X-force

pool]oo2 pooU2 pOO
X=—j€p-dy=—j£(p—poo)-dy=—j£< - -dy =—-9U*-dy
l l l

2 2

Y-force

U2 pLU? o
Y=ffp-dx=3€(p—poo)-dx=j£ P _P -dx=—p—7gU2-dx
l l l 2 2 2 l

X—iY=—fp-dy+ipdx=-~=ipz—oo%Uz-dZ
l l

M, = —3€p - (ydy + xdx) = — fp -Re(zdz) = = pZ—OORerZ -zdz
l l l
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U|(cos 0 — isin @) = U] 2
dZ coSs Lsin = dS

dw\? dz\* . dz-dz ,dz-[dz]  dz
() - (0 - vttt v
dz ds ds-ds dz - \dz dz
dw\? dw\*
U?dz = (—) dz ;: U?zdz = (—) zdz
dz dz
X—iy=il

Pos dw\*
MO = TRef (E) zdz
l
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Iy —p°°R jg(dW)z q —p°°R f(dW)dedZ p —p°°R f(dW)ZdZ 4z
0~ e,dzzz_zele dzdzZZ_Zel ‘

My=My+Yxy—Xy,=Mo+ Rel[ilX—1iY)(x4 +/4ya)] '
N \ 2
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z=f(Z)
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P f(dW)de( )dZ =
A_Zeldz dzZZA B

=2m p,, U2 Re{ie ?*[cy + a(z, + cp)e | — ia(z, + cq)e's}

C1 .
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05 F g
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AERODYNAMIC CENTER

MA =C
thin, symmetrical airfoil X./c=0.25
yaa/c =0.00 0.5
Cw
_U . L]: ]
thick, symmetrical/ 0.3
nonsymmetrical airfoil x,/c = 0.25
-0.2 1
Ya/c = 0.00
-0.
-. mr 5,782 Vrer: .o
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airfoil: NACA 4412 potential flow

VZ
L=CL-S-pOO7 C, = fun(a, geom, Re, ...)
2
D=Cp-S- poo7°o Cp = fun(a, geom, Re, ..)[FRICTION]
VZ
My=Cm-c-S- pw7°° Cm = fun(a,geom, Re,(x,,y,) ...)
7. ety ;
Re R
o 5 .
5. 2000000

:
iy
4

'
i

.

+ e
<+

200 400 600  BO0 1000 -10 10203040506070608C
10%= Cp a

C,, Cp, Cm
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low angles of attack

CL

NONSYMMETRICAL

1.0 THICK AIRFOIL

NONSYMMETRICAL
THIN AIRFOIL

YMMETRICAL
THICK AIRFOIL

YMMETRICAL
THIN AIRFOIL

dC —

daL = fun(f, X, Re,...) 0 0.1] Y 527 Voa]
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lift force slope, Joukowski airfoil, inviscid flow

JOUKOWSKI AIRFOIL: LIFT SLOPE vs THICKNESS (f_max = 0) & CAMBER (t_max = 0.12)

1.14 // /
112 P

(dCL/dALFA)/(2¢Pi) ~ 1 + 0.7714 * t _max/c /
1.1

- 1.08 /
1.06 /
/ d(dCL/JALFA)/(dCL/ALFA) ~ 1 + 2 * (f_max/c)*2 [t=0]
1.04 I
—
1.02 //
/
9 0.05 0.1 0.15 0.2 0.25
t_max
dc, dc, . dc, dc, _
— ) ——— = funl(t (—) —(—) = fun2
(da)z (da)zzo / O da/; da /7o / (f)

Krzysztof Kubrynski AERODYNAMICS-1 (03) for internal use only



low angles of attack

Krzysztof Kubrynski

NONSYMMETRICAL AIRFOIL

SYMMETRICAL AIRFOIL

~1i-0 5L
dCm c
dc, *

Cm =Cmy+

Cm(xr,yr) — Cm(xo,yo) + CY ) (xr - xO)/c - CX ) (yr - yO)/C =

= Cm(xo,yo) +Cyp - (xr - xO)/C

(de) (de) o Y
= X, — Xg)/C
dCL (xr:yr) dCL (xO'yO)
dCm dCm
(5o) =0 > (a/O) = (x0/O) — (7o)
L (XsaYsa) L (x0,y0)
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Cm(xr,yr) = Cm(xo,yo) + CY ) (xr - xO)/C - CX ) (yr - yo)/C ~

~ Cm(xo,yo) + CL ) (xr - xO)/c

MGy =0 = () = (Xep Vep)

Cm(x Yo) i
(xcp/c) = (x¢/c€) — % —Cm Xep/C
Cm07
””””” Xae/C~—
\ CL
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-2.5 1xroIL NACA DO12
v §.87 a = 5.00°

L, = 0.6032
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-2.5 1xroIL NACA DO12
v 8.97 a = 10.00°
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-2.5 1xFo1 NACA uy12
v §.87 a = 0.00°

L, = 0.5184

-2.0 Gy - -O0.1111
Coe - -0.00108

-1.5

CD

-1.0

-0.5

0.0 H

D.5

1.0

Krzysztof Kubrynski

AERODYNAMICS-1 (0

~

o)

)

for internal use only

TV

15



-2.5 1xFo1 NACA uy12
v 8.97 a = -4.2g°
€. = -0.0000
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X-momentum eq.:

y-momentum eq.:

continuity eq.:

Krzysztof Kubrynski

BOUNDARY LAYER:

ou du, 0 ou a(uv’)
ady dx ady dy dy

®_ 9 , p(y) = const

du av
4+ —

= =0
dx Jdy

AERODYNAMICS-1 (03) for internal use only

19



Near the surface: u,y << Us (~0), so:

Turbulent boundary layer, no pressure gradient:

a du faqy ! ) — . a_u_ Py ! — _t_W
a—y(va—uv)—ﬂ lub: vay uv—const—p
def:
Tw u y
—_— = V* 2, —:u+, = +
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near the surface:

SO.

LAMINAR (VISCOUS) SUBLAYER

Krzysztof Kubrynski AERODYNAMICS-1 (03)
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above laminar sublayer:

SO.

turbulence model (mixing length):

VT=112n
() o (2
m\ay, p T ™ \ay

Krzysztof Kubrynski

214 >> au

u'v vay

uv' = (V*)Z
du
a_y" lm_’c'y
) v Iny+cC
_ _ N W

" dy K-y =g mryrh

Iny*
ut = 24 +C k=0.41, C=6.1

K

J.J.Bertin, M.L.Smith — Aerodynamics for Engineers, Printice-Hall International, Inc.,

1998
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13

*

v~

Linear Buffer
sublayer layer
j

Viscous sublayer
b
l—

Inner layer

"Wake"'
component

og-law Outer
region layer

ot
Defect-law region

INTEGRAL RELATIONS FOR BOUNDARY LAYER (ORL
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d(uu) N d(uv)  du, N d%*u |
ox dy ~ ey "ayz 1)

d(u,u) 9d(u,v) du,
dx * ay - dx (2)

(2)-(1)

du, d%u

a((ue—wu) + 3((ue—w)v) _ e _ y o

dx ay

(ue _ u)
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p @((ue —u)u) ’ 8((ue —u)v) ; du ;
dy + dy+\|(u,—u)—=dy =—v|—
! ax ! i ! (.~ 2) !
o e~y ~ e~ wdy s o +
((ue — u)v)|§ + c:;t: a(ue —w)dy = —vg—l; z
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,do du, du, s Tw
ued +2u"’d 0+u ed—é' —uepeug=0

24—
+9

do0 Odu,;, &\ 1
(e%)-3e-0

dx u, dx 2

d0+0d (2+H) 1C 0
dx wu, dx f-
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Aerodynamic Design of Aircraft — Pergamon

Press, 1978

o o 20°
o -do

[.H.Abbott, A.E.von Doenhoff, Theory of Wing Sections, Dover Publications Inc., 1958 (presentation pp. 37-53)
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Fie. 57. Variation of lift-

(c) HACA 6l- series.
curve slope with airfoil thickness ratio and camber for a
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F1g. 58. Variation of maximum section lift coefficient with airfoil thi i
of m U ! oil thickness ratio and camber
for several NACA airfoil sections with and without simulated split flaps and standard rougﬁ-
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Fic. 61. Lift and drag characteristics of the NACA 63(420)-422 airfoil at high Reynolds Reynolds mumber, R

Fic. 63. Effects of Reynolds number on maximum section lift coefficient ¢: of the NACA

number; TDT tests 228 and 255.
63(420)-422 airfoil with roughened and smooth leading edge.
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F1c. 66. Variation of minimum drag coefficient with Reynolds number for several airfoils,
together with laminar and turbulent skin-friction coefficients for a flat plate.
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Fi1g. 68. Variation of section minimum drag coefficient with airfoil thickness ratio for several
NACA airfoil sections of different cambers in both smooth and rough conditions. R, 6 X 10°.
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34, Variation of section chordwise position of the aerodynamic center with airfoil
cess ratio for several NACA airfoil sections of different cambers. R, 6 X 10°.
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