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Flight and aerodynamic forces
How do planes fly?
Airfoil nomenclature
Calculating aerodynamic forces

Calculating aerodynamic moments



What is flight?

Flight is the process by which an object moves, through an atmosphere or beyond it.
This can be achieved by generating , propulsive thrust, hydrostatically
using buoyancy, or by ballistic movement.

- wikipedia




Aerodynamic lift and other forces

lift L U,
d\"ag lif+
drag || U, é— S, l\/]
weight

\

in cruise: lift = weight



pitching moment | O

Aerodynamic forces and moments oling morent |

yawing moment [

L Lift

yawing moment
D Drag

pitching moment Vv

M < 0: nose-down pitching moment
M > 0: nose-up pitching moment

Ly rolling moment




Sources of aerodynamic forces

Which objects can generate net aerodynamic lift in flight?
(A)

(B) ]


https://youtu.be/hlmvHfIAszo

Explaining lift

It is easy to explain how a rocket works, but explaining how a wing works takes a rocket scientist
- Philippe SPALART
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Explaining lift

Can you explain the magic?
mogic
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Explaining lift
Misconceptions
HANDLING A %ruuﬁnmr w?a ——— —{RIGHT)
WITH AN INSIGHTEL QUESTION : CAN PLANES LY WOW, GOOD QUESTION!
' UPSIOE. DOWN? ~MAYBE THIS PCTURE IS
__/' SMPUFIED—OR WRONG!
. > s
~ .
50, KIDS, THE. AIR ABOVE THE WING
TRAVELS A LONGER DISTANCE, S0 [ {wRONG]
%ERGOEWS LE‘T;PPESQ;’; ITS.... CMPUCATED.
; )
SOTHE WING 1S LIFTED UPWARD. o S—
To MOVE ON
VERY WRONG
SANTA CLALS IS
\—" YOUR FARENTS.



https://www.youtube.com/watch?v=e0l31p6RIaY

Explaining Lift

Misconceptions

@;




Explaining lift correctly

Which statement about the pressure across a curved
streamline is correct? (B)  pa=Dps



Explaining lift correctly

Force balance across a curved streamline







Curved streamlines
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Curved streamlines




Curved streamlines

V= (Vylrgdr V= (Vyrgtr
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Curved streamlines

Which statement about the pressure across a curved
streamline is correct? (B)  pa=Dps



Explaining lift correctly

Lift is due to flow curvature
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Airfoil nomenclature

. chord length .
leading edge (LE) - < ; - trailing edge (TE)
Symmetrical fairing
ch
oot camber line y.(x/c)

Upper suface = gICtion Side

—

wrd ne "X

Cambered aerofoil

ydx/c) =y (x/c)=tlx/c)/2 = y(x/c)+t(x/c)/2

with t(x/c) the thickness of the airfoil along the chord (c)



NACA 4-digit airfoil series

m A NACAXYTT has a maximum camber of X% located (Y % 10)% (0.Y
chords) from the leading edge with a maximum thickness of TT % of
the chord. Four-digit series airfoils by default have maximum thickness
at 30 % of the chord (0.3 chords) from the leading edge.

® A NACAOO15 is a symmetric airfoil with no camber and a maximum

thickness of 15 % of the chord. -

m A NACA4415 has a maximum camber of 4 % located 40 % (0.4 chords)
from the leading edge with a maximum thickness of 15 % of the chord.

Al

Airfoil databases:

http://airfoiltools.com/
http://m-selig.ae.illinois.edu/ads/coord_database.html
https://wind.nrel.gov/airfoils/



http://airfoiltools.com/
http://m-selig.ae.illinois.edu/ads/coord_database.html
https://wind.nrel.gov/airfoils/

R = resultant force

Aerodynamic forces and moments on airfoils N= normal & A= axal fore

L=Ncosa—Asina

D =Nsina+Acosa

Convention:
: , , M
2D: €, = 7——— with L lift per unit span Co=1T—F—
2PUsC 2PUo.c?
: 1 M
3D: €y = 7———— Wwith S the wings surface Cw=1"3
2PUSS spU%_Sc

L=Ilift & D=drag

a = angle of attack

U, = freestream velocity

o o o o od



Sources of aerodynamic forces m pressure distribution p(x)
® wall shear stress distribution 7(x)

r dF_.=71ds

We will often use a low a approximation:
Hcosa~1
Esina~0orsina~a

For ¢ = 20° = 0.34906:
M cosa = 0.93969
B sina = 0.34202



Calculating aerodynamic forces

b )

Vo - 1

0 6 = local surface curvature




Calculating aerodynamic forces on the suction side (ss)

|
l
I
|

Chord-normal projections of the pressure and shear stress force compaonents:

dN; = —|dF | — |dF, | = —pgds cos § — T dssin 6

Axial projections of the pressure and shear stress force components:

dAy, = —|dF sl +|dF s| = —pdssin 6 + 7ds cos O



Calculating aerodynamic forces on the pressure side (ps)

Chord-normal projections of the pressure and shear stress force components:

dN,, = |dF,y| — [dF . \| = p,sds cos 6 — 7 ,ds/sin 6

Axial projections of the pressure and shear stress force components:

dA, = [dF, | + |dF, s = p,dssin @ + 7 dscos 0



Calculating aerodynamic forces

TE TE
=J dN, + J dN,,
LE LE

J(—psscose TssSIHG)dsss+J(ppsC059 T, sm@)dp

TE TE
fan [,
LE LE
TE

J (—pssin O + 1 cos 0)ds, + f (ppS sin 6 — T, cos 9) ds,

LE




Calculating aerodynamic forces

from pressure distribution only

TE TE

N = f —p. cos Ods + J Pps cos Ods
LE LE
TE TE( )
N co — ~ Foo
EPUoo 3pUZ, 5P U,
LE LE
1 1 1

C, = J —cp,ssd(’cc) fcppsd(c) J(Cp,ps—cp,ss)d(

0 0 0



Calculating aerodynamic moments about the leading edge M,

M =moment around the origin sign convention:
M < 0: nose-down pitching moment

TE TE TE TE M > 0: nose-up pitching moment
= J xdN,, — J depS — J ydA, — f ydApS
LE LE LE LE
TE

= J (xps,S cos Bds,, — xp,,cos Ods,; — ypssin Ods, — yp,ssin Gdsps)

LE

for most airfoil shapes or streamlined objects: sinf < cos6

TE
= k L (pss_poo)XdX ] (Pps—poo)xdx
U ) 3Pl LU ¢
1
X, (X
o)

0



Pitching moment

The pitching motion is measured about a reference point.

To convert from one reference point 2 to another reference point x;

Mj=M,—aLcosa—aDsina=M,—xLcosa—xDsina

=>M,=M,—(a—x)(Lcosa+Dsina)=M,—(a—x)N

a X

g Cm,x — Cm,a _ (E — Z) Ch



Centre of pressure

Centre of pressure = the location where the resultant of a distributed
load effectively acts on the body

General: [MX = M,—(a—x)N J -

cp l“ x(:p_*"

Special case:  a=0, x=x

MX:O:MLE+XCPN X, =—-




Centre of pressure

Centre of pressure = the location where the resultant of a distributed
load effectively acts on the body

a X M

— : LE

| Chy —C (clcosa+cd51na)( ) X, —=—-
m,X m,a C C cp N

Centre of pressure = the location on the body about which the aerody-

namic moment is zero.




Aerodynamic centre

Aerodynamic centre = location on the airfoil about which the aerody-

namic moment is independent of angle of attack.

AL a X
General: Cox =Cma— | ——— |G
C C

My ( ) Now take: a/c=0, x/c=ac

I_i %, 4.“ = Cm,ac - Cm,LE + ac Cn

de ac dcm LE dc
= 0=——=—-—+ac—
da da da

de 1
~ da

dcyy

da
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