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(deg) (1/deg) (deg) (deg)
0006 0 0 0.108 0.250 9.0 0.92 9.0
0009 0 0 0.109 0.250 13.4 1.32 11.4
1408 -0.8 -0.023 0.109 0.250 14.0 1.35 10.0
1410 -1.0 -0.020 0.108 0.247 14.3 1.50 11.0
1412 -1.1 -0.025 0.108 0.252 15.2 1.58 12.0
2412 2.0 —0.047 0.105 0.247 16.8 1.68 9.5
2415 2.0 -0.049 0.106 0.246 16.4 1.63 10,0
2418 -2.3 —-0.050 0,103 0.241 14.0 147 10.0
2421 ~1.8 ~0.040 0.103 0.241 16.0 1.47 8.0
2424 -1.8 -0.040 0.098 0.231 16.0 1.29 8.4
23012 -1.4 -0.014 0.107 0.247 18.0 1.79 12.0
23015 -1.0 —0.007 0.107 0.243 18.0 1.72 10.0
23018 12 -0.005 0.104 0.243 16.0 1.60 11.8
23021 —~1.3 ¢ 0.103 0.238 15.0 1.50 10.3
23024 0.8 0 0.097 0.231 5.0 1.40 9.7
64006 0 0 0.109 0.256 9.0 0.80 7.2
64009 0 0 0.110 0.262 11.0 1.17 10.0
64012 0 0 0.111 0.262 14.5 1.45 11.0
641-212 -1.3 -0.027 0.113 0.262 15.0 1.55 11.0
64-—412 2.6 —0.065 0.112 0.267 15.0 1.67 8.0
64-206 -1.0 ~0.040 0.110 0.253 12.0 1.03 8.0
64-209 -1.5 -0.040 0.107 0.261 13.0 1.40 8.9
64-210 -1.6 -0.040 0.110 0.258 14.0 1.45 10.8
64A010 O 0 0.110 0.253 12.0 1.23 10.0
64A210 -1.5 -0.040 0.105 0.251 13.0 1.44 10.0
64A410 -3.0 ~0.080 0.100 0.254 15.0 1.61 10.0
641A212 -2.0 -0.040 0.100 0.252 14.0 1.54 11.0
649A215 -2.0 —0.040 0.095 0.252 15.0 1.50 12,0
Note: For definitio he li mbol

e e s st s s g e = — e —
S R T e e e e e —_—— —— —— p—t
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333 PITCHING MOMENT CURVE: ¢m VERSUS ¢, orc,, VERSUS o

Figure 3.5a shows typical airfoil data for Cm Versus ¢; and ¢y, versus o .

B Source: Ref. 3.4, M=0.15, Ry = 6.0x10° 3 0 >
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Figure 3.5b Generic Plots of
Pitching Moment Coefficient
Figure 3.5a Pitching Moment CoefTicient Versus Lift Coefficient and
Plots for Two Airfoils Versus Angle of Attack

The magnitude of the pitching moment coefficient, ¢, depends on the location of the moment

reference center. This moment reference center js normally identified in a subscript tocpy .

In Figure 3.5a the moment reference center is the quarter chord point, identified in the subscript

as(.25c or simply 0.25. Generic plots of Cm Versus ¢| and ¢, versus o are shown in Figure 3.5b.

Numerical values for the parameter Cm, are given in Table 3.1 for several types of airfoil.

A very important reference point on an airfoil is its so—called aerodynamic center or a.c. The
aerodynarmic center is defined as that point about which the variation of the pitching moment coeffi-
cient with angle of attack is zero. To find the 4.¢., assume that in some experimental set-up the mo-

ment reference center was selected to be a distance x from the leading edge. Figure 3.6 shows the
corresponding geometry. Neglecting the moment contribution due to drag it is seen that;

.’:mmﬁc2 = ::m,ﬁc2 + cgc(xap — x) (3.19)
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cgc arbitrary rcference point

aerodynamic ccnfer

Xag

o = >

Figure 3.6 Geometry for Finding the Aerodynamic Center

Cme = Cm, + cl(iai‘-:_—x) (3.20)

By definition, ¢, is independent of the angle of attack, a, and therefore:

0Cm,, dCm 0C) (Xae — X
= (] = =M 4 MfXac T X 3.21
da o aa( ¢ ) .21

From this it follows that:

X - X _ BCm‘
s R Sl (3.22)

Using experimental data of cr,,, versus c; it is therefore possible to compute the location of the
aerodynamic center, X,; . From experimental data taken at low subsonic Mach numbers it is nor-

mally found that the aerodynamic center is at the quarter chord point: Egg = 0.25 .

3.4 AIRFOIL PRESSURE DISTRIBUTION

The pressure distribution over an airfoil is important for load calculations and for control surface
hinge moment calculations. The pressure distribution is normally expressed in terms of the so-

called pressure coefficient, ¢, , which is defined as:

gy = B_D8 (3.23)
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Cdm(fu“ scale) = cdmm(model) — Acdm (3.40)
where:
Acy = 2(S.F.){c{model) — c{full scale)} (3.41)

There still do not exist accurate theoretical methods for correcting the maximum lift coefficient
from tunnel data to tull scale. Jacobs and Sherman have shown some experimental results for the

Reynolds nombereffecton ¢, forseveral NACA airfoils (Ref. 3.8). Additional data can be found
in Ref. 3.9. Most aircraft manufacturers have their own in—house correction procedurcs for extrapo-

lating tunnelc;  datato full scale. Such procedures are then based upon their experience obtained
in comparing model and airplane data.

3.7 DESIGN OF AIRFOILS

Because lifting surfaces (such as wings, tails, canards and pylons) can be thought of as spanwise
arrangements of airfoils, the basic characteristics of airfoils have a major effect on the behavior of
lifting surfaces. It is therefore important to be aware of those airfoil characteristics which have the
potential of being “driving” factors in airplane lift, drag, and pitching moment.

To design an airfoil for any specific requirement involving lift, drag or pitching moment, scveral
effects of airfoil geometry on airfoil aerodynamics should be understood. Ithas been found that the
most important geometric parameters are:

1) maximum thickness ratio, {t/C}max

2) shape of the mean line (also referred to as camber). If the mean YHine is a straight line,
the airfoil is said to be symmetrical.

3) leading edge shape or Ay parameter and leading edge radius (Le.r.)
4) trailing edge angle, ¢rg

Figure 3.15 provides a geometric interpretation for these parameters, most of which werc also
defined in Figure 3.1. The reader should consult Ref. 3.1 for a detailed discussion of airfoil parame-
ters and airfoil characteristics. Ref. 3.1 also contains a large body of experimental data on a variety
of NACA airfoils (NACA = National Advisory Committee on Aeronautics, predecessor of NASA,
the National Acronautics and Space Administration). In addition, this reference contains explana-
tions for the numerical designations used with all NACA airfoils. Table 3.2 defines the most impor-
tant NACA airfoil designations.

Tt is noted that the NACA 6—serics airfoils were designed to have mean camber lines which pro-
duce 2 near uniform chordwisc loading from the leading edge to a point x/c = a, and a linearly de-
creasing load from this point to the trailing edge. Any time this condition is met, the corresponding
a—value is given after the airfoil designation.
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Figure 3.15 Definition of Important Airfoil Geometric Parameters

Examples are: NACA 66(215)-216 with a = 0.6 and NACA 65(318)-217 with a=0.5. These
two cxamples represent airfoils with thickness distributions obtained by linearly increasing or de-
creasing the ordinates of the originally derived distribution. In the lastexample, the airfoil has a 17%
thickness ratio. Its ordinates were derived from the airfoil with 18% thickness distribution. The digit
3 represents in tenths, one half of the extent of the low drag range. When this digit is omitted, it
implies that the low drag range is less than 0.1.

Since the late 1950’s NASA has engaged in the design of airfoils {or transonic transport and

fighter applications. These so—called supercritical airfoils have ahigher M value than the conven-

tional NACA 6-series airfoils as illustrated in Figure 3.13. These supercritical airfoils are character-
ized by very little camber in the forward portion. On the other hand, the rearward portion is severely
cambered. Figure 3.16 presents an example of a supercritical airfoil.

During the course of these recent airfoil research activities, new airfoils for lower speed applica-
tions have also been derived. Examples are the low—speed airfoils, such as LS(1)-0417 and
LS(1)-0413, the medium speed airfoils, such as MS(1)-0313 and natural laminar flow airfoils, such
as NLF(1)—416. The LS{(1)-0417 airfoil is also known as the GA(W)—I airfoil (W stands for Whit-
comb) and the LS(1)-0413 airfoil is also known as the GA(W)-2 airfoil. Figure 3.17 shows a com-
parison of older NACA airfoils with the GA(W)-2 airfoil. Figure 3.17 also shows a comparison of
the camber and thickness distributions for the GA(W)-1 airfoil with those for the NACA 653 018
airfoil. Several key design features of the 17% thick GA(W)-1 airfoil are:
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Table 3.2 Examples of NACA Airfoil Designations
4-digit airfoils Example: NACA 4412

4 camber: 0.04c
4 position of the camber at 0.4¢ from the leading edge (L.E.)
12 maximum thickness: 0.12¢
5-digit airfoils Example: NACA 23015
2 camber: 0.02¢
the design lift coefficient is 0.15 times the first digit for this series
30 position of the camber at (0.30/2) = 0.15¢ from the leading edge (L.E.)
15 maximum thickness: 0.15¢

6-series airfoils Example: NACA 653-421

6 series designation
5 minimum pressure occurs at .5¢
3 the drag coefficient is near its minimum value over a range of

lift coefficients of 0.3 above and below the design lift coefficient
4 design lift coefficient is 0.4

21 maximum thickness: 0.21¢

7-series airfoils Example: NACA 747A315

4 series designation

4 favorable pressure gradient on the upper surface from the L.E.
to 0.4c at the design lift coefficient

7 favorable pressure gradient on the lower surface from the L.E.
to 0.7c at the design lift coefficient

A a serial letter to distinguish different sections having the same numerical
designation but difterent mean line or different thickness distribution

3 design lift coefficient is 0.3

15 maximum thickness: 0.15¢
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Figure 3.16 Example of a Supercritical Airfoil
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a) A large upper surface leading edge radius (0.06¢c) was used to alleviate the peak
negative pressure coefficients and therefore delay airfoil stall to a higher angle of attack.

b) The airfoil was contoured to provide an approximate uniform chordwise load distribution
near the design lift coefficient of 0.4.

¢) Ablunt trailing edge was provided with the upper and lower surface slopes approximately
equal to moderate the upper surface pressure recovery and thus postpone the stall.

Test results in References 3.11 (for GA(W)-1) and 3.4 (for GA(W)-2) show that the section
maximum lift coefficient, ¢, of this type airfoils is about 30% greater than that of a typical older

NACA 6-scries airfoil. This is achieved with a section lift-to-drag ratio,c)/c, atc; = 0.9 which

is about 50% greater! Figures 3.18a and 3.18b show some example data. In Figure 3.18b, the so-
called NACA standard roughness is a large wrap-around roughness as compared with the narrow
strip roughness strip now used as the NASA standard.

In selecting an airfoil for an airplane lifting surface (wing, canard, horizontal or vertical tail) the
following considerations are important:

1) Drag (for example, one may wish to obtain the highest possible cruise speed)

2) Lift-to—drag ratio at values of the lift coefficient which are important to the airplane (for
example, one may wish to design for a given climb rate with one engine inoperative)

3) Thickness (for example, one may wish to design the wing for a low structural weight)
4) Thickness distribution (for example, one may wish to design for alarge internal fuel volume)
S) Stall characteristics (for example, one may wish to design for gentle stall characteristics)

6) Drag rise behavior (for example, one may wish to design for a high drag divergence Mach
number. This item is closely linked to item 1).
7) Pitching moment characteristics (effect on trim drag)

I is clear from these seven items that airfoil design and/or airfoil selection will have to be done
with a number of compromises in mind to achieve an acceptable overall result. Table 3.3 lists a num-
ber of practical airfoil applications.

Part VI of Reference 3.10 may be consuited for rapid, empirical methods to predict section lift,
drag and pitching moment characteristics from the basic geometric parameters seen in Figure 3.14.
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Source: Reference 3.10
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Figure 3.18 Comparison of Aerodynamic Characteristics of Some
NACA and NASA Airfoils
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Table 3.3 Examples of Airfoil Applications

Airplane Type Wing Horiz. Tail Vert. Tail
Beech Bonanza NACA 23016.5 (mod) NACA 0009 NACA 0009
at root
NACA 23012 {mod)
at tip —30 twist
Beech Queen Air B80  NACA 23020 (mod) NACA 0009 NACA 0009
at root
NACA 23012 (mod)
at tip -30 54" twist
Beech Skipper NASA GA(W)1 NACA 0009 NACA 0009
Beech Duchess NACA 632A415 (mod) NACA 0009 NACA 0009
at root
Cessna 210 Centurion  NACA 642A215 NACA 0009 NACA 0009
at root
NACA 641A412
at tip —20 twist
Cessna T--37 NACA 2418 at root NACA 0012 NACA 0012
NACA 2412 at tip
Cessna 337 Skymaster NACA 2412 at root NACA 0009 NACA 0009
NACA 2409 at tip
—20 twist
Cessna 500 Citation NACA 23014 (mod) NACA 0009 NACA 0009
at root
NACA 23012
at tip —30 twist
Piper PA-23 Aztec USA*35-B (mod) NACA 0009 NACA 0009
tic = 14% —2.50 twist
Piper PA-31T NACA 632415 at root NACA 0009 NACA 0009
Cheyenne NACA 63 A212
at tip —2.50 twist
Lockheed 1329-25 NACA 63A112 at root NACA 0009 NACA 0009
Jetstar NACA 63A309 at tip
—20 twist
LTV A-7 Corsair NACA 65A007 Not available Not available
Northrop F-5A NACA 65A004.8 (mod)  Not available Not available
Boceing 747 Boeing proprietary Not available Not available

airfoils. t/c=13.44% inboard

t/e=7.8% mid-span
t/c=8% tip
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3.8 AIRFOIL MAXIMUM LIFT CHARACTERISTICS

The maximum lift characteristics of an airfoil as well as the associated stall behavior are of great
importance to airplane performance.

Whenever the airflow around an airfoil separates, stall is said to have started. Froma ¢) - «
viewpoint there are two types of stall: gradual and abrupt. Figure 3.19 shows exampies of each type.

Source: Reference 3.10
Lé Le
_ma 21012 % P, %
Ry * 2.0¢10
¥, = \2 1.2 g E
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/ ¥ il
| |
-4 L -t
b -4 ] s lim I3 5 - ¢ g K -
- DEG. - ofa
@) CRADUAL STALL 2 ABRUPT  STALL
Figare 3.19 Example of Gradual and Abrupt Airfoil Stalls

The first type of stall is characterized by a gradual stall followed by a shallow drop-off of the
section lift cocfficient. This type of stall frequently occurs on airfoils with moderate or thick sec-
tions.

The second type of stall is characterized by an abrupt drop—off of the section lift coefticient.
It is often associated with thin airfoil sections,

The main airfoil design features which afTect section stall and therefore the maximum lift coeffi-
cicnt are!
a) thickness ratio b) leading edge radius
¢) camber d) location of maximum thickness

These four factors are discussed in Sub—section 3.8.1.
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38.1 GEOMETRIC FACTORS AFFECTING AIRFOIL MAXIMUM LIFT

3.8.1.1

AT LOW SPEEDS

Thickness Ratio

12

Figure 3.20 shows how airfoil ¢, is affected by airfoil thickness ratio, t/c. Itis shown in Sub-

sub—section 3.8.1.2, that for a given thickness ratio, ¢, _ depends strongly on the leading edge ra-
dius and on the leading edge shape. Figure 3.20 also shows that the modern LS series of airfoils have

considerably higher values of ¢, _ than conventional NACA airfoils. For the NACA airfoils, a

thickness ratio of around 13% will generally produce the highest possible section lift coefficient.

IFor the LS series of airfoils the highest vale of ¢, occurs at a thickness ratio of about 15%.

2.0

c
Im-‘lﬂ

1.5

1.0

Data apply a Reynolds Number range of 3.5x10° 6x10%

== \\\\\\\\\\\X\\S&\\N

3.8.1.2

]
NN NASA LS| Airfoils
T e
4 A,
i & iy,
P // NACA|Airfoils
8 L0 12 14 16 (8 20
»  t/c in % of chord

Figure 3.20 Trends of Maximum Lift Coefficient Values of NACA and NASA

Leading Edge Radius and Leading Edge Shape

The effect of leading edge radius and leading edge shape is more or less reflected in a geometric

parameter, called: ? , where z5 is the local thickness of the airfoil at 5% chord and t is the

maximum thickness of the airfoil. Figure 3.21 shows the effect of % on section¢,  for NACA

symmetrical airfoils of different thickness ratios. A large value of sz indicates a large leading edge

radius. Itis seen that large leading edge radii are beneficial in producing large values of q,,, atlow

speeds.
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Figure 3.21 Variation of Maximum Lift Coaefficient with Geometry of NACA
Symmetrical Airfoils at a Reynolds Number of 6x106

38.1.3 Camber and Location of Maximum Thickness

Experimental data show that the maximum lift coefficient of a cambered section depends not
only on the amount of camber and camber line shape, but also on the thickness and nose radius of
the section on which it is used.

In general, the addition of camber is always beneficial to €1, a0d the benefit grows with in-
creasing camber. The increment to maximum lift due to camber is least for sections with relatively
large leading edge radii (i.e. the benefit of camber grows with reduction of the paramcter-zt—j yand
camber is more effective on thin sections than on thick sections.

In addition, a forward position of maximum camber produces higher values of ¢y, - Forexam-

ple, the NACA 23012 airfoil (with 2% maximum camber at 0.15 chord} has a ¢, of 1.79 as

compared with 1.67 for NACA 4412 (with 4% camber at 0.4 chord but the same thickness distribu-
tion) at 1 Reynolds number of 9x108,
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B _ VELIVOLI - Profili e spessori percentuali

"MONOMOTORE | corda alla radice [m] profilo o profilo o
ADELICA Spessore perc Spess perc
DA e alla radice all'estremita

Cessna Skyhawk " NACA 2412 NACA 2412
Cessna Skylane 2412 2412
Cessna Centurion 64A215 64A412
Cessna Crusader 23017 23012
Beechcraft 23016 23012
Piper Warrior 65-415
BIMOTORI AD
ELICA
Beechcraft Kingair 23018 23011
Cessna Crusader 23017 23012
Cessna 402C 23018 23009
Piper Mojave 63-415 63-212
P68 63-3-515 63-3-515
TURBOELICA
TRASP REG.
ATR42 18% 13%
Fokker 50 64-421 64-415
VELIVOLI DA
TRASP A GETTO -
DC10 10.71 12.2% 8.4% ¥
- A300 89 10.5%
B747 16.56 13.4% 8%
- Fokker 100 53 12.3% 9.6%
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Useful aircraft design data

Table A6.1 Low-speed aerofoil section aerodynamic properties — NACA experimental
data from Abbott and Von Doenhoff [44]

Section
fed) Cd at
Acrofoil (deg) Cm, Qlrad C‘amg Qe (deg) Cp . G,
0006 0 it 6.19 0.108 9.0 0.92 0.0093
0009 0 0 6.25 0.109 13.4 1.32 0.0124
23012 -14 -0.014 6.13 0.107 18.0 1.79 0.016
23015 -1.0 ~0.007 6.13 0.107 18.0 1.72 0.02
23018 -1.2 —0.005 5.96 0.104 16.0 1.60 0.016
23021 -1.2 0 5.90 0.103 15.0 1.50 0.0162
63-006 0 0.005 6.42 0.112 10.0 0.87 .0086
63-009 0 0 6.36 0.111 11.0 1.15 0.0113
63-206 -1.9 —0.037 6.42 0.112 10.5 1.06 0.008
63-209 —-14 ~0.032 6.30 0.11 12.0 1.4 0.0127
63-210 -1.2 —0.035 6.47 0.113 14.5 1.56 0.014
63,-012 0 0 6.65 0.116 14.0 1.45 0.0134
63,-212 =20 -{.035 6.53 0.114 14.5 1.63 0.0117
63,-412 —2.8 —0.075 6.70 0.117 15.0 1.77 0.0154
63A (010 0 0.003 6.02 0.105 13.0 1.2 0.0146
634210 ~15 —0.04 5.9 0.103 14.0 1.43 0.014
64--006 0 0 6.25 0.109 9.0 0.8 0.007
64-009 0 ] 6.3 0.1 11.0 1.17 0.0126
64206 ~1.0 —0.04 6.3 0.11 12.0 1.03 0.009
64-210 -1.6 —~0.04. 6.3 0.11 14.0 1.45 0.0118
4,-412 =26 —0.063 6.42 0.112 15.0 1.67 -
64A 010 0 0o - 6.3. 0.11 12.0 1.23 0.011
64A 210 1.5 —0.04 6.02 0.105 13.0 1.44 0.011
64A 410 3.0 —0.08 5.73 0.10 15.0 1.61 0.012
641A 212 -20 —0.04 5.73 0.10 14.0 1.54 0.012
64,A 215  -20 -0.04 5.44 0.095 15.0 1.5 0.016
65-006 0 ] 6.02- 0.105 12.0 0.92 0.008
65-009 0 0 6.13 0.107 11.0 1.08 0.012
65-206 -1.6 —0.031 6.02 0.105 12.0 1.03 0.009
65-210 —1.6 —0.034 6.19 0.108 13.0 14 0.0137
R, = 9 x 10°, smooth leading-edge.

The first integer indicates the maximum value of the mean-line ordinate y, in per
cent of the chord. The second integer indicates the distance from the leading edge
to the location of the maximum camber in tenths of the chord. The last two integers
indicate the section thickness in per cent of the chord. Thus the NACA 2415 wing
section has 2% camber at 0.4 of the chord from the leading edge and is 15% thick.
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Table 6.1 Homebuilt Aitplanes: Wing Geometric Data

---------.----n------u---a------------------------

Type Dihedral 1Incidence Aspect Sweep Taper Maz. Wing
5 Angle, :ngle. Ratio., Angle, Ratio, Speed, Type

Fy: v A e Lv viax’

. root/tip

deg, deg. - deq. kts
PIK-21 [} 1] 3.8 0. 1.0 NA ct
Duruble 1/iow
RD-03C 6.5 3/0 7.0 ] 0,51 112 /
ity 1‘. ctl/mid
g:-;gﬂ :.; ;.2 3.9 0 0.53 183 ctl/low

e . 5.4 0 0,44 171

el ctl/low
P-30R 4.4 NA 5.1 2 0.54 167 ctl/low
g:;os 0 2 4.1 [} 1.0 129 ctl/mid 4
Aerosport 2.3 Ra 5.7 o - 1.0 76 ¢tl/low
Aerocar
Micro~Imp 0 4 4.7 o 1.0 260 ctl/high
Coats - . =
SA-III 4 1.3 5.6 1] 1,0 ° 165 ctl/low
Sequoia W
300 3 3.5/1.3 6.9 0 T 0.55% 243 ctl/low
Ord-Hume ’
OB-4B 3 3 5 5.0 1.0 L X1 bred/parasal
Procter
Pettel s 6.6 -0 1.9 113 ctl/low
Bede BD-2 [} 3 3.9 1} 1.0 33 ctl/low
ctl = cantilever bzcd = braced (strutted)

. _ 5
Table 6.2 Single Engine Propeller Driven Ajirplanes: Wing Geometric Data

Type Dihedral 1Incidence Aspect Sweep Taper  Max. Wing

Angle, Angle, Racio, Angle. Ratio. Speed, Type

r.. i, A A N vo-_.

w w c/4 1Y) max

root/tip *

deg. deg. deg. kts
CESSNA
Skywagon 207 1.7 1.5/-1.5 7.4 0 0,69 182 brecd/high
Cardinal RG 1.% 4.1/0.7 7.3 0 0,73 156 ctl/high
Skylane RG 1.7 0.8/-2,.8 T.4 ¢ 0.67 187 bred/high
PIPER -
Cherokee Lance 7.0 2/-1 6.2 ¢ 1.0 188 ctl/low
Cher. Warrior 7.0 i1/-1 7.2 5 0.67 152 ctl/low
Turbo Sarat.SP 6.8 NA 7.3 ] 0.562 195 ctl/low
Bellanca
Skyrocket 2 W20 6.7 0 0.57 287 ctl/low
Grumman Am.
Tiger 3 1.4 7.1 [ 1,0 143 ctl/low
Rockwell Commander
112A T 2 7.0 -2.5 0.%0 180 ctl/low
Trago Mills '
SAR-1 5 3/1 7.5 0 0.54 201 ctl/low
Scottish Aviation
Bullfinch 6.3 1.2 8.4 ] 0.57 150 ctl/low
Robin HR100/4 6.3 4.7 5.4 [ 1] 1.0 180 ctl/low
Socata Rallye
2358 7 4 7.6 ] 1.0 148 ctl/low
Puji PA-200 7 2.8 6.3 o 1.0 1213 ctl/low
Gen Avia P135F &6 4 7.7 o 0.49 147 ctl/low
¢tl = cantilever bred = braced (atrutted)
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Table 6.3 Twin Engine Propeller Driven Airplanes: Wing Geometric Data

Type Dihedral Incidence Aspect
Angle, Angle, Ratio,
My i, A
root/tip
deg. deg.
CESSNA
310R 5 2.8/-.3 <
4028 5 (outer) 2/-.5 7.5
4142 5 2.85/-.5 8.6
T303 ki 3/0 3.1
PIPER
PA-31P € LA 8 7.2
PA~-44—~180T 7.2 NA 3.1
Chieftain 5 1/-1.5 7.2
Cheyenne 1 H 1.8/-1 7.4
Cheyenne III 5 1.5 7.8
BEECH
Duchess 76 6.5 /.6 8.0
Duke B60 [ 4/0 7.2
Learfan 2100 4 1.5 9.5
Rockwell Commander
700 7 RAa 8.0
Plagglo P166-
DL3 21,.5/2.3% 2.7 7.3
EMB-111 1 3 7.2
ct]l = cantilever bred = braced {strutted)

#21.5 inboard, 2.5 outboard on this gull wing configuraticn

Eweep
Angle,
ch,‘.

deq.

L.E.
L.E.
L.E.

OO ROO -N-X-%-]
w5

-X-K-1

Taper
Ratio,
i

Table 6.4 Agricultural Airplanes: Wing Geometric Data

S e e O e e e e e L Y R B A e N R U R

Type Dihedral 1Incidence
Angle. Angle,
Ty iw'

roct/tip

deg.. deg.

IAR-822 5 {(cuter} 5

UTVh-63 2 2.3

IA-53 7.5 (out) 4.3

EMB-200 7 a

Ag-cat 3 €

WEE M-15 NA NA

PIL M~18A 1.3 3

PZL 106A 6.3

RON-6 .3 4.5

Cesana AgBusky 1°5/-1.5

4
4
L)

Antonov AN-2M 2.5 both KNa
i
6

BAL-31

Aspect
Ratio,
A

qﬁuqmqm
. Pl e
o O WNW

o =2 -3
.
(TP

&

6.0

*speed without spray eguipment installed

ctl = cantilever brcd = braced (strutted)
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Sweep
Angle,

J"‘cM'

deg.

(-0 B~ -0 - I~

o a0 a

-]

Taper
Ratio,

A
w

- s .

e O
. 4
(= JE- BES RCL I - }

nE

OOk
')
Q- O

Max.
Speed,

vmax'

kts

236
217
232
116

243
196
231
245
296

194
246
369

231

215
316

Max.
Speed,

max

ktB

L >

53

116
116
113
145
118
138
114*
135
106
136

102

bipl = biplane

wWing
Type

ctl/low
ctl/low
ctl/low
ctl/low

ctl/low
ctl/low
ctl/low
ctl/low
ctl/low

ctl/low
ctl/low
ctl/low

ctl/low

ctligull
ctl/low

wing
Type

ctl/low
brcd/low
ctl/low
ctl/low
bred/bipl
brcd/bipl
ctl/low

brecd/low
bred/low
brecd/low
bred/bipl

ctl/low
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Table 6.5 Busliness Jets: Wing Geometric Data

4 Type Dihedral Incidence Aspect Sweep Taper  Max. Wing
Angie, Angle. Ratioc, Angle, Ratio. Speed. Type
Cyr Ly A i Py Voax*
. root/tip
deg. deg. deg. kta

?”‘ DASSAULT/BREGUET

: Falcon 10 1.5 NA 7.1 117 0.36 492(25K) ctl/low
Palcon 20¢ - 2 1.3 6.4 30 0.31 465(235K) ctl/low
Falcon %0 L0 NA 7.6 24 0.32 473 ctl/low
CESSHNA
Citation I 500 4 1,8/-0.5% 7.8 o 0,39 277(28K)} ctl/low .
Citation II 4.7 NA 8.3 2 0.32 277(23K) ctl/low
Citation IIX 2.8 NA 8.9 1s 0.35 472(33K} ctl/low
GATES LEARJET i
24 2.8 1 5.0 13 0.50 473{31K) ctl/low;
3sa 2.% 1 5.7 13 0.350 464 ctl/low
55 2.9 A 7.3 13 - 0,42 470(30K) ctl/low
IAI
1124 Westw., I 2 1/-1 6.3 -3 0.33 471 etl/mid
1125 Astra 2.6 {out) NA 3,8 34/25 0.30 472(35K) ctl/low

at LE

Canadalr CL§01 2.3 3 8.3 25 . 0.26 430 ctl/low
BAe 125-700 2 2,1/-0,3 §.3 0 - 0.28 436{(28K) ctl/low
GA Gulfst. III 3 3.5/-0.58 6.8 23 0,31 487 ctl/flow
Mu Diamond I 2.7 3/-3.5% 7.% 20 0.35 431(30K) ¢ctl/low
L. Jetstar II 1 1/-1 5.3 . 30 0.37 475(30K) etl/low
ctl = cantilever (30K) = 30,000 £t altitude

’
Table 6.6 Regional Turbopropeller Driven Airplanes: Wing Geometric Data

Type Dihedral 1Incidence Aspect Sweep Taper Max. Wing

Angle, Angle, Ratio., Angle, Ratio, Speed, . Type

rv' giw' A T el4’ Lw vnax'

root/tlp

deg. deg. deg. kts
CASA C-212-200
SBORTS
330 3 (outer) NA 112.3 0 1.0 190(10K) brcd/high
360
BEECE K
1%00 (1 3.5/-1.1 5.3 o G.42 263(8K) ectl/low
BYY 1 4.3 1.5 '] 0.5 247(12K) ctl/low ”
CESSNA CONQUEST
1
I1 B
GA Gulfstr. Ic
GAF N12B .
Pokker P27-200 2.3 3.5 12,0 o 0.41 259(20K) ctl/high
DeBAVILLAND CANADA
DHC~6-300
DHRC-7 4.5 | 10,0 o 0. 44 231(8K} ctli/high
DHC-8 2.5 {out) NA 12.3 ] 0.43 270{15K) etl/high
EMB 110 7 3 9.9 o 0.50 248(38K)) ctl/low
EMB 120 6.5 2 2.9 ] 0,30 RA ctl/low
BRITISH REROSFACE E
Jetstream 31 7 2 10.0 0.5% 0.37 263{(20K} ct)/low
T48 1 3 12,7 2.% 0,36 1441{15K) ctl/low

ctl = cantilever (30K) = 30,000 ft altitude
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Table 6.7 Jet Transports: Wing Geometric Data

A O Oy W et D A O O O O N e G P e

Type Dihedral Incidence Aspect Sweep Taper Kax. Wing

Angle, Angle, ) Ratio, Angle, Ratioc, Speed. Type

s i . e/t v Voax*

root/tip

deg. deg. deg. kts
BOEING
T17-200 3 1 7.1 32 0.30 $49(22K) ctlilow
737-200 1 1 t P 28 0,34 462(33K) ctl/low
737-300 [ 1 1 8.0 25 0.18 462(33K) ctl/low
T47-200B T 2 7.0 37.5 0.25 523(30K) etl/low
T4I15P T 2 7.0 37.8% 0.13 $29({30K) ctl/low
757-200 5 3.2 7.9 13 0.16 ctl/low
767T-2G0 6 4.3 7.2 31.8 0.27 ctl/low
McDONNELL DODGLAS

DC-9% Super 80 3 1.3 9.6 24,3 0.16 500 ctl/low
DC-9-30 1.8 HA 8.7 14 6,18 537 ctl/low
pC-10-30 £.3/3 +/ - 7.5 35 0.25 530(25K}) ctl/low
AIRBUS

A300-B4 3 HA 7.7 28 0,35 492(235K) ctl/low
A3lg 11,1/4.1 3.3 5.2 23 0.286 483(30K) ctl/low
Lockh.1011-500 7.5/5.5 HA 7.0 3s, 0.30 825(30K) ctl/low
Pkr P28-4000 2.8 HA 5.0 ié 0.31 3%0 etl/low
Rombac 111-483 2 2.5 8.5 20 0.32 470(21K) ctl/low
BAe 146~200 -3 3,1/¢0 9.0 13 0.36 420(26K) ctl/high
Tupolev Tuls4 0 NA 7.0 3s 0,27 826{31K) ctl/low
ctl = cantilever (30K} = 30,000 £t altitude

Table 6.8 Hilitar? Trainers: Wing Geometric Data -~

2 kD O Y O D O s OO U O O AP e S A

b ]
Type Dihedral JIncidence Aspect Sweep Taper - HMax. Wing
Angle, Angle, Ratio. Angle, Ratio, Speed, Type
ru' iw' A cla’ 1u vmax'
root/tip
deg.- deg. deg. kts
e
Propeller Driven
EMB-312 Tucano 5.3 1.4/~0,8 6.4 0.7 0,47 292 ctl/low
Pilatus PC-7 7 (outer) NA 6.5 1 0.58 270 ctl/low J
KDN-1 5 (outer) 3 5.4 0 0.17% 247 ctl/low
Beech T-34C T 4/1 " 6.2 0 0.41 280 ctl/low
Aerosp.Epsilon $ H 7.0 0 0.63 231 ctl/low
SM SP~160M 6.3 2.8/0 6.3 [+ 0,459 238 ctl/low
Yak-32 2 . 2 5.8 [ 0.54 194 ctl/low
Keiva T-23 6 L2 7.1 0 0.54 265 ctl/low
Jet Driven .
Rero L-39C 3.5 2" 4.4 2 0.2 491 ctl/low
¥icrojet 100B S 3 s ¢ 0.39 200 ctl/low
DE/D Alphajet -6 ’ RA 4.8 F3) 0,34 495(33K) ctl/ehldr
s Aermac. MB33%A 2.6 - NA 5.1 $ .58 500 ctl/low
S SM 5-211 ~2 2.2/-1,3 5.1 16 0.46 400 etl/shidr
PIL T5-11 2.7 N& - 7 0.51 404 ctl/mid
CASA C-1~-1 H 1 5.6 2 0.60 428(25K) ctl/low
v Bae Bawk Mkl 2 NA 5.1 22 0.34 572 ctl/low
Tupolev Tulsf4 O KA 7.0 33 0.127 526(21K) ctl/low

ctl = cantilever ghldr = shoulder (36K) « 30,000 ft altitude
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Table 6.9 Pightera: Wing Geometric Data 8

A D O Y O B D O ) D A

Type Dihedral Incidence Aspect Sweep Taper Max. Wing

Angle, Angle. Ratio, Angle, Ratlo, Speed. Type

rwﬂ lw' A JLcIl' L vmax'

‘ root/tip

deg. deg. deg. kta
DASSAQLT BREGUET
Mirage III-E -1 [ I 1.9 §1(LE) © 1,268{39K) ctl/low
Mirage F1-C . -4.3 NA 2.8 48(LE) 9©.29 1.260 ctl/ahldr
Kirage 2000 -1 NA 2,0 S8(LE) O 1,260 ctl/low
Super Etendard -3.3 NA 1.2 45 0.50 313 ctl/mid .
Pairch.R.A-10A 7 {outer} -1 6.5 0 0.66 4150 ctl/low
Grumman A-6E ¢ NA 5.3 15 .30 700 ctl/mid
Grumman P14 -1.5(cut) KA 7.3* 20/68{LE) 0.4°0 M- 2.4 vew/high
Northrop P-SE ¢ 0 3.3 24 0.19% - 110 ctl/low’
Vought A-7E -5 -1 4 s 0.25 593{5K) ctl/high
P-4E 07112 NA 2.8 £S(LE) © 0.18 1,146 ct1/iow
P-15 -1 0 5.0 39 0,23 M =1.5 ctl/high

- AV-8B -12 1.8 4.0 24 . 0,28 $85(0K? ctl/shldr

GD PB-111A 0 NA 7.6 16/73(LE) 0G.3% 1,160 ctl/shldr
GD P-16 0 0 3.0 40(LE) 0,22 495{33K) ctl/mid
Cessna A3TB 3 3.6/1 6.2 . 0 } 0.6% 435 ctl/low
Aerm. MB33#K 1,6 KA 5.3 £.5 0.58% 300 ctl/low
Sukhol Su-TBMK 0 A 2.6 62{LE} 0.6 1_30(01() ctl/mid
ctl = cantilever shldr = shoulder (30K) = 30,000 ft altitude

* taken at lowest sweep angle

Table &.10 Military Patrol, Bomb and Tranaport Alrplanes: Wing Geometric Data

O A R O N R O A D P e S

Type Dibhedral Incidence Aapect Sweep Taper Max. wWing

Angle, Angle, Ratio, Angle, Ratio, Speed. Type

rw' 1u‘ A cl/4’ Ly vmax'

root/tip

deg. deg. deg. kts
Turbopropeller Driven
Lockh'd CL30E 2.5 3/0 10.1 [ 0.49 318 ctlsfhigh
Lockheed PIC [ 0/0.5 7.5 0 0.40 - 411 {15K) ctl/low
Antonov 11BP -3.8(out) NHA 11,9 7.4 .34 419 ctl/high
Antonov 22 -3.5 RA 12.¢ 3 0.36 399 ctl/high -
Antonov 26 =2{out) 3 11.7 7 0. 34 NA ctl/high
Grumman E2C 3.1 NA 9.3 5.3 0.34 3238 ctl/high
DB Atlantic 2 6 {(outer) 3 11,6 9 (LE) 0.3?9 348 ctl/low
Aerital.g222 1.5 (out} NA 9.2 2.1 6.30 291 ctl/high
Transall C-160 3.5 (out) NA 10.0 1.9 0.50 320 ctl/bigh
Jet Driven
Lockheed S3A 0 3/-3.% 7.9 13 0.15 4390 ctl/high
Lockh’'d C~-1418B ~3.3 NA 7.5 25.5 0.41 492 ¢ctl/high
Lockheed C-5A -5.1 NA 7.8 25.6 0,34 496(2 5K) ctl/high
BAe Nimrod Mk2 2.7 RA 6.2 20 0.23 500 ctl/low
Boeing YC-14 0 NA 9.4 4.8 0.30 438 ctl/high
McDD KC-10A 5/3 +/= 7.5 a3 0.25 530(25K) ctl/low
Tupolev Tu-16 -3.7 NA €.6 43(LE) 0,44 535(6K) ctl/high
Tupcley Tu-22 ¢ RA 4.0 51{LE} ©0.31 800 (40K} ctl/mid
Ilyushin I176T -3.§ NA 11,7 25 0.37 459 ctl/high
ctl = cantilever shldr = shoulder (30K) = 30,000 £+ altitude

ek ik At et
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Airplane Drag

Of greater practical interest is the so—called drag divergence Mach number, My, . This was also

defined in Chapter 3 for an airfoil. Two definitions were given: the Boeing and Douglas definition
respectively. These definitions are repeated next, as applied to the entire airplane.

a) Boeing Definition

M,y is that free stream Mach number for which the drag due to compressibility first reaches

20 drag counts (ACp, = 0.0020 ) above the incompressible level.
b} Douglas Definition

My, is that free stream Mach number for which the slope of the dragrise, 0C,/OM | first
reaches the value 0.10.

These definitions are most easily applied when the drag rise behavior of airplanes is represented
in a cross—plot of drag coefficient, at constant lift coefficient, versus Mach number. The reader is
asked to apply these definitions to the dragrise behavior at different lift coefficients of the
B-727-100 and the S-211 of Figure 5.3 and determine how closely they agree.

.According to Chapter 4 (Figure 4.22), both critical Mach number and drag divergence Mach
number depend strongly on the sweep angle. As it turns out, they also depend on the thickness ratio
of lifting surfaces. These effects are illustrated in Figure 5.4 for conventional, non—super—critical
airfoils.

Note: This graph applies to wings with conventional airfoils. For supercritical
airfoils the drag divergence Mach number will be approximately 0.05 greater.

1.00 I T
Valid for C;, = 03 and A > 8.3
M — .
dd —~—— A
A 0.90 =] —
Boeing [ —— 40
Definition e —_— 350

— ] T 300

= 20V
10V
00
0.70
5 7 9 11 13 15

» tle — %
Figure 5.4 Effect of Wing Sweep and Thickness Ratio on Drag Divergence Mach Number
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Chord line
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MBF Reference point of pitching moment

Geometric data: Chord ¢ = 200 mm Maximum t/e = 11.8% at x/c = 35%

a, Contour and location of pressure orifices

| 02)030%c Trailing edge thickness
Design dg=1002mm

—_ Actual d1g =075mm
E 01}005%sc =
-:.; "\‘____‘\ LY e
E
E! -01j008%.c

N
-]

'Y

02'0.90%ac 50 100 150 200

— = x[mm]

b. Measured error of manufactured airfeil {also see Table 3. 1a)

Trailing edge thickness zTE/c =0.38% Diameter of pressure orifices dg

S

Wx! ’
¥ E 2 %

{reference for model coordingles)

Cross section Fpﬁ 3063mm2

= 0,5 mm

Figure 3.1 Airfoil CAST 7 - Model SP 120 (¢ =

= 200 mm): Contour, location of pressure orifices and
deviation from design coordinates (see Table 3.1b for deviation on ARA model)
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{Figure 3,2 Design pressure distribution. Comparison between theory and experiment.
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