One hundred years of Flight Dynamics equations
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ABSTRACT

During the 19" Century many scientific disciplines bloomed. Some of them, particularly Fluid
Mechanics, Thermodynamics, Electricity, Strength of Materials, etc, were required for the
success of powered flight, once gliding flights had been proved by numerous visionaries such
as Cayley, Henson, Stringfellow, Phillips, du Temple, Maxim, Ader or Lilienthal.

Everything was ready at the turn of century and thence, if the Wright brothers had not
performed the first successful flight in December 1903, an airplane would have flown sooner
or later. As a matter of fact, many designs appeared independently in the first decade of 20™
Century: Santos-Dumont, Curtiss, Bleriot, Latham, Farman ... However, the pioneers faced
considerable control troubles since the flying qualities of the aircraft at that time were
absolutely unsatisfactory. Therefore, understanding the modes of motion was extremely
importance for the success and safety of aviation. However, the equations governing the
airplane motion are so complex that Flight Dynamics requires concepts and tools from
Mathematics, Mechanics, Aerodynamics, instrumentation, simulation, pilot handling, etc.

The paper will present an overview of the pioneer stability theories, devoting special attention
to those published by Zhukowsky, Lanchester and Painlevé. Their models were very
important for subsequent developments, but were incomplete or included errors, although
Lanchester achieved great recognition thanks to the term “phugoid”, soon accepted and
widely known. But the full set of equations was developed, independently, by Bothezat and
Bryan, in 1911. Except for minor notation aspects, these equations have remained unchanged.
The core of the paper will be, therefore, devoted to Bothezat and Bryan contributions.
Georges de Bothezat was a young Russian engineer who performed his Doctorate in Paris
under the guidance of Paul Painlevé. He returned to Russia, but fled to the United States after
the Revolution and worked on propellers and helicopters. Bothezat’s Thesis was based on
Painlevé’s early works, but extended them to a full six degrees of freedom motion model. His
longitudinal stability findings are very complete and contradictory to previous hypotheses and
results. For example, Bothezat stated that the airplane longitudinal stability needed not any
particular hypothesis on the centre of pressure location, and it was enough to set the
horizontal tail incidence at a smaller angle than that of the wing.

Professor George Bryan was an eminent applied mathematician, highly interested in Physics,
who discovered manned gliders thanks to his friend Percy Pilcher, one of Lilienthal’s
disciples. The tragic death of his friend, Pilcher, three years after that of his German mentor,
prompted Bryan into the study of flight stability and safety. According to Bryan, the motion
of an aircraft and its stability and control could be determined completely by dynamical
principles. His formulation was based on two key assumptions: first, the aerodynamic forces
and moments depend only on instantaneous values of the motion variables; and, second, the
aerodynamic forces and moments could be linearized with respect to the motion variables.
Following the rigid body dynamics, he studied the airplane motion through six equations,
corresponding to the six degrees of freedom: three linear coordinates, plus three angular
coordinates. With the additional assumption of airplane and disturbance symmetry, the lateral
asymmetric motion (lateral-directional) can be separated from the longitudinal motion.



REFERENCES USED FOR THE HISTORICAL REVIEW

[1] Anderson, J.D. The Airplane: A History of its Technology, AIAA, Reston, USA, 2002.

[2] Etkin, B. Dynamics of Atmospheric Flight, John Wiley and Sons, New York, USA, 1972.
[3] Babister, A.W. Aircraft Stability and Control, Pergamon Press, New York, USA, 1961.

[4] Cook, M.V. Flight Dynamics Principles, 2" Edition, Elsevier, Amsterdam, The
Netherlands, 2007.

[5] Perkins, C.D. Development of Airplane Stability and Control Technology. Journal of
Aircraft, Vol. 7, N° 4, 1970, pp. 290-301.

[6] Abzug, M.J. and Larrabee, E.E. Airplane Stability and Control, 2" Edition, Cambridge
University Press, Cambridge, United Kingdom, 2002.

[7] Graham, W.R. Asymptotic analysis of the classical aircraft stability equations. The
Aeronautical Journal, Vol. 103, February 1999, pp. 95-103.

[8] Hancock, G.J. An Introduction to the Flight Dynamics of Rigid Aeroplanes, Ellis
Horwood, New York, USA, 1995.

[9] Bryan, G.H. Stability in Aviation, MacMillan, London, United Kingdom, 1911.

[10] Zhukowsky, N.E. On soaring of birds (in Russian), Mathematical Society of Moscow,
1891, in Collected Papers, Vol. V, pp. 7-35, edited by Prof. A. P. Kotelnikov, People's
Commissariat of Heavy Industry of the URSS, Moscow, Russia, 1937.

[11] Lanchester, F.W. Aerial Flight: Part 2, Aerodonetics, Constable, London, United
Kingdom, 1908.

[12] Boyd, T.J.M. One Hundred Years of G.H. Bryan’s Stability in Aviation. Journal of
Aeronautical History, Paper N° 2011/4, 2011, pp. 97-115.

[13] Bryan, G.H. and Williams, W.E. The longitudinal stability of gliders. Proc. Royal
Society, Vol. A73, 1904, pp. 100-116.

[14] Joessel, J. Rapport sur des expériences relatives aux gouvernails (in French). Mémorial
du Génie Maritime, Rapport 9, 1873.

[15] Zhukowsky, N.E. De la chute dans 1’air de corps légers de forme allongee, animés d’un
mouvement rotatoire (in French), Bulletin de I’Institut Aérodynamique de Koutchino, Fasc. 1,
1906, in Collected Papers, Vol. V, pp. 82-98, edited by Prof. A. P. Kotelnikov, People's
Commissariat of Heavy Industry of the URSS, Moscow, Russia, 1937.

[16] Pradeep, S. and Kamesh, S. Does the Phugoid Frequency Depend on Speed? Journal of
Guidance Dynamics and Control, Vol. 22, N°2, 1999, pp. 372-373.

[17] Painlevé, P. Cours de Mécanique et Machines (in French), Ecole Polytechnique, Paris,
France, 1909.

[18] Bothezat, G. Etude de la Stabilit¢ de 1’Aéroplane (in French), Thése présentée a la
Faculté des Sciences de Paris, France, Janvier 1911.

[19] Phillips, W.F. Phugoid Approximation for Conventional Airplanes. Journal of Aircraft,
Vol. 37, N° 1, 2000, pp. 30-36.

[20] Pamadi, B.N. Performance, Stability, Dynamics and Control of Airplanes, 2" Edition,
AIAA, Reston, USA, 2004.

[21] Ananthkrishnan, N. and Ramadevi, P. Consistent Approximations to Aircraft
Longitudinal Modes. Journal of Guidance Dynamics and Control, Vol. 25, N° 4, 2002, pp.
820-824.

[22] McRuer, D., Ashkenas, 1. and Graham, D. Aircraft Dynamics and Automatic Control,
Princeton University Press, Princeton, USA, 1990.

[23] Russell, J.B. Performance and Stability of Aircraft, Arnold, London, United Kingdom,
1996.

[24] Phillips, W.F. Mechanics of Flight, 2** Edition, John Wiley and Sons, Hoboken, USA,
2010.



