

[image: ]




Model Aircraft Aerodynamics



5th edition


Martin Simons




© 1978, 1987, 1999, 2015, 2025 by Martin Simons and Fox Chapel Publishing Company, Inc.


All rights reserved. Model Aircraft Aerodynamics, 5th Edition is a revised fifth edition of Model Aircraft Aerodynamics, Fifth Edition, published in the UK in 2015 by Special Interest Model Books.


ISBN 978-1-4971-0522-5


eISBN 978-1-63741-559-7


Library of Congress Control Number: 2025931908


Technical Editor for Updated Edition: Mike Johanson, Senior Vice President, Chief Growth Officer, Parallax Advanced Research


To learn more about the other great books from Fox Chapel Publishing, or to find a retailer near you, call toll-free 800-457-9112, send mail to 903 Square Street, Mount Joy, PA 17552, or visit us at www.FoxChapelPublishing.com.


We are always looking for talented authors. To submit an idea, please send a brief inquiry to acquisitions@foxchapelpublishing.com.


Printed in China




© Special Interest Model Books


An imprint of Fox Chapel Publishers International Ltd.


20-22 Wenlock Road


London


N1 7GU


www.foxchapelpublishing.co.uk


First published 2025


Text copyright 2025 Martin Simons


Layout copyright 2025 Special Interest Model Books


ISBN 978-185486-270-9


Martin Simons has asserted his right under the Copyright, Design and Patents Act 1988 to be identified as the author.


All rights reserved. No part of this publication may be reproduced in any form, by print, photography, photocopying, microfilm, electronic file, online or other means without written permission from the publisher.


Because working with model aircrafts and other materials inherently includes the risk of injury and damage, this book cannot guarantee that creating the projects in this book is safe for everyone. For this reason, this book is sold without warranties or guarantees of any kind, expressed or implied, and the publisher and the author disclaim any liability for any injuries, losses, or damages caused in any way by the content of this book or the reader’s use of the tools needed to complete the projects presented here. The publisher and the author urge all readers to thoroughly review each project and to understand the use of all tools before beginning any project.








Contents


ACKNOWLEDGMENTS


PREFACE TO THE 5TH EDITION


INTRODUCTION


CHAPTER 1


Fundamentals


CHAPTER 2


Factors affecting lift and drag


CHAPTER 3


Scale effect and the boundary layer


CHAPTER 4


Basic model performance problems


CHAPTER 5


Reducing vortex-induced drag: 1 Aspect ratio


CHAPTER 6


Reducing vortex-induced drag: 2 Planform, twist, wing tips and winglets


CHAPTER 7


Airfoil sections: 1 Camber


CHAPTER 8


Airfoil sections: 2 Turbulent flow airfoils




CHAPTER 9


Airfoils: 3 Laminar flow airfoils


CHAPTER 10


The wind tunnel


CHAPTER 11


Parasite drag


CHAPTER 12


Trim and stability


CHAPTER 13


Control


CHAPTER 14


Propellers


CHAPTER 15


The helicopter rotor


CHAPTER 16


Birds, bats and bees


APPENDIX 1


Example calculations


APPENDIX 2


List of wind tunnel charts


APPENDIX 3


Airfoil design, XFOIL


APPENDIX 4


References





Acknowledgments


The author thanks the many people who helped, sometimes without their knowing it, in the preparation of this book, first and later editions. The author has spoken and answered questions at meetings, formal and informal, at places as far apart as wind and rain swept hilltops in England, dry dusty paddocks in Australia, club rooms and conference halls in London, South Australia, Victoria, New South Wales, California, Texas, Wisconsin and New York State. Special thanks are owed to those who challenged some of the statements made or pointed to obscure passages requiring better wording.


The assistance for the earlier editions of Professor Wortmann, Frank Irving, Dave Johnson, Chuck Anderson, Eric Sanders, Ron Moulton, and Rolf Girsberger has not been forgotten. Don H Howie generously allowed the use of a selection from his large collection of photographs. Particular thanks are owed to Professor Eppler and Dr. Althaus for permission to use their research material. For this edition Michael Selig and members of the University of Illinois research group and Mark Drela of Massachusetts Institute of Technology have been helpful in many ways and have given permission for the use of their most recent research results.


Where possible photographs are credited but with some this has not been possible. (The initials MS indicate that the author took the picture.)





Preface to the 5th Edition


Significant developments with model aircraft continue. The term aeromodeler hardly means what it once did. The move toward the ready to fly (RTF) and almost ready to fly (ARTF) type of aircraft continues among sporting model flyers. Components like wings, fuselages and tails are often molded in versatile plastic foam to make simple and robust aircraft. It is possible now to ‘print’ layer by layer of plastic, a small flying machine. At the highest levels of competition, wings and other highly sophisticated parts are produced from composite materials using machinery beyond the reach of home workshops. It has become normal to buy and fly a model out of the box where previously it had to be built first.


Even for a model builder using traditional materials like balsa and plywood, components like wing ribs and fuselage formers are often cut by laser or computer controlled milling. Kits often contain these ready-made parts that are of high accuracy, better than most amateurs can produce. Plans marketed by magazines may come with offers of the ready-made parts at discounted prices. There are regrets but in other sporting activities such as golf or tennis, no one is expected to make their own equipment.


Advances in electronics and radio control have further transformed model flying. There have been great improvements in electric motors, batteries and radios. Children can now fly small model airplanes with automatic controls. Toy helicopters including tricopters and quadcopters whizz around more or less under command in many living rooms and gardens.


Beginners often learn to fly with sophisticated simulators. Advanced aerobatics can be learned with a computer before venturing out to fly a real model. With the necessary headgear and equipment such as video cameras and transmitters installed, a model flyer can sit on the ground and see what a pilot in the miniature cockpit would see, and control the aircraft accordingly.


Where is the line drawn between model and full-scale aircraft? The Skycycle, flown in Tasmania in 1991 was powered by a young woman cyclist but piloted by radio control from the ground.


There is no clear distinction now, if there ever was, between model aircraft flown for fun by enthusiastic amateurs and Unmanned Aerial Vehicles (UAVs) used for a wide variety of professional purposes, including meteorology, map making, aerial photography, archaeology, crop and land use survey, real estate deals, exploration for minerals, search and rescue, police surveillance, espionage, military reconnaissance and attack.


Motors for models were normally miniature internal combustion engines with spark, compression or glow plug ignition. They were noisy. Electric motors, though far from silent, are quieter. Models like the Wingcopter flown by Jonathan Hesselbarth can take off vertically, make transition to rapid horizontal flight and change back again to land. There is room on board for cameras and even some cargo. It is likely that retailers will soon offer aerial delivery of their products to customers’ back yards.
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Powered by a young woman cyclist but piloted by radio control from the ground.







Using the global positioning system a pilot at home can send off an electric powered roboplane or drone that will follow a predetermined plan, cruise a district quietly, take photographs, transmit them and return to base.


Drones the size of small birds and insects are being developed and will probably become commonplace.


The ethical and legal implications are in some respects alarming. It is not very surprising that some local authorities have banned aerial drones and even encouraged their destruction in flight by citizens armed with shotguns.


There is increasing interest in the aerodynamics of wind turbines. The blades of a horizontal axis wind turbine (HAWT) look similar to helicopter rotors and propellers, but there are significant differences between engine-driven rotors and those that harness the wind to produce power. The minimum breeze required to start a wind turbine moving is of great importance. The scale effect in light winds, summarized by the Reynolds number, brings the blades into the same kind of flow as model wings. Research into low speed airfoils has direct relevance here.


Fortunately there remain many people who enjoy the experience of dreaming, designing, building, flying, experimenting and improving small aircraft. The aeromodeler in this sense can take a project through from earliest conception to finished product and flight. This is an exercise in imagination, intellectual and practical skills unlike any other. There are few activities combining such a wide range of interests and abilities.*
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The Wingcopter, in vertical take off mode. (Ludwig Feuchter)
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Wingcopter making transition. (LF)
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Wingcopter in horizontal flight. (LF)
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Jonathan Hesselbarth with his Wingcopter. (LF)
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A Tricopter, or should it be Hexacopter? A drone with six rotors. (MS)
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This fine scale model of the B 17 Flying Fortress with four engines, was flying with the Hastings, Sussex model aircraft club in 2012. (MS)
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Powerful model turbojet engines are now available. Models such as this Fireblade are capable of perfomances and speeds undreamed of a few years ago. (MS)
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Turbojet motors intended for models are used in a set of three to launch this full sized ASW 20 flying at Waikerie in South Australia. After launching, the motors are retracted into the fuselage. (MS)







The basic aerodynamic principles set out in the original 1978 edition of this book are unchanged and to understand them remains useful and interesting. Modifications were made to previous editions to accommodate research findings and this, the fifth edition, continues in the same spirit. There have been many small clarifications in the text and some substantial rearrangement of the appendices to incorporate recent discoveries.


It used to be said, with some truth, that aerodynamic theorists could not explain the flight of the bumblebee. More is now known. A brief new section, Chapter 16, about the flight of birds, bats and insects has been added. The aerodynamic principles differ in detail from those applying to aircraft with fixed wings but the fundamental Newtonian laws of motion and airflow still apply with total rigor.


Martin Simons


Melbourne, 2014





* In recent times, there has been some revival of interest in the wider aspects of the hobby. The old magazine Aeromodeler was for many years reduced to a few pages supplementing another journal. It has re-emerged more recently as a self-standing, independent publication. Long may it continue.





Introduction


The purpose of this book is to present in a practically useful form some standard aerodynamic theory because it applies to model airplanes, helicopters, gliders and other small flying machines.


Anyone whose interest in model flying is more than casual will benefit from understanding the behavior of aircraft better. There will be fewer serious mistakes in trimming and control. Those who build or design models will be able to improve them. Apart from these considerations, aerodynamics is an interesting study in its own right and adds a further fascination to the sport.


Successful models may be designed and flown by rule of thumb. A kind of evolutionary survival of the fittest has produced a great many successful aircraft and it is not claimed that this book will bring about any revolution. It is nevertheless likely that those who read with an open mind will extract some ideas for future development. Some of the material will be familiar to experienced modelers but in other cases they will find their old notions challenged. This is particularly likely in discussions of the description and selection of airfoils (aerofoil sections in the conventional English parlance). Books and articles written for model flyers still sometimes adopt the old misleading airfoil nomenclature: undercambered, flat-bottomed, semi-symmetrical and symmetrical, even Phillips entry (This last phrase harks back to Horatio Phillips’ patent of 1891). Such terms can lead the beginner into serious trouble.


Other common misunderstandings arise through the confusion between trimming, balance and stability. This is examined in some detail in Chapter 12.


It is assumed throughout that the reader is a practising model flyer and knows, or is prepared to learn, at least the essentials of how model aircraft are designed, balanced and flown. The underlying principles are emphasized throughout. Mathematics has been kept to a minimum. It is rarely necessary to carry out elaborate calculations. When a little arithmetic is essential it is usually confined to the four basic rules. Where numerical examples and equations have been thought important or interesting enough to merit inclusion here, they may be ignored by those who do not wish to become involved in figuring. Even so, if a reader is prepared to do a little more work many of the problems arising can be solved to a sufficient degree of precision by the use of simple graphical methods or with an ordinary pocket calculator. It helps to understand a few additional functions such as square roots and trigonometrical ratios (Cosines, Sines, Tangents etc.), but these are rarely essential. For those sufficiently interested, Appendix 1 shows how fairly simple calculations can be productive.


On the commercial market now there are various kinds of computer software packages with model aircraft applications. These cover simple airfoil plotting and glider performance, flight simulators such as FS One and the highly sophisticated programs used for airfoil design by professional aerodynamicists in research institutions. The best known of these are Richard Eppler’s in NASA Conference Publication 2045 and Mark Drela’s XFOIL, with adaptations including PROFOIL (See Appendix 3).
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Figure 1.1 Horatio Phillips patented his airfoils in 1886 and 1891. The quoted words are his own.







All such programs have limitations. It is most necessary to comprehend the underlying theory if a computer is to produce meaningful results. This book should provide the necessary background enabling the model flyer to discriminate between sense and nonsense.


The theories discussed are in general use by aerodynamicists but are not to be regarded as final truths. There is room, and in some cases great need, for new discoveries. Practical trials are always necessary. On the other hand, model aerodynamics, like any other branch of engineering science, must be firmly based on fundamental physical laws since these have been found by test and experiment. Some of the most basic principles are examined in the first chapter. Readers already familiar with the laws of motion may wish to skip this early section, though it is important that these passages be understood before the later ones are tackled.





CHAPTER 1


Fundamentals



1.1 LAWS OF MOTION


All aerodynamic theory depends on the laws of motion. These, originally worked out by Isaac Newton, remain entirely valid in engineering providing the matters under discussion are confined to velocities substantially less than the speed of light, and to objects and fluids of ordinary sizes and densities. Airflows at speeds approaching and exceeding the speed of sound are not discussed in this book. Quantum mechanics and the theory of relativity, although fundamentally preferable to the Newtonian laws in advanced physics and astronomy, are not necessary for the understanding of model aircraft aerodynamics.



1.2 EQUILIBRIUM


If a body is in equilibrium, it tends to remain so. All the forces acting on an object in equilibrium are in balance, there is no tendency for it to change its state or accelerate in any direction, or decelerate. This is familiar with respect to things standing on the ground like items of furniture or a model airplane lying on a shelf or workbench, not moving. Such bodies stay put unless something disturbs them, i.e. accelerates them in some way. Moving objects may also be in equilibrium. A model flying straight and level in calm air, neither speeding up nor slowing down, nor turning, is in a balanced state, and will tend to continue moving steadily. The same is true if the model is climbing at a constant speed in straight flight. It is in equilibrium even though gaining height, and will continue steadily along its inclined path unless some change of the forces acting on it occurs. Even if the climb is truly vertical, so long as the speed remains steady and there are no changes of direction, equilibrium prevails. In a steady speed dive the same applies (Figure 1.2).




[image: ]


This model is in equilibrium. It is hovering, all forces are in balance. It is neither climbing nor descending. Apart from slipstream from the propeller, there is no airflow over the wings. The ailerons, fully applied, have little or no effect. (Chris Williams)
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Figure 1.2 Static and dynamic equilibrium
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This model, too, is in equilibrium. It is flying inverted at a steady airspeed and maintaining height. All the forces acting on it are in balance. (MS)







Equilibrium is a very common state of affairs, a condition of steady motion or rest, in contrast to states of unsteady motion involving acceleration and deceleration.



1.3 ACCELERATION, MASS AND FORCE


To disturb equilibrium, changing the speed or direction of flight in any way, requires a force variation to bring about acceleration in the appropriate sense. Acceleration may be positive or negative, that is deceleration. Positive acceleration is felt directly when, for example, a car moves off from standstill and increases speed. Negative acceleration occurs when the brakes are applied.


The second law of motion states that the strength of force required for any given acceleration, depends on the mass of the moving object. Mass is not the same as weight, although in ordinary language, and on the kitchen scales, the two are often equated. Weight is a force exerted by a mass. If a model were taken by rocket to Mars for trials in the atmosphere there, it would during most of the trip, exert no weight, and on arrival would weigh less than on Earth because of the lower gravity. The mass would be unchanged throughout, because the quantity of material, wood, metal, plastic, glue, etc. in the model would be the same. Astronauts in a spacecraft are weightless but not massless.
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Figure 1.3 Inertia
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This scale model of the Demoiselle is in a turn, which is a form of accelerated flight, not in equilibrium. (MS)







An object of large mass requires greater forces to disturb its equilibrium to any given extent than a small mass. This is sometimes advantageous, as when a model is affected by air gusts. A force that would cause only a minor change of direction with a large mass might overturn a model of small mass. But the larger mass also requires a larger force to accelerate it to flying speed from standstill, more force to change level flight to climb, more force to initiate and maintain a turn, and more force to bring the model to a standstill again after flight. Turning is a lateral acceleration. If a car goes round a turn, there is positive acceleration; the passengers feel the reaction force tending to push them outwards. Inertia tends to make a turning model aircraft revert to straight flight. Whenever there is a disturbance of equilibrium, i.e. acceleration or deceleration, or a change of direction, this quality of mass, termed inertia, opposes the change. Pulling out of a dive involves a change of direction in the vertical plane, an acceleration. Mass resists and tends to make the dive continue (Fig. 1.3c).



1.4 ACTION AND REACTION


The third law of motion establishes that action and reaction are equal and opposite. When a model is resting on the ground, its weight, acting downwards, is opposed and exactly balanced by the equal and opposite reaction from the ground. A car running at constant speed is under the influence of a similar vertical pair, weight against ground reaction, but there is also a traction force moving the vehicle along. Reaction in the other direction, frictional resistance from the ground and air resistance or drag oppose this.


Any imbalance of forces produces acceleration. A model on the ground before take off may be held with the engine running. The holding force opposes the thrust; action and reaction are equal so equilibrium prevails. On being released, the model accelerates. As soon as it begins to move, however, air and ground resistance begin and the faster the model goes the larger these resisting forces become. The model will continue to accelerate only so long as the total resistance remains less than the thrust. When the two are equal, with the model flying at some speed, equilibrium is restored.


In level flight, the weight force acting vertically downward is opposed by a vertically upward reaction. This reaction comes, in normal models, from the lift of wings and possibly other surfaces, but other types of force may supply it. Helicopters and quadcopters are supported by their rotors, jet-lift aircraft are held up by the thrust of the motors. If the upward reaction against weight fails, or is reduced, the model accelerates downwards. To stop this acceleration it is necessary to restore an upward reaction to equal weight. This brings equilibrium but will not stop the descent. To do this a corrective force must bring about deceleration. All such acceleration and deceleration will be resisted by the mass of the model, i.e. by inertia.



1.5 RESOLUTION OF FORCES


An ordinary power model in level flight is under the influence of many forces acting on every part of it, but these may all be added and figured out into four general forces arranged in action - reaction pairs. The main upward support comes from the wings, but the tailplane also may provide some lift so its contribution must be added to (or often subtracted from) the total vertical reaction. The propeller shaft or jet thrust line of action may not be aligned exactly along the flight path. This is not only because the model operator may deliberately mount the motor at an angle to the datum line of the fuselage (so-called downthrust, upthrust or sidethrust), but because the fuselage itself may not be aligned to the airflow.


How much upward, downward or side force results from this may be gauged by the trick of resolving forces. As figure 1.3 shows, any force may be represented, diagrammatically, by an arrow or vector which points in the same direction as the force acts, drawn to a definite scale. A force of three Newtons, for example, may be represented by a vector three centimeters long pointing in the required direction. Other forces and directions would then have vectors of proportionate length. To resolve the thrust force into one component along the flight path and one directed vertically, the original vector is drawn as the diagonal of a rectangle. The length and directions of the two sides of the rectangle then show, to the chosen scale, both the direction and strength of the contribution made by the power unit to thrust and vertical forces. In most cases the alignment will not be very far from alignment with the flight path. The volume of the power goes to the thrust vector.


These principles of force resolution are very widely applicable. In Figure 1.4a, a power model is shown in level flight. It is acted on by four forces at right angles: thrust opposed by drag, weight opposed by lift. This is the simplified diagram resulting from numerous additions and resolutions of small forces each making its individual contribution. If the tailplane is exerting a slight downward force to maintain the trim of the model, this has been subtracted from the total lift. In the same way the drag of the wing, tail, fuselage and undercarriage has been totalled. For level flight, in equilibrium, the final result must be as shown.



1.6 GLIDING


Gliding, either with engine throttled back or with no power at all, is best understood if the forces are resolved as shown in Figure 1.4b. The weight alone acts vertically downwards, but may be resolved into one force acting along the glide path and another at right angles to it. The glider, or gliding power model, moves forward and slightly downwards under the action of the weight component along the flight direction. The total air reaction force is similarly resolved into lift at right angles to the flight and drag opposing the forwardacting vector. The result is a diagram very similar to that for powered flight but it has been rotated through a small angle, known as the glide angle. A steeper glide would direct a larger weight component to pull the model along its flight path. It would accelerate until the drag component of the air reaction once again grew large enough to restore equilibrium.
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Figure 1.4 Resolution of forces








1.7 DIVING


In a dive, the four force diagram has rotated further, as shown in Figure 1.5b, and in the limiting case the flight path is vertically downwards, weight and thrust (if any) both pull the model down, the only opposing force is drag. The speed at which drag becomes large enough to equal weight-plus-thrust is usually very high and before this terminal velocity is reached, the model would probably hit the ground (Fig. 1.4e).
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Figure 1.5a Forces acting on a model in equiibrium
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Figure 1.5b Forces acting on a model in equiibrium










1.8 CLIMBING


In climb, the total support comes from a combination of wings and power unit. The weight may be resolved into two components, one opposing lift and the other directly opposing thrust, assisting the drag. Again, the result is a four-force arrangement in balance, but rotated through the angle of climb (Fig. 1.4.c). The limiting case is the vertical climb, when the weight plus drag is opposed only by thrust. Such flight is commonplace to the helicopter, but models of orthodox type, if sufficiently powered, are capable of vertical climbing in this fashion also. As the diagram shows, in such an attitude the lift force must be zero, and the wing’s angle of the attack to the air flowing over it must be such as to give no lift. It is therefore obvious that to obtain a steep and fast climb there must be sufficient thrust from the motor since this, rather than the wing, provides the necessary reaction to equal the weight and drag resistance.



1.9 HOVERING


For a helicopter or quadcopter to hover, the thrust from the rotors must equal the weight plus a relatively small addition to compensate for the drag of the rotors’ slipstream over the body of the aircraft. In a helicopter ascent some additional rotor thrust is needed because the air drag of the hull in the rotor wake increases. Ordinary model airplanes, given sufficient power, are capable of climbing vertically and can also be made to hover. It is not easy to hold them in this position, although expert pilots can do it. The airflow over control surfaces such as ailerons is slow or nil, so control may be lost and the model falls out of the vertical attitude. The propeller slipstream over the tail, given sufficient rudder and elevator movement, enables the pilot to retain control.


In Chapter 16, there is a brief explanation of hovering flight by birds and insects. The Newtonian law that the upward lifting force must equal the weight, remains valid.





CHAPTER 2


Factors affecting lift and drag



2.1 ACTION AND REACTION FROM AIR


The air forces which act upon a model arise from the properties of the air, which has mass. To generate lifting force against gravity in level flight a mass of air must be accelerated or deflected to yield an upward reaction. To work on the air the wings, propellers or rotors, must move through it, disturbing it. All other components, such as fuselage, tailplane, undercarriage, etc., also disturb the air and add to the total of energy needed, without, in general, adding any lift. The greater the expenditure of energy required to generate a given lift, the less the efficiency of the model.


The mass of air available for a model to work on depends on three factors: 1) the amount of air in a given space (volume), i.e. the mass density of air where the model is operating; 2) the size of the model; and 3) the speed or velocity of its flight (Fig. 2.1 a, b and c).



2.2 DENSITY


Air is a mixture of gases, mostly nitrogen and oxygen. At the fundamental level, gases are regarded as consisting of enormous numbers of separate particles, called molecules, which are in violently agitated motion. It is the impact of the moving particles that creates pressure on objects immersed in air. The temperature of a gas is the measure of this molecular motion; low temperatures are states of less molecular motion than high temperatures. Density is the measure of the number of molecules in a given space.


In low speed aerodynamics, it is not necessary to consider the molecular structure of the air. The medium in which models fly is fluid. This is not to say that air is a liquid. Liquids are fluids that are almost totally incompressible; gases are compressible fluids. Model aircraft do not (as yet) fly at such speeds that the compressibility of the air needs to be allowed for. This is true also for hang gliders, full-sized sailplanes and ultra-light, light and commercial aircraft up to medium piston-engined airplanes. Compressibility problems do arise for jet-driven airplanes, for the tips of propellers and helicopter rotors, and the tips of large diameter wind turbines. For practical modeling purposes, fortunately, the air may always be regarded as an incompressible fluid. (Mathematical modeling is a different matter.)


The atmosphere in which flying takes place is usually assumed to be the same for all. For use in calculations, standard values are internationally agreed for the variables such as temperature, sea level pressure, chemical composition, density, viscosity and other factors.


In Appendix 1, charts (prepared by Jaroslav Lnenicka) indicate the magnitude of these factors. At high altitudes and in hot weather, the air is less dense than near sea level when cold. Modelers operating on the high plateaux of East Africa or the Americas find air density does make a difference since to achieve the same air mass reactions to gain lift, their models have to fly faster. Engines and propellers are also adversely affected. The moisture content of the air, its humidity, also affects the density. Dry air is denser than humid air. Humidity thus may have some aerodynamic effect and some model flyers believe this can be noticed, especially with small, light models. Thermals (convection currents used for soaring by gliders) may also rise partly because they have higher humidity than the surrounding air mass.*






[image: ]


Figure 2.1 Factors affecting lift
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Figure 2.1 Factors affecting lift 2







Density is usually expressed in kilograms per cubic meter (i.e. mass per unit volume), or in U.S. measure, slugs per cubic foot. In aerodynamics, standard value for density of 1.225 kg/m3 (.002378 slugs/ft3) is assumed, corresponding to a sea level value at normal temperature and pressure. For most purposes in design this figure is adequate. In formulae, the Greek letter ρ (rho) is used to stand for density (Fig. 2.1a).



2.3 MODEL SIZE


A large model, flying through air of standard density, must create more disturbance and hence generates more air reaction, both lift and drag, than a small model at similar speed. The wingspan in relation to the model weight, or span loading, is of some importance. A large span wing at a given speed sweeps through a larger mass of air than a short wing. To gain the same reactive forces, with this larger total mass to work on less disturbance of the fluid, i.e. smaller accelerations are needed. Span loading is expressed as a ratio, weight-per-unit-length (Newtons per meter, or pounds-weight-per-foot). The capital letter W stands for weight, and the small letter b for span (breadth). Span loading = W/b.


Model size is more conveniently expressed in terms of wing area. Units such as square meters or square feet are employed, though these are large for modeling purposes and the FAI Sporting Code for model competitions quotes areas in square decimeters. (One square decimeter equals 1/100th sq. meter.) In this book areas will be given in square meters to conform to standard aerodynamic conventions.


The capital letter S is used to stand for square measure, i.e. area.



2.4 VELOCITY


With a model of given span and wing area, a larger mass of air will be disturbed if speed is high than if it is low. Velocity, V in standard formulae, is expressed in meters or feet per second, rather than kilometers or miles per hour, (Fig. 2.1 c).



2.5 ANGLE OF ATTACK AND TRIM


However large and fast a model may be, its ability to gain lift will depend almost entirely on the form of the wing and its angle of attack relative to the airflow. (Figure 2.1 d) The angle of attack is measured in degrees from some more or less arbitrary reference line, usually the chord line which is a straight line through the extreme leading and trailing edges of the wing airfoil section or profile. In some cases, especially for an airfoil with a partly flat underside, such as the Clark Y, a line tangential to the under surface may be used. The angle between the chosen reference line and the airflow at a distance from the wing is the geometric angle of attack. The aerodynamic angle of attack, i.e., the angle at which the air actually meets the wing, is almost always different from this, as will be explained in later pages.


The angle of attack (both geometric and aerodynamic) of the main wing is governed in orthodox models by the relative setting of wing and tailplane. The tailplane is a small wing which may or may not contribute lift to the total, but whose main function is to trim the mainplane to the desired angle of attack and hold it there.


The angle of incidence of tail and wing to the fuselage must be distinguished from the angle of attack to the air. The fuselage itself may not be aligned with the airflow. In this book, the term angle of attack is reserved for the angle of wing or tail to the airflow, and angle of incidence refers only to the rigging angle of such surfaces relative to some datum line on the drawing board. (This convention is not always observed in other works on aerodynamics.)


Tails are sometimes arranged in V form, or even inverted V, when the trimming, longitudinal pitching and lateral stabilizing functions are combined in the two surfaces of the V. Many other layouts than the orthodox wing-tailplane-fin style are possible, including tailless, tandem, delta and tail-first or canard* aircraft. All these and more can be made to fly and sometimes for special purposes may be superior to the standard arrangement.
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A V tail is lighter than an orthodox tailplane and fin, but the total area is about the same. There may be some problems in spin recovery. (MS)
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A canard glider in the Wasserkuppe model aircraft museum in Germany. (MS)







Strictly, almost all ordinary airplanes and gliders are tandems in that they have two wing-like surfaces disposed one behind the other and set at different rigging angles. The relative areas and spans of these surfaces are matters of the designer’s choice. Whether one wing or the other carries most of the load or all of it is a matter of trim and center of gravity position. If one of the pair of wings carries no load or very little, it functions only as a stabilizer and control surface and may then be very small relative to the main load-carrying wing.


In certain circumstances, the canard layout with a small, load-carrying wing ahead of a larger mainplane has certain advantages over the more usual mainplane/ tailplane arrangement. The first successful airplane, the Wright Brothers Flyer of 1903, was a canard.


The reasons why most aircraft have tailplanes rather than fore planes will appear in more detail in Chapters 12 and 13. Although unorthodox aircraft sometimes appear to offer advantages, the tailless type because it saves the drag and weight of fuselage and stabilizer, for instance, there are always disadvantages, too, either in terms of excess drag from other causes, structural complexity, or, more often, problems of control and stability.



2.6 AIRFOILS AND LIFT COEFFICIENTS


The efficiency of a wing is influenced greatly by its airfoil or section, which has some degree and type of camber and some thickness form (Fig. 2.1d).


Fuselages and other similar-shaped components of a model also produce some small lift force, depending again on their shape and angle of attack. Re-entry vehicles for space flight have been designed as lifting bodies without wings, but for almost all practical purposes in model flying, the lift contribution of fuselages may be ignored. However, a fuselage does produce forces analogous to lift that affect the stability of the model, almost invariably in ways that oppose the efforts of the stabilizer to hold or trim the mainplane to a desired angle of attack. Similar lateral destabilizing forces are resisted by fins, which are small wings set at right angles to the mainplane, producing sideways forces to correct yaw and sideslipping.


For convenience, aerodynamicists adopt a convention that allows all the very complex factors of wing trim and shape to be summed up in one figure, the coefficient of lift. This tells how the model as a whole, or any part of it taken separately, is working as a lift producer. A lift coefficient or CL of 1.3 indicates more lifting effect than CL = 1.0 or 0.6, while CL = 0.0 indicates no lifting effect at all. CL has no dimensions since it is an abstract figure for comparison purposes and calculations.


For level flight, the total lift force generated by a model must equal the total weight, so it is possible to write:


Total Lift = Total Weight, or L = W (Action = Reaction).


This will not apply exactly if the model is descending or climbing. The exact relationships between lift and weight for these conditions are given in Fig. 1.4. As Figure 2.1 shows, the factors affecting lift force are model size or area, speed of flight, air mass density and the airfoilplustrim factor, CL. In every case, an increase in one of these factors: greater area, more speed, increased density or higher lift coefficient, will produce a larger lift force. It is to be expected that when a formula for lift is worked out, it will include all these factors. In mathematical language,


Lift = some function of ρ, V, S, and CL
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Many different arrangements of wings and tails are possible and can fly very well. The orthodox arrangement is usually the most efficient but the basic aerodynamic principles apply to all. (MS)







The standard formula, which arises out of the fundamental principles of mechanics and the pioneer work of Daniel Bernoulli in the eighteenth century, is:


L = ½ x p x V2 x S x CL


It is not particularly important for modelers to know this formula but it is necessary to see how the various factors in the lift equation are interdependent. For a model to be capable of level flight, the lift must equal the weight. If the weight increases (as when an aircraft turns out heavier than expected, or when it is carrying extra fuel or cargo), a larger lift force will be needed to support it. Some item on the right hand side of the equation, or more than one of them, must be increased.


The modeler has no control of air density, ρ. The overweight model could be retrimmed, increasing the wing angle of attack to get a higher CL. More wing area, S, might be added, although this would probably add mass and tend to increase the necessary speed of flight. Since V is squared in the formula (multiplied by itself), a relatively small increase in V yields a large increase in lift force, other things being equal. It follows from this that a heavy model (of given area, trim, etc.) has to fly faster than a light one. However, to increase V takes energy and in an extreme case the engine of the model may be incapable of giving sufficient power to sustain flight. In such a case, the aircraft would be unable to take off unaided. If catapulted or launched from a height the model would descend at some angle like a glider, even with engine at full power.



2.7 WING LOADING


The importance of weight relative to wing area is apparent from the above. The wing loading, often written W/S and expressed as weight per square meter (Newtons per square meter, pounds or ounces per sq. ft.), is the easiest way of portraying this relationship. The weight of a model, neglecting small changes caused by fuel consumption, is constant during one flight. The speed at a given trim (angle of attack) will depend entirely on the wing loading. This may be shown by rearranging the lift formula to bring L/S onto one side. (L = W in level flight.) Dividing both sides of the equation by S gives:


W/S = L/S = 16 ρ V2 CL
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An extreme form of the tandem wing layout. A swept forward rear wing meeting the swept back foreplane near the tips offers some interesting scope for experiment. Such a small model is not, however, likely to be very efficient. (MS)







For gliders, and descending power models, lift and weight are not entirely equal (Lift = W Cos α, see Fig. 1.4) but for normal angles of dive or climb less than ten degrees there is very little difference and the wing loading formula holds good. Adding weight increases forward speed, but requires more power to sustain flight. (In a glider, a more powerful upcurrent is then needed for soaring.)



2.8 WING CL AND SECTION cl


The CL of a whole model or whole wing should not be confused with the lift coefficient determined in a wind tunnel for an isolated airfoil section. The section lift coefficient is sometimes written cl, in lower case letters to distinguish it, but this is not always done.


The CL of a real wing or tailplane cannot as a rule be worked out by a simple transfer of values from a tunnel test of cl. The various effects of cross flow and downwash on a real wing cause the section lift coefficient to vary from place to place across the span, even if the wing at every point is nominally at the same geometric angle of attack to the line of flight. The CL finally arrived at is approximately the average of all the local cl values.



2.9 WING CL AND TOTAL CL



Further complication is caused by the tailplane’s contribution to the aircraft CL. In model flying for competition purposes, the tail area and wing area are both taken into account to prevent competitors from trying to gain unfair advantage in wing loading by fitting oversized tailplanes. (That there is any advantage is an illusion, but the rule was introduced long ago and is unlikely to be changed in the FAI Sporting Code. To conform to the rules any area added to the stabilizer has to be taken away from the mainplane.) If the tail or canard forewing does contribute some lift to the total, the CL of the whole model may be calculated using the combined areas in the lift formula. In full-sized aeronautics the aircraft CL is usually determined in terms of the wing area alone. This is a convention, no more. Various other conventions are adopted about the parts of wings and tails that are (geometrically) inside fuselages, or enclosed by engine nacelles, etc. What area is actually used in calculations is to some degree a matter of choice and convenience. Problems arise only if inconsistent conventions are adopted.



2.10 BERNOULLI’S THEOREM FOR STREAMLINED FLOW


Daniel Bernoulli in 1738 applied a fundamental principle, the conservation of energy, to the subsonic flow of fluids like water and air. He was the first to do this and has never been proved wrong. The theorem connects the pressure measured at any point in a fluid such as air to the mass density and velocity of flow. This is of fundamental importance to aerodynamics and flight, as well as to liquid flows in pipes, channels and around the hulls of ships.
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Figure 2.2 The Venturi, – an illustration of Bernoulli’s theorem.







If a small cylindrical particle of air is imagined as part of a general flow at static pressure moving smoothly, in streamlined fashion, the particle will be in equilibrium if the pressures acting on it from all directions are equal. If there is a pressure difference in any sense, the particle will feel a force disturbing its equilibrium and will accelerate or decelerate in accordance with the second law of motion. Velocity, V, will increase if the pressure in the front is less than that behind; V will decrease if the pressure in front is more than behind. Hence the particle, starting at static pressure, will speed up as it approaches a region of low pressure, and slow down on approaching a high-pressure zone. Turning this round the other way but amounting to the same thing, if a fluid flow is compelled to slow down, pressure will rise. Since the particle is not isolated but part of a general streamlined flow, the same laws apply to every particle. The flow therefore speeds up and slows down on approaching low and high-pressure regions respectively.


The simple mathematical expression of this principle is Bernoulli’s theorem. Where P stands for pressure (in Pascals):


P + ½ρ V2 = Constant


Air flowing at speeds of interest to model flyers is constant in density (ρ does not vary). Pressure and velocity are therefore the only variables; if one increases the other decreases under all circumstances. A well-known application of the principle is the venturi tube which is used in aviation to measure airspeeds or drive instruments, and in every day life to produce high speed jets from garden hoses, taps, etc. Air pressure in the atmosphere at any fixed altitude is termed the static pressure at that height. If there is a steady wind at the chosen height, this does not affect the static pressure.


Air passing through a constricted tube such as the venturi sketched in Fig. 2.2 contains no vacant cavities, nor can the air pile up anywhere in heaps like sand or snow in a drift.*


The same mass of air leaves the tube exit, in each time unit, as the mass entering. In the constricted part of the venturi, since the cross sectional area is small, the velocity of flow must increase to get the same mass through in the time available. This increase of velocity produces a reduction in pressure in the throat. The small cylinder of air imagined above becomes elongated and narrower in cross section, then returns to its original form and static pressure after reaching the wider part of the tube. The streamlines thus appear as shown.



2.11 THE ORIGIN OF LIFT


A fluid passing over any body, so long as streamlined flow persists, will experience deformations of flow, with accordant velocity and pressure changes. This is particularly relevant to the flow over a wing.


If something like an airplane moves through the air this creates a disturbance and there are local changes of pressure on the aircraft itself. After passing through the aircraft leaves a wake which settles down again. The point of highest pressure on a wing is at the socalled stagnation point where air meeting the leading edge is effectively brought to a standstill relative to the wing. Pressure at this point is at a maximum. From this point the flow both over and under the wing must move, accelerating from zero.


As Figure 2.3 shows, with a perfectly symmetrical wing at zero angle of attack the acceleration away from the stagnation point is identical on both surfacers and there is necessarily a pressure reduction on both sides equally. This is equivalent to the flow in the narrowing section of the venturi. The flow under and over the wing accelerates and in accord with Bernoulli’s theorem the pressure falls, reaches a minimum and then returns again. The streamlined flow eventually rejoins the main stream and returns to normal speed and pressure.* At the point of greatest flow speed, the pressure reaches a minimum.
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Figure 2.3 The origin of lift.







After this the flow decelerates equally on both surfaces. Since the velocity and pressure pattern is identical on both surfaces the wing yields no lift. If the symmetrical wing is trimmed at a positive angle of attack to the airflow, the stagnation point moves slightly to the underside of the leading edge and the flow over upper and lower surfaces is altered. Air passing over the wing is now compelled to travel further. On both sides there is acceleration away from the stagnation point but on the underside the peak velocity is less than on the upper side. Above the wing the flow accelerates more toward a lower minimum, pressure is therefore less above the wing than below and lift is produced. The symmetrical profile is perfectly capable of producing lift providing it is trimmed to a positive angle of attack. Another way of looking at this is to recognize that the flow pattern passing around a lifting wing is, as a whole, curved. There is upwash before the wing arrives and downwash after it has gone. The wing compels the flow to turn, an acceleration producing a reaction force which is the lift.


The pressure difference between the two surfaces, at a given flow speed, may be increased up to a point by increasing the angle of attack of the symmetrical profile. Alternatively, or in addition, the wing may be cambered (See Fig 2.1)


A cambered wing exhibits the same kind of flow speed and pressure variations as does the symmetrical one but because of the general curvature of the profile, although the chord line may be at geometrical zero angle of attack, there is a difference in average pressures and lift results.


Even so, at some geometrically negative angle, the total pressures above and below the cambered wing will be equal. At this angle a cambered profile produces no lift. This is the aerodynamic zero of the profile. Although no lift is generated at this angle, the flow pattern above and below is not symmetrical because of the camber. While there is no average difference between the upper and lower sides, there local imbalances which result in the appearance of couples or pitching moments which are of great importance in balancing and trimming models, as explained in Chapter 12.



2.12 STALLING


There is a very definite limit to the lift. If either the angle of attack or the camber is increased too much, the streamlining breaks down and the flow separates from the wing. (This is explained in greater detail in Chapter 3.) Flow separation drastically changes the pressure difference between upper and lower surfaces. The lift force is much reduced, the wing is stalled (Fig. 2.4). Note that a stalled wing still has some difference in pressure above and below. The lift does not suddenly become zero. If there is sufficient power available, an aerobatic airplane may still be able to fly with support from the engine and propeller when the wing is beyond the stall, or deep stalled.


Flow separation on a smaller scale is common. On the upper surface, flow may separate somewhere before the trailing edge, as sketched in Figure 2.5, or, as suggested in Figure 2.6, there may be local flow separation on either surface or both, with subsequent re-attachment. This is called bubble separation. (Typical results on model wings tested in the wind tunnel are given in Chapters 8 and 9.)



2.13 CIRCULATION AND THE BOUND VORTEX


The upwash ahead and downwash behind a wing involve the turning or deflection of the airflow mass through an angle. This is a turning or rotating effect, disturbing the equilibrium of the air with a consequent reaction as required by the laws of motion. Diagrams like those in Figure 2.7 may be drawn. The main flow streamlines behave as if, instead of a wing, there was a rotating cylinder of air, a vortex, with its axis aligned crosswise. Such a vortex would cause the required turning of the flow, upwash and downwash, in very much the same way as a real wing, causing similar reaction forces. The strength or speed of rotation of the vortex would determine how much reaction was produced. The concept is a mathematical model rather than a physical reality. The air flowing over and under a lifting wing does not go round in circles - it continues to flow generally from fore to aft with a curving streamlined pattern, but at different velocities, faster above than below. The circulation is added to the general flow as an acceleration on the upper side of the wing and a lesser acceleration underneath, relating to the curvature of the actual streamlines.
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Figure 2.4 Stalling.
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Figure 2.5 Local flow separation.
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Figure 2.6 Local separation with reattachment.







The imaginary rotating cylinder is termed the bound vortex because it is tied to the wing and moves along with it. Many experiments have shown that rotating solid cylinders do produce lift, but the main value of the bound vortex theory is that it enables the flow over a wing to be calculated in terms of the strength of circulation of the theoretical vortex. The idea is particularly useful in calculations of the lift distribution span-wise across real wings. The actual lift at any chosen location across the wing can be expressed mathematically as a vortex circulation of such and such strength at that point.


As will be explained further, at the ends of the wing the bound vortex does take on a physical reality to become a pair of trailing wing tip vortices which can be directly observed and measured.
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Figure 2.7 The bound vortex theory.








2.14 DRAG, THE LIFT: DRAG RATIO


All parts of a model, including wings, tail fuselage and every component exposed to the airflow, contribute drag. Even the insides of cowlings, wheel fairings, etc., will add some drag if air passes through them. As with lift, the actual drag force generated depends on flight velocity, air density, size and shape of the model. The drag coefficient, Cd, like the lift coefficient, sums up all the features of the model and is a measure of its ‘aerodynamic cleanliness’. The formula is of the same type as that for lift:


DRAG = D = ½ x p x V2 x S x Cd


The S, or area in this formula is normally the wing area of the whole aircraft. If the total lifting area is used (including tail) for the CL, the same total must be used for the drag equation. This enables the drag and lift forces to be compared, usually in the form of a ratio, Lift to Drag ratio or L/D. For level flight, lift will equal weight, which is constant (ignoring fuel consumption). Thrust can be increased or decreased by variations of throttle setting. This will change the drag force, since for level flight in equilibrium, thrust and drag are equal. At high speed, thrust is large and drag is large, but the total lift force remains the same, equal to the weight. The ratio of lift to drag is low; drag has increased because of the high speed. At low speeds, still maintaining level flight, drag reduces up to a point while lift still equals weight. Hence the L/D ratio increases. This improvement in drag force does not continue down to the slowest speed. The total drag coefficient itself begins to increase rapidly at low speeds, and this is enough to outweigh the reduction in V. Hence at some speed the model achieves its maximum L/D ratio. The value of this ratio gives a rough measure of the all-round efficiency of the model. An airliner, for example, will usually cruise as close as possible to the best L/D ratio to save fuel.
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Figure 2.8 Vortex induced drag.







As with lift, confusion arises if wind tunnel tests are wrongly interpreted. In tests of isolated bodies such as fuselages, wheels, etc., the measure of size, S, used in the drag formula is the cross sectional area of the object tested. This gives a wholly different result from the drag coefficient of such items when they are related to the wing area of a whole aircraft. With wing drag figures from tunnel tests, the same applies as to section lift coefficients. The real wing in flight does not reproduce the tested drag figures across the whole span.


It is hardly ever necessary to calculate the actual drag of model components. The main thing is to know how drag is caused and how to reduce it. Modelers often speak of increasing lift by changing the trim or using a different wing section. In level flight, the lift force equals the weight and this remains true after the trim or airfoil change just as before. Hence although the lift coefficient, CL, may have been increased, the lift force remains equal to the weight in level flight. Every change of this kind however, does change the drag of the aircraft. If the drag is regarded as the inevitable price paid for keeping a given model in the air, reducing the drag price always makes for a more efficient flight.
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Figure 2.9 Form or pressure drag.








2.15 VORTEX DRAG


In Figures 2.8 to 2.10, the types of drag are illustrated. Induced drag is now often, and preferably, called vortex drag because it is associated with the rotating vortices that trail behind any wing, or any surface, which is yielding aerodynamic lift. The appearance of the vortices is directly associated with the lift: the higher the lift coefficient of a given wing, the more significant is the effect of the vortices. (This may be related directly to the bound vortex strength. The stronger the bound vortex, the more the lift, and hence the stronger the tip vortices also.) Since when flight speed, V, is low, a given model must work at a higher lift coefficient than when V is high, the vortex-induced drag increases in relative importance as the velocity decreases. (Mathematically, vortex-induced drag is proportional to L/V2.) This is the major, though not the only cause of the reduction of L/D at low speeds mentioned above.
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A flying plank at Epsom. The drag of tail and fuselage has been eliminated, but the wing tip vortex drag is very high and the airfoil has to be reflexed, losing more efficiency. But such models are highly manoeuvreable and fun to fly! (MS)








2.15 PROFILE DRAG


Form or pressure drag is caused by the total of all the pressure variations over a body as the air flows round it, and skin friction or viscous drag is caused by the contact of the air with the model’s surfaces. Although it is useful to separate these different types of drag for purposes of study, it is clear that they almost always occur together. For instance, the wings shown in Figure 2.8 will produce both form drag and skin friction in addition to vortex drag. The body whose skin is sketched in Fig. 2.10 will probably be part of wing or fuselage that has form drag also. The relationship between skin drag and form drag is particularly close: the two affect one another. For example, skin friction is very much governed by the speed of the airflow, and the shape of the body as a whole mainly determines the speed of the local flow next to the skin. (See Bernoulli’s theorem above and Chapter 3.) For this reason, particularly when wings are concerned, skin friction and form drag are commonly taken together and termed profile drag. In contrast to vortex-induced drag, skin friction and form drag are both directly proportional to V2. Thus, as the induced drag falls with rising speed, the form drag and skin drag rise, and vice versa. The result, in graphical form, is shown in Figure 2.11.
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Figure 2.10 Skin friction or viscous drag.
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A canard which takes off and alights on water, designed and built by Andy Lennon.
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The Cumulus, An old-time model built by the author from ancient plans. Not very fast, not very agile with no ailerons, but flies well on a pleasant afternoon. (MS)
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Figure 2.11 The composition of the total drag of an aircraft.








2.16 TOTAL DRAG


The total drag of the aircraft is composed of the total vortex and all other drags at each speed. Where the vortex drag equals all the rest, i.e., where the two lower curves in Figure 2.11 intersect, drag is a minimum for the whole aircraft. Since lift is constant, for a given mass of aircraft in level flight, it is at the minimum drag point on the curve that the best L/D ratio of the aircraft occurs. Another, slightly more elaborate, presentation of this information appears in Figure 4.1, and in Figure 4.4 the shape of the polar curve of a sailplane (or any other aircraft) is directly related to this same curve, although presented in different form as sinking speed plotted against velocity rather than total drag against CL.





* In practice when a sailplane crosses a large lake or other body of water low down, there is usually no thermal because the water cools the air immediately above it. However, when a thermal does rise from the ground to higher levels the moisture content in the rising air is higher than the surrounds at height. At some level the dewpoint may be reached and condensation then produces clouds.


* So called from the French word for duck.


* In the early days of aviation, there was much talk of ‘air pockets’ which people believed to be spaces empty of air, causing unpleasant falling sensations. They were actually caused by wind gusts and currents of rising and sinking air. The misleading term ‘air pocket’ still crops up occasionally in newspapers.


* This is where some erroneous explanations of wing lift begin. The flow speed both over and under the wing increases, pressure falls on both sides. At lifting angles of attack the increase in flow speed above and below differs, creating a difference in pressure in accordance with the Bernoulli equation.







CHAPTER 3


Scale effect and the boundary layer



3.1 THE BOUNDARY LAYER


The most important differences between model and full-sized aircraft aerodynamics can be attributed to the boundary layer, the thin layer of air close to the surface of a wing or any solid body over which the air flows. Two properties of air, its mass and its viscosity, determine the behavior of the boundary layer. Viscosity may be roughly described as the stickiness of any fluid. Treacle and glycerine are highly viscous at normal temperatures. Cream and water are less viscous, air and other gases are less viscous still. The viscosity, like the density of air, is beyond control for practical purposes in model aerodynamics. Like air density, it does vary with temperature and air pressure, as Lnenicka’s chart in Appendix I shows.


Inertia opposes change of direction or velocity. Viscosity resists shearing flows and tends to keep a sticky fluid in contact with surfaces. In situations where fluid in the boundary layer over a surface is accelerating or decelerating, forces arising from mass and viscosity interact, sometimes reinforcing one another, sometimes in mutual opposition. Where velocities of flow are high and the curvature of surfaces relatively large in radius, as with full-sized wings at high speeds, mass inertia is dominant; the effects of viscosity, though not negligible, are smaller. With model wings, at low speeds, viscous forces become relatively much more important. A very small wing, such as that of an insect, operates in a fluid which is relatively much more viscous than the air flowing over the wing of an airliner. Model aircraft, full-sized sailplanes, muscle-powered aircraft, hang-gliders, etc, come somewhere between the extremes. It cannot be expected that a model wing, even one made to exact scale from a full-sized prototype, will behave in exactly the same way as its larger counterpart. Such scale effects almost invariably work to the disadvantage of the smaller aircraft.
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This very exact scale model of the ES Schneider Grunau 4 flew well but the aerodynamic efficiency was much less. (MS)







To the smallest flyers of all, tiny insects, flying must be like swimming in treacle.


Much of what follows in this chapter is standard aerodynamic theory as it applies to aircraft that are generally larger and faster in flight than models. As will be made clear later, at low speeds with small aircraft, the effects of viscosity become more evident and the standard theories have to be modified to allow for this. Wind tunnel testing of wing profiles becomes most important as the models get smaller and flight speeds slower.
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passed A - A. The wing forms an obstruction around which the flow must pass in the same time.
As the streamlines show, the distance is greater than that for the undisturbed flow. The flow velocity
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upper and lower surfaces of the wing. No lift results.
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Lower pressure

upwash
A i WQWM o,
‘ =
-
- = e
A Higher pressure = = }
B

‘The flow around a cambered wing is not very different from that round a symmetrical wing
atalifting angle of attack. The pressure falls on both surfaces aft of the stagnation point,
butless on the lower side than the upper, producing lift.
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