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] Thin Rirfeil Theory

Principle:

* Replace thin airfoil with the mean camber line (MCL) because of the small
thickness and camber of the airfoil

 MCL assumed to be a streamline of the flow around the thin airfoil.

* To force the MCL to be a streamline, the sum of all velocity components normal to
the MCL must be equal to zero.

Voo,n +V,

=0

ortex—induced ,n

z , Thin Airfoil Theory Summary /z(x) = camber line
. C
/ Camber line, z = z(x)
1(x) = thickness \ v
) ng edge / Trailing edge
z(X) = camber line s
\ Y/ /
X

X o 0 ¢

U,
f ¢ ‘ (b) Vorticity distribution on the camber line of the airfoil




] Thin Rirfeil Theory

* To force the mean camber line to be a streamline, the sum of all velocity
components normal to the mcl must be equal to zero.
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2 Thin Rirfoil Theory for Gambered Airfoils

d The integral equation for
a cambered airfoil:

=V, (a——);

1 jc y(X)dx dz
27 90 (X, — X) dx

J Make a transformation:
X = % (1-cosd),

If =0 = x=0, atLeading Edge
If 6=n = x=c, atTrailing Edge

1 The integral equation of cambered airfoil.

1 J‘ﬂ y(0)singdo
27 90

dz
= o ———
C0S 6 —cos 4, . dx)

%7&0
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2 Thin Rirfeil Theory for Cambered Airfoils

 The integral equation for

a cambered airfoil:

1 (= y(6)sin0do
27 70 cosé —cos o,

 The solution for a cambered airfoil will be:

dz
-V (a——):

1+ cosé’

7(0) =2V [la@—A)—

=—j—d9

T

2
A =;_([f(<9)cos(n9)d6?:;f

0

o0

Z A sin(ng)]

dz cos(nd)dé
dx

Z, Thin Airfoil Theory Summary

T(x) = thickness

= camber line

Leading edge




2 Thin Rirfeil Theory — Cambersd Airfoil

Lift coefficient of symmetrical airfoil c, ——
Cambered  mmmm.
CL = 27Z'[Ab + Ai / 2] — 27[[& — aLO] zisl, /// ; Symmetncal
- | /‘AC
z /
=—j—(1 cos@)déo ¢ |/
o /) Bnmosenen
' dC
* The value of a,, will be determined if the MCL is / daL =27
given for an airfoil, which is not a function of a. [/ | \ 1
* The slope of the Lift coefficient profile is still 2. i e Angle of jﬁack & (degff_fes., "
d Moment about the airfoil leading edge
C .-C'E"m R Plane of
Cyre=—I—+ z (A-A)] R th& ehord
’ 4 4
/ _—-}—‘
T
CM,c/4:_Z(A1_A2) ';"'\:Fi-—: [
|
1 7C i b -
Xep = 4 [c+ C_L (A=Al No dependency on a for aerodynamic center




2 Thin Rirfeil Theory - Cambered Airfoil

* For a thin airfoil with chord length of ¢ = 1.5 m flying at altitude
1000 m (poo = 1.112 kg/m?3) with V,, = 100 m/s and a = 2°

. Flnd Lr |f (ILZO = _E

* Find MILE if Cmc/4 = —0.3




2 Thin Rirfeil Theory — Cambersd Airfoil

e For a thin airfoil with chord length of ¢ = 1.5 m flying at altitude
1000 m (ps = 1.112 kg /m?3) with Vo, = 100 m/s and a = 2°

e FindL ifa;—y = —%

* Find M!LE if Cmc/4 = —0.3

2

¢, = 2m(a — a )—2n(2>< i JFH)—:'I — 0.5483
L k=07 180 60/ 18

1 1
L = (EpooVogc) = 0.5483 x 5 x 1.112 1002 x 1.5
L' = 4573 N/m

1 1
C =C ——=¢; =—03—--=x%x0.5483 —> ¢

mrg Mc/a 4 4 MLE
1
Mg = EPOOVCECZC

= —0.4371

1
=3 x 1.112 x 1004 x 1.5% x —0.4371

MmLE

MILE — _54‘68 N




2 Thin Rirfeil Theory - Cambered Airfoil

Cambered airfoil example
Let’s consider a thin airfoil with the mean camber line
equation given as: . . )
Camber line, z = z(x)
ne(x) = 4mc (E) (1 _E)’ m=0 \ W
Leading edge ‘ / Trailing edge
: dne(x) | . . \M/
First calculate — (with n. still as a function of x) et e
dn.(x 2x
nc():4m(1__) -
dx C :
Then make the change ofcvariable
x =—=(1—cos#) =X
2
dnc(6
n;( ) = 4m[1 — (1 — cos )] n.(0) =0
X ne(c) =0
dn.(6) n (E = mc
e — 4mcosb N2

dx




2 Thin Rirfeil Theory — Cambersd Airfoil

Finding coefficients I
Recall . /
dan. Z "
= A, + A, cosné
n=1

There are two methods for finding A,, coefficients for a given

dn./dx:
Method A: Read the coefficients

Only works when dn./dx can be written as a single function of
cos n6 over the entire airfoil

Method B: Use the integrals

This is the general method and always works




2 Thin Rirfeil Theory - Cambered Airfoil

Lift coefficient %c(x) = 4mc (E) (1 _ E) >0

C C
Method A .
dn. B
q = Ay + A, cosnb = Ay + A, cos 6 + A, cos 26 + ---
X n=1
here ,
T = 4mcos @
dx

Compare the two
A0:01A1:4m,A2:0

Then
Aq 4m
“L=0=A0—7=—7=—2m<0

¢, = 2n(a + 2m)




2 Thin Rirfeil Theory - Cambered Airfoil

Method B
dn.

=4 0
Tx m cos

1 (Tdn.(6 1 (™
Aoz—f el )dez—f 4m cos 6 d6
TJ X T,

d

4m
Ao =?(sinn:—sin0) =0

dx

2 (Tdn, 2 (7
A1=—f c059d9=—f 4mcos? 6 d6
TJg TJo

4m (T 4m 1 T
A1=—f (1+c0529)d9=—[9+—sin29] = 4m
T J, 4 2 0

zZ

Camber line, z = z(x)

1+cosfd & )
y(0) =2V [(a-A)— +>_ A sin(ng)]
sin@ )
:i 'gdg
7T 5 dx
A = 27 f (8) cos(n)dé = 2 j %cos(ne)de
T 7 5 dx

Leading edge

'/ Trailing edge

2 (Tdn, 2 (7
A, =— —cosZQsz—j 4m cos 6 cos26 df
wJ), dx T,
8m 7 Ay 4m
AZ:T 0(:039(:052961920 0~’L=0—A0—7:_T__2m<0

Same for 4, ,n = 2

¢ =2n(a + 2m)




2 Thin Rirfeil Theory — Cambersd Airfoil

Moment coefficient and center of pressure

Also

Cmc/4

Cingsy = —TM < 0

This is a nose-down pitching moment

Center of pressure

c m(A, — A c
S G B G

=%(A2 - Ay) =%(0 — 4m)

w(4m - 0)
2m(a + 2m)

Aerodynamic
Farce
Mormeant
b= |
-t >
chord = c




2 Thin Rirfeil Theory - Cambered Airfoil

Center of pressure

_c {4 2m
Xep T a+ 2m

C
a=0=>xcp=§

C
A — 00 = X = —

moves here as « increases

\.
(’-3- o

xcp

e .

1 Angle of Attack

/ )

> S
Ai Angle of Attack ; A

CP

/ 4

* Angle of Amck%
CG

X¢p Starts hereata = 0

c/4 c/2




1 Thin Airfoil Theory — Gambered Airfoil

The NACA 4412 airfoil has a mean camber line given by
x X 2 x

0.25 [0.8— - (=) ] for0 <=< 0.4
c c c

e

x x\ 2 X
0.111 [0.2+0.8—— (—) ] for04<—<1
C C C

Using thin airfoil theory, calculate

a. ay—gandc; when a = 3°.

b. Cm,csaand xg,/c fora = 3°.

c. Compare the results of part (a) and (b) with experimental data of NACA 4412 airfoil (see
plots below and quiz 7).

d. Lift per unit length of span and circulation for an airfoil with chord length of 2 m flying at
a standard altitude of 3 km and velocity of 60 m/s (same angle of attack of 3°).

3.6 TTTT T[T TV Iy ryrrrrrrrvri] 02 a2 EREE R 0.036
= = ~— C =
32 - 2o — - - 0.032
NACA 4412 : ' ] - a2 . -
28 - —4 o 02 04 X 08 os 10 |- —1
t radius 00159 - Jn - gm0 G R PR L L I R R L = &
a S
24: / = = f :002 _§,
20 Z - s j’:ovozo $
- - e o
3 H E 4 g
16 A S = = Hooie 8
. 7 E N VA
* aa b -1 - 0012
s - = - N .
5 - f m - "/ =
] g os | = - — 0.008
i L il I o 3
N~ g o E = = —| 0.004
ol g do E =
- 4 i - = =
o E oh o 52 - o e O 0] 0 7 E;
= =] (_;E = > ($)
- 3 - . = ac position B 4
-o8 —{-02 § - v y —-°2 g
- - = - R 3 <c B :§
- = 2 = © 3.0x10® 0245 0.068 e B8
R = o 71 e = o 8.0 0246 -0.051 792 =
- — s = © 9.0 0.247 -0.041 -1 E
= =3 = a 60 Standard roughness i
=18 = =~94 § - 0.20¢ split flap eo* —]704 =
- = - v 60 B
2ol ia s laa s b s bana e deaalesl g4 Dot aga less Lina nanbyaad (ol e g
-32 -24 -16 -8 ) 8 16 24 32 -186 -12 -08 -04 O 04 08 12 1

Section angle of attack. ag. deg Section lift coefficient. C;

Aerodynamic characteristics of the NACA 4412 airfoil.




A Thin Rirfoil Theory — Gambered Airfoil

X x x
dn. _d(n./c) _ | 025 o8 -2 (E}] =02 —-05= for0 < —< 0.4 I ]
dx  d(x/c) 0.111 [0.3 —2 G}] = 0.089 — D.ZZZE for 0.4 «c_:% =1 z, 'hin Alrfoil Theory summary

For§= 0.4 & E =2(1—cosf) = cosf = 0.2 » 8 = 1.369 rad

T(x) = thickness

dn, {0.2 — 0.25(1 — cos @) = —0.05 + 0.25 cos & for0 <= 6 < 1.369

dx - 0.089 — 0.111(1 —cosf) = —0.0223 + 0.111cosf for1.369 <8 = mw

Ap =lf d’?ﬂ_@dg z(x) = camber line
Tty dx

1 1.369

— —J‘ (—0.05 + 0.25 cos 8)d8
Tl
1 T

+— (—0.0223 4+ 0.111 cos 8)d& = 0.0089
T Ji.369

2 [Tdn.(8)
Al ZEJ; TCDSQdB

—_— X

NACA 4412

LE radius: 0.0159

1 rl3e°
= —f (—0.05 + 0.25cos8)cos 8 db
TJo

1 w
+— (—0.0223 + 0.111 cos8) cos 8 d8 = 0.163

T Ji.369

2 ["dn (8
A, =_J' @) 6 a0 A
T Jy dx

1 1362
= _J- (—0.05 + 0.25 cos 8) cos 28 df
o

T
1 w

+— (—0.0223 4+ 0.111 cos &) cos 20 d@ = 0.0277
T Ji3e9

A 0.163
oy —g = Ag —?1 = 0.0089 ———— = —0.0726 rad

= —4.16°

10% of the chord

Dr—o

c; = 2nl(a + 0.0726)

For & = 3° = 0.0524 rad — ¢; = 0.7854
I —




A Thin Rirfoil Theory — Gambered Airfoil

- u.nz??)]

Error (%)
3.3
11.9

b.
Cmgjs =7 (A2 — A1) = (00277 — 0.163) = —0.1063
Xep 1 T ] 1 T
=—11+—(A4; — A4 =—[1 0.163
c 4 +¢:( 1= 4)| =3[ + 57852
X
=~ =(.3853
C
C.
Comparison with experimental data
Inviscid theory Experiment
' 0.7854 0.76
Cime/s -0.1063 -0.095
d.

R kg
L = Epm Visqe, P = 0.9093— (standard atmo
m

sphere h=3 km)

o N
L' ==(0.9093)(60%)(0.7854)(2) = 2571—

L 2571
I'=p V.IT>T= =
p.. V..  0.9090 X 60

me

47.12—

5
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