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The mechanism of flight is fascinating and well understood in relation to manned aviation but how do birds fly? Some aspects of bird flight, for example gliding, are similar to manned and model aviation but flapping is very different compared to propeller or jet flight. The speed and subtlety of bird flapping and manoeuvring is very difficult to read.

In recent years and particularly since the TV series Life of Birds in 1998 and later Earthflight were broadcast, recording technology has progressed to the point that the motion and movement of birds in free flight can be analysed in exquisite detail, in real time and in slow motion. This started me on an exploration of flapping flight, particularly the complex motion of the articulated bird wing. I have built several successful model ornithopters (flapping wing aircraft) but, to be fair, they really work more like big bugs than small birds. I have also built working models of the articulated bird wing in order to understand its complex folding geometry but there is considerable difficulty in delivering controlled power to what is, of necessity, a light-weight and fragile structure. Nevertheless, this study has produced some insights concerning the way that birds use the articulated wing geometry for thrust, control and stowage.

In parallel with this, a study of the literature revealed very little detail about how birds manage power and control; theory of flight forms a very small part of ornithology. Explanations of how thermal soaring and hill soaring are accomplished by birds are satisfactorily dealt with, being the same as manned soaring. However, dynamic soaring, the flight style of the albatrosses and giant petrels, is quite unlike anything in manned aviation. I found dynamic soaring poorly explained and the diagrams supporting the explanations appeared to be quite improbable and unrealistic. On the face of it, the traditional explanation for dynamic soaring, the wind gradient theory, is quite plausible and easy to understand but it did not fit well with my understanding of how to fly an aircraft and how aircraft behave in turbulence and wind-shear.

Then, since the 1990’s, radio-control model glider pilots began flying their machines in the lee of hills in circling flight, maintaining average position and height but gaining huge speeds exceeding 500mph. This is also described as dynamic soaring but clearly it is not exactly the same as what the albatrosses are doing. The aeromodellers were doing this intuitively and again the wind-gradient is cited as the mechanism enabling this activity. But once more, the theory does not really explain what is going on.

There is more to dynamic soaring than simply climbing and descending in a wind gradient. In particular there needs to be a reason why speed increases in a downwind turn and reduces in an upwind turn. There have to be accelerations and forces involved. Also, there has to be a mechanism to exchange momentum and kinetic energy between the glider and the wind and both the birds and the model gliders must be governed by the same rules of motion and aerodynamics. New filming techniques and high resolution satellite tracking of albatrosses have now revealed the true shape of their dynamic soaring manoeuvres and give a clearer view of what needs to be explained. Dynamic soaring is a complex subject entangling the threads of physics, mathematics, aeronautics and biology. It is not only about how birds and gliders fly but also about how everything flies because all flying is governed by the same rules of dynamics.

When I had a partial theory of dynamic soaring, I published my results in a website called dynamic-soaring-for-birds, to try and find other people interested in the subject and to provoke a debate. This did not go down well! However, there was some correspondence and the questions posed and general incomprehension displayed did provoke me to find a solution. Eventually, I was able to explain both the upwind and downwind turns and the exchange of momentum and I have developed a mathematical model which explains the flight of both the albatrosses and the model gliders. I then produced a computer animation entitled ‘Dynamic soaring. The flight of the albatross’ which is on YouTube. This illustrates the dynamic soaring mechanism graphically. Now, this book is a collation of everything I have learned about dynamic soaring. It is a pilot’s view of flying in the natural world and in the world of model aircraft and full-size flying machines.

In re-writing the story of dynamic soaring, I will be ruffling the feathers of a few pilots and others who may struggle to believe that there is something new to learn about flying. However, I am bringing to the game over 50 years of flying experience. I learned to fly when I was at school and in the Air Training Corps and I have been flying and gliding in one capacity or another ever since, as private pilot, flying instructor, commercial pilot and glider pilot. For me, knowing how to fly was an important part of analysing and understanding dynamic soaring, because it is all about the way the manoeuvre is flown and the practical effects of handling an aircraft in a wind. All the time I have been watching the sky and watching the birds flying there. I am asking: what do we have in common and what are the differences between bird-flight and manned aviation? To understand how dynamic soaring works it is necessary to take apart the manoeuvre and examine it with a pilot’s eye; then reassemble it with some mathematical glue to make sure it all sticks together. 

Colin Taylor

Timperley

2022
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Riding the Wind


The air is so insubstantial – hardly able to support a falling feather or a fleck of sea-foam. Yet the wind is literally a force of nature able to lift a sea-swell or knock-down a building. The wind can sap the energy of a careless flyer; yet albatrosses are able to harness the wind and turn it to their advantage. Through the stadium of the Earth’s boundary layer soars the marathon bird, sabre-wings slashing the breeze, feather-tips stroking the water. Now skimming the surface, hardly bothering the sky; next, zooming, tilting on a wing-tip in sinuous, undulating flight. Ever watchful, pressure and scent sensitive; seeking the aerodynamic sweet-spot and the pungent air-path, the crumb-trail to the next meal. With a flick of the wing in rhythmic sequence they ride the wind for thousands of miles and even for a lifetime - the oldest recorded Laysan albatross is thought to be 70 years old.

The flight style of the albatross is known as dynamic soaring. However, dynamic soaring means different things to different people. To an ornithologist it is the way that albatrosses fly, how they use a winding flight pattern to maintain average speed and height over distances of hundreds of miles. To a radio-control pilot, it is the way that a model-glider can be made to fly at huge speeds, hundreds of miles per hour, maintaining height in circling flight on the lee-side of hills. In both cases, dynamic soaring uses the horizontal motion of the air to sustain height and speed in gliding flight. It is an active process in which the actual manoeuvre, the way the aircraft or bird turns, facilitates an exchange of momentum and energy between the wind and the flying machine. On the other hand, conventional soaring uses the vertical motion of the air to sustain the aircraft in flight; a passive process in which the glider flies in equilibrium or in a steady turn and relies on the air going up faster than the glider is going down.

Then again, there are all the other flying creatures and flying machines which are not specifically trying to dynamic soar and which consequently do not gain any advantage but instead haplessly lose energy because of the effect of the wind whilst turning. This third group may not even be aware that they are losing energy and may take some convincing of this.

The Wind Gradient Theory

If you are familiar with this topic you may ask: Do we not have an explanation for dynamic soaring dating from the 19th century? Despite the different flight manoeuvres performed by the birds and the model-glider pilots, both will typically be explained by the same method: The wind-gradient theory or the Rayleigh Cycle, first expounded by Lord Rayleigh in 1883 in the journal Nature. Virtually all works on dynamic soaring refer to Lord Rayleigh; his explanation for the soaring of birds has been analysed mathematically and developed in various ways, so that it seems like a done-deal.

Unfortunately, the wind-gradient theory on its own does not fully explain what is going on in dynamic soaring. It contains certain assumptions about the shape of the manoeuvre and the properties of the wind and does not take into account what happens when the flying machine or creature is turning in a wind. Chapter 2 contains a critique of Lord Rayleigh’s article and, to some extent, a de-bunking of the wind-gradient theory of dynamic soaring.

Turning in a wind

This all leads us to a question: Is there something which needs to be explained, which is more fundamental than the beneficial soaring exhibited by the albatrosses and the model gliders? The answer is yes, there is a basic effect which is to do with aircraft turning in a wind; an effect which can be turned to advantage by birds and aeromodellers performing particular manoeuvres but which has, on average, a negative effect when a normal turn is made. To explain dynamic soaring, we will analyse what happens when an aircraft turns in a wind; something which falls between the two disciplines of aerodynamic theory and flying technique and which is normally omitted from both.

Can it really be true, that the effect of the wind on an aircraft while turning has been overlooked ever since the Wright brothers learned to fly their glider in 1902 or indeed since George Cayley flew his first glider in 1804? It would appear to be so, although to be fair, the basic effect is completely automatic and requires no input from the pilot and so is easily missed. The basic effect of the wind occurs every time a flying creature, whether natural or mechanical, turns in a wind because all flying machines and flying creatures are subject to the same rules of dynamics and aerodynamics. It normally results in a small loss of energy, either a loss of airspeed or height; a loss so small that it is easily overlooked or hidden among the other losses incurred while turning. Only if some benefit is to be gained from the wind while turning does the bird or the pilot need to do some specific manoeuvre. It appears that both the albatrosses and the model-glider pilots developed their dynamic soaring techniques by instinct and intuition alone, without a comprehensive theory to guide them.

Theory of flight

Conventional theory of flight covers circumstances when the aircraft is in equilibrium and is flying in still-air; that is not under acceleration except when turning. The forces acting on an aircraft are explained by relative airflow, while assuming straight and level flight or steady rates of climb and descent or turning flight in still air, in which ground-velocity is the same as air-velocity and with steady forces giving a uniform rate of turn. In other words, the effect of the wind is disregarded and considered to be irrelevant so far as the aerodynamic forces are concerned. And to be clear, when I refer to the wind I am talking specifically about the speed of the air relative to the ground. Airspeed is the relative speed of the aircraft and the air.

The effect of the wind is also disregarded during the initial lessons of conventional flying training, which are to do with the effects of controls and the basic manoeuvres of level flight, climbing, descending and turning. The wind becomes relevant when the pilot starts to learn to take-off and land because headwinds and tailwinds affect groundspeeds and glide-angles, while drift-angles affect the take-off and landing directional control techniques. However, conventional theory of flight or theory of navigation does not explain exactly how and why groundspeed changes when an aircraft turns relative to the wind.

Chapters 3 to 7 will explain the theory of flight in aircraft and birds. For completeness, we will look at gliding, soaring and flapping flight and we will look at navigation because the triangle-of-velocities is an important part of understanding how dynamic soaring works. This will be based on my experience of flight and of building and flying model aircraft including ornithopters.

Animal behaviour

Dynamic soaring is not only about aircraft dynamics but also about animal behaviour - what albatrosses do instinctively and what model-glider pilots do intuitively. Most people, from their day-to-day observations, have some idea of what aircraft and birds do. That is a good starting point for explaining how aircraft and birds fly. However, few people have seen albatross dynamic soaring and even fewer know the true nature and shape of the manoeuvres these birds perform. This is because albatrosses fly over distant oceans and are therefore rarely seen in pure dynamic soaring flight. Also, when they are seen, it is normally from the deck of a ship with a limited view of the bird’s flight path which is a three-dimensional manoeuvre covering several hundred metres. Before attempting to explain dynamic soaring, we need to ask: What is it that we are trying to explain? What is it that albatrosses actually do? The answer to this will be found in Chapters 8 and 9 which analyse data from GPS tracking of the birds. This is essential if we are to understand how albatrosses do dynamic soaring; it is not enough to just assume or guess what the shape of a dynamic soaring manoeuvre is like. Chapter 10 contains a narrative description of the dynamic soaring manoeuvre.

The Basic Effect of the wind

What is this basic effect of the wind on airspeed? Simply this: the airspeed of the aircraft will be affected by any rate of change of the headwind component, while inertia will resist any change to the actual-speed or groundspeed of the aircraft. This is made manifest when climbing or descending through wind-gradients, or whenever the aircraft is affected by turbulence or while turning relative to the wind direction. Additionally, the basic effect of the wind is to cause an angle of drift which allows aerodynamic force components to accelerate the bird or aircraft in two different directions; the directions of the air-velocity and the ground-velocity. 

The effect of the wind-gradient has been readily accepted by theorists and students of dynamic soaring, while the effect of wind-shear and turbulence is well known to all pilots. However, the effect of the wind during accelerated and turning flight is less easy to understand than the other two effects and this is what has been overlooked. How do the aerodynamic forces and the effect of the wind generate an excess of speed and height at the end of each dynamic soaring manoeuvre?

Explaining all of this will be the main objective in chapters 11, 12 and 13. The results of calculations which model these effects are shown in graphical form, including a model of the albatross dynamic soaring manoeuvre.

The Windward Turn Theory

I call the explanation of dynamic soaring the Windward Turn Theory. It will introduce a novel way of looking at the forces and accelerations acting on an aircraft in flight and will inevitably involve both traditional theory of flight and aspects of practical flying technique. I am not saying that these ideas are completely new but I think this is the first time the various threads have been brought together in one coherent theory.

The Windward Turn Theory explains why groundspeed changes when turning in a wind and how the airspeed is also affected. It explains why albatrosses fly the way they do; how dynamic soaring defines their physiology and how it fits-in with their foraging strategy; how albatrosses are able to dynamic soar upwind, downwind and crosswind. Also, it explains how radio-control gliders are able to achieve high speeds in circling flight on the downwind side of hills. It explains how momentum and energy are exchanged between the turning aircraft and the wind. The theory explains the true role of the wind gradient but does not always depend upon it. It will also explain in general terms how the wind affects an aircraft while turning, why there is normally an overall loss of energy when turning in a wind and it will partly explain the long-standing myth of the downwind-turn and its role in aircraft accidents.

RC-glider dynamic soaring is discussed in chapter 14. Chapter 15 describes albatross dynamic soaring upwind and downwind, which is closely related to what the model gliders do. Finally, Appendix 1 contains a description of the mathematical model that produced the graphs.

So, how did it all begin; what did Lord Rayleigh actually say about dynamic soaring?
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The Soaring of Birds


Lord Rayleigh and the Wind Gradient Theory

Wherever you look for references to dynamic soaring, whether on the internet or in Wikipedia or in books on ornithology or on the mechanics of bird flight, you will find reference to Lord Rayleigh’s article THE SOARING OF BIRDS in Nature of April 1883.

Lord Rayleigh was John Strutt, 1842-1919, a well-regarded scientist and educator. He was interested in gases and energy and won the Nobel prize for the discovery of argon gas. He presumably knew something of the atmosphere, the weather and the experience of balloonists. He writes with such authority and confidence that some authors say that ever since that time dynamic soaring has been understood and variations of his theory are repeated almost without question.

In 1883 the industrial revolution was well under way and the scientific method was well established but the study of flight was in its infancy. There had been precious little observation or experimentation on flight and, of course, nobody knew how to fly. Before 1883, the only person to have ‘flown’ a heavier-than-air craft was George Cayley’s somewhat reluctant coachman in 1804. The earliest pioneers of manned flight were yet to take to the air; Otto Lilienthal began gliding in 1894 and the Wright brothers achieved their first glides in 1902.

The article was a response to a letter from Mr S E Peel who had observed, in Assam, pelicans and other large birds soaring in circles to heights of 8000 ft. Peel included several illustrations showing how he braced his gun in the forked branch of a tree and sighted on the birds to observe how they gained height as they circled and drifted downwind. Rayleigh’s article is not long or detailed and does not attempt to explain the flight of the albatross in particular; nor is the term dynamic soaring used. Rather, it is an early attempt to explain avian soaring in general. His theory describes a kind of dynamic soaring in which the birds exploit a wind shear or wind gradient while circling.

So, what did Lord Rayleigh actually write in his 1883 article in Nature? He opens with this,

‘I premise that if we know anything about mechanics it is certain that a bird without working his wings cannot, either in still air or in a uniform horizontal wind, maintain his level indefinitely…. Whenever …a bird pursues his course for some time without working his wings, we must conclude either (1) that the course is not horizontal, (2) that the wind is not horizontal, or (3) that the wind is not uniform.

This statement recognises that (1) gliding involves a loss of height and that (2) a wind with a vertical component could cause a bird to rise. Clause (3) is strictly correct but requires a little more thought. If the wind is uniform then there is no change of wind-speed, momentum or energy. Therefore, there is no exchange of momentum between the wind and the bird and no energy is available to the bird to overcome drag or allow the bird to do what it wants to do. However, if the bird is able to exchange horizontal momentum with the wind, then the wind (or at least small packets of it) will not be uniform. In fact, this is exactly what does happen when an aircraft turns in a wind but in 1883 this was beyond their knowledge.

Referring to Peel’s observations of pelicans soaring in circles, Rayleigh says this may happen when there is a wind and,

‘That birds do not soar when there is no wind is what we might suppose, but it is not evident how the existence of a wind helps the matter. If the wind were horizontal and uniform it certainly could not do so’.

He continues,

‘As it does not seem probable that at a moderate distance from the ground there could be a sufficient vertical motion of the air to sustain the birds, we are led to inquire whether anything can be made of horizontal velocities which we know to exist at different levels’.

This was a surprising thing to say. His earlier statement (2) seems to recognise the possibility of non-horizontal winds and a careful observation of a developing cumulus cloud ‘at a moderate distance from the ground’ would have revealed the rising air-currents. A casual glance at a bird gliding straight, at constant height, on the upwind side of a hill or a stand of trees, reveals the fact that it must be flying in rising air. The horizontal velocities of the wind at different levels were probably the experience of the balloonists of the day. They found that as they drifted downwind and gained height, their track over the ground turned to the right (in the northern hemisphere) and as they descended the track turned to the left. This is due to the natural variation of wind-direction and speed with height.

We now know that what Peel observed was thermal soaring by birds circling in rising columns or bubbles of air, known today as thermals. If the air is rising faster than the bird is descending in the air, then the bird will gain height. The vertical currents of air which the birds are exploiting are caused by surface heating and atmospheric instability and are triggered by surface effects like localised solar heating or orographic features. Thermals do not require a wind, although they will normally generate a local wind near the surface due to the inflow of surrounding air to replace the air which is rising. Thermals not only enable birds to soar but also lead to the formation of cumulus clouds, close observation of which will reveal the atmospheric motion. It does seem extraordinary that the gentlemen involved in this correspondence were so blind to the possibility of strong vertical motion of air in the atmosphere being an explanation for the soaring of birds.

Rayleigh then describes what we nowadays call a kind of dynamic soaring. He says that,

‘In a uniform wind the available energy at the disposal of the bird depends upon his velocity relative to the air about him’.

He is assuming that the kinetic energy of the bird is proportional to airspeed so that, if it has excess airspeed, it can zoom into a climb and gain height just like on a roller-coaster. This is true up to a point. In still air, airspeed and actual speed are the same, but in practice the airspeed gives the kinetic energy of the relative airflow from which are derived values of lift and drag. Also, increased velocity relative to the air means increased drag, requiring a steeper angle of descent to overcome the drag.

The kinetic energy of an aircraft is arguably proportional to its actual speed (squared) which is revealed when it contacts the ground and the energy must be dissipated in brake heat energy or something more destructive! This is a debatable point because speed and kinetic energy depend upon the frame of reference against which the speed is measured. In reality, the energy available to a glider is height. When the glider loses height at constant airspeed and rate of descent, the drag losses are directly equivalent to the height lost.

Having dismissed the possibility of soaring in a uniform wind, Rayleigh then proposes a non-uniform wind by describing the wind as a two-layer system, with the two layers moving at different speeds. But does that constitute a non-uniform wind in the context of dynamic soaring? The theoretical two-layer system is a consequence of the interaction of the wind and the ground. The wind loses speed energy because the lowest part of the atmosphere slows-down due to friction between the air and the ground, the energy being dissipated in the form of air turbulence, wind noise, the swaying of trees, the rising of waves and so on. All of this happens before the bird gets involved.

The Rayleigh cycle involves the bird gliding downwind and descending through a horizontal shear-boundary or plane, where the wind-speed reduces. He does not describe an exchange of momentum between the wind and the bird; the two wind-layers and the bird are all moving with constant velocity relative to each other. He goes on to say that,

‘In falling down to the level of the plane there is a gain of relative velocity, but this is of no significance for the present purpose, as it is purchased by the loss of elevation’

Not necessarily. Because of the effect of drag, when an aircraft loses height it does not necessarily gain speed. In a descent, airspeed is maintained because aerodynamic drag is balanced by a component of weight. Drag energy losses, at constant airspeed and rate of descent, are equivalent to loss of height energy. Once drag is overcome at a particular angle of descent, a further increase in dive-angle will result in an increase in airspeed until a new balance of weight and drag is achieved.

‘...but in passing through the plane there is a really effective gain. In entering the lower stratum the actual velocity is indeed unaltered, but the velocity relatively to the surrounding air is increased. The bird must now wheel round in the lower stratum until the direction of motion is to windward, and then return to the upper stratum, in entering which there is a second increment of relative velocity. ....if the successive increments of relative velocity squared are large enough to outweigh the inevitable waste which is in progress all the while, the bird may maintain his level, and even increase his available energy, without doing a stroke of work’.

This cycle is then repeated by circling to explain Peel’s observation. Rayleigh says that actual velocity is unaltered meaning that inertia (mass) resists any change to actual speed but this must mean that momentum and kinetic energy of the bird depend on actual speed and not airspeed.

The problem with this is that, when descending through the shear layer, if actual speed (groundspeed) is preserved and the speed of the wind in each layer is constant, then there is no acceleration; kinetic energy derived from actual speed is unchanged. There is no gain of energy, only an increase in airspeed and drag and a loss of height. The only way to sustain the increased airspeed and consequently greater drag is to dive more steeply and use up potential energy more quickly. Wheeling around will result in further loss of actual speed or height.

The ‘second increment of relative velocity’ during the upwind climb, will again increase drag and reduce actual speed and therefore reduce kinetic energy. It can only be achieved by firstly converting actual speed to height by using momentum to do work against gravity; but that means that if actual speed reduces, then the gain of airspeed must be less than the change of wind-speed. Note that Rayleigh avoids referring to constant actual speed when gaining height when returning to the upper stratum, because this would be impossible due to conservation of energy.

Does airspeed increase in the way that Rayleigh describes? When descending downwind through a wind-shear, airspeed may well increase suddenly but the increased drag-load will cause the actual-speed to rapidly reduce at the same time. Therefore, actual speed will not be constant and airspeed will not increase by the amount that the wind-speed changes. The unbalanced drag-load will then cause the airspeed to reduce to the original point of equilibrium. Actual velocity will only be constant if the angle and rate of descent is increased, allowing gravity to overcome the extra drag with corresponding loss of height.

When climbing upwind through a wind shear, actual velocity cannot be constant because work is being done against gravity. To gain height, there has to be a gain of potential energy and therefore a loss of kinetic energy and therefore a loss of actual speed. Again, the airspeed may increase suddenly due to turbulence or wind-shear but the increase in drag must cause the actual speed to reduce more quickly. Airspeed will not necessarily increase but, with gain of height and an increase of headwind, the loss of airspeed may be less than in still air.

Later in the article, referring to the difference of wind-speed with height, he recognises that,

‘there is of course no such abrupt transition in nature …there is usually a continuous increase of velocity with height…

which is true. He then says,

‘…it is only necessary for him [the bird] to descend while moving to leeward and to ascend while moving to windward…’

But this does not explain Peel’s observations of circling pelicans;

‘Mr Peel makes no mention of the circular sweeps being inclined to the horizon…

Indeed, he does not. We now know that birds or gliders in a thermal, as were Peel’s pelicans, gain height continuously and not by climbing and descending.

Later he writes,

‘A priori I should not have supposed that the variation of [wind] velocity with height to be adequate for the purpose; but if the facts are correct [Peel’s observation], some explanation is badly wanted’.

Rayleigh is saying that he thinks that the wind gradient is insufficient to enable the flight of the pelican and therefore the wind gradient theory itself is impracticable.

After a few more letters from Mr Froude, Mr Airy and Mr Baines, the debate had extended to include the flight of albatrosses. In 1898 Rayleigh again wrote to Nature and made the connection between his wind gradient theory and the soaring flight of albatrosses. Rayleigh’s soaring model appears to relate to albatross flight because of the up and down motion of the birds in the supposed wind gradient, close to the ocean surface. The sailors of the time, and of now, are well aware of the wind gradients above the sea which create wind shadows in the troughs between swells.

However, albatrosses in dynamic soaring do not circle or make 180 degree turns as described in the Rayleigh cycle and do not necessarily get anywhere near to an upwind or downwind heading; although they are able to dynamic soar upwind. Observers of the time did not see or understand any of this.

Clearly, Rayleigh knew there was a weakness in his argument but he was not offering a definitive explanation of avian soaring. Rather he was just contributing to a debate and inviting the world to provide the answer. In a sense he was correct, that a bird cannot soar without a changing wind. However, as explained later by the Windward Turn Theory, a uniform horizontal wind is simply a wind with a particular velocity at the time and place it is encountered by the bird. The non-uniformity of the wind required by Rayleigh’s statement (3), is not an intrinsic part of the wind itself, a wind gradient, but rather an acceleration of the headwind component experienced by the bird as a consequence of the way the bird turns relative to the wind. The variation of the wind is then caused by the exchange of momentum, back and forth, between the wind and the bird as the bird turns and encounters each successive unit mass of air. In chapter 10, The Windward Turn Theory explains how the aerodynamic forces affect the acceleration of the bird; which is seen as a rate of change of groundspeed and thus a rate of change of momentum and kinetic energy exchanged with the wind.

Since 1883 and principally since the end of the First World War, many different kinds of soaring have been flown and described including thermal soaring, hill soaring and atmospheric wave soaring. With the development of high-altitude flight and the discovery of atmospheric waves in the lee of mountains, the toy-box of soaring techniques was complete. The Rayleigh cycle has been left to explain dynamic soaring as practised by albatrosses. The pity is that that the world has taken his contribution to the debate to be the whole answer and has not really completed the dialogue, until now.

What is wrong with the Wind-gradient theory?

There is no doubt that when an aircraft encounters turbulence or wind gradients they do have an effect, particularly on airspeed while inertia resists any change to actual speed. The Wind-gradient theory is plausible and is supposed to work like this: The glider descends downwind and passes through a horizontal shear boundary into a layer of slower or stationary air. Actual speed is constant and airspeed increases by the same amount as the change of wind-speed. The glider then turns onto an upwind heading, climbs back up through the shear boundary and the airspeed again increases by the same amount as the change of the wind-speed. The glider then turns downwind and repeats the process. If the gain of airspeed in the wind gradient is equal to or greater than the losses due to drag in the turns, then the excess airspeed converts to height and height can be maintained or gained.
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IF this is so then, given a representative airspeed, lift/drag ratio and angle of bank, the airspeed lost in the turns can be calculated. The airspeed lost then equals the wind gradient and, assuming a two-layer wind system, the wind is calculated.

But this is just a self-fulfilling proposition following the same faulty logic which is that airspeed can be gained in the wind-gradient which equals airspeed lost in the turns. It does not describe a practical dynamic soaring mechanism involving a transfer of momentum and energy between the wind and the bird. In the wind-gradient theory, the bird gains airspeed energy but the wind does not lose energy. And dynamic soaring is not energy-neutral as some people assert, because there is a net loss of energy on the part of the bird in the form of aerodynamic drag. The wind gradient does indeed represent a loss of wind energy but that happened before the bird arrived and not as an exchange of energy with the bird.

The wind gradient theory is not practical

If a bird passes from one layer of air to another, maintaining constant actual-velocity, and each layer is moving at constant velocity, then the speed of the bird relative to each layer, remains the same. There is no acceleration of the mass of the bird and no gain of energy based on actual speed. The only change is a different value of airspeed and drag in each layer.

When descending downwind through a wind-shear, airspeed may well increase suddenly but the increased drag-load will cause the actual-speed to reduce at the same time. Therefore, actual speed will not be constant and airspeed will not increase by the amount that the wind-speed changes. The unbalanced drag-load will then cause the airspeed to reduce to the original point of equilibrium. Actual velocity will only be constant if the angle and rate of descent is increased, allowing gravity to overcome the extra drag with corresponding loss of height.
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