Estimating Aerodynamic Properties

The aerodynamic properties of a given aircraft are critically dependent on the aerodynamic properties of
its various lifting surfaces. For example, recall that the slope of the pitch moment coefficient C,,,, a term
of primary importance in determining longitudinal stability, takes the form

de

Cm, = CLO‘wb (h—hn,,) — VuCr,, <1 — %> + Cmap‘

The value of this expression depends on CLD‘Wb’ CLa, hn,,, and j—g, all of which are determined by the
geometric properties of the wing and horizontal tail and parameters describing the flow field (such as the
Mach number and Reynolds number). In this lecture, we discuss various tools available for estimating
aerodynamic properties of lifting surfaces. These notes are adapted from [1].
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Figure 1: Sketch of a half-wing with constant sweep and taper.

Geometric properties of lifting surfaces. Consider the half-wing shown in Figure 1. Note that the
wing has been extended to the centerline of the fuselage; the root chord ¢, is defined there. The mean
geometric chord of a wing is defined as

or

The wing aspect ratio is



The mean aerodynamic chord of a wing is defined as

b
C = %/02 c(y)Zdy.

(Note that this definition is purely geometric. The mean aerodynamic chord length does not depend on

the wing aerodynamics.)

For the wing depicted in Figure 1, the local chord c¢(y) varies linearly from the root chord ¢, to the tip
chord ¢, so we say that this wing has constant taper. We define the taper ratio

p—

Cr

For a wing with constant taper, the mean geometric chord is

and the mean aerodynamic chord is

a2 1+ X+ )\ .
3 1+ i

Note that, if A =1 (i.e., if the wing is untapered), then ¢ = ¢ = ¢, = ¢.

The n'" percent chord line of a wing is the curve connecting each point nc(y) measured aft of the local
leading edge (where 0 < n < 1). (For example, the 0" percent chord line is the leading edge of the wing.)
For the wing depicted, the angle of incidence of each chord line is constant, so we say that this wing has
constant sweep. For a wing with constant sweep, one defines the sweep angle A,, of the n'* percent chord
line as shown for n = 0. Given the sweep angle A,, of the m'™ percent chord line for a wing with constant
sweep and taper, one may determine A, according to the formula

B 4n—m) (1 —A
tan A,, = tan A,, Ve <1+)\>.

The mean aerodynamic center (Z,y, z) is defined as that point about which the total aerodynamic moment
of the wing does not vary with angle of attack. The location of the mean aerodynamic chord (for the
half-wing) is determined relative to the mean aerodynamic center. While the mean aerodynamic chord
¢ is defined purely by the wing geometry, the location of the mean aerodynamic center depends on the
wing loading. Under certain assumptions about the form of the load distribution, the location of the mean
aerodynamic center may be computed explicitly. See Appendix C of [1] and, in particular, Figure C.3.
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Figure 2: Sketch of the mean aerodynamic chord for a wing with constant sweep and taper.

Because the airplane is symmetric about the vertical plane through the centerline, the mean aerodynamic
center of the complete wing lies in this plane. For a wing with constant sweep and taper whose load
distribution is proportional to the local chord length, the distance from the leading edge of the root chord
to the leading edge of the mean aerodynamic chord is

b (1—1—2/\

e\ T

6 ) tan Ao.

Such a load distribution would result, for example, if the local lift coefficient of the airfoil sections consti-
tuting the wing does not vary with y. (See Appendix C of [1] for information on other load distributions
and planform shapes.)

Aerodynamic properties of airfoils (Sectional properties). The aerodynamic properties of lifting
surfaces can be estimated in terms of the aerodynamic properties of the 2-D airfoil sections which make
up the complete lifting surface. For a given lifting surface we generally need three 2-D properties

C;, = the 2-D lift-curve slope
oor,, = the 2-D zero-lift angle of attack, and
Cmor,, = the 2-D pitch moment at zero lift (i.e., the moment coefficient about the aerodynamic center).
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Figure 3: Definition of the trailing edge angle ¢TE.

We first consider the problem of estimating the 2D lift-curve slope Cj,, for a given section. The method
outlined in Section 1 of Appendix B in [1] applies to wings with constant sweep and taper and without



twist moving at Mach numbers less than the critical Mach number. (The critical Mach number is that
value of the free stream Mach number at which the local flow is sonic at some point on the aircraft; the
critical Mach number is always less than one.) The method proceeds as follows

1. Given the wing thickness ratio %, estimate the theoretical 2-D lift-curve slope (Cj, )theory from Figure
B.1,1(b). The curve appears to be well-approximated by the formula

t
(Cla)theory =27+ 492

2. Measure or estimate the trailing edge angle ¢g. This angle is defined

bR = 2arctan (% (%)90% B % (5)99%>

0.09

where (5)90% is the wing thickness ratio at the 90% chord line and ((%)99% is the wing thickness ratio
at the 99% chord line. See Figure 3.

3. Determine the factor K which corrects for trailing edge angle and Reynolds number from Figure
B.1,1(a). (Interpolate for Reynolds numbers between 10° and 108.)

4. Correct for trailing edge angle, Reynolds number, and Mach number to obtain the 2-D lift-curve
slope

1.05
Cla = 41 = M2K (Cla)theor)w

If detailed airfoil information is unavailable and the wing is thin, then an approximate value of the 2-D
lift-curve slope is

2
o —
NG v

The parameters agr,, and CmOLQD must be determined by some other means, such as a wind tunnel test
or a computational fluid dynamics (CFD) model.

Aerodynamic properties of lifting surfaces. First, we determine the lift-curve slope for an untwisted
wing with constant sweep and taper moving at a subcritical Mach number. Let

1= M
e

o o

Note that x = 1 for a thin wing (i.e., a flat plate). Using the sectional lift-curve slope from above, and
correcting for the finite wing-span and the sweep angle, we obtain



2
C, = TAR

* 2(1_\J2 tan? A ‘
2+ (202 (14 5508 +4

Next, we determine the zero-lift angle of attack o, We assume that the sectional zero-lift angle agr,,, is
given. Following are two cases for which «g7, can be easily determined.

1. Constant sweep angle and constant airfoil section, where the cross sections are taken normal to the
nt percent chord line. (No twist.)

tan agr,,, >

«qpr, = arctan
cos A\,

Note that, in the special case of an unswept wing, agr, = oL,y -

2. Geometric twist and zero sweep. (Note: A wing with geometric twist has constant airfoil sections
across the span, however the zero-lift line of the sections varies from root to tip. A wing with
aerodynamic twist achieves a similar effect by varying the airfoil section from root to tip.) Refer the
wing angle of attack to the root chord: ay, := ayeet- Then

a(y) = aroot + O(y)

where O(y) is the wing twist and ©(0) = 0. The wing zero-lift angle of attack is

b/2
oo =5 [ (@0, = O c)ds

We next compute the wing zero-lift pitch moment C,,,, given Cm0L2D across the span. This term can
be easily estimated in the special case of an untwisted wing with constant sweep angle, where the airfoil
sections are taken parallel to the free stream:

o AR cos® Ay 4 Cimopyp, Iroot + Crmgp, ltip
mor = AR+ 2cos Ay )y 2 '

Note that, if the wing section does not vary across the span, the latter factor becomes simply C,, Lop”

Wing downwash parameter g—;. The wing downwash parameter can be crudely estimated by assuming
a thin, finite wing with an elliptic load distribution, which gives

de 20y,
doe 7R

A more accurate method applicable to wings with constant sweep and taper is described in Appendix B.5
of [1]. The estimate takes the form

de 444 [KaK Ky /oos Ayja]
do 1— M2




where K is a correction for the aspect ratio of the wing, K is a correction for the taper ratio of the
wing, and Ky is a correction for the location of the horizontal tail. The correction factors are determined
according to the following formulas:

1 1
Ky = -
A )
10 — 3A
K, = -
[
Ky = ——
3/2ly
b
where, in the last formula,
hpg = the (signed) orthogonal distance from the extended root chord line to the horizontal tail a.c.
lp = the longitudinal distance from the wing a.c. to the tail a.c.

b = wingspan.

Tutorial Example
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Figure 4: Sketch for the example.

Consider an aircraft with a trapezoidal wing and horizontal tail. Following are the geometric properties.
Wing properties: NACA 2412

s 1
b 5 m, AR =6, 4= rad, A 1

ALy, = —2.0% ey, = —0.047.
Tail properties: NACA 0009

btzﬁm, ARt:4, A1/4t :0rad, >\t:17



QOLyp, = 0.0°, Cmop,yp, = 00, iy = 1.0° hg=0m, Ily=15m.
Compute the following:

1. The mean aerodynamic chord length and location for the wing and tail and the longitudinal location
of the wing and tail mean aerodynamic centers.

2. The lift coefficient of the wing as a function of fuselage angle of attack o at Re = 10° and M = 0.5.
(This requires computing both the slope of the lift curve and the lift coefficient at a = 0.)

3. The zero-lift pitch moment of the wing Cy,,, = C

Macy *

4. The lift coefficient of the tail as a function of fuselage angle of attack v at Re = 10° and M = 0.5.

(In addition to the lift slope, this requires computing the downwash parameter j—;.)

Item #1.)

Wing m. a. chord length. The mean geometric chord is

c’:§:i22.5m.

b AR

Because the wing is trapezoidal, we compute

2
=4 m.
1+a° -

Cr =
The mean aerodynamic chord is

2 /14 A+ )2
c=<-|——F—
3 1+ A

)cr = 2.8 m.

Wing m. a. chord location. Assuming a uniform load distribution, the distance from the leading edge
of the root chord to the leading edge of the mean aerodynamic chord is

b (142
n = - tan A
m=g ( T > an Ag
where ( 1)
40—-3) /1 =X
tan Ag = tan Ay /4 — v 4 <1 n A) =0.68
which corresponds to a leading edge sweep angle of about 34°. We thus compute
_ b 142
m—é ( 1+)\)tanA0—2.03m.

The leading edge of the mean aerodynamic chord is roughly two meters aft of the wing apex.

Wing m. a. center. We may estimate the location of the wing mean aerodynamic center from Figure
C.3 in [1]. For a taper ratio A = 0 and aspect ratio AR = 6, we would find that z,, =~ 0.32¢. For a taper
ratio A = % and aspect ratio AR = 6, we would find that Z,, = 0.26¢. Interpolating for A\ = %, we find that

Tw ~0.29¢ =0.81m

aft of the leading edge of the mean aerodynamic chord, which means the wing aerodynamic center is 2.84
meters aft of the wing apex.



Tail m. a. chord length and location. The mean geometric chord of the tail is

S, b
="t=_t —15m.

b AR
Because the wing is not tapered (A = 1),

= /
¢t = ¢, = 1.5m.

Tail m. a. center. From Figure C.3 in [1], we estimate that the tail mean aerodynamic center is located

at
T+ =~ 0.20c = 0.30 m

aft of the leading edge of the tail.
Item #2.)

Wing lift-curve slope. Based on the definition of the NACA 4-digit airfoil series, the thickness ratio for
the NACA 2412 is £ = 0.12. (Sce [2] for details about the definitions of the 4, 5, and 6 digit series.) From
Figure B.1,1 (b) in [1], we find that

(C1,,)theory ~ 6.87 rad L.

Referring again to the definition of the NACA 4-digit series, one may compute

1(t _ 1/t
¢TE, = 2arctan (2 (c)go%o 092 (8)99%> = 0.26 rad

which is around 15°. From Figure B.1,1 (a), we find that
K ~0.77.

The 2-D lift-curve slope, corrected for wing thickness, trailing edge angle, Reynolds number and Mach

number, is

1.05
C), = ———=K (O}, )theory ~ 6.41 rad "

C V1= M?
We next compute

1— M2
2w

The formula for the lift-curve slope Cr,,  requires the sweep angle of the mid-chord line. We compute

41 -1 —
A1/2 = arctan{tanA1/4 — (2 4) (1 )\>} = 0.45 rad

AR 1+

or about 26°. We thus find that

Cr. = 2 AR =4.2rad™!

T () (e ) 44

or about 0.07 per degree.

Wing zero-lift angle of attack. Now, the zero-lift angle of attack of the airfoil is given to be agr,, =
—2.0°. Thus, the zero-lift angle of attack of the wing is

tan agr,p,

aor,, = arctan ( > = —0.040 rad

cos Aq 4

8



or about —2.3°. We thus find that

CLw = Czaw (Ozw — aOLw)
Czaw (a — aOLw)
0.07(cv — (—2.3))
= 0.16+0.07a,

where C7  has units of deg™!

Item #3.)

and « is given in degrees.

Using the formula for C,,,, presented earlier, we find that

C — M C = —0.027
MoLw AR + 2cos Ay )y MoLyp — TR

Item #4.)

Tail lift-curve slope. The tail lift coefficient is

Cr, = Ci, (o — €(uy) — it)

= Cr,, <a — (60 + j—;a> —it>
= —{CL,, (o +ir)} + {CL% <1 - 3—;) } a.

The critical parameters which we must compute are a;, €y, and 3—2.

Based on the definition of the NACA 4-digit airfoil series, the thickness ratio is % = 0.09. From Figure
B.1,1 (b) in [1], we find that
(Cla)theory ~ 6.75 rad .

(The subscript ¢ is omitted with the understanding that all of the following computations relate to the
horizontal tail.) Referring again to the definition of the NACA 4-digit series, one may compute

t

b1, = 2arctan 3 (E)go% —3 (%)99% — 0.20 rad
TE: 0.09 '

which is around 11°. From Figure B.1,1 (a), we find that
K ~0.79.

The 2-D lift slope, corrected for wing thickness, trailing edge angle, Reynolds number and Mach number,
is
1.05
Cl, = ———=K (C, ry A 6.47 rad 1.
la m ( la)theo NA

We next compute



Because the horizontal tail is unswept, we compute

21 AR
Cr,, =
2+ \/<L(L§M2)> (1 + t?fjﬁ!f) 4
_ 21 AR
2+ \/(W) +4
= 39rad”!

or about 0.07 per degree. Since the horizontal tail is symmetric, the zero-lift angle of attack of the airfoil,
and of the entire tail, is zero.

Downwash at the tail. Next, we estimate the downwash parameter g—; using the relation

de 444 [KaK)Kuy/eos Ayj]
da V1—M? '

The correction factors are:

1 1
Ky, = ———==0.12
A MR 1+ R
10 — 3\
K, = 03 =1.32
7
[
Ky = =0.79.
3/2lg
b
We thus compute
de
— = 0.40.
da
To determine €y, we observe that no downwash is generated when the wing generates no lift. The zero-lift
angle of attack of the wing is agr,, = —2.3°. We thus compute
de
ela) =0 = e+ 7o ¥OLu
de
= — (—2.3°
€+ ( )

which tells us that ey = 0.92° = 0.016 rad.
In the end, we obtain
. de
CL, = — {C’Lat (e0 + zt)} + {CLat (1 — %> } Q@

= —0.14 + 0.04c

where « is measured in degrees. Notice that C;, < 0 when a = 0. At zero angle of attack, the tail
generates a downward force which generates a nose-up moment about the center of gravity, as desired.
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