Bernoullis and the physics of lift 


Alexander McKee begins his fascinating book, Great Mysteries of Aviation, with the observation that the most puzzling mystery in the history of aviation is why it took so long for humankind to learn to fly. With so much intellectual and physical energy devoted to a single problem for so long, one might have expected someone to stumble on the secret, if only by accident, long ago. What was the obstacle? The problem is that the physical principles that lie at the foundation of flight are counterintuitive; indeed, the mechanics of flight were ultimately revealed after some  fancy manipulation of the physics and mathematics created by Sir Isaac Newton in the late 1600s. Not only were the theories of Aristotle, Bacon, Leonardo, and the rest all wrong, but the true principles of flight, including how birds stay aloft, were simply un-guessable and un-observable. 
It took several remarkable scientists, including members of a celebrated family of scientific giants, to piece together the puzzle. For all the triumphs of Newtonian physics—from explaining the tides to predicting comets—Newton had little success in applying his methods to fluids and fluid dynamics. Along came the Bernoullis, a Swiss family among whom were some of the most important contributors to the development of mathematics and science in the seventeenth and eighteenth centuries. The two key figures in this family were Johann (1667—1 748), who made the University of Basel in Switzerland the centre of European science in its day, and his son Daniel (1700—1782). In 1725, Daniel accepted an appointment in St. Petersburg, Russia, where he stayed for eight years and did some of his most important work. He managed to take a friend with him: the great mathematician Leonhard Euler, who had been a student of Johann Bernoulli back in Basel. 
In 1734, Daniel completed his famous work Hydrodynamica,  which was not published until 1738. In addition to coining the word “hydrodynamics,” Daniel laid out the basic principles of the new science, applying Newton’s basic laws to simplified cases of fluid dynamics. Out of this work came Bernoulli’s Principle (or Law), which Euler helped express as a mathematical equation known as Bernoulli’s Equation. What Bernoulli found boiled down to this: when a fluid is moving—through a pipe or conduit, or simply over any surface—it exerts pressure in all directions: against anything that is in the way of its flow, as well as against any surface it touches. For example, as water flows through a garden hose, you can feel the pressure of the water against the inner wall of the hose if you try to squeeze the hose. Now, if the fluid is non-compressible (meaning it can’t he squeezed into a smaller volume, which is true of water, in most ordinary circumstances), and if there is no change in the amount of fluid flowing (meaning nothing is leaking out or coming in), then the faster the fluid is flowing, the lower its pressure against the surface it’s flowing over will be. 
That means that when you pinch the garden hose slightly in the middle and the water keeps coming out of the end at the same rate, then the water must be travelling through the pinched portion a little faster (since the same amount of water is passing through that section of the hose as before). Our intuition is that faster water exerts greater pressure (and it does, but only in the direction of the flow), but the pressure of the faster water against the wall of the hose (which is perpendicular to the direction of the flow) is less—a total surprise. Euler gave Bernoulli’s work mathematical form (with the help of the work of French mathematician Jean le Rond d’Alembert), and Johann, Daniel’s father, made it intuitively palatable in his 1743 work, Hydraulica (which he tried to pass off as having been written in 1728). 
Now, as to flying: if a sleek, symmetrical wing is in an air flow so that air is passing over it and under it, the flow can be considered non-compressible and a closed system—a few feet back (if the wing is sleek enough and the wind is not too strong), one wouldn’t even know the air took a little detour around the wing. As the air flows over the wing’s surface, it too exerts pressure in two directions—in the direction of its flow (that’s the force of the wind) and perpendicular to its flow against the surface of the wing. But since the air has to travel a greater distance to flow around the wing, it speeds up, and by Bernoulli’s Principle it exerts less pressure on the surface of the wing. 
Since the wing is symmetrical (a teardrop shape in cross-section), the reduced pressure is the same both above and below. Now what happens if we slice the wing in half, so that the lower surface is straight (and the air flows across it in a straight line), hut the upper surface is curved (and the air speeds up only when flowing over that surface)? The pressure of the air on the upper surface drops, making the pressure of the air on the underside greater. The difference between the pressure upward on the underside of the wing and the force downward on the top surface is called “lift”; the curve of the top surface of a wing over its under surface is called its “camber.” 

After centuries of believing the very reasonable notion that, like ships floating on the ocean, birds flew in a sea of air, and that a wing (of a bird or of a successful aircraft) would have a cross-section that, like a boat, would be curved on the bottom and flat on top, the exact opposite turned out to he the case. Flight is made possible by the lift created by the pressure difference resulting from air flowing over a wing with camber, and that’s the secret of flight.
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in this situation can be written as 
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which furthermore can be expressed as 
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In other words, 


[image: image4.png]Pressure + ( kinetic energy / volume ) = constant






which is known as Bernoulli's principle. This is very similar to the statement we encountered before for a freely falling object, where the gravitational potential energy plus the kinetic energy was constant (i. e., was conserved). 

Bernoulli's principle thus says that a rise (fall) in pressure in a flowing fluid must always be accompanied by a decrease (increase) in the speed, and conversely, if an increase (decrease) in , the speed of the fluid results in a decrease (increase) in the pressure. This is at the heart of a number of everyday phenomena. As a very trivial example, Bernouilli's principle is responsible for the fact that a shower curtain gets "sucked inwards'' when the water is first turned on. What happens is that the increased water/air velocity inside the curtain (relative to the still air on the other side) causes a pressure drop. The pressure difference between the outside and inside causes a net force on the shower curtain which sucks it inward. A more useful example is provided by the functioning of a perfume bottle: squeezing the bulb over the fluid creates a low pressure area due to the higher speed of the air, which subsequently draws the fluid up. This is illustrated in the following figure. 
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Action of a spray atomizer
Bernouilli's principle also tells us why windows tend to explode, rather than implode in hurricanes: the very high speed of the air just outside the window causes the pressure just outside to be much less than the pressure inside, where the air is still. The difference in force pushes the windows outward, and hence explode. If you know that a hurricane is coming it is therefore better to open as many windows as possible, to equalize the pressure inside and out. 

Another example of Bernoulli's principle at work is in the lift of aircraft wings and the motion of ``curve balls'' in baseball. In both cases the design is such as to create a speed differential of the flowing air past the object on the top and the bottom - for aircraft wings this comes from the movement of the flaps, and for the baseball it is the presence of ridges. Such a speed differential leads to a pressure difference between the top and bottom of the object, resulting in a net force being exerted, either upwards or downwards. This is illustrated in the following figure. 
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Lift of an aircraft wing
a physical description of lift
extracts from www.rmcs.cranfield.ac.uk 
There are several "definitions" of lift that may be found by searching through the relevant literature but only one that is really fundamentally correct. Sometimes the lift is defined as "the force that is required to support the weight of the aircraft in flight". On first inspection this seems to make sense and indeed it is true in the case of steady level flight. However, it is otherwise patently not the case, e.g. when the aircraft is performing a manoeuvre. The only truly correct definition which works for all possible flight conditions is: 
the component of aerodynamic force generated on the aircraft which acts perpendicular to the instantaneous flight direction. 
This means that the lift is inclined backwards in a climb, forwards in a dive and inwards in the case of a banked turn (Fig 1). 
[image: image7.png]climbing tuming
f et / lift

TS b

steady level flight f lift

e

horizontal





Lift Force acting on an Aircraft 
The overall force may be attributed to two natural phenomena: 
  the variable static pressure distribution, acting perpendicular to the surface. 
  the variable shear stress distribution, acting tangential to the surface. 
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Static Pressure & Shear Stress Distributions 

It is clear that, as far as lift is concerned, the shear stress is secondary and contributes mainly to the drag force. The lift force itself is primarily due to the pressure distribution imbalance over the upper and lower surfaces. In particular, the production of a lower net pressure across the surface relative to the lower surface will produce an upwards lift force. It is therefore often convenient to only deal with the pressure forces when discussing the physical origin of the lift force. This will form the basis of all the following reasoning on the subject. 
Aerofoil Section
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Subsonic Aerofoil Section Geometry 
Most of this discussion on lift will be centred on typical subsonic aerofoil sections. and it is therefore worthwhile reviewing their basic geometry. This is shown above, with the camber and thickness exaggerated to aid clarity (more typically around 3% and 12% of the chord length respectively). It is worth noting that any shape may be made to produce lift , provided it is given either camber or inclined to the flow direction (i.e. given an angle of attack). It is the need to optimise the lift/drag ratio which leads to the use of the classical streamlined aerofoil sections. 
Magnus Effect 
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From the discussion on the circulation theory of lift it should be apparent that any rotating object placed in a moving air stream will produce circulation and hence aerodynamic lift. This is then known as the magnus lift and produces many familiar effects such as the top/back/side spin on tennis balls and the hook/slice of a golf ball. 
Normal Force & Lift 
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Lift/Drag and Normal Force/Axial Force
While it is mostly convenient to deal with aerodynamic lift, there are occasions when it is best to make use of a different resolution of the aerodynamic force in which it is broken down into normal force and axial force instead of lift and drag. It should be recalled that lift and drag are the resolved components relative to the airflow direction (lift is perpendicular to it, drag is parallel to it). If the total force is resolved relative to the chord line of the wing instead, then the components are known as the normal force and axial force. The vector sum of the two components will always be the same, of course, i.e. equal to the total aerodynamic force. 
A pair of general trigonometric relationships between the components may easily be derived: 
L = N cosα - X sinα 
D = N sinα + X cosα 
Clearly, in cases where the chord line and airflow are coincident (i.e. when α = 0), then L = N and D = X. The use of N instead of L is especially useful when it comes to dealing with the stability and control aspects of an aircraft. 
Lift Curves of Finite Wings 
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Aspect Ratio Effect Upon Lift Curve Slope 
The lift curve slope (a) reduces as aspect ratio reduces, as shown in Fig 1. This is due to the downwash angle produced, which reduces the effective angle of attack of the wing . A useful expression for determining the lift curve slope for an unswept finite wing is: 
a = ao / [(1 + 57.3 ao) / (π e A)] per degree 
where: 
ao is the 2-D lift curve slope, 
e is the span effectiveness (Oswald) factor, and 
A is the wing aspect ratio. 
The aspect ratio is the primary factor as both e and ao are reasonably similar for most conventional wing designs. The 2-D lift curve slope is obtained from specific aerofoil data and is theoretically equal to 2π per radian (or 0.1097 per degree) for a thin aerofoil but is more typically around 0.105 per degree. The curves are also slightly affected by Reynolds number (Re) and the application of high lift devices. 
Example
Calculate the lift curve slope for a NACA 23012 wing of 2-D lift curve slope = 0.106 per degree, aspect ratio = 10, Re = 5 x 106 and span effectiveness factor = 0.95. 
Solution: 
a = ao / [(1 + 57.3 ao) / (π e A)] = 0.088 per degree 
Wing Sweep and Mach Number Effects
Both wing sweep (Λ¼) and Mach number (M) affect the lift curve slope. A useful expression for its derivation (ref Howe) in this instance is given below: 
a = 2π / [(0.32 + (0.16 A / cos Λ¼)) (1 - (M cosΛ¼)2)½] per radian 
Note that the Oswald efficiency factor and 2-D lift curve slope terms are no longer present as it is the sweep, aspect ratio and Mach number which are the dominant factors. 
Example
Calculate the lift curve slope for a wing of aspect ratio = 10, quarter-chord sweepback angle = 33o and M = 0.82. 
Solution: a = 2π / [(0.32 + (0.16 A / cos Λ¼)) (1 - (M cosΛ¼)2)½] = 2π / 1.617 = 3.88 per radian or 0.068 per degree 
Alternative Lift Theory - Newton's 3rd Law of Motion 
An alternative explanation which is sometimes given in textbooks on flight mechanics uses Newton's laws of motion as a basis. The reasoning is that the wing deflects the air downwards so that the wing imparts a downward component to it. To do so, the wing must be providing a downwards force on the air (Newton's 1st Law). Then from Newton's 3rd Law, the air must be providing an equal and opposite reaction force on the wing. 
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Downwards Air Deflection over a Lifting Wing
This explanation is certainly better than the standard but it could be argued that this is the effect of lift rather than the cause of it. There is no doubt that air is deflected downwards and indeed that a considerable amount of air movement is required in order to provide the requisite amount of wing lift. It could, however, be the pressure distribution which is pushing the wing up and that this is really the action which is taking place. The reaction to this would then be for the wing to push the air down, with a sufficient momentum change to balance out the lift produced. This would mean that the original argument is probably the "wrong way around"!
Drag Components - Trailing Vortex Drag 
Any lift-producing surface, such as an aircraft wing, will inevitably produce compensating wing-tip vortices. This is due to the presence of a relatively low pressure on the wing upper surface compared with the lower surface. This pressure difference must equalise at the wing tips and the net result is a movement of airflow along the span of the wing, from the high pressure region to the low pressure region. The airflow therefore tends to move outwards towards the tip on the lower surface and inwards to the centre of the aircraft along the upper surface. When combined with the airstream this produces a pair of contra-rotating vortices at the wing tips. 
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Trailing Vortices Producing Downwash
The vortices force the air to move downwards across the whole span of the wing, known as downwash. Outboard of the wing tips, the air experiences an upwash flow, which explains why flocks of birds tend to fly in a V-formation. 
The downwash component produces a drag component known as either trailing vortex drag or lift-induced drag, as shown below. The downwash component may be added to the original airstream velocity vector to produce a revised airflow component which is now at a lower angle of attack than previously. Since lift is proportional to angle of attack this means that the overall lift is reduced. It also means that the lift vector is tilted rearwards as it is defined as being perpendicular to the airstream vector. If the revised lift term is now split back into its original directional components it is clear that there must be a drag term (Di) present. 
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Downwash Effect
The aspect ratio is the primary factor as both e and ao are reasonably similar for most conventional wing designs. The 2-D lift curve slope is obtained from specific aerofoil data and is theoretically equal to 2π per radian (or 0.1097 per degree) for a thin aerofoil but is more typically around 0.105 per degree. The curves are also slightly affected by Reynolds number (Re) and the application of high lift devices. 
Example
Calculate the lift curve slope for a NACA 23012 wing of 2-D lift curve slope = 0.106 per degree, aspect ratio = 10, Re = 5 x 106 and span effectiveness factor = 0.95. 
Solution: 
a = ao / [(1 + 57.3 ao) / (π e A)] = 0.088 per degree 
Wing Sweep and Mach Number Effects
Both wing sweep (Λ¼) and Mach number (M) affect the lift curve slope. A useful expression for its derivation (ref Howe) in this instance is given below: 
a = 2π / [(0.32 + (0.16 A / cos Λ¼)) (1 - (M cosΛ¼)2)½] per radian 
Note that the Oswald efficiency factor and 2-D lift curve slope terms are no longer present as it is the sweep, aspect ratio and Mach number which are the dominant factors. 
Example
Calculate the lift curve slope for a wing of aspect ratio = 10, quarter-chord sweepback angle = 33o and M = 0.82. 
Solution: a = 2π / [(0.32 + (0.16 A / cos Λ¼)) (1 - (M cosΛ¼)2)½] = 2π / 1.617 = 3.88 per radian or 0.068 per degree 
Correct Physical Explanation of Origin of Lift
A more fundamentally correct explanation for the origin of aerodynamic lift may be found by making use of the conservation laws of physics, namely mass flow (continuity) and energy (Euler or Bernoulli). 
Consider the 2-D stream tubes A and B shown below - these are originally of the same width when well upstream of the aerofoil and out of its influence. The common streamline between them is aligned with the leading edge stagnation point so acts to divide the airflow over the top and bottom surfaces. The stream tube A encounters the upper portion of the aerofoil and is "squashed" through what is effectively a smaller area. Stream tube B is squashed less resulting in a larger stream tube width relative to A. From continuity (dm/dt = ρ A V) this must mean that the velocity in A must be greater than in B. 
Either Euler's (dp = - ρ VdV) or Bernoulli's (p + ½ ρ V2 = constant) theorems may now be applied to show that pA must be less than pB. This results in the pressure distribution shown below. It can be seen that the majority of lift is due to the low pressure (suction) acting over the upper surface, particularly over the front 20% to 30%, where the flow accelerations are at their most severe. 
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Changes in Stream Tube Spacing
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Resultant Pressure Distribution 
 

t) and the table puts an equal and opposite force on the object to hold it up. In order to generate lift a wing must do something to the air. What the wing does to the air is the action while lift is the reaction. 
airplanes: how they fly 

This section is to introduce you to the forces acting on the airplane in flight.
  

	For a moment, think of an airplane moving from left to right and the flow of air moving from right to left.  The weight or force due to gravity pulls down on the plane opposing the lift created by air flowing over the wing. Thrust is generated by the propeller and opposes drag caused by air resistance to the airplane.  During take off, thrust must be greater than drag and lift must be greater than weight so that the airplane can become airborne.
For landing thrust must be less than drag, and lift must be less than weight.
the four forces acting on an aeroplane
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An airplane in flight is the centre of a continuous tug of war between four forces: lift, gravity force or weight, thrust, and drag. Lift and Drag are considered aerodynamic forces because they exist due to the movement of the aircraft through the air.  The weight pulls down on the plane opposing the lift created by air flowing over the wing. Thrust is generated by the propeller and opposes drag caused by air resistance to the frontal area of the airplane. During take off, thrust must overcome drag and lift must overcome the weight before the airplane can become airborne. In level flight at constant speed, thrust exactly equals drag and lift exactly equals the weight or gravity force. For landings thrust must be reduced below the level of drag and lift below the level of the gravity force or weight.
Thrust
Thrust is a force created by a power source which gives an airplane forward motion. It can either "pull" or "push" an airplane forward. Thrust is that force which overcomes drag. Conventional airplanes utilize engines as well as propellers to obtain thrust.
Drag
Drag is the force which delays or slows the forward movement of an airplane through the air when the airflow direction is opposite to the direction of motion of the airplane. It is the friction of the air as it meets and passes over and about an airplane and its components. The more surface area exposed to rushing air, the greater the drag. An airplane's streamlined shape helps it pass through the air more easily. 

Lift is produced by a lower pressure created on the upper surface of an airplane's wing compared to the pressure on the wing's lower surface, causing the wing to be "lifted" upward. The special shape of the airplane wing (airfoil) is designed so that air flowing over it will have to travel a greater distance faster, resulting in a lower pressure area (see illustration) thus lifting the wing upward. Lift is that force which opposes the force of gravity (or weight).
Many believe that this explanation is incorrect because flat wings (such as seen on balsa wood airplanes, paper planes and others) also have managed to create lift.
Lift is a partial vacuum created above the surface of an airplane's wing causing the wing to be "lifted" upward. The special shape of the airplane wing (air foil) is designed so that air flowing over it will have to travel a greater distance - faster - resulting in a low pressure area ( see illustration) thus lifting the wing upward. Lift is that force which opposes gravity.
Your browser does not support inline frames or is currently configured not to display inline frames. 
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Laminar Flow is the smooth, uninterrupted flow of air over the contour of the wings, fuselage, or other parts of an aircraft in flight. Laminar flow is most often found at the front of a streamlined body and is an important factor in flight. If the smooth flow of air is interrupted over a wing section, turbulence is created which results in a loss of lift and a high degree of drag. An airfoil designed for minimum drag and uninterrupted flow of the boundary layer is called a laminar airfoil. 

The Laminar flow theory dealt with the development of a symmetrical airfoil section which had the same curvature on both the upper and lower surface. The design was relatively thin at the leading edge and progressively widened to a point of greatest thickness as far aft as possible. The theory in using an airfoil of this design was to maintain the adhesion of the boundary layers of airflow which are present in flight as far aft of the leading edge as possible. on normal airfoils the boundary layer would be interrupted at high speeds and the resultant break would cause a turbulent flow over the remainder of the foil. This turbulence would be realized as drag up the point of maximum speed at which time the control surfaces and aircraft flying characteristics would be affected. The formation of the boundary layer is a process of layers of air formed one next to the other, ie; the term laminar is derived from the lamination principle involved. 
The flow next to any surface forms a "boundary layer", as the flow has zero velocity right at the surface and some distance out from the surface it flows at the same velocity as the local "outside" flow. If this boundary layer flows in parallel layers, with no energy transfer between layers, it is laminar. If there is energy transfer, it is turbulent. 

All boundary layers start off as laminar. Many influences can act to destabilize a laminar boundary layer, causing it to transition to turbulent. Adverse pressure gradients, surface roughness, heat and acoustic energy all examples of destabilizing influences. Once the boundary layer transitions, the skin friction goes up. This is the primary result of a turbulent boundary layer. The old "lift loss" myth is just that - a myth. 

A favourable pressure gradient is required to maintain laminar flow. Laminar flow airfoils are designed to have long favourable pressure gradients. All airfoils must have adverse pressure gradients on their aft end. The usual definition of a laminar flow airfoil is that the favourable pressure gradient ends somewhere between 30 and 75% of chord.
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The upper airfoil is typical for a stunt plane, and the lower airfoil is typical for supersonic fighters. Note that both are symmetric on the top and bottom. Stunt planes and supersonic jets get their lift totally from the angle of attack of the wing.
angle of attack
The angle of attack is the angle that the wing presents to oncoming air, and it controls the thickness of the slice of air the wing is cutting off. Because it controls the slice, the angle of attack also controls the amount of lift that the wing generates (although it is not the only factor).
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Zero angle of attack
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Shallow angle of attack
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steep angle of attack       


	


<>principles of aerodynamics<> 

attitude
The attitude of an aircraft refers to it's relationship to the ground. When in a level attitude, the longitudinal centreline of the aircraft is approximately parallel to the earth's surface. In this attitude, the horizon will appear to be just about on the nose of the aircraft( i.e. the top of the engine cowling is approximately aligned with the horizon). 

When the nose of the aircraft is above the horizon, this is called a nose high attitude. If the nose is below the horizon, the aircraft is in a nose low attitude. 

<> 
centre of gravity
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The weight of the airplane, pilot and passengers, fuel and baggage is distributed throughout the aircraft, as shown by the small downward arrows in the diagram. However, the total weight can be considered as being concentrated at one given point, shown by the larger downward arrow. This point is referred to as the Centre of Gravity. If the plane were suspended by a rope attached at the centre of gravity ( referred to as the CG) it would be in balance. 

The centre of gravity (CG) is affected by the way an aircraft is loaded. For example, if in a 4 place aircraft, there are 2 rather large individuals in the front seats, and no rear seat passengers or baggage, the CG will be somewhat toward the nose of the aircraft. If however, the 2 front seat passengers are smaller, with 2 large individuals in the rear seats, and a lot of baggage in the rear baggage compartment, the CG will be located more aft. 

Every aircraft has a maximum forward and rearward CG position at which the aircraft is designed to operate. Operating an aircraft with the CG outside these limits affects the handling characteristics of the aircraft. Serious "out of CG" conditions can be dangerous. 

<> 
aircraft balance
There is a balance point in the middle (called a fulcrum), with weight on both sides of the fulcrum. For an aircraft in straight and level flight, the downward forces on both sides of the fulcrum are equal. 
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<> 

In the diagram above, the fulcrum of an aircraft in flight is the centre of lift. Generally the CG is forward of the Centre of Lift, causing the aircraft to naturally want to "nose down". The elevator located at the aft end of the aircraft provides the counter-balancing force to provide a level attitude in normal flight. Normally, the pilot will "trim" the elevators, by use of the trim tab control in the cockpit, to cause the elevators to provide the correct elevator balance force to relieve the pilot from constant elevator control. 

You can readily see that loading of the aircraft, which affects the CG, is a critical consideration in properly balancing the aircraft and it's controllability. 

If the pilot pulls back on the control wheel, an "up-elevator" condition results. This forces the tail downward, causing the aircraft to assume a "nose up" attitude. Likewise, a forward movement of the control wheel by the pilot causes a "down elevator" state. This causes the tail to rise, forcing the aircraft into a "nose low" attitude. By use of the elevator trim control (a small wheel or crank in the cockpit), the pilot can cause the aircraft to remain in a nose-up, level, or nose down attitude. 

As can be seen in the diagram above, when the CG is forward, a greater downward force is required by the elevators to produce a level attitude. Likewise, when the CG is aft, the elevators must produce less downward force to maintain level flight. NOTE: If the CG gets behind the Centre of lift (the fulcrum) the aircraft becomes unstable because the CG is aft of the fulcrum. IT MAY BE POSSIBLE TO EXCEED THE TRIM CAPABILITY OF THE ELEVATORS SUCH THAT THE AIRCRAFT ALWAYS WANTS TO NOSE UP, AND BE UNSTABLE. Therefore the pilot must pay attention to proper loading of the aircraft. This will be discussed in greater detain under the subject of Weight and Balance. 

<> 

effects of attitude change
When the wing is in a given attitude with respect to the Relative Wind (R W) as shown in the diagram below, the wing produces a Vertical Lift Force (LIFT) which is perpendicular to the Relative Wind.. 
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There is also a DRAG component operating parallel to the Relative Wind in opposition to the forward motion of the wing. Drag is created as a natural part of producing lift. These two forces intersect at a point called the CL (centre of lift}, or is also called the CP (centre of pressure]. The LIFT and DRAG force vectors can be resolved into a single force vector called the RESULTANT force. 

Envision if the Angle of Attack is increased. The Vertical Lift decreases in value, and the horizontal force of Drag increases. Therefore, when a pilot wants to slow the aircraft, the nose of the aircraft must be slowly raised into a greater "nose up" attitude, causing drag to increase, thus slowing the aircraft. This increase of angle of attack has limits, however. The wing design of most small aircraft, the wing has a "Critical Angle Of Attack" (somewhere around 18° to 20°) at which point the wing ceases to create sufficient lift to fly, and the wing STALLS. The air flowing over the wing becomes so disturbed that adequate lift to sustain flight ceases, and the aircraft pitches "nose down". This is a STALL. 

The primary way to recover from a stall is to push the nose further downward, thus decreasing the Angle Of Attack so that the wing flies again. 

Also, envision in the diagram, when the pilot pushes the nose down by use of forward elevator, the Angle of Attack decreases, thus decreasing the drag. Therefore, when power is held constant, the angle of attack (nose high, level, or nose low) provides "Airspeed Control". 

Assume for example, an aircraft has been cruising at 120 knots. When the aircraft enters the landing pattern of an airport, the pilot may want to reduce speed to 90 knots. The pilot must reduce power to prevent an altitude increase, and concurrently raise the nose of the aircraft so that the drag is increased sufficiently to slow the aircraft to 90. Later, when on the final approach for landing, the pilot may wish to slow even further, say to 70 knots. Power can be further reduced and the nose raised further, to again increase drag. In addition, the pilot may add 10,20 or 30 degrees of flaps to add an additional drag and lift. 

The important point is that ATTITUDE is the primary control of airspeed; not THROTTLE! However, if level flight is to be maintained, appropriate changes in power must be made whenever the pitch attitude is made to prevent gaining or loosing altitude. 
Climbs are a combination of power and "up elevator." The amount of power used determines whether the climb is steep or shallow. If, for example, a pilot is taking off and must clear trees near the end of the runway, all available power must be used and the climb angle must be as steep as possible. This is called the best angle of climb, but it is a short-term climb. A sustained climb at this angle can overheat the engine because there is too little cooling air flowing around the engine's cylinders. The reason the airflow is reduced is the relatively low airspeed resulting from the steep climb angle.
Normal descents are a combination of reducing power and adjusting to maintain the desired airspeed. The airspeed is maintained by varying pressure on the control wheel. This, as you know, varies the angle of attack and, consequently, airspeed.


<> 

the turn
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 elements of a turn 

<> 

In order to turn the aircraft, it must be placed into a BANKED state, where one wing is high, the other low. This state is pictured below. 
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In order to bank the aircraft, the pilot must turn the control wheel (or move the control stick) to the left. The Right Aileron lowers This increases the angle of attack of that part of the right wing, causing the right wing to rise. At the same time, the Left Aileron raises. The angle of attack of that part of the left wing decreases, causing the left wing to lower. This increased lift of the Right and decreased lift of the Left Wing causes the aircraft to roll to the Left. 

NOTE: During the time the Right aileron is down, the right wing has MORE DRAG than does the left wing. The effects of this unequal drag is discussed later under Adverse Yaw. 

When the aircraft reaches the bank angle the pilot wishes, the ailerons must be neutralized. This causes equal lift by left and right wing, and the aircraft roll stops. Basically, the aircraft will remain in this banked attitude until the pilot rolls the aircraft back to level attitude by operating the control wheel ( or stick) in the opposite direction. 

Note in the lower diagram that some of the Total Lift ( force T) goes into a Horizontal Force ( H ). This is the force which pulls the aircraft in a circular motion (turn). Note also that the Vertical Lift ( force V) becomes less. If the bank angle becomes large, say 45 degrees, the vertical lift is appreciably less. The pilot may have to hold some up elevator and/or add power to prevent loosing altitude. 

<> 
adverse yaw
<> 

During the time that the ailerons are activated, an unwanted effect occurs. In the left turn shown above the pilot turns the control wheel to the left, raising the left aileron, and lowering the right aileron. The intent is to turn left. 

Unfortunately while the ailerons are activated, the left wing has less drag; the right wing has more drag. This causes the airplane to want to turn to the Right, and not to the left. This tendency to turn in a direction opposite to the intended turn direction is called ADVERSE YAW. So how does the pilot overcome this tendency to initially turn in the wrong direction? He uses the Rudder. By applying just the right amount of rudder in the direction of the turn, the pilot can offset the adverse yaw. When the pilot does this correctly, applying just the right amount of rudder, a Coordinated turn results. If the pilot applies too little or too much rudder, an Un-Coordinated turn results.

If the pilot uses too little rudder, the nose of the aircraft wants to stay yawed opposite the turn. The rest of the aircraft wants to "slip" toward the inside of the turn. 

If the pilot applies too much rudder, the tail wants to remain outside the radius of the turn, and a "skid" results. Its similar to the rear end of an automobile wanting to skid outside the turning radius of a car. 

Therefore, a principle use of the rudder is to control the adverse yaw while rolling into a bank. 



<> 
slips
<> 

A slip is created by applying rudder in the opposite direction to the turn. This is called Cross Controlling. There are 2 forms of the slip. 

· Side Slip 

· Forward Slip 

<> 
side slip
<> 

This manoeuvre is primarily used to compensate for a cross wind while landing. If the wind is from the right of the aircraft, the aircraft will drift to the left side of the runway unless some force is applied in the opposite direction keep the aircraft straight with and on the centreline of the runway. The pilot uses a Right Side Slip to compensate for the leftward drift caused by the wind. The pilot turns the control wheel to the right to initiate a right turn, but simultaneously applies opposite Left rudder just enough to keep the aircraft from turning. Thus the pilot induces just enough right side slip to offset the leftward wind drift. This way, the pilot can keep the aircraft both over the centreline of the runway, and aligned with the runway. This prevents a "side load" on the landing gear on touchdown. 

<> 

forward slip
<> 

The forward slip is used primarily on aircraft with no flaps. This configuration is used to loose altitude quickly without increasing airspeed. 

In this manoeuvre, the pilot simultaneously turns the aircraft left or right, and applies a lot of opposite rudder so the side of the aircraft is presented to the relative wind. It is almost like slipping a sled down a hill somewhat sideways. The pilot maintains this configuration until the desired altitude is lost, whereupon he neutralizes controls to continue straight flight. 

Since most modern aircraft have effective flaps to slow the aircraft on landing, and to allow a steeper decent, the forward slip in usually unnecessary. Some aircraft manufacturers state that forward slips should not be made with flaps deployed. 



<> 
stalls and spins
<> 

The angle of attack which produces maximum lift is a function of the wing design, and is called the CRITICAL ANGLE OF ATTACK. A stall occurs when the Critical Angle of Attack is exceeded. Smooth air flow across the upper surface of the wing begins to separate and turbulence is created along the wing surface. Lift is lost and the wing quits “flying”. THE STALL IS A FUNCTION OF EXCEEDING THE CRITICAL ANGLE OF ATTACK, AND CAN OCCUR AT ANY AIRSPEED , ANY ATTITUDE, AND ANY POWER SETTING. 

On most aircraft, the stall starts at the wing root, and progresses outward to the wing-tip. The wings are designed in this manner so that the ailerons are the last wing elements to loose lift. Flap and gear extension affect the stall characteristics. In general, flap extension creates more lift, thus lowering the airspeed at which the aircraft stalls. 

Recovery from a stall requires that the angle of attack be DECREASED to again achieve adequate lift. This means that the back pressure on the elevators must be reduced. If one wing has stalled more than the other, the first priority is to recover from the stall, then correct any turning that may have developed. 

A CG that is too far rearward can significantly affect the ease of stall recovery. The aft CG may inhibit the natural tendency of the nose to fall during the stall. It may be necessary to force a “nose down” attitude to recover. 

Although weight does not have a direct bearing on the stall, an overloaded aircraft will have to be flown at an unusually higher angle of attack to generate sufficient lift for level flight. Therefore the closer proximity to the critical angle of attack can make an inadvertent stall due to pilot inattention more likely. 

Snow, ice or frost on the wings can drastically affect lift of the wing. Even a small accumulation can significantly inhibit lift and increase drag. Due to the reduced lift, the aircraft can stall at a higher-than-normal airspeed. Takeoff with ice, snow or frost on the wings should never be attempted. 

Stall recognition can come several ways. Modern aircraft are equipped with stall warning devices (usually an audible signal) to warn of proximity to the critical angle of attack. The aircraft may vibrate, control pressures are probably "mushy", the "seat of the pants" sensation that the aircraft is on the verge of loosing lift, and other sensations can tip off the pilot of an impending stall. Practice of slow flight and stalls at altitude is invaluable training in stall recognition. 

A spin is a stall that has continued, with one wing more stalled than the other. The aircraft will begin rotation around the more stalled wing. The spin may become progressively faster and tighter until the stalled condition is "broken" (stopped). 

Usually spin recovery procedures are covered in the Pilot Operating Handbook (POH) for the given type of aircraft. If one is not available, the following is the suggested spin recovery technique. 

a. Close the throttle. Power usually aggravate the spin. b. Stop the rotation by applying opposite rudder. c. Break the stall with positive forward elevator pressure. d. Neutralize the rudder when rotation has stopped. e. Return to level flight. 

<><> 

 



pitch, power and performance

The amount of lift that a wing generates is a function of it's design (camber, area, etc.), speed through the air, air density, and angle of attack.
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The three aircraft shown can all be in constant altitude flight, but at different airspeeds. Maintaining a fixed altitude at a given airspeed requires the pilot to control two factors; (1) Angle of Attack and (2) Power. The angle of attack is controlled by the up, neutral, or downward trim position of the elevators. The power, is controlled by the "power setting" of the engine and propeller. For a "fixed pitch" propeller, this means adjusting the engine RPM. For a variable pitch propeller, this means adjusting both the throttle and the propeller pitch control. 

The left aircraft could be at a 10 degree nose-up attitude with an indicated airspeed of say 70 nautical miles per hour (knots). The centre aircraft could be at cruise with a 0 degree attitude and 110 knots. The right aircraft could be in a slightly high speed decent at minus 3 degrees of pitch and an indicated airspeed of 140 knots (abbreviated kts). 

The pilot can control the Pitch, Power and Performance of the aircraft and can fly at a considerable range of attitudes, speeds and power settings. 



<> 

ground effect
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An aircraft can be flown near the ground or water at a slightly slower airspeed than at altitude. This is known as Ground Effect. The airflow around the left aircraft at altitude can flow around the surface of the aircraft in a normal manner. The airflow around the right aircraft is disturbed by the proximity to the ground. The normal downwash of air produced by the wing and tail surfaces cannot occur, and the air becomes compressed under these 
surfaces. A "cushioning" effect occurs which allows the airplane 
to fly at slightly slower airspeed than at altitude. 
The maximum ground effect occurs at approximately 1/2 the wingspan above the ground. It is this effect which causes the plane to seem to float when near the ground on landing. It also allows the aircraft to be "pulled" off the ground before adequate climb speed is achieved. 
<> 



<> 
load factor
<> 

The load factor is the total load supported by the wings divided by the total weight of the airplane. In straight and level flight, the load factor is 1; i.e. the weight supported by the wings is equal to the weight of the loaded aircraft. The load factor is described as 1G Force. With a load factor of 1, the G force is 1. In other terms, the load supported by the wings equals the total weight of the loaded aircraft. 

In a turn, the weight of the aircraft increases due to the addition of centrifugal force. The rate of turn determines the total weight increase. A faster turn (steeper bank) generates greater centrifugal force. The centrifugal force is straight out from the centre of the turn. When the downward weight of the aircraft is mathematically resolved with the horizontal centrifugal force, the load on the wings is the Resultant Load. 
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<>banking load factor

In a 45 degree banked turn, the resultant load factor is approximately 1.4 G. In other words, the load on the wings is 1.4 times the loaded weight of the aircraft. In a 60 degree banked turn, the load factor is 2G. The load on the wings is TWICE the loaded weight of the aircraft. The G force is greater than 1 in a loop manoeuvre for the same reason; i.e. a centrifugal force adds to the airplane’s weight. An abrupt change from level to nose down creates an upward centrifugal force, decreasing the G load to less than 1G.  

The effects of the bank angle is shown in the graph on the right. The G Force is shown on the Left Side, and the Bank Angle is shown on the bottom of the graph.

<> 
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The manoeuvre of most importance to the private pilot is the forces in a turn. The most critical time is in turns in the traffic pattern, when airspeeds are low, and the attention to bank angle and airspeed may be distracted by other duties. 
planform design and other issues 
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Span
Selecting the wing span is one of the most basic decisions to made in the design of a wing. The span is sometimes constrained by contest rules, hangar size, or ground facilities but when it is not we might decide to use the largest span consistent with structural dynamic constraints (flutter). This would reduce the induced drag directly.

However, as the span is increased, the wing structural weight also increases and at some point the weight increase offsets the induced drag savings. This point is rarely reached, though, for several reasons. 
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The optimum is quite flat and one must stretch the span a great deal to reach the actual optimum.
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Concerns about wing bending as it affects stability and flutter mount as span is increased.
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The cost of the wing itself increases as the structural weight increases. This must be included so that we do not spend 10% more on the wing in order to save .001% in fuel consumption.
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The volume of the wing in which fuel can be stored is reduced.
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It is more difficult to locate the main landing gear at the root of the wing.
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The Reynolds number of wing sections is reduced, increasing parasite drag and reducing maximum lift capability. 
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On the other hand, span sometimes has a much greater benefit than one might predict based on an analysis of cruise drag. When an aircraft is constrained by a second segment climb requirement, extra span may help a great deal as the induced drag can be 70-80% of the total drag.

The selection of optimum wing span thus requires an analysis of much more than just cruise drag and structural weight. Once a reasonable choice has been made on the basis of all of these considerations, however, the sensitivities to changes in span can be assessed. 
Area
The wing area, like the span, is chosen based on a wide variety of considerations including: 
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Cruise drag
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Stalling speed / field length requirements
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Wing structural weight
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Fuel volume 

These considerations often lead to a wing with the smallest area allowed by the constraints. But this is not always true; sometimes the wing area must be increased to obtain a reasonable CL at the selected cruise conditions.

Selecting cruise conditions is also an integral part of the wing design process. It should not be dictated a priori because the wing design parameters will be strongly affected by the selection, and an appropriate selection cannot be made without knowing some of these parameters. But the wing designer does not have complete freedom to choose these, either. Cruise altitude affects the fuselage structural design and the engine performance as well as the aircraft aerodynamics. The best CL for the wing is not the best for the aircraft as a whole. An example of this is seen by considering a fixed CL, fixed Mach design. If we fly higher, the wing area must be increased by the wing drag is nearly constant. The fuselage drag decreases, though; so we can minimize drag by flying very high with very large wings. This is not feasible because of considerations such as engine performance. 
Sweep
Wing sweep is chosen almost exclusively for its desirable effect on transonic wave drag. (Sometimes for other reasons such as a c.g. problem or to move winglets back for greater directional stability.) 
It permits higher cruise Mach number, or greater thickness or CL at a given Mach number without drag divergence.
It increases the additional loading at the tip and causes spanwise boundary layer flow, exacerbating the problem of tip stall and either reducing CLmax or increasing the required taper ratio for good stall.
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It increases the structural weight - both because of the increased tip loading, and because of the increased structural span.
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It stabilizes the wing aeroelastically but is destabilizing to the airplane.
 
Too much sweep makes it difficult to accommodate the main gear in the wing. 
Thickness
The distribution of thickness from wing root to tip is selected as follows: 
· We would like to make the t/c as large as possible to reduce wing weight (thereby permitting larger span, for example).
  

· Greater t/c tends to increase CLmax up to a point, depending on the high lift system, but gains above about 12% are small if there at all.
  

· Greater t/c increases fuel volume and wing stiffness.
  

· Increasing t/c increases drag slightly by increasing the velocities and the adversity of the pressure gradients.
  

· The main trouble with thick airfoils at high speeds is the transonic drag rise which limits the speed and CL at which the airplane may fly efficiently. 
Taper
The wing taper ratio (or in general, the planform shape) is determined from the following considerations: 
· The planform shape should not give rise to an additional lift distribution that is so far from elliptical that the required twist for low cruise drag results in large off-design penalties.
  

· The chord distribution should be such that with the cruise lift distribution, the distribution of lift coefficient is compatible with the section performance. Avoid high Cl's which may lead to buffet or drag rise or separation.
  

· The chord distribution should produce an additional load distribution which is compatible with the high lift system and desired stalling characteristics.
  

· Lower taper ratios lead to lower wing weight.
  

· Lower taper ratios result in increased fuel volume.
  

· The tip chord should not be too small as Reynolds number effects cause reduced Cl capability.
  

· Larger root chords more easily accommodate landing gear. 

Here, again, a diverse set of considerations are important. 

The major design goal is to keep the taper ratio as small as possible (to keep the wing weight down) without excessive Cl variation or unacceptable stalling characteristics. 

Since the lift distribution is nearly elliptical, the chord distribution should be nearly elliptical for uniform Cl's. Reduced lift or t/c outboard would permit lower taper ratios.

Evaluating the stalling characteristics is not so easy. In the low speed configuration we must know something about the high lift system: the flap type, span, and deflections. The flaps- retracted stalling characteristics are also important, however (DC-10). 
Twist (washout)
The wing twist distribution is perhaps the least controversial design parameter to be selected. The twist must be chosen so that the cruise drag is not excessive. Extra washout helps the stalling characteristics and improves the induced drag at higher CL's for wings with additional load distributions too highly weighted at the tips. 

Twist also changes the structural weight by modifying the moment distribution over the wing. 

Twist on swept-back wings also produces a positive pitching moment which has a small effect on trimmed drag. The selection of wing twist is therefore accomplished by examining the trades between cruise drag, drag in second segment climb, and the wing structural weight. The selected washout is then just a bit higher to improve stall.
aspect ratio 

Aspect ratio is the wing span divided by the mean wing chord. An aircraft with a rectangular wing of area 12 m² might have a wing span of 8 m and wing chord of 1.5 m. In this case the aspect ratio is 5.33. If the span was 12 m and the chord 1 m then the aspect ratio would be 12. However because wings may have varied plan forms it is usual to calculate aspect ratio as:

Aspect ratio = wing span² / wing area 

For example, the Jabiru's aspect ratio (span 7.9 m, area 8.0 m²) = 7.9 × 7.9 / 8 = 7.8 whereas an aircraft like the Thruster would have an aspect ratio around 6 and consequently you would expect such an aircraft to induce much more drag at high angles of attack, and thus slow much more rapidly than the Jabiru. 

And incidentally, the mean chord of a wing is span/aspect ratio. A high performance sailplane wing, designed for minimum induced drag over the CL range, might have a wingspan of 22 m and an aspect ratio of 30 thus a mean chord of 0.7 m. Most ultralights would have an aspect ratio between 5.5 and 8 and light general aviation aircraft between 7 and 9, averaging around 7.5. There are a few ultralight aeroplanes, designed to have some soaring capability, which have aspect ratios around 16 or 17. 

Higher aspect ratio also has the effect of a higher rate of lift increase, as aoa increases, than lower aspect ratio wings. Aspect ratio also affects the lift curve, a high aspect ratio wing will have a higher maximum CL but a lower stalling aoa than a low aspect ratio wing utilising the same aerofoil
wing boundary layer 

The type of operation for which an airplane is intended has a very important bearing on the selection of the shape and design of the wing for that airplane. Boundary layer effects play a very important part in determining the drag for the aircraft.  Thus, the wing should be designed to minimize the drag.  
the boundary layer
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The boundary layer is a very thin layer of air flowing over the surface of an aircraft wing, or airfoil, (as well as other surfaces of the aircraft). The molecules directly touching the surface of the wing are virtually motionless. Each layer of molecules within the boundary layer moves faster than the layer that is closer to the surface of the wing. At the top of the boundary layer, the molecules move at the same speed as the molecules outside the boundary layer. This speed is called the free-stream velocity. The actual speed at which the molecules move depends upon the shape of the wing, the viscosity, or stickiness, of the air, and its compressibility (how much it can be compacted). 
Further, boundary layers may be either laminar (layered), or turbulent (disordered). As the boundary layer moves toward the center of the wing, it begins to lose speed due to skin friction drag. At its transition point, the boundary layer changes from laminar, where the velocity changes uniformly as one moves away from the object's surface, to turbulent, where the velocity is characterized by unsteady (changing with time) swirling flows inside the boundary layer. 
The flow outside of the boundary layer reacts to the shape of the edge of the boundary layer just as it would to the physical surface of an object. So the boundary layer gives any object an "effective" shape that is usually slightly different from the physical shape. The boundary layer may also lift off or separate from the body, creating an effective shape much different from the physical shape of the object and causing a dramatic decrease in lift and increase in drag. When this happens, the airfoil has stalled. 
As well as the development of airfoil stall, the details of the flow within the boundary layer are very important for many problems in aerodynamics, including the skin friction drag of an object and the heat transfer that occurs in high-speed flight.
The theory that describes boundary layer effects was first presented by Ludwig Prandtl in the early 1900s. Prandtl was the first to realize that the forces experienced by a wing increased from the layer very near the wing's surface to the region far from the surface. 
vortex generators are small plates about an inch deep standing on edge in a row spanwise along the wing. They are placed at an angle of attack and (like a wing airfoil section) generate vortices. These tend to prevent or delay the breakaway of the boundary layer by re-energizing it. They are lighter and simpler than the suction boundary layer control system described above.
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stability of an airplane 

The aircraft's response to disturbance is associated with the inherent degree of stability built in by the designer, in each of the three axes; and eventuating without any reaction from the pilot. Another condition affecting flight is the aircraft's state of trim – or equilibrium where the net sum of all forces equals zero. Some aircraft can be trimmed by the pilot to fly 'hands off' for straight and level flight, for climb or for descent. If the trim is wrong, and perhaps it flies with one wing low, inherent stability will maintain that wing-low attitude and not restore the aircraft to a wings-level attitude. It is desirable that longitudinal trim doesn't change significantly with alterations in power, nor does directional trim change significantly with alterations in airspeed. 

An aircraft's stability is expressed in relation to each axis: lateral stability – stability in roll, directional stability – stability in yaw and longitudinal stability – stability in pitch. The latter is the most important stability characteristic. Lateral and directional stability are inter-dependent. 
Degrees of stability
An aircraft will have differing degrees of stability around each axis; here are a few examples: 
· A totally stable aircraft will return, more or less immediately, to its trimmed state without pilot intervention; however such an aircraft is rare – and undesirable. We usually want an aircraft just to be reasonably stable so it is easy to fly: if it is too stable they tend to be sluggish in manoeuvring and heavy on the controls. If it tends toward instability the pilot has to continually watch the aircraft's attitude and make the restoring inputs, which becomes tiring, particularly when flying by instruments. Some forms of instability make an aircraft unpleasant to fly in bumpy weather. 

  

· The normally or positively stable aircraft, when disturbed from its trimmed flight state will – without pilot intervention – commence an initial movement back towards the trimmed flight state but over-run it, then start a series of diminishing damping oscillations about the original flight state. This damping process is usually referred to as dynamic stability and the initial movement back towards the flight state is called static stability. The magnitude of the oscillation and the time taken for the oscillations to completely damp out is another aspect of stability. Unfortunately a statically stable aircraft can be dynamically unstable in that plane i.e. the oscillations do not damp out. 

  

· The neutrally dynamically stable aircraft will continue oscillating after disturbance but the magnitude of those oscillations will neither diminish nor increase. If these were oscillations in pitch the aircraft will just continue 'porpoising' – if there were no other disturbances and the pilot did not intervene. 

  

· The negatively stable or fully unstable aircraft may be statically unstable and never attempt to return towards the trimmed state. Or it can be statically stable but dynamically unstable, where it will continue oscillating after disturbance with the magnitude of those oscillations getting larger and larger. Significant instability is an undesirable characteristic, except where an extremely manoeuvrable aircraft is needed and the instability can be continually corrected by on-board 'fly-by-wire' computers rather than the pilot – for example, a supersonic air superiority fighter. The best piston-engined WW2 day fighters were generally designed to be just stable longitudinally, neutrally stable laterally and positively stable directionally. 

Longitudinal stability
Longitudinal stability is associated with the restoration of aoa to the trimmed aoa after a disturbance changes it.
Angle of incidence
Angle of incidence is a term which is sometimes confusingly used as being synonymous with wing angle of attack, however the former cannot be altered in flight. Angle of incidence, usually just expressed as incidence, is within the province of the aircraft designer who calculates the wing aoa to be employed in the main role for which the aircraft is being designed, probably the aoa in performance cruise mode. The designer might then plan the fuselage wing mounting so that the fuselage is aligned to produce the least drag when the wing is flying at the cruise aoa. Wings which incorporate washout will have differing angles of incidence at the wing root and at the outer section. 

A notional horizontal datum line is drawn longitudinally through the fuselage and the angle between that fuselage reference line (FRL) and the wing chord line is the angle of incidence. Incidence should be viewed as the mounting angle of the fuselage rather than the mounting angle of the wings.

Incidence may also be called the 'rigger's incidence' or some similar expression carried over from the earlier days of aviation.
Longitudinal dihedral
An angle of incidence is also calculated for the horizontal stabiliser with reference to the FRL and the angular difference between wing and stabiliser angles is called the longitudinal dihedral, although it is probably more correct to say that the longitudinal dihedral is the angular difference between the two surfaces at their zero lift aoa. Incidentally the angle of the line of thrust is also expressed relative to the FRL. 

It is the longitudinal dihedral, combined with the horizontal stabiliser area and moment arm, which provides the restoring moment to return aoa to the trimmed state. However bear in mind that the moment arm, which supplies the restoring leverage and thus the stability, is affected by the cg position and if the cg lies outside its limits the aircraft will be longitudinally unstable. 

When flying with level wings, at a particular weight, each aoa is associated with a particular IAS. We might as well take advantage of that by arranging the longitudinal dihedral so that the built-in state of trim produces a particular indicated airspeed.

Directional stability
Directional stability is associated with the realigning of the longitudinal axis with the flight path (the angle of zero slip) after a disturbance causes the aircraft to yaw out of alignment and produce slip; remember yaw is a rotation about the normal (vertical) axis. The restoring moment – the static stability – provided by the fin is the product of the fin area and the moment arm and the moment arm leverage will vary according to the cg position – the aircraft's balance. 

The area required for the fin has some dependency on the net sum of all the restoring moments associated with the aircraft fuselage and undercarriage side surfaces fore (negative moments) and aft (positive moments) of the cg. Some aircraft have ventral or dorsal fins added to increase their directional stability.

The areas of side surface above and below the cg also affect other aspects of stability. 

The similar term 'weathercocking' refers to the action of an aircraft, moving on the ground, attempting to swing into wind. It is brought about by the pressure of the wind on the rear keel surfaces, fin and rudder causing the aeroplane to pivot about one or both of its main wheels. It is usually more apparent in tailwheel aircraft because of the longer moment arm between the fin and the main wheels: although if a nosewheel aircraft is 'wheelbarrowing' with much of the weight on the nose wheel, then there will be a very long moment arm between the nose wheel pivot point and the fin. 
Lateral stability
Lateral stability refers to roll stability about the longitudinal axis and ailerons provide the means whereby the aircraft is rolled in the lateral plane. However, unlike the longitudinal and normal planes where the horizontal and vertical stabilisers provide the restoring moments necessary for pitch and yaw stability, no similar restoring moment device exists in the lateral plane.

But let's imagine that some atmospheric disturbance has prompted the aircraft to roll to the left, thus the left wingtip will be moving forward and down, the right wingtip will be moving forward and up. Now think about the aoa for each wing – the wing that is moving down will be meeting a relative airflow coming from forward and below and consequently has a greater aoa than the rising wing. A greater aoa, with the same airspeed, means more lift generated on the downgoing side and thus the left wing will stop going further down or perhaps even rise and return to a wings level state. This damping of the roll is known as lateral damping. 

So roll stability, except at or very close to the stall, is intrinsic to practically all single-engined light aircraft. (When the aircraft is flying close to the stall the aoa of the downgoing wing could exceed the critical aoa and thus stall, which will exacerbate the wing drop and might lead to an incipient spin condition. 

But, and there always seems to be a 'but', when the aircraft is banked other forces come into play and affect the process. If you re-examine the turn forces diagram in the manoeuvring forces module you will see that when an aircraft is banked the lift vector has a substantial sideways component, in fact for bank angles above 45° that sideways force is greater than weight. So we can say that any time the aircraft is banked, with the rudder and elevators in the neutral position, an additional force will initiate a movement in the direction of bank i.e. creating a slip. The aircraft's directional stability will then yaw the nose to negate the slip and the yaw initiates a turn, which will continue as long as the same bank angle is maintained. 

There are several design features that stop that slip and level the wings thus promoting lateral stability, for instance placing the wing as high as possible above the cg promotes 'pendulum' stability; the feature usually employed with low wing monoplanes is wing dihedral, where the wings are tilted up from the wing root a few degrees. Another design method is anhedral where the wings are angled down from the wing root, but it is unlikely to be used in light aircraft. 
Spiral instability
An aircraft with positive spiral stability tends to roll out of a turn by itself if the controls are centred. Some light aircraft with little or no wing dihedral and a large fin tend to have strong static directional stability but are not so stable laterally. If a sideslip is introduced by turbulence – and left to their own devices – such aircraft will gradually start to bank and turn, with increasing slip and hence increasing turn rate and rapid increase in height loss. The condition is spiral instability and the process is spiral divergence which, if allowed to continue and given sufficient height, will turn into a high speed spiral dive. Neutral spiral stability is the usual aim of the designer. 

It is evident that directional stability and lateral stability are coupled and to produce a balanced turn, i.e. with no slip or skid, the aileron, rudder and elevator control movements and pressures must be balanced and co-ordinated
forces acting on the aircraft during a glide
our thanks www.raa.asn.au (Copyright John Brandon) 
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In a gliding descent the forces are as shown in the diagram on the left. In the case of a constant rate descent the weight is exactly balanced by the resultant force of lift and drag. From the dashed parallelogram of forces shown it can be seen that the tangent of the angle of glide equals drag/lift. 

For example assuming a glide angle of 10°, from the abridged trigonometrical table the tangent of 10° is 0.176, so the ratio of drag/lift in this case is then 1 : 5.7. (A little more accurate than using the '1-in-60' rule but inconsequential anyway.) 

Conversely we can say that the angle of glide is dependent on the ratio of lift/drag at the airspeed being flown and the lower that ratio is then the greater the glide angle and consequently the greater the rate of sink and the lesser the distance the aircraft will glide from a given height. The rate of sink is the resultant of the gliding angle and the airspeed. 

Be aware that the aircraft manufacturer's quoted L/Dmax may be overstated and will not take into account the considerable drag generated by a windmilling propeller [see below] so, for glide ratio purposes, it might be advisable to discount the quoted L/Dmax by maybe 20%. But the best option is to check it yourself.
  

	Abridged trigonometrical table 

Relationship between an angle within a right angle triangle and the sides: 

Tangent of angle=opposite side/adjacent
Sine of angle=opposite/hypotenuse
Cosine of angle=adjacent/hypotenuse

 

	Degrees
	Sine
	Cosine
	Tangent
	  
	Degrees
	Sine
	Cosine
	Tangent

	1
	0.017
	0.999
	0.017
	  
	50
	0.766
	0.643
	1.192

	5
	0.087
	0.996
	0.087
	  
	55
	0.819
	0.574
	1.428

	10
	0.173
	0.985
	0.176
	  
	60
	0.866
	0.500
	1.732

	15
	0.259
	0.966
	0.268
	  
	65
	0.910
	0.423
	2.145

	20
	0.342
	0.939
	0.364
	  
	70
	0.939
	0.342
	2.747

	30
	0.500
	0.866
	0.577
	  
	75
	0.966
	0.259
	3.732

	40
	0.643
	0.766
	0.839
	  
	80
	0.985
	0.173
	5.672

	45
	0.707
	0.707
	1.000
	  
	90
	1.000
	0
	infinity


	


The aoa associated with maximum L/D decides the best engine-off glide speed (Vbg) according to the operating weight of the aircraft. There are two glide speeds that the pilot must know and – more importantly – be familiar with the aircraft attitude associated with those airspeeds so that when the engine fails you can immediately assume [and continue to hold] the glide attitude without more than occasional reference to the ASI: 

     •  Vmd – the minimum descent – the speed that results in the lowest rate of sink in a power-off glide, providing the longest time in the air from the potential energy of height. The lowest rate of sink occurs at the minimum value of drag × velocity and, as stated above, may be around 90% of Vbg. Vmd is the airspeed used by gliders when utilising the atmospheric uplift from thermals or waves. This is the airspeed to select should you be very close to a favourable landing site with ample height and a few more seconds in the air to sort things out would be welcome. 

Vmd decreases as the aircraft weight decreases from MTOW and the percentage reduction in Vmd is half the percentage reduction in weight. i.e. If weight is 10% below MTOW then Vmd is reduced by 5%. Vbg is also reduced in the same way if weight is less than MTOW. 

     •  Vbg – the best power-off glide – the CAS that provides minimum drag thus maximum L/D, or glide ratio, consequently greatest straight line flight [i.e. air] distance available from the potential energy of height. The ratio of airspeed to rate of sink is about the same as the L/D ratio, so if Vbg is 50 knots [5 000 feet per minute] and L/Dmax is 7 then the rate of sink is about 700 fpm. 

 This 'speed polar' diagram is a representative plot of the relationship between rate of sink and airspeed when gliding. Vmd is at the highest point of the curve. Vbg is ascertained by drawing the red line from the zero coordinate intersection tangential to the curve, Vbg is directly above the point of contact. Stall point is shown at Vs1. 
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Much is said about the importance of maintaining the 'best gliding speed' but what is important is to maintain an optimum glide speed; a penetration speed which takes atmospheric conditions into account, for example sinking air or a headwind. The gliding community refers to this as the speed to fly. The normal recommendation for countering a headwind is to add half the estimated wind speed to Vbg which increases the rate of sink but also increases the ground speed. For a tailwind deduct half the estimated wind speed from Vbg which will reduce both the rate of sink and the groundspeed. Bear in mind that it is better to err towards higher rather than lower airspeeds. 

To illustrate this the polar curve on the left indicates the optimum glide speed when adjusted for headwind, tailwind or sinking air. For a tailwind the starting point on the horizontal scale has been moved a distance to the left corresponding to the tailwind velocity, consequently the green tangential line contacts the curve at an optimal glide speed which is lower than Vbg with a slightly lower rate of sink. The opposite for a headwind – purple line. For sinking air the starting point on the vertical scale has been moved up a distance corresponding to the vertical velocity of the air and consequently the pink tangential line contacts the curve at a glide speed higher than Vbg. 
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effect of a windmilling propeller
Both Vbg distance and Vmd time are adversely affected by the extra drag of a windmilling propeller, which creates much more drag than a stopped propeller following engine shut-down. If the forward speed is increased windmilling will increase, if forward speed is decreased windmilling will decrease, thus the windmilling may be stopped by temporarily reducing airspeed so that the negative lift is decreased to the point where internal engine friction will stop rotation. 

However do not attempt to halt a windmilling propeller unless you have ample height and stopping it will make a significant difference to the distance covered in the glide. Sometimes it may not be possible to stop the windmilling.
practical glide ratio and terrain footprint
You should measure [preferably by stop watch and altimeter] the actual rate of sink achieved at Vbg with the throttle closed [engine idling], and from that you can calculate the practical glide ratio for your aircraft. The practical glide ratio is Vbg [in knots multiplied by 100 to convert to feet per minute] divided by the rate of sink [measured in fpm]. For example glide ratio when Vbg 60 knots, actual rate of sink 750 fpm = 60 × 100/750 = 8, thus in still air that aircraft might glide for a straight line distance of 8000 feet for each 1000 feet of height. 

These measurements should be taken at MTOW and then, if a two-seater, at the one person-on-board [POB] weight with the reduced Vbg. 

The airspeed used should really be the TAS but, if the ASI is known to be reasonably accurate, using IAS will err on the side of caution, also with the engine idling a fixed pitch propeller will probably be producing drag rather than thrust so that too will be closer to the effect of a windmilling propeller. You should also confirm the rate[s] of sink at Vmd. 

Having established the rates of sink you then know the maximum airborne time available. For example if the rate of sink at Vbg with one POB is 500 fpm and the engine fails at 1500 feet agl then the absolute maximum airborne time available is three minutes. If failure occurs at 250 feet whilst climbing then time to impact is 30 seconds, but 3 or 4 seconds might elapse before reaction occurs plus 4 or 5 seconds might be needed to establish at the safe glide speed. Read the section on conserving energy in the Flight Theory Guide. 

Following engine failure it is important to be able to judge the available radius of action i.e. the maximum glide distance in any direction. This distance is dependent on the following factors, each of which involves a considerable degree of uncertainty: 
[image: image56.png]


the practical glide ratio 
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the topography [e.g. limited directional choice within a valley] 
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the height above suitable landing areas 
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turbulence, eddies and downflow conditions 
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manoeuvring requirements 
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and the average wind velocity between current height and the ground.
The footprint is shifted downwind i.e. the into-wind radius of action will be reduced while the downwind radius will be increased. The wind velocity is going to have a greater effect on an aircraft whose Vbg is 45 knots than on another whose Vbg is 65 knots. Atmospheric turbulence, eddies and downflows will all contribute to loss of height. Rising air might reduce the rate of descent. 

Considering the uncertainties involved [not least being the pilot's ability to judge distance] and particularly should the engine fail at lower heights where time is in short supply, it may be valid to just consider the radius of the footprint as twice the current height – which would encompass all the terrain within a 120° cone and include some allowance for manoeuvring. The cone encompasses all the area contained within a sight line 30° below the horizon. If you extend your arm and fully spread the fingers and thumb the angular distance between the tips of thumb and little finger is about 20°. There is a drawback in that total area available from which to select a landing site is considerably reduced; the area encompassed within a radius of 60% of the theoretical glide distance is only about one third of the total area. 

For powered chutes the radius of the footprint might be equivalent to the current height providing a 90° cone from a sight line 45° below the horizon.
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Know the height lost during manoeuvres
Any manoeuvring involved in changing direction/s will occasion an increased loss of height and thus reduce the footprint. This reduction will be insignificant when high but may be highly significant when low. The increase in height loss during a gliding turn is, of course, dependent on the angle of bank used and the duration of the turn. Properly executed, gently banked turns which only change the heading 15° or so produce slight additional height loss [in fpm terms] and a slight reduction in the margin between Vbg and stalling speed, steeply banked turns through 210° will produce significant additional height loss and a major reduction in the margin between Vbg and stalling speed. You should be very aware of the height loss in 30°, 45° and 60° changes of heading because they are representative of the most likely turns executed at low levels. 

Just because an aircraft has a good glide ratio does not mean it will perform equally well in a turn, it may lose more height in a turn than an aircraft which has a poorer glide ratio. For example a nice slippery aircraft with a glide ratio of 15 may lose 1000 feet in a 210° turn, whereas a draggy aircraft with a glide ratio of only 8 might lose only 600 feet in a 210° turn. Of course the radius of turn is greater in the faster, slippery aircraft. 
Steepening the final descent path
If it is necessary to steepen the descent path to make it into a clearing the use of full flaps and/or a full sideslip, a sideslipping turn from base or careful fishtailing is usually recommended. A series of 'S' turns will reduce the forward travel. These techniques are certainly not something tried out for the first time in an actual emergency, they should only be used after adequate instruction and adequate competency has been reached – and maintained. The use of full flaps plus full sideslip may be frowned upon by the aircraft manufacturer but in an emergency situation use everything available. 
height loss in a turn-back
When the engine fails soon after take-off the conventional and long proven wisdom is to, more or less, land straight ahead, provided that course of action is not going to affect others on the ground – for example put you into a group of buildings. If the engine fails well into the climb-out one of the possible options is to turn back and land on the departure field. If the take-off and climb was into-wind and a height of perhaps 1500 feet agl had been attained [and the rate of sink is significantly less than the rate of climb] then there would be every reason to turn back and land on that perfectly good airfield. There might be sufficient height in hand to manoeuvre for a crosswind rather than downwind landing. 

On the other hand there will be a minimum safe height below which a 'turn-back' for a landing in any direction could clearly not be accomplished. To judge whether a safe turn-back is feasible the pilot must know the air radius of turn and how much height will be lost during the turn-back in that particular aircraft in similar conditions, then double it for the minimum safe height. Such knowledge can only be gained by practising turn-backs at a safe height and measuring the height loss. 
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Radius of turn and height loss
In a turn-back to land on the departure runway it is important to minimise both the distance the aircraft moves away from the extended line of the runway and the time spent in the turn. The slowest possible speed and the steepest possible bank angle will provide both the smallest radius and the fastest rate of turn, however these advantages will be more than offset by the following: 
[image: image64.png]


When the steepest bank angle and slowest speed is applied the necessary centripetal force for the turn is provided by the extra lift gained by increasing the angle of attack ( or CL) to a very high value. Also due to the lower velocity a larger portion of the total lift is provided by CL rather than V². Consequently the induced drag will increase substantially. 
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When turning it is not L/D that determines glide performance but rather the ratio to the drag of the vertical component of lift [Lvc] which offsets the normal 1g weight, or Lvc /D, and thus, due to the increase in induced drag, Lvc /D will be less than normal L/D resulting in an increase in the rate of sink and a steeper glide path. Lvc /D degrades as bank angle in the turn increases. 
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The stall speed increases with bank angle, or more correctly with wing loading, thus the lowest possible flight speed increases as bank in a gliding turn increases.
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Any mishandling or turbulence during turns at high bank angles, near the accelerated stall speed, may result in a violent wing and nose drop with substantial loss of height.
Choosing the bank angle
In some faster aircraft it might be found that the turn back requires a steep turn, entered at a safe airspeed [ say 1.2 × Vsturn ], where the wings are slightly unloaded by allowing the nose to lower a little further throughout the turn then, having levelled the wings, converting any airspeed gained into altitude by holding back pressure until the airspeed again drops to the target glide speed, not forgetting to allow for the ASI instrument lag. The bank angle usually recommended is 45° because at that angle the lift force generated by the wing is equally distributed between weight and centripetal force although the Vsturn will be increased to about 1.2 × Vs1. Thus the safe airspeed would be 1.2 × 1.2 × Vs1 = 1.44 Vs1. [1.5 Vs1 is usually accepted as a "safe speed near the ground" for gentle manoeuvres]. If the aircraft has a high wing loading the sink rate in a steep turn may be excessive. Refer turn forces and bank angle. 

For aircraft at the lower end of the performance spectrum it may be found that a 20° to 25° bank angle provides a good compromise with an appreciable direction change and a reasonable sink rate. There may be other techniques for an aircraft fitted with high lift devices. All of which indicates that performance will vary widely and you must know your aircraft and establish its safe turn-back performance under varying conditions otherwise never turn back! 

Canadian statistics indicate "if an engine failure after takeoff results in an accident, the pilot is at least eight times more likely to be killed or seriously injured turning back than landing straight ahead."
manoeuvring forces
our thanks www.raa.asn.au (Copyright John Brandon) 

The performance of an aircraft in the hands of a competent pilot – at a given altitude – results from the sum of power and attitude. Power provides thrust and consequently forward acceleration, lift, drag and radius of turn. Attitude is the angle of the longitudinal axis with the horizon (often called the 'pitch' which also has another meaning associated with propellers) plus the angle of attack and the angle of bank. Attitude dictates the direction and dimension of the lift, thrust and drag vectors and consequently converts power into velocities and accelerations in the three planes. There is a third factor – energy management – which is an art that supplements attitude plus power to produce maximum aircraft performance. The epitome of such an art is demonstrated by air-show pilots who produce extraordinary performances from otherwise relatively mundane aeroplanes. 
Cruise performance
When an aircraft is in cruise mode, i.e. flying from point A to point B, the pilot has several options for cruise speed. One choice might be to get there as soon as possible, in which case she/he would operate the engine at the maximum continuous power allowed by the engine designer. The recommended maximum continuous power is usually around 75% of the rated power of the engine and provides performance cruise. Another choice might be to get there using as little fuel as possible, but in a reasonable time, in which case the pilot might choose a 55% power setting to provide the economy cruise airspeed. Or the pilot might choose any power setting, in the usual engine design range, between 55% and 75%.

(Rated power is the brake horsepower delivered at the propeller shaft of a direct drive engine, operating at maximum design rpm and best power fuel/air mixture, in standard sea level air density conditions. An engine is only operated at its rated capacity for short periods during flight. Rated power for small aero-engines is usually expressed as brake horsepower rather than the SI unit of kilowatts. 
The power required curve
In level flight at constant speed the power is only required to balance drag. Power is the rate of doing work so power (watts) is force (newtons) × distance (metres) / time (seconds). Distance/time is velocity so power required is drag force (N) × velocity (v)
Thus if we use the expression for total drag in section 1.6 and multiply it by v we get:- 

  Power required for level flight = CD × ½rV³ × S watts  [note  V³  ] 

 The total drag curve in the section 1.6 diagram can be converted into a 'power required' curve – usually called the power curve – if you know the total drag at each airspeed between the minimum controllable speed and the maximum level flight speed. It will be a different curve to that for total drag, because the power required is proportional to velocity cubed rather than velocity squared: which means that if speed is doubled drag is increased four-fold but power must be increased eight times. Which indicates why increasing power output from say 75% to full rated power (100%) while holding level flight doesn't provide a corresponding increase in airspeed – see below. 
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The diagram above is a typical level flight power curve for a light aeroplane, the part of the curve to the left of the minimum power airspeed is known as the back of the power curve where the slower you want to fly the more power is needed, because of the induced drag at the high angles of attack of low speeds. The lowest possible speed for controlled flight is the stall speed, which we will discuss in the 'Airspeed and air properties' module. Two cruise speeds are indicated – the speed associated with minimum power and the speed associated with minimum drag. The former is known as Vbe and the latter as Vbr. 
Power available
   The engine provides power to the propeller. The propellers used in most light aircraft have a maximum efficiency factor, in the conversion of engine power to thrust power, of no more than 80%. (Thrust power = thrust × forward velocity). The pitch of the blades, the speed of rotation of the propeller and the forward velocity of the aircraft all establish the angle of attack of the blades and the thrust delivered. The in-flight pitch of light aircraft propeller blades is usually fixed so that the maximum efficiency will occur at one combination of rpm and forward velocity; this is usually in the mid-range between best rate of climb and the performance cruise airspeeds. Propeller blades are sometimes pitched to give the maximum 80% efficiency near the best rate of climb speed, or pitched for best efficiency at the performance cruise airspeed. The former is a climb prop and the latter a cruise prop. The efficiency of all types falls off either side of the maximum; one with too high pitch angle may have a very poor take-off performance; one with too low pitch may allow the engine to overspeed at any time. 

Speed, power and altitude
 At sea level an aero engine will deliver its rated power – provided it is in near perfect ex-factory condition, properly warmed up and using fuel in appropriate condition. However as air density decreases with altitude, and an engine's performance is dependent on the weight of the charge delivered to the cylinders, then the full throttle power of a non-supercharged four-stroke engine will decrease with height, so that at about 6000 – 7000 feet the maximum power available at full throttle may drop below 75% of rated power. At 12 000 feet full throttle power may be less than 55% rated power. Thus as altitude increases the range of cruise power airspeeds decreases. For best engine performance select a cruise altitude where the throttle is fully open and the engine is delivering 65% – 75% power. 
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A couple of points to note in the speed-power diagram above: firstly as air density, and consequently drag, reduces with height then airspeed from a particular power level will increase with height; e.g. the airspeed attained with 65% power at sea level is 90 knots increasing to 100 knots at 10 000 feet. Secondly at sea level an increase in power from 75% to 100% only results in an increase in airspeed from 100 to 110 knots. This is the norm with most light aircraft – that last 33% power increase to rated power only provides a 10% increase in airspeed. 
Power required vs power available
In the diagram below, power available curves have been added to the power required curve. The upper curve indicates the rated power i.e. the full throttle engine power delivered to the propeller over the range of level flight speeds at sea level. The second curve, maximum available thrust power, is that engine power converted by the propeller after allowing for 80% maximum propeller efficiency. The third curve is the propeller thrust power available with the engine throttled back to 75% power at sea level, or, if flying at an altitude such that full throttle opening will only deliver 75% of rated power. The intersection of those power available curves with the power required curve indicates the maximum cruise speed in each condition. 
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The region between the green maximum available thrust power curve and the power required curve indicates the excess power available at various cruise speeds, and this excess power is available for various manoeuvres. The simplest use would be a straight unaccelerated climb, in which case the maximum rate of climb would be achieved at the airspeed where the two curves are furthest apart; this airspeed is Vy; best rate of climb speed. It can be seen that the Vy is about the same airspeed as the speed for minimum drag – Vbr – shown in the powered required curve. 

It is important to remember that the rate of climb will decrease at any speed either side of Vy because the power available for climb decreases. The rate of climb (metres/second) = excess power available (watts)/aircraft weight (newtons). 
Forces in a climb
It was said above that in cruise the difference between the current power requirement and power available – the excess power – can be used to accelerate the aircraft or climb, to accelerate and climb, or perform any manoeuvre which requires additional power. For instance if the pilot has potential power available and opens the throttle the thrust will exceed drag and the pilot can utilise that extra thrust to accelerate to a higher speed while maintaining level flight. Alternatively the pilot can opt to maintain the existing speed but use the extra thrust to climb to a higher altitude. The rate of climb (altitude gained per minute) depends on the amount of available power utilised for climbing, which depends in part on the airspeed chosen for the climb. There are other choices than Vy available for the climb speed, for example Vx the best angle of climb speed or a combination enroute cruise/climb speed. 

If an aircraft is maintained in a continuous full-throttle climb at the best rate of climb airspeed the rate of climb will be highest at sea level and decrease with altitude as engine power decreases. It will eventually arrive at an altitude where the excess power available for climb reaches zero. All the available power is required to balance the drag in level flight, and there will be only one airspeed at which level flight can be maintained and, below which, the aircraft will stall. This altitude is the aircraft's absolute ceiling. However unless trying for an altitude record there is no point in attempting to climb to the absolute ceiling so the aircraft's service ceiling should appear in the aircraft's performance specification. The service ceiling is the altitude at which the rate of climb falls below 100 feet per minute, such being considered the minimum useful rate of climb. 

This diagram of forces in the climb and the subsequent expressions, have been simplified, aligning the angle of climb with the line of thrust. In fact the line of thrust will usually be 4° to 10° greater than the climb angle. The climb angle is the angle the flight path subtends with the horizon.
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The relationships in the triangle of forces shown is:-
Lift = weight × cosine c
Thrust = drag + (weight × sine c) 

In a constant climb the forces are again in equilibrium but now thrust plus lift = drag plus weight. 

Probably the most surprising thing about the triangle of forces in a straight climb is that lift is less than weight! For example let's put the Jabiru into a 10° climb with weight = 4000 newtons. (There is an abridged trig. table at the end of this page.)

then       Lift = W cos c = 4000 × 0.985 = 3940 newtons 

It is power that provides a continuous rate of climb, but momentum may also be used as a temporary energy exchange expedient, refer section 1.11 below. It is evident from the above that in a steady climb the rate of climb (and descent) is controlled with power and the airspeed and angle of climb is controlled with the attitude. This is somewhat of a simplification as the pilot employs both power and attitude in unison to achieve a particular angle and rate of climb or descent.

A very important consideration, particularly when manoeuvring at low level at normal speeds, is that the steeper the climb angle the more thrust is required to counter weight. For example if you pulled the Jabiru up into a 30° climb the thrust required = drag + weight × sine 30° and sine 30° = 0.5 so the engine has to provide sufficient thrust to pull up half the weight plus overcome the increased drag due to the increased aoa in the climb. Clearly not possible so the airspeed will fall off very rapidly and will lead to a dangerous situation if the pilot is slow in getting the nose down to an achievable attitude.
Forces in a descent
If an aircraft is cruising at, for instance, the maximum 75% power speed and the pilot reduces the throttle to 65% power, the drag now exceeds thrust and the pilot has two options – maintain height allowing the excess drag to slow the aircraft to the level flight speed appropriate to 65% power or maintain the existing speed and allow the aircraft to enter a steady descent or sink. The rate of descent (altitude lost per minute) depends on the difference between the 75% power required for level flight at that airspeed and the 65% power utilised. This sink rate will remain constant as long as the thrust plus weight, which are together acting in a forward direction, are exactly balanced by the lift plus drag, which are together acting in a rearward direction. At a constant airspeed the sink rate, and the angle of descent, will vary if thrust is varied.

If the pilot now pushed forward on the control column to a steeper angle of descent, while maintaining the same throttle opening, the thrust plus weight resultant vector becomes greater, the aircraft accelerates with consequent increase in thrust power and the acceleration continues until the forces are again in equilibrium. Actually it is difficult to hold a stable aircraft in such a fixed angle "power dive" as the aircraft will be wanting to climb – but an unstable aircraft might be wanting to 'tuck under' i.e. increase the angle of dive, even past the vertical. 

When the pilot closes the throttle completely, there is no thrust, the aircraft enters a gliding descent and the forces are then as shown in the diagram on the left. In the case of a constant rate descent the weight is exactly balanced by the resultant force of lift and drag. From the dashed parallelogram of forces shown it can be seen that the tangent of the angle of glide equals drag/lift.
[image: image72.jpg]



For example assuming a glide angle of 10°, from the table below the tangent of 10° is 0.176, so the ratio of drag/lift in this case is then 1 : 5.7
Conversely we can say that the angle of glide is dependent on the ratio of lift/drag and the higher that ratio is then the smaller the glide angle and consequently the further the aircraft will glide from a given height. 

e.g. calculating the optimum glide angle for an aircraft with a L/D of 12 :1:-
Drag/lift equals 1/12 thus tangent = 0.08 and, from the table below, the glide angle = 5°.

Although there is no thrust associated with the power-off glide the power required curve in section 1.7 above is still relevant. The minimum drag airspeed shown in that diagram is more or less the airspeed for best glide angle – Vbg – and the speed for minimum power is more or less the airspeed for minimum rate of descent in a glide – Vmd. 
Turning forces
Load factors
In aviation usage "g" denotes the force due to gravity. When an aircraft is airborne at a constant velocity and altitude the load on the aircraft wings is the aircraft's mass and that load is expressed as being equivalent to '1g'. Similarly when the aircraft is parked on the ground the load on the aircraft wheels [its weight] is a 1g load.

Any time an aircraft's velocity is changed there are positive or negative accelerative forces applied to the aircraft and its occupants. The resultant "load factor" is normally measured in terms of "g" load which is the ratio of the forces experienced during the acceleration to the forces existing at 1g.

You will come across expressions such as "2g turn" or "pulled 2g"; what is being implied is that during a particular manoeuvre a radial acceleration was applied to the airframe and the load on the wings doubles – for the Jabiru a 2g load = 400 kg × 20 m/s² = 8000 newtons. The occupants will also feel they weigh twice as much. This is 'radial g', or centripetal force and it applies whether the aircraft is changing direction in the horizontal plane, the vertical plane or anything between.

You may also come across mention of "negative g". It is conventional to describe g as positive when the loading on the wing is in the normal direction. When the load direction is reversed it is described as negative. Slight negative g can occur momentarily in severe turbulence but an aircraft experiencing a sustained 1g negative loading is flying in equilibrium, but upside down. It is also possible for some high powered aerobatic aircraft to fly an 'outside' loop, i.e. the pilot's head is on the outside of the loop rather than the inside, and the aircraft (and it's very uncomfortable occupants), will be experiencing various negative g values all the way around the manoeuvre.

The structures of the aircraft we are concerned with are required to withstand in-flight load factors not less than +4.4g to –1.8g at MTOW without any malformation – temporary or otherwise. In addition, to allow for less than optimum craftmanship, a 'design safety factor' of at least 1.5 is added thus the aircraft should normally cope with load factors of +6.6g to – 2.7g.

It should not be thought that aircraft structures are significantly weaker in the negative g direction. The normal load is +1g so with a +4.4g limit then an additional positive 3.4g load can be applied while with a –1.8g limit an additional negative load of 2.8g can be applied. 
Centripetal force
When an aircraft turns, in any plane, an additional force must be continuously applied to overcome inertia, particularly its normal tendency to continue in a straight line. This is achieved by applying a force towards the centre of the curve or arc – the centripetal force – which is the product of the aircraft mass and the acceleration required. Remember that acceleration is the rate of change of velocity, either speed or direction or both. The acceleration, as you know from driving a car through an S curve, depends on the speed at which the vehicle is moving around the arc and the radius of the turn. Slow speed and a sweeping turn – very little acceleration, but high speed and holding a small radius involves high acceleration with consequent high radial g or centripetal force and difficulty in holding the turn. 

The acceleration towards the centre of the turn is V²/r metres per second per second and the centripetal force required to produce the turn is m × V²/r Newtons where r is the turn radius in metres and m is the aircraft mass in kilograms. Note that we are using aircraft mass not weight. 
Turn forces and bank angle
The diagram below shows the relationships between centripetal force, weight, lift and bank angle. 
[image: image73.jpg]L=Weos o

: tripetal forcy .
Gentripet e =
mxVv/r (e
o ~





In a level turn the vertical component of the lift [Lvc] balances aircraft weight and the horizontal component of lift [Lhc] provides the centripetal force. 

[Note: in a right angle triangle the tangent of an angle is the ratio of the side opposite the angle to that adjacent to the angle. Thus the tangent of the bank angle is equal to the centripetal force divided by the aircraft weight or tan ø = cf / W. (Or it can be expressed as tan ø = V² /gr ). In the diagram I have created a parallelogram of forces so that all horizontal lines represent the centripetal force or Lhc and all vertical lines represent the weight or Lvc.] 
 
	  Let's look at the Jabiru, mass 400 kg, in a 250 metre radius horizontal turn at a constant speed of 97 knots or 50 m/s:- 

  Centripetal acceleration = V² / r = 50 × 50 / 250 = 10 m/s²   
  Centripetal force required = m × V² / r = m ×10 = 400 × 10 = 4000 newtons




The centripetal force of 4000 N is provided by the horizontal component of the lift force from the wings when banked at an angle from the horizontal, the correct bank angle being dependent on the velocity and radius: think about a motorbike taking a curve in the road. During the level turn the lift force must also have a vertical component to balance the aircraft's weight, in this case also 4000 newtons. But the total required force is not 4000 + 4000 N, rather we have to find the one – and only one – bank angle where Lvc is equal to the weight and Lhc is equal to the required centripetal force. 

What then will be the correct bank angle [ø] for a balanced turn? Well we can calculate it easily if you have access to trigonometrical tables, if you haven't there is a very abridged version at the end of this page. 
 
	  So in a level turn requiring 4000 N centripetal force with weight 4000 N the tangent of the bank angle = 4000/4000 = 1.0 and thus the angle = 45°. Actually the bank angle would be 45° for any aircraft of any weight moving at 97 knots in a turn radius of 250 metres – provided the aircraft can fly at that speed of course. (Do the sums with an aircraft of mass 2500 kg, thus weight = 25 000 N.). 

   Now what total lift force will the wings need to provide in our level turn if the weight component is 4000 N and the radial component also 4000 N? 
Resultant total lift force = weight divided by the cosine of the bank angle or L = W / cos ø. Weight is 4000 N, cosine 45° is 0.707 = 4000/0.707 = 5660 N. 
So the load on the structure – the wing loading – in the turn, is 5660/4000 = 1.41 times normal or 1.41g.


Wing loading
   We know that lift = CL × ½rV² × S = Weight
   thus W = CL × ½rV² × S 
   or    W / S = CL × ½rV² = the wing loading

From this we can see that if wing loading increases in a constant speed manoeuvre then CL , the angle of attack, must increase. Conversely if CL , the angle of attack, is increased during a constant speed manoeuvre the lift, and consequently the wing loading, must increase. 

It can be a little misleading when using terms such as 2g. For instance we said earlier that a lightly loaded Jabiru has a mass of 340 kg and if you do the preceding centripetal force calculation using that mass you will find that the centripetal acceleration is 10 m/s², centripetal force is 3400 N, weight is 3400 N and total lift = 4800 N, i.e. the actual wing loading is 20% less but it is still a 1.41g turn, i.e. 4800/3400 = 1.41. 

Thus rather than thinking in terms of g equivalents, it may be more appropriate to consider the actual loads being applied to the aircraft structures, and the norm is to use the wing loading as the primary structural load reference. In the prior case the load on the wing structure is 5660 / 8 = 707 N/m², compared to the 500 newtons load per m² in normal cruise. 

Most general aviation aircraft have a designed wing loading between 500 and 1000 N/m², ultralights between 200 and 550 N/m², in normal cruise near maximum allowed weight. Aircraft designed with higher wing loading are usually more manoeuvrable, are less affected by atmospheric turbulence, but have higher minimum speed than aircraft with lower wing loading. Wing loading is usually stated in pounds per square foot; between 11 and 22 for GA aircraft, 4 and 12 for ultralights. 
Increasing the lift force in a turn
You might ask how does the Jabiru increase the lift if it maintains the same cruise speed in the level turn? Well the only value in the equation - Lift = CL × ½rV² × S - that can then be changed is the lift coefficient, which must be increased by the pilot increasing the angle of attack. Note that increasing aoa will also increase induced drag, so that the pilot must also increase thrust to maintain the same airspeed; thus the maximum rate of turn for an aircraft will also be limited by the amount of additional power available to overcome induced drag. 

Thus for a level turn the slowest possible speed and the steepest possible bank angle will provide both the smallest radius and the fastest rate of turn, but there are limitations.

If you consider an aerobatic aircraft weighing 10 000 N and making a turn in the vertical plane, i.e. the loop described earlier, and imagine that the centripetal acceleration is 2g; what will be the wing loading at various points of the turn? Actually the centripetal acceleration varies all the way around because the airspeed and radius must vary but we will ignore that and say that it is 2g all round. If the acceleration is 2g then the centripetal force must be 20 000 N all the way round. 

A turn in the vertical plane differs from a horizontal turn in that, at both sides of the loop, the wings do not have to provide any lift component to counter weight, just lift for the centripetal force, so the total load at those points is 20 000 N or 2g. At the top, with the aircraft inverted, the weight is directed towards the centre of the turn and provides 10 000 N of the centripetal force and the wings need provide only 10 000 N. Thus the total load is only 10 000 N or 1g, whereas at the bottom of a continuing turn the wings provide all the centripetal force plus counter the weight, so the load there is 30 000 N or 3g. 

This highlights an important point: when acceleration loads are reinforced by the acceleration of gravity, the total load can be very high. 

If you have difficulty in conceiving the centripetal force loading on the wings, think about it in terms of the reaction momentum, centrifugal force which, from within the aircraft, is seen as a force pushing the vehicle and its occupants to the outside of the turn and the lift (centripetal force) is counteracting it. Centrifugal force is always expressed as g multiples.
Conserving aircraft energy
Energy available
An aircraft in straight and level flight has: 
· linear momentum – m × v kg m/s 
· kinetic energy [the energy of a body due to its motion] – ½mv² newton metres (or joules; one joule = 1Nm) 
· gravitational potential energy – in this case the product of weight in newtons and height gained in metres 
· chemical potential energy in the form of fuel in the tanks 
· and air resistance that dissipates some kinetic energy as heat or atmospheric turbulence. 

To simplify the text from here on we will refer to 'gravitational potential energy' as just potential energy and "chemical potential energy" as just chemical energy.
 
	We can calculate the energy available to the Jabiru cruising: 

• at a height of 6500 feet [2000 metres] 
• and velocity [air distance flown over time]= 97 knots [50 metres per second] 
• with mass = 400 kg thus weight = 4000 newtons 
• fuel = 50 litres. 

   Then: 

• potential energy = weight × height = 4000 × 2000 = 8 million joules 
• kinetic energy = ½mv² = ½ × 400 × 50 × 50 = 500 000 joules 
• momentum = mass × velocity = 400 × 50 = 20 000 units (kg m/s) 
• chemical energy = 50 litres @ 7.5 million joules = 375 million joules. 



Because it is the accumulation of the work done to raise the aircraft 6500 feet, the potential energy is 16 times the kinetic energy, and is obviously an asset that you don't want to dissipate. It is equivalent to 2% of your fuel. 

One of the skills of piloting an aircraft is in the art of managing energy for conservation and making appropriate use of momentum. Fighter pilots take the art of energy management to its limits – for survival, but so should you – the only safe place to have dissipated your potential and kinetic energy is after the aircraft touches down on the runway. The intelligent use of energy and momentum, for instance exchanging potential for kinetic, or vice versa, is a skill to be developed. 

It is always wise to balance a shortage of potential energy with an excess of kinetic energy, and vice versa. For example if you don't have much height then have some extra speed up your sleeve for manoeuvring or to provide extra time for action in case of engine or wind shear problems. Or if kinetic energy is reduced by flying at lower speeds than normal make sure you have ample height or, if approaching to land, hold height for as long as possible. The only time to be "low and slow" is when you are about to land. 

However during take-off it is not possible to have an excess of either potential or kinetic energy thus take-off is the most critical phase of flight, closely followed by the go-around following an aborted landing approach. Ensure that a safe climb speed is achieved as quickly as possible after becoming airborne – or commencing a go-around – and before the climb-out is actually commenced. 
Kinetic energy measurement
Kinetic energy is a scalar quantity equal to ½mv² joules if the aircraft is not turning. However the velocity must be measured in relation to some frame of reference and when we discuss inflight energy management the aircraft velocity chosen is that which is relative to the air, i.e. the true airspeed. For a landborne [or about to landborne] aircraft we are generally concerned with either the work to be done to get the aircraft airborne or the [impact] energy involved in bringing the aircraft to a halt, so the velocity used is that which is relative to the ground. Groundspeed represents the horizontal component, rate of climb/descent the vertical component of that velocity. 

Kinetic energy, gravitational potential energy and energy conservation are complex subjects. If you wish to go further plug "kinetic energy" "reference frame" into the Google search engine. 
Momentum conversion
Let's look at momentum conversion. Take the Jabiru, weighing 4000 newtons and cruising at 97 knots – 50 m/s – and the pilot decides to reduce the cruise speed to 88 knots – 45 m/s. This could be accomplished by reducing thrust, below that needed for 88 knots, allowing drag to dissipate the excess kinetic energy then increasing power for 88 knots. However, if traffic conditions allow, the excess kinetic energy can be converted to potential energy by reducing power, but only to that needed to maintain a 88 knot cruise, and at the same time, pulling up – thus reducing airspeed but still utilising momentum – then pushing over into level flight just as the 88 knot airspeed is acquired. 
	How much height would be gained? 

Consider this: 

   • kinetic energy at 97 knots = ½mv² = ½ × 400 × 50 × 50 = 500 000 joules 
   • kinetic energy at 88 knots = ½mv² = ½ × 400 × 45 × 45 = 405 000 joules 
   • kinetic energy available = 95 000 joules (or newton metres) 
   • but potential energy = weight × height joules (or newton metres) 
   • thus height (gained) = energy available divided by weight 
   • = 95 000 Nm / 4000 N = 24 metres = 78 feet or 9 feet gained per knot of speed converted.


If you recalculate the preceding figures doubling the initial (100 m/s) and final velocities (90 m/s) the height gained will increase fourfold to 96 metres, or about 18 feet per knot. Conversely if we halve the initial velocity to about 50 knots the height gained per knot converted is halved, to about 4 feet. Note that as mass appears in both the kinetic energy and the weight expressions, it can be ignored, thus the figures are the same for any mass. 
   
	Abridged trigonometrical table 

Relationship between an angle within a right angle triangle and the sides: 

Tangent of angle=opposite side/adjacent
Sine of angle=opposite/hypotenuse
Cosine of angle=adjacent/hypotenuse

 

	Degrees
	Sine
	Cosine
	Tangent
	  
	Degrees
	Sine
	Cosine
	Tangent

	1
	0.017
	0.999
	0.017
	  
	50
	0.766
	0.643
	1.192

	5
	0.087
	0.996
	0.087
	  
	55
	0.819
	0.574
	1.428

	10
	0.173
	0.985
	0.176
	  
	60
	0.866
	0.500
	1.732

	15
	0.259
	0.966
	0.268
	  
	65
	0.910
	0.423
	2.145

	20
	0.342
	0.939
	0.364
	  
	70
	0.939
	0.342
	2.747

	30
	0.500
	0.866
	0.577
	  
	75
	0.966
	0.259
	3.732

	40
	0.643
	0.766
	0.839
	  
	80
	0.985
	0.173
	5.672

	45
	0.707
	0.707
	1.000
	  
	90
	1.000
	0
	infinity


	


aerodynamic resistance and the use of aerodynamic coefficients 

A streamlined shape has much less drag than a non-streamlined shape. Whatever drag exists for a streamlined shape is composed primarily of skin-friction drag with the pressure drag being very small. The increase in skin-friction drag occurs because the streamlined body has more area exposed to the airflow and thus has a greater area over which the boundary layer may act. A streamlined shape also experiences almost no boundary-layer separation.
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Effects of streamlining at various Reynolds numbers. 
However, the shape of a body or different airspeeds encountered cannot explain all aerodynamic results relating to the amount of drag. A better measure of performance is needed. This measure is the non-dimensional drag coefficient.

From everyday experience, consider the factors that determine the aerodynamic resistance on a body. If one places his hand perpendicular to the airflow outside a car window that is travelling at 20 kilometres per hour (about 12 miles per hour), little resistance is felt, but if one speeds along at 100 kilometres per hour (about 62 miles per hour), the force felt is considerable. Velocity is one factor that determines resistance. In fact, considering the flow problems of subsonic flight, the resistance depends directly on (velocity) multiplied by (velocity) or (velocity)2. Although a body moving at a velocity of 100 kilometres per hour has a velocity that is five times that of a body moving at 20 kilometres per hour, the aerodynamic resistance is about 25 times as great at the higher velocity.
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Drag coefficients of various bodies. 
If one walks along a beach, there is little aerodynamic resistance. But try to wade in the water at the same speed. It is considerably more difficult, if not impossible. The density of water is much greater than the density of air. Density of the fluid is another determining factor in the resistance felt by a body.

One more experiment: hold a small piece of cardboard up against a stiff wind. Little resistance is experienced. Now hold a much larger but similarly shaped sheet of cardboard up against the same stiff wind. A considerable resistance is felt. Area (or length multiplied by length) exposed to the airflow is another determining factor of resistance.
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Drag coefficients as function of Reynolds number. 
We can now state that, in the flow of real fluid—air—about a body, the aerodynamic resistance depends on the size, shape, and attitude of the body (its direction with respect to the airflow—angle of attack); the properties of the fluid, e.g., its density and pressure; and the relative velocity between the body and the fluid (air). To illustrate, consider the lift force, defined as the aerodynamic reaction perpendicular to the direction of the airflow. Lift depends on size, shape, attitude, fluid properties, and velocity. For an ideal fluid, the fluid properties (except for density) do not influence the lift force. For a real fluid, however, viscosity, elasticity (the reciprocal of compressibility), and turbulent properties are also important. In addition to the shape and attitude of the body, the surface roughness has an effect on the force. Thus,

	[image: image77.jpg]/ €V, \
Lift=p, xV, 2x§x Faclor\ Vel Voo surtace roughness, air turbulence|
= 7





	(1) 


where

	r¥
	density of the fluid

	V¥
	velocity of the fluid

	S
	body frontal area (surface area)

	l (or D)
	body length

	a
	attitude of body (angle of attack)

	µ
	coefficient of viscosity

	a¥
	speed of sound of fluid


For a wing, S is usually taken to be the planform area (chord length times wing span for a rectangular wing).

It has previously been shown that the quantity r¥ V¥ D/µ is the Reynolds number or R. Also, that 

a¥/V¥
is defined to be the Mach number or M. The Reynolds number is the dimensionless quantity associated with the fluid viscosity whereas the Mach number is associated with the fluid compressibility. Surface roughness influences the transition from a laminar to a turbulent flow. Air turbulence represents the degree of the wake formed past the separation points. Furthermore, the effects of attitude and shape of a body are lumped together into the factor called K. Then,

	Lift = r¥ x V¥2 x S x K
	(2) 


The dynamic pressure of airflow was previously defined as 1/2 pV2 so if a value of 1/2 is included in equation (1) and the value of K is doubled to keep the equation the same, 2K may be replaced by CL. Finally, 

Lift = CL x ½ r¥ x V¥2 x S

	Lift = CL x ½ r¥ x V¥2 x S
	(3) 


Equation (3) is the fundamental lift formula for usual aircraft flight. CL is known as the coefficient of lift. The equation states simply that aerodynamic lift is determined by a coefficient of lift times the free-stream dynamic pressure r¥ times the characteristic body area S.

It is very important to realize that the lift coefficient CL depends upon the Reynolds number, Mach number, surface roughness, air turbulence, attitude, and body shape. It is not a constant. CL is generally found by wind tunnel or flight experiments by measuring lift and the free-stream conditions and knowing the body dimensions. Thus,
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The aerodynamic drag is the aerodynamic resistance parallel to the free-stream direction (the direction of the airflow). One obtains analogous equations to equations (3) and (4), namely,
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	(5) 


or
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	(6) 


where CD is the drag coefficient, dependent on the previously enumerated parameters.

The moment acting on a body is a measure of the body's tendency to turn about its centre of gravity. This moment represents the resultant aerodynamic force times a moment distance. A similar derivation may be applied to the moment equation as used for the lift and drag equations such that,
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	(7) 


or
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Cm is the coefficient of moment and an additional characteristic length l is necessary for it to be dimensionally correct. To reiterate, CL, CD, and Cm are dependent on the Reynolds number, Mach number surface roughness, air turbulence, attitude, and body shape.

The point on an airfoil where the boundary layer changes from laminar to turbulent is called the transition point. The Reynolds numbers around that point are called the critical Reynolds numbers.
<>drag 
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This figure shows a Me-109G German fighter from World War II. Shown is the percentage breakdown of the drag (includes interference drag) of the components
<> 

Any physical body being propelled through the air has drag associated with it. In aerodynamics, drag is defined as the force that opposes forward motion through the atmosphere and is parallel to the direction of the free-stream velocity of the airflow. Drag must be overcome by thrust in order to achieve forward motion.
<> 

Drag is generated by nine conditions associated with the motion of air particles over the aircraft. There are several types of drag: form, pressure, skin friction, parasite, induced, and wave. 
The term "separation" refers to the smooth flow of air as it closely hugs the surface of the wing then suddenly breaking free of the surface and creating a chaotic flow. The second picture on the left hand margin of this page shows examples of air flowing past a variety of objects. The bottom shows well behaved, laminar flow (flow in layers) where the flow stays attached (close to the surface) of the object. The object just above has a laminar flow for the first half of the object and then the flow begins to separate from the surface and form many chaotic tiny vortex flows called vortices. The two objects just above them have a large region of separated flow. The greater the region of separated flow, the greater the drag. This is why airplane designers go to such effort to streamline wings and tails and fuselages — to minimize drag.
<> 

Induced drag
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<>Induced drag is a by-product of lift
Induced drag is the drag created by the vortices at the tip of an aircraft's wing. Induced drag is the drag due to lift. The high pressure underneath the wing causes the airflow at the tips of the wings to curl around from bottom to top in a circular motion. This results in a trailing vortex. Induced drag increases in direct proportion to increases in the angle of attack. The circular motion creates a change in the angle of attack near the wing tip which causes an increase in drag. The greater the angle of attack up to the critical angle (where a stall takes place), the greater the amount of lift developed and the greater the induced drag.
All of these types of drag must be accounted for when determining drag for subsonic flight. The total drag is the sum of parasite and induced drag. 
Total Drag = Parasite Drag + Induced Drag
But the net (or total) drag of an aircraft is not simply the sum of the drag of its components. When the components are combined into a complete aircraft, one component can affect the air flowing around and over the airplane, and hence, the drag of one component can affect the drag associated with another component. These effects are called interference effects, and the change in the sum of the component drags is called interference drag. Thus,
(Drag)1+2 = (Drag)1 + (Drag)2 + (Drag)interference
Generally, interference drag will add to the component drags but in a few cases, for example, adding tip tanks to a wing, total drag will be less than the sum of the two component drags because of the reduction of induced drag.
<> 

parasite drag
The parasite drag of a typical airplane in the cruise configuration consists primarily of the skin friction, roughness, and pressure drag of the major components. There is usually some additional parasite drag due to such things as fuselage upsweep, control surface gaps, base areas, and other extraneous items. Since most of the elements that make up the total parasite drag are dependent on Reynolds number and since some are dependent on Mach number, it is necessary to specify the conditions under which the parasite drag is to be evaluated. In the method of these notes, the conditions selected are the Mach number and the Reynolds number corresponding to the flight condition of interest. 

The basic parasite drag area for airfoil and body shapes can be computed from the following expression:
f = k cf Swet
where the skin friction coefficient, cf , which is based on the exposed wetted area includes the effects of roughness, and the form factor, k, accounts for the effects of both supervelocities and pressure drag. Swet is the total wetted area of the body or surface.

Computation of the overall parasite drag requires that we compute the drag area of each of the major components (fuselage, wing, nacelles and pylons, and tail surfaces) and then evaluate the additional parasite drag components described above.

We thus write:
CDp = <><>S ki cfi Sweti / Sref + CDupsweep + CDgap+ CDnac_base + CDmisc
where the first term includes skin friction, and pressure drag at zero lift of the major components. cfi is the average skin friction coefficient for a rough plate with transition at flight Reynolds number. Equivalent roughness is determined from flight test data.

<> 

form drag 
<> 

Form drag and pressure drag are virtually the same type of drag. Form or pressure drag is caused by the air that is flowing over the aircraft or airfoil. The separation of air creates turbulence and results in pockets of low and high pressure that leave a wake behind the airplane or airfoil (thus the name pressure drag). This opposes forward motion and is a component of the total drag. Since this drag is due to the shape, or form of the aircraft, it is also called form drag. Streamlining the aircraft will reduce form drag, and parts of an aircraft that do not lend themselves to streamlining are enclosed in covers called fairings, or a cowling for an engine, that have a streamlined shape. Airplane components that produce form drag include (1) the wing and wing flaps, (2) the fuselage, (3) tail surfaces, (4) nacelles, (5) landing gear, (6) wing tanks and external stores, and (7) engines. 
Skin friction drag is caused by the actual contact of the air particles against the surface of the aircraft. This is the same as the friction between any two objects or substances. Because skin friction drag is an interaction between a solid (the airplane surface) and a gas (the air), the magnitude of skin friction drag depends on the properties of both the solid and the gas. For the solid airplane, skin fiction drag can be reduced, and airspeed can be increased somewhat, by keeping an aircraft's surface highly polished and clean. For the gas, the magnitude of the drag depends on the viscosity of the air. Along the solid surface of the airplane, a boundary layer of low energy flow is generated. The magnitude of the skin friction depends on the state of this flow.
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<> 

skin friction 
[image: image86.jpg]7,




<>
The leading edge of a wing will always produce a certain amount of friction drag<>

<> 

An important aerodynamic force during low-speed subsonic flight is the shear force (the sideways force or internal friction) caused by viscous airflow over the surfaces of the vehicle. This shear force is referred to as the skin-friction force or skin-friction drag and depends strongly on the Reynolds number, surface roughness, and pressure gradients. In addition to the pressure forces that act everywhere perpendicular to (normal to) a body in moving air, viscous forces are also present. It is these viscous forces that modify the lift that would exist under ideal conditions (air is inviscid and incompressible) and help create the real drag.

If the airflow were ideal, that is, inviscid, the air would simply slip over the surface of a smooth plate with velocity V¥. At all points along the surface of the plate, the velocity distribution (that is, the variation in velocity as one moves perpendicularly away from the surface) would be a uniform constant value of V∞. No drag would result if the airflow were frictionless (inviscid). 

Under real conditions, however, a very thin film of air molecules adheres to the surface. This is the very important no-slip condition. It states that at the surface of a body, the airflow velocity is zero. As one moves away from the body, the velocity of the air gradually increases until, at some point, the velocity becomes a constant value; in the case of a flat plate this value is V¥. The layer of air where the velocity is changing from zero to a constant value is called the boundary layer. Within the boundary layer, there are relative velocities between the layers and an internal friction is present. This internal friction extends to the surface of the body. The cumulative effect of all these friction forces is to produce drag on the plate. This drag is referred to as skin-friction drag.
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<>
Real fluid flow about an airfoil. The thickness of the boundary layers and wake are greatly exaggerated. The bottom flow along lower surface is the same as on the upper surface.

<><> 

Initially, near the leading edge of a flat, smooth plate, one has a laminar flow (the flow is layered) and the boundary layer also is steady and layered—hence, a laminar boundary layer. As one moves farther downstream, viscosity continues to act, and the laminar boundary layer thickens as more and more air is slowed down by internal friction. Eventually, a point is reached on the plate where the laminar boundary layer undergoes transition and becomes a turbulent boundary layer. As is usual for turbulent flow, there is random motion in the boundary layer as well as the downstream-directed motion. There is no slip at the surface of the plate. Another important difference from the laminar boundary layer is the fact that the velocity builds up more quickly as one moves away from the wall, although the total boundary-layer thickness is greater. The turbulent boundary layer farther away from the wall reenergizes the slower moving air nearer the wall. This condition can be seen by comparing the profile of the laminar boundary layer with the profile of the turbulent boundary layer. 

The Reynolds number has an important effect on the boundary layer. As the Reynolds number increases (caused by increasing the airflow speed and/or decreasing the viscosity), the boundary layer thickens more slowly. However, even though the Reynolds number becomes large, the velocity at the surface of the body must be zero. Thus, the boundary layer never disappears. 

It is interesting to note that a typical thickness of the boundary layer on an aircraft wing is generally less than a centimetre (2.5 inches). Yet, the velocity must vary from zero at the surface of the wing to hundreds of meters per second at the outer edge of the boundary layer. It is evident that tremendous shearing forces (internal friction) must be acting in this region. This gives rise to the skin-friction drag.

Applied to an airfoil in a real airflow, the same free-stream velocity V¥ and free-stream static pressure p¥ apply. The field of air ahead of the airfoil is only slightly modified and for all practical purposes, the velocities and static pressures are the same as for the ideal fluid case. Again a stagnation point (a point with no motion) occurs at the leading edge of the airfoil and the pressure reaches its maximum value of pt at this point (total or stagnation pressure). From this point on along the airfoil, the picture changes.

As noted earlier in the example of the flat plate, a boundary layer begins to form because of viscosity. This boundary layer is very thin and outside of it, the flow acts very much like that of an ideal fluid. Also, the static pressure acting on the surface of the airfoil is determined by the static pressure outside the boundary layer. This pressure is transmitted through the boundary layer to the surface and thus acts as if the boundary layer were not present at all. But the boundary layer feels this static pressure and will respond to it.

Over the front surface of the airfoil up to the shoulder, an assisting favourable pressure gradient exists (pressure decreasing with distance downstream). The airflow speeds up along the airfoil. The flow is laminar and a laminar boundary layer is present. This laminar boundary layer grows in thickness along the airfoil. When the shoulder is reached, however, the air molecules are moving slower than in the ideal fluid case. This is an unfavourable condition because the previous ideal flow just came to rest at the trailing edge of the airfoil. It would appear now, with viscosity present, that the flow will come to rest at some distance before the trailing edge is reached.

As the airflow moves from the shoulder to the rear surface of the airfoil, the static-pressure gradient is unfavourable (increasing pressure with downstream distance). The air molecules must push against both this unfavourable pressure gradient and the viscous forces. At the transition point, the character of the airflow changes and the laminar boundary layer quickly becomes a turbulent boundary layer. This turbulent boundary layer continues to thicken downstream. Pushing against an unfavourable pressure gradient and viscosity is too much for the airflow, and at some point, the airflow stops completely. The boundary layer has stalled short of reaching the trailing edge. (Remember that the airflow reached the trailing edge before stopping in the ideal fluid case.)

This stall point is known as the separation point. All along a line starting from this point outward into the airflow, the airflow is stalling. Beyond this line, the airflow is actually moving backward, upstream toward the nose before turning around. This is a region of eddies and whirlpools and represents “dead” air that is disrupting the flow field away from the airfoil. Thus, the airflow outside the dead air region is forced to flow away and around it. The region of eddies is called the wake behind the airfoil.

Up to the separation point, the difference between the static-pressure distribution for ideal fluid flow and real airflow is not very large but once separation occurs, the pressure field in greatly modified. In the ideal fluid case, the net static-pressure force acting on the front surface of the airfoil (up to the shoulder) parallel to the free stream exactly opposed and cancelled that acting on the rear surfaces of the airfoil. Under real airflow conditions, however, this symmetry and cancellation of forces is destroyed. The net static-pressure force acting on the front surface parallel to the free-stream direction now exceeds that acting on the rear surface. The net result is a drag force due to the asymmetric pressure distribution called pressure drag. This is a drag in addition to the skin-friction drag due to the shearing forces (internal friction) in the boundary layer. Additionally, the modification of the static-pressure distribution causes a decrease in the pressure lift from the ideal fluid case. The effect of viscosity is that the lift is reduced and a total drag composed of skin-friction drag and pressure drag is present. Both of these are detrimental effects.

It should be emphasized that similar processes are occurring on all the components of the aircraft to one degree or another, not only the airfoil.

Thus, the effects of a real fluid flow are the result of the viscosity of the fluid. The viscosity causes a boundary layer and, hence, a skin-friction drag. The flow field is disrupted because of viscosity to the extent that a pressure drag arises. Also, the net pressure lift is reduced. 

interference drag
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Surfaces at angles to each other as in (C) create turbulence in the region of the joint. This occurs most frequently at the intersection of the fuselage and wing.
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This figure shows a Grumman F9F Panther Jet with a large degree of filleting to reduce drag

lift versus drag

An aircraft with a given total gross weight can be operated in level flight over a range of power settings and airspeeds. Since Lift and Weight must be equal in order to maintain level flight, it is obvious that there is a relationship between Lift (L), Airspeed (V), and Angle of Attack (AT). This relationship can be "generalized" with the following expression. (Note: the expression is not an exact equation). 

Lift = Angle of Attack x Velocity 

Since angle of attack and speed also have a relationship to Induced Drag and Parasite Drag, the relationship of Lift/Drag is shown by the graph below. 
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Parasite drag increases with speed. Induced drag decreases with speed. The SUM of the two drags (Total Drag curve) shows that there is only one airspeed for a given airplane and load that provides MINIMUM total drag. This is the point M which is the maximum lift over drag ratio (L/D). It is the airspeed at which the aircraft can glide the farthest without power (maximum glide range). This is the airspeed which should immediately be set up in the event of a power failure. This maximum glide airspeed is different for each aircraft design. The Pilot Operating Handbook should be consulted for this airspeed and the pilot should memorize it to eliminate need to search manuals during an emergency. 
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Decrease in airplane drag coefficient with time
methods of reducing induced drag

Induced drag is caused by the generation of lift. It is created by the vortices at the tip of an aircraft's wing. The magnitude of induced drag depends on the amount of lift being generated by the wing and on the shape and size of the wing. Long, thin (chord wise) wings have low induced drag; short wings with a large chord have high induced drag. 
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This figure illustrates the wing-span effect on induced drag for airplanes having same wing area, same lift coefficient, and same dynamic pressure. 
How can the induced drag be reduced? One may (1) increase the span efficiency factor to as close to e = 1 as possible, (2) increase the wing span b (or aspect ratio AR), and (3) increase the free-stream velocity V¥. Induced drag is a small component at high speeds (cruising flight) and relatively unimportant since it constitutes only about 5 to 15 percent of the total drag at those speeds. But at low speeds (takeoff or landing), it is a considerable component since it accounts for up to 70 percent of the total drag.
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High aspect-ratio wing
The efficiency factor e and wing span are physical factors that may be controlled by proper design. A plane with a longer span wing (higher aspect ratio) has less induced drag and, therefore, greater efficiency. But structural considerations become a dominant factor. A very thin long wing requires a large structural weight to support it, and there comes a point where the disadvantage of increasing structural weight needed to support the increased wing span counteracts the advantage of decreased drag due to smaller vortex effects. An aircraft with a compromise aspect ratio, and which also considers factors such as fuel capacity, control characteristics, size allowances, and numerous other factors, would give the optimum performance. A survey of airplane categories shows sailplanes with an aspect ratio of 15 or more, single-engine light airplanes with an aspect ratio of about 6, and supersonic fighter airplanes with an aspect ratio of about 2.
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Tip plates and tip tanks
An interesting way of reducing induced drag is by the use of tip plates or tip tanks. This arrangement tends to inhibit the formation of tip vortices. Tip plates have the same physical effect as an increase in wing span (or aspect ratio). Normally, these are not used since there are other more valuable drag reduction methods.

For a general wing, the airfoil sections may vary in three distinct ways along the wing. First, the size or chord length may change; second, the shape of the airfoil section may change as one moves along the wing, and lastly, the angles of attack of the airfoil sections may change along the wing. 
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Planform and thickness taper
Planform taper is the reduction of the chord length and thickness as one proceeds from the root (near the fuselage) to the tip section (at the wing tip) so that the airfoil sections also remain geometrically similar. (A planform is the shape of the wing as one looks down on it from above.)

Thickness taper is the reduction of the airfoil's thickness as one proceeds from the root section (the part of the wing closest to the fuselage) to the tip section. This reduction results in thinner airfoil sections at the wing tip. The chord remains constant. One notable exception to this normal taper was the XF-91 fighter, which has inverse taper in planform and thickness so that the wing tips were thicker and wider than the inboard stations. 
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Geometric and aerodynamic twist
Wings are given twist so that the angle of attack varies along the span. A decrease in angle of attack toward the wing tip is called washout whereas an increase in angle of attack toward the wing tip is called wash-in. Geometric twist represents a geometric method of changing the lift distribution, whereas aerodynamic twist changes lift by using different airfoil sections along the span—an aerodynamic method of changing the lift distribution in a span wise manner. To give minimum induced drag, the span wise efficiency factor e should be as close to 1 as possible. This is the case of an elliptic span wise lift distribution. A number of methods are available to modify the span wise distribution of lift. They include (1) planform taper to obtain an elliptic planform, used for the Spitfire wing, which was remarkably elliptic; (2) a geometric twist and/or aerodynamic twist to obtain elliptic lift distribution; or (3) a combination of all of these methods.
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Reduction of induced drag. A square-tipped rectangular wing is almost as efficient as the elliptic wing
An elliptical planform is hard to manufacture and is costly. From the point of view of construction, the best type of wing is the un-tapered, untwisted wing. This is often used by light plane manufacturers. Surprisingly, data indicates that a square-tipped rectangular wing is very nearly as efficient as the elliptic wing, so that the gains in reduced induced drag may be insignificant. This result may be traced to the fact that, for a real wing, the lift distribution falls off to zero at the wing tips and approximates an elliptical distribution.

The wing-tip shape, being at the point where the tip vortices are produced, appears to be of more importance in minimizing tip vortex formation and thus minimizing induced drag. Taper and twist are perhaps of greater importance in dealing with the problem of stalling.
wing vortices 

Vortices form because of the difference in pressure between the upper and lower surfaces of a wing that is operating at a positive lift. Since pressure is a continuous function, the pressures must become equal at the wing tips. The tendency is for particles of air to move from the lower wing surface around the wing tip to the upper surface (from the region of high pressure to the region of low pressure) so that the pressure becomes equal above and below the wing. In addition, there exists the oncoming free-stream flow of air approaching the wing. If these two movements of air are combined, there is an inclined inward flow of air on the upper wing surface and an inclined outward flow of air on the lower wing surface. The flow is strongest at the wing tips and decreases to zero at the midspan point as evidenced by the flow direction there being parallel to the free-stream direction.
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Wing-tip vortices are formed when high-pressure air spills up over the wing tips into the low-pressure space above the wing. 
When the air leaves the trailing edge of the wing, the air from the upper surface is inclined to that from the lower surface, and helical paths, or vortices, result. A whole line of vortices trails back from the wing, the vortex being strongest at the tips and decreasing rapidly to zero at midspan. A short distance downstream, the vortices roll up and combine into two distinct cylindrical vortices that constitute the "tip vortices." 
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Pressures must become equal at the wing tips since pressure is a continuous function (figure a). The free stream flow combines with tip flow, resulting in an inward flow of air on the upper wing surface and an outward flow of air on the lower wing surface (figure b). 
The tip vortices trail back from the wing tips and they have a tendency to sink and roll toward each other downstream of the wing. Again, eventually the tip vortices dissipate, their energy being transformed by viscosity. 
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Formation of wing-tip vortices. 
The tip vortices cause additional downflow (or downwash) behind the wing within the wingspan. For an observer fixed in the air, all the air within the vortex system is moving downward (called downwash) whereas all the air outside the vortex system is moving upward (called upwash). An aircraft flying perpendicular to the flight path of the airplane creating the vortex pattern will encounter upwash, downwash, and upwash in that order. The gradient, or change of downwash to upwash, can become very large at the tip vortices and cause extreme motions in the airplane flying through it. An airplane flying into a tip vortex also has a large tendency to roll over. If the control surfaces of the airplane are not effective enough to counteract the airplane roll tendency, the pilot may lose control or, in a violent case, experience structural failure.

The takeoff and landings of the new generation of jumbo jets compound the problems of severe tip vortices. During takeoff and landing, the speed of the airplane is low and the airplane is operating at high lift coefficients to maintain flight. The Federal Aviation Agency (FAA) has shown that for a 600 000-pound (2.7 million-kilogram) plane, the tip vortices may extend back strongly for five miles (eight kilometres) from the airplane and the downwash may approach 160 meters per minute (500 ft/min). Tests also show that a small light aircraft flying into a vortex could be rolled over at rates exceeding 90 degrees per second.
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Complete-wing vortex system. 
manoeuvring speed 

One of the most commonly stated definitions of the Manoeuvring speed, is the speed at which the pilot can use full control deflections without over-stressing the airplane. The above definition is reasonably correct, although it should be limited to "full nose up control deflections" without over-stressing the airplane. This definition however does not give us the insight we need to create an equation which will give us the Manoeuvring speed of our airplane. To do that we need to consider why there is a speed below which it is impossible to overstress the airplane. 
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In the diagram to the right the maximum lift the wing can produce is shown in red. The LF=1 line shows the stall speed, as we learned in the previous section. The LF=n (n=3.8) line shows the minimum speed at which the wing can produce lift equal to the design Load Factor. This is the definition of Manoeuvring speed we need.
The Manoeuvring Speed is the minimum speed at which the wing can produce lift equal to the design load limit. Below this speed the wing can not produce enough lift to overstress the aircraft, no matter what angle of attack is used. 
The design load limit is specified by the FAA for USA designed aircraft and Transport Canada for Canadian designed aircraft. In Module 5 we will explore all the aircraft limitations required by law. 
For most normal aircraft the design load limit is 3.8g. 


Manoeuvring Speed Formula
It is obvious that the Manoeuvring speed is closely related to the stall speed. We could in fact create a formula for Manoeuvring speed which is identical to the stall speed equation except with lift equal to n times the weight: 
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This equation is virtually identical to the Stall speed equation: 
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The only difference is that the Manoeuvring speed depends upon the square root of nW not just the square root of W. Therefore we can express Va in terms of Vs as: 
[image: image105.png]Va ={n Vg





[image: image106.png]LOAD FACTOR. 7





_1282984067.unknown

