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Figure 6.4 Representation of the mean camber line by a vortex sheet
whose filaments are of variable strength y(s). [23
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Figure 6.5 Thin-airfoil geometry parameters. Y})
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Figure 6.5 Thin-airfoil geometry parameters. [ 2]
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b. Discretization and Grid Generation [_3

At this phase the thin-airfoil camberline (Fig. 11.2) is divided into N subpanels,
which may be equal in length. The N vortex points (x;, z;) will be placed at the quarter-
chord point of each planar panet (Fig. 11.2). The zero normal flow boundary condition can
be fulfilled on the camberline at the three-quarter point of each panel. These N collocation
points (x;, z;) and the corresponding N normal vectors n; along with the vortex points can be
computed numerically or supplied as an input file. Note that by discretizing the camberline
as shown in Fig. 11.2, we end up with only the panel edges remaining on the original
camberline. For convenience, the normal vector is evaluated at the actual camberline and
the effect of this choice will be investigated at the end of this section. Consequently, the
normal vectors n;, pointing outward at each of these points, are approximated by using the

A

(=30 2423) (¥ 3. 2.3)

3 L) n,

1 B s
\ r’ !4 f r’ / “
nop

\ 3 '

Q. Tw,
@
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e
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Figure 11.2  Discrete vortex representation of the thin, lifting airfoil model.

11\

n, = (sina,, cos a,)
n(x) r,

t, = (cos a,, — sine,)

ay

-
X

Figure 11.3 Nomenclature used in defining the geomelry of a point singularity based surface pancl.
\

surface shape n(x), as shown in Fig, 11.3:

(—dn/dx, 1)

n = ——————-— = (sinw;, cosey;) (11.3)
' Jdn/dx)? + 1

where the angle ; is defined as shown in Fig. 11.3. Similarly the tangential vector t; is

t; = (cos o, — sina;) (11.3a)

Since the lumped-vortex element is based on the Kutta condition, the last panel will

inherently fulfill this requirement, and no additional specification of'this condition is needed.

c. Influence Cocfficients
The notmal velocity component at each point on the camberline is a combination

of the self-induced velocity and the free-stream velocity. Therefore, the zero normal flow
boundary condition can be presented as

q-n =0 onsolid surface
Division of the velocity vector into the self-induced and free-stream components yields
(u, w) N+ (Uoo, Weo) -n =0 on solid surface (11.4)

where the first term is the velocity induced by the singularity distribution on itself (hence
“self-induced part””) and the second term is the free-stream component Qoo = (Ueo, Weo)s
as shown in Fig. 11.2,
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Taken fromn Ref Tt) PP 30-314.

Consider an NACA 23012 airfoil. The mean camber line for this airfoil is given by

g = 2.6595 [(%)3 —0.6075 (%)2 +0.1147 (’Z‘)] for 0 < % < 0.2025
and f = 0.02208 (1 - f) for 0.2025 < % <10

Calculate («) the angle of attack at zero lift, (b) the lift coefficient when o = 4°, (¢) the moment
coefficient about the quarter chord, and (d) the location of the center of pressure in terms of
XepfC, When o = 4°, Compare the results with experimental data.

Solution
We will need dz/dx. From the given shape of the mean camber line, this is

dz xXy\2 X . x

= 26595 [3 () -1215(3) +0.1147] for 0 < = 502025
and 9z _ 002208 for0.2025 <= < 1.0

dx ¢

Transforming from x to 8, where x = (¢/2)(1 — cos @), we have

dz 3 3

e = 2.6595 Z(] —2cosf + cos?8) — 0.6075(1 — cos @) + 0.1147
or = 0.6840 — 2.3736cos 6 + 1.995 cos’d tor0 <6 <0.9335rad
and = —0.02208 for09335<f=<nm

(a) From Equation (4.61),

1 ["d
a,;(,:__f 22 (cos§ — 1) db
T Jo

dx

(Note: For simplicity, we have dropped the subscript zero from 6; in Equation (4.61), 6 is the
variable of integration—it can just as well be symbolized as 8 for the variable of integration.)



Substituting the equation for dz/dx into Equation (4.61), we have

09335
Qg = —— f (—0.6840 + 3.0576 cos § — 4.3686.cos? 8 + 1.995¢cos*8)d6  [E.1]
0

1 n
—— (0.02208 — 0.02208 cos 9) d@
T J0.9335
From a table of integrals, we see that

/cos()de =sind
/coszodo = Lsinfcosf + 36

f cos®8d6 = {sin6(cos?6 +2)
Hence, Equation (E.1) becomes

1
Qp_g = —;[—2.86830 +3.0576sin6 — 2.1843 sin6 cos @

+ 0.665 sin (cos? § + 2)199%%

I
~—[0.022080 — 0.02208 5in 65 g5

|
Hence, g = —;(—0.0065 + 0.0665) = —0.0191 rad

or oy = —1.09°

(b) @ = 4° = 0.0698 rad
From Equation (4.60),

¢ =2n(a — aj—g) = 27 (0.0698 4+ 0.0191) =| 0.559

(¢) The value of ¢, 4 is obtained from Equation (4.64). For this, we need the two Fourier
coefficients A, and A,. From Equation (4.51),

2 b
A= —/ iz—cosGd()
T Jo dx

2 0.9335
A== / (0.6840 cos 6 — 2.3736 cos? @ + 1.995 cos® 0) df
0

n

2
+ — (—0.02208 cos 8) d@
™ Jo.9335

2
b [0.6840sin @ — 1.1868 sin 6 cos & ~ 1.18686 + 0.665 sin f(cos? 8 + 2)15%
2 i
+ = [—0.02208 sin 81§ goa15

2
= ;(0.1322 +0.0177) = 0.0954



7rom Equation (4.51),
2 " 2 (" d
A2=-/ £00520(10=~—f % costo - 1ydo
T Jo dx wJy dx
2 0.9335
== / (—0.6840 + 2.3736 cos § — 0.627 cos” 6
T Jo

— 4747 cos® @ + 3.99 cos* ) dO

2 n
+ = f (0.02208 — 0.0446 cos’ 6) df
0

T J09335
Note:
f cos* 6 df = §cos’ @sind + 3(sinf cos 0 +6)

Thus,

2 1
Ay = - [—0.68400 + 2.3736sin6 — 0.628 (5) (sinfcos0 +0)

0.9335

1 1
— 4,747 (5) sin@(cos® 6 +2) + 3.99 [4—1 cos® sin 8 + %(sin 0 cosb + 0)]]
0

bl

2
+ - [0.022086 —0.0446 <%) (sinfcos + 0)]

0.9335
2
= ;(0.] 1384 4- 0.01056) = 0.0792

From Equation (4.64)
bis b4
Conepd = Z(Ag —A) = 2(0.0792 —0.0954)

l e = —0.0127 '

(d) From Equation (4.66)

c b d
Xep = 7 [1 + E(An -~ Az)]

Yo 1 i —0.0792)| =
Hence, @ = 21+ gaag 00954 0.0792)] = 0.273

Comparison with Experimental Data Thedata forthe NACA 23012 airfoil
are shown in Figure 4,22. From this, we make the following tabulation:

Calculated Experiment
a1,=0 —1.09° ~1.1°
¢ (ala =4°) 0.559 0.55

Comefd ~0.0127 —0.01
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Fgure 4.22 Lift- and moment-coefficient data for an NACA 23012 airfoil, for
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