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RESUMO 

 

A concepção e desenvolvimento de uma nova aeronave é naturalmente uma atividade 

multidisciplinar envolvendo tecnologias relacionadas à aerodinâmica, estruturas e diversas 

outras relacionadas aos diversos sistemas sejam eles mecânicos, elétricos, eletrônicos entre 

outros. Dessa característica resulta uma sequência de trabalho extremamente complexa. 

Quando a aeronave em questão é caracterizada por uma configuração extremamente peculiar e 

para a qual as fontes de referência técnica são bastante limitadas, esse trabalho se torna ainda 

mais desafiador e complexo, já nas fases iniciais de concepção essas dificuldades foram 

sentidas. As atividades relacionadas ao projeto preliminar tiveram como ponto de partida a 

ergonomia do ñcockpitò, adotando a filosofia de projeto de dentro para fora. À medida que as 

tarefas de engenharia se desenvolviam e considerando as características particulares da 

aeronave, modificações na teoria existente e proposições de novas abordagens surgiram 

inevitavelmente, uma vez que a teoria disponível na literatura se mostrou limitada. Conforme os 

resultados relacionados à aerodinâmica foram sendo obtidos verificou-se que o desempenho da 

aeronave com relação às velocidades de voo superou em muito os valores inicialmente 

assumidos para a operação da mesma. Com respeito às características de controle os 

resultados obtidos podem ser considerados bastante satisfatórios, exceto aqueles relacionados 

com a corrida de decolagem devido à pouca eficiência dos ñcanardsò nessa fase do voo. Com 

relação à estabilidade os resultados indicam que a aeronave está com comportamento 

marginalmente positivo em alguns aspectos e marginalmente negativo em outros aspectos.1

                                                           
Palavras-chave: Projeto preliminar de aeronaves; Biplano; Canard biplano; Pusher; Campo de 
wash global. 
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ABSTRACT  

 

The conception and development of a new aircraft is naturally a multidisciplinary activity that 

involves technologies related to the aerodynamics, structures, and technologies related to 

several systems as mechanical, electrical, electronic among others. Due this characteristic, was  

resulted an extremely complex sequence of work. When the aircraft to be developed is 

characterized by a very peculiar configuration and for which the sources of technical reference 

are quite limited, this work turn even more challenger and complex, already in the earlier 

conceptual phases these difficulties were faced. The activities related to the preliminary design 

had as start point the ergonomics of the cockpit, adopting for the aircraft the design philosophy 

from the inside to the outside. As the engineering activities were developed and considering the 

particular characteristics of the aircraft, were proposed modifications on the existing theory and 

new theory approach necessarily emerged, once the available theory on the bibliography proved 

insufficient. As the results related to the aerodynamics were being obtained, was verified that the 

performance relative to the flight speeds far exceeded the values initially defined for the 

operation of the aircraft. With respect to the in flight control characteristics, the results obtained 

may be considered very satisfactory, except that related to the take-off runway rolling due the 

few canards efficiency. With respect to the stability behavior the results indicate that the aircraft 

is marginally positive in some aspects and is marginally negative relative to other aspects.2

                                                           
Key-words : Aircraft preliminary design; Biplane; Biplane canard; Pusher; Global wash field. 
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LIST OF SYMBOLS  

 

Roman Symbols  

ὥ  Airfoil lift curve slope 

ὦ  Aerodynamic surface span 

ὦ  Aileron span 

ὦ   Location of the inner chord of the aileron along the y axis 

ὦ   Canard span 

ὦ ͺ   Biplane canard span 

ὦ ͺ  Lower canard span 

ὦ ͺ  Upper canard span 

ὦ  Elevator span 

ὦ   Elevator inner position along the canard span  

ὦ  Flap span 

ὦ   Location of the inner chord of the flap along the y axis 

ὦ   Longest wing or canard span 

ὦ  Rudder span 

ὦ   Rudder inner position along the vertical tail span 

ὦ   Vertical tail span 

ὦ ͺ   Left vertical tail span 

ὦ ͺ   Right vertical tail span 

ὦ   Wing span 

ὦ ͺ   Biplane wing span 

ὦ ͺ   Lower wing span 



 

ὦ ͺ   Upper wing span 

ὧὨ  Airfoil drag coefficient 

ὧ   Experimental steady state cross-flow drag coefficient of a circular cylinder 

ὧὨ   Canard airfoil drag coefficient 

ὧὨ  Airfoil pressure drag coefficient 

ὧὨ  Vertical tail airfoil drag coefficient 

ὧὨ  Airfoil wave drag coefficient 

ὧὨ  Wing airfoil drag coefficient 

ὧὨ  Airfoil zero lift drag coefficient 

ὧὰ  Airfoil lift coefficient 

ὧὰ   Vertical tail airfoil maximum lift coefficient 

ὧὰ  Airfoil lift curve slope 

ὧὰ   Canards airfoil lift curve slope 

ὧὰ  Vertical tails airfoil lift curve slope 

ὧὰ  Wings airfoil lift curve slope 

ὧὰ  Parameter based on flap size and on profile thickness ratio 

ὧά  Airfoil pitch moment coefficient 

ὧά ͺ  Lower canard airfoil pitch moment coefficient 

ὧά ͺ  Upper canard airfoil pitch moment coefficient 

ὧά  Wing airfoil pitch moment coefficient 

Ὠ  Main landing gear tire diameter 

Ὠ  Distance between the aircraft CG and the aerodynamic center of the airplane 

  Projected side area 

Ὠ   Distance between the airplane CG and the contact point of the main landing  



 

gear leg to the ground 

Ὠ  Fuselage equivalent diameter for maximum cross section area 

Ὡ  Aerodynamic surface span efficiency factor 

Ὡ   Canard span efficiency factor 

Ὡ ͺ   Biplane canard span efficiency factor 

Ὡ   Vertical tail span efficiency factor 

Ὡ ͺ   Left vertical tail span efficiency factor 

Ὡ ͺ   Right vertical tail span efficiency factor 

Ὡ   Wing span efficiency factor 

Ὡͺ   Biplane wing span efficiency factor 

Ὡ   Wing Oswald efficiency factor obtained from graphic 

Ὡ  Aerodynamic surface Oswald efficiency factor 

Ὣ  Gravity acceleration 

Ὤ  Maximum fuselage depth 

Ὤ   Wing aerodynamic center location relative to the leading edge of its own ὅӶ 

Ὤ   Take-off obstacle height 

Ὥ ͺ  Lower canard incidence angle 

Ὥ ͺ   Upper canard incidence angle 

Ὥ  Incidence of the fuselage camber line relative to the fuselage reference line at  

  the center of each fuselage increment. The incidence angle is defined as  

  negative for nose droop and aft upsweep. 

Ὥ   Horizontal tail incidence angle 

Ὥ ͺ   Left vertical tail incidence angle 

Ὥ ͺ   Right vertical tail incidence angle 

Ὥ   Wing incidence angle 



 

Ὥͺ   Lower wing incidence angle 

Ὥͺ   Upper wing incidence angle 

Ὧ   Longitudinal oscillation stiffness constant 

Ὧ   Wing-fuselage interference factor 

Ὧ  Factor which accounts for flap chord to airfoil chord ratio different from 25% 

Ὧ CŀŎǘƻǊ ǿƘƛŎƘ ŀŎŎƻǳƴǘǎ ŦƻǊ ǘƘŜ άŀŎǘǳŀƭ ŦƭŀǇέ ŀƴƎƭŜ ŘƛŦŦŜǊŜƴǘ ŦǊƻƳ ǘƘŜ άǊŜŦŜǊŜƴŎŜ       

ŦƭŀǇέ ŀƴƎƭŜ 

Ὧ  Factor which accounts for flap motion as a function of the flap deflection 

Ὧ  Correction factor that accounts nonlinearities at high flap deflections 

ὰ  Component or part moment arm 

ὰ   Canard tail moment arm 

ὰ  Fuselage length 

ὰ   Horizontal tail moment arm 

ὰ   Vertical tail moment arm 

ά  Mass of the airplane 

ὲ   Number of blades of the propeller 

ὴ  Airplane roll rate due the ailerons deflection 

ὴ   Airplane constant rolling rate 

ὴ  Temporal differential rate ‬‬ὸϳ  of ὴ 

ή  Dynamic pressure of the air 

ή   Dynamic pressure at the vertical tail 

ὶ  Airplane yaw rate due the rudder deflection 

ὶ  Ratio between the aerodynamic area of the shorter aerodynamic surface and 

the longer aerodynamic surface 

ὶ  Ratio between the aerodynamic area of the shorter canard and the longer canard 



 

ὶ   Ratio between the aerodynamic area of the shorter wing and the longer wing 

ὸ  Time for halving the amplitude of an oscillatory motion 

ὸ   Time to the airplane take-off from the start to the obstacle position 

ὸὧϳ  Airfoil thickness 

ὸὧϳ   Horizontal tail thickness 

ὸὧϳ   Vertical tail thickness 

ὸὧϳ   Wing thickness 

ύ  Main landing gear tire width 

ύ   Fuselage maximum width 

ὼ Distance between the center of the projected side area of the i-th segment of   

the airplane and the reference line 

ώ  Location of the aileron aerodynamic center along the y axis 

ώ   Mean distance of the point of application of the rolling drag (drag generated) 

  by the ailerons, wings, tails, fuselage; applied normally at 40% of the semi-span 

  of the wing from the root chord) 

ὃὅ  Aerodynamic center location of an aerodynamic body 

ὃὅ ͺ  Aerodynamic center location of the lower canard 

ὃὅ ͺ  Aerodynamic center location of the upper canard 

ὃὅͺ  Aerodynamic center location of the left vertical tail 

ὃὅͺ  Aerodynamic center location of the right vertical tail 

ὃὅͺ   Aerodynamic center location of the biplane wing 

ὃὅͺ  Aerodynamic center location of the lower wing 

ὃὅͺ   Aerodynamic center location of the upper wing 

ὃ  i-th segment of the projected side area of the complete airplane 

ὃὙ  Aerodynamic surface aspect ratio 



 

ὃὙ  Biplane aspect ratio 

ὃὙ   Canard aspect ratio 

ὃὙ ͺ  Biplane canard aspect ratio 

ὃὙ ͺ  Lower canard aspect ratio 

ὃὙ ͺ  Upper canard aspect ratio 

ὃὙ   Horizontal tail aspect ratio 

ὃὙ   Vertical tail aspect ratio 

ὃὙͺ  Left vertical tail aspect ratio 

ὃὙͺ  Right vertical tail aspect ratio 

ὃὙ  Wing aspect ratio 

ὃὙͺ   Biplane wing aspect ratio 

ὃὙͺ  Lower wing aspect ratio 

ὃὙͺ  Upper wing aspect ratio 

ὄὉὡ  Basic empty weight 

ὅ  Damping of an oscillatory motion  

 ὅ   Critical damping of an oscillatory motion 

ὅ   Surface friction coefficient 

ὅὪ   Turbulent flat plate skin-friction coefficient of the fuselage 

ὅ   Turbulent flat plate friction coefficient of the wing  

ὅ   Wing laminar friction coefficient 

ὅ   Wing turbulent friction coefficient 

ὅὰ  Airplane rolling moment coefficient at the CG 

ὅὰ   Airplane rolling moment coefficient curve slope at the CG 

ὅ   Coefficient of rolling moment rate due the ailerons deflection 



 

ὅά  Airplane pitch moment coefficient 

ὅά   Airplane pitch moment coefficient applied on the CG of the own airplane 

ὅά
ͺ

 Lower canard pitch moment coefficient applied on the CG of the airplane 

ὅά
ͺ

 Upper canard pitch moment coefficient applied on the CG of the airplane 

ὅά  Fuselage pitch moment coefficient applied on the CG of the airplane 

ὅά  Horizontal tail pitch moment coefficient applied on the CG of the airplane 

ὅά   Wing pitch moment coefficient applied on the CG of the airplane 

ὅά
ͺ

 Lower wing pitch moment coefficient applied on the CG of the airplane 

ὅά
ͺ

 Upper wing pitch moment coefficient applied on the CG of the airplane 

ὅά   Airplane pitch moment coefficient curve slope at CG 

ὅά
ͺ

 Lower canard pitch moment coefficient curve slope 

ὅά
ͺ

 Upper canard pitch moment coefficient curve slope 

ὅά   Fuselage pitch moment coefficient curve slope 

ὅά   Horizontal tail pitch moment coefficient curve slope 

ὅά   Wing pitch moment coefficient curve slope 

ὅ   Coefficient of pitch moment rate due the elevator deflection 

ὅά   Airplane zero lift pitch moment coefficient at CG 

ὅά
ͺ

 Lower canard zero lift pitch moment coefficient 

ὅά
ͺ

 Upper canard zero lift pitch moment coefficient 

ὅά   Fuselage zero lift pitch moment coefficient 

ὅά   Horizontal tail zero lift pitch moment coefficient 

ὅά   Wing zero lift pitch moment coefficient 

ὅὲ   Airplane yawing moment coefficient at the CG 



 

ὅὲ   Airplane yaw moment coefficient curve slope at the CG 

ὅὲ   Airplane dynamic yaw moment coefficient curve slope at the CG 

ὅὲ   Vertical tail yaw moment coefficient curve slope 

ὅὲ
ͺ

 Left verticl tail yaw moment coefficient curve slope 

ὅὲ
ͺ

 Right verticl tail yaw moment coefficient curve slope 

ὅὲ
ͺ

 Biplane wing-fuselage yaw moment coefficient curve slope 

ὅ   Coefficient of yaw moment rate due the rudder deflection 

ὅ   Aerodynamic surface root chord 

ὅ   Aileron root chord 

ὅ
ͺ

 Lower canard root chord 

ὅ
ͺ

 Upper canard root chord 

ὅ   Elevator root chord 

ὅ   Flap root chord 

ὅ   Rudder root chord 

ὅ
ͺ

 Left vertical tail root chord 

ὅ
ͺ

 Right vertical tail root chord 

ὅ
ͺ

 Biplane wing root chord 

ὅ
ͺ

 Lower wing root chord 

ὅ
ͺ

 Upper wing root chord 

ὅ   Aerodynamic surface tip chord 

ὅ   Aileron tip chord 

ὅ
ͺ

 Lower canard tip chord 

ὅ
ͺ

 Upper canard tip chord 



 

ὅ   Elevator tip chord 

ὅ   Flap tip chord 

ὅ   Rudder tip chord 

ὅ
ͺ

 Left vertical tail tip chord 

ὅ
ͺ

 Right vertical tail tip chord  

ὅ
ͺ

 Lower wing tip chord 

ὅ
ͺ

 Upper wing tip chord 

ὅ  Aileron chord 

ὅ   Canard chord  

ὅὈ  Airplane or body drag coefficient 

ὅὈ   Canard drag coefficient 

ὅὈ ͺ ͺ  Canards left fairing drag coefficient 

ὅὈ ͺ ͺ  Canards right fairing drag coefficient 

ὅὈ ͺ  Lower canard drag coefficient 

ὅὈ ͺ  Upper canard drag coefficient 

ὅὈ ͺ  Canards fairing drag coefficient 

ὅὈ   Fuselage drag coefficient 

ὅὈ  Airplane or body induced drag coefficient 

ὅὈ   Canard induced drag coefficient 

ὅὈ
ͺ

 Lower canard induced drag coefficient 

ὅὈ
ͺ

 Upper canard induced drag coefficient 

ὅὈ   Vertical tail induced drag coefficient 

ὅὈ
ͺ

 Left vertical tail induced drag coefficient 

ὅὈ
ͺ

 Right vertical tail induced drag coefficient 



 

ὅὈ   Wing induced drag coefficient 

ὅὈ
ͺ

 Lower wing induced drag coefficient 

ὅὈ
ͺ

 Upper wing induced drag coefficient 

ὅὈ   Fuselage induced drag coefficient 

ὅὈ  Landing gear drag coefficient 

ὅὈ   Propeller drag coefficient 

ὅ   Airplane drag coefficient at rolling condition (between 0.7 and 1.2) 

ὅὈ   Vertical tail drag coefficient 

ὅὈͺ  Vertical tail booms drag coefficient 

ὅὈͺ  Left vertical tail drag coefficient  

ὅὈͺ  Right vertical tail drag coefficient 

ὅὈ  Wing drag coefficient 

ὅὈͺ  Lower wing drag coefficient 

ὅὈͺ  Upper wing drag coefficient 

ὅ   Airplane side drag coefficient (typical values for conventional shape airplane 

  are between 0.5 and 0.8) 

ὅὈ  Airplane or body equivalent profile drag coefficient 

ὅὈ   Canard airfoil drag coefficient 

ὅὈ
ͺ

 Lower canard airfoil drag coefficient 

ὅὈ
ͺ

 Upper canard airfoil drag coefficient 

ὅὈ   Fuselage equivalent profile drag coefficient 

ὅὈ   Vertical tail airfoil drag coefficient 

ὅὈ
ͺ

 Left vertical tail airfoil drag coefficient 

ὅὈ
ͺ

 Right vertical tail airfoil drag coefficient 



 

ὅὈ   Wing airfoil drag coefficient 

ὅὈ
ͺ

 Lower wing airfoil drag coefficient 

ὅὈ
ͺ

 Upper wing airfoil drag coefficient 

ὅ  Elevator chord 

ὅ  Flap chord 

ὅ   Horizontal tail chord 

ὅὒ  Airplane or body lift coefficient 

ὅὒ   Canard lift coefficient 

ὅὒ ͺ  Lower canard lift coefficient 

ὅὒ ͺ  Upper canard lift coefficient 

ὅ
ͺ

 Lower canard lift coefficient increment due the elevator deflection 

ὅ
ͺ

 Upper canard lift coefficient increment due the elevator deflection 

ὅὒ   Fuselage lift coefficient 

ὅὒ   Horizontal tail lift coefficient 

ὅὒ    Horizontal tail lift coefficient rate due the elevator deflection 

ὅὒ   Airplane maximum lift coefficient 

ὅὒ  Airplane maximum lift coefficient at the Take-off phase 

ὅὒ  Airplane takeoff lift coefficient 

ὅὒ   Vertical tail lift coefficient 

ὅ
ͺ

 Left vertical tail lift coefficient increment due the rudder deflection 

ὅ
ͺ

 Right vertical tail lift coefficient increment due the rudder deflection 

ὅὒ  Wing lift coefficient 

ὅὒͅ  Lower wing lift coefficient 



 

ὅὒͅ   Upper wing lift coefficient 

ὅὒ   Airplane lift coefficient curve slope 

ὅὒ   Canard lift coefficient curve slope 

ὅὒ
ͺ

 Lower canard lift coefficient curve slope 

ὅὒ
ͺ

 Upper canard lift coefficient curve slope 

ὅὒ   Fuselage lift coefficient curve slope 

ὅὒ   Horizontal tail lift coefficient curve slope 

ὅὒȟ  Aerodynamic surface lift coefficient curve slope 

ὅὒ   Vertical tail lift coefficient curve slope 

ὅὒ
ͺ

 Left vertical tail lift coefficient curve slope 

ὅὒ
ͺ

 Right vertical tail lift coefficient curve slope 

ὅὒ   Wing lift coefficient curve slope 

ὅὒ
ͺ

  Biplane wing lift coefficient curve slope 

ὅὒ   Wing-fuselage lift  coefficient curve slope 

ὅὒ
ͺ

 Lower wing lift coefficient curve slope 

ὅὒ
ͺ

 Upper wing lift coefficient curve slope 

ὅὒ  Airplane lift coefficient for angle of attack equal to zero 

ὅὒ
ͺ

 Lower canard lift coefficient for angle of attack equal to zero  

ὅὒ
ͺ

 Upper canard lift coefficient for angle of attack equal to zero 

ὅὒ  Wing lift coefficient for angle of attack equal to zero 

ὅὒ
ͺ

 Lower wing lift coefficient for angle of attack equal to zero 

ὅὒ
ͺ

 Upper wing lift coefficient for angle of attack equal to zero 

ὅὒ‏Ὁ  Airplane lift coefficient rate due the elevator deflection 



 

ὅὒ  Airplane or body lift coefficient for angle of attack equal to zero 

ὅ  Rudder chord 

ὅ   Vertical tail chord 

ὅӶ  Mean aerodynamic chord 

ὅӶ   Canard mean aerodynamic chord 

ὅӶ ͺ  Lower canard mean aerodynamic chord 

ὅӶ ͺ  Upper canard mean aerodynamic chord 

ὅӶ  Horizontal tail mean aerodynamic chord 

ὅӶ  Vertical tail mean aerodynamic chord 

ὅӶͺ   Left vertical tail mean aerodynamic chord 

ὅӶͺ   Right vertical tail mean aerodynamic chord 

ὅӶ  Wing mean aerodynamic chord 

ὅӶͅ   Biplane wing mean aerodynamic chord 

ὅӶͅ   Lower wing aerodynamic chord 

ὅӶͅ   Upper wing aerodynamic chord 

Ὀ  Drag generated by the airplane 

ὈὭ  Induced drag generated by the airplane 

Ὀᾭ   Induced drag due the left aileron deflection 

Ὀᾭ  Induced drag due the right aileron deflection 

Ὀ   Propeller diameter   

Ὁ  Flight endurance 

Ὂ   Airplane aerodynamic side force 

Ὂὒ  Flight level 

Ὂ   Aerodynamic load generated by the cross wind 



 

Ὃὃὖ ͺ  Biplane canard gap 

Ὃὃὖͅ  Biplane wing gap 

ὋὃὛ   Fuel consumption during the take-off phase 

Ὄ   Horizontal tail height above fuselage 

Ὄ Ὄϳ  лΦл ŦƻǊ ŎƻƴǾŜƴǘƛƻƴŀƭ ǘŀƛƭΤ мΦл ŦƻǊ ά¢έ ǘŀƛƭ 

Ὄ   Vertical tail height above fuselage 

Ὅ   Airplane moment of inertia at the CG around the X axis 

Ὅ   Airplane moment of inertia at the main landing gear leg around the Y axis 

Ὅ   Airplane moment of inertia at the CG around the Y axis 

Ὅ   Airplane moment of inertia at the CG around the Z axis 

ὍὛὃ  International standard atmosphere 

ὑ   Parameter of the fuselage contribution to the directional stability, that depends 

  Of the fuselage shape and its projected side area (Typical between 1.3 to 1.4) 

ὑ   Static margin of the airplane 

ὑ ὑ Correction factor for the body (fuselage) fineness ratio 

ὒ  Lift generated by the airplane 

ὒ   Extended length of main landing gear 

ὒ  Extended length of nose landing gear 

ὒ   Body reference length 

ὒ  Rolling moment due the ailerons deflection 

ὒὛὃ  Light sport airplane 

ὒ   Lift generated by the vertical tail 

ὒὈϳ   Airplane aerodynamic efficiency 

ὒ  Airfoil thickness location parameter 



 

ὓ  Flight Mach number 

ὓ   Pitch moment due the inercial force 

ὓ   Horizontal tail pitch moment 

ὓ   Wing-Fuselage pitch moment 

ὓ   Pitch moment at the main landing gear leg 

ὓ ͺ  Lower canard pitch moment 

ὓ ͺ  Upper canard pitch moment 

ὓ   Fuselage canard pitch moment 

ὓ ͺ  Lower wing pitch moment 

ὓ ͺ   Upper wing pitch moment 

ὓ   Airplane pitch moment due the drag 

ὓ
ͺ

 Lower canard pitch moment due its own drag 

ὓ
ͺ

 Upper canard pitch moment due its own drag 

ὓ   Fuselage pitch moment due its own drag 

ὓ
ͺ

 Lower wing pitch moment due its own drag 

ὓ
ͺ

  Upper wing pitch moment due its own drag 

ὓ
ͺ

 Left vertical tail pitch moment due its own drag 

ὓ
ͺ

 Right vertical tail pitch moment due its own drag 

ὓ   Airplane pitch moment due the lift 

ὓ
ͺ

 Lower canard pitch moment due its own lift 

ὓ
ͺ

 Upper canard pitch moment due its own lift 

ὓ   Fuselage pitch moment due its own lift 

ὓ   Horizontal tail pitch moment due its own lift 



 

ὓ   Wing-Fuselage pitch moment due its own lift 

ὓ
ͺ

 Lower wing pitch moment due its own lift 

ὓ
ͺ

  Upper wing pitch moment due its own lift 

ὓ   Pitch moment due the propeller thrust 

ὓὝὕὡ  Maximum take-off weight 

ὓ   Pitch momet due the airplane weight 

ὔ   Number of crew 

ὔ  Number of cycles for doubling or halving the amplitude of an oscillatory motion 

ὔ   Number of engines 

ὔ   Landing load factor 

ὔ  Number of fuel tanks 

ὔ   Limit in flight load factor 

ὔ   Airplane yawing moment at the CG 

ὔȢ  Ultimate landing load factor 

ὔ   Ultimate in flight load factor 

ὕὉὡ  Operational empty weight    

ὖ  Period of an oscillatory motion 

ὖ   Climb engine power 

ὖ   Take-off power available corrected by the propeller efficiency 

ὖ   Engine shaft power at the take-off phase 

Ὑ  Range of cruise flight 

Ὑ   Canard-fuselage interference factor 

ὙὩ  Reynolds number 

Ὑ   Vertical tail-fuselage interference factor 



 

Ὑ   Wing-fuselage interference factor 

Ὑͺ   Left aileron turning radius 

Ὑͺ  Right aileron turning radius 

Ὑ   Lifting surface correction factor 

Ὑ   Take-off runway distance 

Ὓ  Aerodynamic surface reference area 

Ὓ   Surface or body aerodynamic area 

Ὓ  Canard aerodynamic area 

Ὓ
ͺ

 Biplane total canard aerodynamic area 

Ὓ
ͺ

 Lower canard aerodynamic area 

Ὓ
ͺ

 Upper canard aerodynamic area 

Ὓ   Vertical tail aerodynamic area 

Ὓ
ͺ

 Left vertical tail aerodynamic area 

Ὓ
ͺ

 Right vertical tail aerodynamic area 

Ὓ   Wing aerodynamic area 

Ὓ
ͺ

 Biplane total wing aerodynamic area 

Ὓ
ͺ

 Lower wing aerodynamic area 

Ὓ
ͺ

 Upper wing aerodynamic area 

Ὓ   Total aileron area 

Ὓ   End of the fuselage cross section area 

Ὓ   Fuselage wetted area 

Ὓ  Propeller disc loading area 

Ὓ   Fuselage planform area on the plan xy 



 

Ὓ   Total rudder area 

Ὓ   Airplane total wetted area 

Ὓ
ͺ ͺ

 Canards left fairing wetted area 

Ὓ
ͺ ͺ

 Canards right fairing wetted area 

Ὓ  Fuselage wetted area 

Ὓ
ͺ

 Vertical tail boom wetted area 

Ὓ  Landing gear wetted area 

Ὓ  Aileron area 

Ὓ   Canard reference area 

Ὓ ͺ  Biplane canard reference area 

Ὓ ͺ  Lower canard reference area 

Ὓ ͺ  Upper canard reference area 

Ὓ  Total elevator area 

ὛὉὖ  Shaft engine power 

ὛὌὖ  Shaft horse power for the actual flight condition 

ὛὊὅ  Specific fuel consumption 

ὛὊὅ   Specific fuel consumption during the cruise phase 

ὛὊὅ  Specific fuel consumption during the take-off phase 

Ὓ  Fuselage maximum cross section area 

Ὓ   Total area of flaps extended 

Ὓ  ͅ  Fuselage projected side area 

Ὓ   Horizontal tail reference area 

Ὓ  Rudder area 

Ὓ  Total airplane projected side area 



 

Ὓ  Total biplane wing or canard reference area 

Ὓ   Total take-off distance 

Ὓ   Airborne take-off distance 

Ὓ   Ground take-off distance  

Ὓ   Vertical tail reference area 

Ὓ ͺ   Left vertical tail reference area  

Ὓ ͺ   Right vertical tail reference area 

Ὓ   Wing reference area 

Ὓͺ   Biplane wing reference area 

Ὓͺ   Lower wing reference area 

Ὓͺ   Upper wing reference area 

Ὓ   Wing flapped area 

Ὓ   Wing wetted area 

Ὓ  Wing wetted area part exposed to laminar flow 

Ὕ  Thrust generated by the propeller 

ὝὊὡ  Total fuel weight 

Ὕὕὖ  Take-off parameter (used for estimate the take-off runway distance) 

Ὕὕὡ  Take-off weight   

Ὕ  Mean thrust ratio at the speed πȢχπχϽὠ  

Ὗ   Freestream velocity 

Ὗ  Airplane landing speed 

ὠȢ  Total fuel tanks volume, gallon 

ὠ   Total fuel volume, gallon 

ὠ   Airplane maximum flight speed 



 

ὠͺ   Aerodynamic speed at the left aileron 

ὠͺ   Aerodynamic speed at the right aileron 

ὠ   Canard volume coefficient 

ὠ ͺ  Lower canard volume coefficient 

ὠ ͺ  Upper canard volume coefficient 

ὠ   Horizontal tail volume coefficient   

ὠ   Airplane minimum control speed 

ὠ  Airplane rotation speed during the take-off running 

ὠ  Stall speed 

ὠ   Stall speed in the take-off configuration 

ὠ   Stall speed at landing configuration 

ὠ  Airplane total speed or relative wind 

ὠ   Airplane touch down speed 

ὠ   Take-off speed 

ὠ   Vertical tail volume coefficient 

ὠ   Cross wind speed 

ὠ  Cruise or Loiter phase flight speed 

ὠ  Speed at the obstacle 

ὡ  Airplane actual weight 

ὡ Ȣ  Primary flight control surfaces weight 

ὡ   Airplane weight at the end of the cruise flight 

ὡ   Airplane operational empty weight 

ὡ   Engine gross weight 

ὡ   Fuel weight 



 

ὡ Ȣ  Fuel system weight 

ὡ   Fuselage weight 

ὡ   Airplane weight at the beginning of the cruise flight 

ὡ   Airplane landing gross weight 

ὡ Ȣ  Oil system weight 

ὡ  Payload weight 

ὡ   Pilot weight 

ὡ   Propeller weight 

ὡ   Weight carried by each main landing gear tire 

ὡ ͺ  Avionics electronic modulus weight 

ὡ Ȣ Ȣ  Flap control system weight 

ὡ Ȣ Ȣ  Flight control system weight 

ὡ   Horizontal tail weight 

ὡ   Main landing gear weight 

ὡ   Nose landing gear weight 

ὡ ͺ  Pilot seat weight 

ὡ   Vertical tail weight 

ὡ   Wing weight 

ὡ   Airplane Take-off gross weight 

ὢ   Length of the fuselage 

ὢ
ͺ

  Location of the aerodynamic center of the biplane wing related its own leading  

  edge 

ὢ   Length of the cockpit 

ὢ   Airplane CG location along the ὼ axis 



 

ὢ  Location along the ὼ axis of the leading edge of the mean aerodynamic chord of 

the wing 

ὢ
ὅὡ ὄͅ

 Location along the ὼ axis of the leading edge of the mean aerodynamic chord of 

the biplane wing 

ὢ   Length of the fuselage nose 

ὢ   Airplane neutral point location along the ὼ axis 

ὢ   Length of the fuselage tail 

ὢ   Negative for the propeller disc plane behind the CG 

ὣ  Width of the cockpit (maximum fuselage width) 

ὤ   Negative for the propeller axis line above the CG 

ὤ   Distance parallel to the z axis, from wing 25% of the chord point to the fuselage 

centerline 

 

Greek Symbols  

‌  Angle of attack 

‌  Canards airfoil angle of attack for zero lift 

‌   Vertical tail airfoil angle of attack for zero lift 

‌   Wings airfoil angle of attack for zero lift 

‌ ͺ  Lower canard effective angle of attack 

‌ ͺ  Upper canard effective angle of attack 

‌
ͺ

 Lower canard angle of attack for zero lift 

‌
ͺ

 Upper canard angle of attack for zero lift 

‌
ͺ

 Lower wing angle of attack for zero lift 

‌
ͺ

 Upper wing angle of attack for zero lift 



 

‌   Horizontal tail effective angle of attack 

‌   Wing effective angle of attack 

‌   Wing zero-lift angle relative to the fuselage reference line 

‍  Sideslip angle   

 Aileron deflection  ‏

Ȣ‏   Aileron maximum deflection 

 Elevator deflection  ‏

Ȣ‏   Elevator maximum deflection 

 Flap deflection  ‏

‏ Ȣ  Maximum flaps deflection 

 Rudder deflection  ‏

Ȣ‏   Rudder maximum deflection 

 Thrust rate  ‏

‐  Downwash or upwash angle 

‐  Upwash angle  

‐ ͺ  Lower canard downwash or upwash angle 

‐ ͺ   Upper canard downwash or upwash angle 

‐ͺ   Lower wing downwash or upwash angle 

‐  Downwash or upwash angle for angle of attack equal to zero 

‐
ͺ

 Lower canard downwash or upwash angle for angle of attack equal to zero 

‐
ͺ

 Upper canard downwash or upwash angle for angle of attack equal to zero 

‐
ͺ

 Lower wing downwash or upwash angle for angle of attack equal to zero 

–  Governing factor of the damping of an oscillatory motion 

–   Ratio of the drag of a finite cylinder to the drag of an infinite cylinder 



 

–   Canard efficiency factor (dynamic pressure rate on the canard) 

– ͺ  Lower canard efficiency factor 

– ͺ  Upper canard efficiency factor 

–  Propeller aerodynamic efficiency  

–   Horizontal tail efficiency factor (dynamic pressure rate between the horizontal  

  tail and the wing); normally between 0.8 and 1.2 

–   Vertical tail efficiency factor (dynamic pressure rate on the vertical tail) 

—  Airplane initial pitch angle 

—  Pitch moment angular acceleration 

‗  Aerodynamic surface planform taper ratio 

‗   Canard taper ratio 

‗ ͺ   Biplane canard taper ratio 

‗ ͺ  Lower canard taper ratio 

‗ ͺ  Upper canard taper ratio 

‗   Horizontal tail taper ratio 

‗   Vertical tail taper ratio 

‗ ͺ   Left vertical tail taper ratio 

‗ ͺ   Right vertical tail taper ratio 

‗   Wing taper ratio 

‗ ͺ   Biplane wing taper ratio 

‗ ͺ   Lower wing taper ratio 

‗ ͺ   Upper wing taper ratio 

‘  Dynamic viscosity of the fluid 

‘  Ratio between the shorter span and the longer span of a biplane 



 

‘  Wheel-ground rolling friction coefficient 

‘   Ratio between the shorter span and the longer span of the biplane canard 

‘   Ratio between the shorter span and the longer span of the biplane wing 

‘  Corrected wheel-ground rolling friction coefficient 

‚  Damping ratio of an oscillatory motion 

“  Trigonometric ratio of the circumference 

”   Air density at cruise altitude 

”   Air density at actual flight level 

”  Air density at sea level 

„  Air density ratio 

„  Biplane Prandtl interference factor 

„  Airplane crab angle 

„  Sidewash angle 

„   Canard biplane Prandtl interference factor 

„   Wing biplane Prandtl interference factor 

†  Aileron effectiveness 

†  Elevator effectiveness 

†  Rudder effectiveness 

ᶮ   Propeller diameter 

ᶮ   Fuselage equivalent diameter 

Angular speed  ‫ 

Damped natural frequency of an oscillatory motion  ‫ 

‫   Undamped natural frequency of an oscillatory motion 

Ў   Airfoil lift coefficient increment 



 

Ў  tŀǊŀƳŜǘŜǊ ōŀǎŜŘ ƻƴ ŀ нр҈ άǊŜŦŜǊŜƴŎŜ ŦƭŀǇέ ŎƘƻǊŘ ǘƻ ŀƛǊŦƻƛƭ ŎƘƻǊŘ Ǌŀǘƛƻ 

Ўὃὅ ͺ  Shift on the aerodynamic center of the lower canard 

Ўὃὅ ͺ  Shift on the aerodynamic center of the upper canard 

Ўὃὅͺ  Shift on the aerodynamic center of the lower wing 

Ўὃὅͺ  Shift on the aerodynamic center of the upper wing 

Ўὅὰ  Airplane increment of the rolling moment rate coefficient 

Ўὅὒ
ͺ

 Lower canard increment or decrement on the lift curve sole due the global wash 

field 

Ўὅὒ
ͺ

 Upper canard increment or decrement on the lift curve sole due the global wash 

field 

Ўὅὒ
ͺ

 Lower wing increment on the lift curve sole due the global wash field  

Ўὅὒ
ͺ

 Upper wing increment on the lift curve sole due the global wash field 

Ўὒ  Wing lift increment or decrement due the ailerons deflection 

ῴ  Global wash filed angle 

ῴ ͺ  Lower canard global wash field angle 

ῴ ͺ  Upper canard global wash field angle 

ῴ  Global wash field angle for angle of attack equal to zero 

•  Bank angle 

ῲ  Aerodynamic surface dihedral angle 

ῲ   Canard dihedral angle 

ῲ ͺ   Biplane canard dihedral anlge 

ῲ ͺ  Lower canard dihedral angle 

ῲ ͺ   Upper canard dihedral angle 

ῲ ͺ   Left vertical tail dihedral angle 



 

ῲ ͺ   Right vertical tail dihedral angle 

ῲ   Wing dihedral angle 

ῲͺ   Biplane wing dihedral angle 

ῲͺ   Lower wing dihedral angle 

ῲͺ   Upper wing dihedral angle 

Ώ  Aerodynamic surface sweep angle 

Ώ   Sweep angle of the line connecting the point of maximum thickness on each      

airfoil of the wing. 

Ώ   Canard sweep angle at 25% of ὅӶ  

Ώ ͺ  Lower Canard sweep angle at 25% of ὅӶ ͺ  

Ώ ͺ  Upper Canard sweep angle at 25% of ὅӶ ͺ  

Ώ   Horizontal tail sweep angle at 25% of ὅӶ 

ΏȢ  Aerodynamic surface leading edge sweep angle 

Ώ   Vertical tail sweep angle at 25% of ὅӶ 

Ώ ͺ   Left vertical tail sweep angle at 25% of ὅӶͺ  

Ώ ͺ   Right vertical tail sweep angle at 25% of ὅӶͺ  

Ώ   Wing sweep angle at 25% of ὅӶ 

Ώ ͺ   Biplane wing sweep angle at 25% of ὅӶͅ  

Ώ ͺ  Lower wing sweep angle at 25% of ὅӶͅ  

Ώ ͺ   Upper wing sweep angle at 25% of ὅӶͅ  
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CHAPTER 1 -                      INTRODUCTION 

 

CHAPTER I 

 

1.1. ABOUT THE NEW AIRPLANE  

The development of a complete new airplane always was the intention for the conclusion 

of the undergraduation in aeronautical engineering, evolving for what is presented in this work. 

The intention was to develop an airplane that it would have a very specific mission, 

involving theoretical and practical aspects and with an unconventional configuration.  

The mission of the aircraft here developed is to serve as a technical platform for the 

development of studies on the aeronautical engineering, being used at the undergraduation as 

well as on the post-graduation levels, what would involve activities since its design, 

manufacturing and flying. Its main purpose is to be a flying laboratory, so as can be noted, the 

primary mission of this airplane do not consider basic characteristics as the flight altitude, cruise 

speed, range, etc, though these characteristics had been defined below. 

 

ὠ ρχπ Ὧά Ὤϳ  

Ὂὒ ψπππ Ὢὸ 

Ὑ φππȢπ Ὧά 

 

As complementary specification, this aircraft should be easy and safe to pilot, it should 

be able to receive flight test instrumentation. The airplane UFU-1 will be certified for at the 

experimental categories, but, complying the FAR 23 when possible. 

Quickly the intention of developing this airplane evolved for to be a tribute to the Alberto 

Santo Dumont and his 14bis presented on the Figure 1.1. At this moment the configuration of 

the airplane was decided, it should be a biplane equipped with canard and one pusher engine as 

presented on the Figure 1.2 and Figure 1.3, and its designation should be UFU-1 due the fact 

this airplane to be the first to be built at the Universidade Federal de Uberlândia.  

The intent of this work was to develop the preliminary design of the airplane UFU-1 

considering the ergonomics, aerodynamics, dynamics of flight and performance, the other 
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technical aspects were developed as required just to support these four technologies described 

here. Was considered convenient to present the theory and results obtained during the 

conceptual design phase, intending to show how the airplane was conceived.    

 

 

Figure 1.1 - 14Bis flight on October 23th, 1906. (Available in: 

<https://www.google.com.br/search?q=14bis&tbm=isch&tbo=u&source=univ&sa=X&ved=0ahUKEwic5f-T6NfWAhXFFpAKHas-

B2kQsAQIQA&biw=1366&bih=651>. Access in november 11, 2017) 

 

 

Figure 1.2 - Airplane UFU-1 initial sketch. 

https://www.google.com.br/search?q=14bis&tbm=isch&tbo=u&source=univ&sa=X&ved=0ahUKEwic5f-T6NfWAhXFFpAKHas-B2kQsAQIQA&biw=1366&bih=651
https://www.google.com.br/search?q=14bis&tbm=isch&tbo=u&source=univ&sa=X&ved=0ahUKEwic5f-T6NfWAhXFFpAKHas-B2kQsAQIQA&biw=1366&bih=651
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Figure 1.3 - Airplane UFU-1 initial sketch. 

 

 After this decision and with the initial activities initiated, was noted one obvious detail that 

had been escaped, the 14bis conceived by Santos Dumont was equipped with a two planes 

canard as is the wing, what was incorporated on the design of the airplane UFU-1 which has its 

final design presented on the Figure 1.4. Additionally the project should be cheap and easy to 

build having for example the same wing body for both lower and upper wing, and the same 

being valid for both canards and both vertical tails. 
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Figure 1.4 - Airplane UFU-1 final drawing. 

 

 

1.2. BRIEF HISTORICAL PERSPECTIVE 

The dawn of the aviation is characterized by aircrafts that employed the biplane wing 

configuration as the 14bis showed on the Figure 1.5, and the Wright brothersôs Flyer I showed 

on the Figure 1.6 that probably were the two more iconic airplanes of this historical moment.  

This configuration was the standard until the time of the first Great War, when practically 

all the airplane models conceived were biplane wing as showed on the Figure 1.8 or even 

triplane as the famous Fokker Dr.I piloted by the red baron and showed on the Figure 1.7.  

During the beginning of the period between wars the aeronautical engineering evolved 

for airplane configurations characterized by only one wing located high on the fuselage with 

strut-braced or parasol configuration as showed on the Figure 1.9, and at the end of this period 

the airplanes had already evolved for configuration monoplane with low wing many times 

cantilever as showed on the Figure 1.10, this evolution was possible due the aeronautical 

material development with the employment of metal alloys basically the aluminum. 
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Figure 1.5 - 14bis at flight. (Available in: 

<https://www.google.com.br/search?q=14bis&tbm=isch&tbo=u&source=univ&sa=X&ved=0ahUKEwic5f-T6NfWAhXFFpAKHas-

B2kQsAQIQA&biw=1366&bih=651>. Access in november 11, 2017) 

 

 

Figure 1.6 - Wright brothersôs Flyer I. (Available in: 

<https://www.google.com.br/search?biw=1366&bih=651&tbm=isch&sa=1&q=FLYER+I+WRITE+BROTHERS&oq=FLYER+I+WRITE

+BROTHERS&gs_l=psy-ab.3...185598.208467.0.209760.30.27.2.0.0.0.428.3789.2j16j4j0j1.23.0....0...1.1.64.psy-

ab..6.9.1538...0j0i67k1.0.OHOkrI57P7A#imgrc=_&spf=1507149400162>. Access in november 11, 2017) 

 

https://www.google.com.br/search?q=14bis&tbm=isch&tbo=u&source=univ&sa=X&ved=0ahUKEwic5f-T6NfWAhXFFpAKHas-B2kQsAQIQA&biw=1366&bih=651
https://www.google.com.br/search?q=14bis&tbm=isch&tbo=u&source=univ&sa=X&ved=0ahUKEwic5f-T6NfWAhXFFpAKHas-B2kQsAQIQA&biw=1366&bih=651
https://www.google.com.br/search?biw=1366&bih=651&tbm=isch&sa=1&q=FLYER+I+WRITE+BROTHERS&oq=FLYER+I+WRITE+BROTHERS&gs_l=psy-ab.3...185598.208467.0.209760.30.27.2.0.0.0.428.3789.2j16j4j0j1.23.0....0...1.1.64.psy-ab..6.9.1538...0j0i67k1.0.OHOkrI57P7A#imgrc=_&spf=1507149400162
https://www.google.com.br/search?biw=1366&bih=651&tbm=isch&sa=1&q=FLYER+I+WRITE+BROTHERS&oq=FLYER+I+WRITE+BROTHERS&gs_l=psy-ab.3...185598.208467.0.209760.30.27.2.0.0.0.428.3789.2j16j4j0j1.23.0....0...1.1.64.psy-ab..6.9.1538...0j0i67k1.0.OHOkrI57P7A#imgrc=_&spf=1507149400162
https://www.google.com.br/search?biw=1366&bih=651&tbm=isch&sa=1&q=FLYER+I+WRITE+BROTHERS&oq=FLYER+I+WRITE+BROTHERS&gs_l=psy-ab.3...185598.208467.0.209760.30.27.2.0.0.0.428.3789.2j16j4j0j1.23.0....0...1.1.64.psy-ab..6.9.1538...0j0i67k1.0.OHOkrI57P7A#imgrc=_&spf=1507149400162
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Figure 1.7 - Red baron airplane, Fokker Dr.I. (Available in: 

<https://www.google.com.br/search?q=bar%C3%A3o+vermelho+avi%C3%A3o&tbm=isch&tbo=u&source=univ&sa=X&ved=0ahUKE

wi9ksj169fWAhUCP5AKHTZIAIIQsAQIRA&biw=1366&bih=651#imgrc=_&spf=1507150197293>. Access in november 11, 

2017) 

 

 

Figure 1.8 - Airplane Spad 13, first great war. (Available in: 

<https://www.google.com.br/search?q=Airplane+Spad+13&tbm=isch&tbo=u&source=univ&sa=X&ved=0ahUKEwicsYP87NfWAhXD

E5AKHbaHCMYQsAQIQA&biw=1366&bih=651#imgrc=_&spf=1507150916189>. Access in november 11, 2017) 

https://www.google.com.br/search?q=bar%C3%A3o+vermelho+avi%C3%A3o&tbm=isch&tbo=u&source=univ&sa=X&ved=0ahUKEwi9ksj169fWAhUCP5AKHTZIAIIQsAQIRA&biw=1366&bih=651#imgrc=_&spf=1507150197293
https://www.google.com.br/search?q=bar%C3%A3o+vermelho+avi%C3%A3o&tbm=isch&tbo=u&source=univ&sa=X&ved=0ahUKEwi9ksj169fWAhUCP5AKHTZIAIIQsAQIRA&biw=1366&bih=651#imgrc=_&spf=1507150197293
https://www.google.com.br/search?q=Airplane+Spad+13&tbm=isch&tbo=u&source=univ&sa=X&ved=0ahUKEwicsYP87NfWAhXDE5AKHbaHCMYQsAQIQA&biw=1366&bih=651#imgrc=_&spf=1507150916189
https://www.google.com.br/search?q=Airplane+Spad+13&tbm=isch&tbo=u&source=univ&sa=X&ved=0ahUKEwicsYP87NfWAhXDE5AKHbaHCMYQsAQIQA&biw=1366&bih=651#imgrc=_&spf=1507150916189
https://www.google.com.br/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwii38nF7dfWAhWJhJAKHTBIAQ4QjRwIBw&url=https://www.thisdayinaviation.com/tag/spad-s-xiii-c-1/&psig=AOvVaw3ka6HsshFmtNHFO-26stj-&ust=1507236900540787
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Figure 1.9 - Airliner Fokker F-10, from 1927. (Available in: <https://en.wikipedia.org/wiki/Fokker_F.10>. 

Access in november 11, 2017) 

 

 

Figure 1.10 - Douglas DC-3, introduction in service in 1936. (Available in: 

<https://pt.wikipedia.org/wiki/Douglas_DC-3>. Access in november 11, 2017) 

 

Despite the canard had its origin in the dawn of the aviation, such configuration stood 

practically forgotten until the 60th decade of the twentieth century, when the military 

https://en.wikipedia.org/wiki/Fokker_F.10
https://pt.wikipedia.org/wiki/Douglas_DC-3
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manufacturers revived this configuration as showed on the Figure 1.11. From the 70th decade 

such configuration started to be employed on civil airplanes of the general/executive and 

experimental/homebuilt categories as showed on the Figure 1.12, but, always as an exception 

much more than a trend. This is justified by its technical aspects related mainly to dynamics of 

flight, which if not treated adequately, is destabilizing.  

 

 

Figure 1.11 - North American XB-70 Valkyrie, before first flight on September 21th, 1964. 

(Available in: <https://en.wikipedia.org/wiki/North_American_XB-70_Valkyrie>. Access in november 11, 2017) 

 

 

Figure 1.12 - Beechcraft Starship, executive airplane. (Available in: 

<https://en.wikipedia.org/wiki/Beechcraft_Starship>. Access in november 11, 2017) 

https://en.wikipedia.org/wiki/North_American_XB-70_Valkyrie
https://en.wikipedia.org/wiki/Beechcraft_Starship
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1.3. BIBLIOGRAPHIC REVIEW  

The design of conventional configuration airplanes is well known and has a rich literature 

that provides a huge volume of theory, covering the different technologies involved on the design 

of an airplane. 

As will be detailed along this work, due the very particular configuration of the aircraft 

conceived, probably unique considering the aeronautical engineering developed after the 

pioneers of the aviation, all the literature available for conventional and even unconventional 

configurations showed to be insufficient, thus, adaptations on that theory and suggestion of 

theory had to be proposed and applied on the development of the airplane UFU-1. 

Besides all the bibliography indicated at the end of this work, were done surveys at 

internet sites dedicated to provide technical publications and sites of institutions dedicated to the 

aerospace field of the knowledge, and again, were not found airplanes with similar configuration 

or theory proposition as that done into this text. 

  



CHAPTER 2 -  AIRPLANE DESIGN THEORY  

 

CHAPTER II 

 

This chapter of the text presents the theory used and proposed on the development of 

the airplane UFU-1.  

The development of a new aircraft is a multidisciplinary activity involving multiple 

technologies that can be classified in three groups, the first relative to aerodynamics, the second 

relative to structure and the third relative to the several systems that are present on an aircraft. 

As all these technologies are dependent from each other and impacts each other, such 

development must conduct activities relative to each of these technologies at the same time, 

turning this, a very complex and hard work. This chapter was organized in a way that, the 

sequence of disciplines was considered intuitive, logical and didactic. 

 

 

2.1. CONCEPTUAL DESIGN 

The first activities done when a new airplane is conceived are related to its mission, it is 

necessary define for what this airplane is been developed. The airplane will transport 

passengers, cargo, or will be employed on aeromedical service or yet, will be employed on 

military activities, for example. Therefore some design parameter known as technical 

specification must be defined as, the number of crew, passengers, load to be carried, speed and 

altitude of cruise flight, range and endurance, distance of take-off and landing and others. 

Initially the conceptual design was developed using the theory which apply statistical 

historical parameters along the classes activities of the discipline ñProjeto de aeronaves Iò, during 

this phase, were selected parameters that most approximates to the configuration of the airplane 

here proposed. A succinct presentation of this theory is showed on this topic.  

During this phase there is defined the basic configuration of the airplane as number and 

geometry of the wing, geometry of the tail and fuselage. There is defined to, the propulsion 

system, as for example, propelled or jet; there are specified the avionic system, and landing gear 

system. Finally there are defined the materials to be employed on construction of the airplane. 
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2.1.1. General configuration 

Regarding the aerodynamic configuration, some parameters are defined during the 

conceptual design as aerodynamic surfaces span, chord, aspect ratio, planform taper ratio, 

mean aerodynamic chord, sweep angle, dihedral angle and incidence angle, some of these 

parameters are presented on Figure 2.1 to Figure 2.4. 

 

ὃὙ   (2.1) 

ʇ  (2.2) 

ὅӶ Ͻὅ Ͻ  (2.3) 

 

 

Figure 2.1 - Wings with various taper ratios: (a) Rectangle (ɚ = 1); (b) Trapezoid 0 < ɚ < 1 
(straight tapered); and (c) Triangle (delta) ɚ = 0 (Sadraey, 2013). 
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Figure 2.2 - Mean aerodynamic chord (Raymer, 2006). 

 

 

Figure 2.3 - Five wings with different sweep angles (Sadraey, 2013). 
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Figure 2.4 - Dihedral and anhedral angles (Sadraey, 2013). 

 

For the parameter above, there are some historical values presented on the Table 2.1 to 

Table 2.4. 

 

Table 2.1 - Historical tendencies data for wing aspect ratio and taper ratio (After Venson, 2013). 

Airplane  Category  AR ɚ 

Glider 19.8 ± 4.4 0.2 to 0.5 

Motorglider 21.2 ± 8.0 0.2 to 0.5 

LSA or Homebuilt 6.4 ± 2.1 0.5 to 1.0 

General aviation and utility single-engine piston 7.2 ± 1.2 0.5 to 1.0 

General aviation and utility single-engine turboprop 8.4 ± 2.1 0.5 to 1.0 

General aviation and utility multi-engine piston 7.8 ± 0.7 0.5 to 1.0 

General aviation and utility multi-engine turboprop 9.1 ± 1.4 0.5 to 1.0 

Acrobatic airplane 5.6 ± 1.4 0.3 to 0.8 

Agricultural airplane 6.9 ± 1.3 0.5 to 1.0 

Amphibious airplane single-engine or  multi-engine 7.1 ± 1.7 0.5 to 0.8 

II WW fighter propeller 6.2 ± 0.8 0.5 to 0.8 

Training jet airplane 5.7 ± 1.0 0.3 to 0.6 

Fighter jet airplane 3.9 ± 1.5 0.3 to 0.5 

Cargo or bomber propeller 9.6 ± 1.5 0.5 to 0.8 

Cargo or bomber jet 7.3 ± 1.6 0.3 to 0.5 

Passenger airplane propeller 10.1 ± 1.5 0.5 to 0.8 

Passenger airplane jet 8.3 ± 1.0 0.3 to 0.5 

Executive jet 8.0 ± 1.3 0.3 to 0.5 
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Table 2.2 - Historical tendencies data for wing dihedral (After Venson, 2013). 

Airplane  Category  Low  wing  Medium  wing  High wing  

Wing without sweep 5х to 7х 2х to 4х 0х to 2х 

Subsonic airplane with sweep 3х to 7х  -2х to 2х  -5х to -2х 

Supersonic airplane with sweep 0х to 5х  -5х to 0х  -5х to -0х 

 

Table 2.3 - Historical tendencies data for horizontal tail aspect ratio and taper ratio (After 

Venson, 2013). 

Airplane  Category  AR ɚ 

Glider and Motorglider 3.5 ± 0.8 0.2 to 0.5 

LSA or Homebuilt 3.2 ± 1.1 0.5 to 1.0 

General aviation and utility single-engine propeller, Conventional tail 3.9 ± 0.6 0.5 to 1.0 

General aviation and utility single-engine propeller, T tail 4.1 ± 0.6 0.5 to 1.0 

General aviation and utility multi-engine propeller, Conventional tail 4.3 ± 1.1 0.5 to 1.0 

General aviation and utility multi-engine propeller, T tail 4.4 ± 1.1 0.5 to 1.0 

Acrobatic airplane 2.8 ± 0.7 0.3 to 0.8 

Agricultural airplane 3.5 ± 0.7 0.5 to 1.0 

Amphibious airplane single-engine or  multi-engine 3.6 ± 0.9 0.5 to 0.8 

II WW fighter propeller 3.1 ± 0.4 0.5 to 1.0 

Training jet airplane 2.9 ± 0.5 0.3 to 0.8 

Fighter jet airplane 2.5 ± 1.0 0.3 to 0.8 

Cargo or bomber propeller, Conventional tail 4.8 ± 0.8 0.4 to 0.6 

Cargo or bomber propeller, T tail 5.0 ± 0.8 0.4 to 0.6 

Cargo or bomber jet, Conventional tail 3.9 ± 0.5 0.3 to 0.5 

Cargo or bomber jet, T tail 4.9 ± 0.2 0.3 to 0.5 

Passenger airplane propeller, Conventional tail 5.2 ± 0.7 0.4 to 0.7 

Passenger airplane propeller, T tail 5.5 ± 0.4 0.4 to 0.7 

Passenger airplane jet, Conventional tail 4.3 ± 0.6 0.3 to 0.5 

Passenger airplane jet, T tail 4.4 ± 0.7 0.3 to 0.5 

Executive jet, Conventional tail 4.6 ± 0.7 0.4 to 0.6 

Executive jet, T tail 4.8 ± 0.9 0.4 to 0.6 
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Table 2.4 - Historical tendencies data for vertical tail aspect ratio and taper ratio (After Venson, 

2013). 

Airplane  Category  AR ɚ 

Glider and Motorglider 1.1 ± 0.2 0.2 to 0.5 

LSA or Homebuilt 1.3 ± 0.3 0.3 to 0.6 

General aviation and utility single-engine propeller, Conventional tail 1.5 ± 0.3 0.5 to 1.0 

General aviation and utility single-engine propeller, T tail 1.2 ± 0.2 0.5 to 1.0 

General aviation and utility multi-engine propeller, Conventional tail 1.4 ± 0.3 0.4 to 0.7 

General aviation and utility multi-engine propeller, T tail 1.0 ± 0.2 0.4 to 0.7 

Acrobatic airplane 1.2 ± 0.3 0.4 to 0.7 

Agricultural airplane 1.4 ± 0.2 0.4 to 0.7 

Amphibious airplane single-engine or  multi-engine 1.6 ± 0.3 0.4 to 0.7 

II WW fighter propeller 0.9 ± 0.2 0.4 to 0.7 

Training jet airplane 0.9 ± 0.4 0.2 to 0.6 

Fighter jet airplane 0.6 ± 0.3 0.2 to 0.6 

Cargo or bomber propeller, Conventional tail 1.5 ± 0.3 0.3 to 0.5 

Cargo or bomber propeller, T tail 1.2 ± 0.3 0.5 to 0.7 

Cargo or bomber jet, Conventional tail 1.5 ± 0.3 0.3 to 0.5 

Cargo or bomber jet, T tail 1.2 ± 0.1 0.7 to 0.9 

Passenger airplane propeller, Conventional tail 1.4 ± 0.5 0.4 to 0.6 

Passenger airplane propeller, T tail 1.4 ± 0.4 0.5 to 0.7 

Passenger airplane jet, Conventional tail 1.6 ± 0.3 0.3 to 0.5 

Passenger airplane jet, T tail 1.0 ± 0.2 0.5 to 0.7 

Executive jet, Conventional tail 1.6 ± 0.4 0.3 to 0.5 

Executive jet, T tail 1.0 ± 0.2 0.5 to 0.7 

 

 

2.1.2. Drag polar estimate 

The drag polar is a graph that shows the variation of the drag as the lift of the airplane is 

changed, it is most common to present the drag polar in terms of the aerodynamic coefficients  

ὅὒ and ὅὈ. When there is not enough information about the geometry and aerodynamic 
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properties of an airplane, as at the beginning of the development of a new airplane, as typically, 

at the conceptual design phase, the following estimation for the drag polar is taken.  

The drag polar has two components, one relative to parasite drag end the other is related 

to the induced drag, this relation between lift and drag is defined by the Equation 2.4 presented 

next. 

 

ὅὈ ὅὈ ὅὈ ὅὈ ὑϽὅὒ  (2.4) 

ὅὈ ὅ Ͻ   (2.5) 

  

For the estimative of the total wetted area of the airplane, there are used the historical 

tendencies data presented on the Table 2.5. 

 

Table 2.5 - Historical tendencies data for airplane wetted area (After Venson, 2015).  

Airplane Category  SWET_ap/SW Standard Deviation  

Glider 4.0 ± 1.0 

Motorglider 4.0 ± 1.0 

LSA or Homebuilt 3.0 ± 1.0 

General  aviation and utility single-engine piston 4.5 ± 1.0 

General  aviation and utility single-engine 

turboprop 
5.5 ± 1.5 

General  aviation and utility multi-engine piston 4.0 ± 0.5 

General  aviation and utility multi-engine turboprop 5.5 ± 1.0 

Acrobatic airplane 3.0 ± 0.5 

Agricultural airplane 4.0 ± 1.0 

Amphibious airplane single-engine or  multi-engine 4.0 ± 1.0 

II WW fighter propeller 4.0 ± 0.5 

Training jet airplane 6.0 ± 1.0 

Fighter jet airplane 5.0 ± 1.5 

Cargo or bomber propeller 5.0 ± 1.0 

Cargo or bomber jet 5.5 ± 1.0 

Passenger airplane propeller 5.5 ± 1.0 

Continues on the next page 
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Passenger airplane jet 6.0 ± 1.0 

Executive jet 5.5 ± 1.0 

 

This method of estimation for the parasite drag, is based at the theory of flat plate, which 

consider the friction coefficient for an equivalent surface. The Table 2.6 provides some values of 

the friction coefficient for some kinds of surfaces and airplane categories. To estimate the total 

wetted area of the airplane, historical values not presented here may be taken, or may be 

estimated from the drawings of the airplane, if available. 

 

Table 2.6 - Reference friction coefficient values (After Venson, 2015). 

Airplane  Category  Cfe 

Light airplane*, with corrugated structure 0.0150 

Light airplane*, with cloth skin, strut-braced wing and fixed landing gear 0.0100 

Light airplane*, with aluminum skin, strut-braced wing and fixed landing gear 0.0080 

Light airplane*, with aluminum skin, no strut-braced wing and fixed landing gear 0.0070 

Light airplane*, with aluminum skin, no strut-braced wing and retractable landing gear 0.0055 

Amphibious airplane single-engine or  multi-engine propeller 0.0065 

Military training jet airplane 0.0040 

Fighter jet airplane 0.0035 

Cargo or bomber propeller 0.0045 

Cargo or bomber jet 0.0040 

Passenger airplane propeller 0.0035 

Passenger airplane jet 0.0030 

Supersonic airplane 0.0015 

 

The Oswald factor used for solution of the Equation 2.7 may be obtained from the Figure 

2.5 below, that is valid for straight and trapezoidal wings. 

 

ὅὈ ὑϽὅὒ (2.6) 

ὑ
Ͻ Ͻ

 (2.7) 
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Figure 2.5 - Oswald factor for straight and trapezoidal wings (After Venson, 2015). 

 

Despite the common development of new airplanes uses the Figure 2.5 above for 

estimate the Oswald factor, the bibliography (Brandt) presents an equation obtained from wind 

tunnel tests that provide the Oswald efficiency factor for the estimation of the induced drag for a 

complete airplane, as showed on Equation 2.8.  

 

Ὡ τȟφρρ πȟπτυὃὙȟ ÃÏÓΏȢ
ȟ σȟρ (2.8) 

 

 

2.1.3. Weight estimate 

During the initial conception phase of a new airplane, some weights important for the 

development must be estimated, as takeoff weight, operational empty weight, payload weight 

and fuel weight. These parameters impact significantly the whole development of the new 

airplane and must be estimated early at the conceptual design phase. 

In order to obtain the values for these four weights, is employed a well-known method 

commonly called as fraction weight method, this method is based on historical tendencies values 

and iterative calculation. Next will be presented a resumed description of the fraction weight 

method. The Equation 2.9 is the basis for obtain the main weights mentioned above. 
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ὡ ὡ ὡ ὡ  (2.9) 

 

 Developing this equation is obtained de relation for the take-off weight on the form 

showed on Equation 2.10. From this moment, the method of the fraction weight must to be 

employed. 

 

ὡ ὡ Ͻὡ Ͻὡ  (2.10) 

 

 The ratio between the empty weight and the take-off weight may be found applying the 

historical tendency data from Table 2.7 at the empirical Equation 2.11, where ὑ ρ for wings 

with fixed sweep and ὑ ρȢπτ for wings with variable sweep. 

 

ὥϽὡ Ͻὑ (2.11) 

 

Table 2.7 - Historical tendencies values for the empty-to-take-off weight ratio constants (After 

Venson, 2015). 

Airplane  Category  a C 

Glider 2.743 ± 0.772 -0.187 

Motorglider 0.086 ± 0.022 0.235 

LSA or Homebuilt 0.222 ± 0.041 0.103 

General aviation and utility single-engine piston 0.925 ± 0.138 -0.047 

General aviation and utility single-engine turboprop 0.925 ± 0.138 -0.047 

General aviation and utility multi-engine piston 0.766 ± 0.175 -0.020 

General aviation and utility multi-engine turboprop 0.766 ± 0.175 -0.020 

Acrobatic airplane 1.036 ± 0.316 -0.047 

Agricultural airplane 2.919 ± 0.732 -0.167 

Amphibious airplane single-engine or  multi-engine 0.865 ± 0.161 -0.032 

II WW fighter propeller 2.394 ± 0.839 -0.117 

Training jet airplane 1.364 ± 0.556 -0.079 

Continues on the next page 
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Fighter jet airplane 2.388 ± 0.839 -0.126 

Cargo or bomber propeller 3.013 ± 1.051 -0.132 

Cargo or bomber jet 0.706 ± 0.439 -0.034 

Passenger airplane propeller 0.713 ± 0.105 -0.014 

Passenger airplane jet 1.385 ± 0.141 -0.070 

Executive jet 0.786 ± 0.129 -0.028 

 

 At this point is necessary to estimate the ratio of fuel weight, which is dependent of the 

phases of the flight that are based on the mission of the airplane. The Figure 2.6 presents a 

typical mission profile for a civil airplane where the phases of a flight may be classified as taxi 

and take-off (0 Ą 1), climb (1 Ą 2), cruise (2 Ą 3), descent (3 Ą 4), loiter and approach (4 Ą 

5), landing and taxi (5 Ą 6). 

 

 

Figure 2.6 - Typical mission profile for a civil airplane. 

 

ὡ ὡ ὡ  (2.12) 

ρ  (2.13) 

Ͻ Ͻ Ͻ Ͻ Ͻ  (2.14) 

ρ Ͻ Ͻ Ͻ Ͻ Ͻ  (2.15) 

 

 Some of the fractions that make up the Equation 2.15 may be obtained from historical 

tendencies, which are presented on Table 2.8. 
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Table 2.8 - Historical tendencies data for flight phase weight fraction (After Venson, 2015). 

Airplane  Category  W1/W0 W2/W1 W4/W3 W6/W5 

Glider 1.000 1.000 1.000 1.000 

Motorglider 0.998 0.995 1.000 1.000 

LSA or Homebuilt 0.994 0.995 0.995 0.995 

General aviation and utility single-engine piston 0.990 0.992 0.993 0.993 

General aviation and utility single-engine turboprop 0.990 0.992 0.993 0.993 

General aviation and utility multi-engine piston 0.984 0.990 0.992 0.992 

General aviation and utility multi-engine turboprop 0.981 0.985 0.985 0.995 

Acrobatic airplane 0.990 0.992 0.993 0.993 

Agricultural airplane 0.987 0.998 0.998 0.998 

Amphibious airplane single-engine or  multi-engine 0.978 0.985 0.990 0.990 

II WW fighter propeller 0.985 0.980 0.990 0.990 

Training jet airplane 0.970 0.980 0.990 0.995 

Fighter jet airplane 0.970 0.930 0.990 0.995 

Cargo or bomber propeller 0.975 0.980 0.990 0.992 

Cargo or bomber jet 0.975 0.980 0.990 0.992 

Passenger airplane propeller 0.970 0.985 0.985 0.995 

Passenger airplane jet 0.970 0.985 0.985 0.995 

Executive jet 0.980 0.985 0.990 0.995 

 

 For estimate the fractions of cruise and loiter are used the Breguet equations. Note that 

for the cruise phase the fraction is in function of the cruise flight range as showed by Equation 

2.16, and for the loiter phase the equation is in function of the endurance as showed by 

Equation 2.17. 

 

Ὡ
ϽϽ

Ͻϳ  (2.16) 

Ὡ
ϽϽ Ͻ

Ͻϳ  (2.17) 

Ͻ Ͻ
 (2.18) 
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Ͻ Ͻ Ͻ
 (2.19) 

 

 All the development presented above must be implemented on an iterative algorithm in 

which a null residual value for ὡ  must be achieved. The value of aerodynamic efficiency at 

cruise condition must be corrected inside the final iterative logical of the algorithm using the 

Equation 2.21. 

 

 

2.1.4. Performance estimate 

This topic aims to estimate the stall speed of the airplane, its wing loading, power-to-

weight ratio, take-off distance, landing distances, range and the Payload-Range diagram. To 

estimate these parameters, iterative calculus must be done at the same algorithm where the 

weight estimative is implemented, once, there are influences between these parameters. 

The wing loading impact directly the stall speed, climb ratio, maneuverability and take-off 

and landing distances. Commonly the wing loading is defined in terms of MTOW or ὡ . The 

Table 2.9 presents the historical tendencies for this parameter, and may be used for an 

initial guess. 

 

Table 2.9 - Historical tendencies data for wing loading (After Venson, 2015). 

Airplane  Category  W/S (N/m^2)  W/S (Kg/m^2)  

Glider 370 ± 110 38 ± 11 

Motorglider 380 ± 85 39 ± 9 

LSA or Homebuilt 430 ± 120 43 ± 12 

General aviation and utility single-engine piston 760 ± 230 78 ± 23 

General aviation and utility single-engine turboprop 1720 ± 490 175 ± 50 

General aviation and utility multi-engine piston 1260 ± 260 128 ± 27 

General aviation and utility multi-engine turboprop 2100 ± 470 215 ± 48 

Acrobatic airplane 700 ± 160 71 ± 16 

Agricultural airplane 990 ± 340 100 ± 35 

Amphibious airplane single-engine or  multi-engine 1200 ± 480 122 ± 49 

Continues on the next page 
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II WW fighter propeller 2000 ± 500 203 ± 51 

Training jet airplane 2950 ± 880 291 ± 90 

Fighter jet airplane 4730 ± 1790 483 ± 183 

Cargo or bomber propeller 3430 ± 1220 350 ± 125 

Cargo or bomber jet 5940 ± 1530 605 ± 157 

Passenger airplane propeller 2600 ± 760 265 ± 78 

Passenger airplane jet 5600 ± 1290 570 ± 131 

Executive jet 3470 ± 900 354 ± 92 

 

 Other way to estimate the wing loading is employing the empirical Equation 2.20, the 

constants of this equation are presented on Table 2.10.  

 

ὥϽὡ  (2.20) 

 

Table 2.10 - Constants for empirical estimative for the wing loading (After Venson, 2015) . 

Airplane  Category  a C 

Glider 0.808 ± 0,32 0.721 

Motorglider 5.809 ± 2,12 0.487 

LSA or Homebuilt 0.049 ± 0,03 1.06 

General aviation and utility single-engine piston 0.408 ± 0,14 0.804 

General aviation and utility single-engine turboprop 0.408 ± 0,14 0.804 

General aviation and utility multi-engine piston 1.512 ± 0,48 0.664 

General aviation and utility multi-engine turboprop 1.512 ± 0,48 0.664 

Acrobatic airplane 1.178 ± 0,84 0.705 

Agricultural airplane 7.321 ± 4,11 0.48 

Amphibious airplane single-engine or  multi-engine 46.0 ± 12,4 0.284 

II WW fighter propeller 37.4 ± 13,1 0.363 

Training jet airplane 0.188 ± 0,09 0.883 

Fighter jet airplane 12.3 ± 4,5 0.482 

Cargo or bomber propeller 53.2 ± 12,2 0.324 

Cargo or bomber jet 91.5 ± 25,2 0.288 

Continues on the next page 
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Passenger airplane propeller 59.6 ± 16,2 0.313 

Passenger airplane jet 329.6 ± 62,6 0.206 

Executive jet 142.3 ± 46,9 0.268 

 

 It is important to note that the weight of the airplane during the cruise changes, due the 

fuel consumption, then the aerodynamic efficiency at cruise may be estimated iteratively using 

the Equation 2.21 and the Equation 2.22.   

 

Ͻ Ͻ
 (2.21) 

ὅὒ
Ͻ

Ͻ Ͻ
 (2.22) 

 

 As the wing loading changes during the iterative process, the values of wet and 

reference area changes either, therefore, these parameter should be calculated iteratively too. 

 

 The stall speed occur for the maximum lift coefficient, once, reached this value the wing 

will lost lift due the flow separation over its upper surface, note that the stall speed depends 

directly of the airplane actual weight, for the airplane developed on this work, the maximum lift 

coefficient may be estimated as being ὅὒ ρȢψ. The Equation 2.23 is used for estimate the 

stall speed. 

 

ὠ
Ͻ

Ͻ Ͻ

Ͻ

Ͻ Ͻ Ͻ
Ͻ  (2.23) 

 

 The power-to-weight ratio is based on the shaft engine power. For an initial guess is 

common use the take-off gross weight or MTOW for the maximum speed expected for the 

airplane, as showed on the empirical Equation 2.24 whose constants are presented on Table 

2.11, or may be estimated based on historical tendencies data presented on Table 2.12. 

 

ὥϽὠ  (2.24) 
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Table 2.11 - Constants for empirical estimative for the power-to-weight ratio (After Venson, 

2015). 

Airplane  Category  a C 

Motorglider 0.0047 ± 0.001 0.5345 

LSA or Homebuilt 0.1170 ± 0.015 0.0662 

General aviation and utility single-engine piston 0.0116 ± 0.002 0.4789 

General aviation and utility single-engine turboprop 0.0030 ± 0.001 0.7255 

General aviation and utility multi-engine piston 0.0116 ± 0.002 0.4789 

General aviation and utility multi-engine turboprop 0.0030 ± 0,001 0.7255 

Acrobatic airplane 0.0039 ± 0.001 0.7434 

Agricultural airplane 0.0146 ± 0.002 0.4601 

Amphibious airplane single-engine or  multi-engine 0.0969 ± 0.025 0.096 

II WW fighter single-engine propeller 0.0059 ± 0.001 0.6288 

II WW fighter multi-engine propeller 0.0059 ± 0.001 0.6288 

Cargo or bomber propeller 0.0443 ± 0.004 0.2437 

Cargo or bomber turboprop 0.0385 ± 0.010 0.3105 

Passenger airplane propeller 0.0443 ± 0.002 0.2437 

Passenger airplane turboprop 0.0385 ± 0.005 0.3105 

 

Table 2.12 - Historical tendencies data for power-to-weight ratio (After Venson, 2015). 

Airplane  Category  sep/W (shp/Kg)  W/sep (Kg/shp)  

Motorglider 0.096 ± 0.04 10.5 ± 4.0 

LSA or Homebuilt 0.165 ± 0.03 6.0 ± 1.5 

General aviation and utility single-engine piston 0.167 ± 0.03 6.0 ± 1.0 

General aviation and utility single-engine turboprop 0.264 ± 0.07 4.0 ± 1.0 

General aviation and utility multi-engine piston 0.206 ± 0.02 5.0 ± 0.5 

General aviation and utility multi-engine turboprop 0.303 ± 0.05 3.5 ± 0.5 

Acrobatic airplane 0.289 ± 0.08 3.5 ± 1.0 

Agricultural airplane 0.183 ± 0.03 5.5 ± 1.0 

Amphibious airplane single-engine or  multi-engine 0.175 ± 0.05 6.0 ± 3.5 

II WW fighter single-engine propeller 0.350 ± 0.07 3.0 ± 0.5 

Continues on the next page 



31 

II WW fighter multi-engine propeller 0.275 ± 0.06 3.5 ± 1.0 

Cargo or bomber propeller 0.203 ± 0.05 5.0 ± 1.0 

Cargo or bomber turboprop 0.296 ± 0.06 3.5 ± 1.0 

Passenger airplane propeller 0.200 ± 0.03 5.0 ± 1.0 

Passenger airplane turboprop 0.267 ± 0.04 4.0 ± 0.5 

 

 Now it is possible to estimate the dimensioning of the propeller to be installed on the 

engine of the airplane, that is done based on the thrust generated by the propeller at static 

condition. 

 Knowing the SEP of the engine, the thrust may be estimated by the thrust-to-power ratio 

that can be found by Equation 2.25 whose constants are presented on Table 2.13. 

 

 ὥϽὛὉὖ (2.25) 

 

Table 2.13 - Constants for empirical estimative for the thrust-to-power ratio (After Venson, 2015). 

Airplane  Category  Number  of  blades  a C 

Motorglider 2-blades prop 34.94 -0.068 

LSA or Homebuilt 2 or 3-blades prop 39.23 -0.175 

General aviation and utility single-engine piston 2 or 3-blades prop 33.19 -0.122 

General aviation and utility single-engine turboprop 2 or 3-blades prop 21.58 -0.052 

General aviation and utility multi-engine piston 3 or 4-blades prop 23.13 -0.089 

General aviation and utility multi-engine turboprop 3 or 4-blades prop 18.02 -0.048 

Acrobatic airplane 3 or 4-blades prop 14.87 0.028 

Agricultural airplane 2 or 3-blades prop 27.24 -0.057 

Amphibious airplane single-engine or  multi-engine 3 or 4-blades prop 42.75 -0.184 

II WW fighter single-engine propeller 3 or 4-blades prop 37.11 -0.089 

II WW fighter multi-engine propeller 3 or 4-blades prop 35.15 -0.089 

Cargo or bomber propeller 3 or 4-blades prop 53.84 -0.136 

Cargo or bomber turboprop 4 or more blades 26.44 -0.039 

Passenger airplane propeller 3 or 4-blades prop 25.21 -0.095 

Passenger airplane turboprop 4 or more blades 19.07 -0.066 
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 The diameter of the propeller is obtained by the thrust-to-disc loading ratio ὝὛϳ  given by 

the historical tendencies presented on Table 2.14. 

 

Table 2.14 - Historical tendencies data for thrust-to-disc loading ratio (After Venson, 2015). 

Engine  Type Propeller  Blades  T/Sp (N/m^2)  

Piston 2-blades prop 1000 

Piston and Turboprop 3-blades prop 1500 

Piston and Turboprop 4-blades prop 2000 

Advanced Turboprop 5 or more blades prop 2500 

 

 Once the thrust had been estimated, it is possible to define an approximation for the 

thrust-to weight ratio and compare to the historical data presented on the Table 2.15. 

 

Table 2.15 - Historical tendencies data for thrust-to-weight ratio (After Venson, 2015). 

Airplane  Category  Number  of  blades  T/W 

Motorglider 2-blades prop 0.26 ± 0.11 

LSA or Homebuilt 2 or 3-blades prop 0.33 ± 0.05 

General aviation and utility single-engine piston 2 or 3-blades prop 0.30 ± 0.04 

General aviation and utility single-engine turboprop 2 or 3-blades prop 0.40 ± 0.10 

General aviation and utility multi-engine piston 3 or 4-blades prop 0.30 ± 0.03 

General aviation and utility multi-engine turboprop 3 or 4-blades prop 0.40 ± 0.07 

Acrobatic airplane 3 or 4-blades prop 0.52 ± 0.17 

Agricultural airplane 2 or 3-blades prop 0.36 ± 0.09 

Amphibious airplane single-engine or  multi-engine 3 or 4-blades prop 0.23 ± 0.03 

II WW fighter single-engine propeller 3 or 4-blades prop 0.68 ± 0.13 

II WW fighter multi-engine propeller 3 or 4-blades prop 0.60 ± 0.11 

Cargo or bomber propeller 3 or 4-blades prop 0.41 ± 0.11 

Cargo or bomber turboprop 4 or more blades 0.57 ± 0.13 

Passenger airplane propeller 3 or 4-blades prop 0.25 ± 0.03 

Passenger airplane turboprop 4 or more blades 0.32 ± 0.05 
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 At this point the take-off and landing performance can be estimated. For the take-off 

runway distance estimative, the historical tendencies data presented on Table 2.16 are inserted 

on the empirical Equation 2.26. 

 

Ὑ ὥϽὝὕὖ (2.26) 

Ὕὕὖ
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Table 2.16 - Historical tendencies data for take-off runway (After Venson, 2015). 

Airplane  Category  Takeoff  condition  a 

Motorglider Without obstacle 5.14 ± 0.51 

LSA or Homebuilt Without obstacle 8.00 ± 0.80 

General aviation and utility single-engine piston 
Without obstacle 8.23 ± 1.23 

With obstacle (50ft) 9.30 ± 1.39 

General aviation and utility multi-engine piston 
Without obstacle 9.68 ± 1.45 

With obstacle (50ft) 10.51 ± 1.58 

Acrobatic airplane Without obstacle 7.89 ± 0.79 

Agricultural airplane 
Without obstacle 7.40 ± 0.74 

With obstacle (50ft) 8.25 ± 0.82 

Amphibious airplane single-engine or  multi-engine With obstacle (50ft) 8.19 ± 0.82 

II WW fighter propeller With obstacle (50ft) 7.98 ± 0.80 

Cargo or bomber propeller 
Without obstacle 6.67 ± 0.67 

With obstacle (50ft) 6.94 ± 0.69 

Passenger airplane propeller two-engine 
With obstacle (50ft) 11.58 ± 1.16 

Balanced takeoff 17.57 ± 1.76 

Passenger airplane propeller four-engine 
With obstacle (50ft) 11.56 ± 1.16 

Balanced takeoff 13.82 ± 1.38 

 

 The landing runway distance may be estimated by the empirical Equation 2.29, and the 

historical tendencies data used on this equation are presented on Table 2.17.  
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Table 2.17 - Historical tendencies data for landing runway (After Venson, 2015). 

Airplane  Category  Landing  condition  a 

Glider Without obstacle 0.878 ± 0.005 

Motorglider Without obstacle 0.869 ± 0.008 

LSA or Homebuilt Without obstacle 1.136 ± 0.017 

General aviation and utility single-engine piston With obstacle (50ft) 1.524 ± 0.023 

General aviation and utility single-engine turboprop With obstacle (50ft) 1.524 ± 0.023 

General aviation and utility multi-engine piston With obstacle (50ft) 1.463 ± 0.016 

General aviation and utility multi-engine turboprop With obstacle (50ft) 1.463 ± 0.016 

Acrobatic airplane Without obstacle 1.035 ± 0.026 

Agricultural airplane Without obstacle 1.053 ± 0.010 

Amphibious airplane single-engine or  multi-engine Without obstacle 1.062 ± 0.015 

II WW fighter propeller Without obstacle 1.061 ± 0.008 

Training jet airplane With obstacle (50ft) 0.834 ± 0.017 

Fighter jet airplane With obstacle (50ft) 0.676 ± 0.011 

Cargo or bomber propeller With obstacle (50ft) 1.358 ± 0.021 

Cargo or bomber jet With obstacle (50ft) 0.830 ± 0.006 

Passenger airplane propeller With obstacle (50ft) 1.437 ± 0.015 

Passenger airplane jet With obstacle (50ft) 0.860 ± 0.004 

Executive jet With obstacle (50ft) 0.946 ± 0.011 

 

 In order to estimate the total range of the airplane there are employed the weight fraction 

defined earlier, the values that must to be used are that obtained on the last iteration calculated 

on the algorithm. The Equation 2.30 provides an approximation the total range of the new 

airplane. 

 

Ὑ
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 Considering that different combinations of payload and fuel weight may occur during the 

operational life of an airplane, the Equation 2.30 will provide a wide variation of values that may 

be visually resumed graphically on the Payload-range Diagram. This diagram is formed by the 

following parts: point 1 (maximum payload and zero fuel), point 2 (maximum payload and fuel 

enough for MTOW), point 3 (maximum fuel weight and payload enough for MTOW) and point 4 

(maximum fuel weight and zero payload). The Figure 2.7 shows a generic Payload-range 

Diagram. 

 

 

Figure 2.7 - Generic Payload-Range Diagram. 

 

 Finally it is necessary to say that, all the lift coefficient mentioned above as ὅὒ, ὅὒ  

and ὅὒ  may be considered as the wing lift coefficient for its actual aerodynamic 

configuration, once, at this phase of the development of the airplane, enough 

information is not available or produced. 

 

 

2.1.5. Sizing estimate 

Continuing the conception of the new airplane it is necessary proceeding to the sizing of 

the fuselage length, cockpit, tail, primary control surfaces and positioning these structural parts, 

landing gear and engines. Concluding this topic, after the work of initial sizing done it is possible 

to estimate de moment of inertia on the three axis.  
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 The initial sizing of the fuselage is done using the empirical Equation 2.31 that is based 

on the MTOW or ὡ , and historical data presented on Table 2.18. 

 

ὢ ὥϽὡ  (2.31) 

 

Table 2.18 - Historical tendencies data for fuselage sizing (After Venson, 2015). 

Airplane  Category  a C 

Glider 
2.1763 0.1437 

Motorglider 

LSA or Homebuilt 0.4431 0.3063 

General aviation and utility single-engine piston 

0.4088 0.3140 
General aviation and utility single-engine turboprop 

General aviation and utility multi-engine piston 

General aviation and utility multi-engine turboprop 

Acrobatic airplane 0.265 0.3549 

Agricultural airplane 0.7888 0.2371 

Amphibious airplane single-engine or  multi-engine 0.2373 0.3752 

II WW fighter propeller 0.2111 0.3592 

Training jet airplane 0.615 0.2647 

Fighter jet airplane 0.2683 0.3396 

Cargo or bomber propeller 
0.0576 0.4678 

Cargo or bomber jet 

Passenger airplane propeller 0.3115 0.3539 

Passenger airplane jet 0.4546 0.3321 

Executive jet 0.226 0.3739 

 

 For estimating the dimension of the cockpit for the actual airplane, there are applied the 

historical tendencies data resumed on the Table 2.19. 
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Table 2.19 - Historical tendencies for cockpit sizing (After Venson, 2014). 

Airplane  Category  
  

General aviation and utility single-engine piston 

Xfus /YC XN/Xfus  

5.9 ± 0.4 0.23 ± 0.03 

  

XC/Xfus  XT/Xfus  

0.38 ± 0.03 0.40 ± 0.05 

 

 The initial sizing of the tail surfaces is done based on the concept of tail volume 

coefficient, that is a relation involving tail arm, and the main geometric properties of the wing and 

the tail surfaces itself. The tail moment arms are the distance between the position at ςυϷ of the 

tail mean aerodynamic chord and the position at ςυϷ of the wing mean aerodynamic chord. The 

horizontal empennage and vertical empennage are estimated by the tail volume coefficient 

Equation 2.32 and Equation 2.33 respectively, the Figure 2.8 shows the geometric scheme for 

the sizing of the tail surfaces. As reference, the Table 2.20 presents historical tendencies data 

for the tail volume coefficients. 

 

ὠ
Ͻ

ӶϽ
 (2.32) 

ὠ
Ͻ

Ͻ
 (2.33) 

 

 

Figure 2.8 - Tail sizing geometric scheme (Raymer, 2006). 
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Table 2.20 - Historical tendencies data for tail volume coefficient (After Venson, 2015). 

Airplane  Category  VHT VVT 

Glider and Motorglider 0.50 ± 0.05 0.020 ± 0.005 

LSA or Homebuilt 0.50 ± 0.05 0.020 ± 0.005 

General aviation and utility single-engine propeller, conventional 

tail 
0.45 ± 0.11 0.030 ± 0.004 

General aviation and utility single-engine propeller, T tail 0.60 ± 0.15 0.030 ± 0.005 

General aviation and utility multi-engine propeller, conventional tail 0.84 ± 0.19 0.050 ± 0.015 

General aviation and utility multi-engine propeller, T tail 0.96 ± 0.17 0.071 ± 0.011 

Acrobatic airplane 0.35 ± 0.08 0.030 ± 0.003 

Agricultural airplane 0.46 ± 0.09 0.028 ± 0.004 

Amphibious airplane single-engine or  multi-engine 0.50 ± 0.14 0.060 ± 0.005 

Training jet airplane 0.70 ± 0.11 0.060 ± 0.005 

Fighter jet airplane 0.40 ± 0.14 0.070 ± 0.006 

Cargo or bomber two engine, conventional tail 1.23 ± 0.22 0.089 ± 0.015 

Cargo or bomber two engine, T tail 0.96 ± 0.12 0.088 ± 0.022 

Cargo or bomber four engine, conventional tail 0.88 ± 0.18 0.058 ± 0.014 

Cargo or bomber four engine, T tail 0.98 ± 0.06 0.064 ± 0.011 

Passenger airplane two engine, conventional tail 1.07 ± 0.23 0.077 ± 0.019 

Passenger airplane two engine, T tail 1.08 ± 0.16 0.093 ± 0.021 

Passenger airplane four engine, conventional tail 0.87 ± 0.11 0.069 ± 0.011 

Passenger airplane four engine, T tail 0.97 ± 0.12 0.076 ± 0.012 

Executive jet two engine, conventional tail 0.80 ± 0.16 0.070 ± 0.009 

Executive jet two engine, T tail 0.77 ± 0.17 0.064 ± 0.017 

Executive jet three engine, conventional tail 0.72 ± 0.03 0.059 ± 0.002 

 

 Once the wing and tail had been sized the next step is to estimate the size of the three 

flight primary control surfaces which are aileron, elevator and rudder. During the conceptual 

design phase these three surfaces may be pre-sized employing the three relations called           

aileron wing ratio, elevator tail ratio and rudder tail ratio, that are respectively provided by 

Equation 2.34, Equation 2.35 and Equation 2.36, straight from the historical tendencies data 

showed on the Table 2.21. 
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ὃὭὰ  (2.34) 

ὉὰὩὺ  (2.35) 

ὙόὨ  (2.36) 

 

Table 2.21 - Historical tendencies data for primary control surfaces (After Venson, 2015). 

Airplane  Category  
Ail -wing  

Ratio  

Elev-HT 

Ratio  

Rud-VT 

Ratio  

Glider and Motorglider 0.07 ± 0.02 0.29 ± 0.03 0.43 ± 0.04 

LSA or Homebuilt 0.06 ± 0.01 0.38 ± 0.09 0.39 ± 0.05 

General aviation and utility single-engine propeller 0.07 ± 0.01 0.41 ± 0.04 0.36 ± 0.04 

General aviation and utility multi-engine propeller 0.05 ± 0.01 0.44 ± 0.20 0.38 ± 0.06 

Acrobatic airplane 0.11 ± 0.01 0.50 ± 0.06 0.50 ± 0.09 

Agricultural airplane 0.09 ± 0.03 0.47 ± 0.08 0.53 ± 0.09 

Amphibious airplane single-engine or  multi-engine 0.06 ± 0.03 0.42 ± 0.13 0.37 ± 0.06 

Training jet airplane 0.08 ± 0.02 0.24 ± 0.04 0.31 ± 0.02 

Fighter jet airplane 0.15 ± 0.03 0.60 ± 0.14 0.32 ± 0.04 

Cargo or bomber two engine propeller 
0.06 ± 0.01 

0.31 ± 0.03 0.32 ± 0.03 

Cargo or bomber four engine propeller 0.37 ± 0.10 0.36 ± 0.07 

Cargo or bomber two engine jet 
0.04 ± 0.02 0.30 ± 0.04 

0.22 ± 0.02 

Cargo or bomber four engine jet 0.25 ± 0.02 

Passenger airplane two engine propeller 
0.05 ± 0.02 

0.42 ± 0.05 0.42 ± 0.05 

Passenger airplane four engine propeller 0.37 ± 0.11 0.37 ± 0.11 

Passenger airplane two engine jet 

0.03 ± 0.01 0.27 ± 0.05 

0.31 ± 0.05 

Passenger airplane three engine jet 0.22 ± 0.06 

Passenger airplane four engine jet 0.29 ± 0.03 

Executive jet two engine 
0.05 ± 0.02 

0.33 ± 0.05 0.32 ± 0.08 

Executive jet three engine 0.26 ± 0.04 0.12 ± 0.02 

 

 After conclude the activities above, the positioning of the main structural parts will be 

already pre-defined, once the distances of the horizontal tail and vertical tail relative to the wing 

were defined and the positioning of the wing relative to the fuselage also. It is necessary to pre-
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define the positioning of the landing gears and engines on the airplane, trying keep the CG 

position between the nose and main legs of the landing gear, preferably near the main landing 

gear leg, what provide a good behavior of the airplane during take-off rotate. The positioning of 

the engines must be done on a way that its position contribute to keep the airplane CG on 

position that do not degrade the flight behavior, that is, ahead of the aerodynamic center of the 

airplane.  

Finally it is necessary to estimate the moment of inertia on the three axis, for the initial 

assess of dynamics of flight. These parameters are obtained from the three empirical relations 

given by the Equation 2.37, Equation 2.38 and Equation 2.39, based on the historical tendencies 

data showed on the Table 2.22. 
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Table 2.22 - Historical tendencies data for moment of inertia (After Venson, 2015). 

Airplane  Category  RX RY RZ 

Glider and Motorglider 0.28 0.34 0.44 

General aviation and utility single-engine propeller 0.25 0.38 0.39 

General aviation and utility multi-engine propeller 0.34 0.29 0.44 

Amphibious airplane single-engine or  multi-engine 0.25 0.32 0.41 

Training jet airplane 0.22 0.14 0.25 

Fighter jet airplane 0.23 0.38 0.52 

Cargo or bomber two engine 0.33 0.31 0.47 

Cargo or bomber four engine 0.35 0.29 0.46 

Passenger airplane turboprop 0.22 0.34 0.38 

Passenger airplane two engine jet on fuselage 0.24 0.36 0.44 

Passenger airplane two engine jet on wing 0.25 0.38 0.46 

Passenger airplane four engine jet on wing 0.31 0.33 0.45 

Continues on the next page 
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Executive jet 0.3 0.3 0.43 

Flying Wing 0.32 0.32 0.51 

 

 Once the moments of inertia were defined, this work proposes to consider that the 

airplane mass is concentrated in a single point, based on it and having the values of the moment 

of inertia obtained earlier, it is possible to estimate the values of the product of inertia applying 

the next six equations provided at the bibliography (Hibbeler, 2005).  

Therefore, inserting the results of the Equation 2.37 to the Equation 2.39 into the 

Equation 2.40 to the Equation 2.42 it is possible to obtain the values for the variables ὼ, ώ and ᾀ, 

that are employed to estimate the products of inertia by solving the Equation 2.43 to the 

Equation 2.45.  

 

Ὅ ᷿ὶϽὨά
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Ὅ Ὅ ᷿ώϽᾀϽὨά
 

 (2.44) 
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 (2.45) 

 

 

2.1.6. Parts weights estimate 

This subsection is dedicated to estimate the weight of each component of an airplane, 

employing for this, statistical equations. Although these equations provide approximated values 

for the weight of each component, as stated by (Raymer, 2006), it is necessary keep in mind that 

there are no ñrightò answers in weights estimation until the first flight. The following equations are 

used for estimation of the weights of the parts of the airplane and are in pounds, some equations 

relative to avionics and electrical system for example, were omitted because they were not used 

on the development of the airplane. These equations were simplified when necessary, 

eliminating terms that may be omitted for the airplane which was developed on this work. 
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2.1.7. CG-Weight envelope diagram estimate 

The weight of the airplane changes during the flight and depending of the characteristics 

of a flight, as for example, the number of passengers and its weight, the weight of the cargo and 

weighs of the crew members. The weight of the airplane may changes even due the variation of 

the fuel consumption. 

All these variation on the airplane weight affects directly the control and stability of the 

airplane in a way that the actual weight and its corresponding CG position may not exceed 

certain limits. 
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The estimative of the CG position of the airplane may be done by the Equation 2.57 to 

Equation 2.59. The CG position is related to the Datum reference, which is normally located on 

the nose of the airplane. 
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For resuming all the weights and CG positions allowed for an airplane operation even in 

ground as in flight, were developed a diagram called weight-CG envelope, presented generically 

on the Figure 2.9.   

 

 

Figure 2.9 - Weight-CG envelope. 

 

 

2.2. SELECTION OF MATERIALS  

The selection or definition of materials to be employed on the manufacturing of a new 

airplane is not trivial and represents many impacts on its final characteristics. 
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Once an airplane have obviously to takes off and fly, the materials used on its 

manufacturing must to be lite for turn easier these acts, and strong enough for resists the flight 

loads. As the two main characteristics that one aeronautical material must present were already 

described, is now convenient to talk about some of them. 

The most common materials employed on the structure of the airplanes are the 

aeronautical aluminum alloys, once these materials are at the same time lite and strong. Some 

steel alloys are used on the manufacturing of mechanical components and on the landing gear 

legs. 

Recently on the aeronautical industry a new class of material has been introduced in 

substitution to the aluminum alloys on the structural elements, they are the composite materials, 

basically based on glass, carbon and aramid fiber. 

In addition to these ones there is a wide variety of materials, as polymeric alloys that are 

employed on the manufacturing of interior components, cabin components, and other metallic 

alloys for engines and its systems for example. 

Finally, during the initial phase of the development of a new airplane, it is necessary to 

do a comparative analysis of the potential materials to be employed on its manufacturing, in 

order to define the most appropriate to be used considering its mechanical, thermal and 

chemical properties and costs, having in mind the mission for which the airplane is been 

conceived. 

 

 

2.3. ERGONOMICS 

The cockpit and passenger cabin of an aircraft must be conceived considering the 

characteristics of the human body. Statistical anthropometric studies collected data of the 

dimensions of the human body and its parts, organizing these data in groups of gender and 

sizing dispersion. Ergonomics studies also were developed with the purpose of identifying the 

positions of the human body more comfortable, and that avoid muscular and orthopedic 

diseases, these studies resulted in angular positions for the members of the body. The results of 

these studies are presented next on the Figure 2.10 to Figure 2.13. 

On the beginning of the design of a new airplane these parameters have to be 

considered, and more, they must be applied in order to avoid wrong internal dimensioning of the 

cockpit and passengers cabin, as for example, insufficient space for accommodate all the 
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members of the crew and passengers, what if noted late on the development could cause 

serious impact on the chronogram and on the budget available. 

 

 

Figure 2.10 - Height variation for male and female and for different ethnic (Sadraey, 2013). 

 

 

Figure 2.11 - Linear body dimensions (cm) (Sadraey, 2013). 
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Figure 2.12 - Dimensions for a cockpit of a light aircraft with stick control (Torenbeek, 1976). 

 

 

Figure 2.13 - Dimensions for a cockpit of a fighter aircraft (Sadraey, 2013). 
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2.4. AERODYNAMICS 

The aerodynamics theory employed on the development of the aircraft is described, 

sharing it in two parts, the first considering the 2D theory that treats essentially of the airfoil 

aerodynamics, and the second considering the 3D theory that applies for the aircraft parts that 

are exposed to the air flow. 

 

 

2.4.1. 2D ï Aerodynamics 

The 2D aerodynamics basically consider the loads and moment resulted of the air flow 

over an airfoil, which are, one normal force related to de air flow known as lift, one force parallel 

to the air flow known as drag and a moment called pitch moment. The intent of this topic is not 

explains from the fundamentals how this aerodynamics forces and moment are generated, it will 

be just presented the formulation that applies on the design of the airplane proposed on this 

work. The same approach is valid for the 3D aerodynamics topic. 

Airfoils are aerodynamic two-dimensional geometry which resemble a drop of water, and 

give shape for the transversal section of the aerodynamic surfaces as wing and tails for 

example.  

There are many airfoils geometry that were developed along the aeronautical history, as 

the necessities were occurring, as for example, applications for low and high speeds, small or 

high drag generation and the same for lift. These airfoils were developed under families that 

present similar aerodynamic characteristics. The most famous are the profiles of the NACA 

families, which were designed for different applications. It is not the objective of this text present 

these airfoils and its characteristics, for this purpose, there is available a vast bibliography.  

 

 

2.4.1.1. Airfoil lift 

The lift generated by an airfoil is commonly considered as a result from the difference of 

pressure between its lower and upper surface, and explained with the help of the Bernoulliôs 

equation, actually there is other physical effect that contributes to the lift and knowns as Coanda 

effect, which was observed by Henry Coanda and explained with the help of the Newtonôs third 

law. The lift of an airfoil is normally expressed in the form of a coefficient denoted by ὧὰ. 
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In fact the lift generated by an airfoil is dependent on the angle which it is placed in 

relation to the air flow, the called attack angle. As the attack angle increases the lift generated by 

the profile increases either. When the profile reach a determined attack angle the lift generated 

is suddenly broken, for understanding this phenomenon it is necessary to introduce two 

concepts, the first is related to the viscosity, such property generates over the surface of the 

airfoil what is known as boundary layer, that is essentially a film of air that adhere on its surface 

and turn possible the air flow contour the profile, the other is the concept of pressure gradient, 

but it is not the intent to explain here its theory, it is enough says that, for a given value of attack 

angle, this boundary layer separates from the upper surface of the airfoil due changes on the 

local pressure gradient, causing the brake of the lift, this phenomenon is known as stall.   

A very common way to visualize the change of the lift with respect to the attack angle is by the 

graphical showed on the Figure 2.14. The slope of the lift curve is defined by the Equation 2.60, 

and may be measured by performing experimental methods as running wind tunnel tests or 

estimated with the help of computational numerical methods.  

 

ὥ
ᶿ
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Figure 2.14 - Airfoil lift curve slope (Sadraey, 2013). 

 

 There are some kinds of stall, and they depend on the airfoil geometry. Next is presented 

a brief description about them. 
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Leading edge stall: occurs in airfoils of medium thickness, around 10% and 15% of the chord 

length. When the angle of attack reaches a determined value the boundary layer suddenly 

separates of the entire upper surface of the airfoil starting from some point over the leading 

edge. The occurrence of this phenomenon is normally due the geometry of the leading edge of 

the profile that has small ray. This condition characterizes an abrupt stall, in which few buffeting 

occur. 

 

 Trailing edge stall: is characteristic of thick airfoils, which the thickness is bigger than 15% of the 

chord length. For a given value of angle of attack the boundary layer starts its separation over 

the upper surface from the trailing edge of the profile, and as the angle of attack continues 

increase the separation of the boundary layer advances for the leading edge. This behavior is 

due the geometry of the leading edge which is on these profiles, normally more rounded and 

less sharp then that observed at airfoil with medium thickness. This stall is characterized by a 

clear buffeting of the wing as the separation of the boundary layer propagates, that turn this, a 

smooth and gradual stall. 

 

Thin profile stall: due the small thickness of these airfoils, for very low angles of attack the 

boundary layer separates at the leading edge, once its ray is too small, as the angle of attack 

suffer a small increase the boundary layer re-attach generating a recirculation bubble over the 

upper surface of the profile, which grows with the increase on the angle of attack until cover the 

complete upper surface, when the angle of attack increase over this value, the bubble breaks 

causing the separation of the boundary layer from the trailing edge for the leading edge, causing 

the stall that is smooth and gradual as that observed on thick airfoils. 

 

Lift increment 

 It is well known that the lift generated by an profile is dependent of its geometry, but, it is 

possible to change the geometry of the airfoil intending to improve the lift generated, the three 

most famous ways to do this is by flapping or slotting the profile, when the flapping is done on 

the leading edge of the airfoil it is called slat. Next will be describes a method based on 

experimental data that provides the increment on the lift generated by a profile due the flapping 

of its trailing edge. 
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 The lift increment Ў  generated at an airfoil due the flap depends first of all, of the type of 

flap that is used. For a plain flap with sealed gap as showed on the Figure 2.15, the lift increment 

for a given profile is determined by the Equation 2.61. 

 

 

Figure 2.15 - Plain flap geometry (Roskam, 2000). 

  

Ў Ͻ‏ Ͻὧὰ ϽὯ (2.61) 

 

The parameters ὧὰ  ; Ὧ and  may be found by the Figure 2.16 to Figure 

2.18 respectively presented next. 

 

 

Figure 2.16 - Lift effectiveness of a plain flap (Roskam, 2000). 
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Figure 2.17 - Correction factor for nonlinear lift behavior of a plain flap (Roskam, 2000). 

 

 

Figure 2.18 - Correction factor for plain flap lift (Roskam, 2000). 
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 For the Figure 2.18, ὧὰ is the well known airfoil lift curve slope, that may be estimated by 

wind tunnel experimental data or by estimations on computational codes; the other parameter 

may be assumed as: ὧὰ ς“. 

 The maximum increment on the lift coefficient of an airfoil Ў  can be obtained by the 

Equation 2.62, and its parameters are given by the Figure 2.19 to Figure 2.22. 

 

Ў ὯὯὯ Ў  (2.62) 

 

 

Figure 2.19 - Basic airfoil maximum lift increment due to trailing edge flap (Roskam, 2000). 
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Figure 2.20 - Flap chord correction factor (Roskam, 2000). 

 

 

Figure 2.21 - Flap angle correction factor (Roskam, 2000). 
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Figure 2.22 - Flap motion correction factor (Roskam, 2000). 

 

 

2.4.1.2. Airfoil drag 

Drag is the aerodynamic resistance imposed by the air flow that surrounds a given body, 

this force is parallel and opposed to the direction of the movement of the body, and is normally 

expressed in the form of a coefficient denoted by ὧὨ. 

The drag generated by an airfoil is normally composed by two parcels one called skin 

friction drag and other called pressure drag, if the airfoil is subjected to a transonic flow or 

higher, appears a third parcel called wave drag. The composition of the drag generated by an 

airfoil may be described as on the Equation 2.63. 

 

ὧὨ ὧὨ ὧὨ ὧὨ (2.63) 
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The friction drag is due the friction of the air molecules of the boundary layer over the 

amount of the surface of the airfoil in which is attached, and it is strongly dependent of the 

viscosity of the air and its velocity inside the boundary layer and depends too of the geometry of 

the profile. The boundary layer may be laminar or turbulent what affects the parcel of the friction 

drag, on a way that, for laminar boundary layers the drag will be lower than that observed for 

turbulent one. 

The pressure drag is the parcel that depends of the air pressure distribution around the 

surface of the airfoil, which in turn depends on the amount of the profile surface which has the 

boundary layer attached to it, in a way that, the more the boundary layer is attached to the airfoil 

surface, lower will be the pressure drag. The physical process that explains this phenomenon 

will not be described here, it is enough says that this is dependent of the pressure gradient along 

the profile surface.  

As is done for the lift, the measurement of the drag generated by an airfoil may be done 

by experimental methods or by computational numerical methods. 

 

 

2.4.1.3. Airfoil pitch moment 

The pitch moment generated by an airfoil is consequence of the pressure distribution 

around it and is dependent of its chord length. 

The air pressure distributed around the profile may be considered applied on a single 

point called pressure center of the airfoil, and its positioning along the chord varies as the angle 

of attack changes resulting in different values for the pitch moment, however, was observed that 

for a point localized at around 25% of the airfoil chord, the value for the pitch moment keeps 

reasonably constant as angle of attack changes, this point was called aerodynamic center of the 

airfoil, and it is the position considered for the pitch moment calculus at the development of an 

aircraft. 

As well as for the lift and drag, the measurement of the pitch moment is done at the 

same way, and it is normally expressed in the form of a coefficient denoted by ὧά. 
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2.4.1.4. Reynolds number 

The Reynolds number is a dimensionless parameter that relates inertial and viscous 

forces in a flow. This parameter affects directly the lift, the drag, the pitch moment and the stall 

of an airfoil, once it is related to the phenomenon that causes the separation of the boundary 

layer and in consequence, it is related to the characterization of laminar and turbulent flows. The 

Equation 2.64 defines the Reynolds number. 

 

2Å 
Ͻ Ͻ

 (2.64) 

 

 

2.4.2. 3D ï Aerodynamics 

This topic will only address the theory related to the aerodynamic configuration of the 

aircraft developed on this work, considering first the theories about the biplane configuration, the 

canard configuration and the pusher configuration, on the sequence, the theories related to the 

fundamental aerodynamic forces and moments. 

 

 

2.4.2.1. Biplane configuration 

This configuration is advantageous wen are desired low stall speeds, other advantages 

are short span, lower wing loading and lower structural weight when compared to a single wing 

configuration, its disadvantage is aerodynamics efficiency penalties. The theory (Raymer, 2006) 

indicates that biplane wings theoretically produces half of the induced drag produced by a 

monoplane of same span, however, the aerodynamic interference between each wing of the 

biplane reducing this advantage regarding induced drag to about 30% instead 50%, when well 

designed.  

The span efficiency factor for a biplane may be estimated by the Equation 2.65 that is 

based on an interference factor developed by Prandtl, which is showed on the Figure 2.23. For a 

conventional configuration, basing on an extensive data from experimental wind tunnel tests 

using a wide variety of wing shape, was obtained the following empirical expression for the span 

efficiency factor given by the Equation 2.66.  
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Ὡ
Ͻ

ϽϽϽ
 (2.65) 

Ὡ
Ͻ

 (2.66) 

 

 
Figure 2.23 - Biplane interference factor (Raymer, 2006). 

 

Some geometrical parameters for the biplane configuration have to be defined on a 

different manner, as biplane ὃὙ where on the Equation 2.1, the span is the longest between 

both wings and the area is sum of the lower and upper wings reference areas as presented on 

the Equation 2.67.  

 

ὃὙ  (2.67) 
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Other parameter is the ὅӶͅ  that may be obtained by calculating the weighted average of 

the mean aerodynamic chord of the lower and upper wings weighted by the relative areas of 

both wings. For the aerodynamic assess will be considered the ὅӶ of each wing separately, and 

for dynamics of flight will be considered the ὅӶͅ  or the ὅӶ of each wing depending on the 

application.   

The ὃὅ of a biplane is normally considered at 23% instead 25% of the ὅӶ due the wings 

aerodynamic interference (Raymer, 2006). But for this airplane the ὃὅ of each wing will be 

considered at 25% once the stagger between both wings is too large, and the GAP bigger than 

one wing chord, what as a preliminary approach is considered that the change on the ὃὅ 

position may be neglected. The biplane configuration is characterized by four parameters that 

are described next. 

 

Gap  

It is the vertical distance between the wings, on the ideal condition where the gap is 

infinite, the induced drag will be the half compare to an equivalent monoplane. The closer the 

wings been from each other, that is, the smaller be the gap, bigger will be the interference 

between the wings. It is common the gap has the dimension of the chord of the wing.  

 

Span ratio  

It is the ratio between the smallest and the biggest span. For a ratio equal to one there is 

obtained the smallest induced drag. 

 

Stagger  

 It is the displacement on ὼ axis between the two wings, it is positive when the upper wing 

is located ahead the lower one. This parameter is measured by an angle, which is defined by a 

vertical line starting on the leading edge of the lower wing and other line between the leading 

edges of both wings. When negative, helps to reduce the negative pitch moment generated by 

the lower wing when equipped whit flaps. When positive the stagger helps the inferior visibility of 

the pilot. The Figure 2.24 shows a representation of the stagger. 
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Figure 2.24 - Positive and negative stagger representation (Rodrigues, 2011). 

 

Decalage 

 It is the relative incidence angle between the two wings, and is considered positive when 

the upper wing has incidence bigger the lower one.  

 

 

2.4.2.2. Canard configuration 

The canard configuration is that in which the horizontal stabilizer is located ahead of the 

wing. One of the advantages of this configuration is that the horizontal stabilizer is located out of 

the turbulent flow generated by the wing. There are two types of canard, the lifting canard and 

the control canard, the control characteristics related to canards will be described on the topic 

relative to dynamics of flight. 

The canard in opposition to the conventional horizontal tail, generates positive lift for 

trimming the airplane, in consequence contributes to reduce the induced drag generated by the 

wing, therefore, less lift generated by it will be necessary, consequently, the angle of attack will 

be lower. 

One important question related to the canard design is the wake generated by it on the 

wing, along a length of the wing span equal to the canard span; in other words, the problem is 

the downwash field over the wing. As consequence, the incidence of the wing will have to be 

increased, and how the lift is perpendicular to the local flow, will appear a drag parcel due the 

downwash angle on the wing region, turning lower the effective lift generated by it. The 

downwash over the wing is proportional to the canard to wing area ratio, to the canard to wing 

span ratio, to the horizontal and vertical distances between both and the angle of attack of the 

aircraft. This condition degrades the induced drag generated by the wing and increases the 
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bending moment on the wing root. All these effects may be reduced by positioning the canard 

well ahead and below the wing; other aspect that helps reduce these effects is to define an airfoil 

to the wing region affected by the canard wake with opposite camber.  

When designing an airplane with canard configuration it is very important keep in mind 

that for safety, it is mandatory that the canard stalls first relative to the wing. By ensuring this, the 

airplane nose will go down avoiding the wing stall. For the canard stalls first, its aspect ratio must 

be bigger than the wingôs one, and the CG position of the airplane must be located ahead when 

compared to the CG position of a conventional aircraft. 

When the canard stalls, it is generated a pitch down moment and the wing lift increases 

due the reduction of the downwash over it, what contributes to the pitch down moment.  

In addition, other very important design decision is related to the airfoil to be used on the 

canard, once it impacts significantly the behavior of the airplane, mainly during the stall. It is 

necessary have in mind that as the canard must stall first, the choice of designing of the airfoil 

have to consider the Reynolds number, once it affects the stall characteristics of the profile as 

for example, the main parameter to be considered, the angle of attack for maximum lift, or stall. 

If a laminar airfoil is selected, particular attention should be paid to the transition from laminar to 

turbulent flow, as in rain condition, once this may affects the lifting generated by the canard and 

the premature boundary layer separation may happens, what must be avoided. 

Concluding, after all these considerations, if an airplane is designed for the canard stalls 

first relative to the wing, this airplane will never face a condition of deep stall, on other words, the 

aircraft will never to depart.  

 

 

2.4.2.3. Pusher configuration 

The pusher thrust configuration from the aspect of aerodynamics, has the advantage of 

have the wing and stabilizers out of vortex wake generated by the propeller, avoiding degrading 

the drag of the airplane. This configuration still has the advantage of reducing the noise and 

vibration on the cabin interior and clean the pilot visibility, once the propeller will not interfere to 

the vision of the pilot. 

The disadvantage is that in this configuration the propeller will be immersed on the 

airplane wake, what obviously degrades its efficiency, other problem is related to the engine 

refrigeration that is penalized either.   
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2.4.2.4. Lift 

The Equation 2.68 gives the general physic relation that governs the lift generated by an 

aerodynamic body. As well as presented on the 2D theory, it is possible define the lift curve 

slope for a 3D body, as showed by the Equation 2.69, and based on this equation is possible to 

obtain the lift coefficient for the angle of attack equal zero, which will be necessary for the 

aerodynamic characterization of the airplane, this relation is presented on Equation 2.70. 

 

ὒ ϽὅὒϽ” ϽὟ ϽὛ  (2.68) 

ὅὒ
ϽϽ

ᶿ
 (2.69) 

ὅὒ ὅὒϽπ ‌  (2.70) 

 

 For the airplane that is the work object of this text, the formulation presented now 

considers its configuration particularities. 

 The lift generated by the complete airplane in flight may be estimated by sum of the lift 

generated by the main aerodynamic components as presented on the Equation 2.71. On this 

equation the lift parcel due the lower wing is incremented by the contribution of the flaps, the lift 

parcel of the upper wing is incremented by the contribution of the ailerons, the lift parcel of both 

canards are incremented by the contribution of the elevators, and the lift parcel of the fuselage is 

based on the lift generated by the wings. The lift generated by both vertical tails donôt contribute 

to the lift generated by the airplane as a whole, due the direction of application of these forces, 

but, it is necessary says that, they are obtained the same way as is the lift generated by the 

canards, applying the same equations. For each one of these parcels occurs a lift increment due 

the contribution of the wash fields that will be detailed in a posterior topic.  

 

ὒ ὒ ͺ ὒ ͺ ὒ ͺ ὒ ͺ ὒ  (2.71) 

 

Lower wing 

 The lift generated by the lower wing is first estimated in terms of lift coefficient by the 

Equation 2.72, and applying this result on the Equation 2.68 above, is obtained the value for the 

lift.  
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ὅὒ ὅὒ Ўὅὒ Ͻ ‌ ‌ Ὥ ϽÃÏÓῲ  

Ўὅὒ  (2.72) 

 

The lift increment due the trailing edge plain flaps deflection is obtained by the 

formulation presented on the Equation 2.73, which applies the parameters obtained by the 

graphics of the Figure 2.25, the Figure 2.26 and the parameter obtained from Equation 2.61. 

 

Ўὅὒ ὯϽЎ Ͻ ͺ Ͻ  (2.73) 

 

 

Figure 2.25 - Effect of taper ratio and flap span to wing span ratio on Ὧ (Roskam, 2000).  

 



63 

 

Figure 2.26 - Effect of aspect ratio and flap chord ratio on the three dimensional flap 

effectiveness (Roskam, 2000). 

 

 Concluding the flaps dimensioning, now the maximum lift increment due to trailing edge 

plain flaps deflection can be estimated by the Equation 2.74, which uses the parameter obtained 

from the Equation 2.62, Figure 2.27 and the Figure 2.28. Substituting this equation solved on the 

Equation 2.72 it is obtained the maximum lift generated by the lower wing, which is valid just for 

the stall condition.  

 

Ўὅὒ ͺ Ў Ͻ
ͺ

ϽὯ (2.74) 
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Figure 2.27 - Definition of flapped wing area (Roskam, 2000). 

 

 

Figure 2.28 - Effect of sweep on planform correction factor (Roskam, 2000). 



65 

Upper wing 

 The lift generated by the upper wing is first estimated in terms of lift coefficient by the 

Equation 2.75, and applying this result on the Equation 2.68 above, it is obtained the value for 

the lift.  

 

ὅὒͅ ὅὒ
ͺ

Ўὅὒ
ͺ
Ͻ ‌ ‌

ͺ
Ὥͺ ϽÃÏÓῲͺ Ўὅὒ ͺ

Ўὅὒ ͺ  (2.75) 

 

For the lift increment due the ailerons deflection, this work proposes to apply the theory 

of lift increment for the primary control surfaces (Sadraey, 2013) as defined on the Equation 2.76 

and on the Equation 2.77 which applies the parameter obtained by the graphic of the Figure 

2.29. 

 

Ўὅὒ ὅ Ͻ(2.76) ‏ 

ὅ Ͻ ὅ
ͺ
Ͻ† (2.77) 

 

 Despite the lift increment due the primary control surfaces is provided above, this work 

propose another manner to estimates the lift increment due the primary control surfaces 

deflection, that is simply to apply the flap theory (Roskam, 2000), but, as can be observed in the 

graphs of the 2D part of the theory, negative deflections for the flaps panels are not predicted, 

what open way for some new studies about this theme. Due this reason, the lift increment due 

the three primary control surfaces estimates were based on the Equation 2.76 and Equation 

2.77. 

 

Canards 

 The lift generated by each canard is obtained the same way that was done before for the 

wings, first estimated in terms of lift coefficient by the Equation 2.78 and Equation 2.79 and on 

the sequence applying these results on the Equation 2.68 above, it is obtained the value for the 

lift generated by each canard. 
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ὅὒ ͺ ὅὒ
ͺ

Ўὅὒ
ͺ

Ͻ ‌ ‌
ͺ

Ὥ ͺ ϽÃÏÓῲ ͺ

Ўὅὒͅ  (2.78) 

ὅὒ ͺ ὅὒ
ͺ

Ўὅὒ
ͺ
Ͻ ‌ ‌

ͺ
Ὥ ͺ ϽÃÏÓῲ ͺ

Ўὅὒͅ  (2.79) 

 

The lift increment due the elevator deflection which is the last term on the Equation 2.78 

and on the Equation 2.79, is obtained by the formulation presented on the Equation 2.80 and on 

the Equation 2.81 which applies the parameters obtained by the graphic of the Figure 2.29. 

 

Ўὅὒ ὅὒ Ͻ(2.80) ‏ 

ὅὒ Ͻ ὅὒ Ͻ† (2.81) 

 

 

Figure 2.29 - Control surface effectiveness parameter (Sadraey, 2013). 

   

Fuselage 

 The theory presented on the bibliography (Roskam, 2000) predicts the lift generated by 

the set wing-fuselage, given by the Equation 2.82 to the Equation 2.84, but, on this work it is 

proposed to estimates the fuselage alone lift as presented on the Equation 2.85 and on the 
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Equation 2.86, which are based on the Equation 2.82, Equation 2.72 and on the Equation 2.75. 

Note that, once more, the lift parcel for the fuselage was defined in terms of aerodynamic 

coefficient. To obtain the value for the lift generated by the fuselage, just apply this result on the 

Equation 2.68. Note that on the Equation 2.82 the lift curve slope of the wing is assumed as 

being the lift curve slope for the biplane equivalent wing. 

 

ὅὒ Ὧ Ͻὅὒ
ͺ

 (2.82) 

Ὧ ρ πȢπςυϽὨ ὦϳ πȢςυϽὨ ὦϳ  (2.83) 

Ὠ ϽὛ  (2.84) 

ὅὒ ὅὒ ͺ
  

ͺ  (2.85) 

ὅὒ ὅὒ Ͻ‌ (2.86) 

 

Airplane lift curve slope 

 The theory do not provide a manner to estimate the lift of the airplane in terms of 

aerodynamic coefficient and its curve slope, so, this work proposes the following method.  

Considering the Equation 2.71 in terms of aerodynamic coefficients, by parametrizing 

each parcel by the aerodynamic area of the biplane wing, and applying it to the right side of the 

Equation 2.69 it become the airplane lift curve slope. 

 

 

2.4.2.5. Drag 

To estimate the drag produced by an airplane in flight, first it is necessary to estimate the 

drag generated by each part of this airplane that is in contact to the air flow. However, on the 

real flight condition occurs interaction between the flows that surrounds these parts, causing 

interferences between them. The theory presented here is simplified and donôt accounts these 

interferences. 

In practical terms considering the development of an airplane, it is recommended to 

make the interface areas with ninety degrees between the parts to be joined, for minimize what 
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is known as interference drag. One way to turn smooth the flow on these regions and in 

consequence reduces the drag is fairing it. 

Before beginning the description of the drag formulation for the airplane, it is necessary 

to explicit one type of drag that is present in all flight condition where a body produces lift, this is 

known as induced drag and is directly related to the lift generated by this body, such drag is 

defined by the Equation 2.87. 

 

ὅὈ
ϽϽ

 (2.87) 

 

 Done the preliminary considerations above, the drag generated by the whole aircraft may 

be defined by the Equation 2.88 that is known as the airplane drag polar. This mathematical 

relation is very important on the assessing of an airplane, once it is related to its performance. 

The equation was adapted for the particularities of the aerodynamic configuration of the aircraft 

UFU-1, and again it is developed in terms of aerodynamic coefficients. One important note must 

be done before the drag formulation itself, that is, all the drag parcels of the Equation 2.88 are 

parametrized in function of the total aerodynamic area of the biplane wing. 

 

ὅὈ ὅὈͺ ὅὈͺ ὅὈ ͺ ὅὈ ͺ ὅὈ ͺ ὅὈ ͺ ὅὈͺ

ὅὈͺ ὅὈ ὅὈ ὅὈ  (2.88) 

 

Wings 

 The method developed here is valid for both wings. The theory (Roskam, 2000) proposes 

the Equation 2.89 for estimate the drag generated by the wing, in this equation the first term 

developed in the Equation 2.90 is related to the condition of zero lift and the second term 

developed in the Equation 2.91 is the induced drag. 

 

ὅὈ ὅὈ ὅὈ  (2.89) 

ὅὈ Ὑ ϽὙ Ͻὅ Ͻρ ὒϽὸὧϳ ρππϽὸὧϳ Ͻ  (2.90) 

ὅὈ
Ͻ Ͻ

 (2.91) 
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 The solution above is valid for a conventional airfoil that produces a turbulent boundary 

layer over almost all its surface, however, if a laminar airfoil is employed on the design of the 

wing, this equation must be substituted by the Equation 2.92. 

 

ὅὈ Ὑ ϽὙ Ͻρ ὒϽὸὧϳ ρππϽὸὧϳ Ͻ
Ͻ Ͻ

 (2.92) 

 

 As defined on the theory (Roskam, 2000) the first term of the Equation 2.89 is due the 

zero lift condition, but, it is function of the airfoil geometric parameters as its thickness, what may 

be associated to the pressure drag, and the friction coefficient what may be associated to the 

skin friction drag. So, it is observed that this first term is valid for estimates when the airfoil was 

not specified yet. 

  This work proposes that the first term of the Equation 2.89 is indeed, the 

characterization of the aerodynamic properties of the airfoil employed on the design of the wing, 

and once this profile is known and is possible to obtain its aerodynamic coefficient data, the first 

term of the wing drag equation may be considered for any lift condition. Based on this, it is 

proposed the Equation 2.93 in substitution of the Equation 2.90 and of the Equation 2.92.   

 

ὅὈ Ὑ ϽὙ ϽὧὨ (2.93) 

 

 The parameters Ὑ , Ὑ , ὅ  and ὒ may be obtained by the Figure 2.30 to Figure 2.33. 
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Figure 2.30 - Wing fuselage interference factor (Roskam and Lan, 1997). 

 

 

Figure 2.31 - Lifting surface correction factor (Roskam and Lan, 1997). 

 



71 

 

Figure 2.32 - Turbulent mean skin friction coefficient (After Roskam and Lan, 1997). 
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Figure 2.33 - Airfoil thickness location parameter (Roskam and Lan, 1997). 

 

 Finally, once the development above was done for a generic wing, and the airplane 

developed here is a biplane, the Equation 2.89 is modified related to the theory by parametrizing 

it for an aerodynamic area ratio, considering the total aerodynamic area of the biplane wing 

which is the sum of the aerodynamic areas of the lower and upper wings, resulting in the 

Equation 2.94 and in the Equation 2.95. To estimate the induced drag for each wing, was 

applied the span efficiency factor defined by the Equation 2.65. 

 

ὅὈͺ ὅὈ
ͺ

ὅὈ
ͺ

Ͻ ͺ

ͺ

 (2.94) 

ὅὈͺ ὅὈ
ͺ

ὅὈ
ͺ
Ͻ ͺ

ͺ

 (2.95) 

 

Canards 

 The drag generated by both canard surfaces are obtained at the same way that were 

obtained for the wings, and is presented by the Equation 2.96 to Equation 2.100. To estimate 

the induced drag for each canard, was applied the span efficiency factor defined by the Equation 

2.65.  

One important note must be done, the lift estimative for the canards presented on the 

topic related to the lift consider the parcel due the elevator deflection, therefore it is not 

necessary to estimate the parcel related to the trimming drag, due the fact that it is computed on 

the parcel of the induced drag of both canards.   
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ὅὈ ὅὈ ὅὈ  (2.96) 

ὅὈ Ὑ ϽὙ ϽὧὨ  (2.97) 

ὅὈ
Ͻ Ͻ

 (2.98) 

ὅὈ ͺ ὅὈ
ͺ

ὅὈ
ͺ

Ͻ ͺ

ͺ

 (2.99) 

ὅὈ ͺ ὅὈ
ͺ

ὅὈ
ͺ
Ͻ ͺ

ͺ

 (2.100) 

 

 This aircraft has boomed fairings on the tips of the canards, and they are considered for 

turn the computation of the whole airplane drag more realistic and in consequence the drag 

polar. For simplification the drag will be considered as just that of the friction type. The drag for 

each fairing is obtained by the Equation 2.101 and the Equation 2.102. 

 

ὅὈ ͺ ͺ ὅ Ͻ  (2.101) 

ὅὈ ͺ ͺ ὅ Ͻ ͺ ͺ

ͺ

 (2.102) 

 

Vertical tails 

 The method used to estimate the drag generated by both vertical tails is the same that 

was employed before, for the wings and canards. The formulation is defined on the Equation 

2.103 to Equation 2.107. To estimate the induced drag for each vertical tail, was applied the 

span efficiency factor defined by the Equation 2.66. 

 

ὅὈ ὅὈ ὅὈ  (2.103) 

ὅὈ Ὑ ϽὙ ϽὧὨ (2.104) 

ὅὈ
Ͻ Ͻ

 (2.105) 

ὅὈͺ ὅὈ
ͺ

ὅὈ
ͺ

Ͻ ͺ

ͺ

 (2.106) 
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ὅὈͺ ὅὈ
ͺ

ὅὈ
ͺ

Ͻ ͺ

ͺ

 (2.107) 

 

 The drag generated by the booms that support the vertical tails surfaces are obtained as 

being just the friction drag, how there are four booms, the Equation 2.108 was defined in a 

generic form and is applicable for all the booms, therefore the parameters as areas for example, 

must be changed as the necessity. For the total drag generated for the airplane this equation 

must be applied four times and added as the term related to the boom on the Equation 2.88.   

 

ὅὈͺ ὅ Ͻ ͺ

ͺ

 (2.108) 

 

Fuselage 

 The theory (Roskam, 2000) predicts that to estimate the fuselage drag, there is a 

component due the area of the cross section of the end of the fuselage called fuselage base-

drag, however, for this aircraft it will not be computed due its configuration characteristics, once 

on this region is installed the engine plus the propeller, what changes completely the pressure 

distribution on this region.  

The formulation adapted for this airplane is presented on the Equation 2.109 to Equation 

2.111, that are solved with the help of the Figure 2.30, Figure 2.32, Figure 2.34 and the Figure 

2.35. 

 

ὅὈ Ὑ ϽὅὪ Ͻρ
ϳ

πȢππςυϽ Ͻ
ͺ

 (2.109) 

ὅὈ
Ͻ Ͻ

ͺ

Ͻ ϽȿȿϽ

ͺ

 (2.110) 

Ὠ ϽὛ  (2.111) 
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Figure 2.34 - Ratio of drag coefficient of a circular cylinder in function of the body fineness 

(Roskam, 2000). 

 

 

Figure 2.35 - Steady state cross-flow drag coefficient for two-dimensional circular cylinder 

(Roskam, 2000). 
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Once the canopy is integrated to the fuselage and its profile is smooth, the CD due the 

canopy was not determined, and the CD calculated for the fuselage is considered for the whole 

fuselage plus canopy. 

 

Landing gear 

 This work proposes that the drag generated by the landing gear legs may be estimated 

considering just the skin friction drag as showed by the Equation 2.112, which is applicable for 

the three legs, remembering that it is necessary to calculate the drag generated by each leg and 

to sum on the Equation 2.88. 

 

ὅὈ ὅ Ͻ
ͺ

 (2.112) 

 

Propeller 

 The theory (Roskam, 2000) predicts that for a propeller that is spinning, the drag may be 

estimated by the Equation 2.113, and for a stopped propeller the drag may be estimated by the 

Equation 2.114, both equations are given in English units. 

 

ὅὈ σσϽ
Ͻ

ͺ

Ͻ  (2.113) 

ὅὈ πȢππρςυϽὲ Ͻ
ͺ

 (2.114) 

 

 

2.4.2.6. Pitch moment 

There are two basic conditions in which the pitch moment of the airplane must be 

obtained, the first is for the take-off rolling and the second must be defined for each flight 

condition as cruise for example, for to trimming the airplane. 

The estimates for the pitch moment will be done in the chapter related to dynamics of 

flight, once it is part of its formulation. 
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2.4.2.7. Wash fields 

When in flight, some parts of the aircraft are under the influence of flow field generated 

by other components of the own aircraft. Considering a wing for example, it perturbs the air flow 

ahead and behind itself, deflecting the air up and down respectively. This angular deflection or 

inclination of the air flow is called upwash for the ahead airflow and is called downwash for the 

airflow behind the wing, as showed on the Figure 2.36. Actually it is valid for any aerodynamic 

surface besides the wing as canard, horizontal tail and vertical tail. The bibliography commonly 

presents this as a rate in function of the angle of attack. The upwash or the downwash are 

represented by the symbols ‐ and ‐ respectively. The Figure 2.37 show the parameters used 

on the estimative of the downwash and upwash fields. 

 

 

Figure 2.36 - Downwash and upwash fields (Brandt). 

 

 

Figure 2.37 - Parameters for downwash and upwash prediction (Brandt). 

 

Downwash field 

There are some formulations for these fields, the most common and simple is that 

showed on the Equation 2.115. As described on the theory (Brandt), for an airplane equipped 

with a conventional horizontal tail, the downwash gradient can be estimated by the empirical 
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Equation 2.116 obtained from a curve fit of experimental data in wind tunnel. This downwash 

field leads to a contribution to the airplane lift curve slope given by the Equation 2.117, if the 

obtainment of the lift increment related to the horizontal tail itself is intended, it is possible to be 

obtained by the modified Equation 2.118. 

 

Ͻ

Ͻ
 (2.115) 

Ј

Ȣ Ͻ
Ӷ
Ͻ Ͻρ  (2.116) 

Ўὅὒ ὅὒ Ͻρ Ͻ  (2.117) 

Ўὅὒ ὅὒ Ͻρ  (2.118) 

 

Upwash field 

 For an airplane equipped with a canard horizontal tail as described on the theory 

(Brandt), the upwash gradient can be estimated by the empirical Equation 2.119 obtained from a 

curve fit of experimental data in wind tunnel for wings with Ώ Ϸ συ
Ј. This upwash field leads 

to a contribution to the airplane lift curve slope given by the Equation 2.120, if the obtainment of 

the lift increment related to the canard itself is intended, it is possible to be obtained by the 

modified Equation 2.121. 

 

πȢσϽὃὙȢ πȢσσϽ
Ӷ

Ȣ Ͻ Ȣ

 (2.119) 

Ўὅὒ ὅὒ Ͻρ Ͻ  (2.120) 

Ўὅὒ ὅὒ Ͻρ  (2.121) 

 

Sidewash field 

 The sidewash field is similar to the downwash and upwash, it is generated due 

distortions on the air flow that surrounds the vertical tail due the wing and fuselage, the symbol 

which designates the sidewash is „. 
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 The theory (Nelson, 1998) predicts that the sidewash gradient may be estimated by 

applying the Equation 2.122, which is function of the vertical tail efficiency. Note by the Figure 

2.38 that the sidewash occurs when the airplane is in a sideslip condition. 

 

– Ͻρ πȢχςτσȢπφϽ
ϳ

πȢτϽ πȢππωϽὃὙ (2.122) 

 

 

Figure 2.38 - Sidewash due the wing (Nelson, 1998).  

 

 For the airplane UFU-1 it is assumed that the vertical tail efficiency is equal to one, and 

the areas considered are the aerodynamic, so the equation for the sidewash gradient was 

modified to the Equation 2.123. 

 

πȢχςτσȢπφϽ
ϳ

πȢτϽ πȢππωϽὃὙ ρ (2.123) 
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Global wash field 

 The bibliography consider the downwash and the upwash fields separately, for 

conventional airplanes and canard aircraft respectively, however, for the airplane UFU-1 it must 

be reassessed, once there are many aerodynamic surfaces in tandem disposition between 

them. 

 This work proposes a new theory named ñglobal wash fieldò, that is a specific flow 

condition in which one determined surface may be immersed. It happens when any aerodynamic 

surface is immersed in a region that is under the effect of more than one downwash or upwash 

fields at the same time, as occurs for the configuration of the airplane UFU-1.  

 For example, considering the lower canard, it is immersed on a wash field that is a 

composition of the upwash due the upper canard and the upwash due the lower wing, the 

upwash due the upper wing may be ignored due its distance from the lower canard.  

Considering the upper canard, it is immersed on a wash field that is a composition of the 

downwash due the lower canard and the upwash due the lower wing, the upwash due the upper 

wing may be ignored due its distance from the upper canard.  

Now, considering the lower wing, it is immersed on a wash field that is a composition of 

the downwash due the upper canard and the upwash due the upper wing, the downwash due 

the lower canard may be ignored due a combination between its vertical and horizontal 

distances from the lower wing, and its area ratio.  

Finally considering the upper wing, it is immersed on a pure downwash field due the 

lower wing, and the wash field due both canards may be ignored.  

If an ideal prediction is desired, all the wash fields generated by each aerodynamic 

surface must be considered, intending to obtain the global wash field in which an aerodynamic 

surface could be.  

Therefore, is proposed the Equation 2.124 that may be used to estimate the lift curve 

slope increment due the global wash field that surrounds any aerodynamic surface. Note that 

there is a correction term which is a span ratio for the aerodynamic surfaces, given by the 

Equation 2.125 and the Equation 2.126. For these equations, if the span of the surface Ὥ or Ὦ is 

bigger than the span of the surface immersed on the wash field the equation must assume the 

value equal to one, once the affected surface will be completely immersed on the wash field 

generated by this surface Ὥ or Ὦ. This lift curve slope increment Equation 2.124 is valid for each 

one of the equations related to the lift generated by the wings and canards presented earlier on 

this text. 
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Ўὅὒ В ὅὒȟ Ͻρ Ͻὃ В ὅὒȟ Ͻρ Ͻὄ (2.124) 

ὃ  (2.125) 

ὄ  (2.126) 

 

 From the Equation 2.124 it is possible to define the expression for the gradient of the 

global wash field, given by the Equation 2.127. 

 

В Ͻὃ В Ͻὄ (2.127) 

 

 Integrating the left hand side of the equation above for an angle of attack equal to zero, it 

is obtained the angle of wash for the aerodynamic surface that is immersed in the global wash 

field, as presented on the Equation 2.128. 

 

ῴ Ͻ‌ ῴ (2.128) 

 

 The angle of downwash for angle of attack equal to zero is defined in the theory (Nelson, 

1998) as given by the Equation 2.129, which is obtained from the Equation 2.115.  

 

‐
Ͻ

Ͻ
 (2.129) 

 

 Assuming that this equation is valid for upwash either, it is proposed the Equation 2.130 

that provides the global wash field angle for angle of attack equal to zero, for a given surface 

immersed in this field. 

 

ῴ В
Ͻ

Ͻ
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Ͻ

Ͻ
Ͻὄ (2.130) 
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2.4.2.8. Aerodynamic centers 

During the development of a new aircraft, several aerodynamics and dynamics of flight 

calculus are dependent from the location of the aerodynamic center of the main aerodynamic 

components as wings and tail surfaces, as well as the lateral area of the complete airplane. Next 

are presented methods to estimate the location of these aerodynamic centers. 

 

Wings AC 

 The aerodynamic center position of a wing is changed due the fuselage interference as 

predicted by the theory (Roskam, 2000) that in this case divided the fuselage in 13 segments, 

but it is not necessary to respect this number of segments. Such aerodynamic center shift is 

given by the Equation 2.131 which was modified substituting the wing reference area for the 

wing aerodynamic area, this equation is solved with the help of the Equation 2.132 and the 

Figure 2.39. The Figure 2.40 is valid for the fuselage segments forward the wing, for the 

segments behind the wing, it is valid the Equation 2.133. As can be observed, this last equation 

is function of the downwash generated by the own wing, therefore, for the downwash gradient 

estimative will be applied the Equation 2.115. 

 

Ўὼ
ϳ

Ͻ ϽӶϽ
 (2.131) 

Ȣ
Ͻ
Ȣ
ϽВ ύ Ͻ ϽЎὼ (2.132) 

Ͻρ  (2.133) 
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Figure 2.39 - Fuselage division for wing aerodynamic center shift estimative (Roskam, 2000). 

 

 

Figure 2.40 - Effect of fuselage segment location on upwash gradient (Roskam, 2000). 
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 The procedure describe above must be repeated for both wings, defining the position of 

the aerodynamic center for each wing, based on these positions the location of the aerodynamic 

center for the equivalent wing may be defined as been the average between both position. 

 

Canards AC 

 Assuming that the canards are aerodynamic surfaces as are the wings and that they are 

installed on the fuselage as well as the wings are installed, it is reasonable that the method used 

for estimate the shift on the aerodynamic center of the wings may be employed to estimate the 

shift on the aerodynamic center of the canards either. 

 

Vertical tails AC 

 As the vertical tail surfaces are not under the interference of the fuselage, there are no 

shifts on its aerodynamic center. 

 

Lateral area of the complete airplane AC 

For estimate the position of the aerodynamic center of the aircraft projected side area, 

the following procedure can be used based on the Figure 2.41, drawing a reference line on the 

nose of the aircraft and dividing de side area into ὲ segments of simple geometry, as square, 

rectangle, circle or triangle.  

The position of the aerodynamic center of the side area of the complete aircraft is given 

by the Equation 2.134. 

 

ὃὅͺ
В Ͻ

В
 (2.134) 

 

 

Figure 2.41 - Airplane projected side area segments (Sadraey, 2013).  
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2.5. DYNAMICS OF FLIGHT 

This chapter is dedicated to develop the theory necessary for the estimative of the flight 

behavior of the aircraft on the three axes, as the static stability, control and the dynamic stability. 

The Table 2.23 presents some reference values for the stability assessing. 

 

Table 2.23 - Stability requirements values (Sadraey, 2013). 

 

 

 The primary control surfaces are designed considering its dynamic effectivity, and there 

are considered too the structural flexibility and the system effects as mechanical losses for 

example. The Table 2.24 presents the reference values for the main parameters used on 

the design of the three primary control surfaces. 

 

Table 2.24 - Typical values for geometry of control surfaces (Sadraey, 2013). 
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 The parameters that indicate the effectiveness of a control surface are the control 

derivatives, these parameters provide the rate of the aerodynamic loads and moments 

expressed in terms of coefficients, and they are proportional to the control surfaces deflection. 

The greater be the value of a given control derivative, the bigger will be the command 

power of the corresponding control surface. The main control derivatives related to the ailerons, 

elevator and rudder are respectively ὅ , ὅ  and ὅ . Finally as the control authority is 

smaller for low speeds, the design of the primary control surfaces is done considering the take-

off and landing conditions. 

All the dynamics of flight of an aircraft is directly dependent of several aerodynamic 

coefficients which are obtained from the flight aerodynamic forces and moments. Therefore, 

despite the bibliography generally to apply the reference areas of the wings and tails on the 

formulation of the dynamics of flight, during the development of this work it was decided to apply 

the aerodynamic areas of these aerodynamic surfaces, once it is much more reasonable, 

considering that actually the aerodynamic forces and moments are generated by the 

aerodynamic areas, having in mind that the region inside the fuselage of these reference areas 

do not generate aerodynamic forces nor moments. The changes between the reference areas 

and the aerodynamic ones will be indicated along the text of this chapter. All the stability 

derivatives and all the control derivatives that are function of the airplane wing parameters had 

such parameters substituted by the parameters of the equivalent biplane wing. 

 As the dynamics of flight is directly affected by the aircraft configuration, next are 

presented the principal concepts related to the configuration adopted on the conception of the 

airplane UFU-1.  

 

Biplane configuration 

Assuming that for a given design weight and consequently a given wing area, a biplane 

airplane will have wings with a smaller span when compared to a monoplane airplane. This 

smaller span leads to a greater rolling maneuver capacity, as bigger angular speeds and 

accelerations, due its smaller moment of inertia on the ὼ axis. 

For the airplane developed here, specifically considering the dynamics of flight, the mean 

aerodynamic chord of the biplane is considered as the length between the leading edge of the 

lower wing and the trailing edge of upper wing, due its large stagger. The mean aerodynamic 

chord is assumed this way once it is important to know the actual positon of the CG relative to 

the άὥὧ during the estimative of the longitudinal static margin of the airplane. 
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Canard configuration 

There are basically two kinds of canards one called lift canard and the other is known as 

control canard as mentioned above in the aerodynamics theory. 

For airplanes in which the canard assumes just the control purpose, the wing is 

responsible for the whole lift generated, and in this case the canard is located very ahead of the 

wing what tend to turn this configuration longitudinally unstable, what in many times requires a 

closed control system. For control canards the dynamic stability can be guaranteed keeping its 

area smaller than ρπϷ of the area of the wing. 

There are many considerations that must be done for the canard configuration, related to 

the in-flight operation and the take-off condition.   

 Considering the take-off operation it is normal to occur some difficulty in generate 

enough lift for lifting the nose of the airplane during the rotation phase. This condition is 

aggravated when the flaps are deflected, what increase the pitch down moment of the wing, in 

this way the canard must be designed for generates enough lift to oppose this bigger negative 

pitch moment. 

 The Figure 2.42 shows that for a canard configuration, when the ὅὋ is located behind the 

ὃὅ of the airplane, it produces a positive pitch moment and for oppose this, the canard should 

genertate negative lift, and for the ὅὋ located ahead of the ὃὅ it produces a negative pitch 

moment which is nullified by a positive lift generated by the canard for trimming the airplane. 

 

 

Figure 2.42 - Canard airplane CG location (After Sadraey, 2013). 
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Considering in flight conditions, the trimming drag is normally smaller than that observed 

on a conventional airplane what lead to a higher ὒὈϳ  ratio, once the canard generally produces 

positive lift. The static margin related to the longitudinal stability tends to be smaller than that 

observed in conventional airplanes, what lead to a smaller longitudinal stability. Therefore, a 

challenge on the designing of a canard aircraft is to define the location of the fuel tank, which 

preferably should be located near the ὅὋ intending avoid its broad movement during the aircraft 

operation. 

During the pitch up maneuvers, canard aircrafts faces another challenge that is its 

longitudinal destabilization, once the canard surface has its lift increased while the angle of 

attack increase and the effective lift generate by the wing decreases due the downwash 

produced by the canard, what produces a pitch up movement of the airplane. For avoid this 

condition the airplane must be designed on a way that the canard stalls first than the wing, 

obtaining a longitudinal stable and safe configuration, which leads to a good pitch break 

behavior, preventing the aircraft to have a divergent pitch movement. Therefore, is 

recommended that in a canard aircraft the wing be placed behind the ὅὋ, what will produces a 

stabilizing pitch moment compared to that produced by the canard, but it is necessary to ensure 

that the canard will always stalls first than the wing, intending avoid the called deep stall, a 

catastrophic flight condition. 

 To conclude, it is interesting make two more considerations, the first is that for a 

complete movable canard surface deflected down around τυЈ, it may put down the airplane nose 

practically in any flight condition, but in this case it is required a complex control system. The 

second is that airplanes with canard configuration normally have lighter structure, due the 

canard contribution for a positive lift, what turn the structure of the wing a bit smaller and lighter. 

 

Pusher configuration 

The literature indicates that such a configuration tend to increases the longitudinal and 

directional stability, compared to the tractor configuration. 

One disadvantage is the back shift on the ὅὋ location, what decreases the longitudinal 

stability of the aircraft. Specifically related to the longitudinal static stability, the more behind of 

the ὅὋ to be located the propeller, better will be this stability behavior. 
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2.5.1. Longitudinal static stability 

For an aircraft to be longitudinal statically stable it must produce a restoring moment 

when disturbed from an equilibrium flight condition. The Figure 2.43 shows the pitch curve for 

two distinct aircrafts, the airplane one present a stable behavior once its pitch moment is a 

restoring one, while the airplane two presents an unstable behavior due its divergent pitch 

moment. Analyzing these two curves, it is observed that for an airplane to be longitudinal 

statically stable it would have a negative pitch moment curve slope as given by the Equation 

2.135, the Table 2.23 present typical values for this static stability derivative. 

 

 

Figure 2.43 - Pitch moment curves (Nelson, 1998). 

 

π (2.135) 

 

 The longitudinal static stability of an aircraft is usually measured at its ὅὋ, leading to the 

Equation 2.136, which was defined specifically for the airplane UFU-1. 

 

ὅά ὅά
ͺ

ὅά
ͺ

ὅά
ͺ

ὅά
ͺ

ὅά  (2.136) 
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2.5.1.1. Wings contribution 

The contribution of each wing for the longitudinal static stability is obtained by applying 

the following formulation for both, lower and upper wings. 

 

ὅά ὧά ὅὒ ϽὬ Ὤ  (2.137) 

Ὤ
Ӷ

 (2.138) 

ὅά ὅὒ ϽὬ Ὤ  (2.139) 

ὅά ὅά ὅά Ͻ‌ (2.140) 

 

 

2.5.1.2. Canards contribution 

Conventional tail theory 

The bibliography (Nelson, 1998) defines the contribution of a conventional horizontal tail 

to the longitudinal static stability as described on the formulation showed below. The Equation 

2.141 is the effective angle of attack of the horizontal tail, the Equation 2-5-9 provides the pitch 

moment coefficient on the ὅὋ of the aircraft. After some mathematical manipulation there are 

obtained the Equation 2.144 and the Equation 2.145 that are the two parcels of the pitch 

moment coefficient at the ὅὋ of the aircraft. Note that the ratio Ὠ‐Ὠ‌ϳ  denotes the rate of the 

downwash field produced by the wing, in which the horizontal tail is immersed, and ‐ is the 

angle of downwash for the wing at angle of attack equal to zero. 

 

‌ ‌ Ὥ ‐ Ὥ  (2.141) 

ὅὒ ὅὒ Ͻ‌  (2.142) 

ὅά – Ͻὠ Ͻὅὒ ὅά ὅά Ͻ‌ (2.143) 

ὅά – Ͻὠ Ͻὅὒ Ͻ‐ Ὥ Ὥ  (2.144) 

ὅά – Ͻὠ Ͻὅὒ Ͻρ  (2.145) 
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Lower canard contribution 

 For the contribution of the lower canard to the longitudinal static stability, some 

modification on the theory of the conventional horizontal tail had to be proposed as described 

below.  

The Equation 2.146 is the effective angle of attack of the lower canard, note that the 

terms of the angles of incidence of both wings and of the upper canard are not considered due 

the fact of these aerodynamic surfaces to be located behind the lower canard. The Equation 

2.148 provides the pitch moment coefficient on the ὅὋ of the aircraft. As done above, proceeding 

some mathematical manipulation the parcels of the pitch moment coefficient equation of the 

lower canard were obtained and presented on the Equation 2.149 and on the Equation 2.150. 

 The ratio Ὠ‐ͅ Ὠ‌ϳ  denotes the rate of the upwash field produced by the lower wing 

and the ratio Ὠ‐ ͺ Ὠ‌ϳ  denotes the rate of the upwash field produced by the upper canard, 

the sum of both represents the rate of the global wash field surrounding the lower canard. The 

term ‐
ͺ

 is the angle of upwash for the lower wing at angle of attack equal to zero 

and the term ‐
ͺ

 is the angle of upwash for the upper canard at angle of attack 

equal to zero. Note that the lower canard volume coefficient is negative due its position 

ahead the location of the ὅὋ of the aircraft, the equations as presented here do not account 

for its negative sign. The obtainment of the lower canard volume coefficient may be done 

applying the Equation 2.32 replacing the reference areas by the aerodynamic ones. The tail arm 

ὰ  in the Equation 2.32 is correctly obtained as being the distance between the point at ςυϷ of 

the canard mean aerodynamic chord and the ὅὋ location of the airplane. 

 

‌ ͺ ‌ ‐ͺ ‐ ͺ Ὥ ͺ  (2.146) 

ὅὒ ͺ ὅὒ
ͺ
Ͻ‌ ͺ  (2.147) 

ὅά – Ͻὠ Ͻὅὒ ὅά ὅά
ͺ
Ͻ‌ (2.148) 

ὅά ὧά – Ͻὠ Ͻὅὒ Ͻ‐
ͺ

‐
ͺ

Ὥ ͺ  

(2.149) 

ὅά – Ͻὠ Ͻὅὒ Ўὅὒ Ͻρ ͺ ͺ  (2.150) 
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Upper canard contribution 

 Applying the same procedure used on the development of the contribution of the lower 

canard, it is defined the contribution of the upper canard for the longitudinal static stability. 

The Equation 2.151 is the effective angle of attack of the upper canard, note that again, 

the terms of the angles of incidence of both wings are not considered due the fact of these 

aerodynamic surfaces to be located behind the upper canard. The Equation 2.153 provides the 

pitch moment coefficient on the ὅὋ of the aircraft. The same mathematical manipulation was 

done, obtaining the two parcels of the pitch moment coefficient equation of the upper canard, 

presented on the Equation 2.154 and on the Equation 2.155. 

 The ratio Ὠ‐ͅ Ὠ‌ϳ  denotes the rate of the upwash field produced by the lower wing 

and the ratio Ὠ‐ ͺ Ὠ‌ϳ  denotes the rate of the downwash field produced by the lower 

canard, the sum of both represents the rate of the global wash field surrounding the upper 

canard. The term ‐
ͺ

 is the angle of upwash for the lower wing at angle of attack 

equal to zero and the term ‐
ͺ

 is the angle of downwash for the lower canard at 

angle of attack equal to zero. Note that as mentioned for the lower canard, the upper 

canard volume coefficient is negative due its position ahead the location of the ὅὋ of the 

aircraft, the equations as presented here do not account for its negative sign. The obtainment of 

the upper canard volume coefficient is done the same way that was performed for the lower 

canard. 

 

‌ ͺ ‌ ‐ͺ Ὥ ͺ ‐ ͺ Ὥ ͺ  (2.151) 

ὅὒ ͺ ὅὒ
ͺ
Ͻ‌ ͺ  (2.152) 
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ὅά ὧά – Ͻὠ Ͻὅὒ Ͻ‐ Ὥ ‐ Ὥ ͺ   

(2.154) 

ὅά – Ͻὠ Ͻὅὒ Ўὅὒ Ͻρ
Ὠ‐ͅ

Ὠ‌

Ὠ‐ ͺ

Ὠ‌
 

 (2.155) 
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2.5.1.3. Fuselage contribution 

An estimative for the fuselage contribution to the longitudinal static stability may be done 

based on its shape, the procedure for this estimative is described below starting on the Equation 

2.156 to the Equation 2.158. These equations are solved with the help of the Figure 2.39 and 

the Figure 2.40, with the help of the Figure 2.44 and the Figure 2.45 and with the Equation 

2.133. These equations are given for the basic linear dimensions in foot. 

 

ὅά ὅά ὅά Ͻ‌ (2.156) 

ὅά
ȢϽ

ͺ
ϽӶͺ

ϽВ ύ Ͻ‌ Ὥ ϽЎὼ (2.157) 

ὅά
ȢϽ

ͺ
ϽӶͺ

ϽВ ύ Ͻ ϽЎὼ   ρЈϳ  (2.158) 

 

 

Figure 2.44 - Fuselage segmentation (Nelson, 1998). 
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Figure 2.45 - Fuselage fineness ratio (Nelson, 1998). 

 

 

2.5.1.4. Stick fixed neutral point & Static margin 

The estimative of the neutral point for the airplane is proposed on the Equation 2.159, 

changing that defined on the bibliography (Nelson, 1998) for a conventional airplane.  

On the Equation 2.159 the parcels ὨῴὨ‌ϳ  are the rate of the global wash field 

surrounding the lower canard and surrounding the upper canard, and there are considered the 

biplane wing mean aerodynamic chord. The static margin is obtained by the Equation 2.160. 

 

Ӷ Ӷ
– Ͻὠ Ͻ Ͻρ – Ͻὠ Ͻ

ͺ

ͺ

Ͻρ ͺ  (2.159) 

ὑ ὢ ͺ

Ӷͺ
 (2.160) 

 

 

2.5.2. Longitudinal control 

The control surface responsible for the longitudinal control, that is, responsible for the 

pitch change of the airplane is the elevator. 
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2.5.2.1. Elevator dimensioning considerations 

This primary control surface normally has between ωπϷ and ρππϷ of the length of the 

trailing edge of the horizontal tail. Considering an airplane of the experimental/general category, 

the main relation of design and its reference value is ὅ ὅϳ πȟτυ. 

The design of the elevator is based in four main parameters which are Ὓ, ὅ, ὦ and its 

maximum positive and negative deflection ‏Ȣ , the positive deflection is that for which the 

elevator is deflected down and negative when deflected up. Typical values for these parameters 

are presented on the Table 2.24. 

 The control and trim of the airplane are the basic functions of the elevator, considering 

the longitudinal stability its influence is secondary. The effectivity of the elevator is dependent of 

its aerodynamic area and moment arm, another parameter relevant is the hinge moment that 

impacts directly the force that the pilot will apply for move this control surface. So, special 

attention must be payed to this, the aerodynamic balance and mass balance may be employed 

helping adjust the value of the hinge moment related to the elevator, what contribute yet, for 

aspects related to the aeroelasticity. 

 The maximum deflection of the elevator must be defined avoiding the boundary layer 

separation over the upper surface of the horizontal tail, and in consequence, inducing its 

premature stall. It is important keep in mind that for the horizontal tail near its stall angle, a small 

deflection of the elevator may be enough for cause the stall of the surface. 

 If during the designing of the elevator its chord surpass υπϷ of the chord of the 

horizontal tail, it is recommended change the design and use a comple movable horizontal tail, 

for avoid the premature stall of the surface.  

 

 

2.5.2.2. Longitudinal control derivatives 

The power of control of the elevator is defined basically by three control derivatives 

ὅά , ὅὒ‏Ὁ and ὅὒ , this last one was already defined in the aerodynamic theory chapter by 

the Equation 2.81. The first two derivatives are defined by the Equation 2.161 and by the 

Equation 2.162. Note that for ὅά  it will assume a positive value due the fact that for the 

canards their volume coefficients are negative as explained before. These two equations are 

valid for both elevators that are installed on each canard. For airplanes equipped with 
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conventional horizontal tail the Equation 2.161 present commonly the ὅά πȢς ὸέ

πȢτ ρὶὥὨϳ  values. 

 

ὅά ὅὒ Ͻ– Ͻὠ Ͻ Ͻ† (2.161) 

ὅὒ ὅὒ Ͻ– Ͻ
ͺ

Ͻ Ͻ† (2.162) 

 

 

2.5.2.3. Take-off rotation 

For an aircraft with landing gear of tricycle kind, during the take-off running with a weight 

configuration in which the ὅὋ location is the most ahead as possible, is recommended by 

regulation that the elevator must produce enough power to rotate the airplane at its main landing 

gear leg for a running speed of ὠ πȟψϽὠ . 

 The designing of the elevator considering the take-off rotation is done by summing all the 

moments produced by the components of the aircraft at the main landing gear leg as presented 

on the Figure 2.46, and given by the Equation 2.163. For the airplane UFU-1 is considered the 

Equation 2.164. Note that for all the moment equations it is not considered the sign of each 

moment parcel, which assume positive sign for clockwise direction and negative for counter 

clockwise. 

 

Вὓ Ὅ Ͻ— ὓ ὓ ὓ ὓ ὓ ὓ ὓ ὓ  (2.163) 

 

 

Figure 2.46 - Forces and moments during the take-off rotation (Sadraey, 2013). 
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Вὓ Ὅ Ͻ— ὓ ὓ ὓ ὓ ὓ ͺ ὓ ͺ ὓ ὓ ͺ ὓ ͺ

ὓ  (2.164) 

Ὅ Ὅ άϽὨ  (2.165) 

ὓ ὓ
ͺ

ὓ
ͺ

ὓ ὓ
ͺ

ὓ
ͺ

 (2.166) 

ὓ ὓ
ͺ

ὓ
ͺ

ὓ ὓ
ͺ

ὓ
ͺ

ὓ
ͺ

ὓ
ͺ

 (2.167) 

 

 By solving the Equation 2.164, is obtained the pitch angular acceleration of the airplane, 

as reference, the Table 2.25 present typical values for some airplane categories.  

 

Table 2.25 - Take-off rotational acceleration for various aircraft (Sadraey, 2013). 

 

 

 

2.5.2.4. Longitudinal trim 

Trim longitudinally the aircraft, is desired for some flight condition as cruise, climb and 

descent. The longitudinal trim is obtained when the summation of the moments at the ὅὋ of the 

aircraft is equal to zero. 

The elevator must be capable to trim the airplane in any flight condition and for any ὅὋ 

location. For design purpose the cruise is the main flight condition considered, in which is 

desired to maintain the elevator at a deflection angle equal to zero. The Equation 2.168 and the 

Equation 2.169 are employed on the elevator design for trim purpose, and the Figure 2.47 show 

graphically the trim condition for a generic airplane at cruise flight. 
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‏

Ͻ

Ͻ ͺ Ͻ ͺ
Ͻ Ͻ

Ͻ Ͻ
 (2.168) 

ὅ ὅὒ ὅ Ͻ‌ ὅ Ͻ(2.169) ‏ 

 

 

Figure 2.47 - Typical variation of elevator deflection versus aircraft speed (Sadraey, 2013). 

 

 Once the airplane is in the longitudinal trim condition, it is possible to obtain its angle of 

attack by the Equation 2.170. 

 

‌

Ͻ

Ͻ ͺ Ͻ ͺ
Ͻ Ͻ

Ͻ Ͻ
 (2.170) 

 

 

2.5.3. Lateral static stability 

For an aircraft to present a lateral static stable behavior, it must produce a restoring 

rolling moment when disturbed from a leveled wing flight attitude. Due the coupling that exists 

between the lateral and the directional axis, the restoring rolling moment may be defined in term 

of a yawing disturb as presented on the Figure 2.48 which show two conditions, one for an 

aircraft with stable behavior and other for an aircraft with unstable behavior. 
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The lateral static stability is function of the wing parameters as dihedral, sweep, its 

location relative to the fuselage and also is dependent of the shape of the vertical tail. From all 

these parameters the one which most impact the lateral static stability is the wing dihedral. 

 

 

Figure 2.48 - Static roll stability (Nelson, 1998). 

 

 As can be observed by the figure, for an aircraft to present a stable behavior, it would 

have a negative rolling moment curve slope as given by the Equation 2.171. For to estimate the 

roll static stability of an airplane, considering that the wing dihedral is the parameter that most 

contribute to it, may be applied the Equation 2.172, with the help of the Figure 2.49. 

 

π (2.171) 

ὅὰ Ͻῲ Ўὅὰ (2.172) 

 

 

Figure 2.49 - Tip shape and aspect ratio effect on ὅὰ (Nelson, 1998). 
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2.5.4. Lateral control 

The control surface responsible for the lateral control, that is, responsible for rolling the 

airplane is the aileron. 

 

 

2.5.4.1. Aileron dimensioning considerations 

The chord of the aileron normally has between ρυϷ and ςυϷ of the chord of the wing. 

When positioning the aileron on the wing, it is recommended avoid coinciding its tip to the wing 

tip, once the wing tip vortex may decrease the aileron effectivity. The Figure 2.50 shows the 

historic tendency for the dimensions of the ailerons.  

 

 

Figure 2.50 - Aileron guidelines (Raymer, 2006). 

 

 The rolling moment generated by the aileron is dependent of its size, deflection, and 

distance to the longitudinal axis of the aircraft. Different of the elevator and of the rudder which 

are displacement control surfaces, the aileron is a rate control. As well as for the elevator, the 

hinge moment related to the aileron will directly affect the force exercised by the pilot for move it.  
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 There are four main parameters that must be considered during the design of the aileron 

Ὓ, ὦ, ὅ and ‏Ȣ , the typical values for these parameters are presented on the Table 2.24. 

Another reference relation is the ratio between the position of the internal chord of the aileron 

and the wing span given by ὦ ὦϳ πȟφ ὥ πȟψ. The Figure 2.51 presents these basic geometric 

parameters. 

 

 

Figure 2.51 - Geometry of aileron (a) top view; (b) side view (Sadraey, 2013). 

 

 Due the existence of the coupling between the lateral and the directional axis, when the 

ailerons are deflected it may induce a yawing movement known as adverse yaw. For avoiding 

this movement during a turning maneuver, the aileron installed on the semi-wing that is, at the 

outside of the curve will need to be deflected down in an angle lower than that which will be 

deflected up by the aileron installed on the semi-wing which is at the inside of the curve. By 

ensuring this combined movement of both ailerons panels, the induced drag generated by them 

will have the same magnitude avoiding the adverse yaw. The flight conditions in which the 

adverse yaw must be avoided are that in low speed, which could induce a departure of the 

aircraft. 

 Considering the explanation above, it is concluded that the rolling moment generated by 

both ailerons panel must be the same in magnitude and direction, this condition is obtained by 

the relations showed on the Equation 2.173 to the Equation 2.176. 

 

Ὀᾭ Ὀᾭ  (2.173) 

ὠͺ ‫ϽὙͺ  (2.174) 



102 

ὠͺ ‫ϽὙͺ  (2.175) 

ͺ

ͺ

ͺ

ͺ
 (2.176) 

 

Therefore, considering for example a turning for the left, will be obtained the following 

relations Ὑͺ Ὑͺ , which leads to ὠͺ ὠͺ , which finally lead to ‏ͺ ͺ‏ . 

 When the ailerons are deflected more than ςπЈ or ςυЈ in some cases, the air flow over it 

will tend to separate inducing its stall, and consequently decreasing drastically its effectivity. This 

condition is aggravated if the aircraft is at high angle of attack, on situations like this, small 

deflections are enough for induce the air flow separation. 

 

 

2.5.4.2. Rolling estimate 

The dimensioning of the ailerons for rolling is based on the Equation 2.177 to the 

Equation 2.180 which were obtained specifically for the airplane UFU-1, by modifying that 

showed on the bibliography (Sadraey, 2013) substituting the reference areas by the 

aerodynamic ones. The Figure 2.52 indicates the parameters employed in this dimensioning. 

 

 

Figure 2.52 - Incremental change in lift and drag in generating a rolling motion (Sadraey, 2013). 

 

ὒ ςϽЎὒϽώ (2.177) 

ὴ  (2.178) 
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ὴ
Ͻ

Ͻ
ͺ ͺ ͺ ͺ

Ͻ Ͻ
 (2.179) 

᷿ ὴϽὨ• ᷿ ὴϽὨὴ (2.180) 

 

 

2.5.4.3. Lateral stability and control derivatives 

The rolling derivative of an aircraft is dependent of some other static stability and control 

derivatives that are relative to the aircraft aerodynamic configuration and its flight condition, as 

defined on the Equation 2.181. 

 

ὅὰ ὅὰϽ‏ ὅὰ Ͻὴ ὅὰϽ‏ ὅὰ Ͻ‍ ὅὰ Ͻὶ  (2.181) 

 

 For an aircraft symmetric relative to the plane ὼᾀ in a flight condition with no sideslip and 

no deflection of the rudder, the equation above may be reduced taking the form presented on 

the Equation 2.182.  

 

ὅὰ ὅὰϽ(2.182) ‏ 

 

The control derivative relative to the aileron is obtained by the Equation 2.183 which is 

solved with the help of the Figure 2.29 and the help of the Figure 2.52. The aileron displacement 

is computed considering both panels as presented on the Equation 2.184. The Equation 2.183 

was obtained by modifying the original equation given at the bibliography (Sadraey, 2013) to 

represent the geometric characteristics of the biplane wing, once these characteristics are 

different from that of both lower and upper wings.  

 

ὅὰ
Ͻ

ͺ
Ͻ Ͻ

ͺ

ͺ
Ͻ ͺ

Ͻ Ͻ ͺ

ͺ
Ͻώ  (2.183) 

‏ πȟυϽ‏ ‏  (2.184) 

 

Related to the rolling speed of the airplane there is a derivative which contribute the 

lateral stability of the aircraft, given by the Equation 2.185, this derivative is the roll damping 

coefficient due the wing surface. 
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ὅὰ Ͻ
Ͻ ͺ

ͺ
 (2.185) 

 

 

2.5.5. Directional static stability 

An aircraft is said to be directional statically stable if when a yaw disturbed occur, the 

aircraft produce a restoring yawing moment, the Figure 2.53 presents two conditions for a 

generic aircraft when directionally disturbed. As can be observed, for an airplane to be 

directional statically stable it should have a positive yawing moment curve slope as given by the 

Equation 2.186, the Table 2.23 present typical values for this static stability derivative.  

 

 

Figure 2.53 - Static directional stability (Nelson, 1998). 

 

π (2.186) 

  

The directional static stability curve slope of an aircraft is usually measured at its ὅὋ, 

leading to the derivative of stability presented on the Equation 2.187, which was defined 

specifically for the airplane UFU-1. 

 

ὅὲ ὅὲ
ͺ

ὅὲ
ͺ

ὅὲ
ͺ

 (2.187) 
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2.5.5.1. Wing-Fuselage contribution 

Considering that the influence of the wings in the directional stability of an aircraft is 

neglectable, and the fuselage present a non neglectable influence, it is common to estimate the 

influence of them together, by applying an empirical formulation given by the bibliography 

(Nelson, 1998) and presented on the Equation 2.188. Such equation was adapted for the 

aerodynamic characteristics of the airplane here developed, considering the parameters of the 

biplane wing, this equation is solved with the help of the Figure 2.54 and the Figure 2.55.  

As can be noted by the negative signal, this equation assume that the fuselage is 

directionally destabilizing, however, it is reasonable suppose that the fuselage will be 

destabilizing if the aerodynamic center of the projected side area is located ahead of the ὅὋ of 

the airplane, and will be stabilizing if such aerodynamic center is located behind the ὅὋ of the 

airplane, being necessary to change the signal of the Equation 2.188. 

 

ὅὲ
ͺ

ὯϽὯ Ͻ ͺϽ

ͺ
Ͻ ͺ

 (2.188) 

 

 

Figure 2.54 - Wing body interference factor (Nelson, 1998). 
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Figure 2.55 - Reynolds number correction factor (Nelson, 1998). 

 

 

2.5.5.2. Vertical tails contribution 

The vertical tail is the responsible for turn the aircraft directionally stable, this derivative 

of stability is estimated by the Equation 2.189 that may be applied for both vertical tail surfaces 

of the airplane UFU-1. The sidewash rate is given by the Equation 2.123. 

The obtainment of the vertical tail volume coefficient may be done applying the Equation 

2.33 replacing the reference areas by the aerodynamic areas. The tail arm ὰ  in this equation is 

correctly obtained considering that it is the distance between the point at ςυϷ of the vertical tail 

mean aerodynamic chord and the ὅὋ location of the airplane. 

 

ὅὲ ὠ Ͻ– Ͻὅὒ Ͻρ  (2.189) 

 

 

2.5.6. Directional control 

The control surface responsible for the directional control, that is, responsible for yawing 

the aircraft is the rudder. 
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2.5.6.1. Rudder dimensioning considerations 

The span of the rudder in low performance aircrafts normally cover between ωπϷ to 

ρππϷ of the length of the trailing edge of the vertical tail, but, for aircrafts of high performance it 

has chord of big size and its span is reduced for length up to υπϷ of the span of the vertical tail, 

these geometric characteristics are defined intending to avoid the command reversal. Typical 

values for these parameters are presented on the Table 2.24. For an airplane of the 

experimental/general category the ratio between chords is around ὅ ὅϳ πȢτ. 

 The parameters of design of a rudder are based on the two basic functions that it 

exercises, directional control and directional trim. As the behavior of an aircraft due the 

deflection of ailerons and rudder are coupled, it is recommended that both be designed at the 

same time. Although the elevator and the rudder to be displacement control devices, the design 

of the rudder is more complex than that employed for elevators. The Figure 2.56 shows two 

possible geometry for the design of a rudder. 

 

 

Figure 2.56 - Possible geometries for a rudder (After Sadraey, 2013). 

 

The rudder must comply its function along all the flight phases, the six main functions of 

the rudder are presented on the Table 2.26. 
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Table 2.26 - Rudder design requirements (Sadraey, 2013). 

 

 

 As presented by the table above, for a multi-engine airplane asymmetric thrust is the 

most important parameter for the rudder design, for a single-engine the maximum cross wind at 

landing is the most important parameter, and so on. For a single-engine airplane it is suggested 

that the minimum control speed for rudder could be ὠ πȟψϽὠ, during the take-off run. 

 

 

2.5.6.2. Yawing estimate 

By convention, the positive rudder deflection is to the left and the negative deflection is to 

the right, considering the reference of the pilot. The positive deflection of the rudder generates a 

positive side force, which is the vertical tail lift ὒ , causing a positive yawing moment, aircraft 

nose for left side as showed by the Figure 2.57. 
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Figure 2.57 - Directional control and rudder deflection (Sadraey, 2013). 

 

For a symmetric aircraft relative to the ὼᾀ plane, in a flight configuration with no side slip 

angle and no deflection of ailerons, the yawing moment may be define by the Equation 2.190 

given at the bibliography (Sadraey, 2013), which is valid for both vertical tails of the airplane 

here developed. 

 

ὔ ὰ Ͻὒ ή ϽὛ
ͺ
Ͻὦ ͺ Ͻὅὲ  (2.190) 

ὒ ή ϽὛ Ͻὅὒ  (2.191) 

ή Ͻ” Ͻὠ  (2.192) 

 

As mentioned above, for a single-engine aircraft the most critical condition for rudder 

dimensioning is landing at cross wind condition. Pilots can conduce the landing in two ways, 

applying a maneuver called crabbing, where the wings are maintained leveled and a drift is 

generated by the rudder tracking the center line of the runway; or applying a maneuver called 

steady sideslip, where the fuselage is maintained aligned to the runway center line applying 

simultaneously the inner wind aileron and the opposite rudder deflection to correct the drift.  

 The dimensioning of the rudder for cross wind will be done considering the crabbing 

maneuver, which is shown on the Figure 2.58, and has its parameters presented on the 

Equation 2.193 to the Equation 2.195. 
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Figure 2.58 - Forces and angles in cross-wind crabbed landing (Sadraey, 2013). 

 

‍ ὸὥὲ  (2.193) 

ὠ Ὗ ὠ  (2.194) 

Ὂ Ͻ” Ͻὠ ϽὛϽὅ  (2.195) 

 

The sideslip angle is what generates the yawing moment ὔ  and the aerodynamic side 

force Ὂ  at the aircraft. In order to react these force and moment, the rudder must be deflected 
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to align the aircraft flight direction to the runway center line, generating a ñliftò ὒ  on the vertical 

tail and a crab angle „. The Equation 2.196 to the Equation 2.198 are the three governing ones. 

 

Вὔ π ὔ Ὂ ϽὨϽÃÏÓ„ (2.196) 

ВὊ πO ὝϽÃÏÓ„ Ὀ (2.197) 

ВὊ πO Ὂ Ὂ  (2.198) 

 

 From the three equations above it is obtained a system of two equations and two 

unknowns ‏ and „ that provide the rudder deflection and crab angle, given by the Equation 

2.199 and the Equation 2.200. 

 

Ͻ” Ͻὠ ϽὛ Ͻὦ Ͻὅὲ ὅὲ Ͻ‍ „ ὅὲ Ͻ‏ Ὂ ϽὨϽÃÏÓ„ π       (2.199) 

Ͻ” Ͻὠ ϽὛϽὅ Ͻ” Ͻὠ ϽὛ Ͻὅώ ὅώ Ͻ‍ „ ὅώϽ‏ π       (2.200) 

 

Once the development of the theory for the rudder design was presented above, it is 

important use it together to the certification rules as for example that described by CS-VLA 

article 233, which determine that a very light aircraft should be able to land at a ωπЈ cross wind 

up to ρπ Ὧὸ. Other important regulation regarding rudder dimensioning is FAR Part 23 section 

233, which determine that the airplane of general aviation should be able to land at a ωπЈ cross 

wind with velocity not less than πȟςϽὠ . 

 

 

2.5.6.3. Directional stability and control derivatives 

For all the theory developed next, the terms developed for the generic vertical tail of a 

conventional airplane, are valid for both vertical tails of the airplane UFU-1.  

The main static derivative related to the directional stability and control is that presented 

on the Equation 2.201, which is the yaw moment coefficient of the aircraft.  

 

ὅὲ ὅὲ ὅὲ Ͻ‍ „ ὅὲ Ͻ‏ ὅὲ Ͻὶ ὅὲ Ͻ(2.201) ‏ 
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Note that for the aircraft developed in this work, the following derivatives must be applied 

for each vertical tail. 

 

Yaw moment derivatives 

On the Equation 2.201, the parcel ὅὲ π for an airplane symmetric relative to the plane 

ὼᾀ, as is the airplane UFU-1.  

The Equation 2.202 is the directional control derivative due the rudder deflection and is 

solved with the help of the Figure 2.29, the Equation 2.203 is the directional derivative due the 

non-dimensional yaw speed, and the Equation 2.204 is the non-dimensional yaw speed, all 

defined on the bibliography (Nelson, 1998). By similarity the non-dimensional roll speed may be 

defined the same way as was defined the non-dimensional yaw speed, and is presented on the 

Equation 2.205. The derivative given by the Equation 2.203 is the one that most affect the 

dynamic characteristics, and it is strongly stabilizing when negative. 

 

ὅὲ ὅὒ Ͻὠ Ͻ– Ͻ†Ͻ  (2.202) 

ὅὲ ςϽὅὒ Ͻὠ Ͻ– Ͻ
ͺ

 (2.203) 

ὶ
Ͻ ͺ

Ͻ
 (2.204) 

ὴ
Ͻ ͺ

Ͻ
 (2.205) 

 

Yaw y-force derivatives 

 On the Equation 2.200, the parcel ὅώ π for an airplane symmetric relative to the plane 

ὼᾀ, as is the airplane UFU-1. 

 The Equation 2.206 to the Equation 2.208 present the y-force derivatives related to the 

directional stability and control.  

 

ὅώ ὑ Ͻὅὒ Ͻρ Ͻ– Ͻ
ͺ

 (2.206) 

ὅώ ὅὒ Ͻ– Ͻ†Ͻ Ͻ
ͺ

 (2.207) 
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ὅώ ςϽὅώ Ͻ
ͺ

 (2.208) 

 

 

2.5.7. Lateral-Directional static stability & control coupling 

The aircrafts normally present coupling between the lateral and the directional axis 

because they are not symmetric relative to the ὼώ plan, this fact is confirmed by inspecting the 

Equation 2.181 and the Equation 2.201, in these equations are found parcels that represent the 

coupling between these axis, that is, rolling derivative due the yaw and yawing derivative due the 

roll. Next are presented the equations for these stability and control derivatives. 

 

Lateral derivatives 

 The derivatives to be presented here are responsible for to contribute to the rolling 

moment generated by the aircraft, and are produced or by the rudder deflection or by the yawing 

movement of the airplane. 

 

ὅὰ
ͺ

Ͻ
ͺ
Ͻ†Ͻὅὒ

ͺ
 (2.209) 

ὅὰ ςϽ
ͺ
Ͻ

ͺ
Ͻὅώ  (2.210) 

 

Directional derivatives 

 The derivatives presented here are responsible for to contribute to the yawing moment 

generated by the aircraft, and are produced or by the ailerons deflection or by the rolling 

movement of the aircraft. The Equation 2.211 that is the yaw moment coefficient due the 

ailerons deflection is solved with the help of the Figure 2.59. 

 

ὅὲ ςϽὑϽὅὒϽὅὰ (2.211) 

ὅὲ  (2.212) 
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Figure 2.59 - Empirical factor for ὅὲ  estimate (Nelson, 1998). 

 

 

2.5.8. Longitudinal dynamic stability 

The longitudinal dynamic behavior of an aircraft is basically characterized by two distinct 

movements that are known as short period and phugoid, the first is defined by a short period and 

high frequency movement and the second is defined by a long period and low frequency 

movement.  

Normally the short period movement is that of bigger interest in the assessing of the 

flying qualities of an aircraft. For assessing the dynamic longitudinal stability the weight 

configuration of the aircraft as presented in the Figure 2.9 is the most important parameter, 

being highly recommended that the lowest weight at the most behind ὅὋ should be evaluated, 

once in this weight configuration the airplanes tend to present a poor longitudinal stability 

characteristic.   

Next is developed the theory necessary for estimate these two longitudinal movements of 

an aircraft. 
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2.5.8.1. Longitudinal characteristic equation 

The longitudinal motion of an aircraft may be approximated by the characteristic second 

order differential Equation 2.213, which represents a damped oscillation of a given system that 

in this case, may be considered as being the aircraft in flight at the atmosphere. Its roots are 

given by the Equation 2.214, and are the mathematical model for both dynamic longitudinal 

motions, the short period and the phugoid. The elements of these two equations are given by the 

Equation 2.215 to the Equation 2.217. 

 

‗ ςϽ‚Ͻ‫ Ͻ‗ ‫ π (2.213) 

‗ȟ – Ὥ(2.214) ‫ 

– ‚Ͻ‫  (2.215) 

‫ ‫ Ͻρ ‚ (2.216) 

‫  (2.217) 

 

 The term ‚ is known as the damping ratio of the system. By varying it from Њ to Њ as 

presented in the Figure 2.60, the response of the system that in this case is the aircraft flying in 

the atmosphere, will present different behaviors, the Table 2.27 summarize it. 

 

 

Figure 2.60 - Variation of roots with damping ratio (Nelson, 1998). 
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Table 2.27 - Variation of response with damping ratio (Nelson, 1998). 

 

 

 There are five other parameters that are employed for characterizes an oscillation 

motion, and they are presented on the Equation 2.218 to the Equation 2.222. 

 

ὖ
Ͻ

 (2.218) 

ὸ
Ȣ

ȿȿ
 (2.219) 

ὔ πȢρρπ
ȿȿ

ȿȿ
 (2.220) 

ὅ ςϽὯ Ͻά (2.221) 

ὅ ‚Ͻὅ  (2.222) 

 

 

2.5.8.2. Longitudinal state equation 

The longitudinal dynamics behavior of an aircraft may be obtained by solving the first 

order differential Equation 2.223 that is known as state equation, and its coefficients ὃ and ὄ are 

matrices in which each element is a longitudinal stability or control derivative. In this equation ὼ 

is the state vector and – is the control vector.  

 

ὼ ὃϽὼ ὄϽ– (2.223) 
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ὃ

ὢ ὢ π Ὣ
ὤ ὤ Ὗ π

ὓ ὓ Ͻὤ ὓ ὓ Ͻὤ ὓ ὓ ϽὟ π

π π ρ π

 (2.224) 

ὄ

ὢ ὢ
ὤ ὤ

ὓ ὓ Ͻὤ ὓ ὓ Ͻὤ
π π

 (2.225) 

ὢ

ЎὟ
Ўὡ
Ўή

Ў—

 (2.226) 

ὢ

ЎὟ
Ўὡ
Ўή
Ў—

 (2.227) 

–
Ў‏
Ў‏

 (2.228) 

 

 By obtaining the eigenvalues of the Equation 2.224 will result in a vector of four 

elements, each of these elements has the form of the Equation 2.214, being the mathematical 

representation of the short period and of the phugoid for a condition of stick fixed motion. 

For simplification, this work will not consider the stick free motion that is obtained by 

considering the Equation 2.225.  

 

2.5.8.3. Longitudinal stability and control derivatives 

Next are presented the stability and control derivatives that are employed in the building 

of the state matrix ὃ. 

 

X-force derivatives 

ὅὈ ὓϽ  (2.229) 

ὅὝ ὅὈ (2.230) 

ὅὢ ὅὈ ςϽὅὈ ὅὝ (2.231) 

ὅὢ
ϳ

ὅὒϽρ
Ͻ

Ͻ ͺϽ ͺ
 (2.232) 
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ὢ ὅὢϽ Ͻ
Ͻ

ͺ  (2.233) 

ὢ ὅὢϽ Ͻ
Ͻ

ͺ  (2.234) 

 

Z-force derivatives 

 Note that some of the z-force derivatives are dependent of the parameters of the 

horizontal tail that in this case it is given for a generic canard, so, these derivatives must be 

applied for each canard of the airplane UFU-1. 

 

ὅὤ
ϳ

Ͻὅὒ ςϽὅὒ (2.235) 

ὅὤ
ϳ

ὅ ὅὈ (2.236) 

ὅὤ
ϳ

ςϽὅὒ Ͻ– Ͻὠ Ͻ  (2.237) 

ὅὤ

ở

Ở
ờ ϽӶͺ

Ợ

ỡ
Ỡ

ςϽὅὒ Ͻ– Ͻὠ  (2.238) 

ὤ ὅὤϽ Ͻ
Ͻ

ͺ  (2.239) 

ὤ ὅὤϽ Ͻ
Ͻ

ͺ  (2.240) 

ὤ ὅὤϽ
Ͻ

ͺ Ͻ
Ӷͺ

Ͻ
 (2.241) 

ὤ Ὗ Ͻὤ  (2.242) 

ὤ Ὗ Ͻὤ  (2.243) 

ὤ ὅὤϽ
Ͻ

ͺ Ͻ
Ӷͺ

Ͻ
 (2.244) 

 

Pitch moment derivatives 

 Note that as was done for the x-force derivatives, some of the z-force derivatives were 

defined in terms of the generic canard parameters. 
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2.5.8.4. Longitudinal flying qualities considerations 

For assessing the longitudinal behavior of an aircraft, it is commonly employed a criterion 

based in the classification of the aircraft category and in flight phase categories specified in the 

military standard MIL-F-8785C as presented in the Table 2.28, Table 2.29 and in the Table 2.30.  

 

Table 2.28 - Aircraft classes (Sadraey, 2013). 
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Table 2.29 - Flight phase categories (Sadraey, 2013). 

 

 

Table 2.30 - Levels of acceptability (Sadraey, 2013). 

 

 

After classify the aircraft in a given flight phase, it is possible to evaluate if the short 

period and the phugoid behavior are satisfactory, by comparing its results to the values obtained 

from the Table 2.31 and from the Table 2.32. 

 

Table 2.31 - Short-period mode damping ratio specification (Sadraey, 2013). 
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Table 2.32 - Phugoid mode requirement (Sadraey, 2013). 

 

 

 

2.5.9. Lateral-Directional dynamic stability 

The lateral-directional dynamic behavior of an aircraft is basically characterized by three 

distinct movements that are known as rolling, spiral and Dutch-roll. The rolling mode is 

characterized by a highly damped convergent or divergent motion, the spiral mode is 

characterized by a coupled lightly damped convergent or divergent motion, and the Dutch-roll 

mode is characterized by a coupled lightly damped low frequency oscillatory motion. The Figure 

2.61 to the Figure 2.63 shows these motions. 

 

 

Figure 2.61 -The spiral motion (Nelson, 1998). 
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Figure 2.62 - The roll motion (Nelson, 1998). 

 

 

Figure 2.63 - The Dutch-roll motion (Nelson, 1998). 

 

  Normally the Dutch-roll and the spiral are the modes of bigger interest in the assessing of 

the flying qualities of an aircraft. The assessing of the Dutch-roll mode is necessary due the 

annoying movement that it produces, turning the flight very uncomfortable. The assessing of the 

spiral mode is mandatory once it impact the flight safety. Next is presented more details about 

the spiral mode and how to avoid this motion.  

 

Spiral motion 

 When an aircraft reach its angle of stall, it is necessary that this aircraft present a 

resistant entering spiral mode behavior, with the objective to avoid the aircraft lateral-directional 
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departure. By applying the Equation 2.254, it is a manner to avoid the aircraft enter into a spiral 

mode. 

 

ὅὲ ὅὲ Ͻὅὰ ϽÔÁÎ‌ϽÃÏÓ‌ π (2.254) 

 

 For this spiral equation normally it is necessary to perform wind tunnel tests to know how 

these derivatives varies as the angle of attack is changed. One way to avoid the aircraft to enter 

in the spiral mode is to limit its operation angle of attack by employing devices as shaker or 

pusher, or yet, write this limit in the flight manual. 

 

 

2.5.9.1. Lateral-Directional characteristic equation 

The lateral-directional motion of an aircraft may be approximated by the fourth-order 

characteristic Equation 2.255. Its roots are given by the Equation 2.256, and are the 

mathematical model for spiral mode, roll mode and Dutch-roll mode, its terms are defined in the 

Equation 2.215 and in the Equation 2.216. 

When the root is a real pure, it will denote the spiral motion or the roll motion, and if the 

root is a pair of complex number it will denote the Dutch-roll motion.  

For a pure real root, if the sign is negative it will characterize a convergent motion, and if 

its signal is positive the motion will be divergent. The spiral mode may be differed of the roll one 

by analyzing the modulus of the pure real roots, the biggest will characterize the roll mode and 

the other will characterize the spiral mode. As was explained for the two non-oscillatory modes, 

the Dutch-roll mode will be convergent if the real part of its root is negative. 

The characterization of the three lateral-directional motions are done by applying the 

Equation 2.218 to the Equation 2.222, as was defined for the longitudinal motion. 

 

ὥ‗ ὦ‗ ὧ‗ Ὠ‗ Ὡ π (2.255) 

‗ȟȟ – Ὥ(2.256) ‫ 
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2.5.9.2. Lateral-Directional state equation 

The lateral-directional dynamics behavior of an aircraft may be obtained by solving the 

first order differential Equation 2.257 that is the state equation of the lateral-directional motion, 

and its coefficients ὅ and Ὀ are matrices in which each element is a lateral or directional stability 

or control derivative, note that many elements of these matrices evidence the coupling between 

the lateral and the directional axis. In this equation ὼ is the state vector and – is the control 

vector.  

 

ὼ ὅϽὼ ὈϽ– (2.257) 

ὅ

ụ
Ụ
Ụ
Ụ
Ụ
ợ

ὣ ὣ Ὗ ὣ ὫϽÃÏÓ—

ὒᶻ Ͻὔᶻ ὒᶻ Ͻὔᶻ ὒᶻ Ͻὔᶻ π

ὔᶻ Ͻὒᶻ ὔᶻ Ͻὒᶻ ὔᶻ Ͻὒᶻ π

π ρ π π Ứ
ủ
ủ
ủ
ủ
Ủ

 (2.258) 

Ὀ

ụ
Ụ
Ụ
Ụ
Ụ
ợ

π ὣ

ὒᶻ Ͻὔᶻ ὒᶻ Ͻὔᶻ

ὔᶻ Ͻὒᶻ ὔᶻ Ͻὒᶻ

π π Ứ
ủ
ủ
ủ
ủ
Ủ

 (2.259) 

ὢ

Ў‍
Ўὴ
Ўὶ
Ў•

 (2.260) 

ὢ

Ў‍
Ўὴ
Ўὶ
Ў•

 (2.261) 

–
Ў‏
Ў‏

 (2.262) 

ὒᶻ

Ͻ

Ƞ     ὒᶻ

Ͻ

Ƞ     ὒᶻ

Ͻ

 (2.263) 

ὔᶻ

Ͻ

Ƞ     ὔᶻ

Ͻ

Ƞ     ὔᶻ

Ͻ

 (2.264) 
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 By obtaining the eigenvalues of the Equation 2.258 it will result in a vector of four 

elements, each of these elements has the form of the Equation 2.256, which is the mathematical 

representation of the spiral, roll and Dutch-roll for a condition of stick fixed motion. 

As was done for the longitudinal motion, for simplification this work will not consider the 

stick free motion that is obtained by considering the Equation 2.259. 

 

 

2.5.9.3. Lateral-Directional stability and control derivatives 

Next are presented the stability and control derivatives that are employed in the building 

of the state matrix ὅ. 

 

Yaw y-force derivatives 
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Yaw moment derivatives 
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Roll moment derivatives 
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2.5.9.4. Lateral-Directional flying qualities considerations 

For assessing the lateral-directional behavior of an aircraft, the classification of the 

aircraft category and in flight phase are done the same way as was proceed for the longitudinal 

motion, by applying the Table 2.28, Table 2.29 and the Table 2.30. 

The assessing of the three lateral-directional modes is performed by comparing its 

results to the values obtained from the Table 2.33, to the Table 2.36. 

 

Table 2.33 - Roll control requirements (Sadraey, 2013). 

 

 

Table 2.34 - Roll mode specification maximum value (Sadraey, 2013). 
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 The table above indicates the maximum time in seconds for an aircraft to return to its 

initial bank angle, when laterally disturbed. 

 

Table 2.35 - Time to double amplitude in spiral mode (Sadraey, 2013). 

 

 

Table 2.36 - Dutch-roll mode handling qualities (Sadraey, 2013). 

 

 

 

2.6. PERFORMANCE 

This chapter present the theory related to the performance characteristics of an aircraft 

based on the flight phases showed on the Figure 2.6. It is also presented, how to obtain the 

estimative of excess of power and thrust of an aircraft. 

There are many ways to estimate the performance of an aircraft at each flight phase, this 

work is based mainly on that presented on the bibliography (Roskam, 1991 and 1997). 
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2.6.1. Excess of power and thrust 

When analyzing the performance of an aircraft it is necessary to know if there is enough 

thrust or power for perform the flight phase that this airplane will face, this impact specifically the 

climb and cruise phases. Assuming that the aircraft is in a steady flight condition, the sum of 

forces and moment acting must to be null. 

Considering the thrust or power available for maintain the flight at certain speed or 

change it within the climb or cruise, this is directly related to the drag generated by the aircraft, 

leading to the analysis of the excess of power or thrust, which is evaluated at the longitudinal 

axis of the aircraft, and is defined by the Equation 2.275 which gives the excess of power 

relation and the Equation 2.276 which gives the excess of thrust relation.  

Obviously the two first equations must to assume values bigger than zero for the aircraft 

be able to change its speed and at the limit, this equations must to assume values equal to zero 

for maintain the steady flight condition, other way, the drag or equivalent power would be greater 

than the thrust or power generated by the propulsive system, what necessarily cause the 

reduction of the flight speed reaching again the equilibrium of forces at the longitudinal axis.   

 

ὖ Ὁ Ὁ  (2.275) 

Ὕ Ὕ Ὀ (2.276) 

Ὁ ὝϽὠ (2.277) 

Ὁ ὈϽὠ (2.278) 

 

 

2.6.2. Take-off performance 

Here is presented how to estimate the take-off distances given by the Equation 2.279 

and the Equation 2.280, which are based in the Figure 2.64 and the Table 2.37. The fuel 

consumption during this phase is given by the Equation 2.284. The Equation 2.282 is solved with 

the help of the Table 2.38. Note that the subscript Ὕὕ and ὒὕὊ mean take-off and Lift-off 

respectively.  
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ὋὃὛ ὔ ϽὛὊὅϽὸ Ͻὖ  (2.284) 

 

Table 2.37 - Take-off parameters. 

Regulation  V3/VS_TO fTO hTO (ft)  

FAR 23 1.3 1.0 50 

FAR 25 1.25 - 1.3 1.15 35 

AS-5263 1.2 1.0 50 

MIL-C-005011B 1.15 1.0 50 

 

Table 2.38 - Wheel-ground rolling friction coefficient. 

Runway Surface  Friction Coefficient - g˃ 

Concrete 0.02 

Asphalt 0.02 

Hard turf 0.04 

Short grass 0.05 

Long grass 0.10 

Soft ground 0.10 - 0.30 

 

 

Figure 2.64 - Definition of FAR 23 take-off distance (After Roskam, 1991). 
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2.6.3. Climb performance 

The climb performance is characterized by three main parameters which are the rate of 

climb, the climb gradient and the flight ceiling. 

 

 

2.6.3.1. Rate of climb 

The rate of climb of an aircraft is estimated by applying the Equation 2.285, inspecting 

this equation is noted that the result obtained is for a given aerodynamic configuration at a given 

flight altitude and at a defined engine power. This equation provides the rate of climb in feet per 

minute, and its dimensional parameters must be in the English system. 

The maximum rate of climb is reached when the relation between the lift coefficient and 

the drag coefficient presented in the Equation 2.286 is satisfied. 
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2.6.3.2. Climb gradient 

The estimative of the climb gradient of an aircraft is done applying the Equation 2.287 

and its result is in rad. All the considerations done for the equation of the rate of climb are valid 

here. 

 

ὅὋὙ
ȢϽ Ȣ Ͻ Ͻ Ȣ

ϳ Ͻ
Ȣ  (2.287) 
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2.6.3.3. Flight ceiling 

The flight ceiling is a concept that is applied to define the altitude limit for the climb 

capability of an aircraft. This performance parameter is strongly affected by the propulsive 

system installed in the aircraft, the aerodynamic characteristics are relevant too as can be noted 

by inspecting the Equation 2.285.  

It is interesting to say that the ceiling of an aircraft may be limited by other considerations 

as for example structural limits or environmental limitations related to the pilots and passengers 

cabin. 

The Table 2.39 presents the definitions of ceiling based on the airplane type and the 

magnitude of the rate of climb of the aircraft.  

 

Table 2.39 - Aircrafts flight ceilings. 

Ceiling  Type Airplane  Type Minimum Required Rate of Climb [ft/min]  

Absolute ceiling All 0 

Service ceiling 

Commercial - Piston-prop 100 

Commercial - Jet 500 

Military at maximum power 100 

 

 

2.6.4.  Cruise performance 

 Now it is presented how to estimate the range of an aircraft, it is done by applying the 

Equation 2.288. This equation is based in English units and its result is in nautical miles. 

 

Ὑ σςφϽ Ͻ ϽÌÎ  (2.288) 

 

 

2.6.5.  Descent performance 

Assuming that the engine is at idle setting, the descent path angle and the range may be 

estimated by applying the Equation 2.289 and Equation 2.290 respectively. This equation is 

given in Ὢὸίϳ. 

 

‎ ÔÁÎ  (2.289) 
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2.6.6.  Landing performance 

The landing performance may be obtained by considering the FAR 23 specification as 

showed on the Figure 2.65.  

 

Ὓ πȢςφυϽὠ  (2.291) 

Ὓ ρȢωσψϽὛ  (2.292) 

 

 

Figure 2.65 - Definition of FAR 23 landing distance (Roskam, 1997). 

 

 

2.7. LOADS 

For dimensioning the structure of an aircraft it is necessary to know the loads that it must 

support, these loads have aerodynamic origin due the several flight conditions and have ground 

origin due the taxi and running for take-off and landing. 

Specifically related to the aerodynamic loads it is convenient to define it graphically at the 

V-n diagram, which relate the structural speeds to the limit load factors. There are two V-n 

diagrams one that consider the maneuver loads and other that consider the gust loads due the 

atmosphere conditions. The final V-n diagram is the composition of both as showed on the 

Figure 2.66, this work will consider just the maneuver one.  
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Figure 2.66 - FAR 23.333 combined V-n diagram. 

 

 

2.7.1.  Maneuver V-n diagram 

For each atmosphere condition as flight altitude and its correspondent air density, and 

aircraft aerodynamic and weight configuration, it is defined one V-n diagram. The design 

airspeeds are provided by the FAR 23.335 and the limit maneuvering load factors are provided 

by the FAR 23.337. 

 

2.7.1.1. Design airspeeds 

Stall speed - VS 

 This speed is dependent of the aerodynamic configuration of the aircraft, as for example 

the flaps are deflected or not. This speed determines the left limit of the V-n diagram. 

 

ὠ
Ͻ

Ͻ Ͻ
 (2.293) 
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Design cruising speed - VC 

 This is the limit speed for which the aircraft structure must support the loads due the 

maximum positive and negative load factors.  

 

ὠ σσϽ  (2.294) 

 

Design dive speed - VD 

 This speed is that for maneuvering at a descendent flight condition, with the maximum 

positive load factor. 

 

ὠ ρȢςυϽὠ (2.295) 

 

Design maneuvering speed - VA 

 This is the lowest speed for what the structure of the aircraft must support the maximum 

positive and negative load factors. 

 

ὠ ὠϽὲ  (2.296) 

 

 

2.7.1.2. Limit maneuvering load factors 

As defined into the FAR 23.337 these load factors are obtained considering the aircraft 

design maximum take-off weight in pounds. 

 

ὲ ςȢρ  (2.297) 

ὲ πȢτϽὲ  (2.298) 

 

 

 

 

 



135 

2.8. STRUCTURAL LAYOUT 

The structure of an aircraft must to support the static and dynamics loads generated 

during its operation as mentioned above. 

For the structure to resist such loads it must be strong and rigid enough, these 

characteristic are obtained by the combination between the mechanical characteristics of the 

material employed on its manufacturing with the structural layout of the main parts as the wing, 

tails and fuselage, for example. Once the aspects related to the materials had already been 

treated, this chapter is dedicated to expose some possibilities of structural layout. 

 

 

2.8.1. Wing structural layout 

The four main structural elements of a wing are the spar, the rib, the stringer and the 

skin, the first three have exclusively structural function, but the skin has the aerodynamic 

function too, once it must guaranty the aerodynamic loft of the wing. 

During the definition of the structural layout of a wing there must be considered the 

location of the landing gear legs, engine mounts, fuel tank and control devices for the ailerons, 

flaps and spoilers, between other components, once the wing many times accommodate all 

these components, therefore space for them must be guaranteed. 

Normally the structure of a wing may be classified as multi-rib or multi-spar. Considering 

a structure of the kind multi-rib, the wing is conceived with two spars, the front one is located 

normally around 15% of the chord of the profile and the rear one is normally located around 60% 

of the chord of the profile. The two kinds of wing structures are presented on the Figure 2.67 and 

on the Figure 2.68.  
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Figure 2.67 - Multi-rib wing structure example (Megson, 2010). 

 

 

Figure 2.68 - Multi-spar wing structure example (Megson, 2010). 
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2.8.2. Horizontal & Vertical tail structural layout 

All the considerations done for the wing structure are valid for both horizontal and vertical 

tail. For airplanes of the general aviation category it is common a light layout composed by a 

single spar combined with ribs. The Figure 2.67 and the Figure 2.68 provide examples of tail 

structure layout. 

 

 

2.8.3. Fuselage structural layout 

The four main structural elements of a fuselage are the bulkhead, the stringer, the central 

beam in certain cases and the skin, as for the wings, the first three components have exclusively 

structural function, but the skin has the aerodynamic function too, once it must guaranty the 

aerodynamic loft of the fuselage. The Figure 2.69 and the Figure 2.70 provides examples of 

fuselage structure layout. 

 

 

Figure 2.69 - Fuselage structural layout (Niu, 1995). 
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Figure 2.70 - Fuselage structural layout (Megson, 2010). 

 

 

2.9. LANDING GEAR SYSTEM  

There are many landing gear configurations, this work present a summary about the 

tricycle one, based on the bibliography (Raymer, 2006). This configuration is characterized by 

having the main landing gear legs behind the location of the ὅὋ, and the nose gear leg located 

forward the ὅὋ location. The tricycle configuration make the aircraft stable at the ground and 

make the unaligned landings relative to the runway axis more safe, other advantage of this 

configuration is the good view of the runway when on the ground. 
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2.9.1. Main landing gear leg considerations 

The length of the main legs should be enough for to avoid the contact of the tail with the 

ground during the take-off rolling and during the landing touch-down, it is common that the pitch 

angle during these flight phases be between ρπЈ and ρυЈ. The minimum distance between the 

ground and the tip of the blade of the propeller should be at least ρψ ὧά. 

 

 

2.9.2. Nose landing gear leg considerations 

The nose gear leg must to support at least υϷ of the aircraft weight, if the nose gear is 

loaded with less than this minimum value the maneuvering during the taxi and take-off and 

landing running may be impaired due the low friction with the ground, what could induce the 

shimmy.  

The nose gear must to support no more than ςπϷ of the aircraft weight, if the nose gear 

is loaded above this maximum limit the pitch generated by the elevator will be impacted. Ideally 

these loading values must vary between ψϷ for the forward ὅὋ and ρυϷ for the rear ὅὋ. 

Considering the landing, the nose gear leg should be inclined forward around χЈ it can 

turn the touch-down more smooth, however values up to ρπЈ back are acceptable. 

 

 

2.9.2.1. Castoring wheel geometry 

During the landing and take-off rolling the nose wheel can suffer a phenomenon 

known as shimmy, which is a directional instability of the wheel, when it starts to present 

an oscillatory motion, what even can to collapse the leg assembly. 

 For a configuration in which the nose wheel is free the shimmy can be avoided by 

introducing a rake angle and a stem called trail as showed on the Figure 2.71. Negative 

values for the rake varying between τЈ and φЈ and for the trail varying between πȢς to ρȢς 

times the tire radius normally avoid this phenomenon. 

 For a configuration in which the nose wheel is steerable, the rake should be 

positive and the trail should be minimized intending to alleviate the pilot effort during 

curves at the ground. 

 For small airplanes positive values around ρυЈ for the rake and trail around ςπϷ are 

commonly employed. 
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Figure 2.71 - Castoring wheel geometry (Raymer, 2006). 

 

 

2.9.3. Tire sizing 

The initial sizing of the tires for the main landing gear leg may be done by applying the 

statistical Equation 2.299 and the Equation 2.300 which provide the results in centimeter. If the 

aircraft is planned to operate on a non-prepared runway these results must be increased around 

σπϷ. The nose tire may be assumed as having between φπϷ and ρππϷ of the dimensions of 

the tire of the main leg. 

 

Ὠ υȢρϽὡ Ȣ  (2.299) 

ύ ςȢσϽὡ Ȣ  (2.300) 

 

 The minimum and maximum static loads supported by each landing gear leg tire may be 

estimated by applying the Equation 2.301 to the Equation 2.304, with the help of the Figure 2.72. 

 

ὡ ͺ ὡ Ͻ  (2.301) 

ὡ ͺ ὡ Ͻ  (2.302) 

ὡ ͺ ὡ Ͻ  (2.303) 
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ὡ ͺ ὡ Ͻ  (2.304) 

 

 

Figure 2.72 - Wheel load geometry (Raymer, 2006). 

 

 Despite the nose landing gear carry the lowest parcel of the aircraft weight, the dynamic 

loads applied on it are normally big and must be considered. The dynamic load at a standard 

deceleration ὥ σȢπτψ άȾί  due the break application and for a standard breaking friction 

coefficient ‘ πȢσ, may be estimated by applying the Equation 2.305, with the help of the Figure 

2.72.  

 

ὡ ͺ
ϽȢ

Ͻ
 (2.305) 

 

  The tires must be defined as that with the smallest dimensions able to support the loads 

obtained by the equations showed above. The nose tire may be defined considering the biggest 

load between the static and dynamic one.  

As the tire get old its diameter can increase around ςϷ or σϷ, and its width around τϷ, 

so these dimensions must be considered during the dimensioning of the fairings and tires 

compartment, etc. 

Finally after done this dimensioning, the tires should be selected based on the catalogs 

provided by the manufacturers. 



CHAPTER 3 -  DESIGN, DIMENSIONING & SPECIFICATION 

 

CHAPTER III 

 

This chapter is dedicated to present the design and dimensioning of the airplane UFU-1, 

including the results of the conceptual design phase, and the results of the preliminary design 

phase, that were both based on the previously presented theory. 

All the results presented on the topics relative to aerodynamics, dynamics of flight and 

performance were based on the airplane mass properties obtained during the conceptual design 

phase. 

 

 

3.1. CONCEPTUAL DESIGN 

Considering that the mission of the airplane was treated on the introduction of this text, 

here will be defined the technical specification of the airplane, what is result of the mission to 

which the airplane was conceived. 

 

ὔ ς 

ὡ ψφȢπ ὯὫὪ 

ὡ ςπȢπ ὯὫὪ 

ὠ ρχπ Ὧά Ὤϳ  

Ὂὒ ψπππ Ὢὸ 

Ὑ φππȢπ Ὧά 

 

Due the peculiar aerodynamics and dynamics of flight of the airplane, and changes on 

the configuration as mentioned above at introduction, the conceptual design had to be 

reassessed during the preliminary design, so, the values of the parameters presented below are 

that obtained during these activities. The algorithm presented at APPENDIX B, was 

implemented considering these three aspects, and at this moment were defined the positioning 
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of the wings, avionics and propulsive system, in order to turn acceptable the behavior of the 

airplane regarding ñin flightò stability and control. 

 

As described on the chapter II, the conceptual design of an airplane is commonly based 

on historical trend, and these data are organized in airplane categories. The airplane here 

developed was classified as ñGeneral aviation and utility single-engine piston/propellerò. 

 

 

3.1.1. General configuration 

As indicated at the introduction of this work, the intention is to conceive an airplane 

cheap and easy to build. Based on it and considering the configuration adopted, the two wings 

will be the same having the same movable panels, being that of the lower wing the flaps and on 

the upper wing the ailerons; the same design philosophy was adopted for both canard and for 

both vertical tails. The upper wing was positioned on a way that the second occupant is free 

from its structure.  

The general aerodynamic configuration of the airplane is presented next, for the wings, 

canards and vertical tail. 

 

ὃὙͺ ψȢπ 

ὃὙͺ ψȢπ 

‗ ͺ ρȢππ 

‗ ͺ ρȢππ 

ῲͺ πȢπ Ј 

ῲͺ πȢπ Ј 

   Ώ ͺ πȢππ Ј 

   Ώ ͺ πȢππ Ј 

ὃὙ ͺ ψȢρ 

ὃὙ ͺ ψȢρ 

‗ ͺ ρȢππ 



144 

‗ ͺ ρȢππ 

ῲ ͺ πȢπ Ј 

ῲ ͺ πȢπ Ј 

   Ώ ͺ πȢππ Ј 

   Ώ ͺ πȢππ Ј 

ὃὙͺ ρȢφσφ 

ὃὙͺ ρȢφσφ 

‗ ͺ πȢφψψ 

‗ ͺ πȢφψψ 

   Ώ ͺ ωȢυσς Ј 

   Ώ ͺ ωȢυσς Ј 

 

 The values for aspect ratio defined above were based on historical tendencies, and 

considered too, geometric constraints as avoid a too small wing and canard chords, once the 

airplane has a biplane configuration for both wings and canards; other important constraint 

considered was the aeroelastic characteristic, since wings or canards which the aspect ratio are 

bigger than ωȢπ may present low rigidity, even that in this case in particular, the structure is built 

in composite material, what provide great rigidity. The taper ratio, dihedral and sweep angles 

was defined respecting the philosophy adopted initially of to develop an airplane simple, easy 

and cheap to be built. 

 

 

3.1.2. Drag polar estimate 

The initial values obtained from the historical data to determine the approximated 

parasite drag coefficient of the airplane are: 

 

ὅ πȢππψπ 
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Ὓ

Ὓ
τȢυ 

 

 Despite the span efficiency factor for biplane given by the Equation 2.65, considering that 

at the moment of the conceptual design the parameters available were not enough, were applied 

the methods given by the Figure 2.5 and that given by the Equation 2.8, due two reasons, first 

was to compare the results obtained, the other was based on the fact that each method consider 

distinct geometric parameters. 

 As presented next, there is a big difference between the two values, and once the two 

methods are based in different parameters, both may be considered as complementary. 

Therefore was decided consider the mean value from the two as the final result for the 

estimative of the Oswald factor. 

Ὡ πȢωρχτ 

Ὡ πȢφυφω 

Ὡ πȢχψχς 

 

 The method for estimates the drag polar of the airplane was implemented on the 

algorithm presented on the APPENDIX A and the results are showed next. 

 

ὅὈ πȢπςχσ 

ὑ πȢπυπυ 

ὅὈ πȢπςχσπȢπυπυϽὅὒ 

 

 

3.1.3. Weight estimate 

For the weight estimative, the initial guess for the gross take-off weight and the weight 

fraction values obtained from the Table 2.8 are showed below. The specific fuel consumption is 

obtained from the engine technical specification given on APPENDIX H. 

 

Ὣ ωȢψρ ά ίϳ  
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ὡ υππȢπ ὯὫὪ 

ὡ ὡϳ πȢωωπ 

ὡ ὡϳ πȢωως 

ὡ ὡϳ πȢωωσ 

ὡ ὡϳ πȢωωσ 

– πȢψ ὭὲὭὸὭὥὰ ὫόὩίί 

ὛὊὅ σȢψφφσρπ ὯὫὡϽίϳ  

ὛὊὅ σȢστυρρπ ὯὫὡϽίϳ  

 

 The method for estimates the results for the weight fractions and weights provide too, 

corrected estimates for wing loading, wing reference area and airplane wetted area. This method 

was implemented on the algorithm presented on the APPENDIX A, providing the following 

results. 

ὒ

Ὀ
ρπȢψχ 

ὒ

Ὀ
ρπȢρυ 

ὡ ὡϳ πȢωχτς 

ὡ ὡϳ πȢωωψφ 

Ὕὕὡ υφπȢψ ὯὫὪ 

ὕὉὡ τςσȢυ ὯὫὪ 

ὄὉὡ σσχȢυ ὯὫὪ 

ὝὊὡ σσȢρ ὯὫὪ 

ὡ

Ὓ
τςȢρσ ὯὫὪάϳ  



147 

Ὓ ρσȢςυ ά  

Ὓ τυȢςψ ά  

 

 After the estimative of the weights of parts and components of the airplane, a new value 

for de basic empty weight (BEW) is obtained, different of the preview one, therefore the others 

main weights have its values modified. 

 

ὄὉὡ σφχȢω ὯὫὪ 

  

 

3.1.4. Performance estimate 

One of the parameters involved on the performance estimative is the wing loading. The 

historical data for this parameter indicates values around χψ ὑὫάϳ  if considered the category 

ñGeneral aviation and utility single-engine pistonò or τσ ὑὫάϳ  if the category is ñLSA or 

Homebuiltò as presented on the Table 2.9.  

The result obtained in the topic above is considerably lower, and that was the intention, 

forcing lower stall speeds and a lighter structure, at first. The stall speed at this phase was 

obtained for the sea level at ISA. 

 

” ρȢςςυ ὯὫάϳ  

ὅὒ ρȢψ 

ὡ

Ὓ
τςȢρσ ὯὫὪάϳ  

 

ὠ
ς

” Ͻὅὒ
Ͻ
ὡ

Ὓ
ρωȢσφ ά ίϳ φωȢχ ὯάὬϳ  

 

 Despite the power-to-weight ratio could be estimated by historical tendencies data, it was 

done based on the value of SEP of the engine defined for the airplane, as will be described on 

the topic that describes the propulsive system. 
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ὛὉὖψπȢπ Ὤὴ 

ὛὉὖ

ὡ
πȢρτσ ὬὴὯὫϳ  

 

 Applying the historical tendencies data, it is possible estimate the thrust-to-power ratio 

and the correspondent thrust, once the SEP is known.  

 

Ὕ

ὛὉὖ
ρωȢτυ ὔ ίὬὴϳ  

Ὕ ρυυυȢχ ὔ  

 

 The distances of take-off and landing are estimated based on the historical tendencies, 

for the sea level at ISA. 

 

ὡ

Ὓ
τςȢρσ ὯὫὪάϳ  

ὡ

Ὓ
τςȢρσ ὯὫὪάϳ  

„
”

”
ρ 

ὅὒ ρȢςυ ὭὲὭὸὭὥὰ ὫόὩίί 

ὛὉὖ

ὡ
πȢρτσ ὬὴὯὫϳ  

 

Ὕὕὖ

ὡ
Ὓ

„Ͻὅὒ Ͻ
ὛὉὖ
ὡ

σπȢτω 

 

Ὑ ψȢςσϽὝὕὖςυπȢω ά  

Ὑͺ ωȢσπϽὝὕὖςψσȢφ ά  
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Ὑ ρȢρσφϽ
ρ

” Ͻὅὒ
Ͻ
ὡ

Ὓ
ςρςȢω ά  

Ὑͺ ρȢυςτϽ
ρ

” Ͻὅὒ
Ͻ
ὡ

Ὓ
ςψυȢχ ά  

 

 The estimative for the total range of the airplane is done for four distinct conditions as 

defined below on Table 3.1. As for the preview performance results, the total range was based 

on the ISA. The Payload-range Diagram for these four points is showed on Figure 3.1. 

 

Table 3.1 - Total range estimated for the airplane UFU-1. 

Point  Condition  RT [km]  WPayload  [kgf]  

1 Zero fuel; total payload 0 106.0 

2 Total fuel; total payload 668.43 106.0 

3 Total fuel; zero cargo 709.09 86.0 

4 Total fuel; zero payload 894.87 0.0 

 

 

Figure 3.1 - Payload-range Diagram for the airplane UFU-1. 

 

 

3.1.5. Sizing estimate 

The sizing estimative of the airplane was implemented on the algorithm of the 

APPENDIX B. It is important to note that, the values of tail arm, tail volume coefficient and 
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moments of inertia, varies as the values of the pilots, cargo and fuel weights changes. The 

results presented next are based on the following weights as standard. 

 

ὡ ͺ ψφȢπ ὯὫὪ 

ὡ ͺ ψφȢπ ὯὫὪ 

ὡ ςπȢπ ὯὫὪ 

ὡ σσȢπ ὯὫὪ 

 

ὢ φȢρσ ά  

ὢ ρȢτψ ά  

ὢ ςȢωπ ά  

ὣ ρȢππ ά  

 

 At this moment some geometrical parameters as wings chord and span, canards areas 

and vertical tail areas are estimated, with these values the tail volume coefficients are estimated 

and compared to the historical tendencies data.  

 

ὦ ͺ χȢςψ ά  

ὅӶͅ ρȢψσ ά  

 

Ὓ ͺ ρȢσπ ά  

ὰ ͺ ςȢσσ ά  

Ὓ ͺ ρȢσπ ά  

ὰ ͺ ςȢςσ ά  

Ὓ ͺ πȢχφ ά  

ὰ ͺ ρȢτψ ά  
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Ὓ ͺ πȢχφ ά  

ὰ ͺ ρȢτψ ά  

 

ὠ ͺ πȢρςτ 

ὠ ͺ πȢρρω 

ὠ πȢςτσ 

ὠ ͺ πȢπρς 

ὠ πȢπρς 

ὠ πȢπςτ 

 

 Next are presented the parameters for the sizing estimative for the primary flight control 

surfaces. 

 

ὃὭὰ πȢπχ 

Ὓ πȢτφ ά  

 

ὉὰὩὺ πȢτρ 

Ὓ ͺ πȢυσ ά  

Ὓ ͺ πȢυσ ά  

 

ὙόὨ πȢσφ 

Ὓ ͺ πȢςχ ά  

Ὓ ͺ πȢςχ ά  

 

 Finally the moment of inertia on the three axis based on the historical tendencies data 

may be estimated.   

 

Ὑ πȢςυ 
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Ὑ πȢσψ 

Ὑ πȢσω 

 

Ὅ τωυȢσυ ὯὫϽά  

Ὅ ψρρȢτπ ὯὫϽά  

Ὅ ρπςςȢυυ ὯὫϽά  

 

 

3.1.6. Parts weights estimate 

The main airplane parts weights are defined based on the historical trend method, 

however, some components or systems as the equipped engine, engine suspension frame, 

propeller, avionic system and battery have its weights defined by the suppliers. The estimative of 

these parts weights was implemented on the algorithm presented on the APPENDIX B. 

 

ὡ ͺ υπȢτυ ὯὫὪ 

ὡ ͺ υπȢτυ ὯὫὪ 

ὡ ͺ τȢυπ ὯὫὪ 

ὡ ͺ τȢυπ ὯὫὪ 

ὡ ͺ σȢρρ ὯὫὪ 

ὡ ͺ σȢρρ ὯὫὪ 

ὡ φσȢσρ ὯὫὪ 

ὡ ςψȢυχ ὯὫὪ 

ὡ ωȢφπ ὯὫὪ 

ὡ Ȣ ψȢτφ ὯὫὪ 

ὡ ͺ φφȢςπ ὯὫὪ 

ὡ ͺ ςȢππ ὯὫὪ 
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ὡ τȢρπ ὯὫὪ 

ὡ Ȣ πȢφφ ὯὫὪ 

ὡ Ȣ υȢψτ ὯὫὪ 

ὡ Ȣ Ȣ ρπȢχπ ὯὫὪ 

ὡ Ȣ Ȣ ρȢτυ ὯὫὪ 

ὡ σȢσπ ὯὫὪ 

ὡ ͺ τȢχχ ὯὫὪ 

ὡ ρωȢρπ ὯὫὪ 

ὡ ͺ ρπȢφπ ὯὫὪ 

 

 

3.1.7. CG-Weight envelope diagram estimate 

Running the algorithm of the APPENDIX B, the Table 3.2 was built and the CG-Weight 

envelope presented on the Figure 3.2 could be generated. 

 

Table 3.2 - CG positioning for some weights configurations. 

Point  Condition  CG [mm]  W [kgf]  

1 OEW 3794 453.9 

2 No Pilot 2; total fuel; zero cargo 3875 486.9 

3 No Pilot 2; zero fuel; total cargo 3684 473.9 

4 No Pilot 2; total fuel; total cargo 3770 506.9 

5 Pilot 2; total fuel; zero cargo 3894 572.9 

6 Pilot 2; zero fuel; total cargo 3733 559.9 

7 Pilot 2; total fuel; total cargo (MTOW) 3803 592.9 

8 Pilot 1 (90 kg); No Pilot 2; zero fuel; total cargo 3678 477.9 

9 Pilot 1 (50 kg); Pilot 2 (90 kg); total fuel; zero cargo 3954 540.9 
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Figure 3.2 - Estimated CG-Weight envelope for the airplane UFU-1. 

 

 

3.2. SELECTION OF MATERIALS  

This topic presents the materials selected for each part or component of the airplane and 

its mechanical properties. 

 

 

3.2.1. Selected material 

Wings 

 The lower surface, the upper surface, the ribs and spars will be manufactured in carbon 

fiber composite. 

 

Canards 

 The lower surface, the upper surface, the ribs and spars will be manufactured in carbon 

fiber composite. The fairing and booms will be manufactured in fiberglass composite. 
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Vertical tails 

 The lower surface, the upper surface, the ribs, the spars and the booms will be 

manufactured in carbon fiber composite. 

 

Fuselage 

The main body surface, the bulkheads and spars of the main body will be manufactured 

in carbon fiber composite. The forward section composed by the radome and nose will be 

entirely manufactured in fiberglass composite. 

 

Canopy 

The canopy will be manufactured in acrylic. 

 

Engine suspension frame 

 The engine suspension frame will be manufactured in aluminum alloy 2024-T3 (Alclad) 

tubes, or will be installed the one supplied for the engine manufacturer. 

 

Fuel tank 

 The fuel tank will be manufactured in aluminum alloy 5052H-32. 

 

Firewall 

 The firewall that will isolate the engine from the cockpit, will be manufactured in stainless 

steel alloy 17-4PH plates. 

 

Landing gear 

 The landing gear legs will be manufactured in carbon fiber composite. The fairings will be 

manufactured in fiberglass composite. 
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Pilotôs seats 

 The structure will be manufactured in carbon fiber composite. The padded will be 

manufactured in foam. 

 

Instruments panel 

 The instruments panel will be manufactured in fiberglass composite.  

 

Side consoles 

 The side consoles where will be installed some of the flight control levers, will be 

manufactured in fiberglass composite. 

 

Flight control system 

 The ailerons mechanism will be manufactured in aluminum alloy 2024-T3 (Alclad) and 

6061-T6 (Alclad). The elevator mechanism will be manufactured in aluminum alloy 2024-T3 

(Alclad) and 6061-T6 (Alclad). The rudder mechanism will be manufactured in aluminum alloy 

6061-T6 (Alclad). 

 

 

3.2.2. Material properties 

All the material properties presented below were obtained from the bibliography (ASM 

HANDBOOK Vol 2, 1995; Carraher, 2003). 

 

Acrylic: 

¶ ” ρρψυȟσχ ὯὫάϳ  

¶ Ὓ φψȟωυ ὓὖὃ 

¶ Ὓ ρπσȟτς ὓὖὃ 

¶ Ὁ ςȟχυχ Ὃὖὃ 
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Epoxy resin: (for ambient temperature cure) 

¶ ” ρσππ ὯὫάϳ  

¶ Ὓ φπ ὓὖὃ 

¶ Ὓ ςυπ ὓὖὃ 

¶ Ὁ στππ ὓὖὃ 

 

Carbon fiber composite: 

¶ ” ρυυπȟρ ὯὫάϳ  

¶ Ὓ ρρχς ὓὖὃ 

¶ Ὓ ωφυ ὓὖὃ 

¶ Ὁ πȟρυρφψτχ ὓὖὃ  

 

Fiberglass composite: 

¶ ” ρχωωȟς ὯὫάϳ  

¶ Ὓ υυρȟυψ ὓὖὃ 

¶ Ὓ τρσȟφψ ὓὖὃ 

¶ Ὁ πȟπσττχσχω ὓὖὃ 

 

Aluminum alloy 2024-T3 (Alclad): 

¶ ” ςχχπ ὯὫάϳ  

¶ Ὓ σρπ ὓὖὃ 

¶ Ὓ τυπ ὓὖὃ 

¶ Ὓ σρπ ὓὖὃ 

¶ Ὓ ςχυ ὓὖὃ 

¶ Ὁ χςȟτ Ὃὖὃ 

¶ Ὁ χσȟψ Ὃὖὃ 

¶ Ὁ ςψ Ὃὖὃ 

¶ ‘ πȟσσ 
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Aluminum alloy 5052H-32: 

¶ ” ςφψπ ὯὫάϳ  

¶ Ὓ ρωυ ὓὖὃ 

¶ Ὓ ςσπ ὓὖὃ 

¶ Ὓ ρωυ ὓὖὃ 

¶ Ὓ ρτπ ὓὖὃ 

¶ Ὁ φωȟσ Ὃὖὃ 

¶ Ὁ χπȟχ Ὃὖὃ 

¶ Ὁ ςυȟω Ὃὖὃ 

¶ ‘ πȟσσ 

 

Aluminum alloy 6061-T6 (Alclad): 

¶ ” ςχππ ὯὫάϳ  

¶ Ὓ ςχφ ὓὖὃ 

¶ Ὓ σρπ ὓὖὃ 

¶ Ὓ ςπχ ὓὖὃ 

¶ Ὁ φψȟω Ὃὖὃ 

¶ Ὁ φωȟχ Ὃὖὃ  

 

Stainless steel alloy 17-4PH: 

¶ ” χψφρȟρς ὯὫάϳ  

¶ Ὓ χςτ ὓὖὃ 

¶ Ὓ ωσπȟψ ὓὖὃ 

¶ Ὁ ρωφȟυ Ὃὖὃ  

 

 

3.3. ERGONOMICS 

After the work done under the conceptual design phase, the activities of the preliminary 

design phase began by the definition of the ergonomics dimensions that affects the final 

dimensions of the fuselage. 
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3.3.1. Human body 

Initially were defined four sizes for the human body dimensions based on the references 

presented on the theory chapter. The parameters for each mannequin are showed next, and the 

Figure 3.3 and Figure 3.4 presents the standard mannequin. 

 

Standard pilot: 

¶ Gender: male 

¶ Weight: 80 [Kg] 

¶ Stature: 1.75 [m] 

¶ Crotch height, standing: 0.832 [m] 

¶ Sitting height: 0.912 [m] 

¶ Hip breadth, sitting: 0.370 [m] 

¶ Thigh, flexion (front seat): 75 [°] 

¶ Thigh, flexion (back seat): 75 [°] 

¶ Thigh, abduction (front seat) : 9 [°] 

¶ Thigh, abduction (back seat) : 16 [°] 

¶ Leg, flexion: 45 [°] 

 

Me pilot: 

¶ Gender: male 

¶ Weight: 60 [Kg] 

¶ Stature: 1.70 [m] 

¶ Crotch height, standing: 0.816 [m] 

¶ Sitting height: 0.888 [m] 

¶ Hip breadth, sitting: 0.322 [m] 

¶ Thigh, flexion (front seat): 75 [°] 

¶ Thigh, flexion (back seat): 75 [°] 

¶ Thigh, abduction (front seat) : 9 [°] 

¶ Thigh, abduction (back seat) : 16 [°] 

¶ Leg, flexion: 45 [°] 
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Big pilot: 

¶ Gender: male 

¶ Weight: 90 [Kg] 

¶ Stature: 1.85 [m] 

¶ Crotch height, standing: 0.891 [m] 

¶ Sitting height: 0.952 [m] 

¶ Hip breadth, sitting: 0.388 [m] 

¶ Thigh, flexion (front seat): 75 [°] 

¶ Thigh, flexion (back seat): 75 [°] 

¶ Thigh, abduction (front seat) : 9 [°] 

¶ Thigh, abduction (back seat) : 16 [°] 

¶ Leg, flexion: 45 [°] 

 

Small pilot: 

¶ Gender: female 

¶ Weight: 50 [Kg] 

¶ Stature: 1.55 [m] 

¶ Crotch height, standing: 0.729 [m] 

¶ Sitting height: 0.818 [m] 

¶ Hip breadth, sitting: 0.355 [m] 

¶ Thigh, flexion (front seat): 75 [°] 

¶ Thigh, flexion (back seat): 75 [°] 

¶ Thigh, abduction (front seat) : 9 [°] 

¶ Thigh, abduction (back seat) : 16 [°] 

¶ Leg, flexion: 45 [°] 
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Figure 3.3 - Standard pilot standing dimensioning. 

 

 

Figure 3.4 - Standard pilot sitting position. 
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3.3.2. Cockpit design 

 The next step was design the seats of the airplane, based on the results obtained by the 

definition of the mannequins. The structure of the seat has the function of to protect the pilot in 

the event of to pyloning. Both front and back seats are the same. The Figure 3.5 shows the final 

seat draw. 

 

 

Figure 3.5 - Airplane seat. 

 

 With the mannequins and seats defined, the two seats were positioned properly for the 

dimensioning of the cockpit. The Figure 3.6 presents the result. 
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Figure 3.6 - Pilots seats positioning inside the cockpit. 

 

 Continuing the activities, the next steps done were the definition of the external loft of the 

entire fuselage and the geometry of the avionics panel based on the pilots seats positioning, 

here will be showed the segment of the cockpit on the Figure 3.7 and avionics panel on the 

Figure 3.8. The final result regarding the ergonomics and designing of the cockpit is presented 

on the Figure 3.9.  

 

 

Figure 3.7 - Cockpit frames drawings. 
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Figure 3.8 - Equipped avionics panel. 

 

 

Figure 3.9 - Cockpit assembly. 

 

The Figure 2.13 suggests a minimum inclination angle for the canopy of ςυЈ, but the 

canopy was drawing with an inclination slightly lower with value of ςσȢχυψЈ. 

 

 






















































































































































































































































































































































































































































































