15 in freon (to the author's knowledge.) The figure below shows the CD behavior at supersonic and hypersonic speeds (data elaborated from Cox-Crabree, 1965). 
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Figure 5: CD of a sphere at supersonic speeds 
Drag at Very Low Speeds

Very low speeds are characteristic of flows at Reynolds numbers less than a 50,000. Some airfoils still work as at Reynolds numbers as low as 30,000. Yet they become increasingly inefficient at lower speeds. This range is also that of the model airplanes, micro-propellers, and micro-air vehicles (MAV). 

Creeping Flows

At lower speeds we find many insects. Flows at Re < 10 are also called creeping flows, which are not considered properly aerodynamic. The drag characteristics at low speeds are strongly affected by the laminar separation and by viscous skin friction, according to a physics explained in the low speed chapter. 

The drag coefficient can take very unusually high values, that are approximated with the Oseen formula at Re < 1 and by the Klaycho formula at Re < 400. For extensive low Reynolds data consult Clift et. al, 1978. 

Drag reduction at low speeds is a very open problem in aerodynamics, that only recently has become object of analysis, mainly spurred by technological advances in solar powered flight, high altitude flight, unmanned vehicles, model airplains, and more. 

Drag at Transonic Speeds

At transonic speeds there are local buckets of supersonic flow delimited by shock waves. Shock waves and shock-induced boundary layer separation are a consistent source of drag at these speeds. A typical example of how the drag increases is given by the divergence Mach number for a airfoil section (below) 
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Figure 6: Transonic drag rise 
At a certain Mach number that depends on the airfoil and the angle of attack, a wave drag starts to build up because of the increasing effect of the shock wave. Once the flow is fully supersonic, the drag coefficient falls. The climb shown in Fig. 6 can be pushed toward higher Mach numbers with supercritical airfoils. 

Airfoils at Transonic Speeds

A case of particular interest is that of the airfoil section, whose transonic drag rise is dependent on the angle of attack. An example is shown in Fig. 7 below. 
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Figure 7: Transonic drag rise, with alfa as parameter 
Military Aircraft

Military aircraft feature external stores and weapons systems that can change dramatically the performance of the aircraft. Here only a comparative effect will be shown for some selected configurations, Fig. 8. 
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Figure 8: Transonic drag rise, with alfa as parameter 
Methods for reducing the drag at transonic speeds include the use of 

· Wing Sweep Back 

· Thin Airfoils 

· Supercritical Airfoils 

· Boundary Layer Control 

· Transonic Area Rule 

Drag at Supersonic Speeds

As in the case of lower speeds, drag is produced by viscosity and vorticity release. There is one more component, called wave drag, peculiar to supersonic flows. In general the total drag will consists of the skin friction (viscous) drag, the induced drag (as in subsonic flows), the (supersonic) drag due to volume, and the (supersonic) wave drag due to lift. 

Supersonic flows are considered well behaved and more stable, as compared with transonic flows, because the problem of the shock at the wall is eliminated. 

Effect of Nose Bluntness

Bodies of minimum drag at supersonic and hypersonic speeds have a blunted nose. The radius of a blunt body is an essential parameter in determining the heat flux. 
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Figure 9: Hypersonic CD for sphere and cone 
Supersonic Area Rule

The problem of computing and minimizing the wave drag is fairly complicated, because of several different sources (listed above), and because of conflicting constraints. 

A general practice is the supersonic area ruling: The wave drag is minimized if the distribution of cross-sectional area along the longitudinal axis is a smooth function. The combination of wing-body interference, in fact, can be reduced to a slender body optimum drag problem, for which the solution is known (Sears-Haack, 1947; von Kármán, 1948). 

Elliptic Wings

The wave drag due to lift is minimized when the loading on each oblique plane is elliptical. The wave drag due to volume is at a minimum when each equivalent body of revolution (opportunely defined) is a Sears- Haack body. 

Overall minimum induced drag can be obtained with an oblique wing of elliptical planform having elliptical loading (R.T. Jones, von Kármán). Elliptical loading distribution can be obtained by twisting the wing. 

Another approach to drag minimization is the use of flow-reversal theorems ( von Kármán, Hayes, Jones, Graham et. al.). See Ashley-Landhal (1965) and Heaslet-Spreiter (1953) for details. 

