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] Thin Airfeil 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 MICL must be equal to zero.
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] Thin Rirfoil 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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3 Thin Airfoil Theory - Cambered Airfoil

Q The integral equation 1 J'C y(X)dx
hin airfoil th - 5
of thin airfoil theory 27 J0 (Xo _ X)

* To solve the integral equation, we first make a transformation:

X = %(1—cos€); 0 = (0, )

dz
-V (a-—-2):

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

Then, x, is a point on x , corresponding to 6, camberine
C - Thin airfoil ]:.‘> - s Y6s)
Then: x= > (1-cosé,);
1 Oﬁ . 7(3)-0.3”;@(1@ :Vw(a_%); z4
272- E (1— COS HO) — E (1_ COS 9) X Camber line, z = z(x)
1 = »(0)sin0do dz : g .

— =V (a——); a 1 N I
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] Thin Rirfoil Theory

Q The integral equation of J‘ y(0)sin8d o V (a- % )
thin airfoil theory: coS & — COS 9 & dx
d Solution of the integral equation for a symmetrical airfoil:
dz
Since it is symmetrical airfoil, therefore: & =0
O)sinedo | = S

dz .
—=U= j = Vooa’ /C(X', Symmetrical
dx 27 *0 oS —cosb,

The solution will be:

1+coséd
SIin@

y(0) =2aV,




2 Thin Airfeil Theory for Cambered Airfoils

 The integral equation of thin unsymmetrical airfoil.

1 ¢~ y(@)sinodo dz
[T LOSREED (-
27 *% cos6 —cos b, dx
% 20 \ Camber line, 7 = 7(x) §

o 0 c
U-:l

 Solution of the equations:

1+cosfd &

7(0) =2V, [A == +Z/x sin(ng)]




2 Thin Airfeil Theory for Cambered Airfoils

d Verification of the solution: zi j” y(8)sinodo ~V_ (o % )
T

o 0 _
7(0) =2V, (A, L2503 o sin(ro)] Cos ¢/ —Cos 6,
sins@
1+cosf, < : :
N 1 r y(0)sinfd o _ 1 VoA sins & ) nZ:;A]sm(n@)]sdeH
270 cos@—-cosl, 2x°° cos @ —cos 4,
Voo 4 A\)(l+ ({08 9) 7 Z;A] Sln(ng)SIn 9 . Camber line, z = z(x) y
==[| do+ | de] \
0 cos @ —cos 6, 0 cosf—cosé, Leading edsc / —
. N M /
d For the first term: It .
f” cos(nd)dgd  zsin(nb,)
0 cosé —cosd, sin 4,
. I A0(1+COS(9) 7 J- A, cosd
Jo cosh - cosH 0 coSé — cos@ 0 coSé — cos¢9
7sin(0+8,) 7sin(1-6,)
= + = y/a
4l sin 6, sin 6, 1=4




1 Thin Rirfoil Theory for Cambered Airfoils

W Verification of the solution:

HO) =2V, [A T2 15 A, sin(no)]

0 - 0 - 0
:211 y(0)singdo _V, I Ab(1+cosg)d0+ ”Z::A3|n(n )sin
T

J' n=1
Cos @ —Ccos G, cos @ —cos G, 0 cosd—coso,

de]

 For the 2nd term in the above equation:

r sin(ng)singde _ (00 K Therefore, the controlling equation will be:
OOO cosd — COS@ 1 J‘ 7/(8)8|n0d0 (a__)
. 2 A sin(nd)sin g . 2770 cosé —cosb,
“Jo cos@-cosd, 161= _ﬂ-; A, cos(nte) 0 dz
Therefore : =V, [A - Z A, cos(ng,)] =V, (a - &)
y(0)sin6do _V © n=1
X —=[Az—7) A cos(nb,)] o
27z cos@—-cos6, r« o — % . (0{ Ao) +ZAn COS(I’]HO)
N X n=1

=V, [A, - A, cos(nd,)]




2 Thin Airfeil Theory for Cambered Airfoils

dz

dx

(cr— )+ A cos(nd,)

O From Fourie's series expression

dz

dx

B,

B. _2 | £(0)cos(ng)dg; n=12,..0
7T 0

= f(0)=B,+)_B, cos(ng,)
n=1

17 |
=;£f(9)d9,

O Therefore:

Leading edge

Trailing edge

U,

N Thin Airfoil Theory Summary

T(X) = thickness

Z(x) = camber line

—

17 1%dz
—a-B=a-=|f(@)do=a—-=|-—d0
A)aoaﬂ!()aﬂ!dx

A =B _2 j f (6) cos(n@)d @ = 2 j Ecos(n@)ole
T T dx




] Thin Rirfoil Theory

Q The integral equationof 1 = y(0)sin0dé

_V (a dZ).
thin airfoil theory: 5790 cos @ —cos 6’0 0 T

T(x) = thickness

d For a symmetrical airfoil: dz -0

du v Z(X) = camber line

— X

1 The integral equation of thin airfoil theory can be simplified as:

ijﬂ 7/(6)3”1 Hdg :Vooa; ‘J“‘G __________ —
27 0 cos @ —cos b, ZE T s

d Solution of the integral equation for a symmetrical airfoil:

1+cosd

y(0) =20V, —
sin @




2 Thin Airfeil Theory for Cambered Airfoils

J The integral equation for
a cambered airfoil:

D

 The solution for a cambered airfoil will be:

« 7(6)sin 6do

COS & —C0s 6,

dz
~V (a0 —-2):

y(0) =

1+ cos@

2V [A

a——j—d@

< j f (9)cos(n@)d @ = j %

o0

Z A sin(ng)]

T

0

cos(n@)dd

zZ, Thin Airfoil Theory Summary

T(x) = thickness

Leading edge

VZ(X) = camber line
\T}“ X
C




1 Thin Rirfoil Theory - Cambered Airfoil

Q Is Kutta condition satisfied at TE? vmemeE o
140050 & , . %‘I:: _.

y(0)=2V_[A —— +ZAnsm(n6’)] T~
SIn 9 n=1 At pointa: ¥, =¥, =0

atairfoil LE: O=rn e Case #1
1+cosz O Cusp

=y(r)=2V =—

Therefore: :é i-;}

d(1+ cosé) T ol

* Case #2

7/(‘9)|9_m = 2V00AO d(glﬁtg)
* |In relation to the vortex sheet

do O—r discontinuity
—sind 0 y(TE) =V, =V,

=2V =2V AA—=0
A cosé |, < -1

— Kutta condition is satisfied at TE!

y(TE) =0




1 Thin Rirfoil Theory - Cambered Airfoil

* The Kutta-Joukowski Lift Theorem: Bound Vortex

L" __ pVOOF __‘/\ Shed Vortex

d Lift generated by the cambered airfoil

TE
= J. }/(X)dX angle of attack _
o chord line
1 0 a h f.-—-“_,“-,—h-,__mw camber line
+C0S - : Yy . 7 ra—
7/(9) 2V [Ab ZA1 Sln(ng)] relative wind f%:::‘""',lil‘--,_‘i/ R.x‘xm
n=1 (IS " - “'#‘ — = S ~..
Y S
.. B A i
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: r—TjE (x)dx—]ﬁ (0)-S-sin6-d0 =S [2v, 14, 2200 L 57 A sin(no)]-sin od6 ) R %’
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w
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S
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o 0 ¢
Uq
T _ T if n=1
-.-Ism(n@)-sm 0do] =2
0 0 if n=zl

~I'=V c[Ax+ % Al




2 Thin Rirfeil Theory — Cambersd Airfeil

Lift coefficient of cambered airfoil

L= pV.T = V2 A+ 2 A]

L ALIAT T A]
C, = = =27[A, + A /2]

1 2 1 2
—pV_“C —pV_“C
2/000 2,000

A =a+B, _a——j—de Al_—j—cos(e)de
S.C = 2z[a——j&(1—cose)de]

——I—(l cosd)déo

C.= 277[05 o]

= /A
* The value of a,, will be determined if the MCL is 3 /
given for an airfoil, which is not a function of c. "*g // :
= Change in Iift coefficient
 The slope of the Lift coefficient profile is still 2. 4 due to camber
C, =2x[a-ay,] //
dC /
——I—(l cosd)da L =27 # 0 10 20 36 40
o Angle of attack « (degrees)




1 Thin Rirfoil Theory - Cambered Airfoil

C, =2nla—c,]

=—_[—(1 cosd)dé

+
I Hict Camkber &irfoil
. O
y ~_ = Loy Camber Sirfoil
o L
f Symmetrical
ymmees £ Symmetric Airfoil
U |-.. c —‘
o | ! -+
; Nonsymmetrical + —— Stall Angles
.-. — | ——
Feometric Angle of Attack
— Angle of Attack —™] 4 +
Ahzolute Angle of Attack —




1 Thin Rirfoil Theory - Cambered Airfoil

d Moment about the airfoil leading edge
M ==[ xdli dL=pV, ()

TE
=>M; = —IL X- pV_y(x)dx

1+cosé

=—(1 cosd); y(0)=2aV,
sind

sdx = —sin 6do
2

TE
=>M;= —J xpV_ 7 (x)dX

1+c030 2

Z A sin(ng)]- —sm 6do

—j —(1 cos0)- PV, -2V, [A =

Therefore;

T

2 +dz
=— | —cos(né)da
A ﬂ!dx (no)
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Z
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-
o
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. No dependency on a for aerodynamic center




3 Thin Airfoil Theory - Cambered Airfoil

d Moment about the airfoil leading edge

Cantar R
Plane of
o pmssura / the chord

CM LE — CM cl4

Therefore :

C . =27A +Ar;

MLE A()__A1 Az_

4
C:L
4

: __Tp_

"CM,c/4_ 4(A1 AZ)
1 C

Xcp =Z[C+C—L(A1—Az)]

/ _—-‘E—
L - F"_ !
"N\ F""’ / t
" =
L1lirn =mg
A
erlm 0

[2’”3””’* ”(A1 A=+ 2 (A R ——

No dependency on a for aerodynamic center




1 Thin Rirfoil Theory - Cambered Airfoil

 Center of Lift or center of pressure on an airfoil
c = 2na

€

NACA 0012 airfoil

Eq. (4.33)

® Re=3.0X 105—
8 Re=9.0x 105

—

¢ = 2n(a — aj=)

. ‘
]
" NACA 2412 airfoil
Eq.(4.57)
¢ 20
1.6 —
1.2 —
0.8 L. Lift coefficient
0.4 —
0
i Eq. (4.64)
Moment
—0.8— coefficient

1

@ Re=3.1 X109
B Re=8.9 X 104

| L

-8 0

o, degrees Jr

8

t6 24

T
C|\/|,c/4 :_Z(Al - Az)

Cm, cl4
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