A HISTORY OF
AERODYNAMICS

JOHN D. ANDERSON, JR.




Contents

Fereword Page ix
Prriace Xi
Part 1 The Incubation Phase
! Aerodynamics: What Is It? 3
Aerodynamics: Philosophical Antecedents of the Technology 5
The Equations of Aerodynamics 10
Summary and Timeline 11
2 The Early History of Aerodynamics: From Antiquity to da Vinci 14
Aristotle and the Beginning of the Road to Aerodynamics 15
Archimedes: The Founder of Fluid Statics 17
A Leap across the Centuries to da Vinci 19
Da Vinci's Aerodynamics 21
Developments in Aviation from Antiquity to the Year 1500 27
3 The Dawn of Aerodynamic Thought: To George Cayley and the Concept of
the Modern-Configuration Airplane 28
Galileo and the Beginnings of Rational Science 29
The Velocity-Squared Law: The First Aerodynamic Breakthrough 32
Newton and the Flowering of Rational Science 35
Angle-of-Attack Effects and the Newtonian Sine-Squared Law 38
Newton’s Contributions to Aerodynamics 40
The Sunrise of Hydrodynamics: Daniel Bernoulli and the
Pressure—Velocity Concept 41
Jean le Rond d’ Alembert and His Paradox 43
The High Noon of Eighteenth-Century Hydrodynamics: Leonhard Euler and
the Governing Equations of Fluid Motion 46
Some Polishing Touches: Lagrange and Laplace 49
The Rise of Experimental Aerodynamics 52
Interim Summary: The State of the Art of Aerodynamics Inherited
by George Cayley 62
George Cayley’s Aerodynamics 64
The State of the Art as Reflected in Cayley’s 1804 Glider 79
Developments in Aviation between 1600 and 1804 80
Reflections on the Historical Timeline 82

Part Il The Infancy of Aerodynamics, and Some Growing Pains

4 The Infancy of Aerodynamics: To Lilienthal and Langley 87



vi Contents

The Inclusion of Friction in Theoretical Aerodynamics: The Works of

Navier and Stokes 88
Interim Summary: The State of Theoretical Aerodynamics in 1850 93
The Concepts of Vorticity and Vortex Filaments: Theoretical Advances

Due to Helmholtz 94
Surfaces of Discontinuity: A Blind Alley for Drag Predictions 100
A Note about Lord Rayleigh and His Contributions to Aerodynamics 107
Osborne Reynolds and His Studies of Turbulent Flow 109
Applied Aerodynamics in the Nineteenth Century: The Fog Thickens 114
The Aeronautical Society of Great Britain: A Ray of Hope 115
Francis Wenham and the Development of the Wind Tunnel 119
Wenham: Father of Aeronautics? 125
Horatio Phillips: Cambered Airfoils and the Second Wind Tunnel 126
Phillips’s Wind-Tunnel Data: Flaws in the Interpretation 130
Interim Summary: Aerodynamics in Its Infant Stage 138
A Leap Forward in Applied Aerodynamics: The Work of Otto Lilienthal 138
A Leap into the Air: Otto Lilienthal, the Glider Man 155
Samuel Langley’s Experiments in Aerodynamics 164
Langley’s Aerodromes 181
The Huffaker-Langley Cambered-Airfoil Experiments 188
The State of the Art as Reflected in Lilienthal’s Gliders and Langley’s

Aerodromes 192
Developments in Aviation between 1804 and 1896: Chanute’s Progress

in Flying Machines 192

Part III  Aerodynamics Comes of Age
5 Applied Aerodynamics Comes of Age: The Wright Brothers 201
The Wright Brothers to 1896 201

The Existing State of the Art (1896-1901): The Wrights Make Some Errors 205
Wind-Tunnel Experiments (1901-2): The Wrights Discover

“the Right Aerodynamics” 216
Lilienthal’s Table and the Wrights™ View of It 229
Langley and the Wright Brothers: Crossed Paths 234
The Wrights” Flying Machines 235
Langley and the Wright Brothers in 1903: Failure and Success 239
The State of the Art as Reflected in the Wright Flyer 242

6 Theoretical Aerodynamics Comes of Age: The Circulation Theory of Lift,

and Boundary-Layer Theory 244
Some New Thinking about Aerodynamic Lift: Frederick Lanchester 244
The Quantitative Development of the Circulation Theory of Lift:

Kutta and Joukowski 247
Some New Thinking about Drag: Ludwig Prandtl and His Boundary-Layer

Theory 251
Early Progress in Boundary-Layer Theory 256
Ludwig Prandtl 257

Academic Science Meets the Flying Machine 260



Contents vii
New Aerodynamic Theories: Impact on Flying Machines 261

Part IV: Twentieth-Century Aerodynamics

7 Aerodynamics in the Age of Strut-and-Wire Biplanes 267
Gustave Eiffel: Man of Iron and Air 268
Wing and Airfoil Theory: Prandtl, Betz, and Munk 282
Aerodynamics Culture Shock, 1920-6: Theory versus Empiricism 292
The Reawakening of Aerodynamics in America: Creation of the NACA 294
The Evolution of Wind Tunnels: The First 20 Years after the Wright Flyer 296
The Evolution of Airfoil Design: The First 25 Years after the Wright Flyer 304
Aerodynamic Coefficients: Evolution of the Modern Nomenclature 312
The State of the Art as Reflected in World War I Aircraft 314

8 Aerodynamics in the Age of Advanced Propeller-Driven Airplanes 319
Friction Drag, Form Drag, and Induced Drag 320
Streamlining: An Idea Whose Time had Come 321
Wind Tunnels: A Maturing Species 328
A Success in Streamlining: The NACA Cowling 330
Airfoil Aerodynamics: Systematic Progress 342
Drag Cleanup 352
Closure 353
Impact on Flying Machines 355

9 Aerodynamics in the Age of the Jet Airplane 370
The Speed of Sound 372
The Early History of High-Speed Aerodynamics 373
Compressibility Problems: The First Hints (1918-23) 382
The Compressibility Burble: NACA’s Seminal Research (1924-9) 387
The First Theoretical Compressibility Correction: The Prandtl-Glauert Rule 388
Early British Experimental Work on Compressibility Effects 390
John Stack and the NACA Compressible-Flow Research in the 1930s 394
The 1935 Volta Conference: Threshold to Modern High-Speed Aerodynamics

and the Concept of the Swept Wing 400
The High-Speed Research Airplane 403
The Bell X-1: Point and Counterpoint 408
Breaking the Sound Barrier 410
Transonic Aerodynamics: Probing the Mysteries 411
The Area Rule and the Supercritical Airfoil 413
Supersonic Aerodynamics Theory: Its Early Days 417
The Swept Wing: An Aerodynamic Breakthrough in High-Speed Flight 423
The Swept Wing: Its Impact on Flying Machines 428
Engineering Science and Aircraft Design: Technology Transfer in the Jet Age 431
Supersonic Wind Tunnels: Early Development 434
Modern Developments in Aerodynamics: Hypersonics and Computational
Fluid Dynamics 437
Epilogue 447



viii

Contents

Appendixes

A The Euler Equations

B The Navier-Stokes Equations

C  Whirling-Arm Calculation Showing the Benefit of a Large-Radius Arm
D Calculation of Drag for Langley’s Flat Plate at a Zero Angle of Attack

E Calculation of the Power-Required Curve for Langley’s Flat-Plate Models
F  Calculation of Lift and Drag for a Glider Flown as a Kite

G Aspect-Ratio Effect on the Wrights™ 1900 Glider

H Lift Coefficient According to Kutta

—

Compressibility Error in the Caldwell and Fales Data Reduction (1920)

References
Index

449
451
453
454
456
458
459
460
462

464
473



	scan0001.pdf
	scan0002.pdf
	scan0003.pdf
	scan0004.pdf
	scan0005.pdf

